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Abstract 


Multivariate techniques applied for processing data collected from radiometric experiments can provide more 
efficient extraction of the information contained in the spectra. Three techniques are considered: (i) Multivariate 
calibration using Partial Least Square Regressions (PLS) and Artificial Neural Networks (ANN), (ii) Standardization 
of the spectra using Direct Standardization (DS) and Piece-wise Direct Standardization (PDS), (iii) Smoothing of the 
collected spectra where autocorrelation function and bootstrap were used for the assessment of the processed data. 
Application of those techniques is illustrated on examples of industrial analysis using low-resolution EDXRF and 
scattering of the gamma radiation methods. 


1. INTRODUCTION 


Multivariate analysis consists of a collection of methods that can be used when more than one 
variable is measured on each product or sample. Ordinarily the variables are correlated and multivariate 
methodology permits analysing these variables simultaneously [1]. 
 


Whenever the data from a radiometric experiment are collected in the spectral form multivariate 
analysis can be used for untangle the overlapping information provided by correlated variables. It seems 
that the multivariate analysis would be beneficial for processing data from industrial analytical 
instruments based on such principles as low-resolution EDXRF or scattering (absorption) of X and 
gamma rays. 


 
From a variety of the possible applications of the multivariate analysis for processing data from 


the radiometric experiments, three techniques were chosen: multivariate calibration using partial least 
squares regression (PLS) and artificial neural networks (ANN), standardization of the spectra and 
assessment of spectra denoising using bootstrap and autocorrelation function. The main criterion for 
assessment of the considered techniques is improvement in accuracy of radiometric methods and 
instruments for industrial analysis. 
 


In the paper some examples of application of the multivariate analysis are shown and advantages 
resulted from its use are presented. 


2. MULTIVARIATE CALIBRATION 


2.1. Theory 


Multivariate calibration refers to the process of relating the measured value of a physical or 
chemical property e.g. analyte concentration to a measured response e.g. radiation spectra. Partial least-
squares regression (PLS) has become the de facto standard for multivariate calibration [2]. 


Although the PLS has been well established as the calibration method in many spectroscopic 
analytical techniques [2-4] there are not many published examples of its application in industrial 
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analytical methods and instruments based on interaction of the ionising radiation with matter (e.g. XRF, 
γ scattering) [5–15]. 


The general goal of the PLS technique is to express the main information contained in the matrix X 
= {x1, x2 ... xm} (counts collected in each of m channels of the measured spectrum in calibration samples) 
by a lower number of latent variables Ta = {t1, t2...ta} called components or scores, and loadings P = {p1, 
p2 ... pm}.  


The number of components (latent variables) a is much smaller than the original number of 
variables m. PLS solution for the predictor b of the dependent variable y (concentration) of linear 
calibration model y = Xb + f is given by: 


 


b = (Ta
’ Ta)-1 Tay     (1) 


 
where 
 
f is the vector of residuals. 


 
Details of calculation of the latent variables and PLS algorithms can be found elsewhere, e.g. [4]. 


The optimal number of latent variables taken into the model is derived from analysis of the root mean 
square error of cross validation (RMSECV) [4]: 
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A quantity showing how well a chosen model for the particular set of calibration samples fits the 
reference data is called RMSEE (root mean square error of estimation) 
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2.2. Determination of Fe, Zn and Pb by an XRF immersion probe in ore processing plant 


Application of the EDXRF for on-stream instrumental analysis using measuring probes immersed 
in the slurry is well established technique. One of such automated analysis system was implemented in 
mineral processing plant in Poland, for on-stream determination of iron, zinc and lead in ore slurries [16].  
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The Cd-109 radioisotope source and proportional counter were placed in the immersion probe and 
the output signal from the probe was fed to a multichannel analyser. The probes were installed in various 
points of the technological line for feed and tailings analysis. Examples of the measured spectra are 
shown in Fig. 1. 


FIG. 1. Spectra measured by the immersion 
probe installed in various stages of the 
flotation process of Zn-Pb ore.  


FIG. 2. “Mean” spectrum of set of 46 
calibration samples and PLS predictor b 
computed for determination Fe in slurry. 


 


Classic approach for the calibration model is based on application of the multiple linear regression 
(MLR) where the independent variables were represented by a sum of the count rates at energies 
corresponding to peaks of Fe, Zn, Pb and scattered radiation. As it was mentioned above, for developing 
of the PLS model the full collected spectrum was used. 


A set of 46 calibration samples of the slurry taken from one point of the technological line was 
measured and comparison was made of results obtained using MLR and PLS calibration models. In Fig. 2 
there are shown: a spectrum of X rays excited in the sample (mean for the whole set) and spectrum of the 
PLS predictor b for iron content computed for the two factors (a = 2). The shape of the b distribution 
shows, which part of the X rays spectrum plays the most important role in the calibration model. Results 
of determination of Fe, Zn, and Pb in this batch of samples are presented in Table I. It is seen that 
RMSEE value for the MLR model is higher than RMSEE and RMSECV for the calibration model 
computed using PLS regression. 


 
TABLE I. PERFORMANCE OF THE MLR AND PLS MODELS COMPUTED FOR 
DETERMINATION FE, ZN AND PB BY THE IMMERISION PROBE 


Determined 
Element 


Concentration 
range [%] 


MLR 
RMSEE [%] 


PLS 
RMSECV [%] 


PLS 
RMSEE [%] 


Fe 
Zn 
Pb 


2.22–30.19 
5.24–22.09 
2.37–7.56 


1.80 
1.91 
1.09 


1.65 
1.70 
1.06 


1.45 
1.59 
0.71 
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2.3. EDXRF analysis of lead and tin in galvanic bath 


Fast control of the composition of galvanic bath used for deposition of the Pb-Sn layers on printed 
boards can be easily accomplished using simple XRF instrument with Am-241 source and proportional 
counter [12]. The multivariate calibration (PLS) was used here to correct interelement effect that strongly 
influenced results obtained when classic linear regression model was applied. 


 
FIG. 3. Plot of the loading vectors P1 and P2 vs. channel number. 


Fig. 3 shows the plot of the loading vectors p1 and p2 vs. channel number. It is seen that the vector 
p1, which represents the loadings corresponding to the latent variable t1 responsible for tin content, 
contains some information from the channels of the lead peak area. Similar behaviour is observed in the 
case of the vector p2 that corresponds to the lead content: its value is also dependent on the intensity of 
the Sn K peak. The scatter plot of the first two latent variables (scores) is shown in Fig. 4. It is seen that in 
the new coordinates Pb vs. Sn content the lines corresponding to the constant Pb and Sn concentrations 
are almost parallel to the new axes. This means that the Sn and Pb contents are independent of each other; 
hence, the interelement effect was fully corrected. Fig. 4 remains the nomograms constructed to correct 
matrix effects in the XRF analysis often used in the early days of the application of this method. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 4. Scatter plot for the first too latent variables t1 and t2. 
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2.4. Feasibility of PLS calibration models for instruments measuring ash in coal using gamma ray 
scattering methods. 


Among the variety of radiometric methods suitable for measuring the ash content in coal, the 
methods based on the back and forward scattering of γ-rays from an Am-241 source with a scintillation 
detector are often applied in instruments installed in the Polish industry [17]. Due to the spectrometric 
feature of the scintillation detectors, the output signal from a sensor containing such a detector can be 
registered in the form of an energy spectrum. The aim of this experiment was to investigate whether the 
application of PLS calibration, where the full spectrum is used as the independent variable, can result in 
improvement of the instrument performance. 


Calibration models were computed using results of measurements performed on the same set of 43 
samples (42 for γ forward scattering). The subset of 33 (32) samples was obtained after removing 10 
samples of unusually high Fe content, and the results obtained were processed separately. The ash content 
in calibration samples ranged from 5 to 60 %. Performance of the developed models is shown in Table II. 
MLR model was computed for the total sum of the count rate under the peak, for the PLS models the 
vectors of the entire spectrum were used.  


TABLE II. PERFORMANCE OF THE MLR AND PLS CALIBRATION MODELS COMPUTED FOR 
MEASUREMENTS OF ASH CONTENT IN COAL 


Radiometric 
Method 


Calibration 
set 


MLR 
RMSECV 


% ash 


PLS 
RMSECV 


% ash 


Non linear PLS 
RMSECV 


% ash 
γ-rays 


back scatter 
43 samples 
33 samples 


6.1 
3.6 


4.2 
2.2 


4.7 
2.4 


γ-rays 
forward scatter 


43 samples 
33 samples 


6.2 
3.8 


4.7 
2.8 


4.9 
2.2 


 


It is seen from presented results, that PLS models outperform the MLR model. The relatively high 
RMSECV values are caused by the fact that range of the ash concentration in the measured samples was 
unusually wide. 


2.5. Application of the artificial neural networks ANN for calibration of an XRF instrument 


One of the fields where ANN offer a powerful set tools for solving problems is also multivariate 
calibration of measuring systems [18]. In our work, we attempted to use ANN for calibration of an XRF 
instrument designed for determination thickness and composition of thin Sn-Pb layers [13]. 


The “feed forward” network consisting of two layers: the first (hidden) with a variable number of 
neurons and non-linear tansigmoid transfer function and the second with one neuron and linear transfer 
function were used. The backpropagation was used as a learning rule. Root mean square error of 
prediction (RMSEPR) computed for the samples not participating in the learning process was used for the 
model validation. 


A set of 16 reference samples of Sn-Pb coating thickness ranging from 2 to 9.5 µm and the Sn 
content in the layer within 60 – 81 % was used for calibration and 8 samples were used for testing 
prediction ability of the computed models. Number of neurons in the hidden layer varied from 1 to 4.  


The network was learnt in two ways: 


– preset values of weights and thresholds of the neurons in the hidden layer were random numbers 
ranging from –1 to +1. 
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– the weights of the hidden layer neurons were chosen as the loadings computed by the PLS 
regression for the same set of the calibration samples. 


Comparison of the performance of the ANN and PLS models is presented in the TABLE III. 


 


TABLE III. PERFORMANCE OF THE ANN AND PLS MODELS USED FOR DETERMINATION OF 
THICKNESS AND SN CONTENT IN SN-PB LAYER 


Determined 
parameter 


ANN 
Random weights 


ANN 
weights from PLS 


PLS 


Thickness 
RMSEPR [µm] 


0.30 0.27 0.35 


Tin content 
RMSEPR [% Sn] 


1.90 0.82 0.83 


 
 


As it is seen, the difference between RMSEPR for the ANN and PLS models is negligible although 
better results were obtained when the PLS loadings were included as weights in the first layer of the 
ANN.  


3. SPECTRA STANDARDIZATION 


Spectroscopic instruments standardization has received a good deal of attention, mainly owing to 
the two reasons. First, one would like to transfer calibration model obtained using many samples on one 
instrument to another instrument operating in different conditions. Secondly, instrument sometimes 
“drift” or detector changing is needed and it is necessary to recalibrate instrument. In any case, it would 
be desirable to perform a calibration without running all of the calibration samples a second time. Theory 
of method has been presented in the literature [19, 20]. 


Applications of standardization for the XRF spectra measured with proportional counters are 
presented on an example of determination of calcium and iron contents in lignite flying ashes. Calibration 
of the XRF analyser was performed using partial least square regression (PLS). Such a calibration model 
appeared to be optimal for the required wide range of concentration of the determined elements (20 - 45% 
Ca, 4 - 7% Fe) and allowed to compensate strong interelement effects. Thirty powdered samples were 
used for calibration of the instrument. Using the developed program, an optimal number of the 
standardization samples (subset) was chosen from the calibration set, to achieve the best performance of 
the corrected calibration model. The same criterion was used for choosing a method of standardization, 
Direct Standardization (DS) or Piecewise Direct Standardization (PDS) [19, 20]. Drift of the instrument 
was simulated by the changes HV bias of the radiation detector (proportional counter). The changes in X 
ray spectra measured for different voltages are shown in Fig.5.  
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FIG. 5. Spectra of X rays excited in the sample of lignite ash at different conditions 


 in analyser detector. 


 
 
 


 
FIG. 6. Cross-validated vs. reference values of Ca and Fe content in ash samples calculated  


from calibration model P. 
 
 


The calibration set was measured three times for the nominal HV (P) as well as for the HV higher 
(B) and lower (K) than the nominal value. Fig. 6 shows performance of the calibration model in the 
“nominal” condition (P). For the numerical assessment of the model performance leave-one-out cross-
validation was applied. Root mean square errors of crossvalidation (RMSECV) were 1.55% for Ca and 
0.39% for Fe. Contents of calcium and iron were next determinated for set of measurements B and K 
from “nominal” calibration model.  


It can be seen from Fig. 7, how relatively small changes in HV bias can lead to dramatic changes in 
the obtain results. However, after applying standardization procedure PDS with subset of five 
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recalibration samples one can get results (Fig.8) very close to those obtained for the primary calibration 
model (P).  


After simulated change and standardization, the root mean square errors of prediction (RMSEPR) 
were 1,57% and 1,55% for Ca and 0,28% and 0,32% for Fe, for the both group B and K respectively. 


 


FIG. 7. Predicted vs. reference values of Ca and Fe content obtained from calibration  
model P and changed spectra sets B and K. 


 


 


FIG. 8. Predicted vs. reference value of Ca and Fe content obtained from calibration model P and 
standardized spectra B and K. 


 


From recently obtained results and previous experiments it can be concluded that the method of 
standardization as well as stepwise procedure of subset selection should be chosen individually for each 
calibration model. 


Standardization can correct not only the permanent gain changes, but also changes of the shape of 
the spectrum caused by e.g. ageing of some components in the measuring instrument. In some new 
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applications of the X ray spectra standardization, one can imagine that calibration performed on XRF 
analyser of high resolution can be transferred to an industrial, low resolution XRF analyser with 
proportional detector. 


4. ASSESSMENT OF SMOOTHED SPECTRA USING BOOTSTRAP AND AUTO-CORRELATION 
FUNCTION 


4.1. Estimation of the smoothing quality 


Recently, data and signal smoothing became almost standard procedures in the spectrometric and 
chromatographic methods. In radiometry, the main purpose to apply smoothing is minimization of the 
Root Mean Square Error (RMSE) of the statistical fluctuation of the number of counts in the smoothed 
spectrum. Therefore, the criterion of the smoothing quality should be closely related to the value of the 
estimator of that error. 


In case of the raw (unsmoothed) spectrum, fluctuations (or count rate) have Poisson distribution 
and its variance (corresponding to the MSE) can be easily found as the mean value of the collected counts 
number. However, such approach cannot be accepted for the determination of RMSE of the smoothed 
spectra, because owing to the applied smoothing procedure, the statistical distribution of the counts 
number in each channel of the spectrum has been changed. Estimation of the MSE of the “smoothed” 
counts number is possible, if the experiment can be repeated several times. However, in practice it is not 
always possible to repeat the experiment a sufficient number of times to ensure satisfactory precision of 
calculation. To overcome the above difficulty, application of the bootstrap approach [22, 23] is proposed. 
The basic principle of the bootstrap is sampling with replacement from the data. In this way, a large 
number of “bootstrap samples” from which statistical parameter of interest is calculated. The bootstrap 
samples were generated from vector of the noise removed by the smoothing procedure and calculated 
parameter of interest was root mean square error of the counts number collected in the whole smoothed 
spectrum s*(Ns). 


To check whether the parameter s*(Ns) properly models the root mean square error (RMSE) some 
simulation have been made [24]. An ideal spectrum being the sum of two unresolved gaussion peaks with 
some bias was corrupted with the Poisson distributed noise. A matrix of 100 such spectra was 
smoothened and RMSE of the smoothened set s(Ns) was computed and compared with that value 
obtained using bootstrap s*(Ns). The both values were very close to each other [24], which confirms 
applicability of the RMSE estimated by the bootstrap procedure as a figure of merit for assessing the 
smoothing quality. It can by used for (i) optimization of the smoothing procedure, (ii) comparisons of the 
various smoothing procedures and (iii) as a measure of the RMSE of the count number in the smoothed 
spectra. 


4.2. Detecting distortion of smoothed spectra. 


Every procedure of smoothing leads to some distortions of the smoothed spectra. However, it is 
difficult to find an objective measure of the degree to which the smoothed spectrum was distorted, 
because the shape of “ideal” spectrum is unknown. Most of the smoothing and denoising procedures are 
based on the assumption of the additive noise model: 


 
w = wp – v     (4) 


where 
 
w, wp are the vectors of the raw and “ideal” spectrum, respectively, 
v is the vector of noise. 
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In practice, if a smoothing procedure is applied to a spectrum, the experimentator knows, beside the 
raw spectrum, the smoothed spectrum only (vectors of w and ws), and can compute the vector of removed 
part assuming the linear model: 


 


vs = w - ws     (5) 


 


The aim of this work is to find a qualitative parameter, which could be used, as a figure of merit for 
detecting distortion of the smoothed spectra, based on the above linear model. 


It is assumed that as long as the part of the raw spectrum removed by the smoothing procedure (vs) 
will be of random nature, the smoothed spectrum can be considered as undistorted. To detect the random 
nature of the vs one can use its autocorrelation function rvs [25]: 
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where 
 
p is shift (lag). 
 


If the vector vs is of random nature (e.g. white noise) its autocorrelation function has zero value at 
all lags except a value of unity at lag zero, to indicate that the removed noise is completely uncorrelated. 
A correlated noise, on the other hand, will produce non-zero values at lags other than zero to indicate a 
correlation between different lagged observations. Thanks to this feature of the autocorrelation function, 
drifts of the mean value in the removed noise vs as well as its periodicity can be more easily detected from 
the autocorrelogram than from the original data. As the measure of the random nature of the removed 
noise, the root mean square value of the correlation function rms (rvs) was used: 


 


( ) ( )∑=
=


p


1i


2
vsvs ir


p
1rrms     (7) 


 
 


The above considerations were checked on simulated spectra consisting of k channels and 
corrupted with Poisson distributed noise and then smoothed with Savitsky-Golay procedure using second 
order polynomial and variable filter width dw [26]. As a measure of the smoothing quality, the ratio of the 
RMSE of the total counts for the smoothed and raw spectra s (Ns)/ s (N) was applied [24]. The s*(Ns)/ s 
(N) ratio was computed using bootstrap method for a single spectrum. The both ratios and rms (rvs) versus 
filter width dw were plotted and are shown in Fig 9. 


It is seen that with increasing filter width dw, the quality of the smoothing also increases (RMSE 
ratio is lower), however, beginning from a certain channel, the rms (rvs) also increases sharply indicating 
that in the removed noise some non-random component appear. If the goal of the optimization is to 
minimize distortion and maximize smoothing quality, the filter width should be chosen for the rms (rvs) 
lying on the flat part of the plot and in “safe” distance left from the observed knee of the plot. 
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FIG. 9. MSE of total counts and rms of the autocorrelation function of the removed noise versus filter 
width for simulated spectra smoothed with Savitsky-Golay procedure. 


5. CONCLUSION 


Implementation of the multivariate techniques for data processing can result in improvement of 
performance of the radiometric industrial analytical instruments without necessity of modernization of 
their generally expensive hardware. 


Multivariate calibration using PLS regression being well established technique in IR spectrometry 
can also be successfully applied in low- resolution EDXRF and industrial analytical methods based on 
absorption or scattering of γ-rays. It seems to be particularly advantageous in those cases, where the 
useful information is not sufficiently selective and is distributed over the whole spectrum. This calibration 
procedure allows also to compensate inter-element effect. Non-linearity between the measured quality 
and the intensity of registered radiation can be included in the model either by increasing the number of 
PLS components or by applying non-linear PLS models. However, no significant improvement in 
performance of the calibration models developed using ANN was observed. 


Spectra standardization applied in industrial analytical instruments can provide correction of not 
only the permanent gain changes, but also changes of the shape of the spectrum caused by e.g. ageing of 
the radiation detector or other components. Application of the spectra standardization software in the 
analytical instruments can lead to improvement of their long term stability. 


Various procedures of spectra smoothing are generally used before almost any multivariate 
technique of the radiometric data processing. Proposed estimator of the RMSE of the smoothed spectra 
computed by the bootstrap can be used for assessment of the smoothing quality, whereas analysis of the 
autocorrelation function can give some hints concerning distortion introduced by the applied smoothing 
procedure. 
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Abstract 


As reported by Welling, et al.[1], UBI (a derivative of antimicrobial peptide ubiquicidin) labelled with 
thechnetium-99m discriminates between bacterial infections and sterile inflammatory processes. In this study we 
compare directly labelled UBI with a bifunctional chelator conjugated HYNIC-UBI, obtained in our laboratory by 
solid phase synthesis. Direct labelling of UBI was performed as follows: to 34 µg UBI, 4 µg Pyr-Sn and 40 µg 
KBH4 the volume of 0.2 ml of sodium pertechnetate-99Tcm solution (200MBq/ml) was added and the mixture 
incubated for 1h at room temperature. HYNIC-UBI was prepared in a dry kit form using stannous chloride as 
reducing agent. The labelling of kits was done in a similar way as the direct labelling method. Radiochemical purity 
of labelled peptides was tested by HPLC and TLC and was found to exceed 95%. The preparations were tested in 
vitro for serum stability and for binding to living bacteria (multidrug-resistant Staphylococcus aureus, MRSA). 
Also, the labelled peptides were injected into mice having an experimental infection with MRSA or heat-killed 
bacteria and scintigraphy was performed to study their accumulation in infected and inflammed tissues. 99Tcm-UBI 
and 99Tcm-HYNIC-UBI kits can be easily labelled with high yields. The preparations are stable in vitro and show 
similar binding to bacteria (30%). In animals infected with MRSA the target to non-target ratios of both tracers 
ranged between 3 to 4 and the accumulation was much lower in tissues injected with dead bacteria. 99Tcm-UBI and 
99Tcm-HYNIC-UBI seem to be good candidates for infection imaging agents. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


The chemical impurities can compete with the radioisotope during the labelling of a suitable 
radiopharmaceutical, decreasing the efficiency of this process and hence become a decisive factor of their 
usefulness. The radionuclidic impurities constitute unnecessary burden for a patient. 177Lu is a very attractive isotope 
for diagnostic and therapeutic applications. It can be produced in a nuclear reactor in a very broad range of the 
specific radioactivity depending on the kind of target material used. The target material can consist of natural and 
enriched lutetium or natural and enriched ytterbium. As a result, the final product can be in the activity range from a 
few tens of mCi per mg to a carrier-free material (110 Ci/mg). We describe an analytical procedure with the use of 
inductively coupled plasma optical emission spectrometry (ICP-OES). A commercial instrument adapted for 
analysis of radioactive solutions was used. The following elements were determined: Al, B, Ba, Ca, Cd, Cu, Fe, Hf, 
Ni, Pb, Zn. The 177Lu containing samples after unloading from the reactor were dissolved in hydrochloric acid, 
evaporated to dryness and dissolved again in 0.01 M HCl. The aliquots containing an amount of lutetium ranging 
from 1 to 100 µg in 1 mL volume were used for analysis. It corresponded to activity of 177Lu ranging from 5 to 100 
mCi. The detection limits of the elements concerned were in the range from 1 to 100 ngmL-1. The activity of 177Lu 
and other radionuclides present was measured using a high-resolution gamma ray spectrometer. The expected 
impurities are: 177mLu and 175Yb. The detailed studies concerning the radioactivity concentration of these two 
nuclides were carried out. The developed procedures are to be used for routine quality control of 177Lu produced for 
use in a synthesis of radiopharmaceuticals. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Products for medicine make up the most essential section in the Radioisotope Centre POLATOM. Among 
others we offer the radiopharmaceuticals for cancer therapy and diagnoses. Therefore, one of the important issues is 
to assure the appropriate quality of the manufacturing process. The main quality standards are defined by the 
European Pharmacopeia and must be strictly obeyed by producers. This paper presents procedures and methods of 
the quality control applied in RC – POLATOM, which allow determining the radionuclide purity and activity. 
Methods used for the determination of radioactive concentration depend on the type of radionuclide and required 
precision of measurement. The most precise measurements are performed while using the absolute methods with the 
application of coincidence LSC techniques. This way the activity of standard solutions is determined. Radionuclide 
concentration and activity are measured by relative methods e.g. X-γ, β-α spectrometry, scintillation’s NaI(Tl) 
counters and ionization chambers. The radionuclide purity is defined here as the ratio of impurity activities sum to 
the activity of the main radionuclide. The determination of this parameter is required by consumer of the RC 
POLATOM products. 


1. INTRODUCTION 


The producer of the radioisotopes, the Production Department of RC POLATOM, is interested in 
the control of the radioactive concentration and radionuclide purity of the solution during the 
manufactured process and its final quality control. Therefore, the accurate and quickly measurements 
methods of quality control should be continuously developed. The methods of controls are elaborated and 
used by the Laboratory of Quality Control. In particularly the Laboratory is responsible for control of 
radionuclide purity and determination of radionuclide concentration of the produced radioactive solutions. 
In this paper, we present the method and procedures of radionuclide purity control and radioactivity 
measurements. 


2. METHOD OF MEASUREMENTS OF THE HIGH ACTIVITY SOURCES 


Usually, radionuclides are supplied in liquid form. The solutions may be placed in several kinds of 
vials with different volumes of solutions. The activities of samples are in the range (MBq–GBq). 
Determination of activities of samples is performed using ionization chambers. 


The ionization chambers show a high stability, the measurement time is short, and service is 
simple. Depending on its construction, ionization chambers could be used to measure γ emitters, X ray, or 
pure β emitters. The highest efficiencies are observed for γ emitters with the high energy of emitted γ 
photons e.g. 60Co, whereas for X ray and low energetic β emitters, its efficiencies are low. The examples 
of efficiencies vs. kind of radionuclides are presented in the Table I.  
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In the RC POLATOM, there are two kinds of ionization chambers: 


(a) The ionization chambers used to preliminary determination of the activity during the 
production. These devices are placed in the manufacturing boxes and are calibrated by Laboratory of 
Quality Control. 


(b) The ionization chambers, which are used to the final controls of activity and for standardization 
of the others chambers. These devices are gathered in the Laboratory of Quality Control and are served as 
a working standard. 


2.1.  Measurement procedure 


All devices are tested before measurement with the use of control sources. For a given source, the 
efficiency factor C is chosen. The data of measurement, name of the sample are noted. Then, the 
measurement of the background and the sample are performed. The activity is calculated according to the 
formula (1) whereas the relative uncertainty - according to the formula (2). 


                                                                    _______________ 
 A = I*C*K  (1)    ∆A / A = √ (∆I / I)2 + (∆C / C)2 (2) 
 
where 
 
A is activity of the source [kBq], 
C is efficiency factor of the ionization chamber for a given radionuclide [kBq/pA], 
I is ionization current [pA], 
∆I is uncertainty of current [pA], 
∆C is uncertainty of calibration, 
K is stability factor. 


2.2.  The calibration of the ionization chamber  


In the ionization chamber the activity of a source is determined by using an efficiency factor C 
obtained by measuring standard sources. Assurance of high precision of measurement would require 
precise standard sources.  


The ionization chambers in the Laboratory of Quality Control are calibrated using the standard 
sources prepared from the standard solutions related to the National Standard of Radionuclides Activity 
Unit in Poland where the determination of the radionuclide concentration is performed with the use of 
absolute methods [1, 2, 3].  


The sources are prepared in vials, with the volumes of solutions ordered by clients. To calibrate, 
the set of five sources is prepared. Measurement of each source is repeated five times. The efficiency 
factor C is determined as an average of the measurement results with uncertainty approximated by the 
standard deviation. Total uncertainty is calculated according to formula (3). 


          _______________________ 
    ∆C / C ≅ √ (∆A / A) 2 + (∆Cs / Cs ) 2   (3) 
 
where 
 
∆A/A is relative uncertainty of the standard activities. 
∆Cs is standard deviation of the {Ci }, 
Cs is the average of the {Ci }. 
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The above method of calibrations is used in the cases of sources of radionuclides continuously 
produced in RC POLATOM. In the cause of the lack of primary standard of given kind of radionuclide, 
the efficiency of ionization chamber could be determined from the efficiency curve obtained for standard 
sources of monogamma emitters [4]. 


The efficiency factor of the ionization chamber on the given radionuclide C is calculated as 
the ratio of source activity to the ionization current [kBq/pA]. It depends on the efficiency of 
ionization chamber ε(Ei) on the photons of energy Ei, according the formula (4). 


   C = 1/ Σi ε(Ei) pi       (4) 
 


ε (Ei) = 1/(pi As / K * Is)       (5) 
 
where 
 
K is stability factor, 
As is activity of standard, 
Is is ionization current of standard,  
pi is emission probability. 
 


The ε(Ei) values are determined from the measurements of standard solutions of monogamma 
radionuclide (see Table II). The fitted efficiency curve is shown in the Fig.1. 


2.3.  The critical parameters influenced on the uncertainty of activity determination 


(a) The radionuclide purity 


The values of efficiency factors C (see Table I) depend on the type of radionuclide radiation. This 
fact could make a mistake in activity determination caused by radionuclide impurities. It is especially 
important in the case of pure β - or X emitters contaminated by γ emitters. The identification and 
determination of the impurity activities allows for performing the corrections of activity [4]. 


(b) The volume of solution, container 


The differences of self absorption radiation inside the sample and in the container walls between 
measured and standard sources may be the reasons of the activity deviations. These parameters are also 
especially important in the measurements of radionuclide with the low energetic spectrum.  


3. THE METHODS OF IMPURITY DETERMINATIONS 


The percentage contamination of the impurities is calculated, as follows: 


 
                            Zi = (Ai / AM) × 100%;        ZT = ∑i  Zi   (6) 
where 
 
Ai is the activity of i-th radionuclide, 
AM is the activity of main radionuclide. 
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The radionuclide purity is defined as 100% - Zi. The measurement procedures should assure the 
identification of impurities and allow for to determine its activities. There are two groups of 
radionuclides: 


– the radionuclide which emits γ rays 
– pure β and α emitters. 


The possible radionuclide impurities could belong to both groups. The procedure of quality control 
depends on the type of radionuclide.  


3.1. The determination of impurities in the pure β emitters 


(a) Confirmation of the presence of the main radionuclide 


The measurement is performed using the β spectrometer WALLAC 1411. The registered β 
spectrum is compared with the standard spectrum. If the sample is prepared using weighting method the 
determination of the source activity yields the value of radionuclide concentration of the main 
radionuclide solution.  


(b) Measurement of the sample activity 


Activity is usually determined using the ionization chamber. The sample contains of 1 ml of 
solution in the standard vial. 


(c) Measurement of γ emitter impurities 


The γ impurities are determined with the use of γ spectrometer with the GC1520 detector. The 
sample is placed on the distant of 15 or 10 cm from detector. In case of small activity, the sample is 
measured with the distant 1 or 2 cm. The spectrum is usually collected during 3600 sec, the measurement 
time, however, may be expanded up to 64800 sec. The spectrum is analysed with the nuclide libraries. As 
a result, γ emitter impurities are identified and its activity determined. In the lack of peaks coming from 
impurities the limits detection (MDA) are calculated based on the list of possible impurities. 


(d) Measurements of α and pure β emitter impurities 


Determination of the β or α emitters is performed using β spectrometer WALLAC 1411. The 
simplest and more credible method is to wait for the decreasing activity of the main radionuclide. When 
the lifetime (T1/2) is too long the main radionuclide should be removed using chemical methods or elution 
process. The eluted solution containing radionuclide impurities is used to prepare source in the Ultima 
Gold LSC scintillator for measurement. The spectrum is collected within 600 up to 7200 sec. The 
spectrum is analysed using Wallac library. 


For determination of α impurities, WALLAC 1411 spectrometer is also used. The measurement is 
performed with discrimination of the flash times (PSA mode). This mode allows discrimination of the α 
pulses. The very small contamination by α emitter impurities is determined with the using of extracting 
scintillators. 


3.2. Determination of impurities of the γ emitters 


Identification of the main radionuclide and γ emitting impurities as well as their activity could be 
performed with using of γ - spectrometer with the GC1520 detector The sample contains of 1ml of 
solution in the standard vial and is placed on the distant of 15 cm from detector. The spectrum is collected 
during 3600 up to 64800 sec. The spectrum analysis is performed as described above.  


The methods of measurements of pure beta impurities are the same as described above.  
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3.3.  Limitation of method 


(a) The measurement range of γ - spectrometer 


The MDA limits depend on the measurement statistic of the spectrum. The improvement may by 
achieved by increase of the counts rate or measurement time. The increase of the counts rate, for given 
efficiency of detector, may be realized by increase of radioactive concentration of solution (activity of 
source) or increase of efficiency. The maximal counts rate is limited however by summing effects and 
increase of the DT (death time) value. In our spectrometry system we have assumed that the credible 
results are obtained for DT values not higher than 3 %. 


(b) Maximal measurement time 


The improvement of the statistic by increase of measurement time is the simplest, although time-
consuming method. The maximal time of measurement used in the Laboratory is 64800 sec. 


(c) The measurement range of activity with the use of WALLAC 1411 spectrometer 


The activity of the measured sample should be smaller than 8 kBq. The minimal activities should 
be close to 0,5 kBq for measurement time of 900 sec. The smaller activity samples are measured at longer 
time. The measured time may be extended up to 64800 sec. The minimal activity of sample depends on 
the background level and is close to 1 Bq. The samples are performed using weighting method. 


3.4. The methods of decreasing of the MDA limits 


(a) Filtration of the spectrum 
 
 The method is useful for identification of γ  emitted impurities with high energetic spectrum if the 
main radionuclide show emission of soft spectrum. The MDA limits are improved by increase of 
radionuclide concentration (activity of the source) and decrease of the efficiency for the low energetic 
photons. The absorption of low energetic photons may be realized by the use of shield. In our Laboratory 
the source is placed in the Pb container of 5-mm wall thickness. The efficiency is shown in the Fig.2. This 
method is used for determination of the 99Mo, 103Ru and 131I contamination in the 99m Tc. The method 
allows to detect of above impurities on the level of 10-8 % at the measurement time 3600 sec.  
 
(b) The separation of the main radionuclide or expected impurities  
 
 The selective removal of the main radionuclide or expected impurities from the solution is one of 
the methods of decreasing of MDA limit.  


 
The method is used in the control of 99Mo on the contamination of  90Sr / 90Y. [5]. The scheme of 


the separation method is shown in the Fig. 4. The separation of 90Sr is performed using the column 
chromatography. The efficiency of 90Sr elution is higher than 80 %. 
 
 This procedure allows determination of the 89Sr + 90Sr on the level 10-7 % 
 
 The scheme of the control procedure of radionuclide purity of 89Sr is shown in Fig. 5. [6]. The 89Sr 
is selectively absorbed on the Sr Spec whereas the more than 90 % of impurities is eluted outside. The 
eluted solution is examined using the spectrometry method. The procedure may be also used for control 
of 90Sr solution. In this case however, the solution contains 90Y. The determination of impurities is 
performed after decreasing of the 90Y activity  
 
 The purification of 90Sr solution [7] is performed with the use of chromatographic column method. 
The procedure of control of 90Sr solution is shown in the Fig. 6 [8]. The eluted solutions contain the 90Y 
together with other impurities. The solutions are examined with the γ -, β / α spectrometry after the time 
necessary to decreasing of the 90Y activity. The preliminary test of the γ impurities contamination is 
performed on the sample containing 2–2,5 MBq of 90Y. The final determination of the γ impurities is 
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performed when the radionuclide concentration of the 90Y is close to 50 kBq / ml. The pure β and α 
impurities are determined when radionuclide concentration of 90Y reaching the level of 15 Bq / ml. 
 
 This procedure allows: 
 
– determination of γ impurities on the level 0,001 % 


– determination of the β emitted impurities on the level 0,002 % 


– determination of the α impurities on the level 10-5 % 


 
 Extractions of the 131I main radionuclide 
 
 The 131I is examined on the contamination of γ emitters impurities. The γ spectrum of 131I consist of 
several lines which could overlap with the lines of possible impurities. (133 Ba). The effective ways to 
decreasing of the MDA limits is removing of the 131I radionuclide. To perform these, the simple chemical 
reaction is applied.  
 
    NaI + AgNO3 -> AgI ↓ + Na NO3 
 
 The AgI crystals are removed and the solution is measured on the γ spectrometer. The method 
allows removing the 90 % of 131I activity. In the result the necessary MDA limits are reached in shorter 
measurement time (e.g. 3600 instead of 64800 sec). 


3.5. Instrumentation 


(a) The X - γ spectrometry system 
 
 The Laboratory of Quality Control is equipped with the spectrometry system consist of 3 detectors. 
The HPGe GC1520 coacsial detector, with the relative efficiency of 15 % is used to γ spectrum collection 
in the energy range 40–1800 keV. The planar GL0310 detector with the beryllium window is used to X 
and γ spectrum collection in the energy range 4–300 keV. The detectors are connected to AccuSpec A 
analysers.  
 
 The GX1820 detector with the relative efficiency of 18 % is used to X and γ spectrum collection in 
the energy range 4–1800 keV. It is connected to the DSA2000 Multichanell Analysers. The detectors are 
controlled by the Genie 2000 software. Each detector is placed in the box of Pb walls of 100-mm 
thickness.  
 
(b) Measurement procedure 
 
 The volume or point sources of the X or γ emitters are placed in the given geometry. The spectrum 
is collected in the chosen measurement time (t). The spectrum is analysed using the Genie 2000 software. 
The activity of identified radionuclide is determined according to formula (7) 
 
    A = S / Pg * εf * t *Ci         (7) 
 
where 


 
S is the sum of counts in the peak, 
Pg is emission probability,  
εf is efficiency, 
t is measurement time, 
Ci is correction factor. 
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 The total uncertainty is calculated, as follows: 
  ___________________________________________________________ 
U ≈  √ (∆S / S) 2 + (∆εf / εf ) 2 + ( ∆t / t ) 2 + (∆Pg / Pg ) 2 + (∆Ci / Ci ) 2    (8)  
 
where 
 
∆S is uncertainty of the counts in the peak, 
∆εf is uncertainty of the efficiency, 
∆Pg is uncertainty of the emission probability, 
∆Ci is uncertainty of correction factors, 
∆t is uncertainty of the measurement time. 
 
 In the case of lack of peak on the spectrum, the Curie MDA (Minimal Detectable Activity) is 
calculated.  
 
(c) The calibration of the spectrometers 
 
 The spectrometer system is calibrated using the standard sources prepared from the standard 
solutions related to the National Standard of Radionuclides Activity Unit in Poland For obtaining the 
calibration curves the cocktail of monogamma emitters are used. The standard mix solution consisted of 
10 radionuclides in ordered volume and vial is prepared. Additionally the determined efficiencies are 
checked by measurements of single solutions. The measurements are performed with ordered geometry. 
 
(d) The α / β spectrometer WALLAC 1411 
 
 The β spectrometer WALLAC 1411 is used for determination of the radionuclide concentration of 
solutions, specially, the pure β or α emitters. The spectrometer is equipped with the control processor and 
automated sample holder. The measurement sources are the mixture of the radioactive solution and liquid 
scintillator. The cocktail is placed in the standard vials. The emitted light is collected by two phototubes. 
The flash amplitudes are analysed by the multichanell analyser. The spectrum is collected in the given 
time (t). The SQP(E) parameter that is a measure of optical efficiency (or chemical quenching) is 
determined with the use of external standard e.g. 152Eu source build up into the system. The activity of 
sample is calculated as follows: 
 
    A = S / ( t * εf )   (9) 
 
where 
 
S is the sum of the counts in the spectrum, 
εf is efficiency for given SQP(E), 
t is the time of measurement. 
 
 The uncertainty of activity determination depends on the statistic of measurement and uncertainty 
of the εf value.  
 
Separation of the α and β spectra 
 
 The α or β particles passing through the LSC scintillator produce the light flash. The time of the 
flash is short for β and much longer for α particle. This effect is used for α / β spectrum separation. The 
WALLAC 1411 spectrometer can separate the spectra’s with the use PSA option. If the β and α energy 
ranges of spectra’s do not overlap the limits detection of α impurities is near 10-2 % . For α emitting 
impurities in the high energetic β emitters (e.g. 90Sr / 90Y ) the extracting LSC scintillators should be used. 
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(e) The calibration of the spectrometer 
 
 For given radionuclide, the efficiency ( εf ) depends of the SQP(E) parameter. The SQP(E) curve is 
determined with the using of standard sources prepared from the standard solutions related to the National 
Standard of Radionuclides Activity Unit in Poland. The curves are archived in the spectrometer memory. 
The quenching curves for 3H, 14C, 35S, 32P, 45Ca and 125I were completed by producer of spectrometer. In 
the Figs 7 and 8 the spectrums of testing mixtures of pure β or β – α radionuclide are presented [9]. 
 


4. CONCLUSIONS 


 
The procedure and measurements method of quality control used in Laboratory of Quality Control 


allows determination of impurities on the levels required by European Pharmacopea and Production 
Department of RC POLATOM.  


 
The further progress of the control methods should be focused on the following aims: 
 


– improvement of the limit detection of the impurities 


– decreasing of the time necessary for performing the test procedures 


– decreasing of the price of analytic methods. 
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TABLE I. EFFICIENCIES C OF THE IONIZATION CHAMBER NO. I VS. RADIONUCLIDE 


No Nuclide Efficiency „C” [pA/MBq] Type of radiation 
1 60Co 22,60 γ - 1252.9 keV 
2 88Y 23,87 γ - 898.06 and 1836.07 keV 
3 54Mn 63,00 γ - 834.83 keV 
5 137Cs 93,61 γ - 661.66 keV 
6 65Zn 95,99 γ - 1115.52 keV 
7 203Hg 171,08 γ - 279.19 keV 
8 113Sn 172,39 γ - 391.69 keV 
9 57Co 211,87 γ - 123.7 keV 


10 241Am 731,90 γ - 59.54 keV 
11 109Cd 5265,50 γ - 88.03 keV 
12 32P 9153,1 pure β emission 


 


TABLE II. γ EMITTERS WITH SIMPLE SCHEME OF DISINTEGRATION USED TO DETERMINE 
OF THE EFFICIENCY CURVE ε(E) 


Nuclide E [keV] pi Details 
Mn-54 834.8 1.0  
Sr-85 514.0 0.993  
Co-60 1252.9 1.999 E is calculated as medium weigh of 1173.2 keV & 1332.5 keV energies 
Co-57 123.7 0.964 E is calculated as medium weigh of 122.1 keV & 136.5 keV energies  
Zn-65 1115.6 0.507 The pε   for 511.0 keV is subtracted 


Hg-203 279.2 0.816 The pε for X ray of 74.5 keV is subtracted 
 
TABLE III. THE RADIONUCLIDE FOR THE MEDICAL USES PRODUCED BY RC POLATOM  


Radionuclide Impurities limits of impurities  kind of radiation T1/2 
32P 35S γ < 0,1 % 


β < 0,3 % 
pure β emitter  


Emax - 1710 keV 
14,28 [d] 


90Sr / 90Y 
90Y 


Fission products < 0,1 % pure β emitter  
Emax - 2284 keV 


28,15 [y] 
2,6708 [d] 


51 Cr 124Sb < 0,1 % γ - 320 keV 27,703 [d] 
64Cu  < 0,5 % β Emax - 2630keV,  


γ - 1039,2 keV 
12,701 [h] 


 


 


89Sr 


46Sc, 51Cr, 58Co, 59Fe, 
60Co, 65Zn, 85Sr, 86Rb, 
103Ru, 110m Ag, 124Sb, 


134Cs, 152Eu, 169Yb 


 
 


< 0,1 % 


 
β  


Emax - 1492 keV  
γ - 909,2 keV 


 
 


50,65 [d] 


99Mo/99m Tc 
 
 


99m Tc 


137Cs, 181W, 185W, 
188W, 188Re, 90m Y, 
90Sr, 89Sr, 153Sm, 


169Yb, 175Yb, 103Ru, 
131I, 125Sb, 95Zr, 95Nb, 
106Ru, 125mTe, 127mTe 


99Mo < 1,5 x 10-2 % 
103Ru < 5 x 10-3 %  


131I < 5 x 10-3 % 
others < 0.01 % 


β  
Emax - 1214 keV 
γ - 140,5 keV 
γ - 739,5 keV 


 
 


2,7471 [d] 


125I  < 1,0 %  
126I < 1,0 % 


X - γ  
35,5 keV 


59,90 [d] 


131I Fission products < 0,1 %  
126I < 1,0 % 


β  
Emax - 606 keV 
γ - 364,5 keV  
γ - 637 keV 


8,021 [d] 
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TABLE IV. RESULT OF TESTING DETERMINATION OF THE MIXTURE ACTIVITY 


Radionuclide Tl-204 Cl-36 Ca-45 S-35 C-14 Ni-63 


Activity declared [Bq] 53,7 45,0 41,8 39,8 62,7 


Activity determined [Bq] 50,6 45,0 39,4 42,0 58,8 


Deviation [%] - 6 % 0 % - 6 % 6 % - 6 % 
 
 
 
TABLE V. RESULT OF TESTING DETERMINATION OF THE MIXTURE ACTIVITY 


Radionuclide Activity declared [Bq] Activity determined [Bq] Deviation [%] 
35S 1231 1243 -1 


241Am 17,86 17,64 1,3 
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FIG.1. Efficiency curve ε (Ei) obtained for ionization chamber no 1. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 2. The determination of 99Mo, 103Ru and 131I impurities in the 99Tcm solution. 
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a) 
 


b) 
 
 


FIG. 3. (a) Efficiency curve of the Pb - absorber geometry with the HPGe detector;  
(b) Efficiency curve for 1 cm distant of HPGe detector is shown for comparison. 


 
 


0


0,002


0,004


0,006


0,008


0,01


0 200 400 600 800 1000 1200 1400


Energy [keV]


E
ff


ic
ie


nc
y


0


0,02


0,04


0,06


0,08


0,1


0 200 400 600 800 1000 1200 1400


Energy [keV]


E
ff


ic
ie


nc
y







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 4. Schema of the method of the 99Mo , 90Sr , 90m Tc separation. 
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FIG. 5. Schema of the method of 89Sr separation. 
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FIG. 6. Schema of the procedure of 90Sr (90Y) radionuclide purity control. 
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FIG. 7. Spectrum of the testing mixture of 63Ni, 14C, 35S, 45Ca, 36Cl and 204Tl with results of the spectrum 


analyses. 
 
 


 
 


FIG. 8. Spectrum of the 35S and 241Am radionuclide mixture. 
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Abstract 


The analysis of chemical composition of radioactive preparations constitutes a complex issue, particularly in 
cases when the need to detect the chemical impurities affects suitability of the preparations for biochemical or 
medical purposes. So far, the most common analytical technique was the emission spectrography with an 
alternating-current spark or arc excitation. This paper deals with the problem of ICP-based OES (Optical Emission 
Spectrometry) application to the determination of main components as well as chemical impurities present in 
radioactive preparations produced at the Radioisotope Centre POLATOM. A Perkin-Elmer OPTIMA 3300XL 
spectrometer was specially adapted to work with radioactive solutions. The spectrometer was calibrated for the 
determination of chromium in Na2


51CrO4 and 51CrCl3, phosphorus in H3
32PO4 and copper in 64CuCl2. The purpose of 


accurate determination of chemical concentration of these elements was the evaluation of the specific activity of 
radioactive preparations containing these elements. The spectrometer was also calibrated for the determination of 
chemical impurities in radioactive preparations such as: Na131I, 64CuCl2, Na2H32PO2, Na2


51CrO4, H3
32PO4, 51CrCl3. It 


has been established that the ICP-OES technique can be successfully applied to the determination of chemical 
impurities in preparations containing radioactive isotopes at ppb levels.  


 
1. INTRODUCTION 


Determination of trace quantities of elements in samples containing radioactive constituents proves 
analytically difficult, particularly in situations when the analysis regards a larger number of elements 
which need to be determined in a single sample. This complex task is sometimes of primary importance, 
for instance when the analysed preparation is used for labelling of biologically active substances intended 
for biochemical or medical applications. So far, at Radioisotope Centre POLATOM emission 
spectrography based on spark excitation or AC arc excitation was used for the purpose. The principal 
advantage of this technique is its suitability to fast semi-quantitative analysis. However, fully quantitative 
analysis requires time-consuming processing of spectrographic plates. At present the preferred technique 
in analysis of radioactive preparations is the Inductively Coupled Plasma - Optical Emission 
Spectrometry, known as the ICP-OES method. 


This paper deals with application of ICP-based OES (Optical Emission Spectrometry) for 
determination of the main component as well as chemical impurities present in radioactive preparations 
produced at the Radioisotope Centre POLATOM. A Perkin-Elmer OPTIMA 3300XL spectrometer, 
adapted in house for work with radioactive substances, was employed for the analysis. 


Chemical impurities were determinated in preparations such as: Na131I, 64CuCl2, Na2H32PO2, 
Na2


51CrO4, H3
32PO4, 51CrCl3. 


The purpose of determination of chemical concentration of main elements was the evaluation of the 
specific activity of radioactive preparations containing these elements. The specific activity was 
calculated as a ratio of a radioactive concentration and a chemical concentration. The radioactive 
concentration was determinated by measurement of total activity of the preparation in the ionization 
chamber (type KG 4Π-2,5/20). The chemical concentration was determinated by the spectrometry ICP-
OES. The results were compared with the values obtained by the spectrophotometry UV-VIS or 
theoretical values calculated from a target material irradiation in a nuclear reactor. The spectrometry ICP-
OES was applied to determination the specific activity of preparations such as: 64CuCl2, Na2


51CrO4, H3
32PO4, 


51CrCl3. 
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2. METHOD 
 
2.1. Instrumentation 


 


The investigations were carried out using the Perkin-Elmer OPTIMA 3300XL spectrometer with 
axial view plasma, equipped in a GemTip Crossflow nebulizer, a Scott-type spray chamber, an echelle 
polychromator, a Segment-arrey Charge-coupled-device Detector (SCD) and a RF generator 40 MHz 
free-running. The following working parameters of the instrument were set: generator power 1300 W; gas 
flow rate: plasma (Ar) 15 L/min, auxiliary (Ar) 0.5 L/min, nebulizer (Ar) 0.8 L/min; viewing height 15 
mm; flow rate of the analysed solution during analysis 1.0 mL/min; flushing flow rate: 4.0 mL/min, time 
of flushing with the sample solution: 10 s. The wavelengths and background correction points selected for 
investigations are shown in Table I. 


TABLE I. SPECTRAL LINES (WAVELENGTHS AND BACKGROUND CORRECTION POINTS) 
USED FOR INVESTIGATIONS 


Analyte Wavelength 
[nm] 


BCG (-) 
[nm] 


BCG (+) 
[nm] 


Al 396.152 0.037 0.022 
As 193.691 0.009 0.010 
B 249.767 0.023 0.023 
Ba 230.425 0.017 0.012 
Ca 317.930 0.026 0.016 
Cd 214.433 0.016 0.011 
Cu 224.699 0.017 0.011 
Cr 284.323 0.022 0.014 
Fe 238.200 0.017 0.013 
Mg 279.075 0.025 0.018 
Mn 259.370 0.024 0.016 
Mo 202.029 0.017 0.017 
Ni 231.604 0.021 0.021 
P 213.617 0.015 0.006 


Pb 220.351 0.017 0.011 
Si 251.607 0.017 0.014 
Te 214.283 0.013 0.011 
Zn 213.855 0.017 0.017 


 
 


2.2. Reagents 
 


The reference solutions were prepared from basic reference solutions of separate elements with 
concentration of 1 mg/mL (standards for ICP from Perkin-Elmer or Merck). For further dilution, an 
approx. 0.5 mol/L nitric acid prepared from 65% spectrally pure stock of HNO3 (Merck) was used.  


 
2.3. Sample and standard solutions 
 


Sample solutions were prepared in the way shown below: 


– 50µL of Na2H32PO2 was diluted approx. 0.5 mol/L HNO3 to 3 mL; 


– 100µL of 64CuCl2, Na2
51CrO4, H3


32PO4, 51CrCl3 was diluted approx. 0.5 mol/L HNO3 to 3 mL; 


– 300µL of Na131I was diluted approx. 0.5 mol/L HNO3 to 3 mL. 
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For the spectrometer calibration reference solutions of concentrations 1 and 5 ppm in approx. 0.5 
mol/L HNO3 were prepared. Blank solutions were prepared as approx. 0.5 mol/L HNO3. 


 
3. RESULTS AND DISCUSION 
 
3.1. Adaptation of the spectrometer ICP-OES to analysis of radioactive materials. 
 


The Perkin-Elmer OPTIMA 3300XL spectrometer was purposefully adapted to work with 
radioactive solutions by placing its automatic sampling device in a glove box. Another sampler, 
connected in parallel, is intended for working with non-radioactive samples without hampering its 
operation by the various glove box restrictions.  


During first tests it became evident that there were necessary additional protections from dose of 
radiotion (radioactive concentration examinated samples was from 40MBq/mL for Na131I to 76GBq/mL 
for H3


32PO4). The gas outlet from the spectrometer's combustion chamber was connected to the monitored 
ventilation duct. It was shielded with plexiglass and sheet lead (5mm). The tubing for feeding the 
radioactive sample from the glove box to the combustion chamber and discharging it’s excess to a 
radioactive liquid waste tank was shielded with plexiglass tubing and thin sheet lead. Then front part of 
the glove box was shielded with plexiglass and lead glass. The waste tank was placed in lead tank and 
was shielded with plexiglass. The spray chamber was shielded with lead sheet.  


This system was used for analysis of radioactive preparations. 


3.2. Determination of chemical impurities in radioactive solutions. 


The spectrometer was calibrated for determination of chemical impurities in such preparations as: 
Na131I, 64CuCl2, Na2H32PO2, Na251CrO4, H332PO4, 51CrCl3, using the GLP-compatible analytical 
method validation protocol [1]. The results obtained are shown in Figs. 1 a–1 d. 


The highest impurity levels were determinated in H332PO4. There was up to 200 µg/mL of Si, 100 
µg/mL of B and 20 µg/mL of Al as well as a small amount of Ca and Zn. Smaller levels of the same 
elements were determinated in the rest of stadied preparations e.g. in Na131I concentration of Si - 3 
µg/mL and B – 1.5 µg/mL. All raw materials used in production were controled in accordance with 
quality assurance. Therefore it is possible that these impurities can only come from particular technical 
operations. B and Si are probably washed out from glass during many hours of heating of irradiation 
materials. 
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a) 


FIG. 1 a. Chemical impurity levels present in radioactive preparations: 


a) H3
32PO4 


b) Na131I. 
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FIG. 1 b. Chemical impurity levels present in radioactive preparations: 
c) Na2


51CrO4 
d) Na2H32PO4. 
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FIG. 1 c. Chemical impurity levels present in radioactive preparations: 
e) 64CuCl2. 
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FIG. 1 d. Chemical impurity levels present in radioactive preparations: 
f) 51CrCl3. 
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Concentrations of elements not shown at concentration axises were below the detection limit, Table 
II. The detection limit, DL, was calculated according to the following expression: 
 
                                                         3xσ 
                                          DL = ______________ x w                                                         (1) 
                                                           b 
 
where 
 
σ is the standard deviation of blank test, 
b is the slope coefficient of calibration curve, 
w is the sample dilution coefficient. 
 
 
 
TABLE II. DETECTION LIMITS OF ELEMENTS PRESENT AS CHEMICAL IMPURITIES IN 
RADIOACTIVE PREPARATIONS EXPRESSED IN µG/ML 


Analyte Na131I Na2H32PO4 64CuCl2 
Na2


51CrO4 


H3
32PO4 


51CrCl3 
Al 0.011 0.068 0.034 0.036 
As 0.114 0.681 0.341 0.390 
B 0.008 0.049 0.024 0.028 
Ba 0.003 0.016 0.008 0.009 
Ca 0.003 0.021 0.010 0.025 
Cd 0.016 0.094 0.047 0.023 
Cu 0.013 0.077 0.039 0.051 
Cr 0.014 0.081 0.041 0.098 
Fe 0.009 0.051 0.026 0.030 
Mg 0.052 0.309 0.155 0.191 
Mn 0.0005 0.003 0.001 0.008 
Ni 0.019 0.112 0.056 0.136 
Pb 0.022 0.134 0.067 0.073 
Si 0.009 0.052 0.026 0.058 
Te 0.121 0.725 0.362 0.318 
Zn 0.010 0.059 0.029 0.067 


 
 
 
3.2. Determination of specific activity of radioactive praparation. 


The spectrometer was calibrated for determination of chemical concentration of phosphorus in 
H3


32PO4, copper in 64CuCl2 as well as chromium in 51CrCl3 and Na2
51CrO4. The results were compared with the 


values obtained by the spectrophotometry UV-VIS for H3
32PO4 (Table III, Fig. 2.) and Na2


51CrO4 (Table IV, 
Fig. 3.) or theoretical values calculated from a target material irradiation in a nuclear reactor for 51CrCl3 
(Table V, Fig. 4) and 64CuCl2 (Table VI, Fig. 5). The results obtained for H3


32PO4 and Na2
51CrO4 by 


spectrometry ICP-OES are in agreement with spectrophotometry UV-VIS results. The difference fluctuates from 
0,1% to 9%. In the case of 64CuCl2 and 51CrCl3 the results obtained by spectrometry ICP-OES are higher than 
theoretical values. It appears from the fact that yield of process never achieves 100%. 
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TABLE III. SPECIFIC ACTIVITY OF PHOSPHORIC ACID H3
32PO4 


(COMPARISON OF SPECTROPHOTOMETRY UV-VIS WITH SPECTROMETRY ICP-OES) 


 
No. 


 
Series No. 


Radioactive 
concentration 


 
c 


Specific activity 
[TBq/mgP] 


  [GBq/mL] [µg/mL] ICP-OES UV-VIS 
1 11/02 74.1 8.10 9.14 9.03 
2 13/02 60.0 6.30 9.52 9.18 
3 16/02 89.0 9.04 9.84 9.07 
4 18/02 93.8 10.4 9.02 9.18 
5 24/02 60.0 6.28 9.55 9.07 
6 25/02 74.0 8.07 9.17 9.18 
7 26/02 95.0 10.3 9.22 9.55 
8 27/02 69.6 7.38 9.43 9.03 


FIG. 2. Comparison of specific activity of H3
32PO4 - spectrophotometry UV-VIS with spectrometry ICP-


OES. 
 
 
 
TABLE IV. SPECIFIC ACTIVITY OF SODIUM CHROMATE NA2


51CRO4  
(COMPARISON OF SPECTROPHOTOMETRY UV-VIS WITH SPECTROMETRY ICP-OES) 


No. Series No. Radioactive 
concentration 


 
c 


Specific activity 
[GBq/mgCr] 


  [MBq/mL] [ppm] ICP-OES UV-VIS 
1 02/02 159.8 4.47 35.7 34.4 
2 03/02 267.0 4.71 56.7 51.8 
3 04/02 194.5 7.42 26.2 24.4 
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FIG. 3. Comparison of specific activity of Na2


51CrO4 - spectrophotometry UV-VIS with spectrometry ICP-
OES. 
 
 
 
TABLE V. SPECIFIC ACTIVITY OF CHROMIUM (III) CHLORIDE 51CRCL3  
(COMPARISON OF SPECTROMETRY ICP-OES WITH THEORETICAL VALUE) 


 
No. 


 
Series No. 


Radioactive 
concentration 


 
c 


Specific activity 
[GBq/mgCr] 


  [MBq/mL] [ppm] ICP-OES Theoretical value 
1 02/02 2060 134 15.4 14.2 
2 03/02 6611 596 11.1 10.1 
3 04/02 20142 1710 11.8 9.62 
4 05/02 47158 1240 38.0 35.6 
5 06/02 16122 771 20.9 17.8 
6 07/02 31694 1580 20.1 20.1 


FIG. 4. Comparison of specific activity 51CrCl3 - spectrometry ICP-OES with theoretical value. 
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TABLE VI. SPECIFIC ACTIVITY OF COPPER (II) CHLORIDE 64CUCL2 (COMPARISON OF 
SPECTROMETRY ICP-OES WITH THEORETICAL VALUE) 


No Series No Radioactive 
concentration 


c Specific activity 
[MBq/mgCu] 


  [MBq/mL] [ppm] ICP-OES Theoretical 
value 


1 03/02 79,7 942 84.7 76.7 
2 04/02 249,5 860 290 231 
3 05/02 289,8 925 313.3 268.3 
4 07/02 219,3 847 258.9 211.63 
5 08/02 76,7 977 78.5 70.98 
6 09/02 43,5 703 61.9 42.02 


 


FIG. 5. Comparison of specific activity of 64CuCl2 - spectrometry ICP-OES with theoretical value. 
 
 
 
4. CONCLUSIONS 
 


The ICP-OES technique can successfully be applied to determine the chemical composition of 
radioactive preparations after a suitable adaptation of the apparatus and its working environment to work 
with radioactive isotopes.  


Using the ICP-OES spectrometry it is possible to determine trace quantities of impurities occurring 
in isotopic preparations at a concentration level of several to several tens µg/L. The spectrographic 
method used so far enabled only a semi-quantitative determination of these trace elements at µg/mL 
levels. 


The analytical technique described in the paper can be applied to determination of chemical 
impurities as well as to quantitative analysis in concentration range from 10-6 to 10-2%. 


Determination of chemical concentrations of main components by the ICP-OES can be applied to 
the evaluation of the specific activity of radioactive preparations. 
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Abstract 


The determination of progesterone concentration in whole and fat-free milk 19-24 days after conception 
enables distinguishing between fertile and non-fertile insemination, which constitutes a significant issue in cattle 
breeding. The aim of this work was to prepare a simple and fast RIA test for the determination of progesterone in 
cow`s milk. The following materials and methods were used: the solid phase tubes coated with specific polyclonal 
anti-progesterone antibody; the 3-carboxymethyloxime-progesterone derivative was activated and then conjugated 
with 125I – histamine; the HPLC system with Lichrospher RP-18 column and 65% acetonitrile + 35% water as eluent 
applied to purify the progesterone-3-CMO-histamine 125 I; the immunoreactive material eluted at RT=13,2 min. was 
used as tracer in the test; progetserone (Sigma) and selected fat-free cow`s milk without progesterone (milk zero) 
were the matrix for standard curve preparation. The optimal assay procedure was as follows: standards, controls and 
fat-free milk samples of total volume of 50µl were pipetted into coated tubes followed by 500µl of diluted tracer, 
incubated for 2 h at RT, decanted and counted. Assay range: 0–270 nmol progesterone/L. Sensitivity <1 nmol/L. 
Validation of this RIA test in terms of specificity, accuracy (recovery), precision (within assay and between assay 
variations) was done. The concentration of progesterone in milk samples from pregnant and not pregnant cows 
delivered by the Institute of Animal Breeding, Polish Academy of Science was determined with the new RIA test 
and the obtained results were highly consistent. New, ready to use (one step) RIA test for the determination of 
progesterone in cow`s milk was worked out. It simplifies the whole procedure and reduces the costs.  
 
1. INTRODUCTION 
 


Progesterone, the major hormone secreted from the corpus luteum, has two main biological 
functions. First, it transforms the estrogen stimulated endometrium into the secretory phase, which allows 
implantation of the fertilized ovum. Secondary it protects pregnancy by decreasing uterine contractility. 
In cow the presence of a corpus luteum is necessary for the maintenance of pregnancy in the vast majority 
of animals. 


Progesterone has been found to be of significant clinical value in most domestic species. The cyclic 
behavior of progesterone levels during the oestrous cycle and the relatively high levels during pregnancy 
resulted in this hormone being widely used as the pregnancy test. As well as plasma progesterone, 
progesterone in whole milk, milk fat and fat-free milk has been examined and a high correlation found 
between the values.  


The development of radioimmunoassay (RIA) techniques for hormone determination in domestic 
species created laboratory procedures that are relatively simple to perform, inexpensive, specific and 
sensitive and that have potential usefulness as diagnostic aids in reproductive studies. 


One of the most important veterinary application of RIA in terms of economy is the determination 
of progesterone in cow`s milk as a fertilization test for the cattle. By determination of progesterone 
concentration in milk, insemination failures can be detected as early as 21–23 days after breeding or 
attention can be drawn to cows inseminated when not in estrus and a second insemination attempt may 
follow. The economic importance of this approach is obvious. Fertilization checks should be considered 
as a procedure allowing a better utilization of cow’s reproductive potential in which an insemination 
failure would be detected much later without determination of progesterone in milk. 
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To make the processing of such large number of samples economic in terms of cost and time, 
progesterone determination should be attempted directly in whole milk without previous extraction. In the 
laboratory the best results have been obtained when fat-free milk was used. The different fat 
concentration in milk sampled before, during or after milking, affects the progesterone concentration and 
separation of the fat thus substantially diminished this influence [1]. 


The aim of this work was to prepare a new, ready to use RIA kit for determination of progesterone 
in cow`s milk. In the kit the solid phase with coated specific antibodies was used. The expected outcome 
of the work was the assay kit, simple in operation, fast (one step) and acceptably accurate. 


 
2. MATERIALS AND METHODS 
 


Tubes coated with polyclonal anti- progesterone antibody (ORION Diagnostica, Finland) were 
used as solid phase. The cross reactivity of the progesterone antiserum coated on the tubes were as 
follows: progesterone 100%, pregnenolone 3.9%, corticosterone 0.9%, other progesterone derivatives 
<0.7%, other steroids <0.01%. 


As raw material for the preparation of the tracer, the 3-(O-carboxymethyloxime-progesterone) 
derivative (Sigma, USA) was used. Tri-n-butylamine, dioxane, iso-butylchloroformate, chloramine T, 
cortisol, danasol, acetonitrile were from Merck (Germany), histamine dihydrochloride and 
ursodeoxycholic acid from Sigma, Na 125 I from IZOTOP (Hungary). As raw material for preparation of 
standards, progesterone (99%) from Sigma (USA) was used. 


For fractionation of the mixtures after iodination the high performance liquid chromatography 
(HPLC) system with Lichrospher RP-18 column (250×4 mm), 5µm from Merck (Germany ), UV detector 
240 nm (for progesterone) and 220 nm (for histamine) and isotopic detector was used. All milk samples 
(milk zero from not pregnant cows, controls and unknown samples from pregnant cows) were received 
from the Institute of Animal Breeding, Polish Academy of Science. Milk without progesterone (milk 
zero) was from cows 8–10 days after calving when the function of a the corpus luteum is absent. All these 
samples contained preservative and were defated using centrifugation during 30 min. at 1200g at 40C and 
lyophilized.  


Indirect modified three steps procedure of 3-CMO-progesterone iodination [2–5] was used: step 1- 
activation with tri-n-butylamine and iso-butylchlorformate in dry dioxane at 100C, 45 min.; step 2- 
histamine iodination with Na -125I using chloramine T method, 90 sek. room temp; step 3 - conjugation 
38.7 µg (100 nmol) of activated progesterone derivative in dioxane with iodinated histamine (3.65 µg) in 
ice-bath, 60 min. 


Progesterone- 3-CMO-histamine 125 I (present in the mixture after conjugation) was purified using 
as eluent 65% acetonitrile + 35% water [6–10]. The collected peaks were diluted with tracer diluent 
buffer and immunoreactivity of them was obtained. 


 
3. RESULTS AND DISCUSION  
 
3.1. Tracer  


The iodinated reaction mixture after conjugation was analysed by HPLC. The first peak was 
identified as 125I – histamine (RT = 1.88 min., 10% of radioactivity). The second (RT=11.17 min., 41% of 
radioactivity) and the third (RT = 13.19 min., 49% of radioactivity) were identified as iodinated 
progesterone derivative. The first peak was not immunoreactive with the antibody coated tubes. 
Immunoreactivity (B0 / T) of the second peak was 8% and of the third –37%. The third peak was used for 
preparing tracer (125 I – progesterone) by dilution in tracer dilution buffer (tracer diluent). Specific activity 
of the tracer determined by displacement analysis (Bhupal, V., Mani, R.S., 1986) was 112 µCi/µg. Ready 
to use tracer had activity about 3.5µCi in 11 ml of tracer dilution buffer (quantity for 100 test tubes). 
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3.2. Standards 


The optimal solvent for preparation of standards was PBS buffer pH 7.4 containing 0.5% BSA and 
0.1% sodium azide. The range of the assay of progesterone in milk should be different then in serum. The 
last standard should be at least 200 nmol/L, the first 2-3 nmol/L is sufficient (for determination in serum 
0.8 nmol/L). The optimal range of our assay was 0 - 270 nmol progesterone/L. Six levels of standards 
were prepared: 0; 3; 15; 45; 135; 270 nmol of progesterone/L. Each standard in the volume of 0.5 ml was 
pipetted into the vial and kept in solution at 4-80C. Progesterone (ng/ml) = progesterone (nmo/L) × 0.314. 


3.3. Milk zero matrix 


Optimal matrix for preparing standard curve was fat-free milk zero. It was lyophilized in 1 ml 
portions and stored at – 20 0 C. 


3.4. Control samples 


Control samples were prepared from pregnant cow milk samples after dilution with fat-free milk 
zero and lyophilized in 0.5 ml portions. 


3.5. Optimization of the conditions for an assay 


In order to develop a simple, fast and reproducible assay with adequate sensitivity the conditions of 
the assay were optimized. 


Because of the height of coating in the tube, the total volume of all reagents pipetted into the tubes 
was 550 µl. To 45 ml of tracer diluent buffer 11 ml of the tracer was added and 500µl of thus prepared 
tracer solution was pipetted into the coated tubes (the same volume as in Progesterone-RIA-SPECTRIA 
kit, ORION-OBRI). The optimal standard zero binding (B0/T) and shape of standard curve were obtained 
when activity of the pipetted tracer was 35-50000 cpm per tube. For obtaining comparable (with 
commercial kits) results of progesterone concentration in unknown milk samples it was necessary to use 
fat-free milk zero matrix for preparation of standard curve. The optimal proportion of milk zero matrix to 
the standard solution pipetted into the test tubes was 1:1 and the optimal quantity of these components 
was 25 µl. The volumes of pipetted control and unknown milk samples were optimally 50 µl. The optimal 
incubation conditions were 2 hours at room temperature without rotation. In these conditions the assay 
system reached equilibrium. 


Similarly as in the test for determination of progesterone in human serum (ORION-OBRI 
POLATOM), the solution after incubation was decanted (or aspirated) and the tubes were not washed. 


3.6. Assay procedure 


The final optimized assay protocol of Progesterone RIA Veterinary test is, as follows: 


Add into the coated tubes for standard curve 25 µl of standard sample and 25 µl fat-free milk zero 
matrix but for control and unknown samples aliquot 50 µl of milk, then 500 µl diluted tracer, mix and 
incubate at room temperature for 2 h, decant the tubes and measure for radioactivity. The typical 
calibration curve of the Progesterone Veterinary RIA assay (OBRI POLATOM) is presented in Fig. 1. 
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FIG. 1. Typical calibration curve of Progesterone Veterinary RIA assay (OBRI POLATOM). 


 
3.7. Analytical characteristics of the progesterone veterinary RIA assay 
 
3.7.1. Sensitivity 


The detection limit of the assay defined as the concentration corresponding to a signal 2 SD under 
the mean of 20 replicates of zero calibrator was 0.77 nmol of progesterone/L. 


3.7.2. Recovery 


Different concentration of progesterone in fat-free milk zero were added to three fat-free milk 
samples (with the progesterone concentration in the range 7–26 nmol/L), analyzed for progesterone 
content and the recovery of added analyte was calculated (observed to expected values). The recovery 
ranged from 94 to 104 % (Table I). 


 
TABLE I. RECOVERY TEST 
 
Progesterone in 


sample 
(nmol/L) 


Progesterone 
added 


(nmol/L) 


Expected 
progesterone 


(nmol/L) 


Observed 
progesterone 


(nmol/L) 


 
% Recovery 


 
7.4  6.8 14.2 13.8  97 
7.4 16 22.4 21 94 
7.4 41 48.4 49 101 
14 6.8 20.8 20  96 
14 16 30 29  97 
14 41 55 53 104 


26.3 6.8 33.1 33 100 
26.3 16 42.3 40  95 
26.3 41 67.3 65 97 
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3.7.3. Parallelism testing 


Parallelism was tested by dilution of four fat-free milk samples (with high progesterone 
concentration) with standard zero matrix and estimating the progesterone values in these samples using 
the developed kit. Procedure yield values (measured) were between 88 – 104 % of expected values. The 
values of serially diluted two milk samples on plotting gave a response curves parallel to the standard 
curve as depicted in Fig. 2. This suggests identity of behavior between milk samples and the standard 
matrix in the Progesterone Veterinary RIA developed test. As shown in Fig. 3, the values determined 
(measured) for the diluted samples correlated well with the expected values  


(Y = 0.9362x + 0.7813, R2 = 0.9956). 


FIG. 2. Parallelism between milk samples (73 and 56 nmol of progesterone/L) and standards in 
progesterone veterinary RIA assay (OBRI POLATOM). 
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FIG. 3. Comparison between measured and expected values of four cow`s milk samples with high 
progesterone concentration diluted with standard zero milk matrix. 
 
 
3.7.4. Precision 


Intra-assay and inter assay variations were estimated for developed kit using six milk samples. 
These results are shown in the Table II. The variation coefficients (CV%) were between 2.44 and 6.0%. 


 
TABLE II. PRECISION OF PROGESTERONE VETERINARY RIA ASSAY 


INTRA-ASSAY PRECISION 
Sample number Number of 


replicates 
Mean value 


(nmol/L) 
SD 


(nmol/L) 
% CV 


1 20 6.46 0.23 3.56 
2 20 22.3 1.06 4.77 
3 20 32.96 1.8 5.48 
4 20 42.55 1.67 3.92 
5 22 104.54 5.18 4.96 
6 20 181.56 9.96 5.49 


INTER-ASSAY PRECISION 
Sample number Number of 


duplicate 
Mean 


(nmol/L) 
SD 


(nmol/L) 
% CV 


1 5 6.7 0.34 5.17 
2 5 20 1.0 5.0 
3 5 35.13 1.06 2.92 
4 5 61.5 1.5 2.44 
5 5 101.3 2.89 2.85 
6 5 220 13.22 6.0 
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3.7.5. Comparison with the commercial kit 


Progesterone levels in milk samples from pregnant and not pregnant cows were determined using 
Spectria Veterinary Progesterone RIA (ORION Diagnostica) kit and the new (OBRI POLATOM) kit. 
Results were compared by regression analysis. The correlation coefficient reflects good agreement of 
these two kits (R2 = 0.9871) see Fig. 4. 
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FIG. 4. Correlation between progesterone values in milk samples determined using the assay developed 
(OBRI POLATOM) and Spectria Veterinary Progesterone RIA assay (ORION Diagnostica) (n=56). 


4. SUMMARY 


In the developed RIA test the tubes coated with specific polyclonal anti-progesterone antibodies 
were used. The simple and fast method for preparing immunoreactive, stable tracer for this test was used. 


The conditions of the assay were optimized and final assay protocol of the test was established. The 
test was fast two-hour incubation and simple - coated tubes, one step, three pipetting steps without 
extraction and centrifugation. 


Analytical characteristics of the assay was worked out. The test had very good sensitivity (0.77 
nmol of progesterone/L), recovery was 94–104%. The values of serially diluted milk samples gave the 
curves parallel to the standard curve and this suggested identity of behavior between milk samples and 
standard matrix in the developed test. The values observed for the diluted milk samples correlated well 
with the expected values. The estimated intra- and inter- assay precision was generally in the acceptable 
range (CV= 4.4–6%). 


The levels of progesterone in the unknown fat free milk and whole milk samples from pregnant and 
not pregnant cows obtained using in house (OBRI POLATOM) kit and commercial (ORION Diagnostica) 
kit correlated at the level R2 = 0.9871. 
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Abstract 


The activation analysis of substances in a continuous flow, being by an express method using short times of 
activation and measurement, is most favourable for determination of elements with high activation cross-sections 
and forming as a result of activation short-lived nuclides. It is necessary also to consider an output of gamma-
quantum both beta-particles by decay and distinctions in registration efficiency of radiation of different energy. 
Hence, the elements (Sc, In, Eu, Rh, Mn, Dy, Hf, Sm, Ag, V, I, Br, Ho, Lu, Au, W, Se, Co, Cu etc.) are most 
suitable for the activation analysis in a flow of a solution. 


For the activation analysis of solutions in a continuous flow are typical in general the same sources of errors, 
as for the analysis of separate samples. Many from these errors can be taken into account or are reduced by a choice 
of the appropriate conditions of measurement (for example, application recirculation of solutions, activation by 
neutrons of different energy, use of specific types detectors, for example, of the Cerenkov detector, etc.). 


In some cases use of special modes of the analysis in a flow allows to determine the concentration of light 
elements, determination of which by other methods is impossible or is inconvenient (Li, F, Na as well as V, Se, I, 
In). 


At a choice of analytical methods for the inspection of wastewaters in the industrial enterprises it is necessary 
to consider the opportunities given by the neutron activation analysis of a continuous flow of liquids. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


In developing countries, limited resources in the laboratories hinder quality assurance. One way to overcome 
this problem is to participate in international interlaboratory comparison rounds in order to asses the reliability and 
accuracy of the results, given by a particular laboratory. 


Considering,, that nuclear analytical techniques play an important role in the determination of minor and 
trace elements in biological and environmental samples, we report the performance of our neutron activation 
analysis and x ray fluorescence laboratories and how these laboratories have improved the quality of their results by 
participating in international analytical programmes for environmental samples such as: sediments, air filters, soil, 
water, algae, and herbs. 


The results of our participation in intercomparison round for quality assurance organized by AQCS-IAEA, 
and other institutes are presented, out of 103 reported results 91 were satisfactory. 


1. INTRODUCTION 


As a result of industrialization for improving human life quality, global environmental conditions 
have changed rapidly and the international concern on environmental pollution is very high. Therefore, 
accuracy and reliability in determination of toxic as well as nutrient elements in environmental samples 
including air, soil, and water are very important to understand the pollution problems. Instrumental 
neutron activation analysis (INAA) and the recently developed x ray fluorescence (EDRXF) have become 
two of the most powerful techniques for the non-destructive, simultaneous multielemental analysis of 
trace elements of environmental and biological samples.  


In the last ten years our laboratories have participated in intercomparison rounds, for collaborative 
studies in candidate reference material, in proficiency tests, to trace systematic errors in the routine, to 
assure the reproducibility of our results, and; to demonstrate our analytical capacities, accuracy and bias. 


Considering the ISO 17025 [1] annual requirement for quality assurance, our laboratory 
participated in the IAEA activities under the AQCS programmes and others as shown in Table I. 


TABLE I. PARTICIPATION IN INTERLABORATORY COMPARISON 


Date Organizer Kind of comparison Sample 
September, 
1996 


IAEA-AQCS [2] Intercomparison run IAEA-392 algae 


February, 1998 IAEA- XRF Seibersdorf Laboratory 
[3] 


Proficiency test IAEA SL-1 
sediment 


May, 2000 IAEA- Section of Nutritional and 
Health [4] 


Quality control study 
NAT 7 


Air Filter P and V 


July, 2000 IAEA-ARCAL XXVI RLA/4/013 [5] Proficiency test IAEA SL-1 
January, 2001 Institute of Nuclear Chemistry and 


Technology Warsawa-Poland [6] 
Collaborative study on 
the determination of 
trace elements in two 


Tea leaves, Mixed 
Polish herbs 
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candidate reference 
material 


April, 2002 IAEA-ARCAL RLA/80/31 [7] Exercise of 
intercomparison 
laboratory 


Water 110402 A 
Water 100402 A 


May, 2002 IAEA- Swedish International Food 
Administration [8] 


Interlaboratory Test Simulated diet D 
Carrot purée 


 


As a result of many intercomparison rounds, enough useful information to asses laboratory 
performance are available. 


2. FACILITIES AND METHODS 


2.1. Facilities and equipment for k0 based neutron activation analysis  


The RP-10 IPEN Nuclear reactor’s is a pool type reactor with a thermal power of 10 MW 
generated by a core containing MTR TYPE fuel element 20 % U-235 enriched (U3O8). Five control rods 
(fork type) made of Cadmium, silver and Indium are utilized to operate the reactor. Graphite and 
Beryllium reflector elements surround the core. Samples are irradiated in a well thermalized position 
about 15 cm. out the core, (Neutron flux 1.0 * 1014 n * cm-2 * s-1) 


2.1.1. Analytical procedure 


Samples were carried out by the k0 neutron activation analysis method. Standard solutions 
containing 10000 µg Na were prepared, 250 µL or 50 µL of this solution were put into a polyethylene 
vials depending on irradiation time. Samples (about 100mg) also were prepared and put into polyethylene 
vials; sample and standard were encapsulated and irradiated, with a nominal thermal flux in the range 1.6 
to 3 * 1013 n cm-2 s-1 and cadmium to epi-cadmium flux ratio about 66 and 33. Gamma spectrometry 
measurements were carried out with a CANBERRA GC1518 intrinsic Germanium detector with 1.8 keV 
of resolution and relative efficiency of 15 %, coupled to a CANBERRA 2025 amplifier connected to a 
CANBERRA S 100 multichannel card. Spectra mathematical processing was carried out using the 
DBGamma V 5.0 programme. F, α and saturation factor were calculated using macros developed in 
Excel. The concentration was done using a software developed at our laboratory. 


2.2. Facilities and equipment of X Ray fluorescence energy dispersive 
 


The system of energy dispersive of X Ray fluorescence (EDXRF) has a spectrometer with 109Cd 
source, an ORTEC Si-Li detector with a resolution of 190 eV at 5.9 keV, a multichannel PC card PCA-II 
Nucleus used for spectra analysis. 


2.2.1. Analytical procedure 


The sample was dried at 80°C during 20 hours. About 1 g of dry sample was taken and mixed with 
0.1 g of pure cellulose, homogenized and pelletized;, the pellets, 25 mm in diameter, were measured at 
the X ray fluorescence system using 109Cd as a source during 56000 s, because of the low activity of the 
radioactive source (0.07055 mCi). The spectra evaluation was made using AXIL software and the 
element concentration calculated by elemental sensitivity method. 


3. RESULTS AND DISCUSION 


The results were reported according to the requirements of the organizers in nearly all of the events 
we reported for each of the six replicate required including their respective standard deviation. The results 
were evaluated considering the recommendations given by the Guide ISO/IEC 43 Proficiency Testing by 
Interlaboratory Comparison [9], and following the standard IAEA procedure for an interlaboratory 
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comparison [6]. The interlaboratory comparison results corresponding to our laboratories are shown in 
Figs. 1 to 11 and the discussion is centred on the unsatisfactory results. In order to asses the analytical 
process, six kinds of certificate reference material: SRM 1648, IAEA 336, BCR-CRM-320, NIST 1573 a, 
simulated diet A and NIST 679 were chosen as common environmental samples, the results for the 
reference material used in each event are shown in Tables II and III. 


 
TABLE II. ANALYTICAL RESULTS (IN MG/KG) FOR ENVIRONMENTAL REFERENCE 
MATERIAL 


Lichen 
IAEA 336 


Urban particulate 
SRM 1648 


River sediment 
BCR-CRM-320 


 
 Element 


This work 
n = 6 


Certified values 
R. Values 95% 


This work 
n = 6 


Certified values This work 
n = 6 


Certified 
values 


Al 714 (680) 3.32 ± 0.07 * 3.27 ± 0.16 * 79.1 ± 3.7 76.7 ± 3.4 
As 0.64 ± 0.05 0.63 ± 0.08 117 ± 6 115 ± 10   
Br 12.08 ± 0.8 12.9 ± 1.7 --- ---   
Co ------ ----- 17 ± 1 18   
Cr 0.98 ± 0.16 (1.06) 423 ± 11 403 ± 12 160 ± 3 138 ± 7 
Cu 4.6 ± 0.7 3.6 ± 0.5 ---- -----   
Fe 438 ± 45 430 ± 50 4.00 ± 0.15 * 3.91 ± 0.10 *   
K 1872 ± 183 1840 ± 200 1.04 ± 0.07 * 1.05 ± 0.01 *   


Mn 63.9 ± 4.2 63 ± 7 766 ± 0.18 (860)   
Na 317 ± 21 320 ± 40 ------ --------   
Sb ----- ----- 48 ± 2 (45)   
Sc ---- ------ 6.6 ± 0.2 (7)   
Ti ---- ---- 0.40 ± 0.03 % (0.4)   
V 1.47 ± 0.10 (1.47) 129 ± 4 140 ± 3   
Zn 32.7 ± 3.4 30.4 ± 3.4 0.48 ± 0.02 % 0.476 ± 0.014 % 157 ± 16 142 ± 3 


( ) Reference value 


* results in % 
 
 
TABLE III. ANALYTICAL RESULTS (IN MG/KG) FOR ENVIRONMENTAL REFERENCE 
MATERIALS 


Tomato leaves 
NIST 1573 a 


Simulated diet A Brick clay 
NIST 679 


 
Element 


This work 
n = 6 


Certified 
values 


This work 
n = 3 


Certified values This work 
n = 5 


Certified 
values 


Al 513 ± 82 (598) --------- ------------- 10.81 ± 0.25 11.01 ± 0.34 * 
As ----- ----- -------- -------- 9.4 ± 0.2 ---------- 
Ca 4.8 ± 0.1 * 5.5 * --------- ------------- ------------ ---------- 
Cl 6694 ± 168 (6600) --------- ------------ ----------- ---------- 
Co -------- -------- < 0.05 0.021 ± 0.01 26.2 ± 0.5 (26) 
Cr --------- -------- -------- ----------- 125 ± 31 109.7 ± 4.9 
Cu -------- -------- < 3 2.60 ± 0.15 ----------- --------- 
Fe -------- -------- 86.25 ± 2.75 81.2 ± 4.8 9.48 ± 0.13 * 9.05 ± 0.21 * 
K 2.60 ± 0.09 (246) 11943 ± 227 11222 ± 372 2.46 ± 0.03 * 2.13 ± 0.03* 
La 2.39 ± 0.2 (2.3) ----------- ---------- --------- --------- 
Mg 10.6 ± 0.02 * (1.2) ----------- ---------- 0.85 ± 0.13 * 0.755± 0.009*  
Mn 237 ± 4 (246) 5.53 ± 0.01 5.69 ± 0.47 1715 ± 29 (1730) 
Na 128 ± 7 (136) 1731 ± 38 1613 ± 48 1356 ± 20 1304 ± 38 
Rb -------- -------- 9.45 ± 0.84 8.85 ± 0.07 209 ± 11 (190) 
Sb -------- ------- -------- --------- 1.1 ± 0.1 ---------- 


Sc 0.09 ± 0.02 (0.1) -------- --------- 23.4 ± 0.4 ----------- 
Ti -------- --------- --------- ---------- 0.566 ± 736 * 0.577 ± 0.033* 
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V 0.93 ± 0.14 (0.835) -------- --------- 163.2 ± 8.6  --------- 
Zn --------- ------- --------- --------- 157 ± 16 (150) 
( ) Reference value              * results in % 


 


 
 


FIG. 1. Evaluation by t-student of Algae 392 sample. 


 
 


In order to compare our results with the intercomparison accepted mean, we calculated the 
t-student for Algae 392 sample, absolute values of t-student higher than 2.57 are considered an 
unsatisfactory. For 15 elements analysed, 6 had questionable results, which are shown as dark bars in Fig 
1. The concentration of Al, Mg, Na and Zn were high due the influence of sample vial; this is a 
polyethylene material which contains: 29 µg of Al, 2.4 µg of Mg, 2.8 µg of Na and 58 µg of Zn and they 
were not discounted from the calculus; the methodology was changed afterwards in order to avoid this 
error The high value reported for Co to a radioactive contamination of the detector which was used at that 
time. The Fe value is the result of very poor statistic counting for that level of concentration. 
 
 


 
 


FIG. 2. Evaluation by Z-score of IAEA SL-1 sediment by XRFDE. 


 
 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


Fig. 2 shows the results of evaluation by Z-score for the proficiency test in trace elements in IAEA 
SL-1, sediment lake sample, there were not unsatisfactory Z-score so all determinations passed the test. 
 
 
 


 
 


FIG. 3. Evaluation by Z-score of air filter sample P. 


 
 


 
 


FIG. 4. Evaluation by Z-score of air filter sample V. 


 
 


Fig. 3 shows the results of the NAT 7 quality control study, for the air filter sample P, we can 
observe that all results were satisfactory. In the case of the air filter sample V (Fig. 4) as the concentration 
of the elements were too low, we irradiated during 1800 s instead of our standard of 60 s in our routine 
procedures, this produced a high Cu concentration and low Ti concentration due to spectral interference 
of 56Mn Compton edge, and an inadequate evaluation of 66Cu at 1039 keV and 51Ti at 320 keV.  
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FIG. 5. Evaluation by Z-score of IAEA SL-1 sample INNA-k0. 


 


In relation to the proficiency test in Lake Sediment sample IAEA-SL-1, 24 elements were reported, 
4 of them were unsatisfactory (see Fig. 5). Sb concentration was rather high because the contribution of 
56As at 562.8 keV in 122Sb at 563.8 keV was not corrected. The Cr, U and La elements with low energy 
presented problems with the calculated efficiency curve then, they needed a new calibration in efficiency 
curve. 


 


 
 


FIG. 6. Evaluation by Statistical Criteria of Tea Leaves (INCT-TL-1) sample. 


 


Fig. 6, shows the evaluation of tea leaves (INCT-TL-1) sample, the results calculated according to 
statistical criteria [6], out of 13 results, 3 of them were unsatisfactory. The As and Mg were reported 
under limit of quantification, and the Zn was slightly high because the vials had zinc and we did not 
discounted. 
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FIG. 7. Evaluation by statistical criteria of mixed Polish herbs(INCT-MPH-2) sample. 


 
 


The evaluation of the results according to statistical criteria of the mixed polish herbs (INCT-MPH-
2) is illustrated in Fig. 7, all of 11 elements reported were satisfactory. 
 


 
FIG. 8. Evaluation by Z-score of Water 110402 sample. 


 
 


Regarding water sample (Fig. 8) it shows that three out of four elements were satisfactory. The K 
value reported was also satisfactory because we reported K = <10 mg/L and the accepted value was 6.1 
mg/L. 
 
 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 
 


FIG. 9. Evaluation by Z-score of Water 100402 sample. 


 
 
Fig. 9 shows the proficiency test for water samples, we did not have unsatisfactory results, inclusive K 
was satisfactory, because we reported result was K = <10 mg/L, and the accepted value was 0.63 mg/L. 
 
 


 
FIG. 10. Evaluation by Z-score of simulated diet D sample. 


 


 
FIG. 11. Evaluation by Z-score of carrot purée sample. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 
 


The proficiency test in food samples (Fig.10), CRM Simulated diet D sample illustrated we did not 
have unsatisfactory results and the carrot purée sample our reported results (Fig 11) were under limit of 
detection: Cu <2 mg/kg and Fe < 20 mg/kg, The accepted results were Cu = 0.515 mg/kg, and Fe = 2.386 
mg/kg. 


 
TABLE IV. EVOLUTION OF OUR PERFORMANCE ALONG THE TIME IN WHICH OUT OF 108 
REPORTED RESULTS, 93 WERE SATISFACTORY AND 15 UNSATISFACTORY 


  1996 1998 2000 2000 2001 2002 2002 
 Z-score  Sept. Feb. May July Jan. April May 
 
 Z < 3  9 11 14 20  8 10  
 Z > 3  6 0 2 4  0 0 
 
 Statistical Criteria IAEA <20% < 10%   21 
 Statistical Criteria IAEA >20% > 10% 3 
 
 
 


4. CONCLUSIONS 


In the last two proficiency test carried out in 2002, our result passed the test, showing that our quality 
control was improved, as we take into account all of our error sources. 
The participation in this events allowed us to study the trackability, to know the budget of errors, improving them, to 
take the corrective actions and over all to be convinced that without a quality system under of the requirements of 
the ISO 17025 would have been more difficult to reach tangible conclusions about quality control. 
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Abstract 


Neutron activation analysis in liquid samples has been a challenge for our laboratory due to the following 
difficulties: i) to irradiate samples in the polyethylene vials avoiding pressure build up, ii) to get an appropriate 
geometry for irradiation and measurement of liquid samples, and iii) to avoid excessive manipulation of samples. 
This work shows the development of the method for multi-element trace determination in water samples using k0 
based instrumental neutron activation analysis using sodium as comparator. Samples are concentrated by 
evaporation in a microwave oven under controlled temperature and irradiated in aqueous solution for short lived 
radionuclides determination and in pellets for medium and long lived radionuclides determination. The sodium 
standard was prepared either liquid or solid for the corresponding analysis. After certain decay time it is possible to 
quantify a group of elements with sufficient sensitivity and accuracy as shown by the analysis of the standard 
reference material NRCC SLRS-2. This method has been satisfactorily applied for monitoring natural water samples 
from Lima City and other locations in Peru. 
 
1. INTRODUCTION 
 


There is a global interest to improve the  water resources management due to an increasing global 
demand for water which is higher than the current available supplies and to the low quality of water 
which could be unsafe for human consumption [1]. 


Human activities pollute the rain water, river water, lake and even the groundwater. The last one, 
provides drinking water to large part of the population. Most of the time, contamination of surface and 
ground water is caused by chemicals used in agriculture as well as organic compounds and by heavy 
metals produced and used by the industry. This chemical waste causes damage to the ecosystem and 
affects human health. 


The quantitative analysis of trace elements in water samples provides important information for 
environmental decisions. Water samples are suited to be analysed using spectrometric techniques such as 
ICP-MS, ICP-ES and AAS; since previous treatment of samples is not required. Trace element 
determination in water samples by NAA as an alternative certified quantitative analysis is a challenge. 


In the case of NAA, liquid sample irradiation have some difficulties because of the production of 
gas by radiolysis that can leak, in such case it is necessary to use quartz ampoules; the irradiation time 
should be very well established, limiting long irradiation time which also limit the possibility to increase 
sensitivity. We should also achieve a homogeneous irradiation and measurement geometry. Other groups 
treated the samples before irradiation with processes such as; pre-concentration using inorganic 
adsorbents [2], sulphur co-precipitation [3], evaporation under infrared lamp [4], or ten days pre-
concentration in quartz ampoules [5]. These treatments increase the risk of contaminating the samples, 
which is critical as the amount of the element in samples is small.  


In the present work a sensitive, simple and alternative procedure is presented using k0 based 
instrumental neutron activation analysis method and using sodium as comparator, in order to avoid 
dependence on the alpha parameter variation [6]. Sample preparation is performed by evaporating, in a 
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microwave oven, under controlled temperature. The content of short radionuclides in the samples is 
determined directly by irradiating a volume of evaporated water sample, while the content of medium and 
long live radionuclides is determined by placing a volume of evaporated sample in small discs of filter 
paper dried under infrared lamp and then pressure to form pellets. The SLRS-2 reference material has 
been used as an internal control. 


This procedure is been applied for the analysis of groundwater coming from wells located near a  
river that supplies drinking water to a small Peruvian town.  


 
2. EXPERIMENTAL 
 
2.1. Sample preparation 


NRCC SLRS-2 reference material has been used to test the method according to the following 
procedure: Approximately,100 mL sample is weighed in a Pyrex glass vessel, cleaned previously with 5 
% neutral extran ® and nitric acid 1:1 and then evaporated in the microwave oven MARS-5, under 
controlled temperature of 85°C, open vessel, during 6 h. When a volume of approximately 10 mL is 
reached, the vessel is weighed again and the concentration factor determined.  


For medium and long lived radionuclides, an aliquot of 600 µL of pre-concentrated sample is 
deposited on a disc of 70 mm of Whatman 42 filter paper and dried under infrared lamp. The drying 
distance is 30 cm, so that the temperature received by the sample is less than 60 °C. Using a hydraulic 
press, pellets of 13 mm of diameter and 2 mm of thick are formed. These pellets are packed into small 
cleaned polyethylene bags and enveloped in pieces of aluminium foil to be labelled. 


Sodium comparators are prepared in the same way, depositing 500 µg of sodium standard solution. 
Flux monitors are prepared depositing 150 µg and 0.4 µg of standard solutions of zirconium and gold, 
respectively. Samples, sodium comparators and flux monitors are packed into aluminium can, to be 
irradiated. Fig. 2 


For short lived radionuclides, 1 mL of pre-concentrated sample is deposited in a polyethylene 
container of 1.25 mL of capacity, previously cleaned with HNO3 1:1 and bidestilled water. Sodium 
comparator is prepared depositing an aliquot of 1 mL of 1000 µg.mL-1sodium standard solution, 
reproducing sample geometry. Each polyethylene vial containing sample and sodium comparator is 
packed independently, into a rabbit container. A 500 µg sodium flux monitor is evaporated on a filter 
paper and attached to each vial. Fig.1. 


Water samples were prepared in the same way as mentioned above but filtering and acidifying 
previous to evaporation. 
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2.2. Irradiation and Measurement 
 


The aluminium can is irradiated 6 hours, in a position of the reactor core; the thermal neutron flux 
at this position is 4·1013 n.cm-2.s-1. After two days decay a 10 000 s first counting is performed and a 20 
000 s counting after twenty days decay. Flux monitors are count after two days decay for 2 000 s and 
sodium comparators are counted after 6 days decay for 600 s. The f(α) and (α) values are 32 and 0.15, 
respectively.  


The irradiation capsule with the sample and sodium comparator in liquid form, are pneumatically 
transported and irradiated at a thermal flux of 2.6·1013 n·cm-2 s-1. These samples are irradiated in a 
sequential form for 5 min each one.  


After a 5 min of decay time, the liquid content of sample and comparator is transferred into a 20 
mm diameter polyethylene container, weighed them and completed with deionized water to a volume of 
1.5 mL. The counting times are 1200 s and 600 s respectively. 


The induced activities of samples, sodium comparators and flux monitors are measured at 60 mm 
distance from the detector with a less that 5% dead time using a Ge HP CANBERRA GC 1518 detector 
of 70 cm3 and 1.9 keV resolution for the 1408 keV 152Eu peak. The evaluation of gamma spectra was 
performed using the interactive option of the DBGamma Programme V5.0 ® program [7]. The 
photopeaks of Al and V have been evaluated using the Covell integration method [8]. Concentration 
calculation was determined using the k0 method, Högdahl convention [10]. The nuclear constant was 
taken from Blaauw [11]. 


FIG. 2. Geometry for in core long irradiation
time (pellets). 


FIG. 1. Geometry for short irradiation time
(pneumatic transport) (liquid). 
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3. RESULTS AND DISCUSION 


The results obtained for the reference material SLRS-2 are presented in Table I. The first eight 
values correspond to the analysis of sample in liquid form and the remainder correspond to the analysis of 
samples in pellet form  
 
TABLE I. ELEMENTS CONCENTRATION IN SLRS-2 RIVERINE WATER 


___________________________________________________________________________ 
 Element       Experimental Value               Certified Value          Agreement 
                     µg.L-1 ± U (95%)       µg.L-1 ± U (95%) 
  (n =10) 
___________________________________________________________________________________ 
   Al a *         89 ± 13               84.4 ± 3.4       1.05  
  Ba *        14.9 ± 3.4                13.8 ± 0.3  1.08 
 Cab       5.63 ± 0.16              5.70 ± 0.13  0.99 
 Mgb       1.59 ± 0.04              1.51 ± 0.13  1.05 
 Mn         10.5 ± 0.2        10.1 ± 0.3 1.04 
    Nab         2.05 ± 0.04             1.86 ± 0.11  1.10 
 Sr               32 ± 5                  27.3 ± 0.4  1.17 
 V a         0.21 ± 0.08             0.25 ± 0.06  0.84 
 As  1.11 ± 0.08  0.77 ± 0.09 1.44 
 Cr            < 20                0.45 ± 0.07 
 Kb  0.81 ± 0.04  0.69 ± 0.09  1.17 
 Fe              < 300  129 ± 7 
   Sb  0.21 ± 0.05  0.26 ± 0.05 0.81 
 Zn       < 10  3.33 ± 0.15 
___________________________________________________________________________ 


a  Elements evaluated using Covell method  


b Concentrations expressed in mg.L-1 


 


All the results were corrected by blank contribution and coincidence effect. In general, good 
agreement is observed from the results. The high discrepancy shown in the potassium result may be 
explained by the unfavourable nuclear constants (θ = 6.73 %, t ½ =12.36 h, γ = 18.8 %) that made difficult 
the right evaluation of small peaks in presence of high content of sodium (>100 mg.L-1). 


Arsenic is other element that shows high discrepancy however it should be taken into account the 
low concentration of this element. In the case of iron the detection limit is 300 µg.L-1 the same value 
reported by WHO (1996) as the maximum level contaminant, the sensitivity is not good enough to take 
decisions. The contribution of zinc in the polyethylene bag hindered to reach a good precision for this 
element. Table II. 
 
TABLE II. ELEMENT CONCENTRATION IN PELLETS AND POLYETHYLENE BLANKS  
 (N = 10) 


 ___________________________________________________________________________ 
Element  Polyethylene bag  Paper filter pellet and bag 
    (µg)    (µg) 


____________________________________________________________________________ 
 As   0.0003 ± 0.0001 
 Cr        0.19 ± 0.05 
 Sb        0.002 ± 0.001  
 Zn   0.47 ± 0.02    0.56 ± 0.05 
  
____________________________________________________________________________________ 
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Table III shows the concentration obtained in the evaluation of peaks following the methods 
mentioned, the evaluation of the emergent area is better for the Covell method. 


 


TABLE III. ELEMENT CONCENTRATION ACCORDING EVALUATION METHOD 
_______________________________________________________________________________ 
  Element   Total peak area  Covell method 
     µg.L-1 ± U (95%)    µg.L-1 ± U (95%)   
________________________________________________________________________ 
 


Al    103 ± 6   89 ± 13 
V    0.31 ± 0.04   0.21± 0.08 


________________________________________________________________________ 
 


In the case of the irradiations in the pneumatic system the flux variation effect was studied, it was 
obtained an average relative variation of 5%. Due to the fact that samples and comparators are not 
irradiated at the same time, a sodium flux monitor was used each time in order to take into account flux 
variations and a Cf factor was defined and used for this purpose. This factor is defined as: 


 


xsp


csp
f NaA


NaA
C


)(
)(


=  


where 
 
Asp,Na is the counting specific rate of sodium monitor (counts s-1µg-1), 
c is the comparator, 
x is sample. 
 


By multiplying Cf by the concentration value determined in k0 calculation, it is possible to 
minimize the flux variation error allowing to irradiate, independently, samples and standards. 


 
TABLE IV. DETECTION LIMITS VS. MAXIMUM CONTAMINANT LEVEL 


___________________________________________________________________________ 
 Element Detection Limits  Maximum Contaminant level [12] 
  µg.L-1     µg.L-1    
___________________________________________________________________________________ 
 Al    5 200 
  Ba  10 700 
 Ca 100 ------ 
 Mg   50 ------ 
 Mn     0.1\ 500 
 Na   10 200 000 
 Sr    20 ------ 
 V      0.1 ------ 
 As     0.2   10 
 Cr   20   50 
 K 300  ------ 
 Fe  300       300 
 Sb    0.2     5 
 Zn   10   300 
____________________________________________________________________________ 
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TABLE V. WATER SAMPLES ANALYSED FOLLOWING THE DESCRIBED METHOD (N = 5) 


___________________________________________________________________________ 
 Element Concentration Element    Concentration 
            µg.L-1 µg.L-1 
  (±U, 95%) (±U, 95%) 
 ___________________________________________________________________________  
 
 Al* 0.85 ± 0.02 Fe* 3.9 ± 0.6 
 As 12.0 ± 1.3 Mg* 9.70 ± 1.4 
 Ca* 68.9 ± 1.1 Mn* 1.36 ± 0.02 
 Cd  29.6 ± 5.7 Na* 1.46 ± 0.04 
 Co 5.2 ± 0.6 Sb   0.8 ± 0.1 
 K* 1.45 ± 0.5 Zn*   4.8 ± 1.9 
   __________________________________________________________________________ 


* Concentrations express in mg.L-1 


 


As shown in Table IV the detection limits vs. maximum contaminant level adopted by the Peruvian 
government and in Table V the typical values analysed in a sample, the method is suitable to be applied to 
water analysis. 


4. CONCLUSION 


Results show that the method is appropriate for a complete view of trace element by k0 Based 
INAA. 


The sensitivity for Fe and Cr are not good for the INAA, so it is recommended the use of 
radiochemical separation. 
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Abstract 


This work describes the use of X ray Fluorescence Spectrometry to study colonial Jesuitical art from the 
XVII century. A series of wooden painted carving was analysed at CEPROCOR using a portable energy dispersive 
X ray fluorescence spectrometer. These pieces belong to the Jesuit Missions placed in the centre of Argentina 
recently categorized as cultural heritage of the humanity. A course of action is being taken for authentication of high 
significance for the Argentinean cultural heritage. Pink and blue pigments of the smalt were studied because these 
colours are unexpected in colonial Jesuit art. The binder of enamel taken from the pieces where it was allowed to 
scrape was studied by IR spectroscopy. The thin gold layer usually used in Jesuitical art to cover the wooden 
religious objects was also studies. 


1. INTRODUCTION 


The Jesuit organization in South America included Missions where doctrinal and cultural activities 
were done in order to civilize native population. A series of Jesuitical ranches were built in the territories 
where the Missions were located to complete the economical development of Jesuit organization. There 
was not pomposity in the architectonic project of these farms in the centre of Argentina, because they 
used only local materials (rolling stones, algarroba wood, clay bricks and roof tile, lime, gypsum, melted 
metals, etc.). Furthermore, the largest farms in the north were built using materials coming from Paraguay 
and Brazil. Mining industrial activities like lime, silver and Fe2O3 extraction were also developed by the 
Jesuits in the farms. These productive systems of ranches were expanded all around the centre of 
Argentina up to Paraguay and the borders of Uruguay and Brazil. The products of the farms supported the 
educational and spirituals missions of the Company of Jesus in South America. The order arrived at the 
Province of Córdoba at the end of sixteenth century up to 1767 when the order was expulsed from 
America. During this time six farms were organized, with “La Candelaria” as the most important. The 
core of each ranch was a set of buildings like workshops, residences, cotton and woollen tissues factories, 
foundries and the church. Even though these commercial enterprises were devoted to livestock and grains 
production as well as traffic of goods, a part of Jesuitical art done by artisans was developed in the 
workshops of these farms and remained residents in the churches. Jesuit priests living in the farms were 
experts in hydraulics, geography, botany and other sciences as well as theology, philosophy and art. After 
the Jesuit expulsion the organization declined, with only a reduced production of livestock and leather for 
export remaining. The pieces of art were protected during three centuries because the farms were isolated 
and far from the present modern routes and main ways. This fact led to conservation of the historic and 
cultural heritage of the Company that consisted of oleos, paintings, furniture, liturgy clothes, sculptures 
and other religious objects of art.  


 
The church of the ranch “La Candelaria” is under a full restoration programme under he Córdoba 


Cultural Heritage Direction with the collaboration of CEPROCOR. This farm is one of the most 
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preserved of the whole colonial system, having complete and abundant historic documentation of its 
inventory. In this work is described a procedure to validate the authentication of painted carvings that 
belong to the altar of the church under restoration. A set of four wooden pieces from the frontispiece of 
the altar were measured by X ray fluorescence analysis (XRF) [1–3] on the pink, white and blue sectors. 


2. EXPERIMENTAL 


The chemical elements of the pigments incorporated in blue, white and pink smalt were measured 
using a portable XRF spectrometer of 14 kg weight. This spectrometer suitable for in situ analysis of 
large artefacts works on a conventional energy dispersive setup basis. The excitation unit was a side 
window tungsten X ray tube filtered by 0.5 mm of Al. A low noise ITALSTRUCTURES power supply 
generator, model IS6012 , of 100 W of power was connected to the tube and operated with Vmax = 60 kV 
and Imax = 2 mA. The detector used is a Beryllium window model XR-100I-CZT CdZnTe crystal-cooled 
by Peltier effect. The system amplifier-multichannel analyser is the well known model Rover of 
AMPTEK adjusted to 1024 channels. The FWHM of the spectrometer used is near 300 eV for 8.04 keV 
(Kα line of Cu), and it is possible to detect from Ca (Z=20). A normal geometry 45o–45o with an incident 
beam collimated at 1 mm was used to get a suitable spatial resolution for these experiences. A 
measurement time of 1000 s for each position on the carving was programmed. A manual positioning of 
the X ray tube beam was used over the sample to avoid contact with the surface of carving. Fig. 1 shows 
the XRF geometry and the monitor of the palm-top multichannel analyser. 


 
 
 
 


 
 
 


FIG. 1. X ray tube-detector geometry used in the experiences (left). Multichannel analyser (right). 
 
 


Infrared spectroscopy was employed to analyse the binder of smalt for all the samples, using a 
FTIR Shimadzu DR 8501 spectrophotometer. Minimal amount of smalt powder was taken from parts 
where it was allowed to scrape the pieces. The measurement method in these cases was diffuse reflection 
absorption (DRAFT) and diffuse reflectance (DRIFT), homogenized by KBr.  


3. RESULTS 


Four wooden carvings were measured in several points on its surfaces. Figs 2, 3, 4 and 5 show the 
Jesuit artistic carve pieces belonging to the altar of “La Candelaria”. Qualitative elemental analyses of 
pigments blue, pink and white were done on the points indicated by arrows in each figure. Inside the 
window corresponding to each experimental point, it is shown that the chemical elements associated with 
the inorganic composition of the pigment used in this sector. Tables I–IV indicate the chemical elements 
identified by XRF and grouped by colours for four pieces: Nos. 1, 2, 3 and 4.  
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FIG. 2. Chemical elements determined by XRF of the pigments measured on piece Nº 1. The arrows 
indicate the position of the experimental points. 
 
 
 


WITHOUT 
DETECTION 


ZN, TRACE OF PB 


ZN
Fe, Zn, Pb 


ZN, PB 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


TABLE I. CHEMICAL ELEMENTS OBTAINED BY XRF ASSOCIATED WITH THE PIGMENTS 
USED IN COLOURS BLUE, PINK AND WHITE FOR PIECE Nº 1. 


Colour Element 


Blue 


No detected by this technique. 


Fe, Zn and Pb from the pink substrate 
under the blue pigment 


White 


Zn, Trace of Pb. 


Zn 


Zn 


 


Pink Zn and Pb 


 


 


 
 
TABLE II. CHEMICAL ELEMENTS OBTAINED BY XRF ASSOCIATED WITH THE PIGMENTS 
USED IN COLOURS BLUE, PINK, WHITE, ORANGE AND OCHRE FOR PIECE Nº 2. 


 


 


Colour Element 


Blue 
Trace of Ca 


Zn, traces of Pb, Fe and Ca 


White 


Pb, Zn, Fe 


Pb, Zn, Fe 


Zn and trace of Fe 


Pink Zn, Pb, Fe 


Ochre Fe, Zn, Pb 


Orange Pb 
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FIG. 3. Chemical elements determined by XRF of the pigments measured on piece Nº 2. The arrows 
indicate the position of the experimental points. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 4. Chemical elements determined by XRF of the pigments measured on piece Nº 3. The arrows 
indicate the position of the experimental points. 
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TABLE III. CHEMICAL ELEMENTS OBTAINED BY XRF ASSOCIATED WITH THE PIGMENTS 
USED IN COLOURS BLUE, LIGHT RED AND ORANGE FOR PIECE Nº 3. 
 


Colour Elements 


Blue Traces of Fe and Pb from the substrate 
under the smalt. 


Pb, Fe 
Light red 


Pb, Fe 


Orange Pb and trace of Fe. 


 
 
 
TABLE IV. CHEMICAL ELEMENTS OBTAINED BY XRF ASSOCIATED WITH THE PIGMENTS 
OF COLOURS BLUE, RED AND ORANGE FOR PIECE Nº 4. 


Colour Elements 


Blue Traces of Fe and Pb from the substrate under 
the smalt 


Red Pb, Fe and trace of Zn 


Orange Pb and trace of Fe. 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5. Chemical elements determined by XRF of the pigments measured on piece Nº 4. The arrows 
indicate the position of the experimental points. 
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3.1. Infrared spectroscopy 


Analysis of IR spectra of very little amount of smalt powder scraped from the four pieces 
determined that the binder used was natural. The binder observed is the same for every one of the colours 
of the carving. Any synthetic compound was not identified. It was not possible to determine the basis of 
the binder because of the aging process on its organics components. 


4. CONCLUSIONS 


This work is the beginning of a series of studies of Jesuit art pieces included in a restoration 
programme emphasized after the international declaration of cultural interest by the Argentinean Jesuit 
organization. The pieces analysed were chosen because of the suspected alteration in the colours of some 
parts of “La Candelaria” altar. In fact, the four carvings analysed were extracted from the altar with the 
objective of completely analysis of them. XRF determination did not reveal Au pigments in the layers 
conforming with the substrates of the smalt. This study was done following the information of inventories 
and colonial chronicles that thin gold sheets covered these pieces, a characteristic of Jesuit colonial art. It 
is estimated that gold coating was lost because of the environmental conditions and abandonment of 
farms after expulsion of the Jesuits. 


 
The Jesuits did not use the present colours observed in the carving. This is confirmed by the 


presence of Zn in blue, pink and white smalt, in particular on pieces Nº 1 and Nº 2, because the presence 
of ZnO pigment in the composition of smalt came later, after expulsion. This fact confirms the alteration 
of carvings after the 3rd decade of Century XIX when oxide began to be employed in Europe in 1830. The 
detection of Pb is believed to be a contribution of inner layers of the surface smalt where the orange 
colour is located. 
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Abstract 


Nitrogen content of explosives has been measured using thermal neutron activation (TNA) method. A 252Cf 
neutron source, together with 3 BGO detectors, have been employed in this measurement. The results reported here 
demonstrate that with a rather sample set-up one can reliably detect 12 gr of nitrogen in the VS-50 (antipersonnel 
landmine) with a modest neutron flux and in a reasonable time. BGO detectors were shown to be superior for 
detection of 10.8 MeV gamma ray resulting in radiative capture of thermal neutron in nitrogen. 
 
1. INTRODUCTION 


Detection of explosive materials is largely based on two general methods, Bulk explosives 
detection and trace explosives detection. In bulk explosives detection, X ray, electromagnetic waves, 
gamma ray or neutron can be used to cause excitation of materials [1]. Nuclear techniques are 
advantageous due to the resulting characteristic gamma ray emitted from the elements in the sample. 
Gamma ray has higher penetrating power and therefore allows the investigation at a higher depth of 
material. There exist some limitation to employing nuclear techniques, namely the need for more 
sophisticated and complex instrumentation. In the recent years, the advent of high flux, high energy 
neutron beams produced by portable neutron generators and the availability of high efficiency gamma-
detectors, have been of considerable advantage [2]. In addition employing 252Cf and isotopic neutron 
sources accompanied by NaI(Tl) or BGO gamma ray detectors have been considered in some 
laboratories[3,4]. In particular the use of BGO gamma detector due to its higher efficiency for high 
energy gamma-rays has been proved to be advantageous [5]. 


In this work measurement and identification of nitrogen is performed through the detection 
of 10.8 MeV gamma ray resulting from radiative capture of neutron in 14N: 


 
14N +  n  →  15N*  → 15N  + γ (10.8 MeV) 


 
Provided this relatively high energy gamma ray is detected with sufficiently large, high efficiency 


BGO detector, the photopeak, its single and double escape peaks could be clearly identified in low 
background region of gamma spectrum. Despite having very good energy resolution, HPGe detectors are 
not commonly used due to their inferior detection efficiency and their vulnerability to radiation damage in 
high intensity neutron field which is normally a prime desire in explosive material detection [4,5]. 


2. EXPERIMENTAL PROCEDURE 
The measurement reported here is carried out using a 252Cf neutron source of 3.2×106 n/sec 


strength. Neutron source is positioned in a polyethylene cylinder of 35 cm diameter and of 40 cm height. 
A lead plate of 0.7 cm thick located between source and the sample attenuates gamma ray from the source 
and from the lower part of cylinder to reach the gamma detector. In addition Monte carlo simulation 
performed using MCNP-4B computer code shows that the thermal neutron flux of 1.2 × 104 n/sec.cm2  at 
sample position is optimized with the present geometry (Fig. 1). 
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In order to calibrate the set-up for quantitative nitrogen measurement, eight different samples of 
nitrogenous material supplied by Merck including urea, ammonium sulfate, di-ammonium hydrogen 
phosphate, ammonium persulphate, ammonium nitrate, ammonium hydrogen carbonate, ammonium 
acetate and ammonium fluoride were used. The calibrated system was then used to measure the nitrogen 
content of six industrial samples, one garden soil sample, one sample of tea leaves and six samples of 
explosive materials, three samples of which – TNT, RDX and composition B – were widely used in Iraq 
war against Iran. 


 


FIG. 1. Source-Sample geometry in polyethylene thermalizer. 


 


In Table I the physical details of five different types of anti-tank, anti-vehicle and anti-personnel 
mines are shown [7]. In Fig. 2 the electronics used in the measurement is shown. Three NaI(Tl) detectors 
of ø 3”×3” size (energy resolution 12%) and also a ø 5”×5” NaI(Tl) detector (energy resolution 22%) 
were employed in our measurement. 
 
TABLE I. PHYSICAL DETAILS OF MINE SAMPLES [7] 


Mine type Height 
(mm) 


Diameter 
(mm) 


Weight 
(kg) 


Explosive 
weight (kg) 


Explosive 
type 


VS-2.2(AT) 115  230  3.5  2.2  TNT 
TM-46(AT)  110  304  8.4  5.3  Composition-B 
VALMARA-69(AP) 205  130  3.3  0.597  Composition-B 
VS-50(AP)   45  90  0.185  0.042  RDX 
T-72A(AP)  40  76  0.150  0.034  TNT 
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FIG. 2. Experimental set-up. 


The output signal of each detector, after preamplification and amplification, were fed to an SCA in 
order to record pulses due to gamma rays with energy between 9–11.5 MeV. No individual gamma ray 
spectra collected due to the very high dead time (20% for ø3”×3” detector and 70% for ø 5”×5” 
detector). The very large dead time was due to high counting rate of the sum of four detectors and partly 
due to the rather long conversion time of the ADC. If faster ADC, together with a smaller detector than 
the ø 5”×5” detector is used, the dead time could be reduced to a tolerable level. The energy spectrum 
using a Silena ADC with faster performance is shown in Fig. 3. 


FIG. 3. Experimental set-up using faster Silena ADC. 


Counter 
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A counting time of about 10 minutes was sufficient to achieve satisfactory accuracy. 


Replacing NaI(Tl) with BGO detector of similar size in the same geometry showed that a detection 
efficiency approximately 5 times that of NaI(Tl) could readily be achieved (Fig. 4). However when BGO 
detectors used for spectroscopy, despite having a considerably higher efficiency, the 10.2 MeV gamma 
ray resulting from radiative capture of neutron in Germanium due to 73Ge(n,γ) 74Ge reaction could 
interfere with the 10.8 MeV peak. Shielding BGO detectors with a layer of Boron oxide could help to 
stop neutrons getting into BGO detector and therefore reduce the intensity of 10.2 MeV gamma peak 
(Figs 5 and 6). 


Moreover higher density of BGO detector is an advantage in reducing the number of single and 
double escape events. 


 
FIG 4. Comparison of detection efficiency for BGO and NaI(Tl) [6]. 


FIG. 5. Gamma ray spectra of explosive sample X9. The output of all the 3 NaI detectors are 
summed up and data collected in 600 sec. 
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FIG. 6. Gamma ray spectra of explosive sample X9. The output of all the 3 BGO detectors are summed up 


and data collected in 600 Sec. 


3. DISCUSSION 
Table II shows the result of the measurement. There is generally a good agreement between the 


measurement performed using chemical methods and that of nuclear technique. TNT, composition-B and 
RDX are extracted from TM-46, VS-2.2 and VS-50 mines. The discrepancy of nitrogen content measured 
chemically (Kjedalh’s method) and by neutron for TNT and RDX could be due to adding of various 
organic materials as stabilizer, plasticizer or wax to the TNT [1]. Composition-B is a mixture of RDX and 
TNT with added stabilizer. The nitrogen content we measured for composition-B is about 15%. 


TABLE II. RESULTS OF MEASUREMENT 


Nuclear method Sample 
code Sample name 


Chemical 
method Measurement 


1 
Measurement 


2 
Measurement 


3 
X1 Industrial  1.5 1.6±0.8 1.9±0.7 1.9±0.4 
X2 " 20.3 21.0±1.1 25.7±0.9 21.6±0.7 
X3 " 14.7 12.3±1.3 14.4±1.2 15.2±0.9 
X4 " 24.5 24.6±0.9 24.4±0.8 23.3±0.6 
X5 " 17.6 19.4±1.1 21.6±0.9 17.7±0.7 
X6 " 40.5 36.2±0.8 38.9±0.7 37.0±0.5 
X7 Garden soil 3.5 3.2±1.4 4.9±1.1 4.7±0.6 
X8 Tea leaves 3.7 7.0±1.2 5.7±1.1 6.1±0.5 
X9 Explosive-1 44.5 43.1±0.9 42.8±0.8 36.3±0.5 


X10 Explosive-2 ---- 14.1±0.8 12.6±0.7 13.1±0.5 
X11 Explosive-3 ---- 10.3±0.7 10.4±0.6 9.4±0.4 
X12 TNT ---- ---- 16.5±0.8 14.0±0.5 
X13 Composition-B ---- ---- 15.4±0.8 14.3±0.5 
X14 RDX ---- ---- 30.0±0.8 32.5±0.5 
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This system is primarily designed for measuring nitrogen content in our laboratory. Obviously if 
one uses neutron generator or any other neutron source which is capable of delivering a higher neutron 
flux, the performance could be improved. 


To investigate the capability of the detection method, measurement was extended to a more 
realistic condition by covering the mines with a layer of 5 cm thick soil. All explosive samples were 
unambiguously detected except T-72A due to its lower nitrogen content (15%). If, however, two of these 
mines are positioned, the system would be capable of detecting these two mines. Anti personnel mine of 
VS-50 type with nitrogen content of approximately 12 gr was easily detected by the present system. 


In practice there are a number of difficulties such as nitrogen content of soil, the interference of 
gamma-rays resulting from the radiative capture of nitrogen in Cl, through 35 Cl(n,γ) 36 Cl reaction. 


In particular the sum peak of two gamma-rays with 5.78 MeV (25%) and 6.11(92%) would land 
close to the energy region of our interest (9.5-11.5 MeV) , and would require special care such as 
simultaneous collection of gamma spectrum as well as the gamma rays at 9.5-11.5 MeV energy window. 


Of course one could also increase the accuracy of detection by measuring oxygen, carbon and 
hydrogen in the mines. Since the nuclear reaction involved in measuring the above elements have high 
threshold energy, the use of 14 MeV neutrons is of great importance. 


Experimental set-up using 14 MeV neutron beam in both continuos and pulse modes is being 
considered in our laboratory and will soon be employed in explosive investigation.  
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Abstract 


Sr-90 is a highly radiotoxic fission product, which may pollute the environment following an accident in a 
nuclear power plant. It is a pure beta emitter and thus difficult to detect by standard methods. Recent progress in 
silica aerogel production as well as the new multianode photomultiplier tubes with good single electron counting 
resolution offer possibilities for detection of Sr-90, based on Cherenkov radiation of beta particles emitted by its 
daughter Y-90. An appropriate choice of the aerogel refractive index (produced in the range between 1.005 to 1.06) 
determines the threshold for Cherenkov radiation and thus separates between higher and lower energy beta particles. 
Also multianode PMT's permit the counting of the Cherenkov photon yield, offering additional discrimination. An 
apparatus was thus constructed for detection of the relatively higher energy beta particles emitted by Y-90 (E_max = 
2.27 MeV). The efficiency of the detector and the photon yield as a function of the beta spectrum end-point energy 
will be presented, as well as results of investigations of various backgrounds and the lower limit of activity required 
for quick and accurate measurements of environmental samples (air filters or sediments). In the next step a field 
apparatus will be constructed which will allow easy determination of Sr-90 activity.  


 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


The concentrations of total manganese in most natural water systems are in the range of 0.001 to 1.0 mgl-1. 
The maximum contaminant level (MCL) of manganese in drinking water as recommended by US Environmental 
Protection Agency (EPA) is 0.05 mg/l. Analytical methods capable of measuring the low level of manganese are 
necessary for evaluating the quality of natural water. Neutron activation analysis (NAA) is one of the most sensitive 
techniques for the determination of trace elements. However, direct application of neutron activation for analysis of 
trace elements in a complex system such as natural waters is generally difficult because of matrix interference. 
Preconcentration and/or matrix separation procedures are often required before irradiation to eliminate such 
interferences. In this study two methods based on solid phase extraction (SPE) and liquid-liquid extraction (LLE) 
has been developed for the extraction of manganese in water prior to irradiation. Experimental parameters such as 
effect of pH, type and volume of the chelating agent and flow rate were studied and optimized. Analytical 
parameters such as linearity, precision, accuracy, detection and quantitation limits, and matrix effects for SPE and 
LLE methods were evaluated for comparison purposes with the aim of selecting the most appropriate depending on 
the high recoveries and lower detection capabilities required. Both methods can be applied to real samples and give 
the same results, but SPE allows the high recovery of 99.8% of manganese with lower detection limit of 0.001 µgl-1 
as compared to LLE (90.5% of manganese recovery with lower detection limit of 0.73 µgl-1). Furthermore, the SPE 
is easily used compared with LLE and not time consuming which allows analysis of a large number of samples. 


 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


The Finnish Meteorological Institute has been measuring airborne radon-222 at its air quality monitoring 
station at Sevettijärvi, Northern Finland (69°35'N, 28°50'E) since 1995. The 222Rn content of the air was 
monitored continuously by counting the beta particle emissions of the particle-bound daughter nuclides 214Pb and 
214Bi collected onto glass-fibre filters. 


The observed 222Rn activity concentrations in the air were lognormally distributed. The diurnal variation 
of the 222Rn concentrations was relatively large in August and September due to simultaneous strong radon 
exhalation and frequent nocturnal surface inversions. The lowest concentrations were measured in May, when 
the snow cover hinders the exhalation of radon and the almost continuous solar radiation causes efficient vertical 
mixing of the lower troposphere. In winter, during the polar night, the 222Rn concentrations are high because of 
the stagnant conditions of the surface air. 


To identify the source areas of 222Rn the observed afternoon concentrations were connected to concurrent 
air mass back trajectories calculated with the computer code TRADOS. As expected, the highest 222Rn 
concentrations were found in air masses coming from north-west Russia and the lowest concentrations in air 
masses coming from the Barents and Norwegian Seas. However, unanticipatedly high concentrations were found 
in air masses from the area between the 70th and 80th latitude over or near Greenland indicating a slight 
contribution from North America. A comparison to observed atmospheric sulphur dioxide concentrations 
indicates that the mining and metallurgical industry at Kola peninsula does not cause any technologically 
enhanced 222Rn concentrations in Northern Finland. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Mining activities contribute immensely to trace element atmospheric pollution. In Ghana, air pollution 
due to gold mining is the least investigated. In order to obtain preliminary information on air quality in the 
mining areas, the generalized k0-standardization neutron activation analysis (NAA) method for nuclides 
following “1/v” and non “1/v” (n,γ) reactions was used to analyse lichen samples from Prestea, a gold mining 
area in Ghana. Using the computed EPI values of both the Hogdahl convention and the modified Westcott-
formalism with gold as comparator standards, the IAEA lichen 336 certified reference material (CRM) and the 
lichen samples were irradiated in the inner irradiation site of the Ghana Research Reactor-1 (GHARR-1) 
operating at a thermal neutron flux of 5x1011ncm-2s-1. Comparison of the results with samples obtained from 
non-mining  (control) area, indicates that values of some metal pollutants such as As, Cr, Sb and V were higher 
in lichens from the mining area than those from the non-mining (control) area; signifying accumulation of these 
metal pollutants due to gold mining activities. 


 


1. INTRODUCTION 


Heavy metals contribute one of the most dangerous groups of antropogenic environmental 
pollutants due to their potential toxicity and their persistence in the environment. Evaluation of the 
levels of these heavy metal depositions is therefore very vital. One of the major antropogenic activities 
in Ghana with potential environmental hazards is gold mining activity. 


In view of the continuing exploitation of the environment by gold mining activities in Ghana, 
determination of levels of heavy metals in the environment resulting from these mining activities has 
become critical. Some of the gold bearing ores in Ghana are known to be pyrites (FeS) and 
arsenopyrites (FeSAs)[1-3]. During the processing of the ores for the gold metal, poisonous substances 
such as oxides and sulphides of heavy metal pollutants are released into the atmosphere. 


Prestea, one of the oldest gold mining centres in Ghana, is situated in the Wassa west district of 
the western part of the country. Gold mining activities in and around the township started during the 
colonial area. Even though, some work has been done in the field of toxic element determination in 
gold tailing, strams and river bodies, there is no known report of heavy metal pollution in the 
atmosphere. 


Systematic surveys of atmospheric deposition of heavy metals have been performed in several 
countries using lichen biomonitoring [4-8]. Lichens are slow-growing associations of fungi 
(mycobionts and green algae or cyanobacteria (photobionts). This symbiotic association forms a 
common thallus that does not possess roots or waxy cuticles and depends mainly on an atmospheric 
inputs of mineral nutrients. These features of lichens, combined with their extraordinary capability to 
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grow at a large geographical range and to accumulate mineral elements far above their needs, rank 
them among the best bioindicators of air pollution [9].  


In this work, lichen parmelia sulcata in situ samples have been used to determine heavy metal 
pollution in and around Prestea township to estimate the effect of the gold mining activities on the 
environment. 


1.1. Theory 


De Corte et al, [10] investigated the possibility of transition from Hogdahl convention to the 
Westcott-formalism by introducing a factor EPI for calculating the concentration of elements, which is 
defined as: 


XX
eff


effEPI
0


0 **


σσ


σσ
=  (1) 


where 


superscripts * and X denote the values for the monitor 197Au and the nuclide of interest, respectively.  


The definition of σeff according to Hogdahl-convention is σeff = [f+Q0(α)] 


where 


f=Φth/Φepi is the ratio of sub-cadmium (Φth) to epi-cadmium flux (Φepi) 


α = epithermal flux distribution parameter 


σ0 = thermal  neutron activation cross section for the energy 0.0253 eV and 


Q0 = I0(α)/σ0 with I0(α) as modified resonance integral. 


According to modified Westcott-formalism, 


( ) ( ) ( )αασσ 000 /)( STTrTg nneff +=   (2) 


where 


0)( TTr nα = modified spectra index 


g(Tn) =  Westcott g-factor 


αα −= rEsS 00 )( ( with 0
2/1


0 2 Qs −= π   ) =    modified reduced resonance integral 


Tn= is the neutron temperature 


The flux parameter 0)( TTr nα  for any irradiaton site is obtained experimentally using either 
the  “cadmium ratio” or the “bare bi-isotopic monitor” techniques [11] 


The expression for calculating the concentration of elements in any sample using the k0-NAA 
method is written in the form [10] 
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where  


ρ is the concentration 


Np is the measured peak area corrected for pulse losses 


tm is the measuring time 


εp is the peak efficiency 


S = 1-exp(-λti) is the saturation factor with λ as the decay constant and ti as the irradiation time 


D = exp (-λtd) is the decay factor with td as the decay time 


[ ] λλ /)exp(1 mtC −−=  is the counting factor 


W is the sample mass of X  


w is the weight of the monitor*. The definition of the ko-factor , which is nuclear constant, is  


**
*


0


0
0 σθ


σθ


γ


γ
XX


XXX


IM
IM


k =  (4) 


where 


M is the molar mass 


θ is the isotopic abundance 


Iγ is the absolute gamma-ray intensity and 


σ0 is the 2200ms-1(n, γ) cross section. 


The definition of the EPI factor in accordance with eqn 1. is dependent on the flux parameters of 
the formalism used for the prediction of the reaction rate. For the Hogdahl convention, the factor EPI 
is written in terms of the flux parameters f and α.  
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where 


Q0(α) is defined as: 
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where 


Er is the effective resonance energy (eV) and Ecd = 0.55eV 


For the use of the modified Westcott formalism, the EPI factor becomes: 
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The computed EPI values for both Hogdahl convention and the Westcott formalism together 
with the k0 values and the nuclear data used in this study were taken from Refs 14–15 and are shown 
in Table I. The f, α and Tn values for the irradiation sites were obtained by Akaho and Nyarko [13,14]. 


 


TABLE I. NUCLEAR DATA 


Target 
isotope 


Formed 
isotope 


Half–life 
(T1/2) 


γ-ray energy 
keV 


Ko-values EPIW EPIH 


27Al 28Al 2.24 m 1779 1.75Χ10-2 1.8462 1.8461 
75As 76As 26.32 h 559 4.97Χ10-2 0.9266 0.9266 
81Br 82Br 35.3 h 776 2.76Χ10-2  0.7484 0.7484 
50Cr 51Cr 27.7 d 320 2.62Χ10-3 1.9179 1.9178 
37Cl 38Cl 37.2 d 1642 1.97Χ10-3 1.8699 1.8699 
58Fe 59Fe 44.5 d 1099 7.77Χ10-5 1.8471 1.8470 
41K 42K 12.36 h 1525 9.46Χ10-4 1.7940 1.7940 
55Mn 56Mn 2.58 h 847 4.96Χ10-1 1.8140 1.8140 
23Na 24Na 14.66 h 1369 4.68Χ10-2 1.8847 1.8846 
121Sb 122Sb 2.72 d 564 4.38Χ10-2 0.6136 0.6138 
50Ti 51Ti 5.76 m 320 3.74Χ10-4 1.8536 1.8535 
51V 52V 3.75 m 1434 1.96Χ10-1 1.8915 1.9150 
64Zn 65Zn 244 d 1116 5.72Χ10-3 1.6758 1.6758 
164Dy 165Dy 2.33 h 94.7 3.57Χ10-1 1.9614 1.9613 
138Ba 139Ba 83.1 m 165 1.05Χ10-3 1.8210 1.8208 
151Eu 152Eu 13.5 y 344 10.28 1.8753 1.8750 
176Lu 177Lu 6.71 d 208 1.65Χ10-2 1.8592 1.8592 
 


2. EXPERIMENTAL 


2.1. Sampling 


Lichen samples were obtained from Prestea and its surrounding villages and from Akim Tafo 
(control area) from May 2002 to February 2003. Fig. 1 shows the sampling points in and around 
Prestea. The samples were taken from bark of trees about 1.0m above ground level. 
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FIG. 1. Map of Prestea showing sampling sites. 


2.2. Sample preparation 


The lichen samples were carefully removed from the bark of the trees with stainless steel knife. 
The samples were then washed with deionized water, air dried in the laboratory and grounded into fine 
powder using an agate mortar and homogenized. Fifteen replicate samples of the lichen samples and 
the standard reference material IAEA lichen 336 were prepared. Five replicate samples each for short, 
medium and long irradiation were prepared. Bettween 150 –200 mg were prepared, wrapped in a thin 
poyethylene capsule and heat-sealed. They were then packed in 7ml poyethylene capsules and heat-
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sealed. The elemental gold comparator standard used in this work was made from plasma emmission 
spectroscopy standard solutions supplied by Sigma chemical products (SCP) Canada Ltd. The 
standard has certified purity of 99.999% and has a concentration of 1000 ppm. A working stock 
solution of 10 ppm was prepared by dilution. A volume of 100 µl was taken from the working 
standard solution and pipetted into a small 1.2 ml polyethylene vial half filled with finely grounded 
sucrose (obtained from Koch Light Laboratories, USA). Ten replicate standards were prepared. Few 
drops of deionized, distilled water, DDW were added to form a homogenous mixture and air dried 
before heat sealing the cap. 


2.3. Irradiation and counting 


Irradiation of the samples was done using the GHARR-1 reactor operating at half full power of 
15 kW with a neutron flux of 5x1011ncm-2s-1. The scheme for irradiation was chosen according to the 
half lives of the element of interest. For the short lived elements with half-lives up to 20 minutes, 
irradiation time was 60 seconds. For the medium-lived elements, ie, those with half-lives between 20 
minutes and 3 days, the irradiation times were limited to 10 and 60 minutes. For the long lived, that is 
elements with half-lives greater than 3 days, the irradiation time was 6 hours. The samples were sent 
into the reactor by means of a pneumatic transfer system. At the end of the irradiation, the capsules 
were returned from the reactor and allowed to cool down until the level of activity was within the 
acceptable limit for handling. The samples were then placed on top of an N-type High Purity 
Germanium Detector (HPGe) and the counts were accumulated for a pre-selected time to obtain 
spectra intensities. For the short and medium irradiation, 600s counting time was chosen. For the long 
irradiation, counting time ranged between 2 and 20 hours. 


2.4. Qualitative and quantitative analysis 


The PC-based gamma ray spectrocopy system was used for the measurement. The spectroscopy 
system consisted of an N-type HPGe detector model GR 2518, a HV power supply model 3103, a 
spectroscopy amplifier model 2020 and an ACCUSPEC multi-channel analyser (MCA) emulation 
software card (all manufactured by Canbera Industries Inc.). The efficiency of the detector is 25%. It 
operates in a bias voltage of (-3000V) and has a resolution of 1.8 keV for 60Co gamma ray energy of 
1332 keV. The spectra intensities for the samples were obtained by means of the MCA card. The 
samples and the comparator standard were counted at a distance of 7.2 cm from the top of the detector 
surface to quantify the elements. The concentrations of the elements were obtained using equation (3). 
The full energy efficiency determination at this position for use was achieved by using IAEA mixed 
radionuclide standard solution containing 241Am, 109Cd, 57Co, 203 Hg, 113Sn, 85Sr, 137Cs, 65Zn and 60Co. 
The efficiency parameters for the NAA calculation were obtained by fitting the efficiency curve with a 
polynomial function [15]. 


3. RESULTS AND DISCUSSIONS  


Table II shows the analysis of IAEA 336 lichen certified reference material. The precision was 
calculated as a percentage relative standard deviation of five replicte measurement and were found to 
be within 10%. 
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TABLE II. ANALYTICAL RESULTS AND REPORTED VALUES OF IAEA 336 LICHEN 
CERTIFIED REFERENCE MATERIAL (ΜG/G) 


Element This work Reported value Element This Work Reported value 


Al 675 ± 49 680 (570 – 790) K 1850 ± 60 1840 (1640 –2040) 


As 0.65 ± 0.02  0.63 (055 – 0.71) Mn 63.3 ± 10 63 (50 – 70) 
Br 130 ± 3.9 12.9 (11.2 – 14.6) Th 0.12 ± 0.0020 0.14(0.12-0.16) 
Dy 4.0± 0.32 3.9 (3.2 – 5.3) V 1.48 ± 0.04 1.47(1.25-1.69) 
Eu 1.12 ± 0.06 1.0 (0.9 – 1.3) Zn 32.2 ± 1.5 30.4(27.0-33.8) 
Cl 1910 ± 20 1900 (1600 –2200) Na 3235± 3.7 320 (280 – 360) 
Cr 0.98 ± 0.02 1.06 (0.89 – 1.23) Sb 0.074 ± 0.008 0.073 (.063 – .083) 
Fe 429 ± 30 430 (380 – 480) Ti 3300 ± 170 3000 (2600 – 37000) 
Ba 6.9 ±  0.9 6.4 (5.3 – 7.5)    


 
In order to evaluate the pollution status, the index pollution (IP) factor was employed. [16] 


Cc
CsIP =  (8) 


where 


Cs is the average concentration of element in the samples, 
Cc is the average concentation of elements in the control samples. 


All the elements identified were normalized by the control. If the IP factor is less than 1.2, it is 
referred to as grade 1, clean area. If the IP is in the range of 1.2 –2, it is a pollution grade II, a light 
polluted area. If the IP factor is in the range of 2 to 3, it is considered pollution grade III, a medium 
polluted area. If the IP factor is greater than 3, the area is considered heavy pollution area, grade IV. 
The concentrations of sixteen elements from fifteen sampling points in and around Prestea township 
and control values of Akyem Tafo are shown is Tables IIIa-IIId. 


 
Tables IIIa – IIIb. ELEMENTAL CONCONTRATIONS (µ/G) IN LICHEN SAMPLES OF 15 
SAMPLING SITES AND THEIR IP FACTORS  


TABLE IIIa. 
Element Control Site 4 Site 6 Site 8 


  Conc. IPF Conc. IPF Conc. IPF 
Al 2500 6700 2.68 2567 2.63 22960 9.18 
As 0.78 55.0 70.5 51.0 65.4 168 215 
Br 5.50 25.2 4.58 6.5 1.18 10.7 1.95 
Cr 2.20 20.0 9.09 9.6 4.36 36.9 16.8 
Cl 240 735 3.06 12.0 0.05 318 1.33 
Fe 1050 4650 4.43 5920 5.64 21190 20.18 
K 3250 6200 1.91 3630 1.12 9350 2.88 
Mn 560 151 0.27 60.1 0.11 175 0.31 
Na 165 250 1.52 785 4.76 2560 15.5 
Sb 0.33 1.23 3.73 1.22 3.70 7.22 21.9 
Ti 221 260 1.18 577 2.6 1773 8.02 
V 2.20 14.4 6.55 12.0 5.45 47.8 21.7 
Zn 156 166 1.06 154 0.99 110 0.71 
Dy 0.86 Nd Nd 0.44 0.51 1.10 1.28 
Ba 120 Nd Nd 74.3 0.62 105 0.88 
Eu 0.31 0.18 0.58 0.12 0.39 0.38 1.23 
Lu 0.14 0.15 1.02 0.13 0.93 0.31 2.21 


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 
TABLE IIIb. 


Element Site 9 Site 10 Site 11 Site 12 
 Conc. IPF Conc. IPF Conc. IPF Conc. IPF 
Al 26720 10.7 18410 7.36 14260 5.70 7279 2.91 
As 201 258 122 156 89.7 115 52.9 67.8 
Br 1108 2.09 9.5 1.73 24.9 5.53 7.5 1.36 
Cr 38.5 17.5 13.4 6.09 60.7 3.05 6.71 3.05 
Cl 330 1.38 214 0.89 326 1.36 3.75 1.56 
Fe 25700 24.5 2770 2.64 2676 2.55 3760 3.58 
K 7650 2.35 4560 1.40 3692 1.14 37800 1.16 
Mn 160 0.29 84 0.15 324 0.58 471 0.84 
Na 3100 18.79 1350 8.18 950 5.76 169 1.02 
Sb 4.2 12.7 4.25 12.88 1.46 4.42 1.32 4.00 
Ti 2420 11.0 1415 6.40 1622 7.34 600 2.71 
V 51.9 23.6 32.6 14.82 20.4 9.27 13.3 6.05 
Zn 118 0.76 210 1.35 138 0.88 225 1.44 
Dy 1.35 1.57 0.75 0.87 Nd Nd 1.98 2.3 
Ba 172 1.43 103 0.85 Nd Nd 108 0.90 
Eu 0.38 1.23 0.11 0.35 0.05 0.16 0.07 0.23 
Lu 0.24 1.71 0.17 1.2 0.07 0.50 0.11 0.79 


 
 
 
TABLE IIIc. 


Element Site 13 Site 14 Site 15 Site 16 
 Conc. IPF Conc. IPF Conc. IPF Conc. IPF 
Al 5640 2.26 14260 5.70 18300 7.32 8810 3.52 
As 51.3 65.8 98.0 126 120 154 47.0 60.3 
Br 18.6 3.38 23.0 4.18 5.5 1.0 5.9 1.07 
Cr 17.7 8.05 18.5 8.41 25.0 11.36 11.2 5.09 
Cl 365 1.52 326 1.36 325 1.35 1220 5.08 
Fe 4870 4.64 8362 7.96 11670 11.10 6910 6.58 
K 8790 2.70 5737 1.77 4850 1.49 9095 2.80 
Mn 100 0.18 374 0.67 313 0.56 200 0.36 
Na 560 3.39 946 5.73 1250 7.58 571 3.46 
Sb 0.96 2.91 1.32 4.00 4.60 13.9 1.71 5.18 
Ti 483 2.91 1149 5.20 1390 6.29 850 3.85 
V 10.4 4.73 23.4 10.64 29.5 13.4 14.4 6.55 
Zn 33.3 0.21 139 0.89 185 1.19 231 1.48 
Dy 1.32 1.53 Nd Nd 1.27 1.48 0.39 0.45 
Ba 112 0.93 Nd Nd 135 1.13 Nd Nd 
Eu 0.15 0.48 0.09 0.29 0.18 0.58 0.14 0.45 
Lu Nd Nd 0.13 0.93 0.16 1.14 0.10 0.77 
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TABLE IIId. 
Element Site 17 Site 18 Site 20 Site 22 


 Conc. IPF Conc. IPF Conc. IPF Conc. IPF 
Al 1340 0.54 1830 0.73 2940 1.18 2618 1.05 
As 14.0 17.9 3.36 4.31 11.0 14.10 1807 24.0 
Br 4.2 0.76 15.5 2.82 5.7 1.04 8.1 1.47 
Cr 4.1 1.86 3.78 1.72 5.5 2.50 3.72 1.69 
Cl 215 0.90 260 1.08 171 0.71 336 1.40 
Fe 1050 1.00 1270 1.21 2010 1.91 4770 4.54 
K 3650 1.12 2475 0.76 2880 0.89 2865 0.88 
Mn 168 0.30 445 0.79 253 0.45 94.0 0.17 
Na 2350 14.2 340 2.06 280 1.70 257 1.56 
Sb 0.69 2.10 0.29 0.88 1.02 3.09 1.08 3.27 
Ti 150 0.68 110 0.50 369 1.67 411 1.86 
V 2.51 0.95 2.90 1.32 4.53 2.06 4.16 1.89 
Zn 256 1.64 65 0.42 54.5 0.35 205 1.31 
Dy 0.76 0.88 Nd Nd 1.71 1.99 Nd Nd 
Ba 110 0.92 Nd Nd 140 1.17 Nd Nd 
Eu 0.18 0.58 0.11 0.35 0.11 0.35 0.13 0.47 
Lu 0.11 0.79 0.10 0.71 0.12 0.86 0.08 0.57 


 
 


Figs 2a and 2b show the IP factors for the elements As, Cr, Sb, V, Fe and K of fifteen sites. It is 
clear from Tables IIIa-IIId and Figs 2a and 2b that Prestea and its surrounding towns and villages are 
heavily polluted with As, Cr, Sb, V and Fe by the gold mining activities in the area with As being the 
major pollutant. The IP factors for As in all the fifteen (15) sampling sites are grearter than 3, 
indicating heavy pollution. The effect of this As pollution on the health of the people can be very vital. 
The most polluted As areas are sites 8,9,and 10 around the Bondae shaft area. The other highly 
polluted As areas are found at sites 14 and 15 near Prestea main processing plant.  


Sampling points near the shaft and the processing plant have high IP factors of most of the 
elements determined than those far away. Apart from As, Cr, Fe, Sb. V, Na and Ti which have almost 
all IP factors for all the sites greater than 1.2, the rest of the elements have almost all the IP factors less 
than 1.2. The IP factors for the metal pollutants decreases with increase in distance from the 
processing plant and the shaft, meaning the processing of the gold ore is the source of pollution. 
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FIG. 2a. IP factors for six elements of seven sites. 


 
 
 
 


 
FIG. 2b. IP factors for six elements of eight sites. 


 
 
4. CONCLUSION 


Permelia sulcata lichen samples have been used to assess atmospheric pollution due to mining 
activities in and around Prestea, (a gold mining town ) in Ghana. The results obtained show that, 
mining activities in and around the township releases heavy metal pollutant ssuch  as As, Cr, Sb, and 
V into the atmosphere with As being the major pollutant. 
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Abstract 


The results of the investigation performed during the year 2002, within the Program of systematic 
radioecological survey in Montenegro, are shortly presented in this work. Measurements of the absorbed and 
exposure doses, radionuclides in the air, precipitation, drinking water, seawater, lake water, soil, human and 
cattle food, building materials, as well as radon measurements in dwellings have been done. They have 
confirmed the high quality of the Montenegrin environment with respect to radioactivity. 


 


1. INTRODUCTION 


Five years ago the Center for Ecotoxicological Research of Montenegro, Laboratory for 
Radioecology, started with carrying out the Program of systematic radioecological survey in 
Montenegro. The Program is financed by the Government of Montenegro and is performed in 
accordance with prescriptions and demands given in domestic low regulations [1,2]. This Program for 
the year 2002 includes more than 500 radioactivity measurements of different types, which are about 
to be presented briefly in this work. 


2. EQUIPMENT 


The following modern instrumentation is in use in our Laboratory for Radioecology to perform 
measurements for the Program of systematic radioecological survey in Montenegro: 


1. ORTEC low background gamma-spectrometry system with two HPGe detectors, the first one with 
efficiency of 40 % and resolution of 1.80 keV for 1.33 MeV of 60Co, and the second one with 
efficiency of 35 % and resolution of 1.72 keV for 1.33 MeV of 60Co. 


2. Genitron AlphaGUARD system for radon measurements (pulse ionization chamber with an active 
volume of 0.56 L). 


3. Thomson&Nielsen system for radon progeny measurements (α-particle sensitive microchip). 
4. Durridge RAD 7 system for radon and thoron measurements (0.7 L sample cell with a solid-state, 


ion-implanted silicon alpha detector). 
5. Berthold TOL–F dosimetry system with 3 probes (gamma, alpha-beta, beta-gamma). 
6. PCRM – radiation monitor on based on a Geiger-Muller tube and personal computer. 
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3. METHODOLOGY 


All samplings, sample radioactivity measurements and analyses are performed in accordance 
with the standard methods [3,4]. 


Gamma-spectrometry, with high-resolution HPGe detectors, is the main analytical method for 
radioactivity measurements in food and in the environmental samples. Solid samples (building 
material, soil, food etc.) for gamma-spectrometry are grinded and homogenized before placing them in 
Marinelli beakers. Liquid samples are evaporated to smaller volumes, or to complete mineralization, 
with the aim to concentrate their radioactivity. All samples, liquid as well as solid, are then closed 
hermetically for 40 days, until radioactive equilibrium between 226Ra and 222Rn is achieved. 


Counting times depend on sample type and its radioactivity, and range from 10.000 s, for more 
active samples, to 250.000 – 350.000 s, for low active ones and background spectra.  


Spectrum analysis is performed using GammaVision software [5]. Radionuclide activity is 
determined using a relative method with comparison to the well-documented standard source, or using 
an absolute method and the appropriate software [6]. 


Maximum permissible concentrations (MPCs) of radionuclides in the samples of different types, 
and radon intervention levels in dwellings are given in the domestic low regulations [2,7].  


4. RESULTS AND DISCUSSION 


Doses from the background radiation  


Measurements of the doses from the background radiation are performed in the three following 
ways: 


1) 365 days, 24 hours per day, continual monitoring of the absorbed dose-rate with the PCRM 
system. 


2) Every day measurements (at noon) of the absorbed dose-rate with the TOL–F air equivalent 
gamma-probe. 


3) 6-months long measurements of cumulative absorbed doses, in the towns of Bar and 
Podgorica, by means of thermo-luminescent dosimeters (TLD). 


These measurements are able to indicate any possible accidental radiation situation of a larger 
scale, and their results are presented at Fig. 1. 


Results obtained by PCRM system are on the level of 0.1 µGy/h. The range of the daily dose-
rate values obtained by TOL-F is (0.14 – 0.20) µSv/h, and the range of the six-months dose-rates 
measured by TLD is (0.04 – 0.07) µGy/h. All these values correspond to normal radiological 
conditions in the environment. Measurements with TOL-F in November and December are not 
performed, because this measuring unit was engaged in the Project of decontamination of Cape Arza 
from depleted uranium. 
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FIG. 1. Dose-rate variations in the air in the town of Podgorica during the year 2002. 


 


Radionuclides in the air 


Airborne particulate samples are collected on a filter. The air sampling, with pumps which blow 
large and known quantity of air through filter paper, is organized on a daily basis. The collective one-
month filter-sample is ached and dissolved in HCl acid, and then placed in a standard cylindrical 
geometry for measuring on the gamma-spectrometer. Activity concentrations of radionuclides 
measured in 12 samples and the maximum permissible values (MPCs) are given in Table I.  


 
TABLE I. ACTIVITY CONCENTRATIONS IN THE AIR 


 
40K 


(mBq/m3) 
137Cs 


(µBq/m3) 


226Ra 
(µBq/m3) 


232Th 
(µBq/m3) 


Range 0.03 – 0.18 3.24 – 17.4 3.18 – 20.6 2.58 – 14.6 
Mean value 0.09 9.92 8.96 6.41 
Median 0.09 9.61 5.88 5.49 
MPC 660 35 600 140 55 


All measured values are below the maximum permissible content of radionuclides in the air. 


Radionuclides in the precipitation 


Measurements of radionuclides in the precipitation are performed by gamma-spectrometry of 
the collective one-month samples. Precipitation collector is constructed in accordance with IAEA 
recommendations [3]. A collective month sample is evaporated down to a volume of 1 L, and placed 
then in Marinelli beaker for counting on the spectrometer. The obtained activity concentrations in 
precipitation are given in Table II. 
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TABLE II. ACTIVITY CONCENTRATIONS IN THE PRECIPITATION 


Precipitation 
40K  


(mBq/l) 
137Cs 


(mBq/l) 
226Ra 


(mBq/l) 
232Th 


(mBq/l) 
7Be 


(Bq/l) 


238U 
(Bq/l) 


Range 5.17 – 180 0.20 – 13.1 1.25 – 29.2 0.18 – 9.73 0.02 – 2.65 0.04 – 1.48 
Mean value 61.0 2.08 5.76 2.01 0.28 0.26 
Median 32.3 1.17 3.50 1.44 0.06 0.15 
MPC* 2200 1000 200 100 - 0.4 


 


The asterisk beside MPC in Table II means that the MPCs for precipitation are not specified in 
the regulations, so for sake to evaluate the radioactivity of this kind of sample we use the MPCs 
specified for drinking water [2]. In this way we are able to conclude that the measured values in 
precipitation are within normal natural ranges. Measured activity of 238U exceeded MPC in January, 
but this happened probably because of a small volume of the collected precipitation in this month. 


Radionuclides in the sea and Skadar lake water 


Investigation of radionuclide content in the seawater is performed by gamma-spectrometry of 
the collective one-month samples taken near towns of Bar and Herceg Novi. Volume of one-month 
water sample is 30 L, and it is evaporated until complete mineralization. The remaining salt is then 
placed in Marinelli beaker and counted on the spectrometer. 


The way of preparation of an analytical sample of Skadar lake water is the same as in case of 
precipitation sample, which is already described in the previous section. Only difference is that lake 
water sample of 60 L is collected during three-month period.  


Ranges of the activity concentrations measured in Skadar Lake and seawater are given in 
Table III; the asterisk beside MPC has the same meaning as in Table II. 


 
TABLE III. ACTIVITY CONCENTRATIONS IN SKADAR LAKE AND IN SEAWATER 


 40K 
(Bq/l) 


137Cs 
(mBq/l) 


226Ra 
(mBq/l) 


232Th 
(mBq/l) 


238U  
(Bq/l) 


Skadar lake 0.02 – 0.06 1.65 – 2.44 0.75 – 2.20 1.37 – 5.92 0.19 – 0.27 
Bar 6.93 – 12.6 1.67 – 5.27 2.32 – 19.8 1.09 – 7.75 0.27 – 0.61 
Herceg Novi 6.97 – 12.1 1.67 – 4.29 1.61 – 17.7 2.27 – 6.55 0.26 – 0.56 
MPC*  2.2 1000 200 100 0.4 


 


All measured values in the lake and seawater are far below the maximum permitted values for 
drinking water, except for the radionuclide 40K, which is naturally present in the seawater through 
potassium chloride (KCl). The small excess of the measured values for 238U in seawater over the MPC 
is without meaning because the comparison is made against MPC values valid for drinking water. 


At the same places where the seawater is sampled, the samples of bioindicating organisms 
(squid and mussels) are taken once in six months. All analysed values of radionuclides were below 
maximum permissible levels calculated on basis of an average annual human intake of these kinds of 
foodstuff.  
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Radionuclides in soil 


Soil samples are taken from cultivated and from pasturelands arround the town of Podgorica, 
two times a year. Sampling of soil and preparation of analytical samples for gamma-spectrometry are 
performed in accordance with IAEA and EML recommendations [3,4]. Intervals of activity 
concentrations of the radionuclides in soil are given in Table IV. 


 
TABLE IV. ACTIVITY CONCENTRATIONS IN SOIL 


 40K 
(Bq/kg) 


137Cs 
(Bq/kg) 


226Ra 


(Bq/kg) 
232Th 


(Bq/kg) 
90Sr 


(Bq/kg) 
Measured 306 - 623 9 – 86 22 - 100 28 – 63 0.25-1.9 
MENEKO 481 740 166 74 3.4 


 


All measured values, except value for 40K, are below maximum levels of activity concentrations 
in Montenegrin soil, found within MENEKO research project on terrestrial gamma-background in 
Montenegro [8], which are also given in Table IV.  


Radionuclides in drinking water 


Investigation of radionuclide contents in drinking water is performed by gamma-spectrometry 
of samples taken from the town of Podgorica waterworks. Water samples are taken daily, and samples 
of 60 L collected during three-month period are analysed, after being prepared in the same way as the 
samples of precipitation, what is already described in the corresponding section. Measured activity 
concentrations of the radionuclides in drinking water are given in Table V. 


 
TABLE V. ACTIVITY CONCENTRATIONS IN DRINKING WATER 


 40K (mBq/l) 137Cs (mBq/l) 226Ra(mBq/l) 232Th(mBq/l) 238U (Bq/l) 


Range 4.94 – 30.5 0.57 – 1.47 0.65 – 14.1 0.38 – 1.43 0.06 – 0.14 
Mean value 18.4 1.03 5.93 0.69 0.11 
Median 19.1 1.04 4.48 0.47 0.11 
MPC  2200 1000 200 100 0.4 


 


All measured concentrations of the radionuclides in drinking water are far below the maximum 
permissible values. 


Radionuclides in human food 


Investigation of radionuclide contents in food, intended for humans, is performed on samples 
taken directly from producers. The following types of food, produced in Montenegro, are analysed: 
lamb and cattle meat (12 samples), milk (18 samples), corn and wheat bread (12 samples), fruit and 
vegetables (10 samples), mushrooms (6 samples), and infant’s food from kindergartens (4 samples). 
All food samples are analysed on 40K, 226Ra, 232Th and 137Cs by gamma-spectrometry. 


Radionuclide contents found in all analysed samples of human food, produced in Montenegro, 
are far below the maximum values permitted for annual intake [2], as shown in Table VI. 
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TABLE VI. ACTIVITY CONCENTRATIONS IN HUMAN FOOD 


 40K 137Cs 226Ra 232Th 
Meat (Bq/kg) 77 - 115 0.13 – 3.68 0.10 – 0.26 0.02 – 0.23 
Milk (Bq/l) 39.2 – 57.5 0.04 – 0.28 0.02 – 0.36 0.01 – 0.20 
Bread (Bq/kg) 18.7 – 43.3 0.08 – 0.11 0.09 – 0.67 0.08 – 0.43 
Fruit and veg.(Bq/kg) 26.1 – 232 0.06 – 0.24 0.04 – 0.27 0.04 – 0.18 
Infant’s food (Bq/kg) 27.8 – 63.8 0.07 – 0.21 0.14 – 0.31 0.02 – 0.10 
Mushrooms (Bq/kg) 27.4 – 96.2 2.35 – 17.3 0.14 – 1.85 0.07 – 1.94 
MPC (Bq/year) 1613 769 36 43 


 


Radionuclides in cattle food 


Investigation of radionuclide contents in cattle food is performed on samples taken directly from 
producers. We have analysed natural cattle food: grass, hay, cattle beet–root, and other similar natural 
products (Table VII). Except for 40K and 226Ra in hay samples, concentrations of the radionuclides in 
the analysed samples are found to be below the maximum permitted values (MPCs), with respect to an 
annual food intake. Higher 40K and 226Ra contents in hay are probably due to a small quantity of soil 
taken together with hay during sampling procedure (not shown in particular in Table VII). 


TABLE VII. ACTIVITY CONCENTRATIONS IN HAY SAMPLES 


 40K 
(Bq/kg) 


137Cs 
(Bq/kg)  


226Ra 
(Bq/kg) 


232Th 
(Bq/kg) 


Range 104 – 414 0.09 – 4.23 0.13 – 0.31 0.04 – 1.32 
Mean value 256 1.37 0.19 0.63 
Median 253 0.57 0.16 0.58 
MPC (Bq/year) 1613 769 36 43 


 


Exposure to ionizing radiation in dwellings 


Investigation of the exposure to ionizing radiation in dwellings is performed by measurement 
of:  


– radon concentration in dwellings and workplaces, 
– exposure dose, 
– surface contamination. 


During the Year 2002, radon is measured in the town of Podgorica in 32 dwellings (on the 
ground or first floor): apartments, schools, kindergartens and workplaces, using AlphaGUARD and 
RAD 7 instruments. At each place 4 measurements are performed, one per season, to examine 
variation of radon concentrations during the year and to find annual mean value. Each of the 
measurements lasted 24 hours, without changing usual daily activities and behavior of the 
placeholders. 


In 5 of 31 surveyed dwellings, or in 16 % of cases, the average annual radon concentrations are 
found to be above the adopted intervention level of 400 Bq/m3 [7]. It is to worry about the fact that, 
from above mentioned 5 dwellings, 4 dwellings are kindergartens and schools.  


At the same places where we measured radon concentration we did also measurements of the 
exposure doses and surface contamination, and we registered normal values. 
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TABLE VIII. RADON CONCENTRATIONS IN DWELLINGS IN PODGORICA 


N Range (Bq/m3) Mean value (Bq/m3) Median (Bq/m3) 
31 43 – 1228 215 142 


 


Radionuclides in building materials 


This kind of radioactivity investigation is performed on samples of building materials produced 
in Montenegro: marble, lime, sand, and concrete. Concentrations of the radionuclides found in the 
analysed samples are given in Table IX. It can be seen that all these values are far below the maximum 
permissible concentration levels (MPAC) in building materials, given in Table X [2]. 


 
TABLE IX. ACTIVITY CONCENTRATION OF THE RADIONUCLIDES IN BUILDING 
MATERIALS 


 40K  
(Bq/kg) 


137Cs (SAAR) 
(Bq/kg) 


226Ra 
(Bq/kg) 


232Th  
(Bq/kg) 


Marble 0.58 ± 0.06 < 0.09 8.1 ± 0.5 < 0.09 
Lime < 1.9 < 0.13 3.3 ± 0.3 < 0.11 
Sand 253 ± 5 3.6 ± 0.2 11.7 ± 0.9 8.7 ± 0.8 
Concrete block 1 96.4 ± 2.3 0.31 ± 0.08 19.1 ± 1.2 7.7 ± 1.1 
Concrete block 2 59.4 ± 1.8 0.40 ± 0.11 14.9 ± 0.9 4.5 ± 0.7 


 
 
TABLE X. MPAC IN BUILDING MATERIALS 


 40K  
(Bq/kg) 


SAAR* 
(Bq/kg) 


226Ra  
(Bq/kg) 


232Th  
(Bq/kg) 


Interior 300 4000 200 300 
Exterior 500 4000 400 300 


*SAAR – Sum of activity of all artificial radionuclides 
 


5. CONCLUSION 


Our investigation, performed during the year 2002 within the Program of systematic 
radioecological survey in Montenegro, by diversity of radioactivity measurements as well as by the 
number of environmental samples analysed, represent the most complete study of this kind in our 
Republic ever since. It has confirmed the high quality of the Montenegrin environment with respect to 
the radioactivity. 
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Abstract 


In order to rapidly determine long lived radionuclides such as plutonium isotopes in air dust samples, time 
interval analysis (TIA) method was used for discrimination technique from natural radionuclides. This is based 
on differences of the time interval distributions and probabilities between short and long lived. The short lived 
nuclides, which have half-lives with micro or millisecond orders, such as decay products of radon, are subtracted 
from energy spectrum using compilation of time interval data without chemical separation.  


Determination levels of Pu in air dust sample were calculated 10-4 to 10-2 mBq/cm3 under the conditions 
of 6×106cm3 (100L/min.×60min.) of sampling volume and for 60 minutes of measuring time. 


 


1. INTRODUCTION 


The long lived alpha radionuclides such as plutonium (238Pu, 239+240Pu) should be monitored in 
working area and environment of nuclear fuel cycle facilities, because potential risks of cancer causing 
by alpha radiation are higher than those of gamma radiation1). Thus, these monitoring require high 
sensitivity, high resolution and rapid procedure in order to measure very low-level concentrations of 
plutonium isotopes. In such highly sensitive monitoring, natural radionuclides, including radon (222Rn 
or 220Rn) and their decay products, should be eliminated as low as possible. In order to accomplish this 
requirement, a sophisticated method for discriminating and separating between Pu and decay products 
of 222Rn or 220Rn using TIA 2)-8), in which the contribution of short lived radionuclides could be 
subtracted of short lived radionuclides from the calculations of time interval distributions of 
successive alpha and beta decay events within millisecond or microsecond orders9). 


2. PRINCIPLE 


2.1. Time interval analysis (TIA) 


Radiation pulses from successive alpha and beta decay events of short lived nuclides occur 
within microsecond or millisecond orders. The TIA measuring system was employed to determine 
short lived radionuclides by installing high-resolution time analysis circuits. The half-lives of micro or 
millisecond order can be selectively extracted by the TIA method. In a previous paper4), the TIA-MTA 
method has been discussed in terms of selective extraction sensitivity of pair events related to alpha-
decaying nuclides when data processing was applied to millisecond order lives, such as 216Po (half-life 
of 145ms), 217At (32.3ms) and 215Po (1.78ms). Using a thick depth silicon surface barrier detector 
(SSD) with a high sensitivity, TIA is applied to beta-alpha decay pairs such as 214Po (0.164ms), 212Po 
(0.293µs) and 213Po (4.2µs). 
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Regarding to radioactive decay events, the time periods of pulses due to decay events have been 
handled from the viewpoint of interval distribution functions in two types consisting of single and 
multiple time interval analysis (STA and MTA)4). Conceptual expression of the time interval analysis 
of STA and MTA are shown in Fig. 1. 


 


 


Time


A B C D E F


(1) Single Time Interval Analysis (STA) Method
The adjacent intervals were applicable


　 A-B, B-C, C-D, D-E････


(2) Multiple Time Interval Analysis (MTA) Method
All time intervals were dealt within a fixed time


　 A-B, A-C, A-D, A-E････
　　　
　　　　　　


B-C, B-D, B-E････


C-D, C-E, C-E････  


 


 
 


FIG. 1. Conceptual expression of STA and MTA for indistinguishable decay pairs. 


In the case of measurement of natural radionuclides, the probabilities of successive incident 
pulse pairs (parent-decay products) into the detector occur with relatively quiet high frequency 
because natural radionuclides (such as decay products of Rn) have successively decaying pairs within 
short life. On the other hand, in the case of measurement of long lived radionuclides such as Pu, the 
occurrences of their pairs are very low within several minutes of measuring time. In the TIA method, 
short and long live radionuclides can be discriminated using the differences of probability 
characteristics as described above. Alpha and beta rays are measured by an SSD. On the bases of 
statistical treatments of both these energy information and time intervals of incident pulses, natural 
radionuclides are subtracted from the energy spectrum. Relevant decay pairs in a natural decay series 
applicable to the TIA are shown in Fig. 2. 
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FIG. 2. Relevant decay pairs in a U and Th decay series by TIA. 


 
In this situation, a sophisticated discrimination between Pu and progenies of 222Rn or 220Rn 


using TIA, was designed and developed to subtract naturally decaying components due to successive 
alpha and beta decay events within micro or millisecond orders from total pulses.  


A real time interval spectrum could be expressed as below. 


          MP(t)dt : M[αtλexp(-λt) + C]dt  


Here, the following assumptions and definitions of probabilities were taken into account. 


M  : Total count numbers 
αt : Probability of an event that has occurred is started by a truly objective parent decay event. 
λ  : Decay constant of correlated event 
C  : Count rate of random events 
 


2.2. Subtraction system 


The TIA-subtraction system is shown in Fig. 3. In this system, alpha pulses from 214Po, 216Po 
and 212Po are selectively extractable using TIA system because of having successive decaying pairs 
within millisecond orders. It composes of SSD, an amplifier, an Analog to Digital Converter (ADC), a 
Multi-Channel Analyser (MCA), a high-resolution timer (TIMER), a multi-parameter collector and a 
personal computer. In the ADC, incident alpha and beta pulses are fed to the MCA and the TIMER 
simultaneously. Pulses from them are synthesized by the multi-parameter collector. After 
measurement, natural radionuclides are subtracted from energy spectrum after calculation of the time 
interval distributions. 
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FIG. 3. Diagram of subtraction system. TIA. 
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The lower limit of determination of 239Pu using three times of counting error is assumed to be as 
6×10-6 mBq/cm3 in this situation (sample volume; 6×106cm3; counting time: 1hour; background 
counting time: 1hour; background count rate: 1.0cpm; efficiency: 30%). This level is acceptable in 
accordance with the derived air concentration (DAC) of 239Pu (8×10-9 Bq/cm3) in Japan.  


However, that value is significantly dependent on from the relationship of sigma number, 
background count rate, measuring time, background measuring time, sample volume, chemical yield 
and efficiency without a subtraction effect. Therefore, the lower limit of subtraction using the TIA- 
method is evaluated based on the probability (αt) that an event has started by a truly objective parent 
decay event as below. 


[ ]dtCtMMCdnMCdt t =−≤+ )exp( λλα  


In this equation, αt is the probability of truth correlated parent decay events in the natural decay 
series.  


In case of estimating the lower limit of TIA -subtraction method, the total counting number of 
M should be consistent to the sum of the concomitant natural and artificial radionuclides portion of 
Mn and Ma, respectively.  


M = Ma +Mn      


The counting rate of C was defined as below.  


Mn(1-α t)C = Tm
+ Ma


Tm


Finally, the following equation of determination level can be simply deduced from final 
equation of TIA-MTA. In addition this relationship, the R-value is the concentration ratio of artificial 
count number Mn to total count number M. 


 (Mn+Ma)λ2dtTmαt2 + 16Mnαt - 16(Mn+Ma) ≥ 0 
 


R = Ma / M   


As a result of solution for above equation, the relationship between αt and R was induced as 
Fig.4. 
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FIG. 4. The relationship between αt and R. 


This figure shows, that the decrease of αt is also responsible for the drastic decrease of the count 
rate of R. In the case of fixed times of 5×145ms under the condition of αt =0. 027, R-values are less 
than 0.2. The result means that the activities due to artificial radionuclides are effectively detectable 
below the proportion against the gross counts by applying the TIA -subtraction method. Thus artificial 
nuclides are distinguishable below the proportions against the gross counts. The area beyond this R -αt 
curve should be applied simply to α -counting to determine the artificial radionuclides.  


When measuring airborne dust filters containing artificial long lived radionuclides such as Pu 
isotopes, the gross decay events, consisting of ordinary decay events excluding the decay of plutonium 
isotopes such as 238Pu, 239Pu, 240Pu and beta decay of 241Pu, amount to 10 events if we assume the same 
decay rate between uranium and thorium decay series. Particularly, in an airborne dust filter, the decay 
of 222Rn is followed by the decay of relatively long lived 210Pb (half-life: 22.3y). The extractable or 
subtractable short lived radionuclides related to pair events in U and Th series include the three pairs 
220Rn- 216Po, 212Bi- 212Po and 214Bi- 214Po. 


An originally extractable ratio (αt) was estimated as 0.3 (from 3/10). After considering the pair 
detection efficiency of 9% (0.3×0.3 = 0.09), which was estimated from the single detection efficiency 
of 30% (0.3), the experimentally predictable detection efficiency (αt) will be 0.027. The single 
detection efficiency of 30% (0.3) was derived from the efficiency of the silicon surface barrier 
detector. In Fig. 4, when αt is fixed to be 0.027, the detectable long lived artificial radionuclides ratio 
R is deduced to be less than 0.2. On the other hand, the actual concentration ratio of 239+240Pu to 222Rn 
in airborne dust in Japan was 0.01 (239+240Pu: less than 1×10-4 mBq/cm3, 222Rn: 10-3 - 10-2) mBq/cm3. 
This concentration ratio is 20 times smaller than the estimated αt (0.2). Thus natural radionuclides can 
be subtracted by 20 times higher Pu concentration. The determination level of Pu in dust sample is 
estimated to be 10-6 - 10-4 mBq/cm3.  


3. EXPERIMENTAL 


This system comprises of a silicon surface barrier detector (ORTEC BA-030-450-2000-S 
sensitivity depth; 2000 µm), an amplifier, an analog-to-digital converter, a multi-channel analyser 
(laboratory equipment, List adapter LN-9100-2M), a timer (laboratory equipment, time list LN-9000T) 
and a personal computer. This detector is sufficient to offer a high energy-resolution (less than 30 keV 
at 5.5 MeV) on alpha ray spectrometry and high efficiency in the detection of alpha and beta rays. 
Discrimination of incident pulses using these time interval differences between alpha and beta pulses 
can be realized within 1 microsecond in this system.  
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Both alpha and beta pulses measured by SSD are sent to the analog-to-digital converter (ADC) 
and then followed to both the timing data analysing (high resolution timer, resolution; 1µsec.) and 
energy data processing (multi channel analyser) circuits. Pulses occurring in the time and energy 
spectra are collected in multi-parameter collector and registered into hard disk memories. After 
counting, the time interval and energy spectra are extracted the natural decay series components from 
each multiple time interval distribution and these natural radionuclides are subtracted from the gross 
energy spectrum. In order to prove the TIA theory, a subtraction experiment involving natural 
radionuclides from the gross energy spectrum without time-consuming chemical separations was 
carried out as described below. Airborne particles were collected on a membrane filter 
(polytetrafluoroethylene MILLIPORE FSLW04700 pore radius:3µm ) for 60 minutes at 100L/min by 
Tokyo-Direc. Inc. CSP-50 at a Radon monitoring room in JNC Ningyo-toge Environmental 
Engineering Center. The filter was covered with a thin polyester filter in order to preventing from 
contamination. Alpha and beta rays were measured by SSD for 60 minutes. After measurement the 
components due to natural radionuclides were subtracted by TIA.  


Furthermore, the composed sample, which was absorbed air dust on the filter and added several 
10 cpm of Pu particles on it, was measured by the SSD for same minutes and subtract natural 
radionuclides after measurement in JNC Tokai Reprocessing Plant. The sample was covered by thin 
polyester filter to eliminate from cross contamination measuring equipment and so on.  


4. RESULTS AND DISCUSSION 


The energy spectrum of airborne particles using conventional alpha spectrometry is shown in 
Fig. 5. In this figure, the horizontal and vertical axes refer to channel of energy and counts per 
channel, respectively; beta peaks that contained progenies of Rn and alpha peaks due to the  decay 
products of Rn are recognized on it.  
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FIG. 5. Original energy spectrum of air dust sampled at radon monitoring room in JNC Ningyo-toge Engineering Center. 


Thus an attempt was made to subtract natural radionuclides (such as Rn and its decay products) 
using TIA from the gross energy spectra. Fig. 6 shows the result of subtraction within 1.6 times of 145 
msec.. In this case, “145 msec.” refers the half-life of 216Po, which is the longest half-life in the natural 
decay series extractable by TIA, and “1.6 times” refers to lifetime, receptivity. As a result of this 
experiment, over 99% proportion of α particles contained decy products of Rn were subtracted from 
energy spectrum.  
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FIG. 6. Energy spectrum after subtraction natural radioisotopes such as decay products of Rn within 145ms. 


Furthermore, energy spectrum from composite sample concomitant with 10 cpm of Pu particles 
covered with thin polyester film is shown in Fig. 7. This energy spectrum was obtained for 60 minutes 
measuring.  
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FIG. 7. Energy spectrum of composed sample contained Pu particles covered with thin polyester film. 


This spectrum could not separate Pu isotopes such as 238Pu and 239+240Pu because the surface of 
the measuring sample was covered with a thin polyester film. Furthermore the energy peak from Pu 
was moved towards lower energy side due to self-absorption of alpha rays. However, this condition is 
not problem of the actual advantages and applicability of TIA theory.  


After measurement, pulse time intervals were analysed and tried to subtract natural 
radioisotopes such as decay products of Rn within 5 times of 145ms. Fig. 8 shows the energy spectrum 
after subtraction. 
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FIG. 8. Energy spectrum of composed sample contained Pu particles covered with thin polyester film after subtraction. 


In this figure, most decay products of Rn are completely subtracted and the added Pu particles 
are recognized because time interval of pulses due to artificial radionuclides such as Pu were longer 
than fixed time of 5 times of 145 ms. 


Thus, the extracted time interval was changed from 1.6 times to 5 times of 145msec. because 
efficiency of this detector is 20%. In this situation, only 20% of alpha-alpha or beta-alpha pairs were 
obtained simultaneously for by applying to subtraction of natural radionuclides from the gross energy 
spectrum.  


In this spectrum, peaks of progenies of Rn disappeared entirely and Pu was recognized clearly. 
At this step the energy resolution, was poor; however the basic theory of TIA was proved, because 
progenies of Rn were subtracted from the gross energy spectrum. In the future, optimization of 
conditions for subtraction should be required. 


5. CONCLUSION 


In order to use the new TIA discrimination method, the contribution due to natural 
radionuclides, which interfere the pure Pu measurement in airborne samples were subtracted from the 
energy spectrum without troublesome chemical separations. The lower limit of determining of 239Pu in 
this monitoring system is in accordance with the DAC in our country. The monitoring level of Pu in 
dust under the condition of 60minites of sampling and measuring was estimated to be from 10-6 to 10-4 
mBq/cm3.  


This new discrimination system is useful for monitoring of long lived nuclides even in on-line. 
The author has tried to improve this TIA system for practical application in the direction to on-line 
radiation monitoring.  
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Abstract 


Indication of concentration of radon progeny gauge in air is sensitive to aerosol concentration. Minimum 
detectable concentration and accuracy of the measurement is determined by random errors of the gauge. 
Multivariate data processing can be used to decrease random errors. To investigate influence of aerosol 
concentration on indication of radon progeny concentration in air, measurements of mining radiometer, operating 
on the principle of alpha radiation detection from radon progeny deposited on air filter, were carried out in radon 
chamber. Aerosol concentration and radon concentration in radon chamber were controlled and measurements of 
radon progeny concentration was measured by radon progeny monitor. Additionally count rate from the monitor 
detector originating from alpha activity deposited on air filter was measured in 1 min. intervals that were later 
used for three interval, and Principal Component Regression (PCR) data processing. It was found that for aerosol 
concentration in air from 40 p/cm3 to approx. 9 000 p/cm3 indications of the radon progeny monitor depends 
considerably on aerosol concentration. Radon daughters concentration normalized to radon concentration against 
aerosol concentration varied from 0.3–0.9. In mines where the aerosol concentration generally is high, this 
phenomenon has a little effect on the indication of the radon progeny monitor, but is has to be taken into account 
where aerosol concentration is low. Comparison of random errors when measured signal of the monitor (count 
rate against time) was processed employing three interval method and PCR data processing shows that PCR 
ensures 2-3 times lower random error than three interval data processing.  
 


1. INTRODUCTION 


Depending on aerosol concentration in air, fraction of attached to unattached radon progeny 
varies, as plate out effect and attachment rate depend on aerosol concentration. It is expected that such 
mixture of free and attached radon progeny will be deposited on air filter in different degree that will 
result in different indication of measuring instrument. Radon mining radiometer RGR for 
measurement of radon progeny in air was investigated in a radon chamber. The investigated RGR 
radiometer operates on the principle of measurement of alpha activity of radon daughters deposited on 
air filter in two time intervals. The aim of the measurements was also to see how the measuring results 
depends on data processing. In the frame of this part of work three interval method of data processing 
and Principal Component Regression of data processing were investigated and compared. 


 


2. MEASURING ARRANGEMENT 


Measurements of radon mining monitor RGR-30 was carried out in radon chamber in an 
arrangement shown in Fig. 1. Volume of radon chamber is 0.8 m3. Volume of Radon source chamber 
is 5 l with radon concentration approx. 10 Bq/cm3. 222Rn in radon source chamber is produced from 
disintegration of open 226Ra source. The radon from radon source is forced to enter into the radon 
chamber in a closed loop by an air pump and when valves of radon chamber and radon source RM and 
V are open.  The same RV valves of radon chamber allow to take air sample from the radon chamber 
to radon concentration gauge LC. Aerosol concentration in radon chamber is measured by LAS-X 
aerosol spectrometer. The RGR radiometer measures total decay products concentration deposited on 
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fibre glass air filter (no separate measurement of unattached radon daughters). Air flow of the RGR is 
2 L/min within 5 min (10 L sample). Cigarette smoke served as aerosols in radon chamber. The radon 
chamber is equipped with a window and rubber sleeves, not shown in Fig. 1, allowing for observation 
and manipulation of the RGR radiometer. 
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RADON CHAMBER


RADON
SOURCE


SE


SE
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SC


SS BL


BL


TPH


SO


LC


AP
AFAP
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FIG. 1. Block diagram of the measuring arrangement. LAS-X - Aerosol spectrometer (Grimm, Labortechnik GmbH, 
Germany); RGR - mining radiometer type RGR-30 (Inst. Nuclear Chemistry and Technology); RS - open 226Ra source; LC – 
radon concentration gauge;  PPC - programmable pulse counter; AP - Air pump; AF - Air filter; SE - sealed entrance 
opening; SO - sealed opening allowing to connect aerosol spectrometer; SC - sealed connector; SV - valve with rubber  
sealing allowing to introduce radon into radon chamber with medical syringe; RV - radon chamber valves allowing to 
introduce radon from radon source; V - radon source valve; SS - smoke (aerosol) source; BL - blower; TPH - temperature, 
pressure humidity gauges. 


The aerosol concentration was measured with LAS-X aerosol spectrometer in differential mode. 
An example aerosol spectra from the cigarette smoke employed during the measurements are shown in 
Fig. 2. It can be noticed that the maximum aerosol diameter does not exceed 0.6 - 0.7 µm. LAS-X 
measurements were carried out with air flowrate 2 cm3/s and 1 cm3/s for high aerosol concentration. 


The measurements were carried out in the following way. The investigated RGR radiometer was 
placed together with a lit cigarette as a aerosol generator inside the radon chamber, radon was 
introduced into the chamber and the air inside the chamber was mixed with blower. Then air sample 
from radon chamber was taken, in closed loop, into Lucas cell of the radon concentration gauge, and 
the chamber was left for the period ≥ 3 h until radiation equilibrium was reached. After that period 
RGR was switched on and the measurement of radon progeny and alpha potential energy started. 
Aerosol concentration was measured. Readings of temperature, pressure and humidity were taken. 
Additionally count rate spectra of RGR against time were measured with programmable pulse counter 
within the period ≥ 30 min. To enable measurement of count rate against time, standard RGR-30 was 
modified so that the pulses from Lucas cell that are fed to microprocessor for procreating were also 
fed to programmable pulse counter. Radon concentration was varied by introducing more or less radon 
to radon chamber from radon source. Similarly aerosol concentration was changed by smoking shorter 
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FIG. 2. Differential spectrum of diameters of cigarette smoke aerosols. 


 


or longer piece of cigarette. A series of 21 such measurements were carried out. During the 
measurements aerosol concentration was varied from 40–12000 particles/cm3, radon concentration in 
the range 840–14300 Bq/m3. The results of measurements are presented in Figs 3 and 4. 


3. INFLUENCE OF AEROSOL CONCENTRATION ON GAUGE INDICATION  


To investigate the influence of aerosol concentration on the indication of RGR monitor, the ratio 
of radon daughters concentration to radon concentration in the radon chamber was computed and such 
ratios against aerosol concentration are shown in Fig. 3. In the case of potential alpha energy, the ratio 
of measured energy E to  the energy at equilibrium state Eequ is showed in Fig. 3. The equilibrium 
potential alpha energy was computed from the relation: 


 


C
C


B
B


A
A


ECEBEAPAE
λ


+
λ


+
λ


=  (1) 


A,B,C – activity of 218Po, 214Pb, 214Bi, 
λA, λB, λC - decay constants of A, B, C, 
EA, EB, EC - energy of alpha radiation related with A, B, C 
 


when radon progeny concentration A=B=C is equal to radon concentration Q. Five measuring results 
that differ very much from the regression curve for A/Q concentration were rejected and they were not 
taken for computation of regression curves and for root mean square error  (RMSE). The RMSE of 
measured concentrations shown in Fig. 3.  


Regression curve y=ao+a1x+a2x2 describes the concentration A/Q, B/Q, C/Q and the curve: 
y=ao+a1x+a2x2+a3x3 describes the E/Eequ, where: y is computed and x measured concentration. 


It can be seen from Fig. 3. that indication of the radon progeny monitor depends considerably 
on aerosol concentration. The radon progeny normalized to radon concentration increases from 
approx. 0.3 at aerosol concentration 40 p/cm3 and reaches “saturation” level at about 8000 – 9000 
p/cm3. The indication of radon progeny concentration is three times lower at very low aerosol 
concentration in respect to the indication at “saturation” level. In mines where the aerosol 
concentration generally is high, this phenomenon has a little effect on the indication of the radon 
progeny monitor, but is has to be taken into account where aerosol concentration is low.  
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Relative concentration of 218Po against aerosol concentration in Fig. 3 is lower than 
concentration of 214Pb and 214Bi which is impossible from physics point of view. This can be explained 
as an error of calibration of the RGR radiometer for indication of 218Po concentration. 


FIG. 3. Relative concentration of 218Po (A/Q), 214Pb (B/Q), 214Bi (C/Q) and alpha potential energy (E/Eequ) against aerosol 
concentration. A, B, C, Q - measured 218Po, 214Pb, 214Bi, and radon concentration in (Bq/m3). 


 
 


 


RMSE=0.096


RMSE=0.092 RMSE=0.087


RMSE=0.095


 Eequ - computed alpha potential energy at radiation equilibrium at A=B=C=Q. 
 o- measured values taken for computation of regression curves (continuous line) 
, *- rejected measurements in regression curves computation.  
 
 
4. THREE INTERVAL DATA PROCESSING 
 


To enable three interval data processing (and Principal Component Regression (PCR) 
described later) together with measurement of radon progeny, count rate spectra in 1 minute intervals 
were measured (with programmable pulse counter) within the period of 30 min. TTL pulses from 
RGR-30 pulse discriminator that are fed to RGR microprocessor for data processing were also fed to 
external programmable counter. The measured count rates against time are shown in Fig. 4. 


 
Three interval data processing that employs measurement of activity of radon progeny 


deposited on air filter in three time intervals is based on a set o three equations for count numbers as a 
function of radon progeny concentrations: 


v)CkBkAk(n 1312111 ε++=   [c/t1]       (2) 
v)CkBkAk(n 2322211 ε++=   [c/t2] 
v)CkBkAk(n 3332311 ε++=   [c/t3] 
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FIG. 4. Measured 1 min count rates of RGR radiometer (left) and PCR processed. count rates against time (right). 


 
Solving the set of such equations one gets relations allowing to compute radon progeny concentration 
in the form. [7]:  


v/)ananan(A 332211 ε++=  [Bq/m3]      (3) 
v/)bnbnbn(B 332211 ε++=  [Bq/m3] 


v/)cncncn(C 332211 ε++=   [Bq/m3] 


where 


A, B, C are 218Po, 214Pb, 214Bi concentrations, 
k11 .. k33, a1... c3 are  coefficients related with time intervals t1, t2, t3, 
n1, n1, n2, n3  are count numbers in counting intervals t1, t2, t3 computed from the count rates shown in 
Fig. 4 as a sum of count rates in appropriate time interval, 
ε is detection efficiency of alpha radiation, 
v is airflow through air filter. 


Potential alpha energy (PAE) is computed from Eq. (1). Three time interval processing is able to 
ensure more exact results of measurements than two interval processing, although random error due to 
counting statistics is higher. The coefficients k11 ... k33 are computed from simulation of variation of 
alpha activity against time of radon progeny deposited on air filter of RGR monitor with 5 min. period 
of sample deposition [9,10]. It was found also that for selected 30 minutes measuring cycle (including 
5 min radon progeny deposition on air filter), the lowest random errors due to pulse counting statistics 
are achieved for counting intervals t1=1-7 min, t2=8-20 min and t3=21-30 min inclusive. The same 16 
measurements that were used for computation of regression curves in Fig. 3 were employed in data 
processing according to eq (3). Matlab program was used for simulations and computations of radon 
progeny concentrations.  


Computed radon progeny and PAE concentration against measured concentration are shown in 
Fig. 5. RMSE and slope S of regression lines are also given in Fig. 5. As can be seen in the three 
interval model of radon progeny concentration gauge, the indication of 218Po is lower than the 
indication of 214Pb and 214Bi. Lower indication of 218Po can be explained by the fact that the detection 
efficiency for each radon progeny is not the same. When computing the value of the coefficients a1 ... 
c3 in Eq. (3) it was assumed that the simulated radon progeny activity is detected with the same 
detection efficiency ε=0.2. The detection efficiency ε, apart from detection efficiency of incident 
radiation on the detector includes also decrease of number of radon progeny particles due to the 
attachment to the walls of air duct on its way to air filter and additionally loses of radon progeny that 
are not deposited on air filter and pass through it. Both these two effects are especially important for 
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218Po which  contains much higher unattached fraction than 214Pb and 214Bi. Lower indication of 218Po 
computed from Eq. (3) than the indication of 214Pb and 214Bi is also  a measure of unattached fraction 
of 218Po. The slope of regression line for each radon progeny in Fig. 5 is the measure of how much 
indications of three time interval data processing differ from two interval data  
processing employed in RGR radiometer. 
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RMSE=469 Bq/m3
S=0.90


RMSE=285 Bq/m3
S=0.97


FIG. 5. Radon progeny and potential alpha energy concentration  computed from three interval data processing  model 
against measured concentration. RMSE- root mean square error; S-slope of regression line; A, B, C, E– 218Po, 214Pb, 214Bi, 
PAE concentration.  


RMSE=507 (Bq/m3)
S=1.08


RMSE= 


RMSE=4.35 uJ/m3
S=1.02


 
Lower detection efficiency of 218Po is taken into account solving a modified set of pulse 


counts in three intervals: 
v)CkBkAk(n 2132121111 ε+ε+ε=  [c/t1]       (4) 
v)CkBkAk(n 2232221211 ε+ε+ε=  [c/t2] 
v)CkBkAk(n 2332321311 ε+ε+ε=  [c/t3] 


 
where 
ε1 is detection efficiency for 218Po, 
ε2 is detection efficiency for 214Pb and 214Bi. 
 


Computations made for ε1 = 0.16 and ε2 =0.2 showed increased 218Po concentration against 
measured progeny concentration. The slope of regression line for 218Po, 214Pb, 214Bi, PAE was 1.15, 
1.04, 0.95 and 1.01. 
 


5. PRINCIPAL COMPONENT DATA PROCESSING 


Principal component data processing (PCR) applied to raw results of measurements by the RGR 
radiometer removes a considerable part of random fluctuations of the signal and consequently 
decreases random errors of measurement [11,12]. The count rates shown in Fig. 4 of the same 16 
measurements used in three interval data processing were taken for PCR processing. The results of  
PCR processing and computation are given in Fig. 6. Count rates in the form of a matrix X (16 raw,  
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30 columns), radon progeny concentrations of 218Po, 214Pb, 214Bi in the form of matrix Y (16 raw, 3 
columns)  were PCR processed employing Matlab functions. As a result of PCR processing matrix of 
regression coefficients B’  (30 raw, 3 columns) is achieved and estimated radon progeny concentration 
Aest, Best, Cest (218Po, 214Pb, 214Bi) is computed from the relation: 


 
'  (5) XBYest =


 


The potential alpha energy was computed from Eq. (1) replacing A=Aest, B=Best, C= Cest. As 
shown in Fig. 6 the RMSE for 218Po, 214Pb and 214Bi is 360 Bq/m3, 95 Bq/m3 and 181 Bq/m3 and is 
considerably lower than the RMSE for the case of three interval processing: 469 Bq/m3, 507 Bq/m3, 
and 285 Bq/m3 correspondingly. The RMSE of PAE computed from PCR processed progeny 
concentration is quite high due to one measurement deviating largely from regression curve and is 
comparable to that of three interval processing model. Rejecting the highly deviating measurement one 
achieves the RMSE =0.087 µJ/m3. 


 
  


RMSE=360 Bq/m3
RMSE=95 Bq/m3


 


RMSE=181 Bq/m3 RMSE=4.23 uJ/m3


FIG. 6. PCR  Estimated Aest, Best, Cest and PAEest concentration against measured concentration A, B, C, E  of radon progeny. 


6. CONCLUSIONS 


The investigations of RGR radiometer carried out show that the ratio of radon progeny to radon 
concentration in radon chamber vary from approx. 0.3 to 0.9 when concentration of aerosols inside 
radon chamber varied from 40 – 12 000 p/cm3. It means that the indications of radon progeny depends 
considerably on aerosol concentration and should be taken into account when the measurements are 
carried out at low aerosol concentration, lower than 8000 p/cm3. Fact that radon progeny indications 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


depends on aerosol concentration is explained by high ratio of unattached radon progeny at low 
aerosol concentrations and high loses of unattached progeny due to attachment to air wall duct and low 
deposition on air filter.  


 


The same count rate from radon progeny deposited on air filter gives different results depending 
on the way the counts rates are processed. The indication of radon progeny gauge with three interval 
data processing differs up to 10% for 218Po and 214Pb concentration in respect to indications of two 
interval model. The difference of indications can be diminished by setting lower detection efficiency 
for 218Po radiation in three interval model equations for computing radon progeny concentration.  


Comparing to three interval model, Principal Component Regression applied to raw (measured) 
count rates against time in a considerable way decreases random error due to fluctuations of count rate 
registered. Lower random error of measurement means lower detection limit of radon progeny 
concentration that can be measured.  


 
REFERENCES 


 
[1] DUGGAN, N.J., HOWELL, D.M., “The measurement of the unattached fraction of airborne 


RaA”, Health Phys. 17 (1969) 423–427.  
[2] JACOBI, “Activity and potential α-energy of 222radon-  and 220radon-daughters in different air 


atmospheres”, Health Phys. 22 (1972) 441–450.  
[3] MORAWSKA, JAMRISKA, M., “Deposition of radon progeny on indoor surfaces”, J. Aerosol 


Sci. 27 (1996) 305–312.  
[4] THIEN-CHI, HO-LING LIU, “Simulated equilibrium factor studies in radon chamber”, Appl. 


Radiat. Isot. 47 (1996) 543–550.  
[5] MARKOV, K.P., RYABOV, N.W., STAS, K.N., “Express method of radiation hazard 


assessment related with radon progeny in air”, Atomnaja Energia 12 (1962) 315–319. 
[6] GIERDALSKI, J., BARTAK, J., URBANSKI, P., “New generation of the mining radiometers 


dor determination of radon and its decay products in the air of undergroung mines”, Nukleonika 
38 (1983) 27–32.  


[7] THOMAS, J.W., “Measurement of radon daughters in air”, Health Phys. 23 (1972) 783–789.  
[8] INTERNATIONAL ATOMIC ENERGY AGENCY, Radiation monitoring in the mining and 


milling of radioactive ores, Safety Series No. 95, Vienna (1989). 
[9] MACHAJ, B., BARTAK, J., “Simulation of the activities of radon daughters on RGR monitor 


air filter”, Nukleonika 43 (1998) 175–184.  
[10] MACHAJ, B., “Modification of the RGR monitor of radon daughters in air”, Nukleonika 44 


(1999) 478–490.  
[11] MARTENS, H, NAES T.: Multivariate Calibration. Wiley & Sons, Chichester (1991). 
[12] MACHAJ, B., URBANSKI, P., “Principal component data processing in radon metrology”, 


Nukleonika 47 (2002) 39–42. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


IAEA-CN-103-033P 


239+240PU AND 90SR DEPOSITION DENSITIES IN UNDISTURBED SURFACE SOIL IN 
VIETNAM 


 NGUYEN HAO QUANGa, NGUYEN QUANG LONGa, DINH THI BICH LIEUa,  
TRAN TUYET MAIa, NGUYEN THI THU HAa, DOAN TUAN ANHa,  
DANG DUC NHANa, PHAM DUY HIENb 


a Institute for Nuclear Science and Technique,  
b Vietnam Atomic Energy Commission,  


Hanoi, Vietnam 
 
 
Abstract 


The distribution of cummulative deposition of 137Cs in undisturbed surface soil was well investigated in 
Vietnam. However, such a kind of study for 239+240Pu and 90Sr is still not performed yet in the country. In this 
work the cummulative deposition densities of 239+240Pu and 90Sr were measured and compared with that of 137Cs. 
239+240Pu and 90Sr as well as 137Cs deposition densities in undisturbed surface soil are determined for 34 sites 
having different geographic and geoecological conditions such as rainfall, soil properties, latitude, etc. Soil 
samples were taken at two depths, from the surface to 10 cm, and from 10 to 20 cm using a cylindrical corer with  
4.2 cm diameter. Soil properties such as texture, content of total organic matter, humic, fulvic were analysed for 
each sample. The samples were dried at 100°C to unchanged weight then ground and sieved through a sieve with 
a mesh of 1mm to remove coarse gravels and then calcinated. 137Cs in samples was analysed on a gamma 
spectrometer equipped with HPGe detector. About 50g of the dry soil was chemically treated with concentrated 
HNO3 and the dissolved Pu was purified by solvent extraction with TOA (Tri-n-OctylAmine) then 
electrochemically deposited on a stainless steel disk. The 239+240Pu was quantified on an alpha spectrometer 
equipped with PIPS detector. Another 500g of the sample was radiochemically treated and 90Sr was collected 
with Strontium Nitrate carrier. The 90Sr in the samples was analysed through it's daughter 90Y on a low level beta 
counting system. Quality control for the analytical results has been performed using IAEA reference material 
(Soil 4/2000) and the deviation between experimentally obtained results and the certified values are within ±  5 
%. It was revealed that the 239+240Pu, 90Sr and 137Cs depositions in undisturbed surface soil in this study vary 
within a range of 18.7-126.1 Bq/m2, 26.9-459.7 Bq/m2, 243-2965 Bq/m2 respectively. The ratios of 239+240Pu and 
90Sr deposition densities to that of 137Cs vary from 0.02 to 0.34 and from 0.04 to 0.68, respectively. 


1. INTRODUCTION 


The inventory of 90Sr, 137Cs and 239+240Pu deposition densities were performed in many countries 
all over the world in order to evaluate the public dose arisen from these radionuclides. In Vietnam 
studies of 90Sr, 137Cs, 239+240Pu radionuclides are being done at the laboratories of Dalat Nuclear 
Research Institute and Institute for Nuclear Science and Technique. The national project “Survey for 
the level of radioactive contaminant deposited on the Vietnam territory due to the nuclear activities 
and accidents all over the world” (Project report, MOSTE, 1997–2000) obtained a detailed map of 
137Cs deposition density distribution in surface soil throughout the country. However, the information 
of 90Sr, 239+240Pu, which is needed for estimating present environmental status as well as for serving as 
a database for the nuclear power programme of the country, are not yet available. Survey for 90Sr and 
239+240Pu deposition densities throughout Vietnam obviously is a costly task. However, a more simple 
way seems to be applicable in solving this problem, it is the determination of ratios between the 90Sr 
and 137Cs (90Sr /137Cs) and between the 239+240Pu and 137Cs (239+240Pu/137Cs ) deposition densities. 
Because, if knowing these ratios we can infer the distribution of 90Sr and 239+240Pu deposition densities 
from that of 137Cs which was already known previously. The purposes of this study are: i) to determine 
simultaneously the 239+240Pu, 90Sr and 137Cs deposition densities in undisturbed surface soil layer 
having depth to 20cm and use it as a basis to evaluate the (239+240Pu/137Cs) and (90Sr /137Cs) deposition 
densities ratios; ii) to establish a model describing the influence of soil parameters such as soil texture, 
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content of organic matter (OM), Humic, Fulvic as well as of geographic parameters such as latitude, 
longitude, annual rainfall on the variation of these ratios. 


2. MATERIAL AND METHOD 


2.1. Sampling 


Based on the map of 137Cs deposition density in soil, 34 sites having high 137Cs deposition 
densities and different annual rainfalls were chosen for sampling. The geographic positions of these 
sites were determined based on the Vietnam administrative map. However, these positions are only for 
seeking the direction but actual sampling places were selected based on the following criterions: soil 
undisturbed for many years, the best is undisturbed for the last 50 years; even and flat terrain (slope 
less than 1-3°) of area space about 1000 m2; having stunted sparse grass; without  strong activity of 
worm, cricket or cattle feeding; without ability of wash-out or of water accumulation during heavy 
rain. 


The co-ordinates (longitude and latitude) of sampling sites are determined by using Magellan 
GPS. The sampling sites were from provinces: Lai Chau, Ha Giang, Yen Bai, Vinh Phuc, Lang Son, 
Ninh Binh, Thanh Hoa, Nghe An, Ha Tinh, Quang Binh, Quang Tri, Thua Thien Hue, they were 
mainly from the Northern Vietnam. Soil samples were taken into two layers: the first one having depth 
from 0 to 10cm, the second one having depth from 10 to 20cm. The sampler is a cylindrical steel corer 
having inner diameter of 4.2cm. At each sampling site, 6-8 soil cores within an area of 2-3m2 were 
taken to collect about 1.5-2 kg of soil for each soil sample. The total number of collected samples is 
68. 


2.2. Sample preparation and radioactive measurement 


In the laboratory the collected soil samples were subjected to analyse for their texture 
properties, organic matter, humic, fulvic. For radioactive analysis the samples were dried at 100°C till 
unchanged weights were obtained, then they were sieved through a sieve of 1mm mesh to remove 
coarse gravels. The dry soil samples were further treated for 90Sr, 137Cs and 239+240Pu analysis.  


137Cs was determined by direct gamma spectrometer with HpGe GMX detector of EG&G 
ORTEC, having 1.9keV resolution and 41.4% relative efficiency at gamma line 1.33MeV. Counting 
samples of 200-250g were put into plastic cylindrical beakers of 10cm diameter (detector diameter is 
9.6cm). Counting time ranged from 80000 to 85000 seconds. The MCA for collecting gamma spectra 
is EG&G ORTEC DART. The GANAAS software provided by IAEA is used to process collected 
spectra. The standard reference materials used for calibrating gamma spectrometer are RGU-1, RGTh-
1 and RGK-1. 


50g of dry soil samples were radiochemically treated and 239+240Pu was extracted by Tri-n-
OctylAmine (TOA) then deposited on stainless steel disk by electrolysis [1]. The chemical recovery of  
239+240Pu was monitored by using 242Pu tracer as an internal standard. 239+240Pu was quantified by an 
AlphaAnalyst alpha spectrometer with 4 PIPS detectors having 25-30keV resolution. 


About 500g of the dry soil samples were radiochemically treated with HNO3 and 90Sr nuclide 
was trapped together Sr2+ carrier. The obtained sample after the preparation was stored for 18 days to 
reach the equilibrium with 90Y [2]. 90Sr in the samples was determined through it's daughter 90Y on a 
low level beta counting system. Quality control for the analytical results has been performed using 
IAEA reference material (Soil 4/2000) and the deviation between experimentally obtained results and 
the certified values are within ±  5 %. 
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3. RESULTS AND DISCUSSION 


3.1. 90Sr and 137Cs deposition densities 


The deposition densities of 90Sr and 137Cs at sampling sites are determined by dividing the total 
radioactivity of respective radionuclides in the both soil layers, i.e. from 0 to 20cm depth, by the area 
of the soil layer. Table I displays the statistical description of 90Sr deposition densities in collected soil 
samples. As seen in Table I the 90Sr deposition density in soil ranged from 27 to 460 (Bq/m2) with 
average value of 187.5 (Bq/m2). It was found that there are many sampling sites in which the specific 
activity of 90Sr in the lower layer (10-20cm depth) is higher than that in the upper layer (0-10cm 
depth). This indicates that 90Sr nuclide could migrate deeper than 20cm. In Table I, the statistical 
description of the ratio between 90Sr and 137Cs deposition densities (RT_Sr_Cs) in soil layer of 0-20cm 
depth is displayed also. From the data (Table I) one can find that the value of RT_Sr_Cs ratio ranged 
from 0.036 to 0.675 with average value of 0.217. The question is that what parameters govern the 
dispersal of this value? 


In [3] it has been showed that the logarithm of 137Cs deposition density in soil layer of 0-30cm 
depth is expressed by an empirical equation as follows: 


Ln(D) = (3.51 ± 0.11) + (0.093 ± 0.005) L + (0.61 ± 0.04) AR   (1) 


where 


D is the 137Cs deposition density in soil layer of 0-30cm depth (Bq/m2), 
L is the latitude of sampling site (°N), 
AR is the interpolated annual rainfall for sampling sites, (m). 
 
TABLE I. STATISTICAL DESCRIPTION OF 90SR DEPOSITION DENSITY AND RATIO 
BETWEEN THE 90SR AND 137CS DEPOSITION DENSITIES (RT_SR_CS) 


Statistical characteristics 90Sr deposition density (Bq/m2) RT_Sr_Cs ratio 
Mean 187.48 0.217 
Standard eror 30.52 0.051 
Median 188.84 0.137 
Standard deviation 114.19 0.191 
Sample variance 13039.65 0.037 
Kurtosis 1.41 1.352 
Skewness 0.98 1.401 
Range 432.84 0.639 
Minimum 26.88 0.036 
Maximum 459.73 0.675 
Count 14 14 
Confidence level (95.0%) 65.93 0.110 


 


In the work (Project report, MOSTE, 1997–2000) it was also revealed that the residuals between 
the values of 137Cs deposition densities calculated by Eq. (1) and those actually measured are followed 
the Gauss distribution with an average value equal to zero. According to [3] the reason of this would 
be the redistribution of the radionuclide at the sampling site, which leads to that the radionuclide 
inventory to be either smaler or greater than the actual deposition density. This surmises that the ratio 
of the 137Cs deposition density calculated by Eq. (1) to that actually measured (CSCAL_M) is a 
measure to quantify the redistribution of the radionuclide at that site. Using statistical analysis 
software SPSS version 7.5 to perform the stepwise regression analysis for RT_Sr_Cs ratio with the 
variables: soil texture (3 components)(%), OM(%), Humic(%), Fulvic(%), latitude(°N), longitude(°E), 
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interpolated annual rainfall(m) and CSCAL_M ratio with an weight by the error of  the measured 
RT_Sr_Cs ratio. Result of the analysis reveals that there are two main parameters explain the variation 
of RT_Sr_Cs ratio. They are the CSCAL_M ratio and Fulvic content. These parameters could explain 
more than 85% variation of RT_Sr_Cs ratio. The model describing the dependence of RT_Sr_Cs ratio 
on the CSCAL_M ratio and Fulvic content can be written as follows: 


RT_Sr_Cs = (0.399±0.089) + (0.145±0.029) CSCAL_M – (0.808±0.164)  Fulvic_t (2)  


where 


RT_Sr_Cs is the ratio between the 90Sr and 137Cs deposition densities, 
CSCAL_M is the ratio of 137Cs deposition density calculated by Eq. (1) to that actually measured, 
Fulvic_t is the Fulvic content in soil sample (%). 


 


3.2. 239+240Pu and 137Cs deposition densities 


The deposition densities of 239+240Pu and 137Cs at sampling sites are determined by dividing the 
total radioactivity of respective radionuclides in both soil layers (from 0 to 20cm depth) by the surface 
area of the soil layer. Table II shows the statistical description of 239+240Pu deposition density in 
collected soil samples. As can be seen from Table II the 239+240Pu deposition density in soil ranged 
from 11.2 to 126.1 (Bq/m2) with average value of 43.9 (Bq/m2). According to [4] the global 
distribution of 239+240Pu deposition density is not uniform. The 239+240Pu deposition density has maxima 
at 45° latitude of each hemisphere and the maximum value is observed at the Northern hemisphere. 
The maximum value of the 239+240Pu deposition density at 45°N latitude is 70-80 (Bq/m2), whereas the 
value of that at the equator is 1-10 (Bq/m2). Assuming that the 239+240Pu deposition density changes 
linearly from the equator to 45°N latitude, one can interpolate the value of that at sampling sites 
between 0 and 45°N. This approach leads to that the range of 239+240Pu deposition density at sampling 
sites of this study would be between 30.5 and 40.3 (Bq/m2). The analytical results for the 239+240Pu 
specific activity in various depths of soil cores reveal that at 14 among 34 sampling sites the 239+240Pu 
specific activity in the lower layer (10-20cm) is higher than that in the upper layer (0-10cm). 


 


TABLE II. STATISTICAL DESCRIPTION OF 239+240PU DEPOSITION DENSITY AND THE 
239+240PU/137CS DEPOSITION DENSITIES RATIO (RT_PU_CS) 


Statistical characteristics 
239+240Pu deposition density 


(Bq/m2) RT_Pu_Cs ratio 


Mean 43.85 0.074 
Standard error 4.51 0.014 
Median 38.35 0.043 
Standard deviation 26.32 0.080 
Sample variance 692.74 0.006 
Kurtosis 1.62 3.939 
Skewness 1.19 2.160 
Range 114.94 0.320 
Minimum 11.19 0.018 
Maximum 126.13 0.338 
Count 34 34 
Confidence level (95.0%) 9.18 0.028 
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The statistical characteristics of RT_Pu_Cs ratio in Table II show that the value of RT_Pu_Cs 
ratio ranged from 0.018 to 0.338 with average value of 0.074. To find out what parameters govern the 
variation of RT_Pu_Cs ratio, like in the 90Sr case, the statistical analysis software SPSS version 7.5 
has been applied to perform the stepwise regression analysis for this ratio with variables: soil texture 
(3 components), organic matter content (OM), humic, fulvic, latitude, longitude, interpolated annual 
rainfall and CSCAL_M ratio with an weight by the error of measured RT_Pu_Cs ratio. Result of the 
analysis  reveals that there are three parameters taking part in explaining the variation of RT_Pu_Cs 
ratio. They are the CSCAL_M ratio, latitude and Limon content (a component of particle size ranging 
from 0.002 to 0.02mm). They could explain more than 72% of this ratio variation. The model 
describing the dependence of RT_Pu_Cs ratio on these parameters can be written as follows: 


RT_Pu_Cs = (0.526±0.149) + (0.053±0.009) CSCAL_M - (0.032±0.009) Lat + (0.005±0.001) Limon (3) 


Where  


RT_Pu_Cs is the 239+240Pu/137Cs deposition densities ratio 
Lat is the latitude of sampling site (°N). 


The Eq. (3) can predict the 239+240Pu deposition density from the actual measured 137Cs 
deposition density and values of parameters: CSCAL_M, Lat and Limon. Fig. 1 depicts the 
distribution of RT_Pu_Cs ratio with CSCAL_M ratio  and RT_Pu_Cs ratio predicted by Eq. (3). As 
seen from the figure the model {Eq. (3)} gives good description when RT_Pu_Cs ratio is rather high 
but it does not when the later is low. As it was mentioned above, the value of CSCAL_M ratio can 
characterize the redistribution of radionuclides at certain site. At the sites having CSCAL_M values 
much different from 1, the redistribution of radionuclides can be so strong that the deposition density 
of radionuclides can be quite different from their actual inventory value at these sites. Table III 
displays the statistical characteristics of 239+240Pu deposition density and RT_Pu_Cs ratio at the sites 
having CSCAL_M values closed 1 (from 0.75 to 1.27). From the data in Table III one can see that the 
239+240Pu deposition density is of 46.0 ± 9.4 (Bq/m2). This value agrees with the global deposition value 
of 239+240Pu informed in [4,5] and with the average value at the Northern hemisphere 39 (Bq/m2), 
UNCEAR 1996 [6]. 


TABLE III. 239+240PU DEPOSITION DENSITY AND 239+240PU/137CS DEPOSITION DENSITIES 
RATIO AT SITES HAVING CSCAL_M VALUES RANGED FROM 0.75 TO 1.27 


Statistical characteristics 239+240Pu deposition density (Bq/m2) RT_Pu_Cs ratio 


Mean 46.03 0.049 


Standard Error 9.42 0.009 


Median 32.95 0.032 


Standard Deviation 31.24 0.031 


Sample Variance 976.06 0.001 


Kurtosis 4.09 0.277 


Skewness 1.95 1.306 


Range 107.40 0.088 


Minimum 18.73 0.023 


Maximum 126.13 0.111 


Sum 506.33 0.541 


Count 11 11 


Confidence Level(95.0%) 20.99 0.021 
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As seen from Table III the mean value of RT_Pu_Cs ratio at the sites having CSCAL_M value 
closed to 1 is 0.049±0.021. This result is in good agreement with those obtained previously 0.036 
(Hardy, et al., 1973), 0.037±0.003 (Bunzl, et al., 1988) and 0.028±0.017 (Bunzl, et al., 1987). 


4. CONCLUSIONS 


The seeking the site of undisturbed soil is a task very difficult and qualitative. Eventhough when 
the site is confirmed undisturbed by human activities, it is also not sured to be undisturbed by natural 
processes such as sedimentation or erosion. So among sampling sites it was found that there are many 
CSCAL_M values much different from 1. 


The CSCAL_M value explains much (more than 50%) the variance of deposition density ratios 
of 90Sr, and 239+240Pu to 137Cs and it can be used as a quantitative measure for the undisturbance of 
surface soil. 


Analytical results for specific activity of 90Sr and 239+240Pu at different sampling depths reveal 
that these radionuclides can migrate deeper than 20cm. So the values of 90Sr and 239+240Pu deposition 
densities in surface soil obtained in this work can be smaller than their actual deposition densities. 


 
239+240 137FIG. 1. Distribution of Pu / Cs deposition densities ratio (RT_Pu_Cs) with  CSCAL_M ratio and RT_Pu_Cs ratio 


predicted by Eq. (3). 
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Abstract 


The mechanisms in which biomonitors survive in an unfavourable environment, such as nuclear weapon 
testing and nuclear accidents, are still unknown. In order to reveal the nature of these mechanisms, we 
investigated the uptake of cesium-137 by biomonitor species  (mosses, lichens and mushrooms) as well as 
localization and cellular distribution of this radionuclide in their tissues. Three different nuclear and related 
analytical techniques were used: gamma spectrometry (HPGe, NaI detectors), X ray fluorescence spectrometry 
and energy dispersive X ray fluorescence spectrometry. From the obtained results it can be concluded that (i) 
radiocesium is found in both organic and inorganic molecules, (ii) it is present in all cellular compartments, but 
predominantly in membranes and (iii) only part of its initial amount is exchangeable with homologous cations. 
The experimental evidence obtained using a combination of the mentioned techniques implies that 
transmembrane proteins serving as potassium channels may be cesium-binding sites in the investigated 
biomonitors. In this study cesium compounds have not been fully characterized, but it was evident that cesium is 
not associated with essential biomacromolecules. This could be a reason for the tolerance of biomonitor species 
towards long term retention of radionuclides in their tissues. 


 


1. INTRODUCTION 


Biomonitoring, in a general sense, may be defined as the use of bio-organisms/materials for 
obtaining information on certain characteristics of the biosphere. The relevant information in 
biomonitoring is commonly deduced from either changes in the behaviour of the monitor organism or 
from the concentrations of specific substances in the monitor tissues. Biomonitors reflect, contrasting 
to direct analysis, complex effects of harmful substances, as such organisms not only show synergetic 
effects of a sum of parameters, but also reflect a time-integrated picture of the history of their life span 
[1]. Another advantage is the selective uptake of such substances, as an organism exposed to an 
environmental pollutant, both through air or direct uptake, absorbs the bioavailable fraction only, and 
hence reflects readily the portion of the substance, which might be hazardous. 


The use of biomonitors allows simultaneous deposition surveys over large areas with a high 
spatial resolution. The results obtained are a relative measure of the atmospheric deposition of the 
elements in question, but this may be adequate for the study of temporal and spatial trends. What the 
results indicate is an integrated exposure over a certain period of time [1]. 


Direct measurements of airborne pollutants require enormous efforts as to investments in 
infrastructure and manpower. Application of direct measurements on a large scale is extremely costly 
and labor intensive, therefore impractical and almost impossible. Airborne pollutants can be 
transported over large distances and biomonitoring is an appropriate tool for assessing the levels of air 
pollution. In several countries biomonitoring is used on a regular basis for such surveys [2,3]. 
Application of biomonitors has several advantages compared with the use of direct measurements of 
contaminants, related primarily to the permanent and common occurrence in the field, the ease of 
sampling and accumulation and retention of pollutants. Simple and cheap sampling procedures allow 
inclusion of a very large number of sites in the same survey. 
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After the Chernobyl accident, in 1986, special attention was paid to the concentration of 
radiocesium in bioindicator species. The ecological interpretation of radioactivity values in mosses, 
lichens and most mushrooms is easier than that relative to higher plants, since these organisms take up 
radiocesium from a single main source. Mosses and lichens have no root system and therefore absorb 
chemical substances mainly from the atmosphere, so they have little or no possibility of avoiding the 
uptake and retention of any contaminants. The accumulation rates can be very high and concentrations 
found in these species can reach potentially toxic levels for other plants without apparent damage to 
these species [4]. Due to these characteristics, mosses and lichens have been extensively used for 
monitoring various pollutants in the atmosphere. Mushrooms have a high affinity for radiocesium, 
which is absorbed by the mycelium and concentrated in the fruit bodies. This is important because 
they are a source of radioactivity to animals and man. Mushrooms are also one of the most important 
components of forest ecosystems, since they determine to a large extent the fate and transport 
processes of radionuclides in forests [5]. 


Nuclear and related analytical techniques have been shown to be particularly appropriate for the 
analysis of air pollution biomonitors, being multielement, reliable, extremely sensitive for many toxic 
elements, matrix independent and suitable for all concentration ranges. 


2. MATERIALS AND METHODS 


Samples were collected during 2000 and 2001, in the highland areas of two national parks of 
Serbia and Montenegro: Tara and Kopaonik. 


The samples were carefully separated from the substratum and cleaned of soil and other debris. 
They were air-dried to a constant weight and then homogenized. The activity levels of 137Cs were 
determined by the gamma spectrometric method. The samples were measured in Marinelli beakers 
(1L) on a gamma spectrometer (Ortec-Canberra) with a NaI(Tl) detector. Dose rates for all species 
were calculated from the obtained data, assuming that all introduced activity was retained in their 
tissues. 


In the second experiment, the extraction of 137Cs was carried out with salt (NH4Cl, NaCl, KCl, 
CsCl, CH4(COO)2) and acid (HCl, H2SO4, H3BO3, H3PO4) solutions. The samples were treated 
with the mentioned fluids (3x300 mL). After each extraction step, the solutions were filtered and the 
samples were dried at room temperature. Their specific radioactivities were measured by the gamma 
spectrometric method.  


For the separation of biomolecules samples (100.0 g) were extracted with 3% trichloroacetic 
acid, using a procedure described elsewhere [6,7]. 


Cellular fractioning was performed by differential centrifuging of the components [8]. 


An X ray Fluorescence analysis (Canberra XRF In Spector) was used to determine the amount 
of cesium in the samples and an EDXRF spectrometer with a Canberra HPGe detector was used for 
the analysis of some extraction products. 
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3. RESULTS AND DISCUSSION 
 


Dose rates of 137Cs for mosses are presented in Table I.  
 
 
TABLE I. DOSE RATES OF 137CS FOR MOSSES 


 


Species Altitude (m) Dose rate 
(mSv/year) 


Tara 
Homalothecium sericeum (Hedw.) Br. Eur. 1,082 4.52 
Hypnum cupressiforme (Hedw.) 1,082 6.90 
Fissidens osmundoides (Hedw.) 1,150 35.15 
Tortella tortuosa (Hedw.) Limpr. 1,180 93.70 
Ctenidium molluscum (Hedw.) Mitt. 1,185 6.40 
Tortella tortuosa (Hedw.) Limpr 1,185 18.07 
Hypnum cupressiforme (Hedw.) 1,185 4.39 
Leucodon sciuroides (Hedw.) 1,220 2.28 
Dicranum scoparium (Hedw.) 1,220 2.56 
Hypnum cupressiforme (Hedw.) 1,220 6.60 
Ctenidium molluscum (Hedw.) Mitt. 1,000 0.59 
Tortella tortuosa (Hedw.) Limpr 1,000 3.50 
Kopaonik 
Dicranum scoparium (Hedw.) 1,700 8.96 
Homalothecium sericeum (Hedw.) Br. Eur. 1,450 18.40 
Homalothecium sericeum (Hedw.) Br. Eur. 1,720 11.88 
Homalothecium sericeum (Hedw.) Br. Eur. 1,720 7.09 
Anomodon viticulosus (Hedw.) Hode & Tayl. 1,300 5.10 


 


The obtained data varied in the range between 0.59 and 93.70 mSv/year in mosses collected in 
National Park Tara, and between 5.10 and 18.40 mSv/year in mosses from National Park Kopaonik. 
The highest dose rate (93.70 mSv/year) was found in moss Tortella tortuosa.  


High altitudes of the sampling sites influenced the relatively high dose rates in examined 
species. Forest ecosystems on higher altitudes are predisposed to receive more fallout and therefore 
higher concentrations of radionuclides. These systems present almost closed biogeocenoses, where the 
levels of radioactive contamination remain stable for a long time. Because of high dose rates in mosses 
they are suitable for investigations of interspatial differences, i.e. differences among species could be 
measured with small uncertainty. 


Although some mosses were collected at the same location, 137Cs activity levels were very 
different. This finding pointed out that anatomical and morphological structures of mosses play an 
important role in 137Cs accumulation. 


Dose rates of 137Cs for lichens varied between 0.41 and 29.30 mSv/year for samples from 
National Park Tara and between 0.93 and 3.91 mSv/year for lichens collected in National Park 
Kopaonik (Table II). 


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 
TABLE II. DOSE RATES OF 137CS FOR LICHENS 


Species Altitude (m) Dose rate 
(mSv/year) 


Tara 
Pseudevernia furfuracea (L.) Zopf. 1,075 3.75 
Peltigera polydactila (Necker) Hoffm. 920 2.91 
Cladonia furcata (Hudson) Schrader 1,000 3.47 
Pseudevernia furfuracea (L.) Zopf. 1,082 29.36 
Lobaria pulmonaria (L.) Hoffm. 1,080 3.40 
Evernia prunastri (L.) Ach. 1,000 0.41 
Cladonia furcata (Hudson) Schrader 1,180 4.54 
Hypogymnia physodes (L.) Nyl. 1,000 4.24 
Certraria islandica (L.) Ach. 1,185 5.37 
Kopaonik 
Pseudevernia furfuracea (L.) Zopf. 1,700 0.93 
Pseudevernia furfuracea (L.) Zopf. 1,700 1.59 
Pseudevernia furfuracea (L.) Zopf. 1,800 3.91 
Certraria islandica (L.) Ach. 1,700 2.58 
Usnea florida (L.) Web. In Wigg. 1,720 1.38 
Bryoria fuscescens (Gyeln.) Brodo et Hawksw. 1,720 1.93 
Pseudevernia furfuracea (L.) Zopf. 1,450 0.93 
Pseudevernia furfuracea (L.) Zopf. 1,720 2.24 


 


The highest dose rates for both localities were found in lichen Pseudevernia furfuracea. Dose 
rates for lichens were lower compared to those found in mosses. 


Dose rates of 137Cs for mushrooms are presented in Table III. 


TABLE III. DOSE RATES OF 137CS FOR MUSHROOMS 


Species Altitude (m) Dose rate 
(mSv/year) 


Tara 
Boletus edulis 1,082 1.55 
Boletus edulis 1,082 2.15 
Boletus edulis 1,082 1.54 
Boletus edulis 1,000 1.18 
Cantharellus cibarius 1,000 1.03 
Morchella conica 1,000 1.16 
Cratarellus cornicopioides 1,075 1.42 
Cantharellus cibarius 1,075 0.71 
Morchella conica 1,000 1.81 
Kopaonik 
Boletus edulis 1,720 1.30 
Boletus edulis 1,720 1.30 
Boletus edulis 1,450 5.35 
Cantharellus cibarius 1,700 0.98 
Cratarellus cornicopioides 1,700 1.21 
Cantharellus cibarius 1,800 1.59 
Morchella conica 1,800 1.88 
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The values obtained varied between 0.71 and 2.15 mSv/year in mushrooms from National Park 
Tara and between 0.98 and 5.35 mSv/year in mushrooms collected in National Park Kopaonik. These 
values were significantly lower compared to those obtained for mosses and lichens. 


The various forms of anatomical and morphological structures and the physiological 
characteristics of individual species determine differences in dose rates between bioindicator species. 
These differences are most marked between mosses and lichens, on the one hand, and mushrooms, on 
the other hand. Since radionuclides enter fruit bodies of mushrooms through hyphae, their 
accumulation is influenced by the chemical composition and physical properties of the substrate. 
Mosses and lichens intercept the largest amount of cesium isotopes from the atmosphere, so their 
content of radionuclides corresponds to the content in radioactive fallouts. 


It was shown that mosses have an extremely high capacity for accumulation of radionuclides, 
which is probably caused by their high surface-to-mass ratio. 


Dose rates for all species depended on the altitude. Forest ecosystems at higher altitudes are 
predisposed to receive higher fallout, which enhances the deposition of radionuclides. Because of that 
dose rates were higher in samples collected at higher altitudes. 


Correlations between 137Cs and stable Cs for some investigated bioindicator species are 
summarized in Table IV. 


TABLE IV. RELATIONSHIP BETWEEN 137CS AND STABLE CESIUM FOR DIFFERENT 
BIOINDICATOR SPECIES OBTAINED BY GAMMA SPECTROMETRY AND XRF ANALYSIS 


Species 
137Cs/Cs ratio 


(Bq/mg) Species 
137Cs/Cs ratio 


(Bq/mg) 
Tara – mosses Kopaonik - lichens 
F. osmundoides 4800 P. furfuracea 980 
T. tortuosa 5100 C. islandica 1050 
H. sericeum 3760 B. fuscescens 870 
Kopaonik – mosses Tara – mushrooms 
D. scoparium 5080 B. edulis 460 
H. sericeum 3920 C. cornicopioides 370 
A. viticulosus 2970 M. conica 180 
Tara – lichens Kopaonik – mushrooms 
P. furfuracea 2640 B. edulis 240 
C. furcata 1030 C. cibarius 160 
C. islandica 1800 M. conica 310 


 


A good correlation between 137Cs and stable cesium was observed for each site independently, 
although several different species of bioindicators are included. This finding suggests that mosses, 
lichens and mushrooms take up 137Cs together with stable cesium. The 137Cs/Cs ratio was fairly 
constant for samples collected at the same site. 


The 137Cs/Cs ratio might be a useful criterion for judging the equilibrium of deposited 137Cs to 
stable cesium in a forest ecosystem. As the chemical behavior of radiocesium is expected to be almost 
identical to that of stable cesium, analysis of stable cesium might also be useful for predicting long 
term 137Cs contamination of bioindicator species. 


In order to reveal the type of interactions of radiocesium in bioindicator organisms, the 
efficiency of 137Cs extraction with salt and acid solutions was tested further. In the first part of the 
experiment the possibility of ion exchange between 137Cs and the cations from the first analytical 
group was examined (Fig. 1 a). The most efficient extractions were achieved by applying 5% aqueous 
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solutions of ammonium oxalate for moss (74.9%) and lichen (64.2%) and by applying 5% aqueous 
solution of ammonium chloride for mushroom (39.9%). 
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(a)        (b) 
FIG. 1. The efficiency of 137Cs extraction from different bioindicator species with salt (a) and acid (b)solutions (5%) after 
three extraction steps. 


The influence of the anion was further tested. Solutions of inorganic acids were assayed as 
extractants (Fig. 1 b). The most successful acid for the extraction of 137Cs from moss and lichen was 
5% phosphoric acid (71.9 and 70.2%) and 5% boric acid was the best for mushrooms (40.3%). The 
obtained data pointed out the reaction mechanism of displacement of plant organic acid by a stronger 
inorganic acid. 137Cs is located in the investigated species in a water-soluble form, as one or more salts 
or metal complexes. It can be exchanged with all cations from the first analytical group and it can 
form salts with dissolved inorganic anions. Mosses and lichens, on the one hand, exhibited distinct 
behavior in the analysed solutions compared to mushrooms, on the other hand. 


As 5% ammonium oxalate and 5% phosphoric acid appeared to be the most powerful in terms 
of 137Cs removal from moss and lichen, this combination was tested further (Table V). 


 


TABLE V. THE EFFECT OF A MIXTURE CONTAINING 5% AMMONIUM OXALATE AND 5% 
PHOSPHORIC ACID ON 137CS EXTRACTION FROM MOSS AND LICHEN IN THREE 
EXTRACTION STEPS 


% of extracted 137Cs Species I II III 
H. sericeum 63.1 78.3 81.8 
C. islandica 50.1 71.6 77.5 


 
 


This mixture exhibited an additional potential for 137Cs extraction. After three successive steps 
the amount of extracted 137Cs was 81.8% in moss and 77.5% in lichen. After extraction, transparent, 
colourless crystals were sedimented from the solution. These crystals were analysed by EDXRF 
spectrometry (Table VI). They contained a significant amount of the total activity extracted from the 
samples (62.4% for moss and 57.5% for lichen). 
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TABLE VI. THE FRACTION OF 137CS ACTIVITY IN CRYSTALS OBTAINED AFTER 
EXTRACTION OF MOSS AND LICHEN BY A MIXTURE OF 5% AMMONIUM OXALATE 
AND 5% PHOSPHORIC ACID IN THREE EXTRACTION STEPS 


% of extracted 137Cs Species I II III 
H. sericeum 48.3 59.8 62.4 
C. islandica 42.4 55.7 57.5 


 


The crystals could not be identified by crystallographic analysis using published data, but 
ammonium phosphates were excluded [9]. Incorporation of the extracted 137Cs into a crystal lattice 
allows more efficient removal of radiocesium from moss and lichen, without destruction of the plant 
itself. 


In Fig. 2 the relative distribution of 137Cs in precipitates obtained after TCA treatment of moss 
and lichen is presented. It is well known that TCA treatment decomposes cell walls and membranes, 
allowing leakage of cellular components without complete damage of the skeletal structure. Dissolved 
molecules were fractionally sedimented. Precipitate P1 contained cellular debris, P2 polypeptides and 
saccharides, P3 proteins in which cesium reacts through ionic interactions (membrane proteins), P4 
contained saccharides and P5 moss or lichen residue. The largest amount of activity was determined in 
precipitate P3 (43.4 and 23.4%), which contained membrane proteins. This finding is important as it 
shows that fundamental structures are probably not seriously affected by cesium.  
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FIG. 2. Relative distribution of 137Cs in precipitates obtained after TCA treatment of moss and lichen. 


In the next experiment 137Cs distribution among intracellular compartments was investigated. 
Cells were fractioned, according to a standard procedure into cell wals (F1), plastides, chromoplasts 
and mitochondria (F2), plasma membranes, ribosomes, endoplasmatic reticulum and microsomes (F3) 
and soluble molecules (S). 


The distribution of 137Cs in lichen was uniform, while in moss the largest amount of cell-
associated radioactivity was in plasma membranes (36.6%) and cell walls (28.2%) (Table VII).  
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TABLE VII. RELATIVE DISTRIBUTION OF 137CS IN SUBCELLULAR FRACTIONS AFTER 
DIFFERENTIAL CENTRIFUGING OF MOSS AND LICHEN  


Distribution of 137Cs activity (%) 
Species 


F1 F2 F3 S 


H. sericeum 28.2 24.6 36.6 11.6 


C. islandica 27.8 23.7 24.1 27.0 


 


The plasma membranes and cell walls of mosses, obviously act as barriers which do not allow 
free entering of 137Cs into cell cytoplasm. It is possible that they protect intracellular organelles and 
cytosol from the negative effect of accumulated radionuclides. This could be the reason for extremely 
high tolerance of mosses to radioactive contaminants. 


4. CONCLUSION 


From the presented results it is obvious that nuclear analytical techniques applied in 
biomonitoring have come to stay for the foreseeable future. It is hardly possible that any other 
approach can render such a detailed picture of processes of accumulation, retention and 
translocation of radionuclides in plants within reasonable cost limits. A combination of some 
nuclear and non-nuclear analytical techniques might lead to a better understanding of 
mechanisms and ways in which some organisms act as biomonitors.  
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Abstract 


The Chinese cabbage, being one of the principal foodstuffs in Asian countries, is tested for iodine 
exposure. As a radioactive source, Iodine-125 of which the radiological half life is 60 days was used to measure 
the concentration change. Experiments were carried out four times with different times of exposure. The iodine 
source was prepared by the chemical reaction of NaI in order to avoid producing relatively large iodine which 
might be generated in the case of crystal evaporation. The deposition velocity was obtained from the integrated 
air concentration and surface concentration of the Chinese cabbage. The biological half life was also calculated. 


 


1. INTRODUCTION 


Iodine is one of the important radionuclides that should be considered for an accidental 
radionuclide release from a nuclear facility[1]. The radiological half life of iodine-131 is 
relatively short, however, its impact on the thyroid is crucial in the initial stages of an 
accidental release of radionuclides. 


There has been lots of experiments for iodine transfer from the air to plants or soil to 
plants, however, they are mostly concerned with the western plants [2-5]. The Chinese 
cabbage is the principal foodstuff in northeastern Asian countries. Particularly Korean 
consumes a lot of the Chinese cabbage to make Kimchi in autumn. 


This study concerns iodine deposition onto the Chinese cabbage. The iodine was treated 
four times during the Chinese cabbages growth in order to estimate the effect of extent of 
growth on the retention of iodine. The deposition velocity and biological half life were 
measured. 


2. METHODS 


2.1. Iodine Generation 


Iodine-125 was used as a radiological source. It has a 60 days radiological half life that 
is long enough for the experiments. In order to produce elemental iodine, the chemical 
reaction with NaI was used. The reaction is as follows. 


 


42


24224222 22
FeSOOH


OHSONaISOHOHNaI
+


++⇒++


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


The NaI, H2O, and FeSO4 were placed in the bottle. The mixture of H2O2 and H2SO4 was fed at 
the desired rate to control the iodine generation rate. While the elemental iodine was generating, air 
was blown into the bottle. The air took the elemental iodine, then fed into the globe box. The fritted 
glass filter of which the pore size is 70-100 µm or 145-174 µm, was placed in the line connecting the 
iodine generation rig to the glove box. This filter prevented the introduction of iodine with a relatively 
large size. 


2.2. Experiments in Glove Box 


The glove box in which the iodine deposition experiment was conducted is shown in Fig. 1. It is 
120cm long, 90cm wide, and 150cm high. The air flow rate was 2L/min. There are fans inside the 
glove box, which enable the concentration of iodine in the air to be uniform. The temperature and the 
humidity were measured. The iodine exposure was conducted for 30 minutes. While the exposure was 
conducted, 0.3L of air was evacuated through the charcoal filter. The filter was analysed to measure 
the concentration of iodine in the air. The air containing iodine was then exhausted from the glove 
box. It was subject to a pass through the NaOH solution where most of the radioactive iodine was 
absorbed. 


2.3 Deposition velocity 


The deposition velocity of iodine onto the Chinese cabbage was obtained by the following 
relation. CA is the surface concentration of iodine on the Chinese cabbage at time T, χ is the 
concentration of iodine in the air which varies during the experiment, and νg is the deposition velocity. 
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3. RESULTS AND CONCLUSION 


The iodine concentration in air was measured and is shown in Fig. 2. The area under the curve 
is the integrated air concentration that is relevant to the deposition velocity. In the 3rd run, a fritted 
glass with 145-174 µm was used, while a fritted glass with 70-100 µm was used in the 4th run. Fig. 2 
shows a minor difference of air concentration between the 3rd run and the 4th run, indicating the iodine 
introduced into the glove box was mostly less than 70 µm. 


The iodine concentrations deposited onto the Chinese cabbage and filter paper were used to 
yield the deposition velocities which are shown in Table I. The deposition velocities of the Chinese 
cabbage are uneven, while relatively constant for the filter paper. This unevenness is likely due to the 
behavior of stomata which depends on the temperature, relative humidity, and light radiation. In the 
2nd and 3rd runs, the experiment conditions are similar with each other except for the temperature. The 
temperature of the glove box in the 2nd run was raised up to 30C, which is not the case in the field in 
the autumn, causing a low deposition velocity. 


By the estimated deposition velocity and deposited amount of iodine onto the Chinese cabbage, 
the effective surface area, that means, the surface area related to the deposition could be calculated. 
The effective area decreases with the length of exposure, indicating the inner leaves grown late are 
less affected by aerial deposition. 


Fig. 3 shows the weathering effect of deposited iodine. From the slope yields the biological half 
life is 5.1 days. 
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In conclusion, the iodine deposition onto the Chinese cabbage was conducted. The deposition 
velocity was measured. The deposition velocities for the Chinese cabbage show uneven values of, 0.36 
to 1.01 cm/sec, while it was uniform for the filter paper. This seems to be due to the behavior of the 
stomata, which depends on the weather conditions. The biological half life was measured to yield 5.1 
days. 


 
 
 TABLE I. DEPOSITION VELOCITIES OF IODINE ONTO THE CHINESE CABBAGE AND 
FILTER PAPER 
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FIG. 1. Schematic view of iodine exposure in glove box. 


Run number 1 2 3 4 


Exposure time Oct. 1 Oct. 14 Oct. 29 Nov. 8 


Deposition velocity of Chinese cabbage(cm/s) 0.66 0.36 1.01 0.61 


Deposition velocity of filter paper(cm/s) 0.38 0.30 0.34 0.38 


Temperature(C) 19.2 30.5 15.7 12.1 


Rel. humidity(%) 89.5 60.4 66.0 73.2 


Radiation(klux) 14.5 48.5 47.4 12.3 


Effective surface area (cm2/g-fresh) 6.1 5.3 2.3 1.6 
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FIG. 2. Iodine concentration in glove box. 
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FIG. 3. Iodine retention onto the leaves of Chinese cabbage. 
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Abstract 


Four years of monitoring of natural radionuclides content as well as radionuclides of artificial origin in all 
samples in the South part of the Republic of Serbia and Montenegro indicated that there was widespread, low-
level contamination by depleted uranium in these regions. High activity of  uranium was found in the soil 
samples taken at the points where the penetrators were found. 238U and 235U specific activities and their isotopic 
composition correspond to depleted uranium (238U/235U ratio from 42 to 77) in five regions. 


 


1. INTRODUCTION 


The monitoring of the general environment in and around human is essential, in order to achieve 
the primary objectives of radiation protection. The systematic examination of radioactive 
contamination in various samples from the environment was performed at the Institute of 
Occupational Medicine and Radiological Protection ”Dr Dragomir Karajović”.  


The main components of radioecological monitoring are investigation of the sources of 
radioactive substances, the transmission in the environment and influence on terrestrial and aquatic 
ecosystems. The objective of monitoring is prevention of unacceptable damage to environment and 
human health [1]. Radioactivity monitoring in the environment implies a system of vertical analysis: 
air - fallouts - soil - waters - plants - animals - man. Systematic analysis of samples is done in certain 
places in Serbia and Montenegro and in certain time intervals which are defined in specified 
regulations [2,3].  


The global source of radionuclide contamination in our country is the fallout due to previous 
nuclear testing and the deposition of radionuclides from the region of Chernobyl accident. 


Since our country was exposed to bullets made of depleted uranium in 1999, the uranium 
content in the environmental samples was especially analysed.  


Many papers and reports [4,5] with depleted uranium measurement in Serbia and Montenegro 
have been published. This paper presents our results of measurements of the soil samples in the whole 
country through national monitoring programme during the period 1999-2002. 


The objectives of these control were: 


1) To assess the increase of levels of radioactivity above regular natural levels, in the immediate 
and near vicinity of the bomb craters. 
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2) To evaluate the corresponding effects of increased natural radioactivity on health of the 
population living and working in the given environment. 


3) To identify and establish the origin of possible localized sources of depleted uranium.  


2. METHODS 


High-resolution gamma spectrometry measurements were used, because of their simplicity and 
accuracy. 


The collected soil samples were cleaned of plants and stones, dried at 1050C - 1100C till 
constant weight for 24-48 h. Thereafter, the samples were ground, sieved, and measured in cylindrical 
geometry.  


Gamma activity was determined by gamma-spectrometry measurements using HP Ge detector 
(ORTEC), with relative efficiency of 25 % and energy resolution of 1.85 keV (1332.5 keV 60Co). The 
analyser system conducted a peak search, energy assignment, quantification and nuclide identification 
in acquired spectra. Time of measurement varied from 60000 s to 250000 s.  


3. RESULTS 


3.1. Results in the north and middle part of Serbia 


The activity of natural radionuclides in the soil samples was within normal mean values for the 
tested regions in the north and the middle part of Serbia. 238U and 235U specific activities and their 
isotopic composition corresponded to natural uranium (calculated 238U/235U ratio from 20 to 27). The 
presence of depleted uranium on the territory of Belgrade, Novi Sad, Subotica, Niš, Zaječar and 
Zlatibor was not found in all measurements (Table I). 


 


TABLE I. SPECIFIC ACTIVITY OF DIFFERENT RADIONUCLIDES IN THE UNCULTIVATED 
SOIL (IN THE NORTH AND IN THE MIDDLE PART OF SERBIA, 1999-2002) 


Region 
40K 


(Bq/kg) 


137Cs 


(Bq/kg) 


232Th 


(Bq/kg) 


226Ra 


(Bq/kg) 


238U 


(Bq/kg) 


235U 


(Bq/kg) 


238U/235


U 


Belgrade 583 15 39 40 46 1.9 24.2 
Novi Sad 405 4.9 25 28 26 1.2 21.7 
Subotica 479 7.0 39 41 51 2.2 23.2 
Niš 542 15 37 40 44 1.9 23.2 
Zaječar 514 13 40 37 46 1.7 27 
Zlatibor 228 167 14 19 22 1.1 20 


 


3.2. Results in the south part of Serbia 


Depleted uranium was found in the soil samples in the Soth part of Serbia in the Vranje region. 
There are four fenced areas in this region (Pljačkovica, Bratoselce, Borovac and Reljan) where 
depleted uranium penetrators have been found. 


The locations with verified contamination by depleted uranium ammunition have been 
identified and marked, while local population has been warned against the hazard from contaminated 
soil and longer stay in that region. 
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Out of almost all collected soil samples that were assumed to be contaminated, two samples 
were taken for measurement, respectively. The results of measurement showed good congruence of 
activities of natural radionuclides 40K, 232Th and 226Ra, and their homogenous distribution in the tested 
microlocations (Table II). The contamination derived from depleted uranium was not homogenous, 
what was evident by the results of measurements of 238U and 235U activities. It suggested that the way 
of sampling in the field was very important, but it did not minimize the presence of high 
contamination of the soil. The results of measurement showed high contamination of the soil in 
microlocations, that is, on places where bullets with depleted uranium were identified. The activity of 
238U in the soil samples ranged from 35 to 216720 Bq/kg in 2001 and from 50 to 2272 Bq/kg in 2002. 
238U and 235U specific activities and their isotopic composition corresponded to depleted uranium. 


Multiple projectiles had been found in the locations of Pljačkovica, Bratoselce and Reljan that 
have not been removed yet, indicating the presence of some other projectiles needed to be disclosed 
and disposed of. 


 


TABLE II. SPECIFIC ACTIVITY OF DIFFERENT RADIONUCLIDES IN THE SOIL IN THE 
VRANJE REGION (BQ/KG) 


Year Radionuclide 
40K 


(Bq/kg) 


137Cs 


(Bq/kg) 


232Th 


(Bq/kg) 


226Ra 


(Bq/kg) 


238U 


(Bq/kg) 


235U 


(Bq/kg) 


minimum 209 1.3 18 17 35 < 0.7 
average value 789 101 56 50 14958 119 


 
2001 


maximum 1369 372 107 129 216720 1700 
minimum 198 1.0 17 22 50 1.9 
average value 742 123 54 69 362 6.9 


 
2002 


maximum 1144 338 105 191 2272 20 
 


3.3. Results from Montenegro without cape Arza 


The activity of natural radionuclides in the soil samples in Montenegro without cape Arza was  
within normal limits of natural radioactivity. The ratio of 238U and 235U activities in measured samples 
corresponded to their ratio in natural uranium (21.4). 


3.4. Results from the cape Arza of Motenegro  


Depleted uranium was found in the soil samples of the cape Arza. There is one fenced area in 
this region where depleted uranium penetrators have been found. This  location has been identified and 
marked, while local population has been warned against the hazard from contaminated soil and longer 
stay in that region. The activity of 238U in the soil samples ranged from 457 to 109000 Bq/kg in 2001 
(Table III). 238U and 235U specific activities and their isotopic composition corresponded to depleted 
uranium (238U/235U ratio from 42 to 78).  


The larger part of this area has been decontaminated in 2001. The measuremnet in 2002 showed 
that the activity of 238U in the soil samples ranged from 90 to 214 Bq/kg. 238U and 235U specific 
activities and their isotopic composition corresponded to natural uranium (238U/235U ratio from 20 to 
22.6). 
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TABLE III. SPECIFIC ACTIVITY OF DIFFERENT RADIONUCLIDES IN THE CAPE ARZA 
SOIL (BQ/KG) 


 


Year Radionuclide 
40K 


(Bq/kg) 


137Cs 


(Bq/kg) 


232Th 


(Bq/kg) 


226Ra 


(Bq/kg) 


238U 


(Bq/kg) 


235U 


(Bq/kg) 


minimum 185 32 24 81 457 11 
average value 430 242 57 181 27573 359 


 
2001 


maximum 628 511 107 381 109000 1400 
minimum 258 8.6 36 100 90 4.6 


average value 368 71 54 160 158 7 
 


2002 
maximum 564 241 75 219 214 10 


 


4. CONCLUSIONS 


The objectives of the control were to asses the increase of radioactivity above the natural levels 
in the immediate and near vicinity of the bomb craters, to evaluate the corresponding effects of 
changed natural radioactivity on health of the population living in these places and disclosing 
unexploded depleted uranium bullets. 


No depleted uranium was found in the north and the middle part of Serbia and in Montenegro 
without cape Arza. 


Depleted uranium was found in the soil samples in the south part of Serbia in the Vranje region 
and in the cape Arza of Montenegro. These locations have been identified and marked, while local 
population has been warned against the hazard from contaminated soil and longer stay in that region. 


Any significant widespread contamination of the ground surface or soil could not be found. The 
localized points of higher contamination were found in the immediate vicinity of penetrators lying on 
the ground, and around penetrator impact holes. Multiple projectiles had been found at these locations 
and have been subsequently removed by the Army. 


The significant risk would be to touch the contamination point and, in that way, to contaminate 
hands, or directly ingest the contaminated soil. There might still be some penetrators lying on the 
ground surface or in holes in the ground. These penetrators constitute a risk of future depleted uranium 
contamination of groundwater or drinking water. 


Based on longer monitoring and examination of all jeopardized territories, and after longer 
periodical testing of all segments of living environment, its imperilment and actual health risk for 
population can be assessed.  
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Abstract 


Concentration levels of Ra-226, Ra-228 and other natural radionuclides were determined for 432 samples 
of various mineral waters, mainly produced and bottled in Germany. Concentrations up to 1690 mBq⋅l-1, with a 
median value of 8.1 mBq⋅l-1,  were measured for Ra-226. For Ra-228, values up to 930 mBq⋅l-1, with a median of 
7.4 mBq⋅l-1 and without any correlation to the Ra-226 concentrations were observed. Consuming mineral water 
the effective doses for individuals are predominantly caused by these two isotopes. Thus, there is sufficient 
evidence for dose assessments to analyse Ra-228 as well as the most studied Ra-226. The dose values deduced 
for the group of infants exceeded the reference level of 0.1 mSv/a in many cases. Therefore the BfS recommends 
a maximum permissible radium content of mineral waters to be used for preparing baby food. 


 


1. INTRODUCTION 


In human exposure the critical pathway for radium is ingestion through the food chain or 
drinking water. Radium metabolism in the human body is similar to that of calcium, which is initially 
distributed to soft tissues and bone, but accumulates preferentially in growing bone. Natural 
radioactivity in bottled mineral water is of particular interest in radiation protection since the 
consumption of these waters increases and the resulting exposure to individuals has to be considered. 
The radionuclide concentration in water originating from natural sources in Germany varies over a 
wide range, mainly depending on the geological characteristics of the soils and the geochemistry of the 
parent nuclides [1]. In addition, the actual occurrence of radionuclides in the mineral waters sold 
commercially is expected to be a function of the water treatment prior to bottling the water.  


This paper presents the quantitative results obtained from the analyses performed on 432 
mineral water samples (about 60% of all brands) commerially available in Germany. The nuclides 
analysed were separated from 5 litre samples. Besides the radium isotopes Ra-226 (member of the 
U-238 decay chain, alpha emitter) and Ra-228 (member of the Th-232 decay chain, beta emitter), the 
activity concentrations of U-238, Pb-210, Po-210 and Ac-227 were determined for each sample. Based 
upon the radionuclide concentration values the resulting ingestion doses were compared with the 
reference level of 0.1 mSv/a recommended by the World Health Organization (WHO) [2] for drinking 
water. The water sample results were communicated to each well owner/producer at the end of the 
measuring program. They were also published on the BfS web site (go to http.//www.bfs.de/presse). 


2. MATERIALS AND METHODS 


From September 2000 till November 2001 the 432 samples of bottled mineral waters were 
purchased from 150 retail stores at several sites in Germany. The samples were analysed using 
radiochemical and nuclear measurement procedures described previously [3]. The known method for 
the determination of Ra-228 [4] has been extended by the subsequent determination of Ac-227. 
Similar to radium, actinium is co-precipitated from a solution such as Ba(Ra,Ac)SO4 [5]. Following 
the procedure proposed by Burnett [4], actinium is isolated and prepared as source just before the low-
level counting. The activity of Ac-228 (T1/2=6.13 h), the first daughter of Ra-228, was measured in a 
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proportional counter (LB 770, 10 channel low-level counter, Berthold) for 16 hours using time gates 
of one hour. Even if present in the natural activity range, Ac-227 does not interfere with the 
measurement of Ac-228. The counting efficiencies for the different beta-particle energies of Ac-228 
and Ac-227 (with maxima of 2.1 and 0.04 MeV, respectively) were evaluated to be 0.44 and 0.015 
s1⋅Bq-1 , respectively. After a period of 20 to 60 days to allow for the ingrowth of Th-227 (T1/2 = 18.7 
d), Ra-223 (T1/2 = 11.4 d) and Rn-219 (T1/2 = 4 s) with its daughters the total alpha activity of the same 
source was measured in the same proportional counter. 


Because of the unknown date of bottling the water and the possible differences in its storage 
time in retail stores, the date of analysis was used as the reference date calculating the activity 
concentrations of the nuclides. Age-dependent individual doses due to ingestion of the water analysed 
were estimated using the conservative approach of a single intake [6] and assuming annual 
consumption rates for drinking water. 


3. RESULTS AND CONCLUSIONS 


The radionuclide concentration values of mineral waters analysed are summarized in Table I. 
The Ra-226 and U-238 activity concentrations with median values of 8.1 and 1.5 mBq⋅l-1, respectively, 
were found to be very low in relation to the results on German mineral waters reported previously [1]. 
The lower activity range may be caused by improvements of the water purification process in the past 
few years. Most of the activity concentration values obtained for Pb-210, Po-210 and Ac-227 were 
below the detection limits. In accordance to recent literature [7–10] the results of this survey confirm 
that the Ra-226 concentration cannot be used as an indicator for the presence of Ra-228. The range of 
the Ra-226 to Ra-228 concentration ratio was found to be 0.13 to 23. 


 
TABLE I. RADIONUCLIDE CONCENTRATION VALUES OF 432 WATER SAMPLES 


Radionuclide Concentration range 
(mBq⋅l-1) 


Median 
(mBq⋅l-1) 


Ra-226 < 0.6   -   1690 8.1 
Ra-228 < 4.5   -    930 7.4 
U-238 < 0.7   -   1330 1.5 
Pb-210* < 2.8   -    120 < 4.2 
Po-210* < 0.8   -     64 < 1.5 
Ac-227* < 0.1   -    2.2 < 0.3 


* More than 50% of the measured values were below the detection limits 
 


The individual doses deduced for infants (0-1a) and adults (>17a) are given in Table II 
assuming that the yearly tap water consumption of 170 and 350 l for infants and adults, respectively, is 
substituted by mineral water. 
 
TABLE II: INDIVIDUAL DOSES FOR INFANTS AND ADULTS DUE TO INGESTION OF 
MINERAL WATER  


Individual doses (µSv/a) Age-group 
[consumption per year] Range Median 90-percentile 
0 – 1a  [170 l] < 1 - 6500 58 250 
> 17a   [350 l] < 1 - 440 4.6 19 


 
 


The dose values deduced for the group of adults are well below the reference level of 0.1 mSv/a 
whereas the values obtained for the critical group of infants exceed this level in numerous cases (see 
Fig. 1). 
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FIG. 1. Distribution of the ingestion dose for infants due to the mineral water consumption of 170 l per year. 


 
 


Consuming mineral water the ingestion doses are predominantly (80 – 100%) caused by the 
radium isotopes. The relative importance of the nuclides determined in this work is presented in Table 
III. Generally, the specific part of the dose due to uranium isotopes is very low, but it reaches 100% in 
particular cases. In some cases (15% of the samples only) the Pb-210 and/or Po-210 activities proved 
to be important with more than 50% dose-responsibility. Ac-227 is shown to be insignificant.  
 
TABLE III. NUCLIDE SPECIFIC PART OF THE INDIVIDUAL DOSE, BY INFANTS (<1A) AND 
ADULTS (>17A) 


Range (%)* Median (%) 


Radionuclide <1a >17a <1a >17a 


Ra-226 0.6 – 100 0.6 – 100 18 30 
Ra-228 14 – 96 4 – 91 75 52 
U-238 0.005 – 100 0.02 – 100 1.7 5.2 
Pb-210** 0.3 – 94 1 – 80 <12 <23 
Po-210** 0.3 – 100 0.5 – 100 <14 <16 
Ac-227** 0.2 – 54 0.2 – 39 <2.2 <1.5 


* The minimum value has been calculated using the lowest measurable concentration 
** Most of the concentration values were below the detection limits. 


 
 


Since many of the well owners claim that their special mineral water would be suitable for 
consumption by infants, the BfS recommends a maximum permissible content of combined Ra-226 
and Ra-228 concentrations. 


 
Based on the consumption rate of 170 l per year the proposed level is set to: 


 
Ra-226 concentration/125 + Ra-228 concentration/20 <1, taking into account that the activity 
concentration of 125 mBq⋅l-1 Ra-226 and 20 mBq⋅l-1 Ra-228, respectively, will result in radiation 
exposure of 0.1 mSv/a. 
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Abstract 


Nuclear analytical methods have very wide possibilities. They make it possible to determine the content 
of practically all elements of the periodic table with concentrations from 0,001% and more. 


Methods of preconcentration, developed recently, give possibilities to minimize detectable concentrations 
of toxic, heavy and precious metals up to 0,01 ppm, which makes XRF methods competitive with more sensitive 
analysers such as neutron activation devices. 


More then 20 types of XRF analysers have been developed in VNIITFA. The following devices are being 
produced now: 
- X ray fluorescence analyser to determine content chemical elements in drinking, natural water, sewage end 


atmosphere aerosols; 
- Portable analyser for quantitative analysis of ferrous and nonferrous alloys RLP-3-02; 
- Portable analyser for field analysis with non-destructive method  PRAM-1; 
- Analysers to determine uranium in undeground waters RKM-PV-1, RKM-PV-2; 
- Installation for rapid multielement analysis of ore in dump trucks  (РКЦ-1М ); 
- Installation for measuring the content of metals in the solid portion of pulp directly in process flows (РЦП-


1). 
The report contains technical characteristics of all the above devices and examples of their application. 
 


1. X RAY FLUORESCENCE ANALYSER TO DETERMINE CONTENT CHEMICAL 
ELEMENTS IN DRINKING, NATURAL WATER, SEWAGE AND ATMOSPHERE 
AEROSOLS 


 


The analyser is intended for rapid multielemental analysis of polluted waters and aerosols at the 
admission concentration level. 
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In environmental applications air and water samples have to be analysed for heavy metal 
contamination. 


Principle of operation based on sorbtion of toxic metals from waters and air on filters with 
following determinations of sought elements mass by X ray fluorescent analyser. 


The analyser consists of the following components: 


- main device unit, including X ray fluorescent sensing element, Si-PIN detector and 
multichannel amplitude analyser; 


- computer; 
- device for collecting chemical elements from liquids; 
 
• possibility of conducting express  multielemental analysis in storage rooms and field 


conditions; 
• possibility of storage of the results of analyses for archiving; 
• possibility of conducting express multielemental analysis in storage rooms and device for 


collecting chemical elements from air. 
 


ADVANTAGES 


The flexibility provided by the selection of empirical and fundamental parameter programs 
enables application of the analyser to a wide variety of analytical problems. 


The high sensitivity of toxic metals determination in natural, drinking and waste waters was 
reached by the combination of sorption preconcentration on the homemade DETATA-filters and X ray 
fluorescence determination. This type of analyser is more simple, more cheap than very precise 
analytical instruments such as mass spectrometers, ion chromatographs etc. 


TECHNICAL DATA 


Atomic numbers of elements to be determined 13-92 
Number of simultaneously determined elements up to 20 
Duration of analysis, s up to 100 
Measurement error, % 1,5 
Minimum detectable masses of metal on filter, mg 0,1-0,5 
Minimum detectable concentrations of metal in water, mg/l 0,3-1,0 
Overall dimensions, mm 250×300×400 
Mass, kg 10 


 
2. PORTABLE ANALYSER FOR QUANTITATIVE ANALYSIS OF FERROUS AND 


NONFERROUS ALLOYS RLP-3-02 
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PURPOSE 


Transportable X ray analyser «RLP-3-02» is used for qualitative analysis of materials on the 
basis of registration of characteristic X ray radiation of atoms of elements forming the object under 
study and quantitative determination of main elements, identification of materials and elemental 
analysis in solid, liquid and powder samples. 


AREA OF USAGE 


- customs examination; 
- ecological examination; 
- metallurgical and chemical industry; 
- geology and other areas. 


 


MAIN ADVANTAGES 


- possibility of conducting express multielemental analysis in storage rooms and field 
conditions; 


- possibility of storage of the results of analyses for archiving. 
 


STRUCTURE 


- a probe with semi-conductor silicon PIN-detector;  
- X ray tube; 
- processing and storage of the information units with a PC of the Notebook type; 
- power supply. 


 


TECHNICAL DATA 


The device determines elements in the range of atomic numbers…………………..from 19 to 92 
Number of simultaneously determined elements…………………………………….…...up to 20 
Range of determined concentrations, %……………………………………………….…0,01-100 
Measuring time, s……………………………………………………………………...…...10-200 
Power supply (accumulators or power system), V…………………………………………….220 
Consuming power, W……………………………………………………………not more than 10 
Range of operating temperatures, 0C……………………………………..………from –20 to +40 
Weight with accumulators, kg.……………………………………………….….not more that 8,5 
Radiation exposure dose power on the surface of the probe, mcR/h……………………….…..10 
At the distance of 1m from the probe ……….…………………………….….natural background 
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3.  PRAM-1 PORTABLE  X RAY  FLUORESCENCE ANALYSER 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


The portable X ray fluorescence analyser PRAM-1 was created in response to the need to 
determine chemical element contents in materials from many stages of the exploration, mining, and 
processing mineral. 


The PRAM-1 instrument can be used for either in situ analysis without sample collection and 
preparation or laboratory operation when powder or liquid samples can be placed in the standard cups. 


Two modifications of the PRAM-1 analyser were designed. The first modification includes the 
probe with the sealed gas-filled proportional counter. This modification allows to determine elements 
with atomic numbers from 20 (calcium) and higher. The second modification is intended only for 
laboratory operation. Its probe employing a new silicon PIN-diode detector with the high energy 
resolution allows to analyse samples of complex chemical composition, including light elements with 
atomic numbers from  (sodium) and higher. 


The first modification of the instrument consists of the DRF probe with the SI-11R3 (xenon 
filled) proportional detector, 109Cd or 238Pu radioactive sources, and the electronic unit based on a 
portable computer (see Fig. 1). The electronic unit includes the analog-impulse processor (AIP), 
analog-to-digital converter (ADC), and internal batteries. 


 
 


 


DRF probe
109Cd 


(238Pu) 


Electronic unit 


AIP ADC Batteries 


 
 
 
 
 
 
 
 


The sec
electronic unit.
flow chamber 
supply card pla

FIG. 1. Block diagram of the PRAM-1 analayzer with DRF probe.

ond modification of the PRAM-1 analyser consists of the DRF-L probe and the 
 The probe contains a PIN detector, 109Cd or 55Fe radioactive sources, and the helium-
(see Fig. 2). The electronic unit includes the AIP card, the ADC card, and the power 
ced in an IBM compatible personal computer. 
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The instrument software is based on sophisticated sample analysis algorithms which allow to 
take into account the influence of the interelement and particle-size effects. The software, operating 
under Windows 9x, performs the following functions: 


• single and series spectrum acquisition; 
• instrument adjustment and calibration; 
• automatic measurements with collection and storing X ray spectra and results of analysis. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


EXAMPLES 


Analysis of p


 
 


Electronic 
unit 


DRF-L probe 


 


 
cup 


UPS 

FIG. 2. Block diagram of the PRAM-1 analayser with DRF-L.

OF PRAM-1 APPLICATIONS 


rocessing materials for vanadium productions 


 
 


 
 


 


AIP
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Power 
supply

PIN detector

55Fe
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FIG. 4. X ray spectrum of the sample  
containing aluminium. 

FIG. 3. The PRAM-1 instrument in the
 plant laboratory. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 
Concentrations C and measurement uncertainties ∆C 


Material Vanadium  slag Vanadium  pentaoxide Ferrovanadium 
Element С, % ∆С, % С, % ∆С, % С, % ∆С, % 


V 2.5 – 11 0.10 – 0.17 > 50.4 0.34 8.0 – 82 0.18 – 0.50 
Al 0.4 – 5.3 0.05 – 0.21 — — 0.25 – 3.0 0.05 – 0.15 
Si 2.3 – 9.3 0.10 – 0.14 0.14 – 047 0.03 – 0.05 0.5 – 20 0.05 – 0.30 
Ca 0.7 – 36 0.10 – 0.50 0.7 – 0.3 0.04 – 0.07 — — 
Ti 0.12 – 4.8 0.04 – 0.16 0.12 – 0.6 0.004 – 0.005 0.5 – 5.0 0.05 – 0.12 


Mn 0.39 – 7.8 0.05 – 0.15 0.08 – 3.9 0.016 – 0.07 0.1 – 10 0.018 – 0.13 
 
 


Analysis of zinc-lead ores (unprepared samples) 


Element Concentration, % Relative uncertainty, % 
Pb 
Zn 
Cu 


0.20 – 10.0 
0.20 – 30.0 
0.10 – 10.0 


11 – 2.8 
11 – 1.4 
14 – 2.1 


 


TECHNICAL DATA 


 
Atomic numbers of determined elements……………………………………………...……...….12-92 
The number of simultaneously determined elements………………………………..……....…up to 20 
The concentration range of determined elements, %……………………………..………...….0,05-100 
Measuring time, sec………………………………………………………………….………..…10-200 
Relative uncertainty of measurement, %……………………………………………….…..…...…> 0,5 
(depend on the concentration of determined element and sample composition) 
Power supply…………………………………………internal rechargeable batteries or 220V AC line 
Power required, Wt………………………………………………………………………………...< 10 
Operating temperatures, °C…………………………………………………………..………-20 ÷ +40 
Weight (with internal batteries), kg……………………………………………………..…………< 8,5 
Dimensions: electronic unit…………………………….………………………………....450x330x150 
 


4. THE COMPLEX OF INDUSTRIAL X RAY FLUORESCENT EQUIPMENT FOR 
DETERMINATION OF URANIUM IN THE TECHNOLOGICAL SOLUTIONS 


RKM-PV-1, RKM-PV-2 
 


 


The complex of industrial X ray fluorescent equipment is intended for determination of the 
contents of uranium in a broad range of concentration in technological solutions of production of 
nuclear fuel in shop laboratories and in a continuous automatic mode in industrial capacities. 


The equipment RKM-PV-1 and RKM-PV-2 has a high level of service: total automation of the 
process of measurement, self-testing, automatic stabilization of an analytical spectrum, semi-automatic 
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calibration on standard samples, automatic account (record-keeping) of influence on outcomes of the 
analysis of hindering elements, show of results in terms of concentration (mg/l or g/l). 


The equipment includes two types of devices in corrosion-resistant performance for the analysis 
of the selected patterns and for the continuous automatic analysis. There are two blocks of the 
information collection and processing: on the base of blocks micro-PC and on the base of personal 
computer. Both modifications have common soft- and hardware. There is a full package of technical, 
operational and metrological documentation. 


 
TECHNICAL DATA 
 
The concentration range of determined elements, %…………………………….from 5 mg/l to 20 g/l 
The indicated basic error according to the ranges of concentrations: 
 0.01-0.1 g/l…………………………………………………………………0% 
 0.1-1.0 g/l…………………………………………………………………..7% 
 1.0-20 g/l…………………………………………………………………...5% 
Measuring time, sec………..……………………………………………………..10-300 
Time of fixation of an operating duty…………………………………………not more than 30 minutes 
Time of continuous work………………………………………………………around-the-clock 
Overall dimensions and mass of device RKM-PV-1: 
 The device………………………………………………………………270*130*160 mm; 2 kg 
 The transformer…………………………………………………………Ф 120*210 mm; 3 kg 
 Power supply………………………….the feed of a device is carried out from an alternating 
 ……………………………………….. current source by voltage  220V±22 In 50Hz ±1 or any 
 ……………………………………….. other source of direct current by voltage 9-36V 
 Power required, Wt……………………………………………………..< 12 
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Abstract 


Many studies have been conducted to study atmospheric pollution using different techniques to determine 
the quality and the quantity of pollutant elements. Those techniques differ in their capability of analysing as 
large spectrum of elements as possible, their sensibility to the presence of trace elements and their accuracy. 


In this study the interest turns on the INAA-k0 and ICP-MS techniques du to their adequate 
characteristics to analyse accurately a wide number of elements interesting the bio-monitoring. 


To cheek the measurement reliability and accuracy of those two techniques, we have analysed samples of 
reference materials and compare analysis results of divers elements in lichens, mosses and tree-barks. 


The results given by reference materials analysis and bio-monitors comparisons let us conclude that 
INAA-k0 and ICP-MS are very suitable for the bio-monitoring task, complementary and they can be substituted 
for the analysis of the majority of elements. 


 


1. INTRODUCTION 


The analysis aiming to detect elements interesting atmospheric pollution study can be fulfilled 
using as large analysis methods as possible. Then, it’s a question of choosing the most adequate 
technique leading to the most reliable results. 


Many studies conducted by many laboratories showed that INAA and ICP-MS have been used 
successfully in the bio-monitoring field. Indeed, those two techniques are applicable on a large 
spectrum of elements, sensitive, and accurate [1–10]. 


In this study we try to assess the feature of those techniques chosen to conduct atmospheric bio-
monitoring program in Morocco. 


2. SAMPLE COLLECTION, PREPARATION AND ANALYSIS 


The present work is a part of study that is conducted in the north part of Morocco (Fig. 1). The 
region investigated is characterized by large climatic nuance: Mediterranean and Ocean coasts, 
mountainous area and arid regions. This nuance induces differences in vegetation cover leading to a 
different kind of samples used to characterize regional atmospheric pollution. So, we have collected, 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


where it was possible, lichens, mosses and tree barks. Table I presents the biological samples collected 
at different altitudes all over the region studied. On the other hand, soil samples were collected in 
order to assess a local surrounding impact. 


 


 


Errachidia 


 
 
 


FIG. 1. Moroccan map presenting the investigated region situated between Nador, Tangier, Agadir and Ouarzazate cities. 
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TABLE I. NOMENCLATURE OF SAMPLES ANALYSED 
 


Number Code Nature Collection site Altitude (m) 
1 LJIF1681 Lichen  IFRANE 1681
2 ECIF1681 Tree-bark IFRANE 1681
3 LVIF1913 Lichen  IFRANE 1913
4 ECIF1913 Tree bark IFRANE 1913
5 MNIF1913 Moss IFRANE 1913
6 ECER983 Tree bark ERRACHIDIA 983
7 ECOU1160 Tree bark OUARZAZATE 1160
8 ECAG67 Tree bark AGADIR 67
9 ECAG62 Tree bark AGADIR 62


10 LJSA63 Lichen  SAFI 63
11 ECSA63 Tree bark CASABLANCA 63
12 ECCA83 Tree bark CASABLANCA 83
13 ECKH778 Tree bark KHOURIBGA 778
14 LBBM810 Lichen  BENI MELLAL 810
15 ECMA477 Tree bark MARRAKECH 477
16 ECCA144 Tree bark CASABLANCA 144
17 ECCA104 Tree bark CASABLANCA 104
18 LVLA44 Lichen  LARACHE 44
19 ECLA44 Tree bark LARACHE 44
20 MVTA160 Moss  TANGIER 160
21 MNTA160 Moss  TANGIER 160
22 LVTA255 Lichen  TANGIER 255
23 ECTA255 Tree bark TANGIER 255
24 ECTE15 Tree bark TETOUAN 15
25 ALTE15 Seaweed TETOUAN 15
26 LVCH1255 Lichen  CHEFCHAOUN 1255
27 ECCH1369  Tree bark CHEFCHAOUN 1369
28 ECHO48  Tree bark EL HOCEIMA 48
29 ECNA148  Tree bark NADOR 148
30 ECOJ600  Tree bark OUJDA 600
31 LVFS504 Lichen  FES 504
32 ECFS504 Tree bark FES 504
33 ECMK387 Tree bark MEKNES 387


 


Reference material samples of the same matrices as biological material and surrounding soil are 
analysed in the same conditions in order to control the analysis fulfilled in this work. The biological 
reference material is the Lichen IAEA-336 and the geological one is the Soil-7. 


The samples collected have undergone drying and grounding to obtain fine powder. Some 50 to 
70mg per sample, mixed with cellulose as binding agent, were made in pellet form to be analysed by 
neutron activation using ORPHEE reactor associated to k0-calibration method. The same quantity of 
the sample was mineralized before undergoing ICP-MS analysis. Those analyses were carried out at 
Pierre Süe Laboratory, CEA - Saclay, France. 
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Two irradiations, per sample, were necessary to cover as large spectrum of elements as possible. 
For each sample, one aliquot was irradiated during one minute in thermal neutron flux of 
1.23×1013n/cm2/s. The second aliquot was irradiated, during 17 hours for biological samples and 3 
hours for soil samples, in thermal neutron flux of 2.5×1013n/cm2/s. 


The first irradiation allowed determination of elements producing short half-life radionuclides 
such as Al (28Al, 2.24mn), V (52V, 3.75mn), Ti (51Ti, 5.75mn), Mg (27Mg, 9.46mn) and Cl (38Cl, 
37.21mn). The second irradiation gives elements producing a long half-life radionuclides such as K 
(42K, 12.36h), Lu (177Lu, 6.74d) and Eu (152Eu, 13.51y). 


3. RESULTS OF ANALYSES AND DISCUSSION 


In this study we take into account the elements obtained easily both by INAA-k0 and ICP-MS. 
The results are presented in the graphical form to facilitate their interpretation. 


Analysis of the reference materials IAEA-336 and Soil-7 using INAA-k0 shows that the 
concentrations measured are in a good agreement with those certified for all the elements (Figs 2-a to 
2-d and 3-a to 3-f, respectively). We point out that the interval of the concentration error is defined to 
one sigma. This agreement confirms that INAA technique is considered as reference analysis 
technique. 


ICP-MS results as shown on Figs 4-a, b and c let us conclude that there is a general concordance 
between measured and certified values for the sample IAEA-336. Nevertheless, we stress the less 
precise result obtained for Cr and the variation noticed for Zn compared to certified values of those 
two elements. 


Figs 5–12 concerning element concentration results in biological samples analysed using both 
techniques INAA-k0 and ICP-MS show a general concordance except for some samples presenting 
significant discrepancies. This can be due to overestimation caused by gamma-ray interference for 
INAA-k0 or due to underestimation caused eventually by incomplete sample digestion for ICP-MS. 


For chromium, Fig. 13 shows systematic variation between concentrations obtained by the two 
techniques in favor of INAA-k0. Taking into account the results presented on the Figs 2-b and 3-c for 
Cr concentration obtained by the analysis of reference materials using INAA-k0, this can lead to a 
logical conclusion that Cr is not recovered completely at the time of mineralization for ICP-MS 
analysis. 


4. CONCLUSION 


The analysis of reference materials confirms that on one hand the results obtained using INAA-
k0 are of a good quality and on the other hand, except for some elements, ICP-MS gives accurate and 
precise results. 


On other respects, the comparison made between INAA-k0 and ICP-MS results allows us to 
correct for some anomalies occurring during preparation of samples or during gamma-ray spectrum 
treatment. 


The general conclusion of this study is that both INAA-k0 and ICP-MS techniques allow a good 
quality for element concentration results, they are complementary and they can be substituted for air 
pollution biomonitoring studies. 
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Figure 2-a: k0-INAA analysis of IAEA-336
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Figure 2-b: k0-INAA analysis of IAEA-336
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Figure 2-c: k0-INAA analysis of IAEA-336
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Figure 2-d: k0-INAA analysis of IAEA-336
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Figure 3-a: k0-INAA analysis of SOIL-7
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Figure 3-b: k0-INAA analysis of SOIL-7
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Figure 3-d: k0-INAA analysis of SOIL-7
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Figure 3-c: k0-INAA analysis of SOIL-7
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Figure 3-e: k0-INAA analysis of SOIL-7
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Figure 3-f: k0-INAA analysis of SOIL-7
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Figure 4-a:  ICP-MS analysis of AIEA-336
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Figure 4-b:  ICP-MS analysis of AIEA-336
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Figure 4-c:  ICP-MS analysis of AIEA-336
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Figure 6: Cs
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Figure 5: Eu
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Figure 7: Th
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Figure 8: Co
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Figure 9: La
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Figure 10: Ce


0


10


20


30


40


50


60


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33


ppm
ICPMS


INAA







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 


 


 
Figure 11: V
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Figure 13: Cr
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Abstract 


Surface sediments from 5 stations and 1 m long sediment core from three stations on the Orinoco Delta 
offshore zone were analysed by high resolution gamma spectroscopy for natural and anthropogenic radioactive 
elements. The resulting compositional dataset was subjected to factorial and cluster analysis. The highest 
concentrations of radionuclide in surface sediments are found in the eastern of the area under study. This can be 
attributed to the unequal composition of natural series radionuclides in sediments contributed by the Amazon and 
Orinoco rivers, and the unequal clay fraction in sediments originating from both rivers. When studying the 
radioactive disequilibrium between 226Ra and its daughters 214Pb and 214Bi, contrary tendencies to equilibrium 
were obtained for each daughter when changing the latitude of samples. Average content of radioelements is 
higher in the core more distant from the coast line. As general tendency, in the nearest core the total activity 
increases with depth, in contrast, the total activity decrease with depth in the outer core. The application of 
Factor Analysis suggests that 228Ac, 226Ra, 214Pb, 212Pb, and 208Tl presumably are present in the same mineral, 
while 40K and 137Cs may be associated to different ones. The radionuclide concentration reported in this work is 
useful as reliable baselines and can be used to compare with future sediment studies. 


 


1. INTRODUCTION 


An aspect of interest in studies about river deltas is the origin or source of marine sediments. 
Most of the off- and nearshore marine sediments are composed of solid material brought to the sea 
mainly by the action of rivers [1]. The chemical composition of these sediments is therefore 
determined largely by the composition of the river-derived material and hence by the petrology of the 
contributing catchments area. In these sediments, variations in chemical compositions are controlled 
by changes in terrigenous supply as well as distance from the source area [2]. 


Marine sediments in the vicinity of the Orinoco Delta are a complex mixture of various 
components originating from both the Amazon and Orinoco rivers. As discussed in Ref. [3], the -
Orinoco and Amazon sediments mix just northwest of Boca Grande (south-eastern sector of the 
Orinoco Delta) and (1) a substantial portion of the sediments is transported landward by waves and 
tides and deposited along the Orinoco coast and shelf; (2) a substantial portion is transported through 
Boca de Serpientes and into the Gulf of Paria; and (3) a small portion is transported north-eastward 
along the south coast of Trinidad and then northward along the eastern margin of Trinidad. 


Various recent studies have been completed on both the Orinoco Delta plain [3,4] and the 
Orinoco sediment-wave field, that occurs at 4400-4825 m water depth on the lower continental slope 
off Guyana-Suriname [5,6]. However, the zone offshore of the Orinoco Delta, between 100 m and 
2000 m water depths, has received almost no attention so far. 
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The Orinoco Delta is a triangular to trapezoidal shaped depocenter with five to six major 
distributaries radiating from the apex to the coast. The Orinoco basin covers about l,l.l06 km2 of 
northern South America. The Orinoco drainage basin consists of about 35% Guayana shield, 15% 
Andes and Coastal mountain ranges, and 50% Llanos. In essence, the left-bank tributaries are muddy 
water streams, draining the Andes and Coastal Ranges, and the right-bank tributaries are black water 
or clear water streams draining the Guayana Shield [3]. The Orinoco river waters contain relatively 
low concentrations of sediment: the river has the third largest water but only the eleventh largest 
sediment discharge in the world [7]. 


The differentiated accumulation of radioactive elements in marine sediments can be the result of 
its transport from near areas, and in this particular case should be influenced by the contribution of the 
Orinoco and Amazon rivers. Few studies have been completed on radioactive element concentrations 
in sediments from the Orinoco Delta, and these have dealt with a nearshore limited area, surface 
sediments, and only for U and Th concentrations [8]. 


On the other hand, the decay-series of the long lived radionuclides 238U and 232Th contain 
radioactive isotopes of several chemically and physically different elements. Radioactive 
disequilibrium within and between series is brought about by a variety of surface and near-surface 
processes occurring over timescales ranging from days to millions of years. Study of these 
disequilibria contributes to a broad spectrum of geological, oceanographic, environmental and 
archaeological problems. 


The objectives of this study is 1) to evaluate the spatial and temporal distribution of natural and 
anthropogenic gamma radioactive elements, in order to investigate the factors that could affect their 
distribution in selected sites, which exhibit different conditions of sedimentogenesis, and 2) to analyse 
the behaviour of radioactive disequilibrium between radioelements of the U-series in the study region. 
This is part of an on-going study about transport and sedimentation processes of a not very well 
known area: offshore of the Orinoco Delta. Additionally, the radioactive element concentrations 
reported here could serve as baseline information for future investigations. 


2. MATERIALS AND METHODS 


2.1. Sampling 


Sampling was carried out in October-November 2001. Surface sediment samples were collected 
between 50 and 200 m water depth, while sediment cores between 50 and 1000 m. The sampling plan 
included 8 stations located on three transect labelled a, b and c. The sediment cores were taking using 
a gravity corer with inner diameter of 55 mm, in the stations A6, A10 and A17 on transect a. Each 
sediment core was divided into 10 cm intervals along the core length. Surface sediment samples were 
collected with a stainless steel box corer of 40 by 40 cm with a 20 cm depth, in the stations A8 and A9 
on transect a, B10 and B11 on transect b, and C3 on transect c. A sub-sample was Teflon collected 
from the center and 10 cm from the top of the box corer to avoid contamination. The sampling 
locations are shown in Fig. 1. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 


 


 
FIG. 1. The study area and location of superficial sediments (A8, A9, B10, B11, and C3) and sediment cores (A6, A10, and 
A17) sampling stations. Sediment sampling sites are marked by dots and bathymetric contours by dashed lines in the right 
end picture. 


2.2. Laboratory procedures 


Samples were dried at 40°C, disaggregated using a pestle and mortar and sieved to < 2 mm, 
using nylon sieve cloth; all visible marine organisms and shell fragments were removed by hand. 
Then, the samples were pulverized into a fine powder using an agate mortar and pestle, and carefully 
mixed in order to prepare homogeneous samples. 


Sediment samples, between 100 and 200 g, were placed into plastic sample vials and sealing 
with epoxy, to prevent radon escape, and then stored for 4 weeks to ensure equilibration of radon 
daughters. The measurement was carried out placing the sample directly on the detector. Absolute 
activities of different radionuclides were measured using a high resolution gamma ray spectrometer, 
with a hiperpure Ge coaxial detector of approximately 2 keV energy resolution for the 1,33 meV peak 
of 60Co and efficiency higher than 20% (provided by the IAEA by means of the project VEN-9-005). 
The efficiency calibration was carried out using the reference material for radionuclides in marine 
sediment IAEA-135. 


The natural radionuclides analysed were 40K (1461,0 keV), uranium-series nuclides 226Ra (186,0 
keV), 214Pb (351,9 keV) and 214Bi (609,3 keV) and thorium-series nuclides 228Ac (911,1 keV), 212Pb 
(238,6 keV) and 208Tl (583,1 keV), while that of anthropogenic origin was the fission product 137Cs 
(661,6 keV). 


Usually 226Ra is determined using a daughter of 222Rn, therefore the sample must be sealed to 
prevent 222Rn escape and aged several weeks to allow him to equilibrate with 226Ra. In this work 
although samples were sealed by certain time, the different elements were determined by their gamma 
emission peaks, so that the studied disequilibrium between predecessors and daughters is not due to 
the measurement methodology.  


Results below the lower limit of detection of the method were set to a value of half the 
detection. Multivariate techniques were applied to assess the regional distribution pattern of gamma 
emitter radionuclides in the study area. All data were log-transformed and standardized prior to 
application of multivariate statistical analyses. This approach approximates normality and gives the 
same weight to all variables [9]. All multivariate statistical analyses were performed using the 
computer software STATISTICA [10]. 
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3. RESULTS AND DISCUSSION 


3.1. Radionuclide distribution in superficial sediments 


Table I summarizes the range and average contents of radionuclides within the study area. The 
naturally occurring radionuclides were detected at background concentrations. The concentrations and 
distributions of all observed radionuclides lie within the ranges reported in literature. The mean 137Cs 
content in the upper sediment layer in the studied area is close to its detection limit (0,6 Bq/Kg). This 
low concentration indicates that there is no radioactive contamination leaking out from the Orinoco 
and Amazon rivers.  
 
TABLE I. RANGE AND AVERAGE CONCENTRATIONS OF RADIONUCLIDES IN 
SUPERFICIAL SEDIMENTS 


Radionuclide Mean concentration 
(Bq/Kg) 


Minimum (Bq/Kg) Maximum (Bq/Kg) 


228Ac 18,0 12,4 23,2 
226Ra 6,9 5,6 7,6 
212Pb 12,0 8,6 14,1 
214Pb 8,4 7,1 9,4 
208Tl 4,22 3,2 5,3 
214Bi 10,0 8,2 11,2 
40K 110,2 37,0 184,6 
137Cs 0,6 0,3 0,8 


 
Different cluster analysis methods were evaluated to classify sediments: Ward, weighted pair-


group average and unweighted pair-group average methods. The cluster analysis between sites was 
applied using as variables the log-transformed and standardized radionuclide concentrations. All 
dendograms suggested the same two groups: the larger integrated by the stations B10, B11 and C3, 
and the other by the stations A8 and A9. The result obtained with the weighted pair-group average 
method is shown in Fig. 2, so that stations on a transect are different from stations on b and c transects 
as for radionuclide concentrations. 


 


 
FIG. 2. Dendogram obtained using weighted pair-average method. 


The question of subjectivity has been raised in cluster analysis. It has also been questioned if the 
obtained cluster results are due to the method and not the data. In this study, as mentioned above, 
different methods give essentially the same picture, so that this can be seen as an indicator that the 
groups are rather consistent and well separated. 
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In Fig. 3 is shown that higher radionuclide concentrations of the 238U and 232Th series are 
eastward in the studied area and that radionuclide concentrations in the stations B10, B11, and C3 are 
similar. The cause of the apparent contradiction of this result with the slight difference between the 
stations of c and b transects, shown in the Cluster analysis, is that in the last one the 40K and 137Cs 
concentrations were also included, which are distributed in a different way compared with the 
radionuclide concentrations of the natural series (Fig. 4).  
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FIG. 3. Dependence of the sum of radionuclide concentrations of the 238U and 232Th series with the geographical longitude of 
sampling stations. 
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FIG. 4. Dependence of 137Cs (A) and 40K (B) concentration with the geographical longitude of sampling stations. 


These results can be explained by the unequal composition of natural series radionuclides in 
sediments contributed by the Amazons and Orinoco rivers, and the unequal loamy fraction in 
sediments contributed by both rivers. In fact, the Orinoco sediment with 26% < 2 µm is mixed with 
Amazon mud with more than 50% < 2 µm and about two ice as much sediment is supplied by the 
Amazon as by the Orinoco. This means that the fraction < 2 µm contains about 4 times as much 
Amazon sediment as Orinoco sediment whereas the fraction > 2 µm would contain about equal 
amounts of Amazon and Orinoco material.  


The area where 40K concentration diminishes is located almost to the front of the main Orinoco 
river outlet, where the coarsest sediments are deposited and prevail over the finest fractions because of 
their smaller mobility. It seems to be that these coarse fractions contain less 40K that the finest, and 
less retain the 137Cs that could have been transported to deeper layers of the sediment. 


Taking into account the east-west direction of winds and Amazon and Orinoco rivers, we can 
suppose that the stations B10, B11 and C3 are mainly composed by sediments contributed by the 
Amazon river, while the composition of sediments from stations A8 and A9 is influenced by the 
contributions of both rivers. We suggest that the variation of grain-size distribution can be one of the 
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most important factors influencing the spatial variations of radionuclide concentrations on the area 
under study. 


Another aspect to highlight in the analysis of superficial samples is the radioactive 
disequilibrium between 226Ra and its daughters 214Pb and 214Bi. Contrary tendencies to equilibrium 
were obtained when changing the latitude of samples (Fig. 5). In general, results show a deficiency in 
214Pb relative to 214Bi, but a moderate excess of 214Pb in the most eastern station. The 214Bi is closer to 
equilibrium with 226Ra in the most eastern station, where the sediments are mainly contributed by the 
Amazon river, while the 214Pb make it toward the most western region, where the marine sediments 
have been originated from the combined contribution of Amazon and Orinoco rivers. 
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FIG. 5. Daughter-predecessor relationship with the geographical longitude of sampling stations. 


Although there is some disequilibrium between 226Ra and 214Pb, it is not typically as great as that 
between 226Ra and 214Bi. The greatest disequilibrium between 214Pb/226Ra and 214Bi/226Ra occurs 
approximately in the central part of the studied area (almost in front of the Orinoco river outlet), which 
means that in this region activities of 214Bi and 214Pb are less associated with activities of its 
predecessors, i.e., they are unsupported (Fig. 6). 
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FIG. 6. Relationship between 214Pb and 214Bi with 226Ra. 


 
3.2. Temporal distribution of radionuclides in sediments  


Table II summarizes the range and average contents of radionuclides in subsamples of sediment 
cores (A6, A10 and A17). The concentration of naturally occurring radionuclides are significantly 
higher than in superficial sediments, nevertheless they lie within the ranges reported in literature. The 
137Cs concentration was below the detection limit along the vertical profile of the core more far from 
the coast (A17), in the intermediate core (A10) the highest founded value (1,5 Bq/Kg) was between 40 
and 60 cm, while in core closer to the coast (A6) its maximum concentration (1,7 Bq/Kg) was founded 
at approximately 100 cm depth.  
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TABLE II. RANGE AND AVERAGE CONCENTRATIONS OF RADIONUCLIDES TEMPORARY 
SEDIMENTS (ALONG PROFILES) 


Radionuclide Mean concentration 
(Bq/Kg) 


Minimum (Bq/Kg) Maximum (Bq/Kg) 


228Ac 49,6 26,5 75,1 
226Ra 15,1 7,1 27,9 
212Pb 38,8 16,2 60,0 
214Pb 18,2 9,3 34,5 
208Tl 12,4 4,7 19,2 
214Bi 20,0 12,5 28,2 
40K 140,1 55,6 372,0 
137Cs 0,6 0,3 1,7 


 
Using cluster analysis two groups were obtained (Fig. 7). Table III shows the average contents 


of the radionuclides within each group. The larger of the two groups, group 1, has significantly higher 
concentrations for all radionuclides. It should be noted that subsamples from the core more far from 
the coast (A17) are the most part in the first group, while in the second group practically are all the 
samples from the core closer to the coast line.  


 


 
FIG. 7. Dendogram of the Cluster analysis on subsamples of the sediment cores. 


TABLE III. AVERAGE CONCENTRATIONS (Bq/Kg) OF RADIONUCLIDES WITHIN EACH 
GROUP OBTAINED FROM CLUSTER ANALYSIS 


Radionuclide Group 1 (n=14) Group 2 (n=15) 
228Ac 57,4 41,7 
226Ra 18,7 12,2 
212Pb 46,3 31,4 
214Pb 20,5 15,9 
208Tl 14,6 10,1 
214Bi 22,9 17,2 
40K 160,2 122,6 
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In Fig. 8A the temporal dependences of the total activity of natural series radionuclides 
accumulated in sediments are shown. As general tendency, it is observed that in core A6 the total 
activity increases with depth, while in core A17 it diminishes. The behaviour for core A10 is 
intermediate. However, for depths further than 60 cm the variation of the total activity with the depth 
is approximately the same for the three cores. An increment in the activity between 30 and 40 cm in 
core A17 is observed (Fig. 8B). 
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FIG. 8. Total activity of the measured natural decay-series isotopes versus depth for two core subsamples (A), and variation 
of 226 Ra and 228Ac concentrations with depth (B) for the studied core subsamples. 


 
Factor analysis by means of principal components extraction method (PCA) was carried out in 


order to detect unrecognized multivariate structures in the data. For factor rotation in Ref. [9] is 
suggested that an orthogonal method should be chosen, therefore Varimax was used. 


The PCA was applied to the log-transformed and standardized radionuclide concentrations of 
the sediments. After the Varimax rotation and using the eigenvalues greater than the unit as criteria, 
three important factors were retained. These three factors accounting for 81% of the total variance. 
Factor 1 is characterized by high positive loads of 228Ac, 226Ra, 214Pb, 212Pb, and 208Tl. Factor 2 exhibits 
high positive loading of 137Cs. Factor 3 is characterized by high positive loading values of 40K. 


As the degree of correlation between trace metals and major constituents is often used to 
indicate the origin of the elements [11,12], in our case the degree of correlation between radionuclides 
can give an idea of their carriers. Factor 1 suggests a common origin for 228Ac, 226Ra, 214Pb, 212Pb, and 
208Tl, and that they presumably are present in the same mineral, while 40K and 137Cs are associated 
with different minerals. The correlation matrix for all variables is shown in Table IV. 


Fig. 9 shows that as the cores are more distant to the coast line, the relationship between 226Ra 
and their analysed daughters diminishes (see the square correlation coefficients) and the radioactive 
disequilibrium increases. In all the cases the 214Pb is the radionuclide that better indicates the 226Ra 
concentration. The fact that in regression analysis the independent term increases as the cores are more 
distant to the coast, and that in turn the correlation degree between the 214Pb and the 226Ra diminishes, 
indicates an 214Pb enrichment independently of the 226Ra content in the sediment subsample. 
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TABLE IV. CORRELATION MATRIX OF THE STUDIED RADIONUCLIDES. MARKED 
CORRELATIONS ARE SIGNIFICANT AT P < ,05000 (N=30) 


Variable 226Ra 212Pb 214Pb 208Tl 214Bi 40K 228Ac 137Cs 
226Ra 1,00 0,70* 0,63* 0,60* 0,46* -0,09 0,69* 0,19 
212Pb 0,70* 1,00 0,74* 0,91* 0,66* 0,18 0,78* 0,02 
214Pb 0,63* 0,74* 1,00 0,72* 0,66* 0,07 0,57* 0,41* 
208Tl 0,60* 0,91* 0,72* 1,00 0,63* 0,18 0,69* -0,05 
214Bi 0,46* 0,66* 0,66* 0,63* 1,00 0,12 0,39* 0,07 
40K -0,09 0,18 0,07 0,18 0,12 1,00 -0, 08 0,19 
228Ac 0,69* 0,78* 0,57* 0,69* 0,39* -0,08 1,00 0,14 
137Cs 0,19 0,02 0,41* -0,05 0,07 0,19 0,14 1,00 
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FIG. 9. Regression lines for correlation of 214Pb and 214Bi concentrations with those of 226Ra in the three studied cores. 


The radioactive disequilibrium is approximately constant along the profiles and weaker in the 
core more far from the coast line (A17) (Fig. 10).  
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FIG. 10. Variation of the daughters/predecessors relationship with depth. 


 


In core sediments more far from the coast the tendency is the prevalence of 226Ra over 214Pb, 
excepting at depths of approximately 60 cm and more than 100 cm. Although there is not a clear 
regularity in the 214Pb/226Ra variations for the intermediate core sediments, in general excess of 214Pb 
was observed. In the core sediments more near to the coastal line a moderate excess of 214Pb was 
observed, which continues until 100 cm, after the occurrence of a great disequilibrium around 50 cm 


A6 A10 A17
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depth. The behaviour of the relationship 214Bi/226Ra for the different profiles are seemed the one 
analysed, but the variations are more marked. 


4. CONCLUSIONS 


Higher radionuclide concentrations of the 238U and 232Th series in superficial sediments are 
eastward in the studied area, that is mainly composed by sediments originated by the Amazon river. 


Our results suggest that the variation of grain-size distribution may be one of the most important 
factors influencing the spatial variations of radionuclide concentrations on the offshore superficial 
sediments from Orinoco Delta. 


Average content of radioelements along the cores increase with the distance to the coast line.  


In the nearest core the total activity increases with depth, while in the core more distant it 
diminishes. 


Factor Analysis suggests that 228Ac, 226Ra, 214Pb, 212Pb, and 208Tl presumably are present in the 
same mineral, while 40K and 137Cs are associated to different ones. 


Cores more distant to the coast line show a decrease in the relationship between 226Ra and its 
analysed descendants, while the radioactive disequilibrium increases. 


In all the cases the concentration of 214Pb is the best indicator of 226Ra concentration. 


The concentrations obtained in this work, can be used to develop a regional database against 
which, future sediment analyses could be compared. 
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Abstract 


The transuranics content of a mud sample taken from a nuclear waste storage container was analysed 
employing two different sequential extraction methods. The following fractions were isolated: (1)Water soluble 
(2) Readily available (3) Carbonate bound and specifically adsorbed (4) Organically bound (5) Oxide and 
hydroxides bound and (6) residual. Both methods differ in the reagents employed, the extraction sequence 
applied as well as the temperature and means of extraction. The 239,240Pu, 238Pu, 237Np and 241Am  extracted in 
each phase were determined using standard radiochemical procedures. 241Pu was analysed  through the 241Am  
in-growth on just one old disk of the residual fraction containing plutonium. Plutonium was mainly associated to 
organic-oxides fractions (89-92 %). The percentage extracted in each fraction depended on the method and the 
extraction sequence used. The soluble fraction of plutonium was less than 13%. Neptunium seemed to be the 
more soluble than the other transuranics (27%) and the americium showed a tendency to be associated to 
carbonates (30%). 
 


1. INTRODUCTION 
 


During the decommissioning of a nuclear facility, a tank used in the past to store liquid effluents 
had to be decontaminated. This tank has remained dry and sealed for a long period of time, although 
there is not precise information about the elapsed time since the initial activities until nowadays. At 
present, it contains a dry mud enriched in uranium and transuranics as a result of old practices 
involving these radionuclides.  


Mud samples from this tank were taken to gather information about the radionuclides activity 
concentrations and to assess the decontamination operations of this container. The obtained samples 
are dry muds that were stuck to the tank walls. This mud is a light solid “compost” type. The direct 
gamma analysis performed on different aliquots showed that the samples were heterogeneous 
regarding the radionuclides distribution. 


This heterogeneous distribution was not relevant for this study, since the objective is to compare 
two transuranics sequential leaching extractions evaluating their associations to advise of the best 
method for not removing transuranics during the cleaning operations. 
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2. METHODS 


2.1. Sequential leaching methods  


Four different mud aliquots have been analysed. In two of them (0.5 g and 0.6 g) sequential 
leaching have been performed following different procedures as detailed further on. The other sub-
samples were treated to calculate the total activity concentration of plutonium (0.9 g) and americium 
(200 g). 


Two sequential extraction techniques have been applied to the mud samples. Method A is 
currently used by the Department of Radiochemistry and Colloid Chemistry of Marie Curie 
Sklodowska  University [1]. Method B utilized by the Radioecology Laboratory of CIEMAT [2]. 


A summary of these methods is shown in Table I. It should be noted that they differ in the type 
of extractants employed, the extraction sequence (method A obtains “oxide fraction” prior the organic 
phase”, the opposite rules for method B), temperature and means of extractions.  


TABLE I. SUMMARY OF THE SEQUENTIAL LEACHING METHODS APPLIED IN THIS 
STUDY 


 
Fraction 


 


 
METHOD A 


 
METHOD B 


 Order Time 
h 


ºC Extracting reagent 
(Shaking) 


 


Order Time
h 


ºC Extracting reagent 
(Stirring) 


Water soluble 
 


1 0.5 20 H2O  1 18 20-25 H2O  


Available 2 1 
1 


20 
20 


a) 1 M MgCl2  
b) 1 M MgCl2 


2 20 20-25 0.05 M CaCl2  


Exchangeable
/Carbonates 


3 5 
5 


20 
20 


a) 1M aHAc / 1M bNaAc 
b) 1M HAc / 1M NaAc 


3 6 20-25 0.5 M HAc  


 
Organic 
Matter 


 
5 


2 
2 


0.5 


85 
85 
20 


a) 0.02M HNO3 / H2O2 
b) H2O2 
c) 3.2 M NH4Ac/ 20% 
HNO3  


 
4 


 
8 


 
20-25 


 
0.1 M Na4P2O7  


 
Oxides 
Fe/Mn 


 
4 


6 
 
 


2 
 


96 
 
 


96 


a) 0.04M NH2OH.HCl/ 
25% aHAc 
 
b) 0.04M NH2OH.HCl/ 
25% HAc 


 
5 


 
14 


 
20-25 


 
0.1 M H2C2O4 / 0.175 


M (NH4)2C2O4 


Residual 6 1 100  6M HCl  6 48 >100 HNO3 / HCl / HF 
a HAc = Acetic Acid, bNaAc = Sodium Acetate 
 


The tracers 242Pu and 243Am were added to each aliquot. The aliquots were acidified and stored 
until the radiochemical analysis. 


2.2. Radiochemical procedures  


The 238Pu, 239+240Pu, 241Am and 237Np were analysed in each aliquot using radiochemical 
methods. Plutonium was purified either with an anion-exchange resin AG 1x8 (20-50 mesh) in 8N 
HNO3 followed by a second one with AG 1x8 (50-100 mesh) in 10N HCl [3], or co-precipitated with 
Fe(OH)3 followed by separation on Dowex 1x8 (50-100 mesh) with HNO3, HCl and HCl/ NH4I [4]. 
Chromatography extraction resins TRU and TEVA were used to isolate the 241Am [5] and 237Np was 
determined from plutonium spectrum using 242Pu tracer [6]. Finally, these elements were electroplated 
onto stainless steel discs and counted by high-resolution alpha spectrometry.  
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241Am was also directly determined by its gamma emission at 59.5 KeV (emission rate  35.9%) 
in every fraction of method B using a HPGe detector, with a relative efficiency of 20% and Genie-PC 
gamma spectrometry software. 241Pu was determined by the in-growth of 241Am in an old plutonium 
disk (0.51 years) (residual fraction) as described in the bibliography [7] .  


3. RESULTS AND DISCUSSION 


The radionuclides ratios of the aliquots analysed are presented in Table I. The results obtained 
by both laboratories are shown in Tables II, III, and IV.  


The radionuclides total concentration in the three analysed sub-samples (3.45; 18.47 and 5.15 
Bq.g-1 for 239,240Pu, 0.076; 0.637 and 0.30 Bq.g-1 for 238Pu and 6.18 and 38.0 Bq.g-1 for 241Am) shows a 
remarkably heterogeneous distribution of these elements within the mud.  


In a previous research comparing 6 leaching methods applied to the same aliquot of an Irish Sea 
sediment it was concluded that method A used very aggressive reagents when the attacking oxides 
fraction, indicating that part of the organic content could be extracted in the oxide fraction. Method B 
employs as well a strong extractant “pyrophosphate” that could dissolve some of the oxides in the 
organic fraction. Therefore a crossed contamination between both phases could occur. However, the 
lack of standard samples makes this point impossible to confirm. 


Depending on the method used the 239,240Pu and 238Pu linked to the phases exchangeable, 
organic, oxides and residual is different. Method A extracts more Pu in carbonates (13%) than method 
B (1.4%). Moreover, the order of extraction of the organic and oxides fractions seems to be critical. 
Method A extracts firstly the oxides (75% Pu) and method B the organic phase (58% Pu). The sum of 
both phases (organic and oxides) is 84% (method A) and 92% (method B), almost the same for both 
methods.  
 
 
TABLE I. TOTAL ACTIVITY CONCENTRATION OF TRANSURANICS AND THEIR ISOTOPIC 
RATIOS  
  


239,240Pu ± 1σ 
Bq.g-1 


 


 


238Pu ± 1σ 
Bq.g-1 


 


 


241Pu ± 1σ 
Bq.g-1 


 


 


241Am ± 1σ 
Bq.g-1 


 


238Pu/239,240Pu 
 


241Am/239,240P
u 


 


241Pu/239,240Pu 


1 3.45 ± 0.19 0.076± 0.008 --- --- 0.0221± 0.0040 --- --- 
2 18.37 ± 0.38 0.637± 0.010 33.9 ± 5.4a 6.18±0.21 0.0347± 0.0012 0.337± 0.014 1.85± 0.29a 
3 5.15 ± 0.72 0.30 ± 0.10 --- --- 0.058± 0.021 --- --- 
4 --- --- --- 38.0±1.0b --- --- --- 
aOctober 2002 
b241Am by gamma spectrometry 200 g. 
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TABLE II. 239,240PU CONCENTRATIONS IN THE MUD SAMPLE FOLLOWING TWO 
DIFFERENT SEQUENTIAL EXTRACTION METHODS 


 METHOD A 
 


METHOD B 
 


Extracted fraction 239,240Pu ± 1σ 
Bq.g-1 


Percentage of 
239,240Pu (%) 


239,240Pu ± 1σ 
Bq.g-1 


Percentage of 
239,240Pu (%) 


 
Water soluble <0.04 0 0.02630 ± 


0.00094 
0.14 ± 0.01 


Easily available 0.029 ± 0.005 0.84 ± 0.16 0.0221 ± 0.0024 0.12 ± 0.01 
 
Carbonate 


0.530 ± 0.028 
0.424 ± 0.025 


mean: 0.477 ± 0.038 


 
13.8 ± 2.7 


 
0.264 ± 0.011 


 
1.4 ± 0.1 


 
Oxides Fe/Mn 
 


2.92 ± 0.11 
2.32 ± 0.11 
2.56 ± 0.11 


mean: 2.60 ± 0.19 


 
75.4 ± 20.2 


 
6.17 ± 0.18 


 
33.6 ± 1.2 


Organic 0.30 ± 0.02 8.7 ± 1.7 10.77± 0.33 58.6± 2.2 
Residual 0.04 ± 0.02 1.2 ± 0.2 1.115 ± 0.053 6.1± 0.3 


Total 3.45 ± 0.19 100 18.37 ± 0.38 100 
 
 
TABLE III. 238PU CONCENTRATIONS IN THE MUD SAMPLE FOLLOWING TWO DIFFERENT 
SEQUENTIAL EXTRACTION METHODS 


 METHOD A METHOD B 
Extracted 
fraction 


238Pu ± 1σ 
Bq.g-1 


Percentage of 
238Pu (%) 


238Pu ± 1σ 
Bq.g-1 


Percentage of 
238Pu (%) 


Water soluble <0.025 0 0.00105 ± 0.00019 0.16 ± 0.03 
Easily available 0.0018 ± 0.0002 2.4± 0.3 0.00197 ± 0.00073 0.3 ± 0.1 
 
Carbonate 


0.00521 ± 0.00057 
0.00772 ± 0.00023 


mean: 0.0064 ± 0.0023


 
8.4± 3.0 


 
0.0069 ± 0.0013 


 
1.1 ± 0.2 


 
Oxides Fe/Mn 
 


0.063 ± 0.007 
0.013 ± 0.004 
0.090 ± 0.010 


mean: 0.055 ± 0.013 


 
72.7± 17.1 


 
0.222 ± 0.010 


 
34.8 ± 1.8 


Organic 0.012 ± 0.001 15.4 ± 1.3 0.362± 0.015 56.9± 2.9 
Residual 0.0009 ± 0.0001 1.2 ± 0.1 0.0429 ± 0.0031 6.7± 0.5 
Total 0.076 ± 0.008 100 0.637 ± 0.010 100 
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TABLE IV. 237NP AND 241AM CONCENTRATIONS IN THE MUD SAMPLE FOLLOWING TWO 
DIFFERENT SEQUENTIAL EXTRACTION METHODS 


 
METHOD A METHOD B 


Extracted fraction 237Np ± 1σ 
   Bq.g-1  


Percentage of 
237Np (%) 


241Am ± 1σ 
   Bq.g-1 


Percent of 
241Am (%) 


Water soluble 0.150 ± 0.025 19.1±3.7 0.00807 ± 0.00093 
<0.8 (γ) 


0.13 ± 0.02 


Easily available 0.067 ± 0.012 8.5±1.7 0.0036 ± 0.0022 
<1.2 (γ) 


0.06 ± 0.04 


 
Carbonate 


0.335 ± 0.047 
0.087 ± 0.015 


mean: 0.211 ± 0.049 


 
26.9±6.7 


 
1.782 ± 0.086 
1.9 ± 0.4 (γ) 


 
28.8 ± 1.7 


 
Oxides Fe/Mn 
 


0.161 ± 0.023 
0.240 ± 0.038 


mean: 0.200 ± 0.044 


 
25.5±6.1 


 
0.700 ± 0.038 
0.6 ± 0.4 (γ) 


 
11.3 ± 0.7 


Organic 0.145 ± 0.02 18.5±3.1 2.22 ± 0.16 
2.6 ± 0.6 (γ) 


36.0± 2.9 


Residual 0.012 ± 0.002 1.5±0.3 1.47 ± 0.11 23.7± 1.9 
Total 0.785 ± 0.076 100 6.18 ± 0.21 100 


(γ) Analysis by gamma spectrometry 
 


237Np and 241Am seem to be associated to more soluble fractions such as carbonates (27 % to 
29%) whilst plutonium appears linked to this phase in a smaller percentage (1 to 14%).  


These results show the need of creating artificial matrices containing transuranics distributed 
among different geo-chemical components to understand the possible crossed contamination among 
the extracted phases(oxides surface coated by organic compounds or vice versa). 


Therefore the transuranics deposited onto this mud could be removed from it when the pH, 
redox conditions, etc, within the tank varies. It is recommended not to use acids, bleach, caustic soda, 
hydrogen peroxide or changing the pH in the tank when starting the cleaning operations.  


4. CONCLUSIONS 


Sequential extraction techniques are good tools for predicting the association of transuranics to 
the sediment/soil geo-chemical phases. Plutonium is associated mainly to organic/oxides fractions 
(average value=88%). This percentage varies with the method used and the extraction order of the 
oxides and organic phases. The soluble fraction of plutonium accounts for less than 13%. Neptunium 
seems to be the more soluble (27%) and americium shows a tendency to be associated to carbonates 
(30%). 


For tackling the decontamination problem it should be necessary taking into account that certain 
reagents can dissolved the transuranics already attached to the mud. Water could be used , as only a 
little percentage of radionuclides would be extracted (less than 0.2 % except neptunium). 
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Abstract 


In 1997-2001 a large number of environmental samples have been collected from the Muddusjärvi area in 
Finnish Lappland. These samples include soil, water, sediment, vegetation and fish samples. Radioactive 
contamination in this subarctic environment has been mainly resulted from the nuclear weapons test fallout in 
the 1950’s and 1960’s. Tsernobyl accident did not considerably increase the contamination level in this area. 
Laboratory of Radiochemistry, University of Helsinki has been studying the behavior of fallout radionuclides in 
the environment and in food chains in Lappland from the beginning of 1960’s. The study area lies in the middle 
of northern raindeer hearding area where accumulation of radioactive cesium has been observed in food chains.  


In this paper we report on the behavior of radioactive cesium in soil columns. The soil in this area is 
typically nutrient-poor podzolic soil. Altogether thirty soil columns were collected and they were devided into 
horizons (litter, organic and mineral layers). The activity concentrations of the horizons were determined by 
gamma spectrometry. In general, cesium has been concentrated mainly in the litter and organic layers and it has 
not been migrated considerably to mineral layers. To study the long term behavior of cesium in soil the activity 
concentrations have been compared to those found in earlier decades and to the activity concentrations earlier 
determined for other radionuclides, especially for Pu. A further major objective was to study runoff of 
radionuclides from ground to lakes and brooks and therefore many of the soil samples were collected from 
various distances from lakes and brooks.  


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


A project has been undertaken within the framework of a Co-ordinated Research Programme (CRP) 
supported by the International Atomic Energy Agency (IAEA) to carry out a long term study on atmospheric air 
pollution in Chile using biomonitors. Samples of different species of lichens were collected in clean areas (native 
forest), analysed and transplanted to the Santiago Metropolitan Area. In addition, samples of Tillandsia 
recurvata were collected in the Metropolitan Area for comparison purposes. The preparation of the samples was 
done under controlled, cryogenic conditions and analysed by neutron activation analysis and solid sampling 
atomic absorption spectrometry. As part of the routine QA/QC procedures, the analytical laboratories, 
participated in intercomparison runs organized by the IAEA for the determination of trace and minor elements in 
two lichens samples. The present paper describes the activities carried out within the framework of this project 


 


1. INTRODUCTION 


Chile in general, and the Metropolitan Area of Santiago, its capital city in particular, has serious 
air pollution problems [1,2]. During winter time, air pollution in Santiago increases to levels which 
might be detrimental to elder and children. In the last 3-4 years some improvement has been achieved. 
However, the atmospheric conditions greatly depend on the meteorological conditions and part of the 
progress is due to some more favourable seasonal conditions. A couple of rainy winters and 
(relatively) windy days have contributed to clean the air [3,4]. 


Since 1995, the Chilean Nuclear Energy Commission (CCHEN) has worked closely with The 
Metropolitan Commission for the Environment (COREMA) and other international research 
institutions (i.e., The University of Sao Paulo, USP, Brazil), to determine the main sources of the 
contaminants. CCHEN contributed with the sampling of airborne particulate matter using Gent type 
PM-10 samplers provided by the IAEA, and multielemental analyses of samples by neutron activation 
analysis (NAA). Presently, COREMA is routinely monitoring the air quality of the city using standard 
monitoring equipment located at specific places. 


In 1998, CCHEN began to study the feasibility of using biomonitors to examine air pollution in 
and around the Metropolitan Area. This project, sponsored and supported by the IAEA within the 
framework of a Co-ordinated Research Project (CRP) on Validation and application of plants as 
biomonitors of trace elements atmospheric pollution, analysed by nuclear and related techniques 
opened the possibility to carry out a large scale monitoring in several areas of the country. One of the 
main targets is, of course, the Metropolitan Area, because of its well known adverse atmospheric 
conditions, specially in winter. 
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The present project, as originally planned, aimed at (i) to determine the applicability of 
biomonitors to study air pollution in cities and large open areas, using indicators  naturally grown or 
transplanted to the region under examination, (ii) to determine the concentration levels of elements in 
the atmosphere of cities and rural areas using PM-10 Ghent type samplers, (iii) to determine the 
concentration levels of those elements collected onto membrane filters, and on the biomonitors, using 
NAA, complemented by AAS, (iv) to establish correlations, if any, between the concentration levels of 
trace elements in airborne particulate matter and those in the biomonitors and (v) to determine the 
sources of pollutants. 


The implementation of the present project has fulfilled most of the objectives mentioned: (i) the 
application of biomonitors has been introduced in the country (ii) suitable biomonitors for air pollution 
studies have been identified, (iii) techniques for the preparation and use of transplants for 
biomonitoring, (iv) production of preliminary information for the identification of areas impacted by 
pollutants, and (v) have opened the possibility of carrying out large scale biomonitoring in areas 
without an infrastructure to perform conventional air pollution monitoring. 


2. EXPERIMENTAL 


Various biological materials have been used in trace-element air monitoring studies, including 
lichens, mosses, ferns, grass, tree bark, tree rings, tree leaves and pine needles [19-21]. However, most 
of the studies carried out have used lichens and mosses as the best suitable monitors. Recently, another 
types of plant, namely Tillandsias, are being used for biomonitoring purposes. For all biomonitors, the 
mechanisms of trace element uptake and retention are still not sufficiently known. For monitors other 
than lichens and mosses, the contributions from sources different from the atmospheric, such as soil, 
have to be taken into account. Where comparisons have been made, lichens and mosses show 
consistently higher metal levels than higher plants which simplify the analytical process for the 
determination of trace elements.  


2.1. Selection of study sites 


The areas of interest have been the Metropolitan Area and a rural (background) zone. The 
selection of the Metro Area is obvious, because it is the most air-polluted city in the country, and 
perhaps, one of the most contaminated in the whole world. The rural zone is also an evident area, 
because is a pristine zone and represents a good source for potential transplants. 


In the case of the Metropolitan Area it was necessary to transplants lichens collected in rural 
areas because no lichens were found in the city. The possible reason for the disappearance of them is 
the elevated air pollution in the city. Samples of Parmelia perlata were used for the transplants 


2.2. Sampling and sample preparation 


Sampling has taken place in the mountain area near the city of Talca, in a native forest at about 
1000 m above sea level. This first sampling campaign had two purposes: (i) to establish the working 
group for this project, integrating botanists and chemists to exchange experience and information 
about lichens species, procedures for collecting samples (without contamination) and analytical 
methodologies, and (ii) to collect samples of lichens to select the appropriate one for monitoring 
purposes. Collection has been done following procedures described in the literature and adapted to our 
possibilities and limitations [18]. A list of the sample collected, as well as their substrate is shown 
below in Table I. 
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TABLE I. SPECIES OF LICHENS AND THEIR SUBSTRATE COLLECTED IN THE AREA OF 
TALCA 
 


Specie Substrate Location 
Hypogymmia Árbol Donbeyi Altos de Vilches. 
Plalismatia glauca Arbol Dombeyi  Altos de Vilches 
Usnea  Arbol Dombeyi Altos de Vilches 
Plalismatia glauca Árbol Donbeyi Altos de Vilches 
Plalismatia glauca Árbol Donbeyi Altos de Vilches 
Parmelia caperata Obligua Var Macrocarpa Altos de Vilches 
Parmelia perlata Obligua Var Macrocarpa Altos de Vilches  
Usnea flenda Obligua Var Macrocarpa Altos de Vilches  
Hypogymmia Obligua Var Macrocarpa Altos de Vilches  
Rhizoplaca melanophthalma Rock Laguna del Maule 
Umbilicania Rock Laguna del Maule 
Rhizoplaca melanophthalma (de) 
Leuck Rock Laguna del Maule 
Usnea acmomelana stirt Rock Laguna del Maule 
Rhizoplaca melanophthalma Rock Laguna del Maule 
Umbilicania Rock Laguna del Maule 


 
One of the objectives of this study is to use biomonitors for air pollution studies in large cities. 


Therefore, a sampling campaign was performed in Santiago to identified species of potential use. 
However, no lichens were found in the city despite a studied carried out in 1988 were a number of 
species were identified in several zones of the city. Only few species, in very bad conditions were 
found in a park in a rather remote area. This means that the environmental conditions of the cities have 
damaged all lichens living there 12 years ago. A list of the samples collected in this area is in Table II. 


 


Specie 


TABLE II. SPECIES OF LICHENS AND THEIR SUBSTRATE COLLECTED IN THE 
METROPOLITAN AREA OF SANTIAGO 
 


Substrate Location 
Musgo Saxícola La Reina Park 
Ramalina Litraca caustica La Reina Park 
Teloschistes chrysophthalmus Acacia caven espino Maulino La Reina Park 
Ramalina striatula ecklonii Acacia caven espino Maulino La Reina Park 
Parmelia Saxícola  La Reina Park 


 
The species of lichens where identified at the botanical laboratory of the University of Talca and 


then transported to the CCHEN laboratories. There, the samples were cleaned, using only clean plastic 
materials, milled at liquid nitrogen temperature and freeze dried. The solid material was then re-
homogenized and stored at low temperature until they were analysed. Figs 1–3 show the results of the 
analysis of the samples by NAA and AAS and the relationship among all species. 
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Since the main target location for this study was the Santiago Metropolitan Area and no suitable 
biomonitors were found in the area, it was decided to transplant lichens to the zone. For this purpose, 
samples of Parmelia perlata were taken from the mountainous area near the city of Talca. The 
samples were collected with bark and placed in nylon sheets, sealed on both sides and hanged at about 
1.5-2 metres above the floor. The monitor was protected from the rain with a plastic cover. A total of 
13 transplants was installed in the Metropolitan Area, covering as much as possible. The transplants 
were exposed during the fall of 2001 and left for three months. 


As regards the Tillandsia materials, 5-6 leaves from each centre of a given plant, were collected 
and pooled together to represent a single sampling site. The leaves were cleaned and the tips cut off. 
The leaves were milled at liquid nitrogen temperature, re-homogenized, placed in clean containers and 
submitted for analysis. 


2.3. Analysis and QA/QC 


The samples were mainly analysed by INAA. Cadmium was determined by radiochemical 
NAA. Some samples were also analysed by solid AAS, to measure Cd, Cu and Pb, introducing the 
solid sample directly in the graphite furnace. This technique is mainly used for homogeneity studies in 
sample preparation procedures as well as in the preparation of reference materials. A sample mass of 
around 1 mg is needed and no chemical treatment is necessary before the instrumental measurement. 
Anodic stripping voltametry is also used for the determination of Cd and Pb. 


The results obtained so far with both, the transplants of lichens and the Tillandsia recurvata 
have shown the possibility of using either monitor for biomonitoring air pollutants. There is a 
difference, however, with the manipulation of both materials. Lichens are not available in the study 
area and they have to be transplanted from clean places which implies a delicate collection, 
preparation of the transplants, installation, preparation for the analysis and the handling of small 
samples. The Tillandsia, on the other hand, presents fewer manipulation problems, cleaning and 
preparation for the analysis is simpler and the sample for analysis is larger. 


Some participants in the CRP have shown good results when using Tillandsia as biomonitors 
instead of lichens and mosses. This plant seems to exist in many countries in Latin America and could 
be a suitable regional monitor for air pollution. Tillandsia recurvata was found in several places in the 
Metropolitan Area. Samples were collected after the winter 2002 season. 


After exposure, the transplants were transported to the CCHEN laboratories where they were 
cleaned, using only clean plastic materials, milled at liquid nitrogen temperature and freeze dried. The 
solid material was then re-homogenized and stored at low temperature. 


Emphasis has been placed in quality control and quality assurance of the analyses. This is 
routinely done using appropriate reference material and participating in intercomparison runs for the 
determination of minor and trace elements in different types of samples such as the one organized by 
the IAEA for the characterization of a lichen material. 


3. RESULTS AND DISCUSSION 


From an analytical point of view, none of the materials presented problems when analysed by 
INAA, RNAA, AAS-SS or ASV. The dissolution of the samples is easily achieved by digestion with 
nitric and chloric acids. 


From the data obtained and its subsequent mapping over the area under study, it is possible to 
identify places exposed to higher amounts of some elements. Figs 4–7 present the results of such 
representation with both, the lichen transplants and the tillandsias. It has to be taken into account that 
the transplants and the collection of the tillandsias were done in different seasons and different years. 
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However, the figures clearly show the presence of places suffering higher pollution impact than others 
in the zone under study. 


  
FIG. 4. Distribution of As in samples of  FIG. 5. Distribution of As in samples of 
transplants of Parmelia perlata collected  Tillandsia recurvata collected in the 
in the Santiago Metropolitan Area (Fall 2001). Santiago Metropolitan Area (Winter 2002). 


  
FIG. 6. Distribution of Br in samples of  FIG. 7. Distribution of Br in samples of 
transplants of Parmelia perlata collected  Tillandsia recurvata collected in the 
in the Santiago Metropolitan Area (Fall 2001). Santiago Metropolitan Area (Winter 2002). 


 
 


Interesting are also the correlations between several elements, perhaps indicating a given source 
of pollutants. Figs 8–9 present the correlation for As and Cu and also for Br and Pb. The first one 
might indicate a common origin at a nearby (100 km south of Santiago) large copper smelter and the 
second the well-known car emissions using leaded gasoline. 
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FIG. 8. Relation between the content of  FIG. 9. Relation between the content of 
As and Cu in samples of Tillandsia recurvata. Br and Pb in samples of Tillandsia recurvata. 


 


These facts open the possibility to use biomonitors for extensive monitoring of large areas. 
There is already an ongoing project, under the auspicious of the IAEA within the framework of the 
ARCAL Project, aiming at the study of an extended area impacted by a copper smelter. This will 
comprise collection of PM-10 airborne particulate matter and the use of in situ or transplanted lichens 
or bromeliads. 


4. CONCLUSIONS 


The absences of in situ monitors, particularly in highly polluted cities, can be overcome using 
transplants taken from pristine areas, with the advantage of using a material with low levels of the 
elements or compounds of interest. 
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NATURAL RADIOACTIVITY MEASUREMENT IN SPRING WATERS BY THE USE 
OF SARAD’S U/RA-DISC METHOD 
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Abstract 


 


High costs and the duration of the radiochemical analysis of radium and uranium are the facts 
that considerably limit the number of samples that can be analysed. SARAD GmbH group developed 
and patented a new U/Ra-disc method that is highly competitive in comparison with standard 
radiochemical methods [1]. The new procedure is based on the adsorption of uranium and radium at 
thin, chemically activated layers. These layers are carried by small discs made of Silicon or 
Polyamide. The thin films adsorb radium and uranium from aqueous solutions, for example from 
drinking water. The discs are simply immersed into the solution to be measured to adsorb and 
accumulate the nuclides of the uranium decay chain. The alpha spectrum of a water sample with the 
radionuclides can be analysed using a conventional alpha spectrometer. 


 B. KOZLOWSKAa, T. STREILb, D. DAWCZYNSKIa 


University of Silesia, Institute of Physics,  
Katowice, Poland 


b SARAD G


 
 


We report on a fast U/Ra-disc method for the determination of uranium and radium isotopes in drinking 
water. The discs are covered with thin layers adsorbing radioactive isotopes from aqueous solutions. The discs 
are simply immersed into the solution to be measured to adsorb radionuclides. After exposure the discs are 
measured by alpha spectrometry system. The adsorption capacity of the discs is about 30% on one side after 24 
hours exposure.  


 
Keywords: U/Ra-disc, uranium and radium in water 


1. INTRODUCTION 


The population of south-western Poland live mainly in health resorts known for their beautiful 
hiking routes in the Sudety mountains, clean environment and also large number of natural water 
springs. Some of those underground waters with mineralization of more then 1g/l are mineral waters. 
Others exhibit mineralization usually lower than 1g/l but contain elements with specific medical 
properties. On the other hand all deep underground waters may be more or less radioactive owing to 
the fact that volcanic rocks and partially also sedimentary rocks contain various amounts of 
radioactive elements such as uranium, thorium or radium which infiltrate the water. 


There are three naturally occurring uranium isotopes, 234,235,238U, all of them with a long half-life 
of the order of millions of years. From the radium isotopes only one due to its longest half-life is of 
practical importance from the point of view of radiological protection: alpha - radioactive 226Ra with a 
half-life T1/2 equal to 1620 years.  


2. METHOD 


Thin films of MnO2 formed on polyacrylnitrile or on polyamide discs selectively adsorb radium. 
Adding iron to the staining solution has led to thin films also absorbing uranium. There is an 
amidocomplex formed nearby the surface of the thin films. The exposure of the discs in the sample 
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In order to get quantitative results the whole system has to be previously calibrated with respect 
to the exposition time of the disc, the pH-value and the temperature of the water solution and the alpha 
analysis time. The analysis time should be chosen in accordance to the expected nuclide concentration 
of the sample and the maximum allowable statistical error.  


Several calibrations have been made in order to find best conditions for measurement. The 
calibrations were performed with the use of 232U standard solution added to both distilled and tap 
water. The half-life of 232U isotope is equal to 72 years. Since the solution was cleaned from daughters 
in September 2001 there were radionuclides from the decay chain present in it. It enabled to perform 
calibrations simultaneously for radium by investigatin 224Ra isotope behaviour.  


solution follows a high-resolution alpha spectrometric analysis for the quantitative determination of 
the adsorbed nuclide activity. Measuring with calibrated solutions the adsorption capacity of the thin 
layers enables the determination of the alpha radionuclide concentration in the sample solution. 


The investigated sample has to be filled into a beaker with a well-defined volume. The next step 
is to adjust the pH value of the investigated sample. Discs are immersed into the solution for a certain 
amount of time. Following the adsorption process the discs are washed with distilled water and 
analysed using the alpha spectrometer.  


3. RESULTS 


The crucial step for the adsorption process efficiency is to adjust the pH value of the sample 
solution properly. This is very important since for uranium determination the recommended pH value 
is within the range from 3,5 to 4 and for radium is about 12. The optimum adsorption process for both 
radionuclides is for the pH value equal to 5,5 (see Fig. 1). 


Adsorption capacity for Uranium and Radium -
 pH dependence


0,0


5,0


10,0


15,0


20,0


25,0


30,0


2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 11,0 12,0 13,0


pH


Recovery
 factor


 [%] 232U
224Ra


 
FIG. 1. Adsorption capacity for uranium and radium with respect to the pH-value of the aqueous solution. 


The second step was to calibrate the measurement with respect to the time dependence of the 
adsorbing process. Fig. 2 shows the adsorption capacity of discs immersed for  2, 5, 8, 18, 24 and 50 
hours. It can be seen that in the case of radium a few hours is enough to obtain maximum adsorption 
capacity. For uranium measurement the discs should be exposed for about 24 hours. It was also found 
that increasing the probe temperature do not change the efficiency of the adsorption process. 
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FIG. 2. Adsorption capacity for uranium and radium with respect to the time exposure of the discs. 


 


Following the calibration tests there were natural water samples measured with the use of U/Ra-
discs. The samples were previously analysed with the standard radiochemical methods [2]. Table I 
shows the results obtained for six water solutions with different radionuclide concentration. It can be 
seen that the results overlap within the uncertainty value.  


U/Ra – disc 


 


TABLE I. COMPARISON OF THE U/RA-DISC METHOD AND RADIOCHEMICAL METHOD 
RESULTS 


Radiochemical   
method 


A ± ∆A [mBq/l] 
Sample 


226Ra 


method 
A ± ∆A [mBq/l] 


238U 226Ra 238U 
Water 1 <1 <1 <10 <10 
Water 2 <10 <10 16 ± 4 10 ± 8 
Water 3 80 ± 40 81 ± 8 100 ± 10 71 ± 25 
Water 4 13 ± 4 10 ± 2 12 ± 6 10 ± 8 
Water 5 30 ± 15 <10 4 ± 2 30 ± 6 
Water 6 12 ± 4 280 ± 28 25 ± 20 264 ± 80 


 


 


4. CONCLUSIONS 


The new U/Ra-disc method can be competitive on the market in comparison with standard 
radiochemical methods. This procedure is based on the adsorption of uranium and its daughters at thin, 
chemically activated layers. The discs are simply immersed into the solution to be measured to absorb 
and accumulate radionuclides. No chemical sample preparation is necessary apart from pH adjustment. 
The method is relatively fast, easy and inexpensive. Thanks to these features it may be routinely used 
for screening of the radioactivity in water. 
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Abstract 


We analysed the presence of different man-made (137Cs, 90Sr) and natural (40K, 226Ra) radionuclides in 
each of the soil fractions enumerated above and in two representative species of mushroom from the 
aforementioned two ecosystems: Hebeloma cylindrosporum and Lactarius deliciosus. 


 A. BAEZAa, J. GUILLÉNb, S. HERNÁNDEZc 
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b Departm
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Transfer coefficients are commonly used as an approximation to the problem of quantifying the transit of 
radionuclides between an ecosystem's different characteristic receptor media. These coefficients are traditionally 
defined as the quotient between the specific activities of the receptor and the donor compartments. In the present 
study, the receptor were edible mushrooms and the donor the soil. 


However, not all the radioactive content of a soil is in a condition to be transferred. Instead, the fraction 
that is available will depend intimately on the capacity of the different compounds to which the radionuclides are 
associated to be taken up by the fungus. 


To analyse the cited capacity, we carried out a scheme of chemical speciation of the surface layer (0-5 
cm) of the soils corresponding to two forest ecosystems (pine woods) that present a high productivity of 
mushrooms. This scheme consists of the sequential extraction of the available soil fraction (extractable with 
NH4OAc), that soluble in dilute acid (extractable with HCl 1M), that soluble in strong acid (extractable with HCl 
6M), and the residue. 


Specifically, more than 75% of the concentrations of 40K and 137Cs present in the soils studied were found 
bound to fractions not accessible to exchange reactions (the fraction soluble in strong acid and the residue). This 
implies that they are not associated to chemical compounds capable of being transferred to the fungi's fruiting 
bodies. Therefore, it is totally inappropriate to calculate the transfer coefficients in the usual way, since this uses 
the total activity found in the soil layer being considered. By way of example, for 40K the traditional method 
underestimates the transfer by approximately 2 orders of magnitude. We hence propose another approach, 
considering only the fraction of radionuclides present in the soil that are really in condition to be transferred. 
 


                                                      
* Only an abstract is given here as the full paper was not available. 
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ORGANICALLY BOUND TRITIUM, OBT: ITS TRUE CONSTITUTION 
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Contradictory, the logistic growth analysis of plants discloses a larger intrinsic growth rate of OBT than 
of OBH resulting in tritium accumulation in biomolecules. Exchange experiments providing fractionation factors 
of 1.4 and 2 confirm this accumulation. 
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Abstract 


Tritium which is analytically determined to be non exchangeable bound in tissue solids is assumed to be 
bound to carbon. Furthermore, it is followed, the biochemical passways by photosynthesis or enzymatic transfer 
reactions are retarded by the kinetic isotope effect leading to discrimination of tritium in biomolecules. 


In summary, a larger part of the so called OBT is not carbon bound but consists of tritium positioned in 
hydrogen bridges of biopolymers which have been occupied during formation of the molecules and which 
became later inacessible for exchange (so called buried hydrogens). Furthermore, there are experimental results 
indicating even rapid exchange during the „in vivo„-state but inhibited in the „in vitro„-state which is commonly 
given in biosamples prepared for analysis. 


 


2. EXPERIMENTAL 


1. INTRODUCTION 


The tritium level in biomatter is classified by OBT, i.e. organically bound tritium, and TFWT, 
i.e. tissue free water tritium. TFWT represents the specific tritium activity in the free water portion of 
the tissue which is collected by drying of the sample. OBT is the specific tritium activity determined in 
water collected by oxidizing the dried sample. Because of the same molecular relation to water the 
specific activity ratio SAR = OBT / TFWT = (dpm/gH2O)OBT /(dpm/gH2O)TFWT represents the isotope 
ratios (T/H)OBT / (T/H)TFWT. (3H is expressed as T and 1H as H). Consequently, SAR can be assumed to 
be an indicator for the ability of a metabolism either to concentrate or to dilute tritium in the organic 
tissue which was originally located in water. Published SAR-values, however, of various plant species 
vary from SAR < 1 to SAR > 1. 


Within the context of one of the licensing procedures in Bavaria, Germany, the real nature of the 
analytical OBT value had to be determined. Therefore, we evaluated the analytical method and the 
formation of OBT during plant growth.  


2.1. Sample selection and preparation 


In order to produce homogeneously labeled biomatter, plants (barley and maize) were 
hydroponically grown from germination to harvest with tritiated water in the feed, 3.40E+06 (±3.6%) 
Bq/L. Barley and maize were chosen because barley represents those plants which synthesize OBT 
according to C3-photosynthesis, maize those of C4-photosynthesis. 
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The Heraeus-Vötsch growing chamber (Heraphyt-HPS 1500/S) was adjusted to the working 
conditions with tritium. Pressurized air, dried by two alternately regenerated molecular sieve traps, 
was continuously supplied to the chamber. The exhausted air carrying tritiated vapor from the 
hydroponic solution and the transpirating plants was dried first by a water cooler (5°C) and second by 
two cold traps (-70°C) which were alternately regenerated. Penetration of outside air humidity was 
prevented by a slight overpressure in the chamber. The velocity of the air outlet was adjusted to keep 
the humidity in the range of 50-70% i.e. below saturation. The mean air throughput was 100Lmin-1. 


2.3. TFWT separation and measurement 


Finally, the remaining amounts of cyclohexan were separated from the plant matter by heating 
to ~70ºC at ~10-3 mbar. The traces of cyclohexan were condensed in a liquid nitrogen trap. The sample 
were crushed and ground in a dry box. The powder was kept dry and stored until measurement in a 
vacuum exsiccator. Before combustion in a Packard Sample-Oxidizer 306, each sample was tested for 
water content according to Karl Fischer in order to guarantee the adsorbed water to be below 1%. Each 
day before and after the oxidation processes, 6 to 8 OBT standards, ~ 200 mg each (SPEC-CHEM, 
Amersham), were applied. Monophase S was used as scintillation cocktail in the Sample Oxidizer. 


2.2. The tritium climate chamber 


The tritium concentration in the feed as well as the volume of the hydroponic solution was 
adjusted each day. 


The temperature was kept at 20°C and the illumination was continuous with 20x58W Phyton 
lamps. 


During growth, samples were periodically taken through an airlock, cleaned with tritium free 
water, enclosed in PE bags and stored at –20ºC until measurement. 


Some samples (~50 at the beginning, ~2-5 at the end) and cyclohexan (~0.3L/0.1kg), were 
submitted to an azeotropic distillation (~70°C). The specific activity of the water fraction (TFWT) in 
the distillate was determined by liquid scintillation counting.  


2.4. OBT separation and measurement 


The cyclohexan was separated from the samples in a rotating evaporator at reduced pressure, to 
maintain the boiling temperature at ~ 70ºC . Tritium free water, with weight equal to the sample, was 
added and equilibrated for 12 hours at room temperature. Subsequently, ~100 mL cyclohexan were 
added and azeotropically distilled. The tritium content of the aqueous fraction was tested by liquid 
scintillation counting and the residual cyclohexan was separated from the plant matter by evaporation, 
as mentioned above. The equilibration with tritium free water followed by azeotropic distillation was 
repeated at least 3 times until the water fraction arrived at the background level of tritium in water. 


2.5. Tritium counting 


The specific activity of the water samples of azeotropic distillation was measured by liquid 
scintillation counting with a Packard Tri-Carb 2250 CA, with overall precision of ±4%, which 
includes the counting statistics of 0.1% and a quench parameter correction of ±0.35%. The scintillation 
cocktail was Ultima Gold XR and Hionic Flour. 
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3. EVALUATION AND DISCUSSION OF THE RESULTS  


FIG. 1. Content of hydrogen and non-exchangeable tritium in dry plant matter of maize. 


 


3.1. Logistic growth analysis 


From the beginning of growth, the weight related content of non-exchangeable tritium steeply 
rises while that of the hydrogen content slightly decreases in both species, see Fig. 1. Obviously, there 
is no straightforward relation between the increase of the hydrogen content and the tritium content in 
dry plant matter. The isotopes seem paradoxically to follow different kinetics!? 
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Light is shed on OBT formation by the logistic growth analysis of the hydrogen isotopes, [1]. 
Two quantities of growth, λ, the intrinsic rate of natural increase and the growth increment, ∆X = 
(X


sat
– X


o
)/X


o
, become evident after adjusting the logistic growth function 


                                 X(t)= X
sat


/(1+∆X.exp(-λt)) 


to the experimental values. 
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As seen in Fig. 2, the kinetics of incorporating the hydrogen isotopes into the dry plant matter 
proceeds in a simlar manner to barley and maize. Within the experimental growth time, however, only 
maize succeeded to approach the saturation level of growth, Xsat. The intrinsic growth rates obtained 
are λ


maize
≈ 2.9d and λ


barley
≈ 5.6d. 


It is noteworthy, that, contrary to the kinetic isotope effect, in both species the heavy isotope 
tritium is incorporated faster into the dry plant matter than the light isotope: barley: λΤ /λΗ ~1.2 and 
maize: λΤ /λΗ


FIG. 2. Logistic growth analysis of the hydrogen and tritium content per plant in the dry mass of maize and barley 
hydroponically grown in tritiated water. Full labels represent tritium, empty labels hydrogen values. 


A kinetic study of the time needed to extract most of the exchangeable water from plant matter 
demonstrates that 5 hours exchange time is enough, see Fig. 3. Further equilibration — 10 to 12 hours 
are usual — does not change the OBT value essentially [4]. Therefore, according to the current 
oppinion, the OBT value is considered to be tritium bound in non-exchangeable positions i.e. tritium 
bound to carbon as mentioned above, [5–7]. 
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The extreme isotope ratio in the feed (HOT /HOH ~ 1:1020) shows that the enhanced OBT-
formation is not caused by the tritium concentration, but has to be traced back to fundamental 
properties of the matter. 


3.2. Denaturation of OBT and “Buried” Hydrogen 


The presence of tritiated water at the very beginning of plant growth - i.e already during 
formation of the primary chains of proteins, polysaccharides, nucleic acids ect. - demands the search 
for “buried” hydrogens. The exchange rates of the hydrogen nuclei in bridge positions is reduced from 
micro-seconds original to days, months, or even years, after folding [2]. In living systems “buried” 
hydrogen atoms are accessible for isotope exchange, either during formation, or later, during the 
“breathing” of the biopolymers [3]. Harvested plants may contain denaturated, i.e. “non-breathing” 
biomolecules. Consequently, exchange experiments with dead biomatter deal only with hydrogen 
bridge positions which had been opened by the solvent. 
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But, the same exchange kinetics, with known denaturants of proteins, result in different end 
points, see Fig. 3, and further treatment with the denaturant does not essentially change the end 
point.(Only the NaOH treatment progresses to nil of the OBT value, [4]) Therefore it can be 
concluded, that non-exchangeable OBT is situated in originally exchangeable and later “buried” 
hydrogen positions which become accessible by the more or less constraint conditions of denaturants. 
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FIG. 3. Tritium exchange kinetics of dry plant matter of maize with different denaturants. 
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FIG. 4. Growth of OBT in maize exposed to HTO either from beginning or after 21 and 26 days respectively and OBT decay 
after HTO stop after 44 days HTO growth (24 h illumination/day). 


Hydrogen bridges constitute the secondary and higher structures of proteins and in a similar 
way the structures of nucleotides and polysaccharides. The hydrogen nuclei in polar covalent bond to 
nitrogen or oxygen atoms are partial deshielded and by this additionally attracted by nearby positioned 
electron octetts. Thus, the hydrogen nuclei are forming bridges which are relevant for bioactive 
molecular structures.  


Extensive hydrogen exchange within hours – presumably during the “breathing” of the native 
biopolymeres - can be visualized by growth experiments with delayed tritium supply, see Fig. 4, [4] 
(also: Baumgaertner, F., Muellen, 1999). After tritium free growth during 21 and 26 days respectively, 
the shoots of maize were transferred into the tritium operated climate chamber. Within few hours, 
OBT rises to a level as if the plants had been exposed to HTO already 11 and 15 days respectively. 
This shows, in living biomatter, tritium that is originally located in water is able to occupy most 
rapidly hydrogen positions inside the biomolecules. 


HTO break off during growth results in OBT declination in a half-time similar to that of the 
inherent growth rate, see Fig. 4. 
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3.3. Conceptual considerations 


Theoretical considerations are able to reveal more details about the hydrogen fractionation in 
biomatter [8]: 


The strength of a hydrogen bridge is represented by the degree of delocalization of the hydrogen 
nucleus from its undisturbed covalent position. Energetically portrayed, a flat energy parabola stands 
for a strong hydrogen bridge and vice versa, see Fig. 5. 
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FIG. 5. Energy minimization by hydrogen isotope exchange in aqueous solution. 


And indeed, the fractionation factor of fish sperm DNA is ~1.4 between the first hydration shell 
and tritiated bulk water [12], and it is ~2 between the hydrogen bridge positions inside the eucaryotic 
and procaryotic DNA and the bulk water [12], see Fig. 6. Remarkable is the relation 1.4x1.4 = 1.96 ~2 
found in the base pairing hydrogen bridges of DNA indicating a two step accumulation related to the 
bulk water. The intermediate stage is the primary hydration shell, the final stage are the base pairing 
hydrogen bridges inside the double helix. Therefore, it can be concluded, if tritiated water enters a 
living cell, tritium will immediately accumulate inside the nucleus. Otherwise, tritium equilibration 
with lifeless liver proteins needs weeks [13]. 


The energy levels occupied by the tritons and protons are determined by the deBroglie wave 
lengths. The deBroglie wave length of the proton is 1.73 (i.e.√3) times larger than that of the triton. 
Therefore, in order to minimize the Gibbs free energy of the system, if protons and tritons are able to 
exchange, the tritons will preferentially occupy the positions in weak hydrogen bonds and vice versa, 
see Fig. 5.  
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Among the biomolecules it is generally valid, the strongest hydrogen bonds exist between the 
molecules of water [10]. Therefore, it can be concluded, tritium, originally located in water, will 
accumulate in exchangeable hydrogen positions of the biomolecules.  


There are not many biopolymeres of known stochiometry in order to test this accumulation 
hypothesis. But the solvation shell of DNA and the hydrogen bridge positions inside the double helix 
of DNA represent an illustrious example. Also, the half-life of the hydrogen isotope exchange in the 
base pairing positions of the double helix of DNA is feasible [11]. 
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However, the new aspect of tritium accumulation in biomatter and the “burying” does not 
question the conventional procedure of radiation protection. The radiation dose from tritium is 
estimated after measuring the radioactivity of body water (Gy=J/kg). Applied to biopolymeres like 
DNA the dose is calculated according to Gy ~(3H/1H)x(1H/M). But, water provides not only the 
strongest hydrogen bonds in biomatter, it also possesses the largest number of exchangeable hydrogen 
atoms per stochiometric unit, M, i.e. 1H/MH2O= 1/9, which is never reached even by the two step 
accumulation found in DNA, (3H/1H≈2) and (1H/MDNA ~ 1.9/331) [12]. Therefore, the tritium dose 
calculated according to the tritium content in the body water, is never below the real dose to the 
genetic material. 
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FIG. 6. The tritium content in the water molecules around the DNA nucleotides as well as inside the DNA. “...the primary 
hydration shell is impermeable to ions and consists of 11-12 water molecules per nucleotide” [10]. 


4. CONCLUSIONS 


Non-exchangeable OBT values must not be attributed to tritium bound to carbon. For the most 
part, OBT represents initial exchangeable but later „buried“ hydrogen positions. 


Non-exchangeable OBT is formed either during the formation of the biomolecules if tritiated 
water is present, and later, during the “breathing” of the biomolecules. Dead biomatter may contain 
“non-breathing“ biomolecules. 


Tritium accumulation in the DNA may ring the alarm bell for radiation protection. Regulatory 
statements and subsequent compartment models of tritium incorporation are based on the steady state 
concept and presume tritium discrimination in organic compounds and in particular in genetic 
material,[14–16]. However, OBT formation proceeds differenly. For the most part, OBT formation is a 
one way path. Very rapidly, within microseconds, the tritium accumulation in biomolecules takes 
place followed by “burying” inside the biopolymeres. 
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1. INTRODUCTION 


The characteristics of the main films are provided in Table I. 
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Abstract 


The report contains the materials, reflecting the results of works on developing of detection devices for 
operating monitoring of radionuclides content in water and air. The main detection units’ characteristics have 
been provided on the basis of different scintillating materials, method of radionuclides concentration at fibrous 
sorbents has been also viewed. 


 


The special ecological consequence of nuclear energy usage and, therefore, operating of nuclear 
energy cycle enterprises is appearance and building up of man-caused radionucles in biosphere, which 
has an extra radiation influence on the human-being and environment [3]. Besides ordinary sources of 
radionuclides penetration into the environment what is common for countries with developed nuclear 
energy, Russia has still suffered from the consequences of Chernobyl accident. In the aggregate with 
Radiation safety International Commission it entails to establishment of rigid requirements to 
permissible concentration of radionuclides in water and air. The methods and means for these 
requirements fulfillment developed in Russia and in particular, in the Scientific and Engineering 
Centre “SNIIP”, being the head enterprise of Russia for development of nuclear instrument-making 
equipment are varied. More attention is paid to development of software-hardware aids for 
radionuclides spectrum composition monitoring, to radiation situation automated monitoring systems 
in areas where nuclear hazardous enterprises are situated and so on. 


2. WORK PERFORMED 


One of the Centre’s activity directions is development of environment express monitoring 
means for creation of mobile portable radiation laboratories and stationary devices for monitoring of 
radioactive gases content in air and water at the territories adjoined to radiation hazardous enterprises 
(NPP and other enterprises of nuclear fuel cycle). 


A set of detection units, used for these purposes, is based on usage of scintillating plastics and 
films which were developed in our Centre laboratories. The evident advantages of these materials are 
its cheapness, production and processing relative simpleness. For instance, for beta-radiation 
registration within the energy range from 15 to 1500 keV scintillating films on the basis of strontium 
phosphate and calcium compound were developed. Films composition and technique of manufacture 
is SEC SNIIP know-how, which is confirmed by corresponding inventors’ certificates (patents).  
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TABLE I. CHARACTERISTICS OF MAIN FILMS 


 А- type films  
(on the basis of strontium 


phosphate) 


В- type films 
(on the basis of calcium 


compound) 
Specific light yield  0,7 1,2 
The length of scintillation 
wave λмах 


424 nm 453 nm 


Duration of scintillation  3 µs 5 µs 


 


For instance, for registration of sum volumetric activity of inert radioactive gases scintillating 
detection unit BDGB-46R was developed which is the basis for construction of detection devices of 
different configurations — portable (carried) or stationary. The detector was designed on the basis of 
scintillating film, based on strontium phosphate. Detector sensitivity surface is 5200 cm2. To reduce 
the sorbtion, the film surface is covered with shielding layer from 40 µm thick polyvinyl chloride film. 
The volume of the sample tested is 4,2 litres. Detection unit characteristics are provided in Table II. 


 


TABLE II. CHARACTERISTICS OF DETECTION UNITS 


Measuring ranges of inert radioactive gases volumetric 
activity, Bq/m3 


(1⋅103-3,7⋅107). 
 


Sensitivity to radionuclides activity, not less than 
[(pulse/s)/(Bq/m3)]*10-3 


41Ar-0,55  
85Kr - 0,48  
133Xe - 0,26  


Beta-spectrums energies range  от 0,15 до 1,5 МэВ 
 


The main measuring error of volumetric activity within the 
ranges, not more than: 
from 1*103 to 5*103 Bq/m3  ±50 % 
5*103 to 3,7⋅107 Bq/m3 


 
 


±20 % 
 


Measuring time (10-2000) с 
 


Overall dimensions, mm: 
 


Ø760х670 


Mass, kg: 
 


5 
 


 


Detection devices, designed on the basis of this unit, allow to control the sum volumetric 
activity of inert radioactive gases within the range from 1*103 Bq/m3 to 5*107 Bq/m3 at stationary 
allocation with lead shielding and for portable instruments within the range from 4*103 Bq/m3 to 
5*107 Bq/m3 (without shielding). 


For selective monitoring of separate radionuclides volumetric activity in air, detection units of 
volumetric activity of aerosols and vapour in NPP releases: BDAB-22R and BDAG-05R were 
developed. BDAB-22R detection unit is intended for measuring of beta-active aerosols volumetric 
activity, when BDAG-05R detection unit  - for vaporous fraction J131. In both units measurement is 
carried out using automated stabilization of spectrum by tract calibration through reper source and 
correction of spectrometric tract characteristics in intervals between calibrations by a program set 
before and based on consideration of temperature influence on detector characteristics.  
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For BDAB-22R detection unit selection criterion of registration area is the ratio of beta-particles 
registration efficiency to efficiency of background registration of accompanying gamma-radiation 
nuclides. 


As BDAB-22R and BDAG-05R units are intended for durational continuous measurements, 
than its calibration is performed at regular intervals in several hours. This mode is caused by good 
parameters upon temporary stability of spectrometer assembly (deviation of peak maximum is not 
more than 1 channel in 8 hours). In calibrations intervals temperature is constantly taken in detector 
area by the pilot source and the value come out corrects power supply voltage of photomultiplier. 
Meanwhile the photopeak position is kept in the chosen selection area. Fig. 2 shows the dependence of 
photopeak position on the temperature with spectrum stabilization on and off. As is obvious, the 
deviation of photopeak position within the temperature ranges from –200С to +700С has not exceeded 
±1,5 channel, when the maximal change of unit display has not exceeded 15% in the whole 
temperature range during 133Ва radiation registration.  


The structure of both units is almost identical. BDAG-05R unit uses the detector which is based 
on NaJ(Tl) crystal of 40х40mm sized, when  BDAB-22R unit  - a special thin-film detector which is 
built-up on the substrate made of 5 mm thick plexiglas. In the area of detectors location there are 
temperature sensors, amplifier, generator of required form pulses and controlled high-voltage power 
supply unit of photomultiplier. Signals are coming from detectors to the spectrometer assembly and as 
much as required statistics is accumulated, the spectrum is transferred to processing and control 
assembly. Spectrum position control is performed after it has been analysed by changing the power 
supply voltage of photomultiplier. 


When the filter is changed, monitoring device is inserted under detector with radionuclide 
selected as a reper. Nuclide is selected from the count of energy gamma quantum contiguity to 
photopeak energy of the nuclide being measured. Than the primary calibration of spectrometer tract is 
performed, which comes down to selection of power supply voltage of photomultiplier providing the 
photopeak hitting in the middle of the spectrum scale. After fixation of photopeak maximum in the 
specified channel, selection areas of the main and compensating channels are counted. The width of 
the main channel area is chosen so as to register the photopeak of the measured source with not less 
than 95% probability. Width of compensating channels providing the subtraction of Compton 
background, are chosen in spectrum areas adjacent to the main zone [1]. For catching the peak it is 
required not more than 3 successive iterations of 15 sec. duration each. Such a detection unit structure 
allows to perform unit automated tuning for any nuclide registration during its operating. Fig. 1 shows 
the example of reper nuclide spectrum 133Ва, used in BDAG-05R unit.  


Efficiency of spectrometer assembly in BDAB-22R detection unit is shown by differential and 
integral spectrums of beta-particles (Sr-90 Y-90 source) and by gamma quantum (137Cs source), which 
are provided on Fig. 3. It should be noticed that registration spectrum of gamma quantum and beta 
particles are separated properly. Thus when selecting the registration threshold of beta particles with 
80% - order efficiency, the efficiency of gamma quantum registration comes to only 5%. Hence, 
(beta/gamma) efficiency ratio comes to 16, which provides satisfactory selection of beta radiation 
nuclides at the background of gamma radiation nuclides, accumulated on the filter. It is extremely 
important, as it is impossible to dispose of this background -type by shielding. The latter is performed 
to decrease the influence of external gamma background. 


The given examples of spectrometer built-in assemblies usage in typical equipment for 
measuring of aerosol volumetric activity of gamma and beta radiation nuclides show that they allow to 
extend the measuring ranges and to increase the equipment stability.  
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FIG. 1. The example of hardware spectrum of BDAG-05Rdetection unit while Ва133reference source registration. 


 
 
 


 
 


FIG. 2. Dependence of photopeak maximum position on temperature for BDAG-05R unit. 
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Differential spectrum BDAB-22R Ba-133 + Sr90 Y90
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FIG. 3. The example of hardware spectrum while registration of beta particles and gamma quantum by BDAB-22Rdetection 
unit and f standardized efficiencies of beta particles and gamma quantum registration depending on the channel number 
been used as a threshold. 


To equip mobile laboratories of radiation situation monitoring in areas, which have been 
exposed to global full out of radionuclides as a result of emergencies at radiation hazardous objects or 


monitoring 
or is consisted 


n the basis of 24 mg/cm2 thick, 94*110 mm-sized strontium phosphate [4]. The 
distance be  9 mm. The films are e dish of 950 ml volume 
detector. To ption the films surface  thick polyvinyl chloride 
transparent film. Light acquisition is carried out thr rea to photocathode of single 
photomultiplier of 152 type, 80 mm diameter. Detection unit allows to register sum volumetric activity 
of radionuclides by beta-radiation within the range from 4*103 Bq/m3 to 5*107 Bq/m3.  


 o


nuclear weapons testing, a portable detection unit BDZhB-11P was developed intended for 
in water of volumetric activity of long lived radionuclides by beta radiation. Unit detect
of 16 plates - films o


tween films is
 dec


 arranged vertically in th
 is covered with 76 µmrease sor


ough the tested a
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For determination of radionuclides volume adiation in water BDZhG-
13R detection unit was developed. Combined plastic  allows to 
register sum volumetric activity of beta-gamma radiation nuclides by photon-radiation within the 
energy range from 9 to 1250 keV. Dependence of detection unit sensitivity on photon effective energy 
is repr


 


tric activity by photon r
detector of BDZhG-13R detection unit


esented in the diagram: 


 
 


Measuring ranges of radionuclides volumetric activity in liquid are provided in Table III. 


Radionuclide Measuring range, Bq⋅m  


 


TABLE III. MEASURING RANGES OF VOLUMETRIC ACTIVITY IN LIQUID OF 
RADIONUCLIDES 


-3


131I 1,9⋅103 - 3,7⋅107 
137Cs 0,7⋅103 - 3,7⋅107 Bq⋅m-3 
60Co 0,5⋅103 - 3,7⋅107 Bq⋅m-3 


 


The main error while measuring of volumetric activity of gamma radiation radionuclides is 131I, 
137Cs, 


ing developed in SEC SNIIP, is the method of determination of radioactive 
nuclides content with using of fibrous sorbents. 


or its 
impregnation. It is enough to impregnate sorbent with water prior to the beginning of the work.  


60Co ±30 % at 0,95confidence probability. 


One of the methods of water monitoring by beta-gamma radiation nuclides activity at the levels 
of 10 Bq/m3 order, be


The advantage of fibrous sorbents is that dynamic equilibrium is established extremely quickly 
in them, almost as soon as beginning of tested water passing. Fibrous sorbents are fabric with 
corresponding functional groups. Fibers of the fabric as thin as it does not required much time f
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 conditions directly 
at the place of measuring without the sample preparation [7]. 


Fibrous sorbents are produced for confinement of anions (anionites), cations (cationites) and 
complex sorbents which are intended for confinement of relative separate elements or groups of 
elements or compounds. The cost of sorbents is not high.  


For cesium extraction from water the fibrous sorbent «MTILON-T» was developed being 
manuf


Sorbent is fibre of modified graft copolymer of cellulose and poliacrylonitrile containing 
tioami nonwoven 
linen, from which required sized disks are cut out. The thickness of linen is 4-8 mm in dry state, 3-5 


If required, sorbent can be pressed to 0,5 mm thick. Sorbent has the following 
properties: 


 out express analyses of water sample with high degree of cesium 
extraction. 


Cesium concentration on sorbent is amic conditions by transmission of water 
sample through sorbent device. 


d of cesium content 


level i  amounts to 3 mg-equibalent of cesium 


not le
Bq-1s-1 tion time. One more advantage of fibrous 


ty, 


 device and detection unit are not connected to each other. 
Sorbent can be washed, dried, transported. Radioactive material is fixed strongly.  


materi n or woven linen of different thickness from 15 to 60 mg/cm . 
Experiments were carried out at the same sorbtion installation, which had been used for cesium-137. 


Experiments showed that in distilled water strontium-90 and yttrium-90 being in equilibrium 
with strontium, are fixed at nearly 100 %. If the tested water contains from 2 to 10 mg/l of non-active 
carrying agents (calcium carbonate, mainly), than only yttrium-90 is extracted with 100 % efficiency. 
If strontium -90 is in equilibrium with yttrium-90, than analyses may be carried out by yttrium. 


If the equilibrium was not established it is necessary to know the relation between strontium and 
yttrium at the place of the sample selection. 


Fibrous sorbents were specially developed for quick establishment of dynamic equilibrium, 
which allows to use them for concentration or enrichment of liquid samples in field


Thus this method is operating and does not required complex and expensive measuring 
equipment. 


actured according to VTU6-01-1-81 [8]. 


de groups with injected mixed ferrocyanide complex. Sorbent was manufactured as a 


mm – in moisture. 


– High selectivity to cesium ions; 
– High water receptivity, which provides quick establishment of dynamic equilibrium and 


allows to carry


performed in dyn


The relative methods of cesium extraction from water sample and the metho
measuring at sorbent allow to measure cesium-137 activity in water from 10 Bq/m3, when the upper 


s limited by ion exchangeable capacitance of sorbent and
for 1 g of dry sorbent. 


Results of research show that the degree of cesium-137 extraction from aqueous solution was 
ss than 95 %, when sensitivity threshold while measuring by beta-radiation was lower than 0,1 
 at not more than 30 minutes for sample prepara


sorbents is that they are thin enough and it is possible to carry out registration by beta-radiation.  


When fibrous sorbents are used for reduction of measuring time and heightening of sensitivi
it is essential to use sorbents of major diameter taking into account its low cost. 


During discrete analyses sorbtion


For determination of strontium-90 content in water fibrous cationite was used. This sorbent is 
al in the form of nonwove 2







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


Fibrous anionite fixes radioactive ions of iodine-131with efficiency closed to 100 %. 


3. CONCLUSION 


It should be pointed out that FSUE SEC SNIIP continues to develop the methods and means of 
opera eration with 
all int
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Abstract 


 


lopment are the maintenance of their safety 
and minimization of influence of these technologies on an environment. To realize these conditions it 


uclear 
technologies,
system


ts influence on an environment. Quality of the 
reliability of the information received from the 
 and ways of representation of this information. 


Time 


tion of the received information and its analytical estimation. Use of special 
algorithm


o-called intelligent detectors and data 
acquisition and processing units which include cont


The basic tendencies of development of the automated radiation monitoring systems (ARMS) are 
considered, and also examples of state-of-the-art radiation monitoring systems developed in SEC “SNIIP” in last 
years and entered into operation on installations, using nuclear technologies are given. 


1. TENDENCIES OF ARMS DEVELOPMENT 


The major conditions of nuclear technologies deve


is necessary to carry out the permanent radiation monitoring at the enterprises using n
 and also the environment radiation monitoring. The automated radiation monitoring 


 (ARMS) accumulates and processes the data coming from detectors. These data are used by 
enterprise radiation safety service and territorial nature protection service for making decisions which 
provide safe operation of the enterprise and minimize i
decisions substantially depends on volume and 
radiation monitoring system, and also on the form


of representation of the information to the operator at various modes of system operation also is 
of great importance [1]. 


As a rule, increase of volume of the measuring information is provided due to increase of 
number of measuring channels and amount of controlled parameters. It is obvious, that this process 
has the restrictions determined on the one hand by economic forces, and on the other hand by human 
opportunities of percep


s of the information processing in devices of the bottom and top levels of the radiation 
monitoring system allows essentially to reduce expenditures for creation of system and to provide 
operating conditions of the operator at which the probability of acceptance of the erroneous decision 
considerably decreases. 


The state-of-the-art radiation monitoring system features s
roller unit based on microcontroller [2]. Use of 


such programmable-controlled devices has allowed: 


– to widen a range of measurement of some types of detectors; 
– to lower measuring inaccuracy, connected with spread of accounting characteristics of some 


types of detectors; 
– to change modes of measurement operatively; 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


and conditions of measurements 
(turbidity and chromaticity of liquid samples, a dust content of aerosol filters etc.); 


– 


– 


ides an optimum ratio of cost, reliability and information transfer speed. 


 operator workstations and a 
server. If necessary the complex is supplemented with the specialized devices, for example gateways. 
It is c


2.1. A


entilating pipes, the NPP sanitary protection area and the NPP 
survey area. The block diagram of system is shown in Fig. 1. Actually ARMS of the Volgodonsk NPP 
consists of four subsystems, each of which is connected by communication channels to the top level 
devices of the system. 


The subsystem of the radiation monitoring of NPP site enables the monitoring of gamma dose 
rate in normal and incident situations in 20 most representative points of NPP site. The data from 
detectors is transmitted to data acquisition and processing units (DAPU) by means of which the data is 
preliminary processed and packed in the certain format. Then these data on cable communication 
channels are transmitted to devices of the upper level of system. 


The subsystem of monitoring waste emissions from NPP ventilating pipes includes detectors 
measuring gamma dose rate and operatively monitoring volumetric activity of noble gases. Volumetric 
activity of noble gases is the most important parameter and consequently is measured simultaneously 
by two detectors. The data from these detectors is transmitted to data acquisition and processing unit 
on two independent communication channels. After preliminary processing the information is 
transferred to the device of the upper level - the central monitoring station. The spectrometers enabling 


– to take into account influence of change of operational conditions (temperature, a radiating 
background etc.) on functional components of detectors 


to use methods of selective radiometry and spectrometry in detectors; 
– to carry out self-test of detectors. 


 
Processing of the information on special algorithms in devices of the top level of system allows: 


– to reveal and trace tendencies in change of radiation environment conditions; 
to determine radiation conditions in some place of object on the basis of data, received from the 
detectors located near to the given place; 


– to calculate complex quality performance of radiation conditions; 
– to optimize forms of representation and amount of the information to the operator. 


As a rule information interchange between devices of the top and bottom levels of the radiation 
monitoring system is carried out on cable or radio communication channels. Much less often transfer 
of the information is carried out on switched telephone lines or with use of cellular communication. At 
use of cable communication channels as the interface of a physical level the RS-485 interface is most 
frequently applied. It prov


To increase of reliability of radiation monitoring system work the opportunity of the 
information transfer on the basic and duplicating communication channels is provided. The 
duplication of detectors supervising radiation parameters which are the most important for safety is 
provided too.  


The complex of upper level program-technical hardware includes


arried out on the basis of CompactPCI architecture that allows implementing devices with high 
reliability and various technical and cost characteristics.  


2. MODERN AUTOMATED RADIATION MONITORING SYSTEMS IMPLEMENTATION 


Structural and system decisions, about which it was spoken earlier, are realized in the 
equipment of the radiation control which Scientific Engineering Centre “SNIIP” develops and delivers 
on the various installations using nuclear technologies. 


RMS of Volgodonsk nuclear power plant 


For example, the automated radiation monitoring system is entered into operation on the 
Volgodonsk nuclear power plant (NPP) in 2001 [3]. The system provides the radiation monitoring of 
NPP site, waste emissions from NPP v
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ontinuous surveillance of the volumetric activity of radioactive aerosols and gases in gaseous effluent 
is also included in structure of the given subsystem. The information from the spectrometers is 
transmitted to the separate computer included in the local network. 


The central monitoring station (CMS) also receives data about air flow through ventilating 
pipes, and the information received by indoor automated radiation monitoring system (IARMS). This 
system includes detectors placed in NPP buildings and/or on the process equipment of the NPP. It 
allows not only to make the operative control of volumetric activity of gaseous effluent and to 
determine sources forming them, but also to provide waste accounting for day, month and year.  


The subsystem of radiation monitoring of NPP sanitary protection area and the NPP survey area 
includes 19 stations which enable monitoring gamma dose rate. Stations are established in the largest 
settlements within the limits of a 30-kilometer zone near to the NPP and allow to estimate a radiation 
conditions in these settlements and to provide the control of a direction of distribution of radioactive 
pollution. Each monitoring station contains the detector, the data processing and transfer unit, means 
of power supplies and illegal access and an information panel. The information is transmitted through 
the radio communication channel to the central processing unit. The central processing unit collects 
data from all stations and transmits it to the central monitoring station through RS-485 interface cable 
communication channel. 


There is one more subsystem included in the Volgodonsk NPP ARMS. This is the subsystem of 
the meteorological control providing the control of temperature, hu a direction of a 
wind at various heights. Meteorological sensors are placed on a sp t of 40 m. The 
information from these sensors is processed by the specialized controller and transmitted to ARMS 
central monitoring station through RS-485 interface cable communication channel. This information is 
used in programs of forecasting of development of radiation conditions.  


ARMS upper level devices are carried out on the basis of industrial computers, one of which is 
workstation of the operator of radiation safety service, and the second one is the central monitoring 
station which actually acts as a server. One more computer receives and processes the data from the 
spectrometer located in vent stack of reactor block. All computers are incorporated into the local 
network having the duplicated fibre-optical communication channel. Besides the specified equipment 
ARMS upper level set of devices includes a sluice through which the information is transmitted to the 
NPP local network. Then this information is processed and transmitted to the crisis centre of concern " 
Rossenergoatom" which supervises radiation conditions on all nuclear power plants of Russia. 


The developed software includes system software, test software and applied software [4]. The 
system and test software is implemented on the base of Intel-Linux and includes modules of support 
and diagnostics of the equipment for tests and starting-up and adjustment works. The applied software 
is written in languages Java/C and is independent of operating system. It equally works on operating 
systems Solaris, Linux and Windows. 
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2.2. ARMS of Kalininskaya nuclear power plant 


The indoor automated radiation monitoring system (IARMS) is
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ion technological monitoring (RTM) incorporating a subsystem of the 
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– the monitoring of technical water, gas and aerosol efluents; 
– the monitoring of air activity in input systems of ventilation of block control pane and radiation 


control pane. 
 


Subsystem of MRC carries out two primary goals one of which is the indoor radiation 
monitoring and the other is the on-line analysis and forecasting of change of radiation conditions. 


Subsystem of MRP provides the monitoring of: 


– radioactive pollution of surfaces of premises and the equipment taking place in them; 
– radioactive pollution of NPP personnel coverlets; 
– radioactive pollution of means of an ind


radioactive pollution of transport; 
– quality of washing of overalls in NPP wash-house. 
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The system top level hardware includes: 
 


– the technological computers of all subsystems providing gathering and the analysis of the 
information; 


– a server of a database; 
– the specialized computers which have not been connected directly with a technological level of 


system (the workstations, the operative - monitoring equipment etc.); 
– the equipment of a local network; 
– devices of communication with other automated systems (sluices). 
 


the organization of the admission of the personnel to works in NPP strict mode zone; 
– the control of a presence of the personnel in NPP strict mode zone. 


The structural diagram of IARMS is shown in Fig. 3. The system consist
and upper level. The low level hardware includes 6 banks


first bank − Devices of measurement of integrated radiation parameters such as total 
volumetric activity of radioactive aerosols, gases and liquid, rate of the 
absorbed and equivalent doses of neutron and gamma radiations; devices 
of measurement of radioactive surface contamination; portal frames for 
radiation monitoring of pedestrians and transport, portable and stationary 
devices 
  


The second bank − The spectrometers providing definition of structure and activity of 
everyone radionuclide in the controllable environment or sample 


third bank − Spectrometer devices for measurement of activity of the certain reference 
nuclides in samples (selective radiometers) 


The forth bank 
thermoluminescent dosimeters with the appropriate input readers of the 
information) 


The fifth bank − The specialized devices on the basis of microcontrollers for management 
of executive mechanisms as on the given algorithms in the hardware of 
the top level, and on commands of the operator.  


The sixth bank − Devices for measurement auxiliary not radiating parameters. 


 


For measurement of radiating parameters in system are used both the detectors connected to 
multi-channel intellectual data acquisition and processing units, and "intellectual" detectors, having the 
built - in controller. The controller is produced on the base of the industrial microcontroller. Use of the 
controller in detectors has allowed to expand ranges of measurements and to realize the special 
algorithms of data processing which are taking into account features of performance of 
for example, a dust content of aerosol filters, water turbidity, an ambient temperature etc.  


Inclusion in system low level hardware of selective spectrometers - radiometers and automatic 
technological spectrometers has allowed to carry out with use of one spectrometer monitor diagnostics 
of all basic protective barriers containment, and also measurement of structure and activity of 
everyone radionuclide in gas emissions.  


The information from data acquisition and pr
ectual" detectors which process the information on parameters, important for safety, is 


transmitted to the top level of system through two RS-485 independent channels. The data on radiation 
parameters of normal operation are transmitted to the system top level devices through one channe
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control of operational system " Windows 20 are connected among themselves in a 


2.3. M
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territories of Russia. In 80th years of last century SEC “SNIIP” has developed and installed the 
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system 00–2001 [5]. Now 
works on modernization of such equipment on nuclear ice-breakers named "Arctic" and "Tajmir" are 
carrying out. 


The intermediate and top level equipment of the modernized system is replaced almost 
completely, due to what there was possible use of modern methods of processing and representation of 
the information.  


each m
micro
moder lities of processing of the information has allowed to expand ranges of 
measurements, to take into account individual characteristics of detectors, to organize complex testing 
each measuring channel. 


Data acquisition and preliminary processing units transmit the data to the system top level 
devices through the main or reserve communication channel. The information is transmitted to the 
main and reserve top level processing devices, and as the reserve device in the modernized systems the 
computer serving a spectrometer of radiometric laboratory is used. It has allowed not only to transfer 
the data of the spectrometer analysis to the operator of radiation safety service but also to organize 
actually alternate console of the radiation monitoring in radiometric laboratory. 


At the top level of the modernized system the modern industrial computers appropriate to 
requirements of the Sea Register of Russia are used. Devices of the top level of system provide 
gathering and accumulation of the information on radiation conditions on a vessel in a database and 
representation of the information to operators of vessel radiation safety service. The opportunity of 
transfer of the information on radiation conditions on a vessel in the uniform automated monitoring 
system of a vessel is stipulated. 


In the conclusion it would be desirable to note, that, in our opinion, the further development of 
radiation monitoring systems will be connected basically to development of hardware-software means 
of the information processing and perfection of the organization of construction of these systems. 


uters has indust
00 ". Computers 


local network to the help of the duplicated fibre-optical communication channel. 


odernization of ARMS of civil ships with NPU 


SEC “SNIIP” carries out works on modernization of radiation monitoring systems installed on 
hips with nuclear power units (NPU). Now there is 6 ships with NPU in structure of merchant 
f Russia which ensure the functioning of the Northern sea way and supply of the Arctic 


equipment of the radiation monitoring on these ships. However maintenance of the appropriate level 
rk of the given equipment demands the big financial expenses because of it the decision on 
tion of modernization of the equipment was made. Modernization of the radiation monitoring 
 equipment on nuclear ice-breaker " Soviet Union " was executed in 20


The modernized data acquisition and preliminary processing unit has 31 measuring channels. In 
easuring channel data processing is carried out by the separate microcontroller. The additional 


controller provides gathering and transfer of the information the system top level devices. Use of 
n program-technical faci
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Abstract 


The bioavailability of 137Cs and 239+240Pu in soil, deposited dusts from grassland and streets and in 
aerosols has been investigated. The host phases of 137Cs and 239+240Pu were determined by a sequentiel extraction 
based on the Tessier method followed by gammaspectrometric determination of 137Cs and radiochemical 
separation and alphaspectrometric determination of plutonium. The radiochemical separation of 239+240Pu was 
based on TTA extraction, La(OH)3 coprecipitation and extraction chromatography with TEVA-Spec columns. 
Counting samples for alpha spectrometry were prepared by electrodeposition. 


In aerosols, 47 % to 57 % of 137Cs were found to be easily exchangeable. The data are in agreement with 
those of other authors and differ significantly from those for soil and dust samples collected on a nearby street 
and grassland where 137Cs was quantitatively found in the acid-soluble fraction and the residue. Thus, the 
bioavailability of 137Cs in aerosols can be expected to be much higher than in deposited dusts and soil. 


47 % of 239+240Pu in airborne dust were associated to the organic fraction, while in soil and grassland dust 
samples 63 % to 75 % of 239+240Pu was found in the acid-soluble fraction. In street dust, 53 % of 239+240Pu was 
associated to the oxide fraction. As for 137Cs, the association of 239+240Pu in aerosols was found to be very 
different from those in deposited dusts and soil. There seem to be not data available in the literature for 
comparable aerosol and street dust samples. 
 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


The certification of food products, either for export or internal consumption, requires an analysis as accurate as 
possible and proofs assuring that the results of such analyses have a solid base. International food trade is a very sensible area 
of commerce and sanitary barriers, including those for potentially toxic metals, are extremely strict. Countries with mutual 
recognition agreements (MRA) accept the certification of the exporter. Where MRA does not exists, the recipient country 
analyses the goods using their own sampling and analytical procedures. If disagreements in the results arise, the products are 
rejected and not allowed into the buying country with the consequent losses. Several countries have established a maximum 
admissible level of cadmium in molluscs at 1 mg/kg of Cd. To avoid discrepancies in the analytical results between the 
Chilean and laboratories in the importing countries, the Chilean National Fisheries (SERNAPESCA) asked the Chilean 
Nuclear Energy Commission (CCHEN) to set up a proficiency test programme and made it mandatory for all authorized 
laboratories for the certification of export seafood. So far, three proficiency tests have been carried out and the response of 
the laboratories has been noticeable improved  with the direct consequence in the decrease of the rejections of the goods by 
the importers. This paper presents the CCHEN proficiency test programme, the results achieved and the plans for including 
other elements and foods exported by Chile. 


 


1. INTRODUCTION 


Chile is one of the many Latin American countries, which export large amounts of foods to 
European, North American, and Asian countries under commercial agreements. These export means, 
on one hand, the introduction in the production processes of more efficient technologies and, on the 
other hand, economical benefits for the country. These imply, in several cases, social benefits for all 
the population. 


Traditionally, Chile is recognized as one of the largest copper producers in the world and the 
exports of this metal have been the main source of hard currency. Since about a decade, other “non-
traditional” exports started to become attractive for the Chilean producers. One of the commodities is 
seafood, including molluscs and fish. Chile has about 4500 km of coast with a large variety of seafood, 
well recognized and appreciated in international markets. However, many, if not all the markets have 
established some kinds of requirements for imported goods, in particular, food for human 
consumption. One of these barriers is the sanitary that established maximum permissible levels of 
potentially harmful substances in the foods. Of concern for the Chilean producers and exporters of 
seafood, and for the Chilean Authorities responsible for the certification of the quality of the exported 
seafood, is the content of cadmium in molluscs. With such a long coast, it is expected that the content 
of trace metals and other substances varies widely, due to natural process, in the seawater and 
sediments and, therefore, in the mollusc or fish. The European Community has set a maximum content 
of cadmium in all types of imported molluscs at 1 mg/kg to accept them into the respective countries. 
The importer reserves the right to analyse the goods, when they are at the port of entrance, and 
determine the content of those potentially harmful substances and, upon those results, to approve or 
not the import of the commodities. Unfortunately, not always the results of the analyses done in Chile 
by appointed field laboratories and the certification of the products done by the Chilean National 
Fisheries Services (SERNAPESCA), agree with those obtained by the importers’ laboratories. The 
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direct consequence is the refuse of the whole embarkment with the imaginable economical losses for 
the exporters and the country. 


To reduce the rejection of exported food based on discrepancies of analytical results, 
SERNAPESCA approached the Chilean Nuclear Energy Commission (CCHEN) to work together 
aiming at solving the problem of differences in the analytical results of the analyses of molluscs 
among the Chilean field laboratories and with the importers’ own laboratories. CCHEN has a long 
tradition of good analytical practices in the country and abroad since the operation of the neutron 
activation analysis (NAA) technique in the early 70s, application of quality control and quality 
assurance procedures in its laboratories and, recently, the implementation of a Reference Materials 
Programme for the production of those reference materials of natural matrices most needed by the 
local field laboratories. 


CCHEN and SERNAPESCA implemented a Proficiency Test Programme (PTP) that became 
mandatory for all field laboratories authorized by SERNAPESCA for the certification of seafood for 
export. As indicated in the Eurachem Guide on Selection, Use, and Interpretation of PT Schemes [1], 
the importance of producing analytical data fit for purpose, it is now necessary for a laboratory not 
only to produce such data, but also to demonstrate the accuracy and comparability of its data by some 
form of external assessment. There are two main ways by which a laboratory can do this, which are 
essentially complementary in nature. The first is by physical inspection of the laboratory to ensure that 
its quality system procedures comply with well-established, recognized standards and the second one, 
known as Proficiency Testing (PT), is by the assessment of its performance in interlaboratory 
comparisons using samples which have been distributed by the PT's organizer. 


Essentially a PT scheme checks the competence of participating laboratories by a statistical 
evaluation of the data they obtain analysing centrally distributed materials. Each laboratory is then 
provided with a numerical indicator of its competence - a performance index or score - together with 
information on the performance of the group as a whole, enabling its proficiency relative to the group 
to be compared and evaluated. Participation in a proficiency testing scheme also reinforces an interest 
in quality assurance and provides the basis for any corrective action in those laboratories whose data 
does not meet the required level of acceptability [1,2]. 


Further, with the execution of these PT’s a second objective was established: the evaluation of 
the analytical methodology used by the Chilean laboratories, imposed by one importing country, as to 
whether this procedure was suitable, reproducible and produces consistent results. A complete 
evaluation of the method was performed with the help of the several field laboratories. 


2. METHOD 


For the first PT, nine laboratories were convened. All these laboratories had the respective 
authorization of SERNAPESCA for certification of export seafood. The target element was cadmium 
and the matrix was a mollusc. All participating laboratories had to use the same analytical method and 
procedures established by the regulatory body for this analyte and sample type. 


As regards the materials used for this PT, these were two samples of molluscs. One of them was 
the MR-CCHEN-002, a clam reference material prepared at CCHEN in solid, powder, forms and a 
second was a “homogenized” of a mollusc, prepared also at CCHEN. The MR-CCHEN-002 is one of 
the reference materials (RMs) prepared at CCHEN and presently being used routinely by many 
Chilean analytical laboratories within their quality control procedures. Both materials were prepared 
with great care and parameters such as homogeneity, stability, and the mass fraction of cadmium were 
determined. The MR-CCHEN-002 has shown excellent homogeneity properties and to the 
determination of its Cd content contributed several laboratories from Latin America and Europe using 
a number of different analytical techniques. Fig. 1 shows the distribution of Cd in six aliquots from 17 
different units, randomly selected, from the final product. An analysis of variance (ANOVA) showed 
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no significant intra- and inter-units differences. The reference content value for Cd was established at 
0,52 mg/kg, dried weight. 


FIG. 1. Content of Cd in each of six aliquotes from 17 units of the MR-CCHEN-002 reference 
material.The second material, “homogenized” of a mollusc, was prepared from fresh scallops. This 
material represents an actual sample, in the physical condition most analysed by the laboratories. This 
control material was deep frozen and submitted to the participating laboratories. The wet material was 
homogenized and analysed to determine its Cd content in the analytical laboratories at CCHEN using 
NAA, AAS, solid sample AAS, electrochemical and ICP-AES techniques. 


The second PT for this group of laboratories was performed about a year after the first one. In 
this test participated the same nine laboratories that also took part in the first PT. The materials for this 
exercise were two “homogenized” of different bivalve molluscs of the mussel family: tissue of Navaja 
(Ensis macha) and tissue of a mussel (Mytilus chilensis). Both materials were prepared at La Reina 
Nuclear Centre, under controlled conditions, homogenized, sieved, and bottled. As with the materials 
for the first PT, these were tested for homogeneity and analysed to determine the cadmium content: 
0.020 ∀ 0.005 mg/kg and 0.50 ∀ 0.03 mg/kg wet basis. 


A third PT was organized eight months after the second one and a larger number of laboratories 
were invited to participate. Twelve laboratories took part in this exercise. These laboratories had to 
determine the content of Cd in two samples of “homogenized” of bivalve molluscs. As in the previous 
tests, the samples were prepared under controlled conditions exercising great care in the 
homogenization and particle size of the samples. The samples, in wet conditions, were deep frozen and 
distributed to the laboratories assuring less than 24 hours delivery time. 
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3. RESULTS AND DISCUSSION 


The first exercise produced great concern among the field laboratories since this kind of test is 
always related to the negative idea of “destructive” purposes. It took some time to convince the 
participating laboratories of the real purposes of a PT. Although failing the test meant the suspension 
of the authorization for certification of export seafood, the laboratories were convinced of the 
necessity of these exercise: the production of reliable, accurate and precise analytical results and the 
harmonization of them with those produced in the importing countries. On the other hand, a secondary 
benefit was the improvement of the analytical methodology looking for the reasons by the data 
produced by a given laboratory was significantly different from others. With these ideas in mind, the 
laboratories began their participation in the first PT. As expected, the results submitted to the 
organizers were scattered, with large standard deviations and showed a lack of QA/QC support. The 
results are presented in Fig. 2. 


 
FIG. 2. Results reported by the participating laboratories in the first PT for the reference material 
MR-CCHEN-002. 


The statistical evaluation of the results was done using the well-known parameters z-score, En, 
and bias [3–6]. These criteria used for the evaluation of the different parameters are shown in Table I. 


 
TABLE I. PARAMETERS USED FOR THE EVALUATION OF THE RESULTS PRODUCED IN 
PTs SCHEMES 


Parameters and 
evaluation criteria 100(%) ⋅


−
=


x
Xxbias


s
Xxscorez −


=−  
22
reflab


n
UU


XxE
+


−
=  


Satisfactory if bias    10% X   2 En    1 
Questionable if  2 < z < 3  
Unsatisfactory if bias > 10% Z   3 En > 1 
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Using these criteria, the evaluation is indicated in Table II. The target value assigned for s for 


the estimation of z-score was 0.07 mg/kg based on estimations of the dispersion of the data produced 
historically by the laboratories. 


TABLE II. EVALUATION OF THE DATA REPORTED BY THE LABORATORIES 
 


Laboratory code z-score En Bias (%) 


21 0.62 0.31 8.3 
23 -0.33 -0.16 -4.4 
25 -0.33 -0.16 -4.4 
28 -1.43 -0.36 -19.2 
31 4.14 1.69 55.8 
32 0.81 0.37 10.9 
33 3.14 1.56 42.3 
35 -0.19 -0.07 -2.6 
38 0 0 0 


 


Figs 3-5 show graphically the results of this evaluation. 


   


FIG. 3. Values of z-score for the data reported.   FIG. 4. Values of bias (%) for the data reported. 


 


FIG. 5. Values of En for the data reported. 
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The evaluation of the second and third PT included parameters to estimate the accuracy and 
precision of the data. Those parameters have been taken from the IAEA procedures for evaluation of 
PT. These parameters are: 


For evaluation of the accuracy:  2256.2 labreflabref uncuncvaluevalue +≤− , and  


for evaluation of the precision:  


 %100
22


x
value
unc


value
unc


lab


lab


ref


ref










+













 


where valueref and valuelab are te values of the reference material and the laboratory and uncref and 
unclab the respective uncertainties. The evaluation for the accuracy is passed if the expression is 
satisfied and the precision is accepted when the value of the expression is <10%. 


Accordingly, the second and third PT were evaluated using these parameters. Fig. 6 shows the 
data reported and Table III the values of these parameters for the second PT. 


FIG. 6. Results reported by the laboratories for the determination of Cd in the second PT. 


TABLE III. VALUES OF THE PARAMETERS USED FOR THE EVALUATION OF THE 
SECOND PT 


Laboratory    Accuracy  
code Bias (%) z-score En test A term B term Precision (%)
42 -40 -8 5,55 0,2 0,07 7,97 
59 -36,8 -7,35 5,73 0,18 0,06 5,98 
51 -33,5 -6,7 3,86 0,17 0,09 10,17 
52 -26,7 -5,33 2,89 0,13 0,09 10,26 
55 -18,7 -3,73 2,9 0,09 0,06 5,64 
44 -18 -3,6 2,5 0,09 0,07 6,73 
46 -16,7 -3,33 2,59 0,08 0,06 5,61 
48 -10 -2 1,39 0,05 0,07 6,47 
58 -10 -2 1,1 0,05 0,09 8,65 
49 -6 -1,2 0,45 0,03 0,13 13,11 
40 2,1 0,41 0,32 0,01 0,06 5,5 
45 4 0,8 0,55 0,02 0,07 6,13 
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The introduction of the new assessment parameters allowed a more strict evaluation of the 
results reported. As can be seen from Fig. 6, only three laboratories (generously five) would comply 
with the requirements. 


Failing in these PTs meant the immediate suspension of the authorization for certification of 
export seafood for those laboratories failing the PTs. At present, only those laboratories which have 
shown actual competence for the determination of cadmium in seafood until the next (now being 
carried out) PT is evaluated. 


4. CONCLUSIONS 


Participation in PTs schemes is fundamental for determining actual proficiency in specific 
chemical analyses. The use of materials identical to those routinely analysed by the laboratories is 
essential. This has been demonstrated when the samples used in these PTs are changed from wet o dry 
conditions. The laboratories are used to analysed wet samples and from them it is a problem to deal 
with dry specimens. 


A very relevant fact is that despite the field laboratories are competence among them to gain 
clients for their analyses, they understood the necessity to work for a common objective which is the 
improvement of the analytical results. Seminars have been organized for the PTs providers to establish 
a forum to exchange ideas, information and knowledge for the improvement of analytical data. 


The most relevant direct impact of the realization of these PT exercises has been the dramatic 
reduction in the number of rejection of the Chilean products by the importers based on incorrect 
analytical information. Two years ago the average product rejection was about 10-12 per year with the 
argument of wrong analytical data. During the last year only one shipment has been refuse to enter a 
Europan country arguing disagreement in the certified cadmium content compared to the results 
obtained in the importing country. 
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Abstract 


In our institute different procedures have been developed to measure the radioactivity content of drinking 
water both in normal and in emergency situations, as those arising from accidental and terroristic events. A 
single radiometric technique, namely low level liquid scintillation counting (LSC), has been used. In emergency 
situations, a gross activity screening is carried out without any sample treatment by a single and quick liquid 
scintillation counting. Alpha and beta activities can be measured in more than one hundred samples per day with 
sensitivities of few Bq/kg. Higher sensitivity gross alpha and beta, uranium and radium measurements can be 
performed on  water samples after specific sample treatments; the sequential method proposed is designed in 
such a way that the same water sample can be used in all the stages, with slight modifications. Reduced 
equipment requirements and relative readiness of radiochemical procedures make LSC an attractive technique 
which can be applied also by laboratories lacking specific radiochemistry facilities and experience 


 


1. INTRODUCTION 


Drinking and fresh waters usually contain many natural radionuclides: tritium, radon, radium 
and uranium isotopes, etc. Their concentrations are highly variable since they depend on the nature of 
the aquifer and namely the prevailing lithology and the presence of air in it. Radon occurrence is not 
due to rocks erosion but mainly to permeation from inner soil layers, so its concentration is not 
normally related to other natural series radionuclides.  


 
Concern about radioactivity content of water intended for human consumption has been brought 


to public attention by recent international regulations (see Table I):  
 
— EU Council Directive 98/83/EC requires the member states to monitor the concentrations of 


radionuclides in public drinking water [1] and fixes parameter values for tritium content and 
indicative dose.  


— For practical purposes, the World Health Organization guidelines recommends activity 
concentrations for gross alpha and for gross beta activity [2];  


— Commission Recommendation 2001/928/Euratom proposes maximum concentration values for 
Radon and its long lived daughters [3]; 


— WHO (1998) guidelines [4], suggest a maximum uranium concentration of 2 µg/L in  drinking 
water. This value takes into account mainly chemical toxicity effects, since they are generally 
considered higher than radiological ones as far as uranium is concerned; 


                                                      
* Present address: ARPA Lombaridia, Dipartimento Sub-Provinciale Città di Milano, via Juvara 22, 20129 Milano, 
Italy. 
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— single radionuclides reference values are being discussed by EU at present. They shall be 
reported in the Annex 2 to the EU Council Directive 98/83/EC, not issued yet. 


In case of radiological emergency, European Union fixes maximum permitted levels of 
radioactive contamination of foodstuffs; maximum reference levels are proposed separately for alpha 
and beta emitting artificial radionuclides in drinking water [5].   


 
TABLE I. REFERENCE VALUES FOR RADIOACTIVITY CONCENTRATION IN DRINKING 
WATER 


 Reference values   


Normal situations    


EU, 1998         [1] Tritium:        100 Bq/L Indicative Dose:  0.1 mSv/y  


Euratom, 2001 [3] Radon 222 :  100 Bq/L Polonium 210 : 0.1 Bq/L Lead 210: 0.2  Bq/L 


WHO, 1998     [2-4] Gross alpha:  0.1 Bq/L Gross beta:     1 Bq/L Uranium: 24.8 Bq/L 


Emergency situations    


Euratom, 1989 [5] Gross alpha :  20 Bq/L 
(transuranic elements) 


Gross beta: 125 Bq/L 
(strontium isotopes) 


 


 


In recent years an additional concern arose in relation to international political problems. The 
widespread use of depleted uranium (DU) ammunition may have caused ground waters and fresh 
waters contamination. Moreover the risk of terrorism acts involving voluntary radiocontamination of 
water resources or the use of  “dirty bombs” is considered not negligible by public authorities. 


Assessment of drinking water radioactivity content is therefore a main topic, both in normal and 
in emergency situations. Thus laboratories should be able to carry on all required measurements, with 
reduced equipment requirements and relative readiness of radiochemical procedures.  


2. MEASUREMENT TECHNIQUE AND METHODS 


In our laboratory both emergency and high sensitivity measurements have been performed by 
liquid scintillation counting (LSC). This technique involves mixing the sample with a proper detection 
cocktail to be counted in a liquid scintillator. Under these conditions, problems relating to sample self-
absorption and attenuation of particles by detector windows are completely avoided. Detection 
efficiencies approach 100 percent for alpha particles and vary from about 20 to 100 percent for beta 
particles with different endpoint energies; each natural and artificial radionuclide can therefore be 
detected. Furthermore, alpha and beta events can be simultaneously recorded in separated counting 
channels by pulse shape analysis (PSA), which is based on the difference between the delayed 
component of their fluorescent decay [6].  


Ultra low-level LSC coupled to proper sample treatment and extractive techniques allows rapid 
and simple determination of many radiometric parameters, e.g. gross alpha and beta activity, uranium, 
radium, radon and tritium content. 


2.1. Instrumental setup 


An ultra-low level Wallac Quantulus 1220 liquid scintillation counter has been used for all 
measurements. This instrument is specifically designed for the determination of very low level 
activities, using both an anticoincidence active and a passive shield and low background construction 
materials. It also includes a pulse shape analyzer which separates pulses produced by alpha and beta 
radiations into different spectra. An automatic sample changer allows to measure up to 60 samples 
sequentially.  
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For each selected procedure, LS counter PSA parameter, background, efficiency and minimum 
detectable activity (MDA) were measured, as follows: 


 
– PSA parameter: an alpha (241Am) and a beta emitter (90Sr/90Y) are separately measured and the 


interference between both spectra was determined for different PSA values; the best PSA 
parameter is determined by minimizing the sum of alpha and beta interference. Because 
quenching can significantly alter the pulse shape and therefore affect the pulse discrimination 
effectiveness, strict control of quenching values is always required. All subsequent 
measurements must be performed by using the optimum PSA values previously defined; 
quenching affecting factors, as pH of the sample and presence of dissolved oxygen, must be 
controlled; 


– Background: background count rate was determined by measuring dead water samples and 
scintillation cocktail in the same proportions and conditions as real samples. Background 
measurements should be repeated in order to take account of its statistical and seasonal 
fluctuations; mean count rate and standard deviation are then used in calculations; 


– Efficiency: detection efficiency is evaluated by measuring solutions traced with 241Am and 
90Sr/90Y with activity concentrations and chemical composition similar to those of real samples. 
Counting windows must be properly set: the alpha counting window should be wide enough to 
take into account all alpha events; the beta counting window depends on the energy of the 
radionuclide under investigation and a lower threshold may be fixed  to discard lower energy 
events; 


– MDA: the minimum detectable activity was evaluated using Currie formula [7]: 
 


MDA (Bq/kg) = Ld(εTQ)-1 


with 


Ld (counts) = 2.71 + 4.65 (BT)-1/2  


where 


ε is the detection efficiency, 
T is the counting time (s), 
Q is the sample quantity (kg), 
B is the background count rate (s-1). 


 


2.2. Methods 
 
2.2.1. Emergency procedure  
 


In emergency situations many samples have to be analysed quickly and with sufficient 
sensitivities; all artificial radionuclides should be detected, and detection limits should be lower than 
reference levels fixed for countermeasures adoption. Therefore, in this case, LSC is employed as a 
screening technique in order to identify samples containing more radioactivity than the expected one 
(on the basis of natural radionuclides concentration).  


Background in liquid scintillation is more significant than in many others radiometric 
techniques, due to specific interfering chemical-physical phenomena (e.g. photo- and chemi-
luminescence). They can produce signals exceeding those due to the radioactive decay of the sample. 
Many others factors contribute to background counts, as phototubes electronic noise, cosmic radiation 
and so on. As a result, background counts distribution will not necessarily be a normal one, in 
particular when measurement times are very short. The behaviour of background counts should be re-
analysed and the actual distribution of data should be determined. 
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In emergency situations counting time must be kept as low as possible, so that many samples 
per day can be analysed. Notwithstanding detection limits are higher than natural radioactivity content 
of most drinking waters, MDA values useful for radioprotection purposes can still be achieved. 


Furthermore, a decision limit must be arrived at, based on knowledge of the background count 
rates and the confidence that one wishes to place on the outcome. For radioprotection purposes, the 
probability of getting false-negative response  should be kept as low as possible. 


2.2.1.1. Emergency sample preparation  


The gross activity screening is carried out without any sample treatment by a single and quick 
(10 minutes) liquid scintillation counting. 8 ml of water sample are transferred in a 20 ml teflon coated 
polyethylene vial and vigorously shaken in order to assure radon elimination. Afterwards 12 ml of 
PerkinElmer Optiphase Hisafe 3 cocktail are added and sample is shaken again. Sample is measured 
after a 3 hours rest in the dark to allow a decrease of photo- and chemi-luminescence and the decay of 
short lived radon progeny.  


2.2.1.2. Emergency decision limits 


Background count rate was determined measuring 50 samples of different tap waters prepared 
and analyzed as described. In this situation counts are almost completely due to instrumental 
background; the distribution of experimental data has been analyzed both for alpha and for beta 
spectral components.  


The distribution of alpha background counts is not normal (test Shapiro-Wilk: 0.881, p<0.01), 
even if mean and median values are very similar. An unbiased estimator for the central tendency can 
be obtained after removing values falling in distribution tails, and a new mean value Bα is calculated 
as the 5% trimmed mean. A 99.9 % confidence interval can then be defined, centered in Bα and whose 
half-width is equal to by 3.5 times the standard error sBα of the full set of data. 


The distribution of beta background counts is normal, and 99.9 % confidence interval centered 
in mean value Bβ and with half-width 3.5sBβ has been calculated as previously described. 


In emergency situations each sample is measured once; its gross counts Gα and Gβ are recorded, 
and their percent standard errors sGα% and sGβ% are supposed to be the same previously determined 
for background counts distributions. 


The conditions are defined as follows (see Table II). 


 
TABLE II. EMERGENCY DECISION CRITERIA 


Condition Comments 


 -  Gα < Bα 


    (Gβ < Bβ) 


 


Sample data is not significantly different from background. No 
further investigation is required. 


 -  Bα < Gα < Bα  + 3.5sGα = DLα   
    (Bβ < Gβ < Bβ  + 3.5sGβ = DLβ) 


 


There is some indication that sample data exceeds background 
counts, but result needs to be confirmed; the sample should be 
analysed with better sensitivity, e.g. increasing counting time or by 
sample preconcentration. 


-  Gα > DLα  
   (Gβ > DLβ) 


Sample data is significantly different from background. Further 
investigation is required to identify radionuclides actually present in 
the sample. Adoption of proper countermeasures should be 
considered. 
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Radioactivity concentration values corresponding to the above decision limits are 0.7 Bq/L for 
gross alpha and 8 Bq/L for gross beta activity, which are much lower than maximum permitted levels 
of drinking water contamination in emergency situations (20 Bq/L for alpha emitters and 125 Bq/L for 
beta emitters, with special regard to strontium isotopes). For practical purposes higher decision limits 
were adopted, i.e. DLα = 10 counts (equivalent to 2 Bq/L of alpha emitters) and DLβ = 60 counts 
(equivalent to 12.5 Bq/L of beta emitters). 


 
More details of counting setup are given below (see Table III). 
 


TABLE III. EMERGENCY COUNTING SETUP AND DECISION LIMITS 


Acquisition parameters Alpha Beta 
 


Counting window  (channels) 


 


500-1000 


 


100-1000 


Efficiency (1.02 ± 0.04 )% (1.05 ± 0.03 )% 


Background counts   


                                  mean  


                                  median 


                                  5% trimmed mean 


                                  standard error 


 


2.34 


2.00 


2.20 


0.32 


 


36.34 


36.00 


- 


0.93 


Statistical  decision limit (counts) 


 


3.30 


(0.7 Bq/La) 


39.60 


(8 Bq/La) 


Working decision limit (counts) 


 


10 


(2 Bq/La) 


60 


(12.5 Bq/La) 
a Corresponding activity concentration. 
 


2.2.2. High sensitivity procedures 


In normal situations drinking waters monitoring aims to verify  compliance to EU Council 
Directive 98/83/EC, with special regard to tritium content and indicative dose. Tritium determination 
follows a well-established procedure, standardized by ISO [8]. On the contrary, indicative dose 
evaluation requires more specific and cumbersome procedures for the measurement of radioactivity 
content, with special regard to natural series radionuclides.  


WHO guidelines propose a derived parameter based on gross alpha and beta activity. If 0,1 
Bq/L of gross alpha activity or 1 Bq/L of gross beta activity are exceeded, further investigations and 
single radionuclides determinations (with special regards to radium and uranium isotopes) are needed. 


In a survey of 80 sites in our region, Lombardia, run during the last two years, the average gross 
alpha activity concentration was 108 ± 9 mBq/kg, with single values ranging from 18 to 410 mBq/kg. 
Alpha acivity was mostly due to uranium isotopes contribution, while 226Ra concentrations are lower 
by 1-2 orders of magnitudes [9-10]; the average gross beta concentration was 91 ± 7 mBq/kg, with 
single values ranging from 24 to 326 mBq/kg. Gross alpha activity was higher than 0.1 Bq/kg WHO 
guideline value in 44 % of cases, while gross beta was always lower than 1 Bq/kg WHO proposed 
guideline value; therefore no specific procedures for beta emitting nuclides have been considered. 


The proposed sequential procedure has been designed to minimize sample pretreatment (i.e. the 
same pretreatment is used for both gross alpha/beta and 226Ra analysis). If reference values at any 
stage are exceeded the next analytical step is performed (see Fig. 1). 
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All procedures are described in detail elsewhere [11]. A summary is given below.  


 


 


FIG. 1. Sequential methodology for high sensitivity screening. 


If gross alpha > 100 mBq/L If gross beta > 1 Bq/L


If gross alpha > Utot


Gross alpha and beta
measurement


DOSE CALCULATION


40K subtraction
from gross beta


(through chemical
analysis of


potassium and  40K
calculation) and


further investigation


Uranium isotopes
measurement


226Ra
measurement
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2.2.2.1. Gross alpha and beta measurement 


1 liter of water sample was acidified to pH 2.5 with high purity nitric acid (to avoid losses due 
to precipitations, polymerizations, colloid formations) and preconcentrated by slow evaporation on an 
hot plate. After a ten-fold volume reduction the pH dropped to 1.5 and in the same time all the 
dissolved radon was desorbed. After cooling to room temperature, 8 g of the concentrated sample were 
transferred in the scintillation vial and 12 ml of  Optiphase Hisafe 3 (PerkinElmer) cocktail were 
added. Samples were counted for 1000 minutes. The MDA for gross alpha and gross beta activity 
were, respectively, 8 mBq/kg and 25 mBq/kg. 


Results of LSC procedure were compared to those obtained with ISO methods [12-13] for about 
30 water samples and a good agreement was found. 


 


TABLE IV. IRC-CEC INTERCOMPARISON RESULTS 
 Gross alpha 


Act. ± Uncert. 
(Bq/L) 


Gross beta 
Act. ± Uncert. 


(Bq/L) 


Our laboratory results 0.051 ± 0.010 0.519 ± 0.063 


IRC reference values 0.057 ± 0.008 0.520 ± 0.047 


 
Moreover this procedure was used with good results (see Table IV) in IRC-CEC 


Intercomparison concerning the measurement of the gross alpha, gross beta, tritium activities and 
potassium concentration in a drinking water sample – August 2002 [14]. 
 


2.2.2.2. Uranium isotopes measurement 


1 liter of water sample was acidified with 5 ml of 15 M high purity nitric acid and reduced by 
slow evaporation on an hotplate to 100 ml. After cooling, the sample was transferred in a separatory 
funnel and extracted twice by 10 ml each portions of specially designed scintillation cocktail. 


The extractive scintillation cocktail was prepared by adding a fluorescent substance (PBBO, 2-
(4-biphenylyl)-6-phenyl-bezoxazole), naphthalene (to enhance alpha-beta separation) and 5% 
complexing agent (HDEHP, bis-2-etilhexyl-ortophosphoric acid) to xilene. Extraction yields not far 
from 100 % were obtained with this procedure. The sample was then fluxed with argon to remove 
dissolved oxygen. Uranium measurements were made by considering the alpha discriminated 
spectrum component; 238U and 234U content and their ratio were evaluated by applying spectral 
deconvolution of uranium alpha peaks. Canberra Genie2k Interactive Peak Fit software was used to 
this purpose. 235U contribution to total uranium was estimated to be lower than 2.5%, and was 
neglected when performing alpha spectra deconvolution. Each sample is counted for 1000 minutes; the 
MDA for total uranium content is 0.4 mBq/kg.  


The method was tested, with good results, by comparison with values obtained by two 
independent methods on 15 different water samples, namely:  1) semiconductor alpha spectrometry on 
electrodeposited samples; 2) ICP mass spectrometry [9]. It was also used in the recent Interlaboratory 
Study promoted by IAEA ‘Determination of radium and uranium radionuclides in water’; performance 
evaluation report is not yet available. 
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2.2.2.3. 226Ra measurement 


226Ra was indirectly determined by daughter 222Rn measurement. A portion of the ten fold 
preconcentrated water sample, previously prepared for gross alpha and beta measurement, was used 
for this purpose: 10 ml of preconcentrated sample were transferred in a teflon coated polyethylene vial 
and 10 ml of a water immiscible cocktail (Optiscint – Perkin Elmer) were added. After a 21 days 
ingrowth the vial was vigorously shaken to extract radon in the cocktail phase and let to stand for 4 
hours to allow the ingrowth of radon short lived progeny. Samples were counted for 1000 minutes and  
the undiscriminated alpha + beta spectrum were considered; the MDA was 14 mBq/kg. Higher 
sensitivities could be achieved by increasing sample preconcentration. 


The method was tested with good results on two water samples by comparison with values 
obtained by emanometry [9] and used in the above mentioned Interlaboratory Study promoted by 
IAEA.  


3. APPLICATION TO ENVIRONMENTAL SAMPLES 


3.1. Tap waters survey  


High sensitivity techniques have been applied to a preliminary monitoring program of tap 
waters samples drawn in 13 of the largest Lombardia towns; first results have been reported in full 
detail elsewhere [10]. Gross alpha activity ranges from values lower than minimum detectable activity 
(8 mBq/kg) to about 350 mBq/kg; 38 % of values was higher than WHO reference level. Alpha 
activity was always due mainly to uranium isotopes, so no 226Ra measurement was required.  


Gross beta activity ranges from values lower than minimum detectable activity (25 mBq/kg) to 
about 280 mBq/kg; WHO proposed guideline value was never exceeded.  


Southern Lombardia towns (Pavia, Cremona, Mantova) exhibit the lowest radioactivity 
concentrations, while northern (Sondrio, Lecco, Varese, Como) and north-eastern ones (Brescia, 
Bergamo) exhibit medium-low levels. Higher values were found in Milano and neighboring towns 
(Parabiago, Lodi, Monza). A more detailed monitoring of waters from Milano and its surrounding area 
has therefore been performed and results are reported (see Table V). 


Twenty-one (21) tap water samples have been collected in Milano and Lodi districts, including 
Parabiago and Monza towns. Both areas are highly populated,  therefore drinking water quality is of 
special significance for radioprotection purposes. Results of gross alpha and gross beta measurement 
are reported in Table V. 


The uncertainty associated with the activity concentration has been calculated according to the 
appropriate rules of uncertainty propagation to give a combined standard uncertainty [15]. The 
expanded uncertainty was obtained by multiplying the combined standard uncertainty by the coverage 
factor k=2.  


As far as alpha activity is concerned, higher values were found in Milano district waters (mean 
value: 107 ± 21 mBq/kg); values measured in Lodi district are lower (mean value: 16 ± 5 mBq/kg) 
except for the sample collected in Lodi town. Actually, Lodi town is the northest sampling site among 
Lodi district ones, which in general lie in the same geographic area as Pavia, Cremona and Mantova; 
lower radioactivity concentrations of southern Lombardia waters are therefore confirmed. 


Gross beta mean concentrations of Milano and Lodi districts are very similar (Milano district 
mean value: 121 ± 14; Lodi district mean value: 86 ± 13). Gross beta activity is not strictly correlated 
to gross alpha one, as can be seen in Table V. The correlation does not improve even as  40K 
contribution is subtracted.  
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TABLE V. GROSS ALPHA-BETA ACTIVITIES IN MILANO AND LODI TAP WATERS 
Distr. Towns Gross Alpha 


(mBq/kg) 
± Gross Beta 


(mBq/kg) 
± 


Milano Parabiago (ARPA) 348.59 41.38 273.41 48.18 


Milano Milano-v. Cusago-v.Assiano 135.45 19.77 125.00 37.53 


Milano Liscate (MI) 110.99 17.42 137.53 38.30 


Milano Zibido S. Giacomo (MI) - A 109.69 17.27 74.54 34.76 


Milano Milano-v. Don Orione-C.Crescenzago 100.13 16.40 140.81 38.40 


Milano Zibido S. Giacomo (MI) - B 99.76 16.37 120.80 37.30 


Lodi Lodi (ARPA) 93.69 15.80 239.04 45.43 


Milano Milano (ARPA) 90.99 15.55 118.91 37.18 


Milano Noviglio (MI) – B 87.91 15.22 101.21 36.00 


Milano Noviglio (MI) – A 81.04 14.61 109.86 36.52 


Milano  Monza (ARPA) 78.11 14.38 131.69 37.93 


Milano Segrate (MI) 59.62 12.77 83.63 35.31 


Milano Milano-v. Aristotele 28-C.Gorla 45,70 11.62 86.98 35.47 


Lodi Codogno (LO) 41.69 11.29 142.10 38.52 


Milano Milano-v. Castrovillari 20- C. Baggio 39.26 11.11 66.00 34.50 


Lodi Cornegliano Laudense (LO) 31.67 10.51 109.41 36.54 


Lodi San Fiorano (LO) < 7.7  < 25  


Lodi Terranova dei Passerini (LO) -  A < 7.7  81.23 35.09 


Lodi Corno Giovine (LO) < 7.7  64.95 34.39 


Lodi Terranova dei Passerini (LO) -  B < 7.7  103.88 36.30 


Lodi Santo Stefano Lodigiano (LO) < 7.7  73.29 34.82 
 


3.2. Fresh waters survey 


In 2000 some concern arose in  people about possible contamination by depleted uranium (DU) 
of Garda lake. Actually some unused bombs had been thrown in Garda lake during Kosovo conflict; 
lack of information about the real nature of weapons increased worries in population.Garda is the 
biggest Italian lake. It is a famous and crowded bathing site and its waters are used for drinking 
purposes as well.  


Waters normally contain uranium; the mean concentration of 238U ranges from 1 to 90 mBq/L 
[16]. Observed values of natural uranium isotopes ratio in water vary widely; 234U/238U is not 
necessarily close to 1, as expected in geologically undisturbed samples, as a consequence of selective 
chemical-physical effects (different leaching rate of rocks due to alpha recoil) that take place in waters 
aquifers [17]; the actual 234U/238U ratio is often higher than 1 (up to 10) [18]. On the contrary, 
235U/238U activity ratio is reported to be relatively constant (about 0.045). 


In the case of DU, the concentration of 234U and 235U is lower than expected in natural uranium. 
The depletion level found to date in DU ammunition is defined as 0.2% 235U by weight. If DU is 
mixed with natural uranium in varying proportions, the mass ratio as well as the activity ratio will vary 
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accordingly. Since in waters the 234U activity concentration is usually greater than 238U one, the DU 
contribution can be easily masked if  234U/238U ratio is used as checking parameter. 


 


TABLE VI. WEIGHT COMPOSITION AND SPECIFIC ACTIVITY OF NATURAL AND 
DEPLETED URANIUM 


 Isotopes Natural uranium Depleted uranium 


Composition by weight  238U 99.2745 % 99.7990 % 


 235U 0.7200 % 0.2000 % 


 234U 0.0054 % 0.0010 % 


 235U/238U 0.00725 0.0020 


 234U/238U 5.54 E-5 1.00 E-5 


    


Specific activity  238U (Bq/mg) 12.36 12.38 


 235U (Bq/mg) 0.58 0.16 


 234U (Bq/mg) 11.56 2.29 


 235U/238U 0.047 0.013 


 234U/238U 0.935 0.185 
 


In order to check the presence of DU, both 234U/238U and 235U/238U activity ratios can be used. 
234U/238U ratio can be determined with high precision by alpha spectrometry, due to higher sensitivity 
of this method for these isotopes.235U/238U ratio measurement is more accurate if mass-spectrometric 
techniques rather than alpha pulse-height analysis are used [19].  


Eight (8) drinking water and nine (9) bathing water samples were collected in different Garda 
lake places; total uranium and 234U/238U ratio were determined as previously described. LSC alpha 
spectrometry was preferred to semiconductor alpha spectrometry on electrodeposited samples because 
o it is readiness.  Measurement results are reported in Table VII. 
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TAB.VII – TOTAL URANIUM AND 234U/238U RATIO IN GARDA LAKE SAMPLES  


Towns  


(N/S) 


Total 
uranium 


(mBq/kg) 


± 234U/238U ± 


Lake bath water samples     


Limone camping Nanzel 23.42 2.89 1.09 0.13 


Tremosine loc. Campione 28.27 3.41 0.99 0.10 


Gargnano - porto 21.78 2.71 1.20 0.14 


Toscolano loc. Lungolago 23.21 3.23 1.11 0.14 


Salò - cimitero 23.69 2.92 1.26 0.15 


Moniga - porto 24.83 3.04 1.14 0.13 


Desenzano loc. Rivoltella 24.59 3.02 1.14 0.13 


Desenzano loc. Rivoltella 22.32 2.77 1.20 0.15 


Sirmione camping Sirmione 23.09 2.85 1.05 0.13 


 


Lake drinking water samples  


Limone loc. Singol 38.76 4.77 1.30 0.15 


Gargnano loc. Muslone 40.72 4.84 1.14 0.10 


S.Felice loc. Porticcioli  24.41 3.04 1.02 0.12 


Manerba loc. Pisenze 21.80 2.78 0.96 0.12 


Manerba - vill.tur. S.Giorgio 20.10 2.56 0.98 0.13 


Moniga loc. Pescatrice 24.12 3.02 1.00 0.13 


Desenzano - cabina vecchia 23.81 2.99 1.11 0.16 


Desenzano - cabina nuova 22.30 2.81 1.31 0.17 


 
238U concentration ranged from 10 to 20 mBq/kg, as expected in natural samples. 234U/238U ratio 


was never significantly less than 1, as should be in samples heavily contaminated by DU. 


4. CONCLUSIONS 


Liquid scintillation has proven to be a quick, versatile and accurate tool for radiometric 
investigation. Gross alpha and beta, uranium and radium isotopes activity can be measured with quick 
and simple procedures; method sensitivity can be tailored to assure compliance to reference levels, 
both in normal and in emergency situations. Small differences in sample chemical properties (e.g. pH 
value, amount of dissolved oxygen etc.) can modify scintillation yields and, as a consequence, 
measurement outcomes. However, if suitable validation criteria are properly defined in order to 
maintain control of relevant parameters (e.g. quenching value, chemiluminescence etc.), reliable 
results can be obtained. Moreover, reduced equipment requirements and relative readiness of 
radiochemical procedures make LSC an attractive technique which can be applied also by laboratories 
lacking specific radiochemistry facilities and experience. 
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Our emergency procedure allows analyzing more than 130 samples per day, with far better 
sensitivities (actually 1/10) than maximum radioactive contamination levels set by European Council 
Regulation 2218/89. As gross alpha derived levels are lower than usual 222Rn content of most waters, 
special care must be taken in removing it. Furthermore, a preliminary study of waters content of 
natural radionuclides is strongly suggested. In order to avoid both false-negative and markedly false-
positive results, decision limits on sample gross counts must be properly set, and a preliminary study 
of instrumental background behavior is required.  


With regard to the natural radionuclides content of waters, preliminary results on Lombardia tap 
waters show the existence of critical areas where gross alpha activity content exceeds WHO proposed 
values. High values are usually due to uranium isotopes and the indicative dose reference value of 0.1 
mSv/y proposed by Council Directive 98/83/EC was never exceeded. Nevertheless previous works 
[20] showed that, in specific areas, a relevant dose contribution is due to radium isotopes, whose 
radiotoxicity is higher than uranium one. A more detailed monitoring program in the whole Lombardia 
area is in progress, in order to deepen knowledge about drinking waters radioactive content. 


Total uranium content of waters can be measured by LSC coupled to selective extraction. If a 
proper sample preparation procedure is applied, alpha peaks resolution is good enough to allow 
measurement of 234U/238U ratio. However it should be pointed out that the effectiveness of alpha 
spectrometric methods in checking DU contamination of waters is greatly reduced by the well- known 
variability of natural 234U/238U ratio; a comparison of uranium isotopes ratios in non polluted and 
potentially polluted samples could increase actual method sensitivity. Such shortcomings are generally 
avoided as 235U/238U ratio is considered, since its value in water samples is supposed to be relatively 
constant.  
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Abstract 


Radioactivity in food is a source of exposure that could significantly contribute to an increased internal 
dose of the population in cases of radiological emergencies, like nuclear accidents or radioactive discharges. This 
demands continuous surveillance to ensure that public safety targets and international commitments are met and 
ensure that the consumer and the environment are effectively protected.  


In the present work selected food and foodstuff samples commercially available in Slovenia were 
analyzed for 90Sr content. Special attention was paid to determination of 90Sr in foodstuffs for infants. The results 
show that the samples contain activities of the artificial radionuclide 90Sr which are low  compared to the 
maximum permitted levels of radioactive contamination laid down in EU regulations.   


 


1. INTRODUCTION 


89Sr and 90Sr are artificial radioactive isotopes generated by spontaneous fission of 238U in 
nuclear plants and during the explosion of nuclear devices and weapons tests. Strontium is considered 
to be one of the most biologically hazardous contaminants in the environment, which becomes 
incorporated into the calcium pool and is transported from soil to plants and finally to man. 89Sr as 
well as 90Sr emit beta particles, the later being a relatively long lived isotope with half-life of 28.8 
years and a maximum energy of 0.54 MeV, in comparison with 89Sr with half-life of 50.5 days and a 
maximum energy of 2.27 MeV. 89Sr is one of the main component of fallout activity in the first few 
months after an accident, while 90Sr constitutes a long term biological hazard due to its long residence 
time in the human body (49.3 years) [1,2]. The radionuclide is distributed throughout the volume of 
the mineral bone, acting as a source of internal irradiation that damages bone marrow and blood 
forming organs and induces cancer [3]. It is therefore essential that the activity of 90Sr in food and 
foodstuffs is controlled.  


Following the accident at the Chernobyl nuclear power station on 26 April 1986, considerable 
quantities of radioactive materials were released into the atmosphere, contaminating foodstuffs and 
feedingstuffs in several European Countries to levels significant from the health point of view. The 
immediate action taken after the Chernobyl accident was to define maximum permitted levels of 
radioactive contamination of imported agricultural products originating in third countries. Other EU 
legislation was introduced to provide for any future nuclear emergency situation. This covers in 
particular maximum permitted levels of contamination for placing foodstuffs and feedingstuffs on the 
market following a radiological emergency, together with informing the public affected or likely to be 
affected by the radiological emergencies. Basic safety standards laying down maximum permitted 
levels of 90Sr  in foodstuffs and feedingstuffs are summarized as follows:   


– Council regulation (Euratom) No.3954/87 of 22 December 1987 lays down maximum 
permitted levels of radioactive contamination of foodstuffs and of feedingstuffs following a 
nuclear accident or any other case of radiological emergency, amended by Council regulation 
(Euratom) No. 2218/89 of 18 July 1989 (Table I).  
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TABLE I. MAXIMUM PERMITTED LEVELS FOR FOODSTUFFS AND FEEDINGSTUFFS 
(Bq/kg or Bq/L) 


 


Isotopes Baby foods *1 Dairy produce Other foodstuffs *2 Liquid foodstuffs *3 


90Sr 75 125 750 125 
*1 foodstuffs intended for the feeding of infants during the first six months of life, clearly identified and labelled 
“food preparation for infants” 
*2  except minor foodstuffs fixed in the Commission regulation (Euratom) No. 944/89  
*3 values are calculated taking into an account consumption of tap-water 


 
– Commission regulation (Euratom) No. 944/89 of 12 April 1989 lays down maximum permitted 


levels of radioactive contamination in minor foodstuffs following a nuclear accident or any 
other case of radiological emergency.  For the minor foodstuffs (such as garlic, truffles, capers, 
peel of citrus fruit or melons, fresh, frozen, dried or provisionaly preserved, etc.) the maximum 
permitted levels to be applied are 10 times those applicable to “other foodstuffs except minor 
foodstuffs” fixed in the Annex of Regulation (Euratom) No.3954/87. 


 
– Commision regulation (EURATOM) No. 770/90 of 29 March 1990 lays down maximum 


permitted levels of radioactive contamination of feedingstuffs following a nuclear accident or 
any other case of radiological emergency, and leads to the conclusion that maximum permitted 
levels are needed only for the caesium radioisotopes.  


 


– Council regulation (EURATOM) No.2219/89 of 18 July 1989 on the special conditions for 
exporting foodstuffs and feedingstuffs following a nuclear accident or any other case of 
radiological emergency. This regulation lays down that foodstuffs and feedingstuffs in which 
the level of radioactive contamination exceeds the relevant maximum permitted levels laid 
down in Regulation (Euratom) No. 3954/87, may not be exported.   


To ensure that the content of 90Sr in agricultural products, food and foodstuffs available in 
Slovenia does not present a health hazard to the population, several representatives of food samples 
were analysed for 90Sr content. 4 samples of sea food (golden grey mullet, gilthead seabream, 
European anchovy, mussels) and 1 sample of freshwater fish (trout), 2 representatives of vegetables 
(potato and cabbage), 4 foodstuffs for infants (milk powder, fruit milk mash, infant milk, wheat 
flakes), 1 egg sample (yolk and egg-white, analysed separately) and 4 different samples of meat (beef) 
were analysed in the present study. Milk is a particularly important diet component and often a prime 
contributor to 90Sr, while the other food samples are constituents of typical diet. Levels obtained were 
compared with the maximum permitted levels of radioactive contamination laid down in EU 
legislation. Numerous analytical methods are used for determination of radiostrontium in different 
environmental samples, using liquid scintillation counting [4], Cherenkov counting [5,6], nitrate 
precipitation and beta counting [7], with some limitations in sensitivity or sample load. Although the 
separation procedure described in our present work requires the use of fuming nitric acid that is 
unpopular in laboratories, the method still offers an advantage in sensitivity in comparison to other 
techniques. The method can be applied to the analysis of low-level environmental samples, since the 
sample quantity is sufficient to ensure that the amount of 90Sr can be detected. 
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2. EXPERIMENTAL 


2.1. Reagents and instruments 


- strontium carrier solution (20 mg Sr2+/mL) was prepared from Sr(NO3)2 (Merck), dissolved in 
0.1M HNO3, 


- iron carrier solution (5 mg Fe2+/mL) was prepared from FeCl3
.6H2O (Merck), dissolved in 0.1M 


HNO3, 
- ammonium hydroxide solution (1:1) saturated with barium (barium carrier solution) was prepared 


from BaCl2
.2H2O (Merck),  


- 25% ammonium acetate solution prepared from C2H7NO2 (Kemika, Zagreb), 
- saturated ammonium chromate solution prepared from (NH4)2CrO4 (Merck). 


Other reagents used: HCl 37%, HNO3 65%, HNO3 100% (fuming), NH4OH 25%, NaOH pellets 
(Merck), CH3COOH 100%, oxalic acid (Alkaloid, Skopje), (NH4)2CO3 (Riedel de Haën). All chemical 
reagents were of analytical grade.  


Beta activity was measured on a multilogger LB 5310 low-level gas proportional counter 
(Berthold Inc., Bad Wildbad, Germany), calibrated with 90Sr/90Y standard prepared from Sr90-
ELSC10 standard solution (LEA, Cerca) with an initial activity of 48.2 Bq/g. 22 mm diameter 
counting planchettes were used, obtaining a 17% counting efficiency for 90Sr and a 43% counting 
efficiency for 90Y.  


2.2. Sample pretreatment  


Fresh mussels and fish samples were cleaned, cut and homogenized, eggs were separated to 
egg-white and yolk, and the samples were freeze-dried for 72 hours.  No pretreatement was needed for 
foodstuffs for infants. Samples of cabbage and potatoes were air-dried and ground in an agate mortar. 
Then, samples were carefully ashed to 600°C, so that the ash was free of organic carbon, which can be 
recognized by a dark brown or black coloured ash. 5 mL of Sr-carrier (20 mg Sr2+/mL) was added 
after ashing. Strontium was leached with hydrochloric acid and filtered through a black band filter 
paper before separation. 


2.3. Separation of strontium from matrix components  


Alkaline earth elements are preconcentrated as oxalates, a process in which the silicates and 
potassium is removed. Oxalates are then dissolved in nitric acid and strontium is separated from 
calcium in repeated precipitation of nitrates with fuming nitric acid. After dissolution of nitrates in 
water, barium and iron-carriers are added and iron hydroxides precipitated with ammonium hydroxide 
to remove traces of iron and aluminium. Strontium is purified from radium, barium and lead with 
barium chromate as a scavenger. To the filtrate ammonium carbonate is added and strontium 
precipitated as SrCO3. The detailed procedure is presented in Fig. 1.  
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FIG. 1. Radiochemical procedure for strontium separation from matrix components. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


2.4. Measurement of SrCO3 precipitate  


SrCO3 precipitate was centrifuged on a 22 diameter aluminium planchette immediately after 
separation, dried and weighed to determine the chemical yield. Immediately afterwards beta counting 
was performed to measure the beta activity of 89/90Sr, and after about 14 days when secular equilibrium 
of 90Sr with 90Y was established, the sample was measured again. There was no detectable 89Sr present 
in the samples, and the results for 90Sr were calculated from measurements of 90Sr/90Y at equilibrium.  


2.5. Calculations of the results  


90Sr activity and standard deviation can be calculated according to the formulas: 
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where 


 
A - 90Sr activity  in the sample (Bq/kg) 
R - count rate of the sample, background substracted (cpm) 
Rs+b -count rate of the sample and background (cpm) 
Rb – background count rate (cpm) 


 sample ash + strontium carrier (100 mg Sr2+)
leaching with 50-100 mL conc.HCl 


↓ filtrat ion
addition of oxalic acid


NaOH to pH 4-5
oxalate precipitation


↓
dissolution in HNO3


fuming HNO3 separation (2 times or more)
nitrate precipitation


↓
dissolution in deionized water


addition of Ba-carrier
addition of Fe-carrier


NH4 OH
hydroxide precipitation


↓
addition of NH4COOCH3


(NH4)2CrO4
CH3 COOH


chromate precipitation


↓
addition of (NH4)2 CO3
SrCO3 precipitation 


↓
beta measurement of 90Sr, 89Sr and 90 Y


centrifugation


centrifugation


filtration      black belt filter paper


filtration      black belt filter paper


discard precipitate


discard precipitate


discard solution


discard solution


discard solution


sample ash + strontium carrier (100 mg Sr2+)
leaching with 50-100 mL conc.HCl 


↓ filtrat ion
addition of oxalic acid


NaOH to pH 4-5
oxalate precipitation


↓
dissolution in HNO3


fuming HNO3 separation (2 times or more)
nitrate precipitation


↓
dissolution in deionized water


addition of Ba-carrier
addition of Fe-carrier


NH4 OH
hydroxide precipitation


↓
addition of NH4COOCH3


(NH4)2CrO4
CH3 COOH


chromate precipitation


↓
addition of (NH4)2 CO3
SrCO3 precipitation 


↓
beta measurement of 90Sr, 89Sr and 90 Y


centrifugation


centrifugation


filtration      black belt filter paper


filtration      black belt filter paper


discard precipitate


discard precipitate


discard solution


discard solution


discard solution







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


ts – measuring time, sample 
tb – measuring time, background 
YSr – chemical yield of the separation  
ηSr-90 - counting efficiency for 90Sr 
ηY-90 – counting efficiency for 90Y 
m - sample weight (kg) 
h – decay constant for 90Y (1.8022E-4 min-1) 
t – ingrowth time from separation of 90Sr to counting (min). 


3. RESULTS AND CONCLUSIONS 


Radiochemical analysis of 90Sr was performed on 17 food and foodstuff samples with the 
procedure described. The results of the 90Sr activity concentrations are presented in Table II.  


 
TABLE II. RESULTS OF 90Sr DETERMINATION IN SELECTED FOOD AND FOODSTUFF 
SAMPLES, Bq/kg FRESH WEIGHT 
 


Samples Sample weight (g) Chem.yield (%) 
 


90Sr (Bq/kg) 
 


Golden grey mullet 
(Liza aurata) 173 81.4 0.05 ± 0.01 


Gilthead seabream 
(Sparus auratus) 314 43.8 0.03 ± 0.01 


European anchovy 
(Engraulis ancrasicolus) 318 22.0 0.25 ± 0.02 


Sea food 
 


Mussels 
(Mytilus galloprovincialis) 277 63.9 0.03 ± 0.01 


Freshwater 
fish Trout 169 76.9 < 0.01 


(15/3/02)* 302 69.7 0.01 ± 0.005 


(17/4/02)* 372 63.0 < 0.01 


(7/6/02)* 299 69.3 < 0.01 


Meat 
(beef) 


(15/10/02)* 332 57.9 < 0.01 


Potato 622 70.7 < 0.01 
Vegetables 


Cabbage 766 22.6 0.4 ± 0.02 


Milk powder 52 54.6 0.90 ± 0.10 


Fruit milk mash 71 46.9 0.15 ± 0.02 


Infant milk  100 96.7 0.07 ± 0.01 


Foodstuffs 
for infants 


Wheat flakes 51 35.7 0.90 ± 0.10 


Egg-white 385 86.2 0.02 ± 0.01  
Eggs Egg-yolk 170 77.0 0.05 ± 0.01 


* date of sampling. 
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A comparison with the maximum permitted levels of radioactive contamination applied in EU 
regulations showed that all the activity concentrations obtained for 90Sr in selected food and foodstuff 
samples from Slovenia are well below the values laid down in the regulations. Selected foodstuffs for 
infants all contain below 1 Bq/kg of 90Sr in comparison with EU regulation restriction of 75 Bq/kg, 
and all other selected food samples contain well below 750 Bq/kg. Analysis of the 90Sr within the 
continuous monitoring programme of water biota in the vicinity of the Krško nuclear powerplant, 
Slovenia, for the year 2002, was performed in 3 different freshwater fish samples (muscle and bones, 
separately) by the procedure described and the results are presented in Table III.  


 


TABLE III. RESULTS FOR 90Sr IN FRESHWATER FISH SAMPLES, INCLUDED IN THE 
KRŠKO NPP MONITORING PROGRAMME 


Sample Code 
 


Samples of freshwater fish  
 


 
90Sr (Bq/kg) 


 


K02-BRM2-31 Fish - muscle Wels catfish (Silurus glanis) 
Common carp (Cyprinus caprio) 0.14 ± 0.02 


K02-BRK2-31 Fish - bones Wels catfish (Silurus glanis) 
Common carp (Cyprinus caprio) 1.4 ± 0.1 


K02-BRM4-31 Fish - muscle Common carp (Cyprinus caprio) 0.4 ± 0.1 


K02-BRK4-31 Fish - bones Common carp (Cyprinus caprio) 1.2 ± 0.1 


K02-BRM2-61 Fish - muscle Sneep (Chondrostoma nasus) 0.06 ± 0.02 


K02-BRK2-61 Fish - bones Sneep (Chondrostoma nasus) 0.4 ± 0.1 


 


The values obtained are low, and no significant increase in activity concentration of 90Sr could 
be observed and attributed to the operation of the Krško nuclear powerplant when comparing the 
values obtained with the results for other selected seafish and freshwater fish samples. Increased 
activity concentrations, as expected, were observed only in samples of fish bones, and significantly 
lower results were obtained for fish muscle samples. As expected, the results confirm that selected 
food and foodstuff samples contain low activities of 90Sr and do not present a health hazard to the 
population. 
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Abstract 


A delayed coincidence method, called a time interval analysis (TIA) method, has been succeeded to 
selective determination of the successive α−α decay events in millisecond order. Since such decay events 
contain in 220Rn→216Po(T1/2:145ms) (Th-series), and 219Rn→215Po(T1/2:1.78ms) (Ac-series), two kinds of natural 
decay series could be separately determined using the TIA in addition to 226Ra (U-series) from α-spectrometry of 
a liquid scintillation counting (LSC). 


The detection efficiency of the TIA-analysis could be improved using pulse shape discrimination 
technique (PSD) to reject β-pulses, solvent extraction of Ra after simple chemical separation, and purging dry N2 
into scintillaor.  


U- and Th- together with Ac-series were determined from alpha spectrum and first TIA-measurement just 
after the Ra-extraction, respectively. The overall yields were estimated using the second TIA-measurements at 
the maximal growth of 225Ra (Np-decay series) as yield tracer due to 221Fr → 217At(T1/2:32.3ms) process. 


The present method has proven to be useful for the simultaneous determination of three kinds of decay 
series in the environmental samples.. 


 


1. INTRODUCTION 


In the determination of low-level α-emitting nuclides, the liquid scintillation counting (LSC) 
method is suitable because of yielding almost 100 % counting efficiency for α-particles in spite of 
poor energy resolution. Therefore, the LSC-method has progressively been used for the determination 
of α-nuclides combined with the selective solvent extraction of environmental samples.  


A delayed coincidence method, called a time interval analysis (TIA) method, has been initially 
developed to the determination of thorium decay series in environmental samples using a liquid 
scintillation counting in co-operation with a personal computer system in our laboratory [1-4]. This 
TIA-method is based on the selective extraction of correlated α-decay events associated with daughter 
nuclide with milli- or sub-millisecond order life from other random decay or background events [2,3]. 
According to two kinds of different statistical treatments, a single period time-interval analysis and a 
multiple one (STA and MTA) have been examined using the theoretical functions of time interval 
distribution curve. From the results of experimental and simulation tests, the MTA method, dealing all 
of pulse time intervals within a fixed time, has been verified to be more reliable for the selective 
extraction of the objective decay events with millisecond life-time [2,4].  


In addition to 222Rn→216Po(T1/2:145ms) (Th-series), the TIA-MTA method has been applied to 
the determination of two other correlated α-α decay events, including, 219Rn→215Po(T1/2:1.78ms) (Ac-
series) and 221Fr→217At(T1/2:32.3ms) (Np-series) [3-6].  
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In the present paper, the enhancement of detection sensitivities for each correlated event was 
tried to make as low as possible the background events using the use of pulse shape discrimination 
(PSD) between α- and β/γ-pulses and simple chemical separation of radium fraction. The practical 
applicability of the present method is also described for some environmental samples. 


2. EXPERIMENTAL 


2.1. Sample preparation 


Three kinds of radium samples were prepared by liquid-liquid extraction of radium isotopes. 
The extraction procedure is shown in a latter part of Fig. 1. The solution including radium isotopes 
was evaporated to dryness, and the residue was dissolved again in doubly distilled water (DDW). 
After the solution of 2.5M NaOH was added to the solution to adjust the pH to over 10, radium 
isotopes were extracted selectively into an extractive scintillator cocktail (ETRAC RADAEX α, 
ORDERA Inc.). This scintillator had already been converted to the sodium salt form by shaking the 
scintillator with 4M NaNO3/0.2M NaOH solution. A 1.0 ml aliquot of the scintillator, which now 
contained radium isotopes, was transferred to a standard glass culture tube ((φ=1.0×75 mm2), and di 
(2-ethylhexyl) phosphoric acid (HDEHP) was added to the scintillator in order to stabilize the 
scintillator solution till second application of TIA-measurement of Np-series nuclides after 20 days . 
Dry nitrogen gas was purged through the scintillator for 5 minutes to expel dissolved oxygen which 
caused oxygen-quenching effect in α-LSC [6].  


Analytical samples contain all members of radium isotopes involving 226Ra (U-series), 224Ra 
(Th-one), and 225Ra (Np-one), plus even 223Ra (Ac-one) in a rare case. To establish the experimental 
conditions, the samples including three decay chains are prepared and tested in three categolies with 
respect of the activity strength of 225Ra as yield tracer to the other radium isotopes. Since almost 
equivalent amounts of 226Ra to 224Ra include in general geological samples, the following three 
samples were prepared. One is larger 225Ra content than other radium isotopes, the other is same 
amount of other radium isotopes, and final one consists of less 225Ra-activity (about one third) than the 
naturally occurring radium isotopes.  


2.2. Measurement and analysis system 


A block diagram of the PSD/ TIA measuring system is illustrated in Fig. 2. The measuring 
system is composed of an α-LSC (ORDERA 8100AB) called PERALS, a multi-channel analyser 
(MCA, SEIKO EG&G, 7800) and a personal computer (EPSON PC-486 SE) with a timer/counter 
module (CONTEC, TIR-6) of which time resolution is 0.1 ms. The details of the assembly have been 
found in elsewhere [3-5]. 


The PERALS spectrometer contains a pulse shape discrimination (PSD) circuit to reject pules 
caused by β-particles and γ rays to extract pure α-pulses. After adjusting the PSD level into optimal 
condition, the spectrometer principally provides an analog output signal of α-pules alone with a 
negligible contribution of the β particles and γ ray [7]. 


The signals from the α-LSC are fed to pulse height analysis of MCA. The logical output signals 
(TTL) from a single channel analyser (SCA) terminal of the MCA are connected to an input of a 
timer/counter module interface board, then the event or pulse occurring times owing to decay events 
are recorded by a personal computer. In these ways, one can register a series of the pulse event time 
file in a computer memory, whenever α-decays occurred in scintillator.  


2.3. Data analysis 


The time interval distribution between one event and its delayed events within a certain time 
period were evaluated from the pulse event time file. Here, the successive α-decay events within the 
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M ⋅ P(T )∆t = M ⋅αt ⋅ λ ⋅ ∆t ⋅ exp(−λ ⋅T ) + M ⋅C ⋅ ∆t
= K1 ⋅ exp(−λ ⋅T ) + K2  


order of milli- or sub-millisecond could be selectively detected by the computer processing. A real 
time interval distribution could be introduced as follows: 


(1) 
 


 


where 


M is total count number, P(T) is the probability of time interval occurrence at T,  
∆t is a differential time width, at αt is a probability of true objective event due to parent decay,  
λ is a decay constant of apparently correlated events within a fixed time interval,  
C is background or random event rates detectable to scintillation counting [2]. 


By using the experimentally resultant constant K1, the activity as correlated event rate and αt–
values could be evaluated theoretical time interval distribution is demonstrated in Fig. 3. In practice, 
the fitting results of measurements with TIA to equation (1) gives the number of correlated events, 
finally we can get the activity or counting rate of the objective correlated event. 


The time interval distribution was fitted by commercially avail able computer program (Igor, 
WaveMetrics). 


2.4. Measurement 


The radium extracts were measured repeatedly with an α-LSC combined with the TIA system. 
In a series of the measurements, each radium-extracted scintillator was purged by nitrogen gas for 5 
minutes to expel the 222Rn produced from 226Ra. As a result, the elimination of background due to 
descendant nuclides of 222Rn was recognized as described below.  


3. RESULTS AND DISCUSSION 


3.1. Alpha-spectra from liquid scintillator 


The following three α-liquid scintillation spectra are obtained from Ra-fraction extracted from 
226Ra sample, aged 232U one, and 227Th solution using the PERALS spectrometer installed with a pulse 
shape discrimination (PSD) circuit. 


3.1.1. 226Ra sample 


An example of pulse height spectrum from the sample including 226Ra and its descendants is 
illustrated in Fig. 4(a). Four peaks are assignable to 226Ra, 222Rn, 218Po and 214Po from the left side 
belonging to the decay chain of U-series [8]. The peak intensities due to each radionuclide in the 
spectra were obtained from the fitting results using Gaussian functions. A fitting mode is illustrated as 
real curve for four peaks due to 226Ra, 222Rn, 218Po and 214Po in this figure. The peak area ratios of 218Po 
and 214Po to 222Rn have been nearly unity for long period over 20 days, giving secular equilibrium 
between 222Rn and its daughters in the liquid scintillation samples. The energy resolution was 
estimated to be 191 keV FWHM (full width at half maximum) at a peak of 226Ra (4.8 MeV). 


3.1.2. 224Ra sample 


A typical pulse height spectrum from the 224Ra sample is shown in Fig. 4(b). Main three peaks 
observed in figure are identified to 224Ra, 220Rn and 216Po from the left side. The energy resolution, 
offering a little bit poor in comparison with 226Ra, was estimated to be 256 keV FWHM at 224Ra peak. 
There appears a relatively small peak due to 212Bi which overlaps on the three peaks. Additionally, a 
peak due to 212Po was not observed although the detection energy window open in the α-energy of this 
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nuclide. For this reason, it is reasonably considerable that 212Po has very short half life, which is 
0.299µsec. 212Po can be produced after parent 212Bi decay out. 212Po will decay out too quickly to 
follow the visualization of α-LS spectrum. In fact, the electronic dead time of PSD and MCA was 
estimated at 4.8 µsec, which is longer than the life of 212Po. Therefore, part of branching β rays due to 
212Bi was sent to the MCA from the α-LSC operating PSD, the pulses due to 212Po could not be 
detected by the MCA.  


The decay behavior of 224Ra activity was studied by applying the TIA. Fig. 5 shows the changes 
of correlated α−α event rates evaluated by TIA, pulse height spectra and theoretical decay rate of 
224Ra against cooling times. It is obvious that the result from TIA gave in a good concordance with 
that from other two results. 


3.1.3. 225Ra sample 


A pulse height spectrum from the 225Ra sample is shown in Fig. 4(c). 225Ra itself is not indicated 
in this spectrum because of its β−emitter. Four alpha peaks from its daughters were observed, which 
are assignable to 225Ac, 221Fr, 217At and 213Po from the lower energy side. In this spectrum, there exist 
radioactive equilibrium between 225Ac, 221Fr and 217At until 40 days after Ra-extraction with extractive 
scintillator cocktail. 


However, 213Po counts showed remarkable small peak in comparison with 225Ac, 221Fr and, 217At 
peaks, although 213Po counts should be equal to the counts from the other progenitors. In the Np-series, 
there is no radionuclide which cause radioactive disequilibrium owing to the escape from the medium 
such as 222Rn belonging to U-series. Since the half live of 213Po is too short (possessing 4.2 µsec), the 
electronic dead time in the present measuring system will cause the decrease 213Po counts. The same 
counting loss has been recognized in the apparent loss of 212Po belonging to Th-series as described 
above. The loss of counting efficiency, giving from 40 to 50%, slightly depend on the channel number 
at the 213Po peak.  


Changes of 225Ac activities in long storage period were searched by applying both pulse height 
spectra and TIA-method. The results are shown in Fig. 6. The transient equilibrium between 225Ra and 
225Ac has been confirmed from the both results in good agreement with theoretical curve.  


3.2. Application to natural samples containing three decay series  


In the determination of radionuclides belonging to the natural decay series, in general, 
geological samples include almost equivalent activities of 226Ra to 224Ra (and extremely weak 223Ra in 
Ac series, too). In order to evaluate the chemical recovery of radium isotopes, 225Ra is added as a yield 
tracer to the samples. Thus, three (or four) kind of radium isotopes are necessary to determine in the 
environmental samples.  


In the liquid scintillation spectra of radium isotopes, the following problems should be 
considered whenever the spectra were used for the final analysis of radium isotopes. Simulation of 
liquid scintillation spectra from the sample including three decay series are presented in Fig. 7, where 
energy resolution of each spectrum was assumed from practical α-LSC results. It is impossible or 
difficult to distinguish these α-peaks. Particularly, peaks due to 222Rn, 218Po and 214Po are overlapped 
on the peaks belonging to the Th-series and Np-one, which interfere the accurate estimation of 
radioisotopes belonging to other decay series because of the irregular growths of 222Rn-daughters and 
growth of 225Ra. The former trouble has been avoided by purging dry N2-gas through the scintillator. 


A practical pulse height spectrum and a time interval distribution from the samples including 
three decay series are shown in Fig. 8(a). In this spectrum, 226Ra peak is observed left side, separable 
from other complex peaks, so that the amounts of 226Ra were determined using this peak. Since it was 
difficult to determine other radionuclides from the liquid scintillation spectra, the correlated events due 
to Th-series and Ac-series were distinguishable from the random events using TIA. The resultant 
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distribution curves of time intervals are seen in Fig. 8(b) and its inset, for Th- and Ac-series, 
respectively. By applying TIA-method, it is emphasized here that the activity strength of correlated 
event due to Ac-series could apparently be distinguished under the existence of overwhelming 
activities due to other series nuclides [3].  


The decay of 224Ra and the growth of 225Ac were revealed even in the three kinds of samples 
including three decay series using twice TIA-measurements. The first spectrum-measurement and 
TIA-analyses were carried out just after the extraction for the determination of 226Ra, 224Ra and 223Ra. 
The second TIA was performed 18-20 days later at maximum growth of 225Ac (c.f. Fig. 6) as overall 
yield evaluation [6]. Three kinds of synthetic samples having different ratios of 225Ra against 224Ra and 
226Ra have resulted in the almost acceptable activity results, so that the added 225Ra-tracer was found 
not to be so limited. 


On the basis of this α-LS spectrum together with the TIA/PSD method, three kinds of natural 
radium isotopes, such as 226Ra (U-series) 224Ra (Th-series), and 223Ra (Ac-series) too, were 
simultaneously determined with the aid of 225Ra yield tracer (Np-series). The final results from two 
IAEA standard soils and two travertine samples of Tamagawa hot spring area are summarized in 
Table I.  


4. CONCLUSION 


The simultaneous determination of U-, Th-, and Ac-series α-activities by the use of the TIA 
incorporated with the PSD was found to be able to perform satisfactorily using the liquid scintillation 
counting of α nuclides with an excellent energy resolution. The present TIA/PSD method combined 
with good α-energy resolution of LSC possesses the following features over so-far used ordinary α-
counting methods; (1) virtually 100% counting efficiency of α-LSC, (2) high sensitivity of α-nuclides, 
(3) excellent reproducibility of determination, (4) simple preparation of couting solution, (5) easy 
identification and quantitative analysis in concomitant α-nuclides, and (6) simultaneous determination 
of multiple nuclides even in large amounts of β-nuclides. 


Simplicity of final measurements could be brought on versatile applications of α-nuclides on 
geochronology and geological utilization of natural radionuclides, nuclear waste management and 
environmental monitoring fields, combined with visualization of energy spectra for extracted decay-
events [9,10].  


The present study waas mainly supported by a grant-in-aid for Fundamental Research from the 
Ministry of Education, Science, Culture, and Sport, Japan (No. 14340231). 
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Figures and Tables 
 


 
 
 
 
FIG. 1. Procedure of sample preparation for radium extraction from solution dissolved environmental  
specimens. 
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FIG. 2. Conceptual block diagram of the measurements for pulse-generating time from radioactive 
decay events. 
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FIG. 3. A typical time interval distribution of pulse events due to radioactive decays after data 
Processing. 
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FIG. 4. Three kinds of α-spectra from liquid scintillation counter for radium fractions by applying 
pulse shape discrimination (PSD: 
(a) Ra-226 and its daughters (U-series), (b) Ra-224 and its daughters (Th-series), 
(c) Ac-225 (Ra-225 ) and its daughters (Np-series). 
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FIG. 5. Comparison of decay behavior of Ra-224 fraction between theoretical curve and experimental 
results due to TIA-method and alpha-spectra. 


 
FIG. 6. Comparison of growth and decay behavior of Ac-225 between theoretical curve and 
experimental results due to TIA-method and alpha-spectra. 
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FIG. 7. Composite alpha spectra of radium fractions using energy resolution values from liquid 
scintillation counting (LSC) system. 
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FIG. 8. Alpha-spectrum (a) and time interval distribution curve (b) from radium fraction extracted 
from natural sample. The time interval distribution curves are analysed using TIA-method for  thorium 
series (b) and actinium ones (c) by applying different time intervals as abscissa scales. 
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TABLE I. CONCENTRATIONS AND ACTIVITY RATIOS OF RADIUM ISOTOPES IN 
SOME ENVIRONMENTAL SAMPLES 


 
Ra-224 and Ra-223 were evaluated by applying TIA-method while Ra-226 was determined 
from alpha spectra in the solution extracted from natural samples. 
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Abstract 


Within recent ten years Moscow traffic increased greatly that made the ecological situation of the Russian capital 
much worse. The topsoil is a strong absorber of many chemical elements keeping them in the surface, the most 
fertile layer. So, samples of the soil surface layer can be advisably used as a bioindicator of the environmental 
state. Instrumental neutron activation analysis (INAA) was used to determine contents of chemical elements in 
topsoil (A-horizon) of one of the Moscow’s park. It was shown that INAA allowed determining mass fraction of 
26 chemical elements such as As, Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Gd, Hf, La, Lu, Nd, Rb, Sb, Sc, Sm, Sr, Ta, 
Tb, Th, U, Yb, and Zn in the soil samples even at the natural (uncontaminated) levels. The method allowed 
estimate levels of Ag, Au, Cd, Hg, and Se in soils too if concentrations of these elements are higher detection 
limits, 1.0, 0.02, 2.0, 0.1, and 0.5 µg/g, respectively. The mass fraction of 30 chemical elements out of 31 in the 
investigated topsoil were in good agreement with ranges of chemical element contents in the uncontaminated 
turf-podzol and loam soils of Europe and Central European part of Russia. The total contents of all measured 
chemical elements are within the range characteristic for “norm” or “clean” soil and do not exceed 
environmental quality standards for soils of Russia. 


 


1. INTRODUCTION 


The industrial revolution of the late 19th century and of the 20th century in particular have a 
negative effect upon soil condition at either local, regional, or even global level. Cities and the 
surrounding countryside suffer most of all because of their industrial enterprises, transport hubs, etc. 
The so-called technogenic biogeochemical provinces or anomalies have already existed around many 
cities, industrial countryside and separate industrial enterprises [1]. 


 


Within recent ten years Moscow traffic increased greatly that made the ecological situation of 
the Russian capital much worse. According to prognosis in the nearest years this tendency to be 
continued, so the environmental monitoring is getting especially urgent. The topsoil is a strong 
absorber of many chemical elements keeping them in the surface, the most fertile layer. Thus, changes 
in the chemical contents of surface soil layer reflect adequately environmental cumulative alterations 
conditioned by the effect of both local and global factors. Samples of the soil surface layer taken in the 
parks can be advisably used as a bioindicator of the environmental state. Unlike some other 
environmental components (air and water) with their processes of regular purification, the soil is an 
active accumulator of different contaminants including chemical elements, and it doesn’t possess a self 
-purification ability. 
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The aim of the present study was to determine mass fraction of some chemical elements in 
topsoil of the Wooded Experimental Dacha belonged to the Moscow Agricultural Academy and to 
compare results with reference data for the uncontaminated turf-podzol and loam soils of Central 
European part of Russia, Europe and critical limits (permissible concentration limit – PCL) acceptable 
in Russia. In the early 20th century the Dacha was a Moscow faraway suburb, but now, a hundred year 
later, it is a usual city park in fact densely surrounded by residential areas, industrial enterprises, 
highways and railroads. Instrumental neutron activation analysis was used to determine contents of 
chemical elements. This method makes it possible to greatly minimize the process of sample 
preparation that excludes steps resulting in either the loss of chemical elements or their input to the 
samples from outside [2]. 


2. EXPERIMENTAL  


2.1. Material 


Soils were sampled from several different places of the park (n=4). A soil column of 6-8 cm 
width and 5-6 cm deep was cut along the whole thick of A-horizon. The A-horizon thickness ranged 
within 19 cm and 22 cm. Investigated soils were classified to middle-turf or turf-podzol, light-loam 
lying on the moraine heavy loam.  


To determine mass fraction of the elements by a relative way, synthetic biological standards 
(SSB) prepared from phenol-formaldehyde resins in the Institute of Physics, Georgian Academy of 
Sciences specifically for INAA were used [3]. The SSB were 4 mm diameter tablets weighing about 
30 mg. Corrected certified values of SSB element contents were published in [4]. In addition to SSB, 
standards made of solutions of chemically pure mixtures were also used. Samples of the IAEA 
international reference material, Soil-7 were analysed in the same conditions that samples of the soil to 
estimate the precision and accuracy of results.  


2.2. Sampling 


To prevent soil samples from contamination a knife made of plastic was used to cut and remove 
a layer touched with a shovel. The same knife and a plastic scoop were used to take samples weighing 
0.6 to 0.8 kg and load them into alcohol-washed polyethylene bags. For air-drying soil samples were 
exposed to ambient air in a dust-free environment at room temperature for seven days. The air-dried 
soil samples were clear off roots, inclusions, new formations and turf. The last one was shaken off the 
soil lumps. Then each sample was mixed, homogenized, mechanically ground using the porcelain 
mortar and sieved to <2 mm using nylon screening. Then a randomized 5 g weight portion of each 
sample was again thoroughly pulverized in the porcelain mortar to fine particles of about 1 mm and 
sifted though a kapron sieve. 


2.3. Irradiation  


Mass fractions of 31 minor and trace elements: Ag, As, Au, Ba, Br, Ca, Cd, Ce, Co, Cr, Cs, Eu, 
Fe, Gd, Hf, Hg, La, Lu, Nd, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, U, Yb, and Zn in soil samples was 
estimated by INAA using long-lived radionuclides. Soil samples and samples of IAEA Soil-7 
weighing about 200 mg, SSB tablets, and intralaboratory-made standards were wrapped separately in a 
high-purity aluminum foil washed with rectified alcohol beforehand and put into a nitric acid-washed 
quartz ampoule. To arrange samples and standards in the quartz ampoule, the standards were 
distributed among samples along the whole ampoule length. This enabled correcting an influence of 
some neutron flux non-uniformity in the reactor channel. The quartz ampoule with samples, SSB 
tablets, and intralaboratory-made standards was sealed, put into aluminum transport container, and 
irradiated by neutrons for 20 h in the vertical IRT-2000 research nuclear reactor channel of Moscow 
Institute of Engineering Physics. The neutron flux in the channel was 1.7⋅1012 n⋅cm-2⋅s-1. 
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2.4. Spectrometry 


Gamma-spectrometry measurements started 7 days after irradiation. The duration of each 
measurement was 2070 s. The measurements were performed using a HPGe detector (GEM 15180P, 
ORTEC, 15% relative efficiency) and spectrometric unit including a multichannel analyser coupled to 
an IBM PC (ASPRO-NUC). The spectrometric unit provided 1.8 keV resolution at 60Co 1332 keV 
line. Gamma-spectrum processing and calculations of the elemental mass fractions were made in 
accordance with ASPRO software [5]. The information of nuclear reactions and some characteristics 
of radionuclides used for INAA of soil samples are summarized in Table I. 


2.5. Optimization and statistic treatment 


The time of irradiation, decay, and measurement as well as a sample-detector distance were 
chosen for optimal estimation of the largest amount of chemical elements with an acceptable statistical 
error. The conditions of the analysis were calculated in advance using a specially developed computer 
program of the INAA optimization [6]. Standard program for calculations of an arithmetical mean (M) 
and standard deviation (SD) was used for the statistical treatment of the results.  


 
TABLE I. DETECTION LIMIT AND SOME CHARACTERISTICS OF RADIONUCLIDES USED 
FOR INAA OF SOIL SAMPLES   
 


Element Nuclear reaction Radionuclide Half-life 
d-day 


m-month 
y-year 


γ ray used 
 


keV 


Detectio
n limit 
µg/g 


Ag 109Ag (n, γ) 110mAg 250 d 658 1.0 
As 75As (n, γ) 76As 1.12 d 559 1.0 
Au 197Au (n, γ) 198Au 2.7 d 412 0.02 
Ba 130Ba(n, γ) 131Ba 11.52 d 216, 373, 496 15 
Br 81Br(n, γ) 82Br 1.47 d 698, 777, 1044 0.2 
Ca 46Ca(n, γ) 47Ca 4.53 d 159, 1297  200 
Cd 114Cd(n, γ) 115Cd 2.2 d 336 2 
Ce 140Ce(n, γ) 141Ce 32.5 d 145 0.5 
Co 59Co(n, γ) 60Co 5.64 y 1172, 1332 0.07 
Cr 50Cr(n, γ) 51Cr 27.8 d 320 0.5 
Cs 133Cs(n, γ) 134Cs 2.05 y 795 0.1 
Eu 151Eu(n, γ) 152Eu 12.7 y 1408 0.02 
Fe 58Fe(n, γ) 59Fe 45.6 d 1099, 1292 50 
Gd 152Gd(n, γ) 153Gd 242 d 98 0.02 
Hf 180Hf(n, γ) 181Hf 42.4 d 482 0.07 
Hg 202Hg(n, γ) 203Hg 46.8 d 279 0.1 
La 139La(n, γ) 140La 1.68 d 329, 487, 816, 1595 0.02 
Lu 177Lu(n, γ) 177Lu 6.74 d 208 0.003 
Nd 146Nd(n, γ) 147Nd 11.02 d 91 1.0 
Rb 85Rb(n, γ) 86Rb 18.66 d 1077 2.0 
Sb 121Sb and 123Sb(n, γ) 122Sb and 124Sb  2.74 d and 60.9 d 564 and 1690 0.02 
Sc 45Sc(n, γ) 46Sc 83.89 d 889, 1121 0.01 
Se 74Se(n, γ) 75Se 120.4 d 136, 265 0.5 
Sm 152Sm(n, γ) 153Sm 1.96 d 103 0.005 
Sr 84Sr(n, γ) 85Sr 63.2 d 514 50 
Ta 181Ta(n, γ) 182Ta 115.1 d 152, 1189, 1222 0.5 
Tb 159Tb(n, γ) 160Tb 72.3 d 393, 879, 1178 0.5 
Th 232Th(n, γ) 233Th(β→233Pa) 22.3 m (27.0 d) 312 0.05 
U 238U(n, γ) 239U(β→239Np) 23.5 m (2.36 d) 228, 278 0.07 
Yb 174Yb(n, γ) 175Yb 4.19 d 283, 396 0.02 
Zn 64Zn(n, γ) 65Zn 245 d 1115 30 
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3. RESULTS 
 


Detection limit of 31 chemical elements achieved by INAA of soil samples are given in Table I. 


Our results for sub-samples of the IAEA Soil-7 standard reference materials in comparison with 
respective certified values are collected in Table II.  


Values of mean mass fractions, standard error of mean (S.E.M), standard deviations (S.D.), 
minimum and maximum values of mass fraction measured for Ag, As, Au, Ba, Br, Ca, Cd, Ce, Co, Cr, 
Cs, Eu, Fe, Gd,  Hf, Hg, La, Lu, Nd, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, U, Yb, and Zn in the topsoil 
(A-horizon) of the MAA Wooded Experimental Dacha are presented in Table III. 


4. DISCUSSION 


The Table II results show that application of INAA makes it possible to determine mass fraction 
of not less than 26 chemical elements in the IAEA Soil-7 standard reference materials. The relative 
errors of a single measurement of different element mass fraction vary within a rather wide range to be 
no more than 5% for Fe, and Sc, from 6% to 10% for Co, La and Lu, from 11% to 20% for Br, Ca, Ce, 
Cr, Cs, Sb, Sm, Th, U, Yb, and above 20% for As, Ba, Eu, Gd, Hf, Nd, Rb, Sr, Ta, Tb and Zn. 
Coincidence of the INAA mean values of chemical element contents in the IAEA Soil-7 reference 
material with certificate data in the range of 95% confidential interval was obtained for 25 elements 
from 28. The only exclusion was the results of Ce, Sm and U mass fractions for which the difference 
between means were +47.5%, +41.2%, and –38.5% respectively. However it should be noted that the 
data for mass fraction of Sm of the IAEA Soil-7 reference material are not certified to be reference 
only. Thus, a systematic error might be available only while determining Ce and U mass fractions by 
INAA. However this assumption requires further special investigation. In general, good coincidence 
with certificate data indicates high accuracy of the used technique and the correctness of the obtained 
results. 
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TABLE II. INAA DATA OF SOME MINOR AND TRACE ELEMENTS OF THE IAEA  
SOIL-7 REFERENCE MATERIAL COMPARED TO CERTIFIED VALUES  


 
 Element Certified values Our results 


 Mean 95% confidence interval Type* Mean 
Ag, mg/kg 
As, mg/kg 
Au, mg/kg 
Ba, mg/kg 
Br, mg/kg 
Ca, g/kg  
Cd, mg/kg 
Ce, mg/kg 
Co, mg/kg 
Cr, mg/kg 
Cs, mg/kg 
Eu, mg/kg 
Fe, g/kg 
Gd, mg/kg 
Hf, mg/kg 
Hg, mg/kg 
La, mg/kg 
Lu, mg/kg 
Nd, mg/kg 
Rb, mg/kg 
Sb, mg/kg 
Sc, mg/kg 
Se, mg/kg 
Sm, mg/kg 
Sr, mg/kg 
Ta, mg/kg 
Tb, mg/kg 
Th, mg/kg 
U, mg/kg 
Yb, mg/kg 
Zn, mg/kg 


- 
13.4 


- 
159 
7.0 
163 
1.3 
61 
8.9 
60 
5.4 
1.0 


25.7 
- 


5.1 
0.04 
28 
0.3 
30 
51 
1.7 
8.3 
0.4 
5.1 
108 
0.8 
0.6 
8.2 
2.6 
2.4 
104 


- 
12.5 - 14.2 


- 
131 - 196 
3.0 - 10.0 
157 - 174 
1.1 – 2.7 
50 - 63 


8.4 - 10.1 
49 - 74 


4.9 – 6.4 
0.9 – 1.3 


25.2 - 26.3 
- 


4.8 – 5.5 
0.003 – 0.07 


27 - 29 
0.1 – 0.4 
22 - 34 
47 - 56 


1.4 - 1.8 
6.9 – 9.0 
0.2 – 0.8 
4.8 – 5.5 
103 - 114 
0.6 – 1.0 
0.5 – 0.9 
6.5 - 8.7 
2.2 - 3.3 
1.9 – 2.6 
101 - 113 


- 
C 
- 
N 
N 
N 
N 
C 
C 
C 
C 
C 
N 
- 
C 
N 
C 
N 
C 
C 
C 
C 
N 
N 
C 
C 
C 
C 
C 
C 
C 


<1.0 
14 


<0.02 
137 
8.8 
171 
<2.0 
90 
8.9 
66 
6.1 
1.1 


25.8 
1.9 
5.5 


<0.1 
29 


0.26 
29 
54 
1.4 
7.4 


<0.5 
7.2 
107 
0.7 
0.6 
6.8 
1.6 
2.3 
102 


* C - certified values, N - non-certified values  
 


 
Since mass fraction of chemical elements depended greatly on the soil type, it was interested to 


compare the obtained results with reference data related to the similar soil types (Table IV). For this 
purpose, information about element mass fractions in the A-horizon of uncontaminated turf-podzol 
and loam soils in Europe and Central European part of the Russia were collected [1, 7-23]. Such an 
approach allowed finding ranges of natural mass fraction changeability of As, Ba, Ca, Cd, Ce, Co, Cr, 
Cs, Fe, Hf, Nd, Rb, Sb, Sc, Se, Sm, Sr, Ta, Th, U, Yb, and Zn only. For other elements the data for the 
uncontaminated world’s soils was used [24].  
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TABLE III. MASS FRACTION OF SOME MINOR AND TRACE ELEMENTS IN THE A-
HORIZON SOIL OF THE WOODED EXPERIMENTAL DACHA OF MOSCOW 
AGRICULTURAL ACADEMY (AIR-DRIED SOIL) 
 


Element Mean S.E.M. S.D. Min. Max. 
Ag, mg/kg <1.0 - - <1.0 <1.0 
As, mg/kg 3.9 1.0 2.1 0.8 5.5 
Au, mg/kg <0.02 - - <0.02 <0.02 
Ba, mg/kg 428 43 87 344 523 
Br, mg/kg 1.7 0.4 0.8 0.8 2.6 
Ca, g/kg 9.3 0.8 1.7 7.1 11.2 
Cd, mg/kg <2.0 - - <2.0 <2.0 
Ce, mg/kg 54 7 15 35 72 
Co, mg/kg 5.8 1.3 2.6 3.1 8.1 
Cr, mg/kg 47 5 11 32 56 
Cs, mg/kg 1.60 0.06 0.13 1.44 1.75 
Eu, mg/kg <0.1 - - <0.1 <0.1 
Fe, g/kg 16.2 2.5 5.0 9.6 20.1 
Gd, mg/kg 4.5 0.6 1.2 3.1 6.1 
Hf, mg/kg 11.9 0.5 0.9 10.7 13.0 
Hg, mg/kg <0.1 - - <0.1 <0.1 
La, mg/kg 24.0 2.5 5.1 17.6 30.1 
Lu, mg/kg 0.41 0.03 0.07 0.32 0.48 
Nd, mg/kg 27 2 4 21 32 
Rb, mg/kg 70 5 10 56 81 
Sb, mg/kg 0.38 0.09 0.18 0.22 0.60 
Sc, mg/kg 4.7 0.6 1.1 3.3 6.0 
Se, mg/kg <0.5 - - <0.5 <0.5 
Sm, mg/kg 2.9 0.8 1.7 0.8 4.8 
Sr, mg/kg <105 - - <50 110 
Ta, mg/kg <0.5 - - <0.1 <0.5 
Tb, mg/kg <0.5 - - <0.1 <0.5 
Th, mg/kg 7.4 0.8 1.7 5.0 9.0 
U, mg/kg 2.20 0.25 0.50 1.45 2.57 
Yb, mg/kg 2.3 0.3 0.6 1.6 3.0 
Zn, mg/kg <45 - - <30 70 


 


Mass fractions of 30 chemical elements out of 31 in the soil surface layer of the MAA Wooded 
Experimental Dacha are within reference ranges (Table IV). The mass fraction of U is an unexpected 
exclusion to be about 2-fold higher than the upper level typical for the Europe turf-podzol and loam 
soils. However a good agreement with ranges of chemical element mass fractions in the Europe turf-
podzol and loam soils is not fully allowed characterizing soils of the MAA Wooded Experimental 
Dacha from the viewpoint of essential and toxic element contents. To form an idea of “normal” or 
“healthy soil” and an element mass fraction optimal range in the soil is an extremely hard and 
multiplan problem. In the references available we found only several reports that give and well 
substantiate optimal ranges of element mass fractions in the soils [25-28]. Such information about 
upper and lower levels of such ranges are obtained only for 12 chemical elements: B, Co, Cr, Cu, F, 
Hg, J, Mn, Mo, Ni, Pb, and Zn. Permissible upper mass fraction level are specified for 10 more 
elements such as Ag, As, Be, Cd, Sb, Se, Sn, Sr, Tl, and V. Russian national environmental critical 
limits (permissible mass fraction limit - PCL) with account of some soil characteristics has been 
already available for 11 priority toxic chemical elements (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Sb, V, and 
Zn) [1, 29]. 


Recommended “Norms” and limits are available only for 10 chemical elements such as Ag, As, 
Cd, Co, Cr, Hg, Sb, Se, Sr, and Zn out of 31 elements, which mass fractions were determined in the 
topsoil of the MAA Wooded Experimental Dacha by INAA (Table IV). Mass fraction of almost all 
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these elements are within the “nomal” range or not higher than upper “nomal” level and the PCL. The 
exclusion is Ag only. INAA detection limit of this element is higher than upper “nomal” level. 


 
TABLE IV. MINOR AND TRACE ELEMENT MASS FRACTIONS IN SOILS OF THE WOODED 
DACHA OF MOSCOW AGRICULTURAL ACADEMY IN COMPARISON WITH THE TURF-
PODZOL AND LOAM SOILS OF CENTRAL EUROPEAN PART OF RUSSIA (A-HORIZON, AIR-
DRIED SOIL) 


 
Reference data [1,7-23] 


Ranges of means 
 
 
 
 


Element 


 
 
 


Our data 
Mean±SD (Range) 


Central 
European part of 


Russia 


 
Europe  


 
 
 


[Norm]* 
PCL (1;2;3)** 


Ag, mg/kg <1.0 - 0.01 - 8+ [<0.5]  
As, mg/kg 3.9± 2.1(0.8 – 5.5) 2.65 – 22.0 2.65 – 22.0 2.0(2; 5; 10) 
Au, mg/kg <0.02 - 0.001 – 0.02+ - 
Ba, mg/kg 428± 87(344 – 523) 180 - 370 26.0 - 2010 - 
Br, mg/kg 1.7± 0.8(0.8 – 2.6)  -  1.0 – 8.2 - 
Ca, g/kg 9.3± 1.7(7.1 – 11.2) 3.9 – 15 0.72 – 143 - 


Cd, mg/kg <2.0 0.065 0.01 – 1.7 3.0(0.5; 1; 2) 
Ce, mg/kg 54± 15(35 – 72) 36 36 - 85 - 
Co, mg/kg 5.8± 2.6(3.1 – 8.1) 1.0 – 14.0 0.1 – 29 [7 – 30] 
Cr, mg/kg 47± 11(32 – 56) 18 – 645 1.4 – 645 100 
Cs, mg/kg 1.60± 0.13(1.44 – 1.75) 3 0.3 – 3.0 - 
Eu, mg/kg <0.1 - 0.1 – 1.5 - 
Fe, g/kg 16.2± 5.0(9.6 – 20.1) 12.0 – 28.0 0.003 – 89.6 - 


Gd, mg/kg 4.5± 1.2(3.1 – 6.1) - 2 – 6+ - 
Hf, mg/kg 11.9± 0.9(10.7 – 13.0) 1.5-6 1.5 – 18.7 - 
Hg, mg/kg <0.1 –  0.01 – 1.1 2.1, [0.008 - 0.19] 
La, mg/kg 24.0± 5.1(17.6 – 30.1) - 34 – 50 - 
Lu, mg/kg 0.41± 0.07(0.32 – 0.48) - 0.1 – 0.5 - 
Nd, mg/kg 27± 4(21 – 32) 24 7.0 - 24 - 
Rb, mg/kg 70± 10(56 – 81) 70 <2 – 194 - 
Sb, mg/kg 0.38± 0.18(0.22 – 0.60) 0.39  0.34 – 0.44 4.5 
Sc, mg/kg 4.7± 1.1(3.3 – 6.0) 7.1 0.8 – 36 - 
Se, mg/kg <0.5 0.05 – 0.32 0.005 – 1.3 [<1 – 2] 
Sm, mg/kg 2.9± 1.7(0.8 – 4.8) - 0.6 - 23 - 
Sr, mg/kg <105(<50 - 110) -  10 -667 [<600 – 1000] 
Ta, mg/kg <0.5 0.75 0.4 – 2.0 - 
Tb, mg/kg <0.5(<0.1 - <0.5) - 0.1 – 1.7 - 
Th, mg/kg 7.4± 1.7(5.0 – 9.0) 6.8 0.4 - 22 - 
U, mg/kg 2.20± 0.50(1.45 – 2.57) 1.4 0.1 – 11.0 - 


Yb, mg/kg 2.3± 0.6(1.6 – 3.0) - 0.8 – 3.2 -  
Zn, mg/kg <45(<30 – 70) 3.5 – 96.5 <3 -362 100(55; 110; 220) 


 + -  uncontaminated world’s soils [24] 
 *  -  normal concentrations of “health soil” [25-28] 
 ** - PCL (1;2;3) – critical limits (permissible concentration limit - PCL) of sand and subsand (1), 
        acid (2), loam and clay (3) respectively [1, 29]. 


 


Soils of the MAA Wooded Experimental Dacha were never used for agricultural purposes for 
20th century. So, results of this study reflect the natural levels of chemical elements in soils plus 
additional amounts received via the air- and rain pollution (anthropogenic influence). For the accurate 
evaluation of the anthropogenic influence it is necessary to have data of soil chemical elements before 
the industrial era. Since there are no available data of trace elements contents in the MAA Wooded 
Experimental Dacha published in the late 19th or in the beginning of 20th century such evaluation is 
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impossible. Another way of the evaluation of anthropogenic influence is dynamic monitoring of 
chemical element contents in soils sampling in the same places. To that end we are going to repeat 
NAA of minor and trace elements in the topsoil of the MAA Wooded Experimental Dacha in a few 
years.  


Thus, the following conclusion could be made. The INAA using long-lived radionuclides allows 
determining total mass fraction of 31 chemical elements in the soil samples at least. The mass fraction 
of 6 elements (As, Cd, Cr, Hg, Sb, Zn) out of 11 priority toxic chemical elements can be determined 
using this method. In addition to the wide spectrum of chemical elements accessible to the analysis, 
the INAA has some more advantages in comparison with other methods. This method is non-
destructive, i.e. non-utilizing a sample under study. To prepare a sample for the analysis, it should 
only be dried and mill. After the analysis the sample is kept completely untouched and can be used for 
further investigations. It is also very important that non-destructivity of the method quickens sample 
preparation for the analysis greatly. There is neither any chance of contamination nor chemical 
element losses in the course of this process. The accuracy of the method is proved by the results of the 
analysis of the IAEA Soil-7 reference material that agrees well with certificate values. The whole 
process of the analysis can be partially or even fully automated.  


So, obtained results make it possible to conclude that the INAA is one of the methods of choice 
to carry out extensive investigation of soil chemical element contents. It can be widely used in both 
agrochemical laboratories and in the whole system of ecological monitoring. It is necessary to fulfil 
because the soil is an integrated (cumulative) bioindicator of air pollution. Numerous findings show 
that there is a direct linear dependence between mean levels of air pollution and concentrations of 
corresponding elements in the topsoil. In the first turn, it applies to heavy metals [30-33]. 


5. CONCLUSION 


The instrumental neutron activation analysis with using long-lived radionuclides makes it 
possible to determine with high accuracy mass fraction of not less than 26 chemical elements ( As, Ba, 
Br, Ca,  Ce, Co, Cr, Cs, Eu, Fe, Gd,  Hf,  La, Lu, Nd, Rb, Sb, Sc, Sm, Sr, Ta, Tb, Th, U, Yb, and Zn) 
in the soil samples even at the natural (uncontaminated) levels. The method allow to estimate levels of 
Ag, Au, Cd, Hg, and Se in soils too if mass fraction of these elements are higher detection limits, 1.0, 
0.02, 2.0, 0.1, and 0.5 µg/g, respectively. Mass fraction of 30 chemical elements out of 31 in the MAA 
Wooded Experimental Dacha topsoil (A-horizon) are in good agreement with ranges of chemical 
element levels in the uncontaminated turf-podzol and loam soils of Europe and Central European part 
of the Russia. The mass fraction of U is an unexpected exclusion to be about 2-fold higher than the 
upper typical level. The total contents of all investigated chemical elements are within the range 
characteristic for “norm” or “clean” soil and do not exceed environmental quality standards for soils of 
Russia. 
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USE OF PIXE, PIGE, XRF FOR THE DECISION OF ECOLOGICAL PROBLEMS IN 
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 National Science Center “Kharkiv Institute of Physics & Technology (NSC KIPT),  
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Abstract 


The analytical technologies based on the using of beams of charged particles  - PIXE, PIGE  and X ray 
fluorescence excitation - XRF were used for the analysis of elemental content of soils on territory NSC KIPT 
and in inhabited settlement Pjatihatki. Method PIGME was used to determine the contents of elements Li, B, F, 
N, Na, O, Al, P, Mg. The content of elements from K up to U was defined by methods PIXE and XRF. The 
obtained values of concentration of the elements were identified with position on district and were used for 
development of maps with the help of technology of geo information systems. 


 


1. THE INTRODUCTION 


The National scientific center "Kharkiv institute of physics and technology" (NSC KIPT) is the 
largest research establishment of Ukraine. The structure of NSC KIPT includes five institutes, two 
scientific and technical complexes and a number of other organizations. The subjects of researches of 
the center cover practically all basic directions in solid-state physics, physics of plasma, nuclear 
physics, physics of accelerators etc. The researches are connected with the manufacturing of materials 
(beryllium, uranium, zirconium, GaAs, CdTe etc.) and products from them (a foil, hire, a wire, 
detectors). There are executed some works in which the radioactive installations are used and 
radioisotope are produced (accelerators, radioactive sources). The various methods are used for 
creation of coverings and products connected with formations waste products of benz/a/pyrene etc. It 
makes NSC KIPT by ecologically potentially dangerous object. The heavy metals, benz/a/pyrene, 
radioactive waste products are the greatest sources of pollution among the substances of an 
anthropogenous origin negatively influencing on natural complexes. An environment poorly 
transforms the part of these substances and their concentration consistently grows in due course. It is 
typical especially for the soil cover that is a natural accumulative environment. 


The all organizations of the center are located on one industrial area in immediate neighborhood 
with which is placed inhabited settlement. This complex is surrounded from three sides by wood and 
from the fourth side it is limited to district road of Kharkiv. Such disposition of NSC KIPT demands 
careful supervision over an ecology state in territory of the center and in inhabited settlement 
Pjatihatki. The nuclear-physical methods of the analysis of a matter are used for the researches of 
ecological objects, first of all soil. 


2. SELECTION AND PREPARATION OF SAMPLES, ANALYTICAL METHODS 


2.1. Selection and preparation of samples  


The soil cover is natural accumulative environment in which many chemical substances are 
collected for the long period of time. It is especially typical for the polluting substances determined in 
the given work. For example, positively charged ions of heavy metals are well kept by soil. Their 
migration processes are considerably slowed down. This circumstance results to probability essential 
accumulation of metals in soil even at small quantities of receipt for a long time. 
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The sampling of soil was made on virgin plots of the earth. The samples of soil were selected 
from top part of humus layer (0-10 cm) as a laying of soil or the top 2-5 cm, in case of its absence, 
accept the basic loading of atmospheric losses. The content of metals and radionuclides decreases on 
exponential law with depth. It comes nearer to a background level on depths of 20-30 centimeters. 
According to it samples were selected with the help of a cylindrical sampler up to depth 5 cm. 


There were selected 83 samples of soil and vegetation on territory of NSC KIPT on 83 trial 
platforms (the size 1х1 м) in units of a grid 2000х2000 m on rays of a wind rose, and sampling was 
made in 30 points on territory of inhabited settlement Pjatihatki. The points of the sampling in 
Pjatihatki are shown on Fig. 1. They were selected so that they might surround territory of the center. 
The test samples were selected in the same places of for supervision of seasonal fluctuations in content 
of samples. 


The samples of soil were dried up in thermostat at temperature 50-60 °C. The test sample was 
crushed, and the average sample was got out of the received material on a method of an envelope. The 
weight of test sample made 200-300 g. Then test samples were frayed in an agate mortar up to 
medium-sized particles in some ten micron. Each sample was used for realization of the analysis on 
element content and the measuring of radioactivity. 


 


 
 


FIG 1. Sampling points of soil and plants in settlement Pjatihatki. 


2.2. Methods of the analysis 


The application of nuclear-physical methods for analytical support of researches in field of solid 
state physics were made in NSC KIPT as far back as the sixtieth - seventieth years of the last century. 
The equipment for realization of researches in the field of nuclear physics was used for these purposes. 
Originally all analytical installations used the accelerator Van de Graff with the available energy of 
protons 4 MeV. In 1983 in NSC KIPT the small-sized electrostatic accelerator was made which 
became a basis for analytical installation “Sokol” using the nuclear-physical methods of the analysis of 
a matter [1]. The accelerator has the following parameters: energy accelerated single charged ions − 
0.2…2 МeV; stability and monoenergetivity of ions − 0.04…0.07 %; a current of ions beam on a 
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direct output – 50 µА; a current of ions beam after the analyser − 20 µА; accelerated ions –  hydrogen 
and helium; a resource of work − 3000 hours per year. The accelerator has 4 experimental channels 
(±45°, ±26°), that allowed to install some experimental facilities. Besides the accelerator the structure 
of an analytical complex “Sokol” included chambers for realization of the analysis by method PIXE 
and PIGME, spectrometric equipment and also some other devices. Such installation (Fig. 2), in 
various complete sets were put in a number of the organizations of the countries of the former USSR. 


The work directed on development and perfection of this complex  was carried on in past years. 
At present time the set of experimental equipment was developed which realizes all basic 
opportunities of prompt nuclear-physical methods of analysis of a matter. The structure of present 
installation includes chamber PIXE, chamber PIGE, the universal chamber, the chamber for method 
РХХ and an external beam, a microprobe on a doublet quadruple lenses with the spatial resolution 3 
microns. The analytical nuclear-physical complex “Sokol” with such set of experimental equipment 
allows to solve various analytical problems in the field of solid state physics, ecologies, biology, 
medicine.   


In addition to analytical complex “Sokol” the installation of X ray fluorescence analysis is used 
for analysis of a matter. This facility has a set of removable secondary emitters. Its X ray spectral 
scheme uses a principle of polarization of radiation at the scattering. The design of this installation 
allows to reach of optimum conditions for the analysis of groups of elements of interest in a range 
from Ca up to U. 


The all set of the available analytical equipment is used at realization of ecological researches. 
The combination of methods PIXE and PIGE is used as a rule.  Method XRF is applied for the control 
and comparison data obtained. It allows to determine elements from Li up to U with typical limits of 
detection from units up to hundreds ppm. These characteristics are not record now, but allow to solve 
many ecological tasks. 
 


 
 


FIG. 2. The analytical complex “Sokol”. 


3. MEASUREMENTS 


Analysis of all selected tests was carried out on the described installations in the period since 
2000. Beside samples of soils, plants, deposits as a rain and snows, annual rings of trees sowed on 
territory of the center were analysed. The PIGE was used for the measurement of content of Li, B, F, 
N, Na, O, Al, P, Mg, elements: K, Ca, Ti, V, Mn, Cr, Fe, Co, Ni, Zn, As, Se, Br, Rb, Sr, Y, Zr, Mo, 
Cd, Pb were determined by PIXE, method XRF was applied for the analysis same elements as PIXE. 
The contents 137Cs, 40K, 232Th, 226Ra, 238U, benz/a/pyrene was determined also in analysed samples. 
The determination of the contents of elements was made by methods of the external standard. It was 
supposed at calculation of results of the analysis that determined elements and radionuclides were 
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uniformly distributed in volume of an analysed sample. The standards soils SP-1, the joint SP-2, the 
SP-3 were used as standard samples. The certificated volumetric measures of activity were applied at 
measurement of concentration of radionuclides. The relative error of determination of the majority of 
elements made 5…15 %. In Fig. 3 the part of a spectrum of γ-radiation of one of samples is shown.  


 


80 120 160
Channel number


10


100


1000


10000
C


ou
nt


s p
er


 c
ha


nn
el


 


844 keV 1014 keV


1266 keV
1369 keV


1461keV
1634 keV


1775 keV


    O
1982 keV


Al


P
Mg


Na


40K, background


Si


  
FIG. 3. A part of a spectrum of γ- radiation of a sample of soil. 


 


4. RESULTS and DISCUSSION 


At the monitoring of technogenic pollutions of soil by heavy metals it is accepted to determine 
their total contents. Besides basic elements of soil - silicon and oxygen (Si, O) which concentration 
together makes 80…90 %, in soil present such elements, as aluminium, iron, calcium, калий, sodium, 
carbon, magnesium in quantities from 0.1 up to 10 %. Other elements are compound group of 
microelements and their contents is determined by values n*10-3 - n *10-10 %. Soils of Kharkiv are 
black earth powerful heavyloam. The data file under the contents of each element in each point was 
received in result of measurements. The comparison was carried out for an estimation of a degree of 
impurity of researched territory with the account of available maximum concentration limits, of 
contents of clarke and average values according to Boewn H .J.M., Vinogradov A.P. 


The character of distribution of products technogeneze in various deposit environments (soil, 
vegetation, a snow cover) is determined: by features of sources of pollution, meteorological 
conditions, topographical conditions and geochemical factors.   


Now cartographical methods are applied as one of real receptions of a complex estimation of 
quality of an environment. The necessity of processing of the large files of the graphic information 
introduced in the cartographical form, results in the using of such information technologies as 
geoinformation systems. The data processing and storing by GIS have not only spatial (site), but also 
temporal and also thematic characteristics. It is possible to receive temporal numbers of the data by the 
fixing a geographical position and changing the time. Also it is possible to obtain data about local 
distribution elements of interest by fixing of time and changing the geographical position. The maps of 
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content were made for all determined elements and radionuclides. Some of them are presented in 
Fig. 4. 
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FIG. 4. Maps of contents of Sr, Pb, Zr, 137Cs in soil around NCS KIPT. 


Thus, joint application of methods PIXE and PIGE for the analysis of ecological objects has 
allowed to receive the information about element content of analysed test in a range of elements from 
Li up to U. The analysing time was made 10–30 minutes. The used set of analytical methods and 
technology GIS represent the powerful tool for ecological researches. In summary it is necessary to 
note on the basis of the results received that now NSC KIPT does not render harmful influence on the 
state of soil cover of its environment. 
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Abstract 


Neutron activation analysis (NAA) is an extremely valuable tool for the certification of Certified 
Reference Materials (CRMs) for a number of reasons. First, the method itself has characteristics that inherently 
provide few sources of error compared to many other analytical techniques. In addition, the intrinsic quality 
assurance characteristics of the method often allow the analytical values to be internally evaluated and cross 
checked. For example, most spectroscopic techniques separate the signals of the different excited species 
(analytes and interferences) by a single parameter, i.e. energy, mass, wavelength, time, etc. NAA can separate 
the signals of excited species (radionuclides) via two different parameters, energy and time (half-life). The 
ability to perform gamma ray spectrometry on the same sample after different decay times often provides the 
capability of verifying the absence of many sources of error such as interferences, incorrect pileup corrections, 
incorrect dead-time corrections, use of an erroneous half-life, etc. In addition, quantification using multiple 
gamma rays of the same isotope, and in some cases entirely different isotopes of the same element, can provide a 
powerful tool to minimize the possibility of errors due to interferences. Finally, counting both samples and 
standards at multiple geometries can provide insight into the importance of counting geometry effects. This 
presentation will describe ways to take advantage of some of the unique QA characteristics of NAA to observe 
and eliminate a number of potential sources of error. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


The paper summarizes work on the development of the high-accuracy RNAA method for the 
determination of trace amounts of cobalt in biological materials. The method is based on a combination of 
neutron activation with selective and quantitative isolation of the analyte in a state of high radiochemical purity 
by use of column chromatography followed by gamma-ray spectrometric measurements. The method was 
devised according to a set of rules, which were formulated to obtain high accuracy of the method. The procedure 
has been also equipped with several criteria, being a key factor of quality assurance. The qualification of the 
high-accuracy RNAA method as a primary ratio method has been demonstrated and its usefulness in the 
certification of the candidate reference materials: Tea Leaves and Mixed Polish Herbs is presented. 


Key words: radiochemical neutron activation analysis, primary ratio method of measurement, cobalt, 
biological materials 


1. INTRODUCTION 


In the contemporary world, chemical measurements are the basis for making central decisions to 
effective functioning of the society. The areas critically dependent on results of chemical analysis are 
e.g. environmental control, health, food safety, trade, crime detection, support for R&D. Hence, there 
is a growing need for checking the reliability of the results of chemical analysis. This is of great 
importance especially in the case of trace analysis. One of the ways of checking the accuracy of 
chemical results is the use of primary methods. According to the definition adopted by CCQM, a 
primary method of measurement is a method having the highest metrological qualities, whose 
operation can be completely described and understood, for which a complete uncertainty statement can 
be written down in terms of SI units. A primary direct method measures the value of an unknown 
without reference to a standard of the same quantity. A primary ratio method measures the value of a 
ratio of an unknown to a standard of the same quantity, its operation must be completely described by 
a measurement equation [1]. For trace analysis, the only recognized primary method so far is isotope 
dilution mass spectrometry (IDMS) [2, 3]. It has been lately shown also that neutron activation 
analysis (NAA) in its instrumental mode (INAA) has potential as a primary ratio method [4- 6]. In this 
paper, a high-accuracy radiochemical NAA method (RNAA) of Co determination in biological 
materials is presented. It is shown that a high-accuracy RNAA method can meet criteria for a primary 
ratio method. 


2. EXPERIMENTAL 


2.1. Sample preparation and irradiation 


Samples of biological materials (0.1 – 0.3 g) were placed in small polyethylene (PE) containers 
and firmly covered with PE caps. Stock standard solution of Co was prepared from metallic Co of 
99.999% purity by weighing appropriate amount of metal after removing possible surface 
contamination and oxide layers by etching with HNO3 and drying, then dissolving in HNO3 (sp. 
purity), diluting to proper concentration and weighing the obtained solution. Standards of 0.5 µg Co 
were obtained by weighing aliquots of freshly prepared standard solution, placed in PE container and 
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evaporating to dryness before encapsulation. Zn monitors were made in the same way like Co 
standards from stock Zn solutions obtained using metallic Zn of 99.999% purity analogously like 
stock Co standard solutions.  


In order to avoid contamination, all operations before irradiation were carried out using a 
laminar flow air cabinet equipped with an HEPA-filter (air class 100). 


The package consisting of standards, samples and empty PE container for the determination of 
residual blank, sandwiched by monitors was irradiated in MARIA nuclear reactor for one hour at 
neutron flux of 1 1014 n cm-2 s-1 and cooled two weeks before processing. 


2.2. Digestion procedure and radiochemical separation 


Samples were digested under pressure in teflon digestion vessels using microwave energy and 
mixture of 3 cm3 concentrated HNO3, 2 cm3 concentrated (30%) H2O2 and 1 cm3 concentrated (48%) 
HF. Prior to digestion, nonactive carriers 50 µg Co and 30 µg Fe were added to the sample. 
Additionally, radiotracer 57Co was added in order to evaluating chemical yield. After decomposition, 
the samples were converted into chlorides and subjected to the separation procedure as described 
previously [7]. 


To determine the residual blank, the interior of the empty PE container irradiated in the package 
was washed with the same amount of concentrated HNO3, then the washings were processed in the 
same way as the samples. 


2.3. Gamma-ray spectrometry 


Measurements were made using HPGe gamma-ray spectrometer (1.8 keV, 47%). 


3. RESULTS AND DISCUSSION 


3.1. High accuracy RNAA method of Co determination in biological materials 


The high-accuracy method of Co determination in biological materials is based on 
radiochemical neutron activation analysis (RNAA) involving selective and definitely quantitative post-
irradiation separation of analyte by column chromatography followed by gamma-ray spectrometric 
measurements. It was carefully designed and elaborated according to following set of rules [8] 
common for high-accuracy RNAA method:  


1. A method should be a single element one, based on neutron activation combined with selective 
isolation of an element by column chromatography with practically 100% yield as confirmed by 
tracer experiments. 


2. All potential sources of errors starting from sampling and sample dissolution up to gamma-
spectrometric measurements should be identified at stage of elaborating the method, and 
removed or appropriate corrective actions introduced into the procedure. 


3. Whenever possible, the color of the ion in question (or its complex) added as a carrier should be 
used for visual control to safeguard against unexpected failure of the separation procedure. 


4. With each set of samples at least two standards should be irradiated, one of which is later on 
processed exactly as are the samples and the other is not. The specific activities of both 
standards should agree within predetermined limits. 


5. Residual blank resulting from the contact of the sample with sample container should be 
measured in each series of determinations. 
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6. The method should be universal i.e. capable of being used without further modifications for the 
determination of analyte in all kinds of biological materials and sensitive enough to assure a 
detection limit of the order of a few ng g-1. 


All stages of the method were very carefully studied [9-11]. Special attention was paid to 
uncertainty evaluation and reducing uncertainty values at all stages of the method allowing to meet 
favorable conditions. The scheme of the elaborated method is presented in Fig. 1. As a rule, the 
method has been equipped with some classification criteria which all have to be fulfilled by a result to 
be accepted. The criteria providing protection against making gross errors are as follows: 


7. Visual control of the correctness of the separation procedure: in the retention stage both on ion 
exchange and on extraction chromatography columns the blue cobalt band should not travel 
more than 1/3 of the bed length. 


8. Small residual blank: the results were accepted if the correction for residual blank determined in 
a given run was below 5% of the cobalt contents in analyzed sample.  


9. Agreement of standards: the results for a given series of samples were accepted if the 
normalized count rates of the two standards, one of which was processed in the same way as the 
samples and the other one was measured directly after dissolution, did not differ by more than 
5% (after correcting for flux gradient if any). 


10. The result for the certified material irradiated and analyzed together with the samples should be 
in agreement with the certified value.  


One of the important features of nondestructive NAA is a relative freedom from problems 
related to sample decomposition. Although the above mentioned advantage is lost, the use of 
radiochemical separation when the indicator nuclides are selectively and quantitatively isolated from 
the activated samples, significantly improves analytical quality because of reducing the uncertainty of 
counting statistics and calculation of analytical peak areas in gamma-ray spectra (low background, 
lack of spectral interference). As post-irradiation separations are carried out, the method is free from 
contamination comparing to separation in non-nuclear methods. The other advantageous features are: 


– performing the chemical operations under controlled conditions by additions of inactive carriers 
(freedom from trace and ultra-trace concentration behaviour), 


– accurate yield determination by the using of radiotracer or carrier budgeting. 


In RNAA, when the sample is irradiated in the whole reactor neutron spectrum, the mass 
fraction Cm of the element to be determined (x) is given by the equation: 
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where 
 
Ax – count rate of analytical gamma-ray of indicator nuclide,  
Ax = Np tc


-1, s-1 ,  
Np – net number of counts in the peak corrected for pulse losses, tc – live counting time, s,  
Mx –molar mass of the element determined, 
Wx – sample mass, g, 
NA – Avogadro constant, 
Θx – isotopic abundance of target nuclei, 
γx – emission probability of the analytical gamma-ray, 
Φ0 – thermal neutron flux, m-2 s-1, 
Φe – epithermal neutron flux, m-2 s-1, 
σ0 – activation cross-section for thermal neutrons, 
Gth – correction factor for thermal neutron self-shielding, 
Ge - correction factor for epithermal neutron self-shielding, 
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I0 – resonance integral, including 1/ν tail, 
α – correction factor for deviation of epithermal neutron flux from the 1/E shape, approximated by a 
1/E1+α function, 
εx – detection efficiency of analytical γ-ray, 
Yx – chemical yield of separation, 
S – saturation factor, S=1-exp(-λti), where λ- decay constant, ti – irradiation time, 
D – decay factor, D=exp(-λtd); where td – decay time, 
C – measurement factor, C=(1-exp(-λtm)/ λtm, where tm – measurement time. 


 


In the relative standardization method, a standard of known mass of element Wst is irradiated 
together with the sample of known mass Wx, usually with a neutron flux monitor and counted under 
the same geometrical conditions using the same HPGe detector. In that case Mx=Mst, Θx=Θst, γx=γst, 
Sx=Sst, σx=σst and εx=εst, the well known expression is obtained: 
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The above equation is valid when the neutron flux gradient between sample and standard 
position is negligible or corrected and neutron self-shielding is negligible for sample and standard. In a 
case of the high-accuracy RNAA method Yx=1, since determined element is separated quantitatively. 


3.2. Traceability and uncertainty calculation 


The uncertainty budget taking into account all possible sources of uncertainty has been 
performed using GUM [12] and EURACHEM Guide [13]. As it has been pointed above NAA is very 
well understood and the sources of uncertainty have been established and discussed in the literature [4-
6, 14]. The sources of uncertainty can be grouped into four categories: 1) preparation of the sample, 
standard and neutron flux monitor, 2) irradiation, 3) gamma-ray spectrometry measurement, 4) 
radiochemical separation. The standard uncertainties within particular categories connected with 
individual sources of uncertainty can all be quantitatively evaluated and expressed in SI units [4-6, 
14].  


3.2.1. Sample, standard and neutron flux monitor preparation 


In case of sample, standard and neutron flux monitor preparation, the following sources of 
uncertainty have been taken into consideration: mass determination, sample mass changes during 
weighing, purity and stochiometry of chemicals used for the preparation of standard and neutron flux 
monitor, variation of isotopic abundance, residual blank.  


Elemental standards and neutron flux monitors were made from high purity elements using 
analytical balances calibrated by national standard weights traceable to international standard of mass. 
Their uncertainties are expressed in SI unit for mass, kg. A sample of biological material was weighed 
using calibrated analytical balance. The uncertainty has been calculated according to producer 
specification to be 0.1%. The uncertainties in standard and flux monitor mass come from combining 
the uncertainties in weighing high purity metals and standard stock solutions using calibrated 
analytical balance and standard and flux monitor solutions (20 mg and 50 mg, respectively) using 
calibrated microanalytical balance. The producer specifications were taken into account during 
combined uncertainty evaluation resulting from the above measurements. This uncertainty has been 
calculated to be 0.1%. The uncertainties associated with the other sources of uncertainty in the stage of 
preparation of the sample, standard and monitor as: change of sample mass during weighing due to 
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moisture changing, variation of isotopic abundance, stochiometry and purity can be neglected. Co has 
only one natural isotope and both standard and neutron flux monitor solutions were prepared from 
metals of 99.999% purity. Before weighing surface of metal grains were purified. The residual blank 
was stable and negligible. Uncertainty resulting from residual blank correction was less than 0.1%. 
Hence, the combined uncertainty attached to sample, standard and neutron flux monitor preparation 
has been equal to 0.2%. 


3.2.2. Irradiation 


The uncertainty sources taken into account within irradiation step are differences in irradiation 
geometry and neutron spectrum in time and space including neutron self-shielding and scattering, 
differences in time of irradiation, nuclear reaction interferences and volatilization losses during 
irradiation.  


Differences of the neutron flux caused by flux gradient in space are determined and corrected 
for by sandwich monitors. The standard uncertainty attached to this correction has been evaluated to 
be 0.1%. Self-shielding and scattering effect are as a rule negligible in biological materials. For typical 
biological, geological and environmental samples with typical size (250 mg) uncertainty contribution 
from thermal neutron self-shielding is less than 0.2% [5]. The uncertainty in the epithermal neutron 
self-shielding (the resonance integral for Co I=75.5 b), neutron scattering and thermalization can be 
neglected. No uncertainty comes from differences of neutron spectrum in time and duration of 
irradiation while samples and standards are irradiated together.  


In the case of Co determination by NAA method the following interfering nuclear reaction have 
to be taken into account: 60Ni (n,p) 60Co, 63Cu (n,α) 60Co and 58Fe (n,γ) 59Fe  β 59Co (n,γ) 60Co. The 
interference contributions of these reactions were measured and appropriate corrections were found to 
be 2.2 10-6 g Co/ g Cu, 4.1 10-6 g Co/ g Ni and 1.0 10-6 g Co/ g Fe. Taking into consideration low 
concentration of Cu, Ni and Fe in most biological materials, the uncertainty coming from the 
corrections for the interfering nuclear reactions can be neglected. No uncertainty comes from 
volatilization losses because cobalt is not volatile and does not form easily volatile compounds. 


Finally, the combined uncertainty associated with the irradiation step is 0.22%.  


3.2.3. Gamma-ray spectrometric measurement 


The following sources of uncertainty related to gamma-ray spectrometry measurement can be 
identified: counting statistics, blank correction, differences in counting geometry and time, pulse pile-
up losses, cascade summing, effects of dead-time and decay timing, gamma-ray interferences and self-
shielding, and integration of peak.  


The uncertainty introduced due to the counting statistics of induced activity of 60Co in both the 
samples and standards has been calculated using a Poisson distribution: uco=100 (Np+2B)1/2 / Np, 
where B- background. More than 30000 counts were accumulated in each sample and standard 
counting. It can be easily realized when activity of practically single radionuclide is measured. The 
associated uncertainty is less than 0.6%. The uncertainty coming from the differences in counting 
geometry were evaluated by repeated measurements of the same sample at given geometry with 
repositioning after each measurement. The observed range was 100% ± 0.7%. The relative uncertainty 
is equal to 0.3% assuming triangular distribution. Due to proper hardware used (fast ADC) and very 
low dead time of both sample and standard, the uncertainty resulting from pulse pile-up losses is less 
than 0.1%. Moreover, the uncertainty resulting from differences in dead time between sample and 
standard can be neglected. Due to long half-live of 60Co (T1/2=1925 ± 0.5 day) the uncertainties from 
differences in measurement time between the sample and standard and decay during measurements are 
negligible. The self-shielding of the 1173.2 keV and 1332.4 keV photons by PE walls of measurement 
flask is negligible. The activity of 60Co in the background was not observed. The uncertainty in the 
calculation of peak areas in gamma-ray spectra was evaluated from differences in peak areas 
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calculated using TUKAN software and hand integration channel by channel. It is equal to 0.2% 
assuming rectangular distribution both for the sample and standard. 


Combined standard uncertainty in gamma-ray spectrometry measurement amounts to 1.0%:  


3.2.4. Radiochemical separation 


The method was designed to give definitely quantitative separation of analyte (100% chemical 
yield, Yx=1 in equation (2)). The radiochemical yield was determined by using 57Co radiotracer. The 
recovery was measured by replicable analysis of different biological materials. The yield varies from 
99.4 to 100.7%. Assuming a triangular distribution the uncertainty attached to radiochemical 
separation is 0.3%. 


3.2.5. Combined standard uncertainty 


The combined standard uncertainty was calculated according to uncertainty propagation law 
[12,13]. Since equation (2) contains only multiplication and division of quantities, the combined 
standard uncertainty can be calculated as a square root of the sum of the squares of relative standard 
uncertainties. Under favorable conditions, it amounted to 1.09%.  


The budget for the calculations of the combined uncertainty for Co determination in the new 
Polish CRMs of biological origin: Tea Leaves (INCT-TL-1) is presented in Table I.  


The expanded uncertainty (k=2, 95% confidence level) is equal to 2.18%. Hence, the high-
accuracy RNAA method can be recognized as a method of the highest metrological qualities. The 
established expanded uncertainty (2.18%) is comparable to value characteristic for IDMS. Hence, the 
high –accuracy RNAA method can be complementary to IDMS especially for the determination of 
elements naturally occurring as a single-isotopic for which IDMS cannot be used. 


Highly accurate (primary and its predecessors - absolute and definitive) methods play an 
important role in quality assurance. They can be used for checking the accuracy of routine analytical 
methods and may be a valuable tool in the process of certification of reference materials. 


In our Laboratory the certification of the candidate reference materials is performed on the basis 
of worldwide interlaboratory comparison and a proven methodology of data evaluation [15-17]. The 
uncertainty associated with the central value combines the uncertainty due to dispersion of analytical 
results obtained by various methods (after rejection of outliers), i.e. analytical variance, and the 
uncertainty due to estimation of long term stability of the CRM [16, 17].  


In Table II the results for Co determination from the certification campaign of the two Polish 
CRMs: Tea Leaves (INCT-TL-1) and Mixed Polish Herbs (INCT-MPH-2) are shown together with 
the results by the primary ratio method described above. As can be seen, for both materials the results 
by primary method together with their uncertainties are well within the uncertainties assigned to the 
central values during the certification campaign. Thus, the primary method, traceable to SI units, 
confirmed the correctness of the data evaluation procedure used in our Laboratory. 


The uncertainty associated with the result obtained by primary method is as a rule very low as 
has been demonstrated in this paper. If however, one would want to use such method alone for the 
certification of Co content in the natural matrix CRM, additional sources of uncertainty would have to 
be taken into account. Among those, there are at least uncertainties associated with long term stability 
and moisture content determination.  
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4. CONCLUSIONS 


This paper demonstrated potential possibility of the high-accuracy RNAA method to be a 
primary ratio method. The method satisfies the traceability requirements of a CCQM definition and 
provides the uncertainty of the results reduced to very low levels. The method of Co determination in 
biological materials has been presented as an example. The expanded uncertainty amounts to 2.2% 
which is characteristic for a method of the highest metrological quality. The method can be 
recommended for very accurate determination of Co in biological materials including certification of 
CRMs.  


This and similar RNAA methods, if devised, could become complementary to IDMS methods, 
being perhaps the ideal choice in the case of monoisotopic elements. 
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FIG. 1. Scheme of the high-accuracy RNAA method of Co determination in biological materials. 
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TABLE I. UNCERTAINTY BUDGET FOR CO DETERMINATION IN INCT-TL-1 


Source of uncertainty Parameter Value Unit Relative standard 
uncertainty,% 


 
Mass of sample 
Mass of standard 
Mass of neutron flux monitor 
Residue blank 
Neutron flux gradient 
Neutron self-shielding/scattering 
Sample counting statistics 
Standard counting statistics 
Counting geometry of sample 
Counting geometry of standard 
Pulse pile-up effect - sample 
Pulse pile-up effect – standard 
Peak calculation – sample 
Peak calculation – standard 
Radiochemical separation 


 
Wx 
Wst 
WM 
Wb 
∆Φ 
∆Φ 


Ax / Np 
Ast / Np 


Ax 
Ast 
Ax 
Ast 
Ax 
Ast 
Yx 


 
250 
20 
50 


0.01 
1.00± 0.025 


 
30000 
30000 


 
 
 
 
 
 


1.00 ± 0.06 


 
mg  
mg  
mg 
ng 
 
 


Bq /counts 
Bq /counts 


 


 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.6 
0.6 
0.3 
0.3 
0.1 
0.1 
0.2 
0.2 
0.3 


 


Combined standard uncertainty            1.09% 
Value of mass fraction of Co:          399 ng g-1 
Combined standard uncertainty          4.35 ng g-1 
Expanded uncertainty                 8.70 ng g-1 


 
 
 
 
 
TABLE II. COMPARISON OF CERTIFIED VALUES FOR CO AND VALUES OBTAINED BY 
HIGH-ACCURACY RNAA METHOD ON THE BACKGROUND OF ORIGINAL DATA FROM 
CERTIFICATION CAMPAIGN 


 Results of Co determination; ng Co in g of the sample 


 INCT-TL-1 INCT-MPH-2 


Original range 67 – 9533 (n=44) 38 – 18333 (n=42) 


Range after outliers rejection 67 – 600 (n=43) 120 – 335 (n=37) 


Certified value 387 ± 42* 210 ± 25* 


High-accuracy RNAA method 399 ± 9* 224 ± 5* 


* - value ± expanded uncertainty (k=2) 
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Abstract 


The paper presents Triple-to-Double Coincidence Ratio (TDCR) method as an important tool in 
radionuclide metrology for standardizing pure β- and pure EC-radionuclides. Many metrological laboratories in 
the world are using this method. The TDCR method was adapted to the international reference system (SIR) in 
the Bureau des Poids et Mesures (BIPM) in Sévres and establish a part of the National Standard of 
Radionuclides Activity Unit in Poland. The principles of the TDCR method and the measurement device based 
on the Liquid Scintillation Counting (LSC) are described. An example of results of standardization and a list of 
radionuclides measured by the TDCR method are given. Applying of the method for standardizing 
radiopharmaceuticals and preparation of standards for detectors calibration for environmental and nuclear 
medicine purposes is pointed out. 


 
Keywords: Liquid scintillation counting, TDCR method, detection efficiency 
 


1. INTRODUCTION 


 There are many coincidence detection systems and absolute measurement methods in the Liquid 
Scintillation Counting (LSC) technique wide applied for standardizing solutions of many radioisotopes 
for medical, technical, environmental and scientific purposes (Monography BIPM, 1981). Preparation 
of the samples for LSC measurements is quick and convenient. A small quantity of the radioactive 
solution is simple mixing with a liquid scintillator and closed in the vial. The scintillator is composed 
of one or more fluorescent solutes (fluors) in an organic solvent, and serves as a detector of ionization 
radiation emitted by the radionuclide. Absence of self-absorption in the measured source is an 
important advantage of the LSC technique for the low-energy emitter’s standardization.  


 The scintillation light pulses are counted. The counting rate (N) is proportional to the activity (Ao) 
of a given solution. The activity can be easy determined dividing N by the detection efficiency (ϕ). 
The problem is that in general ϕ is unknown and dependent on the counting conditions, kind of liquid 
scintillator and the energy of interacting particle.  


 The Triple to Double Coincidence Ratio (TDCR) method was elaborated over twenty years ago in 
our laboratory (Pochwalski and Radoszewski, 1979). Since that time thirteen national metrology 
laboratories have implemented the method (Grau Malonda and Coursey, 1988; Cassette and Vatin, 
1992). The TDCR method is a fundamental LSC method developed for determination of activity of the 
non-gamma emitting radionuclides, so called pure β- and pure electron captures (EC) radionuclides 
(Broda, 2003). The method requires that a special LSC detector with three photomultipliers (PMT) to 
be constructed. An importance of the TDCR method for radionuclide metrology is described in the 
paper.  
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2. THE TDCR SYSTEM 


 The TDCR measurements system (Fig.1) is formed by three PMTs (A, B, C) type RCA 8850 
mounted horizontally, uniformly, 120° apart, around the vial with the scintillation cocktail 
(Pochwalski et al., 1988). The counting rate are registered simultaneously by the coincidence module 
MAC3 in five channels: AB, BC and AC coincidences (NAB, NBC, NCA), logical sum of them 
AB+BC+AC (ND), and triple coincidences ABC (NT). The counting correctness can be verified by 
testing of the balance equation 


 


Nab + Nbc + Nac = 2 NT + ND         (1) 


 


 The PMTs are focused gradually by reducing the focusing electrode potential UF, detection 
efficiency is changed and a set of counting points is obtained. The characteristic parameter of TDCR 
method denoted by K is determined experimentally as a ratio of the triple- and double- coincidence 
counting rate  
 


K = NT / ND           (2) 
 


 As the counting efficiency approach unity 
 


ϕ  → 1            (3) 
 
the NT and ND approach the disintegration rate of the source and K approach unity 
 


NT → No 
NT → No            (4) 
K → 1 


By linear extrapolation of the set of counting points to K = 1 the disintegration rate No in the 
source can be calculated. In this way the activity of high-energy β-emitters (e.g. 32P or 45Ca) can be 
determined (Pochwalski et al., 1988). In case of low-energy β-emitter like 3H the linear extrapolation 
cannot be applied. The theoretical detection efficiency ϕ of the system must be calculated as a function 
of K parameter for each counting point. The theoretical model of the TDCR detector was elaborated 
for this purpose (Broda et al., 1988; Broda et al., 2000). 


3. THE TDCR MODEL 


 
 The detection efficiency ϕ is calculated theoretically on the basis of a statistical model of physical 
phenomena in the LS-detector beginning with an analysis of the given radionuclide energy spectrum 
and the scintillator data. The expected number of photoelectrons created in PMTs and the probability 
of each kind of a coincidence pulse formation (Px) are calculated. The normalized beta-spectrum 
multiplied be the probability Px and integrated in the limits from zero to maximal β-energy gives the 
detection efficiency ϕx. 


 At each counting point a system of four equations for a given coincidence channel, with unknown 
the overall efficiencies εA, εB and εC of individual PMTs can be solved  
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NAB = Ao ϕAB(εA, εB) 


NBC = Ao ϕBC(εB, εC) 


NAC = Ao ϕAC(εA, εC)          (5) 


NT = Ao ϕT(εA, εB, εC) 


 


and activity Ao in each counting point determined by the formula 


 


Ao = ND / ϕD           (6) 


 


 Results of calculation depend on some free parameters. The criterion of correctness of calculation 
is Ao = const for all counting points (Broda and Pochwalski, 1992; Broda and Pochwalski, 1993).  


 The detection efficiency of sum of double coincidences ϕD(K) calculated for various β- and EC-
radionuclides as a function of the K parameter is presented in Fig.2. It should be noted that the K could 
be expressed as 


 


K = ϕT / ϕD           (7) 


4. APPLICATION OF THE TDCR METHOD 


 The TDCR method can be used for direct calculation of the source activity of various β- and EC-
radionuclides, even low-energy emitters. During the last twenty years, the TDCR method has been 
successfully employed for the standardization of many radionuclides e.g. 3H, 14C, 32P, 45Ca, 54Mn, 55Fe, 
63Ni, 90Sr+90Y, 99Tc129I, 139Ce, 204Tl (Cassette, et al., 1994; Simpson and Meyer, 1996; Broda, et al., 
1998; Simpson and Meyer, 1998). 
 
 For each radioactive solution to be measured a set of some sources in the liquid scintillator, e.g. 
the commercial Ultima Gold scintillator, is prepared by weighing method. The standard glass vials of 
Packard are used. Count rates at all coincidence channels are registered several times at each potential 
of focusing electrode UF and the mean values of count rates are calculated. Then the experimental 
parameter K is determined. The computing code for determination of the solution activity Ao at each 
counting point is used. The free parameter of the TDCR model is selected. The criterion Ao = const for 
the set of counting points is verified.  
 
 An example of standardization of the 3H and 55Fe solution is presented in Fig. 3. The theoretical, 
non-linear, functions ϕD(K) calculated for the 3H and 55Fe were fitted to the sets of counting points. 
The mean of the Ao values was taken as the solution activity Ao = 123.5 ± 1.8 kBq/g for 3H and Ao = 
52.6 ± 0.8 kBq/g for 55Fe. 


5. THE TDCR SYSTEM AS STANDARD 


 The TDCR system and method is a part of the National Standard of the Radionuclides Activity 
Unit in Poland. The President of the Central Office of Measures established the standard in 1999 
which is applied and kept in the Radioisotope Centre POLATOM in Świerk. The national standard in 
Poland consists of three absolute measurement systems and some measurement method (Chyliński et 
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al., 2003). The secondary standards of many types, prepared in the RC POLATOM for calibration of 
the detectors used in science, nuclear medicine, or environmental measurements, are related to the 
national standard trough a chain of comparisons. The expanded uncertainty of the activity of any 
radionuclide solution being the 1st order standard is not higher than ± 2% with the coverage 
factor k = 2. 
 
 The TDCR measurement method is validated by the international comparisons of radionuclide 
activity measurements organized by the Bureau International des Poids et Mesures (BIPM) at Sévres, 
France and by the International Committee for Radionuclide Metrology (ICRM). The TDCR method 
was used at the RC POLATOM in twelve intercomparisons till now. The data of the calibration and 
measurement capabilities (CMCs), including list of the intercomparisons performed, was supplied to 
the EUROMET tables. 
 
 The TDCR method was incorporated recently into a System of International Reference (SIR) 
created in the BIPM.  


6. CONCLUSION 


 Using the TDCR method for standardization of the pure β- and EC-radionuclides not any 
additional standard is necessary. The TDCR technique is accurate, reproducible and based on a 
specified theoretical model. The uncertainties associated with its application can be determined. It 
should be mentioned that the other LS-method wide applied by many laboratories for standardization 
of the pure β- and EC-radionuclides is the CIEMAT/NIST efficiency tracing method. The application 
of this method requires an additional standard solution e.g. 3H, however. 
= 
 As the TDCR method continues to improve and develop, it will continue to become an important 
tool in radionuclide metrology for β- and EC-radionuclides. 
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FIG. 1. A simplified scheme of the TDCR measurement system with the MAC3 coincidence module (LS – liquid scintillator; 
HT – high-tension supplier; τ - dead time unit; triangle indicates amplifier). 
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FIG. 2. The detection efficiencies ϕD for some β- and electron capture radionuclides calculated as a function of the 
K parameter of the TDCR method. 


 
 


0


0.2


0.4


0.6


0.8


1


0 0.2 0.4 0.6 0.8 1
TDCR


C
ou


nt
in


g 
ef


fic
ie


nc
y


139
Ce


3
H


54
Mn


55
Fe


14
C


89
Sr


139Ce 3H


54Mn


 14C


55Fe


89Sr


0.8 0.9


1 1 K







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3. An example of standardization of the 3H and 55Fe solution. The theoretical functions ϕD(K) calculated for the 3H and 
55Fe are fitted to the sets of counting points. The mean values are taken as the solution activity Ao = 123.5 ± 1.8 kBq/g for 3H 
and Ao = 52.6 ± 0.8 kBq/g for 55Fe. 
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Abstract 


Quality assurance and quality control system were established to generate reliable results for research and 
routine service of nuclear analytical laboratories in Ankara. The technical and management requirements of 
international standard ISO 17025 were used to introduce and implement the quality system principles for self-
sustainable formal accreditation. Methods for α/β, γ and X ray fluorescence laboratories were improved and 
validated, uncertainties were defined, performance criteria was tested. The importances of some characteristics 
for measurement such as repeatability, reproducibility, detection limits, control charts for critical technical 
variables and environmental variables were verified. In one frame of this project, to evaluate the participants 
performance in the determination of selected radionuclides of environmental importance and to validate the 
accuracy and precision of the measurements, two proficiency tests were carried out. Radionuclides in a spiked 
soil sample and in a standard solution were determined and results of proficiency test are mostly compatible. 
Previous experience of nuclear analytical laboratories (γ, XRF and α/β) in Center were focused on research and 
application of environmental topics. Present study is a part of model project of IAEA, coded RER/2/004 entitled 
“QA/QC of Nuclear Analytical Techniques” and expected to have economic and scientific impacts on trade, 
industry, environmental protection and life sciences. 
 
1. INTRODUCTION 


In trade, health, safety, and environmental protection, users of a laboratory’s analytical results 
are increasingly requiring demonstrable proof of the reliability and credibility of the results using 
internationally accepted standards. Such demands are being imposed, such as, by the European 
Community and others on products for import and could be a barrier to trade, especially for 
developing nations. The international  standard  ISO 17025 is the general fundament for the mutual 
acceptance and accreditation is the prerequisite for legal acknowledgement of reliability in court cases. 


The model Project RER/2/004 entitled “Quality Assurance/Quality Control in Nuclear 
Analytical Techniques” was initiated in 1999 as a Regional Technical Co-operation Project of the 
IAEA for thirteen East European countries including Turkey, to install a complete quality system 
according to the ISO 17025 [1–3]. 


Nuclear Analytical Laboratories (NALs) covering gamma, X ray and alpha/beta groups of 
Ankara Nuclear Research and Training Center (ANRTC) joined the three years project of IAEA. 
Motivations, major goals of participation and core stones of implementation of the project, 
establishment of the quality system as well as major achievement for management requirements in 
ANTRC were discussed [4-6]. NALs was oriented to radioactivity measurement and chemical analysis 
of environmental and industrial samples based on research project and routine service to customers [7-
9].  The purpose of this paper is to describe the further analytical progress of the methods adopted and 
to finalize quality system of NALs in ANRTC following ISO 17025 recommendations.  


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


2. QUALITY SYSTEM 


Self sustainable quality system was established and implemented appropriate to the scope of 
NAL’s activities. The main document, Quality Manual (QM) meets general requirements such as 
policy, system, programmes, to the extent necessary to assure the quality of the test results according 
to ISO 17025. 


This manual identified organizational objectives, functional activities and the quality goals 
desired for the operation of the system , is flexible and adapted to changes in methods, techniques and 
personnel. Depending on its overall purpose, the manual is relatively simple in structure and detailed 
with mainly Standard Operation Procedures ( SOPs ) , instructions, flowchart and related documents. 
The emphasize was also given in QM based on the equipment, environment, analytical methods and 
results, sample handling, records and audit procedures. Analytical methods were described by criteria 
for the selection of testing methods (γ, XRF and α/β) and procedures for method validation. 
Requirements were defined for reporting, verifying and validating analytical results. Audit procedures 
were written for evaluating the effectiveness of the Quality Assurance (QA) program, proficiency 
testing and taking corrective actions. The Manual sections were reviewed by selected key scientific 
personnel and made changes as necessary after group discussions. 


3. EXPERIMENTAL 


Four scientific groups joined in the IAEA RER/2/004 model project and directly involved in 
analytical work. The facilities in NALs were employed for scientific research programs of 
Departments of Nuclear Physics and Chemistry in ANRTC, as well as routine service to customers 
during the three years span of the project. In frame of this project, to evaluate the analytical part of 
quality assurance system for α/β,γ and X ray fluorescence techniques, methods were improved and 
validated, uncertainties were defined, performance criteria were tested. The importance of some 
characteristics for measurement such as repeatability, reproducibility, detection limits, control charts 
for critical technical variables and environmental variables was verified. These studies are briefly 
described as follows. 


3.1. X ray fluorescence laboratory 


In this laboratory, tests were carried out using two different spectrometers such as tube and 
radioisotope excited XRF systems, respectively. Tube excited system, Oxford ED2000 is a integrated 
unit comprising of a compact spectrometer and a dedicated personal computer. XRF pellets are 
positioned in front of a Si(Li) detector and irradiated with X rays originating from an Rh target. The 
tube power is 50 W and the maximum current is 1000 mA. Full system operation is controlled by 
XpertEase software. A Cd-109 excitation source was selected, providing from 22 to 25 keV primary 
beam energy to induce fluorescent X rays from the samples for radioisotope excited XRF 
spectrometer. Measurements were performed with a resolution of 190 eV at 5.9 keV coupled to PC 
based Accuspec A supply by Genie 2000 software system (Canberra). Deconvolution of complex X 
ray spectra was carried out by using WinAXIL software.  


 Analytical quality assurance in XRF laboratory was carried out as quality control and 
assesment in the principles of ISO 17025 for the purpose of obtaining reliable, accurate, comparable 
and traceable results. Consequently, quality control programme ( QCP ) was designed and established 
for each major quality parameter idenfied in XRF analysis. Programmes were consisted of sample and 
equipment control, analytical calibrations, data recording, evaluation and reporting as well as method 
validation [10].  In XRF techniques, Standard Reference Materials ( SRM ) from National Institute of 
Standard and Technology  ( NIST ) as quality control samples were selected by means of the primary 
standards traced ASTM .These were coal samples of SRM 2682 , 2683 , 2684 and 2685 for 
reproducibility and Montana soil sample of SRM 2710 for repeatability . 
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TABLE I. THE RESULTS OF REPRODUCIBILITY 


System Calibration curve Regression coefficent Unknown sample 


TEXRF y=0,0038x-191,05 0,99 1,56±0,030 


REXRF y = 0,00007x - 1,18 0,99 1.60±0,052 


 


 


The results of reproducibility and repeatability are given in Table I and Fig.1, respectively. 
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FIG. 1. Results of repeatability measurements. 


 


In addition, the effectiveness of the QCP was evaluated by uncertainty budget calculation given 
in Eq. 1 [11] and results are shown in Table II. 
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TABLE II. RESULTS OF UNCERTAINTY BUDGET 


Uncertainty source Origin Contributions 
Repeatability of XRF Spec. u1=1.46%  
Peak area Statistical (u2), 1.98% 


Peak Analysis(u3), 0.10% 
All sample peaks 
deconvolution by AXIL 
software programme 


Sample properties Nonhomogeneity (u4),1.68% 
Mass(u5), 0.10% 


 


Source(Cd-109,Fe-55…) Intensity (u6), 2.00 % Standard source 
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Implementation of control charts were done by collection of data on background , FWHM , 
temperature , humidity , etc….in a routine way. Traceability in XRF laboratory was performed 
according to ISO 17025 standard .   


3.2. Alpha/beta laboratory 


Ultra low level α/β counting system (Protean Instrument Corporation, WPC 9550 Model) was 
used for determination of 90Sr activities in samples. It has an ultra thin window gas flow proportional 
detector (10% CH4+90% Ar gas mixture) and a cosmic (guard) detector. The ultra thin entrance 
window reduces the risk of contamination and eliminates the need to purge the detector prior to each 
counting sequence while providing optimum counting efficiency. Cosmic background counts are 
eliminated with a guard detector. In previous study, the standard (90Sr-90Y) solution (0.1 µCi mL-1) 
taken from NIST has been diluted to 1000 pCi L-1 and used for the counting efficiency of 90Y and 
detector operating voltage. It was calculated as 45.0% and 1545 V, respectively Average of beta 
backgrounds in laboratory was 0.017±0.002 [cps±σ]. Repeatability of measurements was obtained by 
present α/β counting system using standard solution from NIST. Daily measurements of humidity and 
temperature, weekly measurements of background were performed to obtain the control charts [5]. 


IAEA Quality Control Service has sent to α/β laboratory two spiked coal fly ash samples 
collected from Kufstein (Austria), blank and a standard solution for determination of 90Sr activities in 
intercomparison run program. Standard solution contains 2.5 mL of 90Sr solution in 0.1 mol mL-1 HCl 
(and incorporates 25 µg Sr2++25 µg Y3+/mL as carriers). Samples were analyzed according to the 
IAEA Technical Reports Series No.295 [12]. Fuming HNO3 method was used for the analysis of 90Sr 
activity concentrations. Although this method is time consuming, it has good accuracy and reliable. 
After extracting with HCl in the presence of Sr carrier, 90Sr in the sample was separated and purified 
from the matrix material. Yttrium carrier was added to the purified Sr solution, and after a delay of 21 
days for the growth of 90Y, the yttrium is separated and counted. Activity of 90Sr and limit of detection 
in samples were calculated by following formula [13], 


 


EMySr
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where 


A  is activity/sample (Bq/sample), 
R  is net count rate (cps), 
f  is time correction factor (f=exp (0.693 t/T1/2), T1/2=Half life of 90Y as 64.4 h), 
t  is time from the yttrium precipitation to half way through the particular counting period, 
Sr% & Y% are chemical yields of Sr and Y, respectively, 
E  is counting efficiency for 90Y, 
M  is the sample mass. 


Combined standard uncertainties in the measured 90Sr activities were also calculated by the 
following equation [14], 
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∆A, ∆M, ∆Sr, ∆Y, ∆E and ∆R are uncertainties of measured activity, sample weight, chemical yields 
of Sr and Y, efficiency for 90Y and net count rate, respectively.  


3.3. Gamma laboratory  


Gamma-emitting radionuclides in the spiked soil samples and standard solutions prepared by 
IAEA for proficiency tests have been analyzed by using a gamma-ray spectrometer with n and p-type 
detectors of which the specifications are described previously [5].The full energy detection efficiency 
as a function of gamma-ray energy was determined by radioactive standard containing 65Zn, 88Y and 
241Am radionuclides. For a given source-sample geometry, two weighed spiked soil samples and two 
standard solutions were counted for the counting periods of 150000s and 235000s depending on the 
level of activity of the sample to ensure good statistical quality of data. The specific activity of any 
radionuclide in the sample using net counts of the peak of interest in the measured spectrum was 
calculated the following formula, 


 


 (4) 


 


where 


A  is the specific activity Bq Kg-1, 
w  is sample weight (g), 
fγ  is gamma emission probability per decay nuclide, 
Ep (Eγ) is full energy peak efficieny for a given Eγ energy, 
D  is decay correction factor (exp(-0.693t/T1/2) in which t is decay time from reference date 
to start of MCA and T1/2, radionuclie half life. The lowest detectable activity level (MDA) in Bq g-1 for 
the peak of interest at the 90% confidence level is calculated, as follows: 
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where 


Nbkg  is the background count collected during time tc for the peak of interest. 


The uncertainty sources for activity calculation are: 


1. the accuracy of the gamma emission yields and isotope half-lives taken from NUDAT database 
[15] and Tuli’s Wallet Card [16]  


2. the accuracy of sample weight determination (±0,1 mg balance accuracy)  


3. the uncertainty in the peak area is expressed as the percent error: 
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where 


σp is the peak area uncertainty (standard deviation), 
Np the net area of the region of interest, 
m 1.65 confidence level. 


 


4. the uncertainty of absolute efficiency (full-energy peak efficiency) of detector is determined 
from the calibration curve. They are order of ±3%. The final combined uncertainty for each 
radionuclide activity is calculated as the square root of the sum of variances of all mentioned 
above sources of the uncertainty. 


4. RESULTS AND DISCUSSION 


Self-sufficient quality system was finally established with further analytical progress of NALs 
in ANRTC with the support and observation of the IAEA RER/2/004 model project. Quality 
Assurance Manual that conforms with ISO 17025 standard was prepared and reviewed by a team for 
harmonization of four NALs as well as SOPs, instructions, etc., which meets the national accreditation 
requirements. Analytical quality assessment was done internally and externally as seen in Tables I–IV 
and Fig. 1. Good results were obtained for method validation with quality control parameters. 


NALs participated in proficiency test round for the determination of selected radionuclides of 
environmental importance and to validate the accuracy and precision of measurement. Reported 
results and data of IAEA for 90Sr activities in PT samples, standard solution and blank are summarized 
in Table III. The results reported in Table III were evaluated against the acceptance criteria for 
accuracy and precision by IAEA and they are compatible with the data of IAEA. 


 


TABLE III. COMPARISON OF 90SR ACTIVITY RESULTS REPORTED AND REFERENCE 
VALUES 


Sample  
code 


Unit  
IAEA data 


Reported 
results 


Relative
bias, 


Z- 
score 


Detection 
limit 


Accuracy 
criteriaa 


Precision
criteria b , 


  Value Unc Value Unc %   A B % 


ANK-10 Bq 0.3790 0.0017 0.2348 0.0215 -38.0 -0.72 0.0216 0.14 0.07 9.2 


ANK-11 Bq 0.9710 0.0033 0.7978 0.0290 -17.8 -0.89 0.0528 0.17 0.10 3.7 


ANK-12 Bq/g - - 0.0066 0.0011 - - 0.0013 - - - 


ANK-13 Bq/g 5.310 0.016 5.081 0.0656 -5.71 -0.29 0.0027 0.30 0.22 1.3 


a: Acceptance criteria for accuracy calculated by IAEA. A=ValueIAEA- ValueAnalyst, 
B=3.29(Unc2


IAEA+Unc2
Analyst)1/2. 


b: Acceptance criteria for Precision calculated by IAEA. 


 


Although reported results were passed according to IAEA precision criteria, they are lower than 
the data of IAEA. The fuming nitric acid method has a lot of chemical treatments. Sr-90 activity may 
be lost during the radiochemical separation and purification steps. The other reason, fly ash samples 
have complex matrix and the analysis of 90Sr has special difficulties. However, 90Sr activity of 
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ANK-10 coded sample found was much more lower than the others because sample tube was broken 
in the centrifuge equipment.  


The measured results and IAEA data for spiked soil sample is given in Table IV. As can be seen 
in Table IV, most of the measured results are consistent with the IAEA data. Evaluation of the analysis 
results was performed by IAEA using u- test and z-score values. 


 


TABLE IV. RESULTS OF INTERCOMPARISON RUN 


IAEA data Reported results Relative z- score u-test Sample 
code Unit Value Uncert. Value Uncert. bias%  score 


65Zn Bq/kg 63.0 1.60 57.54 2.56 -8.42 -0.56 1.75 
88Y Bq/kg 106.0 1.20 117.41 3.88 11.10 0.74 2.89 
241Am Bq/kg 110.0 2.60 105.29 2.66 -4.49 -0.30 1.32 
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Abstract 


Copper-64 is a radionuclide suitable for labelling of radiopharmaceutical compounds for PET imaging, as 
well as for metabolic radiotherapy and immunoradiotherapy of tumours by positron/negatron emission. The End 
Point energy of 64Cu is quite similar to that of 18F, with the same imaging resolution. Among the several 
methods for production of very high specific activity no-carrier-added (NCA) 64Cu (and the shorter-lived 61Cu), 
we investigated the deuteron irradiation on Zn targets of natural isotopic composition, in the energy range up to 
19 MeV, with simultaneous production of by-products like high specific activity NCA 66Ga and 67Ga, which 
present relevat uses in biomedicine, and carrier-added (CA) 65Zn and 69mZn. At 19 MeV deuteron energy, an 
appreciable experimental thick-target yield of 8560 ± 240 MBq·C-1 at the End of an Instantaneous Bombardment 
(EOIB) is achieved. A selective radiochemical separation of NCA 64Cu (61Cu) and NCA Ga radionuclides from 
Zn target was developed, followed by analytical and radioanalytical quality control tests. 


1. INTRODUCTION 


The 64Cu is a very interesting radionuclide for biomedical applications in both radiodiagnostic 
and metabolic radiotherapy, due to its excellent physical and chemical characteristics [1]: a] it decay 
by β+ (18.5%) and β- (39%) emission with maximum energy (End Point) equal to 653 keV (i.e. quite 
similar to that of 18F) and 579 keV respectively [1,2], which corresponds to a maximum range of β+ in 
soft tissue of ≈ 2.7 mm calculated by Tables [3] and an “average” range of ≈ 1 mm [2]. These ranges 
are suitable to irradiate some hundreds human cells [4]. In this way it is possible to administer a local 
dose to the region of interest and to have a good resolution in PET imaging, like that obtained with 
18F; b] it has an half-life of 12.701 h, suitable for medical applications, reducing the exposure of 
personnel and problems of radwaste disposal of biological exctreta and contaminated specimen; c] 
besides the coincident annichilation peaks (511 keV, 37%), it has only one γ emission at 1345.84 keV 
of very low intensity (i.e. 0.473%) [1] and low detection efficiency, with overall reduction of the dose 
to healthy tissue and personnel [5,6]. For these reasons 64Cu can be considered a dual purpose 
radionuclide: it can be used both to localize and to measure the tumour mass/volume through PET and 
for the following metabolic radiotherapy of tumour itself [4]. Cu(II) (i.e. paramagnetic d9 
configuration) forms a wide range of stable classical complexes and chelates with ditiocarbamates 
(DTC), like ethylmethyl-DTC and bis-tiosemicarbazonates, like Cu-pyruvaldehyde-bis-(N4-
methylsemicarbazone) (PTSM) and Cu-diacetyl-bis-(N4-methylsemicarbazone) (ATSM), Schiff bases 
and finally with azamacrocyclic chelants (cyclams and et-cyclams, cyclens, kriptands, sarcofands), 
like DOTA, DOTP DO2A, TETA and SarAr. The behaviour of some of them has been already 
investigated in both cell cultures, rats and humans since the end of the 90-ties[7–15]. ATSM – 
compared to PTSM - proved very effective to assess tissue hypoxia typical of some tumours, via an 
intracellular mechanism involving glutathione as endogen reductant and RedOx equilibrium 
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Cu(II)/Cu(I) (i.e. diamagnetic d10 configuration) [15–17]. Finally, a few complexes of Cu(III) (d8 
configuration) have been synthesized, too [17,18]. Among the possible methods for cyclotron  
production of NCA [19,20] 64Cu (together with the short-lived positron emitter 61Cu, t1/2 = 3.333 h, β+ 


61%, 1300 keV EP) [1], we investigated preliminarily the deuteron irradiation on natural Zn targets, 
via (d,αxn) and (d,2pxn) nuclear reactions [21,22]. A few data were present in the literature about 
these reactions [23]. Actually, several methods have been investigated previously for 64Cu production. 
They can be divided in two main classes: a] methods based on neutron activation in either thermal 
nuclear reactor via 63Cu(n,γ) or Szilard-Chalmers hot-atom reactions on phtalocyanine or epithermal 
reactor/fast neutron generator via 64Zn(n,p) nuclear reactions leading to either low specific activity CA 
[19,20] 64Cu or or high specific activity but low yield NCA 64Cu, respectively [24–26]; b] methods 
based on light ion accelerator irradiation (i.e. normally low energy cyclotrons). The direct (p,n) 
nuclear reactions on highly enriched 64Ni target is of widespread use and leads - with high yield - to 
NCA 64Cu [27,28]. Enriched 64Ni is obviously a very expensive material, due to the very low 
abundance of this nuclide in Ni of natural isotopic composition (0.926%) [1]. Other methods based on 
deuteron irradiation on both natural and enriched 64Ni targets have been investigated [29]. 


In this paper we present the experimental thin-target excitation functions yEOIB(E) and thick-
target yields YEOIB(E,∆E) for deuteron irradiation on Zn targets of natural isotopic composition in the 
energy range up to 19 MeV, for 64Cu and 61Cu, 66Ga, 67Ga, 65Zn and 69mZn. With the term EOIB (End 
Of an Instantaneous Bombardment), we mean an irradiation time τ → 0 [30]. As a relevant by-product 
of 64Cu, we must remember 67Ga, whose applications in nuclear medicine for radiodiagnostic purposes 
are known since a long time [31] and the high energy positron emitter 66Ga, suitable for bulk tumours 
metabolic radiotherapy. A very effective and fast radiochemical separation of NCA 64Cu (61Cu) from 
both 67Ga (66Ga) and 65,69mZn (e.g. labelled Zn target) was presented previously [21,22,31,32]. 
Moreover will be presented a method for radionuclidic purity optimization of 64Cu in respect to 61Cu, 
obtained from the knowledge of YEOIB(E,∆E) of the two radionuclides, as a function of irradiation and 
cooling times. With this method radionuclidic purities of 90%, 95% and 99% are calculated a-priori. 


2. EXPERIMENTAL 


2.1.  Irradiation technique and thick-target yield measurements 


For checking the procedure and measuring the experimental thick-target yield for all the 
radionuclides cited above, some preliminary irradiations were carried out at the variable energy 
(K=38) Scanditronix MC40 cyclotron of Institute for Health and Consumer Protection, IHCP of JRC-
Ispra (Varese, Italy) of European Commission, on a very high-purity (99,9999%) thick Zn target (e.g. 
max deuteron energy 19 ± 0.2 MeV). The target thickness (i.e. 730 µm) was chosen in order to have a 
total energy absorption into the thick target, including the longitudinal energy straggling calculated by 
the SRIM 2000 Monte Carlo code, based on the former Bethe-Bloch theory [33,34]. This irradiations 
(i.e. integrated deuteron charge 180 µC, irradiation time 30 minutes) made it possible estimating the 
proper irradiation condition for thin-target determination for all radionuclides, and 64Cu in particular. 
In Table I are reported the main γ emissions and intensities of radionuclides considered in this work 
[1] and the energy threshold and Coulomb barriers for the main reaction induced by deuterons on Zn 
isotopes, in the energy range concerned. In order to avoid bremβtralhung radiation of high-energy 
61Cu and 66Ga positrons (e.g. induced in both detector and Pb well shielding 10 cm thick), it was 
effective using 7 mm thick Al annihilators, put in contact in front and behind the irradiated target. The 
annihilators were used for both target and calibration sources. Moreover, in order to decrease the dead 
counting time at values lower than 10% to avoid counting dead time correction errors, increasing at the 
same time the activity of the target, we inserted a 3 mm thick Pb shielding between irradiated target 
and HPGe detector. This set up allowed increasing the S/BG ratio in the high-energy region of γ 
spectrum around the 1346 keV γ peak of 64Cu [32]. For each radionuclide, several tens measurements 
were carried out in order to allow a semilog regression fitting of the data. Each γ line had a typical 
statistical error lower than 0.1 - 1% (1 RSD), except 64Cu, whose statistical errors were typically of the 
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order of some% (1 RSD, with typical χ2 value of 1.66). For radionuclides emitting more than one γ 
line, other than the yield calculated for each γ line, the weighted average value of thick-target yield is 
also reported, together with overall statistical errors (1 RSD) (see Table II). 


2.2.  Thin-target excitation function measurements 


In order to measure the thin-target excitation functions yEOIB(E) for 61Cu, 64Cu, 66Ga, 67Ga, 
65Zn and 69mZn radionuclides, it was necessary to irradiate "thin" Zn targets of regular thickness, in 
which the particle energy loss was of the order of 100 keV at high energy. At the lower energies the 
energy loss into the target was of the order of 400 keV, as calculated by the SRIM 2000 code [34]. The 
stacked-foil technique was adopted, with catchers and Al/Ti monitor foils to control the reliability of 
charge integration system. As monitor nuclear reactions were chosen the 27Al(d,X)24Na one in the 
energy region from 10 to 19 MeV and the reaction natTi(d,xn)48V in the energy region below 10 MeV, 
by using the cross-section data recommended by IAEA [35]. Three stacks of 6 thin Zn foils each were 
irradiated at 19±0.2, 14±0.2 and 10±0.2 MeV deuteron energy, with a deuteron beam current of about 
100 nA. In order to improve the counting statistics for detection of the only γ emission of 64Cu at 1346 
keV (0.473% intensity) [1], it was necessary to count irradiated targets in the same assembly used for 
thick-target yield measurement (see paragraph above), with two 7 mm thick Al annihilators and 3 mm 
thick Pb absorber. The counting chain was calibrated for efficiency as a function of γ energy, with the 
same counting assembly by using two 152Eu standard source with overall uncertainty of 2% [36]. Even 
in this case, the assembly adopted allowed measurement of larger activities, with counting dead times 
lower than 10%. The thin-target excitation functions for Zn(d,X)64,61Cu are reported in Fig. 1. Later 
on, the thin-target excitation functions were integrated, obtaining a set of families of curves like that 
shown in Fig. 2 for 64Cu. The values obtained by integration of the thin-target for incident energy E = 
19 MeV and energy loss ∆E=19 MeV are in very good agreement with the experimental value of 
thick-target yield of Zn(d,X) nuclear reactions experimentally determined at the same energy. 
Moreover, from the family of curves of Fig. 2 it is possible to determine the locus of maxima of the 
yields, that corresponds to the optimized couple of values of (E,∆E). 


In order to produce NCA 64Cu, a suitable radiochemical separation of NCA Cu radionuclides 
from NCA Ga and Zn target is necessary. The radiochemical separation of 66Ga (67Ga) from either 
proton or deuteron irradiated Zn targets, is a routine procedure for [67Ga]Ga(III) citrate 
radiopharmaceutical production. Suitable QC tests were developed for each radionuclide to obtain 
very high chemical, radiochemical and radionuclidic purities 37]. A NCA specific activity greather 
than 700 MBq·µg-1 — corresponding to an Isotopic Dilution Factor of 200 [20,22] — and a 
decontamination factor from Zn target of ≈106, which have been experimentally measured by 
instrumental neuton activation analysis (INAA) and graphite furnace atomic absorption spectrometry 
(ET-AAS), were achieved. 


2.3. Radionuclidic purity 


The set of thick-target yields ΥEOIB(E,∆E) at EOIB and maxima permit calculating the optimal 
irradiation conditions for producing radionuclides with higher as possible yield, radionuclidic purity 
and specific activity, AS [30]. In case of saturation activation (i.e: τ → ∞, ≈ 5-6 t1/2), the activity A 
produced per unit beam current I, [A·I-1]sat is calculated for thin- and thick-targets by equations 
yEOIB(E) · λ-1 and YEOIB(E,∆E) ·λ-1 (in Bq ·A-1·MeV-1 and Bq ·A-1 respectively). It is easy calculating 
that, after an irradiation time τ = 1 t1/2 a [A · I-1] value of 50% in respect to saturation value [A · I-1]sat 
is achieved. For τ = n t1/2 , a [A · I-1] value for a thick-target of YEOIB(E,∆E) [1–2-n] · λ -1 is calculated 
(in Bq ·A-1), while Eq. 1 allows calculating the residual activity of the radionuclide of interest in 
respect to the saturation activity as a function of the irradiation time τ and the cooling time t. The 
parameter RCY° = RCYEOP is the radiochemical yield at the End Of radiochemical Processing (EOP). 
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TABLE I. MAIN NUCLEAR REACTIONS INDUCED BY DEUTERON BEAMS ON NATURAL 
ZN TARGET, TOGETHER WITH ENERGY THRESHOLDS. ICB AND OCB ARE THE 
COULOMBIC BARRIER FOR INCOMING AND OUTGOING CHARGED PARTICLES. IN THE 
TABLE ARE REPORTED THE γ EMISSIONS AND INTENSITIES ADOPTED [1]  


Radionuclide Nuclear reaction 
Eth  


(MeV) 
ICB 


(MeV) 
Eth+ OCB 


(MeV) 
γ emission (keV) 
and intensity (%) 


2.4. 64Cu 
t ½ = 12.701 h 


66Zn(d,α) 
67Zn(d,αn) 


68Zn(d,α2n) 
67Zn(d,3He 2n) 


64Zn(d,2p) 
66Zn(d,2p2n) 


0 
0 


10.31 
21.01 
1.03 


20.65 


5.83 
5.81 
5.78 
5.81 
5.88 
5.83 


11.0 
11.0 
21.3 
32.2 
12.4 


32.02 


1345.84 (0.473) 


2.5. 61Cu 
t ½ = 3.33 h 


64Zn(d,αn) 
66Zn(d,α3n) 


1.42 
21.04 


5.88 
5.83 


12.6 
32.23 


282.96 (12.2) 
373.05 (2.15) 


656.01 (10.77) 
1185.23 (3.75) 


2.6. 67Cu 
t ½ = 61.83 h 


67Zn(d,2p) 
68Zn(d,3He) 
68Zn(d,2p n) 
70Zn(d,αn) 


70Zn(d,3He 2n) 


1.03 
4.63 


11.53 
0 


20.78 


5.81 
5.78 
5.78 
5.74 
5.74 


12.3 
15.7 
22.8 
10.9 
31.8 


184.58 (48.73) 
208.95 (0.115) 
300.22 (0.797) 
393.53 (0.22) 


2.7. 67Ga 
t ½ = 3.26 d 


66Zn(d,n) 
67Zn(d,2n) 
68Zn(d,3n) 


0 
4.13 


14.63 


5.83 
5.81 
5.78 


0 
4.1 


14.6 


184.58 (21.2) 
208.95 (2.4) 
300.22 (16.8) 
393.53 (4.68) 


887.69 (0.149) 


2.8. 66Ga 
t ½ = 9.49 h 


66Zn(d,2n) 


67Zn(d,3n) 


68Zn(d,4n) 


8.43 


15.69 


26.19 


5.83 


5.81 


5.78 


8.4 


15.7 


26.2 


448.90 (0.107) 
686.22 (0.255) 
833.50 (5.896) 
856.70 (0.116) 


1039.35 (37.00) 
1232.44 (0.51) 


1356.38 (0-296) 
1357.33 (0.259) 
1333.00 (1.203) 
1418.79 (0.629) 
1508.37 (0.56) 
1918.66 (2.17) 


2752.01 (23.384) 


2.9. 65Ga 
t ½ = 15.20 min 


64Zn(d,n) 
66Zn(d,3n) 
67Zn(d,4n) 


0 
17.85 
25.11 


5.88 
5.83 
5.81 


0 
17.9 
25.1 


n. d. 


2.10. 69mZn 


2.11. t ½ = 13.76 h 


68Zn(d,p) 
70Zn(d,p2n) 


0 
11.7 


5.80 
5.7 


6.0 
17.7 438.63 (94.77) 


2.12. 65Zn 
t ½ = 244.26 d 


64Zn(d,p) 
66Zn(d,p2n) 
67Zn(d,p3n) 
68Zn(d,p4n) 
67Zn(d,d2n) 


0 
13.16 
20.42 
30.91 
18.66 


5.88 
5.83 
5.81 
5.78 
5.81 


6.1 
19.2 
26.5 
37.0 
24.5 


1115.55 (50.6) 
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The knowledge of Υi
EOIB(E,∆E) for different radioisotopes of same element, allows calculating, 


by Eq. 2, the percent radionuclidic purity of radioisotope i, RNPi , as a function of 4 parameters: 
energy of incident projectile incoming onto the target E, energy loss ∆E, irradiation time τ and cooling 
time t after the EOB (i.e. End Of Bombardment), under the assumption that the radionuclides of other 
elements (different Z) have been separated by a 100% yield from those of the element of interest.  
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in which the summation Σi represents the total thick-target yield of all different radioisotopes at time t 
after an irradiation of duration τ (e.g. in our case the Cu radionuclides after the radiochemical 
separation). The constrain Σi [RNPi (E,∆E;τ,t)] = 100, constitutes a normalization condition. This 
relation is valid only for radionuclides that decay on stable nuclides without radioactive chains. 
 
 
TABLE II. EXPERIMENTAL THICK-TARGET YIELDS AT THE EOIB FOR natZn(d,X) 
NUCLEAR REACTIONS AT 19 MeV BEAM ENERGY [1]. BEAM INTENSITY: ABOUT 100 nA, 
IRRADIATION TIME: 30 MIN, Zn TARGET THICKNESS: 730 µm, WITH TOTAL ENERGY 
ABSORPTION 


Radionuclide t 1/2 γ emission 
(keV) 


Thick-Target Yield 
(MBq·C-1) at EOIB 


error 1 RSD 
(MBq·C-1) 


error 1 RSD 
(%) 


64Cu 12.701 h 1346.84 8560 240 2.8 


61Cu 3.33 h 656.01 28887 1219 4.2 


67Ga 3.2612 d 


887.69 
184.58 
300.22 


w. average 


4482  
4410 
4695 
4523 


102 
99 


105 
59 


2.3 
2.2 
2.2 
1.3 


66Ga 9.49 h 


1039.35 
1333.00 
833.50 


w. average 


40098 
36846 
38709 
38441 


929 
837 
867 
505 


2.3 
2.3 
2.2 
1.3 


65Zn 244.26 d 1115.55 132 87 3.0 


69mZn 13.76 h 438.63 4031 90 2.2 


58Co 70.82 d 811.00 1.8 0.05 3.0 


57Co 271.8 d 122 5.1 0.28 5.4 
 


The “crossing” of the excitation functions of 64Cu and 61Cu suggests the possibility to optimize 
the irradiation conditions in order to obtain a 64Cu with high yield and radionuclidic purity. The half 
life of 61Cu is four time lower than 64Cu, but its yield is very much higher at higher deuteron energies, 
thus one must expect that the optimum irradiation conditions do not correspond to the maximum 
energy available. We selected for 64Cu radionuclidic purity the 90, 95, 99% values and for irradiation 
times τ values equal to multiples of half life of 64Cu. The waiting times t for each couple (E,∆E) to 
reach the RNP of interest can be obtained from Eq. 2. In practice, we calculated by integration of thin-
target yield and measured experimentally (see Table II) a thick-target yield for 64Cu of 8560 ± 240 
MBq·C-1 at the EOIB at 19 MeV deuteron energy, corresponding to a saturation value [A ·I-1]sat = 565 
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± 16 MBq µA-1. This means that with a radiochemical yield of 80% (i.e. RCY° = 0.80) and an 
irradiation time of 12.701 hours, with the maximum typical deuteron beam current of 60 µA, an 
activity of 13.55 GBq of 64Cu can be produced at the EOP for each irradiation. In order to obtain a 
64Cu with a radionuclidic purity not lower than 90%, a cooling time after EOB of 17 hours is required. 
At this time a residual activity of 5.36 GBq is available. A residual activity 8.97 GBq of 90% 
radionuclidic purity 64Cu can be produced, after a 2 x 12.701 hour irradiation and a 15 hour cooling 
time. The same calculations are repeated for 90%, 95% and 99% RNP for 64Cu. These results are 
shown in Fig. 3, in which the numerical values must be multiplied for RCY° parameter. 


FIG. 1. Experimental thin-target excitation functions y (E) for Zn(d,X)64,61Cu nuclear reactions. 
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FIG. 2. Integrated Y(E,∆E) for 64Cu as a function of energy loss ∆E into the target. The data at 19 MeV deuteron energy 
are compared with the experimental value (see Tab. 2). 
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FIG. 3. [A · I-1] (in MBq · µA-1) for incident deuteron energy E = 19 ± 0.2 MeV and energy loss ∆E = 16 MeV, as a function 
of different irradiation times to obtain RNP, for 64Cu, of 90, 95 e 99%. 


3. RESULTS AND CONCLUSIONS 


In many modern applications of radionuclides, a value of specific activity as higher as possible 
is envisaged [16,19,20]; moreover a high radionuclidic purity RNP is normally required, together with 
as higher as possible production yield. The accurate knowledge of behaviour of thin-target excitation 
functions y(E) of radionuclide of interest and its radioisotopic impurities (same Z) allows calculating - 
by integration - the thick-target excitation functions Y(E,∆E) of different radionuclides, as a function 
of projectile energy E, energy loss into the target ∆E, irradiation time τ and cooling times t after the 
EOB [30,35]. Obviously, a very selective and effective radiochemical separation of radionuclide 
produced from both irradiated target and radionuclides of other elements (non-isotopic) is mandatory, 
in order to achieve a high radionuclidic, radiochemical and chemical purity [36,37]. From thick-target 
yield data it is possible to calculate a priori the best irradiation conditions for production of the 
selected radionuclide, optimizing yield, radionuclidic purity and specific activity of radionuclide itself. 
In many cases, the best irradiation conditions do not correspond to the maximum projectile energy 
available. As a relevant conclusion, target thickness larger than the “effective” one, must be avoided, 
because it leads to higher power density Pd (watt · kg-1) = I · ∆E [γz] -1 [m]-1 deposited by beam itself 
(e.g. with average charge γz, intensity I (µA) and energy loss ∆E (MeV)), into a target material of 
mass m (kg), instead of target cooling system. From a technological point of view, the total energy 
absorption into the target does not present any advantage, due to the high stopping-power dE(E)/dX = 
S(E) (in MeV · g-1 · cm-2) of fast ions in materials [33,34], while on the contrary production yield Υ(E, 
E-Eth) does not increase further [32]. The example of deuteron production of 64Cu by irradiation of 
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natural Zn target was discussed in some details. Obviously, the main advantages of present method are 
concerned with the use of very non-expensive Zn target of natural isotopic composition. Moreover, as 
relevant by-product, a huge amount of 67Ga and 66Ga is produced simultaneously (see Table II) [31]. 
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Abstract 


A prompt-gamma activation analysis facility has been under development at the Budapest Neutron Centre 
since 1996. Its applicability to archeological research has already been established by several studies. This 
facility has been used in collaboration with the Universidad Simon Bolívar, Venezuela to determine the 
provenance of some pre-Hispanic pottery figurines by the use of PGNAA. Samples were selected from five 
archaeological sites excavated in the Los Roques Archipelago, where almost five hundred figurines were 
recovered in four sites. Amerindian groups from adjacent Venezuela mainland were identified as island sites’ 
occupants, between 1200 A.D. and the European contact period. For preliminary research purposes three 
samples from Lake Valencia Basin and five from Los Roques were selected. For the study discussed here a total 
of 40 samples were used. Microscopic properties of pottery, such as chemical composition, can shed light on its 
origin, place of manufacture, raw material origin, production method and trade, among others. PGNAA was 
selected as the most convenient non-destructive method to measure major and trace elements. We show that 
these results contribute in determining the origin of the pottery. The samples were irradiated with a cold (20K) 
neutron beam of 5⋅107 cm-2 s-1 and the prompt-gamma ray spectra were collected with an HPGe-BGO detector 
system. The element identification and concentration calculations were performed based on the Center data 
library. We were able to determine the major components of H2O, Na2O, MgO, Al2O3, SiO2, K2O, CaO, TiO2, 
and MnO, Fe2O3 parallel with trace elements of B, S, Cl, Sc, V, Cr, Ba, Sm, Eu, and Gd. The preliminary 
measurements of the concentration of K2O, Cl and Cr showed significant differences between the samples from 
Lake Valencia Basin (mainland) and from Los Roques Islands. However, the discussed here analysis of a large 
set of samples, from both the mainland and the islands sites, provides support to the hypothesis according to 
which the pottery from Los Roques Islands has its origin in the Lake Valencia Basin. 


1. INTRODUCTION 


The bearers of the Valencia style pottery (or the Valencioids) from the Lake Valencia Basin 
(north-central Venezuela mainland), had achieved control of the adjacent areas, including most of the 
central coast and began to colonize and exploit the oceanic islands to the north, between A.D. 1200 
and the European Contact period.[1] The abundance, size and functional diversity of the 
archaeological sites and their geographical spread suggest a demographic expansion of the Valencioid 
people and possibly an effective integration of the local Amerindian populations within the region. 
However, the current knowledge of the nature and dynamics of the relationships that existed between 
culturally different inhabitants of the Valencioid Sphere of Interaction is extremely limited. The only 
recent systematic excavations within the geographical borders of the Sphere have been carried out in 
the Los Roques Archipelago, 140 km off the mainland coast, where the Valencioid sites have been 
located on six islands.[2] Four sites yielded hundreds of human pottery figurines, some of which have 
been recovered in primary, ritual contexts.[3] Though the Valencioid artifacts from the mainland 
portion of the Sphere had attained worldwide notoriety as early as 1889 (at the Universal Exposition of 
Paris), examples of systematic research in this area are still very scant. In fact, the only systematic 
excavations on the mainland portion of the Sphere had been carried out in this area in the 1930s.[2] As 
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a consequence, the public and private collectors all over the world hold hundreds of mainland 
figurines and other Valencioid artifacts that lack provenance and contextual data.  


By performing the physical and chemical analyses of the figurines we aim to add the new 
dimension to the connections that have been made during the interpretative process of the social 
reality and meaning of the Los Roques figurines, and to evaluate the hypotheses that explain the origin 
of their stylistic differentiation. It is expected that rich no chemical figurine data (stylistic and 
contextual) will provide interpretive frame to the patterns observed in the chemical data, helping to 
build bridges between the potentially relevant data sets. We are confident that the results of this 
research will contribute to our understanding of the nature of the relationships within the Valencioid 
Sphere of Interaction and especially, between the core area (Lake Valencia Basin) and the periphery 
(the coast and the oceanic islands). We expect that we would also shed light on the significance of the 
figurines that are the ‘hallmark’ of the Valencioid material culture. 


Prompt-gamma ray neutron activation analysis (PGNAA), as the most convenient non-
destructive method was chosen to measure major and trace elements in pottery figurines from Los 
Roques and Lake Valencia Basin.[4] PGNAA is a non-destructive, internally calibrated, in situ radio-
analytical method capable of simultaneously identifying all elements, in solid, liquid and gaseous 
samples.[5] It is based on the radiative capture of neutrons into nuclei that are unique to each element. 
The method is suitable for qualitative and quantitative analysis. The application of the technique has 
increased as result of recent advances in cold and thermal neutron beam technology, the development 
of a new capture gamma-ray database, and gamma detector advancements which increases PGNAA 
sensitivity and made possible elemental composition materials. The PGNAA method has been applied 
in materials science, chemistry, geology, mining, archaeology and other areas successfully.[5] The 
greatest advantages are the non-destructive character and the lack of sample preparation. In addition, 
PGNAA is not limited by the presence or absence of homogeneity or by the geometry of the samples. 
The results give an average concentration value for the whole sample, and errors are minimized. 


Previous analyses (Mackowiak de Antzack, MA.M., et al., 2002) were carried out over eight 
samples indicating significant differences between the Lake Valencia Basin and Los Roques figurine 
assemblages. In this research we study a wider group of figurines samples in order to recognize their 
chemical characteristics and to establish relations using the chemical composition parameter.  


2. EXPERIMENTAL SECTION 


2.1. Instrument 


The prompt-gamma activation analysis facility at the Budapest Neutron Centre has been 
gradually developed since 1996 (Mackowiak de Antzack, MA.M., et al., 2002). A cold (20K) neutron 
beam of 5⋅107 cm-2 s-1 supplied by the 10 MW Budapest Research Reactor was used to irradiate the 
samples. The neutrons are moderated by a liquid H cell and guided approximately 36 m away from the 
reactor to the sample position. The beam-size can be reduced to a 1 cm × 1 cm or smaller spot. The 
prompt-gamma photons following the (n,γ) reaction are collected with a HPGe - BGO detector 
arrangement in order to perform Compton-suppression. A 16k-multichannel analyzer collects the 
spectra. The system has been described in more detail elsewhere.[6] The analysis of the collected 
spectra is carried out by Hypermet PC [7], a gamma spectrum evaluation program developed in the 
Budapest Neutron Centre. The PCA analysis is done by an independent Excel-based program named 
"XLSTAT". 


2.2. The samples 


The analysis was carried out over 40 not dried samples. 21 samples were from Los Roques 
Archipelago and 19 from Lake Valencia Basin. Samples were placed in front of the detector and 
irradiated in a specific area of 2 cm2. After activation analysis the samples were deposited in a 
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blinding case during a couple of days to allow deactivation. Table I shows the main stylistic 
characteristics and locations where the samples were collected. See Fig. 1.  


 
 


FIG. 1. Region of North Central of Venezuela within the Caribbean. 


 


TABLE I. SAMPLES FROM LAKE VALENCIA BASIN AND LOS ROQUES 


NR 


Sample


 


Inventory 
NR 


Locality/ 
Archaeological information 


Specimen Stylistic 
and/or 


typological information


1 VLB 
00100 


Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine leg Standardized 


2 VLB 0075 Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine head Standardized or 
Imitative 


3 3502 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine leg Heterogeneous 


4 AM 1067 d Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/C, 20-
40 level cm 


Figurine head 
fragment 


Standardized 
(Standing Straight Legs 


Canoe-shaped Crest) 
5 VLB 0008 Peninsula La Cabrera, Los 


Tamarindos site, Northeastern 
shore Lake Valencia 


Figurine trunk with 
leg fragment 


Heterogeneous? 


6 MA 467 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine leg Standardized 
(Seated Spread Legs) 


7 MA 407 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine trunk 
(female) with head


Standardized 
(Red Top Rounded 


Head) 
8 MA 711 Dos Mosquises Island, Los Roques 


Archipelago, trench DM/A/C, level 
20-40 cm 


Figurine trunk 
fragment with 
akimbo arm 


Standardized 


9 AM 402 Dos Mosquises Island, Los Roques Human figurine Imitative 
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NR 


Sample


 


Inventory 
NR 


Locality/ 
Archaeological information 


Specimen Stylistic 
and/or 


typological information


Archipelago, trench DM/A/B, level 
20-40 cm 


(Seated Spread Legs 
with Inverted Canoe-


shaped Crest) 
10 AM 374 Dos Mosquises Island, Los Roques 


Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine trunk with 
head 


Heterogeneous 
(Standing without Crest 


Three-dimensional 
Anatomical Figure) 


11 AM 393 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/B, level 
20-40 cm 


Below waist 
fragment 


Heterogeneous 


12 MA 960 Krasky Island, Los Roques 
Archipelago, trench KR/A/A, level 
20-40 cm 


Figurine legs Imitative 


13 VLB 1590 Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine head Heterogeneous 


14 VLB 1585 Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine leg Standardized 
(Seated) 


15 MA 1572 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/C, level 
20-40 cm 


Figurine fragment Standardized 


16 VLB 1601 Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine head 
fragment 


Standardized 


17 MA 690 a Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/C, level 
20-40 cm 


Seated female 
figurine 


Standardized 
(Seated Spread Legs 
with Canoe-shaped 


Crest) 
18 VLB 3745 Lake Valencia, eastern shore Figurine head 


fragment 
Imitative 


19 VLB 1584 Peninsula La Cabrera, Los 
Tamarindos site, Northeastern 
shore of Lake Valencia 


Figurine head 
fragment 


Standardized 


20 VLB 1415 Lake Valencia Basin Figurine head 
fragment 


Standardized 


21 VLB 8843 CIA site, northeastern shore of 
Lake Valencia 


Figurine trunk 
(male) with head 


Standardized 


22 VLB 8843 CIA site, northeastern shore of 
Lake Valencia 


Figurine trunk 
(male) with head 


Standardized 


23 VLB 
20517 


Caña de Azucar site, Lake Valencia 
Basin 


Figurine leg Standardized 


24 MA 1836 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/C, level 


Figurine leg 
fragments 


Standardized 
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NR 


Sample


 


Inventory 
NR 


Locality/ 
Archaeological information 


Specimen Stylistic 
and/or 


typological information


0-20 cm 
25 VLB D-33 La Mata site, eastern shore of Lake 


Valencia 
Figurine head 


fragment 
Standardized 


26 VLB 
20518 


La Mata site, eastern shore of Lake 
Valencia 


Figurine head 
fragment 


Standardized 


27 AM 476 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine trunk Heterogeneous 


28 MA 564 Dos Mosquises Island, Los Roques 
Archipelago, trench DM/A/A, level 
0-20 cm 


Figurine leg Imitative 


29 MA 564 Dos Mosquises Island , Los Roques
Archipelago, trench DM/A/A, level 
0-20 cm 


Female figurine Standardized 
(Seated Bent-knee, 


Deformed head) 
30 VLB 


20519 
La Mata site, eastern shore of Lake 
Valencia 


Figurine head 
fragment 


Standardized 


31 MA 358 Dos Mosquises Island , Los Roques
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine head Imitative 


32 AM 552 Dos Mosquises Island , Los Roques
Archipelago, trench DM/A/B, level 
20-40 cm 


Figurine legs Standardized 


33 VLB D16 Tocorón site, southeastern shore of 
Lake Valencia 


Figurine head 
fragment 


Standardized 


34 VLB 
58579 


Eastern shore, Lake Valencia Figurine head 
fragment 


Imitative 


35 VLB 
58565 


Eastern shore, Lake Valencia Figurine head 
fragment 


Imitative 


36 VLB 
58574 


Eastern shore, Lake Valencia Figurine head 
fragment 


Imitative 


2.3.  Experimental method 


PGNAA is based in the measurement of characteristics gamma peaks energies and intensities 
produced during nuclear reactions induced in samples irradiated with cold neutrons. The analytical 
sensitivity primarily depends on the neutron capture cross-section of the nucleus. Pottery artifacts were 
irradiated during 15 – 20 min. Gamma ray spectra were collected during irradiation. All the spectra 
were analyzed using Hypermet PC. The element and concentration calculation could be performed 
with greater accuracy taking advantage of PGNAA sensitivity. It is performed using a nuclear data 
library, which have been measured by BNC for each stable element. Detection limits calculated from 
sensitivity values are shown in Table II. Chemical composition is determined according the energy 
values for each element and based on the most intense prompt-gamma peaks.  


3. RESULTS  
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Chemical analyses using PGNAA in Lake Valencia Basin and Los Roques samples allow the 
determination of major and traces elements composition. It provides information about original clay 
sources. The major components are expressed in% w as H2O, Na2O, MgO, Al2O3, SiO2, K2O, CaO, 
TiO2, MnO, and Fe2O3. The trace elements: B, Cl, Sc, V, Cr, Ba, Sm, Gd and Dy were determined in 
ppm. Analysis results are the average of the all of the activated area. PGNAA gives information on the 
bulk material, due to the neutrons large penetration depth, which means it is not possible to determine 
differences between superficial material and internal clay composition. Detection limits calculated 
from sensitivity values are shown in Table II. Analysis results are shown in Figs 2–5. 


 
TABLE II. DETECTION LIMITS OF CHEMICAL COMPONENTS OF FIGURINES 


Compounds DET. LIM. 
(%w) 


 Elements DET. LIM. 
(ppm.) 


H2O 0,002  B 0,3 
Na2O 0,05  Cl 10 
MgO 0,05  Sc 10 
Al2O3 0,25  V 50 
SiO2 0,05  Cr 100 
K2O 0,0015  Ba 500 
CaO 0,05  Sm 0,1 
TiO2 0,0025  Gd 0,05 
MnO 0,0005  Dy 5 
Fe2O3 0,01    


 


4. DISCUSSION 


The samples can be classified according to Na2O, K2O, Ti2O, B, Cr, and Cl, see Figs 2 and 3. In 
most of the cases the results have not revealed significant difference between the Lake Valencia Basin 
and Los Roques samples. Chemical composition of the bulk of samples shows a regular distribution 
for Lake Valencia as well as Los Roques samples. 
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FIG. 2. Relation between Lake Valencia Basin (LVB) and Los Roques (LR) samples for B/Al2O3 vs. K2O/ Al2O3. 
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FIG. 3. Relation between Lake Valencia Basin (VLB) and Los Roques (LR) for Cr/Al2O3 vs. TiO2/ Al2O3. 


 
The best element to observe differences between Los Roques and Lake Valencia samples is 


Chlorine. Samples from Los Roques Archipelago show higher concentrations of Cl than mainland 
samples (see Figs 4 and 5). However, this result is to be expected because Los Roques artifacts were 
buried for 600–800 years in a highly saline environment.  
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FIG. 4. Relation between Lake Valencia Basin (VLB) and Los Roques (LR) samples for TiO2/Al2O3 vs. Cl/SiO2. 


In addition, the pottery also could have been in contact with sea water during the transportation 
of the artifacts (crossing 140 km of open sea). Hence these factors account for the compositional 
differences due to chlorine shown in Figs 4 and 5. 
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FIG. 5. Relation between Lake Valencia Basin (VLB) and Los Roques (LR) samples for Na2O/SiO2 vs. Cl/SiO2. 


 
In order to establish relations between the samples, and because of the multiple composition 


variables contained in the data, Principal Components Analysis (PCA) was carried out; this statistical 
method is useful in the study of groups of data samples. In this case PCA was performed in order to 
observe the possible mean differences between the samples. 


The difference observed was of 53% as maximum. This difference in the analysis of principal 
components (PCA) indicates that there is no significant difference between the chemical 
characteristics of the island and mainland samples. Distribution of the mean difference is shown in 
Fig. 6. 
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FIG. 6. Principal component analysis results. Mean difference between samples. 
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5. CONCLUSIONS 


According to the measurements discussed in this paper, the differences in the chemical 
composition reported in preliminary study, resulted from small and non-representative group of 
samples. Using a considerably larger sample group new relations are evidenced, showing the expected 
group behavior. Comparisons between both groups reveal similarities on the chemical composition of 
clay. Main differences where shown in Na2O, K2O, Ti2O, B, Cr, and Cl levels. However, the 
differences are not significant save for the case of chlorine, which as discussed above, is an expected 
difference and hence is not a conclusive parameter. 


The Principal Component analysis carried out over 40 samples, shows no significant differences 
between the composition of Los Roques and Lake Valencia figurines, confirming the current 
archaeological hypothesis, according to which the island figurines were produced in the mainland of 
Venezuela (Lake Valencia Basin). 


The results indicate that further work is needed to complete this research. It is necessary to 
establish other relationships taking into account the stylistical characteristics and the results of 
petrographic study of the figurines. In case of the coarse-textured and tempered pottery, the 
petrographic analysis is advisable,[8,9] but unfortunately this technique requires partial or total 
destruction of the objects (many of the pottery figurines under study are museum objects of unique 
value). 


We may also suggest that further research on weathering effects on the chemical composition of 
archaeological pottery that was buried for hundreds or thousands of years complement the analyses 
discussed in this paper. These additional parameters may provide strengthening evidence for the 
assessment of the archeological hypothesis and will allow determination of specific origin of the 
pottery excavated from Los Roques Archipelago. It is also necessary to study soil samples taken in the 
vicinity of the mainland archeological sites and to carry out chemical components comparison. This 
will mean an important contribution to the study of the provenance of figurines, allowing the 
establishment of an appropriate comparison related directly to the chemical composition of the 
samples and the original source of clay material. Furthermore, comparative studies of the chemical 
composition differences and similitudes and stylistic characteristics have to be performed on samples 
from each of the campsites, both on the islands and on the mainland.  


It is expected that this project will introduce new methods and techniques to Venezuelan 
archaeology and promote interdisciplinary research of the archaeological materials and the integration 
of its results. 
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Abstract 


Whether or not Napoleon died of arsenic poisoning is an open question on which debate has been active 
since 1960. This work examined his hair cut at different times and places: two pieces cut the day after his death 
on the island of St. Helena (1821) and two pieces cut 7 years earlier (1814) during his first exile on the island of 
Elba. INAA results show that all of the samples of Napoleon’s hair have an elevated arsenic concentration. This 
is not in favor of the arsenic poisoning theory. Apart from arsenic, 18 other elements are reported, providing 
additional information for examining the arsenic poisoning theory. 


1. INTRODUCTION 


The debate on the cause of Napoleon’s death started soon after his death on 5 May 1821, and 
became an attractive subject four decades ago when a high content of arsenic was found in his hair. 
Arsenic poisoning was suggested accordingly [1]. So far, more than 30 samples of his hair have been 
analyzed and the As contents in almost all of the analyzed hair were found to be higher than the 
present normal level of less than 1 ppm [2]. The elevated As content and the later discovered non-
uniform distribution of this element along Napoleon's hair are used as the main evidence to support the 
As poisoning theory. While no one seems to really deny the elevated As content in Napoleon's hair, 
the extensive investigations, however, result in two diametrically opposed opinions: one adheres to the 
chronic arsenic poisoning theory, and the other insists that Napoleon died of cancer of the stomach and 
the elevated As content in his hair came merely from contamination [2-3]. However, no convincing 
proof can be given to refuse the arsenic poisoning theory and the historic mystery remains unresolved. 


In this work, samples of Napoleon’s hair cut at different times and places were analyzed by 
INAA and the concentrations of 19 elements are reported. For direct comparison, elemental 
concentrations in hair collected just before this analysis from a man and a woman living in Berlin are 
presented.  


2. HAIR SAMPLES 


2.1. Napoleon’s hair cut the day after his death on the island of St. Helena 


Two pieces of Napoleon’s hair, hereinafter referred to as Hair-1 and Hair-2, were received by 
mail from René Maury, a professor at the University of Montpellier, France, in a special parcel sealed 
by Gilbert Kaendel, the Curator of Lausanne’s Museum of History, Switzerland. These two samples 
were taken from a strand of hair cut on St. Helena on 6 May 1821, the day after Napoleon's death. A 
visual examination showed that the hair was not monochromatic but had a colour distribution of 
white-grey-white. The length of Hair-1 was about 6 cm and the other was about 1 cm longer. The two 
hairs did not seem to have been cut very close to the scalp. The weights were determined to be 0.1722 
mg and 0.2151 mg, respectively, using a Mettler UTM5 balance. 
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2.2. Napoleon’s hair cut seven years before his death on the island of Elba 


Two pieces of Napoleon’s hair enclosed in a normal envelope were received and later analyzed 
together. Thus, they are hereinafter referred to as Hair-A. Hair-A was taken from a lock of hair cut in 
1814, about 7 years before Napoleon’s death, by his sister Pauline Borghese on the island of Elba, 
where Napoleon was in his first exile. After P. Borghese died, the lock of hair was left to Madame 
D’Hauteville and later to Prince Murat. In early 1960 the hair was sold at an auction in Paris, held by 
Drouot. The present owner of the hair is Pierre-Jean Chalencon, who contributed Hair-A and provided 
background information on the samples [4]. In the past 180 years, the hair was enclosed in a little 
envelope and stored in an elegant gold box with a relief of P. Borghese’s silhouette. A visual 
examination showed that one piece of Hair-A was twice as thick and much darker in color than the 
other. The length of the thicker hair was about 4 cm while that of the thinner one was 6 cm. 
Altogether, the impression was that the two hairs had not been cut from the same location on and not 
very close to the scalp. A few color rings on the hair shaft suggest that there might have been a ribbon 
to tie the lock of hairs. The weight of Hair-A was 0.3807 mg, measured using a Sartorius-4504/MPB-1 
balance. 


2.3. Hair cut just before this investigation from a man and a woman 


To be objective, Hair-A was sent to analyzers together with two more samples, Hair-B and 
Hair-C, each of which also consisted of two pieces of hair. The analyzers did not know which hair was 
from Napoleon until the analysis had been completed. Hair-B and Hair-C were cut from a healthy, 30 
years old man and woman, respectively, living in Berlin. The weights of the two samples were 0.5353 
mg and 0.4991 mg, respectively. Hair-A, -B, and -C underwent exactly the same experimental 
procedures throughout the analysis. 


3. INAA OF THE HAIR SAMPLES 


Before irradiation, all the hair was washed following the IAEA washing procedure [5]. Due to 
washing, the colour of Napoleon’s hairs visibly faded and the weights of the hair samples decreased 
by 1.4–5.4%. 


The hair samples were coirradiated with Au-Al (CBNM, 0.1% Au) wires and standard reference 
materials GBW09101 (human hair) and SRM1572 (citrus leaves) at the position KZ39/II in the FRM-I 
reactor in Garching. After shutdown of this reactor, the DBVK irradiation device at the BER-II reactor 
in Berlin was employed. All the samples were individually enclosed in quartz ampoules. At the DBVK 
position, burn-up of the comparator 198Au in the Au-Al wires was very serious due to the long time 
irradiation at high thermal neutron flux of smnx ⋅218 /105.1 . The burn-up factors were calculated 
based on gamma-ray counting of the nuclides 198Au-199Au [6] and found to be 0.785 for 2 days of 
irradiation and 0.885 for one day of irradiation. 


After irradiation, all of the samples were subjected to gamma-ray spectroscopy and elemental 
concentrations were calculated according to the k0-method using 65Zn as an internal comparator in the 
samples [7]. Information about quality assurance, nuclear and gamma-ray spectrum interferences, 
INAA results of the SRMs, and uncertainty evaluation can be found in a separate report [8]. 


4. INAA RESULTS 


The INAA results are presented in Table I. All detected elements are reported except element 
Na, due to the difficulty of evaluating the interference from 24Mg (n, p) 24Na and 27Al (n, α) 24Na.  
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TABLE I. ELEMENTAL CONCENTRATION IN HAIR SAMPLES FROM NAPOLEON AND 
FROM A MAN AND WOMAN NOWADAYS 


 Elemental concentration, ppm 


Elements  Hair-1  


 


Hair-2  


 


Hair-A  


  


Hair-B  


 


Hair-C  


Ag _   4.78 ± 0.37 11.52 ± 0.77 1.150 ± 0.077 0.312 ± 0.023 


As 1.85 ± 0.11 3.05 ± 0.18 33.4 ± 2.2 0.032 ± 0.003 0.033 ± 0.002 


Au 0.366 ± 0.022 1.259 ± 0.023 0.542 ± 0.035 0.0302 ± 0.0027 0.0142 ± 0.0016


Br 7.30 ± 0.37 10.35 ± 0.99 2.72 ± 0.19 1.140 ± 0.086 1.74 ± 0.13 


Ca < 7600   < 4100   409 ± 72 390 ± 42 3828 ± 263 


Ce _   0.651 ± 0.31 0.129 ± 0.026 0.083 ± 0.018 < 0.074   


Co _   0.248 ± 0.050 0.0289 ± 0.0035 0.0284 ± 0.0027 0.875 ± 0.059 


Cr 7.65*   10.5 ± 1.9 < 0.64   < 0.36   < 0.50   


Fe _   < 73   20.5 ± 2.6 6.1 ± 1.2 4.0 ± 1.1 


Hf _   < 0.14   0.169 ± 0.012 0.0544 ± 0.0042 0.152 ± 0.011 


Hg 1.84*   3.98 ± 0.29 11.50 ± 0.79 0.235 ± 0.018 0.0608 ± 0.0071


K 79 ± 51 74 ± 40 45 ± 4 12.7 ± 0.5 11 ± 2 


La _   0.0371 ± 0.045 < 0.037   0.0306 ± 0.0043 0.0102 ± 0.0039


Sb 4.47 ± 0.27 4.32 ± 0.38 0.372 ± 0.030 0.0416 ± 0.0050 0.0282 ± 0.0042


Sc _   0.0155 ± 0.0011 < 0.025   < 0.002   < 0.020   


Se _   < 1.2   0.578 ± 0.076 0.577 ± 0.051 0.118 ± 0.026 


Sm 0.0042 ± 0.0027 0.00431 ± 0.0022 0.290 ± 0.020 0.0085 ± 0.0019 < 0.0074   


W 0.94 ± 0.22 0.259 ± 0.046 _   _   _   


Zn 35*     58 ± 13 162 ± 11 173 ± 11 259 ± 17 


Hair-1 and Hair-2: Napoleon's hair cut the day after his death, 6 May 1821, on St. Helena 
Hair-A: Napoleon's hair cut in 1814, 7 years before his death, on Elba 
Hair-B and Hair-C: hair cut in 2002 from a healthy man and woman, respectively, living in Berlin. 


 
 


Table I shows that the As contents in all of the analyzed samples of Napoleon’s hair, regardless 
of cutting date and place, are obviously higher than the normal level of less than 1ppm. This is not in 
favor of the arsenic poisoning theory because the As poisoning was assumed to have been carried out 
only on St. Helena and not during his first exile on Elba.  


According to the As poisoning theory, Napoleon frequently drank tartar emetic (antimony 
potassium tartrate) during the last two months of his life. Then calomel and orgeat were given to 
relieve his constipation and great thirst. Calomel is mercury chloride and orgeat is an orange flavoured 
drink which contains the oil of bitter almonds. This oil can be hydrolysed in the stomach to 
hydrocyanic acid. When calomel and orgeat are combined in the stomach, mercury cyanide is formed, 
which is said to be ultimately responsible for Napoleon's death [9]. In spite of whether or not this 
poisoning theory is true, these events were documented and do not seem to be denied. Table I shows 
that Sb contents in hair cut the day after his death are much too high (4.47 ± 0.27 ppm in Hair-1 and 
4.32 ± 0.38 ppm in Hair-2), regardless of whether they are compared to the reference concentration of 
0.05 - 0.25 ppm [10] or to the normal level of 0.016 - 1.3 ppm established from Japanese population 
[11]. This result is consistent with an Sb value of 5.7 ± 0.6 ppm earlier reported for Napoleon's hair 
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also cut on St. Helena [12]. However, the Sb content of 0.411 ± 0.030 ppm found in Hair-A, collected 
7 years before his death, is in the normal concentration range. Apparently, this finding corresponds to 
the fact that Napoleon drank a lot of tartar emetic before his death. For the other element Hg, which 
plays an important role in the lethal poisoning theory, this work can not find a correlation between the 
Hg contents and the hair sampling date. As shown in Table I, the Hg contents in all his hair samples 
are in the normal range of 0.5 - 10 ppm [13]. Hair-A cut earlier on Elba has even more mercury (11.50 
± 0.79 ppm) compared to Hair-1 and Hair-2 (1.84 ppm and 3.98 ± 0.29 ppm, respectively). 


For the other elements in Napoleon’s hair, Table I shows that the contents of Br, Ca, Co, Fe, K, 
Sc, and Se are generally at normal levels [10]. Though there is no information available about the 
normal ranges for the elements Ce, Hf, La, Sm, and W in hair, their contents in Napoleon’s hairs do 
not seem to be unusual, if compared to Hair-B and Hair-C. Hair-1 and Hair-2 have too much 
chromium. The zinc content in his hair cut on Elba is normal but too low in the hair samples collected 
on St. Helena. The concentrations of the elements Ag and Au in his hair seem to be too high. The 
contents of Au in Napoleon’s hair (0.366 – 1.259 ppm) found in this work are consistent with previous 
work, reporting an Au value of 0.45 ± 0.06 ppm [12]. For the element Ag, an investigation reported 
less than 1 ppm in hair [14]. 


5. CONCLUSION AND DISCUSSION 


Obviously, the INAA results from this work do not support the arsenic poisoning theory. Hair 
absorbs externally applied arsenic on its outer surface, and it is not possible to remove it completely by 
washing as discussed in a recent review [15]. It seems likely that the elevated As contents in 
Napoleon’s hair are due to contamination. To confirm this assumption, it is absolutely necessary to 
identify the contamination source(s). Attempts have been made to identify external contamination 
sources during the period of Napoleon's exile on St. Helena, including wallpaper, coal smoke, drinking 
water, arsenic-containing cosmetics, and the arsenic compounds used as preservatives [2]. Besides 
external contamination, the elevated As content might also be from ingestion of arsenic as an impurity 
in tartar emetic [2]. But all of these sources, except the arsenic compounds used as preservatives, can 
not explain the elevated As content in his hair collected earlier during his first exile on Elba. The 
authors suggest to examine the ribbons, papers or anything used to tie up his hair and containers for 
hair storage. If any As compound was used as a preservative, As and other elements may be 
discovered without much difficulty by INAA. 
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Abstract 


Radionuclides exist in many different chemical forms in the environment, which are initially dependent 
on source and release conditions, ranging from low molecular mass species such as ions, molecules and 
complexes to high molecular mass species such as colloids and particles. The physical characteristics of released 
radionuclides can vary considerably in morphology and structure, size, shape, density, valence and charge. 
Radionuclide forms can be transformed with time through interaction with various ecosystem components and 
this may affect their subsequent bioavailability. Low molecular mass species are often more bioavailable than 
high molecular mass species such as colloids and particles. Various techniques have been developed to estimate 
bioavailability of radionuclides in soils and sediments, which often act as the major sink for radionuclides, such 
as estimation of Kd and sequential extraction. Few of these measurements have been directly linked to associated 
uptake by plants. Source dependent bioavailability has been shown to be an important variable affecting 
bioavailability, defined as gastrointestinal transfer, for radiocaesium and methods of predicting true absorption 
for different radiocaesium sources have been developed. For radioiodine, gut absorption is complete and 
independent of source whereas radiostrontium bioavailability is highly dependent on calcium intake. To reliably 
predict the environmental impact of radioactive contamination of different ecosystems, we need to link 
information on radionuclide composition and speciation to an understanding of the influence this might have on 
environmental transfer. Current information linking radionuclide speciation to bioavailability and environmental 
transfer is limited and this restricts our capability to adequately integrate the effect of speciation into predictive 
models of radionuclide behaviour in the environment. Such models must take account not only the time-
dependent effect of radionuclide speciation, but also that of the interaction with environmental chemistry and 
biology which together determine environmental transfer rates. 


1. INTRODUCTION 


Radionuclides exist in many different chemical forms in the environment. Initially, the form is 
dependent on source and release conditions. Once deposited, they can be transformed with time 
largely through interaction with the primary sinks, soils and sediments. 


Differences in chemical and physical form can lead to varying environmental mobility and 
hence affect radiation doses. Thus, to reliably predict the environmental impact of radioactive 
contamination of different ecosystems, we need to link information on radionuclide speciation to an 
understanding of its effect on environmental transfer processes. To do this, various techniques have 
been developed to characterise radionuclide speciation and to estimate mobility and bioavailability of 
radionuclides in soils, sediments, plants and animals. Here, I discuss the linkage between radionuclide 
speciation and bioavailability and then consider whether such information can been adequately 
integrated into currently available predictive models of radionuclide behaviour in the terrestrail and 
estuarine environment.  


2. SOURCES AND CHEMICAL FORMS OF RADIONUCLIDES 


The forms of radionuclides released to the environment range from low molecular mass species 
such as ions, molecules and complexes to high molecular mass species such as colloids, particles and 
fragments. Furthermore, the physical characteristics of released radionuclides can vary considerably in 
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morphology and structure, size, shape, density, valence and charge. Different types of sources give 
rise to different physical and chemical forms of radionuclides and for many sources there is evidence 
of particle release, summarised by Salbu [1]: 


1. Atmospheric nuclear weapons tests are a major source of widespread global radionuclide 
contamination whereas underground tests generally lead to localised contamination [2]. The 
chemical form of radionuclide close to the test site is influenced by the proximity of the 
explosion to the soil. If large amounts of soil are incorporated into an explosion fireball, as will 
have occurred particularly for those tests conducted close to the soil surface, then melted 
particles of soil comprising insoluble fused silicates incorporating radionuclides are produced. 
These particles have incorporated radionuclides which are probably in a highly unavailable 
form. Radionuclides ejected into the upper atmosphere and transported around the globe are 
often in a much lower molecular mass form, condensation of volatile radionuclides such as 90Sr 
and 137Cs can occur on aerosols during transport in the atmosphere. 


2. Routine aerial and liquid releases from reprocessing plants (such as Sellafield, Cap de le Hague 
and Mayak) and reactors often contain ions and colloids [3]. For liquid effluents, their 
subsequent chemical form is significantly affected by interaction with the aquatic receptor. Such 
effluents may also contain radionuclides in particulate form. 


3. Nuclear reactor accidents can emit a wide range of different chemical forms depending on the 
type of accident, stage of fuel burn up and its duration. Widespread contamination occurred 
from both the Windscale and Chernobyl accidents, both of which emitted particles. At 
Windscale, corrosion of spent fuel elements in air-cooled ducts, together with an inefficient 
filtering system, lead to stack discharge of fuel particles containing actinides and fission 
products. The particles had a flake-like structure. At Chernobyl, large fuel particles were 
deposited within the 30km zone whilst small-sized condensed particles were identified much 
further from the site in other countries. The type of fuel particle released changed over the 
course of the accident (see later text). 


4. Nuclear device accidents include aeroplane accidents such as that at Thule in Greenland and 
Palomares in Spain, and a satellite reentry. For each of these incidents, radionuclides have been 
dispersed which includes particles of varying sizes. 


5. Dumping of nuclear waste, including spent fuel, reactors and vessels has occurred in Arctic 
seas, and there is evidence of limited leakage at some sites. At close proximity to some of the 
dump sites, enhanced levels of Pu and fission products have been found in sediments. 
Autoradiography suggests that particles are present and crude particles containing 60Co have 
been identified. 


6. DU weapons – oxidised U particles have been identified after impact of DU munitions in 
Kosovo. Some areas have been identified where hundreds to thousands of particles may be 
present in a few milligrams of soil [4]. The particles were oxidised, with about 50% being UO2 
and the rest U3O8 or a mixture of other oxidised forms [5]. 


The association of radionuclides with particles represents particular problems concerning 
sampling and analysis. Inadequate sampling schemes and subsequent sample treatment may not 
account for the heterogeneous presence of large amounts of activity associated with scattered particles. 
In addition, sample dissolution may be incomplete leading to an underestimation of inventories [6]. 


Significant advances are currently being made in our ability to characterise the chemical and 
physical form of deposited radionuclides using variety of different techniques. These include 
microscopic methodologies such as scanning electron microscopy, secondary electron imaging, X ray 
microanalysis, synchrotron radiation based micro-X ray diffraction to determine crystallographic 
structures and micro-X ray absorpion need-edge spectroscopy to determine the oxidation states of 
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matrix elements [1] which has been used to analyse many different types of particles. In addition, 
higher levels of precision and sensitivity can now be achieved using high resolution and multi-
collector inductively coupled plasma mass spectroscopy. These techniques are further advanced by the 
use of improved sample introdution systems such as the flow induction system. Chemical separation 
has also been improved through the use of new extraction chromatography resins which enhances 
separation and increases efficiency. 


3. ENVIRONMENTAL MOBILITY AND BIOAVAILABILITY 


Processes in the terrestrial environment which may be affected by radionuclide speciation, or 
influence the chemical form of a radionuclide, are shown in Fig. 1. Environmental transfer needs to 
consider two terms, mobility and bioavailability, and this can often lead to some confusion. The term 
mobility has been used to describe two different processes, namely (i) lateral or vertical transport of 
radionuclides in the environment, and (ii) enhancement of the proportion of radionuclide present that 
can cross biological membranes. Bioavailability commonly refers to the extent to which chemicals 
will be transferred between environmental compartments. It is generally assumed that low molecular 
mass species are more bioavailable and therefore transfer to different trophic levels in the environment 
more readily than high molecular mass species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 


FIG. 1. Processes in the terrestrial environment which may affect by radionuclide speciation, or 
influence the chemical form of a radionuclide. 
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3.1. Transfer from soil to plants 


The bioavailability of radionuclide for uptake from soil to plants is dependent on the amount of 
radionuclides present in a labile form in the soil. Radionuclides in soil can be strongly or weakly fixed 
to various soil components. Radionuclide uptake by plants occurs from the soil water. Radionuclides 
in the labile pool of the soil are exchangeably bound to soil components and can transfer at varying 
rates, depending on the nature of the labile interaction for each radionuclide, to the soil water (Fig. 2). 
Radionuclides with a high molecular mass will enter the fixed pool and would therefore be expected to 
have a low bioavailability whereas low molecular mass forms would enter the labile or soil water 
pools and potentially have a higher bioavailability. An example of the difference between radionuclide 
sources is provided by Chernobyl studies where plant uptake of 134Cs+-tracer added to soil (ie low 
molecular mass) within the 30 km zone was significantly higher than that for Chernobyl fallout 137Cs 
much of which was particle associated (ie high molecular mass) (cited in [3]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2. Input of different radionuclide forms into different pools in soils or sediments and associated 
transfer routes leading to plant contamination. 


The extent of labile radionuclide in soil/sediments is commonly quantified using the apparent 
distribution coefficient, Kd, defined as Bq kg-1 soil per Bq l-1 water at equilibrium. A low Kd indicates 
that the radionuclide is labile and can readily enter the soil water whereas a high value indicates high 
fixation and a low bioavailability. Conversely, if radionuclides enter the fixed pool then the Kd would 
be expected to increase. Many measurements of Kd have been made for many combinations of 
radionuclides and soil types. However, the majority of these measurements are focused on comparing 
the Kd of different soil types rather than the effect of chemical form. For instance, Baes [7] showed a 
negative log-linear relationship between Kd and concentration ratio (Bq kg-1 dw plant divided by Bq 
kg-1 dw soil) for Tc, four transuranics and 21 elements from the literature where (Ln Kd = A - B (Ln 
CR)). Some probabilistic assessments use such a negative relationship to define CR [8]. 


Once released and/or deposited, transformation processes can occur which can lead to 
significant changes in radionuclide form with time. If transformation occurs and fixed radionuclides 
gradually enter the labile pool at a rate K1 then the Kd will decrease. It is now commonly accepted that 
Kd for a radionuclide is not a constant and can change according to the chemical forms present (and to 
soil characteristics). High molecular weight species may be reduced to low molecular weight species 
by weathering processes such as desorption and dissolution. The extent and rate at which such 
processes occur will depend on aspects of the chemical form such as particle matrix composition, 
surface area to mass ratio and the valency state of the radionuclide, and also on environmental 
variables such as pH, redox potential, the presence of stable analogues and microbes/soil fauna. One 
possible weathering mechanism is interaction with microbes and other soil fauna. For example, 
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Zhdanova, et al., [9] have shown that micromycetes were capable of dissolving Chernobyl hot 
particles. After prolonged contact, greater accumulation in the micromycetes occurred for 152Eu than 
for 137Cs, whereas in milled samples accumulation of 152Eu was similar to that of 137Cs, with the 
exception of some fungal species. Dissolution was thought to be due to overgrowing and mechanical 
destruction and the effect of fungal exometabolites. 


Another approach to estimating bioavailability is to extract radionuclides from soil using single 
or increasingly stronger chemicals. Extractants are selected to specifically target different types of 
binding. The assumption is that the proportion of the radionuclide present released by weak extractants 
(such as water or NH4OAc) is represent of the labile pool whereas that only released by the strongest 
extractants or remaining in the residual soil are likely to be strongly fixed. Comparison between the 
results of diferent laboratories is often hampered by the use of different methods but sequential 
extraction techniques do give empirical information about possible soil phase associations and can be 
particularly useful if a number of soils from different site are compared using the same methodology 
[10]. Salbu, et al., [11] have quantified bioavailability using a mobility factor comparing the mobile 
species (Bq m-2) – including that in vegetation and extractable fractions in the soil -  with the total 
deposition (Bq m-2). For soil collected in Ukraine, Belarus and Norway this “mobility factor” was low 
for 90Sr close to the Chernobyl reactor and increased with distance from Chernobyl [12,13]. This 
approach is similar to an approach used in the assemment of heavy metal exposure and effects which 
is based on a linear sorption model for Kd and an assumption that only the soluble element is 
bioavailable in the soil [14]. 


Some attempts have been made to link variation in speciation with Kd and sequential extraction 
informations. For example, Skipperud, et al., [15] measured the change in Kd with time after the 
addition of different Pu species (valence states and organic-Pu) to Mayak soil. They found that the 
interaction of all species was rapid and the Kd was greater at short contact times for Pu(III/IV) than for 
PU(V,VI) and Pu-organic. Once equilibrium was established (about 3 months) the Kd was only 
significantly lower in the organically bound-Pu. Within 1 hour of contact, extractions showed that 30-
40% of the Pu was already strongly bound to soil components and subsequent increases in binding 
were independent of original Pu species.  


It should be appreciated that plant uptake is also affected by characteristics of plants themselves, 
and different vegetation species will take up varying amouts of radionuclides from the same soil. This 
further emphasizes the importance of linking analytical work on speciation and bioavailability to 
determine actual uptake. 


There are few examples of a comprehensive assessment where chemical speciation has been 
measured and linked to temporal changes in bioavailability to plants. One good example where 
chemical speciation has been linked to environmental behaviour is that of studies on 90Sr around the 
Chernobyl Nuclear power plant [16]. The released fuel particles at Chernobyl can be roughly 
categorised into non-oxidised, largely UO2 fuel formed during the explosion and deposited to the West 
of the plant, and oxidised particles with U3O8 and U2O5 layers formed during the fire and deposited to 
the north and south of the plant. This study demonstrated that the particle weathering rates for 90Sr 
were significantly lower in the western plume than that to the north and south of the reactor. For each 
plume the particle dissolution rate, measured using NH4OAc extractions, was inversely related to 
increasing pH over the range 4-6. Particle dissolution, and therefore enhanced bioavailability of 90Sr, 
was accompanied by increasing 90Sr uptake by plants, with a four fold increase in soil to plant transfer 
between 1990 and 1994 in the western trace. There was a higher transfer occurring in the northerly and 
southerly plume compared to the western plume (by a factor of 10 in 1992 for soddy-podzolic sandy 
soils). In contrast, radiocaesium uptake was similar. The difference in 90Sr : 137Cs ratios was affected 
by plant species, rooting depth, soil pH and calcium content in soil. 


Radionuclides released into the environment may increase in mass/size by processes including 
hydrolysis, complexation and aggregation. An example is the varying proportion of the different 
radionuclides released by Sellafield which become strongly sorbed onto sedimentary material. 
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Changes in actinide speciation have been observed during transfer from sea to land (including tide-
washed pastures) due to changes in pH, Eh, carbonate and organic contents, which affect oxidation 
state and /or complex formation [17–20]. The bioavailability of sediment associated radionuclides near 
Sellafield has been shown to be low using sequential extraction experiments which show that most 
radionuclides are largely held in non-labile pool [19,21]. This suggests that availability for plant 
uptake will be low and that the transfer from the sediments/soils of tide-washed pastures to plants will 
be small as there will be little transfer to the soil solution. This is confirmed by the data of Mudge et 
al., [22] which show that the distribution coefficient, Kd, for Pu for contaminated sediment was 5×105 l 
kg-1. Moreover, Green, et al., [23] found that over 95% of the 137Cs in the soil of a  reclaimed pasture 
was in the residual phase in sequential extraction experiments and field measurements gave transfers 
values which were towards the lower end of the expected range. In contrast, soil solution 
concentrations of  90Sr were much higher than for 137Cs, in spite of the solid phase concentrations 
being substantially lower and this was reflected in higher soil to plant transfer factors for 90Sr 
compared with 137Cs.  


The uptake of radionuclides by various different crops grown in Cumbrian soil mixed with 
sediment as a radionuclide source has also been measured. Transfer factors into potatoes for 239/240Pu, 
241Am, 90Sr and 137Cs were amongst the lowest reported [24] and actinide uptake decreased over time 
as successive crops were grown. The low uptake rates were probably due to depletion of the 
"exchange" pool in the soil and confirm the need to consider the rates of reactions occurring within the 
soil. Similarly, radiocaesium transfer factors for a range of plant species were at the lower end of the 
range of reported values; actinide activity concentration ratios were also low (< 10-4) [25]. 


3.2. Transfer to animals 


The transfer of radioactivity to the milk and meat of farm animals is often a major exposure 
pathway of human populations, following an environmental release of radioactivity. Clearly, the 
absorption of different radionuclide species which penetrate the lung will vary with particle size and 
solubility. In most cases, bioavailability with respect to contamination of animals is often interpreted 
as relating to the degree of absorption across the gastrointestinal tract, as determined by characteristics 
of the ingested source.  


The importance of source dependent bioavailability in determining gastrointestinal transfer of 
selected radionuclides to ruminants has been reviewed recently [26]. They concluded that 
radiocaesium absorption varies over a 50-fold range, depending upon dietary source. For sediment 
contaminated by Sellafield discharges, bioavailability and gastrointestinal  transfer was comparatively 
low which is consistent with the low bioavailability reported for sediment/soil systems above [27]. 
Source dependent bioavailability is therefore an important factor determining the radiocaesium 
contamination of ruminant derived food products.  


A variety of different procedures have been used to estimate bioavailability of different sources 
of radiocaesium to ruminants including chemical extractions and rumen liquor incubation techniques. 
One of the most useful is 0.1 M CsCl incubations, followed by filtration through a 0.2 µm membrane 
[28]. The amount extracted using this methodology was well correlated with true absorption (At) 
measurements for a variety of different sources (Fig. 3). Further testing by Beresford, et al., [29] 
concluded that the in vitro extraction procedure would give reliable estimates of At for sources with a 
radiocaesium extractability of ≤ 60%. Above this, a true absorption value of 0.8 was recommended. 
True absorption for Chernobyl fallout freshly deposited on plant surfaces was relatively low, 
indicating a low initial bioavailability proir to plant incorporation. There was an indication that a low 
digestibility may influence the predictive relationship by reducing bioavailability of radiocaesium.  


Under conditions of adequate calcium intake, the absorption of radiostrontium will not be 
greatly influenced by the dietary source. Results of in vitro extractions of radiostrontium could be 
misleading, as they indicate differences in bioavailability which are not observed in the animal.  
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On the basis of the limited data available, in vitro incubations provide a measure of the relative 
bioavailabilities of plutonium from different sources. However, it is difficult to link bioavailability 
estimates to actual transfer since there is currently a lack of data on plutonium absorption in 
ruminants. Gastrointestinal absorption of radioiodine is complete and independent of source. 


1) Organic soil, 2) Grass harvested in May 1986, 3) Grass hay, 4) Clover hay, 5) Aqueous CsCl, (6) Ravenglass silt, 7) CsCl 
absorbed to silica, 8) Calluna vulgaris, 9) CsCl absorbed on to bentonite, 10) CsCl absorbed onto filter papers, 11) Upland 
grassy vegetation. 
 
FIG. 3. Relationship between CsCl extraction and true absorption in sheep of different radiocaesium 
sources. 


Out of six Chernobyl fuel particles orally administrated to goats, five were retained for a period 
ranging from 2–10 days and radiocaesium was absorbed and excreted through the milk and urine, with 
peak excretion occurring over the first few days [30]. The release of radionuclides varied with a 
maximum of 60% of radiocaesium isotopes. However, one particle was retained in the gastrointestinal 
tract for more than 3 months. After slaughter, the particle was found to be attached strongly to an 
epithelial fold in the reticulum. 


4. MODELLING 


Most models describing the environmental behaviour of radionuclides only consider transfer 
rates relevant for the low molecular weight species. Exceptions are site-specific studies where transfer 
has been quantified for the particular source term and ecosystems affected. An example is the site 
specific data available for both marine and terrestrial ecosystems near the Sellafield reprocessing plant 
in Cumbria, UK.  
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It is clear that the presence of high molecular weight radionuclides would be expected to lead to 
low bioavailability and reduced doses compared with that of sources of low molecular mass although 
the mobility may change with time. This has lead to a call for the incorporation of chemical form 
information into models to avoid overestimation of radiation doses. To be able to incorporate the 
effects of speciation, detailed data will need to be available linking chemical form to bioavailability 
and transfer quotients such as concentrations ratios and transfer coefficients. Currently, there are few 
such joined-up studies to provide the required information. Furthermore, the sensitivity of predictive 
models to the variation in time dependent bioavailability will vary for different radionuclides. 
Radiation doses arising from those radionuclides with a high bioavailability for low molecular mass 
species such as 90Sr may be more sensitive to the effect of chemical form than radionuclides with a 
normally low bioavailability.  


5. CONCLUSION 


The recent application of a number of new analytical techniques means that the potential to 
characterise the physical and chemical form of radionuclides has been considerably enhanced. 
However, such characterisation need to be combined with studies of time dependent changes in 
mobility and subsequent bioavailability to plants and animals. Estimates of bioavailability of different 
physicochemical forms of radionuclides must take account of other environmental chemical and 
biological variables which may affect transfer if they are to be useful.  


There is good evidence at some sites for the reduced bioavaiability of high molecular mass 
radionclide species. However, for this information to be incorporated into models relevant data on 
associated transfer under different environmental conditions is needed. 
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Abstract 


The aim of the study was to provide new data on occurrence, concentrations, transport and accumulations 
of radionuclides in the environs of Finnish nuclear power plants. Representative samples were collected from 
different layers of soil and from moss, lichen, twig and other plant species. The samples were analysed for 
gamma-emitting radionuclides, 90Sr and transuranic elements. The results show that 90Sr distributions in soil are 
different in Loviisa and Olkiluoto. Also clear difference in distributions of 239,240Pu was observed. The total 
amounts (Bq/m2) of 90Sr, 137Cs and 239,240Pu were 1.3 – 3 times higher in Loviisa forest than in Olkiluoto; still the 
total amounts of 137Cs in were lower than in these areas generally. Observed activity ratios of Cs and Pu isotopes 
are clear signs of the Chernobyl fallout in these areas. In Olkiluoto litter and humus samples contained trace 
amounts 60Co and 125Sb originating from the local nuclear power plant. In plants other than mushrooms and 
berries the highest radionuclide concentrations were those of 137Cs in reindeer lichen and ferns. In mushrooms 
137Cs varied extensively from few Bq/kg to 8500 Bq/kg fresh weight. Aggregated transfer factors from soil to 
plants were calculated for various species. According the results ferns are good accumulators of 137Cs and 90Sr, 
twigs of shrubs also of 90Sr and 239,240Pu. 
 


1. INTRODUCTION 


Radiation monitoring in the environs of the Finnish nuclear power plants, which is carried out 
by the NPP Environmental Laboratory of STUK (Radiation and Nuclear Safety Authority in Finland), 
includes not only implementation of the permanent monitoring programmes but also more profound 
study projects focusing on different sectors of the surveillance. The purpose of these projects is to 
ensure that the conclusions based on the results of the monitoring programmes are correct. Their aim 
is also to develop the dose calculation models used in the monitoring programmes. 


From the very beginning, soil samples have been an essential part of the permanent radiation 
monitoring programmes in the environs of the power plants. Soil samples are taken in the vicinity of 
the Loviisa and Olkiluoto power plants every four years. Together with the soil surveys, samples of 
wild berries and mushrooms are also collected in the surrounding areas. Furthermore, samples of hair 
moss, reindeer lichen and pine needles are taken annually [1]. In general, only natural radioactive 
substances and certain long-lived radionuclides originating from the Chernobyl accident and the global 
fallout caused by the atmospheric nuclear weapons tests have been found in these samples. Traces of 
radionuclides that originate from the local nuclear power plants have been very seldom detected. Great 
variability has been characteristic of the concentrations of radionuclides in these samples. This may be 
due to variability in local ecological factors such as type of soil and habitat. 


The aim of this study was to collect representative samples from different layers of soil and 
from moss, lichen, twig and other plant species typical of the sites. The samples were taken from 
restricted areas where the quality of soil, type of habitat and quantity of deposition were as 
homogeneous as possible. The goal of the study was to provide new data on occurrence, 
concentrations, transport and accumulations of radionuclides in the environs of Finnish nuclear power 
plants. 
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2. AREAS, MATERIALS AND METHODS 


 
2.1. Sampling areas 
 


The samplings were carried out in the areas surrounding the Finnish nuclear power plants in 
Loviisa (on the south coast of Finland) and Olkiluoto (on the west coast of Finland) (See Fig. 1). 
 


 


 
 


FIG. 1. Sampling areas. 
 
2.1.1. Loviisa area 
 


Forests cover over a half of the territory in the Loviisa region. The tree stand is variable, mostly 
old and natural. The dominant timber species are pine (Pinus silvestris), birch (Betula pendula and B. 
pubescens), spruce (Picea abies), juniper (Juniperus communis) and alder (Alnus incana). Vertical 
intervals in the forests are low but there are plenty of blocks and rocky areas. Geobotanically, the 
Loviisa area belongs to the so-called south-boreal Anemone zone in Finland and especially to that part 
of the zone which has the most favourable climate and rich vegetation. Groves are characteristic for 
the area. Most of the samples were taken from a relatively small area about 1.750 m NW of the 
Loviisa NPP. The Loviisa area received about 23.4 kBq m-2 of 137Cs as a consequence of the 
Chernobyl fallout in 1986 [2].  


2.1.2. Olkiluoto area 


The Olkiluoto Island is located at the southern border of the Northern coniferous forest belt but 
belongs geobotanically also to the Anemone zone. This zone is characterised by certain demanding 
forest plant species, such as Hepatica nobilis and Anemone nemorosa. The dominant timber species 
are generally the same as in Loviisa. Almost natural and lush forests are typical for the area. Several 
small damp places, bogs and fens, increase the multiplicity of the area. The shore biotopes are 
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characterised by wide common alder (Alnus glutinosa) forests and buckthorn (Hippophae rhamnoides) 
bushes. Most of the samples were taken from a relatively small area about 2.000 m E of the Olkiluoto 
NPP. The Olkiluoto area received about 20.1 kBq m-2 of 137Cs as a consequence of the Chernobyl 
fallout in 1986 [2]. 


2.2. Pretreatment of samples 


All the other except mushroom and berry samples were stored frozen before handling. Soil 
samples were freeze-dried, cleaned and separated from big stones and roots and sieved with a 2 mm 
sieve. Plant samples were purified from e.g. pieces of other plants or rubbish, dried at 105 °C 
overnight and homogenized. Mushrooms and berries were cleaned as fresh as for food before drying. 
Dried soil and ashed (450 °C) plant samples were measured gammaspectrometrically. 


2.3. Gammaspectrometric analyses 


Six low-background, high-resolution HPGe detectors were used in the gammaspectrometric 
analysis of the samples. The relative efficiencies of the detectors range from 20% to 78% and energy 
resolution at 1.33 MeV from 1.8 to 2.1 keV. Three measuring geometries with different sample volumes 
were used: two cylindrical beakers with diameters of 42 and 74 mm. The filling heigth of the beakers is 
flexible, the maximum of 25 mm corresponding the volumes of 35 ml and 110 ml, respectively. The third 
geometry was a standard 0.5 l Marinelli beaker. All beakers were measured on top of the detector end-cap. 


Spectra were analysed using the GAMMA-99 computer code developed at STUK [3]. The 
programme uses the nuclide library including 103 nuclides and 583 gamma lines with the decay scheme 
data. The varying heights and densities of the samples and the effect of true coincidence summing were 
taken into account in calculation of the results [4].  


The uncertainties (1σ) include both statistical uncertainty and uncertainty due to the efficiency 
calibration. The minimum detectable count rates of the measurement were obtained using formula 3×√B, 
where B is number of background counts at corresponding gamma-ray energy in that particular counting. 


2.4. Sr analyses 


Ashed plant samples (450 °C) were fused with Na2CO3  at 900 °C. Oxalate precipitation at pH 4 
was performed for purifying Sr. Impurities of natural radioactive nuclides were removed with 
chromate precipitation. After carbonate precipitation, final separation of Sr was performed with 
Eichrom's Sr-spec resin in 8 M nitric acid. Sr was eluated with 0.05 M nitric acid [5,6]. Each resin 
column was washed carefully with hydrochloric acid after separation for removing all possible 210Pb 
and its daughters just before the next separation. Sr was precipitated as carbonate, which was 
dissolved in hydrochloric acid, and after adding the Y-carrier the solution was let stand 14 days for 
ingrowth of 90Y. Y was separated from Sr with hydroxide precipitation, concentrated as oxalate and 
measured with low background beta counter. 90Sr concentrations were calculated from 90Y 
measurements. Recoveries of Sr were measured with AAS from Sr solutions and those of Y with 
titration from dissolved oxalate preparates.  


Soil samples were ashed at 450°C and acid leached with 6 M hydrochloric acid in room 
temperature for 3 days. Oxalate precipitation and ignition at 600°C was performed before hydroxide 
precipitation, which removed impurities of especially remaining Fe and Al. Afterwards, the 
separations of Sr and Y were done as for the plant samples.  


Total uncertainties (1σ) consisted of statistical uncertainties and uncertainties due to e.g. 
calibrations, pipetings, weighings and AAS measurements. 
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2.5. Transuranic analyses 


Samples for transuranic analysis were marked with 242Pu and 243Am tracers, wet ashed with 
nitric and hydrochloric acids at 250–300oC and combined with leaching by peroxide. Pu was separated 
with anion exchange and shared to two fractions, one for liquid scintillation and another for 
alphaspectrometric measurement. The detailed description of the Pu separation and measurement 
method was published elsewhere [7]. 


Oxalate precipitation at pH 1.5 was performed for Am fractions. After ignition of oxalates, rest 
of Fe was removed with an anion exchange in hydrochloric acid, which also removed Th. Eichrom's 
TRU resin was used for separation of Am according to the method published by Pilviö, et al. [8] with 
some modifications. Excess chromatographic separation was necessary for almost all the samples, it 
was performed by repeating the TRU resin procedure. Am was electrodeposited and measured with an 
alphaspectrometer. Recoveries for Pu were between 50–90% and those for Am 30–70%. Presented 
uncertainties (1σ) are total uncertainties as in Sr measurements. 


2.6. Quality assurance 


All the activities during this project have been performed according to the quality system of 
STUK which takes into account the valid quality standards, particularly EN ISO/IEC 17025 and the 
ISO 9004 standards as well as the principles regarding to quality management (particularly the Quality 
Award Criteria used for the self-assessment of quality (The EFQM Excellence Model)). 


An essential tool of the QA is the written documentation of QA and QC procedures that are 
used in the performance of projects. The system of quality manuals have been designed to conform to 
the guidelines of the standards. 


3. RESULTS AND DISCUSSION 


3.1. Radionuclides in soil 


Concentrations and total amounts of different nuclides in soil profiles including the litter and 
humus layers are presented in Table I and distributions of nuclides in different layers in Fig. 2. 90Sr 
distributions were different in Loviisa and Olkiluoto. 13% of 90Sr was in litter, humus and in the 
uppermost 0–2 cm of organic soil layers in Loviisa, while in Olkiluoto the portion was 44% in those 
layers. In Loviisa about 50% of the total 90Sr was below the 10 cm layers. In both sites 25–30% of 
total 137Cs was in litter, humus and in the uppermost 0–4 cm organic soil layers. Clear differences in 
distributions of 239,240Pu can be seen in Fig. 2. In Loviisa more than 50% of the total 239,240Pu was in the 
depth below 6 cm. In Olkiluoto more than 60% of Pu was in the uppermost 4 cm, and no Pu was found 
below the 10 cm layer. 
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TABLE I. CONCENTRATIONS (BQ/KG D.W.)  AND TOTAL AMOUNTS (Bq/M2) OF 90SR, 
137CS, 238PU, 239,240PU AND 241PU IN LITTER, HUMUS AND SOIL LAYERS IN LOVIISA AND 
OLKILUOTO. RELATIVE UNCERTAINTY OF 1σ IN BRACKETS 


Area 
Date/Total Layer 90Sr 137Cs 238Pu 239,240Pu 241Pu 


       
Loviisa litter 23 (5) 2100 (4) 0.05 (26) 0.46 (9)  2.50 (6) 
23.8.2000 humus 35 (5) 4880 (3) 0.16 (14) 1.5 (6) 11.4 (6) 
 0-2 cm 18 (6) 1580 (3) <0.03 0.54 (24) <8 
 2-4 cm 12 (6) 1870 (4) 0.17 (35) 2.7 (9) 16.0 (6) 
 4-6 cm 34 (6) 1450 (4) 0.36 (24) 6.7 (7) 14.3 (7) 
 6-8 cm 63 (5) 717 (3) 0.14 (22) 5.4 (6) 15.3 (6) 
 8-10 cm 63 (5) 436 (4) 0.06 (41) 2.8 (8) 3.3 (7) 
 10-15 cm 50 (5) 355 (4) 0.05 (25) 1.8 (6) 3.0 (7) 
 15-20 cm    - 312 (3)     -     -    - 
Loviisa 
Total in soil 


0-15 cm Sr+Pu 
0-20 cm Cs 


 
700 


 
16 000 


 
      


 
49 


 
     


Total in litter+ 
humus+soil 


  
740 


 
20 700 


          
50 


 


       
Olkiluoto littera 28 (5) 578 (4) <0.02 0.08 (18) 1.0 (8) 
21.8.2001 humusb 79 (5) 2060 (3) 0.21 (10) 1.6 (6) 15 (6) 
 0-2 cm 11 (6) 688 (4) 0.08 (25) 1.3 (8) 8.0 (7) 
 2-4 cm 4.8 (6) 364 (4) 0.05 (32) 0.83 (10) 4.7 (8) 
 4-6 cm 2.0 (7) 135 (4) <0.02 0.26 (11) <2 
 6-8 cm 1.9 (7) 103 (3) <0.03 0.21 (14) <4 
 8-10 cm 2.3 (7) 62 (4) <0.03 0.07 (25) <2 
 10-15 cm 0.26 (8) 25 (3) <0.04 <0.04 <2    
 15-20 cm     - 18 (4)     -     -    - 
 20-25 cm     - 5.6 (4)         -     -    - 
 25-30 cm     - 0.9 (7)     -     -    - 
Olkiluoto 
Total in soil 


0-15 cm Sr 
0-30 cm Cs 


 
170 


 
11 700 


  
17 


 


Total in litter+ 
Humus+soil 


  
250 


 
13 800 


  
18 


 


a  In addition 60Co: 2 (11) Bq/kg 
b  In addition 60Co: 3.7 (3) Bq/kg  and 125Sb: 6.8 (5) Bq/kg. 
 


As a whole, higher total amounts (Bq/m2) of these nuclides were found in Loviisa forest, where 
the 137Cs amount was 1.5 times higher than that in Olkiluoto;  and those of 90Sr and 239,240Pu were 
about 3 times higher (Table I). The total amounts of 137Cs were lower than in these areas generally [2]. 


Small amounts of 134Cs were detected in all of the samples from the whole soil profile in Loviisa 
and from those samples down to 10 cm in Olkiluoto. Activity ratios of 134 Cs/137Cs were about 0.07 in 
2000 and 0.05 in 2001. The activity ratios of 238Pu/239,240Pu were clearly higher than those of global 
fallout generally (global: about 0.03) in both areas in the uppermost layers of soil profiles; highest 0.11 
in Loviisa and 0.13 in Olkiluoto. 241Pu/239,240Pu activity ratios were from 5.4 to 12.5 in the uppermost 
(litter, humus and 0-4 cm of soil) layers, while in the global fallout it is about 2 [7]. All these 
observations are clear signs of the Chernobyl fallout in these areas. In Olkiluoto, in litter and humus 
samples, also 60Co and 125Sb of nuclear power plant origin were found. 
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FIG. 2. Distributions of 90Sr, 137Cs and 239,240Pu in soil profiles in Loviisa and Olkiluoto. 


 


3.2. Radionuclides in plants 


Concentrations of 90Sr, 137Cs, 239,240Pu and 241Am in plants other than mushrooms and berries are 
presented in Table II. Highest concentrations of 90Sr were found in ferns and twigs of blueberry 
(Vaccinium myrtillus) and crowberry (Empetrum nigrum). Reindeer lichen and ferns accumulated 
137Cs most, more than 4000 Bq/kg d.w. of 137Cs was detected in a Polypodium vulgare sample. 
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Concentrations of 239,240Pu and 241Am were low in all analysed plant samples, less than 0.1 Bq/kg d.w. 
241Pu concentrations were below the detection limits (1-2 Bq/kg). 


 


TABLE II. VARIATIONS OF CONCENTRATIONS OF 90SR, 137CS, 239,240PU AND 241AM (BG/KG 
D.W.) IN PLANTS OTHER THAN BERRIES AND MUSHROOMS. RELATIVE UNCERTAINTY 
OF 1σ IN BRACKETS 


Plant Area 90Sr 137Cs 239,240Pu 241Am 
Lichen 
 Cladina spp. 


Loviisaa 
Olkiluoto 


1.0 (6) 
2.5 (6) 


490 - 1010 (4) 
570 - 580 (4) 


0.017 (32) 
<0.02 


- 
- 


Moss 
 Hylocomium splendens 


 
Loviisa 


 
- 


 
200 (4) 


 
- 


 
- 


 Pleurozium   schreberi Loviisa 
Olkiluoto 


- 
 


390 (4) 
560 (3) 


- 
- 


- 
- 


 Polytrichum sp. Loviisa 
Olkiluoto 


1.7 (6) 
3.9 (6) 


- 
- 


- 
- 


- 
- 


Leaves 
 Betula pendula 


 
Loviisa 
Olkiluoto 


 
- 
- 


 
52 (4) 


125 (3) 


 
- 


0.016 (39) 


 
<0.04 
<0.01 


 Alnus incana Olkiluoto - 13 (4) - - 
 Sorbus aucuparia Olkiluoto - 100 (5) - - 
Needles 
 Pinus silvestris 
 


 
Loviisa 
Olkiluoto 


 
- 
- 


 
170 (4) 
79 (4) 


 
- 
- 


 
- 
- 


 Picea abies Loviisa 
Olkiluoto 


- 
- 


210 (3) 
270 (3) 


- 
- 


- 
- 


 Juniperus communis Loviisa 
Okliluoto 


- 
- 


20 (4) 
33 (5) 


- 
- 


- 
- 


Twigs and leaves 
 Vaccinium myrtillus 


 
Loviisa 
Olkiluoto 


 
11 (5) 
22 (5) 


 
610 (4) 
280 (4) 


 
- 


0.017 (36) 


 
- 
- 


 Empetrum nigrum Olkiluoto 61 (5) 370 (3) 0.01 (40) <0.03 
Ferns 
 Dryopteris expansa 


 
Olkiluoto 


 
26 (5) 


 
1180 (4) 


 
- 


 
0.05 (22) 


 Polypodium vulgare Loviisab 
Olkiluotoc 


35 (4) 
32 (5) 


4300 (2) 
2750 (4) 


0.01 (50) 
0.007 (45) 


- 
- 


 a In addition: 241Pu < 2 Bq/kg 
 b In addition: 241Pu < 2 Bq/kg 
 c In addition: 241Pu < 1 Bq/kg 
 


Concentrations in berries and mushrooms are presented in Table III. Generally, the 90Sr 
concentrations were less than 1 Bq/kg f.w, except in crowberries (Empetrum nigrum). 137Cs 
concentrations were clearly higher in berries of shrubs (Vaccinium myrtillus, Empetrum nigrum), 15-
120 Bq/kg f.w., than in other berries (<1-3 Bq/kg f.w.). In mushrooms, 137Cs concentrations varied 
extensively the highest value being 8500 Bq/kg f.w. in Hydnum sp. Variations were large also between 
the samples of the same species. All 239,240Pu concentrations were below the detection limit. Small 
amount of 241Am was detected in a Cantharellus sample. 20 samples of an epiphytic lichen, Parmelia 
physodes, growing on the stems of trees, were analysed in the local area of Loviisa (see Fig. 3). It 
seemed to be a good bioindicator for the nuclides studied. Concentrations of 137Cs varied largely, from 
200 to 2600 Bq/kg d.w. (Table IV). 90Sr concentrations varied between 6-27 Bq/kg. Activity ratios of 
238Pu/239,240Pu were about 0.1 for both in Loviisa and Olkiluoto indicating the Chernobyl fallout. Large 
variations may be due to the unevenness of the Chernobyl fallout within small areas, but probably also 
to different age of the lichens. The effect of the Chernobyl fallout can be seen in the 137Cs 
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concentrations in different reference areas representing the lowest (Tammisaari), middle (Jyväskylä) 
and highest (Säynätsalo) fallout areas in Finland (see Fig. 1) [9]. 


Small amounts of 134Cs were detected in almost all plant samples. Ratios of 134Cs/137Cs 
represented generally the ratio of the Chernobyl fallout. 


 


TABLE III. VARIATIONS OF CONCENTRATIONS OF 90SR, 137CS, 238PU AND 239,240PU IN 
BERRIES AND MUSHROOMS (Bq/KG F.W; RATIOS DRY WEIGHT/FRESH WEIGHT ARE 
APPR. 0.07 FOR MUSHROOMS AND 0.12 FOR BERRIES); RELATIVE UNCERTAINTIES OF 
1σ IN BRACKETS 


Specie Area 90Sr 137Cs 238Pu 239,240Pu 
Berries 
 Vaccinium myrtillus 


 
Loviisa 
Olkiluoto 


 
0.18 (10) 
0.18 (6) 


 
15 - 30 (4) 
29 - 49 (3) 


  
- 
- 


 Empetrum nigrum Olkiluoto 2.2 (6) 50 - 116 (5) <0.003 <0.001 
 Sorbus aucuparia Loviisa - 1.3 - 3.0 (6)  - 
 Vaccinium vitis-idaea Loviisa 


Olkiluoto 
- 


0.86 (6) 
24 (3) 


48 - 67 (4) 
 - 


- 
 Rubus idaeus Olkiluoto - 2.2 (5)  - 
 Hippophae rhamnoides Olkiluoto - 0.31 (12)  - 
 Rosa sp. Olkiluoto - 0.58 (8)  - 
Mushrooms 
Lactarius spp. 


 
Loviisa 
Olkiluoto 


 
0.015 (10) 
0.06 (10) 


 
28 - 700 (4) 


126 - 870 (4) 


 
<0.002 
<0.002 


 
<0.001 
<0.001 


Russula spp. Loviisa 
Olkiluoto 


- 
- 


260 (4) 
65 (5) 


- 
- 


- 
- 


Hydnum spp. Loviisa 0.06 (10) 218 - 8500 (4) - - 
Leccinum spp. Loviisa 


Olkiluoto 
0.32 (8) 


- 
138 - 960 (4) 


34 - 94 (5) 
<0.002 


- 
<0.001 


- 
Cantharellus spp. Olkiluotoa 0.09 (11) 27 - 148 (5) <0.002 <0.002 
Lucoperdon spp. Olkiluoto - 4.1 (7) - - 
Rozites caperatus  Loviisab 0.27 (10) 980 (5) - - 


 


a In addition  241Am: 0.008 Bq/kg (46) 
b In addition 241Am: <0.004 Bq/kg. 
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FIG. 3. Sampling sites of Parmelia physodes in Loviisa area. 
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TABLE IV. CONCENTRATIONS OF 90SR, 137CS, 238PU, 239,240PU AND 241AM (Bq/KG D.W.) IN 
PARMELIA PHYSODES IN THE LOVIISA AREA (STATIONS LO1 - LO20) SAMPLED IN 2000, 
IN OLKILUOTO (OL1) SAMPLED IN 2001 AND IN SOME REFERENCE AREAS (RE1-RE3) 
SAMPLED IN 2000. UNCERTAINTIES OF 1 σ IN BRACKETS. FOR LOVIISA AREA, SEE FIG. 
3 AND FOR REFERENCE AREAS FIG. 1 


Station 90Sr 137Cs 238Pu 239,240Pu 241Am 
LO 1a 14 (6) 822 (5) 0.036 (30) 0.35 (9) 0.05 (34) 
LO 2 10 (6) 972 (5) - - - 
LO 3 8.1 (6) 707 (3) - - 0.08 (16) 
LO 4b - 204 (3) - - - 
LO 5 5.9 (6) 310 (5) - - - 
LO 6 8.8 (6) 585 (5) - - - 
LO 7 - 946 (4) - - - 
LO 8 13.8 (6) 1370 (4) - - - 
LO 9 - 1020 (4) - - 0.03 (22) 
LO 10 - 338 (5) - - - 
LO 11 16 (6) 1690 (3) - - - 
LO 12 - 486 (3) - - - 
LO 13 - 1570 (3) - - - 
LO 14 - 454 (3) - - - 
LO 15 27 (6) 2640 (4) 0.048 (25) 0.50 (8) - 
LO 16 - 1300 (5) - - - 
LO 17 6.7 (6) 684 (4) - - - 
LO 18 - 536 (5) - - - 
LO 19 14 (6) 1370 (4) - - - 
LO 20 - 1210 (5) - - - 
OL 1 14 (6) 1050 (4) 0.02 (39) 0.17 (15) <0.03 
RE 1 (Tammisaari) 3.2 (6) 25 (5) - - - 
RE 2 (Säynätsalo) 62 (5) 3370 (5) - - - 
RE 3 (Jyväskylä) - 413 (4) - - - 


 


a In addition 241Pu: 2.1 (6) Bq/kg 
b In addition 60Co: 1.4 (12) Bq/kg 


 


3.3. Transfer from soil to plants 


Aggregated transfer factors, Tagg, from soil to plants are given in Table V (Tagg = concentration 
in plant Bq/kg per total amount in soil Bq/m2). Taggs for plants other than mushrooms and berries were 
calculated on dry weight basis and those of mushrooms and berries on fresh weight basis. Average dry 
weight/fresh weight values were 0.07 for mushrooms and 0.12 for berries. Ferns seemed to be good 
accumulators of 137Cs and 90Sr, twigs of shrubs also of 90Sr and 239,240Pu. Outola [10] has published 
transfer factor values for twigs in Western Finland close to the Olkiluoto area. Those of 137Cs have 
been of the same order of magnitude as ours, but those of 239,240Pu have been lower. Generally, Taggs of  
137Cs for needles and leaves of trees were (0.1-2.3) somewhat lower but still at the same levels as in 
the study carried out in the Gomel area, in Belarus [11]. 


Concerning berries, crowberry accumulates most effectively both 90Sr and 137Cs. Taggs for 
mushrooms varied widely, especially those of 137Cs (0.6-14). The same observation has been made in 
the studies of Mietilski et al. [12] and Gillett & Crout [13]. Berries seemed to be better indicators of 
90Sr than mushrooms, while the situation is the opposite for 137Cs. As a whole, Taggs of Pu were two 
decades or more lower than those of 90Sr and 137Cs.  
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TABLE V. VARIATION OF TRANSFER FACTORS Tagg OF 90SR, 137CS AND 239,240PU FOR 
DIFFERENT PLANTS (M2/KG X 10-2 BY DRY WEIGHT FOR MOSSES, TWIGS, LEAVES, 
NEEDLES AND FERNS, BY FRESH WEIGHT FOR BERRIES AND MUSHROOMS) 


Specie 90Sr 
m2/kg  x 10-2 


137Cs 
m2/kg  x 10-2 


239,240Pu 
m2/kg  x 10-2 


Mosses 0.2 - 3 1 - 5 - 
Twigs 1-36 2 - 4 0.06 - 0.1 
Leaves of deciduous trees - 0.1 - 1 0.09 
Needles of  coniferous trees - 0.1 - 2.3 - 
Ferns 5 - 19 10 - 30 0.02 - 0.04 
Berries  
  Vaccinium myrtillus 
  Empetrum nigrum 
  Vaccinium vitis-idaea 


 
0.03 - 0.1 


1.3 
0.5 


 
0.2 


0.4 - 0.6 
0.4 


 
<0.001 
<0.001 


- 
Mushrooms 
  Lactarius spp. 
  Cantharellus spp. 
  Leccinum spp.+ Boletus 
  Russula spp. 
  Hydnum spp. 


 
0.02 - 0.04 


0.05 
0.05 


- 
0.01 


 
4 - 7 


1 
0.8 - 6 
0.6 - 2 


14 


 
<0.001 - < 0.002 


<0.001 
<0.002 


- 
- 
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Abstract 


In this paper heavy metals uptake efficiencies of three biomonitors, mosses (Scleropodium purum and 
Leskea polycarpa) and lichens (Parmelia sulcata) exposed to road traffic air pollution are studied for As, Cr, Zn 
and Sb. The biomonitors were transplanted and exposed in a station of active biomonitoring. A sample of each 
biomonitor was analysed every month. The analyses of the samples were carried out using two analytical 
methods: Instrumental Neutron Activation Analysis and Inductively Coupled Plasma Mass Spectrometry. The 
complementary nature of these methods allowed determining more than fourty elements in different samples. 
The results enabled to compare and to correlate the accumulation sensitivity of these elements 


 


1.  INTRODUCTION 


One of the interests in the use of biomonitors in such a study is the ability for integrating 
pollution events during long times [1–5]. Furthermore, the accumulation sensitivity of biomonitors for 
heavy metals in their tissue varies significantly according to species and elements [6,7]. The 
information on the air quality around the sampling site which is supported by the heavy metal 
concentrations measured in a biomonitors species, depends of course on its accumulation ability of 
polluting elements that are monitored.  


Some questions have to be solved, regarding the accumulation mechanisms: how do the 
biological organisms absorb the elements received from precipitation? Is it more sensitive to wet or 
dry depositions? 


In order to study the transfer mechanisms of heavy metals from the atmosphere to the vegetal 
organism, an active biomonitoring experience has been developed. Various mosses Scleropodium 
purum (SP) and Leskea polycarpa (LP), lichen Parmelia sulcata (PS), rye grass Lolium multiforum 
were exposed in a station located in Saclay, near the CEA laboratories. The station is near the RN118, 
an important highway of the Paris suburbs, on which 68000 vehicles drive per day, with 5% of trucks. 


A biomonitor is exposed at initial time (t0). Then, a sample is collected every month. The 
analysis of heavy metals is performed by both INAA and ICP-MS according to the procedures 
described in a previous paper [8]. Thus, more than 40 trace elements and heavy metal concentrations 
are determined. In this paper, only As, Cr, Sb and Zn will be considered and discussed. 


 
2. EXPERIMENT 


2.1. Sample collection and preparation  


Mosses and lichens were collected in the Fontainebleau forest. Simultaneously, the rye grass 
(RG) was cultivated in the laboratory according to the procedure developed by J-P Garrec et al [9]. 
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These biomonitors were exposed at the station during five months from November 2002 to 
March 2003. They were all collected carefully in order to avoid any contamination (use of plastic 
tools, storage in polyethylene bags). Lichens were carefully separated from tree barks, dust was 
roughly eliminated without washing. 


All samples were dried in an oven at 40° during 48 h, grind, pelletised or digested and analysed.  


2.2. Analytical methods 


The performances and the limitations of the two analytical methods, INAA and ICP-MS, for the 
multi-element determination in biomonitors have been compared in a previous paper [8], which gives 
the most suitable technique for the determination of each element. The main features of the procedures 
are summarised hereafter. 


• Instrumental neutron activation analysis. The samples were activated in a thermal neutron flux of 
2.1013 n.cm-2.s-1 produced by the ORPHEE reactor (14MW). The gamma spectra were measured 
using Ge(Li) detectors coupled to the Interwinner-4 type acquisition system. The spectra analysis 
was carried out using the k0-Labsue software [10]. 


 
• Inductively coupled plasma mass spectrometry (ICP-MS). The sample was digested by using pure 


acid reagents: HNO3, Hf and H2O2 [11]. The sample was diluted in a high purity H2O and spiked 
with Be, In, Re as internal standards. The instrument used was a Plasmaquad PQ2+. 


3. RESULTS AND DISCUSSIONS 


During the exposure period, the weather was characterised by a very cold period (-10°) during 
January, with snow, rain and frost. The climate was relatively stable and dry before and after this 
period. Fig. 1 shows the variations of the concentration of As in the biomonitors. Excepted for rye 
grass, which did not survive during frost period, the curves are similar for all species.  


- An increase between November and December. 
- A strong decrease in January. 
- A light increase between February and March. 


Consequently, the fixation of arsenic is significantly influenced by meteorological parameters. 
Two behaviors can be distinguished: accumulation during dry periods, loss during the wet period. 


Chromium is accumulated during the wet period (Fig. 2). The concentration is relatively 
constant during the dry period, with the exception of two points for Leskea polycarpa. 


Zinc concentration was constant during the exposure (Fig. 3 and did not significantly differ 
from the level observed in the samples collected at Fontainebleau. This is significant of a good health, 
as zinc is one essential element, which concentration is greatly influenced by stress. 


The fixation of Sb (Fig. 4) did not depend on meteorological variations. An increase was 
observed during the first month and remained relatively constant afterward. So, for this element, 
biomonitors are in equilibrium with the environment after one month. 


The Fig. 5 shows the variation of the As/Sc ratio during exposure. The curve’s shape is the same 
as that for As. As Sc is known to be a lithophylic element, it shows that As mainly originated from soil 
dusts in this site. The curve shows also a good correlation between the two species. So, interspecies 
calibration can be possible in active biomonitoring. 


These results show that biomonitors have similar response functions for As. In Fig. 6, a 
comparison of As concentrations in SP and LP is shown. A linear response appears between both 
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species, with r2 = 82% for As and 90% for As/Sc. For arsenic, in this case provided by soil dust, the 
calibration is justified for both these species.  


For the three other elements, calibration is less clear. That could be due to a different origin (e.g. 
Zn probably originated from traffic), and to different accumulation behaviour. So the inter-species 
calibration is dependent on the deposition characteristics, and the results could be different from one 
area to another and from one element to another in the same area [12]. 


4. CONCLUSION 


This study shows a comparable sensitivity for the biomonitors to the trace element deposition. A 
similar response is observed for As, Zn, Cr and V. It is possible to calibrate the uptake efficiencies for 
mosses and lichens in active biomonitoring. Moss Leskea polycarpa and lichen Parmelia sulcata resist 
and survive to transplantation in this particular period of exposure. The results obtained show all the 
interest to develop the active biomonitoring around an experimental station [13,14]. This method can 
supply key data on the behaviour of biomonitors to the atmospheric elements, and allows 
understanding of some aspects of the bioaccumulation mechanisms. 


To clarify the results obtained, we led another experiment, adding to the samples exposed in this 
study the lichen Evernia prunastri and the rye grass Lolium multiforum. This last one was very well 
adapted to the transplantation during this temperate weather period. The treatments and analyses of 
samples are current. 
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FIG. 1. Variation of the arsenic concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 2. Variation of the chromium concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 3. Variation of the zinc concentrations. 
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FIG. 4. Variation of the antimony concentrations. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 5. Variation of the As/Sc ratio during exposure. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


FIG. 6. Calibration of As concentrations in SP and LP. 
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Abstract 


Investigation of soil-to-plant transfer factor (TF) of 137Cs and 90Sr shows that this quantity varies within a 
wide range, from 0.0002 to 10, and it seems to depend upon the soil type. This makes the uncertainty of dose 
assessment to be very large. So study on soil-to-plant TF is essential to improve the specificity of radiological 
assessment models and to have more precise information about the environmental parameters to be used to set 
limits for authorized discharges from nuclear installation and to plan a better emergency response, particularly in 
developing countries, through the replacement of generic data with those more relevant to local conditions. In 
this work 85Sr and 134Cs were used as tracers for Sr and Cs to determine the soil-to-plant TF of Sr and Cs. Use of 
the two gamma emitting isotopes allows to simplify analytical procedures, particular in case of having trace 
amount. Three types of soil chosen for this study are Eutric Fluvisols, Ferralic Acrisols, Orthi-thionic Fluvisols. 
Cabbage and rice are the reference crops and they are planted in pots containing the soils labelled with the 
radionuclides. The parameters, which were thought to affect the soil-to-plant TF, are pH, exchangeable K, 
exchangeable Ca, Cation Exchangeable Capacity (CEC),  organic matter (OM), concentration of radionuclide in 
soil, contamination time as well as planting time also to be determined along with the transfer factor. From the 
data of soil-to-plant TF values, an analysis of the dependence of TF value on the type of soil, crop, radionuclide 
was done by using stepwise multiple regression method of SPSS software. Obtained results indicated that such 
parameters as constant, CEC, pH, OM, contamination time and concentration of radionuclides in soil can explain 
more than 80% of variance of TF value. 


 


1. INTRODUCTION 


The soil-to-plant transfer factor (TF), which is defined as the ratio between specific activity in 
dry crop and specific activity in dry soil, plays a very important role in dose assessment. 
Unfortunately, these uptake data are very scarce and dispersive. The cause of the dispersal is thought 
to be the soil properties such as pH, exchangeable K, exchangeable Ca, CEC, organic matter (OM) and 
environmental conditions, e.g. concentration of radionuclide in soil, contamination time, planting time 
etc. In order to improve the knowledge on the soil-to-plant TF of radionuclides, an IAEA Co-ordinae 
Research Programme (CRP) entitled “The classification of soil systems on the basis of transfer factors 
of radionuclides from soil to reference plants” has been launched since 1998. The specific objective of 
this CRP would be to generate data for soil-to-plant TF of radionuclides in a wide range of soil 
systems. This work, as a part of this CRP, uses tracer technique to study on the transfer factors of Sr 
and Cs from three types of soil, which are Eutric Fluvisols (alluvial soil), Ferralic Acrisols (soil of low 
nutrient status) and Orthi-thionic Fluvisols (acid soil). The reference plants chosen for this study are 
cabbage represented for broad leaf vegetables and rice represented for cereals. Radionuclides Sr-85 
and Cs-134 are used as tracer for Sr and Cs, respectively. 
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2. MATERIALS AND METHODS 


In this study, three types of soil: Ferralic Acrisols, Orthi-thionic Fluvisols and Eutric Fluvisols 
were collected from areas represented for these types of soil in Vietnam. The soil samples were taken 
from the cultivated surface layer, i.e. not deeper than 20cm. After the soils were processed similarly to 
a way that farmers used to apply for cultivation, each type of soil was labelled with Sr-85 and Cs-134 
following the FAO/IAEA/IUR protocol [1] and then dispensed into 6 pots each contained 10kg soil (3 
pots with Sr-85 labelling and other 3 pots with Cs-134 labelling), so that for each type of soil and each 
type of radionuclide, 3 repeated experiments for certain reference crop could be carried out. 


The reference crops chosen for the study were cabbage as broad leaf vegetable and rice as cereal 
representatives. Each year the cabbage is planted in October and harvested in January and the rice is 
planted in March and harvested in June. The pots with planted crops were kept in a green house. 


At the moment of harvesting, the crop and soil samples are collected. For the vegetable, edible 
part was taken only, for the cereal only seed was taken. The crop samples were washed carefully to 
eliminate the contamination that might be splashed out  from  the soil and adhered onto the sample 
surface. Then the crop samples were dried at temperature of 100°C to unchanged weights and these 
weights were recorded. The dry crop samples then were ashed and the ashes were used for 
determination of radioactivity. The soil samples were dried at temperature of 100°C to unchanged 
weights. Then these samples were ground and mixed well before determination of radioactivity. The 
radioactivity contents of Sr-85 and Cs-134 in crops and soils were determined by using gamma 
spectrometer with HpGe detector (resolution 1.9 keV and relative efficiency 41% at gamma line 
1.33MeV) and represented in the units of radioactivity per unit of mass dry crop and mass dry soil. 
Based on these data, the soil-to-plant TF values of Sr-85 and Cs-134 were determined. The properties 
of soil such as pH, exchangeable K and Ca, CEC (Cation Exchangeable Capacity), OM (Organic 
matter) were determined for each soil sample by appropriate techniques [2]. The contamination time is 
defined as the time interval elapsed from the moment when the soil was labelled with the radioactive 
nuclides to the moment when respective crop was havested. The planting time is the duration time 
from the moment when crop was planted to the moment when crop was harvested. All these 
experimental data collected along with the TF values were gathered in one data base for further 
processing.  


3. RESULTS AND DISCUSSION 


TABLE I. THE SOIL-TO-PLANT TF VALUES OF SR-85 AND CS-134 FROM DIFFERENT 
SOILS TO CABBAGE AND RICE 


Soil type 
Nuclide Crop class* Data 


Eutric Fluvisols Ferralic Acrisols Orthi-thionic 
Fluvisols 


Grand total†  


Cs-134 C Average of TF 0.056 0.371 0.003 0.167 
  StdDev of TF 0.114 0.474 0.003 0.341 
  Count of TF 14 14 8 36 
 V Average of TF 0.148 2.754 0.400 1.085 
  StdDev of TF 0.263 2.445 0.792 1.873 


  Count of TF 21 20 20 61 
Sr-85 C Average of TF 0.236 0.441 0.204 0.305 


  StdDev of TF 0.205 0.377 0.140 0.283 
  Count of TF 9 9 6 24 
 V Average of TF 9.179 18.583 5.799 10.903 
  StdDev of TF 3.016 10.060 1.956 7.861 


  Count of TF 9 8 9 26 
* C and V represent rice and cabbage, respectively 
 - † Grand Total represents all types of soils. 
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Table I summarizes the statistical data on soil-to-plant TF values of Sr-85 and Cs-134 for each type of soil 
and for each type of crop planted. In qualitative one can see the dependence of TF values on the type of soil, type 
of crop and also type of radionuclide (Table I). Among the three types of soil, Ferralic Acrisols soil shows the 
highest TF value. For all types of soil and both radionuclides (Sr-85, Cs-134), the TF values for cabbage are 
higher than that for rice. However according to [3, 4] a higher or lower uptake capacity is not a crop specificity. 
If one crop appears to have high or low uptake from a certain type of soil then other crop will show the same 
behavior. This trend is clearly observed in the case of Ferralic Acrisols soil but it seems not to be true for Eutric 
Fluvisols and Orthi-thionic Fluvisols. For the former soil, TF values of both Sr-85 and Cs-134 to both crops 
(cabbage and rice) are always highest as compared to that for the later soils. However, the TF of Sr-85 from 
Eutric Fluvisols to rice (0.236) is the same as it is from Orthi-thionic Fluvisols (0.204), whereas the TF of Cs-
134 from the former soil (9.179) is almost two times higher than that (5.799) from the later one (Table I). In 
addition, the standard deviations of TF are rather wide eventhough on the same type of soil. 


To find out which of the soil properties: pH, exchangeable K (cmol/kg), exchangeable Ca 
(cmol/kg), CEC (meq/100g), OM (%) as well as which of the environmental conditions: concentration 
of radionuclide in soil (Bq/kg), contamination time (days), planting time (days) can play the 
controlling role for the TF dispersal, all the parameters were included as the independant variables for 
analysis. The stepwise multiple regression method with an weight by TF error had been applied to 
select among these parameters those, which are most significant in explaining the variations of TF. 
The criterion for selection is that at each step, the independent variable having the smallest probability 
of F but not in the equation will be entered if that probability sufficiently small (less than 0.05). 
Variables already in the regression equation are removed if their probability of F becomes sufficiently 
large (larger than 0.1). The method terminates when no more variables are eligible for inclusion or 
removal. The result analysing the dependence of TF on the parameters by using stepwise multiple 
regression method of SPSS software Version 7.5 is presented in Table II. In general, the parameters, 
namely constant, CEC, OM, pH, contamination time and concentration of radionuclides in soil can 
explain more than 80% of TF variance. For Cs-134 radionuclide, the parameters involved to explain 
the TF variation are a little bit different from crop to crop. For cabbage, these parameters are CEC, pH, 
OM whereas for rice, they are pH, concentration of radionuclide in soil, contamination time. The 
correlation between the experimentally determined Cs-134 TF values and those predicted by 
corresponding models is shown in Fig. 1. 


TABLE II. THE MODELS PREDICTING THE SOIL-TO-PLANT TF VALUES 


Nuclide Crop class Parameters involving in explaining the variations of TF 
values 


R2 


Cs-134 


V  
(Cabbage) 


Constant : 16.0 ± 1.2 
 CEC : -0.182 ± 0.044 
 pH    : -1.392 ± 0.176 
 OM  : -1.296 ± 0.309 


0.801 


Cs-134 


C 
(Rice) 


Constant: 4.150 ± 0.226 
pH  : -0.467 ±  0.037 
Concentration of radionuclide in soil: -2.01E-5 ± 3.56E-6 
Contamination time: -8.67E-4 ± 2.05E-4 


0.893 


Sr-85 


V 
(Cabbage) 


Constant : 48.0 ± 4.4 
CEC : -0.350 ± 0.065 
OM  : -0.943 ± 0.402 
Contamination time: -4.28E-2 ± 7.0 E-3 
Concentration of radionuclide in soil: -0.119 ± 0.020 


0.901 


Sr-85 


C 
(Rice) 


Constant: -0.348 ± 0.230 
CEC  :  -3.38E-2 ± 4.0E-3 
Contamination time: 2.78E-3 ± 4.1E-4 
OM  : -0.133 ±  0.033 
Concentration of radionuclides in soil: 5.3E-04 ± 2.4E-04 


0.881 
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FIG. 1. The correlation between the experimentally determined Cs-134 TF values and those predicted  
by corresponding models. 


 


 
FIG. 2. The correlation between the experimentally determined Sr-85 TF values and those predicted  
by corresponding models. 


 


From Fig. 1 one can see that the models describe rather well the dispersal of Cs-134 TF for 
Ferralic Acrisols soil but they do not so for other types of soil (Orthi-thionic Fluvisols and Eutric 
Fluvisols). In addition, the correlation between the experimentally determined Cs-134 TF values and 
those predicted by the models are not quite linear.  


For Sr-85 radionuclide, the parameters involved in explaining the variation of TF are the same 
for both types of crop (rice and cabbage). They are CEC, OM, contamination time, concentration 
radionuclide in soil. The Fig. 2 depicts the correlation between the experimentally determined Sr-85 
TF values and those predicted by corresponding models. As seen from Fig. 2 the correlation is better 
as compared to that of Cs-134.  
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In order to investigate the nonlinear dependence of TF values on the mentioned parameters, the 
TF values are transformed into the logarithmic scale and the same regression method had been applied 
to find out the parameters involved in explaining the variation of logarithmic TF value. Table III 
summarizes the models describing the variation of logarithmic TF values. In this case, the models 
obtained are a little bit changed from those of the direct TF values. However, the correlation between 
the experimentally determined logarithmic TF values and those predicted by corresponding models is 
better than the correlation between the measured TF values and their predicted values (Figs 3 and 4). 
Table IV displays the Pearson correlation coefficients between the experimentally determined TF 
values and the TF values predicted by both TF and logarithmic TF models. As seen in Table IV the 
logarithmic TF models describe the measured TF values better than the TF models do. This proves the 
fact that the dependence of TF values on the parameters is nonlinear. In [5] it states that the soil 
characteristics such as clay, OM, pH, exchangeable K and other environmental parameters such as 
concentration of radionuclide in soil and contamination time would govern the variation of Cs-134 TF 
values. However, this study found that the role of exchangeable K is not significant  in governing the 
variation of Cs-134 TF value. Similarly, the role of exchangeable Ca is not significant  in governing 
the variation of Sr-85 TF value. Whereas as seen in Table III the CEC parameter involves in all 
models to explain the variation of logarithmic TF value. 


 
TABLE III. THE MODELS PREDICT THE LOGARITHMIC TF VALUES 


Nuclide Crop class Parameters involving in explaining the variations of  
logarithmic TF values R2 


Cs-134 


V  
(Cabbage) 


Constant : 5.9 ± 1.4 
 CEC : -0.184 ± 0.018 
 pH    : -0.575 ± 0.182 
 OM   : -0.281± 0.122 


0.736 


Cs-134 


C 
(Rice) 


Constant: 6.3 ± 2.2 
CEC  : -0.232 ±  0.023 
Concentration of radionuclide in soil: -8.1E-5 ± 1.3E-6 
pH    : -0.93 ± 0.31 


0.859 


Sr-85 


V 
(Cabbage) 


Constant : 3.39 ± 0.14 
CEC : -0.047 ± .006 
OM  : -0.213 ± 0.029 
Contamination time: -3.7E-4 ± 1.8 E-4 


0.900 


Sr-85 


C 
(Rice) 


Constant: -4.9 ± 1.2 
Contamination time: 0.005 ± 0.001 
CEC  : -0.06 ± 0.01 
OM   : -0.218 ±  0.056 
Planting time: 0.026 ± 0.011 


0.890 


 
 
TABLE IV. PEARSON CORRELATION COEFFICIENTS BETWEEN THE MEASURED TF 
VALUES AND THEIR PREDICTED VALUES BY TF AND LOGARITHMIC TF MODELS 


TF Cs-134 TF 


for rice (C) 


Cs-134 TF 


for cabbage (V) 


Sr-85 TF 


for rice (C) 


Sr-85 TF 


for cabbage (V) 


TF model 0.776 0.733 0.858 0.885 


Logarithmic TF model 0.944 0.840 0.965 0.897 
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FIG. 3. The correlation between the logarithmic Cs-134 TF values and those predicted by 
corresponding models. 


 


 
FIG. 4. The correlation between the logarithmic Sr-85 TF values and those predicted  by 
corresponding models. 


 


4. CONCLUSIONS 


The soil-to-plant transfer factor much depends on the type of soil and has a wide range of 
variation. The soil-to-plant transfer factor also depends on the type of crop and type of radionuclide. 
The soil characteristics such as CEC, OM, pH could explain the variation of soil-to-plant transfer 
factor of Sr and Cs. In some cases the concentration of radionuclide in soil and the contamination time 
could also involve in explaining the variation of soil-to-plant transfer factor of Sr and Cs. 
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Abstract 


In the framework of the IAEA programmes, Member States involved in air pollution studies using nuclear 
analytical techniques have harmonised their methodologies. Participants characterising chemical composition of 
size fractionated airborne particulate matter based their methodology on a common type of air sampler, 
centralised data collection and evaluation, and the same kind of data processing. Institutions involved in 
biomonitoring air pollution identified appropriate organisms to be applied at a regional scale, and harmonised 
procedures for sample preparation and analysis, as well as data processing and presentation. Both metrology 
approaches have been validated and disseminated in many Member States. 


 


1. INTRODUCTION 


 


Air pollution is a major environmental health problem affecting developed and developing 
countries alike. When inhaled, air pollutants affect the lung and respiratory system; they are also taken 
up by the blood and transported throughout the body. Furthermore, air pollutants are deposited on soil 
and plants and in water, thereby further contributing to human exposure if contaminated food and 
water are ingested. An extensive body of experimental and epidemiological literature demonstrates 
that significant associations exist between airborne particulate matter (APM) concentrations and 
mortality and morbidity rates. Health effects from APM depend on particle size and concentration and 
vary with daily fluctuations in PM10 (particulate matter in which 50 % of particles have an effective 
aerodynamic diameter (EAD) of less than 10 µm) and PM2.5. They include acute effects such as 
increased daily mortality, increased hospital admission rates for exacerbation of respiratory disease, 
fluctuations in the prevalence of bronchodilator use and cough, and reducing in lung function. 
Exposure to APM and acute health effects appear to be linear below 10 µg/ m3, without a threshold 
below which no effects occur. A much smaller number of studies refer to long-term effects of APM on 
mortality and respiratory morbidity. Global estimates show that approximately 3 million deaths per 
year are the result of exposure to APM [1]. Therefore, APM has been considered as one of key air 
pollutants by the World Health Organization (WHO). Main sources and settings of air pollution 
exposure are presented in Table I. 
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TABLE I. MAIN TYPES AND TYPICAL SOURCES OF AIR POLLUTION [2] 


Type of air pollution Main sources 
Ambient urban air pollution Transportation, domestic heating, energy 


generation, and energy-intensive industrial 
operations 
 


Long-range transport of air pollutants Forest fires, industrial and traffic sources 
 


Indoor air pollution in the home environment Use of biomass and coal for heating and 
cooking, outdoor pollution sources 
 


Indoor air pollution in the working environment Industries as well as non-industrial activities 
such as in hospitals and offices 
 


 


Factors that may influence the toxicity of APM include bulk chemical composition, trace 
element content, strong acid content, sulphate content, and particle size distribution [3]. However, 
neither the responsible component for nor the mechanism of adverse health effects is currently known. 
Therefore, more data on chemical composition of size fractionated APM is needed. 


After emission, airborne pollutants are subjected to physical, chemical, and photochemical 
transformations, which ultimately decide their fate and atmospheric concentrations. Finally, the 
pollutants are deposited from the atmosphere by wet or dry deposition. There are two conceptual 
approaches to collecting samples relevant for air and atmospheric deposition related pollution studies: 
(1) the direct collection of APM, precipitation, and total deposit, and (2) the use of suitable air 
pollution biomonitors. The first approach is aimed at quantitative surveys of local, short-range, 
medium-range or global transport of pollutants, including human health-related studies when 
collecting size fractionated APM. It requires continuous sampling on a long-term basis at a large 
number of sites, in order to ensure the temporal and spatial representativeness of measurements. The 
application of such direct measurements on a large scale is extremely costly and person-power 
intensive. Furthermore, it is often not possible, due to logistic problems, to install instrumental 
equipment at all needed locations. Therefore, the use of plants or other biological organisms, either 
already present at the investigation points or to be brought into the system, may be more practical. 
This approach is considered as a non-expensive but yet reliable means of air quality status assessment 
in a country or a region. Certain types of biological organisms integrate pollution over time, reducing 
the need for continuous chemical monitoring, thus avoiding the difficulty of interpreting “snapshot” 
measurements, and offering the potential of a retrospective monitoring. Many of them enrich the 
substance to be determined so that the analytical accessibility is improved and the measurement 
uncertainty reduced. By observing and measuring the changes in an appropriately selected organism a 
conclusion as to the kind of pollution (e.g. heavy metal), its source (e.g. from a smelter) and possibly 
its intensity (given as the relationship between degree of pollution and observable or measurable 
changes in the organism) can be drawn. In this context, biomonitoring may be defined as a continuous 
observation of a geographical area with the help of suitable organisms that reflect changes over space 
and time (e.g. by their element content). For biomonitoring trace element atmospheric pollution, 
various plant materials have been most widely used due to numerous advantages over other organisms 
[4, 5]. 


The ability of nuclear and related analytical techniques (NATs) to analyse solid phase samples 
for many elements without the need for sample dissolution or digestion with the high degree of 
sensitivity and selectivity, makes them particularly suitable for the elemental analysis of APM 
biomonitor samples. This fact brings the issue of assessing trace element atmospheric deposition 
within the scope of programmes of the International Atomic Energy Agency (IAEA). 
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In this paper two examples of IAEA co-ordinated research into trace element atmospheric 
pollution are presented: harmonised chemical measurements of size fractionated APM and 
biomonitoring at a regional scale using harmonised protocols. 


 
2. NATs AS APPROPRIATE ANALYTICAL TOOLS FOR TRACE ELEMENT ATMOSPHERIC 


POLLUTION STUDIES 
 


For the assessment of element pollution levels and identification of their sources, which are a 
prerequisite for studying effects of contaminants on the environment and human health, a multivariate 
data base containing as many pollutant elements should be generated. Therefore, multielement 
methods are usually used for such studies. The analysis of samples for their element content is 
governed by the sample type, the elements of interest, the sensitivity, precision and accuracy needed 
and the availability of (or access to) the technique. The choice of multielement methods available 
includes inductively coupled plasma atomic emission spectrometry (ICPAES), inductively coupled 
plasma mass spectrometry (ICPMS), X ray fluorescence spectrometry (XRF), ion beam analysis (IBA) 
[i.e. particle induced X ray emission (PIXE) and proton induced gamma-ray emission (PIGE)], nuclear 
activation analysis [neutron activation analysis (NAA), prompt gamma neutron activation analysis 
(PGNAA), charged particle activation analysis (CPAA)], and several other methods, which are seldom 
used on a routine basis. Some of these methods can be complemented by the use of single-element 
techniques such as anodic stripping voltammetry (ASV) or atomic absorption spectrometry (AAS).  


Environmental samples APM and plant materials often contain an insoluble component, e.g. a 
mineral fraction, which could be only partly soluble in acids routinely used for sample destruction 
applied in many laboratories. Therefore, the accuracy and comparability of measurements obtained 
using different procedures and/or methods for determination of total element content should be 
validated and taken into account. It has been shown, for instance, that several elements in the United 
States (U.S.) National Institute of Standards and Technology (NIST) leaf standard reference materials 
(SRMs) are only partially soluble in HNO3/HClO4 [6], that about 20% of the uranium in NIST SRMs 
1571, 1575, and 1572 (Orchard Leaves, Pine Needles, and Citrus Leaves, respectively) resides in a 
phase that is not made soluble by conventional wet-ashing procedures [7], and that even in NIST 
SRMs of the new generation such as 1515 Apple Leaves and 1547 Peach Leaves, which were  
prepared using dedicated equipment and modern technology, several percent of the total element 
content is contained in the mineral grit phase [8]. It was also shown that incomplete solubilization can 
occur even when well accepted vigorous regimens are used [9]. Hence, the analysis of any botanical 
sample (this is also valid for APM material) by solution-based analytical techniques for the total 
element content must ensure that the material is completely dissolved. The quality of destructive 
analysis may also be influenced by specific matrix effects that may not be matched by the matrix of 
the quality control material used for method validation. The level of the mineral fraction contained in a 
biomonitor may depend on the level of pollution, so the recovery of an element during the dissolution 
may not be the same for the same type of material analysed. 


The above facts make NATs highly effective tools for the analysis of various materials used in 
studying trace element air pollution by providing multi-element measurement results, as evidenced by 
numerous publications. Some typical papers are referenced below [10-17]. NATs are nondestructive 
methods, so the probability of contaminating a sample with the element to be determined is negligible, 
and potential losses during the sample destruction and preparation are excluded. Some of them (e.g. 
NAA) are also virtually matrix-independent for the kinds of samples discussed in this paper. The 
WHO’s Regional Office for Europe evaluated risks for the following air pollutants: As, Cd, Cr, F, Pb, 
Mn, Hg, Ni, Pt, and V [18]. All those elements can be efficiently analysed by NATs. The U.S. 
Environmental Protection Agency (EPA) issued practical guidelines on applying NAA, PIXE, and 
XRF for APM analysis [19]. 
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3. HARMONISED APM STUDIES CO-ORDINATED BY THE IAEA 


 


In the last fifty years, most of mankind has become city dwellers, with more than 75 % of all 
people in developed nations now living in cities. The developing world is being urbanised even faster, 
with twice as many people now living in urban areas as fifty years ago [20]. This rush towards 
urbanisation has brought a multitude of problems, including air pollution. Results of the WHO / UNEP 
(United Nations Environment Programme) study of megacities conducted in 1992 showed that air 
pollution is a widespread problem with at least one major pollutant exceeding health guidelines in all 
of the megacities studied. Among the 20 cities studied, total suspended particular matter (TSP) was 
recognised as serious problem in 12 of them. In additional five cities the TSP levels were recognised 
as moderate to heavy pollution. In the same year the IAEA has started systematically supporting work 
on compositional characterisation of size fractionated APM. Several prominent air pollution scientists 
brought together within the framework of a co-ordinated research project (CRP) on “Applied research 
on air pollution using nuclear-related analytical techniques” suggested a so-called “Gent stacked filter 
unit” (SFU) as an appropriate sampler for collecting size fractionated APM [21]. Comparative tests 
with other types of samplers revealed that the sampler performed well and provides the 
aerodynamically well-defined samples that allow for comparative analysis of airborne particle mass 
and composition data from the various sampling locations around the world using a relatively low cost 
sampler [22]. 


Guidelines and regulations pertaining to air pollution given by leading authorities such as 
WHO, the European Union (EU), and the United States (US) Environmental Protection Agency (EPA) 
are different and vary over time. In early nineties, for instance, the US EPA regulated PM10 fraction of 
APM. In 1997, the US EPA promulgated new regulations that established also the National Ambient 
Air Quality Standards (NAAQS) for PM2.5 [23]. Later, it was concluded that the PM2.5 particles makes 
part of PM10 ones, so such regulations may be misleading. It is now expected that the new regulations 
will rather account for coarse (having EAD between 2.5 and 10 µm), and fine (having EAD of less 
than 2.5 µm) particles. Therefore, it appeares that selection of the Gent SFU was very fortunate, 
because it may simultaneously provide information on PM10, PM2.5, coarse, and fine fractions. 


The same CRP group issued recommendations for appropriate site selection; sampling and 
analysis procedures were evaluated and recommendations issued [24]. The recommendations included 
sampling in residential urban and rural areas, during working days and weekends, so as to allow 
obtaining meaningful results with regard to special and time resolution. Appropriate sample handling 
procedures in the field and in the laboratory were recommended so as to minimise any contamination. 
All the data collected was sent to a central data evaluator, an expert in multivariate statistical analysis 
and modelling, to be processed in a unified way. Hence an IAEA recommended metrology was 
developed for obtaining comparative data on chemical composition for size fractionated APM 
including information on time trends (if sampled long enough), to identify the major sources of this 
pollution, and to obtain information on the transport of air pollution if sampled in a network. The 
metrology has been supplied to 40 countries, mainly through the IAEA Technical Co-operation (TC) 
projects. A list of recent and on-going TC projects is in Table II. 
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TABLE II. NATIONAL TC PROJECTS ON COMPOSITIONAL CHARACTERISATION OF SIZE 
FRACTIONATED APM USING THE GENT SAMPLER, WITHIN THE LAST FIVE YEARS 


Title Participating country 
Monitoring of trace element air pollution Portugal 
Nuclear techniques in monitoring industrial pollution Sri Lanka 
Air pollutant characterisation and source identification Philippines 
Trace element methods for workplace monitoring Nigeria 
Evaluation of air pollution and its effects on health Uruguay 
Nuclear analytical measurements of size fractionated APM China 
Laboratory for trace element analysis Albania 
Assessment of coastal sea water pollution in Punat Bay, Krk Croatia 
Analysis of ecotoxic metals using X ray fluorescence techniques Guatemala 
Food analysis and routine monitoring of aerosols and drinking water 
sources using NAA and PIXE 


Libya 


The effect of air and water pollution on public health Madagascar 
Evaluation of airborne fine particles in Mexico City Mexico 
Nuclear analytical techniques for air quality management Philippines 
Evaluation of contamination levels in air, soil, and drinking water Uruguay 


 


Besides many national TC projects on air pollution, there have been two major regional ones. 
The first one comprised a joint study in São Paulo, Brazil, Santiago de Chile, Mexico City, and 
Cordoba, Argentina. Values for PM10 measured in Santiago and São Paulo exceeded 200 µgm-3 (US 
EPA annual average NAAQS is 50 µgm-3). APM was found to be the most important air pollutant in 
both cities. Thorough analysis of the obtained results revealed traffic related emissions as the most 
important air pollution source in São Paulo, Santiago, and Mexico City [25]. The second regional 
project started in 1998 comprising 15 countries from the East Asia and the Pacific Region: Australia, 
Bangladesh, China, India, Indonesia, Korea, Malaysia, Myanmar, New Zealand, Pakistan, Philippines, 
Singapore, Sri Lanka, Thailand, and Vietnam. An example for the fine mass concentrations obtained 
around the region is illustrated in Fig. 1. The figure shows that the current US EPA annual average 
NAAQS of 15 µgm-3 for PM2.5 is exceeded in many of the data sets. Compositional data have now 
been systematically collected for four years focusing on both national and regional (e.g. sand storms 
and hazescale sources that affect urban air quality and thus, can produce significant adverse health and 
visibility effects in the high population cities being monitored. The data obtained have provided a view 
of the amounts and compositions of airborne particles in urban and suburban areas of major cities 
across the region in both fine and coarse size modes, allowing also to begin trend analysis on the 
accumulated multiyear data. 
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FIG. 1. Fine-particle mass concentration of APM for the East Asia and the Pacific region presented as 
box and whisker plots. 


 
4. IAEA HARMONISED TRACE ELEMENT DEPOSITION STUDIES USING BIOMONITORS 
 


A bioindicator is an organism that reveals the presence of a substance in its surroundings with 
observable and measurable changes, which can be distinguished from the effects of other natural or 
anthropogenic stresses. Such changes may be monitored by observation or measurement (e.g. by 
chemical determination of its trace element content). For an appropriate biomonitor of atmospheric 
pollution it is important that it should not take up appreciable amounts of elements from non-
atmospheric sources and should average element content over a suitable time period as a result of 
integrated time exposure. The plant species chosen most frequently as receptors of atmospheric trace 
element pollution are mosses, lichens, coniferous trees (bark, needles, shoots), and deciduous trees 
(bark, leaves) [4, 5, 10, 26-30]. Mosses and lichens are considered as the most appropriate because 
both lack roots (and therefore obtain most of their nutrient supply directly from atmospheric 
precipitation and deposition with mostly insignificant risk of taking up metals from the substrate) and 
have no or only a very reduced cuticle, so that ions retained on their surface have direct access to 
exchange sites on the cell walls. 


The IAEA have started systematically supporting biomonitoring in 1997 by launching a CRP on 
“Validation and application of plants as biomonitors of trace element atmospheric pollution, analysed 
by nuclear and related techniques”. Similarly to the compositional characterisation of size fractionated 
APM, a group of biomonitoring experts brought together within the CRP developed and tested 
metrology for assessing trace element atmospheric deposition. The group issued recommendations for 
appropriate site selection, sampling and sample preparation for different types of plants [31, 32]. 
Recommendations included avoidance of roads or sources of local pollution (e.g. houses, industrial 
facilities), collection of parallel samples at some points to account for natural biological variability, 
and short rinsing of plant samples to remove dust particles from their surface. The group issued advice 
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on how to perform studies aimed at assessing quantitative relationship between the element content of 
the bimonitor species and the (wet or bulk) deposition or the atmospheric concentrations. 
Recommendations were given on how to address time and geographical resolution, and graphically 
represent the results. An example of graphical distribution maps is shown in Fig. 2. The studied area 
shown in the figure comprised about 50.000 km2. Analysis of possible sources of As revealed 
contribution due to high natural content in soils and waters as well as anthropogenic contributions 
located around the city of Córdoba and main roads. As main sources for elevated Zn levels non-
ferrous metallurgical, chemical, and petrochemical industries were identified, along with potential 
secondary sources such as motor vehicles tires abrasion and incineration. 
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FIG. 2. Graphical distribution maps for As and Zn in lichens of central Argentina. 
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The participants validated their analytical methodologies by participating in two interlaboratory 
comparison exercises [33,34]. Some systematic discrepancies revealed in the first exercise due to 
different sample digestion procedures were eliminated in the second one after harmonising the 
methodologies providing comparable values for the total element content. 


During the CRP it was realised that there is no universal biomonitor at a global scale. The 
environmental and climate diversity is too big so as to allow for this. Therefore, only regional 
biomonitors may be applied for large-scale monitoring purposes. In bordering areas (e.g. where one 
kind of biomonitor is becoming scarce to be found and another one becomes more abundant), two or 
even more species should be applied simultaneously. In this case, the two species should be calibrated 
(i.e. both kinds of organisms, collected at several overlapping places, analysed for their element 
content), in order to increase the studied area. 


In general, there is no uniform agreement whether lichen or moss is a better biomonitor. 
However, in temperate areas in Europe the most frequently used biomonitor is moss. Its comparative 
advantage is the potential for retrospective monitoring; some species have yearly grown segments that 
can be easily distinguished and consequently a monitoring survey may yield a more defined time-
resolution scale. However, mosses are more difficult to be found in dryer, warmer areas, and in Latin 
America. Therefore, lichens appear to be more appropriate in those countries. 


The metrology approach developed within the CRP has been delivered to other countries 
through the IAEA TC projects, mainly an on-going regional project in Latin America entitled 
“Application of Biomonitors, Nuclear, and Related Techniques in Atmospheric Pollution Studies”. A 
complete list of countries participating in biomonitoring studies supported by the IAEA is shown in 
Table III. Participants of the regional TC project are building on CRP findings that some species of 
Tillandsia genus are highly appropriate biomonitors. The Tillandsioidae subfamily of Bromeliaceae 
comprises plants with exclusive distribution in neotropic regions. It includes mainly epiphytic species 
with a slow growth and extraordinary capacity to obtain water and nutrients from the atmosphere. So far, 
several species have been identified in different countries and are now being tested for their general 
applicability within the region. 
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TABLE III. COUNTRIES INVOLVED IN BIOMONITORING STUDIES SUPPORTED BY THE 
IAEA WITHIN THE LAST FIVE YEARS 


Country Bioindicator Project type 
Argentina Lichen, tree bark, Tillandsia RC, TP 
Bangladesh Moss RC 
Bolivia Lichen, Tillandsia TP 
Brazil Lichen, Tradescantia, Tillandsia RA, TP 
Chile Lichen RA, TP 
China Lichen, tree leaves, needles RC 
Cuba Lichen TP 
Ecuador Lichen TP 
El Salvador Lichen, moss TP 
Germany Moss RA 
Ghana Lichen RC 
Guatemala Lichen, Tillandsia TP 
India Moss, lichen, shrub leaves, weed RC 
Israel Lichen RC 
Jamaica Lichen, moss, Tillandsia RC 
Mexico Lichen, Tillandsia TP 
The Netherlands Bark, lichen, moss RA 
Norway Moss RA 
Paraguay Tillandsia TP 
Peru Tillandsia TP 
Portugal Lichen RC 
Romania Moss RC 
Russian Federation Moss RC 
Slovenia Lichen RC 
Uruguay Lichen TP 
Vietnam Lichen, moss RC 


Project types: RC: research contract, RA: research agreement, TP: technical co-operation project 
 
 
5. CONCLUSIONS 


The both examples presented in this paper, compositional characterisation of size fractionated 
APM and plants as biomonitors of trace element atmospheric deposition, reconfirmed appropriateness 
of nuclear analytical techniques as efficient analytical tools in such investigations. Although other 
methods such as ICPAES and AAS are largely used for monitoring surveys in many countries, it is 
evident that PIXE and XRF techniques are fully competitive and even advantageous for APM 
analysis. Similarly, NAA can provide valuable results for biomonitors, in particular as a reference 
method for total metal content determination in plant materials. Namely, many laboratories use 
various leaching techniques for extracting trace elements from monitoring organisms. This approach 
may lead to inconsistent analytical measurements results and consequently erroneous pollution 
assessment. Therefore, only results providing total element content (as obtained by nuclear methods 
such as NAA) can assure worldwide analytical measurements comparability. 


The IAEA is a specialised technical organization within the UN system, with a clear mandate to 
encourage and assist research on, and development and practical application of, atomic energy for 
peaceful uses throughout the world. However, it has very limited resources for conducting research 
work by itself, but rather serves as a focal point for co-ordinaing scientists’ collaborative efforts in 
developing relevant technologies for addressing its Member States needs. The presented examples of 
different practical metrology approaches for monitoring trace element air pollution show how basic 
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and applied research work may be efficiently upgraded into mature technologies to be transferred to 
developing countries and used on a daily basis. 


In the area of nuclear sciences and applications the IAEA has two basic support mechanisms for 
its Member States: the Research Contract Programme (RCP) and the Technical Co-operation 
Programme (TCP). Whilst the RCP’s primary function is to support the research of the interest to the 
IAEA programme of work aimed at obtaining scientific results, the role of TCP is to accelerate and 
enlarge the contribution of atomic energy to peace, health, and prosperity, as perceived and requested 
by the Member States. The latter tool is therefore focused more on solving technical rather than 
scientific problems. Although both mechanisms are in principle independent and do not coincide with 
each other, it was shown by these examples that long-term planning and systematic work might result 
in their mutual correlation for the benefit of participating countries: research work carried out within 
the RCP (i.e. by means of co-ordinated research projects) resulting in an appropriate technology for 
environmental monitoring, can later be applied at a larger scale through the mechanism of the TCP 
(i.e. by means of technical co-operation projects). 


 
ACKNOWLEDGEMENT 


 
The author acknowledges the helpful participation of scientists around the world in the 


concerned projects and quality control exercises; without them this contribution would not be possible. 
Special thanks are due to Prof. Philip K. Hopke from Clarkson University, U.S.A. and Prof. María 
Luisa Pignata from Universidad Nacional de Córdoba, Argentina, for providing the figures. 
 


REFERENCES 
 
[1] WORLD HEALTH ORGANIZATION, The World Health Report 2000, WHO, Geneva (2000). 
[2] WORLD HEALTH ORGANIZATION, WHO Strategy on Air Quality and Health, WHO, 


Geneva (2001). 
[3] HARRISON, R.M., YIN, J., Particulate matter in the atmosphere: which particle properties are 


important for its effects on health?, Sci. Tot. Environ. 249 (2000) 85. 
[4] MARKERT, B., (Ed.), Plants as Biomonitors - Indicators for Heavy Metals in the Terrestrial 


Environment, VCH, Weinheim (1993). 
[5] FALLA, J., et al., Biological Air Quality Monitoring: A Review, Environ. Monitor. Asses. 64 


(2000) 627. 
[6] IHNAT, M., Importance of acid-soluble residue in plant analysis for total macro and micro 


elements, Comm. Soil Sci. Plant Analysis 13 (1982) 969. 
[7] BYRNE, A.R., BENEDIK, L., Determination of uranium at trace levels by radiochemical 


neutron-activation analysis employing radioisotopic yield determination, Talanta 35 (1988) 161. 
[8] LINDSTROM, R.M., et al., Characterization of the mineral fraction in botanical reference 


materials and its influence on homogeneity and analytical results. Fresenius J. Anal. Chem. 338 
(1990) 569. 


[9] GREENBERG, R.R., et al., Dissolution problems with botanical reference materials. Fresenius 
J. Anal. Chem. 338 (1990) 394. 


[10] SLOOF, J.E., Environmental Lichenology: Biomonitoriong Trace-Element Air Pollution, PhD 
Thesis, Delft Univ. of Technol., Delft (1993). 


[11] STROPNIK, B., et al., Air Pollution Monitoring by ED XRF in the Šalek Valley: Part 1, Acta 
Chim. Slov., 40 (1993) 301. 


[12] FREITAS, M.C., Elemental Bioaccumulators in Air Pollution Studies, J. Radioanal. Nucl. 
Chem., 192 (1995) 171. 


[13] JERAN, Z., et al., Atmospheric Heavy Metal Pollution in Slovenia Derived from Results for 
Epiphytic Lichens, Fresenius J. Anal. Chem., 354 (1996) 681. 


[14] COHEN, D.D., Characterisation of Atmospheric Fine Particles Using IBA Techniques, Nucl. 
Instr. and Meth. B, 136–138 (1998) 14. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


[15] KHODZHER, T.V., et al., A Study of Trace Elements in Atmospheric Aerosols of the Eastern 
Siberia Using Neutron Activation Analysis and Synchrotron Radiation X ray Fluorescence 
Analysis, Nucl. Instr. And Meth. A, 448 (2000) 413. 


[16] MAENHAUT, W., et al., Aerosol Chemical Mass Closure During the EUROTRAC-2 
AEROSOL Intercomparison 2000, Nucl. Instr. And Meth. B, 189 (2002) 233. 


[17] MENZEL, N., et al., Elemental Composition of Aerosol Particulate Matter Collected on 
Membrane Filters: A Comparison of Results by PIXE and ICP-AES, Nucl. Instr. And Meth. B, 
189 (2002) 94. 


[18] WORLD HEALTH ORGANIZATION, REGIONAL OFFICE FOR EUROPE, Air Quality 
Guidelines for Europe, 2nd Edition, WHO Regional Publications, European Series, No. 91 
(2000). 


[19] UNITED STATES ENVIRONMENTAL PROTECTION AGENCY, CENTER FOR 
ENVIRONMENTAL RESEARCH INFORMATION, Compendium of Methods for the 
Determination of Inorganic Compounds in Ambient Air, Compendium Methods IO-3.3, IO-3.6, 
and IO-3.7, EPA/625/R-96/010a, U.S. EPA, Cincinati (1999). 


[20] BALDASANO, J.M., et al., Air Quality Data from Large Cities, Sci. Tot. Environ. 307 (2003) 
141. 


[21] INTERNATIONAL ATOMIC ENERGY AGENCY, Applied Research on Air Pollution Using 
Nuclear-Related Analytical Techniques; Report on 1st RCM, NAHRES-19, IAEA, Vienna 
(1994). 


[22] HOPKE, P. K., et al., Characterization of the Gent Stacked Filter Unit PM10 Sampler, Aerosol 
Sci. Technol., 27 (1998) 726. 


[23] UNITED STATES ENVIRONMENTAL PROTECTION AGENCY, National Ambient Air 
Quality Standards for Particulate Matter, Fed. Regist. 62/138 (1997). 


[24] INTERNATIONAL ATOMIC ENERGY AGENCY, Applied Research on Air Pollution Using 
Nuclear-Related Analytical Techniques; Report on the 2nd RCM; NAHRES-26, IAEA, Vienna 
(1995). 


[25] INTERNATIONAL ATOMIC ENERGY AGENCY, Final Report for the TC Project 
RLA/7/007 ARCAL XXXIX “Determining the content of atmospheric contamination”, IAEA, 
Vienna (2001). 


[26] PAKEMAN, R. J., et al., Plants as Biomonitors of Atmospheric Pollution: Their Potential for 
Use in Pollution Regulation, Rev. Environ. Contamin. Toxicol., 157 (1998) 1. 


[27] JERVIS, R. E., et al., Effectiveness of Oak Leaves as Bioindicators of Environmental Pollution, 
J. Radioanal. Nucl. Chem., 188 (1994) 149. 


[28] LIPPO, H., et al., The Use of Moss, Lichen and Pine Bark in the Nationwide Monitoring of 
Atmospheric Heavy Metal Deposition in Finland, Water Air Soil Pollut. 85 (1995) 2241. 


[29] LOPPI, S., et al., Passive Monitoring of Trace Elements by Means of Tree Leaves, Epiphytic 
Lichens and Bark Substrate, Environ. Monit. Assess., 43 (1997) 81. 


[30] ONIANWA, P. C., Monitoring Atmospheric Metal Pollution: A Review of the Use of Mosses 
as Indicators, Environ. Monit. Assess., 71 (2001) 13. 


[31] INTERNATIONAL ATOMIC ENERGY AGENCY, Co-ordinated Research Project on 
Validation and Application of Plants as Biomonitors of Trace Element Atmospheric Pollution, 
Analysed by Nuclear and Related Techniques; Report on the 1st RCM; NAHRES-45, IAEA, 
Vienna (1998). 


[32] INTERNATIONAL ATOMIC ENERGY AGENCY, Co-ordinated Research Project on 
Validation and Application of Plants as Biomonitors of Trace Element Atmospheric Pollution, 
Analysed by Nuclear and Related Techniques; Report on the 2nd RCM; NAHRES-63, IAEA, 
Vienna (2000). 


[33] BLEISE, A. SMODIŠ, B., Report on the Intercomparison Run NAT-5 for the Determination of 
Trace and Minor Elements in two Lichen Samples, NAHRES-46, IAEA, Vienna (1999). 


[34] BLEISE, A. SMODIŠ, B., Report on the Quality Control Study NAT-6 for the Determination of 
Trace and Minor Elements in two Moss Samples, NAHRES-66, IAEA, Vienna (2001). 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


561 


[15] KHODZHER, T.V., et al., A Study of Trace Elements in Atmospheric Aerosols of the Eastern 
Siberia Using Neutron Activation Analysis and Synchrotron Radiation X ray Fluorescence 
Analysis, Nucl. Instr. And Meth. A, 448 (2000) 413. 


[16] MAENHAUT, W., et al., Aerosol Chemical Mass Closure During the EUROTRAC-2 
AEROSOL Intercomparison 2000, Nucl. Instr. And Meth. B, 189 (2002) 233. 


[17] MENZEL, N., et al., Elemental Composition of Aerosol Particulate Matter Collected on 
Membrane Filters: A Comparison of Results by PIXE and ICP-AES, Nucl. Instr. And Meth. B, 
189 (2002) 94. 


[18] WORLD HEALTH ORGANIZATION, REGIONAL OFFICE FOR EUROPE, Air Quality 
Guidelines for Europe, 2nd Edition, WHO Regional Publications, European Series, No. 91 
(2000). 


[19] UNITED STATES ENVIRONMENTAL PROTECTION AGENCY, CENTER FOR 
ENVIRONMENTAL RESEARCH INFORMATION, Compendium of Methods for the 
Determination of Inorganic Compounds in Ambient Air, Compendium Methods IO-3.3, IO-3.6, 
and IO-3.7, EPA/625/R-96/010a, U.S. EPA, Cincinati (1999). 


[20] BALDASANO, J.M., et al., Air Quality Data from Large Cities, Sci. Tot. Environ. 307 (2003) 
141. 


[21] INTERNATIONAL ATOMIC ENERGY AGENCY, Applied Research on Air Pollution Using 
Nuclear-Related Analytical Techniques; Report on 1st RCM, NAHRES-19, IAEA, Vienna 
(1994). 


[22] HOPKE, P. K., et al., Characterization of the Gent Stacked Filter Unit PM10 Sampler, Aerosol 
Sci. Technol., 27 (1998) 726. 


[23] UNITED STATES ENVIRONMENTAL PROTECTION AGENCY, National Ambient Air 
Quality Standards for Particulate Matter, Fed. Regist. 62/138 (1997). 


[24] INTERNATIONAL ATOMIC ENERGY AGENCY, Applied Research on Air Pollution Using 
Nuclear-Related Analytical Techniques; Report on the 2nd RCM; NAHRES-26, IAEA, Vienna 
(1995). 


[25] INTERNATIONAL ATOMIC ENERGY AGENCY, Final Report for the TC Project 
RLA/7/007 ARCAL XXXIX “Determining the content of atmospheric contamination”, IAEA, 
Vienna (2001). 


[26] PAKEMAN, R. J., et al., Plants as Biomonitors of Atmospheric Pollution: Their Potential for 
Use in Pollution Regulation, Rev. Environ. Contamin. Toxicol., 157 (1998) 1. 


[27] JERVIS, R. E., et al., Effectiveness of Oak Leaves as Bioindicators of Environmental Pollution, 
J. Radioanal. Nucl. Chem., 188 (1994) 149. 


[28] LIPPO, H., et al., The Use of Moss, Lichen and Pine Bark in the Nationwide Monitoring of 
Atmospheric Heavy Metal Deposition in Finland, Water Air Soil Pollut. 85 (1995) 2241. 


[29] LOPPI, S., et al., Passive Monitoring of Trace Elements by Means of Tree Leaves, Epiphytic 
Lichens and Bark Substrate, Environ. Monit. Assess., 43 (1997) 81. 


[30] ONIANWA, P. C., Monitoring Atmospheric Metal Pollution: A Review of the Use of Mosses 
as Indicators, Environ. Monit. Assess., 71 (2001) 13. 


[31] INTERNATIONAL ATOMIC ENERGY AGENCY, Co-ordinated Research Project on 
Validation and Application of Plants as Biomonitors of Trace Element Atmospheric Pollution, 
Analysed by Nuclear and Related Techniques; Report on the 1st RCM; NAHRES-45, IAEA, 
Vienna (1998). 


[32] INTERNATIONAL ATOMIC ENERGY AGENCY, Co-ordinated Research Project on 
Validation and Application of Plants as Biomonitors of Trace Element Atmospheric Pollution, 
Analysed by Nuclear and Related Techniques; Report on the 2nd RCM; NAHRES-63, IAEA, 
Vienna (2000). 


[33] BLEISE, A. SMODIŠ, B., Report on the Intercomparison Run NAT-5 for the Determination of 
Trace and Minor Elements in two Lichen Samples, NAHRES-46, IAEA, Vienna (1999). 


[34] BLEISE, A. SMODIŠ, B., Report on the Quality Control Study NAT-6 for the Determination of 
Trace and Minor Elements in two Moss Samples, NAHRES-66, IAEA, Vienna (2001). 





		Contents

		Session 5 RADIOECOLOGY

		THE RELEVANCE OF SPECIATION TO THE ENVIRONMENTAL BEHAVIOUR OF RADIONUCLIDES

		1. INTRODUCTION

		2. SOURCES AND CHEMICAL FORMS OF RADIONUCLIDES

		3. ENVIRONMENTAL MOBILITY AND BIOAVAILABILITY

		4. MODELLING

		5. CONCLUSION

		REFERENCES



		BEHAVIOUR OF GAMMAEMITTERS, SR-90 AND TRANSURANIC ELEMENTS IN FOREST ENVIRONMENT

		1. INTRODUCTION

		2. AREAS, MATERIALS AND METHODS

		3. RESULTS AND DISCUSSION

		REFERENCES



		HEAVY METAL UPTAKE EFFICIENCIES BY MOSSES, LICHENS AND RYE GRASS

		1. INTRODUCTION

		2. EXPERIMENT

		3. RESULTS AND DISCUSSIONS

		REFERENCES



		USE TRACER TECHNIQUE TO INVESTIGATE THE DEPENDENCE OF SOIL-TOPLANT TRANSFER FACTOR OF SR AND CS ON THE TYPE OF SOILS

		1. INTRODUCTION

		2. MATERIALS AND METHODS

		3. RESULTS AND DISCUSSION

		4. CONCLUSIONS

		REFERENCES



		INVESTIGATION OF TRACE ELEMENT ATMOSPHERIC POLLUTION BY NUCLEAR ANALYTICAL TECHNIQUES AT A GLOBAL SCALE: HARMONISED APPROACHES SUPPORTED BY THE IAEA

		1. INTRODUCTION

		2. NATs AS APPROPRIATE ANALYTICAL TOOLS FOR TRACE ELEMENT ATMOSPHERIC POLLUTION STUDIES

		3. HARMONISED APM STUDIES CO-ORDINAED BY THE IAEA

		4. IAEA HARMONISED TRACE ELEMENT DEPOSITION STUDIES USING BIOMONITORS

		5. CONCLUSIONS

		REFERENCES










Session 11 


MARINE ENVIRONMENT AND RADIOECOLOGY 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10-13 June 2003, Vienna, Austria 


 


IAEA-CN-103/140 


RADIOTRACER TECHNIQUES FOR STUDYING POLLUTANT 
BIOACCUMULATION IN MARINE ORGANISMS 


 S.W. FOWLER, J.-L. TEYSSIE, O. COTRET, J. PAGANELLI, B. DANIS, M. WARNAU 
 International Atomic Energy Agency, Marine Environment Laboratory (IAEA-MEL), 
Principality of Monaco 
 


Abstract 


Obtaining specific information on contaminant biokinetics in marine biota is often necessary for properly 
interpreting monitoring data on trace contaminant levels in bioindicator species living under varying 
environmental conditions. Radiotracers have been employed in laboratory experiments to assess the uptake, 
distribution and retention of selected heavy metals and PCB congeners in three potential marine bioindicators 
occupying different ecological niches in the coastal zone. Pelagic and benthic jellyfish readily accumulated Co, 
Ag, Zn, Cd, 137Cs and 241Am from both water and food and retained them with biological half-lives (Tb1/2) 
ranging from a few days to several weeks. Zinc and Ag were accumulated to the greatest degree (CF~ 4 x 102) 
with benthic jellyfish having a greater affinity for metals than the pelagic species. Results from light – dark 
experiments indicate that the enhanced metal uptake in the benthic jellyfish is due to the presence of 
endosymbiotic photosynthetic zooxanthellae situated in the organism’s arms. Shore crabs ingesting Ag, a 
sewage-related contaminant, readily accumulated the metal with male crabs assimilating some 71% and female 
crabs 51% of the Ag from their food. Moreover the assimilated fraction of Ag remained virtually immobile in 
their tissues as evidenced by an extremely long Tb1/2 for depuration of 7.3 years. Sea stars exposed to 14C-
radiolabelled PCB congener #153 in seawater accumulated the congener mainly in the body wall and podia 
reaching lipid weight CFs that ranged between approximately 2-4 x 105. In contrast, following exposure in radio-
labelled sediments, corresponding PCB transfer factors in the same tissues were much lower, viz., 3-5 102. 
Nevertheless, regardless of the exposure mode, PCB CFs in the other tissues (digestive system, gonads, pyloric 
and rectal caeca) were consistently one to two orders of magnitude lower, an observation which suggests that sea 
star body wall and podia could serve as target tissues in biomonitoring studies assessing these toxic compounds. 


1. INTRODUCTION 


Inorganic and organic contaminants entering coastal waters may be concentrated by edible 
marine organisms to varying degrees from either water, their food or sediments [1]. Understanding the 
transfer of contaminants through the food web is critical to predicting the exposure of humans to 
contaminants (either through subsistence or commercial consumption of seafood) and the possible 
health consequences of such exposure. In addition such information is crucial in making accurate risk 
assessments for seafood safety purposes, a topic which is attracting much national and international 
attention. 


Nuclear techniques can be used to improve our understanding of the processes involved in the 
transfer of radionuclides and conventional contaminants through coastal marine food chains. In 
particular, the ability to radioanalyse live organisms and the increased sensitivity of radiotracer 
detection allows 1) reducing considerably biological variation in experiments, 2) measuring 
contaminant biokinetics over the long term in a limited number of individuals, and 3) studying marine 
organisms and contaminant transfer mechanisms that can not be easily investigated using standard 
analytical techniques. Furthermore it allows working experimentally at contaminant concentrations 
that closely reflect those present in the environment.   
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This overview highlights some of the advantages of radiotracer techniques used to assess 
contaminant flow through marine biota by illustrating some examples from three case studies carried 
out in the radioecology facilities at IAEA-MEL.  


2. CASE STUDIES 


2.1. Gelatinous plankton 


Jellyfish are prey for numerous invertebrate and vertebrate species and as such play a central 
role in the trophic organization of many marine foodchains. Furthermore, they are known to prey 
abundantly and selectively upon certain zooplankton species including fish larvae [2], and thereby 
may exert a major impact on the structure and dynamics of mesozooplankton communities as well as 
fish stocks. Their impact on the environment is particularly important during summer blooms, when 
jellyfish may occur in very dense aggregations containing millions of individuals. Despite the well-
known ecological importance of jellyfish, data are extremely sparse on the accumulation of metals and 
other contaminants in coelenterates although their abundance, trophic position, and planktonic 
behaviour suggest they can affect the fluxes and fate of these contaminants in marine waters. 
Therefore, our objective in this study was to investigate the biokinetics of heavy metal and 
radionuclide transfer in jellyfish in order to assess their role in the marine fluxes of these 
contaminants. Jellyfish are a primary example of organisms whose study involves several practical 
problems due to their delicate gelatinous nature and high water content. Hence the use of radiotracer 
approaches has allowed us, using live organisms, to delineate the biokinetics of selected heavy metals  
and radionuclides accumulated both from sea water and food. 


Two species of jellyfish, the benthic Cassiopea andromeda and the pelagic Aurelia aurita, were 
acclimated to laboratory conditions (open circuit aquaria; water renewal 10% per hour; salinity 38‰, 
T=18±1°C ; fed daily with Artemia salina nauplii) for approximately 8 weeks prior to 
experimentation. Both species were then experimentally exposed to radiotracers of four heavy metals  
(57Co, 65Zn, 110mAg, 109Cd) and to long-lived artificial radionuclides (134Cs, 241Am) directly from water 
or through their food (viz. Artemia nauplii previously exposed to the tracers for 48h). Using gamma 
spectrometric techniques [3], uptake and excretion of the radioisotopes were followed in whole 
animals for 1-3 months to determine concentration factors (CF), assimilation efficiencies (AE), and 
retention (Tb½) of the contaminants. Tissue distribution of the isotopes was also determined by 
dissection. In addition, the possible influence of the symbiotic zooxanthellae on contaminant 
bioaccumulation in C. andromeda was examined by performing uptake experiments under light and 
dark conditions.  


With either exposure mode (sea water or food), 110mAg and 65Zn were the metals accumulated to 
the greatest degree by both jellyfish species (Table I). Furthermore, in all cases both radionuclides, 
134Cs and 241Am, were always taken up much less efficiently and lost more rapidly than the heavy 
metals. Except in case of zinc which was taken up with similar efficiency by the two species, 
C. andromeda accumulated all other isotopes much more efficiently than A. aurita (Table I).  


Dissection of C. andromeda showed that the vesicles, situated along the arms and containing the 
endosymbiotic zooxanthellae, always displayed the highest CF for the metals tested. The CFs in 
vesicles ranged from 110 ± 8 (57Co) to 1080 ± 230 (110mAg), and were 2 to 17 times higher that those 
calculated in the other body compartments (viz. umbrella, tentacles, gut and mesoglea). This suggests 
that autotrophic metabolism of the photosynthetic zooxanthellae is actively involved in metal uptake 
by this jellyfish.  Indeed, all the metals were more readily concentrated by this species under light 
conditions (Table I). In contrast, no significant difference was observed in uptake of the radionuclides 
under light and dark conditions.  
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TABLE I. WHOLE-BODY CONCENTRATION FACTORS CALCULATED IN JELLYFISH 
EXPOSED TO RADIOISOTOPES FOR 14 DAYS IN SEA WATER 


Isotope A. aurita C. andromeda 
(in light) 


C. andromeda 
(in dark) 


57Co 6.0 ± 0.5 82 ± 3.9 64 ± 2.2 
65Zn 317 ± 37 412 ± 39 281 ± 23 


110mAg 28 ± 3.2 455 ± 25 305 ± 10 
109Cd 20 ± 3.3 224 ± 16 148 ± 11 
134Cs 1.6 ± 0.2 3.6 ± 0.4 4.1 ± 0.5 


241Am 1.2 ± 0.2 12 ± 1.3 10 ± 0.6 
 
 


Elimination of metals and radionuclides previously accumulated via seawater was also species 
dependent. Retention capacity for metals in A. aurita was quite weak in that all the accumulated 
isotopes were rapidly excreted with biological half-lives (Tb½) ranging from only 3 to 6 days, whereas 
C. andromeda retained metals much more efficiently with Tb½ ranging from 25 to 60 days. 
Accordingly, zooxanthellae may also be involved in the processes of metal release.  


The feeding experiments demonstrated that, except for 134Cs and 241Am, both jellyfish species 
readily accumulated and assimilated these heavy metals from their prey. Furthermore, heavy metal 
assimilation efficiency (AE) and resultant retention (Tb1/2) were always higher in C. andromeda (AE, 
65 to 94%; Tb1/2, 28 to 65 days) than in A. aurita (AE, 37 to 57%; Tb1/2, 20 to 29 days).  


Such radiotracer studies have shown that jellyfish take up heavy metals and retain them in their 
tissues quite efficiently, in particular Zn and Ag. Both sea water and food are important pathways for 
metal accumulation in their tissues. Metal assimilation from food was particularly elevated in 
C. andromeda, a benthic species. High metal assimilation from ingested prey coupled with a strong 
retention in tissues indicates that over the long term, dietary intake might be the predominant source of 
metal contamination in this benthic medusa. Jellyfish, which are key representatives of the gelatinous 
plankton community, constitute an important biomass in the oceans. Given they are also efficient 
metal bioaccumulators, these ubiquitous gelatinous plankton likely play an important role in biological 
transfer and recycling of heavy metal contaminants in the marine environment.  


2.2. Heavy metals transfer in crabs 


Another example of a major constraint of using classical analytical techniques for experimental 
studies is evaluating contaminant biokinetics in a given organism over the long term. Benthic crabs, 
like many other crustaceans, are known to accumulate many heavy metals and radionuclides [4], and 
are an important commercial food source for many coastal countries. The heavy metal silver is a 
common marine contaminant often associated with untreated urban sewage [5]. Using γ spectrometric 
techniques (i.e. Ge detectors), we were able to follow Ag behaviour in a small number of crabs that 
were allowed to ingest, briefly (single feeding), shrimp previously labeled with 110mAg radiotracer.  


Crabs (Pachygrapsus marmoratus; size from 0.7 to 11.4 g wet wt; n = 30) were allowed to feed 
for 9 hrs on small shrimp (Palaemonetes varians) previously exposed to 110mAg for 15 d. Loss kinetics 
of ingested 110mAg were then followed individually in each crab for 4 months.  In parallel, the 
distribution of 110mAg in their tissues was investigated using whole-body autoradiography (WBARG) 
with crabs N2-frozen at different times. 


Whole-body loss kinetics of ingested 110mAg were best fitted by a two-component exponential 
model. The short-lived compartment described loss of 110mAg along with the faeces (Tb1/2 = 8 hrs) and 
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the long-lived compartment described turnover of 110mAg actually assimilated by the organisms. The 
retention capacity of this metal was extremely strong (Tb1/2 = 7.3 y), underscoring the usefulness of P. 
marmoratus as an excellent long term recorder of silver contamination in coastal environments. 


Not surprisingly, the amount of food ingested increased with crab size, particularly in males 
(correlation coefficient r = 0.77); however, crab size (and, hence, amount of ingested food) had little or 
no effect on the assimilation efficiency (AE) of 110mAg from food. On the contrary, Tb1/2 of the short-
lived compartment increased with increasing crab size (r = 0.71 in females and 0.87 in males) 
indicating that the smaller the crab, the faster the gut transit time for the metal.  


Interestingly, the results also revealed that AE of 110mAg was related to the sex of the crab (pT test 
= 0.006); viz. AE was 71±13% in male crabs vs 51±13% in females (Fig. 1). Nevertheless, all other 
biokinetic parameters of the radioisotope were not significantly different between females and males. 


Based on 15 independent observations during the experiment, molting did not affect loss 
kinetics of ingested 110mAg indicating that the strong retention of this metal did not involve silver 
sequestration in the organism’s exoskeleton. Furthermore autoradiography (WBARG) indicated that 
incorporated 110mAg was exclusively localized in the hepatopancreas of the crabs. Therefore, 
mechanism(s) responsible for the very efficient sequestration of Ag in this crustacean are most 
probably related to hepatic metabolism. 


It should be noted that crabs were growing during the experiment and gained about 50% of their 
initial weight after 4 months. Therefore, the long-term retention of Ag could be determined only 
because of the use of a radiotracer that could be counted as whole-body activity against a background 
virtually equal to zero. Indeed, any observation using classical metal measurements (AAS, ICPS) 
would have resulted in Ag concentrations decreasing with time due to growth dilution. 


 
A.  B. 
 


FIG. 1. Loss kinetics of 110mAg from male and female crabs Pachygrapsus marmoratus after a single 
feeding on radiolabelled shrimp (A) and difference in assimilation efficiency (AE) of 110mAg ingested 
with food in males and females (B). 
 
2.3. PCB bioaccumulation in echinoderms 


The high degree of sensitivity of radiodetection methods may also be useful for investigating 
bioaccumulation of organic contaminants which occur at very low concentration, such as individual 
PCB congeners. Echinoderms are increasingly being used as coastal biomonitors of organic 
contaminants, since they are known to accumulate toxic compounds such as PCBs to relatively high 
levels [6]. Therefore the uptake of 14C-radiolabelled PCB congener #153 (viz. the most abundant 
congener found in biota) was investigated in a key echinoderm species, the common NE Atlantic sea 
star Asterias rubens.  After 4 weeks of acclimation, individuals were experimentally exposed to 
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labelled PCB cogener at realistic PCB concentrations via sea water or sediments. Owing to the high 
sensitivity of the detection technique, 14C-PCB biokinetics could be measured in individual organs, 
most of which are too small to be analysed by standard PCB measurement techniques. Results indicate 
that PCB bioaccumulation by A. rubens varies with both the body compartment and the exposure 
mode (Table II). When exposed to PCB in ambient seawater, uptake was always the most efficient, i.e. 
higher concentration factors by up to 3 orders of magnitude compared to organisms exposed to spiked 
sediments. Concentrations of congener #153 attained in the body compartments at the end of the 
experiments were in the range of values reported from several field studies. This indicates that the 
experimental procedure adequately simulated exposure conditions in the field.  These radiotracer 
experiments also allowed determining the main sea star organs which bioaccumulate PCB, i.e. body 
wall and podia. Therefore these specific organs and tissues should be considered for purposes of PCB 
biomonitoring in coastal benthic environments. 


 
TABLE II. CONCENTRATION AND TRANSFER FACTORS (CF AND TF; MAXIMUM, 
MINIMUM AND MEAN VALUES) OF 14C-PCB#153 IN THE BODY COMPARTMENTS  
OF THE SEA STAR ASTERIAS RUBENS AFTER 34 DAYS OF EXPOSURE VIA SEA  
WATER OR SEDIMENTS 
 
Sea water exposure 


 Body wall Digestive system Gonads Rectal caeca Pyloric caeca Podia 
Max. CF* 3.91 105 9.16 104 6.01 104 7.90 103 4.75 104 2.43 105 
Min. CF 3.52 105 5.44 104 2.96 104 4.58 103 1.05 104 1.72 105 
Mean CF 3.74 105 7.50 104 4.62 104 6.76 103 2.31 104 2.17 105 


 
Sediment exposure 


 Body wall Digestive system Gonads Rectal caeca Pyloric caeca Podia 
Max. TF* 417 109 150 3.43 70 863 
Min. TF 286 81 111 2.91 55 258 
Mean TF 343 94 137 3.10 61 479 


*CF and TF are calculated as the ratio between PCB#153 concentration in the sea star body 
compartments (ng g-1 total lipids) and its concentration (ng g-1) in sea water (CF) or sediments (TF). 


3. CONCLUSIONS 


We conclude that radioisotopic techniques are a very promising tool for studying under 
carefully controlled conditions transfer and transport processes of inorganic and organic contaminants 
in a variety of marine species. Such nuclear techniques are extremely sensitive and allow working with 
live organisms at realistic pollutant concentrations as well as examining biokinetics of certain organic 
contaminants in target organs which are often too small for quantifying these compounds by classical 
detection methods. Furthermore the usefulness of radiotracers to obtain rapid information on 
bioaccumulation and retention potential of contaminants in organisms selected for biomonitoring has 
widespread application to monitoring programmes and coastal zone management strategies in general. 
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Abstract 


Primary objectives of radioactive monitoring at coastal environmental in Indonesia are covering three 
aspects. First aspect is assessment of adequacy of controls on the release of radioactive material. Second aspect 
is assessment of actual potential exposures of man to radiation or to radioactive materials present in 
environmental matrices in normal situation. Third aspect is assessment of magnitudeand extent of possible 
radiation hazards to public in the even of an emergency for the purpose taking appropriate counter measures. 


The radioactive monitoring has been implementing at Jakarta Coastal and Muria Peninculla. The goal of 
monitoring activities at Jakarta bay is ultimately to provide some informations of impact operational nuclear 
facilities and application nuclear techniques in industries. In other hand at Muria Peninculla are to provide the 
base line data before operational of fosil fuel power plant. The monitoring was covering for six stations at coastal 
and offshore zone. Three kind of samples was taking from each station are sediment, water and local biotas. 
Dose rate and Gross alpha/betta analysis were taken to find early information abaout radioactivity conditions. 
Gamma analysis were taken to to find radioactive contamination. 


The result of monitoring are shown that condition of coastal and offshore zone at Jakarta bay and Muria 
peninculla was lower than Indonesia regulation standard. 


1. INTRODUCTION 


The province of Jakarta (DKI Jakarta) is geographically located in area of latitude 6o 00' – 6o 20' 
S and longitude 106o2 ' – 107o00' E. Jakarta is the capital of the Republic of Indonesia which is 
bordered by Java Sea in the Banten and West Java Province in the South (Kabupaten Bogor), West 
(Kabupaten Tangerang), and in the East (Kabupaten Bekasi). Jakarta Bay, which lies north of Jakarta, 
it is a shallow bay, with an average depth of about 15 m, an area of 514 km2, and a shoreline about 72 
km long[1]. On its eastern and western sides, the bay is bound by two capes, Tanjung Karawang and 
Tanjung Pasir, respectively. The bay receives highly polluted water from the nineteen rivers that run 
through the Jakarta Metropolitan Area.  Kepulauan Seribu is an archipelago within Jakarta Bay. This 
chain of offshore islands stretches some 80 km in a northwest to southeast line and 30 km from east to 
west. Although the name Kepulauan Seribu means 'thousand islands', there are currently 105 in all, so 
the island group is referred to in this report as the Seribu Islands. On average, the islands are smaller 
than 10 ha and less than 3 m above sea level. The archipelago is used for many purposes: tourism, 
sand mining, off shore oil exploration, sailing and fishing. Jakarta and its surrounding which is so 
called Jabotabek (Jakarta, Bogor, Tangerang, Bekasi) covers a surface area of approximately 7,200 
km2. Jabotabek relies on groundwater resources located within inside the area and on surface water 
resources within and outside its area [2]. For this reason the area has a regional character.  Coastline in 
the Jakarta Bay can be divided into three parts: (1) the West Coast; (2) the Jakarta Coast; (3) the East 
Coast (Fig. 1)[3]. 


On other hand Muria coastal, located in Central Java, is being considered as the site for 
Indonesia’s first nuclear power plant project and is being carefully studied to determine its suitability. 
As part of that study, environmental data collected before construction and operation nuclear power 
plant to provided a baseline of environmental radionuclides background concentrations.  In this area 
the coal fire power plant is under construction and after comissioning and operation, it will be changed 
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the radiological base line. For purposed of this analysis, the coastal are surrounding the site center 
point has been subdivided 8 locations at coastal area and 6 locations at nearshore (Fig. 2) [5]. 


Radioactive substances (i.e. materials containing radionuclides) can entered to Jakarta bay 
directly or indirectly, as a result of a variety of human activities and practices. These activities include 
production of energy, medical applications and other operations associated with the management and 
disposal wastes and the processing of natural materials by industrial processes. 


 


 


 


FIG. 1. Map of Jakarta Bay. 


 


FIG. 2. Muria  (Ujung Lemahabang coastal zone –Jepara). 
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This report presents the results of the marine radioactivity monitoring programme carried out by 


Radioecology and Marine Environment Section, Radioactive Waste Management Development 
Center, National Nuclear Energy Agency of Indonesia during 2002. The aim of the monitoring is to 
provide some information of impact operational nuclear facilities and application nuclear techniques in 
industries at Jakarta bay. In other hand at Muria Peninsula are to provide the base line data before 
operational of fossil fuel (coal fire) power plant. 


2. METHODS 


For monitoring at Jakarta Bay, water and sea sediment were collected from five locations at 
Jakarta bay (West coast, Kepulauan Seribu, Jakarta coast and east coast). 


Gross alpha and beta activity, radionuclides concentrations were measured on five locations: 


 
1st (Tanjung Kait):  06001’31”S, 106043’30”E.  
2nd (Kepulauan Seribu): 06002’41,8” S, 106045’0,60” E.  
3rd (Muara Baru):  06005’06”S, 106047’54”E. 
4th (Ancol):   06006’28,7”S, 106049’23,6” E.  
5th (Cilincing):   06009’44,3” S, 106046’37,2” E.  
 
For monitoring at Muria coastal, water and sea sediment were collected from eight locations at 


coastal area and six locations at Nearshore. Gamma-radiation dose rate measurements were taken at 
these areas. water and sediment were collected from eight locations at coastal zone and six from 
nearshore covering: 


a. Coastal area 


1st was Balong river:   110°45’21,06”S, 06°26’29,16” E 


4th was Suru river:   110°46’42,12”S, 06°25’48,02”E 


2nd, 3rd, 5th to 7th where technical and rain catchment irrigations are (latitude/longitude): 


110°45’36,04”S   06°26’21,06”E,   110°46’24,30”S 06°25’59,36”E 


110°48’00”S    06°25’39,28”E,   110°48’58,07”S 06°25’30,20”E, 


110°49’26,32”S   06°25’09,14”E 


8th was Geulis river  110°50’10,12”S 06°24’32,40”E 


b. Nearshore, latitude/longitude: 


1st location    110°45’00”S  06°25’48,30”E 


2nd location    110°46’00”S  06°23’37,26”E 


3rd location    110°47’00”S  06°23’6,48”E 


4th location    110°48’00”S  06°23’1,62”E 


5th location    110°49’00”S  06°23’19,44”E 


6th location    110°50’00”S  06°24’13,36”E 


 


Water, sediment and some biota samples were collected usually twice a year (in April and 
October) 1 km from the shore, at a depth of 5–10 m. Gamma-radiation dose rate measurements were 
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taken at all sampling locations. Determination gross alpha and beta emitter were used alpha/beta low 
background counter. Determination of gamma emitter were used direct measurement of 1L sea water 
and 0.5 Kg sea sediment were used MCA gamma spectrometer. A gamma ray spectrometry system 
based on a HPGe detector (FWHM 1.90 keV at 1.33 MeV) coupled to a computerized data acquisition 
system (4096-channel pulse height analyser and personal computer) was used to determine 
radioceasium levels and other radionuclides in the samples from their gamma ray spectra. The detector 
is shielded with 10 cm thick lead. Samples were measured in cylindrical plastic containers (sediments) 
appropriate volume and 1000ml of bottle (seawater) that were placed directly on top of the detector. 
Counting time depended on sample activity, but was never less than 43,200 seconds. For the 
determination cesium, were used radiochemical methods. One methods were applied for determination 
of the dissolved 137Cs in 100L of seawater. Coprecipitation of 137Cs with AMP (Ammonium 
molybdophosphate).  


3. RESULTS AND DISCUSSION 


Jakarta Bay is important for a number of human activities which contribute significantly to the 
economic development of the region. However, the high population growth rate, together with the 
expansion of Jakarta City during the second half of the 20th century, have led to serious pollution and 
over-exploitation of coastal and marine resources, thus threatening the sustainability of the marine 
environment. Within Indonesian coastal waters, Jakarta Bay has undergone some of the most drastic 
changes over the last few decades. There are many factors involved in ecosystem degradation in 
Jakarta Bay, some of them natural such as the high sea surface temperatures during the El Niño 
episodes, many others are man-induced. Large scale sand extraction started with harbour  dredging in 
the Jakarta Bay area, generally the dredged material was dumped elsewhere in the bay. In the 1970s, 
sand extraction for building started on a small scale and was carried out manually. Since the extensive 
dredging activities have been allowed to proceed, despite local government regulations banning the 
exploitation of sand, gravel and boulders, in order to provide construction materials. In addition, 
mangrove destruction for land reclamation for residential and fishpond development has resulted in 
increased sedimentation, loss of species habitat and ecosystem degradation.  


The hinterland is the primary source of pollution in Jakarta Bay. All the wastewater from the 
Jakarta Metropolitan Area ends up in Jakarta Bay. Several major coastal rivers transporting sediments, 
sewage, agricultural and industrial effluents (some of them are Industrial Sectors with TENORM), and 
solid waste flow into Jakarta Bay.  The rivers flowing through the Jakarta Metropolitan Area pick up 
large amounts of domestic effluents and solid waste.  Erosion caused by agricultural activity 
constitutes another source of pollution – suspended sediments in rivers and Jakarta Bay waters. Solid 
waste, which may originate from domestic, industrial or agricultural sources has increased since 1985. 


To provide the information of radiological condition at Jakarta by that result from impact of 
overexploitation at terrestrial, the measurement of dose rate and analysis of water and sea sediment 
samples (gross alpha/beta and gamma) as indicator materials.  


The results are given in Figs 3 to 7. 
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FIG. 3. Dose rate at Jakarta Bay. 
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FIG. 4. Gross alpha and beta emitter in seawater at Jakarta Bay. 
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FIG. 5. Concentrations of alpha and beta emitter in sea sediment at Jakarta Bay. 
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FIG. 6. Concentrations of radionuclides on sea water at Jakarta Bay. 
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FIG. 7. Concentrations of radionuclides on sea sediment at Jakarta Bay. 


Dose rate at Jakarta bay were 0.08 to 0.1 µSv/h. The observed radiation dose rates are totally 
attributable to natural background radiation. The result of analysis was found that activities of gross 
alpha and beta emitter in seawater at Jakarta bay were 0.02Bq/L and 0.03 Bq/L. The activities of gross 
alpha and beta in sea sediment were 10 –90Bq/L and 100 – 240Bq/Kg. The result of analysis can 
explain that all areas at Jakarta bay not contaminated by radionuclides from terrestrial. Indonesia 
regulation for water pollution maximum at 0.1Bq/L for alpha and 1Bq/L for beta emmiter. As would 
be expected, analyses of seawater and sediment indicated a detectable presence of naturally occurring 
40K, 226Ra, 228Ac and 228Th-228. Radionuclide data from the analyses of seawater and sediment 
samples were concentration of naturally occurring decay products of 238U and 230Th.  


At 1st and 3rd locations (Tanjung Pasir and Muara Kamal) are the western coast consist of beach 
ridges and deltaic plain. The Cisadane river is the main surface water resources in the western coast. 
Conflicts between agriculture, municipal and industrial water users are occurring with increasing 
intensity. Water quality of these rivers has been significantly degraded by agricultural, industrial and 
municipal pollution. Many industries are placed along the Cisadane river stream included Industrial 
Sectors with TENORM. Because of that, these rivers are potentially high in pollution. The main 
radionuclides in the uranium series in industrial TENORM are 238U, 234U, 230Th, 226Ra, and 222Rn (and 
progeny). In the thorium series are 232Th, 228Ra, and 220Rn (and progeny). In addition, 40K should be 
characterized [4]. On other hand Indonesia’s Nuclear Research Reactor at Serpong site is placed at this 
river. The other nuclear research facility is located at Pasar Jum’at, southern of Jakarta. These facilities 
are completed by the water canal that will flow to Pasanggrahan river. Pasanggrahan river is smaller 
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than Cisadane river and will discharge to Jakarta bay (western coast). The artificial radionuclides can 
enter to western coast pass through these rivers. Agriculture sector used phosphate fertilizers that one 
of the end products from the phosphate industry. Radionuclide concentrations vary with the type of 
fertilizer and production process. There is coal-fired power plant operated by electric utilities at Muara 
Karang (3rd locations). Coal consumption generates large amounts of coal ash that requires proper 
management and disposal, either at the point of use or elsewhere in ash impoundment facilities. Coal 
contains naturally occurring uranium and thorium so coal ash may present a potential radiological risk 
to exposed individuals.  


Based on the environment conditions of western coast, the result of analysis show at 1st location 
(Tanjung Pasir) shown that the largest radionuclides content are the naturally-occurring decay 
products. Typical seawater average concentrations of K-40, Ra-226, Th-228, are about 47.5 Bq/L, 10.4 
Bq/L and 2.26 Bq/L respectively. Typical sediment average concentrations of 40K, 226Ra, 228Ac and 
228Th-228 are about 234. Bq/Kg, 125Bq/Kg, 92Bq/Kg and 185 Bq/Kg respectively. 226Ra is produced 
by 238U decay chain; 228Ac and 228Th are produced by thorium decay chain. No indication 
accumulation by industrial that used natural radioactive material (eq. mantle gas kerosene lamp 
industry etc). Natural radionuclide at these location result by run off from terrestrial. Mechanical 
(physical) and chemical processes break rock down into soil. Weathering plays a key role in this 
process. Where mechanical processes dominate the breakdown, the separation usually occurs along 
mineral boundaries that leads to a separation of the major silicates from the minor ones containing the 
thorium and uranium. The artificial radionuclides (eq: 60Co, 137Cs) were not found on sea water, sea 
sediment and biota. The result was shown the radionuclide sources in this are not related to the 
Indonesia Nuclear Research Reactor activities at Serpong site. 


The result of analysis show at 3rd location (Muara Angke) that the largest radionuclides content 
are the naturally-occurring decay products. The levels concentration of 226Ra, 228Th, and 40K both in 
water and sea sediment near similar with 1st location. Typical seawater average concentrations of 40K, 
226Ra and 228Th, are about 66.1 Bq/L, 16.4 Bq/L and 0.47 Bq/L respectively. Typical sediment average 
concentrations of 40K, 226Ra, 228Ac and 228Th, are about 218 Bq/Kg, 134Bq/Kg, 31.2Bq/Kg and 176 
Bq/Kg respectively. 226Ra is produced by 238U decay chain; 228Ac and 228Th are produced by thorium 
decay chain. No indication accumulation by industrial that used natural radioactive material. The 
artificial radionuclides (eq: 60Co, 137Cs etc) are not found on sea water, sediment and biota. The result 
was shown the radionuclide sources in this area not related to the Indonesia nuclear research activities 
at Pasar Jum’at. No indication accumulation of natural radionuclide from coal-fired power plants.  


At 2nd location (Seribu Island) is used for many purposes: tourism, sand mining, off shore oil 
exploration, sailing and fishing. Radioactivity in oil and gas production and processing equipment is of 
natural origin and is now known to be widespread, occurring throughout this area. Uranium and 
thorium compounds are mostly insoluble and as oil and gas are brought to the surface, remain in the 
underground reservoir. As the natural pressure within the bearing formation falls, formation water 
present in the reservoir will also be extracted with the oil and gas. Some radium and radium daughter 
compounds are slightly soluble in water and may become mobilized when this production water is 
brought to the surface. Based on the environment conditions of western coast, the result of analysis 
shown at 2st location (Seribu islands) that the largest radionuclides content are the naturally-occurring 
decay products. Typical seawater average concentrations of 40K, 226Ra, 228Th, are about 55.3Bq/L, 13.6 
Bq/L and 0.31 Bq/L respectively.  Typical sediment average concentrations of 40K, 226Ra, 228Ac and 
228Th, are about 203 Bq/Kg, 113Bq/Kg, 52.3Bq/Kg and 153Bq/Kg respectively. 226Ra is produced by 
238U decay chain; 228Ac and 228Th are produced by thorium decay chain.  No indication accumulation 
by oil exploration activities. 


At 4th locations (Jakarta City coastline area) consists of houses, buildings, port construction etc. 
Ciliwung river is streamed from western and central Jakarta municipality to Jakarta bay. These rivers 
has fluctuated debit, during dry season the debit is very small whereas in rainy season sometimes 
brought floods to the down stream. Many industries are placed along the Ciliwung river stream (eq: 
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pharmaceutical, manganese battery, electronic etc). Because of that, these rivers is potentially high in 
pollution. Ciliwung river is streamed from western and central Jakarta municipality to Jakarta bay. 
These rivers has fluctuated debit, during dry season the debit is very small whereas in rainy season 
sometimes brought floods to the down stream. On the contrary, next to the east coast, mangrove and 
conservation area are found. Fresh water in this area has been influenced by man and is polluted due to 
transportation of organic pollutant derived from the city such as waste disposal (industry, 
manufactures, houses, hospital, etc.). Other waste sources are from settlement area and fishermen 
village which densely populated in coastline areas from Muara Baru to east up to Cilincing. The 
people are usually dumping all waste materials directly to the sea. As a whole, the coastal 
development is not really discernible, except in Marunda and a part in east of Ancol coastlines area 
where abrasion occurs.  


Based on the environment conditions of Jakarta coast, the result of analysis shown that the 
largest radioanuclides content are the naturally-occurring decay products. Typical seawater average 
concentrations of 40K, 226Ra and 228Th, are about 52 Bq/L, 11.7 Bq/L and 1.44Bq//L respectively. 
Typical sediment average concentrations of K-40, Ra-226, Ac-228 and Th-228, are about 249 Bq/Kg, 
235Bq/Kg, 78.1Bq/Kg and 162Bq/Kg respectively. 226Ra is produced by 238U decay chain; 228Ac and 
228Th are produced by thorium decay  chain. The result was shown the radionuclide sources in this area 
not related to waste discharge from industries or hospitals. 


At 5th location (eastern coast) consists of marshy land and deltaic plain of Citarum. The 
characteristics of the eastern coastline of the area from Marunda to Tanjung Krawang is dominated by 
mangrove and in part other vegetations. Sands are distributed around river mouths (Muara Tanjung 
Krawang, Muara beting, and Muara Bungin); other river mouths contain mainly of muddy sediments. 
Accretion process of the coastline is persisting, while abrasion occurs in minority at Muara Blacan. 
Based on the environment conditions of eastern coast, the result of analysis show that the largest 
radioanuclides content are the naturally-occurring decay products. Typical seawater average 
concentrations of 40K, 226Ra and 228Th, are about 52.7q/L, 10.3Bq/L and 1.12Bq//L respectively. 
Typical sediment average concentrations of 40K, 226Ra, 228Ac and 228Th are about 238 Bq/Kg, 
140Bq/Kg, 62.5Bq/Kg and 170Bq/Kg respectively. Ra-226 is produced by 228U decay chain; 228Ac and 
228Th are produced by thorium decay chain. The result was shown the radionuclide sources in this area 
not related to waste discharge from industries. 


The Ujung Lemahabang site is Muria coastal zone, located on the northwestern shoreline of 
Muria Peninsula in Jepara, Central Java. The coordinates of the centre of this site are latitude 6 
degrees, 25 minutes 40 seconds south and longitude 110 degrees 47 minutes 20 seconds east. This area 
is defined as 4.25 km2 and there are no large rivers or stream near the site. The site and adjacent areas 
are relatively flat, a few meters to a few ten meters above sea level and free of topographic constraints. 
Land on 4.25 km2 site consists of about 316 ha of plantation dominated by cacao trees. Land with in 
the 2 km radius is also committed almost entirely to plantation and rice field. The land use of the site 
is essentially plantation agriculture, coconut and cocao trees surrounded by shield trees, with some 
land devote to rice production. The wide range industry exists in 50km radius, including large, 
medium and small site industries as well as home industries engaged in food and food processing. The 
industrial areas are centralized in Jepara city, located about 20 km to the north west Ujung 
Lemahabang site, where main industries are furniture fabrication, aquaculture etc. 


There are two major rivers, Balong river (1st coastal location) about 2 km of the site and Gelis 
river (8th coastal location) about 5 km of the site. In upper and middle Balong river, river bed slope is 
steep and V-shaped valley is formed. In this area, surface geology consist of lava and volcanic breccia 
which are hard and stable. In downstream to the south from provincial road, outcorps of volcanic 
breccia which belongs to Middle Muria Sedimentary rocks are exposed on the river bed and Young 
Muria sediments such as volcanic conglomerate and tuff lie on river bank. On the eustaries of these 
river, some people was mined the sand. The mining products such as sand and gravel have a good 
market in town. The cost of extraction for mining are cheaper than cost to produce agriculture 
products. Thus, this condition could encourage people to extract the mining products from Muria 
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coastal, legally and/ or illegally. Many consumers come directly to the contractor to order mines 
products. However, no report about the amounts of resource extraction in the study areas. The scale of 
resource exploitation also varies from subsistent to commercial scales. Fish cultures are plenty found 
in the down stream segment of Muria coastal. 


The Muria coastal zone monitoring programme in 2002 consisted of a measurement of 
dose rate and analysis of seawater and sea sediment (gross alpha/beta and gamma) as 
indicator materials. The results given in Figs 8 to 13.  
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FIG. 8. Dose rate at  Muria coastal area. 
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FIG. 9. Dose rate at Muria nearshore area. 
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FIG. 10. Average concentration gross alpha and beta emmiter on water at Muria area. 
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FIG. 11. Average concentration gross alpha and beta emmiter on sediment at  Muria area. 
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FIG. 12. Average concentration radionuclides on water at coastal and nearshore Muria. 
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FIG. 13. Average concentration radionuclides on  sediment at coastal and nearshore Muria. 


 


The result of analysis at Muria Coastal and nearshore were shown that all location were near 
similar with Jakarta bay. The largest radioanuclides content are the naturally-occurring decay 
products. The levels concentration of 226Ra, 228Th, and 40K both in water and sea sediment. The 
artificial radionuclides (eq: 60Co, 137Cs etc) are not found at water and sediment both from coastal and 
nearshore. 


4. CONCLUSION 


The largest radionuclides content at Jakarta bay and Muria Coastal shown were the naturally-
occurring decay products both on water and sediment. The artificial radionuclides (eq: 60Co, 137Cs etc) 
are not found. At Jakarta bay shown that radionuclide sources not related to the Indonesia nuclear 
research activities at pasar Jum’at and The Indonesia Nuclear Research Reactor activities at Serpong 
site. 
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Abstract 


The work describes the uptake, retention/biological elimination and organ/tissue distribution of 137Cs by 
Japanese Catfish (Silurus asotus Linnaeus) under laboratory conditions. The fish were divided in to three groups 
viz. large, medium and small based on their size and age and reared into the 137Cs spiked water.  The 
concentration of 137Cs in the whole body of the live fish was measured at certain intervals up to 60 days. A 
significant accumulation of 137Cs was found but a steady state  condition was not achieved by the end of the 
experiment. The Bfs at steady state condition and the required time were estimated to be 1.55 and 255 d, 1.76 
and 180 d and 1.99 and 160 d for large, medium and small size fish respectively. To determine the effective half-
life of 137Cs, the fish were transferred and reared into the non contaminated host water. The concentration of the 
remaining 137Cs in the whole body of the live fish was measured up to 66 days.   The average effective half-life 
of 137Cs in the fish species was found to be  ~ 142 days for all size of fish. The uptake rate and the retention 
capability of juvenile fish were found to be higher and therefore, more susceptible to 137Cs than adult and old fish 
and could be an important source of 137Cs in the human food chain. The distribution of 137Cs in different 
organs/tissues of the fish were determined. Accumulation of 137Cs in muscle/flesh of the fish was found to be ~ 
75% of whole body accumulation.  


 


1. INTRODUCTION 


Artificial long lived radionuclide spread worldwide through nuclear accidents and atmospheric 
weapon tests. In addition, effluents from nuclear facilities like nuclear reactors, fuel fabrication and 
reprocessing, radioisotope production and other allied nuclear activities such as usages of 
radioisotopes in medicine, industry and agriculture constitute enhanced radiation risk to  man locally 
and globally [1-8].  


Radiocesium, an anthropogenic fission product have been spread worldwide through nuclear 
weapon tests and nuclear accidents and draw utmost attention for its long physical half life, high 
fission yield [9-13] and high bioavailability [14]. After the Chernobyl accident, further interest has 
been grown on the radionuclide [15]. Owing to its chemical and physiological similarity with 
potassium, 137Cs can easily enter into food chain and become an important contributor to internal 
radiation dose of animal bodies [16, 17].   


Fish is a major source of protein and nutrition and therefore, become a potential carrier of 
radionuclides from aquatic environment to man. Because 137Cs is accumulated and concen-trated in 
skeletal muscle, consumption of contaminated fish can be an important pathway for human exposure 
[18, 19]. Therefore, it is prudent to determine the bioaccumulation factors (Bfs) for different species of 
fishes in order both to document the prevalence of 137Cs in fish and to account the transfer of 
radiocesium to man through fish. In order determine the BFs, a knowledge of their accumulation in 
fish is essential.  
                                                      
* Permanent address: Health Physics Division, Atomic Energy Center, Dhaka. 4, Kazi Nazrul Islam Avenue, GPO Box-164, 
Ramna, Dhaka 1000, Bangladesh. 
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In natural environment, fish take up radionuclide from water and from food. After leaving the 
contaminated area, fish eventually lose much of their radioactivity. A study of the elimina-tion of 137Cs 
by fish is needed to gather data  to assess the expected contamination level  to predict the time 
required for fish to be adequately free from contamination through biological elimination and physical 
decay [20]. Accurate prediction of 137Cs elimination is important in gauging potential health effects of 
environmental releases and for estimating food consumption by free ranging fish [21, 22, 23].    


Different radionuclides accumulated in different tissues, such as Strontium accumulated mainly 
in bone and Cesium in muscle and influence the dose to the consumer according to their dietary habits. 
Some person may like to eat the flesh and/or soft bone of the species, specially when consuming small 
fishes [24, 25]. Therefore, quantifying the distribution of 137Cs within various tissues and organs is of 
importance.  


Many studies have been carried out on accumulation and loss of various radionuclides by 
different species of both marine and fresh water [6, 7, 26-42] and on uptake and retention of 137Cs in 
fresh water fish [15, 16, 21, 29, 43-46]. However, experiments have not been conducted on Japanese 
cat fish (Silurus asotus Linnaeus). The catfish is abundant in Japan (known as Namazu), Bangladesh 
(known as African Magur), India, Malaysia, Thailand, Cambodia and other countries in South and 
South East Asia and is fairly consumed. The fish has ancillary respiratory organs enabling it to breath 
air and therefore live out of water thus easily kept under laboratory conditions for long time. 


 


2. MATERIALS AND METHODS 


137Cs in Chloride form (811.4 KBq mL-1 on July 04, 2002) obtained from Amersham, UK, was 
released into three glass experimental aquaria of dimension 1.0 × 0.5 × 0.5 m containing 200 liter fresh 
tap water. The water was dechlorinated using sodium thiosulphate. The conce- ntration of 137Cs in 
water was found to be 5.41 Bq/ml. The pH and electrical conductivity of the water were 7.47 at 180C 
and 5.0 × 103 Ω.cm respectively.  


Three sizes of Japanese catfish (small, medium and large) were obtained from local fisheries 
(Saitama Prefecture Fish Distribution Center, Japan) and maintained them in three 200-L glass aquaria 
(each aquarium contained one group) and acclimated for 15 days. Based on their age, size and weight, 
the fish were divided into three groups, which were also the divi-sion into juvenile, adult and old fish 
(Table I). After acclimatization, six fish from each size group were selected for the experiment and 
released into three different aquaria having the same volume of water and 137Cs concentration. The 
aquaria were interconnected by water pump and equipped with air pump to ensure the normal oxygen 
level in the water. Tempera- ture was maintained at 200 ± 10C using heater and refrigeration unit.  


TABLE I. SIZE AND GROUP DISTRIBUTION OF JAPANESE CAT FISH 


 
Group No. of 


Fish 
Range of 
Length 
(cm) 


Range of 
Weight (gm) 


Average 
weight (±1σ) 


Age Size Remarks 


1 6 47-51 730-1000 876.67 ± 110.94 3 yrs Large Old 
2 6 30-39 200-360 265.00  ± 57.88 1 yr Medium Adult 
3 6 12-15 14-25 19.83 ± 3.87 3 mo. Small Juvenile 


 


Throughout the acclimation and experimental periods, the fish were fed commercial high 
protein ration (soft moist pellets, Nissin Animal Food Company, Japan) three times per week. In the 
first few days of the experiment, the pellets were directly released into the water, how-ever due to the 
degradation of the water quality by the remnants of the food, the fish were hand-fed pellets while they 
were out of water for counting purpose. The pellets were inserted in to the stomach of the fish of large 
and medium size in each counting day. From time to time, medium and large size fish were also fed 
live loach  (oriental weather fish / canto, Misgurnus anguillicaudatus) of 3-5 cm length directly 
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released into the aquarium and the catfish prey them. For small size fish, small pellets were directly 
given into the aquarium. 


Fish was removed from the aquarium and placed in a plastic bucket containing 10-L water 
mixed with 5 mL of FA100 anesthetic (4-allyl-2-methoxy-phenol). The fish were immersed in to the 
anesthetic solution for 3-5 min, until the fish’s behavior indicated that the anesthesia had been attained 
(unable to remain upright).  During the time, lightly adhered 137CsCl to the fish skin was 
decontaminated by the fish movement into water. The fish was then removed from the bucket, 
weighed and wrapped with two thin polyethylene bags to avoid possible contamination. Then the 
pouch containing the fish placed into the detector for whole body counting.  


The live counting of the whole body radioactivity of the fish belonging to different size-groups 
were carried out by wrapping them into two polyethylene bags and placing it into a doughnut/cylinder 
type 2.7 liter plastic scintillation counter (Nuclear Enterprise NE 224). The efficiency of the detector 
for each size group was determined using standard 137CsCl solution homogeneously mixed with fish 
tissue powder arranged in the shape of the fish in counter. The efficiency of the detector was found to 
be 0.2064, 0.15983 and 0.15296 for small, medium and large size fish respectively. Each pouch 
containing the unconscious fish placed into the counter for the whole body counting for 180 s (Fig. 1). 
Immediately after taking the counts, fish was hand fed fish mil pellets and then released into its host 
aquarium. The background count rate was measured for 10 min before and after the fish counting and 
was subtracted from the gross count rate to obtain the net count rate. The 137Cs concentration in the 
water was also measured and the Bf was calculated based on the 137Cs concentration in the fish and 
water.  


 


 
 
FIG. 1. Geometry for the live counting of the whole body Japanese catfish.  
A. The fish. B. Front view. C. Side view. The length, diameter and the volume of the detector are 
20 cm, 13 cm and 2.7 liters, respectively.  
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The concentration of 137Cs in the fish body was obtained from the relation, A = C /(E × W) Bq/g, 
where C = counts per second in the whole body of the fish, E = efficiency of the detec-tor and 
W = weight of the whole body fish (g). 


The Bf was determined from the formula: 
 


Bf = 
(Bq/mL)in water Activity 


(Bq/g)body fish in Activity  


After calculating the Bf for each fish, the average Bf of a particular group at the sampling day 
was determined with one standard deviation. The measurements were carried out for 60 d at scheduled 
intervals.   


Following 60 d of exposure to 137Cs, fish were transferred to 200-L aquaria containing non 
radioactive fresh tap water for elimination/retention studies. Like the uptake experiment, each group 
was released in different aquarium.  The water in each aquarium was changed at every 72 hours until 
the end of the experiment. All fish were count alive for whole body radioactivity at regular interval up 
to 66 d at 200 ± 10C to study the elimination behavior of 137Cs. The fish were returned to the aquarium 
immediately after the radioactivity measure-ment and feeding. The radioactivity data were not 
corrected for physical decay as the physical half-life of 137Cs is rather long, and thus the error is 
insignificant.  


At the end of the elimination experiment, three fish from large and medium size group were 
killed by anesthetic overdose and dissected to determine the 137Cs distribution in different organs 
and/or tissues. For small size, three fresh fish were exposed to 137Cs spiked water for 30 days in order 
to accumulate the radionuclide. Then the fish were killed and dissected like the fish of other group. 
Firstly, the blood was sucked from the heart by a syringe. Then the liver, kidney, air bladder, visceral 
mass, egg/testes, spleen, bone and fins were dissected. Head was separated from the body and gill 
flaps were detached from it. The organs /tissues were then counted for the accumulated 137Cs using the 
Plastic scintillation counter duly calibrated for the every geometry taken by the counting samples. The 
percent of total body amount of 137Cs that was present in each organ was estimated. All statistical 
analyses and plotting the graph used the software package Plot-It, Scientific Programming Enterprises, 
Haslett, MI-48840, 2002.  


3. RESULTS AND DISCUSSION 


The Bfs obtained from the uptake experiment are shown in Fig. 2, which illustrates the general 
pattern of 137Cs uptake behavior for 19 sampling days over a period of 60 days. The data for all groups 
were fitted to a solution for a simple two compartment model using nonlinear regression At = A0 (1- e-


bt), where At is the Bf at time t, A0 is the Bf at Steady State Condition (SSC) and b is a rate constant. 
The values of A0 and b were 1.55 and 0.021 for large size, 1.76 and 0.028 for medium size and 1.99 
and 0.0295 for small size fish. The statistical error {(± 1σ/Mean) ×100} associated with the Bfs varied 
from 4 % to 52 %, 15% to 55% and 11% to 49% for small, medium and large size fish respectively. 
The maximum deviation between calculated and experimental values was 5.6%, 5.8% and 14.3% for 
small, medium and large size fish respectively.  


From Fig. 2, it is evident that the 137Cs uptake initially increased rapidly followed by a more 
gradual accumulation, however steady state concentration was not reached at the end of this 
experiment. Simulation of uptake kinetics showed that steady state condition of Bf would achieved by 
the 160th (Bf = 1.99), 180th (Bf = 1.76) and 255th (Bf = 1.55) days for small, medium and large size 
fish respectively. It is seen that juvenile fish accumulated more 137Cs and achieved SSC much earlier 
and than the adult and old fish. This result is also supported by the fact that younger Atlantic salmon 
(Salmo salar L.), Brown trout (Salmo trutta L.) and Climbing perch (Anabus testudineus) fish have 
more uptake capability than the correspond-ing adult fish [20, 29]. 







 


 


 
 


 


FIG. 2. Uptake of 137Cs by Japanese catfish. Bioaccumulation factors are plotted on Y axis 
against exposure time on X axis. 
The data for all groups are fitted well with the equation  At = A0 ( 1 – e- bt). ➞Small size, 


 ➞Medium size and ➞Large size. 
 


There are several ways that fish can take up radionuclide, uptake through a contaminated diet 
(food is contaminated by contact of contaminated water), absorption through the skin, and during the 
breathing. Fish fill their mouth with water and release it through their gill flaps by pressure. During the 
process, uptake occurs by absorption through the mouth and gill flaps [20]. The gill surface is very 
much greater than that of the rest of the body and more highly vascular than that of skin; therefore gill 
is a site of active accumulation of ions to offset losses due to osmosis (Hewett and Jefferies 1978; 
Parry 1966). Further, drinking might be a rout although fresh water fish drink very little. Besides, 
some water may enter accidentally [20]. Uptake through diet is a significant mode of 137Cs 
accumulation [29]. In this experiment, the whole body 137Cs activity measured that was accumulated in 
all these way.  


The concentration of 137Cs remaining at different time period (on transferring to non radioac-
tive water) is plotted in Fig. 3 to show the rate of loss 137Cs through biological elimination and 







physical half life. The slopes of the curves show that there is only one rate of loss involved. The data 
for all size of fish fit well by Y = A – MX where A is the intercept and M is the slope. The values of A 
and M are 2493.83 and 9.9514 (R2 = 0.97), 1099.69 and 4.35392 (R2 = 0.936) and 147.918 and 
0.508609 (R2 = 0.859) for large, medium and small size fish respectively. The statistical error 
associated with the retention data varies from 13.22% to 19.00%, 30.15% to 33.38% and 11.46% to 
17.13% for small, medium and for large size-group, respectively.  The maximum deviation between 
the calculated and experimental values is 10%, 9% and 5% for small, medium and large size, 
respectively.  


The slopes of the curves, the effective elimination constant λeff  (fraction of the total body 
burden eliminated per unit time), are expressed as λeff = (ln C1 – ln C2) / ( t2 – t1). The effect-tive half 
life Teff is calculated from the formula Teff = 0.693 / λeff . The values of Teff


   were found to be 152.95d 
(λeff


 = 0.004531 d-1), 143.48d (λeff
 = 0.00483 d-1) and 130.75d (λeff


 =  0.0053d-1) for small, medium and 
large size respectively (small size> medium size> large size). Neglecting the difference in the half 
lives among the size groups, the average Teff of  137Cs in Japanese Cat fish is found to be 142.40 ± 
11.12 d.  


Studies showed that the Teff of 137Cs in channel cat fish (Ictalurus punctatus) [16], Shingi cat 
fish (Heteropneustes fossillis) [49], Climbing perch (Anabus testudineus) [20], Arctic Charr 
(Salvelinus alpinus)[21], brown  trout (Salmo trutta) [24]  are 201, 33, 145-300 (depends on size), 550, 
and 357 days respectively. The Teff of 137Cs in  perch (Perca fluviatilis), pike (Esox lucius), roach 
(Rutilus rutilus) and rudd (Scardinius erythrophta-lmus) ranged from 2.2 to 2.6 y [50]. Since the 
physical half life of 137Cs is rather long (30 y) the biological half life, in this case, is nearly equal to the 
effective half life in the fish. 


The Teff of 137Cs in the small size fish was highest in compared to the medium and large size 
fish. The high half life indicates slow removal of 137Cs from the fish. Cesium accumu-lated in the 
flesh/muscle and more tender/soft flesh may be of more retentive of cesium [20].  


Different results were obtained when the Teff were determined by another method. The λeff  in 
individual fish of a group was determined first by regressing the whole body activities  in fish against 
the elapsed time. The average λeff  for a group were then calculated  and  were found to be 0.0046 ± 
0.0016d-1,  0.0048 ± 0.0006d-1  and 0.0050 ± 0.0006d-1 with  corresponding half life  150.65d, 144.38d 
and 138.60d for large, medium and small size respectively.  In contrast to the result previously 
obtained (152.93d, 143.48d and 130.67d for small, medium and large size respectively), Teff is the 
highest in the old size and lowest in the small size fish.  Obviously, half life calculation by the first 
method is more reasonable as it contained the mean of the data obtained form all fish in a group in 
each sampling days throughout the experiment and the mean of the data in every sampling day 
reasonably represent the actual radionuclide accumulated at particular time in a particular group of the 
fish species.   







 
FIG. 3. Elimination curves of 137Cs from Japanese cat fish. The concentration of 137Cs 
remaining in the fish body are plotted on Y axis against elapsed time on Y axis. ➞Large 
size,  ➞Medium size and Ο➞ Small size. 
 


Close observation of Fig. 3, it seems that the data for large size fish during the first 10 days have 
different slope than that of the rest. Regressing the data separately for the first 10 days and for the rest 
against elapsed time yields the half-life of 0.25d and 168.80d for fast and slow component 
respectively. However, data of other two sizes don’t show such components.  


Fish receiving acute dose generally shows two component retention curves because the fish 
exhibit artificially high initial losses of administered radionuclide [22, 51]. Orally administe-red 
radionuclide may not be absorbed totally and the unabsorbed dose rapidly loose from the fish by 
egestion. Further, dose by injection may leak through the sites [16]. However, this mode of 
radionuclide loss is not present in chronically contaminated fish. Animal whose radiocesium body 
burdens are at equilibrium with their environment, show single component retention curves [23, 52]   


Prior to the loss experiment, the fish were exposed to 137Cs for 60 days and therefore, the fish 
could be considered as chronically contaminated. Further, slow and fast components of radiocesium 
elimination can’t be differentiated in studies of less than about 100 days [23]. Fish in this experiment 
were counted for elimination experiment for 66 days only.  Therefore, it may be concluded that there 
is only single rate of 137Cs loss from chronically contaminated Japanese catfish.  The apparently 
different slope of data for the first few days in retention curve may be associated with the counting 
error.  


The λeff of chronically contaminated fish is about 40% longer than expected for acutely exposed 
fish [16 ]. Within the individual species, Teff of 137Cs is affected by factors that influence metabolic 
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rate, increasing by a factor of 2 to 3 for each 100C increase in temperature and to a lesser degree in 
proportion to body mass [46,53]. Other factors such as the age of the fish and acclimatization 
condition may also influence the 137Cs elimination rate [16].  


Accumulation and elimination rates of radiocesium increases with handling stress [54], and the 
result obtained with minimum human disturbance of the fish is the most reliable result [46]. Repeated 
anesthesia may also disturb the uptake and retention rate significantly.  


Table II shows the activity found in different parts of the fish body. 75% of the of the total 137Cs 
body burden found to be accumulated in muscle. Muscle comprises the largest tissue compartment for 
cesium and 137Cs accumulated in the intracellular portion of the soft tissue, therefore, the kinetics of 
137Cs in muscle dominate the kinetics of the whole body [15].  


The activity found in the bone and head was found to be 4% and 11%. Some flesh remained 
attached to the bone and head during the dissection. Part of the total activity is attributed to the activity 
in muscle stick to bone and various locations of the head.   


 
TABLE II. DISTRIBUTION OF 137CS IN VARIOUS ORGANS AND TISSUES OF JAPANESE 
CATFISH 


 
% of 137Cs ± 1σ Tissue/Organ  


 Large Medium Small Average 
Muscle 75.08 ± 0.93 77.45 ±2.76 72.43±1.76 74.98 ± 2.51 
Bone 4.72 ± 0.92 2.98 ±0.48 3.83 ± 2.02 3.84 ± 0.87 
Head 9.39 ± 2.10 9.23 ±1.20 13.83 ±1.84 10.82 ± 2.61 
Gill 0.99 ± 0.27 0.30 ±0.17 2.56 ± 0.57 1.28 ± 1.16 
Fin 0.76 ± 0.30 0.73 ±0.69 1.51 ± 0.26 1.00 ± 0.44 
Blood 0.34 ± 0.08 0.31 ±0.17 1.77 ± 1.80 0.81 ± 0.83 
Air bladder 0.13 ± 0.17 0.16 ±0.12 1.04 ± 0.71 0.44 ± 0.52 
Kidney 0.42 ± 0.26 0.11 ±0.01 1.08 ± 0.63 0.54 ± 0.49 
Spleen 0.11 ± 0.06 0.09 ±0.02 1.07 ± 0.72 0.42 ± 0.56 
Liver 0.65 ± 0.09 0.09 ±0.03 1.17 ± 0.86 0.64 ± 0.54 
Egg 2.49 ± 0.54 1.92 ±0.50 --- 2.21 ± 0.40 
Testis --- 0.07 ± --- 0.07 
Visceral mass 1.30 ± 0.29 0.92 ±0.16 5.62 ± 0.62 2.61 ± 2.61 


 
Significant amount is detected in egg (2%). Gill has been detected for 1.28% of total body burden. 
Only a small fraction of the total body burden was found in the blood, air bladder, Kidney, Spleen, and 
liver and could be neglected.   
 


4. CONCLUSION 


137Cs uptake by Japanese catfish varied with the size thus age of the fish. Juvenile fish had 
higher accumulation rates of 137Cs than the other sizes. There was only single rate of elimination in the 
fish species. The effective half life of 137Cs for the small size Japanese cat fish was 152.93 d in 
compared to 143.48 and 130.67 d for adult and old fish. It seems that the younger fish uptake 137Cs at a 
higher rate than the adult fish and they achieve the steady state is much earlier than the adult and old 
fish. Further, their retention capability is also high, therefore, small size fish are more susceptible to 
137Cs than adult could be an important source of 137Cs in the human food chain. Tissue analysis 
indicated that approximately 75% of the total 137Cs accumulated in the flesh, i.e. edible parts in the 
fish. This fact indicates that most of the consumed 137Cs was deposited in the soft tissue.  


The retention rate of 137Cs in fish is strongly temperature depended [22, 55]. The temperature in 
a lake, pond or swamp vary with depth, further, the seasonal temperature variation in a country like 
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Japan is high, 370C in August and bellow freezing point in January/February. Further, handling stress 
increases the accumulation and retention time. Therefore the uptake and retention experiment on 
Japanese cat fish at different temperature with minimum human disturbance is recommended.  


The result could provide the database for formulating appropriate national radiation protection 
guidelines for the population at large. More precise estimation of half life of Japanese catfish using 
large scale study is recommended. Further, additional data on the concentration and retention of 137Cs 
in other freshwater fish in Japan should be similarly gathered in order to properly assess the potential 
intake of radioactive material from commonly consumed fish species.  
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Abstract 


Several techniques of 210Pb and 210Po analysis were tested in environmental samples. The chemical 
recoveries of tracers and carriers were compared as well as the equilibrium state between both radionuclides. The 
recovery of 210Pb after pre-concentration and deposition in sea water samples was determined by tracer and 
carrier. There were not significant differences of chemical recovery whatever the method used with 95% of 
confidence level. In biological samples the equilibrium between both radionuclides was tested. Depending on 
correction by recovery, the results indicated that statistically both were in equilibrium in IAEA-414 matrix. The 
importance of aliquot size was proven when analysing IAEA-300 soil. The activity concentration results varied 
being higher when the aliquots were smaller. It means that the extraction of polonium and lead was not easy 
when existing two components: one firmly attached to the sediment being a component of structural lattice 
(corresponding to lead-supported) and the second easily soluble corresponding to unsupported lead-210. An 
inter-comparison among four methods for determining 210Pb indicated that the method used by Marine 
Radioecology Lab obtained lower concentration activity results when were compared with 210Pb determined by 
its beta emission.   
 
1. INTRODUCTION 
 


210Pb and its daughter 210Po are two isotopes used intensively as tracers of environmental 
processes(atmospheric, terrestrial and oceanic). 210Pb is a valuable tool to study sedimentary dynamics, 
geochronology, accumulation rates, and sediment transport. 210Po is a radon descendant that is 
naturally present in the earth, with enhanced concentrations in fertilizers. The widespread use of such 
fertilizers is increasing the levels of radioactive polonium in animal feeds.  The majority of polonium 
in the average diet appears in grains, vegetables and meat. Thus, 210Po contributes to radioactive 
internal doses and is commonly determined on human diets on the Health field. 


There are several analytical procedures for determining the activity concentrations of 210Pb in 
environmental samples [1, 2]. These methods are: direct measurement of gamma emission of 210Pb 
applying a correction for auto-absorption, radiochemical separation of 210Pb using the new 
chromatography resins or indirect methods based on its daughter 210Po in-growth in the samples, 
allowing further study of the radioactive equilibrium between the two radionuclides. 


The advantages and disadvantages of using tracers or carriers, the drawbacks of the 
radiochemical procedures employed, the importance of using double tracers, and the uncertainties 
introduced when in-growth calculations are applied are discussed in this paper.    
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2. ANALYTICAL METHODS 


2.1. Sea water 


2.1.1.Preconcentration 


The method employed in this research [3] to pre-concentrate 210Pb from sea water assumes: a) 
the lead and polonium precipitate quantitatively with the complex (Ammonium Pyrrolidine Dithio-
Carbamate) APDC- metal  and b) the chemical recovery of lead can be calculated either by a carrier  
or by an internal tracer (209Po or 208Po). Briefly, 210Pb and 210Po were scavenged from unfiltered sea-
water with the APDC-Co complex. The precipitate was collected either on cellulose acetate nitrate 
filters (∅ = 45 µm ) and then dissolved with HNO3 or on glass fiber filters (∅ = 45 µm ) and then 
destroyed with acetone.  


2.1.2 Analytical Procedure 


The filter with the APDC-Co complex was digested with 10 ml of concentrated HNO3 and H2O2 
in a hot plate until total dissolution. The dissolution was heated until dryness. Then concentrated HCl 
was added and evaporated again. The residue obtained was dissolved with concentrated HCl, 
hydroxylamine hydrochloride, bismuth and sodium citrate. The samples were rinsed with distilled 
water until reaching the appropriate volume (50 mL) for polonium auto-deposition, following Fleer’s 
procedure [3]. The whole method is described in Fig. 1. It is based on a double measurement of 
210Po(1) and 210Po(2) by alpha spectrometry in identical aliquots at different plating times (a few days 
after sampling and 8-10 months later). 


2.2. Biota 


Some samples were freeze-dried and digested with HNO3 and H2O2 in a hot plate or in a 
microwave until total dissolution. Other samples were ashed in a furnace at 550ºC. Later, the ashes 
were digested until total dissolution with HNO3 and H2O2 in a hot plate. Then they were radio-
chemically treated following Fleer’s procedure [3], previously described.  


2.3. Sediments  


The methods used are summarized in Fig. 1. Two types of 210Pb analysis were performed: 


a) Analysis of reference sample IAEA-300.  Four aliquots of sediment were analysed. Three of 
them (0.25 g , 0.50g and 1 g)  were attacked in a microwave oven adding the tracer before digestion. 
209Po was added after the microwave digestion to the last aliquot (a0.5 g). 210Po and 210Pb were 
quantified by alpha spectrometry as it is explained in Method A.  


 b) Analysis of four aliquots of a sediment sample from Doñana National Park (Huelva, Spain) 
were analysed using different techniques. 


- Method A: applied by the Marine Radioecology Lab from CIEMAT [4]. The sediments (1 
g) were digested with a variable mixture of concentrated acids in a microwave oven. 210Po 
was determined following Flynn’s method[5]. 210Pb was indirectly determined by 
quantifying the 210Po in-growth by alpha-spectrometry after a minimum waiting period of 
six months between the polonium auto-deposits.  


- Method B: applied by the Environmental Radioactivity Lab from CIEMAT. 210Pb direct 
measurement by γ-spectrometry (45 g).  


- Method C: applied by the Physics Department Lab from UNEX [6]. The sediments (1 g) 
were digested on a hot plate with a mixture of acids. One part of the resulting solution, 
spiked with 209Po, was used for polonium determination by spontaneous deposition and later 
alpha spectrometry. The other part was analysed for 210Pb, separating the lead by anion-
exchange. Lead was finally quantified by liquid scintillation.   
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- Method D: applied by the Environmental Radioactivity Lab from CIEMAT[7]. The samples 


(5 g) were completely dissolved with an acidic attack, followed by a microwave oven 
digestion of both the filter and the sediment residue. Lead was separated with an anion-
exchange resin; then quantified as pure PbSO4 deposited onto a stainless steal disc through 
the β-emission of its descendant 210Bi, approximately a month later their separation, with a 
Low-level Proportional Counter. 
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FIG. 1: Summary of analytical methods employed. 
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3. RESULTS AND DISCUSSION 


3.1. Sea-water 


The results of the chemical recoveries using 209Po tracer and the isotope 206Pb of the stable lead 
added as a carrier are analysed in Table I.  


The use of fiber glass filter or cellulose acetate-nitrate filters does not introduce significant 
differences among the chemical recoveries for both radionuclides, 210Po and 210Pb, with values of 81-
90% and 93-114 % respectively. 


The chemical recovery of 210Pb after pre-concentration and deposition has been determined. 
Their medians are shown Fig. 2A. A non-parametric test (Kruskal-Wallis)  has been applied to 
compare the recoveries using the internal tracers (209Po,208Po) and the carrier(206Pb) obtained for the 
three populations. There were not significant differences whatever the method used with 95% of 
confidence level.  However, small differences between triplicates could be observed in few samples., 
likely due to the on-board handling during the pretreatment stage, resulting in lower recoveries. 


 


TABLE I. CHEMICAL RECOVERY OF PRECONCENTRATION PROCEDURE OBTAINED BY 
CARRIER (STABLE LEAD) AND TRACER 209PO 


Sample (Description) 
 


209Po (tracer) 
(% Recovery) ± 2σ 


 


206Pb (carrier) 
(% Recovery) ± 2σ 


1 (Blank) ----- 100% (desionizated water) 
2 (Blank) 103.8± 2.8 100% (auto-deposition matrix) 
3 aSea water ----- 78.5 ± 3.9 
4 aSea water 81.3± 4.6 90.0 ± 4.5 
5 bSea water ------ 82.0 ± 4.1 
6 bSea water 92.6± 5.0 114.6± 5.7 


a Filtered with cellulose acetate-nitrate filter 
b Filtered with glass fibre filter. 


 
3.2. Biota 
 


The results obtained for an inter-comparison sample IAEA-414 and five aliquots of mussels are 
presented in Tables II and III, respectively.  The equilibrium between both isotopes 210Po/210Pb is also 
studied in Fig. 2B. 


The triplicate of IAEA-414 sample analysis seems to be different for analysis of 210Pb 
(2.04±0.17 Bq.Kg-1 (n=3)) and 210Po (2.41±0.25 Bq.Kg-1 (n=3)), even after being corrected by the 
chemical recovery of the first auto-deposition. At the light of these results the main question is: are 
210Pb and 210Po in equilibrium or not?. In this case, the problem is to establish the criterion for defining 
equilibrium in experimental data and which is the margin  of the confidence level required. If assumed 
that both radionuclides are not in equilibrium, 210Po activity has two components one in equilibrium 
with 210Pb (2.04 Bq.Kg-1) and the other 0.37 (2.41-2.04 = 0.37 Bq.Kg-1) not in equilibrium, should be 
corrected with the decay period of 210Po referred to the sampling date. As reference materials are 
usually prepared one or two years before their distribution this correction becomes important. If 
assumed that both measurements are statistically equal with a 95% confidence level, the results should 
be corrected with the 210Pb decay period referred to the sampling date. 
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The analysis of the three groups of results (IAEA-414) applying a multi-range test confirms that 
the 210Po and 210Pb(1) uncorrected by recovery are statistically different with a 99% confidence level 
being 210Po and 210Pb(2) and 210Pb(1) and 210Pb(2) statistically equals. In this case, only the correction 
by 210Pb decay should be applied. 


Five aliquots of mussels were analysed. One of them (5) was ashed at 550ºC. At this 
temperature, the polonium can be evaporated. This polonium loss was observed in this mussel aliquot 
(9.84 Bq.Kg-1) however it was not observed in the fish aliquot (2.58 Bq.Kg-1 IAEA-414) when both 
results were compared with those obtained for acid digestion (43 Bq.Kg-1 and 2.33 Bq.Kg-1 
respectively). It is not recommended to ash the samples but in certain cases is possible without 
polonium losses.   


 


TABLE II. RESULTS OBTAINED IN IAEA-414 REPLICATES 
Sample Activity of 


210Po±1 σ 
Expressed in 
Bq/kg d.w.*  


Activity of 
210Pb(1)±1 σ* 


Expressed in 
Bq/kg d.w. 


4Activity of 
210Pb(2)±1 σ 
Expressed in 
Bq/kg d.w. 


Recovery 
210Po(%)±


1 σ 


Recovery 
210Po(%)±


1 σ 


J 
Growing 


factor 


Ratios 
210Pb(1)/210Po


±2 σ 
( C ) 


IAEA-414 (1) 2.15±0.14 1.59±0.20 1.84± 0.24 86±3 105±4 0.466 0.74±0.20 
IAEA-414 (2) 2.51±0.16 1.67±0.22 2.14±0.29  78±3 96±3 0.466 0.67±0.19 
IAEA-414 (3) 2.58±0.19 1.62±0.32 2.13±0.43 80±3 76±3 0.466 0.63±0.26 
Average±SD 2.41 ±0.23 


(n=3) 
1.627 ±0.040 


(n=3) 
2.04±0.17 


(n=3) 
81±17  
(n=3) 


92 ±15 
(n=3) 


 0.68 ±0.05 
(n=3) 


(1), (2) Microwave digestion 
(3) Ashing at 550ºC 
(4) Activity corrected by the first recovery of 210Po 
*Activity obtained 10/19/2000. 209Po was corrected for decay  to auto-deposition date (10/19/00). 
d.w = Dry weight 
 
 
TABLE III. RESULTS OBTAINED IN MUSSELS REPLICATES 


Sample Activity of 210Po±1 σ 
Expressed in Bq/kg  freeze-dried.* 


 


Recovery 210Po(%)±1 σ 


0.005 g (1) 48.7 ± 1.8 85.9 ± 3.2 
0.005 g (2) 53.5 ± 2.0 80.7 ± 3.0 
0.005 g (3) 40.4 ± 1.5 92.6 ± 3.4 
0.005 g (4) 30.0 ± 1.1 95.7 ± 3.4 
0.010 g (5) 9.84 ± 0.32 110 ±  4  


Average±SD 43 ± 10   (n=4) 88.7 ± 6.7  (n=4) 
(1)(2)(3) and(4) digested in a hot plate 


(5) Ashing at 550ºC not considered in the average value. 
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TABLE IV. RESULTS OBTAINED IN IAEA-300 REPLICATES OF DIFFERENT SAMPLE SIZE 


210Po± 1σ Bq/kg 210Pb± 1σ Bq/kg Size 
(g) 


Recovery 
209Po(1) 


Recovery 
209Po(2) 


370±15 337±4 0.25  85±3 113±4 
396±17 372±4 0.25 86±3 122±4 
362±15 355±4 0.25 84±3 87±3 
374±16 411±4 0.25 85±3 76±3 
358±19 305±3 0.25 92±4 123±5 
340±19 336±4 0.25 96±5 133±6 
348±18 323±4 0.5 85±4 72±3 
384±20 286±3 0.5 84±4 85±4 
252±10 272±15 0.5 99±4 84±3 
320±13 258±28 0.5 94±4 70±3 
275±11 277±14 0.5 101±4 103±3 
292±12 313±17 0.5 101±4 88±3 
319±6 319±4 0.5a 92±2 115±4 
274±7 100±1 0.5a 98±2 101±3 
338±6 305±4 1 80±2 96±4 
250±5 203±2 1 101±2 94±5 


328±47(n=16) 298±71(n=16)  91± 4(n=16)  97± 10(n=16) 
aTracer added after microwave attack. 


 
3.3 Sediments 
 


a) The IAEA-300 reference material results are shown in Table IV and represented in Figs 2C 
and 2D.  


The influence of the aliquot size when determining 210Po and 210Pb was tested in this reference 
sample. The activity concentration results varied with the aliquot size, being higher when the aliquots 
were smaller. It means that the extraction of polonium and lead was not easy when existing two 
components: one firmly attached to the sediment being a component of structural lattice 
(corresponding to lead-supported) and the second easily soluble corresponding to unsupported 
lead-210. 


There are significant statistical differences among group 1(0.25 g) and the others applying a 
multi-range test. The aliquot of 0.25 g seems to be not enough homogenous for this kind of analysis.     


b) The results obtained of Doñana sediment applying methods A, B, C, and D are shown in 
Table V and compared in Figs 2E and 2F.  
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TABLE V. ANALYSIS OF THE SAME SAMPLE APPYING 4 ANALYTICAL 210PB 
PROCEDURES 


 
 


METHOD A 
 


METHOD C 
 


METHOD D 
 


Sample 
Aliquot 


No. 
 


210Po  
Bq/kg±1σ 


 


210Pb 
Bq/kg ±1σ 


 


aRq(1) 
%  


± 1 σ 


 
Rq(2) 


% 
 ± 1 σ 


 


210Po  
Bq/kg±1σ 


 
Rq 
% 


 


210Pb  
Bq/kg±1σ 


 
Rq 
% 


 


210Pb 
Bq/kg±1σ 


 
Rq 
% 


1 24.6±1.5 29.2±2.5 76±3 79±6 28.3±2.5 80 ---------- ---- 36.6±0.94  78 
2 25.8±1.7 29.7±2.7 57±3 69±5 29.1±3.9 81 31.7±2.9  72 33.5±0.94 76 
3 27.8±1.4 27.9±1.9 97±3 74 ±3 27.6±3.6 86 34.4±4.6  80 39.6±1.08 82 
4 27.0±1.9 25.7±1.6 53±2 101±4 --------- ---- --------- ------ --------- --------


Mean 26± 1 28± 1 71± 1 81±14 28 ± 2 82±3 33±3 76±6 36.6±0.6 78±3 


aChemical Recovery Rq 


METHOD B : Direct γ measurement of  210Pb 31 ± 2 (Bq/kg ± 1s) 
 


The 210Po and 210Pb results were grouped by laboratories (Fig. 2E). Method A contains the 210Po 
and 210Pb mean values (n = 8), method B contains 210Pb value (n=1), method C the 210Po and 210Pb 
mean values (n = 5) and method D 210Pb mean values (n = 3). These values were statistically compared 
using a multi-range non-parametric test. Method D differs statistically (210Pb calculated through 210Bi 
beta-emission) from methods C and A.  


The 210Pb results obtained of Doñana sediments were also compared using a non-parametric 
test: multi-range test (Fig. 2F). The determination of 210Po by method A is statistically different (99% 
confidence level) of 210Pb determination by method C and D. The determination of 210Pb by method A 
is statistically different of 210Pb determination by method D (99% confidence level). The 210Po 
calculated by method C is statistically different than 210Pb analysed by method D (99% confidence 
level). It exists differences between the 210Pb indirect analysis by alpha-spectrometry and 210Pb radio-
chemically analysed and beta-counted.   


Aliquot size used for the different methods, the intermediate isotope (210Bi) used for 210Pb 
determination or traces of beta emitters radionuclides in 210Pb analysis could be the reason of these 
differences. 
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FIG. 2. Statistical results obtained of environmental sample analysis.
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4. CONCLUSIONS 
 


The aliquot size and the treatment of the environmental sample is essential for determining 210Pb 
through its daughter.  


The criterion for defining equilibrium between 210Po and 210Pb radionuclides should be 
harmonized among the laboratories employing these techniques. 


The activity concentration differences obtained by indirect determination of 210Pb by alpha 
spectrometry and 210Pb measured by its emission beta could be due to the presence of beta emitters 
traces not purified in radiochemical analysis or that 210Po and 210Pb were not in equilibrium in the 
analysed sample.   


REFERENCES 


[1] HOLTZMAN, R.B. Journal of Radioanalytical and Nuclear Chemistry 115, 1 (1987) 59-70. 


[2] El-DAOUSHY, F., OLSSON, K., GARCIA-TENORIO, R. Hydrologia 214 (1991) 43-52. 


[3] FLEER, A.P., BACON, M.P. Nuclear Instruments and Methods in Physics Research 223(1984) 
243-249. 


[4] GASCÓ, C., ANTÓN, M.P. “Procedure for the determination of 210Po/210Pb from the seawater 
(Procedimiento para la determinación de 210Po/210Pb en agua de mar)”. Procedimiento específico 
PR-X3-13. (2000) Ed. CIEMAT. Madrid (In Spanish). 


[5] FLYNN, W.W. Anal.Chim.Acta 43 (1968) 221. 


[6] PEREZ, D., MARTIN, A., VARGAS, M. Czechoslovak Journal of Physics, 52 (2002) Suppl.A. 


[7] GARCIA, R. “Procedure for the determination of 210Pb in water, soil, and sediments 
(Procedimiento para la determinación de 210Pb en aguas, suelos y sedimentos)” Procedimiento 
específico PR-X2-05 (2000) Ed. CIEMAT. Madrid (In Spanish). 


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10-13 June 2003, Vienna, Austria 


 


IAEA-CN-103/149 


SOURCES OF ENVIRONMENTAL RADIOACTIVITY IN SEDIMENTS OF THE 
SOUTHERN GULF OF MÉXICO 


 P.F. RODRÍGUEZ-ESPINOSAa, V.M.V. VIDALb, F.V. VIDALb 
a Grupo de Ingeniería Ambiental y Desarrollo Sustentable,  
Centro de Investigación en Ciencia Aplicada y Tecnología Avanzada,  
Unidad Altamira, Instituto Politécnico Nacional,  
Km 14.5 Carretera Tampico-Pto. de Altamira, Tamaulipas, C.P. 89600, México 


b Grupo de Estudios Oceanográficos,  
Centro de Investigación en Ciencia Aplicada y Tecnología Avanzada,  
Instituto Politécnico Nacional,  
Apdo. Postal 5-84, Cuernavaca, Morelos, C.P. 62051, México 
 


Abstract 


Environment radioactivity studies in sediments of the Southern of Gulf of Mexico were carried out to 
understand the distribution and concentration pattern of natural radionuclides in the Mexican marine sedimentary 
environment.  These studies are unique in this area of the Gulf of Mexico.  Twenty three USNEL BoxCore 
sediments were collected in water depths between 20 to 2000 meters in the southern Gulf of Mexico.  The 
USNEL BoxCore sediments were collected aboard R/V Justo Sierra during the OGMEX XI, XII and XIII 
oceanographic cruises for the summers of 1993, 1994 and 1995.  The 30-cm deep sediment cores were sub-
sampled in 2-cm thick slides, and frozen for later analyses.  The natural 40K, 208Tl, 210Pb 212Pb, 214Bi, 214Pb, and 
228Ac, radionuclide concentrations were measured using a Ge-Li Hp Gamma-Spectrometer, and counting 
intervals of 50-60000 seconds with ± 5 to 30 % of uncertainty in the concentration, and 95 % limit of in the 
determination of the photopeaks.  The measurements were made at the Laboratorio de Vigilancia Radiológica 
Ambiental del Centro de Cienfuegos, Cuba.  On the basis of the measured natural radionuclide concentrations, 
three provinces were identified: continental shelf, continental slope, and carbonate provinces.  The distribution 
and concentration of natural radionuclides is a function of fluvial, fluvial-lagoonal sediment discharges, and 
horizontal water mass circulation patterns (geostrophic and wind-driven).  The highest natural radionuclide 
concentrations were found in sediments at water depths of 300 to 1500 m.  This may be attributed to incoming 
Loop Current vortices which interact with bottom topography and collide with the western and southern Gulf of 
Mexico boundaries, decreasing their circulation energy and consequently allowing for the deposition of the 
natural radionuclides contained within the rings’ water mass. 


 


1. INTRODUCTION  


Natural radionuclides may be introduced into the marine environment via different pathways. 
Atmospheric and fluvial sources are important as well as “in-situ” sources within the tectonically 
active sea floor.  Once radionuclides are introduced into the marine domain, their transport and 
dispersal is dominated by ocean currents, and their removal from the water column into the marine 
sedimentary layer is controlled by marine biogeochemical processes, wherein they accumulate and 
decay.  Natural and artificial radioactive isotopes may be essential in the study of atmospheric, 
hydrological and marine environmental processes (Foos, 2002).  Knowledge of the radioactive decay 
time series of natural and artificial isotopes and their relative abundance in air, rocks, soils, water and 
sediments are key to the understanding of atmospheric, land and marine processes (Meijer et. al. 1988; 
Smith y Ellis 1982; Smith 2002 y Zahorowski et. al 2002). 
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In this paper we report on the concentration and distribution of natural and artificial 
radionuclides in the sedimentary environment of the southern and southwestern Gulf of Mexico.  It is 
an attempt to understand the distribution and concentration pattern of natural and artificial 
radionuclides in the Mexican marine sedimentary environment.  These studies are unique in this area 
of the Gulf of Mexico. Twenty three USNEL BoxCore sediments were collected in water depths 
between 20 to 2000 meters in the southern Gulf of Mexico.  The USNEL BoxCore sediments were 
collected aboard R/V Justo Sierra during the OGMEX XI, XII and XIII oceanographic cruises for the 
summers of 1993, 1994 and 1995.   


2. ANTECEDENTS 


Natural and artificial radioactivity studies in the Mexican sector of the Gulf of México are 
restricted to preliminary reports by Rodríguez et. al. (1996, 1998, 1999a, 1999b, 1999c, 2000 y 2002).  
These studies outline an important gamma emitting zonation within the marine sediments of the 
southern and southwestern Gulf of Mexico which is associated to important regional river discharges.  
Particularly important are the 40K and 137Cs radionuclide concentrations within this region, which have 
been cited as relevant in characterizing distinctive marine sedimentary regions of the western and 
southern Gulf of Mexico. 


Important environmental radionuclide studies were conducted by the Comisión Federal de 
Electricidad (Mexican Electrical Utility) prior to 1990 in compliance with the International Atomic 
Energy Commission regulations concerning the construction and operation of the Laguna Verde 
Nuclear Power Plant in Veracruz, Mexico. These environmental-baseline radiological studies 
constituted a routine monitoring effort to characterize the natural and artificial radioactivity 
background within a 10 km radius of the Laguna Verde Nuclear Power Plant site (CFE, 1992; Silva-
Jimenez and Botello, 1996).  We have used this data as reference to establish background comparisons 
with our Gulf of Mexico marine sediments radiochemistry measurements.   


Spencer et al. (1981) estimated that 80% of the 210Pb signal in the Atlantic, between 10o y 40o 
north latitude, can be accounted for by the decay of 226Ra which is introduced via continental margin 
river discharges, the remaining 20% can be accounted for by atmospheric input.  This suggests that the 
238U radionuclides source for the southern Gulf of Mexico sediments might be contributed by the 
Atlantic Ocean water mass input into the Gulf through the Caribbean Sea current system which 
traverses through the Yucatan Strait and spills into the western and southern Gulf via anticyclonic ring 
detachments from the Loop Current.  


Descamps and Foulquier (1988) studied the principal components of natural radioactivity in 
French rivers and found that the environmental anomaly could be accounted for by the anthropogenic 
input of 238U, 226Ra, 210Pb, 232Th, 40K y 7Be.  This important finding gives us an important clue into 
understanding the use of radionuclide tracers in marine sedimentary environments. 
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3. STUDY AREA 
 


Our study area encompasses the southern sector of the Gulf of Mexico, between 18o 30´ to 23º 
00´ north latitude and 90º 30´ to 97º 30´ west longitude (Fig. 1). 


 


 
 


FIG. 1. Study area. 
 


3.1. Hydrological drainage into the Gulf of Mexico  


Our study area includes the southern and southwestern Gulf of Mexico into which several 
important river discharges drain: Pánuco, Nautla, Papaloapan, Coatzacoalcos, Tonalá, Gijalva-
Usumacinta, Laguna de Términos and Champotón (Fig. 2). 


3.2. Gulf of México bathymetry and physiographic provinces 


Our study area encompasses the continental shelf and slope of the southern and southwestern 
Gulf of Mexico. The principal physiographic and geomorphologic provinces have been described by 
Uchupi (1967), Avdeev and Beloussev (1968), Bergantino (1971), Lugo-Hubp (1985), Lugo-Hubp and 
Córdova (1991), Bryant et.al. (1991), Lugo-Hubp et.al. (1992), Aguayo-Camargo y Carranza-Edwards 
(1991) and Mendoza-Cantú and Ortiz-Pérez (2000).  Each and all cited geomorphologic and tectonic 
classifications coincide in describing a wide continental shelf within the southern Gulf of Mexico, a 
narrow continental shelf within the western Gulf region and the presence of widespread diapirs, 
submarine canyons and abrupt scarpments within the Campeche Bank, to the west and north of the 
Yucatan Peninsula (Fig. 2). 
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FIG. 2. Gulf of México bathymetry and physiographic provinces. 


 


3.3. Continental shelf and slope water mass circulation within study area 


Vidal et al. (1992; 1994a; 1994b; 1999a and 1999b) report on the important Loop Current (LC) 
ring-slope interactions which occur in the western and southern Gulf of Mexico and their influence on 
the formation of the western boundary current within this region.  Hydrographic evidence suggests 
that a western boundary current is set up by the interaction of anticyclonic Loop Current rings with the 
continental margin of the western gulf.  During these collision events cyclonic rings are shed as the 
anticyclone transfers vorticity to the sorrounding slope water mass.  Ring triads are formed which 
eventually weaken and evolve into a ~900-km-long, north flowing, along slope, western boundary 
current and cyclonic-anticyclonic ring pairs distributed throughout the central and western gulf.  This 
western boundary current attained maximum northward speeds of 25 cm s-1 and 8.3 x 106 m3 s-1 mass 
transport along the western gulf boundary.   


Vidal et al. (1992; 1994a; 1994b; 1999a and 1999b) also report that the residence time and 
decay period of LC anticyclones in the western gulf exceed 150 days.  Within this time period the 
western gulf’s cyclonic-anticyclonic vorticity field decayed ~50%.  Thus the western boundary 
current’s evolutionary period, from its gestation to its absolute decay, is estimated to be of the order of 
300 days.  Anticyclonic ring collisions within the western gulf boundary and cyclonic-anticyclonic 
ring interactions, which propel the western gulf boundary current, constitute a principal mechanism by 
which water mass properties and dissolved constituents (including radionuclides) are advected within 
this region. 


4. MATERIALS AND METHODS  


4.1. Field  


Twenty-three sediment cores were collected aboard R/V Justo Sierra during the Ogmex 11 
(April–May 1993), Ogmex 12 (July 1994), and Ogmex 13 (June 1995; see Fig. 3). 


WEST
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FIG 3. Index map showing sediment core sampling stations for OGMEX 11,12 y 13, in 1993, 1994 and 
1995, respectively. 


The 30 cm sediment cores were sampled from water depths of 70 to 2100 m within the western, 
southern and eastern Gulf of Mexico, as shown in Fig. 3 and Table I in Appendix 1. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


FIG. 4. “USNEL Box Core”. 
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The box core sediments were sampled by the USNEL Box Core (Fig. 4) and subsampled by 
longitudinally-dividing the box core sediment column in half and further cutting eight 2-cm thick 
subsections at 0, 10, 12, 20, and 28 cm sediment core depths. These sediment core subsamples were 
preserved in polyethylene bags and frozen on board for further analyses at the laboratory (IAEA 1970 
y IAEA 1975). 


4.2. Laboratory 


At the laboratory, the sediment samples were unfrozen and dried at ambient temperature.  Dried 
sediment samples were ground in a quartz mortar (agate) and preserved in airtight polyethylene flasks 
until radioactivity was counted using a low-background Hiperpure-Germanium gamma spectrometer. 


4.2.1. Gamma spectrometry 


Radionuclide identification was carried out following the Methodology for the Calculation of 
Photopeak Area technique of Papuchi and Delfanti (1990).  Once the individual channel counts’ 
spectral distribution are known the principal photopeaks are identified which include three basic 
parameters: 1) the integrated counts under the peak curve (G); 2) the channel background (n); and 3) 
the integratred area under the peak curve (N). next are the corresponding calculations for each 
parameter.  The relationship between these parameters may be expressed as follows (Papuchi and 
Delfanti, 1990; LVRAC, 1999, and Fig. 5): 


( )21
2
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n


NGA +•






−=  


where 
 
A = Net area below photopeak 
G= Gross count (integrated) below the curve  
N = Number of channel per photopeak  
n = Photopeak background 
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FIG. 5. Photopeak and parameters, after de Papuchi y Delfanti, 1990.
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 The reported radionúclides specific activity was calculated from the following relationship:  
 


 mP
NA
••


=
εγ  


Where: 
 
A = Specific activity N = Net count rate  Pγ = Probability of desintegrated gamma quanta 
ε = Detector efficiency m =  mass  
 


The error or relative uncertainty of the previous estimate is obtained from the Law of 
Propagation of Uncertainties.  In the present work the uncertainty of quanta emission or the probability 
of emissions γ (Pγ) nor the weight mass uncertainty were not considered, hence the error can be 
expressed as:  


 
( ) ( )AUrAAU •=  


 
Where: 
 
U(A) =  Reported relative uncertainty  
A = Specific activity  
Ur(A ) =  Relative uncertainty in the specific activity, expressed in Bq/Kg.  
 


The activity was obtained by disintegration incremental counting for periods of 50,000-60,000 
seconds which yielded a ± 5 to 30 % of uncertainty in the concentration, and 95 % confidence limit in 
the determination of radionuclide photopeaks.  


4.2.2. 210Pb 


The low energy (47 keV) 210Pb photopeak emission is difficult to measure by gamma 
spectrometers which are not of the GeHi type (Schery 1980 and ILMR 1990).  GeHi gamma 
spectrometers considerably improve the resolution of the 210Pb photopeak (Eisenbud 1987).  For the 
determination of 210Pb the gain of the detector was increased with the purpose of optimizing the counts 
in the Compton Region, wherein 4% of the disintegration of 210Pb gamma emissions occur.  Counting 
was extended for periods of 40000 to 50000 seconds using a GeHi detector at the Central Laboratory 
of Environmental Radiological Monitoring in Cienfuegos, Cuba.  


5. RESULTS  


5.1. Environmental radioactivity composition 


The gamma emitting radionuclides measured were: 228Ac, 212Pb y 208Tl from the 232Th 
radioactivity series; 214Pb, 214Bi y 210Pb from the 238U radioactivity series and 40K.  The total 
environmental gamma radioactivity (RAγT) is represented by the sum radionuclide activities measured 
within the study area and is expressed as: 


 
                 RAγT = Σ [228Ac + 212Pb +  208Tl + 214Pb + 214Bi + 210Pb + 40K] 
 
Where:  
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RAγT = Total environmental gamma radioactivity  
Σ [ ] = The sum of each radionuclide concentration in each sediment core section in Bq/Kg.  
 


The RAγT follows a heterogenous distribution within the study area.  Zones of high 
environmental radioactivity concentration are identified within the continental shelf stations close to 
the coast and also within the physiographic-geomorphic transition zone of the continental slope 
boundary at depths of 200 to 1000 m.  This is clearly exemplified in stations 1114 and 1310, 
respectively (Figs 6 and 7). 
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FIG. 6. Radionuclide concentration distribution in sediments sampled between 0 and 2 cm depth 
within sediment core of station 1114. 
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FIG. 7. Radionuclide concentration distribution in sediments sampled between 0 and 2 cm depth 
within sediment core of station 1310. 
 


Low environmental radioactivity zones (273 Bq/Kg) were identified in the Campeche 
Scarpment, at 509 m depth, within the inner continental slope carbonate province located in station 
1105 (Fig. 8). 
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FIG. 8. Radionuclide concentration distribution in sediments sampled between 0 and 2 cm depth 
within sediment core of station 1105. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10-13 June 2003, Vienna, Austria 


5.2. Geographic distribution of marine environmental radioactivity 


 
40K 
 


The 40K geographic distribution covers the whole study area.  The highest concentrations were 
measured in sediment core samples collected within the continental shelf, close to the coast in stations 
1114 (653 Bq/Kg, Fig. 6) and 1213 (653 Bq/Kg ). 


 
5.3. Environmental gamma radioactivity contributed by the 232Th radioactive series 
 


The gamma radionuclides 228Ac, 212Pb y 208Tl form part of the 232Th radioactive series.  The 
geographic distribution of the sum of their concentrations follows a dominant pattern within the 
continental shelf stations and those located within the geomorphic transition zone in the southern gulf.  
Low concentrations are encountered within the carbonate province of the Campeche Bank (Fig. 9). 


 


 
FIG. 9. Geographic distribution of radionuclides from the 232Th radioactive series in sediments of the 
southern Gulf of México. 
 
 
5.4. Environmental gamma radioactivity contributed by the 238U  radioactive series 


The gamma radionuclides 214Pb, 214Bi and 210Pb form part of the 238U radioactive series.  
The geographic distribution of 214Pb and 214Bi reveals a dominant pattern wherein higher 
concentrations are encounterd in deep waters of the southern gulf and decreasing into shallower waters 
within the continental shelf.  For example, we measured maxima in stations station 1310 (227 Bq/Kg) 
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and in station 1308 (129 Bq/Kg) and a minima in the continental shelf stations 1114 (41 Bq/Kg), 1116 
(49 Bq/Kg), 1218, (50 Bq/Kg), 1213 (41 Bq/Kg), 1210 (32 Bq/Kg), 1303 (41 Bq/Kg) as is shown in 
Fig. 10).  


 


 
 
FIG. 10. Geographic distribution of radionuclides from the 238U radioactive series in sediments of the 
southern Gulf of México. 
 
 


6. DISCUSSION 


From the radioactive concentrations we have measured in the sediments of southern Gulf of 
Mexico there appear to be two distinct contributing sources of environmental radioactivity.  One of 
them appears to originate from the river discharges which drain into the western and southern gulf 
continental shelf.  The other appears to be contributed by Loop Current vortices. These are shed in the 
eastern Gulf of Mexico from the Yucatan Current and traverse into the western gulf where they collide 
and create geostrophic vorticity which in turn evolves into intense western boundary currents that 
transport and disperse radionuclides into the southern gulf. 


If the environmental radioactivity contained in the sediments of the southern Gulf of Mexico 
had a single distinct source one would expect a certain proportional concentration pattern among the 
radionuclides of the 232Th and 238U series, since they would originate from a similar source and would 
follow similar dispersal patterns.  Our measurements reveal that this is not the case, as is shown in 
Fig. 11 where we have plotted the geographic distribution of the concentration ratios of the 232Th and 
238U radionuclide series.  Within the continental shelf sediments the 232Th radionuclides dominate, 
whereas in the deep slope sediments the 238U radionuclides predominate.  It thus appears that two 
distinct sources give rise to these distributions. 
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FIG. 11. Geographic distribution of the ratio of 232Th/238U radionuclide series’concentrations in the 
southern Gulf of México. 210Pb is excluded. 


 
 
7. CONCLUSIONS  
 


The environmental gamma radioactivity contained in the sediments of the southern Gulf of 
Mexico is primarily constituted by 228Ac, 212Pb y 208Tl (radionúclides of the 232Th series), 214Pb, 214Bi y 
210Pb  (radionúclides of the 238U series) and 40K (natural radionuclide of terrestrial origen with no 
connection to the previously cited radioactive series)  


40K revealed higher concentrations within the sediment cores located on the continental shelf, 
whereas 210Pb displayed higher concentrations in sediment cores sampled in the continental slope.  


With the exception of 210Pb, the radionuclide concentrations within each individual radioactive 
series (232Th and 238U) were similar: 228Ac with 29.69 Bq/Kg ±10.14 Bq/Kg, 212Pb with 33.99 (±10.41 
Bq/Kg) and 208Tl with 27.64 Bq/Kg (±9.43 Bq/Kg) for the 232Th radioactive series; whereas for the 
238U series the measured concentrations were: 214Pb with 30.64 Bq/Kg (±21.62 Bq/Kg), 214Bi with 
29.88 Bq/Kg (±21.35 Bq/Kg) and 210Pb with 230.53 Bq/Kg (±144.45 Bq/Kg). 


This characteristic similarity among the radionuclide concentrations of each individual series 
distinguishes the different sedimentary environments.  Within the continental shelf sediments the 232Th 
radionuclides dominate, whereas in the deep slope sediments the 238U radionuclides predominate.  It 
thus appears that two distinct sources give rise to these distributions. 
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On the basis of the measured natural radionuclide concentrations, three provinces were 


identified: continental shelf, continental slope, and carbonate provinces.  The distribution and 
concentration of natural radionuclides is a function of fluvial, fluvial-lagoonal sediment discharges, 
and horizontal water mass circulation patterns (geostrophic and wind-driven).  The highest natural 
radionuclide concentrations were found in sediments at water depths of 300 to 1500 m.  This may be 
attributed to incoming Loop Current vortices which interact with bottom topography and collide with 
the western and southern Gulf of Mexico boundaries, decreasing their circulation energy and 
consequently allowing for the deposition of the natural and artificial radionuclides contained within 
the rings’ water mass. 
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APPENDIX 1. 
 
TABLE I. SEDIMENT CORE IDENTIFICATION DATA 
 
Station No  Longitude Latitude Depth m Year 
1105 -90.05167 23.09278 436 1993 
1114 -97.34055 22.09167 204 1993 
1116 -97.3625 22.70944 501 1993 
1210 -92.38861 19.24861 85 1994 
1213 -93.22972 18.79027 70 1994 
1214 -93.19305 19.04778 226 1994 
1216 -93.99055 19.275 1087 1994 
1217 -93.92028 18.78611 299 1994 
1218 -93.93361 18.65861 102 1994 
1221 -94.40083 18.63833 72 1994 
1301 -92.85445 20.6375 1823 1995 
1302 -92.565 19.87667 1000 1995 
1303 -92.11528 19.77361 88 1995 
1305 -92.70556 19.60583 470 1995 
1306 -92.80444 19.81694 992 1995 
1307 -93.17139 20.51194 1600 1995 
1308 -93.62222 19.90611 850 1995 
1309 -93.5 19.64583 820 1995 
1313 -94.41695 19.36611 1460 1995 
1315 -95.32083 19.37278 2100 1995 
1316 -95.34834 19.00167 586 1995 
1310 -93.2425 19.25639 732 1995 
1311 -94.02917 19.28333 1080 1995 
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Abstract 


Algae samples collected along Venezuelan Central Coast were measured by Total Reflection X ray 
Fluorescence technique (TXRF) and Gamma Spectrometry in order to determine metals and radionuclides levels. 
Metals levels measurements were carried out in a TXRF spectrometer with a molybdenum anode X ray tube as a 
primary X ray source and Si(Li) detector. Were found K and Ca as major elements (5-300 mg/g), Fe, Cd, and Br 
as minor elements (1-15 mg/g) and Ti, Mn, Cu, Zn, Pb as trace elements (6-300 µg/g). The gamma activity 
concentration of 40K and radionuclides of the 238U and 232Th natural radioactive series is included. Samples were 
measured by high resolution gamma spectroscopy using a HpGe detector of approximately 2 KeV resolution for 
the 1,33 MeV 60Co peak with a relative efficiency higher than 20 %. The Central Coast marine algae 
accumulation of metals and radionuclides in different species has been determined. The levels of such 
accumulation will be useful for an environmental data set-up. 


 


1. INTRODUCTION 


Environmental processes taking place in the tropical zone in the field of marine environmental 
pollution has been suggested by Szefer [1] as a priority topic of research. Urban development and the 
industrial activity in coastal regions produces contamination of the marine ecosystem and alteration of 
the radioactivity levels. Hence it has been repeatedly suggested in the literature (eg. Wells [2]) the 
need of greater efforts in the monitoring of aquatic marine systems. Coastal organisms are often 
exposed to metal pollution, man-made and environmental radioactivity. It has been reported that in 
algae species a substantial fraction of metal or radionuclide are incorporated and irreversibly bound 
[3]. This feature has generated a big interest because their applications to solve different kind of 
problems relating with metals concentration in environmental issues. Several works have been 
reported in this field dealing with chemical and spectroscopic characterization of algae [4-6], heavy 
metals sorption mechanisms [7-9], capacity of heavy metals biosorption studies [10-11], 
preconcentration of metals in algae [12-14], use as biomonitors [15-16] and others. 


The use of a biomonitor offers advantages [17], such as the concentrations in the monitor 
organisms being often higher than in the system to be monitored; the concentrations of pollutants in 
organisms give direct insight into the bioavailability of those pollutants; properly selected biological 
monitors are always available, and in fact they can be monitoring continuously; therefore, they may 
provide information in unforeseen emergency situations. 


Venezuelan central coast is located in the north of the country and it goes from Chichiriviche in 
Vargas state to Higuerote Bay belonging to Miranda state. In this region are located La Guaira Port, 
important commercial center established since colonial times. The Vargas State has industrial zones 
and several recreational beaches which receive thousands of tourists per year. As a consequence the 
ecosystem is under constant pressure due to urban development and essential elements for biological 
requirement may increase to such an extent that they reach toxic levels. The increasing eutrophication 
has greatly perturbed the phytoplankton along Central Coast and some kind of monitoring is urgent. In 
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this work we propose the use of algae as a biomonitor in order to determine the baseline of metals and 
radionuclides contained along the Venezuelan Central Coast. 


2. EXPERIMENTAL 


2.1. Sampling 


Algae samples listed in Table I, were collected in 1999 from seven locations along Venezuela 
Central Coast as shown in Fig. 1. These algae were chosen for this study since they are widely 
distributed along coast and they can be easily collected. We call attention on the fact that CLPR, A1, 
A5 and PGYC4 consist in a mixture of algae that coexist closely together in the same area and were 
recollected as single sample.  
 
 


 


FIG. 1. Algae sampling locations. 
 


 
TABLE I. SAMPLES IDENTIFICATION 


 
Sample Genus Location 


CLPR Grateloupia sp (Rhodophyta) 
Centroceras sp (Rhodophyta) 


Chuspa 


A1 Ceramium sp (Rhodophyta) 
Centroceras sp (Rhodophyta) 


Yachts bay Puerto Azul 
 


A3 Pterodadia sp (Rhodophyta) Yachts bay Puerto Azul 
A5  Ceramium sp (Rhodophyta) 


Centroceras sp (Rhodophyta)  
Puerto Azul (Outside) 


PTCR Ulva fasciata (Chlorphyta) Todasana Beach 
CDRO Ulva lactuca (Chlorphyta) Oritapo River mouth  
APU  Ulva lactuca (Chlorphyta) Urama Beach 
PGYC1 Padina sp (Phaeophyta) Playa Grande Yacht Club 
PGYC4 Dictyota sp (Phaeophyta) 


Acanthophora sp (Rhodophyta) 
Enteromorpha sp (Chlorophyta) 


Playa Grande Yacht Club 


PGYC2 Lyngbya sp (Cyanophyta) Playa Grande Yacht Club 
PGYC3 Lyngbya sp (Cyanophyta) Playa Grande Yacht Club 
LZLC Eunicea sp (Octochoral) La Zorra Beach 
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2.2. Chemical Analysis  


Dried specimens were treated with liquid nitrogen and crushed with a mortar and pestle. 
Approximately 100 mg of pulverized samples were digested in nitric acid during 15 minutes and then 
hydrogen peroxide was added drop by drop under heating until dissolution, before completing to 
volume. Total Reflection X ray Fluorescence (TXRF) was used to determine the metal concentrations. 
Ten microliters of solution were deposited in a quartz reflector, vacuum dried and measured during 
500 seconds. Measurements were carried out in a TXRF spectrometer consisting of a high voltage 
X ray supply and fitted with a molybdenum anode X ray tube operating at 45 KV and 20 mA. A 
TXRF module fitted with a multilayer monochromator was used. The spectrometer consisted of a 30 
mm2 Si(Li) (Canberra) detector of 180 eV energy resolution at the 5.9 KeV Mn Kα line and a PC-
based multichannel analyser (Canberra S-100).  


To obtain the instrument sensitivity, standard solutions of V, Co, Ga, Sr, Ba, Cd and Pb were 
used. Selenium was employed as internal standard. Two multielemental standards with concentrations 
of approximately 10 µg/mL of each element were prepared. A K-lines standard with V, Co, Ga, Sr, 
and Se, and an L-lines standard with Ba, Cd, Pb, and Se. 


2.3. Radioactivity analysis 


Samples were minced in an Osterizer model domestic blender. Approximately 150 g dried 
weight of each sample were placed in a cylindrical recipient and measured during 16 hours by high 
resolution gamma spectroscopy using a HpGe detector (Canberra) of approximately 2 KeV resolution 
for the 1,33 MeV 60Co peak and efficiency higher than 20% (supplied under the IAEA-Technical Co-
operation project VEN-9-005).  


 


3. RESULTS 


3.1. TXRF analysis  


Sensitivity of the instrument was obtained using the standard solutions as specified above. 
Experimental points were fitted by a third order logarithmic curve, which showed less than 5 % error 
between experimental and fitted values. These curves were extrapolated from K to Pb in order to 
determine the instrument sensitivity of the non measured elements. Results for metallic species 
concentrations contained in algae samples are shown in Table II. 


3.2. Gamma radioactivity analysis  


The Instrument Efficiency Curve was performed using IAEA 373 grass standard sample. This 
curve was extrapolated to low energies to obtain the efficiency of non measured radioisotopes. 
Collected spectra of all samples were analysed and results are shown in Table III. 
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TABLE III. RADIOISOTOPES ACTIVITIES IN ALGAE SAMPLES FROM VENEZUELAN 
CENTRAL COAST 


Sample 235U 


Bq/kg ± %Err 


212Pb 


Bq/kg ± %Err 


214Pb 


Bq/kg ± %Err 


208Tl 


Bq/kg ± %Err 


214Bi 


Bq/kg ± %Err 


228Ac 


Bq/kg ± %Err 


40K 


Bq/kg ± %Err 
PGYC1  8,1± 11 24 ± 17  12 ± 31  1159 ± 3 
PGYC2 2,4 ± 18 10,7 ± 10     4273 ± 2 
PGYC3 4,8 ± 15 46,3 ± 5 89 ± 9 110 ± 11 74 ± 11 147 ± 10 3441 ± 3 
PGYC4 2,0 ± 19 7,4 ± 16     7637 ± 1 
A1 1,7 ± 20 5,0 ± 18     1922 ± 3 
A3 1,7 ± 25      2478± 3 
A5 0,8 ± 15 1,8 ± 24 4 ± 19    427± 3 
LZLC 1,9 ± 15      772± 4 
CDRO 0,4 ± 16 1,0 ± 18     273± 3 
PTCR1 1,8 ± 18 11,4 ± 8 19 ± 21 28 ± 22  33 ± 25 1475 ± 3 
APU 0,6 ± 13 1,5 ± 13  5 ± 33   226 ± 4 
CLPR 2,9 ± 17 10,6 ± 13     2523± 3 


 


4. DISCUSSION 


The main purpose of this work was to make a general monitoring of metals and radioactive 
levels along Venezuelan Central Coast. To our knowledge this is the first multielemental and gamma 
radioactivity data available for algae species in the region.  


4.1. Metals levels analysis by TXRF 


In the western side of the coast, marine algae collected from Playa Grande Yacht Club (see 
Fig. 1. and Table I) show the highest Ti, Mn, Fe, Cu, Zn, Rb, Sr, Cd and Pd concentrations, distributed 
as follow: Brown alga Padina sp show high levels of Ti, Mn, Sr and Pb; Lyngbya sp with high levels 
of Fe, Cu. Meanwhile algae combination PGYC4 contains the maximum levels of Zn, Rb and Cd.  
These results suggest use of different samples types in order to obtain the widest variety and highest 
concentration of metallic elements during analysis. Towards the east, metals levels decrease for most 
analysed elements. This tendency is shown in Fig. 2 where the lead concentration reported in the 
samples are shown ordered according to the west-to-east location.  


The LZLC samples, collected from La Zorra Beach, are composed by a marine species named 
octhocoral belonging to Eunicea sp genus. This species is not an algae. It reports the highest levels of 
Ca, which was expected due to its rigid structure mainly formed by calcium carbonate. In addition 
Eunicea sp showed the highest Sr value and the lowest Fe concentration. The high Ca and Sr values 
are associated with the chemical affinity of these elements as well as to the geographical position of 
these samples. Further studies are needed in order to determine the applicability of this marine specie 
as biomonitor. 
 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10-13 June 2003, Vienna, Austria 


 


0
10
20
30
40
50
60
70
80
90


100


PG
YC1


PG
YC2


PG
YC3


PG
YC4 A1 A3 A5


LZ
LC


CDRO
PT


CR
APU


CLP
R


Sample
[P


b]
 ( µ


g/
g)


 
 


FIG. 2. Concentration of lead in algae samples. 


 


4.2. Gamma Radioactivity analysis 


The occurrence of uranium and thorium and their product in marine algae is present with a large 
range of values. Most of the samples show the presence of Uranium and Lead-212. Only few species 
have other radioisotopes and that shows the differences of their capability to accumulate radionuclides.  
The coastal Biomonitoring data can be summarized mentioning that the average concentration of 
major radionuclides such as U-235, Pb-212 is 2 and 10 Bq/Kg respectively. These values are higher 
that those reported by Khatir et al. for the U-235. Higher activity concentration (between 1.4 and 471 
Bq/Kg) of natural uranium and its products decay is observed in our results when compared with 
values in the literature [18]. 


CONCLUSIONS 


General monitoring of metals and radionuclide levels have been done for algae samples from 
the Venezuelan central coast. Western site locations showed highest metal concentrations, which 
gradually decrease for eastern locations. This anisotropy is clearly correlated to the extent  and 
distribution of the human and industrial activities in the coastal region studied. It clearly shows the 
impact of human habitation and underscores the need for the implementation of measures to limit and 
decrease the environmental release of contaminants. Radioactivity measurements showed the absence 
of the expected low level activity of man-made isotopes present in the environment as a result of 
nuclear activities or nuclear accidents around the world as reported in the literature. It is possible that 
the activity concentration for the anthropogenic radionuclide was below the detection limit and/or their 
absence due to the low retention factor of the algae collected. We may conclude that these results 
could be useful for decision making in marine environment control policy and in monitoring 
techniques.   
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Abstract 


Hunger and malnutrition are among the most devastating problems facing the world’s needy, and they are 
especially compromising for the health of the poorest nations. Millions are denied access to their fundamental 
right to adequate food and nutrition, and to freedom from malnutrition in its many forms. Food insecurity 
threatens 800 million people, many of whom depend on food aid for their survival. 


There has been some measurable success in reducing the global burden of malnutrition over the last 
decade, with a slow but continuous fall in the prevalence of underweight malnutrition, iodine deficiency 
disorders, and vitamin A deficiency in children.   


Nevertheless, malnutrition still kills, maims, cripples and blinds on a massive scale worldwide; it is both a 
major cause and effect – and a key indicator – of poverty and underdevelopment. Some 30 million low birth-
weight babies – 23.8% of the global total – are born every year, reflecting intrauterine growth retardation; fully 
60% of the 10.9 million deaths among under-five  children each year in developing countries are associated with 
underweight malnutrition; 161 million pre-school children suffer stunting (chronic) malnutrition; iodine 
deficiency is the greatest single preventable cause of brain damage and mental retardation worldwide; vitamin A 
deficiency remains the single greatest preventable cause of childhood blindness, and significantly increases 
morbidity and mortality; and immense problems of iron and folate deficiency, and resulting anaemia, affect more 
than 60% of women of childbearing age and millions of young children in developing countries, further 
increasing morbidity, mortality and developmental retardation in these already susceptible populations. 


At the same time, in both industrialized and rapidly industrializing countries, a massive obesity epidemic 
is emerging among children, adolescents and adults, especially as a result of unhealthy diets and sedentary 
lifestyles. More than half the adult population is affected in some countries, resulting in increased death rates 
from heart disease, hypertension, stroke, diabetes, some cancers and other chronic degenerative diseases. Many 
countries facing this nutritional transition of changing diets and lifestyles are weighed down by a dual burden of 
over- and under-nutrition in their populations. 


WHO has a fundamental role in tackling these vast nutritional challenges by working with, and 
strengthening the ability of, Member States both to identify and reduce all forms of malnutrition, and to promote 
healthy nutrition and lifestyles.  It calls for focusing WHO's combined nutritional programmatic and normative 
strengths through a vigorous outreach in regions and countries, as well as through strong collabourative action 
with the other key UN organizations such as IAEA, FAO, UNICEF, WFP, as well as others of the international 
community. 


Translating this fundamental role into an effective practical strategy means for that  – with varying 
emphasis, as determined by national and regional priorities – (a) reinforcing evidence-based action against 
maternal malnutrition, intrauterine growth retardation, and childhood and adolescent malnutrition; (b) improving 
growth monitoring and nutrition surveillance; (c) reinforcing national, regional and global action to improve 
infant and young child feeding; (d) monitoring progress towards eliminating iodine deficiency disorders and 
support universal salt iodization; (e) monitoring and combating vitamin A deficiency, anaemia and other 
widespread nutritional and micronutrient deficiencies; (f) developing global, regional and national strategies for 
preventing and reducing obesity and other diet-related diseases and for promoting healthy nutrition and 
lifestyles; (g) assisting Member States in strengthening their nutrition policies and programmes; and 
(h) supporting countries and frontline agencies in tackling nutrition and malnutrition in disasters and 
emergencies. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Body composition can be measured by various techniques. However, The only way in which lean body 
mass and fat body mass can be measured accurately in free-living human subjects is to use a kinetic method with 
water labelled with 2H and or 18O. Known as the “stable isotope dilution method” this procedure is now accepted 
worldwide. In addition, This technique has been validated to assess infant milk intake. Indeed, the dose-to-
mother isotope dilution method measures breast milk output and mother’s body composition with minimum 
interference on the lactation process.The IAEA Technical Cooperation projects in Senegal and Ghana were 
aimed at estimating breast milk output and mother’s body composition by deuterium dilution methods among 
lactating mothers, who were the beneficiaries of the National Supplementary Feeding Programme. A dose of 
deuterium oxide was orally administrated to the mothers and saliva samples were collected from both the babies 
and the mothers before and after the administration of the dose. Enrichment of the saliva samples was measured 
by a fast, easy and less expensive method, which uses a Fourier Transformed Infrared Spectrometer (FTIR).  


In Senegal, the study has been conducted on 206 women paired with their children and 1876 saliva 
samples have been analysed in duplicate. In Ghana, 150 paired women with their children have been selected for 
the study and 2100 saliva samples have been analysed. Following results were obtained after a 3 months 
supplementary feeding: There is a significant increase in mother’s lean body mass (41.35Kg ± 5.00) vs (34.63Kg 
± 6.09) respectively in supplemented and non-supplemented mothers in Ghana. And, (40Kg±4) vs (37Kg±4) 
respectively in supplemented and non-supplemented mothers in Senegal; Breast Milk volume increased 
significantly in Ghana’s study (1050 ml ±280) vs (850 ml± 150). However, in Senegal, the intervention did not 
significantly improved the milk output (992 ml±186) vs (943 ml ±207); The nutrition intervention in both studies 
increased significantly the energy value of breast milk as well as the zinc content 


1. INTRODUCTION 


The use of stable isotopes has several advantages to researchers in the expanding area of human 
body composition, energy balance, and protein turnover and fuel utilization [1]. 


Characterization of body composition by conventional methods such as anthropometrical 
measures is not sufficient to explore nutrition and growth (metabolic changes, energy patterns) and 
alterations in human health (disease). Measurement of body composition is an important component of 
this evaluation; the simplest method is weight and height measurements [2,3]. Body composition and 
body weight are two entirely different concepts. Body composition is the technical term used to 
describe the different tissue and fluid compartments that, when taken together, make up a person’s 
body weight.  
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Measuring body composition is part of clinical nutritional assessment [4]. The major 
compartment of the human body is water (Fig. 1). The fat compartment, namely fat mass (FM), varies 
considerably between normal and obese individuals. Moreover, certain fat distribution is associated 
with the risk of developing non-communicable chronic diseases (NCCD). This is aggravated by the 
tendency observed in many societies for gains in weight and body fat leading to obesity as age 
progresses [5]. Fat mass is the total amount of lipids stored in the human body in two forms: a. 
subcutaneous fat, directly under the skin and b. visceral fat, located deeper in the body as a cushion 
between organs, normally seen around waist. 


Fat free mass (FFM) or lean body mass (LBM) is the structural and functional (non-fat) 
compartment of the body. It includes water, protein, and minerals. It is also divided into: a. body cell 
mass (BCM), which contains all metabolically active tissues and includes the water inside living cells 
“intracellular water” (ICW) and b. extracellular mass (ECM), which contains minerals and plasma and 
includes water outside living cells “extracellular water”(ECW). The total body water (TBW) is the 
total water in the ICW and ECW compartments. 


The application of nuclear techniques together with conventional methods permits the analysis 
of body composition from a multiple compartmental perspective. These techniques make it possible to 
account for inter-individual variability in body water and bone mineral mass. The most commonly 
used approach for measurement of body composition is the 2-compartment model that divides the 
body in fat and fat-free spaces. The three-compartment model includes water and the four-
compartment model includes the mineral compartment in the body (Table I). 
 
 


 
 
 


FIG. 1. Body composition compartments. 
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TABLE I. COMPARTMENT MODELS FOR BODY COMPOSITION 
 


First stage level 
 


Second stage level Third stage level 


2 Compartment Model 3 Compartment Model 4 Compartment Model 
1. Body Density (Db) by 


hydrodensitometry or by air 
displacement plethysmography 
(BOD POD) 


2. Total Body Water (TBW) by 
deuterium oxide dilution. 
Methods: IRMS, FTIR or IRS 


3. Bone mineral mass by Dual X 
ray energy absorptiometry 
(DEXA) 


4. Bioelectrical Impedance 
5. Total Body Potassium (40K)  
 
Note: some of these methods are not 
readily available. 


1. (Body Density) 
+ 
2. Total Body Water 
 
 
 
 
 
 
 
 
 
 
Note: This model controls for 
inter-individual variability in 
body water. 


1. (Body Density) 
+ 
2. Total Body Water  
+ 
3. Bone Mineral Mass 
 
 
 
 
 
 
 
 
Note: This model controls for 
inter-individual variability in 
body water and bone mineral 
mass. 


 


1.1. Techniques for measuring body composition 


The IAEA has a unique mandate of the United Nations System to promote the nuclear 
applications in health and on its Article II of the Statutes states, “The Agency shall seek to accelerate 
and enlarge the contribution of atomic energy to health and prosperity throughout the world.” The 
IAEA programme in human nutrition is designed to assist developing countries in the application of 
nuclear and related isotopic techniques for assessment of nutrient intake, body composition, energy 
metabolism, status of micronutrient and nutrient bioavailability [5].There are several techniques 
available to measure aspects of body composition. The cheapest and easily available are 
anthropometry, bioelectrical impedance (BIA). The other technologies most commonly used which are 
more sophisticated and expensive are isotopes dilution, air displacement plethysmography (BOD 
POD), whole body gamma counting (40K), dual-energy X ray absortiometry (DEXA), magnetic 
resonance imaging (MRI), and computer tomography (CT). Their availability is restricted. From the 
available techniques mentioned above the ones classified as nuclear techniques are: isotopic 
techniques, whole body gamma counting (40K), dual-energy X ray absortiometry (DEXA), and 
computer tomography (CT). 


“The two compartment model”, body composition assessment by deuterium or 18O (stable 
isotopes) dilution technique is now widely used in nutritional studies because stable isotopes can be 
administrated safely to humans in different physiological situation and can be used in free living 
subjects [7]. This technique is very popular because it is easy to administer, non-invasive, and 
accurate. A tracer dose of water labelled with 2H or 18O is administrated and allowed to equilibrate for 
4–6 hours. Isotope enrichment in urine or saliva samples is measured to calculate body water volume. 


Conventionally, sample enrichments have been measured with an isotope ratio mass 
spectrometer, which is expensive, time consuming, and requires a specialist for operation and 
maintenance. A fast, easy, and less expensive method was developed, which uses a Fourier 
transformed infrared spectrophotometer (FTIR).  
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FTIR allows quicker assessment of deuterium concentration and requires less expensive 
analytical material. This technique makes it possible to quantify the oxygen-deuterium bonds in the 
mid-infrared spectrum by measuring absorbance. The use of principal-component analysis (PCA) 
saves time by allowing the assay to be performed on crude plasma after brief sample preparation.  


Some equations will then provide the final calculation of the compartments of the body 
composition: 


1. Body composition is calculated from the total body water (TBW):TBW/0.73= lean mass2.
 Body fat = Body weight – lean mass 


3. Lean body mass (LBM) is calculated from the formula: LBM (kg) = corr TBW (kg) / 0.73 


 where 0.73 is the correction for the distribution of water in lean body mass. 


4. Fat mass is then determined as the difference between body weight and lean body mass. 


 Fat Mass (kg) = Body Weight (kg)-LBM (kg) 


 


1.2. Determination of breast milk output by stable isotope techniques 


The determination of breast milk output is fundamental for infant nutrition in developing 
countries since it’s well known that early introduction of weaning foods is an important cause of child 
malnutrition. 


Measurement of breast milk intake by the isotope dilution method does not interfere with 
feeding behaviour and is therefore suitable for nutritional studies in developing countries. A tracer 
dose of water labelled with 2H was administrated to the mother and isotope enrichment in urine or 
saliva samples from the baby and the mother was measured to calculate breast milk output as well as 
mother’ body composition. A two-compartment model was used. The model predicts a mono-
exponential decay curve of the deuterium for the deuterium in mother’s body water and bi-exponential 
decay curve for the deuterium appearance in the baby’s saliva (Fig. 2). Baby’s milk intakes were 
estimated by using adapted computer program for kinetic analysis. Mother’s and baby data were 
introduced to the program to calculate milk intake based on in vivo tracer kinetics. 
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FIG. 2. Decay curves of deuterium enrichment from Cissé, et al. [8]. 
 
 
 


2. EXAMPLE OF IAEA SUPPORTED PROJECTS 


2.1. Senegal Project SEN 7003 


The IAEA project in Senegal was entitled “Studies of corporal composition and milk production 
of mother receiving a supplement with help of stables isotopes”. 


From 1986 to 1993, the nutrition situation in Senegal deteriorated quickly. Malnutrition, for 
example, in infants 6–36 months of age doubled from 5.8 to 12%. Due to this situation, a large Project 
of Community Nutrition (PNC) has been established with support from the Senegalese Government 
and World Bank. Inside this programme, there is the project SEN 7003, financed by IAEA. The aim of 
this project was to evaluate the nutrition status, quality, and quantity of maternal milk production of 
lactating women, who have been receiving supplementation. The stable isotope technique used was 
double-labelled water given to the mother measured in the child’s saliva (three month old infants, 
exclusive breast fed). Results from this study have already been published elsewhere [8,9]. A 
summary of the study is provided below. 


2.1.1. Subjects and methods 


Two hundred six women were initially recruited from the peri-urban region of Dakar. They 
were divided in two groups. Women were recruited in the last trimester of pregnancy and received two 
different supplements for a period of 6 months (42 based on millet and 35 based on corn). The control 
group did not have any supplementation. At the end, they had 134 recruited mothers. The 
determination of the nutrition status, an evaluation of anthropometrics, corporal composition, and 
haematological status was done in the mothers at recruitment and in babies until 3 months pos partum. 
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Determination of quality of milk was done by measurement of protein, lactose and triglycerides 
as well as Fe, Na, K, Mg, and Zn content. 


Determination of milk quantity ingested and corporal composition of mothers were done by 
double-labelled water techniques from the saliva samples. 


2.1.2. Results and discussions 


The social economic analysis shows a good choice of PCN. The majority of women are from 
very low social economic level or live in very precarious situation and vast majority do not know how 
to read and write.  


The anthropometric characteristics from both groups were comparable, with BMI< 18,5. This 
means that those women have a chronic malnutrition (energetic). This would justify an intervention of 
PNC. Between 1 to 3 months of intervention, the BMI did not improve. This effect is particularly 
noted after 3 months and supplement based on mil. The duration of the supplementation will have a 
role after 2 months when the BMI showed an improvement. 


A significant increase of the muscle (lean body) mass was observed in function of the duration 
of the supplementation (after 2 months), independent of the type of the supplement (Fig. 3). No 
modification of the fat mass was observed; this would explain the same milk production in the control 
and study groups.  
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FIG. 3. Body composition (kg) of mothers (n=35) according to the duration of supplementation: IAEA 
project in Senegal. 
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Anaemia (Hb<12g/dl) was present in the majority of the women. It is interesting that after one 
month from delivery the control group had significantly less anaemia than the study group. The 
prevalence of anaemia after 3 months in both groups was around 60%. It should be noted that, in the 
supplement, iron and folic acid were added. A suggestion of an inhibition effect on iron bioavailabilty 
inside of the supplements is a plausible explanation. 


The supplements started on the last trimester of pregnancy did not alter the milk production up 
to three months (900g/day). These milk productions assure the normal growth and increase in weight 
of the babies up to three months (Table II). No effects of the duration or type of supplements were 
observed. It is very important to note that the majority of the women declared themselves in 
exclusively breastfeeding, but the reality is that only 4% did so. This practice did not seem to interfere 
with the baby growth. 


 
TABLE II. BREAST MILK AND OTHER INTAKESa OF THE BABIES  


Supplemented  


Millet (n=41) Maize (n=35) 


Non-supplemented 


(n=57) 


Breast milk intakes (g/day) 918 ± 186 992 ± 205 943 ± 207 


Other intakes (mL/day) 234 ± 144 150 ± 100 158 ± 145 


M ± SD. a water or food supplements given to the baby. Source [8]. 
 
 
The anthropometrics for the babies are reasonable up to 3 months. They are inside the reference 


values. Although any stunting was not observed, there was a better score towards the supplemented 
group, especially the “millet” one. This could be explained by the zinc presence in the millet 
supplement. The determination of the maternal milk composition will help to explain. 
 


2.2. Ghana Project GHA 6011 


The IAEA Ghana project “Isotope-aided evaluation of breast milk intake and infant growth: 
evaluation of a supplementary feeding programme in western region of Ghana” has just been 
completed. 


The economy of Ghana experienced a steady decline in the 1970s and early 1980s. The 
economic decline led to the deterioration of social and economic structures. Food production fell short 
of requirements. Women and children bore the brunt of this decline. A study conducted between 1982 
and 1983 in the Northern, Brong Ahafo, and Greater Accra Regions of Ghana revealed that the caloric 
intake of children was 69% of their daily requirement, while pregnant and lactating women satisfied 
less than 85% and 90% of their caloric and protein needs respectively (1). A national Nutritional 
Survey of 1986 conducted by the Nutrition Unit of the Ministry of Health found that 58% of children 
under five years were below the 80% USNCHS weight-for-age standards, 40.3% were wasted and 
51.5% had stunted growth. Eighty one percent of these children were classified as suffering from 
kwashiorkor and marasmus while 23% had mild to moderate malnutrition. 


To address the endemic problem of malnutrition among children, pregnant, and lactating 
women, the Government of Ghana, represented by the Ministry of Health, in collabouration with the 
World Food Programme (WFP) in 1990 instituted the Supplementary Feeding and Education 
Programme (SFEP). The Canadian International Development Agency (CIDA), the then European 
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Economic Community (now European Union), and the Governments of Japan and the Netherlands 
provided additional financial support. 


The IAEA project was initiated under this programme to assess the impact of food 
supplementation and nutrition education on the nutritional quality and growth of infants as well as 
body composition of the lactating mothers taking part in the SFEP. Preliminary results are shown 
below. 


2.2.1. Subjects 


Eighty supplemented women from four SFEP communities (Benyin, Eduzuazo, Ahorbre and 
Antto) and seventy controls from Nglekazo, Daboase Junction, New Kabenlazuazo and Egbazo were 
studied. The control group was selected from four planned intervention communities all in the 
Western Region of Ghana. The two groups were comparable in terms of socio-economic conditions, 
and were living in poor rural communities.  


2.2.2. Results 


There were no significant differences between the supplemented and non-supplemented groups 
(Table III). Breast milk intake as well as other characteristics of the infants at 3 and 6 months of age 
was comparable in both groups (Table IV). Milk composition for the two groups was comparable 
although protein, fat, and lactose were on the average slightly higher for the supplemented group. Zinc 
was significantly higher in the supplemented group (Table V). There were significant differences in 
anthropometric indices with infants of supplemented mothers showing better growth. Analyses of 
growth monitoring data indicate that there were significant differences between infants of the 
supplemented and non-supplemented mothers. It was observed from the results, that growth was 
slightly better in the supplemented group than the non-supplemented group (Figs 4, 5). 


 
TABLE III. TESTS BETWEEN MEANS FOR CHARACTERISTICS OF MOTHERS AT 3 
MONTHS POST-PARTUM 
 


Variables SFEP Non-SFEP ALL 
Mother’s total body water (kg) 30.50 ± 4.47 28.97 ± 4.87 29.92 ± 4.66 
Mother's Body fat (%) 29.74 ± 11.19 34.32 ± 10.46 31.40 ± 11.11 
Lean mass of mother (kg) 39.70 ± 6.04 37.65 ± 6.23 38.95 ± 6.16 
Mother’s age (years) 25.40 ± 6.38 25.59 ± 6.22 25.47 ± 6.29 
Mother’s weight (kg) 57.79 ± 11.56 58.20 ± 10.28 57.94 ± 11.07 
Mother’s BMI 22.74 ± 3.83 23.03 ± 3.30 22.82 ± 3.68 
 
TABLE IV. TESTS BETWEEN MEANS FOR CHARACTERISTICS OF INFANTS AT 3 AND 6 
MONTHS 
 


  
3 months 6 months 


Variables SFEP Non-SFEP SFEP Non-SFEP 
Age  
 


3.02 ± 0.44 3.14 ± 0.41 6.16 ± 0.30 6.47 ± 0.23 


Breast milk 
intake (g/day) 


912 ± 170 899 ± 192 907 ± 93 950 ± 94 


Non-milk water 
intake (g/day) 


320 ± 200 270 ± 140 430 ± 60 490 ± 40 


Weight  
 


6.20 ± 0.61 6.24 ± 1.0 7.29 ± 0.51 7.27 ± 0.30 


SFEP  = Mothers who took part in SFEP 
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TABLE V. BREAST MILK COMPOSITION 
 


Variables SFEP Non-SFEP t-test 
Protein (g/dL) 1.25 ± 0.3 1.1 ± 0.2 2.60 (0.122) 
Fat (g/dL) 3.1 ± 0.2 2.9 ± 0.1 3.46 (0.074) 
Lactose (g/dL) 6.3 ± 0.6 6.0 ± 0.4 2.60 (0.122) 
Iron (mg/dL) 0.02 ± 0.002 0.025 ± 0.005 -2.89 (0.102) 
Zinc (g/dL) 0.12 ± 0.003 0.10 ± 0.004 34.64 (0.001)** 


 
Note: 
no star = not significant 
** = Significant at 1 percent 
SFEP   = Mothers who took part in SFEP  
Non-SFEP = Mothers who did not take part in SFEP 
 
 
 
 


 
 
 


FIG. 4. Height-for-age Z scores for babies in the Jomoro District in Ghana. 
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FIG. 5. Weight-for-age Z scores for babies in the Jomoro District in Ghana. 
 
 


3. CONCLUSIONS 


3.1. Conclusions of the Senegal study 


The milk production of the mothers that received supplement was enough in quantity to assure 
normal growth up to three months. This production was not influenced by supplements and its 
duration (Table II). Only through the utilization of the isotopes techniques it was possible to show that 
the mother were not exclusively breastfeeding their babies. The chronic energy malnutrition was 
practically nonexistent in the group supplemented with “millet”. At this level it is important that the 
women gained muscle, an observation only done thanks to the isotopes dilution of deuterium (Fig. 3). 
Simple methods would not be sensitive enough. The supplementation had a positive impact. Its 
duration will have an important role. It is only effective after 2 months. It is strongly advised. The high 
prevalence of anaemia after three months should be carefully seen by PCN. 


3.2. Conclusions of the Ghana study 


In conclusion, the SFEP did not have a significant influence on the quantity of breast milk 
intake. These results are comparable to those obtained in previous studies conducted in the Gambia 
[10] and Senegal [9]. It was observed that almost all the mothers who participated in the programme 
were not practicing exclusive breastfeeding. 


The growth of infants of participating mothers was better than that for non-participants. In 
addition, the quality of breast milk produced by supplemented mothers as well as their body 
composition was not significantly affected. 


3.3. Overall conclusions of the IAEA supported studies 


From one to three months, the weight and height of the babies were satisfactory. The 
supplementation in the pregnancy has shown some better nutritional scores in the babies, especially in 
height. This result seems important and shows the necessity of comparison of the maternal milk 
composition of the supplement and non-supplemented mothers. Body composition measurements are a 
useful tool to measure the quality and quantity of growth in a given population. Isotopic techniques 
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start to be accessible in developing countries by FTIR, an easy approach and within an affordable 
price. This methodology should however be used to validate anthropometric methods that are 
accessible to all. Another point that should be made is the coefficient of correction or hydration 
coefficient of 0.73 in the equation to determine body composition assumes a healthy individuals and 
that might change as the nutritional status varies and in pregnant women where the size body 
compartments changes. 


Senegal and Ghana have beautifully shown that this methodology can be used in their countries 
to really evaluate the benefits of a supplement programme: the mothers’ milk quality or output 
increased and the growth of the breastfed babies was better. 


The IAEA is contributing to identify strategies in nutrition interventions schemes as currently 
applied in several developing countries, by offering technical solutions to improve nutrition 
monitoring techniques. The IAEA activities in nutrition research have strengthened the use of isotopes 
techniques as tools to evaluate human nutritional status [11]. In conclusion, the assessment of 
nutritional status of food supplemented lactating mothers using stable isotopes techniques showed that 
the intervention was beneficial to the community and the nutritional status of both mothers and 
children has been improved. In addition, the stable isotope dilution technique using the FTIR was 
accurate, reliable, and easy to use for free living subjects in developing countries. 
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Abstract 


Pine needles and foodstuffs collected from Beijing, China, were analysed by instrumental neutron 
activation analysis (INAA) combined with organic solvent extraction for total halogens, extractable 
organohalogens (EOX) and extractable persistent organohalogens (EPOX). The INAA detection limits are 50 ng, 
8 ng and 3.5 ng for Cl, Br and I, respectively. The contents and distribution patterns of organohalogens in these 
samples are reported. EOCl accounted for 0.013–0.016% and 1.6–2.7% of the total chlorine in yoghurt and 
apples, respectively, which suggested that chlorine in foodstuffs mainly existed as inorganic species and non-
extractable organochlorines. EOCl in pine needles and foodstuffs were noticeably higher than EOBr and EOI. 
For pine needles, yoghurt and apples, 1.6–34%, 23–58% and 29–35% of EOCl remained as extractable persistent 
organochlorine (EPOCl), respectively. Pine needle containing higher EOCl contents in chemical industrial and 
traffic hub areas indicated that chemical industries and exhaust emission from vehicle were the main sources of 
organochlorines in the Beijing’s air. The relative proportions of the known organochlorines (such as HCHs, 
DDTs, Chlordanes, heptachlor, HCB and PCBs) to total EOCl and EPOCl were 0.04–1.6% and 0.7–21.5%, 
respectively, which implied that a major portion of the EOCl and EPOCl measured in pine needles was 
unknown. 


1. INTRODUCTION 


Organic halogens, especially organochlorinated compounds (OCs) such as polychlorinated 
biphenyls (PCBs), have long been recognized as a potential threat to human health and, therefore, 
these compounds have been widely investigated in foods [1, 2], vegetation [3, 4], and the atmosphere 
[5, 6]. Recently, interest in using extractable organhalogens (EOX) as parameters for the quantification 
of total organohalogen content in sediment [7], biota [8], and water [9] has dramatically increased. 
However, there is ever growing evidence that traditional analytical methods such as gas 
chromatography (GC) and GC- mass spectrometry (GC-MS) could only provide information about the 
known OCs, which contributed to less than 20% of total amount of extractable organochlorinated 
compounds (EOCl) in samples and therefore the results couldn’t reflect the actual OCs contamination 
levels [10,11]. INAA is a very convenient and quick method for halogen analysis, and is also the only 
analytical method currently available for simultaneously determining EOCl, extractable 
organobrominated (EOBr) and extractable organoiodinated compounds (EOI) in an extract [7,8,12]. 


Pine needles can accumulate organohalogens from the ambient air and therefore can serve as a 
biomonitor to monitor the levels of atmospheric contamination of these compounds [13,14]. Pine 
needle can integrate contaminants over a long time and is much easier to collect than air samples, 
especially in remote areas. Moreover, pine is widespread in Beijing area and its needle age is easy to 
determine. 


Since OCs can be accumulated in organisms through the food chain as a result of their lipophilic 
property, the foodstuffs are considered to be the main source of human exposure to these compounds. 
The content of OCs in milk can be conveniently measured, therefore, United Nations Environmental 
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Programme recommend milk or dairy products as an indicator of OCs [15] and this type of foodstuff 
has been studied as an indicator of organochlorine pesticide exposure [16,17]. 
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2. METHODS AND MATERIALS 


2.1. Sample collection 


2.1.1. Pine needle 


Samples of the Pinus tabulaeformis Carr. needles were collected at 22 sites of six functional 
areas in Beijing (Fig. 1) during March and April 2002. Pine needles were taken at least from three 
individual trees at heights of 1.5–3 m at each sampling site. Pine needles were reserved in 
polyethylene bags immediately after sampling, and then some samples were used to analyse water 
content, and the rest was dried and stored in polyethylene bags at room temperature in dark until 
analysis. The water content of the pine needles was determined to be about 56–66% weight by drying 
(120 º) them to constant weight. 


2.1.2. Foodstuffs 


Yoghurt and apple samples (10 each) were collected at random from several supermarkets of 
Beijing during the period between February and April of 2003. Five yoghurt samples were from 
Shanghai and the other 5 from Inner Mongolia. The apples were from Shandong Province. The 
samples were immediately lyophilized in freeze dryer after collection. Their water contents were 
determined to be 80.3–80.6% and 85.5–86.2% weight, respectively, by lyophilizing until constant 
weight. 


2.1.3.Extraction and clean-up 


Sample extraction and cleanup refer to [20] and the whole experimental procedure was outlined 
in Fig. 2. 


2.1.4.Lipid analysis 


The lipid contents in the yoghurt and apple samples were determined by hydrochloric acid 
hydrolyzation according to the National Standard Method GB5009.6–85 [18]. 


 


FIG. 1. Map of sampling sites in Beijing City. A: traffic hub area; B: Chemical industrial area; 
C: Iron-steel industrial area; D: Residential area nearby chemical industries; E: Common residential 
area; F: Park. 
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2.1.5. Neutron activation analysis 


 The contents of total halogens, EOX and EPOX in pine needles and foodstuffs were measured 
by neutron activation analysis [20]. The detection limits were 50, 8 and 3.5 ng for Cl, Br and I, 
respectively. Cellulose extraction thimble was extracted and processed in the same manner as the 
samples to obtain the blank values, once each 6 samples. The blank values of Cl, Br and I were 
subtracted to correct the experimental values. 24Na (t1/2=15.0 h, Eγ=2754 keV) was simultaneously 
determined as a check for contamination caused by inorganic halogens [19]. In our practice, 24Na was 
not found in the sample and blank extracts. The relative standard deviations of the five replicate 
analyses were 8% for EOCl, 8% for EOBr and 12% for EOI. 


2.1.6. GC and GC/MS analyses 


 The GC analyses were carried out by a Varian 3800 gas chromatograph equipped with a 63Ni 
electron capture detector, using a fused silica capillary column (CP-Sil 8 CB 30 m×0.25 mm i.d., with 
0.25 µm film thickness). The temperature of injection and the detector was 250 and 300˚, respectively. 
An initial column temperature of 90˚ was hold for 3 min, and then programmed at 5˚ /min to 120˚, 14˚ 
/min to 250˚ and 15˚/min to 280˚,and hold at 280˚ for 5 min. High pure He was used as carrier gas. 
 


Samples 


Extract 


INAA for Conc.H2SO4 


INAA for GC for OCPs


Water washed


INAA for Cl, Br, 


 
 


FIG. 2. Flow chart for analytical procedure. 
 
 


The gas chromatographic condition of GC-MS was same as GC. Effluents from GC column 
were fed into a 70 eV electron impact source held at 150˚. The mass spectrometry was operated in a 
full-scan acquisition mode with mass range 50–650. A 250 mL aliquot of cyclohexane: acetone (1:1) 
was concentrated to 0.2 mL and used to check the contamination from the reagent used. No significant 
peaks overlapping OCs standards appeared in the chromatogram of the blank. GC peak identification 
was conducted by comparing the gas chromatographic retention time (in GC chromatogram) and mass 
spectra (in GC-MS) with those of authentic standards. Each analysis was performed in duplicate or 
triplicate, and the chemical recoveries of the experimental procedure were estimated by spiking the 
pine needle samples with 10 OCs standards at three levels: 100, 400, and 800 ng/mL, respectively. The 
average recoveries (n= 3) were 92±4% for HCHs, 85±5% for DDTs, 84±5% for chlodanes, and 
89±12% for PCBs. The detection limits were calculated based on a signal/noise ratio of 3, which 
ranged from 0.003 to 0.075 ng/g for 10 OCs and 0.0004–0.09 ng/g for PCBs, low enough to determine 
pesticide and PCBs residues at the required levels in this study. 
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3. RESULTS AND DISCUSSION 


3.1. Distribution of EOX and EPOX in pine needles 


3.1.1. Extractable organohalogens 


The contents of organohalogens were in the order of EOCl >> EOBr > EOI (see Table I). EOCl 
accounted for more than 96% of EOX in all the pine needle samples, which showed that EOCl was the 
major fraction of the organohalogens. Similar results have been gained in our previous study for 
needles from remote areas in China [20], and reported by Christina and co-workers [21] and Kannan, 
et al. [22] for aqueous biota. The reason for high EOCl is likely attributed to two factors: (1) most 
organohalogenated pollutants in the atmosphere are present as OCs that can be taken up by pine 
needles. Laniewski and co-workers [23] found that most absorbable organohalogens in rain and snow 
were OCs. Yokouchi [24] provided further evidence that chlorinated methane originated from both 
natural and anthropogenic sources was the most abundant organohalogen in the atmosphere and was 
continuously released in large quantities into the atmosphere from coastal land. Robert et al. [25] also 
found that a huge amount of natural brominated methane and chlorinated methane was released into 
the atmosphere from coastal salt marsh with an average molar flux ratio of rough 1:20. (2) OCs may 
be more difficult to be transformed and degraded than organobrominated and iodinated compounds in 
the environment. 


The highest content of EOCl in Beijing was in the chemical industrial area (40 mg/g, dry 
weight), followed by the traffic hub area (36 µg/g) and residential area nearby chemical industries 
(30 µg/g), which were about 3–4 fold higher than the lowest content (10 µg/g) in park. The content of 
EOCl in six functional areas decreased as follows: chemical industrial area>traffic hub 
area>residential area nearby chemical industries>common residential area>iron-steel industrial 
area>park. The EOCl content in the residential area nearby chemical industries was twice higher than  


 
TABLE I. CONTENTS OF EOX AND EPOX IN PINE NEEDLES IN BEIJING (µG/G, DRY 
WEIGHT)A 


 


Compound A B C D E F 
EOCl 
 
EOBr 
 
EOI 
 
EPOCl 
 
EPOBr 
 
EPOI 
 
EOBr /EOCl(%) 
EPOBr/ EPOCl(%) 


36b  
23–48 c 


0.25 
0.11–0.39 
0.13 
0.044–0.22 
4.7 
3.4–5.9 
0.12 
0.043–0.18 
0.04 
0.018–0.06 
0.7 
2.6 


40  
23–65 
0.45  
0.17–0.78 
0.15  
0.03–0.27 
2.0  
0.6–2.9 
0.06 
0.04–0.13 
0.03  
0.01–0.05 
1.1 
3.0 


12  
9–16 
0.19  
0.13–0.24 
0.12  
0.05–0.17 
0.6  
0.3–1.1 
0.04 
0.03–0.05 
0.02  
0.01–0.04 
1.6 
6.7 


30 
9–44 
0.35 
0.30–0.38 
0.11 
0.09–0.14 
2.0 
0.4–4.8 
0.06 
0.02–0.11 
0.02 
0.02–0.03 
1.2 
3 


14 
4.6–23 
0.3 
0.1–0.5 
0.17 
0.052–0.28 
0.95 
0.7–1.2 
0.045 
0.03–0.06 
0.01 
0.01–0.01 
2.2 
4.7 


10 
2.7–18 
0.21 
0.06–0.49 
0.07 
0.04–0.09 
1.6 
0.5–3.1 
0.032 
0.007–0.09 
0.015 
0.004–
0.036 
2.1 
2.0 


EOX expressed as Cl,Br,I; b. average content (µg/g, dry weight); c. content range(µg/g,dw) the common 
residential area. The pine needles in chemical industrial area contained the highest EOCl content, which 
indicated that the chemical industry was one of main sources of OCs in Beijing’s air. The considerable high 
content of EOCl in the traffic hub area showed that the exhaust emission from vehicle was another severe source 
of OCs in Beijing’s air. 
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3.1.2. Extractable persistent organohalogen 


About 1.6–34% of EOCl survived as the species of EPOCl (sulphuric acid-resistant) after 
treatment with concentrated sulphuric acid, which suggested that >66% of EOCl in pine needles were 
an acid-liable or acid-soluble fraction. Most compounds with heteroatoms (oxygen or nitrogen atom) 
or an unsaturated bond, such as most known naturally occurring organochlorinated compounds, could 
be protonated or decomposed and removed from the extracts after treatment with concentrated 
sulphuric acid [12,26]. Thus, a conclusion could be drawn that the natural EPOCl could not be 
neglected, but its contribution was probably limited in comparison with that from the ambient air. A 
weak correlation (r = 0.59) was observed between the concentrations of EOCl and EPOCl (Fig. 3a), 
which further indicated that major fractions of EOCl and EPOCl in pine needles were not of natural 
origin, but of the ambient atmospheric source. However, there was a correlation between the contents 
of EOBr and EOI (r=0.75) and the similar pattern for EPOBr and EPOI (r=0.65) (Figs 3b and 3c), 
which demonstrated that EOBr and EOI in pine needles mainly came from the natural source. The 
plots of EOCl to EOBr and EOCl to EOI showed the segregated feature. No correlation between the 
contents of EOCl and EOBr or EOI implied that their sources were different. 


The contents of EPOX were also in the order of EPOCl >> EPOBr > EPOI. Major fraction 
(88%) of EPOX was EPOCl. The ratios of EOBr/EOCl ranged from 0.7–2.2%, whereas 2.0–6.7% for 
EPOBr/EPOCl, which implied the relative stable proportion of EOBr was higher than EOCl. Our 
previous study on pine needle from the remote areas gained the similar results [20]. The study on 
terrestrial oils found that EOBr was quite stable, and major portion of EOBr existed in fatty acid after 
saponification [27]. 


 The contents of the known (identified) organochlorines, such as HCHs, DDTs, Heptachlor, 
HCB, PCBs, and chlordanes, in pine needles are listed in Table II. The known organochlorines 
accounted for 0.7–21.5% of EPOCl and below 2% of EOCl in pine needles, which implied that the 
relative proportions of the known to unknown organochlorine were very low. The known compounds 
were reported to account for 5–25% of EOCl in fish from the United States [22] and 2–18% in marine 
organisms from the Osaka Bay [28]. About 45% of EOCl reported in blubber lipid of beluga whales 
were attributed to the known compounds [10]. About 25–50% of EOCl in herring gull eggs from the 
Lake Ontario can be explained by the known compounds [29]. The identified compounds in birds from 
Georgia (USA) accounted for 1–14% of EOCl [22]. In Japanese human adipose, about 59% of EOCl 
can be accounted by PCBs, DDTs, PCTs, and HCHs [28]. In contrast with the above results, the 
relative proportions of the unknown EOCl in pine needles are higher than those found in aqueous and 
terrestrial biota. 
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FIG. 3. Relationships of EOCl to EPOCl, EOBr to EOI and EPOBr to EPOI in pine needles. 
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TABLE II. CONTENTS OF THE KNOWN ORGANOCHLORINE IN PINE NEEDLE IN BEIJING 


Compound A B C D E F 
OCPs-Cl(ng/g) 
Range(ng/g) 
PCBs-Cl(ng/g) 
Range(ng/g) 
known Cl(ng/g) 
known Cl/EOCl(%) 
range 
known Cl/EPOCl (%) 
range 


22.4a 


22.4b�* 


147.8 
70.7–
224.8 
170.2 


0.5 
0.1–0.5 


3.7 
0.7–4.7 


82.4 
16.1–


276 
50.5 


12.1–
88.9 


132.9 
0.34 


0.04–
1.6 
6.8 


1.3–
21.5 


26 
16.4–
37.4 
33.5 
5.1–
58.2 
29.5 


0.5 
0.33–
0.62 


9.4 
6.8–
14.9 


97.9 
29.2–
232.5 
155.5 


155.5* 


253.4 
0.8 


0.08–0.9 
12.5 


3.2–8.1 


23 
13.4–
32.6 
25.5 


25.5* 


48.5 
0.35 


0.17–
0.71 


5.1 
3.2–4.7 


33.3 
23.1–45.5 


34.2 
18–54.8 


41.1 
0.6 


0.27–1.6 
3.6 


1.4–16 


a. average content of the known organochlorine(ng/g); b. content range of the known organochlorine; * one sample. 
 
 


3.2. Distribution of EOX and EPOX in foodstuffs 


3.2.1. Total Halogens 


The concentrations of the total halogens, EOX and EPOX in yoghurt and apple 
determined by INAA are given in Table III. Their concentrations were in the order of Cl >> 
Br>I, being in agreement with their element abundances in nature. EOCl and EPOCl 
accounted for 0.013–0.016% and 0.003–0.009% of the total chlorine in yoghurt, which 
suggested that chlorine in yoghurt mainly existed as inorganic species and non-extractable 
organochlorines. For apples, 1.6–2.7% and 0.56–0.77% of total chlorine were EOCl and 
EPOCl, while EOBr and EPOBr were 4.5–36.4% and 2.0–10.9% of total bromine, and 10.4–
50.0% of total iodine were EOI, which indicated that the relative proportions of EOBr and 
EOI were much higher than those of EOCl. 


 
TABLE III. CONCENTRATIONS OF HALOGENS, EOX, AND EPOX IN FOODSTUFFS (µG/G, 
WET WEIGHT) 
 


Sample Yoghurt 1a Yoghurt 2b Apple 1c Apple 2 
Lipid (%) 


EOCl 
EOBr 
EOI 


EPOCl 
EPOBr 
EPOI 


Total Cl 
Total Br 
Total I 


3.3 
0.12d(3.6)e 


0.0033(0.099) 
0.0075(0.23) 
0.069(2.1) 


NDf 


0.0036(0.11) 
740 
0.99 
0.099 


3.5 
0.088(2.4) 


ND 
0.0084(0.23) 
0.02(0.55) 


ND 
0.0034(0.093) 


670 
0.84 
0.11 


0.33 
0.099(30) 


0.00058(0.17) 
0.00057(0.17) 


0.035(10) 
0.00026(0.078)


ND 
6.2 


0.013 
0.0055 


0.35 
0.16(46) 


0.004(1.2) 
0.0018(0.51) 


0.046(13) 
0.0012(0.34) 


0.00018(0.051) 
6.0 


0.011 
0.0036 


a. Yoghurt 1 from South China; b. Yoghurt 2 from North China; c. apple sample from Shandong Province; d. 
values on a wet weight; e. values on a lipid weight. f. ND, not detected.  
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3.2.2. Extractable organohalogens 


EOCl in yoghurt was noticeably higher than EOBr and EOI (see Table III), whose average 
concentration was 3.0 µg/g on fat weight basis and accounted for ≥91% of the total EOX, indicating 
that EOCl was the main pollutant in the environment. Similar results have been reported by Xu, et al. 
[20] for terrestrial vegetation and by Kannan, et al. [22] for aqueous biota. Moreover, similar trend 
was found in apples. EOCl concentrations in apples were 30–46 µg/g lipid weight, which were 10–15 
fold higher than those in yoghurt. The direct use of Cl-containing pesticides and low lipid contents 
partially contributed to higher concentration of EOCl in apples. Since no data on the concentration of 
EOCl in yoghurt and apples are available, other biological samples are used for comparison. On the 
lipid weight basis, the concentrations of EOCl in yoghurt (3.0 µg/g) and apples (38 µg/g) were much 
lower than those of fish (595–2170 µg/g, lipid weight), birds (560–3080 µg/g, lipid weight) at 
estuarine marsh near a former chloralkali plant [22]. The average concentrations of EOBr and EOI in 
yoghurt and apples were 0.099 µg/g and 0.23 µg/g, 0.69 µg/g and 0.34 µg/g lipid weight basis, 
respectively, also much lower than in marine biota or biological samples near chloralkali plant [22]. 
The high concentration of EOX in the latter is likely attributed to the biosynthesized organic 
halogenated compounds and the disposal of wastes from the chloralkali process, which enriches EOX 
through the food chains [22, 30]. In contrast the terrestrial biota and feed contain relatively less 
biosynthesized organic halogenated compounds. 


3.2.3. Extractable persistent organohalogens 


About 23–58% and 29–35% of EOCl survived as the species of EPOCl after treatment with 
concentrated sulphuric acid for yoghurt and apple, respectively, which suggested that the considerable 
proportion of EOCl in them was an acid-liable or acid-soluble fraction. In comparison with pine 
needle, the EPOCl proportion in foodstuffs was higher. The concentrations of EPOX were also in the 
order of EPOCl >> EPOBr > EPOI in apple, while EPOCl >> EPOI and EPOBr in yoghurt. More than 
85% and 97% of EPOX were accounted for as EPOCl in yoghurt and apple, respectively, which 
showed that the major fraction of EPOX was EPOCl. The concentration of EPOCl in yoghurt (2.1 
µg/g, lipid weight) from south China (Shanghai) was higher than that from north China (Inner 
Mongolia, 0.55 µg/g lipid weight), which was in agreement with the consumed amount of pesticides in 
China (Shanghai, 9.85 kg/ha; Inner Mongolia, 0.36 kg/ha) [31]. Similar results have been found in our 
milk studies [32]. This tendency also corresponded to the level of economic development in China. In 
south China, a number of chemical plants release more waste into the environment. In addition, higher 
temperature and wet climate in south China avail of the reproduction and breeding of insects. Thus, 
more pesticides are needed to kill them. This might explain the relative high concentration of EOCl in 
south China (3.6 µg/g, lipid weight). The similar trend was reported for organochlorinated pesticides 
in soil and foodstuffs [33]. 
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Abstract 


Considering the continuously increasing development of new chemical substances and their appearance in 
the environment, little information exists on the relationship between environmental pollution and the nutritional 
status of humans. The purpose of this report is to provide an overview of factors influencing nutrient-pollutant 
interactions within the human body. The absorption of essential and toxic elements depends on speciation and 
bioavailability of the substances, as well as the physiological status of humans, such as their age. The 
pre-existing trace element status of people can also influence the absorption of elements. For instance, lead and 
cadmium absorption can be reduced by an adequate iron or calcium status. Some interactions between elements 
occur predominantly in specific organs, as for example cadmium, which accumulates mainly in kidney and liver 
and is accompanied by changes in levels of zinc. Pollutant-nutrient interactions can further be influences by 
socio-cultural aspects, such as processing and preparation of food. Fermentation and germination of maize and 
white sorghum, for example, can reduce their phytate contents, enhancing iron, zinc and manganese 
bioavailability. Furthermore, the geographical location can also affect nutrient-pollutant interactions, as it 
governs food availability and type, and high altitudes can alter the requirements for some nutrients. Thus, many 
factors influence the interactions between pollutants, nutrients and human health. This extremely complex 
system needs to be understood in more detail to reduce ill effects on human health and the resulting economic 
costs. 


Key Words: Environmental pollution, nutrition, micronutrients, human health, nutrient-pollutant 
interactions, risk assessment 


 


1. INTRODUCTION 


Until now, nutritional status and environmental pollution have mostly been treated as separate 
issues and there is very little information about their interactive relationship. Yet, they form part of an 
extremely complex system, where the health status of an individual is influenced by pollution, 
nutrition and infection, the four being tightly interconnected (see Fig. 1). The health-nutrition 
(UNICEF, 1990), health-infection (Corbett, et al., 2003), and health-pollution relationships (Gross, 
2002) are well established. Hence, examples will not be given here.  


Inter-relationships between substances, which can affect human health, may be divided into 
three categories: nutrient-nutrient, pollutant-pollutant, and pollutant-nutrient. Nutrient-nutrient 
interactions may include organic (e.g. vitamins) and inorganic (elements) constituents, their 
relationships being synergistic or antagonistic (WHO, 1996; Speich, et al., 2001). Different pollutants 
can interact with each other, altering their individual toxic effects on human health (Jonnalagadda and 
Prasada Rao, 1993). Finally, interactions have also been shown to occur between nutrients and 
pollutants (e.g. iron vs lead), one affecting the other and vice versa (Goyer, 1997). Example of these 
will be discussed in this report. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


The human health status, infection, nutrition, and pollution are further influenced by three 
underlying causes, namely environmental conditions (geographical, industrial, socio-cultural, etc), 
food (quantity and quality) and the degree of care (including feeding, psycho-social care, hygiene, and 
health practices) and security (e.g. social and economic security). Fig. 2 shows the conceptual 
framework of the causal relationships between the different direct and indirect determinants that 
influence the nutrient-pollutant interaction. The types of pollutants, as well as the nutritional status of 
people, strongly depend on the geographical, industrial and socio-economic environment. The quantity 
and quality of food will also affect the nutritional and pollution status of people. Additionally, they 
will be affected by care, including primary health care. Crops grown in a polluted environment can 
add to the pollution load within an individual and may affect the nutritional and health status. The 
difficulty of giving simple examples is another indication of the complexity of the system. Many 
relationships are not yet known, as for instance the interactions between pollutants and nutrients have 
only been tackled relatively recently. 


The purpose of this report is to provide an overview of factors influencing pollutant-nutrient 
interactions within the human body. Several factors can directly affect the interactions between 
pollutants and nutrients. These include the form of the substances (speciation and bioavailability), the 
physiological and nutritional status of the individual, and the specificity of interactions to certain 
organs. Furthermore, the underlying causes mentioned above can also affect the interactions between 
pollutants and nutrients. Since the influence of any these factors and underlying causes have not been 
investigated in a single study, or even for a single element, a combination of situations will be 
discussed. However, due to the limited scope of this paper, primarily inorganic constituents will be 
regarded. Wherever possible organics will be mentioned. Moreover, only one uptake route of 
substances into the human body will be considered: the gastrointestinal tract. A short account of 
analytical techniques applicable for assessment of the nutrient-pollutant interactions will also be 
included. 


2. FACTORS INFLUENCING POLLUTANT-NUTRIENT INTERACTIONS 


2.1. Speciation and bioavailability 


The absorption of essential and toxic elements in the gastrointestinal tract depends on the 
speciation and bioavailability of the substances. Bioavailability describes “the effects of any process, 
physicochemical or physiological, which influences the fraction of an ingested trace element 
ultimately presented to tissues in forms that can be used to meet functional demands” (WHO, 1996). 
Whether or not a substance is bioavailable will depend, at least in part, on its speciation. This term has 
been introduced “for the determination of the chemical form of a mineral, including valence state, the 
metal-ligand complexes and mineral compounds” (van Dokkum, 1989).  


Thus, knowledge of the physico-chemical form of toxic elements is important in understanding 
their fate and effects in the environment and humans (Jonnalagadda and Prasada Rao, 1993). For 
example, the absorption of inorganic mercury compounds in the gastrointestinal tract is less than 10%. 
In contrast, methylmercury in the diet is almost entirely absorbed, transferred into the blood stream 
and distributed to all tissues within about four days (Kershaw et al., 1980). The high level of 
absorption is due to its great affinity for sulfhydryl groups. Most of it becomes protein bound and very 
little is excreted (Jonnalagadda and Prasada Rao, 1993). Similarly, the organometallic derivatives of 
tin and lead are more toxic than the inorganic species (van Dokkum, 1989). It is therefore of high 
importance to state the chemical species investigated to allow comparison of results with those of 
other studies. 


2.2. Physiological status of individuals 


The physiological status of humans greatly affects the uptake of substances from the intestine. 
Changes in absorption have been observed throughout the life course of people. In newborns, the gut 
lacks the ability to discriminate against toxic elements. The extent of passive absorption of low 
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molecular weight solutes changes rapidly after birth, reducing the uptake of several essential and toxic 
elements by 10–40 times (WHO, 1996).  


Generally, children are more highly exposed to metals, such as lead, than adults are. This is the 
result of having a higher intake of metals on a body weight basis, due to their elevated requirements of 
calories, fluid and air. While adults typically absorb 5–10% of the ingested lead, young children aged 
14–365 days absorb 42% and retain 32% when lead exposure exceeds 5 µg/kg body weight per day 
(Goyer, 1996). Moreover, children are also more sensitive to the toxic effects of lead than are adults 
(Mahaffey, 1983). 


Active, as opposed to passive absorption, involves the adaptation of the system to low trace-
element status or high demand, as during pregnancy. Uptake of substances from the intestine can be 
increased through the modification of the number and activity of receptors involved in absorption of 
substance, as for example chromium, copper, manganese, zinc and probably fluorine, iodine, lead, and 
selenium. Furthermore, the relationship between the intraluminal soluble content of the elements and 
the proportional saturation of the receptors involved in absorption also plays an important role in 
absorption efficiency (WHO, 1996). 


As people become older, the efficiency of gastrointestinal absorption of a number of essential 
elements declines, even in elderly with normal health. This has been shown for zinc and copper. 
Chromium and selenium absorption, on the other hand, are not reduced with increasing age (WHO, 
1996). 


2.3. Trace-element status of individuals 


The pre-existing trace-element status of humans influences the absorption efficiency of the 
gastrointestinal tract towards a number of elements, having shown an inverse relationship. This has 
been demonstrated for zinc, copper, iron, and possibly chromium (WHO, 1996). For example, feeding 
low zinc diets elevates zinc absorption through up-regulation and increases retention (Lönnerdal, 
2000). In contrast, iodine and selenium absorption seem to be independent of the pre-existing trace 
element status of the host (WHO, 1996). 


It has further been demonstrated that the trace element status of people can also clearly affect 
the absorption of pollutants. Flanagan, et al. (1978) have shown that iron-deficient humans absorbed 
24% of cadmium in an oatmeal breakfast, while iron-sufficient people absorbed less than 1.0%. 
Ferritin, an iron storage protein in intestinal mucosa cells, strongly retained cadmium, with the result 
that no metallothionein (Mt) (see section “Organs investigated”) was induced in animals with an 
adequate iron status. Having been fed the same diet, iron-deficient individuals with low serum ferritin 
concentrations showed an induction of Mt, binding the cadmium within cells (Jonnalagadda and 
Prasada Rao, 1993). Iron deficiency has also been reported to augment lead absorption in the 
gastrointestinal tract (Mahaffey, 1983; Goyer, 1997), as well as tissue deposition and lead toxicity 
(Goyer, 1996). An increase in blood lead was determined in pre-school children with decreasing 
dietary iron intake (Hammad, et al., 1996). Furthermore, lead absorption was greater with lower serum 
ferritin levels (Watson, et al., 1980; Berglund, et al., 1994). Interestingly, Osman, et al. (1998) found a 
stronger association between serum ferritin levels and cadmium than with lead.  


However, not only the iron status of humans has been reported to affect the absorption of 
pollutants. Calcium was also found to be involved with absorption and toxicity of cadmium and lead. 
As cadmium competes with calcium for binding sites, high dietary calcium can reduce cadmium 
absorption. High calcium levels in serum leads to lower levels of parathyroid hormone in serum. This 
in turn results in a reduction of 1,25 (OH)2D3 in kidney and serum, decreasing the synthesis of 
calcium-binding protein (CaBP) in epithelium of intestinal villi. (Brzoska and Moniuszko-Jakoniuk, 
1998). Therefore, high levels of calcium will reduce the amount of cadmium absorption. 
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Similarly, high dietary calcium reduces lead absorption, as both compete for Ca-Na ATP pumps 
and Ca-binding proteins in the intestine (Goyer, 1997). It has been shown that the dietary calcium 
intake was lower in children with elevated blood lead levels than in those with normal blood lead 
concentrations (Kargacin and Kostial, 1991). Lead absorption of healthy infants decreased as their 
dietary calcium intake was augmented from adequate to somewhat greater levels (Mahaffey, 1983). 
Low dietary calcium not only increases blood lead levels but also augments its concentrations in 
critical organs, such as the brain (Goyer, 1997). Furthermore, the calcium status in humans is also 
important, as lead competes with calcium for calcium-binding protein sites and calcium channels. It 
may therefore impair normal calcium homeostasis in cells, which is essential to normal cell function 
(Simons and Pocock, 1987; Audesirk and Audesirk, 1993). Lead can also compete with calcium for 
uptake by mitochondria, impairing energy metabolism (Goyer, 1997).  


Competition between essential elements and toxic metals has also been found for zinc and 
cadmium. Both of these elements preferentially bind to the same proteins, such as albumin in blood 
and metallothionein in tissues. Consequently, as cadmium displaces zinc, it interferes with zinc 
absorption (Brzoska and Moniuszko-Jakoniuk, 2001). Zinc is a co-factor in over 200 metalloenzymes 
and regulatory proteins, including enzymes of DNA and RNA synthesis and repair. Many toxic effects 
of cadmium are the result of a disruption of zinc-mediated or dependent metabolic processes 
(Sundermann and Barber, 1988; Lohmann and Beyerrsmann, 1990). Zinc supplementation in 
conditions of cadmium exposure decreases cadmium body burden by reducing its absorption from the 
gastrointestinal tract and lowers or even prevents toxic effects of this metal (Brzoska and Moniuszko-
Jakoniuk, 2001). 


Selenium has been shown to counteract the toxicity of substances, such as inorganic and organic 
mercury and cadmium. Selenium as selenite diverts the binding of cadmium and inorganic mercury 
from low molecular weight (MW) proteins to higher MW ones (Whanger, 1992). It may also 
counteract the effects of free radicals generated by mercury toxicity to cell membranes (Goyer, 1997). 
Reports further indicate that selenium can reduce testicular damage and alleviate effects of cadmium, 
such as mortality, teratogenicity, damage to non-ovulating ovaries, and toxic effect during later stages 
of pregnancy (Whanger, 1992). Thus, a good selenium status is important and supplementation or 
dietary modification may be of interest in contaminated areas.  


Clearly, a good nutritional status is highly important from a public health perspective, especially 
for children and pregnant women living in polluted areas. Consequently, increasing the intake (and 
absorption) of trace elements, as for example through food fortification and dietary supplementation, 
are not only of interest to combat the direct effects of micronutrient deficiencies but also to reduce the 
absorption of pollutants and protect against their adverse effects. 


2.4. Organ specificity 


Some interactions between elements occur predominantly in specific organs. Cadmium, for 
example, accumulates mainly in kidney and liver and is accompanied by changes in levels of zinc. 
This essential element is retained in these organs to a greater degree in the presence of elevated levels 
of cadmium due to the induction of metallothionein (Mt) (Goyer, 1997). Mt is a low molecular weight, 
thiol-rich, metal-binding protein, which functions in absorption, metabolism, homeostasis, and storage 
of essential and non-essential trace elements. Its main function is the maintenance of free Zn2+ and 
Cu2+ ions in cells by acting as homeostatic regulators and a reservoir of Zn2+ and Cu2+ ions, releasing 
the ions when the organism needs them for various cellular processes. It further has an important role 
in toxicity prevention of heavy metals like cadmium and mercury by formation of metal-Mt-
combinations (Brzoska and Moniuszko-Jakoniuk, 2001). Mt’s are induced by increased levels of zinc, 
copper and cadmium in cells, especially in intestine, liver, kidney, and placenta (Mahaffey, 1983). The 
Mt protein has two domains: The α-domain is thermodynamically stable when entirely saturated by 
cadmium. However, the β-domain is not stable when containing only cadmium, binding to zinc to 
stabilize itself. Zinc is therefore retained, reducing its availability for other tissues and biochemical 
processes (Brzoska and Moniuszko-Jakoniuk, 2001). 
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Cadmium may also lead to bone disorders by interacting with calcium, interfering with 
calcification, decalcification and bone remodelling (Bhattacharyya, et al., 1995). It is being debated, 
whether the primary effect of cadmium on calcium metabolism is due to its effects on bone or on 
kidney (Goyer, 1997). As the normal activation of vitamin D in the kidney may be reduced, leading to 
a decrease in calcium absorption from the gut, bone mineralisation is impaired (Berglund, et al., 2000). 
Further data is needed to determine which effect is primary and which is secondary. 


Another example of interactions occurring in specific organs, is the effect of both, iodine and 
selenium, on the thyroid gland. Iodine is an important component of the hormones thyroxine and 
3,5,3’-triiodothyronine (T3). Selenium is involved in iodothyronine de-iodinases that control the 
synthesis and degradation of T3. Furthermore, selenoperoxidases and thioredoxin reductase protect the 
thyroid gland from peroxides produced during the synthesis of hormones (Arthur and Beckett, 1999). 
The metabolism of iodine and selenium are selenium-interrelated in the conversion of thyroxine to 
3,5,3’-triiodothyronine (T3) by a selenium-containing enzyme. The effects of iodine-deficiency on 
thyroid weight, thyroid-stimulating hormone and T3 in plasma of rats are strongly exacerbated by low 
dietary intake of selenium. Research indicates that similar responses are found in humans (WHO, 
1996). Thus, the interaction between elements, including nutrients and pollutants, can predominantly 
occur in and affect specific organs. 


3. UNDERLYING CAUSES 


Due to the limited scope of this paper, only two brief examples can be given, namely the 
influence of (1) socio-cultural aspects such as food processing and preparations and (2) the 
geographical surroundings of people on the pollution and nutritional status of individuals.  


3.1. Socio-cultural aspects: food processing and preparation 


The processing and preparation of foods can affect the levels and composition of substances in 
the diets. First, the food may be polluted through the process itself. For example, polycyclic aromatic 
hydrocarbons (PAHs) and heavy metals have been found in bread in Egypt, because of the baking fuel 
used (Ahmed et al., 2000). Furthermore, the cooking utensils may present sources of pollutants, such 
as aluminium from aluminium pans (Soni, et al., 2001), or lead and cadmium from pottery glazing 
(WHO, 1993).  


Processes during food preparation may further alter the contents and bioavailability of 
compounds. Cooking can reduce metal levels of foods (Morgan, 1999). Lind, et al. (2001) found that 
the cadmium concentrations in horse kidney were halved by broiling and soluble cadmium content 
decreased from 12% in raw to 5% in broiled kidney. The majority of the soluble cadmium in both raw 
and broiled kidney was associated with proteins of the same molecular weight as metallothionein. 
They also showed that the cadmium form contained in raw horse kidney was preferentially distributed 
to the kidneys of the consuming mice. Furthermore, Wilson et al. (1998) determined that cooking 
lowered the levels of DDT and PCBs in fish tissue by 16–55% and 26–68%, respectively. Rose et al. 
(2001) demonstrated that the concentrations of five selected dioxins and dibenzofurans decreased 
during cooking (frying, boiling, etc) of beef, due to loss of water and elimination of the pollutants with 
released fat. These findings indicate that the removal of fat will reduce the exposure and uptake of 
these substances.  


However, cooking may also enhance the levels of available metals. Grewal, et al. (2000) found 
an increase in soluble iron and a decrease in phytin phosphorus and total phenols in cooked as 
compared to raw wheat products. The higher levels of soluble iron after cooking were significantly 
associated with an increase in haemoglobin regeneration efficiency. 


Similarly, the processing of maize and white sorghum by fermentation and germination reduce 
their phytate contents, enhancing iron bioavailability (Svanberg and Sandberg, 1989; Hotz and 
Gibson, 2001). Sandberg, et al. (1999) showed that apart from inositol hexa- and pentaphosphates, 
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also inositol tri- and tetraphosphates can inhibit iron absorption in processed food, presumably by 
binding iron between different inositol phosphates. To improve iron uptake from cereals and legumes, 
these compounds need to be degraded to less-phosphorylated inositol phosphates than IP(3). The 
bioavailability of other metals, such as zinc (Wise, 1995; King, 2000) and manganese (Davidsson, et 
al., 1995) are also affected by phytates. Furthermore, phytase can reduce the uptake of heavy metals, 
such as cadmium (Rambeck and Guillot, 1996). These findings are important, especially in view of the 
traditional use of cereals and legumes in several developing countries (Svanberg and Sandberg, 1989; 
Hotz and Gibson, 2001). Unfortunately, little information is available in the literature on the 
interaction between phytates and toxic substances. 


Thus, some evidence exists that food preparation and processing can alter the content and 
bioavailability of compounds. However, surprisingly very little information is available on resulting 
changes of interactions between essential and non-essential compounds because of food preparation. 
As a result, research is needed in this area, as the simple preparation of food may help reduce the 
uptake of toxic substances. 


3.2. Geographical surroundings 


The geography can indirectly or directly affect the interactions of pollutants and nutrients within 
the human body. First, the geographical location will govern the foods available for consumption. The 
traditional foods of the Inuit in the Arctic are different to those of, for example Andean or Mongolian 
populations. This will consequently affect the types and amounts of nutrients, as well as pollutants 
taken in. While the traditional Inuit diet is a rich source of protein, vitamin D, iron, selenium, zinc, 
phosphorus, etc. (Kuhnlein, et al., 1996; Berti, et al., 1999; Blanchet, et al., 2000), it is also a 
significant source of pollutants, including dioxins, toxaphenes and total mercury (Kuhnlein, 2000). 
Thus, as the location will influence the food taken in, it can also affect exposure to pollutants. 


Furthermore, at altitudes greater than 2500 m, long term physiological adaptations can alter the 
requirements for some nutrients (Butterfield, 1999). It has repeatedly been reported that living at high 
altitudes leads to elevated haemoglobin concentrations (Beall, et al., 1998; Savourey, et al., 1998), 
requiring greater amounts of iron (Askew, 1995). This should affect the competition between iron and 
cadmium or lead, in that an elevation in iron uptake would also increase the absorption of the 
pollutants. Further, Rawal, et al. (1999) demonstrated that zinc plasma levels decreased under hypoxic 
stress, whereas copper concentrations were not affected. Moreover, high altitudes increases oxidative 
stress due to additional energy expenditure, tissue anoxia and UV light exposure (Pfeiffer, et al., 
1999). This elevated need of antioxidants may increase the deleterious effect of pollutants. 
Unfortunately, hardly any information is available on the effects of altitude on health implications of 
pollutants and nutritional requirements. 


4. ANALYTICAL TECHNIQUES FOR ASSESSMENT OF NUTRIENT-POLLUTANT 
INTERACTIONS 


It is not our intention to dwell on analytical methodologies in detail. It may be remarked that 
analytical procedures using nuclear and non-nuclear techniques for a variety of biomatrices have 
attained a reliable level as summarized in Table I. Several methods have been evaluated for their 
applicability to bioenvironmental sample analysis. These techniques when employed with proper 
validation using certified reference materials (CRMs) yield analytical data with sufficient reliability. 
For example, a sequence of events that contributed to improvements in analysis that facilitated 
re-evaluation of trace element content in Reference Man has been recently documented (Iyengar, 
1998). Available information on methods validation has been used as a guide in evaluating the results 
for inclusion into the database. 
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5. CONCLUSIONS 


This brief review presents the complexity of the system, in that many factors and underlying 
causes influence the interaction of pollutants and nutrients with consequent effects on human health. 
Understanding this relationship is imperative for the determination of causes and effects of poor health 
status.  


As populations increase, more people will be continuously exposed to pollutants. The exposure 
of people to environmental pollution will create an unpredictable economic burden due to the 
increasing expenditures for treatment, work loss (quality and quality) and loss of potential capabilities 
of people. 


As a result, far more insight and understanding is needed regarding the various factors and 
underlying causes influencing the pollutant-nutrient-health interactions. In particular, careful 
observation and monitoring of environmental conditions and their influence on human beings is 
necessary to determine past and current situations and trends. Only with such information can the ill 
effects of pollutants be reduced and the health status of populations be maintained or improved.  


To measure substances (nutrients and pollutants) in samples such as breast milk, urine and 
saliva, which can be collected non-invasively, nuclear analytical and isotopic techniques, are of special 
interest. They are reliable tools, which enable the determination of absorption, retention and utilisation 
of substances in the body (Walczyk, 2001). The IAEA recently started a Co-ordinated Research 
Programme on the effects of environmental pollution on the nutritional status of humans already 
exposed to marginal malnutrition. However, more effort is needed by the international community to 
tackle this urgent problem. Most importantly, the available information needs to be summarized into 
guidelines if it is to be followed.  


In the long run legal support will be necessary to maintain good human health. A start has been 
made in the area of occupational health and workplace exposure to pollutants. It will have to be 
expanded to the public. As this review indicates, it is imperative to have appropriate pollution and 
health policies, as well as nutritional policies in order to achieve and maintain good human health. As 
highlighted in Fig. 1, neglecting any of the subsystems will result in impaired health and human and 
economic costs will eventually supersede the profits gained by economic and technical development. 


REFERENCES 


[1] AHMED, M.T., ABDEL, H., EL-SAMAHY, S., YOUSSOF, K., “The influence of baking fuel 
on residues of polycyclic aromatic hydrocarbons and heavy metals in bread”, J. Hazard Mater 
80(1–3) (2000) 1–8. 


[2] ARTHUR, J.R., BECKETT, G.J., “Thyroid function”, Br. Med. Bull. 55(3) (1999) 658–668. 


[3] ASKEW, E.W., “Environmental and physical stress and nutrient requirements”, Am. J. Clin. 
Nutr. 61 (3 Suppl.) (1995) 631S–637S. 


[4] AUDESIRK, G., AUDESIRK, T., “The effects of inorganic lead on voltage-sensitive calcium 
channels differ among cell types and among channel subtypes”, Neurotoxicology 14 (1993) 
259–266.  


[5] BEALL, C.M., et al., “Hemoglobin concentration of high-altitude Tibetans and Bolivian 
Aymara”, Am. J. Phys. Anthropol. 106(3) (1998) 385–400. 


[6] BERGLUND, M., AKESSON, A., NERMELL, B., VAHTER, M. , “Intestinal absorption of 
dietary cadmium in women depends on body iron stores and fiber intake”, Environ. Health 
Persp. 102 (1994) 1058–1066. 


[7] BERGLUND, M., AKESSON, A., BJELLERUP, P., VAHTER, M., “Metal-bone interactions”, 
Toxicol Lett. 112–113 (2000) 219–225. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


[8] BERTI, P.R., HAMILTON, S.E., RECEVEUR, O., KUHNLEIN, H.V., “Food use and nutrient 
adequacy in Baffin Inuit children and adolescents”, Can. J. Diet Pract. Res. 60(2) (1999) 63–70. 


[9] BHATTACHARYYA, M.H., WILSON, A.K., SILBERGELD, E.K., WATSON, L., 
JEFFREY, E., “Metal-induced osteotoxicities”, Metal Toxicology (GOYER, R.A., 
KLAASSEN, C.D., WAALKES, M.P.), Academic Press, San Diego, USA (1995) 465–510. 


[10] BLANCHET, C., et al., “Contribution of selected traditional and market foods to the diet of 
Nunavik Inuit women”, Can. J. Diet. Pract. Res. 61(2) (2000) 50–59. 


[11] BRZOSKA, M.M.. MONIUSZKO-JAKONIUK, J., “The influence of calcium content in diet 
on cumulation and toxicity of cadmium in the organism”, Arch Toxicol 72(2) (1998) 63–73. 


[12] BRZOSKA, M.M., MONIUSZKO-JAKONIUK, J., “Interactions between cadmium and zinc in 
the organism”, Food and Chem. Toxi. 39 (2001) 967–980. 


[13] BUTTERFIELD, G.E., “Nutrient requirements at high altitude”, Clin. Sports Med. 18(3) (1999) 
607–621. 


[14] CORBETT, E.L., et al., “The growing burden of tuberculosis: global trends and interactions 
with the HIV epidemic”, Arch. Intern. Med. 163(9) (2003) 1009–21.  


[15] DAVIDSSON, L., ALMGREN, A., JUILLERAT, M.A., HURRELL, R.F., “Manganese 
absorption in humans: the effect of phytic acid and ascorbic acid in soy formula”, Am. J. Clin. 
Nutr. 62(5) (1995) 984–987. 


[16] FLANAGAN, P.R., et al., “Increased dietary cadmium absorption in mice and human subjects 
with iron deficiency”, Gastroenterology 74 (1978) 841–846.  


[17] GOYER, R.A., “Results of lead research: prenatal exposure and neurological consequences”, 
Environ. Health Persp. 104(10) (1996) 1050–1054. 


[18] GOYER, R.A., “Toxic and essential metal interactions”, Annu. Rev. Nutr. 17 (1997) 37–50.  


[19] GREWAL, H.K., HIRA, C.K., KAWATRA, B.L., “Iron availability from processed and cooked 
wheat products using haemoglobin regeneration method”, Nahrung 44(6) (2000) 398–402. 


[20] GROSS, R., “Beyond food and nutrition: how can cities be made healthy?”, Asian Pac. J. Clin. 
Nutr. (2002). 


[21] HAMMAD, T.A., SEXTON, M. LANGENBERG, P., “Relationship between blood lead and 
dietary iron intake in preschool children. A cross-sectional study”, Annals Epidemiology 6 
(1996) 30–33. 


[22] HOTZ, C., GIBSON, R.S., “Assessment of home-based processing methods to reduce the 
phytate content and phytate/zinc molar ratio of white maize (Zea mays)”, J. Agric. Food Chem. 
49(2) (2001) 692–698. 


[23] IYENGAR, G.V., “Reevaluation of the trace element content in reference man”, Rad. Physics 
and Chem. 4 (1998) 545–560. 


[24] JONNALAGADDA, S.B., PRASADA RAO, P.V.V., “Toxicity, bioavailability and metal 
speciation”, Comp. Biochem. Physiol. C 106(3) (1993) 585–595. 


[25] KARGACIN, B., KOSTIAL, K., “Toxic metals: influence of macromolecular dietary 
components on metabolism and toxicity”, Nutrition, Toxicity and Cancer (ROWLAND, I.R., 
Ed.), CRC Press. Inc. Boca Raton, Florida (1991) 197–221. 


[26] KERSHAW, K.G., CLARKSON, T.W., DHAHIR, P.H., “The relationship between blood 
levels and dose of methylmercury in man”, Arch. Envir. Health 35 (1980) 28–36. 


[27] KING, J.C., “Determinants of maternal zinc status during pregnancy”, Am. J. Clin. Nutr. 71(5 
Suppl) (2000) 1334S–1343S. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


[28] KUHNLEIN, H.V., SOUEIDA, R., RECEVEUR, O., “Dietary nutrient profiles of Canadian 
Baffin Island Inuits differ by food sources, season, and age”, J. Am. Diet. Assoc. 96(2) (1996) 
155–162. 


[29] KUHNLEIN, H.V., “Persistent environmental contaminants and breastfeeding”, SCN News 21: 
(2000) 18–20. 


[30] LIND, Y., ENGMANN, J., JORHEM, L., GLYNN, A.W., “Cadmium absorption in mice: 
effects of broiling on bioavailability of cadmium in foods of animal origin”, J. Toxicol Environ. 
Health 62(4) (2001) 269–280. 


[31] LOHMANN, R.D., BEYERRSMANN, D., “Cadmium and zinc mediated changes of the Ca2+-
dependent endonuclease in apoptosis”, Biochem. and Biophys. Res. Comm. 190 (1993) 
1097-1103. 


[32] LÖNNERDAL, B., “Dietary factors influencing zinc absorption”, J. Nutr. 130(5 Suppl) (2000) 
1378S–1383S. 


[33] MAHAFFEY, K.R., “Biotoxicity of lead: influence of various factors”, Fed. Proc. 42(6) (1983) 
1730–1734. 


[34] MORGAN, J.N., “Effects of processing of heavy metal content of foods”, Adv. Exp. Med. Biol. 
459 (1999) 195–211. 


[35] OSMAN, K., SCHUTZ, A., AKESSON, B., MACIAG, A., VAHTER, M., “Interactions 
between essential and toxic elements in lead exposed children in Katovice, Poland”, Clin. 
Biochem. 31(8) (1998) 657–665. 


[36] PFEIFFER, J.M., et al., “Effect of antioxidant supplementation on urine and blood markers of 
oxidative stress during extended moderate-altitude training”, Wilderness Environ. Med. 10(2) 
((1999) 66–74. 


[37] RAMBECK, W.A. AND GUILLOT, I. 1996. Bioavailability of cadmium: effects of vitamin C 
and phytase in broiler chickens. Tierarztl Prax 24(5): 467–470. 


[38] RAWAL, S.B., et al., “Effect of time exposure to high altitude on zinc and copper 
concentrations in human plasma”, Aviat. Space Environ. Med. 70(12) (1999) 1161–1165. 


[39] ROSE, M., THORPE, S., KELLY, M., HARRISON, N., STARTIN, J., “Changes in 
concentration of five PCSS/F congeners after cooking beef from treated cattle”, Chemosphere 
43(4–7) (2001) 861–868. 


[40] SANDBERG, A.S., et al., “Inositol phosphates with different numbers of phosphate groups 
influence iron absorption in humans”, Am. J. Clin. Nutr. 70(2) (1999) 240–246. 


[41] SAVOUREY, G., et al., “Pre-adaptation, adaptation and de-adaptation to high altitude in 
humans: hormonal and biochemical changes at sea level”, Eur. J. Appl. Physiol. Occup. Physiol. 
77(1–2) (1998) 37–43. 


[42] SIMONS, T.J., POCOCK, B.G., “Lead enters adrenal medullary cells through calcium 
channels”, J. Neurochem. 48 (1987) 383–389.  


[43] SONI, M.G., WHITE, S.M., FLAMM, W.G., BURDOCK, G.A., “Safety evaluation of dietary 
aluminum”, Reg. Toxicol. Pharmacol. 33(1) (2001) 66–79. 


[44] SPEICH, M., PINEAU, A., BALLEREAU, F., “Minerals, trace elements and related biological 
variables in athletes and during physical activity”, Clinica Chimica Acta 312 (2001) 1–11. 


[45] SUNDERMANN, JR., F.W., BARBER, A.M., “Finger-loops oncogenes and metals”, Annals of 
Clinical and Lab. Sc. 18 (1998) 267–288. 


[46] SVANBERG, U., SANDBERG, A.S., “Improved iron availability in weaning foods using 
germination and fermentation”, Nutrient Availability: Chemical and Biological Aspects 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


(SOUTHGATE, D.A.T., JOHNSON, I.T., FENWICK, G.R., Eds.). The Royal Society of 
Chemistry, Cambridge (1989) 179–181. 


[47] UNITED NATIONS CHILDREN’S FUND, Strategy for Improving Nutrition of Children and 
Women in Developing Countries, UNICEF, New York, USA (1990). 


[48] VAN DOKKUM, W., “The significance of speciation for predicting mineral bioavailability”, 
Nutrient Availability: Chemical and Biological Aspects (SOUTHGATE, D.A.T., JOHNSON, 
I.T., FENWICK, G.R., Eds.). The Royal Society of Chemistry, Cambridge (1989) 89–96. 


[49] WALCZYK, T., “The potential of inorganic mass spectrometry in mineral and trace element 
nutrition research”, Fresenius J. Anal. Chem. 370 (2001) 444–453. 


[50] WATSON, W.S., HUME, R., MOORE, M.R., “Oral absorption of lead and iron”, Lancet 2 
(1980) 236–237.  


[51] WHANGER, P.D., “Selenium in the treatment of heavy metal poisoning and chemical 
carcinogenesis”, J. Trace Elem. Electrolytes Health Dis. 6(4) (1992) 209–221. 


[52] WORLD HEALTH ORGANIZATION, Evaluation of Certain Food Additives and 
Contaminants, WHO, Geneva (1993). 


[53] WORLD HEALTH ORGANIZATION, “Trace element bioavailability and interactions”, Trace 
Elements in Human Nutrition and Health, WHO, Geneva 1996) 22–46. 


[54] WILSON, N.D., SHEAR, N.M., PAUSTENBACH, D.J., PRICE, P.S., “The effect of cooking 
practices on the concentration of DDT and PCB compounds in the edible tissue of fish”, J. 
Expo. Anal. Environ. Epidemiol. 8(3) (1998) 423–440. 


[55] WISE, A., “ Phytate and zinc bioavailability”, Int. J. Food Sci. Nutr. 46(1) (1995) 53–63. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


I


H


N P


Health status H


Infection I


Pollution P


Nutrition N


 


FIG. 1. Conceptual framework of the health-nutrition-infection-pollution system 
(modified after Gross, 2002). 
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TABLE I. ANALYTICAL TECHNIQUES FOR THE DETERMINATION OF MINOR AND 
TRACE ELEMENTS IN  BIOLOGICAL MATERIALS 


 
 Analyte Simple and  High costs, Limited use 
  practical  greater skills 
 Frequently determined 
 minor elements 
 
 Calcium F-AAS, AES/FES  ICP-AES, INAA PIXE, X RAY 
 Chlorine SP  IC, INAA PGAA, PIXE, X RAY 
 Magnesium F-AAS  ICP-AES INAA 
 Potassium F-AAS, AES/FES  ICP-AES, INAA PGAA, PIXE, X RAY 
 Sodium F-AAS, AES/FES  ICP-AES, INAA PGAA, PIXE, X RAY 
 Phosphorus SP  ICP-AES PGAA PIXE, X RAY 
 Sulphur SP  IC PGAA, PIXE, X RAY 
 
Frequently determined  
trace elements  
 
 Cadmium ASV  GF-AS, RNAA, ICP-MS ICP-AES 
 Copper F-AAS, ASV, SP  ICP-AES, RNAA, ICP-MS PIXE, X RAY 
 Iron F-AAS, ASV, SP  GF-AAS, INAA, ICP-AES PIXE X RAY 
 Mercury CV-AAS, INAA/RNAA  GC/ICP-MS? 
 Iodine POT (CAT, ISE)  ENAA, RNAA, ICP-MS INAA, PAA, X RAY 
 Lead ASV  GF-AAS, ICP-MS, ICP-AES IDMS, PIXE X RAY 
 Selenium SP(FLU))  HG-AAS, INAA, ICP-MS GC-MS 
 Zinc F-AAS, ASV, (SP)  GF-AAS, INAA, ICP-AES/MS PIXE X RAY 
 
 Less frequently determined 
 trace elements 
 Aluminium GF-AAS, ICP-AES/MS  INAA 
 Arsenic SP  HG-AAS, RNAA, ICP-MS X RAY 
 Barium F-AAS, AES  INAA, ICP-AES X RAY 
 Boron SP, AES  ICP-AES/MS NA-MS, PGAA 
 Bromine INAA  X RAY, PIXE 
 Cesium F-AAS, AES  INAA, GF-AAS, ICP-MS 
 Cobalt SP  GF-AAS, INAA, ICP-AES 
 Chromium   GF-AAS, INAA, RNAA, ICP- GC-MS 
    MS 
 Fluorine POT(ISE), SP  IC INAA 
 Lithium AES  FAAS/GFAAS, ICP-AES IDMS, NA-MS 
 Manganese F-AAS  GF-AAS, ICP-AES, INAA PIXE, X RAY 
 Molybdenum SP  GF-AAS, INAA/RNAA ICP-AES 
 Nickel ASV, (SP?)  GF-AAS, ICP-AES/MS NAA,X RAY 
 Rubidium F-AAS, AES  GF-AAS, INAA, ICP-AES X RAY 
 Silicon SP  ICP-AES/ICP-MS? NAA, PIKE,X RAY 
 Strontium F-AAS  GF-AAS, RNAA, ICP-AES INAA,X RAY 
 Thorium Alpha Sp. metry (?)  ICP-MS/RNAA INAA 
 Uranium Alpha Sp.metry (?)  ICP-MS/RNAA Delayed neutron counting (?) 
 Tin   HG-AAS, INAA/RNAA ICP-AES/MS? 
 Vanadium   GF-AAS, RNAA ICP-AES/MS? 
 
 
Methods: AAS = Atomic Absorption Spectrophotometry, CV-AAS = Cold Vapour AAS; F-AAS = Flame AAS; GF-AAS = Graphite 
Furnace AAS; HG-AAS = Hydride Generation AAS; AES = Atomic Emission Spectrophotometry, FES = Flame Emission 
Spectrophotometry; ICP-AES = Inductively Coupled Plasma AES; ASV = Anodic Stripping Voltammetry; POT = potentiometry (specific 
versions); CAT = Catalytic Techniques; ISE = lon Selective Electrode; IC = Ion Chromatography; MS = Mass Spectrometry; GC-MS = Gas 
Chromotography-MS, ICP-MS = Inductively Coupled Plasma MS; IDMS = Isotope Dilution MS; NA-MS = Neutron Activation-MS; NAA 
= Neutron Activation Analysis; ENAA = Epithermal NAA; INAA = Instrumental NAA; PAA = Photon Activation Analysis; PGAA = 
Prompt Gamma Activation Analysis; RNAA = Radiochemical NAA; SP = Spectro-photometry (specific version for Se = Fluorometry); XRF 
= X Ray Fluorescence; PIXE = Proton Induced X Ray Fluorescence.  
Source: WHO (1996) 
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and practice. The accuracy of rectal palpation is also limited and there is a possibility of incorrect 
diagnoses. A reliable management tool to monitor reproductive function in dairy cows would greatly 
improve their reproductive efficiency. The concentration of progesterone in milk is closely related to 
the oestrus cycle of dairy cows [7,12,13]. The accurate determination of the progesterone levels can be 
used to confirm oestrus and diagnose non-pregnancy as well as early embryonic death and ovarian 
disorders [6,12,14]. 


The aims of this study were to i) identify causes of AI inefficiency on smallholder farms by 
using RIA, ii) establish non-pregnancy on days 22–24 of AI and re-inseminate them without missing 
heat. 


2. MATERIALS AND METHODS 


2.1. Selection of farms and animals 


Holstein cows (n=220) on smallholder farms, including 2–10 dairy cows, were selected in 10 
different regions, located near Ankara. Dairy cows had 6000–7000 kg milk yields per lactation. 


2.2. Nutritional management 


Cows were kept indoors during winter and outside in summer. Wheat or barley straw was used 
as roughage throughout the year. During autumn and winter time, daily diets of the cows contained 
commercial concentrates (8–10kg), sugar beet pulp (2kg), straw (ad libitum) and grass or alfalfa hay 
(2–3kg). In the late spring and summer, this regimen changed with a decrease in commercial 
concentrate (5–6kg) and grass or alfalfa as green form (ad libitum) without sugar beet pulp. Milking 
was done twice a day by hand or machine. 


2.3. Heat detection and AI 


The heat detection was based on visual signs (bellowing, standing, mucus discharge). All heat 
cows were controlled by rectal palpation method before AI, in terms of reproductive disorders. AI was 
performed by veterinarians (private and co-operative). For this process, depending on the economical 
status of the farmer, imported or native semen was used. 


2.4. Milk sampling 


Milk samples were collected from each cow on day 0, days 10–12 and 22–24 after AI, in bottle 
vials (10mL) containing a sodium azide (Merck) tablet as milk preservative. If the cow returned to 
heat, sampling was reinitiated. The collected samples refrigerated (+4oC) until analysis at weekly 
intervals in the laboratory. Before the analysis, milk samples centrifuged for 15 minutes at 2000 g at 
+4oC to remove fat. The defatted (skim) samples, which will not be analysed immediately, stored –
20oC until processing for progesterone determination. Milk progesterone concentration (MP4) was 
classified as low (<1nmol/L), intermediate (1–3nmol/L) and high (>3nmol/L). With this 
categorization, cows classified as in anoestrus (low, low, low), bred at the right time and pregnant 
(low, high, high), bred at the right time but open (low, high, low), bred at luteal phase (high, low, high, 
or high, high, low), or bred pregnant (high, high, high). At the same time, veterinarians determined the 
pregnancy diagnose every month starting 2 months after the beginning of the breeding period. 


2.5. Progesterone analysis 


Progesterone was measured according to the skim milk progesterone procedure using self-
coating RIA kits based on a solid-phase assay using 125I labelled progesterone supplied by the 
International Atomic Energy Agency [15]. Tubes were coated monoclonal antibody (6H11/14; 0.25 ml 
vial of 1:10 dilution, lyophilized) and counted for radioactivity as counts per minute on a gamma 
counter (Stratec, Germany). Reference standards contained 0, 1.25, 2.5, 5.0, 10.0, 20.0, and 
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40.0nmol/L progesterone. The coefficients of variation within and between assays were 4.5% and 
8.5%, respectively. The sensitivity of the assay was 0.006nmol/L. 


2.6. Data analysis 


All information concerning insemination, were recorded in the Artificial Insemination Database 
Application (AIDA, Joint FAO/IAEA Division, Vienna). Milk progesterone concentration was based 
on interpretation quality and efficiency of AI. All the statistical analysis was done by using SYSTAT 
6.0. 


3. RESULTS 


3.1. Overall reproductive performance 


Out of 220 dairy cows selected, only four cows were determined repeat breeders (receiving 
more than 3 services) and 216 cows conceived. Conception rate at first service was 63.0% and overall 
conception rate was 70.4% on all smallholder farms. Conception rate at first service was affected by 
season. Fig. 1 depicts the effect of AI season on the first service conception rate. Conception rate at 
first service was decreased from winter to spring, being the lowest in summer and increased in autumn 
again, indicating that the dairy cows inseminated in summer had needed more insemination per 
conception. Location, parity, and inseminator did not affect the first service conception rate and any of 
the reproductive parameters studied. 


 
 


FIG. 1. Effect of AI season on first service conception rate. 
 


Table I summarizes data for the intervals from calving to first service and conception on the 
smallholder farms in different season. Mean interval from calving to first service (ICS) was 85.4±1.0 
days and to conception (ICC) was 96.1±1.4 days. Mean interval from calving to first service and to 
conception affected from AI season. Both ICS and ICC were the longest in summer and the lowest in 
autumn. That is, dairy cows inseminated in summer had longer intervals to first service and conception 
than those inseminated in other seasons.  
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TABLE I. EFFECT OF AI SEASON ON THE INTERVALS FROM CALVING TO FIRST 
SERVICE (ICS) AND TO CONCEPTION (ICC)  


AI Season n ICS n ICC 


Winter 63 84.8±1.6b 58 90.9±2.1a 


Spring 84 84.4±1.4b 82 94.8±2.2a 


Summer 41 93.8±3.4c 52 110.1±2.8b 


Autumn 32 77.8±1.3a 24 87.2±2.8a 


ICS: Interval from calving to first service (days, mean±SEM). 


ICC: Interval from calving to conception (days, mean±SEM). 
a,b,c: Different letters within columns by parameter differ (p< 0.05). 


 


3.2. Progesterone RIA 


Skim milk progesterone concentration on day 0 was negatively related to conception. If the 
progesterone concentration on day 0 was >1nmol/L, the pregnancy result of inseminated cows would 
be negative as shown in Table II. Of the 89 negative resulting AI, although 54 cows had normal cycle 
and <1nmol/L milk progesterone concentration, pregnancy was not occurred. Finally, 270 cows were 
inseminated at the right time. Incorrect AI affected the progesterone concentrations on day 0 in non-
pregnant cows. That is, MP4 increase was due to the insemination performed in luteal phase. 
Progesterone concentration on breeding day was changed between 0 to 10.8nmol/L in negative 
resulting AI.  


TABLE II. MILK PROGESTERONE CONCENTRATIONS (NMOL/L, MEAN ±SEM) ON DAYS 0 
AND 10–12 RELATED TO PREGNANCY AND NON-PREGNANCY OF ALL INSEMINATIONS 
(MINIMUM AND MAXIMUM VALUES ARE GIVEN IN PARENTHESIS) 


Pregnancy 
diagnose 


n Day 0 n Day 10–12 


Positive 216 0.05 ± 0.007a 216 7.30 ± 0.160a 


  (0–0.50)  (3.90–16.80) 


Negative 89 0.62 ± 0.170b 89 5.07 ± 0.420b 


  (0–10.80)  (0–17.20) 


a,b: Different letters within columns by parameter differ (p< 0.001).  


Incidence of incorrect AI was 11.5% (35 cows out of 89), most likely due to erroneous heat 
detection. Of the 35 cows, 20 (6.6%) were inseminated in anoestrus, resulting <1nmol/L progesterone 
concentration on day 0 with no increase in days 10–12 and 22–24. The other 15 cows (4.9%) had 
intermediate or high milk progesterone concentration on day 0 and days 10–12, indicating that the 
dairy cows inseminated in luteal phase of normal cycle or only 1 cow which was bred as pregnant.  


Milk progesterone concentration both on days 0 and 10–12 was also affected by AI season as 
shown in Figs 2, 3. MP4 was decreased in spring and summer both in pregnant and non-pregnant cows.  
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FIG. 2. Seasonal variation of the milk progesterone concentration on day 0 (nmol/L). 


 
FIG. 3. Seasonal variation of the milk progesterone concentration on day 10–12 (nmol/L). 


 


3.3. Pregnancy diagnosis based on the milk samples collected on Days 22–24 


According to 307 skim milk progesterone concentrations on day 22–24 after breeding, 245 cows 
were determined to be pregnant, of which 216 cows were confirmed by rectal palpation at around 2 
months, representing an 88.2% of accuracy for the milk progesterone estimation. Of the 29 cows 
(11.8%), 16 came in heat between 25 to 32 days before the time of rectal palpation control and 13 
determined to be open. Open cows were identified with 100% accuracy by MP4 on day 22–24 after 
breeding. 
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4. DISCUSSION 


4.1. Reproductive parameters and factors that affect them 


In our study, reproductive parameters were found to be better than those reported in similar 
other studies [12,16,17]. Conception rate at first service was 63.0%, which is similar to that reported 
by Sepulveda, et al. [17]. It was higher than those in other reports [2,12]. Dairy cows inseminated in 
summer had lower conception rates, which are similar to that reported by Ron, et al. [18]. However, 
conception rate at first service in spring and summer (Fig. 1) showed an opposite pattern to the results 
reported by Sepulveda, et al. [17]. Lower conception rate at first service in summer than the other 
seasons may be affected by summer conditions, which could result in less precise timing of AI and hot 
climate stress. The overall conception rate was found to be higher than those reported by Waldman, et 
al. [19] and Fagan, et al. [2]. The reasons of these improved parameters may be due to several factors; 
including the high incidence of rejected cows at breeding day due to uncertain heat detection, the 
number of cows on smallholder farms, good type of housing, and collabouration with veterinarians.  


Calving to first service interval (85.4±1.0 days) was found to be similar to the result of 
Sepulveda, et al. [17], while Cavestnay, et al. [12] and Fagan, et al. [2] reported longer and shorter 
intervals, respectively. Calving to conception interval (96.1±1.4 days) was shorter in this study than 
that reported by Cavestnay, et al. [12], but similar to that by Waldman, et al. [19], and longer than that 
by Fagan, et al. [2]. In our study, seasonal differences affected both intervals from calving to first 
service and conception that was also determined by Ron, et al. [18] and Martinez, et al. [20]. Negative 
energy balance and low body condition score related to nutrition in late spring and summer might 
cause longer intervals from calving to conception in comparison with other seasons. In addition, 
longer intervals from calving to conception may be influenced by high incidence of mastitis and 
laminitis during summer than other seasons that was reported by Dobson, et al. [21]. 


4.2. Progesterone RIA 


In our study, the proportion of cows bred when skim milk progesterone concentration equalled 
or exceeded 1 nmol/L was low (4.9%). The cows diagnosed negative if the progesterone levels on day 
0 was >1nmol/L. This finding agrees with some other study results [5,6,13,14]. McCaughey and 
Cooper [13] reported that milk progesterone concentration was higher when cows inseminated in 
luteal phase. In this study, milk progesterone concentration fluctuations on day 0, established in 
repeat–breeder cows, which came in heat were similar to that reported by Waldman, et al. [19]. The 
negative results including erroneous heat detection (11.5%) were due to high incidence of cows 
inseminated in anoestrus and luteal phase on day 0. The percentage of inseminated cows that had 
≥1nmol/L milk progesterone concentration on day 0 in present study was 4.9%, which is similar to 
those reported by Rajamahendran, et al. [14] and Laitinen, et al. [16]. It was comparatively lower than 
those reported by Cavestnay, et al. [12] and McCaughey and Cooper [13]. This means that, non-
pregnant cows were inseminated either early or late at AI time, such as in luteal phase of normal cycle. 
However, another important reason for erroneous heat detection was AI performed in anoestrus cows. 
Waldmann, et al. [19] indicated a probability of lower progesterone concentrations in non-cyclic 
(anoestrus) cows than cyclic cows at oestrus. According to Martinez, et al. [20], cyclic anoestrus cows 
were directly connected to efficiency of oestrus detection. Cows inseminated in anoestrus seemed to 
be one of the main problems limiting the AI efficiency, as well as cows inseminated in luteal phase.  


Seasonal differences in milk progesterone concentration were verified in both pregnant and non-
pregnant cows in this study and this may be attributed to changes in nutritional patterns. It was 
reported that feeding cows with restricted energy diets caused a decrease in milk progesterone 
concentration [1,3,11].  
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4.3. Pregnancy diagnosis based on the milk samples collected on Days 22–24 


The accuracy of early pregnancy diagnose for pregnant cows in this study was 88.2%, which is 
similar to that reported by Laitinen, et al. [16]. It was higher than that reported by Cavestnay, et al. 
[12] and Rajamahendran, et al. [14]. The wrong estimation (11.8%) by MP4 may be attributed to late 
embryonic deaths occurred after 16 days from AI. This agreed well with the findings of Silke, et 
al. [22] and Laitinen, et al. [16]. The accuracy of early non-pregnancy diagnose was 100%, which is 
similar to the report by Cavestnay, et al. [12] and higher than the report of Rajamahendran, et al. [14]. 
Early diagnosis of non-pregnant cows reduced heat missed after AI and shortened conception interval. 
Rejected cows at AI time due to suspect of the uncertain heat detection had a positive impact on the 
reproductive parameters of cows. Finally, unnecessary use of semen had been avoided. 


5. CONCLUSION 


Monitoring AI by using progesterone RIA on the smallholder farms contributed to improved 
reproductive parameters. These improved parameters also require ensuring a validated nutritional 
management. Consequently, smallholder farms could sustain their profitability through decreasing 
constraints on AI efficiency and early diagnose of non-pregnant cows.  
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Abstract 


The concentration of PM2.5, PM10 and TSP in the work environments of a secondary iron and steel 
smelting and a paint industry in Lagos, Nigeria, were investigated using gravimetric sampling techniques and 
TXRF spectrometric analysis. The TXRF was used to analyse the concentration of toxic trace elements and 
heavy metals in the air-borne particulate. The elements  detected included Ti, V, Cr, Mn, Fe, Co, Zn and Pb. 
Toxicity potentials of PM10 and PM2.5 suspended particulate matter and that of Pb were determined using 
USEPA national ambient air quality standards. Results were used to evaluate the possible occupational exposure 
for workers in the sampling areas, as well as those of the general public. These indicate that the concentrations of 
respirations dust and heavy metals in the work environments, especially the iron and steel smelter are high 
enough to affect the health of workers and the general public who reside in the neighbourhood. If combined with 
the effect of traffic pollution in this areas, the total air pollution load may be much higher than values 
recommended by WHO for general public protection. The need to investigate the options for emission reduction 
and the management of occupational and general public exposure was highlighted. 
 


1. INTRODUCTION 


The activities of small and large scale industries to produce goods and services, which are meant 
to support the economy and improve the standard of living, are often associated with the generation of 
toxic pollutants in particulate and gaseous form. Developing countries are increasingly facing 
environmental problems associated with industrial activities in different form. Coupled with the weak 
institutional framework faced by environmental protection agencies that reduces their capacity to 
effectively provide policies and programmes to ensure adherence to guidelines and standards for safe 
environment, and the lack of coordination in planning by other agencies of government, the problem 
of industrial/other pollution and the exposure of workers and the general public appears to be reaching 
unprecedented heights. For instance, many developing countries lack clear demarcation between 
industrial, commercial, and residential areas. This is partly due to lack of proper enforcement of urban 
planning by-laws, which state clear-cut demarcation between residential and industrial areas. As a 
result, a large fraction of the populace and the workers in the industries become exposed to pollution 
as they spend large fraction of their lives within the polluted environment. 


Several studies have linked health problems in urban areas to occupational and general public 
exposure to some of these pollutants. These include increased allergy, asthma, cardio-vascular and 
cardio-pulmonary diseases. If exposure is prolonged, cases of different forms of cancer have been 
reported [3,4]. Some heavy metal pollutants have also been implicated in certain disorders of the 
nervous system [5]. Though standards and guidelines on allowable concentrations for some of these 
pollutants have been set by environmental protection agencies, there is no consensus agreement on the 
threshold concentration, below which a pollutant has no detrimental effect on human health. It is 
therefore through the development of an effective monitoring programme to provide correlation 
between workplace concentrations, exposure and impacts of these on some health indices, which could 
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provide the needed information to provide protection to human health especially in the workplace 
environment. 


Nigeria is witnessing a steady growth of many urban centres, especially Lagos, with a 
population of about twelve million people, by WHO statistics. The city also has a fast growing number 
of industrial establishments. Some of the industries are small scale, while others are large scale. The 
industries form major contributors to the environmental pollution problem in the city. The national and 
state environmental protection agencies are striving to understand the levels of pollution in work 
places and for ambient conditions to enable them provide guidelines to limit both emissions, and 
occupational and general public exposure to them.  


The long term goal of this study is to put in place a monitoring programme to measure the levels 
of occupational exposure to heavy metal pollutants in various classes of industries. The results being 
presented here are those measurements carried out at a secondary iron and steel industry and at a paint 
manufacturing industry in Lagos, Nigeria. Results are expected to provide information, which may be 
of value to assessing potential levels of occupational exposure in other fast growing urban centres in 
Nigeria. 


2. MATERIAL AND METHODS 


2.1. Sampling sites selection 


The secondary iron and steel production site is located within a 200 m x 200 m compact area. 
Five sampling sites, corresponding to sites where the workers spend most part of their working day 
were located: two electric arc furnaces (EAF) which smelt scrap iron and steel materials; molten steel 
area; the continuous casting area (CCA), where the molten steel is poured into moulds after the 
addition of necessary ferro-silicon and ferro-manganese additives and allowed to cool to form billets; 
the rolling mill area, where the produced steel billets are rolled into steel rods of various diameters; 
and the quality control laboratory where the quantities of additives needed are determined and the 
properties of the steel produced are determined. 


The paint industry consists of a production area for water based paints, divided into two 
sections — one for working on pigment milling, stabilizing and making into suspension, and the other 
for packing the paint into containers. There is a second identical production area for organic based 
paints. There is a separate laboratory each for the finished products. A sampling site was located at 
each of these workplaces. 


2.2. Sampling and analysis 


Total suspended particulate matter (TSPM) in the ambient air were collected at sites, where 
workers spend much of their working hours, within each industry using a Negretti NR346 air sampler 
whose flow rate was set at about 8 litres per minute. Inhalable and respirable fractions of the 
suspended particulate matter were sampled with stacked “Gent” PM10,2.5 air samplers. Whatman grade 
4 cellulose filters were used for collection of the TSPM, while Nuclepore filters, with pore size 0.4 µm 
for fine fraction and pore size 8.0 µm for coarse fraction, were used for the PM10,2.5 samplers. The 
filters were conditioned for twenty four hours prior to weighing them before and after sampling, using 
a microbalance. At each of the sampling site the casket holding the filters was placed at a height of 1.6 
m above the floor, facing down to avoid direct particle deposition on the filter. At most sites within the 
secondary iron and steel industry, sampling was done for four hours because of the high concentration 
of TSPM in the air, whereas in the paint industry the sampling lasted on the average eight hours. 
Concentration of each particulate matter in the ambient air was determined by dividing the difference 
between the filter weight after and before sampling, AW  and BW  respectively, by the total volume of 
air sampled, .V  
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Digestion of filters was performed according to Ogner, et al. (1991). Filters were digested in a 
Teflon bomb using a mixture of ultra-pure HNO3 and H2O2. Gallium was then added as internal 
standard. A 5 µL aliquot of the digested sample was pipetted on to a quartz sample carrier and dried 
using an infra red lamp. The dried sample was irradiated with X ray from a Mo-target X ray tube 
operated at 40.1 kV and a current of 20.1 mA. Fluorescence X rays from the irradiated sample was 
collected and sorted using an X ray spectrometer consisting of a Si(Li) detector, GENIE2K Inspector 
hardware and GENIE2K software running on a PC. Spectra obtained were analysed using the QXAS 
software package. 


3. RESULTS 


For the secondary iron and steel smelter, the suspended particulate loading was highest near the 
electric arc furnaces (EAF-1 and EAF-2), Table I, with TP values of 2–33 for PM2.5, 13–96 for PM10 
and 9–39 for TSP. The PM10 particulate matter loadings at the other sampling sites within the factory 
were also high, with TP values ranging from 3 to 97, but not significantly high for PM2.5 (TP ranging 
from 0.33 to 1.8). This was found to be due to be mostly from the electric arc furnace emission. The 
fine and coarse fractions of the SPM were much higher in this industry than USEPA National Ambient 
Air Quality Standard (NAAQS), 24 hour average, which are 65 µg/m3 and 150 µg/m3  respectively. 
The TSP at every sampling site in this industry was also higher than the ambient air quality standard 
set by the Nigerian Federal Environmental Protection Agency, which is 250 µg/m3. The SPM 
concentrations (PM2.5, PM10 and TSP) at various sampling sites in the paint industry were relatively 
low (Table I), with TP values exceeding 1.0 only at WP/MMS area. Toxicity potentials (TP) were 
calculated for each site (Table I) for both PM2.5, PM10 and TSPM fractions of the SPM sampled based 
on the formulae:  


I


I
I TLV


C
TP =             (2) 


where 
IC is the concentration (µg/m3), 


ITLV  is the threshold limit value for size fraction I . ITLV  was set equal to the standard set by EPA. 


Tables II and III show the elemental concentrations of the SPM collected at various sampling 
sites in the secondary iron and steel and paint factories respectively. Of particular interest are the 
concentrations of Pb and other toxic heavy metals in respirable dust fractions (PM2.5 and PM10) at 
various sites. In the secondary iron and steel industry, the TP values for Pb was in the range 0.45 – 
72.7 with a mean value of 27.1 when the USEPA NAAQS of 1.5 µg/m3 for PM10 was used as the 
threshold limit value (Table IV). The implication of this is that workers were being exposed to high 
level of this toxic pollutant. The concentration of other heavy metals such as Cr, Fe and Zn where also 
observed to be high in some of the sites. In the paint industry, the concentrations of PM10 derived Pb at 
various sampling sites were much below the USEPA NAAQS with TP values in the range 0.12–0.17 
with a mean value of 0.14.  
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TABLE I. CONCENTRATIONS OF SUSPENDED PARTICULATE MATTER IN VARIOUS SIZE 
FRACTIONS AND THE TOXICITY POTENTIAL AT THE DIFFERENT SAMPLING SITES 


 PM2.5 PM10 TSP 


 Conc. 
(µg/m3) 


TP Conc. 
(µg/m3) 


TP Conc. 
(µg/m3) 


TP 


SECONDARY IRON AND STEEL SMELTER      
EAF - 1 (Smelter-1) 130.64 2.01 2009.42 13.40 2341.5 9.37 
EAF - 2 (Smelter-2) 2174.02 33.45 14471.16 96.47 9736.02 38.94 
Continuous Casting Area (CCA) 115.29 1.77 5512.03 96.47 – – 
Rolling Mill (RM) 


83.4 1.28 493.13 36.75 – – 
Quality Control Laboratory (QCL) 


21.13 0.33 96.58 3.29 – – 
PAINT INDUSTRY 


     
Water-based Paint – Milling/Mixing Section 


(WP/MMS) 17.04 0.26 184.46 1.23 342.65 1.37 
Finished Emission Products – Packing Section 


(FEP/PS) 19.27 0.30 122.78 0.82 – – 
Automotive Top Coating Laboratory (ATCL) 22.2 0.34 48.63 0.32 91.67 0.37 
Wood Finish Laboratory (WFL) 10.12 0.16 42.27 0.28 – – 
 


 
TABLE II. ELEMENTAL CONCENTRATIONS (IN µG/M3) OF SPM COLLECTED AT VARIOUS 
SAMPLING SITES IN THE SECONDARY IRON AND STEEL INDUSTRY 


Element EAF-1 EAF-2 CCA RM QCL 
 Fine Coarse TSP Fine Coarse TSP Fine Coarse Fine Coarse Fine Coarse


S 2.59 7.72 8.64 1.18 14.80 17.70 3.75 37.80 0.23 1.06 0.00 0.08
K 1.02 7.35 6.11 0.82 37.70 48.70 1.07 20.40 0.66 4.48 0.16 0.18
Ca    0.00 6.90 14.20 0.00   17.10 21.20    0.00 5.79 0.92 22.9     0.00 0.85
Ti 0.29 2.75 4.58 0.34 18.20 22.10    0.00 2.88 0.14 1.69 0.07 0.19
Cr    0.20 4.22 4.03 0.49 19.30 22.70 0.58 5.79 0.27 1.66 0.06 0.13
Mn 3.32   51.10 47.70 6.74 316.00 370.00 6.53  82.00 2.38 8.85 0.21 0.41
Fe  22.20 323.00 385.00 56.0 1720.0 2210.0 10.90 410.00 16.1 150 9.11 25.58
Ni    0.00 0.07 0.11 0.00 0.52 0.51   0.00 0.28 0.00 0.00 0.02 0.07
Cu 0.25 1.53 1.70 0.14 4.67 5.49 0.22 2.70 0.13 0.44 0.46 1.05
Zn  17.30 169.00 174.00 15.40 420.00 476.00 10.40 414.00 3.80 15.7 0.53 1.02
Br 0.02 0.07 0.21 0.00 0.20 0.12 0.08 0.22 0.06 0.13 0.01 0.01
Rb    0.00 0.04 0.00 0.02 1.48 1.17    0.00 0.08 0.00 0.02     0.00 0.00
Sr    0.00 0.04 0.14 0.00 0.07 0.09    0.00 0.06 0.00 0.07 0.01 0.00
Pb 4.43   22.00 22.30 1.82  56.80 58.8 4.53 109.00 0.81 3.42 0.27 0.40
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TABLE III. ELEMENTAL CONCENTRATIONS (IN µG/M3) OF SPM AT VARIOUS SAMPLING 
SITES WITHIN THE PAINT INDUSTRY 


Element WP/MMS FEP/PS ATCL WFL 
 Fine Coarse TSP Fine Coarse Fine Coarse Fine Coarse TSP 
K 0.22 4.37 8.35 10.40 5.67 5.31 0.00 4.45 0.00 1.70 
Ca 0.66 8.58 41.30 13.50 8.86 7.62 0.00 5.84 0.00 2.75 
Ti 0.24 0.18 6.42 0.15 0.22 0.64 0.04 0.41 0.14 0.74 
Cr 0.32 0.17 0.45 0.01 0.04 0.12 0.00 0.06 0.01 0.05 
Mn 0.00 0.00 0.00 0.04 0.06 0.26 0.08 0.08 0.06 0.15 
Fe 1.44 0.77 12.90 1.05 1.39 3.72 0.84 2.53 1.49 1.56 
Ni 0.00 0.06 0.28 0.12 0.07 0.06 0.00 0.13 0.03 0.09 
Cu 0.10 0.19 2.65 0.10 0.26 0.00 0.02 1.05 0.06 1.27 
Zn 0.05 0.33 5.62 0.67 0.43 0.49 0.00 1.01 0.00 0.24 
Rb 0.00 0.00 0.00 0.05 0.04 0.08 0.02 0.03 0.01 0.00 
Sr 0.00 0.00 0.00 0.09 0.08 0.08 0.00 0.00 0.03 0.11 
Pb 0.16 0.10 0.37 0.09 0.09 0.16 0.07 0.13 0.06 0.00 


 
 
TABLE IV. PB TOXICITY POTENTIAL CALCULATED FOR EACH SITE FOR PM10 SIZE 
FRACTION. 
 


Secondary iron and steel industry Paint industry 


 PM10 Pb TP WP/MMS PM10 Pb TP 


EAF-1 26.43 17.6 FEP/PS 0.26 0.17 


EFR-2 58.6 39.1  0.18 0.12 


CCA 113.5 75.7 ATCL 0.23 0.15 


RM 4.23 2.82 WFL 0.19 0.13 


QCL 0.67 0.45    


 


4. CONCLUSION 


This study has shown the typical concentrations of PM2.5, PM10 and TSP in the areas of 
operation of an iron and steel smelting factory and a paint industry. The work place concentrations of 
typical toxic heavy metals such as Pb, Cr, Zn and a few others were also presented from the results of 
TXRF analysis. These results conclude that the concentrations of respirable dust and heavy metals in 
the work environments, especially the iron and steel smelter are high enough to affect the health of 
workers and the public who reside in the neighbourhood. If combined with the effect of traffic 
pollution in this areas, the total air pollution load may be much higher than values recommended by 
WHO for general public protection. The framework for in depth understanding the mechanisms for 
attaining emission reduction, for implementing a cost effective emission reduction and for general 
management of occupational exposure needs to be investigated. 


The support of the International Atomic Energy Agency for equipment donation to enable 
execution of this project and for supporting fellowships and scientific visits during the execution of 
this project, is hereby acknowledged. . 
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Abstract 


Intensive gold exploration activities started in Brazil in the 1980s, in the Amazonic region. It is estimated 
that around 2000 tonnes of mercury have been released in the Amazon in the last 20 years as a consequence of 
these activities. In the framework of Project developed with support from the IAEA, a nuclear analytical 
technique, instrumental neutron activation analysis, INAA ,was applied to the study of mercury contamination in 
Brazilian Indian populations living in the Xingu Park Indian reservation, located in the Amazonic region. About 
400 samples from the Indians and from a control population were analysed for total mercury and very high 
concentrations of mercury were found in the Indians, with means up to about 20 times that of the control 
population. The hair samples of the Indians have been also analysed for methylmercury, a very toxic compound 
of mercury, which is able to surpass biological barriers like the placenta causing damage to the nervous system 
of the fetus. With the collabouration of the Jozef Stefan Institute, of Ljubljana, Slovenia, methylmercury was 
analysed in many of the hair samples of the Indians, using atomic absorption spectroscopy, and it was concluded 
that most of the mercury was present in the hair as methylmercury. It is known that the most probable source of 
methylmercury for humans is fish, due to the fact that they can concentrate methylmercury. Since the Indians 
consume fish on a daily basis, this could be the reason for the presence of very high amounts of mercury in their 
hair. In the present work, the results obtained for analysis of mercury and methylmercury in the hair of Indians 
living in the Xingu Park are presented and compared with results obtained by other authors in different parts of 
the Brazilian Amazonic Region. 


1. INTRODUCTION 


1.1. Mercury sources in the environment 


Natural sources of mercury in the environment comprise degassing from rocks, soils and surface 
waters and emissions through volcanic gases [1]. 


Besides that, several anthropogenic activities have been contributing to the release of mercury in 
the environment, such as burning of fossil fuels, industrial and agricultural activities, and gold mining, 
mainly due to the use of mercury for amalgamation. Nevertheless, anthropogenic sources are probably 
still less than natural sources [1]. 


1.2. Toxicity of mercury 


Mercury exists in nature mainly as Hgo, Hg (I) and Hg (II), and the chemical compounds of Hg 
(II) are much more numerous than of Hg (I). 
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Mercury and its chemical derivatives can be extremely hazardous to humans and animals. After 
the tragedy of Minamata, in Japan, in the 1950s [2], the world’s attention has been drawn to the 
particular toxicity of methylmercury, which can reach humans via fish and seafood consumption.  


1.3. Mercury environmental problems in the Brazilian Amazon 


Intensive gold exploration activities started in Brazil in the 1980s in the Amazonic region. Ever 
since, awareness of the public and of authorities has been growing as to the dangers of environmental 
contamination by disposal of metallic mercury used for gold amalgamation, in the rivers or by 
evaporation into open air. 


In the present paper are presented data obtained by Vasconcellos [3–5] and co-workers for 
mercury and methylmercury in hair of 13 Indian population groups living in the Xingu Park, an Indian 
reservation located in the Brazilian Amazon. 


A comparison is made with the results obtained for mercury in hair of populations living in 
several parts of the Brazilian Amazon, affected or not by gold exploration activities.  


2. EXPERIMENTAL 


2.1. Collection and washing of hair samples 


The hair samples were collected and washed according to the protocol recommended by the 
IAEA. The samples were cut using stainless steel scissors, from the occipital area of the head and as 
close as possible to the scalp in an amount corresponding to about 2g. 


The hair was then cut with the scissors into segments as short as possible and transferred to a 
glass vial for washing with acetone. The samples were covered completely with the solvent and stirred 
at frequent intervals for 10 min, and the solvent carefully decanted. After drying of the solvent at room 
temperature, the hair was homogenized and washed three times with distilled water. A final washing 
step with acetone was then carried out and the samples were left to dry in the open, at this point being 
ready for analysis. 


2.2. Determination of total mercury in hair and reference materials by instrumental neutron 
activation analysis (INAA) 


About 100–200 mg of the prepared hair samples and of the reference materials (RMs) were 
weighed in clean polyethylene envelopes and submitted to a thermal neutron flux of about 1012 n.cm-2 
.s-1, in the IEA-R1 nuclear research reactor, together with mercury standards. 


After a decay period of about 70h, samples, RMs and mercury standards were measured in a 
GMX 20195 ORTEC Ge detector, and associated electronics. 


For the calculations of mercury concentrations, the 69 and 77 keV peaks of 197Hg (t1/2 = 64.1 h) 
were used, the gamma ray spectra analysis being performed by means of the VISPECT2 software, 
developed by D. Piccot, from Saclay, France. 


2.3. Determination of total mercury and methyl-mercury in hair by cold vapour atomic 
absorption spectroscopy 


A part of the hair samples collected from the Indians of the Xingu Park was sent to the 
Environmental Sciences Department of the Jozef Stefan Institute (Ljubljana, Slovenia), for analysis of 
total mercury and methyl-mercury. 
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The method used for hair analysis, is based on an anion exchange separation of extracted 
inorganic from organic mercury species, followed by destruction of organic species by UV irradiation, 
with the usual CV-AAS finish. 


Total mercury in hair is determined by destruction of up to 100 mg of hair with 2 ml conc. 
HNO3 in a sealed tube by heating in a block for several hours (or preferably overnight) at 90ºC, 
followed by CV-AAS determination. 


3. RESULTS AND DISCUSSION 


In Table I are presented the results obtained for the total mercury contents in hair samples of 13 
Indian populations living in the Xingu Park Indian reservation and controls (individuals with no 
exposure to mercury). 


It can be clearly seen that the Indian populations present mercury concentrations with arithmetic 
means, geometric means and medians significantly higher than the control population. 


 
TABLE I. SUMMARY OF THE RESULTS OBTAINED FOR TOTAL MERCURY CONTENTS IN 
THE HAIR OF THE BRAZILIAN POPULATIONAL GROUPS STUDIED (µg.g1) [3]  
 


 
Population group 


_ 
X 


 
S 


 
MEDIAN 


_ 
Xg 


 
RANGE 


Controls 1.1 0.6 1.0 0.9 0.3–2.9 
Indian group 1 18.5 5.9 18.0 17.1 6.9–34.3 
Indian group 2 12.0 4.0 10.7 11.4 6.5–21.6 
Indian group 3 8.7 3.0 8.2 8.2 4.5–18.5 
Indian group 4 13.2 3.8 13.0 12.7 4.8–25.3 
Indian group 5 10.6 3.9 11.5 9.4 1.7–15.1 
Indian group 6 20.6 10.0 18.8 19.0 8.1–57.3 
Indian group 7 16.5 5.5 15.8 15.5 2.5–30.2 
Indian group 8 17.2 6.0 16.2 16.3 2.1–31.7 
Indian group 9 21.8 6.1 20.8 21.0 12.4–34.2 
Indian group 10 8.1 9.0 2.8 4.7 1.5–33.1 
Indian group 11 18.2 7.8 16.2 16.7 5.5–41.8 
Indian group 12 12.2 3.1 12.5 11.8 6.6–18.8 
Indian group 13 3.6 2.4 2.6 3.1 1.2–11.1 


 _     _ 
 x = arithmetic mean  xg = geometric mean 
 s = standard deviation 
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In Table II, the results for methylmercury determined by atomic absorption in six of the Indian 
groups studied are presented. If we compare these results with the total mercury found, as shown in 
Table I, it becomes clear that most of the mercury in the hair of these populations is present as 
methylmercury (74 to 93%). In the case of group 10, only four samples could be analysed for 
methylmercury and so it is not possible to make an adequate comparison of means. 


 
TABLE II. SUMMARY OF THE RESULTS OBTAINED FOR METHYLMERCURY CONTENTS 
IN THE HAIR OF THE BRAZILIAN POPULATIONAL GROUPS STUDIED (µg.g1) [3] 
 


 
Population group 


_ 
X 


 
S 


 
MEDIAN 


_ 
XG 


 
RANGE 


Indian group 1 15.6 4.5 15.0 14.9 4.8–25.7 
Indian group 2 10.2 1.8 10.5 10.1 7.6–12.9 
Indian group 9 15.9 3.9 15.1 15.5 10.0–23.7 
Indian group 10 12.4 8.3 10.0 10.6 5.5–24.2 
Indian group 11 16.9 7.0 14.2 15.5 4.4–32.8 
Indian group 12 10.6 2.8 11.2 10.1 4.3–15.3 


 
 


The high amount of mercury found in the hair of these Indian populations can most probably be 
attributed to the fact that fish is the main source of protein of these populations and it is consumed in a 
daily basis. Fish is known to concentrate methylmercury, which is produced in aquatic systems by 
means of bacterial action. 


Barbosa, et al. [6], in a very good review of mercury concentrations found in hair of riverine 
populations from ten localities in the Amazon Region, such as the Tapajós, Madeira and Negro River 
Basins, has pointed out the seriousness of the situation, since the maximum mercury concentrations 
found were between 52 and 303 µg.g-1. The means varied between 8.0 and 75.5 µg.g-1. 


In the Xingu Park Indian reservation, which is the object of the present work, a similar situation 
has been encountered, since the maximum value for the mercury found in the hair, from 369 
individuals, was of 57 µg.g-1, and the means varied between 3.6 and 21.8 µg.g-1. 


Boischio [7] has pointed out that, according to the World Health Organization, mercury 
concentrations ranging from 50 to 125 µg.g-1 are considered the threshold levels for the earliest effects 
of mercury poisoning (paresthesia) in the most sensitive group in the adult population. 


On the other hand, the prenatal threshold for adverse effects is from 10–20 µg.g-1 of Hg in the 
pregnant mother. Considering that among the individuals studied in the present work and in many 
other population groups with high fish consumption, in the Amazonic region, many of them are 
women of childbearing age, the situation is of great concern for the health of these populations. 


In the study of Boischio [7] approximately 54% of 70 sampled women of childbearing age 
presented mercury concentrations above 10 µg.g-1. 


Lebel, et al. [8] carried out a study in a village, Brasília Legal, on the Tapajós River, in the 
Amazon basin, where motor and visual functions were assessed using a neurofunctional test battery as 
well as clinical manifestations of nervous system disfunction. 


The subjects of the study were adults whose hair mercury levels were inferior to 50 µg.g-1 . The 
clinical examinations were generally normal, but on the other hand, hair mercury levels were 
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significantly higher for people presenting disorganized movements on an alternating movement task 
and for those with restricted visual fields. The authors suggest that these results might signify dose-
dependent nervous system alterations at hair mercury levels below 50 µg.g-1, considered as a threshold 
for clinical effects. 


4. CONCLUSIONS 


− Indian and riparian populations in the Amazon present very high Hg concentrations in hair, even 
in regions far from gold-mining activities. 


− Most of hair Hg is in the form of Me Hg.  
− Exposure in adults is high enough to expect early clinical symptoms of Hg poisoning. 
− Main reason for concern: many women of childbearing age present Hg concentrations in hair 


above 10 µg.g-1. 
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Abstract 


Short sediment cores were sampled from lakes located in Nahuel Huapi National Park, Northern 
Patagonia, Argentina, in order to determine heavy metal inputs to these water bodies from the analysis of 
elemental concentration profiles. Elemental contents were determined by Instrumental Neutron Activation 
Analysis, with special attention on mercury determinations, and measuring also potential pollutants Sb, Ag, As, 
Cr, Ti, V. In order to identify different processes that may happen within the sediments the concentration profiles 
of major and minor elements Fe and Mn, associated with diffusive diagenetic processes, Al, Ca, and Na, 
geochemical tracers (Rare Earth elements, Sc, Hf, Ta, Th, and U), trace elements Ba, Br, Co, Cs, Sr, Rb, and Zn, 
and organic matter contents by LOI, were determined. Core dating was performed by measuring natural 210Pb 
and anthropogenic 137Cs, and by tephra identification. Total 210Pb, 226Ra, associated with supported 210Pb, and 
137Cs specific activity profiles were measured by low background gamma ray spectrometry. Sedimentation 
processes were found to be affected by volcano ashes deposition, and by diffusive diagenetic processes with 
heavy metal mobilization after sediment deposition. No evidence was observed of input increase to lake 
environments of trace elements Sb, Ba, Cs, Zn, Co, Hf, Ni, Se, Sr, Ti, U, and V. High As concentrations (up to 
250 µg.g-1) were found associated with Mn and Fe oxides diffusion processes. Strong association between Br 
concentrations and organic matter contents was observed in sediment cores, but no evidence of relevant increase 
of Br inputs to the aquatic systems studied was observed in recent years. Ag concentrations were found to be 
enriched in upper core layers over base line values determined from deep layers measurements, which range 
from 0.1 to 0.2 µg.g-1. Hg concentration profiles of sediment cores sampled from lakes, or lake branches, with 
higher productivity (organic matter contents of upper most layer ranging from 17 to 24%) showed a peak at 1 to 
2 cm below lake bottom, with concentration values ranging from 0.6 to 2.8 µg.g-1. The water body with lower 
productivity (6% organic matter contents) does not show this peak in the concentration profiles, and Hg contents 
range from 0.2 to 0.3 µg.g-1 in upper core layers. Two background levels were determined from deep layers 
measurements; the lower associated with pre-industrial time according to core dating, ranging from less than 
0.07 to 0.2 µg.g-1, and the other associated with modern times, ranging from 0.1 to 0.3 µg.g-. 


1. INTRODUCTION 


Lake sediments contain valuable historic information and can be considered as environmental 
archives that can be read employing different analytical techniques. The study of elemental 
concentration profiles of sediment cores sampled from a lake reveals the historical development of the 
inputs to the ecosystem [1]. The comparison of measured concentrations with baseline values allows 
the identification of historical changes in the lake environment. Heavy metal contents of short 
sediment cores sampled from North Patagonia lakes were determined in this work in order to assess 
the history of heavy metals inputs, with special emphasis on mercury. Mercury has been studied in 
lake sediments especially since the early 1970s (see Table I), in order to analyse local and global 
human inputs [2]. 


Patagonia is characterized by a great diversity of watersheds that flow towards both the Atlantic 
and Pacific oceans. Historically, the area was mostly protected from anthropogenic heavy metal 


                                                      
1 This work was performed within the IAEA Technical Co-operation Project ARG/7/006 “Determination of mercury and 
other heavy metals in water bodies of Nahuel Huapi National Park”. 
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contamination due to its remoteness, low population density and access difficulty. National Parks 
within the region also provided additional protection for whole or specific parts of particular 
watersheds. For the past forty years, population has increased mostly due to immigration from other 
parts of Argentina. Associated development followed, involving changes in agricultural and ranching 
practices, logging, vegetation introduction and replacement of native forest, oil extraction, 
hydroelectric power dam construction, watercourse channelling, small industries settlement, and city 
expansions. Despite the fact that this implied possible changes on drainage patterns, inputs, deposition 
and transport of heavy metals, no systematic monitoring of concentration levels and bioaccumulation 
pathways on the affected water bodies had been undertaken. In addition, widespread global 
contaminants can reach the area through atmospheric transport and subsequent deposition, as is the 
case of mercury, well known because of its ubiquity and high toxicity to living organisms even at very 
low concentrations. 


The Nahuel Huapi National Park is the largest Argentine National Park comprising three major 
river systems, thirteen lakes of more than 10 km2, and several hundred small lakes and ponds. The 
entire watershed is extensively used for water sports of which salmonidae sport fishing attracts 
fishermen from all over Argentina and from abroad. Within the Park’s limits, we find pristine areas, as 
well as the city of San Carlos de Bariloche, with a population of almost 100,000 people (see Fig. 1). 
The city limit to the north is the south shore of Lake Nahuel Huapi, and the east and west branches of 
Lake Moreno, Lake Gutiérrez and Catedral Mountain to the south. The city development is 
characterized by a high population turnover rate, and its economy, as well as other small towns and 
villages in the Park, in based on tourism. 
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TABLE I. MERCURY IN SEDIMENT CORES SAMPLED FROM FRESHWATER BODIES 
UNDISTURBED AND CONTAMINATED WITH LOCAL MERCURY SOURCES. 
BACKGROUND LEVELS AND ENRICHED CONCENTRATIONS OVER BASELINE 
 


 
Site 


Local mercury 
inputs 


Background level: 
deep layers (µg.g-1) 


Enriched levels or 
upper layers (µg.g-1)


Lake Amituk, Canadaa NO 0.0164 0.0495 
Aveiro Lagoon, Portugalg industrial 0.32 343 
Lake Belot, Canadaa NO 0.0531 0.0628 
Lake Buchanan, Canadaa NO – 0.0988 
Lake Clay, Canadab chlor-alkali plant – 2 – 10 
Lake Devils, USAc NO 0.019 – 0.032 0.030 – 0.097 
Lake Far, Canadaa NO 0.0316 0.0890 
Lake Fox, Canadad NO 0.02 – 0.03 0.05 – 0.09 
Lake Giauqu, Canadab gold mining – 1 – 2.5 
Lake Great Bear, Canadaa NO 0.0521 0.0779 
Lake Hazen, Canadaa NO – 0.0653 
Lake Kusawa, Canadaa NO 0.022 0.0358 
Lake 375, Canadaa NO 0.155 0.0067 
Lake Laberge, Canadaa NO 0.0224 0.0258 
Lake Little Atlin, Canadaa NO 0.0786 0.0878 
Lake Linderman, Canadaa NO 0.0158 0.0231 
Lagoon of Ravenna, Italye industrial 0.01 – 0.07 1.2 – 244 
Santa Gilla Lagoon, Italyh industrial 0.06 828 
Lake Ste. Therese, Canadaa NO 0.130 0.152 
Sao Joao de Merití River, Brazilg urban, industrial 0.05 – 0.2 37.2 
Lake Stuart, Canadab mercury mining 0.02 0.05 – 0.15 
Thane Creek, Indiaf industrial 0.03 – 0.1 1 – 10 
Lake Trout, Canadaa NO 0.0696 0.159 
Lake Vernon, Canadad NO 0.01 – 0.03 0.04 – 0.07 
Lake Winnipeg North, Canadaa NO 0.0220 0.0450 
Lake Winnipeg South, Canadaa NO 0.0580 0.125 
Wisconsin, USA, 23 determinationsc NO 0.07 – 0.19 0.01 – 0.24 
Lake Yaya, Canadaa NO 0.0921 0.0984 


 


a Ref. [3] Lockhart, 1998 
b Ref. [4] Lockhart, 2000 
c Ref. [5] Lent, 1997 
d Ref. [6] Rasmussen, 1998 
e Ref. [7] Fabbri, 1998 
f Ref. [8] Jha, 1999  
g Ref. [9] Pereira, 1998 
h Ref. [10] Degetto, 1997. 
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FIG. 1. Map of Nahuel Huapi National Park, northern Patagonia, Argentina, including sediment 
cores sampling sites (see codification in Table II). 
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FIG. 2. Lakes Moreno West, Morenito, Escondido and Nahuel Huapi, Bahía López, including 
sediment cores sampling sites (see codification in Table II). 
 


Only a few studies concerning the presence of heavy metals in the Park have been undertaken, 
all of them in the area of Bariloche City, related to heavy metal burden and mobility in river, stream, 
and lake sediments [11–13], and lake water [14]. Also, a preliminary evaluation of atmospheric heavy 
metals contamination using lichens as bioindicators has been performed [15–19]. These studies 
showed the presence of heavy metals in two streams that discharge in Lake Nahuel Huapi. There is 
chromium and lead enrichment in the mouth of the Ñireco River, which flows across the most 
industrialized area of the city; and Zn and Pb are enriched in the mouth of Gutiérrez stream, which 
crosses the city through a residential area 13 km west of Ñireco River. The analysis of two sediment 
cores, extracted from the north and south margins of lake Nahuel Huapi showed an increase in Ag and 
Br contents in the last 50 years. Heavy metal contamination in present sediments, sampled by means 
of sediment traps, showed even higher concentrations of Ag and Br, and high Hg concentrations (0.9 
to 1.7 µg.g-1). As expected, Ag and Br concentrations were higher in the south margin, where the city 
sewage treatment plant discharges its effluents into the lake. On the contrary, Hg concentrations were 
slightly higher in the north margin although no source for Hg could be identified [13]. 


It is of central importance in the reconstruction of both natural and historical events by means of 
the study of sedimentary sequences of water bodies, the establishment of the chronology of the 
sedimentary sequence. The most widely used dating technique for recent processes is associated to the 
measurement of the specific activity profile of the natural radioactive isotope 210Pb (T1/2 = 22.3 years) 
[20]. However, it is useful to determine the occurrence in time of known events which can be related 
to definite points in the sediment sequence, thus establishing absolute dates in the 210Pb activity 
profile. These definite events are also useful in those cases where 210Pb dating cannot be applied to 
evaluate mean sedimentation rates and chronology. The releases of anthropogenic radioactivity to the 
atmosphere are events registered in the sedimentary sequence, that can be identified in a specific 
activity profile; the most widely radionuclide used is 137Cs [21]. Volcano eruptions are also events 
with known dates that are registered in sedimentary sequence by tephra layers, helping also in core 
dating. 
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2. STUDY SITE 


Lakes chosen for this study belong to two watersheds located within the Nahuel Huapi National 
Park. Situated on Northern Argentine Patagonia, the park extends between the 40° 8´ parallel on its 
northern border to the 41° 36´ parallel on the south (see Fig. 1). On its western side is limited by the 
high peaks of the Andes approximately at 71° 2´ Long. W., and on the eastern side by the patagonic 
plateau 71° 57´ Long. W. There is a strong vegetation gradient in the study region, from dense 
rainforest (mainly Nothofagus dombeyii and Austrocedrus chilensis) in the West, to dry grasslands 
(ecotonal forest) in the East. The vegetation variation is associated to the steep precipitation gradient, 
from 3042 mm.y-1 in western Puerto Blest, to 473 mm.y-1 in Ñirihuau, placed in the eastern part of the 
study area. Predominant winds run from West to East. In general terms, the lakes under study are 
warm monomictic systems. During summer, the water column shows thermal stratification, but in 
autumn, winter, and part of spring, lake waters are mixed [22]. 


Sediment cores were sampled from lakes belonging to the Limay drainage basin, namely lakes 
Escondido, Espejo Chico, Moreno West, and Nahuel Huapi that belong to the "Nahuel Huapi" 
watershed, and lake Traful that belong to “Traful" watershed (see Fig. 1). Previous results to this work 
of Lake Morenito are also analysed [23]. Figs 1 and 2 show the distribution of the lakes in the study 
region. Lake Nahuel Huapi is the largest of several lakes located in Nahuel Huapi National Park, with 
557 km2 total area and 464 m maximum depth, located at 764 m above see level. Lake Nahuel Huapi 
is considered an ultraoligotrophic system that shows some mesothropic areas located near human 
settlements [13]. Lake Moreno is an oligotrophic system with 10.3 km2 total area divided in two parts, 
lake Moreno West (90 m maximum depth) and lake Moreno East (112 m maximum depth), by a 
narrow connection (see Fig. 2) [24]. Lake Moreno waters flow out to lake Nahuel Huapi through a 
short channel (see Fig. 2, near BL sampling point). Lake Morenito is a small closed basin, with 
0.82 km2 total area and 12 m maximum depth that was a branch of Lake Moreno West until 1960, 
when an artificial dam closed the branch. Its connection with lake Moreno West depends on the 
Moreno water level fluctuations, and the water inputs are mainly due to small mountain streams [24]. 
Lake Traful is an ultraoligotrophic system, with 172 km2 total area, and 339 m maximum depth [25]. 
A small human settlement can be found in its southern shore, but little human activity is performed in 
the lake or its surroundings, and most places around the lake cannot be reached by land. Therefore, 
this lake was included in the study to obtain reference values, considering also that it belongs to a 
different watershed than the other lakes studied. 


3. SAMPLING, SAMPLE CONDITIONING, AND ANALYSIS 


Short sediment cores were extracted with a messenger activated gravity type corer. Sampling 
points are shown in Figs 1 and 2. Sampling points codification is shown in Table II, including 
sampling depth and sampling date. Sediment cores sampled were cut open, visually inspected, and 
sub-sampled every 1 cm. In the uppermost layers of some sediment cores, natural stratification defines 
layers of less than 1 cm. In these cases, sub-sampling followed the natural layer demarcation. Each 
sample was freeze dried until constant weight, and homogenized in a plastic vessel with an agate hand. 
Each sample was weighted before and after freeze drying, to determine humidity. Storage and drying 
of sediments could involve alterations in the elemental contents. Dried samples can be stored for long 
periods without relevant looses, and lyophilization is considered to be the most suitable drying method 
to reduce risks of losing the more volatile elements [26]. 
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TABLE II. SEDIMENTARY CORES SAMPLED 


 
Core 
code 


Lake Sampling sitea Sampling 
depth (m) 


Sampling date 


BRb Nahuel Huapi Brazo Rincón 55 16 April 2001 
BL Nahuel Huapi Bahía López 18 15 August 2001 
PP Moreno Punto Panorámico 85 3 October 2000 
LLAO Moreno Llao Llao Hotel 25 3 October 2000 


MITO 
Morenito - 6 15 May 1997 


ESC Escondido - 7 20 September 2001 
TRA Traful - 18 27 September 2001 
ECH Espejo Chico - 28 25 October 2001 


a See Figs 1 and 2 
b Subsampling was performed every 1 cm. 


 


The organic matter contents of core sediments were determined by loss on ignition (LOI) at 
550ºC for 8 hours, performed after freeze drying the samples. Volcano ashes were visually identified 
in sediment cores sampled, in deep layers in general, but in the cores sampled from lake Espejo Chico 
(ECH) and lake Nahuel Huapi, Brazo Rincón (BR), volcano layers were observed also in the upper 
layers. 


210Pb, 226Ra, and 137Cs specific activity profiles were determined by high resolution gamma ray 
spectrometry for core dating. Samples were placed in a cylindrical plastic container (46 mm diameter 
and 8 mm height), sealed, and counted in close sample-detector geometry. Sample counting for 210Pb 
and 226Ra specific activity was done after 15 days the container is sealed, for the 226Ra short-lived 
daughters to reach secular equilibrium. Self attenuation correction factors were computed according to 
the methodology presented by Cutshall, et al. [27]. 210Pb and 226Ra specific activity was obtained by 
measuring the 46 keV (from 210Pb), 295 keV and 351.9 keV (from the decay of the 226Ra short-lived 
daughters) emissions with a Coaxial LO-AX HPGe planar detector. 137Cs specific activity was 
determined by measuring the 661.7 keV emission using a HPGe detector, 30% relative efficiency. 
Spectra were taken in 4096 channels. The efficiency calibration for the peaks of interest was 
performed by using the Standard Reference Materials IAEA-300 Baltic Sea Sediments, NIST Fresh 
Water Lake Sediment, and NIST Peruvian Soil. 


The constant rate of supply (CRS) model was used for 210Pb dating [28, 29]. Correction of the 
old-date error of the CRS model [30] was implemented, by logarithmic extrapolation of the 
measurements to complement integration to infinite depth. Sediment mixing can occur, reflected in a 
constant 210Pb specific activity profile in upper layers, affecting 210Pb dating [31], but no relevant 
mixing was observed except in MITO core [23]. For 137Cs dating, specific activity profiles were 
compared with fallout sequence determined in this region, associated mainly with South Pacific 
nuclear tests from 1966 to 1974 [21]. 


Sediment samples were analysed by instrumental neutron activation analysis. The samples were 
irradiated in the RA-6 nuclear reactor, Centro Atómico Bariloche, inside heat sealed nylon vials, with 
a final disk shape 1 to 2 mm high and 1 cm in diameter. Sample masses of core sediments were around 
150 mg. Two irradiations of samples were performed. First, a short term irradiation in a predominantly 
thermal flux (φth≅7×1011 n.cm-2.s-1) for 1 minute. After decay times of about 10 minutes, 20 minutes, 
and 3 hours, three gamma ray spectra of the core sediment samples were collected for 4, 7, and 20 
minutes respectively. A second irradiation of the samples was performed in the reactor core 
(φth≅6×1012 n.cm-2.s-1, φepi≅2×1011 n.cm-2.s-1 y φf≅2×1012 n.cm-2.s-1), for 24 h. Samples were changed to 
non irradiated vials after 24 h irradiation. After decay times of 7 days, 20 days, and 6 months, gamma 
ray spectra were collected for 1, 4, and 40 h, respectively. An intrinsic HPGe n type detector, 12.3% 
relative efficiency, and a 4096-channel analyser were used for the gamma ray counting, and the 
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spectra were analysed by using the GAMANAL routine included in the GANAAS package, 
distributed by IAEA. The absolute parametric method was used to determine the element 
concentrations, using nuclear constants taken from current tables [32–34]. Thermal and epithermal 
neutron fluxes were determined in long term irradiation by using the (n,γ) reactions of the pair Co-Au 
(using high purity wires of pure Co and 0.112% Au-Al), and the neutron fast flux was determined by 
using the 58Ni(n,p)58Co reaction (σ=111±3 mbarns). In short term irradiations, the thermal neutron 
fluxes were determined by using the (n,γ) reactions of Mn (using high purity wires of 81.2% Mn-Cu 
alloy). Corrections for spectral interferences were included when necessary. The elements determined 
were Al, Sb, As, Ba, Br, Cs, Ca, Zn, Co, Cr, Fe, Hf, Mn, Hg, Ni, Se, Ag, Sr, Ti, U, and V, and 
geochemical tracers Ce, Eu, Gd, La, Lu, Sm, Sc, Ta, Tb, Th, Tm, and Yb. Short irradiation was not 
performed and third spectrum after long irradiation was not collected in MITO core samples, hence 
Al, Mn, Ag, Ti, V, Gd, and Tm were not measured in this case. The high uncertainties in the calcium 
concentration determinations are a result of the 46Ca isotopic abundance uncertainty, nevertheless they 
are informed as no relevant changes in isotopic abundances of calcium isotopes are expected, and the 
relative concentrations have much lower uncertainties. Standard Reference Materials were also 
analysed to check the quality of analysis. The results of the analysis showed good agreement with 
certified values. 


4. RESULTS AND DISSCUSION 


210Pb specific activity profile of PP core showed a non exponential behaviour, with a peak at 0.2 
g.cm-2 depth. The analysis of concentration profiles of Mn and Fe, and also As, trace elements with 
similar chemical behaviour, suggests that strong diffusive migration processes caused by a redox 
gradient occurred [35], as the profiles of these elements show high concentration peaks at similar 
depth than 210Pb (10 fold higher Mn concentration in the peak respect to deep layers, 2 fold higher Fe 
concentrations, and 10 fold higher As concentration). These processes generate also Pb mobilization 
after deposition [36], making impossible 210Pb dating without including proper corrections [1]. On the 
opposite, the concentration profile of Rare Earth elements, immobile geological tracers associated with 
clastic particulate matrices, show slight negative peak at the same depth. An estimation of the mean 
sedimentation rate was obtained from 137Cs specific activity profile. Evidence of sediment focusing to 
lake Moreno PP site was observed, since 210Pb flux to sediments and sedimentation rate in PP core are 
about two times higher than LLAO. ESC core showed also a non exponential behaviour of 210Pb 
profile in the upper layers, followed by 226Ra. No relevant variation in elemental concentration profile 
associated with diffusive diagenetic processes was observed in this case. Therefore 210Pb dating was 
not possible, and 137Cs specific activity profile does not allow core dating either in this case. In the 
case of ECH core, the first tephra was observed in the third upper layer but affecting also the second. 
Core dating is not possible hence. Other sediment cores were successfully dated, with the help of 
tephra identification in BR core. 


A sound analysis of sediment-bound elements associated with human activities has to be based 
on well chosen baseline values. Enrichments in elemental concentrations over baseline values will 
show the inputs appearance of these elements in the environment under study. Baseline for bed 
sediments of rivers and creeks can be defined up stream of the study area, or in undisturbed regions. 
For studies based in the analysis of sediment cores, deep layers reflect natural inputs of the ecosystem 
to lake sediments, and their elemental contents can be considered baseline values. In the case of 
pollutants that are released to the environment in different regions of the world and that are transported 
through the stratosphere becoming global contaminants, two baseline should be considered to study 
local inputs: pre-industrial and modern levels. This is the case of mercury, a pollutant associated with 
global transport and wet deposition that shows higher values in modern layers than in pre-industrial’s 
[3,5]. Reference values were also obtained in this work from a sediment core sampled from lake 
Traful, a lake with little human activity, with most places around the lake that cannot be reached by 
land that belongs to a different watershed than the other lakes studied. 


Sediment cores sampled in lake Espejo Chico and lake Nahuel Huapi at BR sampling points, are 
strongly affected by volcano eruptions, presenting thick layer of ashes or other materials associated 
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with this kind of events. Therefore, they were considered not suitable to define baseline values. Lakes 
Escondido core was considered to determine base line values even thought dating was not possible 
since elemental concentrations do not show relevant variations in deep layers. Table III shows mean 
concentration values of trace elements considered potential pollutants and other elements of interest, 
computed from deep core layers determinations, associated with deposition before 20th century 
according to core dating extrapolation. Geochemical tracers La, Eu, and Lu, and major elements Al, 
Ca, Fe, Mn, Na are included. Table IV shows base line for Hg, considering mean values for pre-
industrial and modern time according to core dating extrapolation. 
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TABLE III. BASE LINE CONCENTRATIONS DETERMINED FROM DEEP CORE LAYERS. MEAN VALUES ASSOCIATED WITH DEPOSITION 
BEFORE 20TH CENTURY 
 


 


Element 


Sampling site TRA: 
mean values of layers 
from 3.7 to 7.0 g.cm-2 


Sampling site BL: mean 
values of layers from 4 


to 9 g.cm-2 


Sampling site LLAO: 
mean values of layers 


from 4 to 6 g.cm-2 


Sampling site PP: 
mean values of layers 


from 2 to 5 g.cm-2 


Sampling site ESC: 
mean values of layers 
from 1.2 to 2.1 g.cm-2


Sampling site MITO: 
mean values of layers 


from 3 to 4 g.cm-2 


 mean SDa AUb mean SDa AUb mean SDa AUb mean SDa AUb mean SDa AUb mean SDa AUb 


Sb(µg/g) 0.442 0.036 0.059 0.300 0.020 0.041 0.420 0.052 0.046 0.399 0.024 0.052 0.222 0.031 0.037 0.180 0.061 0.047 


As (µg/g) 10.14 1.0 0.85 6.57 1.1 0.89 9.5 1.2 1.2 24.5 1.1 1.7 4.77 0.56 0.44 4.73 0.53 0.53 


Ba (µg/g) 345 31 60 204 18 36 333 17 50 348 34 50 159 29 21 160 27 31 


Br (µg/g) 9.90 1.3 0.91 3.27 0.59 0.46 9.26 1.6 0.54 13.6 0.64 1.1 - - - 14.9 2.4 1.1 


Cs (µg/g) 3.92 0.48 0.27 1.73 0.12 0.13 4.16 0.41 0.24 5.11 0.11 0.33 0.904 0.15 0.081 1.36 0.16 0.18 


Co (µg/g) 19.97 2.1 0.78 23.85 1.8 0.78 18.46 2.9 0.50 22.17 0.73 0.61 38.3 5.5 1.0 19.04 2.3 0.79 


Cr (µg/g) 19.5 2.4 1.3 57.1 3.0 3.2 - - - 51.6 1.4 2.3 37.4 7.7 2.2 - - - 


Hf (µg/g) 3.86 0.30 0.19 2.95 0.14 0.16 3.73 0.32 0.16 3.76 0.12 0.15 1.92 0.21 0.13 1.72 0.12 0.14 


Ni (µg/g) 33.6 4.4 5.5 40.2 9.4 6.3 42.4 7.4 7.5 27.9 4.4 5.2 42.6 6.4 9.3 - - - 


Se (µg/g) 0.45 0.11 0.10    0.359 0.12 0.090 0.700 0.10 0.098 0.443 0.15 0.092 - - - 


Ag (µg/g) 0.145 0.015 0.044 0.102 0.047 0.031 0.102 0.038 0.030 0.206 0.024 0.041 < 0.1 - - - - - 


Sr (µg/g) 292 54 28 338 54 35 254 18 46 273 12 50 216 29 31 180 62 54 


Ti (wt%) 0.544 0.056 0.078 0.576 0.062 0.085 0.525 0.053 0.050 0.512 0.059 0.089 0.452 0.066 0.085 - - - 
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V (µg/g) 175 17 12 225 16 15 200 23 12 203 7.1 14 229 22 15 - - - 


Zn (µg/g) 101.6 11 5.9 90.7 4.8 4.9 155.8 9.5 7.4 172.5 6.3 7.7 91.3 6.6 4.8 567 97 32 


Al (wt%) 8.59 0.31 0.42 7.95 0.38 0.39 7.95 0.38 0.39 8.34 0.15 0.42 6.29 0.84 0.28 - - - 


Ca (wt%) 2.70 0.69 1.62 3.00 0.47 1.93 3.00 0.47 1.93 2.76 0.22 1.88 3.69 0.71 1.95 2.19 0.85 0.98 


Fe (wt%) 4.67 0.38 0.37 4.52 0.29 0.37 4.52 0.29 0.37 5.50 0.13 0.47 10.15 1.4 0.75 5.61 0.14 0.53 


Mn (µg/g) 918 58 42 931 45 41 931 45 41 2760 290 100 1992 380 68 - - - 


Na(wt%) 2.25 0.13 0.12 1.967 0.045 0.10 1.967 0.045 0.10 1.855 0.047 0.093 1.482 0.18 0.069 0.981 0.28 0.039 


La (µg/g) 19.78 1.5 0.62 11.83 0.82 0.41 16.77 1.4 0.54 19.43 0.56 0.47 6.09 0.76 0.22 6.79 0.36 0.31 


Eu (µg/g) 1.343 0.038 0.074 1.178 0.030 0.063 1.305 0.047 0.068 1.523 0.041 0.071 0.843 0.092 0.043 0.701 0.094 0.052 


Lu (µg/g) 0.418 0.018 0.037 0.350 0.020 0.028 0.438 0.034 0.030 0.458 0.018 0.040 0.248 0.031 0.018 0.227 0.010 0.022 


 
 a standard deviation (SD) of the mean  b minimum analytical uncertainty (AU) in the range of interest 
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TABLE IV. MERCURY BASELINE VALUES FOR SEDIMENT CORES (µG.G-1). MEAN 
CONCENTRATION VALUES IN MODERN AND PRE-INDUSTRIAL PERIODS 


Sampling site Organic matter 
content of upper 


Pre-industrial period Modern period 


 Most layer (%) Mean SDa AUb Mean SDa AUb 


Lake Nahuel Huapi, BL 5.46 ± 0.27 < 0.08 - - 0.167 0.038 0.056 


Lake Moreno, LLAO 18.85 ± 0.94 0.210 0.044 0.071 - - - 


Lake Moreno, PP 13.92 ± 0.70 0.147 0.009 0.086 0.324 0.20 0.090 


Lake Escondidoc 22.5 ± 1.1 - - - 0.312 0.13 0.059 


Lake Traful 16.76 ± 0.83 < 0.1 - - 0.259 0.032 0.084 


a standard deviation (SD) of the mean 
b minimum analytical uncertainty (AU) in the range of interest 
c core dating was not possible in this case, but Hg base line value is included since in deep layers no relevant variation is 


observed (see Fig. 4). 
 
 


Sediment core PP shows a Hg concentration peak (0.8 µg.g-1, see Fig. 6) in deep layers that 
correspond to about 300 years before sampling date according to the extrapolation of sedimentation 
rate estimated by 137Cs measurements (20 mg.cm-2.y-1). Mn, Fe, and As concentration profiles also 
have a peak at the same position (Mn concentration reaches 3.2%), suggesting that Hg peak could be 
associated with Mn and Fe oxides processes produced by an unknown event. But an increase (from 8 
to 14%) in organic matter content is also observed at this profile depth. LLAO sediment core show an 
increase in Hg concentration at 5.8 g.cm-2 depth (see Fig. 3), and an increase in organic matter content 
(from 3.4 to 6.6%), that correspond to about 400 years before sampling according to the extrapolation 
of sedimentation rate determined by 210Pb dating (13.3 ± 1.0 mg.cm-2.y-1). MITO core shows also and 
increment in Hg concentration about 300 years before sampling (sedimentation rate 23.08 ± 0.71 
mg.cm-2.y-1 [21]) (see Fig. 4). Extrapolations of sedimentation rates computed from measurements in 
upper layers of sediment cores are only an indication when core profiles are compared, since changes 
in sedimentation rate may happened before dating period. However, even considering this strong 
limitation, it seems that Hg increment in concentration profiles of cores PP, LLAO, and MITO could 
be associated with a natural event. The profiles of other sediment core studied do not reach this age. 
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FIG. 3. Hg concentration profiles of sediment cores sampled in lake Nahuel Huapi, Bahía López (BL) 
and Brazo Rincón (BR) sampling points, and lake Moreno West, Llao Llao (LLAO) and Punto 
Panorámico (PP) sampling points. Sediment layers without concentration values are below detection 
limits. Typical detection limits values for each sediment core are indicated in dot line in the graphs, 
but actual detection limits are associated to each sample measurement since they depend on 
irradiation and data collection parameters, and on sample composition. 
 
 


Baseline values show relevant differences depending on the lake, up to a factor of 3. These 
variations are associated with lake productivity for some elements, namely Br and Zn, and variations 
of geological inputs to sediments may also explain these differences. This could be the case of Cr that 
shows 3 fold concentrations in lakes Nahuel Huapi and Moreno than Lake Traful. Therefore, the 
comparison within the same core of elemental concentrations with respect to those layers considered 
as baseline gives better information about time variations of sediment inputs than the comparison with 
different cores. 
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FIG 4. Hg concentration profiles of sediment cores sampled in lakes Escondido (ESC), Morenito 
(MITO), Espejo Chico (ECH), and Traful (TRA), considered reference. Sediment layers without 
concentration values are below detection limits. Typical detection limits values for each sediment core 
are indicated in dot line in the graphs, but actual detection limits are associated to each sample 
measurement since they depend on irradiation and data collection parameters, and on sample 
composition. 
 
 


The extrapolation of the core dating determined in upper layers allow to define baseline values 
for Hg associated with pre-industrial times, ranging from less than 0.08 to 0.21 µg.g-1, while a 2 fold 
increase is observed in modern time sediments with respect to pre-industrial times. Sediment cores 
from lakes with low productivity (lake productivity is associated with organic matter content of upper 
most core layer) show, in general terms, lower Hg background concentration levels (see Table IV). 
Organic matter contents of the uppermost layer of lake Moreno cores, LLAO and PP, and lake Traful, 
range from 14 to 18%, and Hg background concentration range from less than 0.1 to 0.21 µg.g-1 in 
pre-industrial layers, and from 0.26 to 0.32 µg.g-1 in modern times layers. Lake Escondido has 23% 
organic matter content in uppermost layer, and mean Hg concentration in deep layers is 0.31 µg.g-1. In 
the case of lake Nahuel Huapi core BL, the organic matter content is 5.5%, and Hg background 
concentration is less than 0.08 µg.g-1 in pre-industrial layers, and 0.17 µg.g-1 in modern time layers. 
Most background levels reported, obtained from deep core layers, range between 0.01 and 0.08 µg.g-1 
for pre-industrial times, and higher for modern times, but in most cases they remain below 0.1 µg.g-1, 
and in a few others they range from 0.1–0.3 µg.g-1 (see Table I). The detection limit of the analytical 
method used in this work is, for sediment samples, about 0.1µg.g-1, and measurement uncertainties at 
this concentration levels are high, limiting hence the comparison of background levels with the other 
works mentioned. Even though, background levels determined in this work for pre-industrial (less  
than 0.08 µg.g-1 to 0.2 µg.g-1) and modern times (0.17 to 0.32 µg.g-1) are both among the highest 
values of other works, and, therefore, consistent with them. 
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No relevant enrichment of trace elements Sb, Ba, Cs, Zn, Co, Hf, Ni, Se, Sr, Ti, U, and V was 
observed in upper layers of sediment core profiles respect to base line values. In general terms, Sb, Ba, 
Cs, and Hf concentrations follow the behaviour of Rare Earth elements and other geochemical traces, 
and therefore can be considered mostly associated with geological particles matrixes. Co concentration 
behaves in most cases in similar way than Mn in upper core layers, showing that it associated mostly 
to Mn and Fe oxides processes. Sr and Zn concentrations show little variations along core profiles in 
most cases. 


4.1. Arsenic 


High As concentrations, up to 250 µg.g-1, were measured in lake Moreno West PP core 
associated with diffusive diagenetic processes, while background value from deep core layers is 25 
µg.g-1 (other background values range from 5 to 10 µg.g-1; see Table III). A concentration peak of 74 
µg.g-1 was also observed in lake Nahuel Huapi BR core profile, core that shows also evidence of 
moderate diffusive diagenetic processes, and in LLAO core As concentration follows the behaviour of 
Mn in upper layers, reaching maximum concentration of 18 µg.g-1 in upper most layer. A slight 
increases of As concentration can be observed in upper layers of ECH and TRA cores, in the case of 
ECH core associated with Mn. Upper layers of sediment cores sampled from lakes Escondido and 
Morenito show no relevant variations of As concentrations, with values about 5 µg.g-1, among the 
lowest background concentrations. No evidence of relevant increase of As inputs to the aquatic 
systems studied was observed in recent years. 


4.2. Bromine 


Strong variations of Br concentrations can be observed along core profiles; up to 16 fold in 
upper layers of BR core, 13 fold in LLAO core, 9 fold in MITO core, 7 fold in ESC core, 6 fold in 
ECH core, and 6 fold in PP core. The lowest values were found in tephra layers. The behaviour of Br 
concentration along core profiles is strongly associated with organic matter content in cores BR, 
LLAO, ESC, ECH, and PP. Organic matter determinations of MITO core were not completed, not 
allowing proper comparison with Br concentration profile. Sediment cores BL and TRA show little 
variations of Br concentrations along the profile but followed also by organic matter content, with the 
only exception of two upper layers of BL core. Background values show also significant variation, 
ranging from 3.3 to 15 µg.g-1 (see Table III). The lowest background concentration was found in the 
sediment cores with the lowest organic matter content of uppermost layers, 5.5% (BL core). Higher Br 
background concentrations, from 9 to 15 µg.g-1, were measured in sediment cores LLAO, MITO, PP, 
and TRA cores that show organic matter content of uppermost layers ranging from 14 to 25%. 
Previous remarks show a strong association between Br concentrations and organic matter contents of 
core sediments. 


Previous work concluded that Br was enriched in upper core layers near Bariloche city, since Br 
variations could not be explained by organic matter [13]. No evidence of relevant increase of Br inputs 
to the aquatic systems studied was observed in recent years in the sediment cores analysed. Even in the 
case of the 16 fold variation of Br concentration in BR core, the ratio to organic matter contents 
remains rather constant in upper layers, ranging from 2 to 2.8 in 6 upper layers. Therefore, the 2.4 
increase of Br concentration in uppermost layer respect to the following, with almost no change in 
organic matter, of the sediment core sampled near Bariloche city in previous work [13], seems to be 
relevant enough to ascribe them to increases in Br inputs to the system. The Br content of suspended 
load collected are consistent with this conclusion, since they are 9 to 23 fold enriched over background 
levels [13]. 
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4.3. Chromium 


Cr concentrations do not show relevant variations in upper core layers, with the only exception 
of uppermost layer of ESC core that shows a 3 fold decrease to the following layers (see Cr 
concentration profile in Fig. 5), implying no relevant Cr input changes in recent times in most case. In 
the case of lake Escondido, no other element shows such strong variation in uppermost layer with 
respect to the following, a particular behaviour that should be more thoroughly studied. The 
remarkable aspect of the Cr behaviour from core profiles is a systematic, and strong, concentration 
increase observed in BL, ESC, LLAO, and MITO cores, in layers that correspond to accumulation 
periods in 19th century and beginning of 20th according to the extrapolation of core dating from upper 
layers (see Cr concentration profiles in Fig. 5). Sediment core sampled from lake Traful does not show 
relevant variations in Cr concentration along the profile. Cr is the only element that shows this 
behaviour. No plausible explanation was found by the authors. 
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FIG. 5. Cr concentration profiles of sediment cores sampled in lake Nahuel Huapi, Bahía López 
sampling point (BL), lake Moreno West Llao Llao sampling point (LLAO),lake Escondido, and lake 
Morenito. 
 
 


4.4. Silver 


Baseline values obtained from deep core layers are about 0.1 µg.g-1 (except for lake Moreno PP 
core, 0.2 µg.g-1, that show strong diagenetic processes that may increase the concentration of elements 
adsorbed onto particulate surfaces respect to other lake points) (see Table III). Ag concentration in 
upper layers of sediment core sampled in lake Traful, considered a reference lake, are also about 
0.1 µg.g-1 (see Fig. 6). Therefore, this level can be considered background level in the study region. 
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FIG. 6. Ag concentration profiles of sediment cores sampled in lake Traful, considered reference, 
Nahuel Huapi, Bahía López (BL) and Brazo Rincón (BR) sampling points. Sediment layers without 
concentration values are below detection limits. Typical detection limits values for each sediment core 
are indicated in dot line in the graphs, but actual detection limits are associated to each sample 
measurement since they depend on irradiation and data collection parameters, and on sample 
composition. 
 
 


Ag contents in upper core layers in lakes Moreno West (LLAO and PP cores) and Nahuel Huapi 
(BL and BR cores) are 2 to 5 fold higher than background levels (see Figs 6 and 7). Core layers 
considered correspond to accumulation periods in recent years, from 1960 to 2001, time period that 
corresponds to a high population increase of Bariloche City [11]. The strong increase in Ag 
concentration in upper core layers in lakes Moreno and Nahuel Huapi over deep layers and 
background level demonstrate the existence of Ag inputs to this water bodies that appear in the 20th 
century, mainly in the second half, considering also that lake Traful, reference for this work, do not 
show relevant variations in upper layers over background level. Ag concentration profile of ESC 
sediment core does not reveal a relevant increase in upper layers, with values along the profile about 
the 0.1 µg.g-1 background level (see Fig. 7), showing hence that no relevant increase in Ag inputs was 
produced in this water body. Lake Escondido is situated near lakes Nahuel Huapi and Moreno West 
(see Fig. 2), but it is a closed system. This result suggests that Ag impact to lakes Nahuel Huapi and 
Moreno West is associated with direct releases into the lakes and lateral transport inside the water 
bodies, without relevant atmospheric transport. 
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FIG. 7. Ag concentration profiles of sediment cores sampled in lake Moreno West, Llao Llao (LLAO) 
and Punto Panorámico (PP) sampling points, and lake Escondido. Sediment layers without 
concentration values are below detection limits. Typical detection limits values for each sediment core 
are indicated in dot line in the graphs, but actual detection limits are associated to each sample 
measurement since they depend on irradiation and data collection parameters, and on sample 
composition. 
 
 


These results are consistent with previous work obtained from the analysis of sediment cores 
and suspended load sampled from the East part of lake Nahuel Huapi (BRC and PC sampling point in 
Fig. 1). This work found evidence that Ag inputs to the Lake Nahuel Huapi ecosystem are related to 
activities around San Carlos de Bariloche city inhabitants, locating a point source at BRC site, close to 
the site where the liquid effluents of the Bariloche city sewage treatment plant, not designed to retain 
heavy metals, are directly released to the lake Nahuel Huapi. Before this plant came into operation in 
February 1996, Bariloche city wastewater was discharged into the lake without any treatment also at 
this point [11]. 


4.5. Mercury 


Hg concentration values in upper core layers that correspond to accumulation periods from 1960 
to 2000 or 2001 are clearly increased over both background levels in most cases (see Figs 3 and 4). 
Only upper layer of the cores sampled in lake Traful, considered a reference lake for this work, and 
lake Nahuel Huapi BL site, show similar Hg concentrations to background. The Hg concentration 
profiles with values higher than background, namely cores BR, ECH, ESC, LLAO, MITO, and PP, 
show a peak in upper layers (see Figs 3 and 4). Hg concentration at these core profile peaks range 
from 0.6 to 3 µg.g-1 (see Table V). These concentration values are in the same range than moderated 
contaminated sediments by gold mining, industrial activities or a chlor-alkali plant (see Table I). 
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TABLE V. MERCURY CONCENTRATION OF UPPER LAYERS OF SEDIMENT CORES 


Organic matter  Hg maximum concentration in upper layers of core profile  
Core Content of upper-


most layer (%) 
Core position 


(cm) 
 Content of upper-


most layer (%) 


Nahuel Huapi BL 5.46 ± 0.27 – Nahuel Huapi BL 5.46 ± 0.27 
Nahuel Huapi BR 17.43 ± 0.88 0.5 – 1.0 Nahuel Huapi BR 17.43 ± 0.88 
Moreno PP 13.92 ± 0.70 2.8 – 3.8 Moreno PP 13.92 ± 0.70 
Moreno LLAO 18.85 ± 0.94 1.5 – 2.5 Moreno LLAO 18.85 ± 0.94 
Morenito 24.8 ± 1.2 1.0 – 2.0 Morenito 24.8 ± 1.2 
Escondido 22.5 ± 1.1 2.0 – 3.0 Escondido 22.5 ± 1.1 
Traful 16.76 ± 0.83 – Traful 16.76 ± 0.83 
Espejo Chico 11.71 ± 0.59 0 – 0.7 Espejo Chico 11.71 ± 0.59 


a No Hg concentration peak is observed in upper layers of this core profile. The mean concentration value of upper layers 
is informed.  


b Evidence of diagenetic processes that may affect Hg distribution along the sediment core after deposition was observed. 
Therefore, the concentration peak observed in the profile may not correspond to Hg inputs during the accumulation 
period estimated by 137Cs dating for this core layer.  


c Estimation using tephra dating. 


 


Highest Hg concentration values were determined in the profile peaks of lakes Escondido and 
Morenito, about 10 fold higher than background levels (see Tables IV and V). These lakes are closed 
systems small and shallow (max. depth less than 12 m), showing the highest productivity of the 
systems studied (23 and 25% organic matter content of uppermost layers). In contrast, BL core, 
sampled in the same zone, close to lake Moreno PP and LLAO cores (see Fig. 2), shows Hg 
concentrations similar to background with no variations in upper layers, with much lower organic 
matter content of uppermost layer (5%). 


In general terms an increment of Hg inputs to aquatic systems in recent years is suggested by 
the enrichment of Hg contents of upper core layers. Accumulation periods of the Hg concentration 
peaks observed in sediment core profiles overlap for BR, MITO, and ECH cores, and LLAO is shifted 
one layers down (see Table V; PP core is not considered because evidence of diagenetic processes, 
with strong mobilization after deposition, was observed). 
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5. CONCLUSIONS 


5.1. No evidence was observed in sediment core analysed of input increase to lake environments 
of trace elements Sb, Ba, Cs, Zn, Co, Hf, Ni, Se, Sr, Ti, U, and V. 


5.2. Arsenic. Higher As sediment concentrations of upper core layers are associated with 
diffusive diagenetic processes that seems to rule As variations at higher concentrations. Therefore, 
most As is adsorbed onto particulate surfaces, associated with Mn and Fe oxides. No evidence of 
relevant increase of As inputs to the aquatic systems studied was observed in recent years. 


5.3. Bromine. Strong association between Br concentrations and organic matter contents was 
observed in sediment cores. No evidence of relevant increase of Br inputs to the aquatic systems 
studied was observed in recent years in the sediment cores analysed in present work, but the 
conclusion reached in previous work that Br enrichment in sediment cores sampled near Bariloche city 
could be ascribed to inputs increase to the system [13], is consistent according to present results. 


5.4. Chromium. No evidence of relevant variations in recent times in Cr inputs to the aquatic 
system studied was found. Only the core sampled from lake Escondido shows a relevant increase of Cr 
concentration in uppermost layer, not associate with any other element. A systematic, and strong, 
concentration increase in core layers that correspond to accumulation periods in 19th century and 
beginning of 20th according to the extrapolation of core dating from upper layers was observed. Cr is 
the only element that shows this behaviour. No explanation was found by the authors. 


5.5. Silver. Lakes Moreno and Nahuel Huapi received Ag inputs over natural background, 
mainly in the second half of 20th century. Ag background level in sediments was found to be about 0.1 
µg.g-1. Lake Traful, considered as reference lake, does not show alterations respect to background. 


5.6. Mercury. Two background levels of Hg concentration of sediments were determined from 
core analysis. One, associated with pre-industrial times according to dating extrapolation, ranging 
from less than 0.08 to 0.21 µg.g-1, and the other, associated with modern times, ranging from 0.17 to 
0.32 µg.g-1. Both background levels are consistent with those observed in other works. Hg 
concentrations in upper layers of sediment cores sampled from lakes Escondido, Espejo Chico, 
Morenito, Moreno, and Nahuel Huapi range from 0.5 to 3 µg.g-1, similar values as those found at 
moderately contaminated sediments by gold mining, industrial activities or chlor-alkali plants. 
Accumulation periods of these core layers start on second half of 20th century. Evidence of association 
between Hg and organic matter was observed, showing that Hg is circulating within the ecosystems. 
Lake Traful, considered as a reference, does not show relevant variations along the core profile, and 
the concentration values are within the range of background concentrations determined for modern 
times. Association between Hg and organic matter is not observed in this case. Therefore, there is no 
evidence of relevant increment of Hg inputs in recent times in lake Traful environment. 


ACKNOWLEDGEMENTS 


We thank reactor RA-6 operation staff for their assistance in sample analysis. We also want to 
acknowledge Dr. Mark Marvin DiPasquale for his valuable comments.  


REFERENCES 


[1] HARDAWAY, C., WEI-JENQ SHEU, MERIWETHER, J.R., “The effect of diagenetic 
processes on the radiochronology of soft sediments using 210Pb and 137Cs”, Microchemical 
Journal 58 (1998) 127–134. 


[2] ASTON, S.R., BRUTY, R., CHESTER, R., PADGHAM, R.C., “Mercury in lake sediments: a 
possible indicator of technological growth”, Nature 241 (1973) 450–451. 


[3] LOCKHAR, W.L., et al., “Fluxes of mercury to lake sediments in central and northern Canada 
inferred from dated sediment cores”, Biogeochemistry 40 (1998) 163–173. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


[4] LOCKHAR, W.L., et al., “Tests of the fidelity of lake sediment core records of mercury 
deposition to known histories of mercury contamination”, Sc. Total Environ. 260 (2000) 
171-180. 


[5] LENT, R.M., ALEXANDER, C.R., “Mercury accumulation in Devils Lake, North Dakota-
effects of environmental variation in closed-basin lakes on mercury chronologies”, Water, Air, 
and Soil Pollution 98 (1997) 275–296. 


[6] RASMUSSEN, P.E., et al., “Mercury in lake sediments of the Precambrian Shield near 
Huntsville, Ontario, Canada”, Environl. Geol. 33 (2/3) (1998) 170–182. 


[7] FABBRI, D., FELISATTI, O., LOMBARDO, M., TROMBINI, C., VASSURA, I., “The 
Lagoon of Ravenna (Italy); Characterisation of mercury-contaminated sediments”, Sc. Total 
Environ. 213 (1998) 121–128. 


[8] JHA, S.K., KRISHNAMOORTHY, T.M., PANDIT, G.G., NAMBI, K.S.V., “History of 
accumulation of mercury and nickel in Thane Creek, Mumbai, using 210Pb dating technique”, 
Sc. Total Environ. 236 (1999) 91–99. 


[9] PEREIRA, M.E., DUARTE, A.C., MILLWARD, G.E., ABREU, S.N., VALE, C., “An 
estimation of industrial mercury stored in sediments of a confines area of the lagoon of Aveiro 
(Portugal)”, Water Science Techniques 37 (1998) 37–42. 


[10] DEGETTO, S., SCHINTU, M., CONTU, A., SBRIGNADELLO, G., “Santa Gilla lagoon 
(Italy): a mercury sediment pollution case study. Contamination assessment and restoration of 
the site”, Sc. Total Environ. 204 (1997) 49–56. 


[11] KESTELMAN, A.J., ROMÁN ROSS, G., ARRIBÉRE, M.A., RIBEIRO GUEVARA, S., 
“Heavy metals and rare earth geochemistry in unpolluted and contaminated areas of the Nahuel 
Huapi National Park, Río Negro, Argentina”, Final Report (in Spanish), Project 8409, IAEA, 
Vienna (1997). 


[12] ROMÁN ROSS, G., RIBEIRO GUEVARA, S., ARRIBÉRE, M.A., “Evaluation of natural 
processes and human inputs on riverine sediments at Nahuel Huapi National Park, Argentina”, 
presented at the IV ENAN Conference, Poços das Caldas, Minas Gerais, Brasil, 18–22 August 
1997. 


[13] RIBEIRO GUEVARA, S., MASAFERRO, J., VILLAROSA, G., and ARRIBÉRE, M., ‘Heavy 
metal contamination in sediments of Lake Nahuel Huapi, Nahuel Huapi National Park, Northern 
Patagonia, Argentina’, Water, Air, and Soil Pollution 137 (2002) 21–44. 


[14] MARKERT, B., et al., “A contribution to the study of the heavy-metal and nutritional element 
status of some lakes in the southern Andes of Patagonia (Argentina)”, Sc. Total Environ. 206 
(1997) 1–15. 


[15] RIBEIRO GUEVARA, S., ARRIBÉRE, M., CALVELO, S., ROMÁN ROSS, G., “Elemental 
composition of lichens at Nahuel Huapi National Park, Patagonia, Argentina”, J. Radioanal. and 
Nucl. Chem. 198 No. 2 (1995) 437–448. 


[16] CALVELO, S., BACCALÁ, N., ARRIBÉRE, M.A., RIBEIRO GUEVARA, S., BUBACH, D., 
“Analytical and statistical analysis of the elemental composition of lichens from Nahuel Huapi 
National Park”, J. Radioanal. and Nucl. Chem. 222 (1997) 99–104. 


[17] CALVELO, S., BACCALÁ, N., ARRIBÉRE, M. A., RIBEIRO GUEVARA, S., BUBACH, D., 
“Concentrations of biological relevant elements of foliose and fruticose lichens from Nahuel 
Huapi National Park (Patagonia), analysed by INAA”, Sauteria 9 (1998) 263–272. 


[18] BUBACH, D., ARRIBÉRE, M., CALVELO, S., RIBEIRO GUEVARA, S., ROMÁN ROSS, 
G., “Characterization of minor and trace element contents of Protousnea magellanica from 
pristine areas of Northern Patagonia”, Lichens 2 (1998) 1–7. 


[19] BUBACH, D., ARRIBÉRE, M., RIBEIRO GUEVARA, S., CALVELO, S., “Study of the 
feasibility of using transplanted Protousnea magellanica thalli as a bioindicator of atmospheric 
contamination”, J. Radioanal. and Nucl. Chem. 250 No. 1 (2001) 63–68. 


[20] APPLEBY, P.G., OLDFIELD, F., “The calculation of lead-210 dates assuming a constant rate 
of supply of unsupported 210Pb to the sediment”, CATENA 5 (1978) 1–8. 


[21] RIBEIRO GUEVARA, S., ARRIBÉRE, M., “137Cs dating of lake cores from the Nahuel Huapi 
National Park, Patagonia, Argentina: historical records and profile measurements”, J. Radioanal. 
and Nucl. Chem. 252 No 1 (2002) 37–45. 


[22] CALCAGNO, A., et al., (Eds.), Catálogo de Lagos y Embalses de la República Argentina, 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


Ministerio de Economía y Obras y Servicios Públicos, Secretaría de Obras Públicas, 
Subsecretaría de Recursos Hídricos, Argentina (1995). 


[23] RIBEIRO GUEVARA, S., ARRIBÉRE, M., MASAFERRO, J., VILLAROSA, G., 
KESTELMAN, A.J., “Lead-210 sedimentation rates of lake sediment cores by using high 
resolution gamma ray spectrometry”, presented at the II South American Symposium on Isotope 
Geology, Córdoba, Argentina, 12–16 September 1999. 


[24] MACCHI, P.J., “Ecología trófica de los peces autóctonos del Lago Moreno (Brazo Morenito)”, 
Degree thesis, (1991). 


[25] VIGLIANO, P., CRUB, Universidad Nacional del Comahue, Argentina, personal 
communication, 2002. 


[26] BAMBA, B.M., LEERMAKERS, M., BAEYENS, W., “Influence of sediment preservation on 
total mercury and methylmercury analyses”, Water, Air, and Soil Pollution 107 (1997) 277-288. 


[27] CUTSHALL, N., INGVAR, H., LARSEN, L., OLSEN, C.R., “Direct analysis of 210Pb in 
sediment samples: self-absorption corrections”, Nucl. Instru. and Methods 206 (1983) 309–312. 


[28] JOSHI, S.R., SHUKLA, B..S., “Ab initio derivation of formulations for 210Pb dating of 
sediments”, J. Radioanal. and Nucl. Chem. 148 No. 1 (1991) 73–79. 


[29] ROBBINS, J.A., HERCHE, L.R., “Models and uncertainty in 210Pb dating of sediments”, 
Radiochem. Limnology 25 (1993) 217–222. 


[30] BINFORD, M.W., “Calculation and uncertainty analysis of 210Pb date for PIRLA project lake 
sediment cores”, J. of Paleolimnology 3 (1990) 253–267. 


[31] FULLER, C., VAN GEEN, A., BASKARAN, M., ANIMA, R., “Sediment chronology in San 
Francisco Bay, California, defined by 210Pb, 234Th, 137Cs, and 139,140Pu”, Marine Chem. 64 (1999) 
7–27. 


[32] TULI, K.J., Nuclear Wallet Cards, National Brookhaven Laboratory, USA (2000). 
[33] FIRESTONE, R.B., SHIRLEY, V., Table of Isotopes, John Wiley & Sons, New York, USA 


(1996). 
[34] MUGHABGHAB, S.F., DIVADEENAM, M., HOLDEN, N.E., Neutron Cross Sections, Vols 1 


and 2, Academic Press, New York, USA (1981). 
[35] BOYLE, J., “Redox remobilisation and the heavy metal record in lake sediments: a modelling 


approach”, J. Paleolimnology 26 (2001) 423–431. 
[36] SANTSCHI, P., HÖHENER, P., BENOIT, G., BUCHHOLTZ-TEN BRINK, M., Marine 


Chemistry 30 (1990) 269–315. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


IAEA-CN-103-116 


INTAKES OF RADIOLOGICALLY IMPORTANT TRACE ELEMENTS  
FROM IRANIAN DAILY DIETS 


 A.G. GHARIB, S. FATOOREHCHIAN 


Nuclear Research Center of Tehran, AEOI,  
Tehran, Iran 
 


Abstract 


Cesium content and some more radiologically important trace elements were measured by nuclear and 
non-nuclear analytical methods in Iranian daily diets.This work carried out along with many more nutritionally 
important trace elements in a Coordinated Research Project (CRP) headed by IAEA. The study of cesium could 
be important since it may include natural and artificial cesium and a few more similar functioning elements such 
as Sr,Rb,I,Kand Ca. In particular,since the diets have been  prepared almost simultanously by many investigators 
from various countries in different part of the world, therefore a comparable basis is provided. The other 
importance of this work was the coincidence of execution of this study in 1986–1994 with the Chernobyl 
accident when the fall out of this nuclear accident enhanced the fission products on the earth .This is while at the 
same time, the diets were under preparation by participants in different countries. Though the 137Cs and other 
radionuclieds were not measured in these diets under planned regular investigation by the most of participant 
countries but in compare with some other background, the contribution of 137Cs in these daily diets/ total mixed 
diets may be estimated either by their concentrations or by the amount of intakes per person per day.Nevertheles 
the protection role of these trace metals in human organs is the main issue of this assessment. The matter 
regarding the origin of natural cesium and radioactive fall out is to be discussed. The effect of 137Cs and other 
radionulides of the foodstuff depend upon direct exposure or via the mineral and organic content of this radio 
nuclides in the soil and environment to be  to transferred to nutritive species is considered 
 


1. INTRODUCTION 


The role of some trace elements in human health is now rather well established and quite 
understandable for many countries as well as for the publics [1–4]. Today, the people are facing with a 
rather new problem, which comes from modernized world and mainly because of the demand for 
energy from nuclear sources. Nuclear contaminants and radiation hazards may be induced from natural 
or artificial sources. Now it is known that the level of some trace elements in human can be quite 
helpful in radiation impact. Daily dietary intakes of trace elements such as Cs, Sr, Rb, or other alkaline 
elements are important in the case of food contamination when internal intakes/absorption happen by 
the same radionuclides. In addition, there are some trace and minor elements such as I, Ca, K, and Mg 
not only they are nutritionally important but from radiological point of view, they play an important 
role as well. The reason, for above elements, is the similarity of their chemical behaviour in 
radionuclides and non–radio nuclides forms. Therefore, if the natural intakes of these elements are 
quite enough, then the relevant radionuclides cannot be remained in the body for longer time. This is 
especially true for 134Cs, 137Cs, 90Sr , 131I , 129I and to some extent for 40K and 78Rb whose half lives of 
the most of them are quite long and dangerous for man while they are very much susceptible to go to 
the bones or other organs and even some time to remove very useful structural elements such as Ca 
and Mg. The latter incident happens, since Cs and Sr are in alkali and earth alkaline group and again 
chemically are acting the same as K, Ca, and Mg. It means radio nuclides of 137Cs, 134Cs, 90Sr may be 
absorb in the absence of above –mentioned natural nuclides and/or to immigrate to the bones and 
muscles when structural elements(Ca, Mg) are inadequate. 


Moreover, even adequate essential trace element (e.g. Fe, Zn, Cr, Mn, Se) in man may be 
protective against radiation hazard, either because of their antioxidative role or as the result of their 
locally effective in individual organs[5–8] . 
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It is to be kept in mind that cesium is the most of electropositive and least abundant of the 
naturally alkali metals and Strontium is an alkaline earth metal. They chemically resemble their own 
group IA(e.g. Rb and K) and IIA(e.g. Ca and Mg) in periodic table respectively but they are abundant 
in earth's crust. 


This is expecting to make a database for future work to enhance quite enough data especially for 
occupational personnel or residents nearby to nuclear facilities. This is in the sake of workers and 
public protection from nutritional and radiological impact. 


The present study is a part of previous coordinated research work to measure about 24 trace 
elements[9–12]. The subject has to be taken into consideration since, overall and local radioactive 
substances discharge to the environment and it can contaminate foodstuffs produced near nuclear 
establishments [7–8]. 


2. EXPRIMENTAL 


The procedure for diet preparation and relevant study groups were described in previous 
papers[9–11]. Here it is to be summarized briefly. 


2.1. Study groups 


The study groups were selected among common healthy people from five major regions in 
accordance with their various food habits in centre, north, east, west and south indicated by C, N, E, 
W, and S, respectively. Then, three classes of the population (study groups) were chosen: literate, 
illiterate and rural indicating by numbers1, 2 and 3, respectively. 


Since the central study groups have to be representative for larger population, then, each study 
group (1,2,3) were forming from 6 study groups composed of the families from 2,3,4,5,6,and 7 
members and then all put into one study group to be comparable with others. However, here in this 
study , the representative man out of each study group is an adult person aged 20–65 years and weight 
of 50–65 kg. 


2.2. Sampling method 


Total mixed diet prepared based on dietary recording method. This method was chosen since a) 
no statistic data were available on the food consumption in national or regional level, b) no common 
understanding would let one for duplicate diet preparation in a large study group (regional level) and 
c) no marketing basket method could be implemented in the mid of 1980s when this programme 
planned as the result of uneasiness/unpopular whole food marketing. Therefore, this job was assigned 
on a few trained nutrition students. However these volunteers who were familiar with the region and 
food habit of the people, made questioning the appropriate selected test subjects (study groups) and 
recording what ever they eat (in accordance with their detailed food items and all forms of cooked or 
non-cooked items) everyday for 4–5 consequent days. In addition, individual habit of eating, drinking 
and additives were questioned and recorded. 


2.3. Diet reconstitution/reformulation 


The recording data of food consumption in laboratories of nutrition Institute were processed and 
converted to the appropriate food composition either cooked or raw. Then, this composite transferred 
to special blender with titanium blade, mixed, homogenized, freeze dried and powdered. This material 
was aliquoted to a few samples to be sent to different local or reference laboratory by the IAEA to be 
taken up for analysis. 
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2.4. Measurement 


As it was mentioned in earlier publication in more detail [9–10], this project was an 
international one and many countries participated as collection centres (for daily diet sampling) and 
reference analytical centres (for analytical purposes) or some may be for both. Therefore, the diets 
were to be analysed in a few references laboratories and back up laboratories along with the 
appropriate quality assurance criteria. For the elements concerning this paper except the Sr which the 
measurement carried out only by ICP-AES locally in AEOI's laboratories, the other elements 
measured both in local laboratories and reference / back up laboratories. These results, which have 
been cited here, are in quite agreement with the criteria and checked with the RCM(s). Mg and Ca 
measured by ICP-AES locally and in IAEA, laboratories of Seibersdorf by both ICP and INAA. Iodine 
measured by Epithermal INAA in Halifax, trace analysis research centre and Wuernligen, Swiss 
Federal Institute for research reactor. The main participant countries were: AU:Australia, BR:Brazil, 
CA:Canada, CH:China, IR:Iran, IT:Italy, JA:Japan, NO:Norway, PO:Portugal, SP:Spain, SU:Sudan, 
SW:Sweden, TH:Thailand, TU:Turkey and US:USA. These countries were collection centers but 
some more countries participated as analytical centres or for both. 


However, every analyte has been measured from the same aliquot under the same conditional 
preparation in replications. Meantime every individual measurement could be confirmed when very 
quite enough assurance has been obtained regarding: method, analyst, analyte ,RCM(s) as well as 
other parameters concerning sensitivity and accuracy were observed.  


3. RESULTS AND DISCUSSION 


A summary of dietary recording on food categories and relevant items in all studied regions are 
given in Table I.The final result of analyses for radiological elements such as Cs, Sr, Rb, K and 
nutritional importance as well as for radiation protection such as Ca, Mg, and in particular Iodine are 
summarized in Tables II–III. In Table IV, the results for central study groups are listed in more detail 
in differentiation of further study groups. The same results for various countries participated in this 
project in comparison with Iran is given in terms of elemental concentration of relevant diets in 
Table V. The methods of measurements and recommended daily allowances are shown in Table VI. 


By a quick glance, it is well observed that the concentration of Cs, Sr and Rb in adult person in 
different regions are not so much enough as they are quite higher in the diets of the other countries, 
though except ICRP [14] there is no any certain data for these traces as an adequate or safe level. One, 
of course, may assume the reason of higher level of cesium content in most of the other countries, can 
be attributed partly to the 137+134Cs which is undesirable. In the case of Ca, K, Mg, as the minor 
essential and structural elements in the body, they seem to be rather normal in Iranian diets. Therefore, 
the deposition of radionuclides such as 137Cs and 90 Sr is to be happened less likely. The present status 
of Ca, K, Mg in accordance to unpublished data is rather undesirable since the dairy products of 
dietary consumption have decreased quite considerably among the people.  
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Center North East West South Repve. Iran137Cs 40K 226Ra


484 - 473 685 417 650 410 527 - 80,14 -


21 - 23 102 21 26 34 41 - - -


111 - 155 212 139 89 148 148 up to 230* 100 -


167 - 140 138 167 102 190 147 up to 250* 150-300 -


469 - 965 1052 668 399 371 691 - - -


70 - 77 78 46 61 41 61 - 20 50 D.Wt. 5


39 - 43 43 28 30 31 35 - 25 -


10 - 19 52 22 24 105 44 - 420-1200 -


3 - 8 21 13 13 7 12 - - -


- - 31 51 32 9 8 24 - #600 -


1374 1546 1934 2434 1553 1403 1345 1734 - - -


500+… 1300 1420 1830 1640 1300 2600 1758 - - 7.7  **


- 2846 3354 4264 3193 2703 3945 3492 - - -


- 711 877 1322 775 979 698 935 - - -


- 75 74 69 76 64 82 73 - - -Total water content after cooking,%
* imported items # 50% total relevant food group, ** mBq/kg


Wet weight, gr


Added water, gr


Total wet weight, gr


Dry weight, gr


Spices


National consumptio


Artificial and Natural radionuclides


TABLE I. DAILY DIETARY INTAKES OF VARIOUS FOOD ITEMS IN MAJOR FOOD CATEGORIES IN TERMS OF GR/DAY/PERSON AND RELEVAN


Sweets: sugar,jam,honey,candies,sweets


Oil and Fats


Beverages:cocks,juices, tea, coffee


Food categories and relevant                     ite


Dietary recording during 1985 - 1990


Cereals: bread, makaroni, rice


Duplicate   


Seeds and Nuts


Pulses: lentil, peas, beans, spilit peas, chic


Meat: lamb, poultry, beaf, fish, eggs


Dairy products: milk, cheese, yogurt


Fruits and Vegtables: leafy, rooty, tubers veg
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One has to consider that the excess of some other traces such as Pb, Cd, Al via environmental impact 
would affect the metabolic absorption of Ca and Mg adversely. The similar violation also may happen to 
essential trace elements and therefore potential condition can be provided for 137Cs, 134Cs, 90Sr deposition 
and more severed radiation hazards via internal or external exposure. 


Concerning the intake of Iodine in central region and other regions are mostly lower than 
recommended dietary allowances (RDA). Therefore, the most of Iranian, in the case of radioactive 
contaminants, are very much susceptible for deposition and accumulation of 131I and 129I in thyroid gland. 
As the matter of fact, this deficiency is nutritionally more important since the Iodine play many significant 
roles in health of the people as well [1,11,14–15]. Even as it is observed in Table IV, Iodine content of 
Iranian diet is lowest among others except the diet from Thailand. 


 


Meantime Table I is providing some further information about the items in each food category and 
the contribution of each category in diet preparation for different region based on dietary recording 
performed in this project [16]. The data for very recent national food consumption is given for comparison 
as well [17]. 


Concerning the radioactivity of the food items, it is difficult to make a certain statement. First as it 
was mentioned earlier no comprehensive work on this matter carried out by the author or apparently by the 
others in Iran. There are only some natural radioactivity measurement, which has been made on a few food 
items and indicated in Table I [18–20]. There is also another report reflecting many measurements for 
every food item imported to Iran. The average content of 137Cs in meat and dairy product is given in 
Table III [18]. This is a part of food items to be consumed in period of 1985–1990 approximately equal to 
40–50%. There is no any indication whether the local Iranian food products inside of the country were 
contaminated. Many attempts were made to measure the radioactivity concerning 137Cs and 90Sr, but no 


Study Group Cs Sr Rb Ca K Mg I Sc


IR-C-1 0.0068 9.3 3.53 1335 6522 547 0.127 0.0054
IR-C-2 0.0060 8.4 2.88 1024 6634 611 0.090 0.0079
IR-C-3 0.0052 9.2 2.68 1020 5802 618 0.075 0.0042
IR-C 0.0060 9.0 3.03 1126 6319 592 0.097 0.0058


IR-N-1 - 7.6 - 1681 6909 747 - -
IR-N-2 - 14.6 7.20 2350 10718 1073 - -
IR-N-3 - - - 1934 8740 921 0.208 -
IR-N - 11.1 7.20 1988 8789 914 0.208 -


 
IR-E-1 - - - 1057 3684 485 - -
IR-E-2 - - - 943 3763 515 - -
IR-E-3 - - - 1774 4858 788 - -
IR-E - - - 1258 4102 596 - -


IR-W-1 - - - 1256 4683 592 - -
IR-W-2 - - - 1216 5162 732 - -
IR-W-3 - - - 738 3492 580 - -
IR-W - - - 1070 4446 635 - -


IR-S-1 - - 0.70 1092 4035 519 -
IR-S-2 - - 2.95 1118 4257 667 -
IR-S-3 - - - 1477 5626 1071 -
IR-S - - 1.83 1229 4639 752 -


TABLE II. INTAKES OF TRACE ELEMENTS OF IMPORTANCE IN RADIATION PROTECTION AND N
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detectable amount could be measured in various items by existing and regular instruments. In fact, this is 
partly evidenced that Iranian diets are not associated with radioactivity. 


Another report indicating that various industrial minerals imported to Iran including phosphate 
fertilizer containing rather considerable amount of 232Th,226Ra and 40K [21] .The radioactivity of the 
mentioned mineral for above nuclides are 4, 657 and 412 Bq/kg respectively which they finally enter into 
the food chain and daily diets of the people. 


4. CONCLUSION 


First outcome of this work is providing a rather plenty and vast reliable data for interested elements 
not only nationally but almost globally. This may provide and go far beyond of those discussion made here 
in this article by expert and specialist. However, since in process of nuclear fission including nuclear 
accident and nuclear explosion, the radionuclides of Cesium, Strontium and Iodine: a) can be produced a 
lot, b) Cesium may be spread in a very long distance as the result of low melting point and also, c) because 
of long half-lives of these radio nuclides, they are potentially very much dangerous for humans to take 
through food items directly or indirectly. Though the present data for K, Ca and Mg which are not 
undesirable but the regular survey of the elemental consumption in food dietary and their bioavailability is 
the matter of great importance either for K, Ca, Mg or for essential elements comprehensively. However, 
the intakes of Iodine in almost all Iranian diets is very crucial and must be taken into consideration much 
more intensively than before from nutritional and radiological point of view. The amount of these radio 
nuclides released in Chernobyl accident is reported 37 P Bq for 137Cs, 19 P Bq for 134Cs, 8.1 P Bq for 90Sr 
and 670 P Bq for 131I. Something more or less of these radionuclides and many others including 129I are 
releasing from reprocessing plants and other nuclear establishments as well [22–23]. Therefore, a rather 
conclusive care is to be taken about what has happened in past as well as in future. This is in particular 
more important since AEOI is going to have a few nuclear facilities to be active in imminent coming years 
for its energy production [6,24]. 
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Study Group Cs Sr Rb Ca K Mg I Sc


IR-C-1 0.0068 9.3 3.53 1335 6522 547 0.127 0.0054
IR-N-1 - 7.6 - 1681 6909 747 - -
IR-E-1 - - - 1057 3684 485 - -
IR-W-1 - - - 1256 4683 592 - -
IR-S-1 - - 0.70 1092 4035 519 - -
IR1 0.0068 8.5 2.12 1284 5167 578 0.127 0.0054


IR-C-2 0.0060 8.4 2.88 1024 6634 611 0.090 0.0079
IR-N-2 - 14.6 7.20 2350 10718 1073 - -
IR-E-2 - - - 943 3763 515 - -
IR-W-2 - - - 1216 5162 732 - -
IR-S-2 - - 2.95 1118 4257 667 - -
IR2 0.0060 11.5 4.34 1330 6107 720 0.090 0.0079


IR-C-3 0.0052 9.2 2.68 1020 5802 618 0.075 0.0042
IR-N-3 - - - 1934 8740 921 0.208 -
IR-E-3 - - - 1774 4858 788 - -
IR-W-3 - - - 738 3492 580 - -
IR-S-3 - - - 1477 5626 1071 - -
IR3 0.0052 9.2 2.68 1389 5704 796 0.142 0.0042


IR av. 0.0060 9.7 3.05 1334 5659 698 0.120 0.0058


TABLE III. INTAKES OF TRACE ELEMENTS OF IMPORTANCE IN RADIATION PROTECTION AND 
NUTRITION IN DAILY DIETS OF MAIN IRANIAN STUDY GROUPS (MG/DAY/PERSON)


 


Study Group Cs Sr Rb Ca K Mg I Sc


IR-C-12 0.0068 5.5 3.32 1140 5533 538 0.102 0.0059
IR-C-13 0.0061 6.2 2.99 1226 5292 441 0.093 0.0042
IR-C-14 0.0049 6.7 2.90 1075 5101 438 0.120 0.0059
IR-C-15 0.0059 11.3 3.32 996 5870 533 0.086 0.0048
IR-C-16 0.0068 9.7 4.11 2025 7054 592 0.229 0.0037
IR-C-17 0.0103 16.2 4.55 1547 10279 737 0.133 0.0079


IR-C-1 av. 0.0068 9.3 3.53 1335 6522 547 0.127 0.0054


IR-C-22 0.0076 9.5 3.70 1028 8071 685 0.076 0.0410
IR-C-23 0.0080 14.4 3.33 1046 6612 571 0.089 0.0069
IR-C-24 0.0056 5.8 3.00 1093 6881 682 0.080 0.0048
IR-C-25 0.0040 5.2 2.02 876 5340 488 0.074 0.0025
IR-C-26 0.0048 10.1 2.50 1099 7326 661 0.140 0.0028
IR-C-27 0.0060 5.6 2.74 1000 5572 579 0.080 0.0041


IR-C-2 av. 0.0060 8.4 2.88 1024 6634 611 0.090 0.0079


IR-C-32 0.0069 14.6 3.00 1228 5549 753 0.109 0.0064
IR-C-33 0.0042 8.0 2.30 749 5045 520 0.069 0.0031
IR-C-34 0.0051 8.2 2.00 841 5151 508 0.038 0.0030
IR-C-35 0.0044 10.2 3.66 1452 8369 823 0.084 0.0034
IR-C-36 0.0044 5.8 2.53 842 4903 486 0.065 0.0026
IR-C-37 0.0060 8.2 2.59 1008 5793 619 0.086 0.0064


IR-C-3 av. 0.0052 9.2 2.68 1020 5802 618 0.075 0.0042


IR-C av. 0.0060 9.0 3.03 1126 6319 592 0.097 0.0058


TABLE IV. INTAKES OF DIETARY TRACE ELEMENTS OF IMPORTANCE IN RADIATION 
PROTECTION AND NUTRITION IN CENTRAL REGION OF IRAN (MG/DAY/PERSON)


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


 


 


Countries Cs Sr Rb Ca K Mg I Sc
AU - - 9.38 1693 6498 760 - -
BR 0.0336 - 12.54 1179 4242 - 0.481 0.003
CA - - 5.92 - 6055 653 - -
CH 0.0213 - 6.35 1311 3390 666 0.617 -
IR 0.0082 9.7 3.49 1374 6600 713 0.1142 0.0058
IT 0.0958 - 6.73 1898 5811 551 0.1752 -
JP - - 6.38 1630 5710 618 2.804 -
NO - - 7.23 2175 7089 774 0.5918 -
PO - - - 2004 6863 645 - -
SP 0.0469 - 6.54 2405 7234 637 0.3982 0.001
SU 0.0067 - 3.85 1179 4512 792 0.1697 0.008
SW - - - 3354 6734 708 - -
TH - - 11.36 978 2851 410 0.0945 -
TU 0.0158 - 4.18 1424 5240 667 0.2363 0.005
US 0.0144 - 5.36 1990 6323 617 0.510 0.001


Ave. 0.0303 - 6.87 1757 5677 658 0.563 0.0040


TABLE V. THE CONCENTRATION  OF A FEW IMPORTANAT TRACE ELEMENTS IN DAILY 
DIETS OF VARIOUS COUNTRIES (PPM)


 


 


Cs * Sr * Rb Ca K Mg I Sc


INAA(A) ICP(L) INAA(A) ICP(A,L) INAA(A,L) ICP(A,L) EINAA(H,W) INAA(A)


0.01 2 - 800 1870-5620 300-350 0.15 -
RDA & 
ICRP* , 
mg/day


TABLE VI. PERFORMANCE AND COMPARATIVE BASIS OF THE PRESENT WORK [1, 14-15
Elements


Analytical 
Method


 


 


A, L, H and W each represents: IAEA Laboratories of Seibersdorf, AEOI's laboratories, Halifax trace analysis 
research centre and Wuernligen- Swiss Federal Institute for research, respectively 
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FIG. 1. Comparative intakes of radiologically important trace elements in the Central Region 
(mg/day/person). 
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 DIFFERENT REGION DIFFERENT REGION 


 


FIG. 2. Comparative intakes of radiologically important trace elements in different regions’ study groups 
(mg/day/person). 
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FIG. 3. Comparative concentration of radiologically important trace elements in various countries (PPM). 
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Abstract 


Mass spectrometry is an important analytical tool for monitoring the environmental pollution as well as for 
nutritional research. A variety of mass spectrometric techniques can be used in these research areas. The most 
commonly used are Thermal Ionization Mass Spectrometry (TIMS) and Inductively Coupled Plasma Source Mass 
Spectrometry (ICP-MS). In ICP-MS itself, various sample introduction techniques like pneumatic nebulizer, 
ultrasonic nebulizer etc. are used. Also the ICP-MS instruments based on quadrupole analysers as well as Sector Field 
analysers are being increasingly used for various applications in environmental and nutritional sciences. Advances in 
electronics and computers have made these two techniques user friendly. Nevertheless, for utilizing the best potential 
of the commercially available TIMS and ICP-MS instruments, one has to critically carry out experiments, data 
collection and data evaluation. This becomes all the more important for environmental and nutritional applications 
where small changes in the isotope ratios must be determined with high precision and accuracy in the complex 
analytical samples keeping in mind the spectroscopic and non-spectroscopic interferences in the inorganic mass 
spectrometric techniques. 


Changes in the Pb isotope ratios e.g. 206Pb/207Pb vs 208Pb/206Pb can be used to trace the origin/source of Pb 
contamination in the environment. Similarly, 87Sr/86Sr ratio gives information about the contribution from acid rain. 
Speciation studies on different elements like Pb, As and Hg are also essential to find out the concentrations of 
essential and toxic species of these metals. The use of stable enriched isotopes e.g. of Fe in humans, in particular, in 
pregnant ladies can be used to study the Iron Deficiency Anemia in developing countries. Similarly, the stable 
enriched isotopes of Ca can be used for studying osteoporosis in elderly persons. Many such examples exist in 
literature where the use of stable isotopes and mass spectrometry will play an increasing role in future for the 
nutritional applications.  


Mass Spectrometry has played a prominent role during the recent years in the characterization of a road dust 
reference material (BCR-723) for Pt, Pd and Rh . There has been an increasing concern in the concentration of these 
elements in environment due to changes in the catalytic converter technologies. Various methodologies were adopted 
by different laboratories equipped with sophisticated ICP-MS machines and a number of problems were encountered 
during the determination of these PGEs in the dust sample. A few examples of various problems encountered and the 
methodologies resorted to circumvent these problems would also be presented during the talk. A number of other 
elements including Pb have also been certified in the road dust sample. 


The mass spectrometers are cost-intensive and depend strongly on the expertise and experience of the trained 
manpower for obtaining precise and accurate data so as to arrive at meaningful results for various nutritional and 
environmental studies. In addition, ultra-clean laboratories, ultra high purity reagents and the stable enriched isotopes 
to be used for isotope dilution are also required for performing these studies which at times are not accessible to all 
the laboratories. Under these circumstances, IAEA can play a pivotal role by recognizing regional facilities as 
resource centers and strengthen them to assist their own country as well as countries in the neighbouring region.  
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1. INTRODUCTION 


Mass spectrometry is an important analytical tool for monitoring the environmental pollution as well 
as for nutritional research. A variety of mass spectrometric techniques can be used in these research areas. 
These can be divided into two broad categories (i) dedicated inorganic mass spectrometers and (ii) general 
purpose organic mass spectrometers. The most commonly used dedicated inorganic mass spectrometers are 
Thermal Ionization Mass Spectrometers (TIMS) and Inductively Coupled Plasma Source Mass 
Spectrometers (ICP-MS). The general purpose organic mass spectrometers include gas chromatograph-
mass spectrometers (GC-MS), fast atom bombardment mass spectrometers (FABMS) and gas source mass 
spectrometers (GSMS) using electron impact ionization (EIMS). These latter general-purpose mass 
spectrometers are available to many of the biomedical and environmental laboratories and are useful to 
determine the concentrations of trace elements in biological and environmental samples. However, these 
instruments offer limited precision in isotope ratio determinations and hence are not used in studies 
involving use of stable isotopes for various applications. 


The various types of data required are isotopic composition, concentration and speciation/ chemical 
form of the analyte. All these can be determined by using hyphenated mass spectrometric techniques. 


2. THERMAL IONIZATION MASS SPECTROMETRY (TIMS) 


Thermal ionization mass spectrometry has come a long way ever since the commercial availability of 
these mass spectrometers. During the 1970s, the TIMS instruments available were equipped with a single 
detector, which was either a Faraday cup or a Secondary Electron Multiplier (SEM). The precision 
achievable on isotope ratios close to unity was limited to 0.5% in view of the many operations being done 
manually. During 1980s, the advent of Multi-cup collector systems revolutionized the precision achievable 
on various isotope ratios since time-dependent fluctuations of the ion currents could be eliminated in view 
of the simultaneous data acquisition for different isotopes. In addition, an increase in the sensitivity of the 
instrument due to extended geometry and non-normal incidence of the ion beam contributed to the 
improved external and internal precision of isotope ratio measurements. It was possible to achieve an 
overall precision of better than 0.1% in isotope ratios ranging from 0.3 to 3. During the last few years 
(1990s), the introduction of retarding potential quadruple (RPQ) in MAT-262 and TRITON TI and Wide 
Aperture Retarding Potential (WARP) filter in ISOPROBE T as well as the availability of ion counting 
systems has further enhanced the capabilities of TIMS to determine small or large isotope ratios (< 10-6). 
In addition, the facility of using negative ions for measurements of isotope ratios has added a new 
dimension in alleviating the problems of stringent chemical purification requirements to overcome the 
isobaric interfering elements as well as the isotope fractionation effects. In many cases, e.g. B and Fe, this 
has provided higher sensitivity when compared to the analysis using positive ions. These developments in 
TIMS have stimulated the growth in the applications of stable isotopes for environmental and biological 
applications, especially on humans, i.e. on infants and pregnant women who are the subjects of prime 
importance.  


3. INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICPMS) 


ICP-MS instruments based on quadruple analysers as well as double focusing sector field analysers 
are being increasingly used for various applications in environmental and nutritional sciences. The 
quadruple based analysers have limitations from spectroscopic and non-spectroscopic interferences at m/z 
below 80 and hence high-resolution instruments are more commonly used for these elements. For 
achieving the best precision in isotope ratio measurements using ICP-MS, multiple collector  high 
resolution ICP-MS instruments available commercially are used. Time-of-Flight based ICP-MS instrument 
is also available commercially but this is preferred when transient signals from a separation technique like 
gas chromatography (GC) have to be detected and measured. Presently available quadruple based ICP-MS 
instruments are also equipped with a collision cell, which helps in removing the polyatomic interferences 
and atomic isobaric interferences  by introducing a reaction gas.  
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4. COMPARISON OF TIMS AND ICP-MS CHARACTERISTICS 


A comparison of the characteristics of TIMS and ICP-MS is of great relevance for a newcomer in 
this field. ICP-MS surpasses TIMS in terms of ionization capability of various elements, sensitivity, sample 
throughput, ease of sample preparation and speciation capability (when coupling on-line with HPLC). In 
addition, the range of elements that can be analysed is much broader in ICP-MS since even the mono-
isotopic elements can also be analysed using another element as internal standard, which is not possible 
with TIMS. For analysing solid samples, laser ablation can also be employed in ICP-MS and this eliminates 
the problems encountered during dissolution of refractory materials in addition to the blanks introduced by 
reagents and apparatus during dissolution. However, TIMS has many attractive features in terms of high 
stability of the ion beam, ability to avoid or cope with spectral interferences, negligible memory effect, 
high abundance sensitivity and the best  precision and accuracy. The advent of multiple collector high 
resolution ICP-MS instruments now has provided the capability to achieve precision and accuracy in 
isotope ratio measurements comparable to that achieved by TIMS. Isotope dilution for concentration 
determination can be used in both TIMS as well as in ICP-MS. The abundance sensitivity is generally 
higher in TIMS compared to quadruple based ICP-MS machines and this allows determination of small 
isotope ratios using TIMS. Broadly, the analysis time is 10–20 min/sample in ICP-MS compared to 1–2 
h/sample in TIMS. The precision achievable is 0.01% with TIMS as compared to precision  values of 0.01 
to 1% in ICP-MS depending upon the type of  instrument. 


5. ISOTOPE DILUTION MASS SPECTROMETRY 


Isotope dilution mass spectrometry (IDMS) involves the addition of a stable isotope or long lived 
enriched isotope of an element whose concentration is to be determined. The enriched isotope is generally 
referred to as spike or tracer. Following the addition of spike, the change in isotope ratio is determined 
experimentally using a suitable mass spectrometric technique. 


One of the main advantages of IDMS is that the matrix effects and signal drift do not affect the 
results. Moreover, once isotope equilibration has been done, loss of analyte during separation and 
purification does not affect the data. In case of ICP-MS, there is a possibility of automation using flow 
injection device for on-line mixing of the sample and tracer solution. 


6. NUTRITIONAL STUDIES USING STABLE ISOTOPES 


The use of stable enriched isotopes for nutritional studies is advantageous since exposure to 
radioactive isotopes is totally absent. Further, studies can be carried out on infants and pregnant women, 
which are the subjects of prime importance. However, for planning these studies, precision achievable in 
isotope ratio measurements of an element must be kept in mind, since the amount of tracer to be given 
either orally or intravenously  (IV) depends upon the precision capability of the technique. In addition, the 
cost as well as the commercial availability of the tracer is also of equal importance. For example, using 
stable enriched isotopes of Fe for Iron Deficiency Anaemia (IDA), the enriched isotope 58Fe is used as an 
I.V. tracer due to its smallest abundance in natural Fe and 57Fe is used as an oral tracer since this is the 
next Fe isotope having low abundance in natural Fe. 


Studies are in progress along with St. John Medical College, Bangalore for Iron Deficiency Anaemia 
(IDA) in pregnant women using stable enriched Fe isotopes. Studies are also planned to study the effect of 
inhibitors and enhancers of Fe absorption. It is planned to give one isotope as an oral dose and the other 
one as an I.V. TIMS analysis will be done using positive or negative ions using Fe purified from digested 
blood samples. Similarly, studies using enriched isotopes of Ca can be done for osteoporosis in elderly 
persons. For these studies involving the determination of isotope ratios with the highest precision, TIMS is 
the only accepted technique and is being used by various laboratories. 


7. ENVIRONMENTAL STUDIES USING MASS SPECTROMETRY 
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The data on Pb isotope ratios determined using TIMS are valuable to determine the contribution 
from different sources to Pb concentration in the environment. As an example, 206Pb/204Pb has different 
values from different sources e.g. in the weathered rock, this ratio can vary from 14–30 depending upon the 
age of the source rock. Atmospheric Pb has been observed to give this ratio in the range of 17 to 18 
depending upon local and long range atmospheric inputs. A value of 22–25 has been reported for the same 
ratio in Pb derived from phosphate fertilizers. Similarly, 208Pb/206Pb vs. 206Pb/207Pb ratio varies in 
gasoline, coal, wood soot, bark and air filters. The studies have shown that atmospheric long range 
transported Pb from gasoline is confined to smaller particles whereas locally derived Pb pollution is 
characterized by coarser particles. Using 206Pb/207Pb isotope ratio, efforts have been made to differentiate 
between contemporary and ancient sources of pollution in Greece. Values of 1.06, 1.10, 1.07, and 1.11 
have been characterized for 206Pb/207Pb isotope ratio in Greek gasoline, common European gasoline, 
Hungarian gasoline, and Austrian gasoline, respectively. On the contrary, incineration of municipal waste 
in Japan has given rise to a value of 1.16 for 206Pb/207Pb isotope ratio. 


The methodology used for Pb analysis involves the dissolution of the sample followed by extraction 
chromatography for Pb separation. Columns packed with crown ether resin have been used and Pb was 
eluted from the column with dilute ammonium carbonate solution. Generally, isotopic analysis of Pb is 
carried out using TIMS and employing a single rhenium filament assembly. ICPMS and electro-thermal 
atomic absorption spectrometry are preferred to determine the concentration of Pb. An isotopic reference 
material of Pb, e.g. NIST-SRM-981 is also analysed by TIMS to correct for mass fractionation in the ion 
source. 


Similarly, 87Sr/86Sr ratios have been used for paleo-anthropological applications. This ratio offers an 
effective tool for studying dietary input from discrete geochemical environments. Sr, according to the diet 
of an individual, is incorporated into skeletal tissues and is stored there for a long period, depending upon 
different Sr turn over rates of specific tissues. Again high precision is required for Sr isotope ratios and it is 
a common practice to analyse NIST-SRM-987 SrCO3 isotopic reference material to validate the analysis 
method. 


8. CERTIFIED REFERENCE MATERIALS FOR ENVIRONMENTAL SAMPLES ANALYSIS 


Certified reference materials are required for validation of the developed analytical methodology. 
Mass Spectrometry has played a prominent role during the recent years in the characterization of a road 
dust reference material (BCR-723) for Pt, Pd, and Rh. There has been an increasing concern in the 
concentration of these elements in environment due to changes in the catalytic converter technologies. 
Different laboratories equipped with sophisticated ICP-MS machines adopted various methodologies; a 
number of problems were encountered during the determination of these PGEs in the dust sample. Different 
approaches consisting of external calibration (3–6 points) using commercial standard solution of metal, 
external calibration using Ir, In, Ru and Re as internal standards, standard addition approach (2–3 
additions), isotope dilution with 108Pd and 194 Pt for Pd and Pt, respectively have been used. It was 
reported that matrix separation was essential only for Pd due to interferences from CdO and Y2O3 at Pd. A 
number of other elements, e.g. Cd, Fe, Ni, Pb, Sr, Th and Zn have also been certified in the road dust 
sample using quadruple based ICP-MS and Sector Field ICPMS machines.  


7. ENVIRONMENTAL STUDIES USING MASS SPECTROMETRY 
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9. CONCLUSIONS 


Mass spectrometry is a definitive analytical tool for nutritional and environmental applications. 
However, the mass spectrometers are cost-intensive and depend strongly on the expertise and experience of 
the trained work force for obtaining precise and accurate data to arrive at meaningful results for various 
nutritional and environmental studies. In addition, ultra-clean laboratories, ultra high purity reagents and 
the stable enriched isotopes to be used for isotope dilution are also required for performing these studies 
that at times are not accessible to all the laboratories. Under these circumstances, IAEA, as a nodal agency, 
can play a pivotal role by recognizing regional facilities as resource centres and strengthen them to assist 
their own country as well as countries in the neighbouring region for various applications of mass 
spectrometry in nutritional and environmental sciences. 


ACKNOWLEDGEMENTS 


The author is thankful to the IAEA for extending the invitation. Thanks are also due to the 
authorities at BARC for the permission to participate in the Conference. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


IAEA-CN-103/158 


ISOTOPIC TECHNIQUES TO DIAGNOSE INFECTIONS: WITH SPECIAL 
REFERENCE TO HELICOBACTER PYLORI 


 J. BOCCIO a,b; V. IYENGARc; M. ZUBILLAGA a,b, J. SALGUEIRO a,b 
a Radioisotope Laboratory, Physics Department, School of Pharmacy and Biochemistry, 
University of Buenos Aires, 
Buenos Aires, Argentina 


b Stable Isotope Laboratory Applied to Biology and Medicine, Physics Department,  
School of Pharmacy and Biochemistry, University of Buenos Aires, 
Buenos Aires, Argentina  


c Nutritional and Health-Related Environmental Studies Section, 
International Atomic Energy Agency, 
Vienna, Austria 


 


Abstract  


The interest in Helicobacter pylori has not decline in these years. H. pylori causes a chronic gastric infection 
which is usually life-long and many epidemiological studies have shown that this is probably one of the most common 
bacterial infections throughout the world involving 30% of the population in developed countries and up to 70–90% 
of the population in developing regions. Thus, it is clear that the diagnosis of H. pylori infection represents at least a 
key step in the management of many of the patients referred to the gastroentelogist. Additionally, due to the wide 
range and relevance of pathologies possibly related to infection, including malignancies, there is the potential for H. 
pylori to be a major health problem. Improved methods for the diagnosis and follow up treatment of the infection have 
been developed in the last decades. The use of stable isotopes in non-invasive diagnostic methods, as the breath tests, 
was the key to a new era of research about H. pylori epidemiology, diagnostic, criteria for the eradication treatment, 
etc. This paper focus on the different diagnostic methods employed, especially in those where isotopic techniques are 
applied.  


 
Keywords: Nuclear techniques, Isotopes, Diagnosis, Helicobacter pylori. 


 


1. INTRODUCTION  


Helicobacter pylori is a Gram-negative, spiral shaped, microaerophilic bacterium isolated from 
human gastric mucosa. This bacterium causes chronic antral gastritis, peptic ulcer and is associated with 
stomach cancer (Boccio, 1997; Hernandez Triana, 2001). H. pylori carriers are up to 15 times more likely 
to develop duodenal ulcers than H. pylori negative individuals are. The predominant infections and 
concomitant inflammation in duodenal and gastric ulcers tend to occur in the antrum and corpus, 
respectively. The most convincing evidence that H. pylori is a key pathogen in peptic ulcer disease is the 
observation that its eradication dramatically reduces the ulcer recurrence rate. The hypothetical cascade of 
events in the pathogenesis of duodenal ulcer initiates with the infection causing inflammation in the 
mucosa (Hernandez Triana, 2001). This leads to alterations of regulatory hormones with the net effect of 
acid hyper secretion (Deltenre, 1996). The duodenal mucosa reacts to acid hyper secretion with the 
formation of gastric metaplasia, which in turn allows H. pylori to colonize duodenum (Deltenre, 1996). The 
final event of mucosal breakdown is caused by several facultative factors. In the long time interval between 
initial infection and the occurrence of intestinal-type gastric carcinoma, data suggests that H. pylori-
associated chronic gastritis evolves through atrophy, intestinal metaplasia, and dysplasia (Deltenre, 1996; 
Boccio, 1997). 
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As it is well known, there are two identified patterns of infection of H. Pylori (Pounder, R.E., 1995; 
Parsonnet, 1995). In the first case, developing countries have a large proportion of children infected during 
early life and almost all adults. Studies showed a prevalence of approximately 13–70% in subjects between 
0–20 years of age and 70–94% in those older than 30. The second pattern is characterized by the increase in 
the prevalence of H. pylori infection from 20 years onwards, and it is typical of developed countries with 
values of 5–15% of prevalence in children and 20–65% in individuals between 30–75 years. Thus, it is 
accepted that H. pylori infection is wide world disseminated, with a prevalence of 30–50% and there is an 
inverse relationship between the prevalence of the infection and the socio-economic level of the population 
concerned (Gasbarrini, G., et al., 1995; Boccio, 1997). The scarcity of sero-epidemiological studies of H. 
pylori in children because of difficulties of collecting serum and interpreting pediatric antibody titers have 
limited paediatric data (Logan, R., 1996). In addition, although maternally derived H. pylori antibody titers 
fall by 4–6 months, primary infection at this age has been reported. The use of nuclear techniques 
employing stable isotopes, as the 13C-urea breath test (13C-UBT) avoids these problems of studying 
prevalence and transmission in children. This is an important issue to investigate since several studies have 
found a higher incidence of infection in children less than 5 years of age compared with older children or 
adults, indicating either greater exposure or increased susceptibility to infection during early childhood 
(Logan, R., 1996). This may be related to the subsequent development of gastric cancer.  


Many factors involved in H. Pylori virulence have been studied in detail, including urease, the 
vacuolating cytotoxin (Vac A), the product of cytotoxin-associated gene A (Cag A), the neutrophil-
activating protein (NapA) and the lipopolysaccharide (Hernandez Triana, 1996; Wadström, T., 1996; 
Valkonen, K.H., 1994; Cabtree, J.E., 1994). Bacterial adhesion to the mucosal surface is an initial 
important step for colonization and infection. On the other hand, it is widely accepted that H. pylori adheres 
to receptors in the gastric epithelium by means of specific adhesions (Wadström, T., 1993). This is another 
topic in research in order to clarify H. pylori colonization and possibly develop new strategies of treatment. 


The production of high amounts of urease by H. pylori has been used in the development of 
diagnostic methods using either 14C-urea or 13C-urea for its detection (Zubillaga, 1997; 1999). These 
methodologies have the advantage of being representative of the whole surface of the stomach and being 
non-invasive methods (Zubillaga, 1997; 1999). Until now, several invasive methods have been used in the 
diagnosis of the gastric infection produced by H. pylori: histology, culture, rapid urease test and 
polymerase chain reaction. None of them can be considered as a reference method because the samples are 
obtained by an endoscopic biopsy, which is focal in nature and does not represent the whole surface of the 
stomach (Zubillaga, 1997; Boccio, 1997; Zubillaga, 1999). 


Besides its definite role as a gastroduodenal pathogen, H. pylori is now being actively investigated 
for possible involvement in various non-gastrointestinal conditions such as impaired growth, coronary heart 
disease, migraine headache, Reynaud’s phenomenon, diabetes and gallstone disease. On the other hand, 
future perspectives in research are also related to the non-conventional treatment of H. pylori by means of 
the use of probiotics (Zubillaga, 2001) and the relationship of this pathogen with micronutrients 
deficiencies (Hernandez Triana, 1996; Annibale, 2002). 


2. DIAGNOSTIC METHODS 


Numerous tests, both invasive and non-invasive, are available for diagnosis of H. Pylori infection. 
Each test has unique features that offer additional information over others, but none is perfect (Mégraud, F., 
1996). Nowadays, the discussion over the different methods addressed asking what is the best diagnostic 
tool in each definite situation. Diagnostic purposes may be as different as epidemiological screening, 
follow up treatment, diagnosing the H. pylori infection, search for susceptibility to antibodies, diagnosing 
the infection in a clinical setting, look for putative markers of increase virulence/pathogenicity of a strain, 
etc. The choice has also to take into account the cost of the diagnostic technique when is relevant as well as 
all the factors involved such as the need for the endoscopy, for a technician/nurse to assist the patient, the 
need for a dedicated laboratory, instrumentation/material to evaluate samples and facilities already 
available. Histology and culture of a sample from gastric mucosal obtained by endoscopy was considered 
the gold standard method for the detection of H. pylori infection. Alternative methods using this same 
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sample are rapid urease test, the polymerase chain reaction (PCR) and molecular typing. However, they all 
required an invasive approach in order to obtain the sample. Therefore, they are not applied for healthy 
hosts. Additionally they only represent the local result of the stomach sample and not the whole organ, 
which implies the high risk of false-negatives.  


13C or 14C labelled urea breath tests (UBT) are two non-invasive methods widely available. They are 
based on the detection of 13CO2 or 14CO2 expired air because of H. pylori urease activity. Serology is also 
widely used and is based on the detection of a specific anti-H. pylori immune response, mostly by IgG 
antibodies in a patient serum. Because of their non-invasive nature, both UBT and serology, have been 
widely used in epidemiological studies to assess the prevalence of H. pylori infection in different 
populations. Non-invasive H. pylori testing can be successfully employed in two other settings: (1) pre-
endoscopic screening of patients to refer to a gastroenterology service for investigation of dyspepsia and 
(2) therapeutic monitoring following eradication therapy to confirm the cure. In this case, UBT can be used 
four weeks after treatment, while serology requires waiting for a longer period to allow a fall in the 
antibody titer. 


Therefore, UBT employing stable isotopes has become the new reference method and the evidence 
supporting this fact is described below. 


2.1. Stable isotopes applied to diagnostic methods 


Isotopic tracers have been used to determine dynamic aspects of metabolism in both animals and 
humans. These tracers can be radioactive or stable, and the latter allows the use of tracers in vulnerable 
groups, such as pregnant women and children where radioactive tracers may pose an unacceptable medical 
risk. Stable isotope of an element differ in their neutron numbers, and are, as their name suggests non-
radioactive. Thus, stable isotopes tracers have been used to determine quantitative aspects of substrates 
metabolism, such as rates of synthesis, transformation or degradation (Kurpad, et al.). 


The global nutrition community first recognized the significance of nuclear and isotope techniques, 
especially of stable isotopes, for accurate and non-invasive measurements of nutrient utilization, nutrient 
status and related metabolism (Iyengar, V., et al., 2002). As analytical tools, stable isotopes are now seen to 
be invaluable, since there is virtually no health risk involved in their use (Iyengar, V., et al., 2002). They 
are therefore, preferred for work in humans, especially in infants and pregnant women. The application of 
these tools is increasingly recognized as commonplace, since naturally occurring elements exist as a 
mixture of two or more stable non-radioactive isotopic forms. Stable isotopes are thus used in 
measurements by determining the changes in the ratio of different isotopes. They can be administered 
either orally or intravenously and incorporated into metabolic products, such as body water, urea or CO2 
and they can be sampled in saliva, milk, breath, urine and stool (Iyengar, V., et al., 2002).  


In the case of the breath tests, they are based on the delivery of a 13C-labelled substrate into the body 
by oral ingestion or by injection. A specific enzyme in the target tissue then selectively metabolizes the 
substrate such that the tracer is irreversibly released as 13CO2 into the body CO2 pool. The tracer is then 
transported to the circulation and excreted in the breath, such that the pattern of breath enrichment over 
time can be obtained. The isotope analysis can be performed either by mass-spectrometry or by optical-
spectrometry. In the form of non-dispersive infrared spectrometry, the latter method becomes increasingly 
important, because it implies simple devices that can be easily operated (Fisher, et al.). 


The breath test concept did not immediately take hold (Schoeller). Two things, however, changed 
that in the past decade. The first was the development of a breath test that provided vital and virtually 
unique information to the investigator and the second is technological development. The ability to monitor 
the presence of Helicobacter pylori with a non-invasive breath test has made it possible to improve 
treatment and perform epidemiological studies in field situations. This development has redirected research 
in the field. The second factor that is now beginning to impact 13C breath tests is the development of a 
lower cost, easy to use, infrared spectrometer for the measurement of 13CO2 (Schoeller). 
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The enrichment of 13CO2 in the breath may be subjected to pharmacokinetic modelling which 
correlates the input dose to the output of tracer and a numeric index of the metabolism of the labelled 
substrate can be obtained. However, it was not possible to provide more detailed metabolic data about the 
pathways of metabolism of the substrate before oxidation. Thus, detailed information about pool sizes of 
the substrate, or it fluxes into and out the pools cannot be obtained (Kurpad et al).  


13CO2 breath tests may be considered excellent investigation methods, as their scientific bases are 
sound and well conceived, the results have been validated in an unequivocal way, and their applications are 
accepted by an increasing number of scientists (Ghoos, et al.).  


Although these breath tests are under current evolution at the laboratory, they can be applied 
successfully in less privileged countries, as their simple form they are very reliable to investigate 
gastrointestinal functions. The tests, which can be presented in a test kit, can be used in all members of the 
population. The breath samples can be kept unaltered in exetainers at least for six months before being sent 
to a centralized analytical laboratory (Ghoos, et al.). 


13C-breath tests are widely applied as a tool to investigate metabolic processes and infectious 
diseases, but most of them have not yet entered into clinical practice (Fisher, et al.). (Table I describes 
some breath tests using 13C). 


In terms of infections, the most common breath test used in the 13C-urea breath test, which is used to 
diagnose the Helicobacter pylori infection. In this test, the 13C-urea is administered orally as a solution to 
drink, and the urease that is secreted by the H. pylori in stomach acts on the labelled urea to release the 
labelled 13CO2. The 13CO2 then enters into the body pool to be excreted in the breath immediately. 
Therefore, an increase in breath enrichment of 13CO2 immediately after ingestion of the 13C-urea is 
indicative of an infection with this bacteria  (Kupard, et al.).  


2.2. Different methods employed in the diagnosis of H. pylori infection 


Invasive techniques are most used in patients who, for clinical reasons, have been referred to 
endoscopy, therefore they are based on a biopsy sample (Lehn, 1996; Mégraud, 1996). 


Urease tests are rapid and quite specific, but when early reading is performed the sensitivity is poor. 
Different methods have been proposed to speed the colour development but sensitivity remained low. 


Histological examination is the only method that can show both the extent of the H. pylori infection 
and the degree of mucosal damage. However, a limit to histological diagnosis is the inter-observer 
variation. 


Culture is theoretically one of the best diagnostic method, but problems occur with the strict 
transportation requirements. Only culture allows testing for antimicrobial susceptibility and it allows typing 
of strains by many methods. When culture has to be performed, it is mandatory for optimal recovery to use 
a transport medium to carry the biopsy to the laboratory, in order to maintain the viability of isolates. On 
the other hand, it is very difficult to obtain the appropriate atmosphere in which to grow H. pylori. A candle 
jar is a good method for use, however, the growth of the organism is slow and the cells may appear in 
coccoidal forms. 


DNA techniques, specifically the polymerase chain reaction (PCR), can also be used to detect H. 
Pylori in biopsy specimens, but there is still potential for increasing its sensitivity. PCR has the advantage 
of a quick result and does not need strict transport conditions. PCR-derived techniques have also been used 
for molecular typing. They showed the great genomic diversity of H. Pylori strains among different 
individuals and the frequent occurrence of similar genotypes within families, indicating intrafamilial 
transmission. The choice of target DNA and the improvement of detection methods of amplified products 
may also contribute to the sensitivity of the reaction. When PCR is used to detect H. pylori specimens other 
than gastric biopsies, the recommendation is to use two sets of primers and sequence the product. PCR can 
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also be used on cultivated isolates or directly on a H. pylori positive biopsy specimen to detect the Cag A 
gene marker of pathogenic strains. 


Non-invasive tests are mainly based on samples of blood or expired air. They are particularly 
valuable because they provide a rapid diagnostic (Lehn, 1996; Mégraud, 1996). 


UBT. The 13C and 14C-urea breath tests are highly sensitive and specific for detection of H. pylori 
infection. In contrast to biopsy-based methods, they assess the global presence of H. pylori in the stomach 
even when the bacteria are distributed in a patchy way. Breath testing can also be used for follow-up after 
therapy. The most important deficiency is that it does not allow further studies of H. pylori such as 
antimicrobial resistance testing or typing. The used of the urea breath test (UBT) has been standardized. 
The assays are based on the detection of 13C or 14C-carbon dioxide in expired air. This is a global test and 
the only one that allows determination of eradication of H. pylori within one month after therapy without 
performing endoscopy. The sensitivity of the UBT has been reported to be influenced by the administration 
of omeprazole, lanzoprazole and ranitidine. Adachi, et al. performed a study to evaluate and clarify the 
effects of these agents and found that patients under treatment with lanzoprazole or roxatidine may show 
negative UBT results. Therefore, the re-examination after the cessation of these drugs to confirm the true 
negativity of H. pylori infection is advisable. A modification for the UBT was proposed by Zubillaga, et al. 
(1997), which consists in the administration of the urea labelled with 14C and a colloid labelled with 99Tcm. 
The colloid, which is not absorbed in the gastrointestinal tract, allows the visualization of the urea solution 
inside the gastrointestinal tract using a gamma camera. Consequently, the exact location of urea hydrolysis 
by H. pylori and then the production of 14CO2 may be established. This combination allowed increasing the 
sensitivity and specificity of the UBT up to 90% and 96%, respectively. 


Serological tests were also validated for diagnostic purposes. Monitoring of H. pylori eradication 
after antimicrobial treatment is also possible by serology if the test is performed not sooner than six months 
after the end of the treatment and is compared with the pre-treatment sample. The difference in test 
accuracy can be explained by the use of various antigen preparations, but also differences in strains that 
result in different immune responses. Detection of specific IgM antibodies does not seem to be of major 
value even in children. Another main use for serological tests is the detection of antibody response to 
virulence markers such as the cytotoxin-associated gene protein A (Cag A) that is linked with the peptic 
ulcer and gastric cancer. The ELISA method has the advantage of the low cost and then it can be used for 
epidemiological purposes. 


Stool assays. Despite the difficulties encountered in stool culture because viable organisms are 
present in only a small percentage of cases, there is the possibility of a diagnostic test based on the 
detection of bacterial antigen in stool. This assay was initially approved by the food and drug 
administration (FDA) for two indications: diagnosis of H. pylori infection in symptomatic adult patients 
and monitoring response to therapy in adult patients. This is another non-invasive test, which also is 
accurate, simple and cost effective. Therefore, the stool antigen test is another potential diagnostic tool to 
be employed in many different clinical settings from epidemiological studies to paediatric investigation, 
from pre-endoscopic screening strategies to post-monitoring. 


Methods are described in Table II. 


2.3. Pitfalls of diagnostic methods 


Tests for the detection of H. pylori infection range from direct visualization in culture and on biopsy 
samples to measurement of specific bacterial metabolic products, as well as the systemic immune response. 
The biological samples on which these measurements can be performed include gastric mucosal specimens, 
gastric juice, breath samples, blood, stool and urine. The general aspects to be taken into account for the 
correct interpretation of the results are (Malfertheiner, P., et al., 2000) (1) the H. pylori prevalence in the 
population studied, (2) the type of medication taken by the patient prior to and at the time of testing and (3) 
the selection of the best suited for the clinical situation. 
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Several drugs employed in the treatment of H. pylori infection are either bactericidal or suppress the 
growth of the bacteria in vitro, or may interfere with urease activity. Thus, these medications need to be 
stopped for a sufficient time before testing. The time for optimizing the test accuracy also needs to take into 
consideration the class and dose of the drug as well as duration of treatment. The selection of proper testing 
in relation to the clinical problem becomes more important as new strategies for the management of this 
infection are established. In young patients with dyspepsia and without alarm symptoms or a family history 
of malignancy, some guidelines recommend to test and treat. For this purpose, non-invasive testing such as 
serology, UBT and stool antigen tests provide the option. In areas with a high prevalence of gastric cancer, 
endoscopy is required for primary diagnosis. In all other conditions, and in patients older than 45 years of 
age, an endoscopy based diagnosis is better, because of the ability to detect the degree and type of mucosal 
damage, especially with respect to pre-malignant and malignant conditions (Malfertheiner, P., et al., 2000). 


The biopsy-based methods include the rapid urease test, histology and culture and the samples 
processed are obtained during endoscopy. The main disadvantage is that they are prone to sampling error 
thus, the recommendation is to take 4–5 biopsies for histology assessment, 2 for urease rapid test and 2 for 
culture, all of them from definite sites of the stomach in the antrum and the body (Malfertheiner, P., et al., 
2000). 


Serology methods have many advantages such as precision, rapid results, low cost and wide 
availability (Mégraud, 1997a, Mégraud, 1997b). A multitude of serological tests has been introduced for 
routine use in the past few years. The most common is conventional ELISA tests, rapid whole blood/serum 
tests and immunoblot methods. While the former give quantitative results the rest of the tests only provide 
a qualitative result. Immunoblot kits have a defined antigen preparation and are ready to incubation. This 
shortens the performance time and reduces the need for special equipment. However, they are still not 
recommended for routine serology because they are less accurate than conventional ELISA, interpretation 
of results is tricky since no cut-off is defined and their cost is high (Malfertheiner, P., et al., 2000). 
Consequently, immunoblot assays for H. pylori are recommended at this time only for scientific studies or 
as a second-line assay for results after first-line testing with ELISA (Malfertheiner, P., et al., 2000). Rapid 
blood tests offer the advantage of very quick results and can be performed by general practitioners without 
any special equipment. The problem with these tests is their limited accuracy although recent data from the 
U.S. suggest accuracy comparable to conventional ELISA (Laine, et al., 1999; Faigel, D.O., et al., 2000; 
Chey, W.D., et al., 1999). Nevertheless, when using these tests as a sole means of testing H. pylori, 
clinicians should be particularly aware of these limitations. Several aspects must be considered when using 
these tests. First, the reading time of rapid blood tests is critical and increasing it increases sensitivity and 
decreases false-negative rate (Stone, et al., 1997; Wilcox, M.H., et al., 1996; Duggan, A., et al., 1996). 
Second, subjectivity in the interpretation of the test is a problem (Stone, et al., 1997). Third, a very weak 
colour change should be regarded with caution (Stone, et al., 1997). Increasing the grey zone in order to 
increase the accuracy of the test is at the expense of less certain results. Saliva antibody test showed a low 
sensitivity and specificity and has the same problems as conventional serological tests in definition of the 
cut-off point (Reilly, et al., 1997; Feldman, R.A., et al., 1995). Even the combination of two different 
serological tests does not always result in detection of H. pylori infection with high sensitivity and 
specificity. The result of a serological test must be considered in relation to the clinical application 
(Malfertheiner, P., et al., 2000). Serological results might be influenced by the patient sample, the size of 
the group, age and ethnic background, prevalence of H. pylori infection in the test population, underlying 
diseases of the test group and their medical treatment, and finally the titre in the individual patient after 
eradication. The definition of the cut-off values is a common problem with ELISA tests (Van de Wouw, et 
al., 1995). By lowering the cut-off values, sensitivity is increased but specificity is decreased. In the elderly 
it may be recommended to reduce the cut-off due to a decreased immunoreactivity. In other populations the 
definition of a larger grey zone leads to better sensitivity and specificity of the method. The definition of 
the cut-off by the manufacturer sometimes needs adaptation to the local conditions. Extending the reading 
time has showed an increase in sensitivity but false-positive rate may increase. 


The UBT is a non-invasive test of choice for detecting H. pylori infection with the greatest accuracy 
under pre and post-treatment conditions (Bazzoli, et al., 1997; Logan, 1998; Metz, et al., 1998). The 
interpretation of the results needs to take into consideration (1) modifications of the test procedure, (2) 
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gastric physiology and (3) the influence of drugs. The correct performance of the UBT is essential and 
should guarantee the collection of breath samples before and at a definite time point following 
administration of the urea labelled with 13C or 14C. For this purpose, technicians need to be carefully 
instructed in how to perform and collect breath samples. Changing the dose of urea labelled, or the timing 
for taking the second breath sample, leads to different cut-off values and this need to be taken into account 
(Malfertheiner, P., et al., 2000). The UBT is commonly based on a test meal or test drink given before the 
substrate 13C-urea, but the substrate can also be dissolved in the test drink and administered simultaneously 
(Bazzoli, et al., 1997). The composition of the test meal has an important impact on the diagnostic accuracy 
of the UBT (Malfertheiner, P., et al., 2000). In conditions of low urease activity and borderline results the 
use of orange juice appears to provide a better sensitivity than other test meals. The aim of the test meal or 
drink is to provide a prolonged reaction time for 13C-urea and H. pylori urease. The test meal is also crucial 
for the delivery of urea solution to the gastric body and fundus. Without the test meal, UBT results may 
reflect only the urease activity of bacteria colonizing the antrum, and because of the lower density of H. 
pylori in this location after therapy with antisecretory drugs, the test may give a false-negative result. The 
test meal provides an equal distribution of the substrate and measurement of global urease activity in the 
stomach becomes more predictable. In contrast to serology, once a UBT test is validated there is no need 
for further local validation. 


This test is influenced by gastric physiology since rapid gastric emptying with only a short contact 
time of 13C-urea with H. pylori leads to false-negative results (Atherton, J.C., et al., 1995). False-positive 
results may also occur with intestinal colonization by other urease-producing bacteria, which are also 
detectable in the oropharynx, thus activity measured in breath samples collected within the first 10 minutes 
after ingestion of 13C-urea may be confounded with H. pylori infection (Lotterer, et al., 1993). 


The use of antibiotics, bismuth salts and proton pump inhibitors in the short or long term treatment 
of eradication of H. pylori may provide false-negative results. With regard to proton pump inhibitors (PPI) 
in short-term treatment, the dose of omeprazole seems to play an important role. Nevertheless, even lower 
doses lead to an increase in false negative when treatment is long term. For practical purposes, when using 
the UBT, it is necessary to know the class, dose and duration of drug intake in order to interpret negative 
results. In clinical practice the standard recommendation to wait 4 weeks after the end of the eradication 
treatment is still valid (Malfertheiner, P., et al., 2000). 


Testing for H. pylori infection may be affronted with a wide range of invasive and non-invasive 
methods. Their accuracy is influenced by several factors such as background prevalence of H. pylori 
infection as well as specific individual, technical and methodological aspects. Additionally, drugs for H. 
pylori eradication treatment may exert an important influence on test accuracy and interpretation. 
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3. CONCLUSION 


Helicobacter pylori infection is the largest bacterial infection affecting the world population. The 
infection of this bacteria is associated with several pathologies affecting the sanitarian and socio-economic 
status of the population. The early diagnosis of this bacterial infection is essential for preventing the health 
consequences of Hp on human being. From a pharmacoeconomic point of view, eradication of H. pylori 
must consider not only the costs and the appropriate time perspective, but also which outcome measure to 
use. In this way, the specific strategy for eradication, including resources for diagnosis and monitoring, 
must also be defined as relevant data for costs and effectiveness collected. Nuclear techniques, by mean of 
stable isotopes, have demonstrated to be a reliable and safety methodology for the early diagnosis of this 
bacterial infection, allow us the implementation of an adequate strategy in order to overcome this sanitary 
problem.  
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TABLE I. SUBSTRATES USED FOR BREATH TESTS (Ghoos, et al., Fisher, et al.) 


Function Evaluation 13C labelled reagent 


Hepatic function Demethylating and oxidative 
capacity 


[13C]aminopyrine 


 Hepatic mass [13C]galactose 


 Hepatic microsomal 
biotransformation 


[13C]caffeine 


 Hepatocyte functional capacity; 
cytosolic enzyme activity 


[13C]phenylalanine 


 Motochondrial activity [13C]keto isocaproic acid 


Transit measurement Gastric emptying of solids 


                            of liquids 


[13C]octanoic acid 


[13C]glycine 


 Orocecal transit [13C]ureide 


 Small intestinal transit By mathematical deduction 


Helicobacter pylori In stomach [13C]urea 


Digestive, absorptive, 
fermentative functions 


carbohydrates [13C]naturally enriched 
compounds, starch, lactose 


 lipids [13C]mixed triglyceride 


 proteins [13C], [15N]egg-white proteins 


 Fermentation process Lactose-[15N]ureid, [15N], [2H] 
proteins 


Bacterial overgrowth-bile acid 
malabsorption 


 [14C]glychocolic acid + 3 days 
fecal collection + [3H] PEG 
transit marker correction 


Pancreatic diseases Fat metabolism; cystic fibrosis; 
steatorrhea 


[13C]trioctanoic 


Oxidative enzyme metabolism Glutation status [13C]L-2-Oxothiazolidine-4-
carboxilic acid. 
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TABLE II. DIAGNOSTIC METHODS FOR H. PYLORI 
 


Test Observations 
Rapid urease test Change in colour of the pH indicator when ammonia is generated from 


urea if H. pylori is present in the biopsy specimen  
Direct microscopic 
examination 


Examination of a smear, either by dark field microscopy or after 
staining with Gram or acridine orange techniques 


Culture Both fresh selective and non-selective media are needed. Incubation 
conditions of 37°C, 5% of O2 during 7–10 days. 


Histological stains Biopsy specimens should be stained with haematoxylin and eosin and 
with a special stain such as Giemsa or cresyl-fast violet 


PCR Based on the amplification of a fragment of a gene specific for H. 
pylori. The specimen must be lysed to liberate DNA, amplification 
takes place, and finally the identification requires electrophoresis or a 
colorimetric reaction 


UBT Urea labelled with 13C or 14C generates 13CO2 or 14CO2 in the stomach 
of H. pylori positive patients. Labelled CO2 is eliminated in the breath. 


ELISA Antigens used are mixtures of purified antigens. The easiest 
immunoglobulin to detect is IgG. 
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Abstract  


Body composition has become the main outcome of many nutritional intervention studies including 
osteoporosis, malnutrition, obesity, AIDS and aging. Traditional indirect body composition methods developed with 
healthy young adults do not apply to the elderly or diseased. Fast neutron activation (for N and P) and neutron 
inelastic scattering (for C and O) are used to assess in vivo elements characteristic of specific body compartments. 
Non-bone phosphorus for muscle is measured by the 31P(n,α)28Al reaction, and nitrogen for protein via the (n,2n) fast 
neutron reaction. Inelastic neutron scattering is used to measure total body carbon and oxygen. Body fat is derived 
from carbon after correcting for contributions from protein, bone and glycogen. Carbon-to-oxygen ratio (C/O) is used 
to measure distribution of fat and lean tissue in the body and to monitor small changes of lean mass. A sealed, D-T 
neutron generator is used for the production of fast neutrons. Carbon and oxygen mass and their ratio are measured in 
vivo at a radiation exposure of less than 0.06 mSv. Gamma ray spectra are collected using large BGO detectors and 
analyzed for the 4.43 MeV state of carbon and 6.13 MeV state of oxygen, simultaneously with the irradiation. P and N 
analysis by delayed fast neutron activation is performed by transferring the patient to a shielded room equipped with 
an array of NaI(Tl) detectors. A combination of measurements makes possible the assessment of the “quality” of fat 
free mass. The neutron generator system is used to evaluate the efficacy of new treatments, to study mechanisms of 
lean tissue depletion with aging and to investigate methods for preserving function and quality of life in the elderly. It 
is also used as a reference method for the validation of portable instruments of nutritional assessment. 
 


1. INTRODUCTION 


The use of neutrons as a probe for in vivo body composition analysis has provided a basic tool for the 
direct measurement of the elemental composition of tissue [1]. The penetrability of neutron radiation 
allows for in vivo bulk analysis of the whole body at minimal radiation exposure. The elemental analysis is 
then used for the assessment of the body’s major compartments (protein, bone, water, fat. etc.) and their 
physiological balance. Most of the initial research applications used radioactive neutron sources. One of the 
first extensive medical research applications, involving thousands of volunteers, utilized a 238Pu–Be whole 
body neutron activation facility and a whole body gamma ray counter to measure body calcium for the 
study and management of osteoporosis using the thermal neutron capture reaction on 48Ca [2,3]. This 
research project was so successful that it changed the definition of osteoporosis from the “occurrence of at 
least one fracture” to “low bone density”. The effect it had on prevention and on public health was 
significant. Today, bone density measurements, with dual energy X ray absorptiometry devices, have 
become a routine test for women’s health. Another early example, where a single element was measured in 
vivo to assess a body compartment, was total body nitrogen (TBN). Almost all (>98%) of the body’s 
nitrogen is in protein. Thermal neutrons from moderated 238Pu-Be, 241Am-Be or 252Cf sources were used for 
the TBN measurement using the prompt gamma neutron capture [4,5]. Finally, the large, shielded, whole 
body gamma ray counters used as the detector for delayed neutron activation made also possible the 
measurement of the natural radioactivity of the body due to the 40K isotope. Since 40K is present in constant 
proportion (0.0118%) to the total mass of total body potassium (TBK), gamma ray activity constitutes a 
measure of TBK (after corrections for background and self-absorption). This provided us with a 
measurement of body cell mass, which is the metabolizing, oxygen-consuming portion of fat-free mass. 
More recently, the field of body composition found new tools and new medical applications. There is a 
need to evaluate the efficacy of new anabolic clinical interventions, designed to manage catabolic diseases 
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and to provide vital nutritional support to AIDS patients and the elderly. Change in body composition is 
often the only early measurable outcome of these treatments. The advent of compact portable deuterium-
tritium (D-T) accelerators made fast neutrons easily available to clinical research and expanded body 
composition methods to include neutron inelastic scattering and fast neutron activation. 


 


 


FIG. 1. The sealed D-T neutron generator tube assembly, measuring 20 cm in total length and 3.2 cm in 
diameter at the source magnet (diagram provided by the manufacturer). 


2. INSTRUMENTS AND METHODS 


2.1. The pulsed neutron generator 


The fast neutron source is a pulsed neutron generator, which utilizes a sealed D-T neutron tube 
(Thermo MF Physics Corp., Colorado Springs, CO). The tube consists of a Penning ion source, a focus 
electrode, an accelerator column and a zirconium tritide target. The target contains <1 Ci of tritium. The 
housing of the sealed tube assembly is filled with dielectric fluid for high voltage insulation. The ion source 
operates with crossed electric and magnetic fields generated by an anode potential at 5–7 kV and a 
permanent magnet. The neutron tube (Fig. 1.) incorporates a reservoir element to supply deuterium gas for 
ion source operation and to control gas pressure and accelerator beam current, by adjusting electrically the 
temperature of the reservoir. Ions from the source are extracted and accelerated to the target, which is kept 
at a negative potential typically 60 to 120 kV. The accelerator current and the neutron output depend 
strongly on the accelerating voltage. However, most of the kinetic energy of the neutrons is a result of the 
high Q-value of the D-T fusion reaction. Therefore, fast neutrons are emitted almost isotropically in space 
and have to be collimated to protect the patient, the operator and the detectors.  
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FIG. 2. The neutron generator is positioned below the patient’s scanning bed, surrounded by steel 
shielding. Collimated BGO detectors are positioned at a 90° geometry to the scanning. 
 


2.2. Neutron inelastic scattering for fat and lean 


For the carbon and oxygen applications we use the generator at a pulsing mode (10 kHz with 10% 
duty factor) and at an output of 5×107 n/s/4π. The high pulsing rate is necessary because carbon and oxygen 
gamma rays resulting from neutron inelastic scattering (4.43 and 6.13 MeV for C and O, respectively) 
require detection during the neutron burst and a high duty factor lowers the number of neutrons per burst so 
that the acquisition system does not experience dead time. The patient is scanned over the neutron 
generator (Fig. 2) for 12 to 24 min and the gamma rays from the inelastic neutron scattering are recorded 
using collimated 127 × 76 mm BGO (B4Ge3O12) crystal detectors [6]. The dose to the patient is less than 
0.06 mSv. 


Total body fat is derived from total body carbon (TBC) after correcting for contributions from 
protein, bone and glycogen [7]. Body fat is the principal site of TBC, followed by protein. Bone ash and 
glycogen contribute less than 3%. 


Cf = TBC - [(TBN * 3.31) + (TBN * 0.12) + (TBCa * 0.05)] and Fat = Cf  /0.77 


where 


Cf  is carbon due to fat, TBN total nitrogen, and TBCa total calcium. 


2.2.1. The carbon-to-oxygen ratio 


Based on the observation that the carbon-to-oxygen ratio (C/O) in tissue is a measure of fat content, 
we developed a model, which correlates this ratio to percent body fat [8]. Carbon and oxygen are measured 
simultaneously by neutron inelastic scattering. A relationship between% body fat (F) and C/O (weight 
ratio) can be derived directly from the stoichiometry of the compartments contributing to total body carbon 
and oxygen (TBO). 


0.653+C/O*0.610


0.116C/O*0.722
=F


−
 


We found this method to be insensitive to assumptions about the composition of lean tissue, 
including the value of tissue hydration. This approach to measuring body fat offers several advantages. 
Measurement errors (such as variation in neutron output) affect proportionally TBC and TBO leaving the 
C/O measurement unchanged. The method requires no empirical adjustments, is not sensitive to the 
subject’s race, age or health status, and it provides regional as well as total body measurements. 
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2.3. Delayed neutron activation for protein and muscle 


As mentioned earlier, body protein can be assessed by TBN prompt gamma neutron activation. An 
alternative method is the use of 14.5 MeV fast neutrons and the 14N (n,2n) reaction resulting in a positron 
emitter [9]. The D-T neutron energy is below threshold for the other major positron emitting reactions 
(from O and C in the body). The radiation exposure from either method is less than 0.80 mSv, but the fast 
neutron method carries a lower body-thickness-correction error. Total body phosphorus (TBP) is detected 
simultaneously with nitrogen resulting from the fast neutron reaction 31P(n,α)28Al (cross section=150 mb at 
14.5 MeV). Most of the body’s phosphorus is in bone followed by skeletal muscle. Any attempt to derive 
muscle mass from TBP also requires a high precision (1.5%) bone measurement. Dual energy X ray 
absorptiometry (DXA) can provide such a bone measurement and TBP can be used to derive skeletal 
muscle by subtraction.  


The delayed 14 MeV neutron activation measurement of phosphorus and nitrogen requires a 
different irradiation set-up than the one shown in Fig. 2. The patient is irradiated without scanning and with 
the head protected to eliminate the participation of brain phosphorus to the total P signal. The pulsing rate 
of the neutron generator is now irrelevant. After the 6 min irradiation, the patient is transported to a whole 
body gamma ray counter for data acquisition using NaI (Tl) detectors. To achieve the desired precision for 
P and N required for muscle and protein assessment, the delayed fast-neutron activation requires higher 
neutron flux (109 n/s/4π) and a total body radiation exposure of about 0.65 mSv. 


3. AVAILABILITY AND COST 


This fast neutron clinical facility was a result of a collaborative technology transfer effort between 
Sandia National Laboratories, the US Department of Energy and the US Department of Agriculture. The 
technology used was not fully developed nor commercially available. Today, however, portable sealed D-T 
neutron generators are available and inexpensive (about $75,000) due to a variety of applications for their 
use such as detection of explosives, narcotics, borehole logging etc [10]. One US and one European 
company have produced neutron generators used in human in vivo neutron measurements (Thermo MF 
Physics, Colorado Springs, CO, and SODERN, Paris, France).  


4. APPLICATIONS AND DISCUSSION 


Any body composition method used to assess the outcome of treatment is required to measure, rather 
than assume, the composition of lean tissue. Soft tissue composition measurements follow the history of 
bone mineral assessment and the management of osteoporosis, where a physical measurement of bone 
density provides early diagnosis of the disease before its clinical outcome (bone fracture). In the elderly, 
the application of traditional body composition assessment as a diagnostic tool is complicated by 
methodological difficulties and by the fact that any observed changes are superimposed over the natural 
decline of lean body mass. The C/O method provided a technique for the most direct evaluation of body fat 
and fat distribution. The same method, when used in combination with independent measurements of TBK 
(by gamma counting) and lean mass, showed that the potassium content of lean is not constant as 
previously assumed [11]. In fact the potassium to lean mass ratio (called “quality of lean”) represents the 
portion of lean mass responsible for the metabolic function of the body, and is an indirect indicator of 
muscle mass and nutritional status. Fig. 3 shows the decline of the “quality of lean” mass with age. We 
observe a similar decline in patients with wasting diseases. It is the goal of the anabolic treatment to 
preserve or increase the quality of lean mass. Therefore, it is the main application of the fast neutron 
facility to provide an independent measure of cell, protein or muscle mass, calibrated to lean, as the most 
sensitive indicator for monitoring outcomes of nutritional interventions.  


In spite of the recent availability of safe “turn-key” neutron generators, this technology will probably 
remain within the walls of research centers or major hospitals. One of its most important functions will be 
to serve as a reference technique against which simple inexpensive field methods can be validated. We are 
presenting such an example elsewhere in this conference where stable isotopes are used for field 
assessment of body composition by measuring extracellular water space using portable plasma XRF [12]. 
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FIG. 3. Quality of lean defined as potassium content of fat-free mass (FFM) for 14 groups of volunteers 
plotted against the age of each group. FFM (or lean) was derived by neutron inelastic scattering. Adapted 
from reference 11. 
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Abstract 


Implementation of several projects supported by the International Atomic Energy Agency (IAEA) over the past 
3 decades has led to improvements in nutritional and environmental metrology status as demonstrated by the quality 
of analytical results from field projects. During the early stages, a host of very basic problems associated with trace 
element analysis of biological samples was identified. These were rectified by introducing concepts of controlled 
contamination using innovative tools made of non-interfering materials, harmonization of sampling protocols and by 
recognizing the merits of competing analytical techniques for analyte determinations. Subsequently, introducing the 
reference and the central laboratory concepts, coherent analytical approaches were developed that strengthened the 
analytical capacity development and the human resource utilization in participant developing countries. As a result of 
these initiatives a significant harmonization of chemical measurements was accomplished as demonstrated by the 
development of matrix specific certified reference materials (CRMs) and the ability for upgrading the existing CRMs 
to establish reference values for project specific analytes. Procedures for biomonitoring techniques in the areas of 
occupational exposure to heavy elements and air particulate sampling were strengthened. Harmonization of 
measurements were accomplished also in the human physiology areas (e.g. measurement of bone mineral density, 
body composition and human energy requirements and expenditure), aimed at sustained analytical quality assurance 
in the preventive medicine area of human health. The results obtained have collectively contributed to the following 
outcomes: development of the characteristics of a Reference Asian Man to strengthen radiological safety approaches 
in the Asian region; establishment of WHO reference values for human milk and dietary intake of minor and trace 
elements; and contributions to human energy intake and expenditure data  to the FAO/WHO deliberations for 
establishing new global energy  recommendations. All along, nuclear and isotopic techniques have played an 
important role in reaching these goals. 


 
Keywords: harmonization of chemical measurements, nuclear and isotopic techniques, analytical quality 


assurance, physiological parameters, nutritional and environmental metrology. 
 


1. INTRODUCTION 


The pursuit of identifying accuracy of analytical results with a clear insight into the sources of errors 
quantified as measurement uncertainties is an essential component of metrology, the science of 
measurements. Metrology has found its way into numerous applications as illustrated in Fig. 1. While 
institutions such as the International Bureau of Weights and Measures (BIPM) and the International 
Standards Organization (ISO) deal with basic aspects of resolving issues related to setting standards, a host 
of measurements are carried out under Chemical and Physical Metrology with some specific segments 
focussed on areas such as regulatory, environmental and nutritional metrology. Chemical measurements in 
particular are carried out in almost every sphere of our daily life leading to important decisions related to 
health, commerce, environment and legal issues. When decisions arise based on analytical results, it is 
important to be assured of the analytical quality of the results. As a result analytical chemists are coming 
under pressure to properly document the integrity of the analytical findings. It is expected that the 
measurement process is benchmarked to a common reference point (referred to as stated reference) such as 
a certified reference material (CRM), a reference method or an SI unit to safeguard the metrological 
traceability aspect. In this context, it is desirable to understand the distinction between metrological 
traceability and measurement uncertainty. Traceability needs a stated reference for comparison and it must 
be decided before the measurement is started. On the other hand, measurement uncertainty of a result is 
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generated during the measurement and can only be evaluated after the measurement. Ideally, the analyst is 
expected to look into all the possible sources for a comprehensive evaluation of uncertainty. 


The document on Metrology in Chemistry and Biology [1] has attempted to extend the concept of 
traceability practised in physical and chemical metrology to the measurements undertaken for different 
biological parameters. While acknowledging the complexity in defining chemical measurements in 
biological systems as complex, this document identifies traceability as the heart of the matter in 
measurement providing the basis for reliable measurements which are comparable. Then, taking a 
functional point of view, the report focuses on comparability to be considered as the primary requirement 
and concludes that traceability is a tool to help achieve comparability. In line with these thoughts, it has 
always been a priority concern for the IAEA that analytical results generated by the field studies in 
nutritional and health related environmental areas meet the desired expectations. In the course of 
implementing a wide variety of projects over the years, the IAEA has gone through a process of continuous 
refinement, modelled on accumulating practical experience. The process, mainly operating through the 
IAEA co-ordinated research project (CRP) mechanism, is the result of a long and enduring learning curve 
for both the Agency and the participants, as numerous difficulties unfolded along the way. Thus the IAEA 
has consistently contributed in a practical way to strengthen the analytical competence in the areas of 
nutrition and environment, particularly in developing countries (DC). This has resulted in measurable 
improvements in the quality of results generated as discussed in later sections. 


In its efforts to improve the analytical capability in DCs the IAEA’s emphasis has always been on 
the human capacity development as a basic factor. The underlining philosophy is to recognize a good 
analyst as the most important component of any analytical system, and that a reliable analytical result is the 
product of a valid sample that is analysed with due precautions (Fig. 2). As reflected in this figure, the 
IAEA places special emphasis on human capacity development for ensuring sustainability of efforts 
expended while focussing on the tools needed for improving quality assurance backed by multidisciplinary 
expertise needed for dealing with bioenvironmental systems. A sequence of conceptual developments 
spread over the past 3 decades as presented in the following sections illustrates the role of IAEA projects in 
strengthening nutritional and environmental metrology in several DCs. 


2. NUTRITIONAL AND ENVIRONMENTAL METROLOGY IN PRACTICE 


In translating the benefit of good metrological practices to field studies, a basic decision has to be 
made between an optimal measurement (desirable but not always needed) and one that is practical but 
useful for the purpose. Not withstanding the ensuing choice, harmonization of chemical measurements is 
the first crucial step. Taking foodstuff as an example, the need for frequent movement of this commodity 
between countries highlights the concerns for health safety. The food importers are held responsible for the 
commodity when it exceeds regulatory limits for toxic substances, while food processors are the key in 
preventing such foods from reaching the public distribution network. The economic and legal implications 
involved here exert a strong pressure on the need for generating reliable results that can stand legal or other 
challenges, if any. In other words, the measurement system should link itself to a traceable metrological 
domain, in this case for example use of a certified reference material (CRM) from a reputed institution. For 
example, in the Unites States regulatory directives such as the infant formula act of 1981, the nutrition 
labelling and education act of 1990 and the food quality protection act of 1996 among others, have ushered 
in a new era in many areas of food chemistry. Further, the need for harmonization in generating analytical 
data has set in process the need for mandatory laboratory accreditation, proficiency testing and 
collaborative efforts between laboratories belonging to government, academia and industry. The task of 
translating regulatory act into practice keeping in focus the industry’s technical capabilities and formulating 
the needed realistic metrological action plans can be foreseen through a CRM/RM link. The IAEA has 
provided similar links by way of strengthening the measurement capabilities in several developing 
countries effectively using the CRP and the Technical Co-operation Project (TCP) modes to carry out a 
range of field projects in the areas of nutritional and environmental studies. 
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This phase during the 70s primarily served as an eye opener for understanding a host of very basic 
problems associated with the trace element analysis of biological samples. 


For example, a Co-ordinated Research Project (CRP) study on trace elements in cardiovascular 
diseases (CVD) initiated by the IAEA did not completely achieve the set goals due to two reasons: (i) non-
compliance by the participants in adopting harmonized sampling protocols developed by the IAEA and (ii) 
use of improper analytical methods. Although nuclear techniques, particularly activation analysis were 
being used extensively for the in vitro assay of trace and minor elements in biological materials, the results 
obtained for the CVD CRP and other projects [2] revealed that no single trace analysis technique was best 
suited for all purposes. This led the IAEA to consider the merits of other competing techniques (nuclear 
related and non-nuclear) for trace analysis [3,4]. 


Subsequently, in 1973 the WHO convened a meeting in Geneva seeking guidance on the selection of 
optimal methods of trace analysis, and this led to the convening of an IAEA Advisory Group in 1976 to 
draw up recommendations. The group examined several technical issues related to elemental analysis of 
biological materials, with special reference to sampling, sample preparation and analysis of four 
representative biological matrices (Bowen’s Kale), NBS Bovine Liver (SRM 1577), IAEA Animal Muscle 
(H-4) and Human Blood Serum. Neutron activation analysis (NAA), atomic absorption spectrophotometry 
(AAS), inductively coupled plasma atomic emission spectrometry (ICP-AES), mass spectrometry (MS), X 
ray methods, chemical and electrochemical methods were examined. The principal recommendation was 
that a comprehensive review of selected techniques for the assay of trace and minor elements in biological 
materials together with other relevant information on the need for such analyses, sampling, sample 
preparation and analytical quality control was needed. Subsequently, the outcome was presented as review 
papers at an IAEA Symposium on Nuclear Activation Techniques in the Life Sciences [3] held in Vienna 
in 1978. The full texts of the methodological discussions appeared as an IAEA Technical Report in 1980 
[4]. 


2.2. Conceptual developments in the 80s 


Important conceptual developments that occurred during the 80s may be characterized by efforts to 
introduce improvements in sampling techniques including controlled contamination control approach and 
harmonization of sampling protocols. This was followed by the introduction of a range of certified 
reference materials (CRM) and identification of the Reference Laboratory Concept (RLC) for improving 
the accuracy of analytical results. 


Sampling and sample preparation along with proficiency testing assumed high priority under IAEA 
activities and projects involving intercomparison runs. A project on determination of toxic trace elements 
in foods was initiated in 1985 with emphasis on the use of nuclear and related analytical techniques, 
complemented by conventional techniques to strengthen the efforts on quality assurance. Several 
improvements were noticed in the overall situation for many toxic trace elements with the exception of Hg 
which remained a consistent trouble spot (and to a lesser extent Cd and Pb) as reflected by the findings 
(Cortes, et al., 1994). It was observed that even though the laboratories had used similar analytical methods 
on comparable food samples the results indicated the need for further improvements in contamination 
control and sampling design. 


Under the controlled contamination approach, the subsequent projects benefited from using 
standardized equipment made of quartz (knives), high purity plastic containers and special blenders fitted 
with titanium blades for minimizing sample contamination contributing to substantial progress being 
achieved. The focus on analytical quality assurance as a whole resulted in the introduction of a range of 
diverse-matrix CRMs (e.g. animal muscle, total diet material, milk powder, among others). The reference 
values established for the IAEA CRMs animal muscle and milk powder are good examples (Byrne, A.R., et 
al., 1987), also: [5]. Simultaneously, recognition of the importance of matrix specific RMs (human milk 
matrix vs cow milk matrix) helped to identify influence of sample matrix on the accuracy of analytical 
results [5]. For example, the human and the cow milk matrices differ greatly in their matrix composition for 
several elements (Fig. 3). 


2.1. IAEA activities in the early phase 
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Harmonization of relevant project parameters was the next step implemented under the IAEA field 
projects by pooling the experiences gained over a number of years that made the whole process of 
analytical quality assurance very robust (Byrne, A.R., et al., 1987), also:[6]. The parameters harmonized 
included project protocol design, sampling and sample processing procedures, streamlined approaches for 
validation of methods and data acquisition, and appropriate strategies for data treatment. These steps were 
linked to a so-called reference laboratory concept (RLC) where the same validated method was used for 
determining a given analyte for all samples of a CRP while the AQC was checked by a back up laboratory 
using a different analytical method than the one chosen by a particular reference laboratory (Table I). The 
advantage of this concept was that even if one or two reference laboratories completed their task, the 
project would have a complete set of results for the analytes assayed by those laboratories. These steps 
were instrumental in generating data usable for global recommendations as witnessed by the 6-country 
WHO human milk project [7] and the multi country global dietary intake project providing baseline intake 
values applicable for global populations as reflected in the WHO/FAO/IAEA report [5]. The results 
obtained for the WHO/IAEA human milk project demonstrate the effectiveness of the RLC concept (Table 
II). During the same phase it was also demonstrated that carefully prepared daily total diets yielded 
compatible data when individual foods were analysed and daily intake derived by computation (Fig. 4). 


2.3. Conceptual developments in the 90s 


Introducing the control laboratory concept to enhance the effectiveness of analytical quality control, 
upgrading the existing CRMs to establish reference values for project specific analytes, and strengthening 
biomonitoring techniques in the areas of occupational exposure to heavy elements were the highlights 
during this phase. 


In the late 90s by introducing the central laboratory concept [CLC] the reliability level of results 
from field projects improved further. Under this concept (i) an established laboratory in the region with 
access to multiple analytical methods was designated as the central laboratory (CL) providing overall 
guidance on AQC to a group of participant countries for a given CRP. The CL took a leading role in 
upgrading existing RMs for required analytes within the scope of the CRP; and (iii) 10% of all samples 
from the CRP were used as split samples to be analysed by both the CL and the by the country participants 
who also analysed the remaining 90% of the samples. Thus, as a step forward over the RLC, most of the 
analytical burden shifted to the participants’ laboratories who carried out the bulk of the work under good 
laboratory practice conditions under continuous monitoring by the CL. This effort has yielded excellent 
results even for difficult to determine trace elements such as Cs, I, Th and U (radiologically important ones, 
some at sub-ppb level), as witnessed in the recently completed CRP on Reference Asian Man [9,10]. In 
addition, existing RMs (e.g. NIST SRMs bone meal, total diet and pine needles) were taken up for 
upgrading certification (Tables III and IV) to meet project specific needs (e.g. generating reference values 
(Table III) for Cs, I, Sr, Th and U) that were specifically identified for the project on Reference Asian Man 
(Parr, R.M., 1999), also [11]. By the 90s, all these efforts collectively contributed to measurable 
improvements in the quality of analytical results.  


Efforts in the area of environmental metrology have focussed on harmonization of environmental 
measurements [12] by improving sampling design (e.g. in the area of occupational health monitoring), 
implementation, and data collection with special emphasis on air particulate matter (APM). Nuclear and 
related analytical techniques are uniquely suited for conducting non-destructive multielement analyses of 
APM collected on filters. The technique used for the analysis of loaded filters include: neutron activation 
analysis, Particle-Induced X ray Emission, Energy Dispersive X ray Fluorescence, Total Reflection X ray 
Fluorescence and Inductively Coupled Plasma Mass Spectrometry. As a part of use of a common design for 
APM sampling, the “Gent” stacked filter unit was used by all participants to obtain comparative data on 
coarse and fine particles in the air in each of the participating countries (Parr, R.M., 1999). The outcome is 
shown in Fig. 5. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


Further strengthening the concepts of nutrition metrology with emphasis on human physiology, 
enhanced efforts for capacity development in developing countries, identifying systematic errors in human 
dietary intake of macro and micro nutrients using stable isotope approaches and study of nutrition pollution 
interactions including the role of infection to gain further insights into human health effects of 
contaminants have been in the forefront in recent years (Iyengar, G.V., 2001). Fig. 6 summarizes the 
numerous applications of nuclear and isotopic techniques in nutrition and environment. 


Several metrological improvements have been recorded for measurements of importance in human 
physiology. Comparable measurements of bone mineral densities (BMD) in subjects belonging to 11 
countries using dual energy X ray obsorptiometry based on two measurement modes (lunar and hologic) 
resolving the measurement discrepancy between the two systems (Fig. 7) have been documented in a 
recently completed CRP on Osteoporosis (Parr, R.M., et al., 1999). This has resulted in the first set of 
harmonized measurements for BMDs on a large scale (Fig. 8) useful as global reference values. 


The doubly labelled water technique (DLW) is known to be a very accurate technique for measuring 
energy intakes and expenditure of people in their own environments. A CRP on ageing and obesity just 
completed has identified systematic errors of over 10% in dietary energy intake by applying the doubly 
labelled water technique [14]. Importantly, results from these investigations have supported the 
FAO/WHO/UNU expert committee deliberations currently taking place to establish new energy 
recommendations including rural populations. Other applications are in the area of nutrient-pollutant 
applications using human placenta as a dual biomonitor of both the mother and the foetus, and studies on 
impact of industrial activity on food contamination. 


The light isotopes (O, H, C, N) users group has dealt with standardization and harmonization issues 
for a long time and there is a growing feeling that a similar grouping of heavy isotope users group would be 
very beneficial. Recognizing this the IAEA called for a workshop of the stable isotope users group during 
the International Congress of Nutrition in 2001. The status of some stable isotope methods used in nutrition 
research and several sources of bias in human experiments involving stable isotope techniques were 
identified [15]. Tables V and VI summarize the essence of the discussions that took place which goes a 
long way in understanding the factors contributing to sources of errors in stable isotope measurements. To 
apply stable isotope techniques successfully, potential sources of error in the study design, the experimental 
part, sample analysis and data transformation have to be identified beforehand and, if possible suitable 
measures be taken for bias control. As concluded in this report [15] while sources of bias in the analytical 
part and in the calculations can be identified and eliminated before running the human experiment, sources 
of bias in the study design and the experimental part are often hidden or difficult to assess. Thus, successful 
application of stable isotope techniques depends on the expertise of the team of scientists running the 
experiment. 


2.5. Long term activities 


Additionally, development of a user friendly natural matrix reference materials (RM) database 
(http://www.iaea.or.at/programmes/nahunet/e4/index.html) exclusively for environ-
mental, biological and food matrix based RMs (Iyengar, G.V., 2001), analytical workshops, TC projects 
contributing to training and fellowship programmes, symposia, workshops and conferences are collectively 
responsible for the metrological improvements reflected in nutrition and environment project as a result of 
persistent involvement of IAEA with developing countries [16]. 


2.4. Conceptual developments in the late 90s and early 2000 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


3. CONCLUSION 


In conclusion, the numerous IAEA efforts based on environmental and nutritional metrology 
concepts and ably supported by the use of nuclear and other techniques have collectively contributed to 
measurable improvements in the quality of analytical results of field investigations in a number of 
developing countries. In the stable isotope area, sources of bias in some conventional methods applied in 
human nutritional studies have also been identified. 
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FIG.1: Metrology road map. 
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FIG. 2. Metrology: Accuracy and harmonization enabling valid comparability. 
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Need for M atrix-Specific RM s
M atrix C ompositional differences betw een hum an and bovine m ilk


Concentrations =  ug/g (dry)


E lem ent Cow m ilk Human milk
Ca 12. 900 ± 3 2.290 ± 4
Cl 9.080 ± 9. 5 2.748 ± 4
K 17. 200 ± 3 3840 ± 4


Mg 1.100 ± 3. 5 257 ± 3
Mo 0. 092 ± 10 0.007 ± 50
Na 4.420 ± 4 822 ± 4
P 9.100 ± 5. 5 1251 ± 2
Zn 38.9 ± 3 12.1 ± 7
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FIG . 3. Need for Matrix-Specific RMs; Matrix Compositional differences between human and bovine milk; 
Concentrations = ug/g (dry). 
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FIG. 4. Comparison of daily intakes (ug/day). 
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FIG. 5. Fine-Particulate mass concentration of airborne Particulate matter (mg/m3). 


 
FIG. 6. Nuclear methods in nutrition and environment. 
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Box and whisker p lo t o f fem ora l neck BM D  m easured in  Ankara on Lunar and H olog ic equ ipm ent. Adjustm ent 
by pa ram eters derived from  the  E SP ca libration rem oves the differences between the two m akes of m achine.


 
FIG. 7. Box and whisker plot of femoral neck BMD measured in Ankara on lunar and hologic equipment. 


M e a n  (±  S E M ) a d jus te d s B M D fo llo w ing  lin e a r  re g re s s io n  o f a g e , h e ig h t,  a n d  w e ig h t to  3 5  
y e a rs , 1 6 0  c m  a nd  6 0  k g  in  w o m e n. T he  c e n te rs  a re  ra nk e d  in  o rd e r o f d e s c e n d ing  fe m o ra l 
n e c k s B M D .


 


FIG. 8. Mean (± SEM) adjusted sBMD following linear regression of age, height, and weight to 35 years, 
160 cm and 60 kg in women. The centers are ranked in order of descending femoral neck sBMD.Mean. 
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TABLE I. THE REFERENCE LABORATORY CONCEPT; TESTED: DURING THE WHO/IAEA CRP 
ON HUMAN MILK OBJECTIVES: ADEQUATE AQC; HARMONIZED ANALYTICAL OUTPUT, IF 
PARTIAL COMPLETION OF THE TASK, YET MEANINGFUL 


 


Analytical 
Laboratory 


Elements determined Method 


   


IAEA, Vienna, Austria Ca, Cr, K. Mg, Na AAS 


 Cl INAA 


 Cd, Mo RNAA 


Kernforschungsanlage, 
Juelich, GFR 


Co, Fe, Hg, Sb, Se, Zn INAA 


 Cu, Mn RNAA 


Inst. Science and Tech., 
Manchester, UK 


Ni ICP-ES 


 Pb AAS 


Jozef Stefan Inst. 
Ljubljana, Slovenai 


V, Sn RNAA 


 As, I RNAA 


Helsinki Univ. Tech. 
Helsinki, Finland 


F ISE 


Forschungsinstitut fuer 
Kinderernaehrung, 
Dortmund, GFR 


P COL 
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TABLE II. MINOR AND TRACE ELEMENTS IN HUMAN MILK FROM GUATEMALA, HUNGARY, 
NIGERIA, PHILIPPINES, SWEDEN, AND ZAIRE 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


TABLE III. UPGRADING REFERENCE VALUES IN EXISTING RMS TO ENSURE AQC COVERAGE 
FOR A GIVEN CRP 


 


Participating Laboratories Main 
Technique 


IAEA Laboratories, Seibersdorf, AUSTRIA INAA, ICP-MS 
China Institute of Atomic Energy, Beijing, 
CHINA 
Beijing Medical University, CHINA 


RNAA, ICP-MS 


Bhabha Atomic Research Centre, Mumbai, 
INDIA 


INAA, RNAA 


National Institute of Radiological Sciences, 
Hitachinaka, JAPAN 
Japan Chemical Analysis Center, Chiba, JAPAN


ICP-MS, RNAA 


University of Massachusetts, Amherst, USA ICP-MS 
  


Element Unit Range 
   
As µg/L 0.2 – 0.6 
Ca mg/L 220 - 300 
Cd µg/L < 1 
Cl mg/L 320 - 410 
Co µg/L 0.15 - 0.35 
Cr µg/L 0.8 – 1.5 
Cu µg/L 180 - 310 
F µg/L 7 - 17 
Fe µg/L 350 – 720 
Hg µg/L 1.4 – 1.7 
I µg/L 55 – 65 
K mg/L 410 – 550 
Mg mg/L 29 – 38 
Mn µg/L 3 – 4 
Mo µg/L 0.3 – 3 
Na mg/L 90 – 130 
Ni µg/L 11 – 16 
P mg/L 135 – 155 
Pb µg/L 2 – 5 
Sb µg/L 1 – 4 
Se µg/L 13 – 24 
Sn µg/L ~ 1 
V µg/L 0.1 – 0.3 
Zn mg/L 0.7 – 2.0 
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TABLE IV. UPGRADING REFERENCE VALUES IN EXISTING RMS TO ENSURE AQC 
COVERAGE FOR A GIVEN CRP-2 


(0..3)(1)0.04 ±
0.02


34 ±
8


RM-8414
bovine muscle


Soft 
tissues


19 ±
12


4.7 ±
1.7


264 ±
7


SRM-1486
bone meal


Bone


2.2 ±
1.4


0.8 ±
0.5


3.3 ±
0.8


0.6 ±
0.2


10 ± 
3


SRM-1548
a typical diet


2.2 ±
1.2


1.2 ±
0.9


3.7 ±
1.8


0.35 ±
0.11


14 ±
5


SRM-1548
total diet


Diet


U
ng/g


Th
ng/g


Sr
µg/g


I
µg/g


Cs
ng/g


ElementReference
Material


Matrix
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TABLE V. SELECTED SOURCES OF BIAS IN HUMAN EXPERIMENTS INVOLVING STABLE 
ISOTOPE TECHNIQUES 
 


Study part Source of bias Potential cause of bias 


Study design Choice of method Method might not be suitable to answer question 


 Isotope doses Insufficient isotopic enrichment of sample material 


Subjects Number Effect is hidden by inter-individual variations 


 Inclusion/exclusion 
criteria 


Interferences with measured parameter 


Isotope 
administration 


Isotopic labeling No isotopic equilibration between native element 
and isotopic label in the gut or body 


 Oral dose Incomplete intake of isotopic label 


 Intravenous dose Incomplete transfer; metabolism of oral and isotopic 
label differs 


 Subject control No fasting before/after isotope administration; 
incomplete sample collection by the subject  


Sampling Time schedule Sampling started too early, too short or was not long 
enough   


Sample preparation Contamination Over-/underestimation of isotopic label in sample 


 Homogenization Isotopic composition of sample is not representive 


 Isotope effects Systematic changes in isotopic composition 


Mass spectrometry Multiple Multiple 


Data evaluation Choice of model Unjustifiable assumptions/simplifications 


 Data transformation Unjustifiable assumptions/simplifications 


 Data modelling Technique by which data are fitted to metabolic 
model 


 Uncertainty estimate Not all sources of analytical and physiological 
relevance have been considered 
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TABLE VI. CURRENT STATUS OF SOME STABLE ISOTOPE METHODS USED IN NUTRITION 
RESEARCH 


 


Method  Standardization status 


(2H, 18O) -techniques  


 Energy expenditure  Good level of standardization 


 Body composition (2H)  No formal standards but these could easily be achieved 


 Breast Milk intake  No formal standards but these could easily be achieved 


13C Breath tests  


 13C-urea (Helicobacter Pylori) Good level of standardization 


 13C-octanoate (gastric emptying) Some standardization, could be improved 


 Nutrient assimilation Some standardization, could be improved 


 Gut transit times Some standardization, could be improved 


 Liver function No significant standardization  


Any GC/Combustion/IRMS method Uniform approaches but no standardization 


Most GC/MS methods Uniform approaches but no standardization 


Any mineral and trace element technique Uniform approaches but no standardization 
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PREVENTION AND CARE OF OSTEOPOROSIS IN THE ELDERLY: 
NUTRITIONAL PERSPECTIVES AND ISOTOPIC TOOLS 


 W.T.K. LEEa, V. IYENGARb, J. CY CHENGa 
a Department of Orthopaedics and Traumatology, Faculty of Medicine,  
The Chinese University of Hong Kong, Prince of Wales Hospital, 
Shatin, Hong Kong, China 


b Nutritional and Health-Related Environmental Studies,  
International Atomic Energy Agency,  
Vienna, Austria 
 


Abstract 


Osteoporosis, a multifactorial disease is characterised by reduced bone-strength (bone-mineral density and 
quality) and proneness to fractures in post-menopausal women and the elderly above 65 years. Over 50% of 
osteoporotic fractures will occur in Asia by 2050. From prevention to treatment of osteoporosis, intervention should 
commence as early as childhood to optimise bone strength and to preserve adult skeletal integrity, thereby reducing 
fragility fractures. Healthy lifestyles throughout lifespan including prudent diets, physically active and healthy body 
weight are important bone-strength modulators. 


Calcium, vitamin D, phosphorus and protein, etc. and non-nutrients namely, phytoestrogens, caffeine and 
phytate, etc. have been shown to modulate bone integrity and bone loss. Supplementation studies with calcium and 
vitamin D on bone integrity have found positive effects on bone acquisition in growing individuals and retardation of 
bone loss in the elderly especially in populations accustomed to non-milk-based diets. Bioavailability of calcium from 
non-milk-based diets is largely unknown. If particular indigenous foods or calcium-fortified foods are proven with 
highly bioavailable calcium, dietary regimes based on the tested foods may be used in national campaigns to promote 
bone health and in diet-therapy to retard bone loss.  


Isotopic and nuclear techniques are indispensable tools to study nutrition and bone health: stable isotopic 
technique to evaluate calcium bioavailability in foods, calcium kinetics, absorption and retention studies in human. To 
monitor outcomes of bone-strength and mineral deposition rate by using dual-energy X ray-absorptiometry and QCT, 
and to determine vitamin D metabolism and bone turnover rate by using radioimmunoassays in screening and 
nutritional intervention programmes.  


To conclude, optimization of bone-strength early in life and timely intervention on vulnerable groups in 
preserving bone integrity are importance to reduce osteoporotic fracture risks. Isotopic and nuclear techniques are 
indispensable to accurately and precisely evaluate nutritional status and outcomes of bone-strength in screening and 
intervention programmes for bone health. 


 
Keyword: osteoporosis, fractures, calcium, vitamin D, nutrition, bone mass 
 


1. INTRODUCTION 


Osteoporosis, a silent epidemic is characterised by comprised bone-strength (both bone-mineral 
density, “BMD” and bone quality) predisposing a person to fractures [1]. In the USA, vertebral fractures 
are the most common form of fractures with an annual rate of 700,000. While hip fractures (annual rate 
300,000) is the most serious with 20% patients died within one year, 33% patients ended up in nursing 
homes, only 50% patients returned to independent life after the fracture incident. Furthermore, anxiety, 
psychological distress and fear are inevitable among osteoporotic suffers [1].  


The rate of hip fractures has risen sharply in fast developing cities in Asia. Results from a recent 
Asian Osteoporosis Study showed that hip fractures rates were highest among men and women in Hong 
Kong and Singapore – the rates were comparable to those of US whites. In contrast, the hip fracture rates 
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were lower in Thailand and Malaysia (Table I) [2]. The sharp increase in hip fracture rates has been found 
in cities with rapid economic progress and urbanization. Due to the economic and population growths in 
Asia, and an increased life expectancy in the region, it has been estimated that 57.5% (705 million) of the 
global population reaching the age of 65 years reside in Asia by year 2050. It is projected that by year 2050 
approximately 51% (3.25 million) of the global annual hip fractures will occur in Asia [3]. Appropriate 
preventive strategies to control the epidemic of osteoporotic fractures in Asia will be of high priority in the 
public health sector. 


Despite advances in medical progress, current medical therapies on osteoporosis are unlikely to 
regain lost bone or restore the state of mobility, health, and well being after an episode of fracture. 
Prevention is the best strategy to prevent and control the natural progression of the disease. 


2. CLASSIFICATION OF OSTEOPOROSIS 


Osteoporosis can be classified into either primary or secondary. Primary (Senile) osteoporosis is age-
related that can occur in both sexes but often follows menopause in females (post-menopausal 
osteoporosis) and occurs later in life in men when there is a decline in both serum levels of testosterone and 
estrogen. In contrast, secondary osteoporosis is a result of medications (e.g. glucocorticoids), other disease 
conditions (e.g. ovariectomy, hypogonadism, cystic fibrosis and scoliosis, etc.). 


3. RISK FACTORS FOR OSTEOPOROSIS 


On the prevention front, contrary to the common belief that osteoporosis is always the result of bone 
loss occurs in both males and females with advancing age. An individual without attaining optimal peak 
bone mass from childhood to adolescence may also develop osteoporosis without the occurrence of 
accelerated bone loss. Hence, in 2001, The U S National Institute of Health recommended that lower peak 
bone mass accrued in childhood also increases the risk of osteoporosis. Sub-optimal bone growth during 
growing years is as important as bone loss associated with osteoporosis developed in the old age [1]. After 
reaching peak bone mass in adulthood, both men and women experience age-related graduate decline in 
bone mineral density (BMD) starting from middle age. Intervention to prevent osteoporosis should 
commence as early as childhood to optimise bone mass during growth in order to maximize peak bone 
mass at skeletal maturity, thereby reducing fragility fractures in later life [1]. 


Risks for osteoporosis can be categorised into modifiable and unmodifiable factors. Unmodifiable 
factors for osteoporosis include genetic inheritance: both genetic and twins studies have shown that 70–
80% of peak bone mass is genetically determined [4–6]; thus, a family history of osteoporosis is a predictor 
for osteoporosis risk. Other the other hand, female sex; advancing age, estrogen deficiency, white ethnicity, 
familial osteoporosis, late menarche, early menopause, and low endogenous estrogen levels and history of 
prior fracture are among the other factors. While the remaining 20–30% variation in peak bone mass can be 
explained by environmental (modifiable) factors. Healthy lifestyles throughout lifespan including prudent 
diets with sufficient calcium and vitamin D intakes, being physically active, avoidance of smoking and 
alcohol abuse, and healthy body weight, etc. are important modulators on bone integrity. Fracture risk has 
been consistently associated with a history of falls, deteriorate physical function such as slow gait speed 
and decreased quadriceps strength, impaired cognition, impaired vision, and the presence of environmental 
hazards (e.g. buckled pavement). The risk of a fracture occurring with a fall is increased in tall persons, and 
may be influenced by attributes of bone geometry such as hip axis and femur length. Some risks for 
fracture (e.g. old age, low BMI, and sedentary life style) probably affect fracture incidence through their 
effects on bone density, propensity to fall, and inability to absorb impact [1]. 
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4. WHAT IS THE ROLE OF NUTRITION IN THE PREVENTION OF OSTEOPOROSIS? 


Nutrition plays an important role in the maintenance of bone integrity and thereby optimizing bone 
health from childhood through late adulthood. Although studies that link diet and bone mass have focused 
primarily on calcium and vitamin D intake, other nutrients such as protein, magnesium, phosphorus, soy 
isoflavones and vitamin K, etc. are also important for their specific roles in the formation and maintenance 
of bone integrity. 


4.1. Calcium 


4.1.1. Childhood and adolescence 


Calcium has been investigated extensively in relation to bone acquisition among growing 
individuals. Observational studies have shown a positive association between calcium intake and bone 
mass from childhood through to young adulthood [7–10]. Prospective controlled calcium trials, however, 
should provide a more conclusive cause-effect relationship. Extensive reviews on randomized controlled 
calcium supplementation trials in children and adolescents have been found elsewhere [11–12]. 


Two double-blind controlled calcium supplementation trial in the Chinese children have found that 
supplementing 300 mg/d of calcium to children had significantly greater gains in bone when compared 
with the controls [13–14]. However, these two studies did not found substantial difference in height 
increment. Considering the wide range of habitual calcium intakes and dosage of supplements across 
published studies, it is noteworthy that the magnitudes of bone gain in the two Chinese studies were 
remarkably similar to those of the studies in USA and Europe after adjusting for treatment duration [15–
17]. Regardless the dosage of calcium supplements the differentials in BMC or BMD changes between the 
study and controls groups in most calcium trials are within a narrow range of fluctuation [11]. Having 
reviewed these published studies it was found that a 5% increase in annual radial BMD is associated with 
500 mg/d overall calcium intake (i.e. dietary calcium or dietary calcium plus supplements) when compared 
with a 6% increase with an overall calcium intake of 1500 mg/d, and that pubertal children with a higher 
overall calcium intake were found to have a slightly higher gain in radial BMD than those of pre-pubertal 
children [12]. 


Two follow-up studies were subsequently undertaken on the Chinese cohorts [13–14] on the 
persistence of higher bone mass after withdrawal of calcium supplements. The results revealed that the 
significant difference in radial BMC disappeared [18–19]. An increased accretion rate during 
supplementation phase was almost balanced by a reduced accretion rate during follow-up phase [18–19]. 
The results were consistent with the finding of Slemenda, et al. [20]. 


In short summary, the effect of calcium on bone acquisition appears to reflect a transient reduction in 
bone turnover rate: supplemental calcium load reduces bone turnover and fills up reversible calcium space, 
as calcium load is withdrawn, some of the apparent bone mineral gain is lost, these apparent changes are 
detectable by bone absorptiometry. Further studies with sustainable higher calcium intakes throughout 
childhood and adolescence are needed to confirm the long term benefits of higher calcium intakes for 
children and adolescents.  


Recently, a 7 year placebo controlled calcium supplementation trial was conducted in US females at 
10 years old and Tanner’s stage 2 through to young adulthood to compare the effect of calcium 
supplementation and regular dairy consumption on bone acquisition [21]. Another group of girls of similar 
age accustomed to dairy foods intake were served as an additional control group. The calcium 
supplemented group and dairy group showed significant increases in bone mass throughout the 7 year 
period in particular during 11–15 years of age. However, the dairy group (a control group) demonstrated a 
“catch-up” in bone mass and proceeded until consolidation phase of skeletal development when the 
calcium demand declines. Results from this medium term study however raise a concern whether it is 
necessary to supplement calcium intake during childhood and adolescents to optimize peak adult bone 
mass. 
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4.1.2. Adulthood and advancing years 


During the first several years after the menopause, calcium supplementation cannot significantly 
ameliorate the bone loss associated with estrogen deficiency. [22–23]. Hence, Calcium supplementation 
per se cannot substitute for hormonal replacement therapy (HRT) in the prevention of bone loss and 
fractures in early postmenopausal years. Once the effect of estrogen deficiency diminished, the significant 
effect of calcium on BMD is evident [22]. Calcium supplementation against bone loss has been found 
remarkable in women more than 10 years after menopause [23]. 


An adequate dietary calcium intake in women over 65 years retards bone loss at all skeletal sites by 
12–25% over two years [23]. Evidence from well controlled trials [23–25] reveals that calcium retards 
osteoporotic bone loss, and the magnitude of the reduction is about 1–2% annually. Thus, the degree of 
reduction in bone loss is of sufficient magnitude that it should result in fracture prevention over time. 
However, calcium supplementation study has been found less effective than estrogen in preventing 
postmenopausal bone loss. Several hip fracture studies [26–29] have demonstrated that fracture rates are 
related to calcium intake. In a prospective study of men and women in aged 50–79 years whose dietary 
intake and fracture history had been kept for over 13 years, an adequate intake of calcium might reduce hip 
fracture incidence by up to 60 percent [26]. Furthermore, two studies [27–28] have demonstrated a 
reduction in fracture risk of 50–80 percent associated with high calcium intakes. Thus, the magnitude of the 
preventive role of calcium intake is significant from the clinical stance. In another French nursing homes 
study among females aged 69–106 years, calcium and vitamin D supplements helped reduce hip fractures 
incidence by 20% [29]. Consideration the age of the subjects, it is not too late to prevent osteoporotic 
fractures. Evidence from these recent studies indicates that calcium nutrition is of great importance in the 
maintenance of bone health and the prevention of osteoporotic fractures. 


4.2. Vitamin D 


Adequate vitamin D status is necessary for optimal calcium absorption, bone formation and 
maintenance. Although adequate exposure to the sun should provide all humans with sufficient endogenous 
vitamin D, people living in temperate regions of the world where the ultraviolet light is weak in winter 
months or is absorbed by clouds, ozone or other atmospheric pollution require exogenous supply of vitamin 
D. Calcium and vitamin D status together also modulate calcium bioavailability, serum PTH level and bone 
formation during childhood and adolescence growth.  


4.2.1. Childhood and adolescence 


Children and adolescents residing in temperate regions of low sunshine in winters are at an increased 
risk of sub-clinical vitamin D deficiency [10,30]. A recent study in Beijing showed that plasma 25-vitamin 
D level in 12–14 year old girls varies with seasons: highest level during summer month and lowest during 
winter months. About 45% of these girls were found sub-clinical vitamin D deficiency with serum level of 
25-Vitamin D lesss than 12.5 nmol/L. A recent study in Finnish adolescent girls showed that an adequate 
Vitamin D intake promotes higher peak bone mass in peripubertal period during a 3 year follow-up study 
[30]. Baseline serum vitamin D level associated with delta change in lumbar spinal BMD over a three year 
follow-up study and that serum vitamin D level was inversely correlated with carboxyl terminal telopeptide 
of type I collagen (bone degradation marker). The results indicated that vitamin D is important for bone 
acquisition and bone turnover during adolescent growth period. 
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4.2.2. Adulthood and advancing years 


Calcium and vitamin D intakes are important to modulate age-related increases in parathyroid 
hormone (PTH) levels and bone resorption. There is consensus that adequate vitamin D and calcium 
intakes are required for bone health [1]. Reduced circulating vitamin D level has been found in hip fracture 
patients. Vitamin D supplementation for three years has reduced fracture rate by more than 30% over an 18 
months trial among institutionized elderly, and that vitamin D supplementation combined with calcium 
resulted in a significant reduction in fracture rate [31]. The efficacy of various drug therapies for 
osteoporosis in clinical trials have been achieved in the presence of adequate calcium and vitamin D status 
of the subjects. Optimal treatment of osteoporosis with any drug therapy also requires optimum calcium 
and vitamin D intake. Food sources of vitamin D are scare including cod-liver oil, fatty fish or fortified 
foods such as milk, margarine and breakfast cereals. Elderly people with inadequate sunshine exposure 
may require dietary intake of 10 ug of vitamin D per day. 


4.3. Vitamin K 


Vitamin K is an anti-haemorrhagic factor, and is required as a substrate for the production of γ 
gamma-carboxylated glutamyl residues in several blood coagulation factors and coagulation inhibitors 
(prothrombin - Factors VII, IX and X - proteins S and C). It may have a role in bone metabolism as bone γ-
carboxyglutamic acid (bone Gla protein - the predominant non-collagenous bone protein) and matrix Gla 
protein (found in most mineralized tissues and cartilaginous tissues) are dependent upon vitamin K for their 
synthesis [32]. 


There are two forms of vitamin K–vitamin K1 (phylloquinone) and vitamin K2 (menaquinone). 
Significantly reduction in circulating menaquinone-8 (MK-8) has been found in healthy elderly women 
[33], and in patients with osteoporotic fractures of the spine and hip [34]. Knapen, et al. (1989) reported 
increased urinary calcium and hydroxyproline excretion in patients with osteoporosis was retarded after 
treating with physiological doses of vitamin K [35]. 


4.4. Magnesium 


Over 50% of magnesium is found in bone. Magnesium is required for bone matrix and mineral 
metabolism in the bone through its indispensable role in metabolism of ATP and as a cofactor for over 300 
enzymes. The role of magnesium on bone mass is still controversial. Magnesium may increase bone quality 
by decreasing hydroxyapatite crystal size thereby inhibiting larger mineral crystals formation resulting in 
brittle bone. Deficiency of magnesium is rare, green leafy vegetables, legumes, nuts, wholegrain cereals 
and dairy products are major sources of dietary magnesium.  


4.5. Phosphorus and calcium to phosphorus ratio 


The effects of phosphorus on calcium absorption and its utilization have been a topic of controversy. 
Phosphorus has been widely believed to reduce calcium absorption due to the formation of insoluble 
calcium phosphate salts in the intestine. When rats were fed with a diet high in phosphorus or a diet low in 
calcium to phosphorus ratio (<2:1), bone resorption secondary to hyperparathyroidism resulted as a 
consequence [36]. The results from animal studies were unduly extrapolated into human situation. 
Therefore, it is commonly believed that a low calcium to phosphorus ratio would be deleterious on calcium 
absorption and on bone integrity. However, published data involving human subjects have not confirmed 
this hypothesis [37–38]. Spencer, et al. (1975) have shown that by varying phosphorus intake from 800 to 
2,000 mg/day and by maintaining calcium intakes at 200, 800 or 2,000 mg/day in adult men did not result 
in significant impact on calcium balance [39]. Customary calcium intake above 500 mg the level of 
phosphorus intake has no significant effect on calcium absorption and retention. However, an excessive 
phosphorus intake of 1000–1500 mg/d with low Ca:P molar ratios (1:3) disturb calcium homeostasis 
leading to hypocalcaemia and secondary hyperparathyoidism with hypersecretion of parathyloid hormone 
[40]. In fact, the range of Ca:P molar ratios (1:2 to 2:1) are satisfactorily met in human diets. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


4.6. Protein 


A high animal protein intake has been known to compromise bone health [41–42]. However, an 
adequate dietary protein intake is vital to maintain hormone production and growth factors which in turn 
modulate bone formation. However, elderly people tend to have lower protein intakes. At any age, calcium 
ions is utilized to balance excessive production of acids due to increased animal protein intake. Hence, 
bone integrity will be hampered if calcium intake is marginal. To replace some animal source of proteins 
by plant source of proteins such as pulses, legumes and vegetables (alkali foods) may preserve skeletal Ca 
for blood pH neutralization [43–44]. In theory, if alkali-yielding foods spare bone calcium as a source of 
labile base to neutralize blood pH, less bone tissue will be lost - bone-sparing effect. In fact, in the 2002 
revised reference dietary calcium intakes by FAO/WHO, the proposed reference calcium intake are based 
on two levels of habitual protein intake (60–80 g or 20–40 g protein) (Table II). This will be more practical 
in countries or regions to recommend calcium based on habitual levels of protein intake [45]. 


4.7. Sodium 


Sodium ions is a major determinant of urinary calcium excretion. For every additional gram of salt 
(sodium chloride) consumed, an extra 26 mg Ca are excreted in the urine [46]. While every one gram of 
protein consumed, only 1 mg additional Ca is excreted in the urine. Thus, calcium requirement is also 
dependent on sodium intake. 


4.8. Caffeine 


Caffeine consumed in large amount increases the urinary excretion of calcium and likely decreases 
calcium reserve [47]. Furthermore, caffeine may be negatively correlated with bone density at both 
proximal femoral and lumbar spine measurement sites [48]. Replacing nutritious beverages with large 
quantity of coffee or other caffeine drinks poses an additional risk to growing adolescents, young females 
and the elderly who need to achieve higher peak bone mass or to conserve bone.  


In summary, although the interactive effects of dietary protein, sodium and caffeine on overall 
calcium retention are recognized, there is no substantive evidence that this contributes to bone loss if the 
DRI of calcium is achieved. The best advice for all ages is to consume adequate quantity of protein to meet 
requirements, but not to exceed, and to avoid excessive amounts of sodium and caffeine to minimize any 
negative effect on urinary calcium loss. 


4.9. Phytoestrogens 


Phytoestrogens are plant-based compounds (e.g., isoflavones) that have a similar chemical structure 
to estrogen with potential biological function like endogenous estrogen [49]. Tofu and tofu products are the 
common sources of phytoestrogens in the Chinese diet. A 3 year follow-up study [50] on the effect of 
habitual soy isoflavones intake on spinal BMD of 30–40 years old Hong Kong Chinese women found that 
the higher the soy isoflavones intake the higher the spinal BMD of the women after the study. In another 
study, postmenopausal women consuming no isoflavones or 56 mg/d or 90 mg/d of isoflavones for six 
months, the higher dose of isoflavones produced a higher bone mineral content (2.4%) and bone mineral 
density (2.2%) at the lumbar spine compared with baseline values [51]. Among perimenopausal women, 
lumbar bone mineral content and bone mineral density were preserved in the group who consumed the high 
dose of isoflavones (80 mg), whereas women who consumed no isoflavones experienced a significant loss 
in lumbar spine bone mineral content and bone mineral density compared with baseline values over the six 
months of the intervention [52]. However, prospective randomized trials of longer duration (>2 years) with 
larger sample sizes are warranted to establish whether consuming a diet rich in phytoestrogens prevents 
bone loss and reduces fracture risk. 
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4.10. Zinc, copper and manganese 


Zinc, copper and manganese may have a role in bone health since they are known to be essential 
metallic cofactors for enzymes involved in the synthesis of various bone matrix materials. Supplementation 
of these trace minerals have been shown to be effective in older postmenopausal women [53]. Furthermore, 
together with vitamin C they may also function in their antioxidant capacity and thus high intakes may be 
important if the connective tissue of bone is a target for free-radical damage. A recent study suggests that 
they may have an important role to play in bone health but further research is required [54]. 


4.11. Oxalate and phytate 


Other food constituents such as oxalate and phytate from plant foods are known to inhibit calcium 
bioavailability. Oxalic acid, which is found in spinach, beans, sweet potatoes, and strawberry, etc. is a 
potent inhibitor of calcium absorption. Phytic acid, the storage form of phosphorus in wholegrain cereals, 
seeds and nuts, is a modest inhibitor of calcium absorption. However, removal of these two constituents 
from food matrix has greatly improved the bioavailability of calcium from plant foods. 


4.12. Alcohol 


Although a link between alcoholism and bone disease is well known, how alcohol induces bone 
disease is still unclear. An association between falls and alcohol abuse accounts in part for the increased 
fracture risk [55]. A high incidence of fractures in alcoholics may be related to generalized bone fragility 
since alcoholics are often undernourished and physically inactive, which contributes to decreased bone 
mass. Additionally, chronic male alcoholics suffer from impotence, sterility, and testicular atrophy, and 
hypogonadism is clearly a risk factor for osteoporosis [55]. It is still unclear at what level alcohol 
consumption becomes a risk. Harward (1993) [56] proposed that alcohol consumption of as little as 60 
mL/d may lead to decreased bone mass. On the other hand, moderate consumption (1–2 standard drinks per 
day) did not find to hamper health [57]. 


4.13. Tobacco 


Although tobacco is not a dietary component, in view of the popularity of cigarette smokers in both 
developed and developing countries in particular among young people. Thus, the negative effect of 
smoking on bone integrity cannot be ignored. Cigarette smoking appears to increase the risk of fractures in 
both genders. A study showed that smoking is a risk for osteoporosis independent from alcohol abuse [58]. 
Osteoporosis risk exerted by the smoking and alcoholism has been found multiplicative. The mechanism by 
which smoking affects bone in men is not known. In women, smoking is associated with lower weight, 
decreased calcium absorption, and lower estrogen levels, all of which are detrimental to bone health [55]. 
Menopausal age is slightly lower in women who smoke, and smoking may increased elimination of 
hormones and reduce serum estrogen levels [59]. 


5. USE OF NUCLEAR AND ISOTOPIC TECHNIQUES IN STUDYING NUTRITION AND 
OSTEOPOROSIS 


Nuclear and isotopic techniques are useful tools to study nutrition and osteoporosis: conventional 
dual-energy X ray-absorptiometer (DXA) and Peripheral Quantitative Computed Tomography (pQCT) can 
be used to quantify bone mineral density, normal values of BMD at different stages of the lifespan can thus 
be constructed. The instruments have been used in the community to screen for cases of osteoporosis and 
have been used in clinical setting to diagnosis and monitor the progress and treatment outcomes. In fact, the 
value of BMD is one of the important clinical outcomes of any osteoporotic related intervention 
programmes, namely, pharmacological, nutritional or biophysical intervention programmes.  







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


Bioavailability of calcium from non-milk-based diets is largely unknown, particularly among Asian 
and African diets. If particular indigenous foods or calcium-fortified foods are proven with highly 
bioavailable calcium, dietary regimes based on the tested foods may be used in national campaigns to 
promote bone health and in diet-therapy to retard bone loss. Radioactive and stable isotopic techniques 
have been used to evaluate calcium bioavailability in foods, calcium kinetics, absorption and retention 
studies in human.  


Traditionally, true fractional calcium absorption (TFCA) has been determined by balance studies. 
However, this approach fails to differentiate the endogenous calcium from the dietary source, and hence 
underestimates the true fraction of calcium absorbed. Furthermore, the balance technique is tedious, labour 
intensive, and has inherent problems of incomplete urine and fecal collection. Although TFCA can be 
determined by using radioisotopes of calcium [60], the inherent potential hazards of ionizing radiation limit 
its use in growing children. Whereas dual stable isotope technique provides a safe, non-radioactive and 
accurate method of measuring in vivo TFCA in infants and children [60–62]. Most importantly, the dual 
stable isotopes technique can correct for the endogenous calcium secreted into the gut which greatly 
improves the accuracy of the estimation of TFCA. By collecting a urine sample 24 h after the absorption 
test, TFCA can be evaluated by determining the ratio of the dual stable isotopes recovered in the urinary 
sample using a thermal ionization mass spectrometer [61,63,64]. The dual stable isotopes technique is less 
time consuming, one day compared to 3–4 weeks with the traditional balance method. Thus, the technique 
also improves subject compliance [61,65]. In fact, the dual stable isotope technique is currently accepted by 
international nutrition expert groups [66,67] as the gold standard to determine in vivo calcium absorption. 
Net calcium retention can be estimated by the difference between total calcium absorption (dietary calcium 
intake×TFCA) and the sum of urinary and fecal endogenous calcium excretion [61,68]. On the other hand, 
radioimmunoassays may also be used in determining levels of serum vitamin D level, hormonal changes 
and bone turnover markers in any osteoporosis related studies. 


6. CONCLUSION 


To conclude, osteoporosis is a multifactorial disease with growing incidence worldwide especially in 
Asia. No effective cure is available. Prevention of osteoporosis should start early in life to optimize bone 
mass from childhood through to early adulthood, and to preserve bone integrity later in life is important to 
reduce fracture risks. Sustainable public education programmes to modify osteoporosis risks by changing 
lifestyles including nutrition, alcohol intake, smoking habit and physical activity are important to reduce 
osteoporotic fractures in future. Future research should be directed to promote the understanding of the 
effects of nutrient and non-nutrient factors on modulating bone metabolism at all ages. Nuclear and isotopic 
techniques are indispensable tools to accurately and precisely evaluate nutritional status and outcomes of 
bone-strength in screening and intervention programmes for osteoporosis. 
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TABLE I. HIP FRACTURE RATE (PER 100,000) IN MEN AND WOMEN AT AGE 50–85+ YEARS IN 
FOUR ASIAN COUNTRIES & USA IN 1997–98 (AGE-ADJUSTED TO US WHITE) (Lau, et al., 2001) 
 


*Rate Hong Kong Singapore Malaysia Thailand US White 


Females 459 442 218 269 535 


Males 180 164 88 114 187 
 
*Age adjusted to US white. 
 
 
 
 
TABLE II. 1FAO/WHO (2002) CALCIUM REQUIREMENTS BASED ON PROTEIN INTAKE AT 60–
80G AND 20–40 G  
_________________________________________________________________________ 
Groups                                               Recommended Calcium intake (mg/d) 
        Protein 60–80 g/d            Protein 20–40 g/d  
_________________________________          _______________           _______________ 
 0–6 months              
 Human milk      300    300 
  Cow’s milk      400    400 
 7–12 months      400    450 
 1–3 years       500    500 
 4–6 years       600    550 
 7–9 years       700    700 
 Adolescents (10–18 years)    13002    10002 


 Females (19 years to menopause)  1000    750 
   Post-menopause    1300    800 
 Males (19–65 years)    1000    750 
   (65 + years)    1300    800 
 Pregnancy (last trimester)    1200    800 
   Lactation     1000    750 
_________________________________________________________________________ 
1Human Vitamin and Mineral Requirements, Report of a joint FAO/WHO Expert Consultation, Bangkok, Thailand, 2002.  
2Particularly during the growth spurt. 
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Abstract 


Deficiencies in micronutrients such as iodine, iron, zinc, folic acid and vitamin A - are widespread affecting 
more than a third of the world's population. In their absence, individuals and families suffer serious consequences 
including learning disabilities, impaired work capacity, illness and death. These deficiencies can be prevented and 
even eliminated if small quantities of the micronutrients are consumed by populations on a continuous and ongoing 
basis. The fortification of commonly eaten staple and processed foods with essential micronutrients could play an  
important role to meet the needs of large populations on a continuous and self-sustaining basis. There exist several 
opportunities for single and multiple fortification of several commonly eaten foods that include a range of staple foods 
and condiments such as cereal flours, oils and fats, salt and sugar. The universal iodization of salt is an example of 
successful fortification and impacts are already evident in several countries. The fortification of wheat and corn flours 
with iron, folic acid and other nutrients is also rapidly gaining acceptance in several countries in Latin America, Asia, 
the Middle East and North Africa. Fortification of sugar, oils and fats with Vitamin A is another option in several 
countries with well documented impact. Nuclear and isotopic techniques can support food fortification programmes in 
several areas including the testing of  nutrient bioavailability to select the most effective forms, monitor nutrient 
content in foods and their  impact on the micronutrient status of populations. Isotopic techniques based on stable 
isotopes of iron and zinc have been successfully used for tracking progress in food and nutrition development 
programmes in several countries. 
 


1. SUMMARY 


Micro nutrient malnutrition not only is an impediment to socio-economic development but also 
compromises health, learning ability and productivity. Given the extensive prevalence of micronutrient 
deficiencies and the wide array of low cost solutions, there is a new imperative to support micronutrient 
programmes supported by the recent UNGA goals. Food fortification is an important intervention to 
improve micronutrient intakes of large populations on a sustainable basis – especially iodine, iron, folic 
acid, vitamin A and zinc. Where fortified foods do not reach adequately supplementation of vulnerable 
groups needs to continue. In the food fortification area, the use of isotopic techniques is now well 
established for enhancing sensitivity of nutrition intervention trials. They help to identify those foods or 
fortificant-based interventions most likely to succeed in target populations. Isotopic techniques are also 
uniquely well suited for targeting and tracking progress in food and nutrition development programmes. 
There is a real opportunity to demonstrate significant impacts through food fortification within the next five 
years. 


2. PRIORITY FOR GLOBAL ACTION 


Thirty Percent of the World’s population is affected by Vitamin A, iron or iodine deficiencies. 
Several million people also suffer from deficiencies in other micronutrients such as zinc, calcium, vitamins 
B, C & D and folic acid. To call them micronutrients may be in conformity with the minute quantities 
needed by the human body but it is certainly not consistent with the nature and extent of damage being 
brought about by their deficiencies in societies on such a vast scale today. In their absence, individuals and 
families suffer serious consequences including learning disabilities, impaired work capacity, illness and 
death. Nearly 735 million people show clinical signs of one or more micronutrient deficiencies with the 
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attendant suffering mortality and economic burdens. This could have a significant impact on morbidity and 
health expenditures as well. The problem is further exacerbated by the fact that nearly 2 billion people have 
sub-clinical deficiencies of one or more micronutrients that result in huge performance and productivity 
deficits. There is a strong link between iron and productivity. Indirectly lower intelligence caused by iodine 
deficiency causes substantially lower productivity. Mental impairment due to iodine deficiency is 
substantial and poor school performance follows. 


If micronutrient malnutrition persists globally or increases in incidence if no action is taken, socio-
economic development will be further imperilled and have profound implications in today's increasingly 
interdependent global economy. Given the extensive prevalence of micronutrient deficiencies and the wide 
array of low cost solutions, there is a new imperative to support micronutrient programmes. Micronutrient 
deficiencies could waste as much as 5 percent of Gross Domestic Product. Addressing them 
comprehensively using an array of low cost solutions could cost less than 0.3% of GDP. In the words of the 
World Bank in its recent publication Enriching Lives: “no other technology offers as large an opportunity 
to improve lives at such low cost and in such a short time” [1]. These deficiencies can be prevented and 
even eliminated if small quantities of the micronutrients are consumed by populations on a continuous and 
ongoing basis [2,3,4]. Several delivery mechanisms are available ranging from high-dose supplements to 
consumption of micronutrient-rich foods to public health measures. 


The World Summit for Children in 1990 and the International Conference on Nutrition in 1992 set 
specific goals for the virtual elimination or significant reduction of micronutrient deficiencies. In 2002, The 
United Nations General Assembly (UNGA) Special Summit for Children [5] reaffirmed those goals and 
resolved to eliminate or significantly reduce micronutrient deficiencies by 2010. 


3. FOOD FORTIFICATION: A KEY SOLUTION TO THE MICRONUTRIENT DEFICIENCY 
PROBLEM 


There are many ways to increase daily micronutrient intake — for example by taking tablets or 
through dietary measures that promote the consumption of micronutrient rich foods and improve their 
absorption in the diet. However, in many situations, fortification of commonly eaten foods can be the most 
cost-effective and simple way of delivering iron to the people who need it. Fortification is the process of 
adding vitamins and/or minerals to food to increase its overall nutritional content. Fortification when 
imposed on existing food patterns may not necessitate changes in the customary diet of the population and 
does not call for individual compliance. It could often be dovetailed into existing food production and 
distribution systems. For these reasons, fortification can often be implemented and yield results quickly and 
be sustained over a long period of time. It can thus be the most cost-effective means of overcoming 
micronutrient malnutrition. 


Fortification is obviously one part of a range of measures that influence the quality of food that 
include improved agricultural practices to improve micronutrient density of crops and expanded production 
of micronutrient rich foods, improved food processing and storage and consumer education to adopt good 
food preparation practices. 
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TABLE I. MICRONUTRIENTS COMMONLY ADDED TO FOODS 
 


 
 
 


Food fortification cannot expect to reach all populations deficient in essential micronutrients (Table 
I). When access to commercially or centrally processed food is limited — due to geography, poverty or 
cultural preference — public health and welfare approaches to deliver supplements or dietary education are 
often the only viable options. However, for the large and expanding populations of all socio-economic 
classes that regularly purchase and consume commercially processed foods, fortification can make an 
enormous difference. 


Fortification offers a number of strategic advantages: 


3.1. Harnesses new resources 


By building on existing food production and distribution infrastructure, fortification engages the 
market system and the private food sector. Industry provides much of the initial investment and ultimate 
financing is borne by consumers. The private sector also offers technical expertise in production and 
marketing and most important a business-like approach to solving problems. 


3.2. Requires modest investment 


Capital investment in fortification technology is minimal and easily absorbed by the producer. On 
going costs of fortification, marketing and quality assurance are usually absorbed in the normal market 
fluctuations for most foods. Incremental costs, often as low as 1–2% are either passed along to the 
consumer or simply absorbed by the producer. In Thailand, fortification added 0.05% to the cost of a pack 
of noodles. This was not discernable to the consumer who experienced a price increase of 15–20% on 
account of inflation. 


3.3. Cost effective 


Fortification reaches broad populations at minimal cost. In Guatemala, sugar fortification protects 
the entire population for less than one-fourth the cost of supplementation. In Peru, a fortified school 
breakfast programme offers protection against micronutrient deficiencies at a cost of $0.98 for fortification 
as against $ 1.52 for supplementation and $3.63 for dietary promotion. 
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3.4. Builds on existing technology 


For many industries all over the world, the addition of conditioners, preservatives, vitamins and 
minerals is not new. The additive equipment are already integrated into the process flow.  


3.5. Facilitated by the globalization of the food industry 


Technology is rapidly becoming global with expanding trade and investment. Fortificants, premixes 
and process expertise are now available internationally. 


3.6. Supports other public health strategies 


With fortification serving a bulk of the population, government can focus supplement delivery and 
dietary education on remote and disadvantaged populations that have limited access to fortified foods. 


3.7. Enhances sustainability 


Fortification, when integrated into the food processing and distribution system, becomes a permanent 
feature and can be sustained with little external support or investment.  


4. FOOD VEHICLES AND FORTIFICANTS 


The choice of a food vehicle is determined by its wide and regular consumption (in fairly constant 
quantities) by the target population. It needs to be inexpensive and accessible by low income populations. It 
needs to be processed fairly centrally (to enable fortification and) to have a wide distribution network. 


It is important to recognize and appreciate fortification is more than simple mixing of ingredients. 
Since both the vehicle and the fortificants are chemical forms, there is a possibility of a chemical 
interaction. It is this chemical interaction that causes the development of undesirable colour and flavour, 
degradation of vitamins, poor solubility, and low bioavailability [6,7]. The choice of a fortificant is 
determined by its stability in the food vehicle during storage, processing/cooking, effect on food quality 
and organoleptic properties, consumer acceptance, bioavailability and cost. There should be minimal 
change in taste, appearance, or odour on account of fortification. 


The selection of a suitable vehicle and a fortificant that meets all these conditions is often difficult. 
Salt iodization is one example of the successful large scale fortification in the developing world — the 
primary reason being the simple and low cost technology and the narrow band of salt consumption 
quantities within a given region or population. There exist several other opportunities for single and 
multiple fortification of several commonly eaten foods like wheat and wheat products, rice, milk & milk 
products, cooking oils, salt, sugar, cereals and condiments. As processed foods gain popularity in the 
developing world with an increasing market outreach, they offer new channels for micronutrient delivery. 
Some examples of micronutrient addition to foods are given below: 


• Vitamin A, D & E – cooking oils and fats, sugar, cereal flours, milk 
• Vitamin B1, B2, B6, niacin - cereal flours, processed foods, breakfast cereals 
• Vitamin C: juices 
• Folic acid/Vitamin B12 – cereal flours 
• Iodine - salt; in selected situations - bread, milk, water, sugar 
• Iron – cereal products, salt, condiments, infant milk, chocolate products 
• Zinc – cereal products, infant formula 
• Calcium – cereal products, special dietary products, cheese, soy milk 
• Magnesium – infant formulas, dietetic products, sports drinks 
• Copper – infant formula and dietary beverages 
• Selenium – special health foods, sports foods. 
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5. APPLICATION OF NUCLEAR AND ISOTOPIC TECHNIQUES IN FOOD FORTIFICATION 


In the food fortification area, the use of isotopic techniques is now well established for enhancing 
sensitivity of nutrition intervention trials [8]. They also help to identify those foods or fortificant-based 
interventions most likely to succeed in target populations.  


Stable isotopes of Fe and Zn are used as gold standards in studies of their bioavailability from foods; 
Stable isotopes are safe for use in children and pregnant women, feasible for field application and assess 
changes within reasonable time and cost.  


Stable isotopes are also used for measuring the effectiveness of fortification trials (Trace element 
bioavailability and pool sizes (in vivo, 57Fe and 58Fe; 67Zn and 70Zn). Isotope dilution methods can be used 
for assessment of vitamin A status (used in tracing through 13C carotenoids). Neutron activation analysis 
and inductively coupled plasma mass spectrometry can be used for simultaneous analysis of a range of 
minor and trace elements in foods and beverages. Table II illustrates various applications of tracers in 
nutritional studies. In particular, stable isotopes are used very effectively in testing for efficacy and 
effectiveness of nutrients in vivo. Stable isotopes are used in practically all target populations of human life 
cycle [9]. Mass spectrometry is an essential analytical tool in carrying out stable isotope measurements. 
These methods have been reviewed [10]. 
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TABLE II. APPLICATIONS OF ISOTOPES TECHNIQUES IN HUMAN NUTRITION STUDIES 
 


Technique Isotopes/approaches used Application 


A) Radioisotopes tracer study 59 Fe, 55 Fe, 65 Zn  
 
59 Fe, 55 Fe, 65 Zn 
3H2O 
45Ca, 47 Ca  


In vivo study of iron and zinc 
uptake and bioavailability 
In vitro study of iron and zinc 
dialyzability 
Body composition (tritium 
labelled water) 
Calcium absorption and kinetics 
studies 


B) Radioimmunoassay Appropriate kits  
Appropriate kits  


Iron status (serum ferritin , 
folate)  
Iodine status (T3, T4, TSH and 
other hormones) 


C) Nuclear and related analytical 
techniques 


Ag, Br, Ca, Cl, Co, Cr, Cs, Fe, Hg, 
K, Mg, Mn, Na, Rb, Sb, Sc, Se, Sr, 
Zn, Cs, I, Sr, Th and U (Dual 
Energy X ray absorptiometry) 


Trace elements content of 
foods, human tissues, 
biomonitoring, body 
composition and bone density 


D) Whole body counting 40K 
59 Fe, 65Zn 


Body composition (lean body 
mass) 
Uptake, bioavailability of 
essential micronutrients 


E) Stable isotope tracer study 2H2, 
18O, 


 


13C, 15N 
2H2


18O 
 
56 Fe, 57 Fe, 58 Fe, 67Zn, 68Zn, 70Zn, 
vitamin A 
13C-urea 
42Ca, 44Ca, 46Ca, 25Mg, 26Mg 
41Ca (very long half-life) 
 


Body composition (lean body 
mass, adipose fat tissue) and 
breast milk intake 
Substrate metabolism 
Total energy expenditure 
Uptake and bioavailability of 
essential micronutrients 
Diagnosis of bacterial 
colonization 
Ca and Mg absorption and 
kinetics studies 
Ca in skeleton metabolism 
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5.1. Iodine 


While several food vehicles have been proposed, salt iodization is the most commonly used 
modality. Salt iodized with potassium iodide, potassium iodate and calcium iodate has no influence on food 
quality (colour, flavour, texture). The retention of iodine is normally in the range 50–80% through 
processing and storage. Iodine losses are aggravated in the presence of moisture; hence the quality of salt, 
moisture content and packaging are critical to ensure iodine retention. Inorganic iodide — the form that 
occurs in foods — is readily and completely absorbed. Other forms such as iodate and organic forms are 
reduced to iodide before absorption. Inorganic iodates are less soluble and hence more stable in salt and are 
the fortificants of choice. 


There has been a remarkable growth in coverage of iodized salt since 1990. As of 2002, 68% of the 
world has access to iodized salt in more than 87 countries. More than 12 million cases of mental retardation 
in infants are being prevented annually. One hundred thirty governments have provided at least some 
resources for sustained IDD elimination programmes. Public and donor investment of $400 million has 
leveraged more than $1.5 billion in private investment in salt refining and iodization. The vast majority of 
those affected by iodine deficiency will no longer be deficient. The key need is for effective monitoring and 
enforcement to ensure compliance and consistent quality. 


Iodine content in salt is monitored using laboratory based titration methods and qualitatively using 
rapid test kits. While thyroid size is the time-honoured indicator of IDD prevalence and long term impact of 
IDD programmes, a key monitoring indicator of iodine nutrition is urinary iodine. Two other indicators are 
used: thyroid stimulating hormone and thyroglobulin. TSH levels in neonates are particularly sensitive to 
iodine deficiency and are used as a screening tool in many industrialized countries. In contrast to urinary 
iodine which assesses more immediate iodine intake, the thyroid hyperplasia of iodine deficiency is 
associated with increased serum Tg levels and reflects iodine nutrition over an extended period. The 
laboratory technique is similar to that for TSH and other immunoassays [11]. 


5.2. Iron 


Iron deficiency is the most widespread of all nutritional deficiencies holding back human 
development at significant cost to societies and economies. While iron has potential for use in more food 
vehicles than iodine or Vitamin A, fortification with iron is technically more difficult than with other 
nutrients since iron reacts with several food ingredients. In the case of iodine and Vitamin A the problem is 
more of stability of the added compound under different storage and cooking conditions. The biggest 
challenge with iron is to identify a form that is adequately absorbed and yet does not alter the appearance or 
taste of the food vehicle. The buff coloured insoluble iron phosphate compounds are stable under a variety 
of storage conditions but are poorly absorbed. The soluble iron salts like ferrous sulphate are well absorbed 
but easily discolour by reacting with food ingredients.  


The bioavailability of iron depends on solubility in gastric juice. Phytates and polyphenols diminish 
iron absorption. Vitamin C and low iron status will enhance absorption. In the ultimate analysis there will 
be a trade-off between bioavailability and cost. The most common food vehicles for iron are cereal flours 
and bakery products, condiments and processed foods. Work on double fortification of salt with iodine and 
iron has also shown promise [12].  


The bioavailability of micronutrients such as iron and zinc is dependent on the form used as 
fortificant [13–15]. Even where the bioavailability of the micronutrient source used is excellent, its 
bioavailability is influenced by the dietary components of the vehicle and the food consumed with the 
fortified product. For iron, both meat and vitamin C are known enhancers of its bioavailability. However, 
dietary components such as phytates (found in cereals such as corn, wheat and rice), tannins (found in 
legumes, coffee and tea), calcium and phosphates (found in dairy products and tortillas) are potent 
inhibitors of iron absorption. 
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Iron and other mineral bioavailability in the human body resulting from either single foods or total 
diets can be measured using the isotopic approach (in vivo and in vitro),  


Laboratory assessment of bioavailability (in vitro) by simulating human stomach measures 
percentage of iron that is potentially available and is the only rapid tool using radioactive isotopes to 
compare bioavailability from different foods and diets. It can also be used to investigate different promoters 
and inhibitors and the effect of food processing methods on iron bioavailability. The most common method 
(in vivo) is based on incorporation of radioactive (55Fe and 59Fe) and stable iron isotopes (54Fe, 57Fe and 
58Fe) into red blood cells following extrinsic labelling (mixing the label directly with the food) and feeding 
to test subjects. Since newly absorbed iron is primarily used for haemoglobin synthesis, iron bioavailability 
from a specific diet can be determined simply by measuring the incorporation of an iron isotope into the red 
blood cell haemoglobin 14 days after the ingestion of the test meal.  


On the basis of bioavailability values and solubility, there are two groups of iron compounds. The 
first group includes compounds that are sources of highly bioavailable iron (e.g. ferrous sulfate, ferrous 
gluconate, and ferrous fumarate). These iron sources are not compatible with the foods and beverages that 
are commonly used as a vehicle. This class of iron compounds are known to cause (a) metallic aftertaste, 
(b) development of unacceptable flavor due to the iron mediated rancidity of fats and oils, (c) development 
of undesirable color due to the interaction of iron with the food components such as the tannins, and (d) 
acceleration of the degradation of vitamins (e.g. vitamin A and vitamin C) and iodine. On the other hand, 
the iron sources that are compatible (e.g. ferric pyrophosphate, reduced iron) are the least soluble and 
poorly bioavailable. 


A wide range of analytical methods are available for analysis of minerals like iron and zinc in foods. 
These include [16–18]: 


− Spectrometry 
− Fluorometry 
− Atomic absorption spectrometry 
− Flame atomic absorption spectrometry 
− Graphite furnace atomic absorption spectrometry 
− Hydride generation atomic absorption spectrometry 


 Inductively coupled atomic emission spectrometry 
 Inductively coupled plasma mass spectrometry. 


5.3. Zinc 


Zinc oxide is the most commonly used zinc source for the fortification of cereal-based foods, 
followed by zinc sulfate. However, zinc oxide is less soluble than Zn sulfate. Most of the past work on 
bioavailability has been done with supplements or with zinc salts added to cooked foods. The effect of zinc 
on food processing (e.g. fermentation, baking) on chemical form of zinc is not known. In general, zinc 
fortification (esp. with zinc oxide) has little detrimental effect on flour or bread quality (e.g. sensory 
acceptability tests done in South Africa and Peru). Wherever iron fortification is in place and zinc 
deficiency is identified, zinc should be added. Maintain Zinc iron ratio of 1:1 or 2:1 [19]. 


Zinc sulphate and zinc oxide are both absorbed quite well and isotopic techniques using (e.g. 67Zn) 
are applicable. In most food fortification programmes when multi nutrients are involved inter-nutrient 
interactions have to be anticipated. In the case of iron and zinc, using zinc in the sulphate form significantly 
reduces iron absorption in contrast to fortification with zinc as oxide. 


5.4. Folic acid 


Nearly half a million children are born every year with severe birth defects. 75% of these birth 
defects are preventable by providing folic acid to mothers through fortification of cereal flours. There is 
dramatic evidence of this effect in the USA and Canada which mandated folic acid fortification in the mid 
to late 1990s. In less than a decade following folic acid fortification, birth defects in USA and Canada have 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


gone down sharply by more than one-third. Folic acid fortification can easily be integration with iron 
especially when fortifying cereal flours. The marginal cost of folic acid is negligible.  


5.5. Vitamin A 


Key vehicles for Vitamin A fortification are:  


− Sugar (widely adopted in Central America with significant impact on Vitamin A status) 
− Cooking oils and fats: Excellent retention of Vitamin A in fortified oils and fats (78–100%) 


after 24 weeks of storage when protected from light. 
− Margarine and Milk (widely practised in industrialized countries) 
− Cereal flours. 


Exposure to light is a major factor affecting vitamin A stability. >50% loss within 4 weeks. 
Temperature and packaging had less significant impact on vitamin A stability. 


Monitoring vitamin A status is not an easy procedure. Methods of vitamin A assessment need 
refining. Techniques using stable isotopes in the body are now considered as methods that offer more 
sensitivity and accuracy to measure total body vitamin A stores. There are two techniques using stable 
isotopes for vitamin A determination: 


The deuterium retinol dilution method: A dose of the tracer is given orally to a subject. At the 
equilibration state, several blood samples are taken at various times. The ratio of the deuterated to the non-
deuterated compound is measured by mass spectrometry. The measure of endogenous reserves is related to 
the extent of dilution of the labeled tracer [20].  


13C retinyl acetate dilution assay: The principle is the same as the deuterium dilution technique. It is 
a more sensitive method and needs small dose of isotope as well as small blood samples. The analysis are 
conducted with Gas-chromatography/ mass spectrometry [21]. 


6. CONCLUSIONS  


Universal fortification of a range of staple foods could provide significant amounts of micronutrients 
to millions of deficient people and improve micronutrient status across the board. Nuclear and isotopic 
techniques are valuable tools in helping to meet the multifaceted challenges posed by nutritional disorders 
affecting the entire human life span. Among the numerous applications available, isotopic techniques are 
uniquely well suited for targeting and tracking progress in food and nutrition development programmes.  


There is a real opportunity to demonstrate significant impacts through food fortification within the 
next five years. 
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Abstract 


The glucose tolerance test is a valuable  diagnostic  aid. The ability to utilize carbohydrate is decreased in 
diabetics and increased in hypopituitarism, hyperinsulinism, and adrenocortical hypofunction. Developments in mass 
spectrometric technology and availability of 13C-enriched substrates for clinical research have enabled the clinician to 
perform 13CO2 breath tests in normal and patients with various diseases. In this paper, efforts are made to evaluate the 
applicability of the non-invasive 13CO2 breath test for glucose tolerance studies and for the diagnosis of disorders of 
carbohydrate metabolism in adults using natural glucose. The methodology for breath sample collection, storage and 
analysis was developed and experimental conditions were designed and optimized. Static absorption of breath CO2 
was carried out by exhale through a Tygon tube attached with glass adapter into an empty 250 ml flat bottom flask. 
Flask was closed by stopper after adding 10 ml 1.5 N NaOH solution and  was shaken for 5 minutes. Samples were 
stored in plastic lined screw-cap vials for analysis. Analysis of same breath sample (δ13C value –25.63, n=3) and 
laboratory internal standard (δ13C value –3.56, n=4) show precision 0.10 and 0.03, respectively. Glucose tolerance test 
was performed on normal volunteers using naturally labeled glucose (glaxose-D) in fasting and non fasting conditions 
using standard test meal. MS Excel software template for processing the data of (1-13C)-octanoic acid breath test, got 
from W. A. Coward, Dunn nutrition center, U. K. was modified for calculations of cumulative percentage dose of 13C 
recovered from natural glucose. Mean glucose tolerance test data from Lacroix, M. et. al. (1973) was used in the 
modified template and cumulative percentage of 13C dose was calculated and compared  with  our experiments' 
results. Lacroix M. et. al. fasted data shows percentage dose recovered (PDR) 30.53 ± 4.06, n = 8, 20–32 years. 
PINSTECH  fasted data shows percentage dose recovered 31.28 ± 1.68, n =3, 23–40 years and non fasted data shows 
percentage dose recovered 21.31 ± 0.97, n =2, 24–27 years. It was observed that our fasting experiment results are in 
the normal  range.  


 
Keywords: Glucose tolerance test, 13C, Isotope ratio mass spectrometer. 
 


1. INTRODUCTION 


Developments in mass spectrometric technology and availability of 13C-enriched substrates for 
clinical research have enabled the clinician to perform 13CO2 breath tests in normal and patients with 
various diseases. Helge, H., et. al. studied 13CO2 breath test for glucose tolerance and for the diagnosis of 
disorders of carbohydrate metabolism in normal and diabetic children with a 13C-enriched glucose [1]. 
Lacroix, M., et. al. studied in their experiments that oral administration of natural glucose resulted in a 
marked reproducible rise in the isotopic ratio in expired carbon dioxide; the ratio reached its maximum at 4 
h and then declined progressively [2]. Lacroix, M., et. al. also studied glucose oxidation by means of 
13C/12C breath test for comparison of naturally and artificially labeled glucose [3]. Duchesne, J., et. al. 
studied 13C/12C breath test for sugar (maize glucose) metabolism in animals and men [4]. Klein, P.D. and 
Klein, E.R. premeditated about the commercial feasibility of 13C breath tests [5]. 


In this paper, we planned to evaluate the applicability of the non-invasive 13CO2 breath test for 
glucose tolerance studies using natural glucose. For this purpose standardization and optimization of breath 
CO2 collection, purification and 13C analysis conditions using naturally labeled glucose as a tracer have 
been studied. Experiments on fasting and non fasting (using standard breakfast) volunteers were performed 
and cumulative%age dose were calculated and compared the results with Helge, H., et. al. and Lacroix, M., 
et. al. experiments. 
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2. MATERIALS AND METHODS 


Instrument. Isotopic Ratio Mass spectrometer, Varian mat: Model GD-150.  


Human subjects. Subjects included healthy adult volunteers employed at Radiation and Isotope 
Application Division of the establishment (PINSTECH). 


Substrate. Glaxose-D with natural level 13C, prepared by Glaxo Laboratories Pakistan Ltd. from 
maize.  


2.1. Breath sample collection apparatus 


Breath sample apparatus consists of 250 ml flat bottom Pyrex flask attached with 19/26 socket and a 
glass adapter (Fig. 1). Adapter is made from 19/26 cone for blowing of exhaled breath sample. Static 
absorption of breath CO2 was carried out by having the subject exhale through a Tygon tube attached with 
glass adapter into an empty 250 ml flat bottom flask for 30 seconds. Flask was closed by stopper after 
adding 10 ml 1.5 N NaOH solution and was shaken for 5 minutes. Samples were stored in plastic lined 
screw-cap vials for analysis [6].  


2.2. Study protocol 


Glucose tolerance test was performed on three normal volunteers using naturally labeled glucose 
(glaxose-D) in fasting conditions. Another experiment was performed on two non fasting conditions 
volunteers using standard test meal. These volunteers gave formal consent to the present study. 91 to 100 
and 100 to 103 gram glucose was orally administered to the fasting and non fasting volunteers respectively 
according to their body weights. Breath samples were obtained 30 minutes before glucose was given, at the 
time glucose was given, and 30, 60, 90, 120, 150, 180, 210 and 240 minutes thereafter. MS Excel software 
template for processing the data of (1-13C)-octanoic acid breath test, got from W. A. Coward, Dunn 
nutrition center, U. K., was modified for calculations of cumulative percentage dose of 13C recovered from 
natural glucose.  


2.3. CO2 Preparation procedure from glucose samples 


Glucose and sucrose samples were grounded to 40 mesh. Glucose was combusted at 900–1000°C 
temperature in the presence of pure oxygen, CO2 and CO gases were produced. CO was converted to 
Carbon dioxide by passing over copper oxide (CuO) gauze using magnetically driven circulation pump 
(Fig. 2). CO2 was purified using -65°C slush. Purified CO2   was collected in 50 ml ampoule using liquid 
nitrogen. CO2  gas samples were then analyzed on mass spectrometer for δ13C determination (7).  


2.4. CO2 preparation procedure from breath samples 


CO2 was extracted from breath samples by using 85% phosphoric acid and was purified with the help 
of -80oC slush. CO2 was then analyzed on isotopic ratio mass spectrometer for  δ13C determination [8].  


2.5. Mass spectrometry 


The 13C:12C ratios of the CO2  were measured with a Varian Mat GD-150 gas isotope ratio mass 
spectrometer. The results are expressed in SδPDB 


13C  (‰) values [9].  
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3. RESULTS AND DISCUSSIONS 


δ13C of some carbohydrate foodstuffs are shown in Table I. These samples were corrected using 
IAEA sucrose standard (IAEA-CH-6) versus VPDB. The methodology for breath sample collection, 
storage and analysis was developed and experimental conditions were designed and optimized. Breath CO2  
collection and purification parameters are shown in Table II. Mean result with precision of the breath 
sample and bicarbonate internal laboratory standard is -25.63 ± 0.10 (n=3) and -3.56 ± 0.03 (n=4)%, 
respectively. Helge H., et al. performed experiments using 65.2 and 1.6% enriched glucose in tracer and 
loading experiments respectively. 26 and 38%age dose recovered in diabetic and control tracer experiments 
and 15 and 29% age dose recovered in diabetic and control loading experiments, respectively. 


Cumulative percentage of 13C dose was calculated from mean glucose tolerance test data from the 
paper of Lacroix, M. et. al. (1973), using modified template and compared with our experiments' results 
(Table III). Lacroix, M. et. al. fasted data shows percentage dose recovered 30.53 ± 4.06, n = 8, 20–32 
years. PINSTECH fasted data shows percentage dose recovered 31.28 ± 1.68, n =3, 23–40 years and non 
fasted data shows percentage dose recovered 21.31 ± 0.97, n =2, 24–27 years. It was observed that our 
fasting experiment results are in the normal range. In modified template body surface area was calculated 
using Haycock et. al. [10] formula. The CO2 production (300 m mole per square meter body surface area 
per hour) is assumed to be constant [11]. In Lacroix, M. et. al. (1973) experiments CO2 production 9.17 (m 
mole × body surface area / minute) and base line -22.92 per mil is assumed to be constant. 


4. CONCLUSIONS 


Static absorption of breath sample in 1.5 N NaOH solution is a portable setup that provides precise 
and accurate results. Modified glucose tolerance test template can be used for diagnostic purposes in 
carbohydrate metabolism. Fasting experiment shows that glucose tolerance test is sensitive enough to 
detect minor disturbances of glucose metabolism. Therefore naturally labeled glucose dose can be reduced 
from 58 gm/m2 to 40 gm/m2. While reducing dose glucose tolerance test can be used in some diabetics 
cases and pharmacological conditions. Different types of diet digestion and absorption behavior can also be 
studied in non fasting glucose tolerance tests.  
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FIG 1: Breath sampler for static absorption of exhaled air in NaOH solution. 
 
 
 
 
 


 
 
 


FIG. 2. CO2 preparation system from glucose. 
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   TABLE I. δ13C OF SOME CARBOHYDRATE FOODSTUFFS 
 


Sr. no. Carbohydrate type δ13CPDB (‰) 
1. 
2. 
3. 
4. 
5. 


Glucose-D (glaxo) 
Sugar, Al-Noor Sugar Mill, Shahpur Jahania 
Sugar, Mardan Sugar Mill, Mardan 
Sugar, Faugi  Sugar Mill, Sangla hill 
Quice Honey Jelly 


-10.28 
-11.29 
-11.40 
-11.27 
-16.43 


 
 
 
   TABLE II. BREATH CO2  COLLECTION AND PURIFICATION PARAMETERS 
 


1. Breath sampler: 250 ml glass flat bottom flask with 
adapter 


2. 1.5 N NaOH solution: 10 ml 
3. 85% H3PO4 for 5 ml NaOH: 2 ml 
4. Line evacuation: 2 minutes / 0.01 mbar pressure 
5. H3PO4 / Line evacuation: 1/2 minutes 
6. CO2 Purification / Collection in trap: 4 minutes 
7. CO2 collection in ampoule: 3 minutes 
     Total sample purification time:  12–15 minutes 


 
 


TABLE II. EVALUATION  OF FASTING AND NON FASTING RESULTS USING LACROIS M. 
DATA 
 


 δ13CPDB (‰) Dose 
gm 


PDR Remarks 


Lacroix M. et. 
al. 


Naturally 
labeled 


100  30.53 
± 4.06 


Male, fasted, n=8, 20–32 yrs. 


PINSTECH 
Fasting 


-10.28 91–100 31.28 
±1.68 


Male, n=3,  
23– 40 yrs. 


Non fasting -10.28 100–103 21.31 
±0.97 


Male,  n=2, 
24–27 yrs, with breakfast 


Minimal CO2 produced: 5 mmole/m2/ minute 
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Abstract 


High prevalence of sudden death appeared among foreign migrate workers in Singapore in 1980s and 1990s. 
When victims were traced back, most of them were from Thailand, especially from northeast Thailand. As a part of 
sudden death project, element concentrations in food, water and other environmental materials collected in northeast 
Thailand were analyzed by microwave induced plasma mass spectrometry. It was estimated that residents in this area 
consume insufficient intake of magnesium and potassium. We started animal experiments on Mg and/or K deficiency, 
and obtained the reproducible results of survival rates and element concentrations in the animal body. Even in 
magnesium deficient condition, heart muscle and kidney maintained the normal levels of magnesium, although the 
magnesium levels extremely reduced in blood, liver, and other organs. It means that magnesium is mobilized to heart 
and kidney from the other organs in order to maintain their lives. In order to observe the behavior of xenobiotic 
magnesium, stable isotope of magnesium, 26Mg, was used as a tracer. Mice were intravenously injected with 26Mg 
after feeding magnesium deficient diet for one week. The behavior of 26Mg in heart was different from that in the 
other organs, that is, incorporation of 26Mg into heart delayed in comparison with the other organs. And it is clear that 
maintaining magnesium level in heart was very important to prevent from sudden death and potassium has some roles, 
too. We are now investigating the magnesium status in whole body to know what type of magnesium status is feasible 
to induce sudden death, and the role of potassium. 


 


1. INTRODUCTION 


Recently, analytical equipments and techniques have been largely improved. These facts permitted 
simultaneous and multiple ultra-trace analyses of elements. Furthermore recent analytical techniques are 
more accurate and require small amounts of samples. In addition to neutron activation analysis and particle 
induced X ray emission spectrometry (PIXE), the method, induced coupled plasma mass spectrometry 
(ICP-MS) or microwave induced plasma mass spectrometry (MIP-MS) has become frequently utilizing 
technique. ICP-MS or MIP-MS is useful for not only a sensitive detector but also a detector for isotopes of 
the elements. In our laboratory biological and environmental materials are analyzed using MIP-MS. In 
addition to the usual analyses of elements in various kinds of materials from patients, drinking water, food, 
and environmental materials. Quantitative analysis of 10B and 11B separately is also performed due to boron 
neutron capture therapy for tumor [1]. Isotopic fractionation of Fe and Zn in human blood is also been 
performing.  


During investigation of sudden unexplained death syndrome (SUDS), we found magnesium (Mg) 
was an important factor in addition to potassium (K) deficiency. We adopted stable isotope, 26Mg, in our 
research works. 


1.1. Background of SUDS 


There have been many foreign migrant workers in Singapore since 1980s. Many of them were from 
Thailand and they worked at construction sites. Some of them were attacked by SUDS. According to the 
official reports of SUDS by the Royal Thai Embassy in Singapore, numbers of the SUDS victims were total 
398 from 1982 to May 1994 (Japanese and Thai collaborative study group, 1995). However, this number 
was estimated lower than the real numbers, because there were many illegal workers. As it is called as 
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sudden unexplained death syndrome, almost all cases were found as dead body in the morning, namely 
during sleeping respiratory function or cardiovascular system was terminated. The victims never showed 
abnormal behavior till going to bed previous night. When the victims were traced back, more than 80% of 
them were from northeast of Thailand (Japanese and Thai collaborative study group, 1995). There has been 
an endemic disease “Lai Tai” in northeast of Thailand over fifty years. Lai Tai is a Thai word meaning 
sudden unexplained death syndrome, and most frequently occurred in young and middle-aged males in 
northeast of Thailand. Our project of SUDS started in 1991 with hypothesis of potassium deficiency.  


1.1.1. Analytical results of specimens collected in northeast Thailand  


From investigation of their life style and food custom, we knew that they have simple meals, such as 
much steamed sticky rice and a peace of fermented salty fish a day, and northeast Thailand produces sticky 
rice rather than regular rice due to the weather, and also produces edible salt from underground natural 
resource. We analyzed many food, salt, and soil samples collected in Thailand, and then noticed low Mg in 
addition to low K concentrations. Firstly, salt sample obtained from a local small scale factory and soil 
nearby were analyzed, and Mg was under detection limit in it. Then salt samples were collected including 
ones which patient families use in Khon Kaen, capital of northeast Thailand, and also collected small salt 
packages provided in aircraft with meals. As shown in Tables I and II, Mg concentrations supplied in 
northeast Thailand were lower than the others, while K concentrations were not so low. Mg concentrations 
in salt packed by Thai airline were also under the detection limit. 


Next, we paid attention to rice. A local physician provided meal samples from patient families in 
order to analyze elements. Whole one day meal was homogeneously prepared with and without rice. As 
shown in Table III, when rice was added in the mixture of the other materials, element concentrations 
became lower. Uncooked sticky and regular rice samples were analyzed. Mg concentrations in sticky rice 
were slightly lower than in regular rice, while K concentrations were comparable. When rice was polished 
and took chaff off, element concentrations were easily reduced. It may be considered rice embryo was lost 
by rice polishing. Mg and K concentrations were determined at each step of cooking procedure. Villagers 
usually soak sticky rice in water for a night, and then steam it. After cooking, remaining rates of K and Mg 
in sticky rice were 11.7% and 24.7%, while in regular rice those were 21.9% and 48.6%, respectively.    


These facts suggested that Mg and K deficiency might be an important factor in the endemic diseases 
in this area. Therefore, we tried animal study. 


2. ANIMAL EXPERIMENTS 


2.1. Materials 


2.1.1. Animals 


ICR male and female mice were purchased at 6 weeks old, and experiments were started at 8 weeks 
old. Housing conditions were as follows; temperature at 23 +/- 0.5 C, relative humidity at 60 +/- 5%, and 
light and dark cycle was 12 hours each.  


2.1.2. Laboratory chow and drinking water 


Diet was usually used regular pellets, of which Mg content was 2448 ug/g, and K content was 8068 
ug/g. Mg deficient and Mg-K deficient diets were separately ordered. Mg and K concentrations in Mg 
deficient diet were 48 ug/g and 5188 ug/g, and those in Mg-K deficient diet were 24 ug/g and 39 ug/g. 
Control animals were fed synthetic chow which was made of the same materials to the deficient diet. Mg 
and K concentrations in this control diet were 843 ug/g and 5166 ug/g, respectively. Drinking water was 
de-ionized water except for supplying K through drinking water. In this case 1.25% KH2PO4 solution was 
given. Mice could access food and drinking water ad libitum.  
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2.2. Methods 


Element concentrations were determined by MIP-MS after coexisting organic compounds were 
decomposed by microwave oven. The procedure is shown in Fig. 1. 


2.3. Results  


2.3.1. Survival rate 


Mice were divided into three groups. Survival rates are shown in Fig. 2. All mice given Mg deficient 
diet (Group A) died within 4 weeks, and there was no difference between sexes. In the group given Mg-K 
deficient diet (Group B), male mice started dying on the 13 day and all mice died till the 23 day, while 
female mice started dying on the 21 day and one was alive till on the 38 days. In the last group which was 
given Mg-K deficient diet and supplied K through drinking water (Group C). Male mice started dying on 
the 8 day. On the 14 day, 30% of males survived in this group, and 55% of them survived in the group A 
and 75% of the Mg-K deficient group B survived. In females all mice survived on the 14 day except Group 
A of which survival rate was 55%. Although mice were Mg deficient status theoretically in the group C, the 
mortality rate was different from the Group A, which was given Mg deficient diet only.  


2.3.2. Element concentrations 


On the 7 day of above experiment, mice were sacrificed under ether anesthesia, and various organs 
were taken out, and various element concentrations were determined. The results of Group B are shown in 
Figs 3 and 4. Mg concentrations in heart and kidney were herdly influenced by Mg deficient diet for one 
week. Plasma Mg concentrations were largely reduced; about one third in males and one half in females of 
the controls. Mg concentrations in red blood cells and bone were significantly lower in the deficient diet 
group than in the controls in both sexes as shown in Fig. 3. Mg concentrations in liver, brain and muscle 
were significantly lower in males of the deficient diet group than in the controls. Among Mg, K, Mo, Co, 
Ca, Cu, Mn, and Fe concentrations in liver on the 7 day of Group B, Mo concentration in both sexes 
reduced significantly as shown in Fig. 4. Co concentrations in both sexes were increased significantly. The 
other elements except Fe decreased significantly in males only. Fe concentration in females increased 
significantly. 


2.3.3. Isotope injection  


In order to know the behavior of xenobiotic Mg, 26Mg was injected intravenously to male mice of 
three groups at 10 mg/kg. After 1, 6, or 20 hours of the injection, mice were sacrificed under ether 
anesthesia, and then Mg isotopes were determined using MIP-MS. Time course in main organs of total Mg 
and 26Mg injected are shown in Fig. 5. Excretion of Mg to urine and to feces is shown in Fig. 6. 
Distribution of 26Mg in the body is shown in Fig. 7. 


3. DISCUSSION AND CONCLUSION 


Sudden death exists in Japan, too, which is called Pokkuri disease or Karoshi. Many cases of Pokkuri 
disease happened when nutritional conditions have not been improved after the world war. Victimes of 
Karoshi were reported 116 in 1996 and were concentrated in 30 to 50 years old men. It is considered that 
overworking is a main trigger. Lai Tai, sudden unexplained death syndrome, among Thai workers in 
Singapore was like mixture of nutritional condition and overworking. When nutritional factor is 
considered, absorption and excretion of investigating substance are important. In order to observe 
xenobiotic Mg behavior, 26Mg was used. As the results, it is clear that heart muscle is peculiar to 
magnesium.  


Magnesium is essential for normal activity of smooth muscle. In the Mg and/or K efficient mice 
amounts of feces much deceased and the size was also small ones. Mg concentrations in feces collected for 
20 hours with and without injection with 26Mg, there was no remarkable difference as shown in Fig. 6. As 
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Considerable amounts of 26Mg were incorporated in bone after one hour of injection, especially in 
the controls. Incorporating rates in muscles in Mg and Mg-K deficient groups were larger than in control 
group. The rates of 26Mg in liver did not change according to the passing time till 20 hours. Unknown parts 
in Mg and Mg-K deficient groups were decreasing with passing time. This is considered that Mg injected 
was incorporating to the parts requiring Mg, and it was detected in organs, and then unknown parts were 
decreasing.  


On the other hand, it is clear that potassium also has important roles. This fact is well understood 
from above description. Potassium amount in the body is much larger than magnesium. When potassium 
deficiency in the body occurs, it is known that rubidium parcially compensates it. At present, the details of 
roles of potassium have not been clarified. For further investigation, utilization of isotopes is helpful. 


REFERENCE 
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TABLE I. ELEMENT CONCENTRATION IN SALT IN KHON KAEN 
 Ca Fe K Mg Na* Zn Se Cd Cr Pb 
Salt from dairy shop 2413 17.2 18922 905 273 ND ND ND 0.28 ND 
Table salt at restaurant 2845 15.8 5256 791 316 ND 0.014 ND 0.24 ND 
Salt from male patient 4214 20.6 7190 868 314 ND 0.076 ND 0.18 ND 
Salt from female patient 3076 23 3423 385 268 ND 0.154 ND 0.23 ND 
Iodine salt in Bangkok 258 25.8 4956 1897 281 ND 0.035 ND 1.97 ND 
Salt in Japan 144 ND 1971 3605 292 ND 0.031 ND ND  


 unit: ug/g wet, *: unit mg/g 
 
 
 
 
TABLE II. ELEMENT CONCENTRATIONS IN SALT COLLECTED IN ORIENTAL AIRCRAFTS 
 Mg K Ca V Cr Co Ni Cu As Rb Mo 
Thai Air (Tokyo-Bangkok) ND 7 16 24 ND ND ND ND 273 ND 321 
 (Bangkok-Tokyo) ND 22 12 555 278 202 462 1351 406 199 203 
 Local (PHU-BKK) ND 6 4 487 160 82 113 342 508 126 142 
Japan Airlines 150 679 171 383 43 75 420 373 482 109 59 
All Nippon Airways 563 1399 526 378 176 15 162 441 744 231 35 
Singapore Airlines ND 18 17 485 116 82 280 575 776 81 169 
Air India (Delhi-Tokyo) 1 9 6 475 74 59 403 755 629 55 123 
 Local (TRI-MB) 1 6 2694 491 120 48 370 427 7084 97 271 
Air China 166 106 941 385 122 21 94 1158 386 296 175 


 unit: ug/g 
 
 
 
 
TABLE III. ELEMENT CONCENTRATION IN PATIENTS’ MEALS IN KHON KAEN 
 Ca Fe K Mg Na* Zn P Se Cd Cr Pb Sn 
Food of male patient 1990 a/  479 26.3 1528 151.2 3390 10.9 803 0.063 ND 0.3 0.24 5.95 
Food of male patient 1990 b/ 112 67.5 398 58.5 945 7.6 375 0.031 32 0.09 0.23 0.41 
Food of male patient 1989 a/ 609 19.5 1106 116.5 2614 9. 357 0.074 2.25 0.4 0.53 3.32 
Food of male patient 1989 b/ 57 26.5 246 30.3 848 9.0 97 0.032 0.75 0.06 0.22 1.54 
Food of female patient 1989 a/ 156 81 1202 89.9 2692 1.9 340 0.036 4.25 0.11 0.25 4.83 
Food of female patient 1989 b/ 72 43.2 662 72 1094 3.8 184 0.021 4.8 0.33 0.18 6.03 
Food of all villagers 1989 270 73.4 884 92.7 2372 ND 319 0.004 1.93 0.17 0.38 0.93 


 unit: ug/g wet weight, *:unit mg/g 
 


                                                      
a/ Exclude rice. 
b/ Include rice. 
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FIG. 1. Analytical procedure of element determination in biological, food, and environmental materials.  
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FIG. 2. Survival numbers of mice given Mg or Mg-K deficient diet. (A) Mg deficient, (B) Mg-K deficient, 
(C) Mg-K deficient and supplying K through drinking water. 
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FIG. 3. Mg concentrations in various organs of mice given Mg-K deficient diet and supplying K  
through drinking water for 7 days; m, f: significant difference to the controls at p<0.05 in males (m)  
and females (f). 
 
 
 


 
 
FIG. 4. Element concentrations in liver of mice given Mg-K deficient diet and supplying K through 
drinking water for 7 days; m, f: significant difference to the controls at p<0.05 in males (m) and females 
(f). 
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FIG. 5. Time course of Mg concentrations in various organs: Total Mg and 26Mg. 
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FIG. 6. Concentrations of total Mg and 26Mg injected in urine and feces till 20 hours after iv-injection. 
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FIG. 7. Distribution of 26Mg iv-injected to mice. 
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SUMMARY OF THE DISCUSSIONS 
 
 


Mr. G.V. Iyengar, NAHU, IAEA: 


This talk centred on terminology of initiatives by large institutions and lack of harmonization. 
UN initiatives in Africa, Asia, Latin America and other regions are plenty but a clear harmonized 
approach in human capacity building is badly missing.  


Mr. G.A. Clugston, WHO: 


Emphasized the similar approaches between Agency and WHO in human capacity development 
on combating human malnutrition. WHO has established national centres to organize capacity 
building on a personal, institutional, and governmental levels. WHO has identified collaborative 
centres to implement four year plans of action for nutritional programmes. Focus is given to short 
courses and training as compared to Ph.D. studies. 


Mr. P. De Regge, Seibersdorf Laboratories, IAEA: 


Human capacity building activities are mainly linked to technical co-operation (TC) projects (of 
the IAEA). Those projects related to environmental protection are reduced from 1980 to 2000 after a 
strong increase following the Chernobyl accident. In 2003 there are 16 active projects related to 
terrestrial environment and 11 to the marine environment. Total expenditures used for all TC projects 
account for experts: 18%, for workshops: 8%, for fellowships: 16% and for training courses 12%. In 
environmental projects 66% of the funds are spent for equipment, and 34% for human capacity 
development. Only 2.6% of the total TC budget is going to environmental related projects.  


Mr. E. Cortes Toro, Chile: 


Interest of young people in joining nuclear programmes in Latin America is strongly decreasing. 
Lack of funding and other priorities of governmental institutions trigger a decrease of interest for the 
young generation. Leading countries in the region in the use of nuclear techniques need to develop 
their capabilities to keep abreast with current technological advancements to enforce attraction for 
students to take up this subject. 


Mr. M. Rossbach, NAPC, IAEA: 


Aspects of education and training in radiochemistry are exemplified through evidence as 
documented from the OECD, DOW, IAEA, etc. Decrease of training facilities and research reactors 
goes hand in hand with a dramatic decrease of Ph.D. students released from US universities in the last 
30 years. Nuclear techniques make up a significant fraction of the overall nuclear applications 
including energy related subjects. Increased interest will be raised if beneficial aspects of nuclear 
techniques will be publicized. Support of students should be augmented to participate in international 
conferences; also, poster awards should be given, etc. Activities planned in the near future to enhance 
human capacity in radiochemistry were presented. 


Mr. W. Burkart, DDG-NA, IAEA: 


I fully agree that there is a human capacity problem. In the context of knowledge management 
and human capacity building, we have to tackle the issue on a broad basis together, as a united 
scientific community. We do not need to take a defensive approach; science and academia should 
emphasize original and exciting aspects of nuclear science, challenging future generations. This 
Conference demonstrated that nuclear techniques contribute in a unique way to science and 
sustainable development. We need to sell this intellectual excitement and we need to work together 
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with journalists on such news that are attractive. Let us ride new waves and reach out to the public at 
large with easily understood nuclear applications that improve human life. 


Mr. A. Chatt, Canada: 


The IAEA should take a lead in human capacity building because these pleas will be 
recognized, our own complaints will not be heard.  


Mr. P. Bode, Netherlands: 


Can anyone explain to me why the cry for lack of radiochemists is not coming from the 
employers, from the industry that need the expertise. Why do we need to fight for our own jobs and 
not the end users of this capacity? 


Ms. A.M. Cetto, DDG-TC, IAEA: 


Developing countries should be more widely represented at discussions as this one, and 
therefore TC offers to participate in organization of such discussions and meetings. In these countries 
the industrial sector is not developed enough to offer jobs for those who are trained. Capacity 
strengthening is a better term for what we should do through technical co-operation: we have to build 
on what is already available in the countries. Centres of reference have a certain capacity and have the 
advantage of functioning in their local settings. They have proved to be useful in co-operation among 
developing countries. The need to publicize the results should be with the Member States. They are 
our best allies in informing their own public and other stakeholders what the benefits are in 
co-operating with the IAEA. Good examples of publicity campaigns are available.  


Mr. W. Burkart: 


The cry has to come from the outside. We cannot generate the support needed from the nuclear 
science community alone, but the call for nuclear specialists has to put forward by industry and other 
societal forces, and finally has to find a majority in university faculties. Many nuclear techniques are 
not well accepted. On the positive side, this helped build up a quite complex regulatory framework 
which - from an environmental and protection point of view - made nuclear applications sustainable 
and better controlled than many other human activities. But since the atom is so much feared, even the 
introduction of new nuclear applications with a clear benefit for the environment as compared to 
conventional alternatives is often a difficult and time-consuming uphill struggle. 


Audience: 


Somebody has stated that scientists should not try to sell their achievements to the public. Other 
professionals should be involved. Now, if someone has succeeded to develop a very good staple food 
in Benin, Africa, for example, which is helping to maintain better health of the population but they do 
not know how to sell it, what could we do to make it a success?. We think that scientists are very 
valuable but politicians need to take a lead to make science very attractive. Is it not the responsibility 
of scientists to go beyond science and go for marketing of their products? 


Mr. Z. Chai, China: 


Capacity building should include three aspects: Human capacity, facility capacity, and 
knowledge capacity. How many chemistry students in radiochemistry do we need? It is a very difficult 
question. In China we estimate about 50 students if we would need to maintain current levels. How to 
attract the young people to join us? We would like to ask the Chinese Ministry of education to wave 
the tuition fee, it would be an important measure to attract young students. With respect to facility 
capacity we should learn from nuclear physicists, they ask for big machines like spallation neutron 
sources, cyclotrons and accelerators. It is quite easy to receive support for big machines, but for small 
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proposals political interest is low. We should join these bigger projects and investigate how 
radiochemistry could contribute. We should also look out for new interesting subjects such as 
chemical speciation analysis, or protein structure determination, etc. 


The nuclear facilities at the Seibersdorf Laboratories are going down. There is only an XRF, and 
no NAA at the moment. The IAEA should add some new nuclear techniques, such as Micro PIXE, 
14C-MS, or a stronger accelerator MS with which you can analyse 10Be , 36Cl, 129I. With this you could 
do interesting work in biology, environment, geology, etc.  


This Conference is very much suited to enhance knowledge capacity. It is supplementing our 
efforts to disseminate knowledge particularly as the IAEA has the opportunity to invite several 
participants from developing countries. I suggest that the IAEA should chair a follow up Conference 
in two or three years so that it becomes a series of conferences. Also we should add TC input to the 
organization of such conferences to make it even broader and available to researchers from developing 
Member States. 


Mr. W. Burkart: 


Accelerator MS is very attractive for forensic studies, illicit trafficking, safeguards, 
environmental studies, etc. We are very happy for this kind of pleas. It should help the Seibersdorf 
Laboratories to stay on top of developments in nuclear analytics. However, any large hardware 
investment should provide tangible benefits for our Member States, and these are mainly developing 
countries. If an AMS in Seibersdorf can provide human capacity building through courses for the 
community and if it has important applications, we should consider its implementation and try to find 
the money from internal or external sources. 


Audience: 


How do you engage with the private sector, the private industry, because they are also important 
stakeholders with respect to human resources. 


Mr. A. Chatt: 


Generally the private sector does not participate in capacity building. They buy the finished 
product. The universities are expected to take care. There is a big gap in the projection on the building 
of capacity. I do not know if anyone is paying attention. Nuclear power industry wants Radiochemists 
or engineers but governments are not spending money in the laboratories. But some countries are 
doing so, e.g. in India the government is spending a lot to set up new laboratories and support students, 
whereas laboratories in developed countries are disappearing. 


Mr. D.D. Sood, DIR-NAPC, IAEA: 


Human resource development is in my opinion similar to infrastructure development. It is not 
for private industry to develop roads or railways or airports. The role of the governments is very 
important. In many countries nuclear power is declining and I know many radiochemists who have 
gone from their original field to others such as nuclear medicine, which is growing. But this will 
deplete other areas and it cannot go on like this. Very soon you will find that there are not enough 
people picking up nuclear safety issues. This is a matter of building infrastructure. Nuclear related 
issues are even more serious; if you make an accident it is very serious. So we need good trained 
people, and for that, governments have to be activated . We need to address these. We also must have 
a positive image and therefore sell our good achievements to the public. 
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Ms. N. Gras, Chile: 


Co-operative centres have been designated and have played an active role in the training of 
fellows. However, these centres should take a more active role in the promotion of nuclear techniques 
in their own country. Up to now they provide support only to other counties in the region. The interest 
has clearly declined in our country to apply nuclear techniques. We would need more promotion and 
advertisements and the IAEA should support this through the regional centres. 


Mr. H.A. Westmeier, Germany: 


1) Nuclear techniques are supported by the IAEA in developing countries, and 2) nuclear 
techniques are going down in developed countries. From the viewpoint of a commercial enterprise we 
have taken up this issue from a broader perspective. Until now nuclear techniques are very small and 
narrowly designed. There are hundreds of applications. A lack of knowledge about all possible 
applications is hindering more widespread use. It will create more understanding and more interest in 
nuclear methods in the general public if we would highlight to vast fields where nuclear techniques 
can add substantially. 


Ms. H. Polkowska, Poland: 


We have conducted several doctoral theses with students of biology, geology etc. There is a lot 
of interest about our facilities because we also think broad and have plenty of different applications. 
The activities of AQCS, such as provision of RMs and interlaboratory studies are very helpful to our 
laboratory. Now we are considered as a reference laboratory in Poland.  


Ms. A.M. Cetto: 


Self-reliance in the nuclear domain is an important issue for developing countries. This has been 
chosen as a topic for the scientific forum of the next General Conference (of the IAEA). We can 
benefit from the experience in both developed and developing countries on how to achieve this. It 
could be a topic for forthcoming conferences as well. There are a number of positive experiences in 
this regard and we should take advantage of these and try to multiply them. 


Ms. P. Bedregal, Peru: 


We need to work inside our country to communicate what nuclear techniques are. After training 
many people would think where they could possibly work, where they could find a job. In my country 
there is only one institute using nuclear techniques. Job opportunities are limited. We need to open 
ourselves to universities so that everybody can gain some experience in using nuclear techniques or 
radioisotopes. 


Mr. E. Cortes Toro: 


The IAEA has been pushing the concept of good reliable analytical results. This is the basis for 
so many decisions. The IAEA was in the past supplying us with many different reference materials. 
We have noticed that the production of RMs has been declined. And many colleagues from Latin 
America are asking why we have been left alone. We need the support of the Seibersdorf Laboratories 
for nuclear as well as non-nuclear techniques. Also, projects in support of proficiency testing of 
nuclear materials are conducted. Could the IAEA also provide PTs on non-nuclear materials? If our 
laboratories would have more support from the IAEA the quality of results will certainly improve.  


Audience, Sub-Sahara Africa: 


We depend so much on the IAEA’s funding for equipment. Without appropriate equipment 
there is no use for human capacity building even if people are educated outside the country. If there is 
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no equipment there is no reason to return to the country. We appreciate very much the efforts of the 
IAEA to supply equipment. Additionally, we appreciate the regional initiatives of the IAEA, e.g. in 
environmental pollution monitoring in Latin America, East Asia, etc. There are currently no similar 
projects running in sub-Saharan Africa. It would be very helpful for us to have such projects in our 
region as well. 
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ADVANCED NUCLEAR TECHNIQUES FOR HEALTH AND ENVIRONMENT* 


 C. TUNIZ 
 Australian Nuclear Science and Technology Organisation, 
Menai, N.S.W., Australia 
 
 
Abstract 


Particle accelerators were developed seventy years ago to investigate nuclear and atomic structure. 
Nuclear reactors were developed fifty years ago with the promise of producing low cost energy and for military 
purposes. In the last three decades, we have witnessed a major shift towards the use of high energy ions from 
accelerators and high quality neutron beams from reactors in the analysis of materials composition and structure 
for a broad range of scientific applications.  


Electrostatic accelerators have evolved into specialised tools for accelerator mass spectrometry (AMS) 
and ion beam analysis techniques. AMS is the technique of choice for the analysis of carbon-14 and other long 
lived radionuclides in oceanography, hydrology, paleoclimatology and other environmental applications where 
isotope sensitivities of one part in 1015 are required. AMS is also applied in toxicology to study human exposure 
to chemicals and biomolecules at attomole levels.  


Synchrotron accelerators fitted with insertion devices like wigglers and ondulators have revived interest 
in the field of hard X rays microprobes. Recent developments are based on the use of Fresnel zone plates and 
tapered glass capillaries producing photon fluxes of 1010 photons per sec per µm2 that allow minimum detection 
limits below 10-15 g, an ideal microanalytical tool for biology and materials studies. 


Finally, high flux neutrons produced by modern research reactors have unique properties for 
characterising the structure of matter in condensed states. In particular, small angle neutron scattering with cold 
neutrons is a versatile technique to determine microstructural features with dimensions in the range 10 to 1000 
angstroms in biological, environmental and industrial samples.  


In conclusion, ions, synchrotron radiation and neutron beams are increasingly used to probe materials 
structure and composition on the microscopic scale, each with their own range of applications, advantages and 
disadvantages. The information provided is complementary to that obtained using more conventional tools such 
as optical and electron microscopes or mass spectrometers. Examples will be taken from a diverse range of 
applications, including nutrition, toxicology and environmental science. 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Exposure reconstructions for radionuclides are inherently difficult. As a result, most reconstructions are 
based primarily on mathematical models of environmental fate and transport. These models can have large 
uncertainties, as important site-specific information is unknown, missing, or crudely estimated. Alternatively, 
surrogate environmental measurements of exposure can be used for site-specific reconstructions. In cases where 
environmental transport processes are complex, well chosen environmental surrogates can have smaller exposure 
uncertainty than mathematical models. Because existing methodologies have significant limitations, the 
development or improvement of methodologies for reconstructing exposure from environmental measurements 
would provide important additional tools in assessing the health effects of chronic exposure. As an example, the 
direct measurement of tritium atoms by accelerator mass spectrometry (AMS) enables rapid low activity tritium 
measurements from milligram-sized samples, which permit greater ease of sample collection, faster throughput, 
and increased spatial and/or temporal resolution. Tritium AMS was previously demonstrated for a tree growing 
on known levels of tritiated water and for trees exposed to atmospheric releases of tritiated water vapor. In these 
analyses, tritium levels were measured from milligram-sized samples with sample preparation times of a few 
days. Hundreds of samples were analysed within a few months of sample collection and resulted in the 
reconstruction of spatial and temporal exposure from tritium releases. 


1. INTRODUCTION 


Exposure to radionuclides almost universally causes concern with the public. This concern may 
be based on reasons such as the fear of cancer or other forms of genetic damage, suspicion of any 
work performed with radionuclides, or repulsion from images of nuclear weapons testing and humans 
with severe radiation exposure. Studies have demonstrated that the public’s perception of relative risk 
associated with radiation exposure is disproportionate to the actual risk [1]. As a result, anthropogenic 
radionuclide exposure remains a unique category of risk that receives greater attention than the risk 
posed by many other contaminants. Once a radionuclide source is identified as an exposure risk, 
government regulations act to prevent adverse health effects through the establishment of discharge 
limits and monitoring guidelines [2]. Because thorough monitoring is the best method of evaluating 
current exposure to identified contaminants and regulations are generally effective at limiting 
radionuclide exposure to safe levels, often the most significant exposures could have occurred before 
the contaminant was identified or adequately monitored. Thus, reconstructed exposure levels are often 
needed to provide a comprehensive assessment of the potential health impacts for affected 
populations. 


It is not possible to directly measure past exposure. Consequently, surrogate measurements are 
used to reconstruct contaminant levels. Methods for reconstructing exposure utilize epidemiological 
data, biomarkers, mathematical models, and environmental measurements [3–4]. The data for each 
                                                      
1 Current address: Environmental Science Division, Lawrence Livermore National Laboratory, Livermore, USA. 
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technique are fundamentally different, permitting exposure reconstructions using the information that 
is available. Thus, reconstructions have been performed using various methodologies for radionuclides 
at many locations throughout the world. Numerous efforts have led to radionuclide reconstructions 
that originate from intentional releases, such as atmospheric nuclear weapons detonation at the Nevada 
Test Site [5–7], the Marshall Islands [8–9], the Semipalatinsk Polygon [10], or Hiroshima [11–15]. In 
addition, there are studies of releases from operational or mechanical failure, such as accidents at 
Chernobyl [4, 16–17] and Three Mile Island [18–19]. Most other radionuclide reconstructions have 
been performed at facilities involved with processing nuclear materials, such as such as Hanford 
Works [20], Fernald Feed Materials Production Center [21], Rocky Flats [22], Oak Ridge [23], Idaho 
National Engineering Laboratory, Savannah River, Chalk River Nuclear Laboratories in North 
America, and the Mayak Industrial Association [24–25] in former Union of Soviet Socialist Republics. 
As early as the 1940’s, individuals at these facilities were exposed to plutonium, uranium, cesium-137, 
strontium-90, iodine-131, and/or tritium both within and outside the plant boundaries. A few other 
exposure reconstructions have been performed for radon-222 and cobalt-60 from contaminated 
building materials [26–27] These reconstructions have been effective in narrowing estimates of the 
total radionuclide exposure, but few have been able to reconstruct the temporal variation of the 
radionuclide exposure over the duration of the activities. 


Rarely are all of the data needed for each reconstruction available. Despite the need for reliable 
historical contaminant exposure data, there are relatively few methodologies that utilize environmental 
measurements in exposure reconstructions. Environmental measurements collected to directly answer 
the questions of exposure generally have less uncertainty than models that incorporate estimated 
parameters [28]. Under these situations, development of methodologies using environmental 
measurements are needed that are fast, accurate, and easily understood by the general public [29]. 


A radionuclide of recent exposure interest is tritium, the mass 3 isotope of hydrogen with a 
half-life of 12.4 years. Public health concerns over the historical releases of tritium near residential or 
agricultural areas have generated demands for better exposure reconstruction techniques [30]. Nuclear 
power plants, nuclear weapons laboratories, and industrial operations have discharged tritium into the 
environment for over 50 years. Tritium continues to be generated and released from energy, industrial, 
and military operations that are likely to increase over time as our reliance on nuclear fission/fusion 
increases. Although monitoring is capable of determining contemporary tritium exposure, in many 
cases historical monitoring and release data are unavailable or suspect. In addition, mathematical 
models depend upon estimates of the release history and if there are large uncertainties, they will 
propagate the uncertainty into historical exposure estimates. Thus, environmental measurements could 
provide the most robust and accurate method for reconstructing historical tritium exposure and 
discharge. 


2. RECONSTRUCTING TRITIUM USING TREE RINGS 


Trees have been used in many studies as a natural collection system for dating environmental 
samples. Transpired water is pumped directly from soil water and groundwater in hours to days [31]. 
Water vapor in the air can diffuse through stomata and rapidly equilibrate with the leaf water [32–33]. 
Tree leaves and pine needles have been used as an indirect, short term monitor of contaminants in the 
groundwater or air [34–35]. In addition, tree rings can integrate annual exposures to chemicals in their 
immediate environment and preserve that record in individual tree rings [36–38]. Thus, trees act as a 
passive monitor for environmental exposures and in most cases contain the only long term exposure 
record. 


Tritium exposure is particularly difficult to reconstruct using environmental measurements 
because of its low environmental concentrations, mobility, and the low energy of its radiation. Tree 
rings are one of the only environmental medium that sequesters tritium in a form where the temporal 
variation in exposure can be reconstructed. Tree ring studies have been used to demonstrate the ability 
of trees to record the tritium levels in the surrounding environment under different conditions. The use 
of tree rings to study environmental levels of tritium was originally reported in 1961 [39]. Brown [40] 
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demonstrated that organically bound tritium (OBT) from tree rings could be used to reproduce tritium 
levels in precipitation caused by nuclear weapons testing. Brown also reported the first use of trees as 
monitors for local anthropogenic tritium exposure. A series of studies by Kozak, et al. [41–44] 
demonstrated that tree rings had the precision and sensitivity for recording anthropogenic exposure 
events that occurred during a single year. Other authors [45–47] have also used tree rings to 
reconstruct anthropogenic tritium exposure. 


Although studies have demonstrated the ability of trees to act as passive monitors for historical 
tritium exposure from local point sources, the time and effort required for these results are prohibitive 
for its routine use as an assessment tool. Each of the studies reviewed above used decay counting 
methods for quantifying the tritium activity in the tree ring samples. Because decay counting methods 
are limited by the inefficiency of measuring the 0.01% of tritium atoms that decay per day, grams to 
kilograms of wood were used in order to achieve an adequate tritium count rate. Tree ring samples of 
this size require a tree to be cut down and the separation of the entire circumference of each ring for 
analysis. As a result, this procedure is too time consuming and labour intensive for use at multiple 
locations near a point source. In addition, if a tree were required to be cut down at each sampling 
location, the spatial coverage for a geographically limited exposure might remove a significant number 
of trees in the surrounding community. 


3. TRITIUM AMS 


Accelerator mass spectrometry (AMS) provides an analytical method that eliminates the decay 
counting inefficiencies for radionuclide measurement. AMS increases measurement efficiency by 
directly counting the individual ions of the measured isotope. As a result, AMS is typically able to 
provide more rapid analysis with greater measurement sensitivity using much smaller samples. For 
OBT measurements, the smaller sample sizes needed for AMS allow collection and sample 
preparation to be simplified through the use of an increment borer for collecting the annual rings and 
sample preparation of milligrams instead of kilograms of wood. Improvements in analysis time using 
AMS increase the number of samples that can be measured each day. In addition, collecting samples 
using an increment borer is nondestructive. Thus, AMS for measuring tritium from tree rings can 
facilitate the use of this methodology for exposure reconstructions. 


Accelerator mass spectrometry utilizes a high energy isotope ratio mass spectrometer [48]. 
Traditional isotope ratio mass spectrometers cannot distiguish ions that have the same charge-to-mass 
ratio, but by accelerating the ions to MeV energy levels, AMS distinguishes elements with the same 
charge-to-mass ratio by measuring differences in energy loss inside the detector. The ratio of the 
radioisotope of interest to a stable isotope from each sample is measured continuously to normalize 
instrumental and sample heterogeneity. These ratios are then compared to the measured ratios from 
standards to quantify the results. Results are reported in Tritium Units (TU), where 1 TU is defined as 
a 3H:1H=10-18. 1 TU is equal to 0.12 Bq/L. AMS has demonstrated good accuracy and rapid instrument 
analysis time at very low radionuclide levels [49]. The electrostatic accelerator and negative ion 
source within the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National 
Laboratory (LLNL) have been used in this study to measure the OBT in tree ring samples.  


Sample preparation for tritium AMS analysis requires that OBT be quantitatively converted into 
a solid form that is compatible with the negative ion source. Robust methods exist in deuterium to 
hydrogen isotope ratio mass spectrometry (D/H) for converting organic samples into a gaseous form 
[50–53]. For AMS analysis, sample preparation is based on these D/H methods with an additional step 
that incorporated the gaseous sample into titanium, forming titanium hydride. Details of the method 
are described in Chiarappa-Zucca, et al. [54]. Typically, samples contain from 100 ng to 1 mg of 
hydrogen if the starting material contained approximately 1 mg to 10 mg of water or organic material. 
Current preparation methods limit the sample size to a maximum of 10 mg. Below 1 mg, it is difficult 
to produce enough titanium hydride to provide adequate hydrogen current in the AMS system. 
Samples with as little as 10 µg of hydrogen have been prepared (0.1 mg of organic material) with the 
addition of tributyrin as a hydrogen carrier. However, this decreases the method sensitivity.  
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The performance of the tritium AMS method determines the range of applications where it is 
useful and whether it provides analytical capabilities that are better than current techniques. Samples 
prepared using the method described above typically have H- currents of 30–60 µA, which is similar to 
the currents reported by Middleton [55]. Each sample is measured 3–7 times for a five minute duration 
each time. The quantification range is from 103 to 108 TU with variances typically 5–8%, unless the 
measurement is limited by counting statistics. The sample quantification limit (QL) of 103 TU is a 
result of laboratory background contamination, as titanium hydride bought from chemical supplier has 
a QL of ~70 TU and reflects the quantification limits of the AMS system. 


Alternative methods for quantifying tritium activity involve either the detection of the energy 
released during radioactive decay (liquid scintillation counting/gas proportional counting) or the 
subsequent accumulation of decay products (helium-3 in-growth mass spectrometry). The typical 
instrument QL of 3 TU for decay methods using 25 grams of sample [56] or 0.01 TU for helium-3 in-
growth mass spectrometry using 0.5–1 kg of sample [57–58] are much lower than the 70 TU AMS 
system QL for milligram-sized samples. These methods are only able to achieve these levels with 
much larger samples than those used in AMS. Because tritium AMS measures the tritium to hydrogen 
ratio in the sample it does not benefit through the use of larger samples. Electrolytic tritium 
enrichment of kilogram-sized samples can decrease the QL of decay counting to 0.1 TU [59]. 
Similarly, larger samples have the potential to significantly decrease the tritium AMS QL for samples 
that are tens to hundreds of milligrams in size, although this ability has not been developed. Helium-3 
in-growth mass spectrometry can measure samples with as few as 1×106 tritium atoms, whereas 
tritium AMS has measured down to 3×105 tritium atoms and lower levels may be possible if sample 
preparation QL limits can be decreased. To compare measurement efficiency of these methods for 
milligram sized samples, a 2 mg sample of water with an activity of 104 TU has 0.1 decays per minute 
for decay counting or helium-3 in-growth mass spectrometry compared to a count rate of 50–100 
counts per minute using tritium AMS. There would be a 500–1000 fold decrease in analysis time for 
tritium AMS compared to the instrument time required for decay counting or the in-growth time 
required for helium-3 mass spectrometry to count the same number of atoms for quantification. 


4. APPLICATIONS 


4.1. Tritium reconstruction from discharged water 


The Nevada Test Site has been extensively used for studying the subsurface transport of 
radionuclides resulting from nuclear weapons testing. Since 1962, there have been over 600 
subsurface nuclear weapons tests, 30% of which were below the water table [60]. The tritium 
produced during the tests conducted below the water table is incorporated into groundwater resulting 
in activities up to 4 to 5 orders of magnitude greater than background. To study radionuclide migration 
at the site of the Cambric detonation, an artificial hydraulic gradient was imposed by pumping the 
groundwater nearly continuously for sixteen years, from October 1975 to 1991 [61]. Approximately 
50 m from the wellhead, the pumped groundwater was discharged into an unlined ditch that flows 
along the desert floor. The tritium activity in the pumped water was measured at least monthly during 
the 16 year experiment. The first two years of pumping had only background levels of tritium, after 
this time the activity rapidly peaked at 3×108 Bq/m3 (~2,000,000 TU) and slowly decayed in a manner 
typical of elution processes in pumped aquifers [61]. Over the course of this experiment, Tamarix 
ramosissima (salt cedar) grew along the length of the ditch. Even after the end of groundwater 
pumping, salt cedar continued to produce new leaves, indicating some growth up to 2002. The net 
evapotranspiration rate greatly exceeds the average annual precipitation, so little water is available to 
these trees from rainfall. As a result, their annual rings are expected to contain the time varying tritium 
signal from the pumped groundwater. Love, et al. [62] describe sample collection, processing and 
tritium analysis. 


Fig. 1 compares the tree ring tritium measurements to the tritium level in the monitored water. 
Sample preparation blank values averaged 1200 TU and were subtracted from the measured tritium 
values in the unknown samples. For this comparison, the tritium activity of the water has been decay 
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corrected to the year 2000, the year of OBT analysis in the tree rings. The OBT activity in the tree 
rings was corrected for the 30% of hydrogen atoms that are exchangeable through equilibration based 
on the stoichiometry of cellulose. There is good agreement between the organically bound tritium 
content in the tree rings and the tritium content from the tree’s source water. A strong correlation is 
observed for samples in which both pumped groundwater records and AMS measurements overlap 
(correlation coefficient of 0.88). This tree, exposed to a relatively high activity tritium source that 
slowly changed over time, demonstrates how environmental tritium exposure from a single source of 
tritiated water can be reconstructed using tritium AMS. 


 


FIG. 1. Tritium levels measured in water from an unlined ditch (line) compared with the organically bound tritium (OBT) 
levels measured in the annual rings of a Tamarix ramosissima growing in the ditch. From Love, et al. [62]. 


 


4.2. Tritium reconstruction from discharged water vapor 


The OBT analysis for the tree at the Nevada Test Site was relatively simple because there were 
no other sources of water for the tree to utilize. This second example provides a more complicated 
scenario of a water vapor source of tritium in a more temperate climate. The tritium labeling facility at 
Lawrence Berkeley National Laboratory (LBNL) was primarily responsible for synthesizing organic 
molecules for biomedical research where tritiated molecules can be identified and tracked through 
complex biological transformations. Although most of the tritium that is not used from this process is 
recycled, some is released into the atmosphere through an emissions stack as tritiated water vapor 
during the period of operation from 1969 to 2001. According to LBNL records, the annual amount of 
tritium released ranged from 4 Ci (1972) to 575 Ci (1988) [63]. As a result, tritium activities above 
those currently encountered in natural precipitation have been measured in the air, soil, and vegetation 
near this location. The tritiated water vapor discharge stack is surrounded by a grove of Eucalyptus 
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globulus (Eucalyptus), in which three trees were used for the reconstruction. For people who work, 
live, or visit the surrounding area, radionuclide exposure from this facility has caused concern. An 
assessment of historical tritium releases was performed for comparison with historically reported 
annual quantities of tritium released to provide a verification of more recent monitoring efforts and 
evaluate releases during the early history of the facility. 


The details of this exposure reconstruction are in Love, et al. [64]. An additional unique feature 
of this effort was the need to provide an independent assessment of wood age using bomb-pulse 
carbon-14 that was determined from milligram samples of the sample core used for tritium analyses. 
This extra step was required because Eucalyptus in this climate did not lay down easily distinguishable 
rings. Fig. 2 compares tree measurements to the total amount of tritium released during that calendar 
year. To compare the measured data with historical release records, tritium measurements were decay-
corrected to the year the sample represents. The relative amplitudes of the decay-corrected tritium 
measurements from the eucalyptus correlate with the release records throughout the last 40 years. The 
reconstruction shown is from the Eucalyptus closest to the emission stack, but two other Eucalyptus 
further away from the stack also correlated to reported discharge data but with lower tritium levels 
than the closest tree. 


The small sample size permitted by AMS enables very small rings to be measured or sub-annual 
measurements to be performed. The Eucalyptus at this location has a radial growth rate of ~4 mm per 
year and was sampled at 2–3 mm intervals for the entire length of the core. Core sections 2 mm wide 
from a core with a 5.4 mm radius provided much more sample than was needed for the analyses. In 
order to examine the sub-annual variability of tritium in the wood, small sections of a core from the 
Eucalyptus closest to the stack were measured at a 0.5 mm sampling interval. Because two different 
cores were used for the comparison, the compared distances may not be the exact same interval from 
the tree because it is difficult to determine corresponding intervals with 0.5 mm precision. The 
comparison between the 2 mm measurements and 0.5 mm sampling interval is shown in Fig. 3. 
Although the smaller sampling intervals captures some sub-annual variation that 2 mm sampling 
interval does not, the 2 mm sampling interval is sufficient to integrate the sub-annual variation and is 
adequate for reconstructing average annual exposure. These results also demonstrate the ability to 
precisely measure tritium profiles using 0.5 mm core widths. 


A mechanistic model for the transport and fate of the tritium vapor released from the emission 
stack would require a quantitative understanding of many process that are difficult to quantify at the 
relevant spatial and temporal scales. As a result, these environmental measurements are likely to be 
the only reliable assessment of historical anthropogenic exposure at this location. 
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FIG. 2. Comparison of decay-corrected tritium levels in Eucalyptus globulus downwind from tritium emissions stack at 
Lawrence Berkeley National Laboratory to the reported total annual tritium released. Dotted line represents decay corrected 
quantitation limit. From Love, et al. [64]. 


*1 Ci = 3.7×1010Bq 
 


 
FIG. 3. Tritium measurements using 0.5 and 2 mm sampling intervals from two different cores of Eucalyptus globules 
downwind of tritium emission stack from Lawrence Berkeley National Laboratory. Radial growth rate is ~4 mm per year. 
From Love [65]. 
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5. FUTURE DIRECTIONS 


Complex pathways in environmental systems can be better understood through the use of 
isotopic labels. Although the focus of this study is on reconstructing tritium exposure, the ability of 
tritium AMS to rapidly measure tritium from small samples with relatively low activity permits greater 
spatial and temporal resolution for tritium tracer experiments using lower amounts of radiation in 
hydrological, chemical, and biological research. Tritium AMS has possible environmental applications 
in: 1) understanding water transport in the upper soil zone on millimetre scales without the production 
of waste that is classified as radioactive, 2) identifying the fate of labeled contaminants in natural or 
engineered systems, 3) measuring the kinetics of microbial processes, and 4) studying environmental 
toxicology at environmentally relevant doses and without significant radiation risk. Therefore, the 
development of tritium AMS as a robust and routine analysis technique provides an opportunity for 
addressing a greater array of environmental tritium applications. 


Although tritium AMS is an improvement over decay methods for milligram sized samples, 
current limitations of the sample preparation were unable to quantify natural levels of tritium in the 
environment. Currently, tritium AMS is limited to anthropogenic tritium levels by the elevated 
background levels resulting from tritium sample preparation procedures. Combining improvements to 
eliminate the background tritium contamination during sample preparation and the potential for tritium 
enrichment of environmental samples would permit quantification of natural levels of tritium from 
samples tens to hundreds of milligrams in size. Tritium enrichment currently is performed on samples 
with natural levels of tritium undergoing tritium decay counting and provides approximately 100 fold 
enrichment. Although these enrichment procedures involve tens to thousands of grams from samples, 
the techniques already developed provide a model for the enrichment from samples only tens to 
hundreds of milligrams. Implementation of these improvements to the tritium AMS capability would 
then permit the use of tritium AMS instead of decay methods in a broader range of applications. 


6. SUMMARY 


Accelerator mass spectrometry for tritium analysis allows the practical use of tree rings for 
tritium exposure reconstructions. The tritium that is organically bound to the cellulose in wood 
provides an accurate record of the tritium exposed to the tree on an annual basis. Traditional tritium 
quantification using decay methods often is impractical for use in tritium reconstruction because of the 
time and labour involved in sample collection and analysis. Instead, the development of a robust 
method to count the tritium atoms from the sample directly using AMS decreased the sample size 
required for analysis. As a result of this improvement, the use of tree rings for exposure reconstruction 
is more practical because 1) a small core from each tree could be sampled instead of felling the entire 
tree for analysis 2) small samples are easier to prepare for analysis and 3) the rapid analysis time for 
small samples allows a reasonable commitment of instrument time while still providing data for spatial 
and time resolution. This has been demonstrated for the tritium reconstruction at Lawrence Berkeley 
National Laboratory, where cores were collected and hundreds of samples (~150 for carbon-14 and 
~400 for tritium) were prepared and analysed by a single investigator within a few months. 
Applications of tritium as a tracer are expected to also benefit by the ability to rapidly measure tritium 
from milligram sized samples. 
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Abstract 


A nuclear microprobe facility has been installed at the –15 degree port of the 3 MV Tandetron (HVEE), at 
the National Centre for Compositional Characterisation of Materials, BARC, Hyderabad. The beam line 
comprises high precision object and collimators silts, a quadrupole triplet lens assembly and a beam scanner 
from Oxford Microbeams. The end station comprises an indigenously fabricated octagonal scattering chamber 
and a sample manipulator. The scattering chamber has a provision for housing several detectors and is also 
equipped with a zoom microscope for viewing the beam spot directly on a quartz plate. Examination of a 
specimen by different ion beam techniques such as Proton induced X ray emission (PIXE), Proton induced 
gamma ray emission (PIGE) and backscattering spectrometry (BS) can be performed simultaneously over a 
scanned area with a spatial resolution of about 5 microns at present. 


This paper describes the application of nuclear microprobe and other conventional ion beam analysis 
techniques in the analysis of samples of environmental importance and health related specimens. It involves 
examination of biological matrices such as IAEA-413 (single cell algae) and a plant sample, being developed as 
an in-house reference material by µ-PIXE to assess their homogeneity. Elemental mapping suggest significant 
inhomogeneous distribution of Fe and Mn. This is in contrast to results obtained using conventional PIXE and 
other instrumental analytical techniques.The spatial distribution of Ca and P in lateral and longitudinal sections 
of teeth specimens obtained by µ-PIXE measurements has also been studied. In addition, PIGE results on 
samples used as biomonitors for trace element pollution are also presented.  


1. INTRODUCTION 


Ion beam analysis (IBA) techniques namely proton induced X ray emission (PIXE) and proton 
induced γ ray emission (PIGE) have found extensive applications in the determination of natural and 
pollutant trace element constituents in biological and environmental materials [1,2]. The applications 
stem from the excellent analytical capabilities of these ion beam techniques. PIXE and PIGE provide 
simultaneous and nondestructive determination of elements with good sensitivity. PIXE is generally 
utilised for the determination of elements with Z ≥ 15 whereas PIGE for several light elements starting 
from lithium. These techniques permit direct analysis of solid samples, often requiring only few 
milligrams of the specimens. These techniques have gained broader utility for such applications with 
the advent of proton microprobe systems, which facilitate the examination of specimens with high 
spatial resolution while operating on much lower target masses [3]. µ-PIXE and other micro analytical 
techniques associated with a nuclear microprobe, in combination with the scanning capability of the 
microprobe system, provide valuable information on materials such as microlevel homogeneity, 
segregations, diffusion which are difficult to obtain using a single equipment. 


There is a growing realization of the impacts of microarea distribution of elements on 
nutritional, toxicological and other aspects of the biological materials. In this paper a brief description 
of the proton microprobe facility operational at CCCM, Hyderabad and the application of µ-PIXE in 
the analysis of biological materials, such as IAEA-413 (algae), palak, a leaf vegetable and human 
teeth, are presented. IAEA-413 is a candidate reference material for microanalysis [4]. It is a single 
cell algae grown with added toxic elements. The other specimen, palak, is an in-house material being 
developed for similar applications. The present measurements on these specimens are aimed at 
ascertaining their microhomogenity. Such an exercise is important for using these materials as 
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references in the microanalysis of biological and environmental specimens. The examination of the 
teeth specimens by µ-PIXE forms a part of a study on the variation in Ca and P ratio resulting from 
teeth related ailments. In addition, the use of PIGE in the determination of light elements especially F 
and Al in several plant specimens used as bioindicators for assessing environmental pollution is also 
described.  


2. EXPERIMENTAL 


2.1. Description of microbeam facility 


The nuclear microbeam facility at CCCM is based around a 3 MV Tandetron (HVEE) and an 
Oxford Microbeams nuclear microscope end station. A schematic diagram of this facility is shown in 
Fig. 1. 


The 3 MV Tandetron at the Surface and Profile Measurement Laboratory of the Centre has been 
extensively utilised in the last few years for ion beam analysis of biological, environmental, 
semiconductor and electronic materials. The Tandetron is equipped with a solid state power supply, a 
nitrogen gas stripper assembly at the terminal and strong focusing quadrupole triplet lens system in 
addition to two ion sources capable of providing variety of ion beams for injection. Each of the five 
beam lines is devoted to a specific ion beam analytical technique, equipped with the relevant data 
acquisition system. 


The nuclear microprobe facility has been set up at the –15 ° port of the switching magnet of the 
Tandetron. It comprises a 6 meters beam line and is equipped with beam defining gadgets like a 
collimator, a precision object slit, a precision collimator slit, a beam scanning system, a magnetic 
quadrupole triplet assembly and an octagonal scattering chamber. There are provisions for beam 
viewing and current measurements at different locations along the beam line. The beam line is pumped 
by diffusion and turbomolecular pumps. The beam defining components and the scattering chamber 
are mounted on vibration free platforms. The beam axis was aligned with a high precision telescope. 
The scattering chamber currently, houses four detectors viz, a Si(Li) detector to analyse X rays 
(PIXE), a HPGe or NaI(Tl) detector to measure γ rays (PIGE), a surface barrier detector to analyse 
backscattered ions (RBS) and an electron detector (secondary electrons). In addition, there is provision 
for viewing the beam spot when focused on a quartz disc inside the scattering chamber using a zoom 
microscope and a video camera.  


Proton beams of dimensions down to ca. 3 µm have been obtained currently by suitable slit and 
quadrupole settings. The electromagnetic XY scanning system allows examination of ~ 3000 µm × 
3000 µm sample area with a 2 MeV proton beam. The signals from the various detectors are recorded 
together with the instantaneous beam position using the OM_DAQ data acquisition system, which also 
controls the beam scanning and allows the accumulation of elemental maps, line scans or point 
analyses. 


2.2. µ-PIXE analysis 


Thick pellets of 10mm diameter prepared from the powdered samples of IAEA-413 and palak 
and lateral sections of healthy and periodontitis affected dental roots served as targets for µ-PIXE 
measurements. Palak samples of two different particle sizes, namely of (-) 200 and (-) 400 mesh, were 
analysed. The analyses were performed with 2.5 MeV proton beam focused to a diameter about 5 µm. 
The beam currents were around 100 pA. The beam was incident normal to the samples. The 
characteristic X rays were detected using a portable high purity germanium detector having an energy 
resolution of about 170 eV for 5.9 keV Mn Kα, placed at angle of 45° to the beam outside the 
scattering chamber. A 25 µm mylar foil was used as an exit window. The target to detector distance 
was about 100 mm for each measurement.  
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Nuclear microprobes, due to their scanning capability, provide maps of the elements 
constituting the targets during the course of the measurements. These elemental maps with common 
positional markers can therefore be used for online assessment of the homogeneity of the materials. 
The samples of IAEA-413 and palak were examined by scanning over different areas at several 
locations. The corresponding elemental maps were formed by windowing of the energy spectrum 
around the characteristic X ray line of concern. In addition, point analyses within a scanned area as 
well as other locations were also performed.  


2.3. PIGE analysis 


The powder samples of the plant specimens were mixed with 10% high purity graphite powder 
and subsequently pressed into pellets. The pellets were bombarded with 3 MeV protons. The beam 
current was about 10 nA over a spot of about 5 mm. The beam was incident normal to the targets. The 
γ rays emanating from the nuclear reactions were detected with a high purity Ge detector placed 
outside the scattering chamber at a distance of about 100 mm normal to the beam direction. 


3. RESULTS AND DISCUSSION 


3.1. µ-PIXE measurements of plant and teeth specimens 


The distribution of elements such as K, Ca, Ti, Mn, Fe, Cu and Zn in 600 X 600 µm2 area over 
one of the locations of the pellet of IAEA-413 presented by their respective maps is shown in Fig. 2. 
The order in the colour code implies the relative intensities of characteristic X rays. It can be easily 
seen that the elements such as P, K, Ca, etc. are distributed homogeneously within the region scanned 
whereas Fe and Cu, former in particular, have heterogeneous distribution. 


The X ray spectra from scanned area of 600 X 600 µm2 and 300 X 600 µm2 and point analysis 
performed at three different locations are shown in Fig. 3. The spectra have been normalized with the 
count rate of K for assessing elemental homogeneity among the different regions. The normalization 
of X ray spectra with respect to the count rate of K was preferred to the total accumulated charge due 
to difficulty in its precise measurement. Fig. 3 is also indicative of nearly homogeneous distribution of 
elements such as P, S, Ca in the sample. The standard deviation of about 5% in the normalized counts 
of these elements, computed on the basis of multiple point analyses at different locations on the pellet 
corroborates the previous observations. However, there is comparatively larger variation in the count 
rate of Fe Kα X rays in these measurements. The count rate of Fe Kα X rays corresponding to the sub 
area where the segregation of Fe is apparent, for example in Fig. 2, is about 75% of that for the total 
scanned area. 


The distribution of several elements in 1250×1250 µm2 area over one of the locations of the 
pellet of palak of 200 mesh is shown by their respective maps in Fig. 4. Similar distribution of the 
elements was observed in the pellet of palak specimen of 400 mesh. The inhomogeneous distribution 
of all the elements is clearly seen, however it is more prominent for Fe and Mn, in particular. It is 
evident from the elemental maps shown in Fig. 4 and point analyses as well that Mn and Fe coexist at 
some locations on the pellet. 


The palak specimens have also been analysed for these elements by chemical methods. About 
200 mg of each specimen was used for each analysis. The standard deviation in the concentration of 
elements for repetitive measurements on different aliquots of the samples is within 5%.  


The chemical analysis of the palak specimens, therefore, suggests homogeneous distribution of 
the elements on macroscopic scale. Natural materials are usually inhomogeneous on microscopic 
scale. The homogeneity is achieved by a series of processes involving grinding, sieving and mixing so 
that sufficiently large number of similar size particles are present in a sub sample used for analysis. 
Accordingly, the level of micro homogeneity in palak specimens of (-) 400 mesh is expected to be 
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better than that of palak of (-) 200 mesh However the present µ-PIXE measurements suggest that the 
palak specimens of both mesh sizes exhibit similar degree of homogenisation.  


This study clearly demonstrates the differences in the levels of micro homogeneity existing in a 
carefully cultivated single cell material and a natural material, subjected to a series of processes 
required for homogenization. The heterogeneity in the later, as stated earlier, is typical of natural 
materials. It may be attributed to the differences in the elemental composition of leafy portions and 
veins and other fibrous parts of the plants. For example, mapping of cocoa leaf showed Ca to be 
concentrated in the walls of the veins and K centrally in the veins [1]. Scanning electron microscopy 
(SEM) examination reveals significant morphological differences in algae and palak specimens. There 
is a uniform distribution of similar sized cells in algae. In contrast, palak specimens exhibit varied 
distributions of different parts of the plant. Moreover, certain plants act as metal hyper 
accumulators [5], where metals get accumulated in different concentrations in different parts of the 
plant. The localized coexistence of Mn and Fe, as seen in Fig. 4, might be indicative of such a 
phenomena. IAEA-413 (algae) can, therefore, be utilized as a reference material for miocroanalyical 
techniques for most of the elements. 


Preliminary µ-PIXE investigations on the variations in relative concentrations of Ca and P 
within transversely sectioned healthy and periodintitis affected dental root structures have been carried 
out. The sectioning allows examination of the acellular cementum, dentine and pulp of the root. 
µ-PIXE experiments showed that the cementum was more calcified in comparison to inner portions of 
a healthy tooth. The distribution of Ca and P was uniform in the cementum layer. On the other hand a 
decrease in Ca concentration was observed in this layer of the periodintitis affected root. A detailed 
study of these aspects involving point analyses progressively for the cementum to the pulp using 
beams focused to about 2 µm has been planned. These samples and the outer surfaces of the 
longitudinally sectioned specimens were also examined for fluorine by µ-PIGE using 19F(p,αγ)16O 
nuclear reaction. It involved measurement of 6–7 MeV γ rays, characteristic of the reaction, by a 3” X 
3” NaI(Tl) detector. However, the presence of fluorine in these samples was not discernible. 


3.2. PIGE in environmental analysis 


The light element detection capability of PIGE was utilised for the measurement of F, Na, Al, Si 
and P in different kinds of plant leaves in an attempt to study the environmental trace element 
pollution, in the city of Hyderabad, India. The estimation of fluoride in these samples is of particular 
importance in view of widespread contamination of groundwater with in this part of the country. 
Moreover, PIGE is the only suitable technique for the determination of fluoride in solid samples. It 
provides total fluoride content in the specimens irrespective of its chemical nature. The determination 
of F by other analytical techniques requires dissolution of the specimens in suitable media and 
measurement using coulometric or ion selective electrode which require many different sample 
preparation steps. 


The concentrations of these elements in different plant specimens, determined by PIGE are 
listed in Table I. The nuclear reactions along with the corresponding γ rays, utilized for the 
determination of these elements are also listed in Table I. An element, on bombardment with protons, 
may undergo several types of nuclear reactions producing γ rays of different energies. The cross 
sections of the nuclear reactions and therefore the yields of the corresponding γ rays are functions of 
the incident proton energies. The nuclear reactions, γ rays and the incident beam energy have been 
selected in order to provide sensitive and interference free determination of the elements. For example, 
reactions 30Si(p,γ)31P and 31P(p,pγ)31P produce 1266 keV γ rays making the simultaneous 
determination of Si and P difficult. However, the cross sections of these reactions depend strongly on 
the proton beam energy. The yield of 1266 keV γ rays from 30Si(p,γ)31P reaction for 3 MeV protons is 
extremely low whereas that of 1273 keV from 29Si(p,pγ)29Si γ rays is very pronounced. Hence the 
choice of 3 MeV protons enables the simultaneous determination of P and Si. 
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The concentrations of elements have been determined by comparator method by invoking the 
principles of thick target analysis. The average uncertainty in these determinations is less than 15% 
that mainly arises due to the differences in the matrix composition of samples and standards. 


It can be seen from Table I that the plants have high F content. As there is no known industrial 
source of fluorine in the vicinity of area of collection of the samples, the high content of F in the plant 
specimens suggest accumulation of dissolved fluorine in these samples. In fact, these areas are 
identified to have high content of fluorine in the ground water, which is linked probably to the 
mineralogy of the rocks whose weathering releases excess fluorine into the atmosphere. Therefore 
these plants, funeria in particular, having the maximum ability to absorb elements, can be effectively 
utilised to monitor the type and level of trace element pollution. 
 
TABLE I. CONCENTRATION OF ELEMENTS IN PLANT SPECIMENS DETERMINED BY PIGE 


Higher plants Mosses 
Parthenium Trixia 


Element  
(ppm) 


Nuclear 
reaction 


Energy 
(keV) Basil Lantena 


camera #1 #2 
Funeria 


#1 #2 
F 19F(p,pγ)19F 


19F(p,pγ)19F  
110 
197 


685 256 483 374 7697 254 402 


Na 23Na(p,pγ)23Na  440 1.57% 222 336 194 9585 2410 5212 
Al 27Al(p,pγ)27Al  1013 138 133 180 60 3798 1530 6297 
Si 29Si(p,pγ)29Si  1273 4441 8218 - - 11.58% 4.10% 14.26% 
P 31P(p,pγ)31P 1266 4936 5002 6170 5732 7936 6118 6107 


#1 and #2 correspond to two different locations. 


The concentrations given in the table are in ppm, unless specified. 
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Abstract 


Instrumental neutron activation analysis (INAA) is a reference analytical technique and is extensively 
used for multielement analysis of reference materials and various samples. Use of high flux research reactors and 
high efficiency HPGe detector systems enhance the capability of INAA in terms of sensitivity as well as 
detection limit for many elements. We have standardized the k0–based NAA method in our laboratory for 
multielement analysis using gold as the single comparator. Neutron spectra at E8 position of Apsara reactor and 
tray rod position of Dhruva reactor, Trombay, BARC have been characterized by determining epithermal 
neutron flux shape factor (α) and sub-cadmium to epithermal neutron flux ratio (f). We have used both relative 
and k0 methods of INAA for determining elemental concentrations of four biological standard/certified reference 
materials (SRM/ CRM) namely NIST SRMs 1515, 1573a and 1549 and IAEA CRM V-10. The% deviations 
were found to be within ±10% for most of the elements analysed. The INAA methods were used for 
multielement determination in five samples of total extracts of processed medicinal plants with an aim to 
correlating the mineral content with the curative values. These elements analysed in these samples included Na, 
K, Mn, Mg, Ca, Cl, Br, V, Zn, Co, Se, Sc, Eu, Cs and Ag. The elements were determined via short, medium and 
long durations of irradiations. Short lived nuclides were measured using pneumatic carrier facility (PCF) at 
Dhruva reactor whereas for medium and long lived nuclides both Apsara and tray rod facility of Dhruva reactors 
have been used. The detection limits for the elements analysed in extracts samples were calculated.  


1. INTRODUCTION 


Instrumental neutron activation analysis (INAA) is an isotope specific analytical technique for 
quantitative measurement of elements. This technique is frequently used for obtaining the 
multielement profiles in various samples including reference materials due to advantageous properties 
such as high accuracy and precision, high sensitivity, negligible matrix effect and non-destructive 
nature. INAA is capable of analysing simultaneously many when used in combination of its various 
forms. Using reactor neutrons and high efficiency HPGe detectors coupled to advanced MCA, 
analytical results with low detection limits can be achieved. It is one of the best techniques for the 
multielement determination in biological samples [1–5]. Elements such as Na, K, Mn, Cl and Br are 
major constituents in biological materials. On neutron activation of these elements, intense 
radioactivity of the activation products (24Na, 42K, 56Mn and 38Cl and 82Br) formed complicate gamma 
ray spectrum. In addition, Compton contribution from high energy gamma rays of the activation 
products like 24Na and 42K limit the determination of other trace elements/nuclides, which are present 
in low abundance or have low energy gamma rays. It is, therefore, necessary to separate/suppress the 
activity due to the major elements like Na, K and Br to permit the simultaneous determination of many 
trace constituents. These problems are often overcome by resorting to radiochemical NAA (RNAA) or 
pre-concentration NAA (PNAA) or epithermal INAA (EINAA) [6]. Both PNAA and RNAA are 
destructive methods involving chemical operations, and are time consuming compared to INAA. 
However, these procedures are element specific. Moreover, in PNAA precautions must be taken to 
avoid/minimize contamination from reagents and handling. In some cases the INAA/EINAA methods 
are used in conjunction with anticoincidence counting to suppress the Compton background due to 
interfering nuclides. In view of multielement determination capability and low/negligible matrix 
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effects experienced by INAA, the technique is being extensively used for analysing biological 
samples. 


About 40 elements have been considered essential to life systems both for mammal and plant 
survival [7–9]. Many trace elements play an important role in the general well being as well as in 
curing the diseases. Some of the marketed ayurvedic medicines are prepared from the extracts of 
different medicinal plants and their products. Plants and herbs have been used for healing purposes 
and maintaining good health. It is well known that medicinal plants contain useful natural compounds 
with or without inorganic constituents. Most of the studies on medicinal plants pertain to the 
determination of the organic contents and the pharmacological/therapeutic effects, whereas a little 
attention has been focused on the mineral contents as well as minor and trace elements. Platash and 
Artemchenko [10] and Kanias, et al. [11] have experimentally correlated some trace elements to the 
active constituent concentration in plants. It has been observed that many of the herbal drug 
preparations contained inorganic ions in higher levels [12]. The knowledge of the content of inorganic 
components in these plants and in their extracts is important to understand their role in human health, 
metabolism in plants and medicinal applications in addition to having a database for their effective 
use. Since trace elements constitute a minute fraction in these samples, a sensitive and reliable method 
is a prerequisite for obtaining precise and accurate data. A number of techniques such as atomic 
absorption spectrometry, voltammetry, inductively coupled plasma atomic emission spectrometry and 
neutron activation analysis are routinely being used to determine trace elements in various leafy 
samples. Of these, INAA is a method of choice due to the non-destructive nature and flexibility in 
terms of experimental conditions (irradiation and counting conditions) and sample size (small or big) 
depending on elements of interests. Chen et. al. determined some trace elements such as K, Sc, Cr, Fe, 
Co and Zn using INAA in 75 natural drugs to evaluate medicinal value [4]. Koyama, et al. [3] analysed 
more than 2000 leafy samples by neutron activation analysis. 


INAA is carried out by two standardization methods namely relative and k0 methods. In the 
relative method of NAA, the sample to be analysed is co-irradiated either with prepared chemical 
standards or certified reference material (CRM) of a similar matrix. The relative method of NAA has 
been extensively used for the analysis of many elements in different matrices. The k0 NAA method 
[13] is another approach for multi element analysis which involves simultaneous irradiation of a 
sample and a neutron flux monitor, such as gold, and the use of a composite nuclear constant called k0 


[13,14]. The k0 is a ratio of M, θ, γ and σ0 of an isotope of interest to the single comparator isotope and 
is defined as,  


**
0


*
0


*


0 γσθ
γσθ


M
M


k =  (1) 


where 


M is the atomic mass, 
θ is the isotopic abundance, 
γ is the gamma ray abundance, 
σ0 is the 2200 m.s-1 (n, γ) cross-section, and 
the symbol "*" refers to the corresponding parameters of the comparator (e.g., gold, 197Au). 


For the calculation of elemental concentrations by k0 NAA [13], besides net counts under the 
peak, input parameters such as (i) sub-cadmium to epi-thermal neutron flux ratio (f), (ii) the epi-
thermal neutron flux shape factor (α), (iii) the absolute efficiency of the detector (ε) and nuclear 
constants namely Q0 and k0 are needed [14].  


The k0 method was developed using the Hogdahl convention [13] and its applicability is 
restricted to (n,γ) cross sections that follow 1/v law in the thermal neutron energy region. The 
standardization of k0-NAA method includes (i) characterization of irradiation sites by determining α 
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and f, (ii) periodic checking of neutron flux stability and gradients, (iii) determination of detection 
efficiency and (iv) evaluation of experimental k0 factors as part of a validation program. Much 
attention is given to the determinations of α and f, since these two parameters vary from one reactor to 
another, as well as among the different irradiation sites in a given reactor. The value of α can be 
positive or negative depending on whether epithermal neutron spectrum is "soft" or a "hard" compared 
to the ideal one. The knowledge of α is essential for the correction of resonance integrals (I0).  The 
flux monitors such as Au, Zr and Co are used for the evaluation of these two parameters. Both bare 
and cadmium ratio methods were used in the determination of α and f, but cadmium ratio method is 
preferred due to its intrinsic accuracy.  


The k0-NAA method has been adapted in our laboratory and over the past 9 years, we have 
analysed a variety of samples using k0-NAA method [15–18]. As a part of standardization of k0-NAA 
method, the k0 factors for prominent gamma lines of 38 nuclides were experimentally determined [18]. 
A good agreement between the determined and reported k0 factors was observed. The % deviation and 
% RSD of k0 factors were in the range of 1–6% and within ±4%, respectively. The developed 
k0 method has been validated by determining the concentration of elements in different CRMs and the 
accuracy of the method has been evaluated. 


The present paper reports the experimental values of α at E8 of Apsara reactor and 1A tray rod 
position of Dhruva reactor using cadmium ratio method for dual monitors (197Au and 94Zr) [19]. The 
f-values were determined by cadmium ratio method [16]. Multielement analyses of biological 
reference materials, IAEA CRM V-10 (hay powder) and NIST SRMs 1515 (apple leaves), 1573a 
(tomato leaves) and 1549 (non-fat milk powder) were carried out. In addition, some trace elements in 
NIST SRM 1571 (orchard leaves) were estimated after the sequential removal of Br, Na and K by an 
RNAA method using the inorganic ion exchanger, Hydrated Antimony Pentoxide (HAP) [20]. The 
INAA methods were used for the multielement determination in five samples of total extracts of 
processed medicinal plants namely (i) Amla (Emblica Officinalis), (ii) Aswagandha (Withania 
Somnifera), (iii) Baheda (Terminalia Belerica), (iv) Haritaki (Terminalia Chebula) and (v) Arjuna 
(Terminalia Arjuna). Results obtained are discussed in terms of their elemental contents and for the 
possible medicinal value. 


2.  EXPERIMENTAL 


Accurately weighed samples and reference materials in the mass range of 100–250 mg were 
packed in polythene pouches and thin aluminium foils. From standard gold solution, accurately 
weighed gold solution having Au content in the range of 2–5 µg was prepared in the similar way. The 
elements were determined via short (min), medium (min-h) and long (d) durations of irradiations using 
reactor positions namely pneumatic irradiation facility (PCF) at Dhruva reactor, E8 position at Apsara 
and 1A tray rod position at Dhruva reactors at Trombay, Bhabha Atomic Research Centre. The 
corresponding irradiation times were 1 min, 10 min–5 h and 2 d. The sub-cadmium neutron fluxes are 
of the order of 5x1011 cm-2.s-1 and 5x1013 cm-2.s-1 at Apsara and Dhruva reactors, respectively. For the 
measurements of f and α, 197Au and 94Zr (0.1 mm zirconium foil) samples weighing about 3 µg and 
15 mg, respectively, were irradiated. 


For the radiochemical separation of Br, Na and K in SRM 1571, the irradiated sample was 
dissolved in concentrated nitric acid in presence of a few drops of perchloric acid. Bromine was 
removed at the wet ashing stage by oxidizing the bromide with KMnO4 in HNO3 medium. The 
solution was evaporated to dryness and was taken in 8M HNO3. Sodium was quantitatively retained on 
the HAP column with 8 HNO3. The effluent was taken in 1M HNO3 and at this acidity potassium was 
held on HAP column. 


Samples were assayed for gamma activity of the activation products using a 40% HPGe detector 
coupled to a PC based 4k channel analyser. The detector system had a resolution of 2.0 keV at 1332 
keV of 60Co. A 152Eu gamma ray standard was used for efficiency calibration of the detector at 
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different distances (8–15 cm) between the sample and detector in a stable source to detector geometry. 
Care was taken to minimize the counting losses by keeping the dead time around 5%. Peak areas under 
the full energy peaks were evaluated via a peak fit method using the PHAST software, developed in 
Electronics Division, Bhabha Atomic Research Centre [21]. 


Calculations 


The value of α was determined by "cadmium ratio for dual monitors" (197Au and 94Zr) [19] 


method using the following expression: 


where 


RCd is the cadmium ratio of the activities of the monitor obtained by irradiating it without and with 
cadmium wrap. 


The term Q0(α) is the ratio of resonance integral (corrected for α) to thermal neutron cross 
section, and is obtained using the following expression, 
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where 


rE  is the effective resonance energy and ECd is the cadmium cut-off factor, which is 0.55 eV for a 
cyclindrical box (H:D = 2:1) of 1mm thick cadmium foil [13]. 


The value f is calculated using α value in Eq. (4): 


f = (FCd RCd -1)Q0(α) (4) 


where 


FCd is the epithermal cadmium transmission factor [22]. 


The concentration of an element, Ci in a sample is calculated using the following equation: 
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where 


Np is the net peak area, 
S (= 1 – e-λt


i ) is the saturation factor with ti — irradiation time and λ — the decay constant, 
D (= e-λ.t


d) is the decay factor with td as decay period, 
C (= (1 – e-λ CL )/λLT) is the counting factor used as the correction factor to account for the decay 
during counting with CL as the clock time and LT as the lifetime, 
W is the mass of the sample, 
w is the mass of the comparator, 
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ε is the absolute full energy peak detection efficiency, and 
k0 is the literature recommended k0,Au-factors [14], where 197Au is taken as the single comparator. The 
“*” is used for the corresponding parameters of comparator. Whenever the single comparator other 
than gold (197Au) was used, then the k0 of the nuclide (x) was calculated from the literature k0,Au 
factors using the relation  k0(x) = k0,Au(x) / k0,Au (c). 


3. RESULTS AND DISCUSSION 


The relevant nuclear data used in the present studies are taken from Ref. 14 and are given in 
Table I. The results on the α and f-values for the irradiation sites at Apsara (E8) and Dhruva (1A) 
reactors are given in Table II. The elemental concentrations obtained for the four biological reference 
materials are given in Table III. The results obtained using both INAA and RNAA on SRM 1571 are 
given in Table IV. The measured elemental concentrations in the total extracts of processed medicinal 
plants are given in Table V. In all the cases, the values quoted are average values obtained from 
replicate measurements. The errors quoted are the unweighted standard deviations (±1s) for multiple 
measurements. Gamma ray spectra of neutron activated NIST 1515 (apple leaves) reference material 
using Apsara reactor and Amla extract sample using 1A position at Dhruva reactor are shown in Figs 1 
and 2, respectively. 


3.1. Determination of α and f, and their effect on concentrations 


The α values at irradiation sites E8 and 1A are 0.013±0.003 and 0.108±0.012, respectively, 
indicating soft neutron spectra at both the irradiation sites. The respective f-values are 65.6±1.8 and 
76.3±2.5, which correspond to 98.5 and 98.7% thermal neutron flux components, respectively. Since 
f and α are input parameters in the calculation of concentrations, error associated with these measured 
values will reflect in the final concentration of elements. The value of f for different irradiation 
positions varies from a few tens to a few thousands (Table II). On the other hand, the α values range is 
small. But the error associated with the α-values is substantial, as high as 50%. To examine the 
variation of f and α values, the nuclides of widely varying Q0 values with respect to Q0 value of the 
comparator 197Au (Q0 = 15.7) were considered for a simulated study to calculate the effects of 
variations in f and α values on final concentrations. They are  174Yb (Q0 = 0.53), 94Zr (Q0 = 5.31), 85Rb 
(Q0 = 11.46), 130Ba (Q0 = 20.79), 84Sr (Q0 = 43.7) and 96Zr (Q0 = 251.6). For this calculation, the f and 
α values of 1A position of Dhruva reactor were taken (Table II). Keeping value of α as constant and 
varying the f-value by ±10%, for the extreme case of Q0 = 0.53, a variation in of -1.03 to 1.2% in the 
concentration was observed. On the other hand for a constant f and ±10% variation in the α, the 
concentration of the same nuclide is affected to the tune of -0.24 to 0.27%. This indicates that (1) 
variation of α does not significantly influence the final concentration and (2) if Q0 is small, the 
variation is negligible. Whereas a ±10% variation in both f and α values will affect the concentration 
value, for the same nuclide, by –1.25 to 1.5%. For the nuclide with Q0 = 251.6, in the above three 
scenarios the concentration is affected by 4.6 to –5.0%, 3.2 to –3.4% and 7.8 to –8.3%, respectively. 
However, it is well established that the systematic effect of α values on the measured concentrations 
for most of the elements is negligible when the Q0 value of nuclide under consideration is closer to the 
value of the comparator.  


3.2. Analysis of reference materials 


The concentrations of three elements, namely V, Mg and Ca, have been determined by relative 
method using short irradiations at PCF, Dhruva reactor. All other elements were determined using k0-
NAA method. The elements such as Zn, Se, Sc, Cs, Ag, Eu and Gd are determined from their long 
lived nuclides followed by long irradiation at tray rod facility of Dhruva reactor and long cooling time. 
In this zinc (64Zn) whose activation product 65Zn has longer half-life (244.3 d) has been used as 
comparator. These samples were counted  after a cooling period of six months. These measurements 
were made for longer duration (one to two days) to obtain better counting statistics. The concentration 
values obtained were compared with the certified/ recommended values [23,24]. The % deviations of 
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the measured elemental concentrations with respect to recommended values are found to be within 
±10% in most of the cases. 


Trace elements could be determined in NIST-SRM-1571 by RNAA in which major constituents 
like Na, K and Br were removed. The inorganic ion exchanger, Hydrated Antimony Pentoxide (HAP) 
was used to separate sodium (24Na) and potassium (42K) [20], where, as bromine, was expelled at the 
dissolution stage. Although the separation of K was not quantitative, many trace level elements like 
Cu, Mn, Zn, Ca, As, Ba, Sr, Sb, Sc and La  could be estimated as the bulk of 42K was removed. The 
measured concentrations of trace elements are in good agreement with the literature values [2,25] 
indicating their quantitative recovery in the separation procedure. The deviation from reported values 
are within 1.5–7%. Determination of copper using its 511 keV gamma line is difficult in the presence 
of isotopes that emit high energy gamma rays. After removing sodium and/or potassium from the 
matrix, copper could be determined with an improved accuracy.  


3.3. Analysis of total extracts of medicinal plants 


The five extracts chosen are used in different Ayurvedic preparations that are given to pregnant 
ladies, children and others to supplement certain minerals and also for curative purposes. Medicinal 
plants like Aswagandha and Amla are known to have several theraputic and potent antioxidant 
activities [26]. In the present studies, total element contents were determined using NAA. About 15 
elements were determined and are given in Table V. From the Table, it can be observed that among 
the five varieties of total extracts of medicinal plants Amla contains higher amounts of Mg, Ca and Zn 
whereas in Haritaki corresponding concentrations are low.  Ashwagandha contains higher amount of K 
and Br and very low content of Se. The potassium content of Baheda is almost comparable to that of 
Ashwagndha. The six elements namely Sc, Cs, Eu, Ag, Cs and Co are preset in low level, ppm to ppb, 
in general. However, Ag is absent in Baheda and Haritaki and Eu is absent in Ashwagandha. 
Comparatively higher values of Cs, Eu, Se and Co are present in Baheda sample. The elements namely 
Sc, Se, Cs, Eu, Ag, Zn and Co in these five samples have been determined using their long-lived 
activation products. The use of high flux irradiation position at tray rod facility of Dhruva reactor 
enabled us to determine at ppb (ng/g) or sub ppb levels of these elements (Table V). The detection 
limits (LD) have been calculated by using Currie’s procedure [27]. The detection limit for the elements 
Sc, Eu, Co, Se and Cs are 0.1, 0.26, 1.51, 1.82 and 3.62 ng.g-1, respectively.  


To have a comparison of the levels of some important elements in these five extracts, they were 
presented as histograms( Figs 3a and 3b). Minor constituents Mg, Zn and Mn are plotted in Fig. 3a and 
trace constituents Se and V are plotted in Fig. 3b. It is clear that Mg concentration in all the extracts 
are comparable and Mn levels are lower compared to Mg but comparable. Zn, which is a constituent 
of coenzyme, is present in varying amounts (Fig. 3a). Vanadium is present in comparable amounts 
where as Se which is a cofactor is present in varying amounts(Fig. 3b). 


Though these extracts are used for different purposes, a correlation would be of help in 
predicting their medicinal value in terms of some of these important elements which needs 
apportioning the concentrations of these elements in various forms. No attempt is made in the present 
studies in this direction. 


4. CONCLUSIONS 


INAA using a mono standard, is a versatile tool to analyse biological materials like reference 
materials of leaves and milk powder, and extracts of medicinal plants to obtain the total content of 
different elements. Some elements present in ppm to sub ppb levels could be determined  using high 
neutron flux irradiations and measurement of radioactivity with a longer cooling period.   
Radiochemical separation of Na, K and Br helped in determining a number of trace elements reliably 
and with lesser turn-around time. The data obtained for the elemental concentration of the extracts of 
medicinal plants can be used to evaluate the  their medicinal value. 
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TABLE I. RELEVANT NUCLEAR DATA USED FOR K0-NAA 


Target 
Isotope 


I0/σ0 


= Q0  
rE  (eV) Formed 


isotope  
Half-life 
(T1/2) 


Eγ (keV) k0,Au-factors  


(rel. err.%) 
23Na 0.59 3380 24Na 14.96 h 1368.5 4.68×10-2(0.6) 
26Mg 0.64 25700 27Mg 9.46 m 1014 9.80×10-5(0.2) 
37Cl 0.69 13700 38Cl 37.24 m 1642 1.97×10-3(1.4) 
41K 0.97 2960 42K 12.36 h 1524.7 9.46×10-4(0.6) 
48Ca 0.45 1330000 49Ca 8.72 m 3084.4 1.01×10-4(0.9) 
45Sc 0.43 5130 46Sc 83.83 d 889.3 1.22(0.4) 
51V 0.55 7230 52V 3.75 m 1434.1 1.96×10-1(1.2) 
50Cr 0.53 7530 51Cr 27.7 d 320.1 2.62×10-3(0.5) 
55Mn 1.053 468 56Mn 2.579 h 846.8 4.96×10-1(0.6) 
58Fe 0.975 637 59Fe 44.5 d  1099.3 7.77×10-5(0.5) 
59Co 1.993 136 60Co 5.271 y 1332.5 1.32(0.5) 
64Zn 1.908 2560 65Zn 244.3 d 1115.5 5.72×10-3(0.4) 
74Se 10.8 29.4 75Se 119.8 d 264.7 7.11×10-3(0.7) 
81Br 19.3 152 82Br 35.3 h 776 2.76×10-2(0.8) 
85Rb 14.8 839 86Rb 18.63 d 1077 7.65×10-4(1.0) 
94Zr* 5.31 6260 95Zr 64.02 d 757 1.10×10-4(1.3) 
109Ag 16.7 6.08 110Ag 249.8 d 884.7 2.69×10-2(0.8) 
133Cs 12.7 9.27 134Cs 2.065 y 795.9 4.15×10-1(2.0) 
130Ba 24.8 69.9 131Ba 11.5 d 496.3 6.84×10-5(1.4) 
139La 1.24 76 140La 1.678 d 1596 1.34×10-1(1.1) 
152Sm 14.4 8.53 153Sm 46.5 h 103.2 2.31×10-1(0.4) 
153Eu 5.66 5.80 154Eu 8.593 y 1274 7.77×10-1(1.1) 
152Gd 0.77 16.7 153Gd 240.4 d 103.2 4.21×10-3(1.4) 
197Au* 15.7 5.65 198Au 2.69 d 411.8 1 


* - nuclide used as the neutron flux monitor. 


 


 


TABLE II. RESULTS OF NEUTRON FLUX PARAMETERS AT IRRADIATION POSITIONS OF 
TWO REACTORS 


Reactor Position α f(α) nth (%) nepi(%) 
Apsara E8 0.013±0.003 65.6±1.8 98.5 1.5 
Dhruva 1A 0.108±0.012 76.3±2.5 98.7 1.3 
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TABLE III. ELEMENTAL CONCENTRATIONS (MG.KG-1) OF REFERENCE MATERIALS 
ANALYSED 


Element CRM-V10 SRM-1515 SRM-1573a SRM-15 49 
 This work Literature 


(E%) 
This 
work 


Lit.  
(E%) 


This 
work 


Lit. 
(E%) 


This work Lit. 
(E%) 


Na 509 
±18 


(500) 28.1 
±1.5 


24.4  
(5%) 


139 
±7 


136  
(3%) 


4656 
±112 


4970  
(2%) 


Mg 1447 
±35 


1360 (4%) 2650 
±106 


2710  
(3%) 


12482 
±160 


(12000) 
 


1228 
±49 


1200  
(3%) 


Cl 7045 
±150 


NA 590 
±17 


579  
(4%) 


6450 
±250 


(6600)  10450 
±209 


10900 
(2%) 


K 19704 
±591 


(21000) 17017 
±150 


16100 
(1%) 


26808 
±250 


27000 
(2%) 


16405 
±492 


16900 
(2%) 


Ca 24250 
±727 


21600 (3%) 15180 
±303 


15260 
(1%) 


51677 
±1209 


50500 
(2%) 


16390 
±410 


13000 
(4%) 


Sc 0.0152 
±0.0001 


0.014 
(11%) 


0.031 
±0.001 


(0.03) 0.101 
±0.001 


(0.1) 0.0024 
±0.0001 


NA 


Cr 8.44 
±0.14 


6.5  
(12%) 


ND (0.3) 1.89 
±0.03 


1.99 
(3%) 


ND 0.0026 
(27%) 


Mn 46 
±2 


(47) 52 
±3 


54 
(6%) 


252 
±7 


246 
(3%) 


ND 0.26 
(23%) 


Fe 195±8 185(4%) ND (83) 365±16 368(2%) ND 1.78(6
%) 


Co 0.140 
±0.003 


0.13 (12%) 0.095 
±0.001 


(0.09) 0.52 
±0.01 


0.57 
(4%) 


0.0070 
±0.0001 


(0.0041
) 


Zn 23.5 
±1.1 


24  
(13%) 


12.8 
±0.4 


12.5 
(2%) 


31.3 
±0.8 


30.9 
 (2%) 


48.5 
±1.8 


46.1 
(5%) 


Se 0.029 
±0.003 


(0.022) 0.048 
±0.004 


0.05  
(18) 


0.075 
±0.008 


0.054 
(6%) 


0.108 
±0.003 


0.11 
(9%) 


Br 8.1 
±0.6 


8  
(25%) 


2.5 
±0.2 


(1.8) 1295 
±12 


(1300) 13.3 
±1.0 


(12) 


Rb 8.6 
±0.6 


7.6  
(3%) 


12.2 
±0.6 


10.2  
(15) 


14.6 
±0.5 


14.89 
(2) 


14.1 
±1.0 


(11) 


Ba ND 6(25%) 51.4 
±2.5 


49  
(4%) 


ND NA 84 
±4 


NA 


La 0.073 
±0.005 


(0.07) 20.6 
±1.6 


(20 ) 2.3 
±0.3 


(2.3 ) ND NA 


Sm ND NA 2.9 
±0.2 


(3) ND (0.19) ND NA 


Eu 0.0025 
±0.0004 


(0.0024) 0.23 
±0.05 


(0.2) 0.037 
±0.001 


NA 0.00035 
±0.00004 


NA 


Gd ND NA 2.02 
±0.03 


(3) 0.11 
±0.02 


(0.17) ND NA 


E% – % error; ( ) – Information value; NA – value not available; ND – not detected. 
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TABLE IV. ELEMENTAL CONCENTRATIONS OF NIST SRM 1571 (ORCHARD LEAVES) BY 
RNAA USING HAP (MG.KG-1 UNLESS MG.G-1 INDICATED) 


Element INAA RNAA using HAP Literature [2, 25] 


Na 88.9±6.83 R 82.0±6.0 


Mg* 5.9±0.2 D 6.2±0.2 


Cl 650.0±30.0 R 690 


K* 14.2±0.9 5.8±0.4 14.7±0.3 


Sc 0.096±0.005 0.086±0.003 0.09 


Ti 56.9±4.2 D  NA 


V 0.52±0.02 D  NA 


Mn 87.0±8.2 88.0±5.0 91.0±4.0 


Zn 29.3±4.3 24.3±0.6 25.0±0.3 


As 8.24±0.63 9.6±1.2 10.0±0.2 


Br 11.4±0.91 R  10.0 


Sr 44.1±2.5 35.2±3.0 37.0±1.0 


Sb 2.64±0.26 2.7±0.2 2.9±0.3 


Cu 21.5±2.1  12.4±1.1 12.0 


La 1.13±0.07 1.12±0.03 1.1±0.07 


Nd 0.84±0.12 0.92±0.11 NA 


Sm 0.18±0.01 0.13±0.02 NA 


Eu 0.056±0.002 0.066±0.002 0.062±0.002 


‘*’ denotes the concentration in mg.g-1; D-nuclide decayed due to short half-lives; 


R – removed by RNAA; NA-certified/consensus value not available. 
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TABLE V. ELEMENTAL CONCENTRATIONS (MG.KG-1 UNLESS NG.G-1 IS INDICATED) OF 
FIVE SAMPLES OF TOTAL EXTRACTS OF PROCESSED MEDICINAL PLANTS 


Element Amla 


 


Ashwagandha 


 


Baheda 


 


Haritaki 


 


Arjuna 


 


LD 
(mg/kg-1) 


Na 102±5.2 171±8 253±8 315±14 364±13 1.7 


K 3520±68 8488±99 7145±317 3900±78 3191±293 25 


Mn 6.8±0.5 3.5±0.2 5.7±0.2 15.1±0.6 15.3±1.0 0.10 


Mg 1207±121 806±40 576±51 370±25 611±76 8 


Ca 2035±105 836±23 310±30 365±10 1144±204 13 


Cl 616±64 840±73 1431±84 858±43 1830±91 3.3 


Br 2.8±0.2 26.4±1.8 4.8±0.3 2.6±0.2 2.9±0.2 0.8 


V 0.20±0.02 0.24±0.03 0.17±0.03 0.16±0.02 0.14±0.02 0.05 


Zn 554±4 6.80±0.06 209±15 3.38±0.11 331±3 0.17 


Co 0.360±0.005 0.95±0.02* 19.1±1.4 94.0±1.5* 0.210±0.003 1.51* 


Se 0.108±0.003 7.2±0.1* 3.51±0.45 8.5±1.0* 2.64±0.06 1.82* 


Sc 2.4±0.1* 0.39±0.03* 18.8±1.6* 7.1±0.1* 40±1* 0.1* 


Cs 16±1* 2.14±0.05* 6.06±0.36 6.1±0.2* 10.2±1.3* 3.62* 


Ag 3.71±0.02 45.0±0.07* ND ND 2.18±0.04 0.023 


Eu 7.8±0.2* ND 2.33±0.16 1.12±0.03* 4.8±0.02* 0.26* 


LD – detection limit; ND – not detected; ‘ * ‘ – in ng.g-1 
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FIG. 1. Gamma ray spectrum of neutron activated apple leaves (NIST-SRM 1515). 
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FIG. 2. Gamma ray spectrum of Amla sample after a decay period of six months. 
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FIG. 3a. Concentration of Mg, Mn and Zn in five extracts (mg/kg). 
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FIG. 3b. Concentration of Se and V in five extracts (mg/kg). 
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Abstract 


An internal comparator method is proposed which offers reliable INAA results also for samples with a 
“bad” geometry and/or measured at the closest position to the Ge detector. Because the selected internal 
comparator in the sample analysed will receive exactly the same neutron flux as the other components, this 
method can be applied to the INAA of materials suffering from thermal neutron self-shielding.  


1. INTRODUCTION 


The highest sensitivity or the lowest detection limit in INAA will be achieved when irradiated 
samples are counted at the closest position to the Ge detector, if all of the other experimental 
conditions remain the same. Indeed, in the energy range of 60 to 2000 keV the peak efficiency for a 
small sample at the entrance window of a 30% HPGe detector is 33 to 42 times of that of the same 
sample at 15 cm position. To measure samples at the closest position would offer many advantages: 
lower detection limits or more detectable elements, shorter counting times or better counting statistics, 
and shorter turnout time or higher throughput. However, the INAA results from the lower counting 
positions are often accompanied by poorer accuracy. This problem is particularly pronounced for 
samples with a “bad” or irregular geometry, like those shown in Fig. 1. The reasons are simple: a 
lower counting position is much more sensitive to counting geometry and, on the other hand, an ideal 
standard having exactly the same counting geometry as the sample is difficult to make. For instance, 
when measuring a sample at the end-cap of a 30% Ge detector, a very small error of 0.5 mm in the 
counting geometry in the axial direction of the detector will cause about 3% error in peak efficiency 
and thus in the INAA results. The influence of the same error decreases to 0.5% at the 15 cm distance 
and becomes negligible when the 25 cm position is used. Consequently, whenever possible, far 
counting distances should be applied in INAA, particularly for experiments requiring good accuracy 
[1]. The price paid is high: all the advantages of using the lower counting positions are lost.  


In this work, an internal comparator method (ICM) is proposed and its performance is 
demonstrated by the INAA of SRM1575a (Pine Needles), an unknown material from an ASTM Task 
Group interlaboratory comparison sponsored by NIST.  


Because the internal comparator in the analysed sample will receive exactly the same thermal 
neutron flux as all of the other components, the ICM can be used in the INAA of materials suffering 
from thermal neutron self-shielding. As an example, the INAA of glass having high contents of boron 
and cadmium is presented. 


In the following, an application of the ICM is reported first, showing a basic procedure and its 
performance. General information on this method is given later. 
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2. THE PERFORMANCE OF THE INTERNAL COMPARATOR METHOD 


2.1. INAA of SRM1575a (pine needles) 


2.1.1. Samples and irradiation  


A bottle of SRM1575a (Pine Needles, Bottle No.1280-2) was received from NIST, which was 
accompanied by a small bottle of SRM1547 (Peach Leaves) as a control material. 200 mg aliquots 
were sealed in quartz ampoules (Φ8 mm with 0.5 mm of wall thickness) and coirradiated with Au-Al 
monitors (IRMM-530R, 0.1003% Au) for three days in the DBVR-position of BER-II reactor in 
Berlin. Five blank quartz ampoules and three Au-Al monitors were irradiated separately.  


DBVR is located in the Be-reflector. The neutron flux parameters at this position were 
determined and found to be as follow: epithermal flux shape factor α = 0.296 ± 0.026, thermal to 
epithermal flux ratio f = 149 ± 24, thermal to fast neutron flux ratio fFast = 506 ± 15, Westcott flux 


index 0n TT)r(α  = 0.00604 ± 0.00090, thermal neutron temperature Tn = 40.6 ± 2.0ºC, and 


conventional thermal neutron flux Φth = 5.20×1016 n/m2.s. It is notable that the interferences from 
fast neutron induced reactions are negligible due to the high thermal to fast neutron flux ratio of 506. 
For the same reason, it is impossible to determine Ni contents in the plant leaves via the 58Ni (n, p) 
58Co reaction. The burnup factor of 198Au was calculated from the Au-Al monitors using nuclides 
198Au-199Au [2] and found to be 0.983, which was consistent with the result calculated from the 
neutron flux parameters. 


The water contents were found to be (3.787 ± 0.084)% and (2.92 ± 0.21)%, respectively, for 
SRM1575a (pine needles) and SRM1547 (peach leaves) by desiccator drying in glass vials over newly 
purchased magnesium perchlorate. Constant weights were observed after 24 days. 


2.1.2. Gamma ray spectroscopy and elemental concentration calculation 


Three days after irradiation, all of the activated samples were measured at positions of 15 cm 
from the Ge detectors. Later, all of the samples were measured at the 0 cm position for 3 – 5 days. All 
of the Au-Al monitors were measured only at the 15 cm positions. The peak efficiencies for the 
samples and Au-Al monitors were evaluated based on the effective solid angle calculation [3]. A photo 
of the irradiated samples and a piece of Au-Al wire is shown in Fig. 1. 
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FIG. 1. Bad sample geometry of the botanical materials after irradiation. 


 
 


Nuclide 86Rb was selected as the internal comparator. Its contents in the irradiated samples 
were calculated from the gamma ray counting at the 15 cm position. The Au-Al wires were used in the 
calculation. 
 


When the Rb contents in irradiated samples had been established, the elemental concentrations 
of all of the other elements in the analysed samples were calculated using the program MULTINAA 
[4]. INAA results of three individual determinations were then submitted to the organizer of the 
interlaboratory comparison in NIST. Later, the mean values and uncertainties evaluated from our 
submitted three fold determinations were received from the organizer [5]. The results are given in 
Table I together with NIST values which were announced at the end of the comparison. For the control 
material SRM1547 (Peach Leaves), the INAA results were found to be as good as the results for 
SRM1575a (Pine Needles). Therefore, they are not presented here. 


2.1.3. Performance of the internal comparator method 


This work reports 28 elements. The large number of determined elements from a single 
irradiation came mainly from a high counting efficiency at the 0 cm position. High quality, of course, 
is more important, which can be judged easily by comparison with the NIST values given in the table.  


 


SRM1572 
Citrus Leaves 


0.2g 


SRM1547 
Peach Leaves 


0.2g 


SRM1575a 
Pine Needles 


0.2g 


0.1% Au-Al wire, 
10mg, 2cm 
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TABLE I. INAA RESULTS OF SRM1575A (PINE NEEDLES) FROM THE INTERNAL 
COMPARATOR METHOD 


 Concentration, ppm, or indicated otherwise  


Element This work 
NIST certificate, reference, 


or information values
Employed counting distance  


from Ge detector 
As 0.040 ± 0.003 0.039 ± 0.002 15 cm 
Au  0.000225, 0.000251, -   3 individual results from 15 cm 
Ba 4.96 ± 0.30 6.0 ± 0.2 0 cm 
Br 2.72 ± 0.14 -   15 cm 
Ca 0.247 % ± 0.012 % 0.251% ± 0.010% 0 cm 
Ce 0.0981 ± 0.0057 0.110   0 cm 
Co 0.0645 ± 0.0037 0.061 ± 0.002 0 cm 
Cr 0.365 ± 0.020 0.3 – 0.5   0 cm 
Cs 0.266 ± 0.014 0.283 ± 0.009 0 cm 
Eu 0.00144 ± 0.00012 -   0 cm 
Fe 46.4 ± 2.7 46 ± 2 0 cm 
Hf 0.0128 ± 0.0016 -   0 cm 
Hg 0.0391 ± 0.0028 0.0399 ± 0.0007 mainly from 0 cm 
K 0.422 % ± 0.019 % 0.417% ± 0.007% 15 cm 
La 0.0479 ± 0.0028 -   15 cm 
Lu 0.00055 ± 0.00006 -   0 cm 
Na 64.7 ± 3.1 63 ± 1 15cm 
Rb 16.73 ± 0.76 16.5 ± 0.9 15 cm 
Sb 0.00856 ± 0.00046 -   0cm 
Sc 0.0104 ± 0.0006 0.0101 ± 0.0003 mainly from 0 cm 


Se 0.0985 ± 0.0063 0.099 ± 0.004 0 cm 
Sm 0.00695 ± 0.00044 -   15 cm 
Sr 6.76 ± 0.41 -   0 cm 
Ta 0.00135 ± 0.00012 -   0 cm 
Tb 0.00053 ± 0.00010 -   0 cm 
Th 0.0142 ± 0.0007 -   0 cm 
Yb 0.00215 ± 0.00026 -   mainly from 0 cm 
Zn 37.6 ± 2.0 38 ± 2 mainly from 0 cm 


 
 


As defined in the Certificate for SRM1575a (pine needles), NIST announced that it has the 
highest confidence for the certificate values in its accuracy. For this reason, the high performance of 
the ICM is best demonstrated by Fig. 2, where the INAA results (as ratios to the certificate values) of 
all of the participants using INAA are presented for six elements Ca, Fe, K, Rb, Zn, and Ba. It can be 
seen that reliable INAA results were reported for all of the elements using the ICM (RCM, #20), 
except for Ba. The Ba result was 17% too low as shown in Fig. 2 (f). Investigation revealed that the 
recommended k0 values for the 


130
Ba (n, γ) 


131
Ba reaction [6–7] were incorrect. Re-determination of the 


k0 values was carried out using two irradiation positions which were very different in neutron flux 
characteristics [8]. The Ba concentration in SRM1575a (pine needles) was re-calculated and is also 
given in Fig. 2 (f). 
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FIG. 2. INAA results compared to NIST certificate values of all of the participants using INAA for the elements Ca, Fe, K, 
Rb, Zn and Ba (the range of the certificate value is indicated by two lines; ▲ or ▼ – INAA result too high or too low, out of 
the showed range). 
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The good performance of the ICM is more notable in the determination of Hg and Se. These 
two elements are of much interest in studies of biological materials but are not easy to determine 
reliably. The nuclide 203Hg has only one gamma-line of 279.2 keV which is interfered mainly by the 
75Se-279.5 keV line. Obviously, the Se contents in the samples should be accurately determined first 
so that an accurate interference correction on the Hg determination can be performed to get a reliable 
Hg result. The nuclide 75Se has five main gamma-lines (121.1, 136.0, 264.7, 279.5, and 400.7 keV) 
available for INAA, but four of them suffer from interferences. Only the 400.7 keV line is practically 
free of interference but has a low emission intensity (11%), resulting in low INAA sensitivity. The 
ICM is able to overcome this problem, because samples can be measured at the closest position. Then 
not only the counting efficiency for the 400.7 keV line is much higher but also the apparent intensity 
of the weak 400.7 keV line is enhanced by the sum effect of the cascade gamma-lines of 121.1 + 279.5 
keV and 136.0 + 264.7 keV. At the 0 cm position of a 30% HPGe detector, the sum effect factor is 
2.06, namely the apparent intensity of this line is doubled, allowing acquisition of a good 400.7 keV 
peak in a reasonable counting period. The Se and Hg results of the ICM are given in Table 2, together 
with the INAA results reported by all of the other participants [5]. Table 2 shows that, apparently due 
to the difficulty in determining these two elements, only a limited number of participants submitted 
results but no one reported correct values except our laboratory (RCM, #20) using the ICM procedure. 
 
 
TABLE II. TWO INAA RESULTS OF ELEMENTS Se AND HG, ppb 


Element NIST value From RCM, #20 From all of the other participants 
Se Reference value: 99 ± 4 98.5 ± 6.3 130 ± 20 (#3); 113 ± 10 (#4); 130 ± 30 (#8); 


17 ± 2 (#13a); 69.6 ± 6.6 (#16) 
Hg Certificate value: 39.9 ± 


0.7 
39.1 ± 2.8 29 ± 7 (#3); 3.5 ± 0.3 (#16) 


 
 


3. THE INTERNAL COMPARATOR METHOD 


3.1. Counting geometry, INAA quality and the internal comparator method 


The successful determination of SRM1575a (Pine Needles) as discussed above was conducted 
with irradiated samples with a “bad” geometry as shown in Fig. 1. After irradiation, the powder of the 
leaves contracted, resulting in irregular shapes. Their dimensions in the ampoules could not be 
identified accurately. For SRM1575a (Pine Needles) samples, most of the powder contracted, part fell 
to pieces and adhered to the ampoule wall but it also tumbled about and changed position. It was 
found to be impossible to make standards with the same geometry or to calculate accurate peak 
efficiencies for these samples. Simplification and approximation could not be avoided in efficiency 
calculation. For this reason, closer counting positions should be avoided in the relative method or in 
the conventional k0-method. But the ICM works. The reason is simple. 


The relative method needs the two peak efficiencies of the standard and the sample. When the 
peak efficiency ratio of the two efficiencies does not appear in the equation for concentration 
calculation, it implies that the ratio equals 1 and that the standard and sample have an identical 
counting geometry. For the relative method, the error of the INAA results from the closer counting 
positions is often due to the fact that this assumption is not fulfilled. Similarly, the conventional k0-
method also needs the two peak efficiencies of the flux monitor and the sample. Due to generally the 
big difference in geometry between the flux monitor and the sample (see Fig. 1), the accuracy of the 
two peak efficiencies is more critical, particularly for closer counting positions.  


The ICM, however, only needs the efficiency curve of the sample. The “shape” of the peak 
efficiency curve is quite inert to changes in counting geometry. For the closest position of a 30% 
HPGe detector, a large error of 2 mm in counting geometry will cause more than 11% error in the peak 
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efficiency but the curve “shape” remains practically the same in the energy ranger higher than 400 
keV (less than 0.15% of change). In the energy range of 100 – 400 keV, the “shape” change is less 
than 2%. The highest “shape” change of 2 to 5.2% is observed in the low energy range of 60 to 100 
keV, but no gamma-line in this energy range is used in normal INAA. From this fact, a criterion can 
be extracted: do not use a gamma-line with an energy of less than 200 keV as the internal comparator 
and it is better to use a gamma-line of more than 400 keV for this purpose.  


3.2. The internal comparator 


The selection of the internal comparator depends on the actually analysed material. To add a 
comparator to a sample is straightforward but it is connected with a risk of contamination and a 
homogeneity problem. To select a component in a sample as the internal comparator will not disturb 
the analysed sample but the content of the comparator should be determined. 


For the plant leaves analysed in this work, the 86Rb 1076.6 keV line was proved to be a good 
internal comparator. Due its suitable nuclear properties, 86Rb can be measured with good accuracy at 
far and low counting positions over a long period of time. The nuclide 65Zn was not used in this work 
due to overlapping mainly with the 46Sc 1120.5 keV peak. However, in INAA of hair, 65Zn was used 
as the internal comparator [9] because this interference was negligible due to the relatively high 
content of Zn in hair. Nuclide 198Au is surely a candidate for the internal comparator. The 198Au 
411.8 keV line often appears in gamma ray spectra of various activated samples, either as a trace 
component or simply as a contaminant. When turn-out time is the main concern, a dominant 
nuclide/gamma-line, like the 46Sc/889.3 keV, 60Co/1173.2 keV or 59Fe/1099.2 keV line, may be used 
in many cases as the internal comparator. However, these gamma-lines suffer from cascade 
coincidence. 


There are different ways to determine the selected internal comparator. The easiest way is to use 
the k0-method and gamma ray spectra collected at a far counting distance, as was employed in this 
work for Rb determination. The co-irradiated flux monitor (Au-Al, for instance) is used to calculate 
the internal comparator concentration. A drawback of this practice is larger uncertainty. For better 
accuracy, the relative method should be used. 


The internal comparator can also be determined by an independent technique. Then an 
additional function can be offered as given below.  


3.3. Thermal neutron self-shielding and the internal comparator method 


When an independent technique is used to determine the internal comparator, this method may 
be used for the INAA of materials suffering from thermal self-shielding. INAA of glass having a large 
quantity of B and/or Cd is an example [10]. For the analysis of this material, the thermal neutron self 
shielding effect should be dealt with adequately. Correction for the self-shielding effect by calculation 
[11] requires B and/or Cd contents, which are not always available. This problem can be avoided by 
irradiating samples and standards enclosed in a Cd box but detection limits will be poor for reactions 
with low resonance cross-sections. The internal standard or the standard addition method works but it 
is not a multi-elemental method and has the potential risk of contamination [12]. The ICM provides an 
alternative solution, because the internal comparator undergoes the same degree of thermal neutron 
self-shielding as all of the other components in the same sample. For glass materials, the nuclide 24Na 
was selected as the internal comparator. The Na concentrations in glass samples were determined by 
ICP-AES and NAA. To this end, the glass sample was dissolved and diluted, followed by transferring 
200 µl of the solution onto a filter paper, which was enclosed in a PE-bag, packed with two Na-
standards as a sandwich and irradiated. The solution left was used for Na determination by ICP-AES. 
The NAA and ICP-AES results were found to be practically the same. When the Na contents in the 
glasses were established, the glass samples were packed, irradiated, and measured at any suitable 
position. The elemental concentrations were calculated by the program MULTINAA using the 24Na 
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1368.6 keV line as an internal comparator. SRM1411 (Soft Borosilicate Glass) has 10.94% of B2O3 
and SRM1412 (Multicomponent Glass) has 4.53% of B2O3 and 4.38% of CdO. The INAA results of 
the two glasses were found to be in agreement with the certificate values within 4% for the 
components Al, Ba, Cd, K, Sr, and Zn. Fig. 3 shows the results of the analysis of SRM1412 
(Multicomponent Glass). 
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FIG. 3. The INAA results of SRM1412 (multicomponent glass) using 24Na as the internal comparator. 


The ICM does not work with epithermal neutron self-shielding. Another problem is the 
change of the thermal to epithermal neutron flux ratio in a sample when it has a very large quantity of 
strong thermal neutron absorber(s) like in the INAA of boron carbide (B4C) [13]. In this case, the 
effective thermal to epithermal flux ratio in the sample was found to be much lower than that 
determined without the sample. The following measures were adopted in the INAA of glass to 
overcome or reduce this problem: only a small quantity of sample with a thinner geometry was used in 
irradiation; a piece of Zr foil was closely attached to the sample or located in the centre of two pieces 
of samples and co-irradiated. The flux ratio calculated from the Zr monitor was an approximation of 
the effective flux ratio in the sample and was used in the ICM.  


Not every sample has high contents of thermal neutron absorbers. However, if a thermal 
neutron self-shielding effect is expected in the analysed samples (computer or electronics waste or 
materials rich in REE, for instance), the application of the ICM is a kind of quality warranty.  


3.4. Additional benefits from the internal comparator method 


The ICM simplified experimental work. The samples and standards or flux monitors should be 
measured only once at a far counting distance. Thereafter, the samples may be counted at any detector 
and/or at any suitable position; standards or monitors no longer need to be measured. If the internal 
comparator is determined independently, the sample may be irradiated and measured alone. High 
dead-time is permitted if samples are counted at the closer positions, because the dead-time correction 
does not influence the ICM results.  


The turn-out time may be shortened. To reach the same detection limit for a specific element, 
the required counting time is much shorter at the 0 cm position. Because measurements of flux 
monitors (Au-Al) at closer positions are not required anymore, delay due to waiting for 198Au 
decaying to measurable activity is avoided. This delay could be serious in experiments with long 
irradiation times in high flux [9].  


4. CONCLUSION 


The ICM offers reliable INAA results also for samples with a “bad” geometry and/or 
measured at the closest position from the Ge detector. When an independent technique is applied for 
determining the internal comparator, the ICM can be used in the INAA of materials suffering from a 
thermal neutron self-shielding problem. In this case, attention should be paid to a possible change of 
the thermal to epithermal neutron flux ratio in the analysed samples. The ICM is also suitable for the 
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routine INAA of a large number of samples because the experimental work is simplified and the turn-
out time or throughput can be improved. In contrast to the internal standard method or the standard 
addition method, the ICM is capable of reporting multiple elements and does not alter the analysed 
samples, which avoids the risk of contamination. To apply the ICM, the k0-method must be installed. 
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Abstract 


The design, calibration, dosimetry and performance evaluation of a prompt-gamma neutron activation 
analysis facility for in vivo body composition studies in small animals (i.e. rats or rabbits) are discussed. The 
system design was guided by Monte Carlo transport calculations using MCNP-4C code. A system was built and 
performance evaluation was made using a 185 GBq Pu-Be neutron source. Prompt-gamma rays produced by 
neutron capture reactions were detected by a combination of a NaI(Tl) scintillation and a Ge semiconductor 
detectors. Nitrogen, hydrogen and chlorine were quantified by analysis of the 10.83 MeV, 2.22 MeV and 6.11 
MeV peaks, respectively. Appropriate corrections for the animal body size were determined. The facility 
described allows us in vivo determination of protein and extra-cellular space in sets of experimental animals. 


1. INTRODUCTION 


Prompt-gamma neutron activation analysis (PGNAA) is an established nuclear analytical 
technique that has found important application in human in vivo body composition studies [1]. 
Collimated neutron beams from radionuclide neutron sources or accelerators are used to irradiate 
sections of the human body. Prompt-gamma rays produced by neutron capture reactions with tissue 
elements are detected by appropriate gamma ray detectors. Monte Carlo computations were applied to 
refine the design of human in vivo PGNAA facilities [2–6]. However, less attention was directed 
towards in vivo body composition studies in animals. McNeill et al. modified a human in vivo 
PGNAA facility to determine nitrogen in fowls and rabbits [7]. Ellis, et al. discussed the PGNAA 
technique for the analysis of body composition of two porcine genotypes [8]. Stamatelatos and 
Yasumura developed a PGNAA facility to determine nitrogen in small experimental animals  and used 
this facility to compare the effect of a low fat and a high fat diet on body protein in rats [9,10]. 


In this work, design studies related to the development of an animal in vivo PGNAA facility are 
presented. The scope of the work was to quantify hydrogen, chlorine and nitrogen in animals of body 
mass 0.5 kg to 2 kg (i.e. rats or rabbits), for a minimum radiation dose. The system design was guided 
by Monte Carlo simulations performed using code MCNP-4C [11]. A prototype facility was 
constructed and the overall system performance was validated. Since body chlorine and nitrogen are 
considered to be indices of extracellular fluid and protein, respectively, the PGNAA facility will 
provide in vivo body composition data required for the application of advanced compartment models 
[12,13] in nutrition and metabolic studies [14]. 
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2. DESIGN STUDIES 


2.1. Problem description 


PGNAA system optimization requires to maximize the signal, which is proportional to the 
thermal neutron flux in the sample and the prompt-gamma ray detection efficiency, while minimizing 
the signal background. On the other hand, the combined sensitivity of activation and detection should 
be as uniform as possible. The thermal neutron flux distribution in the sample depends on the incident 
neutron spectrum, the size and composition of the sample. The incident neutron spectrum depends 
both on the source and the scattering properties of the configuration. Moreover, the detectors need to 
be effectively shielded for both neutrons and gamma rays. 


2.2. Monte Carlo simulations 


The combined effect of source and collimator was studied using the MCNP code. The model 
included the neutron source (241Am-Be or 252Cf), the collimator, the detector and its shielding, the 
sample and the biological shielding (Fig.1). The animal was represented by a water cylinder 20 cm in 
height and 9 cm in diameter. Californium-252 neutron energy spectrum was assumed to be of a 
Maxwellian distribution with parameter T=1.42 [15]. The neutron energy spectrum of Am-Be source 
is more complex since it contains various neutron peaks from 12C*. In this study a measured Am-Be 
neutron spectrum was used for the neutron energy region above 1.5 MeV. For the neutron energy 
below 1.5 MeV an arbitrary effective spectrum was used that has a peak at 0.4 MeV and consist of 
23% of the total Am-Be neutron spectrum [16]. The 4.4 MeV gamma rays from 12C* were considered, 
however the low energy 241Am photons were assumed filtered out. The collimator materials tested 
were beryllium (Be), graphite (C), heavy water (D2O), polyethylene (CH2) and 5% boron-doped 
polyethylene (CH2-B). Calculations were performed for orthogonal parallelepiped collimator of 20 × 
10 cm2 cross-section area and 61 cm Source to Sample centre Distance (SSD). Moreover, a set of 
MCNP runs was performed to test the effect of SSD (range 41 cm to 61 cm). Estimated parameters 
were the mean thermal neutron flux (En<0.5 eV) over the sample volume, the thermal flux distribution 
in the phantom, the neutron and gamma ambient dose-equivalent (DE) rates at the sample and the 
neutron flux on the detector. Flux to dose-equivalent conversion factors for neutrons and photons 
according to ICRP-60 were used.  


2.3. Results and discussion 


2.3.1. Comparison of 241AmBe and 252Cf source 


 
 


FIG. 1. Schematic diagram of the experimental facility. 
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Fig. 2 shows the predicted thermal neutron flux to dose distribution with depth in the phantom 
for 241Am-Be and 252Cf sources. 
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FIG. 2. Thermal neutron flux to dose ratio distribution with depth in a cylindrical water phantom (H=20 cm, D=9 cm) for 
241AmBe and 252Cf sources. 


 
 


Fast neutrons emitted from the source are moderated in the sample mainly by elastic collisions 
with the hydrogen atoms. When becoming thermal, neutrons diffuse in the medium and are either 
absorbed by thermal neutron capture reactions in sample nuclei or leak from the sample sides. 
Neutrons scattered from the collimator are also incident on the sample. The peak thermal neutron flux 
is observed at a depth of about 3.5 cm for both sources. The mean thermal neutron flux to dose ratio 
over the sample volume is 40% higher for 252Cf than for 241Am-Be. This result is in agreement with the 
findings of other workers who compared 252Cf and (α,n) type sources for human in vivo PGNAA 
facilities [17,3]. Nevertheless, 241Am-Be has the advantage of a better thermal neutron flux uniformity 
with depth (section 2.2.2) and a long half-life of 432 y as compared to 2.65 y of 252Cf. 


2.3.2. Effect of collimator material 


Tables I and II present the predicted mean thermal neutron flux over the sample volume (Φth,V), 
a uniformity index (U) of the thermal neutron flux distribution, the neutron and gamma ambient dose 
equivalent rates (DEn , DEγ), the mean total neutron flux over the detector volume per neutron emitted 
(Φdet) and the thermal flux to total dose (neutron and gamma) ratio for the combinations of sources and 
collimator materials tested. In the present study, uniformity index was defined as the root mean square 
of the estimated thermal flux distribution. Gamma dose rate includes both the contribution of source 
gamma rays and gamma rays resulting from neutron-nuclei interactions from the facility materials and 
the sample. The results can be summarized, as follows: 


– 252Cf presented a significantly higher thermal neutron flux to dose ratio for all the collimator 
materials examined (with the exception of beryllium).  


– 241AmBe showed a better thermal neutron flux uniformity with depth in the sample.  


– There is a small advantage of 252Cf over 241Am-Be with respect to Φdet. 


– Beryllium as a collimator material presented the higher thermal neutron flux to dose ratio, 
followed by heavy water, polyethylene, graphite and borated polyethylene.  
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– Graphite presented the better uniformity of thermal neutron flux, followed by borated 
polyethylene, heavy water, beryllium and polyethylene. 


– The neutron flux at the detector depended on the collimator material. Thus, materials with a 
high neutron scattering cross-section (Be, C, D2O) resulted in a much higher Φdet than materials 
that slow down and absorb neutrons efficiently (CH2-B,. CH2). 


 


 
TABLE I. EFFECT OF COLLIMATOR MATERIAL FOR 241AM-BE 


Material Φth,V (×106) 
(cm-2 n-1) 


U DEn (×106) 
(µSv h-1 n-1) 


DEγ (×106) 
(µSv h-1 n-1) 


Φdet (×106) 
(cm-2 n-1) 


Φth,V / DT 


(cm-2 per µSv h –1) 
Be 68.8 ± 0.5 1.33 100.0 ± 2.7 1.6 ± 0.1 8.9 ± 0.1 0.68 ± 0.02 
C 29.0 ± 0.3 1.15 105.9 ± 5.5 1.4 ± 0.1 8.1 ± 0.1 0.27 ± 0.01 


D2O 38.8 ± 0.3 1.25 75.5 ± 5.5 1.7 ± 0.1 6.5 ± 0.1 0.50 ± 0.04 
CH2 35.5 ± 0.5 1.53 70.9 ± 3.2 1.8 ± 0.1 4.9 ± 0.1 0.49 ± 0.02 


CH2-B 20.6 ± 0.3 1.18 74.1 ± 2.7 1.4 ± 0.1 4.8 ± 0.1 0.27 ± 0.01 


 
TABLE II. EFFECT OF COLLIMATOR MATERIAL FOR 252Cf 


Material Φth,V (×106) 
(cm-2 n-1) 


U DEn (×106) 
(µSv h-1 n-1) 


DEγ (×103) 
(µSv h-1 n-1) 


Φdet (×106) 
(cm-2 n-1) 


Φth,V / DT 


(cm-2 per µSv h –1) 
Be 67.1 ± 0.6 1.28 97.3 ± 2.7 6 ± 1 8.1 ± 0.4 0.69 ± 0.02 


C 38.1 ± 0.4 1.21 98.6 ± 3.6 3 ± 1 7.2 ± 0.4 0.38 ± 0.01 


D2O 47.8 ± 0.4 1.29 70.5 ± 4.5 8 ± 1 6.0 ± 0.3 0.67 ± 0.04 


CH2 43.7 ± 0.5 1.48 69.0 ± 4.5 9 ± 1 4.8 ± 0.2 0.62 ± 0.04 


CH2-B 25.4 ± 0.4 1.23 68.2 ± 5.0 4 ± 1 4.2 ± 0.2 0.37 ± 0.03 


 


As far as the materials are concerned: 


– Beryllium showed the higher thermal flux to dose ratio. However, the flux uniformity was 
inferior to that of C and CH2-B. Consideration should also be given to the high toxicity of Be.  
Nevertheless, Be can be effectively used as a source holder (backscatterer) [4,18]. 


– Heavy water presented a high thermal flux to dose ratio and for 241Am-Be a good thermal 
neutron flux uniformity. Additional advantage of heavy water is the lack of prompt-gamma rays 
that could interfere with the measurement. Indeed, a combination of 252Cf source with a heavy 
water collimator assembly has been used in a small animal in vivo PGNAA system [9]. 


– Polyethylene showed also a high thermal flux to dose ratio. However, the uniformity of thermal 
flux was inferior to all materials tested. In addition, the use of a polyethylene collimator could 
result to a significant interference to the measurement of hydrogen from the sample.  


– No conclusive results in comparing graphite and borated polyethylene could be drawn. Graphite 
had an advantage with respect to the mean thermal neutron flux over the sample volume. 
Borated polyethylene resulted in a significantly lower neutron flux at the detector. The thermal 
flux to dose ratio and flux uniformity were at similar levels for both materials.  
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An experimental comparison of the properties of graphite and borated polyethylene was 
therefore attempted using a 239Pu-Be source. The PGNAA spectrum of bottle phantoms (H=20 cm, 
D=9 cm) containing either nitric acid solution 14% (wt.) or water were measured for 6 h by a 10 cm × 
10 cm NaI detector. Collimator performance criteria were the net nitrogen counts (S), the nitrogen 
background counts (B) and the relative error of nitrogen counts (σS) . From Table III can be observed 
that the net signal obtained using the graphite collimator was of about 50% higher than that obtained 
using the CH2-B collimator. This result is in a general agreement with the findings of the simulations. 
However, the nitrogen background was also increased for graphite. Nevertheless, the relative error of 
measurement is lower for graphite than for CH2-B. 


 
TABLE III. NITROGEN SIGNAL CHARACTERISTICS OBTAINED USING GRAPHITE AND BORATED 
POLYETHYLENE COLLIMATORS 


Material S (counts) B (counts) σS/N (%) 
graphite 1272 ± 86 2278 ± 54 6 
CH2-B 860 ± 73 1897 ± 47 8 


 


2.3.3. Effect of collimator length 


The predicted effect of graphite collimator length for 241AmBe source is shown in Table IV. 
From this table can be observed that by decreasing SSD the total thermal neutron flux in the sample 
was increased. At a first approximation, the gain in thermal neutron flux in the sample followed the 
inverse square low. However, no significant gain in the thermal flux to dose ratio could be observed. 
Moreover, by decreasing the collimator length, the thermal flux uniformity decreased and the neutron 
flux at the detector was significantly increased.  
 
 
TABLE IV. EFFECT OF COLLIMATOR LENGTH FOR 241Am-Be 


SSD 
(cm) 


Φth,V (×106) 
(cm-2 n-1) 


U DEn (×106) 
(µSv h-1 n-1) 


DEγ (×106) 
(µSv h-1 n-1) 


Φdet (×106) 


(cm-2 n-1) 


Φth,V / DT 


(cm-2 per µSv h –1) 


61 29.0 ± 0.3 1.15 105.9 ± 5.5 1.4 ± 0.1 8.1 ± 0.1 0.27 ± 0.01 
57 32.3 ± 0.5 1.16 115.5 ± 3.6 1.6 ± 0.1 10.1 ± 0.7 0.28 ± 0.01 
53 39.2 ± 0.6 1.17 142.2 ± 5.0 1.9 ± 0.1 12.3 ± 0.8 0.27 ± 0.01 


49 44.7 ± 0.7 1.20 166.8 ± 5.0 2.2 ± 0.1 15.7 ± 0.9 0.26 ± 0.01 
45 52.3 ± 0.7 1.21 188.6 ± 5.5 2.6 ± 0.1 20.0 ± 1.2 0.27 ± 0.01 
41 62.4 ± 0.9 1.25 222.3 ± 6.8 3.2 ± 0.2 25.4 ± 1.3 0.28 ± 0.01 


 


3. EXPERIMENTAL 


3.1. Facility description 


Experiments were performed using a 185 GBq (5 Ci) 239Pu-Be source. We note that 239Pu-Be 
and 241Am-Be sources have quite a similar neutron spectrum and thus the conclusions drawn for 239Pu-
Be can be applied for 241Am-Be, as well. The source is positioned at the centre of a 40 cm in length, 20 
× 10 cm2 in area graphite collimator assembly. The sample centre is positioned at a 61 cm distance 
from the source. Source and collimator are surrounded by a 40 cm thick stack of boron-lead-doped 
paraffin and boron-doped paraffin acting as biological shield. A 10 cm thick layer of boron-doped 
polyethylene and a 5 cm thick layer of lead are positioned on top of the collimator and shielding box 
in order to protect the detectors from neutrons and gamma rays emitted either directly from the source 
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or after neutron-nuclei interactions in the facility materials. Two detectors were positioned bilaterally 
to the sample, perpendicularly to the beam axis. A 10.2 cm × 10.2 cm NaI(Tl) detector (SCIONIX) of 
7% resolution at 662 keV was used to detect the prompt-gamma rays from nitrogen (10.828 MeV) and 
hydrogen (2.223 MeV). A HPGe detector (Canberra) of 10% relative efficiency and 2 keV resolution 
at 1332 keV was used for detecting the prompt-gamma rays from chlorine (6.111 MeV). The detectors 
were shielded by additional rings of lead and borated polyethylene. Data acquisition was performed 
using GAMMAFAST PC-card (Eurisis Measures). Independent electronic chains were used for each 
of the detectors. 


3.2. Prompt-gamma ray spectra 


Fig. 3(a) shows the prompt-gamma spectrum obtained by the NaI(Tl) scintillation detector from 
a rabbit carcass (1.3 kg). For nitrogen, the high energy 10.83 MeV gamma ray emission is free of 
interference and thus the NaI(Tl) detector can separate the nitrogen peaks (full energy plus single and 
double escapes) from the lower energy gamma rays. The nitrogen signal background is dominated by 
pulse pile-up [19,6]. The hydrogen 2.223 MeV gamma ray is also measured by the NaI(Tl) detector. A 
fraction to the measured hydrogen counts originate from neutron interactions with hydrogen atoms in 
the faciity. Other significant features of the spectrum shown are a peak at 2.61 MeV from inelastic 
neutron scattering gamma rays from lead and a peak at 6.885 MeV that was attributed to thermal 
neutron capture reactions with Na and I within the crystal [20]. However, the prompt-gamma rays 
from Cl cannot be distinguished unless a high resolution germanium semiconductor detector is used. 
From Fig. 3(b), can be seen that the spectral line of chlorine at 6.111 MeV together with its single and 
double escape peaks can be clearly distinguished. Neutron induced damage should be considered for 
the use of Ge detectors in PGNAA. Nevertheless, detector shielding efficiency can be directly 
evaluated from spectral lines at 596 keV and 692 keV attributed to thermal neutron capture and 
inelastic neutron scattering events in the Ge crystal, respectively [21]. 


 


5000 5250 5500 5750 6000 6250 6500 6750 7000
0


50


100


150


200


250


300


350


400 B. HPGe


C
l(6


62
0)


C
l(5


08
9)


*


C
l(5


60
0)


*


C
l(6


11
1)


C
ou


nt
s


Energy (keV)
2000 4000 6000 8000 10000 12000


101


102


103


104


105


106


11
00


0


95
00


Pb
(2


61
0)


A. NaI(Tl)


N


68
85


H
 (2


22
3)


C
ou


nt
s


Energy (keV)
 


FIG. 3. PGNAA spectra obtained from a rabbit carcass using (a) NaI(Tl) and (b) HPGe detectors. 


 


3.3. Radiation dosimetry 


To validate the calculations the neutron and gamma ray dose rates at the centre of the field at the 
sample level were measured free in air using the microdosimetric technique. The measurements were 
performed using a single wire tissue equivalent LET counter of 1.27 cm diameter, developed at the 
University of Birmingham, U.K. [22]. The results of the dose measurements in comparison to MCNP 
predictions are shown in Table V. The gamma dose was found to be at least an order of magnitude less 
than the neutron dose. 
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TABLE V. COMPARISON OF MEASURED AND PREDICTED DOSE-RATES FOR 185 GBQ 
239PU-BE SOURCE 


SSD 
(cm) 


Dn meas. 
(µGy h-1) 


Dγ meas. 
(µGy h-1) 


Dn calc. 
(µGy h-1) 


Dγ calc. 
(µGy h-1) 


∆Dn  
(%) 


∆Dγ  
(%) 


61 70 ± 10 2 ± 0.2 58 ± 3 3.1 ± 0.1 -17 ± 15 55 ± 10 


49 110 ± 10 4 ± 0.4 92 ± 4 4.8 ± 0.2 -16 ± 13 20 ± 11 
 


3.4. Relative error of measurement per dose 


The relative error of nitrogen and chlorine measurement was determined for a rabbit carcass of 
1.3 kg weight. The total counts in the full energy, single and double escape peaks were determined for 
both elements. The relative error of measurement as a function of radiation dose to the animal for 
nitrogen and chlorine is shown in Fig. 4. It can be observed that for a radiation dose of 50 mSv the 
relative error of nitrogen and chlorine measurement was 8.5% and 3.3%, respectively. For a higher 
dose of 100 mSv it was 5.5% and 2.5%, respectively. Thus, the high sensitivity of the 6.111 MeV 
prompt-gamma ray emission allows the measurement of body chlorine in a rabbit with an adequate 
precision and for radiation dose of 50 mSv, even by using a HPGe semiconductor detector of as low as 
a 10% efficiency. However, nitrogen 10.83 MeV gamma rays require a detector of a much higher 
efficiency. MCNP simulations predicted that in order to achieve a precision of about 3% for a 50 mSv 
dose in rabbits, one would require a NaI detector of 15 cm × 15 cm size.  
 
 


 


FIG. 4. Relative error of nitrogen and chlorine measurement as a function of dose. 
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3.5. Effect of animal body size 


Since both thermal neutron flux distribution and gamma ray detection efficiency for the 
voluminous sample are sample size dependent, an appropriate sample size correction factor was 
experimentally determined. Cylindrical bottle phantoms matching the size of the animals to be studied 
(volume range 125 cm3 to 1000 cm3) containing known concentrations of nitric and hydrochloric acid 
solutions were used. Fig. 5 shows the normalized nitrogen and chlorine signal per unit mass obtained 
as a function of the sample volume. A plateau value is observed for samples of volume greater than 
i.e. 800 cm3. This value represents a transient equilibrium between the number of neutrons that are 
slowed down to thermal energies and those lost either by thermal neutron capture or leakage. For 
smaller sample volumes the peak thermal neutron flux is not achieved. For larger samples, a drop from 
the plateau value is expected since fast neutron attenuation with depth and gamma ray self-absorption 
will become dominant. Moreover, the difference observed between the nitrogen and chlorine curves 
can be explained by the difference in detectors efficiency and gamma ray self-attenuation within the 
sample material for 10.828 and 6.111 MeV gamma rays, respectively. 
 


 
FIG. 5. Normalized nitrogen and chlorine counts detected per unit mass as a function of sample volume (Note: Eye catching 
lines). 
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can be explained by the difference in detectors efficiency and gamma ray self-attenuation within the 
sample material for 10.828 and 6.111 MeV gamma rays, respectively. 


4. GENERAL DISCUSSION AND CONCLUSIONS 
 


 


FIG. 5. Normalized nitrogen and chlorine counts detected per unit mass as a function of sample volume (note: eye catching 
lines). 


 


The design, calibration, radiation dosimetry and preliminary performance evaluation of a 
PGNAA facility for in vivo body composition studies in small animals (of mass 0.5 to 2 kg) were 
discussed. System design was based on optimization of the thermal neutron flux to dose ratio, while 
retaining the uniformity of thermal neutron flux in the animal body. Protection of the gamma ray 
detectors was also considered. The relative merits of 241Am-Be and 252Cf sources were studied for 
collimator configurations composed of beryllium, heavy water, graphite, polyethylene and borated 
polyethylene. Although the results of the study, in agreement with previous works, showed that 252Cf 
has an advantage of a 40% higher thermal neutron flux to dose ratio, (α, n) type sources presented a 
better flux uniformity and are cost effective in the long term because of their long half-lives.  


A PGNAA facility using a 185 GBq Pu-Be source was constructed and the properties of 
graphite and borated polyethylene as collimator materials were examined. The relative error of 
nitrogen measurement was lower for the graphite collimator despite an increase to the nitrogen region 
background counts, due to collimator scattered neutrons that are incident on the detector. Thus, a 
combination of 241Am-Be source and graphite collimator was finally chosen. A similar design 
principle has been applied in an in vivo human PGNAA facility [24]. Further improvements in the 
thermal flux distribution could be achieved by the use of beam pre-moderator and/or a graphite 
reflector surrounding the sample [18] or bilateral irradiation of the animal. The effect of pre-moderator 
and reflector  on the thermal neutron flux distribution in small animals will be examined in a future 
study.  


The relative error of nitrogen (10.828 MeV) and chlorine (6.111 MeV) measurements in a rabbit 
carcass (1.3 kg) were 8 % and 3 %, respectively, for 50 mSv radiation dose. Size matched bottle 
phantoms containing known amounts of nitrogen and chlorine will be used as measurement standards. 
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The data from the present study assisted to the refinement of the design of a small animal 
PGNAA facility using a 555 GBq 241Am-Be source. The system will be used to perform serial 
nutritional and metabolic studies in sets of small experimental animals under controlled conditions for 
a low radiation dose. Small animal body nitrogen and chlorine will be measured by PGNAA. 
Moreover, animal body potassium will be measured independently by means of detecting the 1.46 
MeV 40K gamma rays using an animal gamma counter. Thus, in vivo analysis of the major body 
compartments of protein, extra-cellular and intra-cellular space will be performed. 
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Abstract 


The utilization of X ray fluorescence technique for the determination of trace element concentrations in 
environmental and biological samples is presented. The analytical methods used include energy dispersive X ray 
fluorescence with polarizing secondary targets, total reflection X ray fluorescence, direct in situ X ray 
fluorescence, and microbeam X ray fluorescence spectrometry. These methods were applied to analysis of 
different samples including soil, water, plant material, and airborne particulate matter collected on polycarbonate 
filters. The performance and achieved detection limits of elements for different techniques, established by 
measuring appropriate reference standards, are presented. Also described, is the utilization of the microbeam 
X ray fluorescence technique for studying element distribution in heterogeneous samples and investigating the 
2D and 3D morphology of minute samples by means of computerized X ray absorption and X ray fluorescence 
tomography. The different X ray techniques have their unique advantages. The microbeam X ray fluorescence 
set-up has an advantage of producing very well collimated primary X ray beam (about 15 µm in diameter), in 
front of which the analysed sample can be precisely positioned, providing local information about the sample 
composition. The energy dispersive X ray fluorescence with secondary targets offers rapid analysis of broad 
range of elements (Na–U) combined with simple sample preparation method. Total reflection X ray fluorescence 
technique, characterized by the lowest detection limits of elements, has its leading edge in analysis of liquid 
samples, and dealing with particle size effects in air particulates collected on filter papers. In situ X ray 
fluorescence spectrometers are truly portable and enable on the spot, in field analysis. It is shown that the 
combination of several XRF methods allows for a better characterization of a variety of materials, e.g. solids, 
liquids, and minute heterogeneous samples. 


1. INTRODUCTION 


Environmental pollution effects emanating from natural or anthropogenic sources manifest 
eventually in the atmospheric, aquatic, and terrestrial media. Hence, for a holistic approach to 
environmental pollution studies, a wide range of representative samples need to be analysed in 
sufficient quantities over a broad scope of parameters. This will involve the measurement of large 
quantities of different kinds of samples. Adequate information has to be generated at the pollution 
monitoring level, in order to comprehensively characterize the pollutants being monitored. Such 
information will enable pollution pathways to be established and also serve as input for effective 
pollution management and control. It may also be necessary, at times, to be able to keep custody of the 
analysed samples due to legal or other reasons. The above situation and conditions impose the 
requirements for a fast, non-destructive, and simultaneous multi-elemental method of analysis. Energy 
dispersive X ray fluorescence spectrometry and related techniques meet these requirements, and have 
some unique advantages.  


In the last 20 years the energy dispersive X ray fluorescence (EDXRF) spectrometry has been 
developed intensively. Recently, the advances made in semiconductor detectors, in digital signal 
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processing and in computer-controlled data acquisition systems have widened the applicability of the 
technique allowing construction of low cost, desktop size spectrometers capable of reliable and fast 
determination of elements concentrations in different kinds of matrices [1,2]. The main advantages of 
the EDXRF technique over other methods of elemental analysis are its multielemental capacity, simple 
or well established sample preparation methods and good detection limits of elements. Also important 
are low maintenance costs allowing the EDXRF technique to be employed in many low budget 
laboratories through the world. It is relatively easy, by utilizing standard components available on the 
market, to assemble a stand-alone, laboratory X ray spectrometer. The IAEA, through various 
technical cooperation projects, supports local XRF laboratories, providing analytical software and 
assistance in the maintenance of the spectrometric equipment. The Agency is also involved in 
professional training of laboratory staff. For supporting these activities the IAEA has established an 
XRF laboratory, which is a part of the IAEA Laboratories, Seibersdorf, Austria. 


 


TABLE I. SAMPLES AND SPECTROMETRIC TECHNIQUES USED 


Technique 


Sample 
EDXRF 


sec.target TXRF PXRF µXRF µCT 


BIOLOGICAL 
MATRIX      


Rice      
Lichen      


Human bone      


ENVIRONMENTAL 
MATRICES 


     


Soil      
Sediments      


Air aerosols      
Uranium contaminated 


soil      


Tap water      
 


All the experimental work has been carried out and the results were obtained at the IAEA XRF 
Laboratory. The Laboratory is equipped with a commercial XRF system taking most of the routine 
analytical work, and several in-house designed EDXRF spectrometers. The configuration of the in-
house designed spectrometers can easily be adapted making them very suitable for training the 
Agency’s fellows, validating new analytical approaches, and for analysis of “difficult” samples, which 
due to different reasons cannot be analysed with the commercial system[3–6]. The analytical 
techniques available include conventional EDXRF with secondary targets, total reflection X ray 
fluorescence (TXRF), microbeam XRF (µXRF), and radioisotope based direct in situ portable XRF 
(PXRF) spectrometry. The µXRF spectrometer is also utilized to perform X ray computerized 
tomographic (µCT) imaging. Using these techniques, determination of hazardous and essential trace 
elements in environmental and biological samples and characterization of heterogeneous samples has 
been carried out. In Table I an overview the samples analysed and techniques used is shown. In 
addition the results of analysis of several reference materials will be also presented. 


2. EXPERIMENTAL 


The XRF analyses have been performed utilizing several XRF methods and spectrometers. 
Depending on the spectrometer used, the analysed samples were prepared as pressed pellets, 
particulate deposits on polycarbonate filters (EDXRF), liquids – after chemical decomposition in a 
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microwave acid digestion system (TXRF) or filtered deposits following chemical pre-concentration 
procedure (EDXRF and TXRF), loose powders (PXRF), individual grains deposited on Mylar foil 
(µXRF), and minute samples mounted individually (µCT). The spectrometers’ configuration and 
measuring conditions were as described below. 


2.1. Spectrometers and measuring conditions 


EDXRF spectrometers with sec. targets: two such spectrometers were used. The first system, a 
commercial apparatus, consisted of Pd-anode X ray tube (300 W), five secondary targets (Al2O3, Co, 
Mo, Pd, HOPG), Si(Li) detector (FWHM of 150eV at 5.9 keV, 20 mm2 active area, 8 µm Be 
window). The measurements were carried in vacuum, the analysis time per sample was 1800 s (overall 
real time of measurements with all five sec. targets) and the tube HV settings, depending on the 
secondary target, were the following: 52.5 kV/Al2O3, 30 kV/Co, 30 kV/Mo, 44 kV/Pd, and 15 
kV/HOPG. The analysis was controlled by a PC data acquisition system. The analysed samples were 
prepared in the form of pressed pellets with the diameter equal to 32 mm. The quantitative analysis 
procedure used in the commercial spectrometer was based on backscatter fundamental parameter 
approach [1]. For the purpose of a direct analysis of air aerosols deposited on polycarbonate filters an 
in-house built EDXRF sec. target spectrometer has been used. The spectrometer consisted of Mo-
anode X ray tube (3000 W), Mo secondary target, Si(Li) detector (FWHM of 170 eV at 5.9 keV, 30 
mm2 active area, 8 µm Be window) with accompanying NIM electronics connected to a PC-based 
multichannel analyser (MCA) system. The measurements were carried out in vacuum for 10000 s per 
sample. The tube operating conditions were 45 kV/40 mA. 


TXRF spectrometer: a system designed an assembled at the IAEA Laboratories (see Fig. 1). The 
spectrometer consists of a TXRF vacuum chamber attached to a Mo-anode X ray tube (3000 W). The 
chamber was equipped with motorized cut-off reflector and motorized sample stage allowing for 
remote adjustments of the glazing angle. A detailed description of the TXRF chamber can be found 
elsewhere [3]. The X ray spectra were collected by Si(Li) detector with FWHM = 170 eV at 5.9 keV, 
30 mm2 active area, 8 µm Be window. The critical angle adjustment and data acquisition was carried 
out under control of a PC running SPECTOR software [7]. The X ray tube was operated at 45 kV/40 
mA and the measuring time varied between 100 – 500 s per sample. 


 


 
 


FIG. 1. TXRF spectrometer. 


For the purpose of cadmium determination in tap water samples the cut-off reflector was 
removed. It was replaced by the sample carrier. Bringing the sample carrier closer to the X ray tube 
allowed efficient excitation of Cd-Kα line. 
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FIG. 2. Portable, battery operated XRF spectrometer during direct in situ element determination in surface soil. A cross-
section view of the measuring head is also shown. 


 


PXRF spectrometer: radioisotope-based portable spectrometer designed and assembled at the 
IAEA Laboratories (see Fig. 2). The spectrometer can be applied directly to the soil surface and it can 
also be used to analyse loose powder samples loaded in plastic sample cups. Up to three sources (55Fe, 
109Cd, and 241Am) can be installed in a revolving wheel for consecutive sample excitation. The results 
presented in this paper were obtained by using a 109Cd radioisotope source of the activity equal to 925 
MBq (February 2002) for exciting the X ray fluorescence radiation. The X ray spectra were collected 
by Si-PIN photodiode detector supplied from battery operated integrated power supply/amplifier 
attached to battery operated MCA. Data acquisition was controlled by a palmtop computer. The 
spectrometer performance has been validated by analysing a broad spectrum of reference materials in 
the form of loose powders and by carrying out in situ element determination in surface soil. 


µXRF/µCT spectrometer: a microbeam scanning spectrometer system [8]. The spectrometer 
consists of a high power X ray tube fitted with capillary optics (single tapered glass capillary or 
polycapillary lens) producing very fine collimated beam of X rays. The minimum diagonal dimension 
of the beam spot, FWHM–as measured on the sample surface, is equal to about 12 µm. Different 
anode tubes can be easily installed allowing optimization of excitation conditions. The sample is 
mounted in front of the beam on a motorized sample stage. The stage has four degrees of freedom–
three translation and one rotation axis. The precision of positioning the sample is about 1-2 µm. The 
system is equipped in two X ray detectors, the Si(Li) detector (FWHM = 160 eV at 5.9 keV, 80 mm2, 
8 µm Be window) and thermoelectrically cooled, silicon drift (SD) detector (FWHM = 170 eV at 5.9 
keV, 2 mm2, 8 µm Be window). The scanning and the data acquisition is controlled by PC running 
SPECTOR software. The advantageous feature of this system, as compared to other X ray tube based 
microbeam spectrometers, are its two detectors, which can be operated simultaneously. The Si(Li) 
detector collects the X ray fluorescence spectra of the sample and the SD detector, operated at 0.25 µm 
peak shaping time, measures the direct beam transmitted through the analysed sample. Coupled to a 
gated integrator amplifier and fast ADC (Wilkinson type – 500 MHz) the SD detector can be operated 
at 105 cps output counting rate. The system has been used for examining the presence of U-rich 
particles in a contaminated soil dust sample and for obtaining 3D µCT images of an osteoporotic bone 
fragment. A top-view picture of the microbeam spectrometer is shown in Fig. 3. 
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FIG. 3. Microbeam XRF/CT spectrometer. 


2.2. Sample preparation 


The samples were prepared in various ways depending on the sample type, available amount, 
and the spectrometer selected to carry out the analysis[9, 10]. Table II summarizes the procedures used 
for sample preparation. 


Biological samples: the biological matrices analysed included rice, lichen, and bone fragment. 
The rice seeds were grinded to a fine powder, and then taking 7 g portions, pellets of 32 mm were 
pressed. Separate sub-samples were taken for estimating “constant dry-mass” of the analysed material. 
The rice samples were analysed by EDXRF sec. target method and the commercial spectrometer.The 
lichen samples, a proficiency test material, were obtained in powdered form. They were pelletized 
following the procedure as described for rice samples (excluding grinding step) and analysed by 
EDXRF sec. target method. Simultaneously, a 500 mg portions were put into PTFE vessels and 
underwent closed acid digestion, with a mixture of nitric acid and hydrogen peroxide, in a microwave 
system. After digestion the samples were spiked with internal standard solution, pipetted onto quartz 
sample carriers, dried on a hot plate and measured in TXRF spectrometer. 


The fragment of an osteoporotic human bone has been prepared to perform 3D µCT imaging of 
the bone structure. The bone fragment has been liophilized. A sub-section of the bone was cut-out 
using a diamond rotary saw. The bone was mounted on 0.5 mm graphite holder and then it underwent 
CT scanning procedure in the microbeam spectrometer. 


Environmental samples: the environmental samples included soil, sediment, tap water, air 
aerosols, and uranium contaminated soil dust. 


The soil and sediments samples were prepared in the form of pellets by pressing the powdered 
homogenous material into a thick pellet directly or after addition of a binder in the form of boric acid 
or cellulose. Then, the samples were measured in the commercial EDXRF sec. target spectrometer. 


The samples analysed with PXRF spectrometer were in the form of loose powders and a local, 
Seibersdorf surface soil was analysed directly in situ. 
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A chemical pre-concentration procedure was combined with TXRF for the determination of Cd, 
Cr (III), Cr (VI), As (III), and As (V) in tap water. For cadmium determination a chelating agent (1% 
water solution of APDC) was added to the tap water following co-precipitation of the organometallic 
complexes with Ag as a carrier at pH equal to 4 (adjusted with nitric acid). The precipitate was 
collected on the Millipore filter of 0.22 µm pore size and dried in a vacuum chamber. In the next step 
1 mL of nitric acid, spiked with Ga internal standard, was poured through the filter. From the filtrate 
0.5 – 1 µL aliquots were pipetted on to a quartz sample carriers and dried on a hot plate. The dried 
residue was measured in TXRF spectrometer. Pre-concentration of Cr (III) and Cr (VI) was carried out 
by co-precipitation with cobalt-APDC at two different pH values: 9 and 4, respectively. Aqueous 
ammonia and nitric acid used for adjusting appropriate pH levels. After drying, 1 mL of nitric acid 
was poured through the filters and microlitre aliquots of the filtrate were pipetted on to quartz sample 
carriers, dried and analysed. For the determination of As (III) complexation with APDC and co-
precipitation using silver as a carrier element, at pH = 2, was applied. Hydrochloric acid solution 
(HCl) or aqueous ammonia (NH4OH) were used to adjust the pH value. For determination of As (V) 
the precipitation was preceded by reduction of the As (V) to As (III) by using potassium iodide and 
ascorbic acid solutions. The precipitate was filtered, poured with nitric acid. From the filtrate the 
samples were prepared and measured in TXRF spectrometer in similar way as described for the other 
species. 


Air aerosol samples were analysed firstly without any preparation in the in-house designed 
EDXRF sec. target spectrometer. After EDXRF analysis the filters were digested in a closed 
microwave system and spiked with cobalt internal standard solution. From the spiked solution 2 µL 
aliquots were pipetted onto quartz sample carriers and measured in TXRF spectrometer. 


Uranium contaminated soil dust particles were fixed on the surface of a 2.5 µm thick Mylar foil 
mounted in a plastic frame. The diameter of the particulate mater deposit was equal to about 1 cm. The 
sample was mounted in the µXRF spectrometer and a pre-scan was made covering 5 mm × 5 mm 
deposit area (51 pixels × 51 pixels). The measuring time per pixel was set to 1 s and 0.3 s for Si(Li) 
and SD detector, respectively. By examining the transmission and fluorescence signals a sub-area 
(1.5 mm × 2.5 mm) containing heavy, U-rich particles was selected and scanned using higher 
resolution (251 pixels × 251 pixels) and longer measuring times (5 s per pixel for fluorescence and 2 s 
per pixel for transmission signal). 
 
TABLE II. SAMPLES AND METHODS OF SAMPLE PREPARATION [9, 10] 


Preparation 
method 


 
Sample 


Not at all 
(PXRF, EDXRF) 


Little 
(PXRF, µXRF, 


µCT) 


Pelletizing 
(EDXRF) 


Digestion 
(TXRF) 


Preconcen-
tration 


(TXRF) 


BIOLOGICAL MATRICES 
Rice   Pellet, no binder Closed acid digestion  


Lichen   Pellet, no binder Closed acid digestion  


Human bone  Liophilization    


ENVIRONMENTAL MATRICES 
Soil Direct in situ Loose powder Pellet, no binder   


Sediments   Pellet, with and 
without binder   


Air aerosols Direct on filter   Closed acid digestion  
Uranium 


contaminated soil  Deposition on foil    


Tap water     
Co-
precipita-
tion 
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3. RESULTS 


Twenty rice samples, including two commercially available rice products, were analysed by 
EDXRF secondary target technique. The following elements were determined: P, K, Ca, Mn, Fe, Zn, 
Br, and Rb. The variability of the element concentrations in the analysed rice samples is shown in 
Fig. 4. 


 


 
 


FIG. 4. Variability of element concentrations in the rice samples. The down pointing arrow indicate that in part of the 
samples the bromine concentration was below detection limit. 


The lichen samples were analysed by EDXRF sec. target and by TXRF techniques. For each 
technique different sample preparation method was applied. Concentrations of the following elements 
were determined: V, Mn, Fe, Cu, Zn, Sr, Ba, and Pb. Vanadium and barium were determined only by 
EDXRF method. The comparison of the results obtained by both techniques is presented in Fig. 5. 


 
 


FIG. 5. Correlation between the element concentrations in lichen samples determined by EDXRF sec. target and TXRF 
techniques. 
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In order to validate the analytical procedures applied for rice and lichen analysis, two control 
materials were analysed and the results compared with certified values. The control samples were 
prepared from the IAEA-H-10 Hay Powder and IAEA-336 Lichen reference materials. The obtained 
results are presented in Fig. 6. 


 
 


FIG. 6. Correlation between the determined and given concentrations of elements. The results of analysis performed by 
EDXRF sec. target and TXRF techniques. 


The commercial EDXRF sec. target spectrometer has also been employed to determine major, 
minor and trace elements in soil, marine and glacier sediments. The concentrations of the following 
elements were determined: Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, 
Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs, I, Ba, La, Ce, Pb, Th, U. The performance of the EDXRF sec. 
target spectrometer was examined by analysing several environmental and geological reference 
materials. The correlation between the determined and given concentrations is presented in Fig. 7. The 
results in this figure were obtained from measurements of IAEA-Soil-7, CERAMIC-1 SARM69 
reference materials, and a proficiency test sample: penrhyn slate. 


 


FIG. 7. Correlation between given and determined concentrations of elements based on the measurement of three control 
samples, IAEA-Soil-7 RM, CERAMIC-1 SARM 69 RM, and Penrhyn Slate proficiency test sample. The analyses were 
performed by using EDXRF sec. target spectrometer. 
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The PXRF spectrometer was also used for element determination in environmental samples. 
The results of validation of the spectrometer performance are shown in Fig. 8. 


 
 


FIG. 8. Correlation between the given and determined concentration of elements obtained from the analysis of loose powder 
samples prepared from reference materials and measured by PXRF spectrometer. 


The PXRF spectrometer has also been applied for direct in situ element determination in surface 
soil. Following the in situ measurements the soil samples were taken to the laboratory and the analysis 
has been repeated after processing the soil material. The results of this exercise are shown in Fig 9. 


 
 


FIG. 9. Comparison of the results obtained during direct in situ determination and after processing the sample in the 
laboratory. The analyses performed with the use of PXRF spectrometer. 


The air aerosols deposited on polycarbonate filters have been analysed by using EDXRF sec. 
target and TXRF techniques. In Fig. 10 the X ray fluorescence spectra of the two aerosol particle 
fractions, obtained with EDXRF sec. target and TXRF spectrometer, are shown. 
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FIG. 10. The X ray spectra of air aerosol samples obtained with EDXRF sec. target (direct analysis) and TXRF (after 
digesting the samples) spectrometers. 


A comparison of the results of the element determination in the air aerosols is presented in 
Fig. 11. 
 


 
FIG. 11. Element concentrations in air obtained by TXRF and EDXRF sec. target techniques. The air aerosols were collected 
in dichotomous air sampler. 


The determination of elements in air aerosols deposited on polycarbonate filters has been 
validated by analysis of a NIST SRM 2783 Air Particulate on Filter Media. The reference material was 
analysed directly by EDXRF sec. target technique. The correlation between given and the determined 
element loadings is presented in Fig. 12. 
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FIG. 12. Correlation between given and determined element loadings on NIST SRM 2783 Air particulate on Filter Media. 
The analysis was performed with EDXRF sec. target spectrometer. 


The chemical pre-concentration method for the determination of Cd, Cr (III), Cr (VI), As (III), 
and As (V) was followed by TXRF analysis of the obtained filtrate samples. The recovery of the pre-
concentration procedure was investigated. The obtained results are shown in Fig. 13. 
 
 


 
 


FIG. 13. Results of speciation analysis of tap water samples containing know additions of Cr(III), Cr(VI), As(III), As(V), and 
Cd species. The analyses were performed with TXRF technique.  


The µXRF technique has been applied for identification of U-rich particles in contaminated soil 
dust. The results of an area scan (2.5 mm × 1.5 mm/251 steps × 251 steps; step size: dx = 10 µm, dy = 
6 µm; measuring time per pixel: t = 5 s for fluorescence signal, t = 2 s for transmission signal live 
time) are presented. The obtained maps of element distributions, showing U-rich and also other types 
of particles, are shown in Fig. 14. 
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FIG. 14. Distribution of particles, shown by the Mo-kα transmission signal, and identified U-rich/As-rich, K-rich, Fe-rich, 
and Ca-rich particles identified by their X ray fluorescence spectra. 
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FIG. 15. X ray spectra of the identified particle types in the uranium contaminated soil dust. 


 By examining Figs. 14 and 15 a clear coincidence between U and As was observed. The 
correlation between uranium and arsenic is clearly seen on an RGB-image presented in Fig. 16. 


 


 
 


FIG. 16. Distribution of U (red) As (green) and Ca (blue) presented as an RGB-image. The yellow colour is due to 
coincidence of U and As signals. 
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The µXRF system was also used to perform µCT 3D-imaging of the porous structure of an 
osteoporotic bone fragment. The CT scan was performed (64 2D projections, every 2D projection 
contained 64×64 rays). A filtered back projection algorithm was used to reconstruct the cross-section 
images of the bone and then volumetric rendering was applied to obtain 3D reconstruction of the bone 
fragment. The reconstructed bone structure is shown in Fig. 17. 


 


 
 


FIG. 17. Tomographic reconstruction of an osteoporotic bone fragment. 


4. CONCLUSIONS 


Using the different kinds of XRF spectrometers available at the XRF laboratory, the Agency’s 
Seibersdorf Laboratories, it has been shown that elements ranging from Na – U can be analysed with 
little or no sample preparation. The biological samples analysed included rice, lichen, and osteoporotic 
human bone. The different X ray spectrometric techniques enabled the determination of essential trace 
elements such as Fe and Zn in the rice samples, and caring out a 3D visualization of the bone 
structure. Analysis of the environmental samples of soil, sediments, air aerosols, uranium 
contaminated soil, and drinking water also exhibited the capabilities of the XRF techniques for 
determination of major, minor and trace elements. The concentration of the following elements were 
determined: Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Nb, 
Mo, Cd, Sn, Sb, Cs, I, Ba, La, Ce, Pb, Th, and U. The µXRF analysis additionally enabled the 
identification of particle types (K-, Fe-, Ca-,As-, and U-rich particles) in the uranium contaminated 
soil dust. In order to validate the quantitative methods used, the following biological and 
environmental Reference Materials were also analysed: IAEA-H-10 hay powder, IAEA-336 lichen, 
IAEA-Soil-7, Perhyn Slate (a proficiency test sample), CERAMIC-1 SARM69, and NIST SRM 2783 
Air Particulate on Filter Media. The correlation between the determined and given concentration of 
elements was found to be satisfactory for the reference materials analysed, with correlation factors 
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within the range 0.996–1.07. Hence, assess to different types of XRF spectrometers allows 
comprehensive analysis of both bulk and particulate samples, and the availability of a truly portable 
XRF spectrometer enables on-the-spot analysis and decisions to be taken in the field. 


The presented results of analysis and applications of XRF and related techniques show that X 
ray spectrometric methods can handle many analytical problems. The XRF methods have been 
successfully applied in the analysis of biological and environmental samples. The measurements have 
been performed by using commercial as well as in-house designed and assembled X ray 
spectrometers. The commercial system was found very efficient in analysing large sample batches 
whereas the non-commercial spectrometers were more suitable for the analysis of “difficult” samples 
or where a special measuring configuration was required. The unique features of the µXRF system 
make it very useful in forensic studies but also well suited for investigating environmental pollution. 
Moreover, without any additional effort, except adapting the controlling software, such system can be 
used in tomographic mode giving unique opportunity in morphology, porosity study and other fields 
where 3D visualisation of the structure of minute objects may be of importance. 
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SUMMARY 


The IAEA has been supporting nuclear and isotopic analytical techniques as part of its mandate 
to foster the peaceful uses of nuclear energy for many years. Nuclear analytical laboratories have been 
installed and upgraded through technical co-operation assistance in many laboratories of Member 
States. These techniques, including INAA, CRF, PIXE, stable isotopes and radioisotopes, α, β, γ 
spectrometry, Mössbauer spectrometry, etc., have been applied to a wide range of subjects with 
varying success. Nuclear analytical techniques, featuring some intrinsic quality control aspects, such 
as multi-nuclide analysis, frequently serve as ‘reference methods’ to crosscheck critical results. As 
nuclear properties of elements are targeted, matrix problems seem to be negligible. 


In light of its continued commitment and support, the IAEA organized the International 
Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment. Out of 220 
from 61 countries who applied for participation, 155 official participants and five observers from 47 
countries were in attendance, with 67 from 32 developing countries and 21 from international 
organizations, including the World Health Organization. 


Eleven plenary sessions were held. Also conducted was a panel discussion on Human Capacity 
Development Needs in the Areas of Analytical Quality Control Services (AQCS), Radiochemistry and 
Nutrition. The scientific sessions were divided into several topics, which reflect some of the important 
activities of the IAEA’s Department of Nuclear Sciences and Applications (NA): 


– Isotopic and nuclear techniques (general) 
– Metrology and quality assurance in nuclear measurements 
– Nuclear analytical techniques for environmental monitoring 
– Radioecology 
– Environmental monitoring 
– Radiological safety of food and water 
– Methodological aspects of stable isotope techniques in health and environment 
– Applications of isotopic techniques in health and environment 
– New developments in nuclear analytical and radiochemical techniques 
– Marine environment and radioecology.  


The Divisions of Human Health, Physical and Chemical Sciences, and Agency's Laboratories, 
Seibersdorf under NA Department were responsible for organizing the Conference. 


The participants appreciated holding an international Conference with such broad scope and 
presented a number of conclusions and recommendations: 


1. The participants acknowledged the continuous support by the IAEA through its Technical 
Co-operation (TC) and NA Departments for the introduction, maintenance and development of 
nuclear applications in Member States. They recommended continuing the support with special 
emphasis on improving quality of results and on training and education of young researchers in 
nuclear techniques. 


2. Support to Member States in adopting international quality standards through the IAEA’s TC 
projects is particularly valuable in enhancing economic competitiveness and in harmonizing 
analytical information. It was recommended that the IAEA continue these efforts to allow more 
laboratories to participate in similar QA/QC projects. 


3. In view of the broad range of useful applications of nuclear techniques, reflected at this 
Conference, the participants recommended to the IAEA reinforcement in the promotion of 
nuclear applications. 







 


 


4. Beneficial applications in health, environment, research and development, industrial 
applications, etc. could be strongly advertised to enhance public acceptance of nuclear 
programmes. 


5. Capacity development should be in the core of IAEA’s activities in human health, environment, 
radiochemistry and nuclear chemistry. Particularly support for students should be considered as 
a means to invest in a sustainable future. 


6. The participants proposed that this type of conference be repeated every three to four years. 
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Abstract 


A comprehensive study for the assessment of natural radionuclides (40K, 238U, 226Ra, 228Ra, and 232Th) in 
Pakistani food items (fruits, seasonal vegetables, beef, mutton, poultry meat and eggs) and drinks samples (milk, 
tap water and soft drinks) was carried out in Pakistan using HPGe based high resolution gamma spectrometry. 
All the food items and drink samples showed detectable 40K activity, however, most of the other natural 
radionuclides in solid food were found to have contents below the minimum detectable activity (MDA). The 
range of 40K activity was found to be 0.02 to 110.5 Bq kg-1 for solid food and drink samples. The cumulative 
average value of 238U, 226Ra, 228Ra and 232Th were found to be 0.07, 0.03, 0.06 and 0.06 Bq kg-1 in fruits, 
vegetables, meat and egg samples respectively. In all milk and water based drinks the respective measured 
values of the mean activity of 238U, 226Ra, 228Ra and 232Th were 0.16, 0.06, 0.07 and 0.05 Bq kg-1. The annual 
ingestion/intakes of 40K 238U, 226Ra, 228Ra and 232Th were found to be only 0.06%, 0.007%, 0.02%, 0.03% and 
0.05% of the Annual Limits on Intakes (ALIs) of these radionuclides as specified by IAEA, which shows that 
their contribution in Pakistani diet does not pose any significant radiological health problem.  


 


1. INTRODUCTION 


Radionuclides have been essential constituents of the earth since its creation and the earth’s 
interior is still being heated by the decay of long lived isotopes of U, Th and K [1]. Man’s exposure to 
these naturally occurring radionuclides is, and has been, an unavoidable consequence of their presence 
in the earth’s crust, surface, soil, air, food and water [2–4]. 


Radionuclides present in the environment are normally found in low concentrations. These may 
be naturally occurring (e.g. uranium, thorium and their daughters and potassium-40 or those produced 
by cosmic ray interaction in the biosphere) or from man-made sources (e.g. originating from nuclear 
fallouts or emanating from nuclear facilities) [5]. 


Contamination of vegetables and other food crops occur mainly by direct contact with 
contaminated air or by uptake of radionuclides from the soil by root system. During uptake by roots 
only a small part of the radionuclides are transported to plants. Food products from animal origin, such 
as milk, meat, eggs and honey, will contain radionuclides when the producing animals have taken up 
these radionuclides from our ecosystem in some way or another. Like all products drinking water also 
contains small quantities of natural radioactivity  


The present study was undertaken within a framework of our countrywide radiological 
environmental monitoring programme with the collaboration of other research institutes of the 
country. The main objective of this programme is to assess the type and amount of natural and fallout 
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radioactivity levels in environmental samples and food items. Radiological environmental monitoring 
survey for some specific areas of Pakistan has already been accomplished and the results are published 
elsewhere [6–14]. 


In the present work a comprehensive study has been carried out for the assessment of the 
contents of natural radionuclides (40K, 238U, 226Ra, 228Ra and 232Th) and their ingestion via food items 
(fruits, seasonal vegetables, beef, mutton, poultry meat and eggs) and drinks samples (milk, tap water 
and soft drinks) using high resolution gamma spectrometry.  


2. EXPERIMENTAL 


2.1. Collection of samples  


In the present study about 150 samples of different fruits, seasonal vegetables, beef, mutton, 
poultry meat, eggs, milk, tap water and soft drinks were collected from six highly populated areas of 
the Northwest province of Pakistan. Fruits and vegetables were mostly collected from fruit markets, 
however, some samples were also collected by field survey. Beef and mutton samples were collected 
from different slaughterhouses and butcher shops, while poultry meat and eggs were obtained from 
various poultry farms. The milk samples were collected from different dairy farms and soft drinks 
were obtained from retailers and wholesalers in the local markets. Drinking water samples were also 
collected from various modes of water supplies. These include the tube wells of the district 
municipalities and divisional corporations as well as the manual wells and hand pumps. 


2.2. Pre-treatment of samples 


The Fruits and seasonal vegetables were peeled after washing and the edible parts were cut into 
small pieces. Drying and ashing was then performed in an oven and furnace at about 110°C and 400°C, 
respectively. Beef, mutton and poultry meat samples were de-boned while egg samples were cracked 
and separated into three parts, shells, albumins (white) and yolk. Drying and ashing in each case were 
performed separately. Milk samples were first evaporated at below boiling point and the semi solid 
masses were dried in an oven and ashed in a furnace. In case of drinks, evaporation of the samples 
from 10 l to 500 ml concentrate was carried out on a hot plate. Temperature for evaporation was kept 
below their boiling points. All these samples were then transferred and hermetically sealed in air-tight 
containers and stored for over 30 days to allow for Ra-Rn equilibrium before radiometric analysis. 


2.3. Radiometric measurement 


Radiometric measurements were performed with an HPGe gamma-ray spectrometer. The 
resolution of the spectrometer was 2.23 keV at 1332 gamma rays of 60Co. A PC based MCA, using 
APTEC (Canada) software, was used to collect and analyse the gamma-ray spectra. The samples were 
counted for 80,000 seconds. Background was also measured for the same period of time. 


The main contributors to radiological implications are the members of 238U and 232Th decay 
series and 40K. Therefore, the emphasis was on the determination of specific activity of 40K, 238U, 
226Ra, 228Ra and 232Th. The content of 40K was determined by measuring its single peak, 1460.8 keV 
(10.67), however, the analysis of 226Ra and 232Th depended upon the peaks of the decayed products in 
equilibrium with their parent nuclides. The concentration of 238U was determined using the 63 keV 
gamma-ray photo peak resulting from the two beta decays of 234Th to 234Pa and then to 234U. The 
content of 226Ra was measured using gamma-rays of 295.21 keV (19.20) 214Pb, 351.92 keV (35.10) 


214Pb and 609.32 keV (44.60) 214Bi. The activity of 228Ra was measured from the average values of 
228Ac (911keV and 969 keV). The contents of 232Th were determined using 238.63 keV (43.50) 212Pb, 
583.19 keV (30.58) 208Tl, 911.16 keV (26.60) 228Ac and 968.97 keV (16.23) 228Ac. 
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3. RESULTS AND DISCUSSION 


A total of 150 samples of different fruits, seasonal vegetables, beef, mutton, poultry meat, eggs, 
milk, tap water and soft drinks were analysed in the present study. The vegetables were included 
turnips, potatoes, tomatoes, onion, brinjal, spinach, cauliflower, pumpkin, carrot, radish, cabbage, 
peas, cucumber, ladyfinger, beat and pepper while apple, banana, melon and mangoes were included 
in fruit samples. The ranges of the measured values of the specific activities of gamma emitting 
radionuclides (40K, 238U, 226Ra, 228Ra, and 232Th) in these solid foods and drinks are given in Table I. It 
can be seen from the table that 40K content in all the foods and drinks are higher than other natural 
radionuclides. The range of 40K activity was found to be 0.02 to 110.5 Bq kg-1 for solid food and drink 
samples. The “less than” sign (<) in the Table I with, 238U, 226Ra, 228Ra and 232Th activities indicate that 
some of the samples have radioactivities below the minimum detectable activity (MDA). 


Table 2 shows the weighted means and estimated values of these radionuclides. It can be seen in 
the table that the weighted mean values of 40K are followed by standard deviation, while the estimated 
values of 238U, 226Ra, 228Ra and 232Th are not because their radioactivities were less than MDA. An 
estimated value (in the presence of < maximum detected values, see Table I) is normally calculated by 
taking the average of the “weighted mean of the detectable data and the mean MDA value of the 
undetectable data”[17]. The cumulative average values of 238U, 226Ra, 228Ra and 232Th were found to be 
0.07, 0.03, 0.06 and 0.06 Bq kg-1 for fruits, vegetables, meat and egg samples respectively. In all milk 
and water based drinks the respective measured values of the mean activity of 238U, 226Ra, 228Ra and 
232Th were 0.16, 0.06, 0.07 and 0.05 Bq kg-1 as shown in Table II. 


A list of all the solid food items and drinks along with their per capita annual consumption is 
shown in Table III. It is seen from the table that fruits and vegetables have the highest consumption 
rate as compared to meat and eggs. The annual intakes/ingestion of these radionuclides via solid food 
items and drinks are given in Table IV. The intake values of these radionuclides have also been 
compared with the reported data on annual limits on intakes as shown in Table IV. This comparison 
indicates that the annual ingestion/intakes of 40K 238U, 226Ra, 228Ra and 232Th are only 0.06%, 0.007%, 
0.02%, 0.03% and 0.05% of the Annual Limits on Intakes (ALIs) of these radionuclides as specified 
by IAEA, which shows that their contribution in Pakistani diet is very nominal.  


4. CONCLUSIONS 


All the solid food items and drink samples showed detectable 40K activity, however, most of the 
other natural radionuclides were found to have contents below the minimum detectable activity 
(MDA). The comparison of annual ingestion/intakes of 40K 238U, 226Ra, 228Ra and 232Th with Annual 
Limits on Intakes indicate that the presence of these radionuclides in Pakistani diet does not pose any 
significant radiological health problem. This study also provides baseline values and general 
background of the natural gamma emitting radionuclides in Pakistani foodstuffs. 
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TABLE I. RANGES OF SPECIFIC ACTIVITIES FOR SOLID FOOD AND DRINKS  


 
No. of   Fruits  Vegetables Meat  eggs  Milk   Drinks  
Samples 30  30  20  30  15  25 


(Bq kg-1) (Bq kg-1) (Bq kg-1) (Bq kg-1) (Bq L-1) (Bq L-1) 
40K  13.1-109.2 24.9-110.5 36-81  29.2-77 30-49  0.02-0.21 
238U  <0.071 <0.065 <0.20  <0.004    <0.71 <0.014 
226Ra  <0.052 <0.055 <0.03  <0.007    <0.13 <0.016 
228Ra  <0.091 <0.075 <0.09  <0.006    <0.15 <0.028 
232Th  <0.073 <0.061 <0.14  <0.005    <0.11 <0.019 
 
 


 


 


TABLE II. WEIGHTED MEANS AND ESTIMATED VALUES FOR SOLID FOOD (BQ KG-1) 
AND DRINKS (BQL-1) 


 
 Fruits  Vegetables Meat  eggs  Milk   Drinks  


(Bq kg-1) (Bq kg-1) (Bq kg-1) (Bq kg-1)  (Bq L-1) (Bq L-1) 
 
40K 66.5±4.1 68.2±3.1 43.6±12.6 50.6±8.3 37.6±6.2 0.19±0.05 
238U 0.068  0.05  0.18  0.003  0.31  0.013 
226Ra 0.049  0.039  0.02  0.004  0.11  0.015 
228Ra 0.085  0.071  0.07  0.003  0.12  0.026 
232Th 0.070  0.058  0.11  0.004  0.08  0.018 
 
 
 
 


TABLE III. LIST OF SOLID FOODS AND DRINKS ANALYSED ALONG WITH THEIR PER 
CAPITA ANNUAL CONSUMPTION [15] 


 
S. No.  Food item  Consumption, solid food (kgy-1) drinks (Ly-1) 
 
1  Fruits     26.5 
2.  Vegetables    24.2 
3.  Meat     3.9 
4.  Eggs     21.6 
5.  Milk     91.3 
6.  Drinks    328 
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TABLE IV. ANNUAL INTAKES OF RADIONUCLIDES VIA SOLID FOOD ITEMS AND 
DRINKS 


 
Food Stuff   Annual intake of radionuclides (Bq) 
  40K   238U  226Ra  228Ra  232Th 
Fruits  1763.6  1.8  1.3  2.25  1.85 
Vegetables 1651.8  1.2  0.9  1.72  1.40 
Meat  169.2   0.69  0.07  0.27  0.42 
Eggs  1092.9  0.06  0.08  0.06  0.08 
Milk  3432.8  28.3  10.04  10.9  7.30 
Drinks 6232   4.26  4.92  8.52  5.90 
Total  8172.5  36.31  17.3  23.7  16.9 
*ALI’s 1×107   5×105  7×104  9×104  3×104 


*Annual limits on intakes [16]. 
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Abstract 


Usnea sp lichens were analysed in order to identify atmospheric sources of mercury in Nahuel Huapi 
National Park, Northern Patagonia, Argentina, since previous studies had shown that mercury contents in 
sediment and biota are high considering that within, or nearby, the region of study no relevant industrial or 
extensive agriculture activities exist. Pooled samples obtained from at least 10 individuals were analysed by 
Instrumental Neutron Activation Analysis. Sampling sites were defined following the steep precipitation gradient 
of the region, that ranges from 3000 mm.y-1 in the Western part of the Park, to 500 mm.y-1 in the East, in order to 
identify global transport followed by wet deposition as a source of mercury in this region. Lithophile elements, 
associated with particulate matter entrapped by the lichen thalli, were identified, but mercury was not among 
these elements. Mercury contents range from (0.0558 ± 0.0083) to (1.38 ± 0.18) µg.g-1. 137Cs cumulative fluxes 
were also determined from inventories of lake core sediments sampled nearby lichens sampling sites. Good 
correlation of 137Cs cumulative fluxes with precipitation was observed, showing that global transport followed by 
wet deposition in the drainage area is recorded in sediment sequences. But mercury contents of lichens analysed 
do not correlate with precipitation. This result, and the rather high levels of mercury in lichens sampled in most 
sites of the Park, suggest that more than one source are combined to impact the whole Park area. The analysis of 
mercury contents of foliose lichens sampled from urban and periurban sites of Bariloche City, single relevant 
human settlement in the Park, and from undisturbed regions, showed that Bariloche City is a source of mercury. 
Previous transplantation experiment with fruticose Protousnea magellanica from undisturbed zones to urban 
sites confirmed this conclusion. Global transport and wet fallout is another potential source in the rainy zone of 
the Park, but no clear evidence arises from lichen analysis. 


 


1. INTRODUCTION 


Lichens are long lived organisms that incorporate metals in their thalli by the interception of 
soluble or particulate matter. Soluble metals tend to settle in extra or intracellular locations. In the first 
case, lichens operate as ions exchange resins, absorbing extracellularly metal ions from rainwater and 
releasing H+ ion or metal ions of low binding affinity as the uptake proceeds. These kinds of processes 
are fast, passive, and unaffected by metabolic inhibitors. On the opposite, the intracellular location of 
soluble metals is a slow process, stimulated by light. For short term lichen exposure (few hours), extra 
cellular uptake is the predominant process. Lichen can also incorporate metals included in particulate 
matter, as particulate is entrapped in the thallus [1]. Lichens fulfill the basic conditions to be 
biomonitors, allowing their use in environmental contamination studies. The study of their elemental 
composition has proved to be a useful tool to assess trace-elements air pollution, particularly heavy 
metals [1–5]. Many works using lichens as atmospheric biomonitors of mercury can be found in 
                                                      
1 This work was performed within IAEA Technical Co-operation Project ARG/7/006 “Investigation of mercury and other 
heavy metals in water bodies of Nahuel Huapi National Park, Argentine Patagonic Andean Range. Base lines determinations, 
trophic web pathways investigation and contamination source identification”. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


literature. Rasmussen recommends the use of thallophytes, and particularly lichens, as mercury 
bioindicators when their occurrence allows it [5]. 


The analysis of ten sediment cores sampled from six water bodies of Nahuel Huapi National 
Park, namely lakes El Trébol, Escondido, Espejo Chico, Morenito, Moreno West, and Nahuel Huapi, 
showed high mercury concentrations in upper layers, ranging from 0.6 to 7 µg.g-1. Mercury contents of 
these layers are clearly enriched over background values obtained from deep layers, that range from 
less than 0.08 to 0.2 µg.g-1 for pre-industrial times, and from 0.2 to 0.3 µg.g-1 for modern times, 
background levels similar to those obtained in other regions [6–12]. A sediment core sampled from 
lake Traful, a lake situated also within Nahuel Huapi National Park but considered a reference since it 
belongs to a different watershed and is subject of little human impact, showed mercury contents 
similar to background levels all along the core profile, without any enrichment in upper layers. 
Accumulation periods of these enriched sediment core layers correspond to the second half of 20th 
century [13]. Suspended load sampled from lake Nahuel Huapi also showed high mercury contents 
(from 0.85 to 7.3 µg.g-1) (unpublished data and ref. 14), as well as the biota studied (fish and mussels; 
unpublished data). These results let us conclude that the region comprising the six lakes studied 
received mercury inputs during the second half of 20th century and at present, but the spatial 
distribution of mercury concentrations in sediments and biota did not allow the identification of 
mercury sources, and no point or diffuse mercury source was identified in the region by other means. 
Therefore, the necessity of another tool to identify mercury sources originated the present work, 
searching atmospheric sources of mercury by using lichens as bioindicators. This work combines the 
results of previous research with lichens in this region, including transplantation experiments and the 
analysis in situ thalli [15–17], with the analysis of Usnea sp pooled samples collected following the 
steep precipitation gradient in the Nahuel Huapi National Park, in order to evaluate global transport 
with wet deposition as a mercury source. To assess wet deposition, 137Cs cumulative flux in sediment 
cores sampled nearby lichens sampling sites were also measured. 137Cs inputs in Nahuel Huapi 
National Park environments were produced only by atmospheric fallout [18]. Therefore, its behavior 
with the precipitation gradient can be compared with mercury results to determine the relevance of the 
wet deposition source. 


2. STUDY AREA 


Nahuel Huapi National Park is a natural area that includes pristine zones and human settlements, 
separated by buffer areas. No relevant industrial or extensive agriculture activities exist within the 
National Park or nearby. The main activity of the region is tourism. San Carlos de Bariloche is the 
only important city in the region, located in the South margin of lake Nahuel Huapi (see Fig. 1), with a 
population of 100.000 inhabitants. Lake Nahuel Huapi is the largest of several lakes located in Nahuel 
Huapi National Park, with 557 km2 total area, 464 m maximum depth, and located at 764 m above see 
level. It is considered an ultraoligotrophic system, which shows some mesotrophic areas located near 
Bariloche City and Villa La Angostura (see Fig. 1), due to wastewater discharges. There is a strong 
vegetation gradient from dense rainforest (mainly Nothofagus dombeyii and Austrocedrus chilensis) in 
the West, to dry grasslands (econtonal forest) in the East [19]. The vegetation variation is associated to 
the steep precipitation gradient, from 3042 mm.y-1 in western Puerto Blest, to 473 mm.y-1 in eastern 
Ñirihuau (see Table I). Predominant winds run from West to East in the area of Nahuel Huapi National 
Park. 
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TABLE I. PRECIPITATION IN NAHUEL HUAPI NATIONAL PARK 


 
Station 


Mean precipitation 
per year (mm.y-1) 


Calculation period 
of the mean values 


Number of years considered 
for computing the mean 


values 
Puerto Blest 3042 1936–1963 20 
Brazo Rincón 2554a – – 
Lago Espejoc 2065 1940–1969 21 
Isla Victoria 1507 1933–1957 25 
Colonia Suizad 1507b – – 
Bariloche FC 782 1955–1993 27 
Bariloche aeropuerto 771 1951–2001 49 
Ñirihuau 473 1937–1965 29 


a Estimated from measurements in Puerto Blest and Lago Espejo. 
b Estimated from measurements in Isla Victoria. Measurements in Colonia Suiza in period 1933-1941 showed 


the same mean value than Isla Victoria measurements in the same period. Isla Victoria values are considered 
because 25 values were used for mean calculation, and only 8 were available in Colonia Suiza. 


c Close to Lake Espejo in Fig. 1. 
d Close to Lake Moreno in Fig. 1. 


 


No point or diffuse mercury source was identified in the region at present. Electricity came from 
local production in Bariloche for many years, burning fossil fuel from oil processing, a well known 
mercury source. Two small production plants are located in Bariloche, but they are working only 
occasionally since the mid eighties. Mercury inputs in the aquatic environments could be explained by 
global transport and wet deposition [20], or could come from local sources, from inside National Park, 
or nearby places. Local sources can be natural or anthropogenic. The study region shows volcanic 
activity, a potential source of natural mercury inputs in the past, stored in sediments and soil, or in 
present time, associated with gaseous emission [1,21,22]. The human activity, mainly in Bariloche 
City, could also involve mercury releases to the environment. City waste burning, performed in the dry 
zone of the Park, near Bariloche City, is another potential source. 


3. SAMPLING AND ANALYSIS 


Since global transport with wet deposition is a potential mercury source, an association between 
the precipitation gradient and mercury contents in the environment could provide useful information to 
identify this pathway. Therefore, sampling sites were defined in undisturbed places of Nahuel Huapi 
National Park following the precipitation gradient through out the Park, along the West-East direction 
and close to lake Nahuel Huapi margins (see Fig. 1 and Table II). 
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TABLE II. USNEA SP LICHENS AND SEDIMENT CORE SAMPLING SITES, INCLUDING 
YEARLY MEAN PRECIPITATION 


Lichen 
sample code 


Core sample 
code 


Sampling site Mean precipitation 
(mm.y-1) 


UL8 UL8 Lake Nahuel Huapi, Brazo Rincón 2554 


UL7 - Lake Correntoso 2065a 


UL6 - Lake Escondido 1507c 


UL5 - Lake Nahuel Huapi, Brazo Tristeza 1507c 


- LLAO Lake Moreno 1507c 


- TRE Lake El Trébol 1507c 


UL4 - Lake Nahuel Huapi, Brazo Huemul, branch 
end 


1000b 


UL3 - Lake Nahuel Huapi, Brazo Huemul, branch 
mouth 


1000b 


UL2 UL2 dry environment, near Puerto Cisnes 622d 


UL1 - dry environment, near river Limay mouth 473 


a Estimated from measurements in Lago Espejo (see Table I). 
b Estimated from measurements in Lago Espejo, Isla Victoria, and Bariloche (see Table I).  
c Estimated from measurements in Isla Victoria (see Table I).  
d Estimated from measurements in Ñirihuau and Bariloche (see Table I).  
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FIG. 1. Nahuel Huapi National Park, including sampling sites. 
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A first field evaluation of the sampling sites was carried out, searching for the presence, 
morphology, and other characteristics of lichen species, since the environments involved in this work 
are quite different. Only Usnea sp was present in all sites, with similar biomasses and homogeneous 
characteristics, but unfortunately they cannot be found in Bariloche City. In this case, in order to 
define if the city is a mercury source, previous mercury determinations on foliose lichens [15], and 
transplanted Protousnea magellanica [17] will be included in the discussion. Usnea fruticose lichens 
show an advantage when compared to foliose lichen studied in the Nahuel Huapi National Park. 
Lichens can incorporate clastic particulate, acting as traps, as well as absorb elements present in their 
environment, and the elements included in clastic particulate maintain the proportion of the rock that 
originated them, and do not reflect environmental changes. These elements could interfere with the 
determination of the elements of interest, and the concentration of the lithophile elements associated to 
clastic particulate in lichen was found to be as high as 40% of their concentration in sediments in 
foliose lichen of the Nahuel Huapi National Park [15]. The average detritical material entrapped by the 
lichens has a direct connection with the site exposure to wind, but fruticose Usnea fastigiata showed 
lower lithophile elements concentrations than foliose species [15]. 


Usnea sp individuals, with similar development characteristics, were sampled without 
distinguishing the species, since very slight differences, that can not be distinguished when sampling 
and that are not relevant for bioindication proposes, characterize Usnea species in the study region. 
Concentration variations between individuals sampled at the same site can be found, but they do not 
reflect necessary environmental changes. Rasmussen has suggested that it is recommended to sample 
at least three separate individual of one species in order to obtain a representative Hg value for one 
site [5]. Pooled samples obtained from at least ten individuals with similar development 
characteristics, collected from the same site, were studied in the present work. 


Lichen individuals were collected in polyethylene bags, using latex gloves. At least ten 
individuals with similar development characteristics were collected in each sampling site. The thalli 
were examined and cleaned under a dissecting microscope to eliminate substrate remains and dust 
particles. Thereafter, all thalli were washed three times during 10 min using ASTM grade 1 water. 
After the last rinse they were dried at room temperature. The individuals were cut, ground to a fine 
powder, and homogenized by means of titanium and Teflon tools and devices. Each ground and 
homogenized sample was freeze dried to constant weight. 


Elemental contents were determined by instrumental neutron activation analysis (INAA) using 
the absolute parametric method. The experimental set-up and analysis methodology have been 
described elsewhere [15]. Aliquots of the samples, ranging in mass from 100 to 120 mg, were placed 
in Suprasil AN quartz ampoules for irradiation, and sealed. The samples were irradiated 24 h in the 
RA-6 Research Reactor, Centro Atomico Bariloche. Two gamma ray spectra were collected after 
seven and twenty day decay times. Mercury and other 24 element contents (Sb, As, Ba, Br, Ca, Ce, Cs, 
Zn, Co, Cr, Eu, Sc, Sr, Hf, Fe, La, K, Rb, Sm, Se, Na, Ta, Tb, Th) were measured in each sample. 
Corrections by other element interferences or U fission products were performed when needed. Lichen 
Standard Reference Material IAEA-336 samples were analysed using the same methodology as the 
samples, to control the quality of the results (see Table III). 
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TABLE III. LICHEN STANDARD REFERENCE MATERIAL IAEA 336 RESULTS. ELEMENTAL 
CONTENTS MEASURED BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS AND 
CERTIFIED VALUES 


Element Measured (µg.g-1) Certified or  Confidence 
 sample 1 sample 2 *informed (µg.g-1) interval (µg.g-1) 


As 0.657 ± 0.056 0.620 ± 0.058 0.64 0.56 – 0.72 
Br 12.9 ± 1.1 12.3 ± 1.1 12.9 11.2 – 14.6 
Ce 1.30 ± 0.15 1.22 ± 0.13 1.27 1.09 – 1.44 
Cs 0.115 ± 0.013 0.109 ± 0.011 0.11 0.097 – 0.123 
Co 0.298 ± 0.025 0.282 ± 0.024 0.29 0.25 – 0.33 
Eu 0.0217 ± 0.0024 0.0214 ± 0.0021 0.023* 0.019 – 0.027 
Fe 419 ± 62 402 ± 59 425 380 – 470 
Hg 0.196 ± 0.023 0.198 ± 0.024 0.20 0.17 – 0.23 
La 0.576 ± 0.032 0.541 ± 0.028 0.66* 0.55 – 0.76 
Na 307 ± 16 299 ± 17 320* 280 – 360 
Rb 2.14 ± 0.31 1.94 ± 0.33 1.72* 1.52 – 1.92 
Sb 0.0749 ±0.0085 0.0711 ±0.0082 0.073 0.063 – 0.083 
Sc 0.170 ± 0.012 0.169 ± 0.012 0.17 0.148 – 0.192 
Se 0.242 ± 0.031 0.240 ± 0.028 0.22 0.18 – 0.25 
Sm 0.102 ± 0.066 0.099 ± 0.070 0.106 0.092 – 0.120 
Th 0.142 ± 0.013 0.138 ± 0.012 0.14* 0.12 – 0.16 
Zn 32.1 ± 4.5 31.0 ± 4.3 31.5 28 – 35 


 
 
137Cs cumulative fluxes in sediment cores sampled nearby lichens sampling sites were measured 


in order to assess wet deposition. Sediment cores were sampled from lake Nahuel Huapi and other 
smaller neighboring lakes, namely lakes El Trébol and Moreno West (see Fig. 1 and Table II). 
Sediment cores were extracted with a messenger activated gravity type corer. They were cut open, 
visually inspected, and sub-sampled every 1 cm. Each sample was freeze-dried, homogenized, 
weighted, placed in the counting containers and sealed. 137Cs specific activity was measured from each 
sub-sample, to obtain the 137Cs specific activity profile of each core. The experimental set-up and 
analysis methodology have been described elsewhere [18]. The 137Cs cumulative flux of each sediment 
core was determine from the 137Cs inventory, and corrected for nuclear decay to the sampling date of 
the first core to allow measurements comparison. 


4. RESULTS 


The elemental concentrations measured in lichens by INAA were classified according to their 
relation to Sc concentrations, in order to identify those elements that are mainly associated with 
particulate matter entrapped by the lichen thalli from those absorbed from the atmosphere. When 
many lichen thalli sampled from the same site are analysed, lithophile elements concentrations show 
linear relation with Sc concentration [15]. The same methodology can be used with homogenate 
samples from different sites if the clastic inputs have the same origin. In Fig. 2 the concentration 
values of lithophile elements Co, Eu, Fe, and Hf are plotted vs Sc concentration, showing good linear 
correlation coefficients (ranging from 0.85 to 0.88; see also Table IV). Fe and Hf show the best linear 
correlation coefficients with Sc, and Rare Earths Elements (REE) Ce, Eu, La, Sm, and Tb, Ba, Co, Na, 
Ta, and Th also show linear correlation with Sc. Similar results were found in previous works, 
analyzing different lichen thalli sampled in the same site [15]. Therefore, these elements (Ba, Ce, Co, 
Eu, Fe, Hf, La, Sm, Na, Ta, Tb, and Th) can be associated to clastic inputs to lichens. It should be 
noted that UL1 sampling site is the most exposed to winds, with almost no vegetation protecting 
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lichen thalli around the tree that hold them, and it shows the highest lithophile element concentrations. 
The concentration values of Sb, As, Br, Ca, Cs, Zn, Cr, Sr, Hg, K, Rb, and Se do not correlate with Sc, 
therefore they can be associated with lichen physiology or they could be absorbed from the 
atmosphere. Sb, As, Br, Zn, Hg, and Se elements can be associated with human activities. Their 
concentration values measured by INAA in Usnea lichen homogenized samples are shown in Table V. 
Fig. 3 shows mercury contents, plotted vs. precipitation in sample sites. 
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FIG. 2. Usnea lichen pooled samples. Co, Eu, Fe, and Hf vs. Sc concentrations. 
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TABLE IV. CLASSIFICATION OF THE ELEMENTS MEASURED IN LICHENS ACCORDING 
TO THE CORRELATION COEFFICIENT VALUES CORRESPONDING TO THE ELEMENTAL 
CONCENTRATION VS. SC CONCENTRATION PLOTS 


Correlation coefficient Elements 


0.80 > ρ Sb, As, Br, Ca, Cs, Zn, Cr, Sr, Hg, K, Rb, Se 


0.85 > ρ ≥ 0.80 Ba, Ta 


0.90 > ρ ≥ 0.85 Ce, Co, Eu, La, Sm, Tb, Th 


0.95 > ρ ≥ 0.90 Fe, Na 


0.98 > ρ ≥ 0.95  


ρ ≥ 0.98 Hf 
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FIG. 3. Usnea lichen pooled samples. Mercury concentration plotted vs. precipitation in the sampling 
sites (see Table II). 


137Cs cumulative fluxes determined nearby Usnea lichen sampling sites, measured from core 
sediment inventories, are plotted in Fig. 4 vs. precipitation. 
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TABLE V. USNEA SP LICHENS: CONCENTRATION OF ELEMENTS THAT DO NOT SHOW 
LINEAR CORRELATION WITH SC. ELEMENTAL CONTENTS WERE MEASURED BY 
INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 


Sampling 
point 


Sb (µg.g-1) As (µg.g-1) Br (µg.g-1) Zn (µg.g-1) Hg (µg.g-1) Se (µg.g-1) 


UL8 0.0112 ± 0.0020 0.191 ± 0.021 1.87 ± 0.16 25.3 ± 3.5 0.669 ± 0.089 0.191 ± 0.018
UL7 0.0217 ± 0.0038 0.632 ± 0.065 2.23 ± 0.20 32.6 ± 4.5 0.418 ± 0.067 0.146 ± 0.039
UL6 0.0107 ± 0.0023 0.245 ± 0.027 1.56 ± 0.13 29.0 ± 4.0 0.90 ± 0.12 0.102 ± 0.018
UL5 0.0079 ± 0.0019 0.316 ± 0.033 2.70 ± 0.24 23.8 ± 3.3 0.429 ± 0.060 0.219 ± 0.022
UL4 0.0156 ± 0.0025 0.262 ± 0.028 1.26 ± 0.11 20.1 ± 2.7 1.06 ± 0.14 0.069 ± 0.015
UL3 0.0085 ± 0.0016 0.367 ± 0.037 1.27 ± 0.11 9.8 ± 1.3 0.0558 ± 0.0083 0.139 ± 0.015
UL2 0.0116 ± 0.0026 0.375 ± 0.038 1.49 ± 0.13 25.1 ± 3.4 1.38 ± 0.18 0.108 ± 0.017
UL1 0.0159 ± 0.0066 0.460 ± 0.046 3.35 ± 0.29 17.0 ± 2.3 0.546 ± 0.075 0.226 ± 0.029
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FIG. 4. 137Cs cumulative flux from core sediment inventories vs. precipitation in the sampling sites  


(see Table II). 137Cs cumulative fluxes are corrected for nuclear decay. 
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5. DISCUSSION 


5.1. Mercury background concentrations in lichens 


Rasmussen reports a narrow range of Hg contents for 5 lichen species (genus Cladina and 
Cladonia) of the Canadian Shield, 0.017 to 0.067 µg.g-1, similar to the range of 0.004 to 0.040 µg.g-1 
reported for samples of genus Cladonia collected in Alaska, Iceland, and Massachusetts [5]. Makholm 
and Bennett studied the mercury impact of a chlor-alcali plant in its surroundings, by transplanting 
Hipogymnia physodes lichen thalli. This work reports that mercury background values for Hipogymnia 
physodes in Wisconsin, USA, are on the range between 0.11 and 0.15 µg.g-1, lower than those 
observed in seven works that determined background Hg concentration for Hipogymnia physodes in 
other parts of the world, that range from 0.2 to 0.4 µg.g-1. In this study the authors ascribe the 
difference to the more clean Wisconsin environment, and to sample handling and analysis features. 
Two other works reported 0.10 and 0.16 µg.g-1 [23]. An experiment with transplanted lichens was 
carried out in Molve, Croatia, to assess the contamination impact of the INA Nagtplin gas treatment 
plant. The authors inform that background Hg concentration for Hipogymnia physodes is 0.11 µg.g-1 
[24]. In general, background Hg concentrations show a wide variation range if different lichen species 
are considered, but the lower values are below 0.15 µg.g-1 [1]. 


Hg concentration values measured in Hipogymnia physodes sampled in contaminated 
environments, near Hg contamination sources like mercury mines, an iron smelter plant, and chlor-
alkali plants, were reported to be above 0.77 µg.g-1 [23]. In situ lichens were also sampled in Molve 
experiment. Hg concentration values associated with Hg contaminated environment were reported to 
range from 0.54 to 1.17 µg.g-1 for Parmelia sulcata, and from 0.53 to 2.80 µg.g-1 for Xanthoria 
parietina [24]. In general, Hg concentration values of in situ lichens sampled in regions with Hg 
contamination sources can be as low as 0.1 µg.g-1 [1], but these low values do not necessarily mean 
contaminated conditions. As a general remark, the most valuable results obtained using lichens as 
biomonitors are in comparative studies in the same or nearby regions, or with transplanted thalli from 
undisturbed regions to the study site. Lower limits for the variation range of Hg concentrations in 
lichen associated with contaminated situations is around 0.5 to 0.8 µg.g-1, considering the results 
reported by Makholm, et al. [23] and Horvat, et al. [24]. 


5.2. Bariloche City as a source of mercury 


Mercury contents measured in previous works in lichens sampled from Bariloche urban and 
periurban zones, and from Nahuel Huapi National Park undisturbed regions, are shown in Table VI 
[15,17]. Mercury contents of foliose lichen species Hypotrachyna brevirhiza and Candelariella 
vitellina are enriched by a factor of 2.4 and 3.8 in urban collections over periurban sites. These 
reference mercury concentration values are in the same range as foliose Parmelia cunninghamii and 
fruticose Usnea fastigiata mercury contents (see Table VI), sampled from undisturbed zones of the 
Nahuel Huapi National Park, which can be considered background line for the region of study. Mean 
mercury concentrations determined in foliose lichens Physcia adscendens, Hypotrachyna brevirhiza, 
and Candelariella vitellina sampled in the urban area are above 0.8 µg.g-1, in the range of the contents 
associated with mercury contamination situations. 


An experiment designed to identify Bariloche City as a mercury source was carried out by 
transplanting Protousnea magellanica thalli, a fruticose lichen with large biomass [17]. Ten thalli 
were collected from Puerto Blest undisturbed zone (see Fig. 1); three of them were transplanted in the 
same zone for control, and the other were transplanted to three urban sites. The transplanted lichens 
were analysed after one-year exposure. The mean enrichment factor of mercury concentration in urban 
sites (see on last row of Table VI, ‘urban transplantedc,f’), considered over transplanted controls (see 
on last row of Table VI, ‘undisturbed transplantede,f’), was 2.0. This enrichment in urban sites over 
controls transplanted to undisturbed sites confirms the in situ lichen results, showing that mercury 
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concentration in the atmosphere of the city is higher than that of the forest and periurban sites, 
suggesting hence that Bariloche City is a source of mercury. 


 


TABLE VI. MERCURY CONTENTS DETERMINED IN LICHENS SAMPLED IN SITU IN THE 
STUDY REGION, AND TRANSPLANTED FROM UNDISTURBED ZONES TO BARILOCHE 
CITY, IN PREVIOUS WORKS 


  Mercury contents (µg.g-1) Average 
concentration  


Lichen specie Sampling 
environment 


Variation range Mean value Ratios: 
urban/periurbanb


Physcia adscendensa urbanc 0.18 – 2.81 1.27 - 


Hypotrachyna brevirhizaa urbanc 1.02 – 1.51 1.32  


 periurband 0.30 – 0.85 0.55 2.4 


Candelariella vitellinaa urbanc 1.65 – 2.67 2.19  


 periurband 0.28 – 0.92 0.58 3.8 


Parmelia cunninghamiia undisturbede 0.28 – 0.84 0.58 - 


Usnea fastigiataa undisturbede 0.12 – 0.58 0.36 - 


Protousnea magellanicab undisturbede 0.062 – 0.096 0.077  


 undisturbed 
transplantede,f 


0.076 – 0.107 0.091  


 urban 
transplantedc,g 


0.096 – 0.280 0.180 2.0 


a Ref. 15 
b Ref. 17 
c Bariloche City 
d Bariloche City surroundings 
e Puerto Blest forest 
f Thalli transplanted for control within the same zone, Puerto Blest forest. The lichens were analysed after 


one-year exposure in transplanted site [17].  
g Thalli transplanted from Puerto Blest forest undisturbed zone to three site of Bariloche City. The lichens 


were analysed after one year exposure in transplanted site [17]. 
 
 
5.3. Mercury and the precipitation gradient 


137Cs cumulative fluxes determined from core sediment inventories in sites nearby lichen 
sampling points show a clear association with precipitation (see Fig. 4). Since 137Cs can reach the 
Nahuel Huapi National Park environments only by atmospheric transport, mainly tropospheric [18], 
and wet deposition, this association suggests that the water bodies at these sampling sites are reflecting 
what is collected from the atmosphere in the catchment area. Mercury could follow different pathways 
after atmospheric deposition than cesium within the ecosystem, and mercury transport within the 
aquatic media and biota may occur. But relevant re-emission after deposition, followed by 
atmospheric transport, is not expected. Therefore, atmospheric mercury coming from wet deposition 
should also show a correlation with precipitation in the sampling sites. Fig. 3 shows that mercury 
contents measured in Usnea lichens do not correlate with precipitation. The highest value was 
measured in UL2 sampling site, located in the dry zone (see Fig. 1). Mercury contents in sampling 
sites UL1 and UL8, the driest and most rainy zones, as well as two intermediate points, UL5 and UL7, 
show similar values, ranging from 0.42 to 0.67 µg.g-1 (see Table V). These values are in the same 
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range of foliose lichens and fruticose Usnea fastigiata sampled from Bariloche City periurban zones, 
and undisturbed areas of the Nahuel Huapi National Park (see Table VI). The lowest mercury 
concentration was measured in lichens from UL3 site. The highest mercury content measured, 1.38 
µg.g-1 in lichens collected in UL2 sampling site, and the concentration of samples collected in UL4 
and UL6 sites, that show intermediate 1.06 and 0.90 µg.g-1 values, are in the range of foliose lichens 
sampled from Bariloche City urban zones (see Table VI). 


The fact that foliose lichens and fruticose Usnea fastigiata sampled from Bariloche City 
periurban zones and Puerto Blest forest, an undisturbed area of the Nahuel Huapi National Park, have 
similar mercury contents than Usnea lichen collected from UL1, UL5, UL7, and UL8 sampling sites, 
also undisturbed areas of the Nahuel Huapi National Park, suggest that this variation range is a 
background level of the region, since the sampling points are spread out in the Park (see Fig. 1). This 
variation range, from 0.4 to 0.7 µg.g-1, is clearly above most background lichen contents determined in 
other regions of the world. 


The spatial distribution of mercury contents of the lichens sampled in undisturbed and periurban 
sites, showing no clear correlation with precipitation of Usnea sp pooled samples, but similar values 
than foliose and fruticose Usnea fastigiata in a variation range above most background lichen contents 
measured in other regions of the world, and three high values (UL2, UL4, and UL6; see Fig. 1) in 
same range than urban mercury contents, suggest that more than one source are present and, 
combined, affect the whole Park area. Global transport and wet fallout in the rainy zone, and human 
settlements in the East part of the Park, could be a possibility, but no clear evidence arises from lichen 
analysis. Volcano emissions could be considered as a natural mercury source in the rainy zone of the 
Park, but the analysis of sediment cores showed that mercury enrichment has been observed since the 
second part of 20th century [13], and there is no reason to assume that the effect of volcano emissions 
increased in this period. City waste burning could be also considered, but predominant winds would 
tend to transport pollutants to the East, outside the Park area. 


6. CONCLUSION 


The analysis of all lichens sampled in Nahuel Huapi National Park suggests that more than one 
source are combined to impact the whole Park area. Global transport and wet fallout in the rainy zone 
is a possible source, but no clear evidence was obtained from lichen analysis. Human settlements in 
the East part of the Park arise as another mercury source, since the in situ lichen analysed, collected in 
Bariloche City urban and periurban sampling sites, and the experiment with transplanted Protousnea 
magellanica lichens, show that Bariloche City atmosphere is enriched in mercury. Mercury contents of 
foliose lichens sampled in Bariloche urban areas are in the same range than other lichen studied 
associated with situations of mercury contamination. 
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Abstract 


Native mussels Diplodon chilensis were sampled from lakes Nahuel Huapi, Moreno West, Espejo Chico, 
and Traful, comprised in Nahuel Huapi National Park, Northern Patagonia, Argentina, in order to evaluate heavy 
metal distribution in the region, and to assess the contribution that this compartment of the trophic web 
involvement in the transfers to the circulation of these elements in the food chain. The concentration of potential 
pollutants or elements that could affect human health or wild-life, namely Ag, As, Cr, Hg, Sb, and Se, and other 
9 elements of interest (Ba, Br, Ca, Co, Cs, Fe, Na, Sr, and Zn) were determined in pooled samples of 15 similar 
length individuals by Instrumental Neutron Activation Analysis. Digestive glands were analysed separately from 
soft tissues. Geological tracers Sc, Ta, Th, and Rare Earth elements were also determined in order to discriminate 
litophile elements. No relevant differences were observed between elemental concentration in digestive glands 
and whole soft tissues except for Hg contents, that ranged from 0.7 to 12 µg.g-1 dry weight in digestive glands, 
and from 0.2 to 0.9 µg.g-1 dry weight in whole soft tissues. Elemental concentrations of Ba, Br, Fe, Sr, Se, and 
Zn in total soft tissues samples do not show significant differences among sampling sites. As and Cr contents in 
total soft tissues and digestive gland pooled samples are higher in sampling points close to zones with human 
settlements, and therefore possibly associated with human activities. Ag contents in samples collected in lake 
Nahuel Huapi higher (from 0.23 to 0.83 µg.g-1 dry weight in whole soft tissues, and from 0.14 to 2.43µg.g-1 dry 
weight in digestive gland) than in the other lakes studied, and up to 50 fold higher than the sample collected in 
lake Traful considered as reference. This confirms previous results that showed Ag contamination in sediments 
of lake Nahuel Huapi. Hg highest concentration values measured in total soft tissues pooled samples from lakes 
Nahuel Huapi and Moreno were found to be similar to those observed in other reported Hg contamination 
situations, and are 3 to 5 times higher than those of the reference samples collected in lake Traful. 


1. INTRODUCTION 


Bivalves are widely used as bioindicators of heavy metal contamination in marine and fresh 
water systems. These organisms are sedentary filter feeding, widely distributed in water bodies and 
can be collected easily. They are useful to assess pollution by trace metals because these organisms 
not only concentrate the metals from water, allowing inexpensive and relatively simple analyses in 
contrast to the analyses of water samples, but they may also represent time-averaged levels of the 
contamination at each site [1]. Bivalves, and particularly mussels, are long lived organisms, able to 
survive under critical environmental conditions, among other advantages to use them as biomonitors 
[2]. Mussels feed directly on primary producers (phytoplankton and bacteria), and non-living organic 
material, and act as efficient bioaccumulators of trace metals and organic micro pollutants, being able 
of concentrating chemicals by factors of 102 to 105 compared to water in their habitat [2]. Mussels are 
widely used as integrators of chemical pollution both in active biomonitoring studies with transplanted 
organisms  as well as in mussel-watch types studies aimed to monitoring contaminants in aquatic 


                                                      
2 Work performed within IAEA Technical Co-operation Project ARG/7/006, “Investigation of mercury and other heavy 
metals in water bodies of Nahuel Huapi National Park, Argentine Patagonic Andean Range. Base lines determination, trophic 
web pathways investigation and contamination source identification”. 
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environments [2]. We followed the second approach in this work. Mussels were used specially for 
bioindication of mercury contamination. Table I shows typical values of total Hg (THg) and methyl 
Hg (MeHg) contents in fresh water and marine bivalves obtained by different researchers [2–7]. 


Diplodon chilensis (Hyriidae, Bivalvia) is one of the most common members of the Patagonian 
fauna of freshwater invertebrates. It is characterized by separate sexes, marsupium in the internal 
hemibranchs, and glochidium as a larval stage, which parasitizes fishes [8]. Studies related to their 
biology in the area show that they live buried on the sandy bottoms, absorbing through their inhalant 
siphon water from the interface layer of the bottom and the organic particles contained within [9]. On 
most lakes they can be found on sandy bottoms from two meters depth on down to 50 m in 
considerable densities showing very little vertical displacement. These feeding and living habits make 
D. chilensis a good candidate to be a good bioindicator of heavy metal contamination in the water 
bodies of the Patagonia. Mussel contaminants intake is associated to organic particles circulating close 
to lake bottom, and macrozoobenthic organism that feed upon these particles, and also to clastic 
particulate. On the other hand it is worth to point out that in the Nahuel Huapi National Park this 
mussel is preyed upon mainly by the Huillin [10], and by crustaceans of the genus Samastacus sp. and 
Aegla sp. Meanwhile the Huillin is considered a top predator and final sink for contaminants, Aegla 
sp. and Samastacus sp. are prey to numerous organisms being a likely link of transfer of contaminants 
from bottom organic matter and macrozoobenthic organisms to higher stages of the lakes trophic food 
webs. 


 
TABLE I. TYPICAL VALUES OF MERCURY CONTENT IN BIVALVES 


 
Study place Bivalve Experimental Hg concentration  


  conditions THg (µg.g-


1)a 
MeHgb 


Lake Massesecum,  
New Hampshire, USAc 


Elliptio 
complanata  


In situ bivalves, non-contaminated. 
Fresh water. Total tissues 


0.640 22% 


Sudbury River, Ashland, 
Massachusetts, USAc 


Elliptio 
complanata  


Transplanted to contaminated 
sediments (0.07 to 17.9 µg.g-1). 
Fresh water. Total tissues 


0.34 – 0.95 30 – 40% 


Coastal lagoons and 
estuaries of Ghana 
coastlined 


Perna perna 
In situ bivalves, non-contaminated. 
Marine water. Total tissues 


0.11 – 0.76 0.03 – 0.55 


Coastal lagoons and 
estuaries of Ghana 
coastlined 


Crassostrea 
tulipa 


In situ bivalves, non-contaminated. 
Marine water. Total tissues 


0.03 – 0.047 0.03 – 0.39 


Mianamata Bay and 
Kagoshima Bay in 
Kyushu, Japane 


Mytilus 
galoprovincialis


In situ bivalves, contaminated. 
Marine water. Adductor muscle 


0.003 – 0.12 
fw 


> 70% 


Cesenatico, Adriatic Seaf Mytilus 
galoprovincialis 


Farm growth, non-contaminated. 
Marine water. Total tissues 


0.150 - 


Pialassa Baiona, Ravenna, 
Italy. Wetland connected 
to the North Adriatic Seaf 


Mytilus 
galoprovincialis 


Transplanted to contaminated 
sediments (2 to 40 µg.g-1, suspended 
load). Wetlands. Total tissues 


0.17 – 0.82 - 


Guanabara Bay, Rio de 
Janerio, Brazilg Perna perna 


In situ bivalves, non-contaminated. 
Marine water. Total tissues 


0.034–0.054 
fw 


- 


Coastal lagoons and 
estuaries of Ghana and 
Nigeria coastlineh 


Anadara senilis In situ bivalves, non-contaminated. 
Marine water. Total tissues 


0.11 – 0.33 0.04 – 0.17 


a Dry weight when there is no indication; fw: fresh weight 
b Units in (µg.g-1) when there is no indication. Dry weight when there is no indication; fw: fresh weight 
c Ref. [5]     d Ref. [4] 
e Ref. [7]     f Ref. [2] 
g Ref. [6]     h Ref. [3]. 
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A preliminary study on the evolution of inorganic mercury intake by organisms of a laboratory 
multi-specific aquatic system, with sediments deliberately contaminated with HgCl2, which included 
D. chilensis, fish and aquatic plants, concluded that the mussel digestive gland showed the highest Hg 
accumulation factors of all species and tissues analysed, with no colateral effects [11]. 


Another previous work investigated heavy metal inputs to Nahuel Huapi National Park through 
the study of sediment cores, which were dated by 210Pb and 137Cs technique, and also suspended load. 
This work demonstrated that sediments are enriched in bromine and silver over base line, enrichment 
that can be associated with human activities, and showed also high mercury contents [12]. Considering 
this antecedent, the present work aims to assess heavy metal distribution in the water bodies of the 
Nahuel Huapi National Park using D. chilensis mussel as bioindicator, and also to determine heavy 
metal contents of this compartment of the water bodies trophic webs in order to evaluate their 
circulation for future assessment. 


2. SAMPLING SITES, SAMPLE CONDITIONING AND ANALYSIS 


The present work was performed in water bodies of Nahuel Huapi National Park, Patagonia, 
Argentina, an area that includes pristine zones and human settlements, separated by buffer areas. No 
relevant industrial or extensive agriculture activities exist within the National Park or nearby. The 
main activity of the region is tourism. San Carlos de Bariloche is the only important city in the region, 
located in the South margin of lake Nahuel Huapi (see Fig. 1), with a population of 100.000 
inhabitants. Lake Nahuel Huapi is the largest of several lakes located in Nahuel Huapi National Park, 
with 557 km2 total area, 464 m maximum depth, and located at 764 m above sea level. It is considered 
an ultraoligotrophic system, which shows some mesotrophic areas in the surroundings of Bariloche 
City and Villa La Angostura (see Fig. 1), due to wastewater discharges. There is a strong vegetation 
gradient from dense rainforest (dominated by Nothofagus dombeyii and Austrocedrus chilensis) in the 
West, to dry grasslands (econtonal forest) in the East [13]. The vegetation variation is associated to the 
steep precipitation gradient, from 3042 mm.y-1 in western Puerto Blest, to 473 mm.y-1 in eastern 
Ñirihuau. Predominant winds run from West to East in the area of Nahuel Huapi National Park. 


D. chilensis individuals were collected from lake Nahuel Huapi, lake Moreno, an oligotrophic 
system with 10.3 km2 total area divided in two parts, lake Moreno West (90 m maximum depth) and 
lake Moreno East (112 m maximum depth), by a narrow connection (see Fig. 1), that drains to lake 
Nahuel Huapi through a short channel; lake Espejo Chico, the smallest lake studied in this work with 
an area of 2.2 km2, with no permanent human settlement on its shore, and lake Traful, an 
ultraoligotrophic system, with 172 km2 total area, and 339 m maximum depth (see Fig. 1). Only a 
small human settlement can be found in lake Traful southern shore, but little human activity is 
performed in the lake or its surroundings, and most places around the lake cannot be reached by land. 
Therefore, lake Traful was included in the study to obtain reference values. Table II shows sampling 
sites description. Five sampling points were selected in lake Nahuel Huapi, two of them close to 
Bariloche City, where Ag contamination of sediments was observed in a previous work [12]. 
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FIG. 1. Nahuel Huapi National Park. Diplodon chilensis sampling sites. 
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Pooled samples made out of a set of individuals with similar biological characteristic will be 
analysed in order to obtain information representative of the heavy metals circulating in each sampling 
site. Each mussel individual incorporates heavy metals from the surroundings during its lifetime both 
as metabolized and associated with particles included within the tissues. The ideal conditions 
according to the goal proposed, is that heavy metal intake and out-take of each individual are in 
equilibrium, reflecting therefore the status of its surroundings, with the least influence possible of 
factors associated to biotic factors such as size, age, sex, and sexual maturation, that could affect 
strongly the bioaccumulation process [2]. We have no information about the response of D. chilensis 
to changes of environmental conditions in natural systems, including changes in heavy metal 
concentration in sediments and water associated with temporal changes in the inputs to the 
environment, and about the evolution of this equilibrium with mussel growth. To minimize the 
influence of these factors, adult individuals of approximately the same age should be selected to 
generate the homogenized sample. 


 


TABLE II. SAMPLING SITES AND SAMPLE DATA 


 
Sampling 
site code 


 
 


Sampling sitea 


 
Individuals 
collected 


Length of the 
individuals sampled 


(mm) 


Length of the 15 
individuals selected 


(mm) 
   mean SD mean SD 


BR Lake Nahuel Huapi, 
Brazo Rincón  


34 67 7 66 2 


BL Lake Nahuel Huapi, 
Bahía López 


92 64 7 66 1 


DH Lake Nahuel Huapi, 
near Limay mouth 


25 61 6 65 4 


PC Lake Nahuel Huapi, 
Puerto Americano 


114 65 8 66 2 


BH Lake Nahuel Huapi, 
 Brazo Huemul 


70 62 7 66 2 


MW Lake Moreno West 18 69 9 68 8 
ME Lake Moreno East 60 53 12 67 4 
ECH Lake Espejo Chico 41 73 8 67 4 
TRA Lake Traful 172 61 6 66 1 


a see also Fig. 1. 
 


Mussel length was the parameter selected to analyse the distribution of the individuals collected 
in each sampling site in order to generate pooled samples, since mussel length is associated with their 
age [5]. No differences in weight and width of valves were observed between sexes in a study 
performed in lake Gutiérrez, an oligotrophic system located in the Patagonia, Argentina, and their 
length varied from 3 to 70 mm. Sex identification was possible in individuals longer than 20 mm for 
females, and longer than 16 mm for males [8]. 


D. chilensis individuals were collected using SCUBA diving techniques. The procedure 
consisted in hand picking live bivalves of approximately the same size. Each individual was rinsed 
with the lake waters and stored frozen for latter processing. Table II shows the quantity of individuals 
collected in each sampling site, average length and its standard deviation. The length frequency 
diagram was evaluated for each sampling site, and considering also the individuals available, it was 
decided to generate pooled samples from 15 individuals of about 66 mm long. This length corresponds 
to an intermediate value of the maximum of the length distributions in each sampling site, ensuring 
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that the collected individuals are adults with similar age. Length averages and standard deviations of 
the 15 individuals selected for each sampling site are shown in Table II. 


Most works using bivalves as biomonitors or bioindicators analyse the whole soft tissues bodies 
contained within the valves, defined as ´total tissues´ in the experimental conditions of Table I. 
However, other studies focus on analyse specific organs or tissues for different purposes. For example, 
Sato, et al. found that MeHg deposited in the adductor muscle, mantle, and gonads usually constitute 
more than 70% of THg, while MeHg deposited in the gills and digestive gland constitute less than 
50% [14], leading Haraguchi, et al. to use the mussel adductor muscle of Mytilus galoprovincialis as a 
more significant indicator for MeHg pollution in coastal areas of Mianamata Bay and Kagoshima Bay 
in Kyushu, Japan [7]. In general terms, mussels’ digestive gland concentrate heavy metals rather than 
muscle [15]. Therefore, according to the first regarding of this work stated previously, the analysis of 
digestive gland would provide better analytical sensitivity since higher concentration are expected, 
thus improving the results. However, the time response to changes in heavy metals exposure on their 
living habitat could be different for digestive gland and muscle, especially in the case of MeHg 
accumulation, making it suitable to analyse mussel whole soft body also. D. chilensis is an important 
compartment of lake trophic food webs, hence it is important to know the amount of contaminant that 
is receiving from lower trophic levels, and the amount of contaminant that D. chilensis is providing to 
upper levels of these trophic webs. Also, digestive gland could reflect the impact of lower levels of the 
trophic food webs in the mussel, but the whole soft body is vector for heavy metal transfer to 
D. chilensis predators. In order to fulfil both requirements, digestive gland was removed from the soft 
body, and both parts were analysed separately. 


The mussels were opened and cleaned to remove clastic particles, rinsing them using ASTM 
grade 1 water. Digestive gland was removed from the soft body under a dissecting microscope by 
means of titanium tools. The pooled samples made out of 15 mussels individuals were homogenized 
by means of titanium and Teflon devices, and freeze-dried for five days, until constant weight. All 
samples were weighed before homogenization, and after freeze-drying. The samples were ground to a 
fine powder and homogenized again after freeze-drying. Aliquots of the pooled samples, ranging in 
mass from 100 to 120 mg, were placed in Suprasil AN quartz ampoules for irradiation, and sealed. 


The samples were irradiated during 24 hours in the central irradiation position of RA-6 
Research Reactor, Centro Atómico Bariloche (φth≅6x1012 n.cm-2.s-1, φepi≅2x1011 n.cm-2.s-1 and 
φf≅2x1012 n.cm-2.s-1). Two gamma ray spectra were collected after 7 and 20 days decay time, 
respectively. An intrinsic HPGe n-type detector, 12.3% relative efficiency, and a 4096-channel 
analyser were used, and spectra were analysed by using the GAMANAL routine included in the 
GANAAS package, distributed by IAEA. The absolute parametric method was applied to determine 
concentrations, using nuclear constants taken from tables [16–18]. Thermal and epithermal neutron 
fluxes were determined in the irradiation by using the (n,γ) reactions of the pair Co-Au (using high 
purity wires of pure Co and 0.112% Au-Al), and the fast neutron flux was determined by using the 
58Ni(n,p)58Co reaction. Mercury and other 19 element (Ag, As, Ba, Br, Ca, Cs, Co, Cr, Eu, Fe, Na, Sb, 
Sc, Se, Sm, Sr, Ta, Th, and Zn) concentrations were measured in each sample. Corrections by other 
isotope interference were performed when necessary. Absolute calcium determinations have high 
uncertainties due to the 46Ca isotopic abundance uncertainty, but they are included to consider the 
relative variation since no relevant changes in isotopic abundance are expected. Standard reference 
DORM2 (Dogfish muscle), DOLT2 (Dogfish liver), and TORT2 (Lobster hepatopancreas) materials, 
supplied by the National Research Council Canada, were also analysed following the same 
methodology to check the quality of analysis. Analysis results show good agreement with certified 
values. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


3. RESULTS AND DISCUSSION 


Due to their living habits, mussels can incorporate different elements included within or 
associated to particulate matter, as particulate entrapped in the tissues. Each mussel soft body was 
washed before freeze-drying and homogenization, removing big size particles. But smaller size 
particles may remain within the tissues. Elements strongly associated with clastic particulate were 
measured in the digestive gland and total tissues pooled samples, namely, Rare Earth elements Eu and 
Sm, and Sc. If samples containing clastic particulate are collected from the same site, lithophile 
element concentrations should show a linear relationship with these geochemical tracers [19], but this 
correlation is also linear when samples from different sites are analysed, provided that the composition 
of clastic matter is similar. This methodology allows the identification of the elements associated 
mainly with clastic particulate included within mussel soft tissues, differentiating them from those 
incorporated by the organisms. Fig. 2 shows the linear relation of two geochemical tracers, Sm and Eu, 
measured in total soft tissues samples. Cr is both a potential pollutant and an element that could be 
associated with clastic particulate. Fig. 3 shows Cr concentrations vs. Eu concentrations, and no linear 
correlation is observed. Hence, we can assume that Cr is mostly incorporated by the organism and not 
included in clastic particulate. According to this procedure, we determined that Sb, Co, and Na in total 
soft tissues are mostly associated with clastic particulate as well as the geological tracer Sc, while As, 
Ba, Br, Ca, Cs, Cr, Fe, Sr, Se, and Zn do not, since they do not show linear correlation with Eu. 


Geochemical tracers Eu and Sm contents in the digestive glands are 2 to 5 fold lower than total 
soft tissues (except in TRA samples), showing lower particulate intake in digestive gland than total 
soft tissues. These two geochemical tracers show weaker linear correlation between them due mainly 
to higher analytical uncertainties. 
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FIG. 2. Eu concentration vs. Sm concentration in total soft tissues of pooled samples of Diplodon 
chilensis from different sampling sites. Linear fitting is shown in the picture, together with fitting 
parameters. 
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FIG. 3. Cr concentration vs. Eu concentration in total soft tissues of pooled samples of Diplodon 
chilensis from different sampling sites. 


 


No significant variations in total soft tissue samples are observed in Ba, Br, Fe, Sr, Se, and Zn 
concentrations (Fig. 4 shows Zn concentrations as an example). Therefore mean values, reported in 
Table III, can be considered representative of these elements contents in D. chilensis total soft tissue in 
the study region. Table III reports also mean concentration values of Sr, Se, and Zn in digestive gland, 
elements that do not show relevant variations in this tissue. 
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FIG. 4. Zn concentration in pooled samples of Diplodon chilensis total soft tissues from different 
sampling sites. 


 


 


TABLE III. ELEMENTS THAT DO NOT SHOW SIGNIFICANT VARIATIONS IN 
CONCENTRATION OF TOTAL SOFT TISSUES AMONG SAMPLING SITES. MEAN 
CONCENTRATION VALUES OF TOTAL TISSUES AND DIGESTIVE GLAND POOLED 
SAMPLES (µG.G-1 DRY WEIGHT) 


 
Element Total soft tissues Digestive gland 
 Mean conc. SDa UNb Mean conc. SDa UNb 
Barium 1250 250 170 - - - 
Bromine 34.1 4.6 2.1 - - - 
Iron 11400 2900 1100 - - - 
Selenium 3.37 0.53 0.26 3.93 0.63 0.25 
Strontium 161 38 38 73 24 19 
Zinc 234 27 26 143 14 17 
a standard deviation 
b minimum analytical error. 
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TABLE IV. ELEMENTAL CONCENTRATIONS IN TOTAL TISSUES AND DIGESTIVE GLAND (µG.G-1 DRY WEIGHT) 
ANTIMONY, ARSENIC, CHROMIUM, MERCURY, AND SILVER 


Sample Antimony Arsenic Chromium Mercury Silver 
code Total tissues Digestive gland Total 


tissues 
Digestive 


gland 
Total tissues Digestive 


gland 
Total tissues Digestive 


gland 
Total tissues Digestive 


gland 
BR 0.0208 ± 0.0081 0.062 ± 0.011 11.7 ± 1.0 11.00 ± 0.97 8.30 ± 0.88 3.64 ± 0.42 0.265 ± 0.073 0.717 ± 0.063 0.225 ± 0.049 0.137 ± 0.029 
BL 0.042 ± 0.011 0.043 ± 0.011 47.6 ± 4.1 25.5 ± 2.2 15.3 ± 1.5 11.2 ± 1.4 0.57 ± 0.14 4.41 ± 0.50 0.500 ± 0.090 1.07 ± 0.19 
DH 0.045 ± 0.011 0.048 ± 0.013 44.7 ± 3.9 52.6 ± 4.6 18.6 ± 1.8 13.5 ± 1.6 0.179 ± 0.016 1.36 ± 0.19 0.79 ± 0.14 2.43 ± 0.40 
PC 0.048 ± 0.014 0.0327 ± 0.0087 28.4 ± 2.4 27.4 ± 2.4 17.8 ± 1.7 13.4 ± 1.4 0.91 ± 0.15 1.21 ± 0.16 0.83 ± 0.16 2.28 ± 0.39 
BH 0.043 ± 0.010 0.067 ± 0.012 41.3 ± 3.6 34.4 ± 3.0 14.1 ± 1.4 10.1 ± 1.1 0.76 ± 0.18 1.46 ± 0.20 0.437 ± 0.087 0.61 ± 0.10 
MW 0.0276 ± 0.0086 < 0.02 31.4 ± 3.0 17.1 ± 1.5 18.1 ± 1.8 10.8 ± 1.2 0.48 ± 0.13 2.57 ± 0.31 < 0.05  0.102 ± 0.025 
ME 0.0273 ± 0.0078 0.0197 ± 0.0051 38.5 ± 3.4 22.9 ± 2.0 29.3 ± 2.7 19.2 ± 2.2 0.71 ± 0.15 11.3 ± 1.6 0.114 ± .029 0.330 ± 0.063 
ECH 0.0119 ± 0.0050 0.0104 ± 0.0025 11.4 ± 1.0 7.95 ± 0.71 4.38 ± 0.38 1.87 ± 0.20 0.53 ± 0.23 4.63 ± 0.55 < 0.1  < 0.05  
TRA 0.0158 ± 0.0055 0.0179 ± 0.0051 13.9 ± 1.2 13.3 ± 1.2 8.88 ± 0.86 7.51 ± 0.83 0.212 ± 0.049 0.96 ± 0.13 < 0.05  0.047 ± 0.016 
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Table IV shows the elemental concentrations measured in total soft tissue and digestive gland 
pooled samples of potential pollutants Ag, As, Cr, Hg, and Sb. 


3.1. Arsenic and chromium 


Arsenic and chromium contents in total soft tissues pooled samples are higher than contents in 
digestive gland samples, but no correlation with the sampling site is observed. These elements are not 
associated with clastic particulate. Higher concentration values are observed in lake Moreno and 
Nahuel Huapi eastern part than lake Traful, the reference lake, and lake Espejo Chico and Nahuel 
Huapi BR site, in both tissues (see Table IV). Higher concentrations were measured in sites of zones 
with human settlements. Therefore, the increment of arsenic and chromium in these sampling sites 
with respect to reference (TRA) or undisturbed places (ECH and BR) could reflect the impact of 
human activities. 


3.2. Antimony 


This element concentration values show linear correlation with the geochemical tracer Eu 
(correlation coefficient 0.84) for total soft tissues samples in all sampling sites. Sb to Eu ratio from the 
linear fit (0.38 ± 0.11) is similar to the ratio in deep sediment core layers (0.231 ± 0.039), taken for 
background determinations [12]. Therefore, Sb is associated mainly with clastic particulate and it is 
not enriched over sediment background concentrations, letting us to conclude that Sb measured in 
D. chilensis is natural background associated with clastic particulate entrapped by the organisms. 


3.3. Silver 


A previous work concluded, from the analysis of elemental contents of sedimentary cores dated 
and suspended load, that silver inputs to the lake Nahuel Huapi ecosystem are associated with human 
activities within and around Bariloche City. One sediment sampling site was selected close the 
emission point of the liquid effluents of the Bariloche City sewage treatment plant into lake Nahuel 
Huapi, near Bariloche City (BRC in Fig. 1), and the other was close to PC mussels sampling site (see 
Fig. 1). Silver was detected only in upper layers of the two sediment cores analysed and in the 
suspended load of both sampling points it occurred in higher concentrations than in the core 
sediments, due to grain size dilution and time integration effects. Silver concentrations decreased in 
the sediment with increasing distance from Bariloche City, but the concentration ratio between 
suspended load and core sediments remains almost constant at both sampling points, indicating lateral 
transport within the water column. Sediment dating also suggests that silver concentrations correlate to 
the population increase of Bariloche City [12]. Mean Ag flux to sediment in recent years was found to 
be similar in BR and PC sampling points (BR site: 51.5 ± 6.6 µg.m-2.y-1, mean value computed for the 
1975–2001 period; PC site: 35 ± 15 µg.m-2.y-1, mean value for 1982–1998 period; [20]), about 10 
times lower than Ag flux in BRC (430 ± 21 µg.m-2.y-1, mean value computed for the 1975–1998 
period), site of point source of Ag to the lake according to a previous work [12]. 


The silver contents in digestive gland are higher than in total soft tissues in those samples with 
higher concentrations, with ratios ranging from 1.4 to 3.1, showing correlation among sampling sites 
(see Table IV and Fig. 5). Silver contents in mussels sampled from the East part of lake Nahuel Huapi, 
BL, BH, DH, and PC sampling points, are higher than the sampled in lakes Moreno, Traful and Espejo 
Chico, and lake Nahuel Huapi sampling site Brazo Rincón. Highest values are obtained at DH and PC 
sampling sites, near Bariloche, a site that receives anthropogenic inputs [12]. 


Ag concentrations in total soft tissues of mussel sampled in lake Nahuel Huapi show strong 
correlation with the geochemical tracer Eu (see Fig. 6; linear correlation coefficient 0.997), showing 
that silver is strongly associated to clastic particulate when total soft tissues are considered. Ag 
concentrations in digestive gland do not show such a clear linear correlation with Eu in this tissue 
(linear correlation coefficient 0.84), but if Eu in total tissues is considered there is also a clear linear 
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correlation between Ag and Eu among the samples collected in lake Nahuel Huapi (linear correlation 
coefficient 0.987). 


Geochemical tracer contents in total soft tissues show linear correlation in all the lakes studied 
(see Fig. 2), meaning that there is no relevant relative composition variations of geochemical inputs. 
Ag shows an excellent correlation with Eu only among the samples collected in lake Nahuel Huapi, 
and much lower concentrations, sometimes below detection limit (see Table IV), in Lakes Moreno, 
Espejo Chico, and Traful, without any correlation with Eu if digestive gland is considered. The 
different behaviour of Ag in lake Nahuel Huapi with respect to other lakes, especially lake Traful here 
considered as a reference, is consistent with sediment analysis that demonstrate that lake Nahuel 
Huapi receives direct anthropogenic inputs of Ag. 


Silver, as ionic Ag+, is one of the most toxic metals known to aquatic organisms in laboratory 
testing, however in natural aquatic systems, ionic silver is rapidly complexed and sorbed by dissolved 
and suspended materials that are usually present. Complexed and sorbed silver species in natural 
waters are at least one order of magnitude less toxic to aquatic organisms than the free silver ion [21]. 
Silver is tightly bound by sewage sludge, and elevated silver concentrations in sediments are often 
characteristic of areas near sewage outfalls. In the absence of sewage, silver in oxidized sediments is 
associated with oxides of iron and with humic substances. There are marked differences in the ability 
of animals to accumulate, retain, and eliminate silver in different species. Almost all of the total silver 
intake is usually excreted rapidly in feces; less than 1% of the total silver intake is absorbed and 
retained in tissues, primarily liver, through precipitation of insoluble silver salts. In the aquatic 
environment, there is evidence that silver, once incorporated by invertebrates, remains tightly bound to 
the cell membrane and therefore, it is unlikely that feeding and digestion may dislodge it [22]. 
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FIG. 5. Ag in total soft tissues vs. Ag in digestive glandof pooled samples of Diplodon chilensis from 
different sampling sites. Linear fit of lake Nahuel Huapi data is shown in the graph. 
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FIG. 6. Ag vs. Eu concentrations in total soft tissues of pooled samples of Diplodon chilensis from 
different sampling sites. Linear fit of lake Nahuel Huapi data is shown in the graph, together with the 
fitting parameters. 


 


The strong correlation with Eu also means, besides that silver intake is associated with clastic 
particulate, that silver intake is ruled by sediment intake, and the ratio of silver and clastic particulate 
intake is the same along the lake Nahuel Huapi. This result is consistent with Ag fluxes to sediments 
in core sequences measured in BR and PC sampling points, which were found to be similar. But the 
ratio between Ag and Eu concentration in D. chilensis total soft tissues is about 10, and about 80 if 
digestive gland is considered, while this ratio is 1.5 to 2.3 in suspended load and 0.2 in upper-most 
layer of sediment core at PC sampling site [12], and 0.8 in upper layers of sediment core sampled in 
BR site. Therefore, Ag bioaccumulation with respect to sediment occurs in the mussel. 


The following mechanism to explain Ag bioaccumulation can be conceived. Heavy metal 
adsorption to sediment is a surface process, but concentration measurement is related to material 
density, and hence with particulate volume. Therefore, with constant heavy metal supply to sediment, 
fine size particles will have higher concentration than coarser fractions, since surface to volume ratio 
is higher. Mussel sediment intake through the digestive system selects fine grain fraction, conditioned 
by the siphon diameter and hydrodynamic particle behaviour. It is reasonable to assume that particle 
size selection is similar in similar size mussel individuals, and that very small size particles are 
incorporated. Hence, mussels incorporate the same very fine grain sediment fraction in all sampling 
sites, enriching elements adsorbed to the surface in this process. Fine grain size particulate can be also 
incorporated by mussel directly when opening the valves or through the respiratory system, and stored 
within the tissues without fast elimination as excreted by digestive system. Particle size incorporated 
in these processes could be larger than those collected by the digestive system, also enriching elements 
adsorbed to particulate surface but in lesser degree due to particulate size selection. 


Fig. 5 shows good correlation between Ag concentration in digestive gland and total soft tissues. 
Therefore, both tissues give the same bioindication of Ag distribution in the water body. If grain size 
selection is the bioaccumulation mechanism, digestive gland and total soft tissues may select different 
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grain sizes, and the correlation also means similar contamination partitioning with sediments grain size 
in all sampling sites. Ag concentrations are higher in digestive gland, but lower values were measured 
for other elements, hence improving analytical accuracy. However residence time in the digestive 
system is lower than in total soft tissues, and therefore concentrations in digestive gland could be more 
sensitive to temporal changes of Ag inputs. 


3.4. Mercury 


Hg concentration in total soft tissues is much lower than in digestive gland samples, with ratios 
ranging from 1.3 to 16 (see Table IV), but showing no correlation among sampling sites. Hg contents 
in digestive gland samples do not show correlation with Eu, hence there is no correlation with clastic 
particulate intake. This result is consistent with preliminary experiment with D. chilensis that showed 
fast Hg accumulation in digestive gland, about one half of the overall contents not bound or related to 
clastic particulate intake [11]. 


The lack of correlation between Hg concentration in total soft tissues and digestive gland limits 
their use for bioindication. Even though high concentrations were measured in digestive gland, 
improving analytical accuracy, shorter residence times are expected in digestive system than in the 
other tissues, and therefore total soft tissues samples could represent better Hg distribution in the 
lakes. 


There is not a definitive demarcation among Hg concentration in bivalves sampled from 
contaminated places and undisturbed sites (see Table I), but the value measured in total soft tissues at 
PC is among the highest, as well as BH and ME samples (see Table IV). These concentration values 
are also higher than the reference determination at lake Traful. This reference value is in the range of 
lower values in non-contaminated places (see Table I). 


4. CONCLUSIONS 


1. Elemental concentrations of Ba, Br, Fe, Sr, Se, and Zn in total soft tissues samples, and Se, Sr, 
and Zn in digestive gland samples do not show significant differences among sampling sites. 
Therefore, the mean values of the concentrations measured, shown in Table III, can be 
considered characteristic of the D. chilensis mussels in the study region. 


2. As and Cr contents in total soft tissues and digestive gland pooled samples are higher in 
sampling points close to zones with human settlements (lake Nahuel Huapi East part, and lake 
Moreno), and therefore possibly associated with human activities. 


3. Sb contents of D. chilensis mussels are natural background, associated with clastic particulate 
entrapped by the organisms. 


4. Ag contents in samples collected in lake Nahuel Huapi show different behaviour than samples 
from the other lakes. Ag concentrations are much higher in lake Nahuel Huapi samples (Ag 
concentration in digestive gland is about 50 times higher in PC and DH sampling sites of lake 
Nahuel Huapi than lake Traful, considered as a reference), and show strong association with 
clastic particulate, confirming previous results that showed Ag contamination in sediments of 
lake Nahuel Huapi associated with human activities. Correlation between Ag concentration in 
digestive gland and total soft tissues was observed. Therefore, both tissues give the same 
bioindication of Ag distribution in the water body. The analysis of digestive gland improves 
analytical accuracy, and it could be more sensitive to time changes of Ag inputs. 


5. Hg highest concentration values, measured in total soft tissues pooled samples from lakes 
Nahuel Huapi and Moreno, were found to be similar to those observed in Hg contamination 
situations, and 3 to 5 times higher than reference samples collected in lake Traful. No 
correlation was observed between Hg concentration in digestive gland and total soft tissues. Hg 
in total soft tissues is considered to be more representative of Hg mussel content distribution in 
the lakes studied. 
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Abstract 


Senile osteoporosis and osteoporosis among postmenopausal women are an urgent problem. The effect of 
age and sex on chemical element contents in intact cortical bone of iliac crest of 80 relatively healthy 15–55 year 
old women (n=36) and men (n=44) was investigated. The IAEA and NIST reference materials (H-5 animal bone 
and SRM1486 bone meal) were used to estimate the precision and accuracy of results. Contents of Ca, Cl, K, 
Mg, Mn, Na, P, and Sr in intact bone samples were determined by instrumental neutron activation analysis using 
short lived radionuclides. Mean values (M ± S.Ε.Μ.) for mass fraction of the investigated elements (on dry 
weight basis) for female and male all together were: 208 ± 3 g/kg, 1390 ± 55 mg/kg, 746 ± 41 mg/kg, 2070 ± 65 
mg/kg, <0.36 ± 0.02 mg/kg, 5590 ± 1200 mg/kg, 95.3 ± 17.0 g/kg, and 308 ± 18 mg/kg respectively. The 
contents of elements such as Ca, Mg, and P in the cortical iliac crest tend to decrease with age to a certain degree 
for both women and men. This tendency is more pronounced for men. Sex-related comparison did not show any 
differences in Ca, Cl, Mg, Mn, Na, and Sr mass fractions. Statistical little significant (p≤0.05, t-test) higher mass 
fraction of P in the female and K in the male cortical iliac crest was found only. 


1. INTRODUCTION 


Senile osteoporosis, particularly osteoporosis among postmenopausal women, represents an 
urgent problem of modern medicine. One of the main osteoporosis symptoms is a decrease in both 
bone mineral density and subsequent bone strength. Like many other diseases, it is easier to prevent 
osteoporosis than to treat it. Thus, every effort is made to search for either bones or part of skeleton 
that showed marked deterioration at the very early stages of the disease. Iliac crest biopsies are 
commonly taken clinically on patients. It is known that the control of the mineral component 
providing bone strength is a good indicator to detect bone diseases like osteoporosis. Despite this, 
changes of chemical element contents occurring with age in the iliac crest of female and male 
separately and, especially, in iliac cortical bone have not been studied. 


 
In this study, the effect of age and sex on Ca, Cl, K, Mg, Mn, Na, P, and Sr mass fraction in 


cortical bone of iliac crest from 80 relatively healthy subjects aged between 15 and 55 years was 
determined. The aim was to obtain parameters, mostly characteristic of the iliac cortical bone under in 
situ condition. Such a condition should avoid possible bone destruction in the process of both sample 
preparation using the ashing method and removal of bone fat, marrow, or organic components using 
different organic solvents. It is known that similar procedures result in substantial losses of both trace 
and major elements [1–4]. For this purpose such a non-destructive method as an instrumental neutron 
activation analysis (INAA) was applied. 
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2. EXPERIMENTAL  


2.1. Material 


Human iliac crest samples were collected during the period of June 1995 and March 1998 at the 
Obninsk Hospital Department of Forensic Medicine. Anterior-superior parts from iliac crest (mainly 
from the right side) were obtained from 36 women and 44 men (age range between 15–55 years) early 
after death at necropsy (within 24 h). The bone specimens were immediately frozen at –18°C until use. 
All subjects died suddenly due to automobile accident, falls, shootings, knifings, hanging, acute 
alcohol poisoning, and freezing. 


To determine mass fraction of the elements by the relative method, synthetic biological 
standards (SSB) made of phenol-formaldehyde resins were used [5]. In addition to SSB, aliquots of 
commercial, chemically pure compounds were also used as standards. Samples of the standard 
reference materials, NIST SRM1486 bone meal [6] and IAEA H-5 animal bone [7], were analysed in 
the same conditions that samples of the iliac cortical bone to estimate the precision and accuracy of 
results. 


2.2. Sampling 


The cortical and trabecular parts of the iliac crest were separated and soft tissue and blood were 
removed. The sample sides contacted with surgical instruments were cut off. A tool made of titanium 
was used to cut and to scrub samples. Only cortical bone was used in the study. Samples were freeze 
dried until constant mass was obtained. Then they were weighted and sealed in thin polyethylene films 
washed with acetone and rectified alcohol. The sample mass varied from about 50 mg to 200 mg. The 
sealed samples were placed in labeled polyethylene ampoules.  


2.3. Irradiation 


A horizontal channel equipped with the pneumatic rabbit system of the WWR-c research 
nuclear reactor was applied to determine Ca, Cl, K, Mg, Mn, Na, P, and Sr by INAA using short lived 
radionuclides. The neutron flux in the channel was 1.7⋅1013 n⋅cm-2⋅s-1. Ampoules with bone samples, 
SSB, intralaboratory-made standards, and standard reference materials were put into polyethylene 
rabbits and then irradiated separately for 30 s. Copper foils were used to assess neutron flux.  


2.4. Spectrometry 


The measurement of each sample was made twice, 1 min and 120 min after irradiation. The 
duration of the first and second measurements was 10 min and 20 min, respectively. A coaxial 98 cm3 
Ge (Li) detector and a spectrometric unit (NUC 8100), including a PC-coupled multichannel analyser, 
were used for measurements. The spectrometric unit provided 2.9 keV resolution at the 60Co 1332 keV 
line. 


The information of used nuclear reactions, radionuclides, gamma-energies, and conditions of the 
analysis are collected in Table I. The nuclear reaction 31P(n,α)28Al was used for the analysis of 
phosphorus because the significant part of fast neutrons was in the used channel. It was checked that 
the interference of 27Al(n,γ)28Al reaction was less than 1%. 
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TABLE I. RADIONUCLIDES, SOME OF THEIR CHARACTERISTICS AND CONDITIONS OF 
ANALYSIS USED FOR INAA OF BONE SAMPLES 
 


Element Nuclear 
reaction 


Radio- 
nuclide 


Half-life γ-energy used 
keV 


Conditions of
analysis a 


Ca 48Ca(n, γ) 49Ca 8.75 m 3085 A 
Cl 37Cl(n, γ) 38Cl 37.3 m 1642, 2166 A 
K 41K(n, γ) 42K 12.4 h 1524 B 


Mg 26Mg(n, γ) 27Mg 9.46 m 844, 1014 A 
Mn 55Mn(n, γ) 56Mn 2.58 h 847 B 
Na 23Na(n, γ) 24Na 15.0 h 1369, 2754 B 
P 31P(n, α) 28Al 2.24 m 1779 A 
Sr 86Sr(n, γ) 87mSr  2.80 h  388  B  


a Irradiation time, decay, and measurement:  
(A) 30 s, 60 s, 10 m; sample-detector distance, 10 cm; detector shielding, 5-10 cm lead 
(B) 30 s, 120 m, 20 m; sample-detector distance, 0 cm; detector shielding, 5-10 cm lead. 
 


2.5. Optimization and statistic treatment 


The time of irradiation, decay, and measurement as well as a sample-detector distance were 
chosen for optimal estimation of the largest amount of chemical elements with the minimum statistical 
error. Conditions of the analysis were simulated in advance using a specially developed computer 
program [8]. An arithmetic mean and its standard error were calculated for each parameter studied. 
The reliability of the difference both between women and men, and two age groups was evaluated by 
the Student t-test.  


3. RESULTS 


Tables II and III show our results for ten sub-samples of the IAEA H-5 (animal bone) and the 
NIST SRM1486 (bone meal) standard reference materials in comparison with respective certified 
values. 


 
TABLE II. INAA DATA OF MAJOR, MINOR, AND TRACE ELEMENTS IN THE IAEA H-5 
(ANIMAL BONE) REFERENCE MATERIAL COMPARED TO CERTIFIED VALUES (DRY 
WEIGHT BASIS) 


 Certified values Our results 


Element Mean 95% confidence 
interval 


Type* Mean±S.E. 


Ca,   g/kg 212 203-220 C 208±4 
Cl,   mg/kg 550 423-682 C 556±50 
K,   mg/kg 680 564-796 C 620±60 
Mg, mg/kg 3600 3430-3640 C 3620±100 
Mn, mg/kg - 0.63-0.89 N 0.85±0.1 
Na,  mg/kg 5000 4400-5130 C 4820±125 
P,    g/kg 102   74-118 C 94.3±2.5 
Sr,  mg/kg 96   88-104 C 98±8 


* C- certified values, N – non-certified values 
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TABLE III. INAA DATA OF MAJOR, MINOR, AND TRACE ELEMENTS IN THE NIST 
SRM1486 (BONE MEAL) REFERENCE MATERIAL COMPARED TO CERTIFIED VALUES  
(DRY WEIGHT BASIS)  


Element Certified values Our results 


 Mean  Type* Mean±S.E. 
Ca,   g/kg 266  C 271±27 
Cl,   mg/kg -  - 254±110 
K,   mg/kg 412  C 415±200 
Mg, mg/kg 4660  C 4770±570 
Mn, mg/kg 1  N 0.98±0.25 
Na,  mg/kg 5000  N 5270±550 
P,    g/kg 123  C 119±9 
Sr,  mg/kg 264  C 269±40 


* C- certified values, N – non-certified values 
 


 


Table IV gives the data regarding Ca, Cl, K, Mg, Mn, Na, P, and Sr mass fraction in the cortical 
bone of iliac crest of healthy women and men from 15 to 55 years in different age subgroups of 
5 years. 
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TABLE IV. MEAN VALUES (M±S.E.M.) OF CHEMICAL ELEMENT MASS FRACTIONS ESTIMATED IN THE INTACT CORTICAL BONE OF 
HUMAN ILIAC CREST DEPENDING ON AGE (DRY WEIGHT BASIS) 


Sex Age n Ca Cl K Mg Mn Na P Sr 
 years  g/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg mg/kg 
 


Female 
 


15-20 
 


5 
 


220±13 
 


1400±180 
 


785±160 
 


2300±150 
 


<0.35±0.04 
 


5950±220 
 


104±6 
 


440±74 
 21-25 4 210±12 1530±300 430±42 2420±200 <0.34±0.05 4940±480 104±7 371±144 
 26-30 4 214±14 1660±230 775±124 2320±330 <0.26±0.07 5760±750 103±10 258±48 
 31-35 5 216±12 1010±350 633±119 2100±340 <0.28±0.02 5620±510 101±9 214±75 
 36-40 4 194±26 870±94 412±39 1520±320 <0.22±0.01 4440±1000 85±3 149±65 
 41-45 4 215±14 1550±380 960±330 2170±260 <0.61±0.22 6490±300 103±2 443±88 
 46-50 6 220±5 1090±60 605±72 2450±190 <0.38±0.04 6390±280 108±4 249±26 
 51-55 4 191±8 1330±390 634±93 2290±270 <0.51±0.08 5140±80 91±13 390±103 
           


Male 15-20 5 213±5 1290±190 581±176 2150±350 <0.43±0.09 4920±150 95±3 264±96 
 21-25 5 224±14 1980±240 980±185 2690±350 <0.42±0.08 6460±480 105±11 352±88 
 26-30 4 244±5 1180±150 1020±110 2410±250 <0.42±0.07 6420±100 107±2 445±100 
 31-35 6 208±13 1430±100 836±160 2020±120 <0.37±0.05 5640±400 87±5 272±70 
 36-40 5 187±18 1180±70 755±190 1480±140 <0.24±0.04 4410±630 82±4 223±50 
 41-45 8 179±12 1480±140 764±116 1620±150 <0.29±0.04 5060±180 80±5 343±30 
 46-50 5 209±15 1480±230 634±156 1760±160 <0.45±0.12 5360±360 91±9 300±75 
 51-55 6 197±11 1640±300 1050±200 1890±140 <0.39±0.01 6350±410 92±6 301±43 
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In order to estimate the effect of age on the investigated parameters we used two groups: one 
with young people, 15–35 years, and one with older people, 36–55 years. For female and male, results 
are shown in Table V. More or less steady age distributions of female and male within range 15–55 
years allows us to use all data for female and male separately to detect if there are any differences 
related to sex (Table 6). At the bottom of this table there is additional information concerning the same 
parameters for female and male together. 


4. DISCUSSION  


Our means data for each element of the IAEA H-5 and NIST SRM1486 standard reference 
materials are in a good agreement with certified values, and indicate an acceptable accuracy of the 
results obtained in the study of major, minor, and trace elements of the cortical bone of iliac crest as 
shown in Tables II and III. 


The obtained results of chemical element contents belong to healthy people not in the state of 
osteoporosis or other bone disorders and are classified as normal iliac cortical bone samples. All 
published data of major and trace element contents in iliac cortical bone [9–11] are based upon 
techniques in which the sample is subjected to a numerous of treatments in order to remove fat, 
marrow, blood or the whole organic matrix.  Thus, the determined mass fractions of chemical elements 
are referred mainly to the mineral part of the bone and not to the intact bone. The samples investigated 
by us are really intact ones. This is the reason why our means of Ca, P mass fractions are 5–10% and 
Mg, 10–20% less published data [9–11]. Despite the differences in sample treatment, our results for 
Na, and K contents agree well with medians of the mean values cited by other researchers for the iliac 
cortical bone [9,11]. 


The Cl means found in the study are an order of magnitude higher than previously reported 
mean values [11]. In the studies performed earlier, the decreased results of Cl in the iliac cortical bone 
may be caused by losses during sample preparation because water, glucose solution, and diethyl ether 
were used in the removal procedure of blood and fat [11]. 


Our data for Sr are about from three to fourfold higher than mean values obtained by other 
researchers [9,11]. It is known that Sr mass fraction in the bone depends greatly on dietary habits and 
biogeochemical peculiarities of the residence area [12,13]. This may be the cause for the high bone 
mass fraction of Sr for residents of the Russian Central European region.  


To our knowledge there are no published data referring to Mn mass fraction in iliac cortical 
bone of contemporary humans. 


The contents of elements such as Ca, Mg, and P in the cortical iliac crest tend to decrease with 
age to a certain degree for both women and men. This tendency is more pronounced for men (Tables 
IV and V). 


Sex related comparison did not show any differences in Ca, Cl, Mg, Mn, Na, and Sr mass 
fractions. Statistically, only of little significance (p≤0.05, t-test), higher mass fraction of P in the 
female and K in the male cortical iliac crest was found (Table VI). 


There was not found any published data referring to age or sex dependence of Ca, Cl, K, Mg, 
Mn, Na, P, and Sr mass fractions in iliac cortical bone. 


Our data for Ca, Cl, K, Mg, Mn, Na, P, and Sr mass fractions in cortical bone of iliac crest may 
serve as indicative normal values for residents of the Russian Central European region. 


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


TABLE V. EFFECT OF AGE ON MEAN VALUES (M±S.E.M.) OF CHEMICAL ELEMENT MASS FRACTIONS IN THE INTACT CORTICAL BONE OF 
HUMAN ILIAC CREST (DRY WEIGHT BASIS) 


 
Sex Age n Ca Cl K Mg Mn Na P Sr 


 years  g/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg mg/kg 
           


Female 15-35 18 216±6 1380±110 655±68 2270±125 <0.31±0.02 5590±240 103±4 315±47 
 36-55 18 207±7 1190±125 648±86 2140±140 <0.40±0.05 5700±300 98.2±4.3 304±43 
           
 P (t-test) N.S. N.S. N.S. N.S. - N.S. N.S. N.S. 
           


Male 15-35 20 221±6 1480±110 852±84 2300±140 <0.40±0.03 5820±220 97.4±3.6 317±42 
 36-55 24 191±7 1460±100 806±82 1690±80 <0.34±0.03 5310±230 85.7±3.1 299±24 
           
 P (t-test) ≤0.01 N.S. N.S. ≤0.001 - N.S. ≤0.05 N.S. 


N.S. – not significant. 
 
 
 
TABLE VI. SEX-RELATFD DIFFERENCE BETWEEN MEAN VALUES (M±S.E.M.) OF CHEMICAL ELEMENT MASS FRACTIONS IN THE INTACT 
CORTICAL BONE OF HUMAN ILIAC CREST (DRY WEIGHT BASIS) 


Sex n Ca Cl K Mg Mn Na P Sr 
  g/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg mg/kg 


          
Female 36 211±5 1290±85 651±54 2210±95 <0.36±0.03 5640±190 101±3 309±31 
Male 44 205±5 1470±70 826±58 1960±90 <0.37±0.02 5540±160 91.1±2.5 307±23 
          
p (t-test) N.S. N.S. ≤0.05 N.S. - N.S. ≤0.05 N.S. 
 
Female & Male 
 


 
208±3 


 
1390±55 


 
746±41 


 
2070±65 


 
<0.36±0.02 


 
5590±120 


 
95.3±1.7 


 
308±18 


N.S. – not significant. 
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5. CONCLUSION  


INAA using short lived radionuclides is an efficient analytical technique for the determination 
of some major, minor, and trace elements in the bone tissue. The method is simple, fast, 
multielemental, and non-destructive. By means of INAA, the age dynamics of Ca, Cl, K, Mg, Mn, Na, 
P, and Sr was studied in the intact cortical bone samples of iliac crest of health women and men aged 
15 to 55. The contents of elements such as Ca, Mg, and P tend to decrease with age to a certain degree 
for both women and men. This tendency is more pronounced for men. Sex related comparison did not 
show any differences in Ca, Cl, Mg, Mn, Na, and Sr mass fractions. Statistically of little significance, 
higher mass fraction of P in the female and K in the male cortical iliac crest was found. 
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Abstract 


Extracellular water space (ECW) is expanded in acute illness or in catabolic states. The assessment of 
change in ECW provides a simple method for monitoring nutritional status. ECW can be measured by Br 
dilution. A small amount of natural Br (10-20mg per kg of body weight) is given orally. The concentration of Br 
in plasma is measured beforer and 3 h following administration. Plasma is analysed for Br either by ion-
exchange chromatography or by non-destructive methods, such as instrumental neutron activation analysis 
(INAA) or X ray fluorescence (XRF). We developed a method for the rapid analysis of Br in plasma with a 
small, portable XRF instrument consisting of a 30mCi Cd-109 source and an electronically cooled solid state 
X ray detector. One hundred twenty eight (128) plasma samples were analysed from 64 volunteers aged 19 to 
84 years. The samples were measured first with the XRF instrument and then by INAA using the nuclear reactor 
of the research center “Democritos” by the 79Br(n,γ)80Br neutron capture reaction. The samples were exposed to 
2×1013n/cm2/s for 3 min. Detection of the 80Br (t1/2= 17.8 min) gamma ray (616.2 keV) followed 3 min after 
irradiation using a liquid nitrogen-cooled purified Ge photon detector. We found the XRF instrument to be 
highly correlated with the neutron activation measurements (R= 1.000 for standards, R = 0.997 for human 
plasma samples). This simple method makes body composition measurements widely available as the main 
outcome of nutritional and pharmaceutical anabolic interventions. 


 


1. INTRODUCTION 


Body composition is often used to evaluate nutritional status and serves as a measurable 
outcome for the treatment of malnutrition, cachexia and obesity. Recent observations have shown that 
significant changes in body composition (loss of muscle mass, changes in water homeostasis) can 
indicate frailty and susceptibility to infection. There are many approaches to measuring body 
composition ranging from simple anthropometric measurements to complete in vivo elemental 
composition analysis using neutron activation and modern clinical imaging methods. However, to 
evaluate the status of populations such as institutionalized or free-living elderly, school-aged children 
and recipients of government food assistance, there is a need for rapid, minimally invasive methods to 
be used in the field. Body water and its compartments offer such an opportunity for field studies. Total 
body water is measurable by isotopic dilution methods and provides a measure of lean body mass 
(73% of fat free mass is water), with the exception of conditions when tissue hydration level has been 
altered by disease, pharmaceuticals or reduced intake. A known amount of stable or radioisotope is 
administered orally or intravenously (as D2O, H2


18O, or tritiated water). After equilibrium (2–4 h) a 
water sample (blood, urine, saliva) is collected and analysed for the given isotope. More detailed 
information on chronic and acute nutritional status is obtained when the individual compartments of 
body water are assessed and compared. Intracellular water (ICW) is a measure of cell mass. Expansion 
of extracellular water (ECW) is characteristic of homeostatic response to catabolic illness, 
malnutrition or other metabolic disease that will alter the distribution of fluid across the cell 
membrane. A common method used to assess ECW is stable bromide dilution administered orally or 
intravenously as NaBr solution. Several methods have been used to analyse blood or urine samples for 
Br concentration including instrumental neutron activation analysis (INAA), X ray fluorescence 
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(XRF) and ion exchange chromatography, a sensitive but complex chemical method [1–4]. We 
describe here the development of a simple, portable XRF device and its validation against INAA. 


2. INSTRUMENTS AND METHODS 


2.1. Neutron activation using a nuclear reactor 


The research reactor at the Democritos Institute of Nuclear Technology was used for the INAA 
analysis of Br concentration in plasma samples provided by Tufts University. The samples were 
shipped and analysed in their original 1cc polyethylene vials. Br concentration was determined using 
the 79Br(n, gamma)80Br neutron capture reaction and detection of the 616.2 keV gamma rays of 80Br 
(t1/2= 17.8 min). The thermal neutron flux at the irradiation position was 2×1013n/cm2/s. A short time 
neutron irradiation gamma ray detection scheme was used at the reactor’s pneumatic sample-transfer 
facility. Irradiation, cooling and counting times were equal to 3 min each. A liquid nitrogen-cooled 
purified Ge photon detector was used for counting. The accuracy of the technique was checked by 
using reference blood material provided by the IAEA. The minimum detection limit for Br was 0.5 
µg/mL, well below physiological Br levels of the pre-dosed subjects. The linearity of the method was 
tested with known Br solution preparations (R=1.9998, n=9) [5]. This experimental set-up was used 
recently for ECW assessment in children [6] and adults. 


2.2. The XRF instrument 
 


 


To analyse plasma samples for Br by XRF we used the set-up shown in Fig. 1. Our goal was to 
develop a method appropriate for field use without the need for sample preparation or liquid nitrogen 
for the cooling of the detector. A small, thermoelectrically cooled solid state detector was used in 
conjunction with a miniature multi-channel analyser (Amptek Inc, Bedford, MA) and a 30mCi disk 
109Cd X ray source. Our approach is a miniaturization of the method described by Zaichick, who used 
an annular 109Cd source and a liquid nitrogen cooled Si(Li) detector to count liquid samples through a 
thin polyethylene window [3]. To minimize sample handling in the field we selected commercially 
available vials that were used for plasma storage, transport and both XRF and INAA measurements, 
without the need to transfer the fluid. The vials used did not provide optimum geometry for the XRF 
measurement. However, they were contaminant-free and had uniform wall thickness. A mechanical 
lock apparatus was used to assure position reproducibility for each sample. This approach makes the 
field analysis completely non-destructive and allows the sample to remain uncontaminated and 
available for other analyses. Fig. 2 shows a correction curve obtained for vials that carry different 
amounts of sample. The non-linear response was expected as the layers of sample closer to the 
detector contribute more to the measurement.   


FIG. 1. Schematic of miniaturized XRF set-up used to measure bromide levels in plasma in 
sealed polyethylene vials. It utilizes a Cd-109 source and a thermoelectrically cooled 
4×4 mm Si detector. 


Sample vial


Source


Detector
3 cm
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FIG. 2. Study on the effect of sample size
on XRF efficiency. Sample was a solution
of NaBr (0.1553 mg Br/ml) that was
measured, had an aliquot removed, and
then re-measured to produce the curve. 


FIG. 3. Comparison of XRF to INAA using 
plasma samples (pre and post) from 64 
volunteers (R=0.997). 
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2.3. Validation 


The miniaturized XRF method was compared against INAA with two types of samples, six 
chemical standards and 128 plasma samples from 64 adults aged 19-84y. All volunteers were enlisted 
in a body composition and aging study in Boston. Blood plasma was collected at baseline and three 
hours after oral administration of NaBr solution. All samples (1cc each) were stored in small 
polyethylene vials and measured in Boston by XRF as indicated in Fig. 1. All samples were 
transported to the nuclear reactor in Athens for subsequent INAA in their original vials. The 
comparison between the two methods is shown in Fig. 3. 


3. CONCLUSIONS 


Portable XRF is a valid method for measuring Br concentration in plasma in the field. Its 
accuracy is appropriate for estimating ECW. When used with other field measures, such as total water 
or fat-free mass, it can serve as a monitor of expansion in extracellular water and metabolic imbalance. 
We have described here a validation of its analytical capabilities against INAA, another nondestructive 
method. We are in the process of performing an additional validation in elderly residents of nursing 
homes in Boston. We are using a combination of two field methods, Br XRF for ECW and hand-held 
dual energy X ray absorptiometry for lean, to derive an index of frailty for the elderly. We are 
comparing our field approach against our most sensitive method of nutritional status assessment, 
which is based on in vivo total body potassium measurement (for cell mass) and neutron inelastic 
scattering (for fat and lean), described elsewhere in this conference [7, 8]. 
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Abstract 


The previously published method for the determination of Mo in biological materials - based on neutron 
activation analysis, ion exchange and extraction column chromatography - has been further refined in order to 
obtain the high accuracy method, for the materials of both: plant and animal origin. As it has been proven the 
weak points of the whole post irradiation procedure seriously affected the uncertainty of results where digestion 
of samples and contribution of uranium fission reaction, depended on position of a particular sample in the 
irradiated package. Usefulness of various digestion techniques for sample decomposition has been verified on 
the example of the most resistant plant material: CTA-OTL-1. A microwave digestion has been used as a method 
of choice. Contribution of uranium fission interference reaction has been strictly monitored, which has allowed 
the proper correction of the results. The method can be successfully applied to various kind of biological 
materials. The aforementioned innovations allow to reduce the uncertainty of the obtained results, classifying the 
proposed method as a method of high accuracy, which may serve as a reference method, a useful tool in the 
certification of reference materials. 


 
Key words: radiochemical neutron activation analysis, molybdenum, and biological materials 
 
 


1. INTRODUCTION 


Molybdenum is considered essential for all forms of life [1]. It is a component of a cofactor that 
is required for the activities of xanthine oxidize, aldehyde oxidize and sulfide oxidizes. Up-to-date 
studies suggest that Mo deficiency is responsible for different kind of abnormalities in population 
consuming food grown in molybdenum-poor soil [2].  Hereditary disorders of the metabolism of Mo 
may bring fatal result [3]. Molybdenum is quoted among the 14 elements used actually as catalysts in 
the synthesis of pharmaceutical substances [4]. Therefore the determination of Mo is of great 
importance in biomedical science as well as from nutritional point of view. 


Molybdenum is classified among those elements for which the state of art of analysis is 
unsatisfactory [5–7]. The reliable results of Mo determination, especially in low level materials are of 
great importance. The small number of CRMs for Mo seems to confirm this fact [8]. 


Among the analytical methods recommended for accurate Mo determination in the low level 
biological materials, Neutron Activation Analysis (NAA) is often quoted [5,7,9-11].  


Determination of Mo by NAA is based on radiative capture of neutrons in natural molybdenum 
present in the sample: 98Mo (n, γ) 99 Mo.  
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FIG. 1. Block-diagram corresponding to the formation of 99Mo [12]. 


 


Taking into account that the same indicator nuclide is forming in nuclear fission reaction: 
235U(n, f) 99Mo, see Fig.1, when reliable molybdenum determination by NAA in biological materials is 
wanted, the correction for nuclear fission interference must be introduced, even for the materials of 
biological origin. Awareness of this fact is still not always the case. The significance of this problem 
was also stressed by Matinho and Freitas [13]. 


As we conclude in our previous paper without determining the correction for 235U interference 
none of the NAA methods is an unbiased tool for determination of Mo in any materials [14]. 


Bi-functional, radio-analytical scheme has been elaborated, providing the information about 
molybdenum as well as uranium concentration in the analysed samples, hence an appropriate 
correction factor can be easily established. This approach seemed to be a real advantage comparing to 
NAA procedures for Mo determination published in the literature on the topic. None of them, even 
from among those recently published, do not foresees the possibility of simultaneous determination of 
both: elements of interest and potentially interfering uranium. 


The procedure is based on ion exchange and extraction chromatography with final fixation of 
uranium and molybdenum on a column with Dowex 1-X8 [NO −


3 ] and α-benzoinoxime supported on 
Bio-Beads SM2, respectively. The separated elements have been quantified using gamma-ray 
spectrometry measurements. 


Constant progress in instrumentation enforces the progress in methodology of inorganic trace 
analysis. Since microwave digestion has been introduced, some drawbacks of the method published 
before have been realized and the research for improving the procedure for Mo has been overtaken.  


The aim of this work is to present the method for Mo determination in biomaterials by RNAA, 
free from weak points, according to our up-to-date knowledge. 


The presented procedure is a modification of the previously published [14, 15,16].  Each step of 
the procedure has been carefully examined. These leads to the conclusion that among factors, which 
significantly affects the uncertainty of the results of Mo determination are the following: 


235 U 98 Mo 


99 Mo 
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The irradiation condition, which seriously affects the uranium interference factor, difficulties in 
digestion of some plant materials, residual blank originating from the canning materials. 


2. EXPERIMENTAL 


2.1. Materials and reagents 


CRMs used:  


Ca. 150 mg samples of the following CRMs have been used:   


Versieck’s Human serum, NIST 1547 Peach Leaves,  


ICHTJ:  CTA-OTL-1 Oriental Tobacco Leaves, CTA-VTL-2 Virginia, Tobacco Leaves, INCT-
Tl-1, INCT-MPH-2 and NBS 1566 Oyster Tissue. 


2.2. Preparation of standards 


Proper amounts of aliquots (5 µg Mo and 1 µg U) have been dropped directly on filter paper 
discs (φ= 7.7 mm) placed in a PE capsule, weighed, dried and sealed. 


Standard solutions have been prepared by dissolving appropriate amounts of MoO3 (Puratronic 
JMC) and U3O8 No 950 a  (NBS standard of natural isotopic composition) in aqua regia and in high 
purity HNO3, respectively and diluting to working solution with 18 M Ohm ·cm-1 water. 


High purity PE snap-cap capsules, 0.5 cc and 0.22 cc (Faculteit Biologie. Vrije Universiteit, 
Amsterdam) were used for sample and standards, respectively as a canning materials. 


2.3. Column filling for U determination 


Column A- (7 cm x 0.22 cm2) - Aluminum oxide 90 active acidic (AAO), 0.063 - 0.200 mm 
(Merck) has bee used as received.   


Column B- (5 cm x 0.22 cm2)-  Dowex 1-X8[Cl-] (100-200 mesh) (Serva) has been transformed 
into [NO3


-] form by passing through the column an excess of 1M NaOH, doubly distilled water, and 1M 
HNO3 solutions followed by rinsing with doubly distilled water. A set of coupled columns A and B has 
been equilibrated with 8M HNO3 before introducing the sample. 


2.4. Column filling for Mo determination 


Column C- (5 cm x 0.22 cm 2) Dowex 50W-X4[H+] (200-400 mesh) (Serva) has been used as 
received. 


Column D- (2 cm x 0.22 cm2) α-benzoinoxime (POCH) supported on Bio-Beads SM-2 (200-400 
mesh) (Bio Rad Laboratories) dried at 1050 C to constant weight.  


Column filling for extraction chromatography has been prepared as follows: 2g of dry Bio-Beads 
SM-2 has been suspended in a solution of 1g of α-benzoinoxime in acetone. The suspension has been 
heated to ca. 800 C and stirred with a glass rod until the acetone evaporated, and free-flowing white 
powder was obtained.  


A set of coupled columns C and D has been equilibrated with 0.5M HCl before the sample 
introducing. 


Dismountable glass columns (B and D) have been of the type described in our earlier work [16].  
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2.5. Instrumentation 


The package of sample and standards has been irradiated in MARIA reactor, in thermal neutron 
flux Φ: 9.71013 n cm-2 s-1 (irradiation: 1 h; cooling ca: 4 days). 


Irradiated samples have been dissolved in microwave-assisted digestion system 
(PLAZMATRONIKA-SERVICE, Poland) 


γ ray spectrometry: Measurements have been performed with the use of GENIE-2000 Canbera 
Gamma Spectroscopy System: equipped with 255 cm3 nominal volume detector, well type, 24% relative 
efficiency, well depth 40 mm, well diameter 16 mm, resolution: 2.4 keV for 1332.5 keV 60Co line. 


Molybdenum has been determined via 140.5 keV line of 99Mo - 99mTc after establishment of 
radioactive equilibrium. Uranium has been determined measuring 277.6 keV line of 239Np. 


2.6. Procedure 


The radiochemical scheme used in this work — a modification of what was described earlier — 
is presented in Fig. 2. 


Set of 100-200 mg biological samples with Mo and U standards (sealed in a PE capsules) have 
been irradiated in MARIA reactor. After 4 days of cooling the irradiated samples have been 
quantitatively transferred from PE irradiation capsules into PTFE digestion vessels placed in the 
microwave digestion system.  


50 µg of Mo was added to avoid losses by adsorption during the procedure. 


Typical operating conditions for the sample used is shown in Table I.  
 


TABLE I. MICROWAVE OPERATING CONDITIONS IN MICROWAVE-ASSISTED 
DIGESTION SYSTEM PLAZMATRONIKA SERVICE 
 


Stage 1 2 3 
Power,% 60 80 100 
Power, W 130 170 210 
Max. pressure, bar 23.5-24.5 23.5-24.5 23.5-24.5 
Time, min 5 5 15 


 


The optimized acid mixture for digestion of plant samples (developed in earlier studies [17, 18] 
has been used: 3 ml HNO3 + 1 ml H2O2 +1 ml HF (procedure A).   


Microwave assist in 3 ml HNO3 + 0.1 ml HBF4 (procedure B) and open vessel hot plate 
digestion in a mixture of 5 ml HNO3 + 2 ml HClO4 +10 ml HF (procedure C) has been used in 
comparative experiments.  


After decomposition the samples have been quantitatively transferred onto the PTFE 
evaporation dishes, evaporated near to dryness, then transformed into nitrates and subjected to the 
separation procedure described in detail previously [14,16]. 


The sequence of the analytical scheme - the sample passes the set of columns for U 
determination first, then for molybdenum - is motivated by the requirement of the 100% recovery of 
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both elements determined. About 20% of Np have been sorbed on the cation- exchange column when 
the procedure for Mo has been realized as the first one. 
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FIG. 2. Flow chart of analytical procedure for Mo determination in biological materials. 
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3. RESULTS AND DISCUSSION 


3.1. Fission interference factor 


General definition of the fission interference factor is [19]: 


 
Mo


Mo
F


A
A


sp


sp
Mo 99


99*


=    


where 
 
A sp


99Mo is the specific activity induced by radioactive capture of neutrons in a given isotope of 


natural molybdenum. 
A *


sp
99Mo is the specific activity of the same radionuclide induced by nuclear fission reaction of 


uranium. 
 


The experimental values of correction factor for fission interference are irradiation condition 
dependent. Comparison between experimental and calculated values of fission interference factor for 
Mo as a function of R=Φepi/Φth, has been shown by Martinho [19]. 


In our previously published work, concerning the experiments carried out in Ewa reactor  
(Świerk-Poland), FMo varied from 0.7-1.5 µg Mo/1 µg U [14]. In the experiments carried out lately, in 
Maria reactor, much bigger variations have been observed (0.4-2.6). In such instance the problem of 
the accurate determination of Mo in the sample of comparable concentration of uranium, is 
particularly crucial. Error caused by uranium fission interference for 1566 NIST Oyster Tissue is 
illustrated in Fig. 3.  
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FIG.3. The influence of uranium fission reaction in the case of 1566 NIST Oyster Tissue; 


a - minimal (0.4), b -maximal ( 2.6) experimental correction factor . 


 


Flux inhomogeneity in the irradiation channel, possible shifts in flux gradients, results in 
differences in values of experimental uranium interference factor. As it has been observed in this 
study, FMo calculated for various samples in the same irradiation run has been more or less scattered.  
In order to minimize errors caused by unstability of irradiation facility (flux ratio Φepi/Φth is not well 
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known) the correction factor FMo for an individual sample should be monitored. In practice, each 
sample in the irradiated package is accompanied by Mo and U standards.  


The uranium standards used for calculation should be processed in the way equivalent to the 
sample. In the case of direct measurements, appropriate cooling time, 4-5 days preferably, should be 
used due to the existence of fission products.   


 


3.2. The determination of Mo by NAA 


The true value for molybdenum determined by NAA is given by the expression: 
 


[Mo] true = [Mo] app-FMo [U] 
 


where 
 
[Mo] true and [Mo] app are the actual and observed concentrations of molybdenum in the sample, 
respectively. 


FMo is expressed as µg of Mo, induced by nuclear fission reaction of uranium, per µg of U.  


The determination of Mo is based on extraction chromatography with the help of α-
benzoinoxime supported on Bio-Beads SM-2 in 0.5 M HCl. (The possibility of selective isolation of 
Mo with the use of α-benzoinoxime was mentioned by Malvano et al. [20]). Uranium is monitored, 
via 237Np, based on the affinity of tetravalent Np to strongly basic anion exchanger Dowex 1-X4 [NO3


-


] in 8M HNO3. The key role is played here by two systems of coupled columns with appropriate 
filings. The upper column in each of them serves for completion of the procedure, retaining 
radioactive impurities, which can interfere with the determination of the analyte [16].  The column 
filled with Dowex 50 -X4[H+] (retaining traces of Sc, Hf, Sb and Au) was used for Mo process.  


Acid aluminum oxide column in 8M HNO3 has been necessary for removing macro amounts of 
certain anions (phosphates, fluorides) which can considerably affect the uptake of Np-IV by the resin, 
as it has been observed in a high phosphorous content sample, 1566 Oyster Tissue. 


3.3. Digestion of the analysed materials 


The effectiveness of dissolution procedure, which is usually analyte and matrix dependent, is 
widely discussed in the literature [21,22]. 


The open vessel digestion of the plant material analysed for Mo, using mixture of acids: HNO3  
+ HClO4 + HF and the conventional hot plates, brings misleading results in the case of difficult 
sample.  Oriental Tobacco Leaves CTA-OTL-1 has proved to be the most resistant among plant 
materials used in our experimental works. (Similar observation has been made in the case of cobalt 
determination [17,18]).  About 30% of molybdenum have not been liberated from CTA-OTL-1 matrix, 
when the sample has been digested in the conventional way. The results we presented previously 
turned out to be biased with a negative systematic error.  


In that case, the conventional open vessel digestion has been not sufficiently effective. Possibly, 
the mineral fraction or macromolecular organic compounds containing analyte, retains on the column, 
leading to observed losses of analyte. 


Losses of the analyte are the most common systematic errors, which can occur during the whole 
radiochemical procedure, involving column chromatography. 


In the last period investigations were carried out to elucidate these problems.  In the procedure 
previously reported the sample, after dissolution in HNO3  + HClO4  + HF mixture, was directly 
converted into nitrates by evaporation with nitric acid [14]. It has been suggested by KUČERA J. [23] 
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that for the effective digestion of the silica fraction in plant materials, the presence of HCl is 
indispensable [24]. 


As it was found out in the latest experiments, the addition of HCl concd. during the 
mineralization step facilitates transformation the molybdenum into the desired form, possibly it assists 
HF acid action on the mineral fraction of plant material. 


The obtained results of Mo determination are close to the results after a high pressure 
microwave digestion.  


The comparison of recovery of analyte of interest for different digestion procedure is illustrated 
in Fig. 4. 
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FIG. 4. Recovery of Mo in CTA-OTL-1 for different mineralization procedure: 
A - high pressure microwave assisted; 3 ml HNO3 + 1 ml H2O2 + 1 ml HF; 
B – high pressure microwave assisted; 3 ml HNO3 + 0.1 ml HBF4; 
C - open vessel using a hot plate; 5 ml HNO3 + 2 ml HClO4 + 10 ml HF; 
D - open vessel using a hot plate 5 ml HNO3 + 2 ml HClO4 + 10 ml HF + 5 ml HCl. 


 
 


Microwave digestion in the mixture of HNO3  + HF + H2O2  (procedure A) guarantees the full 
liberation of the analyte. The alternative mixture HNO3 + HBF4  (procedure B) - recommended by 
KRACHLER M., et al. [22] has failed in case of CTA-OTL-1, contrary to the observation for the rest of 
the materials analysed.  


It is worth to mention that addition of HCl to the reactive mixture, if conventional open 
digestion is used, has an advantageous influence - 100% recovery of Mo has been observed. The 
benefiting action of HCl in that case is demonstrated in Fig.4 (procedure C and D).  


The analysts should bear in mind that when a new material is analysed for molybdenum 
contents using conventional, open vessel digestion - particularly in the materials of plant origin - the 
independent analytical approach is needed to confirm the effectiveness of the digestion procedure.  


3.4. The influence of blank 


The results of our former study show, that the Al foils commonly used, as a canning material 
contains usually traces of uranium. During the irradiation, Mo atoms formed in the fission reaction are 
possibly recoil in Szilard-Chalmers process [25] and introduced to the analysed materials.  


Several types of Al foils have been tested. The so-called “residual blank” originated during 
neutron irradiation of sample in Al foil bags, has been shown in Fig.5.  







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


0


50


100


150


Mo, ng/g


I II III


 


 


FIG. 5. Residual blank originated from different Al foils used as a canning material. 
Foil I - 99.99% Al. foil, U: 3.5 ppm (5.4 ppm Mo), manufactured by the Institute of   
  Non-ferrous Metals; Poland; 
Foil II - food-wrapping Al. foil U: 0.4 ppm (0.7 ppm Mo); 
Foil III - 99.9999% Al. foil (0.05 ppm Mo), manufactured by the Institute of  
  Technology of Electronic Materials, Poland. 


 
 


As one can see only the 99.9999% Al foil can be applied without the risk of sample 
contamination. The potential influence of uranium contents, that is usually the case, also in Al foil for 
domestic uses, may cause errors, difficult to trace.  


It is worth to mention that Foil I has been manufactured on special commission to be used for 
the NAA purposes and is successfully used for the determination of Cd and Co by NAA. 


In order to avoid positive systematic errors, the chosen canning material in case of Mo 
determination by NAA is PE, high purity. Al foil should be rather avoided if only the expected level of 
analyte in the sample is not too low. Otherwise the longer irradiation in quartz or in a high purity Al 
foil is necessary.  


4. REMARKS 


For the past years our laboratory has become specialized in devising very accurate methods for 
the determination of selected trace elements in biological materials by radiochemical NAA.  The 
devised methods were expected to be versatile, suitable to the analysis of broad category of a sample. 
The procedures, as a rule, are equipped in classification criteria, a key factor for quality 
assurance [26]. 


In order to reduce a possible error to an acceptable low level and to accept the developed 
method for Mo determination by NAA as high metrological quality, special requirements must be 
fulfilled. 


– uranium concentration should be determined for each material analysed, Precise 
monitoring the influence of fission interference should be the routine practice and the 
correction for uranium interference (if needed) should be introduced. 


– microwave assisted closed vessel digestion in mixture of HNO3 + H2O2 + HF should be 
used  


– high purity PE is recommended as a canning material. 
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Since no one can predict the influence of the new sample analysed, a safeguard against "an 
unknown matrix error " has to be included into the procedure: 


The usefulness of the radiochemical procedure should be tested for any new material analysed. 
Each set of a new sample should be irradiated with at least two elemental standards. One of them is 
processed together with a non-irradiated sample of the material investigated, to ensure equivalent 
performance as in case of the analysed sample. The other one is measured directly, in a sample-
matched geometry. If the specific activity of both standards show agreement within the limits of about 
a few percent, our procedure is suitable to the new category of the sample. 


The above mentioned developments offered possibilities to verify the accuracy of our previous 
Mo determination in case of CTA-OTL-1, the material with a highest resistance to dissolution. 


The results obtained for CRMs in a wide range of molybdenum level are presented in Table II. 
The detection limits for the determination in Al foil and in PE capsules were 2.5 ng/g and 6 ng/g, 
respectively. 


 


TABLE II. RESULTS OF MO DETERMINATION IN CRMS 


 
Material          Certified (information) value                                    Molybdenum results  


                     [ng g-1]                                                                                   [ng g-1]  
                                                                                                                                                        X ± t0.05 s n-1/2(n) 
                    
            after correction     
             for 235U interference 


                                  
 
 
Versiec'k Human Serrum  7.5 ± 0.8     7.3  ± 1.2 (5)  *)  
 
1547 Peach Leaves          60 ± 8    58 ± 2 (4) 
     
Oyster Tissue 1566              (<200)    190 ± 17 (8) 
     
CTA-OTL1                         (390)    378 ± 20 (5) 
 
CTA-VTL2                        2011 ± 151    2 145 ± 170 (5)     
     
INCT-TL-1                               -    40 ± 2 (9)    
       
INCT-MPH-2                (520)    402 ± 50 (6) 
 
 
 
*) canning material: Al. Foil (99.9999%) 24 h irradiation;  no U detected. 
 
 


5. CONCLUSIONS  


The difficulties and complexity of Mo determination in plant materials are reflected by the fact, 
that only one of four CRMs of botanical origin, prepared and distributed by INCT, is certified for Mo 
content.  
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The significance of the 235U interference has not been sufficiently realized as yet and the results 
of Mo determination, particularly in plant - the most difficult matrix - are often not fully adequate. Bi-
functionality and versatility of the presented method for Mo determination, as well as its matrix 
resistance, seemed to be a real advantage.  


The proposed microwave assisted mineralization procedure has been proven to be effective, 
even in the case of the most resistant materials.  


The method has been validated using biological reference materials in a wide range of 
molybdenum concentration levels. The obtained results are in accordance with a reference value.  
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Abstract 


Hair samples of children attending  schools on the croatian island Krk in the northern Adriatic sea have 
been collected and analysed for 12 chemical elements (Mg, S, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Hg, Pb) by using 
EDXRF as an analytical tool. Altogether, some 2,200 hair samples have been collected simultaneously with the 
recording of the answers to the questionnaire. So far 994 samples of hair randomly selected from all of the 
schools have been analysed. Concentrations of the twelve chemical elements  and nine variables from the 
questionaire, i.e. age, sex, living place, transportation, medication, hair colour, hair type, type of shampoo used, 
hair treatment, were considered in the statistical analysis.  
 


1. INTRODUCTION 


Human hair could be considered to be a monitor of the trace element status of a person, which 
includes both internal availability and outside contamination by environmental sources. In the recent 
years, measurement of metal concentrations in human hair samples has been widely used as an 
indicator of environmental exposure to heavy metals, to assess trace element status, and as an indicator 
of clinical and physiological problems [1–3]. Determination of trace element level in the hair pointed 
to the total environmental exposure and had several advantages compared to the analysis of body 
tissues and fluids. Some of them are: non-invasive sampling method requiring no special equipment or 
storage, samples can be stored until analysis with a relatively high stability of the specimens [4]. 


The purpose of this work was to determine elemental concentrations in the hair of school 
children (aged 7 to 18) living on the island of Krk with respect to different variables like age, sex, 
living place, transportation, medication, hair colour, hair type, type of shampoo used and hair 
treatment. Children may be exposed to environmental pollutant like heavy metals from numerous 
sources.  Some of them are airborne particles, drinking water and food, contaminated dust and soil [5]. 


The island Krk (the Northern Adriatic, Croatia), is the largest island in the Adriatic Sea with the 
total surface of 410 km2. It is divided in seven communes (Omišalj, Malinska, Dobrinj, Krk, Vrbnik, 
Punat and Baška). According to the latest census 17.488 people live on the island [6]. 2200 of them 
are school children attending schools on the island. 


2. EXPERIMENTAL 


Collection of hair samples was done in eight elementary and one secondary school on the island 
Krk. Hair samples were taken from the occipital part of the head close to the scalp using stainless steel 
scissors and stored in paper bags. All 2200 children were included in the study. During the sampling 
children were asked to fill-in the questionnaire requesting information about age, sex, living place, 
transportation, medication, hair colour, hair type, family members and health status. 


Hair samples were analysed using energy dispersive X ray fluorescence (EDXRF) method. For 
the analysis approximately 40 hairs were taken and irradiated directly without washing pre-treatment 
because some elements like Mg and Ca could be removed easily by washing [7]. Irradiation time was 
2000 seconds. As X ray source, the tube with a Mo anode (“Oxford instruments”) was used with the 
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following working parameters: 20 kV and 0.9 mA. The angle between the sample and the source was 
90°. As an X ray detector, a Si-PIN thermoelectrically cooled photodiode with the following 
characteristics was used: detector size = 2.4 × 2.8 (7 mm2), Si thickness = 0.3 mm, Be window = 25 
µm, FWHM for 5.9 KeV 55 Fe 186-220 eV. The angle between the sample and the detector was 45° 
and the distance was 5 cm. Qualitative and quantitative analysis was carried out using the AXIL 
(Analysis of X ray spectra by the Iterative Least squares fitting) computer code [8]. 


Quantitative analysis of hair samples was done by help of laboratory prepared standard using 
hair taken from different position at the occipital part of the head of our chemist. After homogenizing 
hair was divided in three subsamples. One part was cut into 1-mm peaces and 100 mg of it was 
dissolved in H2O2 (30% wt.) at 800C, evaporated and dissolved again in 0,5M HNO3 (9). Clear solution 
was diluted to 100 ml with double distilled water and concentration of trace elements (Cr, Mn, Fe, Ni, 
Cu, Zn, As, Hg, Pb) after preconcentration [10] with ammonium-pyrrolodine-dithiocarbamate (APDC) 
were determined using EDXRF method described above. Experiment was repeated six times. From the 
second part of the hair six subsamples with approximately 40 hairs were irradiated for 2000 s. 
Elemental concentration in unknown sample was calculated on the basis of the calculated sensitivities 
for each element present in the sample in the concentration higher than minimum detection limit. Mg, 
S and Ca do not form complexes with APDC and because of that they could not be analysed in liquid 
samples. For their determination, from the third part of the hair of our chemist six subsamples were cut 
into peaces, grounded to dust, prepared as tick target and irradiated 2000 s. Elemental concentrations 
in these samples were determined using calibration file made on the basis of IAEA SRM human hair 
(HH-85 and HH-86). Mean values of these concentrations for the elements Mg, S, and Ca were 
associated with known intensities determined from the second part of the hair as described above. 


3. RESULTS 


So far 994 samples of hair randomly selected from all of the schools have been analysed. Basic 
statistic parameters for chemical elements determined in these samples are shown in Table I. Great 
variations for almost all measured elements among the samples investigated were found. 


 


TABLE I. DESCRIPTIVE STATISTICS FOR TWELWE ELEMENTS IN 994 HAIR SAMPLES.  S 
IN MG/G, OTHER ELEMENTS IN µG/G 


Element Mean Median Minimum Maximum SD Skewness Kurtosis 
Mg 1134 1126 101 1989 332 -0.02 -0.96 
S 42 42 12 121 9 1.14 8.24 


Ca 2143 1553 366 20110 2030 3.96 22.88 
Cr 5.7 5.6 2.8 14.2 1.2 1.21 3.94 
Mn 2.8 2.5 0.9 7.8 0.7 2.24 10.43 
Fe 39.8 38.4 16.5 57.9 7.0 0.49 0.00 
Ni 1.8 2.1 0.7 3.4 0.8 -0.04 -1.66 
Cu 14.3 13.3 8.8 40.5 3.5 1.78 6.75 
Zn 183 183 106 393 31 0.68 2.82 
As 0.4 0.4 0.1 1.0 0.1 0.22 2.96 
Hg 0.9 0.9 0.4 1.9 0.1 1.37 10.88 
Pb 7.7 7.7 2.4 13.7 1.7 -0.26 0.54 


 


Among all tested samples 55.4% were taken from female and 44.6% from mail children. 85.4% 
of the children were born and raised on the island. 47.8% of them went to school on foot while other 
52.2% most often used school buses as transportation (45.2%). Most of the tested children (98.2%) 
were not on any kind of medication on the day of sampling. Other 1.8% was taking one of the 
following drugs: selective agonist of β2 receptors; anti-allergy drugs; antagonist of histaminic H2  
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receptors; anti epileptics; oral penicillin; vitamins and iron. According to type and colour it was found 
that straight (89.7%) and brown (55.6%) hair prevailed while red hair was found only in 1.1% of the 
samples. Among all tested samples 9.6% of them were chemically treated (dyeing, bleaching, 
permanent waving). Those samples were taken mostly from older children (age 15-18 years).   


4. DISCUSSION 


Canonical correlation analysis: For better understanding of variations in the chemical 
composition of tested samples canonical correlation analysis was used. Canonical correlation is 
procedure for assessing the relationship between two sets of variables [10]. Twelve elements (Mg, S, 
Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Hg and Pb) and nine variables (age, sex, living place, transportation, 
medication, hair colour, hair type, type of shampoo used, hair treatment) were considered. As the 
result of the analysis ten canonical roots were extracted but only five of them were statistically 
significant and further used in the interpretation of given data. Canonical correlation was significant as 
can be seen from the following parameters: χ2 = 2378.5; p = 0.000. A strong positive correlation 
between elemental concentration and those nine variables was found (canonical R = 0.91). 
Interpretation of the meaning of each canonical root was carried out on the basis of canonical weights 
and canonical factor loadings for each set. It was found that six of the nine variables from the right set 
contributed the most to the correlation. First root represent sex, second living place, third age and 
transportation, fourth type of hair treatment and fifth hair colour. Canonical weights and factor 
loadings for the left set of the variables (elemental concentrations) showed that Mg, S, Ca and Ni were 
sex dependent because of their good correlation with root 1 which represents sex. Differences in the 
elemental composition of hair among children living in seven communes of the island (root 2) were 
detected mostly by the variables Ca, Cr, Mn, Fe and Cu. The elements S, Fe, Ni, Zn, and Pb had the 
strongest influence on the differences in age and type of transportation used (root 3).  Type of hair 
treatment (root 4) had significant influence on the level of Mg, Ca, Cu and hair colour (root 5) on the 
concentrations of Mg, Ca, S and Ni. Those findings were confirmed by simple correlation between left 
and right set of the variables. 


Variability in the elemental composition of the hair: Additional analysis has been performed 
on the reduced group of samples obtained by the removal of the samples taken from the children-
refugees, children on medication and children with chemically treated hair from the data set. In the 
remaining 755 samples (76% of the samples analysed) variations with respect to sex, colour, 
sex/colour, sex/age, transportation and living place were investigated.  


Sex: Table II presents mean values ± standard deviation and range concentration found in this 
reduced group for the male’s and female’s hair samples. Mean value of Mg was 1.6 times; S 1.3 times; 
Ca 2.9 times and Ni 2.2 times higher in the hair of female’s children. Differences for other elements 
were less obvious, but slightly higher concentrations of Cr, Mn and Zn were detected in female’s hair 
(see Fig. 1.).  


The analysis of variance showed that difference in the elemental composition between these two 
groups is significant only for the elements Mg, S, Ca and Ni. Those results are in agreement with the 
results of canonical analysis.  
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TABLE II. MEAN VALUES ± STANDARD DEVIATION AND RANGE CONCENTRATIONS IN 
THE REDUCED GROUP OF SAMPLES WITH RESPECT TO SEX. S IN MG/G, OTHER 
ELEMENTS IN µG/G 


Element Female Male
 Mean ± SD Range Mean ± SD Range 


Mg 1374 ± 232 101 - 1962 835 ± 158 132 - 1545 
S 46 ± 7 15 - 68 36 ± 6 12 - 56 


Ca 2640 ± 1068 535 - 12459 921 ± 318 366 - 2795 
Cr 5.8 ± 1.2 2.8 - 14.2 5.7 ± 1.1 3.2 - 11.6 
Mn 2.9 ± 0.8 1.4 - 7.8 2.8 ± 0.6 0.9 - 6.7 
Fe 40.0 ± 7.1 16.5 - 57.8 39.4 ± 6.7 23.5 - 57.5 
Ni 2.4 ± 0.4 0.8 - 3.4 1.1 ± 0.3 0.7 - 3.1 
Cu 14.5 ± 3.6 8.8 - 40.5 14.4 ± 3.6 8.8 - 32.6 
Zn 185 ± 33 106 - 393 181 ± 28 109 – 277   
As 0.4 ± 0.1 0.2 - 1.0 0.4 ± 0.1 0.1 - 0.8 
Hg 0.8 ± 0.1 0.4 - 1.9 0.9 ± 0.1 0.4 - 1.9 
Pb 7.6 ± 1.8 2.4 - 13.7 7.7 ± 1.7 2.5 - 12.1 
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FIG. 1. Ratio of concentration mean values in females and males for different elements. 
 
 
 


Colour: Table III presents the mean values of the elemental concentrations with respect to 
colour, independently of sex, in this reduced group. The analysis of variance showed a significant 
difference in the concentrations of Mg, S and Ca (p< 0.05) among the four tested groups (blond, 
brown, black and red hair). The Mg and S contents increase with the darkness of the hair. On the 
contrary, the Ca content decreases in the following order: blond>red>brown>black and a similar result 
is found for Cr. For all other elements a slight increase with the hair darkness is found, but there is no 
general rule. The highest amounts of Zn and Mn are present in the red hair and Cu in the brown hair. 
These findings are in an agreement with the previous reports [12]. 
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TABLE III. SUMMARY OF MEAN VALUES IN THE REDUCED GROUP OF THE SAMPLES 
WITH RESPECT TO HAIR COLOUR. S IN MG/G, OTHER ELEMENTS IN µG/G 


Element Hair 
colour Mg S Ca Cr Mn Fe Ni Cu Zn As Hg Pb 
Blond 1034.9 38 2495.3 5.8 2.7 38.9 1.8 14.4 182.6 0.43 0.85 7.8 
Brown 1145.9 42 1675.0 5.7 2.9 40.0 1.8 14.5 182.7 0.44 0.85 7.5 
Black 1212.2 47 971.2 5.6 2.9 40.5 1.7 14.4 186.6 0.43 0.86 7.8 
Red 1119.0 44 1842.2 5.4 3.0 40.0 1.7 13.2 190.3 0.41 0.85 7.6 


      
Sex and colour: Mean values of elemental concentrations with reference to sex and colour are 


shown in Table IV. The elements Mg, S, Ca and Mn measured in female’s hair had the same trend 
mentioned for these elements in the previous paragraph. The highest values of Cr, Fe, Cu and Zn were 
found in the red hair and while in the black hair the smallest values of Cr, Cu and Zn were detected.  


 
 


TABLE IV. SUMMARY OF MEAN VALUES IN THE REDUCED GROUP OF THE SAMPLES 
WITH RESPECT TO SEX AND HAIR COLOUR. S IN MG/G, OTHER ELEMENTS IN µG/G 
 


Element Hair 
colour Mg S Ca Cr Mn Fe Ni Cu Zn As Hg Pb 


Blond 1219.0 42 3292.0 5.8 2.7 39.2 2.3 14.4 185.5 0.44 0.85 7.8 
Brown 1458.4 48 2452.1 5.7 2.9 40.6 2.5 14.6 185.5 0.44 0.85 7.5 
Black 1477.7 52 1361.6 5.6 2.9 39.7 2.5 14.1 184.0 0.41 0.82 7.3 


FE
M


A
LE


 


Red 1360.7 49 2740.6 6.2 3.2 43.5 2.5 15.4 199.9 0.40 0.85 7.9 
Blond 729.5 31 1174.1 5.6 2.7 38.4 1.0 14.4 177.8 0.42 0.85 7.7 
Brown 825.4 35 878.3 5.7 2.8 39.4 1.1 14.5 179.9 0.43 0.86 7.6 
Black 1024.0 43 694.5 5.6 2.9 41.1 1.1 14.6 188.5 0.44 0.89 8.2 M


A
LE


 


R 8 3 9 4 2 3 1 0 0 7


 


As it can be seen from the Table IV the elemental concentrations in the male hair have a quite 
different trend compared to the female hair. For the elements Mg, S and Zn concentrations increase in 
the following order: blond<brown<red<black and for Mn, Fe, Ni, Cu, As and Hg increasing 
concentrations proceede from red hair to blond, brown and black hair. The Ca trend is the same in the 
males and females hair: blond<red<brown<black. As for the most elements, different trends are also 
found for male and female Pb content in hair. In the females, Pb concentrations increase from black 
hair to brown, blond and red hair. On the contrary, in males, the Pb values rise in the following order: 
red<brown<blond<black. Lead exogenous contribution may be the reason for such a behaviour. 
Similar results for the elemental distributions with respect to sex and colour were presented by other 
authors [7,12]. 


Fig. 2 shows the ratios of female and male hair concentration values for hair of different 
colours. 
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FIG. 2. Ratio of mean concentration values for hairs of different colours. 


 
Sex and age: Elemental concentrations with respect to sex and age are presented in Table V. In 


the male hair Cr and Zn contents slightly increase from the age of 7 to12; Mn and Cu from 7 to11, and 
Fe from 7 to13. Then it drops slightly at age 16, rises again in 17, and finally drops at the age of 18. 
As, Hg and Pb concentrations rise from the age 7 to 10, become stable in the age interval from 11 to 13 
and further follow same trend as the other five elements mentioned above. For the other four elements 
(Mg, S, Ca and Ni) the trend is not so obvious, see Fig. 3. 


 
TABLE V. SUMMARY OF MEAN VALUES IN THE REDUCED GROUP OF THE SAMPLES 
WITH RESPECT TO SEX AND AGE. S IN MG/G, OTHER ELEMENTS IN µG/G 
AGE Mg S Ca Cr Mn Fe Ni Cu Zn As Hg Pb 


7 1374.8 46 2948.8 5.5 2.5 35.5 2.6 12.9 170.1 0.41 0.83 7.3 
8 1372.9 47 3088.3 5.7 2.9 38.3 2.6 13.0 176.0 0.42 0.85 7.6 
9 1429.0 48 2767.1 5.8 2.7 38.7 2.6 13.8 183.7 0.42 0.84 7.5 


10 1290.7 43 2216.1 5.9 3.1 39.4 2.3 16.3 191.2 0.47 0.85 7.4 
11 1291.9 42 2354.9 6.4 3.1 40.9 2.2 16.3 190.0 0.45 0.86 6.9 
12 1310.2 45 2424.7 6.4 3.2 44.5 2.3 16.9 199.2 0.42 0.83 7.4 
13 1413.3 47 2619.5 5.7 3.0 45.1 2.5 15.9 192.3 0.46 0.86 7.5 
14 1423.8 48 2573.0 5.4 2.8 41.1 2.5 13.7 189.2 0.42 0.85 8.2 
15 1437.4 48 2662.0 5.0 2.4 37.5 2.5 11.6 181.9 0.45 0.87 8.6 
16 1411.6 47 2601.9 5.5 2.4 39.8 2.5 11.9 159.5 0.43 0.87 8.1 
17 1536.4 50 2379.6 5.1 2.4 38.5 2.3 12.2 198.7 0.44 0.87 8.5 


FE
M


A
LE


 


18 1490.2 49 4310.4 5.2 2.4 35.7 2.4 11.6 149.6 0.44 0.84 8.5 
7 804.0 33 966.9 5.3 2.4 37.2 1.0 12.3 170.3 0.40 0.82 6.6 
8 796.9 34 1106.3 5.8 2.6 37.8 1.0 13.0 173.3 0.40 0.80 7.3 
9 809.3 35 966.6 5.8 2.7 38.4 1.1 13.9 176.0 0.43 0.85 7.6 


10 831.0 34 825.1 5.9 3.1 38.7 1.1 17.0 180.1 0.44 0.84 7.8 
11 862.7 35 802.2 6.0 3.3 39.1 1.3 17.8 194.8 0.46 0.90 7.7 
12 842.9 38 927.0 6.1 3.1 43.3 1.3 16.0 195.3 0.46 0.90 7.7 
13 825.1 36 913.0 5.9 2.8 43.5 1.1 15.3 180.1 0.46 0.90 7.7 
14 846.3 36 901.4 5.5 2.7 41.9 1.0 13.7 180.9 0.41 0.85 7.9 
15 893.9 38 974.4 5.3 2.6 39.0 1.1 12.9 184.7 0.43 0.87 8.5 
16 879.3 38 854.7 5.0 2.4 37.2 1.0 12.0 175.5 0.43 0.87 8.5 
17 828.6 38 839.2 5.5 2.7 37.5 1.0 13.7 192.0 0.44 0.90 7.8 


M
A


LE
 


18 836.7 37 970.3 4.5 2.5 37.0 .9 11.7 197.5 0.41 0.84 8.4 
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Female hair showed some differences in the elemental distribution with respect to age compared 


to the male hair. The elements Cr, Mn, Cu and Zn rise from age 7 to 12 and Fe from age 7 to 13. After 
that, these elements follow the same trend described for male hair, except for Mn whose 
concentrations become constant from age 15 to 18. For all other elements the distribution is quite 
irregular. Similar results considering distributions of Cu and Zn with respect to age and sex were 
reported by Schuhmacher et al., 1993 [1]. 
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FIG. 3. Ratio of mean concentration values for elements S, Mg, Ni and  Ca as a function of age. 
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FIG. 4. Male and female concentrations for Fe, Cu and the Fe/Cu ratio as a function of age. 
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FIG. 5. Age variations of Zn and Cu concentrations. Zn/Cu concentration ratios are constant.  
 
 


From Fig. 4. one can see that the age variations present in Fe and Cu hair concentrations are 
absent in the Fe/Cu ratio. From Fig. 5 it could be seen that the age variations present in Zn and Cu hair 
concentrations are absent in the Zn/Cu ratio values which are close to Cu values. 


Transportation: Significantly higher levels of the elements Pb, Hg As, Ni and S and 
significantly lower concentrations of the essential elements like Zn, Cu, Mn, Cr and Ca (see Table VI) 
were found in the hair of the children using motor vehicles (school buses and automobiles) as means 
of transportation, compared to the hair of the children that went to school on foot. This confirms 
previous investigations [13] that toxic elements could affect essential elements levels in the hair. 
These results pointed to the exposure to gasoline combustion product, enriched mostly in Pb and S, as 
well as other toxic elements like Hg, As and Ni.  


TABLE VI. SUMMARY OF MEAN VALUES IN THE REDUCED GROUP OF THE SAMPLES 
WITH RESPECT TO TRANSPORTATION. S IN MG/G, OTHER ELEMENTS IN µG/G 


Element Mg S Ca Cr Mn Fe Ni Cu Zn As Hg Pb
By bus 1125.3 42 1799.3 5.6 2.7 40.0 1.9 14.0 181.9 0.44 0.86 8.
On foot 1132.0 41 1868.7 5.8 2.9 39.8 1.8 14.7 184.8 0.42 0.84 6.


 
 


Living place: Fig. 6 shows the seven communes on the island Krk. The measured mean values 
of the elemental concentrations in the hair of children residing in the communes are shown as ratios to 
the mean values of soil concentrations (H/S). It should be pointed out that the H/S ratios are similar to 
the ratios of mean values of elemental concentrations in the vegetation, available to small grazing 
animals, and the ones of the soil (V/S) on which it grows. Although the highest concentration values 
for the elements Mg, S, Ca, Ni, Zn and Pb were found in the hair of the children from the Baska 
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commune, Mn, Fe and Cu in Omisalj, As and Hg in Malinska and Cr in the Punat, the highest ratios 
for both hair and plants are always these of Zn and Cu. 
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FIG. 6. The seven communes on the island Krk. Concentration ratios of the mean values hair to soil 
(H/S), vegetation to soil (V/S) are shown for individual communes. 


 
 


5. CONCLUSION 


Among nine tested variables, six of them (age, sex, living place, transportation, hair colour and 
hair treatment) had a significant influence on the elemental composition of the hair. The most obvious 
is the influence of sex and colour. Female hair contains significantly higher Mg, S, Ca and Ni levels.  
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The concentrations of all elements, except Ca and Cr, increase with the hair darkness, however 
there is no general rule. According to sex and colour, different trends were observed for male and 
female hair composition. Different trends were also detected for male and female hair composition 
when the age of the children was considered. In general, for most elements (except Mg, S, Ca and Ni) 
concentrations rise from age 7 to 12 [13].  


Significantly higher levels of the elements Pb, Hg As, Ni and S and significantly lower 
concentrations of the essential elements like Zn, Cu, Mn, Cr and Ca were found in the hair of the 
children using motor vehicles (school buses and automobiles) as means of transportation, compared to 
the hair of the children that went to school on foot. These results pointed to the exposure to gasoline 
combustion product, enriched mostly in Pb and S, as well as other toxic elements like Hg, As and Ni. 
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Abstract 


Exposures in the workplace are generally registered when there are easily identified diseases. The major 
problem is that most workers are exposed to low levels of toxic chemicals that can be lethal after a long period of 
time, due to chronic diseases. Aiming at giving support to the Worker’s Health Awareness Program of the 
Municipal Department of Health of Belo Horizonte, an assessment was carried out in three galvanizing factories 
by means of airborne particulate matter collected in air filters and hair and toenail samples as biomonitors. The 
arsenic was determined in all matrixes from factories where gold electrodeposition process was applied. This is 
because arsenic salts are usually added to gold bath to improve the metal covering. The high concentration 
results surprised the health surveillance professionals, and alerted for the need of assessing the influence of a 
long term exposure. Studies concerning galvanizing process have usually been developed broaching many 
aspects, but so far none has pointed out the detection and measurement of other elements like arsenic. The results 
will support the establishment of guidelines and data basis for the next occupational program for this specific 
workplace. The k0 insstrumental neutron activation plus monostandard methods were applied confirming to be a 
suitable technique on determination of arsenic in diversified matrixes. 
 


1. INTRODUCTION 


The industrial processes continually introduce the contamination risks to the workers. The 
contamination takes time to produce sinister effects, and because of that, it is difficult to be identified 
and its effects may appear in long term. A project was developed in order to assess the exposure to 
several elements and consequently the contamination of workers hired by the galvanizing industry in 
Belo Horizonte a project [1–4]. This project would give analytical support to the Worker’s Health 
Awareness Program of the Secretaria Municipal de Saúde (Municipal Department of Health). The 
development of this project was approved by the Ethics Committee of the Federal University of Minas 
Gerais, COEP-UFMG. 


This paper focuses on the arsenic determination in the galvanizings studied. This project was the 
first action in order to assess the elemental concentration level in this kind of industry determining 
several elements not considered essential for human beings, such as arsenic. Studies concerning this 
galvanizing industrial process [5,6] have usually been developed broaching many aspects including 
chromium [7,8] contamination consequences, but so far none has pointed out the detection and 
measurement of arsenic. 


Numerous epidemiological studies have indicated a strong positive association between 
atmospheric levels of this element in copper smelts and the incidence of lung cancer due to prolonged 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


and chronic arsenic exposure in industrial workplaces [9]. Skin cancer is also associated with long 
term arsenic exposure by dermal contact and oral intake. Arsenic in most chemical forms is readily 
absorbed by the human gastrointestinal tract. Once absorbed, arsenic undergoes substantial 
metabolism and the distribution of this element in the body has been studied in both humans and 
animals. The toxic effects of arsenic as described in humans vary in accordance with the dose and 
duration of intake. Under conditions of chronic intake, concerning excretion pathways, the highest 
concentrations are found in hair, nail and skin. These all have high sulfhydryl concentrations, 
suggesting that this property accounts for their high affinity for arsenic [9,10]. 


Galvanization [5,6] is an electroplating process for depositing a coating in a desirable form by 
means of electrolysis, involving the following steps: polishing with abrasives, washing the items with 
acids and sodium hydroxide, and electrodeposition of Cr, Cu, Au, Ni, A or Zn. But the workers are 
continuously dealing with several elements from metal items during the polishing stage and with other 
elements during plating stage. The probability of arsenic presence among these elements is possible 
because during gold coating arsenic or antimony salts are usually added aiming at improving gold 
deposition. Besides, the gold/arsenic bath is operated at 50 °C and there is the possibility of arsenic to 
be volatized [6]. Exposure and contamination may also occur during the preparation of the items 
previously coated in gold, because the items are polished and the powder is spread in the air. 


In order to assess the level of contamination, the biomonitors - scalp hair and toenail clippings - 
were donated both by workers, the Workers’ Group, and by individuals not exposed to the galvanizing 
environment, the Comparative Group. The level of exposure was evaluated collecting airborne 
particulate matter in filters [10,11]. 


2. EXPERIMENTAL 


2.1. Factories studied 


Three galvanizings working with the same procedure, i.e., “decorative chromium” were chosen 
at random downtown according to the statistical planning [1–3]. Only the Galvanizing 1, G1, did not 
plate gold and silver. The biological material samples were donated by 26 volunteer workers, the 
Worker Group. Another group, Comparative Group, was formed by 22 subjects non-exposed to the 
same workplace environment. By the way, this was the only aspect considered. No other aspect such 
as diet and personal habit was controlled. Because of that, this group was named Comparative Group 
and not Reference Group as it is usually found in the literature.  


2.2. Sampling procedures: biomonitors hair and toenail 


At first the physicians explained to the workers the aims of the project and how it would be 
performed, according to the sampling strategy [1–3]. The volunteer workers donated their toenail 
clippings and also hair samples. A professional hairdresser collected the hair samples according to 
IAEA instructions [11]. The hair samples were washed following the IAEA procedure [11], dried at 
40ºC and weighed afterwards. The toenail samples were washed using the procedure according to the 
literature [12]. After washed the samples were air dried and weighed in the irradiation container. The 
same procedures were applied to the samples donated by the non-exposed subjects. Only one sampling 
was carried out according to the sampling strategy. 


2.3. Airborne particulate matter: sampling procedure 


The level of elemental exposure inside the plants was evaluated carrying out the stationary air 
sampling. The samples collected came from places that would reflect, as much as possible, the indoor 
environment: near the polishing activities, as close to the chrome and copper baths as possible, in the 
office and in the items reception desk. The sampling of airborne particulate matter – APM - was 
conducted using 0.8-µm pore size - to get the breathable fraction - corresponding to APM having 
equivalent aerodynamic diameter less than 5µm, and 5.0-µm pore size - inhalable fraction, more than 
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5µm. Both filters were housed in polystyrene cassettes. The breathable fraction is the most harmful 
material when deposited in alveolar region [13–15]. Each two sampler, each one with one type of 
filter, collected the APM simultaneously at the same place for 8 hours during two days, 4 L.min–1. 
After the sampling the cassettes were carefully opened, the air filters were folded and inserted into 
their respective polyethylene vial for irradiation. The samples were collected only once according to 
the sampling strategy. 


2.4. Applying the neutron activation analysis 


The elemental concentration in all matrixes was determined applying a mix [1] of k0 
instrumental neutron activation [16] plus monostandard [17] methods. It consisted of schemes of 
irradiation and gamma spectrometry and calculations. The irradiation was performed in the research 
nuclear reactor TRIGA MARK I IPR-R1 located at the CDTN/CNEN (Nuclear Technology 
Development Centre/Nuclear Energy National Commission), Belo Horizonte, at 100 kW, under 
thermal neutron flux 6.6×1011 neutrons.cm-2.s-1. The samples were irradiated simultaneously 
accompanied by standard comparators of Au and Na, and Human Hair Reference Certified Material, 
GBW 09101, from the Shanghai Institute of Nuclear Research [18]. 


The neutron activation analysis and gamma spectroscopy comprised three schemes: 5 min, 4 h 
and 20 h irradiation time, suitable decay and measurement time to determine radionuclides short half-
lives, medium half-lives and long half-lives, respectively. Arsenic was determined in the second 
scheme. The gamma spectroscopy was performed in a HPGe detector 15% of efficiency, resolution of 
1.85 keV for the 1332 keV peak of 60Co. The quality control was done using the Human Hair 
Reference Certified Material analysed with the samples and replicates of samples, whenever possible. 
The quality assurance of the analytical results was evaluated through the analysis of several certified 
reference materials and inter-laboratory comparison studies organized by the IAEA [19], for the 
determination of trace elements in urban dust, and in filters loaded with airborne particulate matter and 
welding fume.  


3. RESULTS AND DISCUSSION 


Table I points out the arsenic elemental concentrations determined in each fraction of airborne 
particulate matter, APM, for each galvanizing studied. Galvanizing 1, G1 — the factory that does not 
plate gold then does not deal with As — presented this element only in breathable fraction collected in 
the Bath and Polishing areas. It suggested that the element came from the powder during the polishing 
process, since the Polishing area is in front of the Bath area with physical communication between 
them. The concentration determined was lower than the Threshold Limit Value, TLV, foreseen, but 
the presence of As in breathable fraction is really harmful to health. Threshold Limit Values are the 
airborne concentrations of substances and conditions under which it is believed that nearly all workers 
may be repeatedly exposed day after day without any adverse health effects, according to the 
definition of the American Conference of Governmental Industrial Hygienists [13]. 


Galvanizing 2, G2, presented arsenic in all fractions. In fact this factory plates gold and uses 
arsenic during this process. These results show the inadequate distribution of processes in the factory: 
the reception desk and the bath areas are located on the ground floor without any physical separation. 
On the second floor is the polishing area, far from the Bath area, but the presence of arsenic from the 
previous gold/arsenic coating is revealed.  


Related to Galvanizing 3, G3, this factory presented As with concentration several times higher 
then the value of TLV reference numbers the Office, Reception Desk, Polishing and the Bath areas are 
located on the same floor, the processes are close to each other and there is physical communication 
among the processes. This factory plates gold but antimony is applied on gold deposition process 
instead of As. The results suggest the arsenic presence comes from the polishing process. 
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TABLE I. ARSENIC CONCENTRATION (µg.m-3) IN AIRBORNE PARTICULATE MATTER 


Reception Desk Office Bath Polishing  
TLV 
As 


metal and 
compounds 


Breathable 
Fraction 


Inhalable 
Fraction 


Breathable 
Fraction 


Inhalable 
Fraction 


Breathable 
Fraction 


Inhalable 
Fraction 


Breathable 
Fraction 


Inhalable 
Fraction 


G1 Not collected ND ND 0.2 ± 0.1 ND 1.2 ± 0.2 ND 


G2 2.0 ± 0.1 0.9 ± 0.1 No  Office 2.0 ± 0.1 7.0 ± 0.1 7 ± 1 6 ± 1 


G3 


10 


7 ± 2 ND ND ND 12 ± 2 5 ± 2 150 ± 30 ND 


ND, not detected. 


 


Table II presents the elemental concentration determined in hair - Certified Reference Material 
[18] and reported in the literature [20] — and toenail samples — reported in the literature [21]. For the 
non-exposed subjects, the Comparative Group, arsenic was not detected in both biomonitors. G1 also 
did not present As in the samples. All G2 workers presented As in their hair samples and the Platers 
and Polishers presented also in toenail samples. Only one Plater and one Polisher presented arsenic 
both in hair sample and toenail samples: this Plater is just the worker in charge of gold plating and this 
Polisher often works as plater dealing exactly with gold. It is a very interesting result because it 
suggests the influence of long term exposure to arsenic during electroplating stage – Plater – and 
during polishing and electroplating stages – Polisher. Only the Owner and the Polishers from 
Galvanizing 3, G3, presented As in their toenail samples. These results suggest that the presence of the 
element in APM, at that time, was not enough for contaminating the workers hired by G1. It also 
suggested that only the workers dealing more continuously with the source of pollution, it means, the 
powder caused by the polishing process were contaminated: the Polishers and the Owner from G3. 
The Owner is used to polishing.  
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TABLE II. ARSENIC CONCENTRATION IN BIOMONITORS  


 Biomonitor As 
(µg.g-1)  


Experimental Values Certified Values Certified 
Reference 
Material 


Hair 
(GBW 0901) 


[18] 0.50 ± 0.05 0.59 ± 0.07 


 


Literature 
(35 individuals) 


[20] 
Hair (0.0067 – 0.126) * 


 


Literature 
(128 individuals) 


[21] 
Toenail (0.022 – 0.89) * 


 


Comparative 
Group 


(22 individuals) 
Hair and 
Toenail ND 


 


G1 
(9 workers) 


Hair and 
Toenail ND 9 


 
Trainee Owner 


Platers 
(3 workers) n 


Polishers 
(4 workers) n 


Hair 0.13  0.11 ± 0.02 0.20 ± 0.02 1 (0.07 - 0.6) * 4 G2 
(9 workers) 


Toenail ND - 0.20 ± 0.01 1 0.25 ± 0.05 1 


 Officer Owner 
Platers 


(2 workers) 
n Polishers 


(3 workers) n 


Hair ND ND ND - ND - 
G3 


(7 workers) 


Toenail ND 0.15 ± 0.05 ND - 0.09 ± 0.02 2 


ND, Not Detected; n, number of individuals that presented the element in theirs samples; *, range of concentration 


 


4. CONCLUSIONS 


The results from airborne particulate matter collected in air filters showed the high level of 
arsenic. Even not dealing with As, the polishing process itself is undoubtedly an important source of 
arsenic harming health mainly when this element is detected in the breathable fraction. 


The general assessment of risks pointed out Galvanizing 3 as the factory that offers more 
arsenic exposure and contamination risk due to the polishing process per se combined with unsuitable 
distribution of processes inside the workplace. However the results of As in airborne particulate matter 
and in biomonitors in Galvanizing 2 reflect the worker exposure and suggest endogenous 
contamination, once arsenic was not detected in the non-exposed individual samples. 


Related to Galvanizing 2, the result of As for hair and toenail of the Plater and Polisher – the 
ones with differentiated activities, as mentioned before - points out both matrixes suitable biomonitors 
for arsenic.  
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The neutron activation analysis – k0 plus monostandard method – confirmed its characteristic as 
a versatile technique when applied to different types of matrixes and its suitableness for a large range 
of As concentration. 


The results confirmed and reinforced the need of actions in order to minimize the hazardous 
work conditions. This first assessment alerts for the need of assessing the influence of arsenic long 
term exposure and will support the establishment of guidelines and data basis for the next occupational 
program for this specific workplace. 
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Abstract 


The application of gravimetric sampling for PM2.5, PM10 and TSP along traffic corridors in Lagos and Ile-
Ife, Nigeria, followed by the TD-XRF analysis of trace elements in the traffic corridors is reported. Results show 
the TD-XRF as a valuable tool for assessing heavy metal pollution in urban and rural areas. More than 15 trace 
elements were analysed in the urban traffic corridors. The study indicates that the transport sector is still 
contributing significantly to urban air quality deteriorations. The toxicity potentials (TP) for SPM and lead (Pb), 
determined for sites sampled in the two cities were high for all the sites in Lagos and all locations in Ile-Ife 
except for one residential site. For this site a TP value of 0.43 was obtained. For lead (Pb) the TP values were 
observed to be high for all the sites in Lagos and low (less than unity) for all the sites in Ile-Ife except for one 
commercial site. The results suggest the need for improved management of the transport sector, possibly through 
the introduction of integrated transport system to reduce the current over-dependence on road transport. The 
results for heavy metal pollution also suggests the need for gradual phase-out of leaded gasoline in Nigeria. 


 


1. INTRODUCTION 


Automotive pollution has been established to account for elevated levels of lead (Pb) and other 
heavy metals in ambient air along motorways and other urban sites [1, 2, 3]. Tail pipe emissions 
arising from gasoline combustion by motor vehicles results in increased air quality deterioration with 
respect to heavy metals and other air toxics. In Nigeria, problem of pollution from vehicular emission 
is worsened by limited street space, traffic jam delays, poorly maintained vehicles and roads (both 
paved and unpaved) and lack of emission control and management programme. Among the most 
serious consequences of the traffic induced urban pollution problems is the acute and chronic exposure 
of large fraction of the society to different doses of air pollution of different composition on daily 
basis. A large number of the populace intercept and inhale heavy metals and other air toxics as a result 
of direct exposure to pollution as part of their daily business and official activities which keep them 
within roadside environments. These include roadside shop operators, school children, street hawkers 
and police and traffic wardens. Many homes and offices are also built so close to major high traffic 
areas (especially in urban Lagos) that the occupants live their daily lives in traffic induced pollution 
conditions. For particulate matter pollutants, those of small aerodynamic diameter are able to penetrate 
the respiratory system either resulting in lung function deteriorations, or are introduced into the blood 
streams, with transport to major organs at which they pose a more serious risk by disrupting the 
normal functioning of these various organelles.  


There is an extensive literature on the effects of particulate air pollution, most especially the 
respirable fractions on health. Acute effects include increased allergy, asthma, hospital admissions for 
exacerbated cardiopulmonary and cardiovascular diseases. The long term effects include increased rate 
of cancer, mortality, respiratory morbidity and reduced life expectancy [4,5]. There is no known 
ambient air quality threshold for any atmospheric trace gas or particulate, below which no impact on 
human health or ecosystem is expected for both short term and long term cases. Some studies 
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suggested that long term exposure to SPM results in a reduction of life expectancy in the order of 2–3 
years [5]. Other recent studies showed that the prevalence of bronchitis symptoms in children; and 
reduced lung function in both children and adults are associated with SPM exposures [4]. Most of the 
studies on which WHO based its conclusion were conducted in the developed countries, where the 
particulate pollution loads are low [6]. It is expected that the situation in many urban centres in 
Nigeria, a developing country, where the greater fraction of the roads is unpaved, the particulate 
loading will be much higher. This is made worse by unplanned road transport system and high tailpipe 
emission, especially for soot and other SPM. 


In recent years Nigeria has witnessed increase in the importation of used motor vehicles which 
no longer meet environmental standards, especially tail pipe emission in Europe and other blocks of 
developed nations. Their continued use in those countries is considered a major health risk to the 
general population, as it would no doubt worsen the trend of air pollution especially in urban centres. 
Nigeria is among the developing countries for which such used vehicles are being dumped yearly in 
large quantities. Due to low economic conditions many cannot afford means of transport which have 
pollution abatement technologies installed. There is a need to investigate the potential and actual 
impacts which this class of low technology vehicle may have on air quality and human health as a 
means to evaluating the long term cost on the economy. In Nigeria, apart from a few studies on air 
quality deterioration induced by transport undertaken in the early to mid 1990s by Ogunsola et al and 
other workers, very little is known about the impact of the increase of these old vehicles on the air 
quality along the traffic corridors. 


This study is therefore initiated as a long term study to assess the potential impact of road 
vehicular emission on urban air quality and impact on human health. The determination of 
concentration of toxic metals in the ambient air was carried out in certain locations in Lagos, being 
among the fastest growing cities in the world today, having a population of over 12 million people by 
World Bank statistics. The study is also to investigate the potential impact in other growing Nigeria 
cities. Ile-Ife was chosen as a medium population, semi-industrial urban area whose urban growth rate, 
in comparison to Lagos, is considered low. The town which is approximately 230 km from Lagos, 
apart from being a small university town, serves as a link between the new Federal Capital Territory, 
Abuja and Lagos/Ibadan axis of the southwestern Nigeria. Hence despite its semi industrial status 
appears to have high traffic densities at certain periods. 


The assessment comprises sampling ambient air for airborne particulate matter at locations 
along motorways and residential areas with varying traffic densities. This is followed by the 
application of a non-destructive nuclear analytical technique to identify and quantify the different 
elemental particles present in the study areas. In an earlier work, the concentration of Pb and other 
heavy metals of TSPM in ambient air collected by gravimetric means along motorways in Nigeria 
were determined using a combination of Proton Induced X ray Emission (PIXE) and Energy 
Dispersive X ray Fluorescence (EDXRF) technique [1]. In this work, however, the concentrations of 
toxic metals in the inhalable and respirable fractions of the SPM (PM10) as well as the TSPM were 
determined using PM10 gravimetric samplers followed by chemical analysis by the TXRF technique. 


2. MATERIALS AND METHODS 


The ambient air along motorways in an urban setting, Lagos and Ile-Ife, both in southwest 
Nigeria was sampled for SPM using portable Nigretti 1000 air sampler for total suspended particulate 
matter (TSPM) and a stacked Gent PM10 sampler to determine the inhalable fractions. Sampling was 
done in June, 2002 for 3 h at each location and sampling sites were chosen to reflect variations in 
traffic volume and human activities. The Whatman 41 cellulose filters used for the TSPM and 
Nuclepore filters used for the PM10 sampler were humidity conditioned in a charged dessicator for 
24 h prior to weighing before and after sampling using a micro-balance. The basic principles for 
quantifying particulate matter loading in the atmosphere using the PM10 sampler have been reported 
elsewhere [7]. The weighed filters were stored in sealed polyethylene bags and taken to the field for 
sampling. 
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The sampling sites in Lagos include highway, marine, residential (medium density) bus stops 
and motorway while the sampling sites in Ile-Ife were bus stops, highway, motorway, commercial 
(medium density) and residential (low density). The samples were collected at heights of about 1.6m 
above ground level and at such locations where free air circulation was not hindered. The samplers 
were positioned side by side on the downwind pedestrian side of motorways. After each sampling, the 
loaded filters were stored in polyethylene bags and taken to the laboratory for sample preparation and 
analysis. The concentration of each suspended particulate matter (SPM) fraction in µg/m3 collected per 
the volume of ambient air sampled is obtained by dividing the difference between the filter weight 
after and before sampling, AW  and BW  respectively, by the total volume of air sampled, .airV  


air


BA


air V
WW


V
WSPM


−
=


∆
=                                                                                      (1) 


where 


∆W is the weight of particulate collected on the filter after the sampling duration for which the total 
volume of air sampled is Vair. The volume of air sampled is the product of the average sampling rate 
and the total sampling time. 


Each of the exposed filters was digested using ultra-pure acids .One unloaded filter of each type 
was digested in the same manner to serve as control. A 5 µL aliquot of each of the digested samples 
was pipetted unto a sample carrier and dried using infra-red lamp and at such distance where rapid 
evaporation was avoided. The sample on the carrier was then irradiated with X ray beam from a 
secondary Mo-target X ray tube. The X ray tube was operated at a tube voltage of 40.1 keV and 
current of 20.1 mA. Ga was used as internal standard and irradiation and spectra acquisition time was 
1000 seconds.  


Fluorescence X rays from each sample were analysed using a spectrometer comprising of a Si 
(Li) detector, a GENIE2K inspector and a computer. The energy calibration of the spectrometer was 
carried out using the known energies of X rays of elements in a multi-element standard. The 
sensitivity of the spectrometer to each element under the operating condition was determined by 
determining the peak counts for concentrations ranging from 0.1ppm to 100ppm. For quality control 
and assurance purposes, the IAEA reference material- IAEA-Soil-7 was digested and analysed and its 
result compared with the certified/recommended values. The quantitative analysis of the spectra 
obtained was carried out using the QXAS software analysis package [8]. 


For a quantitative estimate of the possible impact of the airborne particulates on the health of 
those exposed, the toxicity potential (TP) of SPM was calculated by dividing its concentration for each 
sampling site with the daily average standard level concentration of 150µg/m3 and 65µg/m3 for PM10 


,and  PM2.5 respectively. The toxicity potential of lead was calculated by dividing the concentrations of 
Pb measured by USEPA National Ambient Air Quality Standard of 1.5µg/m3 [9]. 


i


i


TLV
C


TP =           (2) 


where 


the Threshold Limit Value (TLVi) is the maximum permissible atmospheric SPM loading or Pb 
concentration recommended by regulatory agencies for human health protection and Ci is the SPM or 
Pb concentration. 


3. RESULTS AND DISCUSSION 


The concentrations of SPM and traffic density (TD) in Lagos and Ile-Ife are presented in 
Table I. In Lagos, TD values was least for the residential areas (298 vehicles/h) and highest for the 
motorways (4800 vehicles/h). In between these, TD values were approximately 2400–4100 at bus 
stops, 1500 at highways and along the coastal marine areas. In all locations, cars/buses dominated the 
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vehicle fleet. The SPM concentration in Lagos varied from 146µg/m3 to 238µg/m3 for fine fraction 
(0.4 µm filter), 213µg/m3 to 377µg/m3 for the coarse fraction (0.8 µm filter) and 903µg/m3 to 
1414µg/m3 for the total suspended particulate (TSP).The TSP formed the bulk of the SPM in all site 
classes. In Lagos, the highest TSP loading were recorded at a residential sites, which are observed to 
have the least TD values. These may indicate that the contribution of the TSP may be from sources 
other than traffic in the area. As most fuel wood and kerosene still form the bulk of residential fuel 
use, especially in the high density residential areas where these were recorded, residential fuel burning 
may contribute a higher fraction to the observed TSP values than traffic.  


The TD values for Ile-Ife ranged from 10 vehicles/h (for residential-2 area) to 1500 vehicles/h 
for commercial-2 area. In between these, the TD values of approximately 1400 vehicles/h was 
obtained for commercial-1 area, 1000 vehicles/h were obtained for bus stop and motorway areas, 
while 370 and 65 vehicles/h respectively were obtained for highway and residential-1 areas. The SPM 
values obtained for Ile-Ife ranged from 11µg/m3 (for residential-2 site) to 261µg/m3 (for commercial-1 
site) in respect of fine particles, 7µg/m3 (for residential-2 site) to 270µg/m3 (for commercial-1 site) in 
respect of coarse particles, and 107µg/m3 (for residential-2 site) to1185µg/m3 (for motorway site) in 
respect of TSP. Like in Lagos, the TSP values were significantly higher than the combined values of 
the fine and coarse particulate fractions. There is some degree of weak correlation between the SPM 
and TD values for the different sites investigated to confirm that the SPM measured may be derivable, 
to a high degree from traffic sources. 


For both Ile-Ife and Lagos, the PM10 concentrations were higher than the 150µg/m3 for the 
United States National Ambient Air Quality standards (NAAQS, 1999) by factors of 2 to 4 except for 
the residential-2 site in Ile-Ife with a value of 0.12  (Table II). Also the respirable SPM fractions 
(Tables I and II) were higher than the 65µg/m3 TLV (NAAQS, 1999) by factors of between 2 and 4, 
except for the residential-2 site in Ile-Ife for which it is lower with a value of 0.17. The TSP values 
compare well with the values of an earlier work conducted in the areas [1]. For Lagos, the lead 
concentrations are higher than the 1.5µg/m3 (NAAQS, 1999) standard by factors of 3 to 6. This is 
however different for Ile-Ife as TP for Pb is below unity except at the commercial-1 site with a value 
of 5.19. 


TABLE I. THE CONCENTRATION OF SPM FOR THE DIFFERENT SITE CLASSES AS A 
FUNCTION OF TRAFFIC DENSITY (TD) IN LAGOS AND ILE-IFE 


 SPM concentration (µg/m3) Traffic density(Vehicle/h) 
Site category 0.4µm filter 8.0µm 


filter 
TSP filter Cars/ 


buses 
Lorries Motor-


cycles 
Total 


Lagos:        
Highways 196 225 1120 1270 228 02 1500 
Marine 146 225 1355 1396 07 147 1550 
Residential 238 331 1413 116 01 181 298 
Bus Stop -1 191 232 992 1724 93 542 2359 
Motorways 198 213 903 4449 331 41 4832 
Bus Stop -2 222 377 935 3637 424 52 4113 


Ile-Ife:        
Bus stop 178 213 946 806 15 170 991 
Highway 172 181 794 335 18 13 366 
Motorway 166 201 1185 654 25 330 1009 
Commercial-1 261 270 790 473 07 939 1419 


Commercial-2 185 246 946 964 15 550 1529 
Residential-1 174 206 860 24 01 40 65 
Residential-2 11 7 107 09 00 01 10 
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TABLE II. TOXICITY POTENTIAL RECORDED FOR DIFFERENT SITE CLASSES IN LAGOS 
AND ILE-IFE 


Site/category PM2.5 PM10 Pb (PM10) 
Lagos:    


Highway 3.02 2.81 5.17 
Marine 2.25 2.47 3.62 
Residential 3.66 3.79 4.17 
Bus Stop -1 2.94 2.82 6.25 
Motor Way 3.05 2.74 4.55 
Bus Stop – 2 3.42 3.99 6.29 


Ile-Ife:    
Bus stop 2.74 2.61 0.67 
Highway 2.65 2.35 0.60 
Motorway 2.55 2.45 0.33 
Commercial-1 4.02 3.54 5.19 
Commercial-2 2.86 2.88 0.64 
Residential-1 2.68 2.53 0.97 
Residential-2 0.17 0.12 0.03 


 
 


The range of concentrations of toxic elements especially heavy metals in suspended air 
particulate in Lagos and Ile-Ife are shown in Table III. Lead (Pb) metal concentration in air is of 
primary importance in this study because it has been regarded as a marker element for traffic pollution 
in many literatures. It is also established to be of high toxicity inducing human health impacts even at 
lower concentrations. The concentrations of Pb in Lagos ranged between 1.84µg/m3 and 9.58µg/m3 
and these values are generally higher than those obtained in Ile-Ife with a range of 0 to 8.09µg/m3. The 
highest Pb concentration was recorded to be 9.58µg/m3 for Lagos, at a bus-stop location (Mile2) and 
8.09µg/m3 for Ile-Ife at a road side location (commercial-1). Similarly, most other elements such as 
Zn, Br, Fe, Ca and K show the same pattern of higher values in Lagos like Pb. The Pb concentration 
values compare well with the results earlier reported in major urban centers of the world where traffic 
pollution and ambient lead level reduction is of serious concern [1,10,11]. When compared with 
international standards for Pb such as WHO (1.5µg/m3) and European Union (2.0µg/m3), most Pb 
values exceeded the standards for Lagos locations but well below the standards for Ile-Ife locations. 
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TABLE III. FRACTIONATED/TSP ELEMENTAL CONCENTRATION (ΜG/M3) IN LAGOS 


Particulate 
class 


Site 
class K Ca Ti V Cr Mn Fe Co Ni Cu Zn Se Br Sr Y Pb 


FINE 2.24 5.49 0.60 0.77 1.11 0.00 6.39 0.00 0.17 1.32 2.66 0.00 0.00 0.00 0.38 3.11 
COARSE 4.66 3.81 0.11 0.00 1.20 0.00 2.88 0.00 0.00 0.00 1.77 0.23 0.21 0.40 0.72 4.65 
TSP HIGHWAY 7.32 10.39 2.04 1.40 2.34 0.37 10.06 0.86 0.40 2.11 4.67 0.53 0.27 0.06 1.50 8.84 
FINE 9.77 4.50 0.90 0.57 0.50 0.00 3.29 0.00 0.27 0.83 1.28 0.00 0.05 0.00 0.00 1.84 
COARSE 3.49 2.71 0.78 0.11 0.12 0.00 2.67 0.00 0.00 0.35 0.40 0.32 0.22 0.29 0.00 3.59 
TSP MARINE  23.23 8.06 2.04 1.84 2.10 1.09 8.32 0.00 0.30 3.21 5.52 1.11 1.26 1.07 0.72 6.54 
FINE 5.48 4.41 1.58 0.83 1.55 0.74 4.06 0.00 0.04 1.05 1.49 0.10 0.23 0.29 0.00 3.20 
COARSE 1.02 2.98 0.25 0.00 0.20 0.00 3.72 0.00 0.00 0.00 0.43 0.08 0.11 0.19 0.00 3.06 
TSP RESID. 6.11 7.96 1.87 2.01 1.82 0.02 11.71 0.81 0.28 1.74 2.43 0.19 1.19 0.64 0.00 8.36 
FINE 2.49 2.83 0.98 0.00 0.68 0.45 1.19 0.00 0.17 1.01 0.62 0.28 0.53 0.08 0.00 3.03 
COARSE 3.54 1.51 0.08 0.00 0.88 0.00 2.83 0.00 0.00 0.32 0.00 0.17 0.37 0.57 0.00 6.35 
TSP B/STOP 8.71 14.15 1.18 0.00 1.87 0.62 7.33 0.92 0.44 1.37 1.11 0.62 1.18 1.88 0.70 9.58 
FINE 0.00 2.07 0.61 0.83 1.12 0.52 0.88 0.00 0.16 0.35 0.37 0.14 0.61 1.52 1.84 2.40 
COARSE 0.00 4.32 0.00 0.00 1.33 0.00 4.82 0.00 0.00 0.22 0.15 0.36 0.54 1.59 0.00 4.43 
TSP M/WAY 0.00 6.42 1.71 1.29 2.96 0.83 6.89 0.00 0.51 0.66 0.63 0.57 1.70 1.84 2.45 7.63 
FINE 0.00 2.81 1.41 0.89 0.57 0.55 6.23 0.00 1.70 0.57 0.25 0.38 0.48 0.24 1.46 2.84 
COARSE 0.01 1.39 0.42 1.11 0.30 0.00 9.42 0.00 0.00 0.22 0.00 0.41 0.14 5.69 0.44 6.59 
TSP B/STOP 0.00 9.85 5.56 1.16 0.86 0.72 23.17 0.00 2.97 0.99 0.92 0.89 1.49 5.95 5.88 8.72 


KEY:  RESID. = RESIDENTIAL, B/STOP = BUSTOP,  M/WAY = MOTORWAY. 
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TABLE IV. FRACTIONATED/TSP ELEMENTAL CONCENTRATION (ΜG/M3) IN ILE-IFE 
 Site class K Ca Ti V Cr Mn Fe Co Ni Cu Zn Se Br Sr Y Pb 


0.00 0.00 0.68 0.63 0.10 0.00 0.00 0.00 0.00 0.00 0.42 0.00 0.00 0.00 0.00 0.44 


0.00 0.00 0.00 0.44 0.03 0.00 0.28 0.00 0.00 0.04 0.00 0.01 0.05 0.04 0.00 0.56 


FINE 


COARSE 


TSP B/STOP 0.52 0.00 3.69 1.12 0.25 0.62 2.26 0.00 0.00 0.22 0.47 0.11 0.16 0.06 0.00 1.08 


FINE 0.00 3.58 0.21 0.00 0.05 0.00 0.88 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 


COARSE 0.00 6.06 0.00 0.00 0.04 0.00 0.80 0.00 0.00 0.00 0.00 0.02 0.03 0.05 0.47 0.90 


TSP HIGHWAY 0.11 13.54 0.58 0.67 0.11 0.16 2.37 0.00 0.11 0.00 0.19 0.04 0.11 0.06 0.63 1.49 


FINE 0.00 0.00 2.12 0.00 0.09 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 


COARSE 0.00 0.00 0.63 0.39 0.02 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.04 0.03 0.00 0.50 


TSP M/WAY 0.00 0.00 3.13 0.42 0.26 0.52 0.00 0.00 0.00 0.13 0.00 0.13 0.06 0.05 0.53 1.44 


FINE 0.00 8.15 2.10 0.59 0.07 0.34 1.31 0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.00 6.12 


COARSE 0.00 4.81 0.21 0.92 0.00 0.00 0.00 0.00 0.00 0.18 0.11 0.07 0.22 0.08 0.00 1.66 


TSP COMMER. 0.00 14.22 2.88 2.03 0.77 0.78 2.09 0.51 0.18 0.35 1.30 0.45 0.34 0.22 0.60 8.09 


FINE 2.53 0.40 0.00 0.43 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.35 


COARSE 4.62 0.80 0.37 0.43 0.12 0.00 0.00 0.00 0.00 0.46 1.83 0.00 0.00 0.11 0.34 0.61 


TSP COMMER. 8.81 2.23 0.66 1.22 0.17 0.25 0.00 0.00 0.00 0.65 1.90 0.06 0.20 0.21 0.88 2.21 


FINE 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.04 


COARSE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04 0.03 0.00 1.42 


TSP RESID. 0.00 0.00 0.00 0.62 0.16 0.56 0.00 0.13 0.00 0.00 0.00 0.12 0.07 0.04 0.49 1.43 


FINE 0.00 0.00 0.00 0.37 0.07 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 


COARSE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.01 0.00 0.04 


TSP RESID. 0.00 0.00 0.00 0.75 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.74 0.00 0.08 


KEY:  RESID. = RESIDENTIAL, B/STOP = BUSTOP,  M/WAY = MOTORWAY,  COMMER. = COMMERCIAL. 
 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


TABLE V. RANGE OF ELEMENTAL CONCENTRATION (µG/M3) FOR LAGOS AND ILE-IFE 


 Range (Lagos) Range (Ile-Ife) 


 Filters Filters 


Element 0.4µm 8.0µm TSP 0.4µm 8.0µm TSP 


K 0.00-9.77 0.00-4.66 0.00-23.23 0.00-3.00 0.00-5.00 0.00-8.81 


Ca 2.07-5.49 1.39-4.32 6.42-14.15 0.00-8.00 0.00-6.00 0.00-14.00 


Ti 0.60-1.60 0.00-0.78 1.18-5.56 0.00-2.12 0.00-1.00 0.00-3.69 


V 0.00-0.89 0.00-1.00 0.00-2.00 0.00-0.63 0.00-0.92 0.42-2.03 


Cr 0.50-1.55 0.10-1.30 0.86-2.96 0.00-0.10 0.00-0.12 0.11-0.77 


Mn 0.00-1.00 0.00 0.02-1.09 0.00 0.00 0.00-0.78 


Fe 0.88-6.39 2.67-9.42 6.89-23.17 0.00-1.00 0.00-0.80 0.00-2.37 


Co 0.00 0.00 0.00-0.92 0.00 0.00 0.00-1.00 


Ni 0.04-1.70 0.00 0.30-3.00 0.00 0.00 0.00 


Cu 0.35-1.32 0.00 0.66-3.21 0.00 0.00-0.46 0.00-0.65 


Zn 0.25-2.66 0.00-1.77 0.63-5.52 0.00-0.66 0.00-2.00 0.00-1.90 


Se 0.00 0.08-0.41 0.19-1.11 0.00 0.00-0.07 0.04-0.45 


Br 0.00-1.00 0.11-0.54 0.27-1.70 0.00 0.00-0.22 0.00-0.34 


Sr 0.00-2.00 0.20-5.70 0.06-5.95 0.00 0.01-0.11 0.04-0.74 


Y 0.00-1.84 0.00-0.72 0.00-5.90 0.00 0.00 0.00-1.00 


Pb 1.84-3.20 3.06-6.59 6.54-9.58 0.00-6.12 0.04-1.66 0.08-8.09 
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TABLE VI. IAEA SOIL 7 ANALYSIS RESULTS 


Element Recommended  


Value (ppm) 


95% Confidence  


Interval (ppm) 


Obtained Values 


(ppm) 


K 12100 11300 – 12700 *8500 


Ca 163000 157000 – 174000 *135700 


Ti 3000 2600 – 3700 2700 


V 66 59 – 73 57 


Cr 60 49 – 74 53 


Mn 631 604 – 650 700 


Fe 25700 25200 – 26300 26800 


Co 8.9 8.4 – 10.1 *108 


Ni 26 21 – 37 22 


Cu 11 9 - 13 10 


Zn 104 101 – 113 108 


As 13.4 12.5 – 14.2 15 


Br 7 3 – 10 *48 


Rb 51 47 – 56 66 


 
 


4. CONCLUSION 


The study of the potential impact of road vehicular emission on urban air quality and impact on 
human health over Lagos and Ile-Ife, Nigeria has shown that good correlation exist between traffic 
density and PM2.5, PM10 and TSP along traffic corridors. The values of TP for PM2.5, PM10 and TSP as 
well as those of major heavy metals such as Pb were significant. For PM10, the TP values were in the 
range 2 to 4 in both cities except for the residential-2 site in Ile-Ife with a value of 0.12. For PM2.5, 
the TP values were also in the same range except for the residential-2 site in Ile-Ife for which it is 
lower with a value of 0.17. For Lagos, the TP values for Pb were higher in the range 3 to 6, but below 
unit for all sites in Ile-Ife, except at the commercial-1 site with a value of 5.19. The results suggest the 
need for improved management of the transport sector, possibly through the introduction of integrated 
transport system to reduce the current over-dependence on road transport. The results for heavy metal 
pollution also suggest the need for gradual phase-out of leaded gasoline in Nigeria. 
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Abstract 


Very recently, quite attention has been made on a few more trace elements in foodstuff as essential for 
animal and human health in certain ranges of concentration or intake. These traces are: aluminum, nickel, 
vanadium and tin. Al and Ni have been measured by atomic absorption spectroscopy (AAS), and the two latter 
ones measured by radiochemical neutron activation analysis (RNAA) in few references laboratories. Here, 
scandium was also analysed by instrumental neutron activation analysis (INAA). These measurements were 
made for the most of the Iranian diets and other participant countries' diets under the framework of a 
co-ordinated research project (CRP) of the IAEA during the period 1986–1994, but practically it took more 
years. Here in this work the daily dietary intakes of above mentioned trace elements are given and discussed 
while the results of 20 other nutritionally important trace elements appeared somewhere else. 


1.INTRODUCTION 


In a few recent decades numerous research works have been performed for importance of 
minerals to human health in many countries in all over the world. This is true that these minor and 
trace elements are structurally, nutritionally and even radiologically important. Among these 
nutritional importance trace elements, some may be essential trace elements with certain definitions 
[1–2] and some other trace elements may be toxic. Meantime there have been controversial disputes 
whether essentiality and toxicity are under the influence of elemental characteristic or concentration. 
Although the forms of species, compound and valance state of metals are quite significant [1–6], there 
are some trace or ultra-trace elements which, in certain ranges of concentrations or intakes, play an 
essential and, in higher level, pretend to be toxic element. 


Therefore the terms of requirement level or recommended allowances, etc. are a matter of 
importance and consideration. But these definitions with some added word indicate rather different 
meanings, such as basal requirement, normative requirement or safe range of intakes for 
individual/population, even lower/upper level of requirement and tolerable level which all make sense 
that one never can say a certain element is essential and another one is non-essential, or it is purely 
toxic . Because most of trace elements in lower ranges may be at the risk of deficiency and, in higher 
range, at the risk of toxicity, meantime those in medium range may act as essential elements – 
sometimes so-called “safe range of intake for individual or safe range of population mean intakes in 
larger study group” [3–4]. This meaning comes from the statement “there are no toxic substances but 
toxic doses”, which is in contradiction to some extent with a simplified statement that “trace essential 
is very low amount of the element but biologically very significant and effective in health 
maintenance” [1,6–7].  


In light of reasonably sufficient research work, there are some elements in certain ranges of 
concentration or intake as essential elements;  usually they are not occurring toxic or fatal in normal 
dietary at all (e.g. Fe, Zn, Cr, Co, Cu, Mo, Se, I)and there are some toxic trace elements that from very 
low level about µg quantity (e.g. As, Cd, Pb, Hg) with possibly some pharmacological 
essentialities[1–10]. However, controversial elements are Al, Ni, V, Sn and some more that the 
function of their essentiality is not as much as that of previous elements, the so-called essentials. Also, 
the toxicity of these elements are potentially far less than the toxic elements even in higher quantity. 
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This is likely due to abnormalities in dietary, drinking, environmental condition or some excessive 
exposure. However, the latter elements are so-called newer or possibly essential elements. This matter 
is the interest of this work — in particular, their analysis in daily diet of Iranian study groups. 


2. EXPERIMENTAL 


The procedure for diet preparation and relevant study groups was described in previous papers 
[11–12]. It is summarized below. 


2.1. Study groups 


The study groups were selected among common healthy people from five major regions in 
accordance with their various food habits in Center, North, East, West and South indicating by C, N, 
E, W and S, respectively. Then, three classes of the population (study groups) were chosen: Literate 
Illiterate and Rural indicated by numbers 1, 2, and 3, respectively .All Iranian study groups are 
prefixed with IR – abbreviation for Iran. Since the central study groups have to be representative of the 
larger population, each study group (1,2,3) was formed from 6 study groups composed of the families 
from 2, 3, 4, 5, 6, and 7 members and then all put into one study group to be comparable with others. 
However, here in this study, the representative man out of each study group is an adult person aged 
20–65 years and weighing 50–65 kg. 


2.2. Sampling method 


Total mixed diet prepared on the basis of dietary recording method — this method was chosen 
since: a) no statistic data were available on the food consumption in national or regional level, b) no 
common understanding would let one duplicate diet preparation in a large study group in regional 
level, and c) no marketing basket method could be implemented in the mid of 1980s when this 
programme was planned, and war between Iran and Iraq was going on. Therefore, this job was 
assigned to a few trained nutrition students. These volunteers were however familiar with the regions 
and food habits of the people, questioned the appropriate selected test subjects (study groups) and 
made recording of whatever they eat everyday for 4–5 consecutive days (in accordance with their 
detailed food items and all forms of cooking or non-cooked items). Also, individual habits of eating, 
drinking and additives were questioned and recorded. 


2.3. Diet reconstitution/reformulation 


The recorded data of food consumption in laboratories of the Nutrition Institute were processed 
and converted to the appropriate food composition either cooked or raw. Then this composite was 
transferred to a special blender with titanium blade, mixed, homogenized, freeze dried and powdered. 
This material was aliquoted to a few samples and sent by the IAEA to different local or reference 
laboratories for analysis. 


2.4. Measurement 


As it was mentioned in an earlier publication in more detail [11–12], this was a worldwide 
project and many countries participated as collection centres (for daily diet sampling) or as reference 
analytical centres (for analytical purposes), and some for both purposes. The diets were analysed in a 
few references laboratories and back-up laboratories following appropriate quality assurance criteria. 


The elements of interest in this work were of Al, Ni, V, Sn and Sc. The first two elements were 
analysed by atomic absorption spectroscopy (AAS) in the Medical Physical Laboratory of Toronto, 
Canada and in the Agriculture Research Center of Jokioinen, USA, respectively. Meantime, both 
vanadium and tin analysed by radiochemical neutron activation analysis (RNAA) in the Institute 
“Jozef Stefan” in Ljubljana, Slovenia. Scandium was measured by instrumental neutron activation 
analysis in the Siebersdorf Laboratory of the IAEA in Vienna. Meantime a few measurements were 
made locally by different method as well [11] .The main participants countries were of: 
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AU:Australia, BR:Brazil, CA:Canada, CH:China, IR:Iran, IT:Italy, JA:Japan, NO:Norway, 
PO:Portugal, SP:Spain, SU:Sudan, SW:Sweden, TH:Thailand, TU:Turkey and US:USA — these 
countries were collection centres, while some more countries participated as analytical centres and 
others as both collection and analytical centres. 


The reason for performing the analyses in different laboratories was due to their speciality. The 
IAEA applied a very strict quality assurance programme on this project as a whole. 


3. RESULTS AND DISCUSSION 


The results for elements of interest are given in Tables I and II for different regions and 
different main study groups, respectively. Table III shows fiurther results resulting from more smaller 
study groups in the central region where each of the six is being represented as IR-C-1, IR-C-2 and 
IR-C-3. The daily diet content of newer trace elements are shown in Table IV for various countries 
who participated in this work. The normative requirement/level and tolerable level for discussed trace 
elements as well as the analytical methods are given in Table V. These data are all illustrated in 
Figs 1–4, which can be more useful. 


Aluminum. There are not enough evidences or data to prove the essentiality of Al in any 
species of plants, animal or microorganisms as yet. In vitro, Al has been shown to stimulate a few 
enzyme systems [7,10]. However, low aluminum semi synthetic ration in goats' diet for four years 
exhibited some differences and less life expectancy as compared with that of control goats [3]. 
Ingested Al is poorly absorbed about 2-4%. Aluminum may also be inhaled from atmosphere whose 
absorption by this route is more efficient. Soluble salts such as AlCl3 are better absorbed than the more 
insoluble salts. The excessive exposure and inhalation of aluminum powder may cause, Less motility 
in the gastrointestinal tract, Hypo chromic anemia (not associated with Fe deficiency), Bone 
formation, Pulmonary fibrosis mostly in dialysis when the Al content of some water used for the 
preparation of dialysates.The most important contribution to Al intakes comes from antacid 
medications that provide several grams of metal per day. Aluminum interacts with many elements 
such as Ca, F, Fe, Mg, P and Sr when ingested in excess and can reduce their absorption. It has also 
been shown that Al interferes with variety of biological and enzymatic process (e.g. displace Mg from 
ATP, with resulting stabilization of ATP and bone formation) [7]. The estimates of average daily 
intakes have ranged from 3-14[3] or 4-51[7] mg/day depending on   geographical location, pH of soils, 
cookware, aluminum sulfate baking powder, water and industries. At this levels and lower, there 
would be no risk of interactions or toxicity. Provisional tolerable intake of aluminum is approximately 
1 mg/kg of body weight or 65 mg/day/adult  [3,7,13,14]. 
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TABLE I. INTAKES OF SOME NEWER TRACE ELEMENTS OF IRANIAN DAILY DIET IN 
TERMS OF DIFFERENT REGIONS (MG/DAY/PERSON) 


  Dry wt., gr/day Al Ni V Sn Sc 
IR-C-1 806 28.4 0.51 0.063 0.381  0.0054 
IR-C-2 921 27.1 0.55 0.070 - 0.0079 
IR-C-3 906 25.6 0.56 0.048 - 0.0042 
IR-C 878 27.0 0.54 0.061 0.381  0.0058 
              
IR-N-1 1019 43.7 1.75 0.106 - - 
IR-N-2 1540 42.7 0.15 0.073 - - 
IR-N-3 1413 29.6 1.16 - - - 
IR-N 1324 38.7 1.02 0.090 - - 
              
IR-E-1 633 15.5 0.45 0.048 - - 
IR-E-2 674 25.6 0.51 - - - 
IR-E-3 1007 28.1 0.67 0.073 - - 
IR-E 762 23.1 0.54 0.061 - - 
              
IR-W-1 1005 24.9 0.70 0.059 - - 
IR-W-2 1116 36.5 0.69 - - - 
IR-W-3 816 14.8 0.50 - - - 
IR-W 979 25.4 0.63 0.059 - - 
              
IR-S-1 691 - 0.50 - -   
IR-S-2 699 - 0.55 - -   
IR-S-3 1040 - 0.78 - -   
IR-S 810 - 0.61 - -   
              
IR av. 951 28.5 0.67 0.067 0.381 0.0058 


 
Nickel. There are some direct evidences that nickel, the same as other metals in the first 


transition series of periodic table, is essential to microorganisms and animals. The existence of this 
metal in metalloprotein of human serum and its presence in a few enzymes, RNA and evidence that 
nickel functions similarly in human, all indicate that possible nickel essentiality for man is quite high 
[I,3,7] . Pathological signs consistent with nickel deficiency have been produced in chicken, rats, 
swine and goats. Dietary nickel is poorly absorbed in the range of 1–10% even at high intakes. This 
absorption is enhanced by iron deficiency, pregnancy and lactation. Excessive nickel exposure may 
lead to dermatitis and exzema. Nickel has been reported to increase in blood and relevant tissues with 
cancer, myocardial infarction. The concentration of nickel has been reported to be 4.8µg/L in whole 
blood and 1.7-4.4 µg/L in human serum. Available information for animal and its extrapolation to 
human may suggest a basal nickel requirement of less than 100 µg /day/adult. Threshold level for 
toxicity/provisional tolerable level may be less than 600 µg daily [3]. 


Vanadium. The essentiality of vanadium was first suggested in 1971 by three laboratories, 
stating that in chicken or rats there resulted reduced growth of wing and tail feathers and reduced body 
growth, respectively [7]. Also it is believed that vanadium does have a role in hormone, glucose and 
tooth metabolism, and inhibit the cholesterol synthesis which is stimulated by manganese [1,3]. It is 
hypothesized that vanadium regulates the Na+/K+ ATPase as the sodium pump and phosphoryl transfer 
enzymes. The absorption of vanadium is rather poor and a great amount can be absorbed from 
gastrointestinl tract under some conditions [14]. The V+5 ion is absorbed 3–5 times more efficient than 
V+4. Serum vanadium level is about 0.15 ng/ml and more than 1.0 ng/ml may consider as excessive 
exposure. Studies suggest a daily intake of 10 µg daily as a basal vanadium requirement. A daily 
intake of 10 mg/day indicates signs of toxicity in humans. Thus less than above intake may assume as 
threshold toxicity/tolerable level. Vanadium concentration in diet of more than 25 mg/kg for rat and 
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50mg/kg for animals results in depressed growth, diarrhea and mortality. Vanadium appears to be 
more toxic when added to highly purified diets – the toxicity can be completely prevented by EDTA 
by inhibiting its absorption or increasing the dietary chromium [10]. 


 


TABLE II. INTAKES OF SOME NEWER TRACE ELEMENTS OF IRANIAN DAILY DIET IN 
TERMS OF MAIN STUDY GROUPS (MG/DAY/PERSON) 


  Dry wt., gr/day Al Ni V Sn Sc 
IR-C-1 806 28.4 0.51 0.063 0.381  0.0054 
IR-N-1 1019 43.7 1.75 0.106 - - 
IR-E-1 633 15.5 0.45 0.048 - - 
IR-W-1 1005 24.9 0.70 0.059 - - 
IR-S-1 691 - 0.50 - - - 
IR1 831 28.1 0.78 0.069 0.381 0.0054 
              
IR-C-2 921 27.1 0.55 0.070 - 0.0079 
IR-N-2 1540 42.7 0.15 0.073 - - 
IR-E-2 674 25.6 0.51 - - - 
IR-W-2 1116 36.5 0.69 - - - 
IR-S-2 699 - 0.55 - - - 
IR2 990 33.0 0.49 0.072 - 0.0079 
              
IR-C-3 906 25.6 0.56 0.048 - 0.0042 
IR-N-3 1413 29.6 1.16 - - - 
IR-E-3 1007 28.1 0.67 0.073 - - 
IR-W-3 816 14.8 0.50 - - - 
IR-S-3 1040 - 0.78 - - - 
IR3 1036 24.5 0.74 0.061 - 0.0042 
              
IR av. 952 28.5 0.67 0.067 0.381 0.0058 


 


Tin. Tin could function at the active site of mettalloenzymes and proteins. The oxidation -
reduction potential of Sn+2 ↔ Sn+4 is 0.13 volts, which is well within the range of physiological 
oxidation-reduction and very close to the potential of the flavin enzymes. Essentiality of tin is 
established and it is responsible for growth, less efficiency of food utilization, alopecia and depressed 
response to sound [10,13–15]. Inorganic tin has a low order of toxicity because of its poor absorption 
particularly when the dietary intake is high. Tin human poisoning symptoms include nausea, 
abdominal cramps, diarrhea, vomiting. Chronic exposure to excessive intake lead to group 
depression, anemia and affect several enzymes and interfere with metabolism of Zn, Cu, Ca 
and alter the tissue concentrations of a few other elements. Organic tin compounds are 
appreciably more toxic and attack the central nervous system [16]. The recent study suggests 
average basal and normative requirement of about 0.01 mg/day/adult, but this is not yet 
confirmed. Provisional tolerable intake for tin is 2 mg/kg of body weight or 130 mg/day/adult 
[17–18]. 
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TABLE III. INTAKES OF DIETARY NEWER TRACE ELEMENTS IN CENTRAL REGION OF 
IRAN (MG/DAY/PERSON) 


  Dry wt., gr/day Al Ni V Sn Sc 
IR-C-12 851 20.8 0.539 0.076  0.323 0.0059 
IR-C-13 730 23.9 0.477 0.031  0.433 0.0042 
IR-C-14 639 15.8 0.504 0.047  0.388 0.0059 
IR-C-15 664 25.0 0.605 0.047  - 0.0048 
IR-C-16 873 31.0 0.408 0.060  - 0.0037 
IR-C-17 1082 53.7 0.555 0.119  - 0.0079 
IR-C-1 av. 806 28.4 0.515 0.063  0.381  0.0054 
              
IR-C-22 1194 35.5 0.493 0.161  - 0.0410 
IR-C-23 902 27.9 0.563 0.063  - 0.0069 
IR-C-24 896 27.7 0.849 0.056  - 0.0048 
IR-C-25 819 35.9 0.347 0.034  - 0.0025 
IR-C-26 964 24.9 0.590 0.067  - 0.0028 
IR-C-27 752 10.7 0.453 0.041  - 0.0041 
IR-C-2 av. 921 27.1 0.549 0.070  - 0.0079 
              
IR-C-32 997 31.4 0.610 0.071  - 0.0064 
IR-C-33 694 23.5 0.413 0.053  - 0.0031 
IR-C-34 657 18.5 0.535 0.033  - 0.0030 
IR-C-35 1220 19.8 0.933 0.040  - 0.0034 
IR-C-36 913 17.3 0.440 0.053  - 0.0026 
IR-C-37 862 42.8 0.446 0.040  - 0.0064 
IR-C-3 av. 906 25.6 0.563 0.048  - 0.0042 
              
IR-C av. 878 27.0 0.542 0.061 0.381 0.0058 


 
 
 
TABLE IV. THE DAILY DIET CONTENT OF SOME NEWER TRACE ELEMENTS IN 
VARIOUS COUNTRIES (PPM) 


  Al Ni V Sn Sc 
AU 14.80 0.593 - - - 
BR 19.03 0.691 0.033 - 0.003 
CA - - - - - 
CH 27.67 0.259 0.047 - - 
IR 29.98 0.707 0.040 0.381 0.0058 
IT 13.27 0.262 - - - 
JP 6.34 0.356 0.024 - - 
NO 8.33 0.544 - - - 
PO 14.52 0.240 - - - 
SP 10.41 0.274 0.052 - 0.001 
SU 39.72 0.546 0.125 - 0.008 
SW - 0.607 - - - 
TH 13.92 0.341 0.019 - - 
TU 24.09 0.764 0.046 - 0.005 
US 27.62 0.341 - - 0.001 
Ave. 19.61 0.462 0.048 0.381 0.0040 
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Scandium. Since Sc is the first element of the first series of transition elements which are 
mostly essential, it may have some order of essentiality, too. Meantime it is just the next element to 
Ca, then, perhaps it may have some biological behaviour similar to alkaline earth metals. However, 
there is not much work or literature about this element to prove this. In this work, the intake or diet 
content of scandium is also measured and results are given in the following tables. 


 


TABLE V. FURTHER RELEVANT DATA ON THIS WORK FOR TRACE ELEMENTS OF 
INTEREST [3,7,18] 


Elements: Al Ni V Sn Sc 
Analytical method: AAS RNAA INAA 
Normal requirement – mg/day: 3–14 0.1 0.01 0.01 - 
Tolerable level – mg/day: 65 0.6 10 15-30 - 


 
 
4. CONCLUSION 


In accordance with recent literature [3–5,7,18] and considering the previous section as well as 
Table V, the following observations are drawn out. Results show that alteration of these elements in 
Iranian daily diet is rather in wider ranges and all apparently meet almost the normal requirement if 
they are to play an essential role. Among these, nickel content or intake particularly for certain study 
groups seems to be higher than tolerable level, but no symptoms were reported epidemiologically. 
Nickel content of diets in some other countries are more or less similar to Iran. Therefore, no 
particular contamination likely occurred to Iranian diets. This is to be added to the epidemiological 
study which partly has been carried out for deficiency of certain essential elements and relevant 
diseases in Iran. In this regard one has to consider further points as important: 


Aluminum content of the body tissues and body intake is considered that may alter to some 
extent the environmental pattern, while essential elements have more symmetrical distribution [7]. 
Therefore, body tolerance is not confined as long as minimum amount is accessible via diet. 


The interaction of these trace elements with other essential or non-essential are more important 
when the imbalances are occurred and   absorption and retention (biological half life) is drastically 
changed as the result of various species or compounds of micronutrient. Though homeostatic control 
may be applicable by biochemical mechanism. 


However another matter concerning the newer trace elements is their poor absorption since, the 
absorption of these traces in ideal condition mostly is less than 10% in particular when the intake of 
element is higher the percentage of absorption is lower. 
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FIG. 1. Comparative intakes of newer trace elements in different regions’ study groups 
(mg/day/person). 
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FIG. 2. Comparative intakes of newer trace elements in main study groups (mg/day/person). 
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FIG. 3. Comparative intakes of newer trace elements in central study groups (mg/day/person). 
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FIG. 4. Comparative concentration of new trace elements in various countries (ppm). 
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Abstract 


Selenium and iodine are trace elements that play an important role in health of man and animals. 
Concerning supply of both elements it is important to meet nutritional needs. According to discoveries selenium 
is a part of an active group of glutathione peroxidase enzyme. It prevents necrotic changes in liver, muscle 
dystrophy and has impact on growth. Extensive studies on content of selenium in plant and animal origin 
products were started in the beginning of the seventies in Western Europe (Frankenberger, et al., 1998). The aim 
of our work was to determine selenium and iodine content in total diets of Slovene military. Slovene military 
nutrition is based on its own nutritional standards, which determine 200 µg of iodine and 50 µg of selenium in 
daily diet (Rep. Slovenija Ministrstvo za Obrambo, 1994). 


To determine if the amounts of both elements meet the standards we have analysed 20 total daily diets 
from four different barracks within a two month period. Selenium and iodine in freeze dried samples were 
determined by radiochemical neutron activation analysis. It was estimated that the average daily intake was 
460 ± 126 µg of iodine and 90 ± 33 µg of selenium. Both results meet the recommended military nutritional 
standards (Rep. Slovenija Ministrstvo za Obrambo, 1994). 


 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Recent developments in optical systems for breath testing have provided a robust, low cost option for 
undertaking 13C analysis. Although these systems were initially developed for breath testing for Helicobacter 
pylori, they have potential as a research tool in soil science and agronomy. The relatively low cost of the 
equipment at US$ 15000-25000 is within the research budgets of most institutes or universities. The operational 
simplicity of the optical system means that relatively low maintenance and minimal training are required. 


Thus methods were developed to prepare soil and plant materials for 13C isotope-ratio analysis using the 
breath test analyser, and results were compared with conventional isotope-ratio analysis by mass spectrometry. 


In combination with simple 13C plant labeling techniques it is possible to devise methods for estimating 
carbon sequestration under different agronomic management practices within a short time frame. This allows an 
assessment of the carbon credit value of a particular agronomic practice, which can in turn be used by policy 
makers for decision-making purposes. 


For a global understanding of the effect of agricultural practices on the carbon cycle data is required from 
a range of cropping systems and agro-ecological zones. The method and the approach described will allow 
collection of data within a reasonable timeframe. 


 


1. INTRODUCTION 


An estimated 3.3 Pg carbon is accumulating in the atmosphere annually from anthropogenic and 
natural processes [1]. Soils are the largest near surface reservoir (75%) of terrestrial carbon [2]. Over 
the past 150 years oxidation of soil organic matter from conventional cultivation practices accounted 
for 6-25% of the increase in atmospheric CO2 [3]. The conversion from conventional tillage to no-
tillage (zero tillage)/conservation agriculture systems has been suggested as one possible option to 
offset rising CO2 levels. The principle of no-till/conservation agriculture is that the crop residues are 
retained at the end of the growing season on the soil surface and the seed of the following crop is 
drilled into the residue layer with minimal disturbance. At the present time, approximately 60 million 
ha are under zero tillage agriculture worldwide [4]. FAO is engaged in the development of 
methodologies and tools to analyse options for small farmers to prevent land degradation, and to 
enhance soil fertility, land productivity and carbon sequestration, which contribute to mitigating 
atmospheric CO2 levels [5].Using stable isotope techniques, in particular 13C and 15N, it is possible to 
estimate the potential benefit of no-tillage (zero tillage)/conservation agriculture practices in terms of 
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carbon sequestration. Base line data is needed for a range of agro-ecological zones under a range of 
cropping systems to fuel the carbon models. This requires that the technology to estimate carbon 
sequestration is available, easy to use and appropriate.Optical systems for breath analysis initially 
developed for the testing for Heliocobacter pylori have provided a robust, low cost option for 
undertaking 13C isotope-ratio analysis, and have potential as a research tool in soil science and 
agronomy. The system is based on simple optical infra-red gas analysis, and requires no carrier gases. 
In combination with simple 13C-plant-labeling techniques it is possible to devise methods for 
estimating carbon sequestration under different agronomic management practices within short time 
frames.In this paper methods will be described in which 15N/13C dual labelling techniques in 
combination with the optical breath test analysis system (FANci) were used to estimate carbon 
sequestration within a conservation agriculture scenario. 


2. MATERIALS AND METHODS 


These experiments were set up in the greenhouse, FAO/IAEA Agriculture and Biotechnology 
Laboratories, Seibersdorf, Austria. 


13C labelling was achieved using an extremely simple system. Cowpea plants (var AY1Y1) 
were grown in the greenhouse from seed in PVC tubes containing 3 kg quartz sand. The seedlings 
were watered daily with Long Ashton solution labelled with 5 atom% excess 15N. Three week old 
plants were pulse labelled with 13C in a gas tight Perspex air-conditioned chamber, which contained a 
vial of concentrated lactic acid. Ten ml of 0.5 M 99 atom% 13C sodium bicarbonate solution was 
added to the lactic acid to release labelled CO2. Two and four hours after the initial injection 10 ml of 
unlabelled sodium bicarbonate solution was added to the acid; this ensured that most of the labelled 
CO2 was taken up by the plants. CO2 concentration was monitored throughout the labelling period 
using a conventional infra red gas analyser. The labelling procedure was repeated twice weekly for 
two weeks, and the plants were harvested 3 days after the last injection. Plant material was separated 
into shoots and roots, dried at 70°C and ground to 1mm mesh for 13C and 15N mass spectrometry 
analysis (Optima, Micromass, UK).  


Comparison experiment: Materials produced using the above system with a range of 13C values 
were compared using the mass spectrometry and FANci system. For FANci analysis plant material 
was digested using the method described by Voroney et al [6]. The tubes containing the plant sample, 
digestion mixture and CO2 trap were placed in a heating block for 1 h at 130°C, and then allowed to 
cool and left overnight to complete CO2 absorption. The following day the CO2 traps were removed. 
An aliquot of NaOH was back titrated with phenolphthalein after the addition of 10 ml of 1M SrCl2. 
The SrCO3 precipitate was washed and centrifuged 3 times and then dried at 40°C. The SrCO3 
precipitate was analysed using either the FANci apparatus or the mass spectrometer. 


For mass spectrometric analysis, approximately 5 mg of vanadium pentoxide was combined 
with 2.5 mg of SrCO3 in the tin cup to ensure complete combustion. 


For FANci analysis; approximately 40 mg of SrCO3 was added to a 10ml vacutainer which was 
then evacuated, 1 mL of 7.5 M phosphoric acid was added and a vigorous effervescence was observed. 
Using a gas-tight syringe 5 ml of CO2 was sampled from the tube and added to the gas sampling bag 
through a Suba Seal. An additional 95 mL of air was added and the sample bag connected to the 
FANci breath test analyser (FAN GmbH, Leipzig, Germany). The samples were run using a delta over 
baseline (DOB) routine using a laboratory standard gas (5% CO2 in air, 18 ‰ δ 13C) as the baseline 
standard. 


Carbon sequestration experiment: The aim of the experiment was to establish whether it is 
possible to undertake carbon sequestration studies using artificial 13C enrichment and the FANci 
apparatus for isotope-ratio analysis. The soil used was a low carbonate sandy loam soil from the 
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Krumbach region, Austria. There were 12 replicates of each treatment to allow for weekly destructive 
sampling. 


The treatments were: 


1. No residue added, soil only control. 


2. Cowpea leaf residues added at a rate equivalent to 1134 mg C kg-1 soil, 100 mg N kg–1soil 
(equivalent to 200 kg N ha-1 and 2.26 tonnes of C ha-1) 


3. Cowpea root residues added at a rate equivalent to 1250 mg C kg-1 soil, 100 mg N kg–1soil 
(equivalent to 200 kg N ha-1 and 2.5 tonnes of C ha-1) 


The equivalent of 300 g of oven-dry soil and 50 ml of water was mixed according to treatment 
and packed into PVC incubation tubes. The soil samples were placed in a gas-tight 1.5 litre Kilner jar 
and a CO2 trap of 40 ml of 0.5 M NaOH was placed on the top of the tube and supported by chicken 
wire. At weekly intervals for three weeks the CO2 trap was replaced and the jar aired. An aliquot of 
NaOH was back titrated with strontium chloride and prepared for FANci analysis as described above. 
Soil samples (40 g) were extracted at each sampling in 200 ml of KCl for inorganic N analysis. The 
suspension was shaken for 1 h and filtered, and the supernatant analysed using colorimetric flow 
injection methods [7]. 


t
 )N (A-)N (A ratetion mineralizaNet 00tt ++


=  
(1) 


 
where A is the ammonium N pool size and N is the size of the nitrate N pool, t=time after initial 
sampling, which is denoted by 0. 
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3. RESULTS AND DISCUSSION  


The elemental and isotopic composition of the dual labelled cowpea is shown in Table I. The 
15N enrichments of the leaves and roots were sufficient to trace and the δ 13C was also much higher 
than the background. It was assumed that there was uniform13C and 15N labelling of plant material. 


TABLE I. COMPOSITION OF COW PEA GROWN IN THE LABELING CHAMBER 


Treatment %N Atom% 15N 
excess 


%C δ 13C (‰) 


     
2 leaves 3.71 1.355 41.95 2130 


     
3 roots 3.12 1.52 38.89 2485 


 
 


There was a highly significant linear correlation of 13C enrichment measured in plant residues 
using either the mass spectrometer or FANci (r2 = 0.9447). The 95% confidence interval of the 
intercept included the value 0 and the 95% confidence interval of the slope included the value 1. This 
suggests the results from the two methods did not differ significantly and that the FANci analysis 
could be used as an alternative to mass spectrometry for enriched samples. 


Carbon mineralization was rapid over the first 7 days (Fig. 1) and fell exponentially in both leaf 
and root treatments in the following weeks. Nitrogen mineralization was also rapid over the first 7 
days, showing a similar pattern (Table II). There was a significant linear relationship (r2 = 1, p < 0.05) 
between Ndfr (Table III) and cumulative CO2 respiration in the leaf treatments, but not in the root 
treatments. These results showed that the mineralization of carbon and nitrogen is inextricably linked 
[8]. 


 


TABLE II. NET N MINERALIZATION RATE DURING 21 DAYS (EQ. 1) 


 Net mineralization (mg N kg-1 soilweek-1) 
Treatment 7 days  14 days 21 days 
    
1 Soil only 0 1.3 3.9 
2 Leaves 24.5 8.4 1.5 
3 Roots 17.0 1.5 5.9 
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FIG. 1. Soil respiration following addition of residues. 


 
 
 
TABLE III. NITROGEN DERIVED FROM RESIDUES IN THE INORGANIC POOL (EQ. 2) 


 Ndfr in inorganic N pool (mg N kg-1 soil) 
Treatment 7 days  14 days 21 days 
    
2 Leaves 20.6 27.6 30.7 
3 Roots 9.8 10.7 13.4 


 
 


It was possible to measure carbon derived from residues using both isotopic and non-isotopic 
methods. Both gave similar values suggesting that the techniques for measurement were appropriate 
(Table IV). These data suggested that only 15% and 8% of the added residues were mineralized from 
the leaf and root treatments, respectively, in the first 21 days. The isotopic data was always slightly 
lower than the difference values suggesting a slight priming effect of residue addition [9]. i.e. when 
residues are added they provide a nutrient source for heterotrophs, thus increasing basal respiration. 
These data also show that the isotope technique allows a finer resolution of measurement. Using the 
isotope technique it would be possible to measure Cdfr over the following months, if not years. This is 
not possible using the difference technique because of the small difference in CO2 evolution in the 
treated and untreated samples. 
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TABLE IV. PERCENTAGE OF RESIDUE MINERALIZED AS CO2 CALCULATED USING 
ISOTOPIC (EQ. 3) AND DIFFERENCE (EQ. 4) APPROACHES 


 % of residue added mineralized as CO2 


Difference approach 
% of residue added mineralized as CO2 


Isotopic approach 
Treatment 7 days  14 days 21 days 7 days  14 days 21 days 
       
2 Leaves 10.21 


(0.06) 
2.14 
(0.1) 


1.51 
(0.01) 


9.67 
(0.15) 


1.29 
(0.11) 


0.24 
(0.02) 


       
3 Roots 5.52 


(0.04) 
2.04 
(0.1) 


0.86 
(0.01) 


4.40 
(0.04) 


0.30 
(0.11) 


0.15 
(0.02) 


       


Using these data, it was possible to construct approximate carbon budgets for an equivalent 
inorganic N fertilizer system. The mineral N released from the organic residue was equivalent to 
approximately 60 kg ha-1 over the three week period, which may be a slight underestimate due to 
nitrate accumulation feedback mechnisms. It was assumed that in the conventional inorganic fertilizer 
system, to achieve a simlilar level of fertilization, 100 kg ha-1 would have to be applied assuming a 
fertilizer use efficiency of 60%. It was estimated that 118 kg CO2 was required for inorganic N 
production based on published data [10]. The carbon sequestration was calculated by substracting the 
respired carbon from the original input value using the isotopic data. From this perspective the cowpea 
residue treatment had significant benefits in terms of C sequestration, if it is assumed that residues are 
stabilized in the soil. This assumption is not necessarily valid, however, and using the techniques 
described and measuring the 13C remaining in the soil it would be possible to quantify this over many 
years. 
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FIG. 2. Nitrogen budget for inorganic fertilizer and residue system, in Kg ha-1. 


 
 


Figs 2 and 3 show that addition of leaf residues would lead to N release and carbon 
sequestration. However, it is recognized that there needs to be syncronization of the residue N release 
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and crop N uptake. Although these were pot experiments they allow a reasonable estimation of carbon 
sequestration and enable us to compare different soil management scenarios. Further experiments need 
to be done under field conditions. 
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FIG. 3. Carbon budget for inorganic fertilizer and residue system in Kg ha1. 


 
 


These pot experiments demonstrate how a simple 13C labelling procedure used in conjunction 
with a simple breath test analyser could be used to get a range of values for C sequestration, and that 
the technique may have potential field application under different cropping systems in a range of agro-
ecological zones. 
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Abstract 


Food fortification has the potential to improve the nutritional status of large number of people. 
Unfortunately there are few trials of efficacy or effectiveness of food fortification strategies for improving 
micronutrients status in developing countries. Nuclear and related techniques can play a vital role to check 
effectiveness of nutrition intervention programmes particularly food fortification by providing precise data 
regarding micronutrients bioavailability and micronutrient interaction in a cost effective manner. The 
International Atomic Energy Agency (IAEA) offers technical support to evaluate the efficacy of fortified foods, 
and food supplementation programmes and other interventions aimed at fighting many forms of malnutrition 
found throughout the world 


The objectives of this review are to describe the role of stable isotopes in evaluating and monitoring food 
fortification and to highlight the role of the IAEA as technical partner in support of studies on effective food 
fortification interventions.  


 
Key words: Food fortification, stable isotopic techniques, the International Atomic Energy Agency. 
 
 


1. INTRODUCTION 


The developing world has yet to experience relief from the consequential effects of 
micronutrient malnutrition particularly from lack of iron, iodine, vitamin A, Zinc and folate [1]. 
Indeed estimates are that 3.5–5 billion are iron deficient (IDA), 2.2 billion deficient in iodine (IDD) 
and 140–250 million deficient in vitamin A (VAD) [2]. 


Increasing farm productivity, supplementation targeted to high risk groups combined or not with 
program of food fortification and dietary diversification strategies are the main interventions used to 
tackle micronutrient malnutrition in developing countries [3]. 


Food fortification is defined by the codex Alimentarius as “The addition of one or more 
essential nutrients to food, whether or not it is normally contained in the food, for the purpose of 
preventing or correcting a demonstrated deficiency of one or more nutrients in the population groups“ 
[4]. Other definitions less specific has been found elsewhere such as: Fortification is the addition of 
essential nutrients to levels higher than those naturally found in the food [5].  


Food fortification has the potential to improve the nutritional status of large number of people. 
The World Bank has identified this strategy as among the most cost- effective of all health 
interventions [6]. It has been indeed major factor in the control of micronutrient deficiencies in the 
industrialized world. For example, refined cereals are iron/multinutrients-fortified in many developed 
countries. Multiple nutrients fortification is a possible way of addressing deficiencies of two or more 
micronutrients at the same time in a cost effective manner. The main advantage of fortification 
programs is that at-risk individuals consume additional quantities of target nutrient by consuming their 
regular diet [6]. 
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In fact, fortification has a special meaning; the nutrient added and the food chosen as a carrier 
have met certain criteria, so that the fortified product will become a good source of the nutrient for a 
target population [7]. 


Success with fortification has involved finding appropriate fortificants and food vehicles in 
terms of organoleptic properties [8]. Unfortunately there are few trials of efficacy or effectiveness of 
food fortification strategies for improving micronutrients status in developing countries. 


Isotopic techniques can play a vital role to check effectiveness of nutrition intervention 
programmes particularly food fortification and supplementation by providing precise data regarding 
micronutrients bioavailability and micronutrient interaction in a cost effective manner. Stable isotope 
techniques are the only reliable tools available for determination of bioavailability of a nutrient by the 
human body. It is safe and offers sensitivity and accuracy [9]. 


This review describes the role of the IAEA in supporting stable isotope techniques for 
evaluating and monitoring food fortification toward sustainable and efficient intervention to eliminate 
and control micronutrient deficiencies.  


2. ISSUES RELATED TO FOOD FORTIFICATION INTERVENTION  


2.1. Economic issues 


Fortification relies on a centrally processed and marketed food vehicle and possibly only those 
purchasing and consuming the food who may benefit from this intervention and who are probably not 
as poor as poorer rural populations. Moreover, the transfer of the cost of fortification to the consumer 
even when slight can deter the very poor from purchasing such foods [3]. 


2.2. Political issues 


Political advocacy of fortification is important in developing countries as for example 
endorsement of programs to prevent micronutrient malnutrition. In addition, linkages between health 
sector and private food sector are usually weak. Quality assurance and regulation leading to the lack of 
adequate control system could hamper the success of food fortification strategy [10].  


2.3. Micronutrients bioavailability and interactions issues 


Bioavailability can be broadly defined as the absorption and utilization of a nutrient, both of 
which may be affected by such host factors as gender, physiologic state, coexisting pathologic 
conditions chemical form of the nutrient, the food or supplement matrix in which the nutrient is 
consumed, and other foods in the diet [11]. 


Bioavailability must be considered in early fortification/supplementation programs. Little or no 
attention was paid to the bioavailability of fortificants and many of the forms used were extremely 
poorly absorbed (e.g. iron). Indeed, iron salt such as ferrous sulfate and fumarate are reasonably well 
absorbed when storage is not expected to be long (Table I). However, most soluble forms of iron cause 
oxidation and rancidity of fats as well as color changes in foods. Na FeEDTA has a good absorption 
compared to ferrous sulfate. Its structure offers some protection against phytate inhibition of iron 
absorption [7,8] 
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TABLE I. COMMONLY USED IRON FORTIFICANTS AND THEIR ESTIMATED 
BIOAVAILABILITY AND OTHER CHARACTERISTICS 
 


Iron compound Estimated 
bioavailability%


Organoleptic 
characteristics 


Safety 


Reduced iron  
(elemental) 


13–90 No changes in foods Generally recognized safe 
(GRS) 


Carbonyl iron 
(elemental) 


5-20 - - 


Ferrous sulfate 100 Changes in color 
and flavor 


Generally recognized safe 


Ferrous fumarate 100 Fewer problems Generally recognized safe 
Ferrous glugonate 89–100 Fewer problems - 
Sodium iron EDTA 30 Fewer problems - 


From the working paper of PHO and WHO interagency meeting: “Iron fortification in the Americas”. 
Washington, D.C., 17 March 1998 [12]. 
 


Interactions between elements are primarily antagonistic. It is therefore expected that when two 
chemically similar ions are present in the intestinal lumen, the one having greater molar ratio will tend 
to exclude the other. A potential risk of interactions between micronutrients affecting absorption and 
bioavailability has to be considered in any supplementation or fortification strategy. At levels of 
essential micronutrients present in foods, most micronutrients appear to utilize specific absorptive 
mechanisms and not be vulnerable to interactions. In aqueous solutions and at higher intake levels, 
competition between elements with similar chemical characteristics and uptake by non-regulated 
process can take place. These interactions have clearly been demonstrated in experimental absorption 
studies and to some extent have been confirmed in supplementation studies [13]. Negative effects of 
iron supplementation on indices of zinc and copper status and of zinc supplementation on iron and 
copper status have been reported. In contrast the negative effect of calcium on iron absorption has not 
been confirmed in long term supplementation studies [11]. Ascorbic acid has a strong iron absorption 
promoting potential and in iron deficient populations ascorbic iron supplementation improves iron 
status. [14] 


The effect of poor status of a given micronutrient on absorption and utilization of other 
micronutrients should be also considered in developing strategies to improve micronutrient status in a 
population [14]. 


Minerals/nutrients bioavailability can be determined by several methods. These include mass-
balance measurement, radioactive mineral administration and stable isotopes methods. 
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3. THE ROLE OF STABLE ISOTOPES IN FOOD FORTIFICATION EVALUATION AND 
MONITORING 


Stable isotopes present the only direct way for the measurement of uptake and bioavailability of 
nutrients like iron and zinc and are regarded as a “gold standard” for studies in humans. They are 
tools for evaluating people’s nutritional status and food quality. The information they produce can 
verify the nature of nutrition problem and the efficacy of specific intervention e.g. food-based 
approaches (Fig. 1). They can also help implement nutrition intervention programmes by monitoring 
effectiveness and reducing programme costs. Finally, Isotopic technology serves as early indicator of 
important long term health improvement (Fig. 1). 


 


 


Supplementation


Improved Health,
Child Development &
Reproductive Outcome


Improved
Micronutrient Status
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Bioavailability & Status


Fortification Dietary Improvement


Insufficient Intake and/or Bioavailability
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Other Public Health
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FIG. 1. Public heath importance of isotope evaluations of micronutrient nutrition. 
 


Stable isotopes have natural abundances (Table II) example for iron, there are four naturally 
occurring iron stable isotopes, among them Fe-58 and Fe-57 are most commonly. This is the form in 
which iron exists in all foods and in the body. Source of iron and other minerals are available with 
greatly abundance/enrichment of minor isotopes. This enrichment is accomplished by large-scale 
isotope facilities and the stable isotopes are available from several commercial sources. 
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TABLE II. ISOTOPIC COMPOSITION, NATURAL ABUNDANCE, ENRICHMENT AND COST 
OF SOME MINERALS USED IN NUTRITIONAL STUDIES (*) 


Elements Natural 
abundance% 


Enrichment 
(Atom%) 


Enrichment 
Avail. From 


Trace (atom%) 


Cost 2003 
dollar/mg 


($/mg) 
Fe-54 
Fe-56 
Fe-57 
Fe-58 


5.8 
91.7 


2.2 
0.3 


98.4 
99.9 
93.5 
82.5 


99+ 
99.5 
95+ 


90 


15.00 
0.75 
8.00 


75.00 
Zn-64 
Zn-66 
Zn-67 
Zn-68 
Zn-70 


48.6 
27.9 


4.1 
18.8 


0.6 


99.7 
99.3 
94.6 
99.7 
88.2 


Same 
96+ 
88.6 
95+ 
95+ 


3.50 
4.50 


20.50 
1.90 


80.00 
Se-74 
Se-76 
Se-77 
Se-78 
Se-80 
Se-82 


0.9 
9.0 
7.6 


23.5 
49.6 


9.4 


77.7 
97.1 
94.4 
98.8 
99.5 
97.4 


98.5 
90 


65+ 
97+ 
99.2 
90+ 


17.50 
14.25 
10.00 
8.50 
3.50 


20.00 
Ca-40 
Ca-42 
Ca-43 
Ca-44 
Ca-46 
Ca-48 


96.9 
0.6 
0.1 
2.1 


0.004 
0.187 


99.9 
94.4 
83.9 
98.8 
30.9 
97.8 


Same 
87.8 


52 
95.9 
7.5 


89.5 


0.55 
35.00 


100.00 
15.00 


135.00 
125.00 


*Courtesy of Trace Sciences International; Internet: www.isotopetrace.com  
 


Stable isotopes are used to label food by extrinsic or extrinsic techniques. Stable isotopes must 
be determined from difference between intake and appearance in faces and urine, or by appearance in 
blood or tissues. 


Isotope studies using iron stable isotopes usually take advantage of their localization in red 
blood cells to directly estimate the fraction of isotope that is incorporated into red blood (RBCinc) 
from an orally administrated dose. A sample of blood is obtained 14-28 days after dosing and the 
enrichment of the administrated isotope is calculated. 


The ration of the administrated isotope 57Fe or 58Fe is determined relative to 56Fe in the blood 
sample. And the quantity of administrated isotope incorporated into erythrocytes (Feinc) is determined 
from enriched (enr) and baseline (base) isotope ratio as follows (e.g. for Fe-57): [15] 


57Feinc= (57Fe/56Feenr – 57Fe/56Febase) x Fecirc x NA57     (1) 


  57Fe/56Febase 


where 


Fecirc is the subject’s total circulating iron, and 
NA57 is the natural fraction by weight of 57Fe = (0.0214). [15,16] 
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The in vitro method is also another alternative to study iron (or other micronutrients) 
bioavailability. The labelled food is submitted to laboratory conditions that mimic the human stomach. 
This technique measures the percentage of iron that is potentially available [17]. 


3.1. Measurements of stable isotopes 


Mass spectrometry is now used for most nutritional studies. Several mass spectrometric 
techniques are available. These include Gas chromatography/mass spectrometry (GC/MS) of volatile 
metal chelates, Thermal ionization mass spectrometry (TI/MS) and inductively coupled plasma mass 
spectrometry (ICP/MS). TIMS and ICPMS have become the methods of choice for most mineral 
nutritional studies [18]. 


Neutron activation analysis (NAA) was the first measurement technique to be applied to the 
determination of isotopes in studies of mineral nutrition. However this technique needs a nuclear 
reactor which limits the number of facilities and users. Moreover, not all stable isotopes are 
measurable by NAA and the precision of measurement is sometime inadequate for some isotopes.  


4. THE ROLE OF THE IAEA IN SUPPORTING STUDIES ON FOOD FORTIFICATION AND 
RELATED ISSUES 


The IAEA is a partner in addressing nutrition and health problems in more than 50 countries in 
collaboration with counterparts in Member States, other United Nations Organizations and donors. 
The IAEA activities in nutrition are aimed at assessing nutritional status as well as the nutritional 
quality of foods within the context of national developments programmes. The IAEA offers technical 
support to evaluate the efficacy of fortified foods, and food supplementation programmes and other 
interventions aimed at fighting many forms of malnutrition found throughout the world [19–21]. 


4.1. Selected IAEA supported project in food fortification assessment by stable isotope 
techniques 


In the area of nutrition, a regional project was initiated by the IAEA in East Asia and Pacific 
region in 1999 with the objective to ensure the efficacy of nutrition intervention schemes with the help 
of isotope techniques. China, Indonesia, Malaysia, Pakistan, Philippines, Thailand and Viet Nam, 
participated in the study. Studies used stable isotopes to measure the effectiveness of staple foods 
fortified with multi-nutrients, namely iron and zinc. 


The project has so far yielded some very practical results. For example in Indonesia, anaemia is 
a public health problem. It is estimated that 50% of preschool children are micronutrient deficient 
including iron and zinc. The government decided to fortify wheat flour with iron and Zinc. Isotopic 
techniques have been used to study the bioavailability of iron and to assess the interaction between 
Zinc and iron added into the fortified floor. The study has demonstrated that iron sulfate from fortified 
diet is well absorbed (15,9 + 6,8%) however when Zinc sulfate is also added this mixture reduce the 
bioavailability of iron sulfate (11,5 + 4,9). In contrast, Zinc oxide does not affect iron absorption. The 
results suggest that caution should be exercised when considering whether to add zinc to iron fortified 
flour especially if the zinc fortificant is zinc sulfate [22]. 


In China, Anaemia (IDA) is prevalent among women and children (30%) in China. Soy sauce 
fortification with iron was identified as the major strategy to control IDA. Soy sauce, consumed by 
about 70% of the Chinese population, was identified as the main appropriate food vehicle for 
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fortification with iron The project was aimed at evaluating iron status in school children consuming 
iron-fortified sauce during three months. This work came out with results demonstrating that anaemic 
children have restored their blood iron to normal levels [23]. 


Another three-year regional Technical Co-operation project was initiated in 1999 on Using 
Isotopes to Evaluate Nutrition Intervention Programmes (RLA/7/008). This was initially participated 
by Argentina, Chile, Cuba Brazil and Mexico but was completed in the last four countries. This 
regional project supported the evaluation of the effectiveness of some large nutrition supplementation 
or fortification programmes in Latin America for example in Chile, anaemia is prevalent among pre-
school children (30%). The government has decided to implement a food supplementation program, 
which covers 1.3 million people costing US$300 million per year. This program has been evaluated 
using stable isotope techniques. As outcomes of this study, anaemia decreased among children from 
28.8% to 8%. The national supplementary feeding program was reviewed and adjusted. For the first 
time, baseline nutritional guidelines were tailored to local conditions and needs [24]. 


Moreover, in Mexico, bioavailability of different iron components in studies on weaning food 
supplements preliminary results show that iron absorption from ferrous sulfate in weaning food 
exceeded 11%, and from ferric chloride 16%, while absorption from reference dose exceeded 25%, 
and 54% of the variability in iron absorption is explained by individual iron status [25]. 


5. CONCLUSION 


To be successful in development of sustainable nutrition programmes, e.g. food fortification, 
both relevant scientific knowledge and the art of practice are necessary. 


The public and private sectors must embark on modernization of the food industry and quality 
control and assurance of fortified food in developing countries so that enriched foods will be 
affordable and accessible to the poor especially children [26]. 


Experience to date suggests that fortification of staples (e.g. wheat flour) is a cost effective and 
feasible strategy, but regulatory monitoring is required to demonstrate effectiveness and ensure 
quality. Monitoring and evaluating efforts have proven necessary for improving quality and for 
advocacy [27,28]. 


Bioavailability studies using stable isotopes techniques are of crucial importance for monitoring 
and evaluating efficacy and effectiveness of fortified food based interventions in a cost/effective way. 
In field application, fortification has been proven effective in pres-school children, school children and 
adult population. Therefore, efforts should be mobilized to transfer isotope technology in needed 
developing countries to improve the net health impact of food/nutrition programmes. 


The difficulties inherent in using stable isotope in nutritional research is in obtaining isotopes 
and having biological samples analysed. Indeed the MS equipment is expensive and impractical for 
most laboratories the ICP-MS are reasonable technique potentially less expensive alternatives for 
analysis of some minerals, e.g. Zinc and iron. However, the availability of facilities to perform sample 
analysis may remain a challanging factor in developing world.  


Areas for future research include more comprehensive evaluation of bioavailability. More 
systematic investigation of nutrient/nutrient interaction is needed, especially as the use of multiple 
nutrient supplementations is becoming more common. When possible, an assessment of the 
bioavailability in terms of functional outcomes would also be beneficial. Such outcomes might include 
effects on growth, development and cognitive function and immune function. 


The lessons learned from the experiences on fortification and supplementation show that 
success can only be achieved if governments, private sector, UN and other international Agencies 
work hand in hand sharing expertise and having a common agenda in understanding the needs of each 
others and of their partners. 
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Abstract 


Iodine is an essential trace element for human beings. The main source of iodine is generally food items 
such as fish and milk. Either the lack or the excess of iodine can cause health problems. Iodine deficiency 
disorder is fairly common in many countries of Africa and Asia. There exists an increasing interest in the 
determination of total iodine as well as various species of iodine in milk. We have developed an epithermal 
neutron activation analysis method with a Compton suppression (ENAA-CS) counting system for the 
determination of ppb levels of iodine. We have also employed chemical separation methods prior to ENAA-CS 
to measure the species-specific concentrations of iodine in cow milk.  We have measured the following iodine 
concentrations in homogenized milk (3.25% milk fat): 0.475 ± 0.005 mg mL-1 of total iodine, 0.333 ± 0.003 mg 
mL-1 iodide, 0.06 ± 0.05 mg mL-1 iodate, 0.013 ± 0.003 mg mL-1 of lipid-bound iodine, and 0.032 ± 0.002 mg 
mL-1 protein-bound iodine. 


 


1. INTRODUCTION 


The World Health Organization (WHO) has estimated that about 740 million people around the 
world suffer from the iodine deficiency disorders (IDD) due to the lack of this essential trace element 
in their diets [1]. The WHO recommended an average daily dietary intake (ADDI) of 100–300 mg 
iodine for adults.  The recommended intakes in many countries fall within this range, e.g. 140 µg d-1 
for U.K., 150 µg d-1 for Nordic Countries, Australia, EU and USA, and 160 µg d-1 for Canada [1–4]. 
However, in some of these countries such as Canada, U.S.A. and U.K. the ADDI significantly exceeds 
the recommended intakes for iodine [1–3]. So far no side effect has been reported for an iodine intake 
higher than 300 µg d-1 [1]. The Joint Expert Committee on Food Additives (JECFA) of the Food and 
Agriculture Organization (FAO) and the WHO recommended a Provisional Maximum Tolerable Daily 
Intake (PMTDI) for iodine as 17 µg kg –1 of body weight. In Canada, it has been estimated that the 
ADDI for iodine is about 6 times the recommended nutrient intake (RNI) value of 160 µg d-1 [5] 
making the Canadian daily intake close to the PMTDI value for a 60 kg person. 


The reasons for the increased iodine intake in Canada and other countries are not very clear.  It 
could be related to the iodine concentration in milk. Milk provides 16-30% of the dietary iodine intake 
[2,6], and in countries such as U.K. with high milk consumption it could be the major contributor to 
bodily iodine intake. The major cause of high iodine levels in milk could be due to the use of organic 
iodine compounds for the prevention and treatments of foot rot disease in dairy cattle [2,7]. Significant 
amounts of iodine may also be introduced in milk through the disinfection of teats by iodine 
containing agents [2,8]. Iodine solutions are often used to sterilize the mechanical systems employed 
to extract milk from cows; any residual iodine may be passed on to milk. There is an increasing 
interest in the determination of iodine levels in milk which is the focus of the present work.  


There is a variety of techniques capable of determining total iodine in milk at low levels 
(<1 ppm). Catalytic reactions have been extensively used since the 1940s and they are still being 
employed [5]. Electrochemical techniques, chromatographic techniques such as HPLC and GC, atomic 
absorption spectroscopy, and ICP-MS [9–14] have also been used to some extent. All of these 
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methods require either a digestion and/or a derivatization step prior to determination. The situation is 
different in the case of instrumental neutron activation analysis (INAA) of iodine [15–17] where no 
sample dissolution is needed. Epithermal INAA (EINAA) coupled to a Compton suppression 
(EINAA-CS) counting system can be conveniently used to lower the detection limits for iodine 
[18,19]. Chemical separation methods either preceded or followed by NAA can be employed to further 
improve the detection limits [17, 20–25]. 


The total concentration of an element provides incomplete information about the biological 
status of that element in a system [26]. The bioavailability and toxicity of an element depends strongly 
on its chemical species.  Not much work has been published on speciation of iodine in milk, perhaps 
due to the lack of sensitive methods.  So far iodine speciation has been reported using ICP-MS and 
NAA after chemical separation. ICP-MS was coupled to size exclusion chromatography (SEC) for 
determining iodide, T3 and other small organic molecules containing iodine [7]. Iodine was later 
identified to be associated with whey proteins in milk [26]. ICP-MS coupled to ion chromatography 
(IC) was employed to determine inorganic species such as iodide and iodate [27]. NAA couple to IC 
was later used for the same purpose [28]. The main objectives of the work reported in this paper were 
to develop methods for the determination of total iodine and its species (namely, iodide, iodate, as well 
as iodine associated with proteins and lipids) in cow milk using chemical separations followed by 
EINAA-CS. 


2. EXPERIMENTAL 


2.1. Iodine comparator standards 


An iodine comparator standard stock solution of 2 µg iodine mL-1 was prepared by dissolving 
ultrapure ammonium iodide (SPEX) in 5% v/v ultrapure ammonia solution. The final solution was 
placed in a pre-cleaned, dark polyethylene bottle and stored away form light in a refrigerator. Under 
these conditions, the solution was found to be stable for several months. The working standard 
solutions of iodide in the range of 0.1–1.0 µg were prepared by transferring appropriate portions of the 
stock solution using a calibrated Eppendorf pipette into pre-cleaned 1.2 mL polyethylene irradiation 
vials and diluting to half of the vial with distilled deionized water (DDW). 


2.2. Reference materials 


Several reference materials (RM) and standard reference materials (SRM) obtained from the 
U.S. National Institute of Standards and Technology (NIST) were analysed to evaluate the accuracy of 
the EINAA-CS method developed.  The materials used were: SRM-1549 Non-fat Milk Powder, 
RM-8435 whole Milk Powder, SRM-1566a Oyster Tissue, RM-8415 Whole Egg Powder, and RM-
8414 Wheat Gluten. 


2.3. Irradiation and counting 


Samples and standards were irradiated at the inner, outer, and the cadmium-shielded outer sites 
of the Dalhousie University SLOWPOKE-2 Reactor (DUSR) facility at a maximum neutron flux of 
2.5×1011 cm-2s-1. The details of the stability, homogeneity, and reproducibility of the DUSR facility 
has previously been described [29–31]. The samples were irradiated for 10 or 25 min, allowed to 
decay time for 3 or 5 min, and counted for 10 or 25 min. The gamma-ray spectrometry system 
consisted of an EG&G Ortec HPGe p-type coaxial detector with a resolution (FWHM) of 1.72 keV at 
the 1332.5 keV photopeak of 60Co and a relative efficiency of 25% with respect to a standard NaI(Tl) 
detector in conjunction with an Ortec pulse height analyser. The guard detector used in the Compton 
suppression gamma-ray spectrometry system consisted of a 10”×10” NaI(Tl) annulus with 5 
photomultiplier tubes (PMTs) supplied by Harshaw and a 3”×3” NaI(Tl) plug with one PMT supplied 
by Teledyne. The peak-to-Compton ratio of this system was 582:1 at the 662-keV photopeak of 137Cs.  
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2.4. Milk samples 


Commercially available homogenized milk (milk fat = 3.25%) in paper containers was 
purchased from the local supermarkets in Halifax, NS, and kept in a refrigerator at 4°C until use.  
When needed, a few mL of the milk sample was taken from the container in a pre-cleaned Pyrex 
beaker and allowed to reach room temperature before processing. 


2.5. Determination of total iodine 


Approximately 0.75 mL of the milk from the beaker was placed in a 1.2-mL pre-cleaned 
polyethylene irradiation vial and heat-sealed.  The sample was irradiated for 25 min in the Cd-shielded 
site, allowed to decay for 5 min, and counted for 25 min using the Compton suppression system for the 
determination of total iodine in milk. 


2.6. Separation scheme for iodine species in milk 


The entire scheme for the separation of lipid-bound iodine, protein-bound iodine, and iodide and 
iodate ions is shown in Fig. 1. Briefly, lipid-bound iodine species were separated first using a solvent 
extraction method. The aqueous layer was treated to precipitate protein-bound iodine species. Then 
iodide and iodate ions were separated. 


Milk sample


Organic layer Aqueous layer


Evaporation


Lipids
EINAA-CS


Solvent Extraction 


(NH4)2SO4


Centrifugation


Precipitate Solution


Proteins
EINAA-CS


Anionic resin


Anionic resin


Reduction


Iodide
EINAA-CS


Iodate
EINAA-CS


 
 


FIG. 1. Scheme for separation of iodine species in cow milk. 
 
 


2.7. Separation of lipid-bound iodine species  


Three different lipid extraction procedures were used for separating lipid-bound iodine from 
milk. These methods were put forward by Bligh and Dyer [32], Hara, et al. [33] and AOAC [34]. 
Hara, et al. [33] originally used an isopropanol-hexane mixture in 3:2 ratio which was modified by 
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Indrasenna of our laboratory [35] as 1:1 ratio for better extraction of the less polar lipids in milk. The 
solvent systems used in the three methods are summarized in Table I. 
 
TABLE I. METHODS USED FOR EXTRACTION OF LIPIDS FROM MILK 
 


Method First set of solvents Second set of solvents 
 
Bligh and dyer [32] 


64 mL methanol  
32 mL chloroform 
32 mL DDW 


 
32 mL of 10% (v/v) 
methanol in chloroform 


Hara’s modified by 
Indrasenna [35] 


25 mL isopropanol 
15 mL hexane 


10 mL hexane 


AOAC reference method [34] 40 mL ethanol  
10 mL ethyl ether  
10 mL petroleum ether 


10 mL ethyl ether  
10 mL petroleum ether 


 
 


The general method for the extraction was as follows. About 25 mL of milk were placed in a 
separatory funnel to which 2 mL of concentrated ammonia solution were added. The first extraction 
step was done using the first set of solvents.  After separating the organic phase, the second and third 
extraction steps were carried out using the second set of solvents (Table I). The three organic phases 
were combined and the solvent was evaporated under air in fumehood.  The residue was weighed to a 
constant weight. With Bligh and Dyer’s method, a centrifugation step (5000 rpm for 10 min) after 
adding each set of solvents was required and only 2 extractions were needed. About 0.75 mL of the 
combined organic phase was placed in pre-cleaned polyethylene irradiation vials and heat-sealed. The 
lipid fractions were analysed for iodine by EINAA-CS. The non-organic layer was saved for the 
separations of protein-bound iodine and inorganic iodine species. 


2.8. Separation of protein-bound iodine species 


Milk proteins were quantitatively precipitated by adding sufficient amounts of ammonium 
sulfate to the non-organic layer obtained after the lipid extraction, as described above. The mixture 
was centrifuged at 15 000 rpm at 4oC for 90 min. The residue was analysed for iodine by EINAA-CS 
using the same experimental conditions as described for the lipid-bound iodine.  The concentrations of 
protein in the original milk as well as in the residue were assessed by the classical Biuret method [36].  
The solution remaining after the protein precipitation contained mainly the inorganic iodine species.  
This solution was passed through a C18 solid phase extraction column (SPE, Supelclean envi-18, 12 
mL column) to remove any organic compound that might have been present. 


2.9. Separation of iodide and iodate species 


The method for separating the inorganic iodine species used in this work is essentially the same 
as reported by Hou, et al. [23]. We have used hydrazine sulfate instead of KHSO3 as the reducing 
reagent. Hydrazine sulfate was successfully used earlier in our laboratory by Rao and Chatt [20,21] for 
the reduction of iodate to iodide in the analysis of NIST SRM-1549 Non-fat Milk Powder with very 
good results. 


The effluent from the SPE column was passed by gravity through a polyethylene column 10×0.7 
cm (i.d) loaded with Dowex 1×8 (100–200 mesh) anionic exchange resin in the NO3- form. The 
column was washed with 50 mL of DDW. The effluents and washings were collected. Additional 
40 mL of 0.1 M KNO3 solution was used to wash the column, followed by a final wash with 20 mL 
DDW. The resin was removed from the polyethylene column and dried. Finally, the resin was placed 
in pre-cleaned polyethylene irradiation vials and analysed for iodine by EINAA-CS. 
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About 5 g of hydrazine sulfate were added to the effluents and washings collected above. This 
solution was then passed through a fresh ion exchange column and iodide ions were separated as 
described before. 


3. RESULTS AND DISCUSSION 


3.1. Irradiation conditions and counting systems 


In order to select the most suitable reactor site and the counting system available in our facility, 
milk samples were irradiated for 10 min, allowed to decay for 3 min and counted for 10 min. The 
detection limits were calculated using Currie’s method [37]. The results are presented in Table II. 


 
TABLE II. DETECTION LIMITS FOR IODINE IN MILK UNDER DIFFERENT EXPERIMENTAL 
CONDITIONS 


Reactor site Counting mode Detection limit (µg L-1) Dead-time (%) 
Inner Conventional 0.23 >10 
Inner Compton suppression 0.15 >10 
Outer Conventional 0.24 6-10 
Outer Compton suppression 0.12 6-10 
Cd-Shielded Conventional 0.29 <2 
Cd-Shielded Compton suppression 0.17 <2 


The Compton suppression (CS) counting system always gave a better detection limit than the 
corresponding conventional system. The dead times were comparable. The combination of EINAA 
and CS gave a better suppression of the interfering activities from 24Na and 38Cl because of the 
reduced activities of these two nuclides under epithermal neutron irradiations, increased activity of 128I 
due to its higher cross section for epithermal neutrons, and a reduced Compton background in the 
gamma-ray spectrum. An additional effect of EINAA-CS was the reduction of the dead time as shown 
in Table II. As a result, a more defined photopeak was obtained at the 443 keV of 128I, which in turn 
produced reliable results. Therefore, the EINAA-CS system was selected for the determination of 
iodine in milk. 


3.2. Precision and accuracy 


In order to evaluate the precision and accuracy of the EINAA-CS method developed, a number 
of RMs and SRMs were analysed.  The irradiation, decay and counting times were 25 min, 5 min, and 
25 min, respectively.  The sensitivity under these conditions was 1094 counts µg-1 iodine.  Our values 
along with the certified values are given in Table III. 


TABLE III. IODINE CONTENT (µG G-1) OF NIST REFERENCE MATERIALS BY EINAA-CS 


Name This work  Certified value 
Non-fat milk powder 
NIST SRM-1549 


3.15 ± 0.15 3.38 ± 0.03 


Whole milk powder 
NIST RM-8435 


2.35 ± 0.08 2.3 ± 0.4 


Oyster tissue 
NIST SRM-1566A 


4.44 ± 0.08 4.46 ± 0.40 


Whole egg powder 
NIST RM-8415 


1.92 ± 0.19 1.97 ± 0.45 


Wheat gluten 
NIST RM-8414 


0.064 ± 0.009 0.06 ± 0.01 
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The average of five samples for each of the materials, except that for Wheat Gluten, is given in 
Table III. The concentration of iodine in Wheat Gluten was below the detection limit under the 
experimental conditions used for the other RMs and SRMs. A pseudo-cyclic EINAA-CS method 
involving 15 portions of the sample was developed for measuring such low iodine levels. The 
excellent agreement between the iodine concentrations measured in this work and the certified values 
shows the accuracy of the EINAA-CS method developed.  


3.3. Lipid-bound iodine species 


The lipid concentration (mg mL-1) in cow milk was determined by 3 different methods. The 
results are graphically presented in Fig. 2. A single factor ANOVA, using α=0.01, showed highly 
significant differences (F=13.82, p<0.01) among these methods. However, there was no difference 
between Bligh and Dyer’s method and the AOAC reference method. As pointed out earlier, 
Indrasenna in our laboratory [35] modified Hara’s method by changing the isopropanol:hexane ratio 
from the original value of 3:2 to 1:1 for the better extraction of neutral lipids. It is known that the main 
lipids in milk are triglycerides which are neutral lipids and which account for 98.3% of total milk fat 
[8]. It was therefore expected to give a higher yield of the lipids in milk as evident in Fig. 2. This 
method was then selected in the present work. 
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FIG. 2. Comparison of three methods for lipid determination in milk. 
 
 


3.4. Lipids and proteins in milk 


Table IV shows the results obtained when lipid content was determined in 3 different portions. 
The value in the first column of Table IV was obtained by separating lipid directly from the milk 
sample. In a separate portion of milk, protein and lipid both were precipitated using ammonium 
sulfate. No lipid was detected in the supernatant as shown in the second column of Table IV. Lipid 
was separated from the solid containing protein and lipid; the lipid content of this fraction is given in 
the third column. It is evident that lipids in milk are associated with proteins. 


 
TABLE IV. LIPID CONCENTRATION (G.ML-1) IN MILK ASSOCIATED TO PROTEINS 


 
Lipid extraction before 


protein separation 
Lipid extraction after total 


protein redissolution 
Lipid extraction in aqueous 


phase 
0.0329 ± 0.0002 0.0321 ± 0.0005 No detected 
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3.5. Iodine content of various species 


The concentration of iodine in each fraction was determined by EINAA-CS and the results are 
shown in the Table V. The detection limits for iodide and iodate can be slightly improved if the resin 
is further cleaned prior to the loading of the sample. It is evident from Table V that much of the iodine 
in milk is present as iodide ions, as also reported by other investigators. The second most abundant 
species is iodate ions. There is not much protein and lipid in milk. 
 
TABLE V. DETECTION LIMIT AND CONCENTRATION OF THE SEPARATED IODINE 
SPECIES IN MILK 
 


Milk fraction Detection 
limit (ng) 


Iodine concn. 
(µg mL-1) 


Percent 
of total 


Total milk 60 0.472 ± 0.005  
Lipids 30 0.013 ± 0.003 2.7 
Protein 30 0.034 ± 0.002 7.2 
Iodide 100 0.333 ± 0.003 70.6 
Iodate 60 0.06 ± 0.05 12.7 
Mass balance  0.440 ± 0.05 93.2 


 
 


The iodide and iodate detection limits can be improved if the resin cleaning treatment is done 
before loading the sample.  Under the conditions described for the separations, the iodine recovery is 
93% assuming as 100% the total iodine determined from direct milk. This recovery might be improved 
if the total milk determination is accomplished from a more concentrated sample, for instance from 
milk powder after freezing drying. 


4. CONCLUSIONS 


Preconcentration epithermal neutron activation analysis coupled to Compton suppression 
gamma-ray spectrometry has been found to give absolute detection limits as low as 30 ng under the 
experimental conditions used.  Since most reactor facilities have higher neutron flux than the DUSR 
facility, this limit can be further lowered using the same irradiation, decay and counting conditions. 
Both precision and accuracy of measurements are high. The chemical separation methods used here 
are able to distinguish among various iodine species in cow milk. Further work on the speciation of 
iodine in milk is in progress. 


ACKNOWLEDGMENTS 


The authors would like to acknowledge the assistance of Dr. J. Holzbecher of the DUSR facility 
for irradiations and of Dr. R. Acharya of our Nuclear Analytical Chemistry Group for discussions. The 
financial assistance from the Natural Sciences and Engineering Research Council of Canada in the 
form of a research grant, the Dalhousie University Faculty of Graduate Studies for a scholarship (K.I-
O), the IAEA for a travel grant (K.I-O), and the High Institute of Nuclear Science and Technologies of 
the Ministry of Science of the Government of Cuba for a study leave (K.I-O) are also acknowledged. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


REFERENCES 


[1] WORLD HEALTH ORGANIZATION, Assessment of Iodine Deficiency Disorders and 
Monitoring their Elimination. A Guide for Programme Managers, Second edition, WHO (2001), 
on line document: www.who.int. 


[2] WORLD HEALTH ORGANIZATION, Iodine in Salt: A Statement by WHO, Press Release 
WHO/90 (1994), on line document: www.who.int. 


[3] FOOD STANDARD AGENCY, MAFF UK-Iodine in Milk (Sheet 198), MAFF Food 
Surveillance Sheets (2000), on line document: www.foodstandards.gov.uk. 


[4] Diet and Nutrition, Iodine Tables, on line document: www.internethealthlibrary.com. 
[5] FISCHER, P., L’ABBE, M.R., GIROUX, A., “Colorimetric determination of total iodine in 


foods by iodide-catalyzed reduction of Ce+4”, J. Assoc. Off. Anal. Chem. 69 (1986) 687–89. 
[6] ABDULLA, M., Inorganic Chemical Elements in Prepared Meals in Sweden, Department of 


Clinical Chemistry, University of Lund, S-221 85, Lund, Sweden (1986). 
[7] FERNANDEZ-SANCHES, L., SZPUNAR, J., “Speciation analysis for iodine in milk by size 


exclusion chromatography with inductively coupled plasma mass spectrometric detection” 
(SEC-ICP-MS), J. Anal. At. Spectrom. 14 (1999) 1697–1702. 


[8] EARLY, R., The Technology of Dairy Products, Second edition, Blackie Academic, 
London/New York (1998). 


[9] CURTIS, A.R., HAMMING, P., “Differential pulse polarography determination of total iodine 
in milk”, J. Assoc. Off. Anal. Chem. 65 (1982) 20–23. 


[10] SERTL, D., MALONE, W., “Liquid chromatographic method for determination of iodine in 
milk: collaborative study”, J. Assoc. Off. Anal. Chem. 76 (1993) 711–719. 


[11] ST. GRYS, “The gas-liquid chromatographic determination of inorganic iodine, iodide and 
tightly bound iodine in milk”, J. Chromatog. 100 (1974) 43–48. 


[12] BERMEJO-BARRERA, P., ABOAL-SOMOZA, M., BERMEJO-BARRERA, A., “Atomic 
absorption spectrometry as an alternate technique for iodine determination (1968-1998)”, J. 
Anal. At. Spectrom. 14 (1999) 10009–10018. 


[13] BERMEJO-BARRERA, P., ABOAL-SOMOZA, M., BERMEJO-BARRERA, A., CERVERA, 
M.L., DE LA GUARDIA, M., “Microwave assisted distillation of iodine for the indirect atomic 
absorption spectrometric determination of iodide in milk samples”, J. Anal. At. Spectrom. 16 
(2001) 382–389. 


[14] GELINAS, Y., IYENGAR, G.V., BARNES, R., “Total iodine in nutritional and biological 
reference materials using neutron activation analysis and inductively coupled plasma mass 
spectrometry”, Fresenius J. Anal. Chem. 362 (1998) 483–488. 


[15] RAO, R.R., HOLZBECHER, J., CHATT, A., “Epithermal instrumental neutron activation 
analysis of biological reference materials for iodine”, Fresenius J. Anal. Chem. 352 (1995) 
53-57. 


[16] NICHOLS, T.A., et al., “Longitudinal Study of Iodine in Market Milk and  Infant Formula via 
Epiboron Neutron Activation Analysis”; J. Radioanal. Nucl. Chem. 236 (1998) 65–69. 


[17] KUCERA, J., RANDA, Z., SOUKAL, L., “A comparison of three activation analysis methods 
for iodine determination in foodstuffs”; J. Radioanal. Nucl. Chem. 249 (2001) 61–65. 


[18] RAO, R.R., ZHANG, W.H., HOLZBECHER, J., CHATT, A., “Determination of iodine in food 
by instrumental, preconcentration and radiochemical neutron activation analysis”, Trans. Am. 
Nucl. Soc. 81 (1999) 21–22. 


[19] ZHANG, W.H., CHATT, A., “Compton suppression spectrometry coupled to instrumental 
neutron activation for iodine in biological material”, Trans. Am. Nucl. Soc. 78 (1998) 95–96. 


[20] RAO, R.R., CHATT, A., “Microwave acid digestion and preconcentration neutron activation 
analysis of biological and diet samples for iodine”, Anal. Chem. 63 (1991) 1298–1303. 


[21] RAO, R.R., CHATT, A., “Determination of nanogram amounts of iodine in foods by 
radiochemical neutron activation analysis”, Analyst 118 (1993) 1247–1251. 


[22] RAO, R.R., CHATT, A., “Preconcentration and radiochemical neutron activation analysis for 
low levels of iodine”, Trans. Am. Nucl. Soc. 64 (1991) 12–13. 


[23] RAO, R.R., ZHANG, W.H., HOLZBECHER, J., CHATT, A., “Determination of iodine in 
foods  by instrumental, preconcentration, and radiochemical neutron activation analysis”, Trans. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


Am. Nucl. Soc. 81(1999) 21–22. 
[24] RAO, R.R., CHATT, A., “Quality assurance program for the determination of iodine in 


biological materials by neutron activation”, Trans. Am. Nucl. Soc. 71 (1994) 27–28. 
[25] ELSON, C.M., ACKMAN, R.G., CHATT, A., “Determination of selenium, arsenic, iodine and 


bromine in fish, plant and mammalian oils by cyclic instrumental neutron activation analysis”, 
J. Am. Oil Chem. Soc. 60 (1983) 829–832. 


[26] RIVERO-MARTINO, F.A., FERNANDEZ-SANCHEZ, M.L., SANZ-MEDEL, A.. “Multi-
elemental fractionation in milk whey by size exclusion chromatography coupled on line to ICP-
MS”, J. Anal. At. Spectrom 17 (2002) 1271–1277. 


[27] LEITERER, M., TRUKENBRODT, D., FRANKE, K., “Determination of iodine species in milk 
using ion chromatography separation and ICP-MS Detection”; Eur. Food Res. Technol. 213 
(2001) 150–153. 


[28] HOU, X., DAHLGAARD, H., JACOBSEN, U., NIELSEN, S.P., “Pre-separation neutron 
activation analysis of seawater, urine and milk for iodide, iodate”, J. Radioanal. Nucl. Chem. 
244 (2000) 87–91. 


[29] RYAN, D.E., STUART, D.C., CHATTOPADHYAY, A., “Rapid multielement neutron 
activation analysis using a SLOWPOKE reactor”, Anal. Chim. Acta 100 (1978) 87–89. 


[30] STUART, D.C., RYAN, D.E., “Epithermal neutron activation analysis with a SLOWPOKE 
nuclear reactor”, Can. J. Chem. 59 (1981) 1470–1475. 


[31] HOLZBECHER, J., CHATT, A., RYAN, D.E., “SLOWPOKE epi-cadmium neutron flux in 
activation analysis of trace elements”, Can. J. Spectrosc. 30 (1985) 67–72. 


[32] BLIGH, E.G., DYER, W.J., “A rapid method of total lipid extraction and purification” Can. J. 
Biochem. 37 (1959) 911–917. 


[33] HARA, A., RADIN, N.S., “Lipid extraction of tissues with low toxicity solvents” Anal. 
Biochem. 90 (1978) 420–426. 


[34] INDRASENNA, W.M., Dalhousie University, personal communication (2000). 
[35] AOAC, Official Methods of Analysis, Method No. 989.05, 15th edition, Arlington, VA. 
[36] SPAN, C.V., LUNBLAND, R.L., PRICE, N.C., “Colorimetric protein assay techniques 


(Review)”, Biotechnol. Appl. Biochem. 29 (1999) 99–108. 
[37] CURRIE, L.A., “Limits for qualitative detection and quantitative determination: application to 


radiochemistry,” Anal. Chem. 40 (1968) 586–593. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


IAEA-CN-103/166P 


NEW TECHNOLOGY OF DIAGNOSTIC AND CONTROL OF A THYROID 
DISEASES TREATMENT WITH USAGE IN VIVO X RAY FLUORESCENT 
ANALYSIS 


 V.V. BEREZKIN, V.Z. ZAVELEV, S.A. KOLOSKOV, N.R. KUZELEV,  
V.U. RODIONOV, A.S. SHTAN, K.I. SHCHEKINa , L.D. SOSHIN, I.O. MASHEVSKYb 


a Russian National Technical Physics and Automation Research Institute, 
b Central Clinical Hospital named N.A. Semashko, 


Moscow, Russia 


Abstract 


It is known that the physiological function of the thyroid gland is dependent, among other things, on the 
quantity of iodine available in the body. The new technology established is indicated for screening diagnostic TG 
diseases, severity grade of disease and its forecast, control and maintenance of iodine prophylaxis and treatment. 


 


1. INTRODUCTION 


It is now established that the contents of native iodine in a thyroid gland is dependent on its 
function, physiological status and availability of diseases, and also on the quantity of iodine in the diet. 
This parameter is indispensable for doctors for diagnostics, control of efficiency of iodine, preventive 
maintenance and treatment. 


2. METHOD 


In 1968, practically simultaneously in Russia and the USA, it was offered to use X ray 
fluorescence analysis for research of iodine in the thyroid gland. Until recently, however, there were 
no designed devices and techniques for non-invasive, secure and not-burdensome-for-patient 
definition of intrathyroid concentration of iodine. For the first time in Russia in 2000, a factory made 
system for in vivo X ray fluorescence analysis was demonstrated (Fig. 1). 


 
FIG. 1. X ray fluorescence analysis. 


In its designed use: as sources of exciting radiation — 241Аm, as the detector — a 
semiconductor silicon detector is working without liquid nitrogen. The measurements of the contents 
of iodine in the thyroid gland are carried out by straight method, without using padding measurements 
(for example, sonography), with the use of a designed original technique.  
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3. RESULTS 


The installation and technique of definition of a level of iodine have received the permission 
from competent organizations of Russia for usage in clinical practice. The lower detection threshold of 
iodine in the thyroid gland, at time of measurement 15с, makes 50 µg/g tissues. The measuring error 
makes 5–20% depending on the concentration of iodine in the thyroid gland. 


The technology of definition of concentration of intrathyroid of iodine with usage of the so-
called device is simple, reliable and reproducible, has sufficient sensitivity and throughput capacity. 
The local radiation dose at such kind of research is very small (less than 0,1 mSv) that allows to 
inspect a broad quota of population, including children, pregnant and feeding women. 


Ground exploitations of the indicated installations in medical centres of Russia, the outcomes of 
examination of children and adult patients in areas with a mild iodine deficiency are debated at 
different thyroid gland diseases. 


Medical indications for the use of the facility are: 


– prophylactic examination of a wide circle of people, including children, pregnant and lactating 
women, in order to detect people who might have the thyroid auto-immunic process (with the 
reliability of diagnostics at 96%), hypothyriosis, colloid goiter; 


– giving more precise information of the severity of the thyroid gland lesion at the diffuse toxic 
goitre, auto-immunic thyrioditis; 


– differential diagnostics of the endemic and sporadic diffuse non-toxic goitre; 


– control of the effectiveness of the treatment with iodides and thyroid hormones, also for 
restoration of the thyroid gland functioning after the therapy of the diffuse toxic goitre using 
merkazolilum; 


– differential diagnostics of benign and malignant formations in the thyroid gland; 


– replacement of radioactive iodine by stable iodine — taking iodine via the thyroid gland. 


4. CONCLUSION 


The medical indications for usage of newly designed technology are established: screening – 
diagnostic of people having risk to thyroid gland diseases; in case of the known diagnosis, severity 
grade of disease and its forecast, control of efficiency of iodine prophylaxis maintenance and spent 
treatment. 
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Abstract 


Stable isotope (hydrogen, oxygen, carbon and nitrogen) composition is important tool for food 
authenticity and control of origin. The isotopic fractionation of those elements in the environment follows 
complex patterns allowing to established the correlation between the food (fruits, vegetables etc.) and raw 
materials (water and CO2). 


 
The aim of the study is to explore the relationship between isotope composition of different sorts of food 


and its geographical origin. The purpose of the study is to compare the data from different regions of Poland. 
The samples are received directly from a producer. 


 
Hydrogen, oxygen, nitrogen and carbon composition is measured in many sorts of food. The collected 


data gives a possibility to find the relationship between time and place of origin and isotope ratio: 18O/16O, 
13C/12C, 15N/14N and D/H. 


 
The composition of water presented in the food is tested. Hydrogen is measured by H/Device and oxygen 


isotope ratio by Gasbench II (both instruments connected with mass spectrometer). For the comparison the water 
samples from the region of plant growing are tested.  


 
In this study for measurements of carbon and nitrogen composition in food, we use our new instrument 


Elemental Analyser coupled with mass spectrometer.  
 
The correlation between stable isotope composition 18O/16O, 13C/12C, 15N/14N, D/H and geographical 


origin of food will be presented in the paper. 
 
In the future, the study will be continued and addition of parameters, as a sulfur isotope composition in 


food and in surrounding environment (as a pollutant), will be compared. 
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NEW DEVELOPMENT IN NUCLEAR ANALYTICAL AND 
RADIOCHEMICAL TECHNIQUES 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


IAEA-CN-103/162 


A FUTURE FOR NUCLEAR ANALYTICAL TECHNIQUES? WHY NOT? 


 P. BODE 
 Delft University of Technology, Interfaculty Reactor Institute, 
Delft, Netherlands 


Abstract 


The choices of universities and national research institutions in supporting scientific research are 
increasingly justified on basis of, amongst others, relevance that has to be reflected by external, preferably 
sustainable funding of the research programmes. Many traditional fields of application such as environmental 
sciences do not offer a promising outlook in this respect. As a consequence, university research reactors face the 
closing of their facilities because of reallocations of university funds to more contemporary sciences such as 
molecular biology and nanotechnology. Therefore, laboratories operating nuclear analytical techniques (NAA, 
(TR)XRF, PIXE) need to use their creativity finding ways for participation in e.g. nanotechnology, cancer research or 
genomics. It requires an open mind on the opportunties, strengths and weaknesses of the techniques, and a departure 
of technique oriented research towards problem oriented research in which other nuclear techniques can be used. The 
unique features of radiotracers, nuclear imaging and nuclear beam techniques are discussed in view of the new areas 
mentioned in the above. Some examples of opportunities for nuclear analytical techniques in the above mentioned 
fields are given. 


1. INTRODUCTION 


Why should we be concerned about the future of nuclear analytical techniques? Are they less 
selected because their characteristics are inferior to more recently developed techniques based on 
optical or magnetic properties? No, we should be concerned about sustainability of nuclear anaytical 
techniques because of their management and application. The real problem lies merely with the people 
behind the technique, and the choices made regarding applications.  


Ageing of staff, budget cuts and low priority in e.g. the academic curriculum form the dark 
clouds above many nuclear analytical groups. Universities tend now to reallocate their funds to more 
contemporary sciences such as molecular biology and nanotechnology. Their choices in supporting 
scientific research are justified based on relevance, quality, viability, and productivity. Relevance is 
measured on basis of the degree of external (i.e. by industry or national research foundations) funding 
of the research programmes and on the number of students, interested in following classes. Science 
citation impact factors of journals reflect the quality of the published results. The existence of fruitful 
networks, resulting in funding and high quality publications, is a measure for the viability of groups.  


Relevance of the research programmes is obviously a key component in the decision making 
process. For long, nuclear analytical groups were able to justify their work as long as their topics could 
be interpreted to be of national social/economical impact, such as mineral exploration, agriculture, or 
environmental pollution. Other groups tried to keep pace with trendy international scientific 
developments such as material research or biotechnology. However, relevance is nowadays not 
measured anymore on basis of keywords but by the existence of adequate funding. 


The reduced relevance in the international scientific community of the programmes and 
contributions of nuclear and radioanalytical groups may be illustrated by the following. 
G.W.Leddicotte wrote in 1964 the first critical review ‘Nucleonics’ in the ‘R’ pages of Analytical 
Chemistry; the first in a bi-annualy series (lateron by W.S. Lyon and H.H. Ross) and from 1980, under 
authorship of W.D.Ehmann and S.W.Yates it as renamed as “Nuclear and Radiochemical Analysis”. 
These review provided excellent overviews of the developments and trends in the fundamental 
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aspects, instrumentation, and applications. The last review [1] contained 677 references to books, 
reports, and articles in journals. Analytical Chemistry discontinued the series after 1994 and in the 
2000 and 2002 review pages (Anal. Chem. 73/74, 2001/2002) hardly any reference can be found about 
the contributions of nuclear and radioanalytical scientists — not even in e.g. the review on “Biological 
Monitoring: Exquisite Research Probes, Risk Assessment, and Routine Exposure Measurement”, an 
area wherein IAEA supported research takes place and special conferences held. This is in spite of the 
many papers published by nuclear analytical groups in conference proceedings and related journals. 
Most of these journals have rather low science citation impact factors (see Table I), which may explain 
that the authors of the remaining review articles do not consider them relevant for their applied fields 
of science. Another indication on the reduced importance of nuclear analytical work may be derived 
from the fact that the international analytical conference series “PITCON” no longer include separate 
sessions where nuclear analytical research is presented. Consequently, the nuclear and radioanalytical 
world is not ‘visible’ anymore for the scientific community, perhaps also because there is insufficient 
anticipation to participate in the contemporary fields of science of high (read: well financed) priority. 
The developments in XRF and PIXE are, however, still bi-annually being reviewed in Analytical 
Chemistry under “X ray Spectrometry”. 


 
TABLE I. 2001 SCIENCE CITATION IMPACT FACTORS [2]  


 
Journal 


 
2001 Science 


citation impact 
factor 


 
J.Toxicol.Env. Health 
Anal.Chem. 
J.Anal.Atom.Spectr. 
J.Chromatography A 
Spectrochim.Acta. B 
Atmosph.Environm. 
Analyst 
Anal.Chim.Acta 
Brit.J.Nutrit. 
Fres.J.Anal.Chem. 
Sci.Total Environm. 
Biol.Trace Element Research 
Nucl.Instr.Method. B 
J.Environm.Radioactiv. 
Radiochim.Acta. 
J.Appl.Radiat.Isotop. 
J.Radioanal.Nucl.Chem. 


 
5.6 
4.532 
3.305 
2.793 
2.172 
2.317 
2.073 
2.0 
1.989 
1.989 
1.396 
0.719 
1.041 
0.726 
0.660 
0.635 
0.398 


 
 


This threat to nuclear analytical groups is not entirely new. For instance, a pioneer in NAA like 
M. de Bruin has commented in 1999 that the technique was mature, without scientific challenges and 
for loosing ground even for routine applications [3]. This view can not entirely be denied since the 
scientific creativity of many groups operating NAA, XRF and PIXE do not bring them further than 
applications in the same fields as in which these pioneers demonstrated these techniques long ago: air 
pollution studies, sediment analyses, hair analysis, etc. The social-economical impact of these fields is 
in general too low to obtain respect and sufficient financial resources for survival.  


And there is more to worry about. Any objective reader of scientific nuclear analytical 
publications in the applied sciences (such as environmental pollution) may observe that only rarely a 
justification is given for the choice of the nuclear technique, like NAA. In fact, the same results might 
also easily be obtained with AAS or ICP. The lack of innovation in applications was already 
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mentioned. There is remarkable little difference in the titles of the papers presented at the International 
Conferences on Modern Trends in Activation Analysis in the early 1970s and at the end of the 1990s. 
In addition, there are also indications that the younger generation of scientists is not familiar with 
some of the fundamental sources of error, known to the pioneers in the nuclear analytical techniques 
and well documented in the early literature. The subscription cost of scientific journals has increased 
rapidly in the last decade, up to, for many countries, prohibitively high levels in view of the availably 
budget. The limited access to, and/or availability of literature are grossly underestimated problems 
with dramatic consequences. 


Groups employing nuclear analytical techniques like NAA, (TR)XRF, PIXE need to use their 
creativity finding ways for participation in the scientific areas that are booming at the beginning of this 
21st century such as nanotechnology, cancer research or genomics. It requires an open mind on the 
strengths and weaknesses of the techniques, and a departure of traditional views on measurement, 
analysis and even on other sources for activation. A ‘SWOT’ analysis is an old management tool, from 
time to time applied if groups are on crossroads or if new leaders come in. ‘SWOT’ is short for 
identifying one’s strength, weakness, opportunities, and threats. In general, a laboratory better makes 
its own SWOT analysis before someone else — read directors or evaluation committees — does it for 
them. Examples of results of SWOT analyses, perhaps not marked as such but still baring the 
characteristics, can be found in, e.g. IAEA TECDOCs and sometimes conference proceedings. 
However, the major drawback is that these SWOT analyses are made by radiochemists for 
radiochemists, and seldom take into account an objective outside view. 


This paper aims to stimulate nuclear analytical groups to broaden their view on the 
opportunities of techniques in which use is made of radioactivity and/or nuclear radiation to study 
problems in the contemporary fields of scientific interest. The emphasis will be on reactor based 
techniques; applications based on, e.g. synchrotron radiation is beyond the scope of this paper. 


2. PREPARING FOR TOMORROW’S NICHES 


Time has come to reconsider the relevance of the areas in which nuclear analytical techniques 
can be applied. It is of the utmost importance to select areas with a realistic outlook for funding of 
scientific research. Programmes, initiated on the basis of tradition, ease of operation or personal 
interest have increasingly less value for sustainability. Environmental research may serve as an 
example. For long, and still ongoing, are research programmes dealing with assessment of the total 
trace element content of pollution streams in soil, water, and air. Approaches like biomonitoring and 
associated factor analysis have been applied to re-identify sources of emission that were already a 
priori known. However, nowadays the focus is no longer at determining the degree of pollution or the 
sources thereof; relevance — translated into willingness to financial support — lies not with 
assessments but merely with the development and demonstration of techniques resulting in 
remediation. This requires additional insight in the chemical speciation of elements and kinetics. 
Similarly, traditional areas like archaeometry and even geochemistry do not offer an outlook anymore 
for substantial financial support of e.g. NAA. XRF and laser-ablation ICP-MS have taken over the 
market segment in the geo-sciences (including mineral exploration), which 20–30 years ago was one 
of the strongest fields of application of NAA. The remaining workload for INAA is contracted out to 
highly automated commercial NAA laboratories which are able to operate at such very low cost levels 
that nuclear analytical groups in universities or national institutions have no chance to compete. 


It is often correctly argued that INAA and XRF are highly valuable for the development and 
characterization of candidate reference materials. However, the cost-benefit ratio of such an activity is 
quite negative. There is probably no certifying body willing to pay for the true costs of all related 
analyses; as such, the effort of the NAA or XRF group is not sustainable.  


The areas with an outlook for financial support change regularly and are determined by social-
economical developments and the needs of small and medium size enterprises, and are sometimes 
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even determined at a (inter) national political level. The thematic areas in the scientific Framework 
Programmes of the European Union (see Table II) may illustrate the latter.  


 
TABLE II. THEMATIC ACTIVITIES IN THE FIFTH AND SIXTH EUROPEAN FRAMEWORK 
PROGRAMMES 


5th Framework programme 1998–2002 6th Framework programme 2002–2006 
− Quality of life and management of living 


resources 
- Food, nutrition and health 
- Control of infectious diseases 
- The “cell factory” 
- Environment and health 
- Sustainable agriculture, fisheries and  
      forestry 
- The ageing population and disabilities 
 


− User-friendly information society 
− Competitive and sustainable growth 
− Energy, environment and sustainable  


   development 


− Life Sciences, genomics and biotechnology 
   for health 


− Information society technologies 
− Nanotechnologies and nanosciences,  


   knowledge-based multifunctional  
   materials and new production processes  
   and devices 


− Aeronautics and space 
− Food quality and safety 
− Sustainable development, global change  


   and ecosystems 
− Citizens and governance in a knowledge  


   based society 


 


Nuclear analytical groups have to cope with these developments if they want to survive. Are 
there any niches for nuclear analytical techniques in the present days’ sciences of interest such as the 
energy cycle, nano-technology, genomics, cancer therapy, and biotechnology? Yes, there are, but it 
implies that traditional pathways and applications may have to be left and that complimentary nuclear 
analytical techniques, which may already be available at the very nuclear institution, nuclear research 
reactor or accelerator, are added to the determination of total trace element concentrations only. As 
another pioneer like W.S.Lyon commented to de Bruin that “…increased research can re-establish the 
position of the method as a leading tool…” [4]. Often other information is needed for a thorough 
interpretation of the associated problem such as structure of molecules and characteristics of 
localization, binding sites, kinetics and chemical behavior of compounds. Once a nuclear analytical 
group masters the phenomena dealing with the interaction of radiation with matter, and the detection 
thereof, it has the opportunity to enter a wide range of techniques providing such complimentary 
information on chemical binding and kinetics to the total element concentrations. The following 
paragraphs will provide a few suggestions to illustrate this statement. 


3. OPPORTUNITIES 


3.1. NAA and XRF 


It is important to realize that NAA and XRF are not longer anymore the only techniques for 
trace element determination in solid materials. Laser ablation high resolution ICP-MS and solid-state 
sampling AAS are now commercially available turning these techniques into valuable workhorses in 
many fields of science. Laser-ablation ICP-MS has similar position-sensitive capabilities as most 
PIXE set-ups. In general, sensitivities with these techniques are often much better than with NAA and 
XRF, which reduces the interest for the nuclear techniques. Moreover, turnaround times are shorter, 
and full automation is designed, in which reduces considerably the workload for the analyst. There are, 
however, some areas where NAA has unbeaten opportunities: 


– The analysis of unique materials, which should not get lost by dissolution or be damaged by 
laser ablation. Examples are human material (tissue, biopsies, bio-indicators such as hair and 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


nail), samples from cultural artifacts and art, cosmic material. This is of course also a niche for 
XRF. 


– The analysis of quantities much larger than can be applied in XRF, ICP and AAS, e.g. masses 
>> 100 g, for studies of materials difficult or impossible to homogenize and materials in which 
the inhomogeneity is subject of study. 


– Materials for which matrix-resembling calibrants are missing. 


Some areas in which specific opportunities for XRF can be found are: 


− Analyses of solid matrices ‘on the spot’; no need for transfer to a reactor center. Portable XRFs 
allow for rapid inspections 


− Surface structures. 


The sensitivity of NAA can still be somewhat improved if advantage is taken of the 
developments in detector manufacturing and high count rate electronics. Ge-crystals can now be 
produced with dimensions up to 10 cm in diameter and 12 cm in length, which have the features of a 
detector with a relative efficiency >200% [5]. The active volume reduces of course if such a crustal is 
transformed into a well type detector, but it still will offer an absolute photopeak efficiency of about 
12 % for the 1332 keV line of 60Co. Such large well type detectors, if compared with traditional 20 – 
40 % coaxial detectors, can thus result in an improvement in detection limits of a factor of 15 or more 
(depending on the regular source-to-endcap distance when using the coaxial detector). By now, the 
detectors seem to have reached the limits of usefulness for normal NAA since even larger volumes 
will effect in a worsening of the signal to background ratio. These crystals or even larger ones would, 
however, be quite beneficial for prompt gamma NAA in which often gammas of several MeV’s have 
to be measured. 


Improvement in sensitivities in total reflection XRF can be reached by grazing-emission XRF, 
the principle of which can be described as classical wavelength-dispersive XRF. The major advantage 
is the lower detection limits that can be reached [6]. 


3.2. The radiotracer methodology 


The unique features of using radiotracers are not always fully explored. The radiotracer method 
is a versatile and powerful tool in the study of a wide variety of applications in e.g. chemistry, biology, 
agriculture, medicine, and (industrial) technology. The big advantage of radiotracers above, e.g. stable 
isotope tracers, commonly applied in e.g. nutritional studies, is that radiotracers allow for non-invasive 
studies of both steady state and dynamic systems, in equilibrium situations and for transport and 
exchange phenomena and thus provide information on the chemical and/or physical status of elements. 
When working with stable tracers always a sub-sample has to be taken from the system under study, 
resulting in perturbation of the steady state. The principles of the radiotracer methodology are 
straightforward and the information unequivocal. The big advantage above, e.g. labeling with 
fluorescent markers is that these markers are much larger on a molecular scale and may not be 
representative for the system under study. The radiotracer method does not imply huge equipment 
investments but rather requires that the four interrelated aspects: experimental designs, data treatment 
including tracer kinetic analysis and data interpretation are careful considered.  


The commercial availability of radioactive isotopes with very high specific radioactivity has 
reduced in the last decade. Still, institutions may produce their own radiotracers using their reactors 
and accelerators. Radiotracer production with reactors often implies additional fundamental research 
to use smart nuclear reactions and chemical separations to obtain an almost no-carrier added tracer. 
Nuclear analytical groups, already equipped with gamma ray spectrometers, can thus extend their 
research programme. Using Ge spectrometers, even multi-labelling experiments are possible which 
allow for unique applications if different radionuclides exist for the same element. 57Co and 60Co have 
been used in a study to assess the biological half-life of erythrocytes [7]. 64Cu and 66Cu were used in a 
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study on the Cu metabolism in liver and gallbladder in dogs suffering from hepatitis [8], in which both 
the Cu concentration in biopsies was determined via 66Cu and the blood and gall bladder clearing was 
followed using 64Cu radiotracers and 99mTc scintigraphy.  


The developments in novel scintillation detectors, room temperature semiconductor detectors 
(like CdZnTe), and position-sensitive detectors open the door for an entire new scope of radiotracer 
applications. New fast scintillators have been developed for medical diagnostics and for high count 
rate experiments, most of them using Ce3+ as luminescence center (e.g. Gd2SiO5(Ce), YalO3(Ce), 
Lu2SiO5(Ce), Lu3Al5O12(Sc), K2LaCl5(Ce)). Crystal sizes are much smaller than for the 
traditional NaI(Tl) but to some extent, the high density of these materials compensates this. In 
small sizes, they have excellent characteristics to serve as a probe. Microstrip Silicon detectors are 
devices in which the strips are separated by several tens of micrometers and even two dimensional 
devices have been demonstrated as position-sensitive detectors. A  microstrip detector has a thickness 
of typically a few hundreds of micrometers. Spatial resolutions of 2–5 µm have been obtained with 
these detectors. The applicability of these detectors for applications in biological or medical systems, 
or linked to nanotechnology, have not yet been fully explored. 


Once applied to in vitro studies with cell cultures, the nuclear analytical group may position 
itself into the worlds of medical research, biochemistry, and biotechnology. Radiotracers can be used 
to study the properties of drug-delivering compounds as used in cancer therapy. 


Radiotracers can be added as a label to solid particles, to liquids but may also be applied in the 
gaseous form, e.g. using 41Ar or 81mKr. Gaseous radionuclides open the door for interesting 
applications in technology processes to study gas-liquid contacts and/or gas-flow kinetics [9] in which 
hardly any other technique can compete. 


3.3. Perturbed angular correlation spectroscopy 


Perturbed angular correlation (PAC) spectroscopy is an elaborated form of the radiotracer 
method resulting in information on the atomic and chemical environment of the radiotracer. It can 
therefore be considered a non-invasive speciation technique. Such information can be used to interpret 
differences in binding sites of biomolecules, proteins (e.g. metalloenzymes) or membranes, or for 
study of slow chemical exchange processes e.g. when changing pH, ligands or temperature. If a 
radioactive nucleus decays via the emission of gamma rays in cascade, the correlation between the 
angular orientations of each of the successive rays may be measurable altered by the nuclear 
quadrupole interaction with the electric and magnetic field gradients of its immediate atomic 
environment. Since there are several physical constraints dealing with the nuclear properties of the 
nucleus and its radiation, only a handful of radionuclides is suitable for PAC spectroscopy: 111In, 181Hf 
are the most widely applied ones [10] but also e.g. 111mCd, 111Ag, 140La and 199mHg be used. 


PAC spectroscopy is a valuable tool in condensed matter science where, again because of the 
non-invasive character, material characteristics can be studied at changing temperature, pressure, or 
chemical environment. However, there are also several research groups that use PAC spectroscopy in 
research of the 3D structure and dynamic properties of metalloenzymes and other proteins [11]. Such 
information may also be provided by NMR, ESR, EXAFS, and Mössbauer spectroscopy but all of 
these techniques require large and unphysiological amounts of the protein, sometimes at unrealistic 
low temperatures. PAC spectroscopy, in particular time differential PAC (TDPAC) spectroscopy 
allows for measurements under biological and medical realistic conditions. There is no need for e.g. 
single crystals and 1010 labeled macromolecules are already sufficient. Examples of TDPAC 
spectroscopy can be found in literature [12] and comprise, e.g. fixation of heavy metals in soils by 
humic substances [13], studies of the enzyme mercure reductase in the metabolic conversion of Hg2+ 
to nontoxic elemental Hg(0) [14] and structural studies of Ag-complexes for  targeted 
radioimmunotherapy of cancer [15]. 
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Nuclear analytical groups with a solid background and/or support in the physics of radiation 
detection can set up a PAC spectroscopy without a massive investment. The spectrometer requires at 
least four scintillation detectors and fast/slow coincidence electronics. PAC measurements result in 
information on the value of the electric field gradient and the rotation correlation time of the probe. 
Such information has to be interpreted by chemist/biologists with a specialism in structural chemistry. 
The interpretation may be further sustained if other, more conventional techniques (e.g. based on 
chemical separations) are used to elucidate the speciation of the molecule and/or the target element. 


3.4. Neutron scattering, neutron reflectometry 


Nuclear research reactors with neutron beam facilities often have installed neutron physics 
devices like small angle neutron scattering (SANS) spectrometers whereas in a few cases also neutron 
reflectometers are available. The reflection of neutrons from a solid-liquid interface is sensitive to any 
density gradients at that interface and thus may serve to determine the thickness of the phase between 
solid and liquid. Thus, the technique can be used for studies of adsorption of surfactants, polymers, 
and proteins. It is remarkable that only few nuclear analytical groups seem to be familiar how 
measurements with such devices can provide valuable complimentary information in e.g. biochemical 
research and material science. One of the problems might be that neutron beam research is commonly 
under the supervision of physicists. Several of these physics groups have already turned their back to 
their traditional techniques because of a lack of scientific challenges in technique development, and 
consider more future in the new facilities at synchrotron sources and/or spallation neutron sources. 
That is regrettable, since neutron beam facilities remain to have unique interesting features for 
research in biochemistry and nano-technology. As such, instruments about to be abandoned by 
physicists may again be used for applications in chemistry, biology, or medicine. Still, the 
interpretation of the measurements requires a back up by theoretical physical chemists.  


Insight in protein-membrane interactions is of fundamental importance for the understanding of 
biological processes and for the development of medicines. Neutron reflectometry can be used to 
study biomimetic membranes, solid/liquid interfaces or ingress e.g. hydrogen into metal surfaces. 
Biomimetic membranes are biological membranes that consist of e.g. two self assembling monolayers. 
Information on the structure and function of such membranes can be obtained using neutron 
reflectometry. These membranes can be applied in biosensors or in bio-catalysis and it has been 
demonstrated [16] that such self assembled monolayers may have excellent properties for chemical 
separations and pre-concentration of radionuclides. Nuclear techniques like radiotracer studies in 
combination with neutron reflectometry can play an important role in the further optimization of these 
new materials. 


Phospholipid molecules added to water form drug delivery nano-particles in the form of multi-
lamellar vesicles. The mechanisms responsible for cell recognition and transport across membranes 
can be studied using (radio) tracer techniques in combination with neutron reflectometry or small 
angle neutron scattering, the latter providing the structural characterization.  


The ability of neutron scattering is to distinguish between hydrogen and deuterium. Thus, if a 
protein is adequately labelled, the kinetics and structural aspects can be studied. 


3.5. Nuclear imaging techniques 


Total element information in tissues or organisms can get substantial more value if also the 
localization of the element can be determined. It can provide insight about the role of elements in, e.g. 
the etiology of diseases. PIXE microbeams can now be operated with sub-micron spatial resolution, 
and elemental maps in e.g. tissues and cells can be made. These PIXE maps can be further combined 
with maps obtained using scanning transmission ion microscopy (STIM) for the positioning of the 
object, neutron forward scattering (NFS) for hydrogen and neutron backward scattering (NBS) for 
carbon, nitrogen and oxygen. If PIXE is considered as a ‘nuclear’ analytical technique [17], than also 
the scanning electron microscope with X ray microanalysis should be mentioned as a ‘nuclear’ 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


analytical imaging tool with its own characteristic features. It has remarked that only little biologically 
oriented work is reported in literature, probably due to the fact that biologists/medical researchers 
know too little about X ray physics whereas physicists know too little about biological systems and the 
effects of biological tissue preparation. 


Surface imaging, especially of solid materials, can also be done using TR-XRF. It is based on a 
combination of TR-XRF and position-sensitive measurement using a collimator and a CCD camera 
[18]. Using images of 1 Mega pixel, spatial resolutions of 40–50 µm could be reached. However, it is 
not very likely that this approach will allow for position-sensitive determination of ultra trace metals. 


Neutron beams, if available, offer also unique opportunities for imaging. Differently from X ray 
imaging, neutrons allow for the detection of low Z elements such as H, Li, and B. This opens the 
possibility to study water transport phenomena even in living organisms such as plants [19]. 


3.6. Nuclear track dating 


Uranium and alpha emitting radionuclides in minerals produce spontaneous fission tracks and 
alpha recoil tracks, respectively, which can be used for dating of the formation of the mineral. 
Although this may be of interest to academic geological research groups, a better economic spin-off is 
obtained if this technique is used to serve the exploration of mineral resources and the search for 
geothermal energy sources [20]. Drillings for geothermal energy production are done at high costs 
(often > 1 M USD each). Therefore, it is economically convenient if drillings of existing geothermal 
fields can be used to obtain a volumetric picture of the age of formation of the reservoir. Epidote is a 
mineral, considered as a geo-thermometer since it is formed above 200 oC. Combing mineralogy with 
track dating, the thermal history of the site of interest can be determined. Similarly, apatite can serve 
as a paleo-thermometer in the oil exploration. In both cases, the dating of the reservoir is based upon 
the detection of by spontaneous fission produced defects (fission tracks) which number is proportional 
to the time of formation and to the uranium concentration. The fission-track length stability depends of 
the temperature and age of the site under study.  


Such an energy related research, important for many (developing) countries, offers interesting 
and sustainable opportunities for nuclear analytical groups combining the nuclear track detection with 
NAA and gamma ray spectroscopy.  


4. CONCLUSIONS 


The question if there is a future for nuclear analytical techniques can be wholeheartedly 
answered with “yes”. Yes, nuclear analytical techniques will be able to provide complimentary 
information and answers for the new sciences with which the 21st century has started: genomics, 
proteonics, nano-sciences, and to support small and medium size enterprises in their activities towards 
remediation and a sustainable environment. It all depends, however, on the scientific capabilities of 
the nuclear analytical groups to incorporate other nuclear techniques to their current palette and to be 
more problem oriented than technique oriented. In addition, its is recommended that nuclear analytical 
groups accept the challenge to present their results in scientific journals with a relatively high science 
citation impact factor so as to underpin the quality of their work. 
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Abstract 


Radiation processing of materials involves hundreds of gamma irradiators and electron accelerators all 
over the world. The applications mostly cover sterilization, food irradiation and polymer processing. All these 
processes require application of control and analytical techniques. The microbiological , chemical and physical 
tests are performed to assure quality of the process and product. New applications concern environmental 
protection (wastewater, sludge and flue gas treatment), in this case continuous monitoring analytical methods 
(instrumental and manual) play important role for the process efficiency control. 


1. INTRODUCTION 


Ionizing radiation may modify physical, chemical, and biological properties of materials. This 
characteristic of radiation was recognized very soon after the discovery of radioactivity [1]. At present, 
the principal applications concern sterilization of health care products, food irradiation, and materials 
modification [2]. At the very beginning, besides naturally occurring radioactive isotopes, artificial 
ones were produced using cyclotrons. A significant impetus was given, however, to the radiation 
processing industry with the advent of nuclear reactors, which were used to produce radioisotopes. 
Gamma ray emitters like Co-60 became popular radiation source for medical and industrial 
applications. In recent times the use of an electron accelerator as a radiation source has been 
increasing. The new developments concern application of an electron accelerator of high power 
equipped in e/X converter. Hundreds of industrial irradiators (gamma or X rays, or electron beam) are 
currently in operation all over the world. Depending on materials to be treated different doses of 
radiation have to be applied. 


Disinfection 0.25–1.0 kGy 
Food preservation 1.0–25.0 kGy 
Medical sterilization 20.0–30.0 kGy 
Coating curing 20.0–50.0 kGy 
Polymerization 50.0–100.0 kGy  
Cross-linking 100.0–300.0 kGy 
Depolymerization of PTFE 800.0–2000.0kGy 
Coloration of stones >>2000.0kGy 


1 kGy represents absorbed energy of 1 kJ in 1kg of treated material.  


2. STERILIZATION 


The sterilization effect of radiation is achieved by either directly breaking the DNA chains in 
any bacteria or viral cells or by disabling cells by reacting with other spices (e.g. OH’ radicals) formed 
in the process [3]. Some bacteria like E-coli are very sensitive to radiation and the dose of 0.6 kGy is 
enough to reduce their count by an order of magnitude, while some anaerobic bacteria (spores) like 
clostridium botulicum require a dose equal to 13–34 kGy to achieve similar reduction of 
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contamination. The microbiological laboratories are set by a manufacturer or service company [4] to 
test contamination before and after irradiation. The dose must be controlled precisely as well [5]. The 
procedures should follow standards, national and international (like AAMI TIR No.8:1991, ST 
31:1990, ST-32:1991,AAMI/ISO TIR 13409:1996,15844:1998, ISO 11737-1:1995, 11737-2:1996, 
1137:1994, EN 1174, 552:1994). 


The other analytical, chemical, and physical aspects of medical product sterilization are 
connected with possible effects of irradiated material degradation (plastic, cellulose, latex, glass, etc.). 
For example, disposable syringes made of polypropylene should be tested due to changes in their 
chemical, microbiological, and physical properties: 


a. Chemical test 


a.1 Water extracts (organoleptic; UV absorbance in 220–360 nm range; ammonium, chlorine 
and iodide ions; heavy ions recalculated on lead; non-volatile impurities, etc.) 


a.2. Hexan extracts(UV absorbance at 280 nm, soluble compound identification). 


b. Biological test (toxity, homolization, sterility) 


c. Mechanical test (syringes closeness, sliding force, etc.). 


Special compositions are prepared for the production of the items to be sterilized by 
radiation [6]. 


3. FOOD IRRADIATION 


Many processing methods have been developed to help control food spoilage and improve 
safety. The traditional methods of preservation, such as drying, smoking, and salting, have been 
supplemented with pasteurization, canning, freezing, refrigeration, and chemical preservatives. Food 
irradiation is a process of using radiation to kill harmful microorganisms responsible for food borne 
illnesses and to reduce food spoilage from sprouting and mildew development. Radiation can also be 
used to eradicate quarantine pests from bulk export crops, such as fruit fly in tropical fruits. Most 
common is the application of this technique to reduce microorganism contamination of spices [7]. 
Similarly, like in sterilization, dose is an important controlled parameter [8]. Under irradiation reactive 
ions and free radicals are formed, which lead to creation of radiolytic products including glucose, 
formic acid, or carbon dioxide. These products are generally the same as those that are formed when 
food is treated by heat (i.e. cooked). The FDA estimates that maximum theoretical level of such 
products at the dose of 10 kGy to be less than 3 ppm. Different analytical methods are applied to 
identify these products. Because some countries, including the EU, require labelling of irradiated food, 
the detection analytical techniques have been developed. They are mostly based on ESR, TTL, and 
HPCL [9]. 


4. MATERIAL PROCESSING 


There are two main fields of material radiation processing, polymers [10], and semiconductor 
devices [11]. 


Irradiation of polymeric materials leads to formation of very reactive intermediates, free 
radicals, ions, and excited states. These intermediates can follow several reaction pathways, which 
result in disproportion, hydrogen-abstraction arrangements, or formation of new bonds. The ultimate 
effects of these reactions are the formation of oxidized products, grafts, scissoring of main chains that 
is also called degradation and cross-linking [12]. The possibility of practical application of this 
phenomenon was recognized more than 40 years ago. Since then thermo shrinkable materials (tubes 
and tapes), with application of radiation, have been produced in many countries. The technology is 
applied for cable insulation and tire belt material cross-linking. Recently radiation vulcanized latex has 
been developed [13]. The real acceleration of the technique application was the introduction of PP 
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tubes for household hot water and gas installations [14]. New applications in microelectronics [15] or 
nanotechnology [16] are foreseen. 


On the other hand the phenomena connected with the interaction of radiation with polymer lead 
to its properties (mechanical strength, resistance to heat and fire), but on the other hand polymers 
which are used for manufacturing of radiation sterilized products or packages (including irradiated 
food packages) should be selected very carefully and tested [17].  


Different  analytical methods to detect physical and chemical changes in polymers are applied. 
The mechanisms leading to the degradation of cross-linking of polymers have been tried to be 
elucidated by the use of microscopic methods of instrumental analysis which provide information on 
chemical structure as well as its imaging. Such methods like imaging XPS and Raman microscopy and 
AFM have been adopted. Very powerful tools, such as Time-of-Flight Secondary Mass Spectroscopy 
(TOF-SIMS), Matrix Assisted Laser Desorption/Ionization Mass Spectroscopy (MALDI-MS), 
Electron Energy Loss Spectroscopy (EELS), became available for characterizing the surface chemistry 
of polymers to elucidate radiation effects [18]. New studies using multinuclear NMR, low temperature 
FTIR, and a number of other novel techniques, including application of synchrotron radiation [19], are 
under development to allow understanding of such processes as cross-linking and scission in polymers 
in much richer detail than was previously possible. 


5. ENVIRONMENTAL APPLICATIONS 


Regarding environmental protection, first introduced limits for emission of pollutants concerned 
gram quantities. Nowadays emission limits for sulphur and nitrogen oxides, small diameter particulate 
(smaller than 2.5 or 10 microns) are given in milligrams, while concentrations of heavy metals 
(including mercury) or polyaromatic hydrocarbons (i.e. dioxins) are in nanograms even. Therefore, 
monitoring techniques are of the highest importance for implementation of radiation technologies for 
environment conservation. 


5.1. Wastewater and sludge treatment 


The chemical, organic pollutants in wastewater can be treated by radiation. A pilot plant that 
uses combined technology, electron beam and biological treatment, has been constructed in Korea 
[20]. Industrial wastewater from textile dye industry is treated and efficiency of biological secondary 
treatment was increased remarkably. The combined technology, electron beam and ozone, can be 
applied for removal of chlorinated hydrocarbons from the drinking water [21]. Other application 
concerns radiation sanitation of biological sludge from biological wastewater treatment, which allows 
use of it as fertilizer [22]. 


Classical analytical methods are used for monitoring COD, BOD, and suspended solid. 
However, organic pollutant concentration should be measured using more sophisticated techniques, as 
GC-MS, and NNA can be applied for heavy metal content analysis. 


5.2. Flue gas treatment 


Acidic pollutants like SOx and NOx are emitted in millions of tons during fossil fuel 
combustion. These pollutants are hazardous to the environment and human beings through acidic rains 
and smog formation. The electron beam technology to treat those pollutants has been developed 
several years ago in Japan [23]. Then it was mastered in other countries like the US, Germany and 
Poland. Both pollutants are removed simultaneously, and ammonium nitrate and sulphate mixture, as 
fertilizer, is formed as the final product. Two industrial installations are in operation in the world: in 
China and Poland [24]. 
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Since pollutants are emitted in the ppm quantities very precise monitoring and control systems 
have to be applied. Manual analytical methods are essential for calibration as well [25,26]. Heavy 
metal content in the by-product can be analysed by ASA or NNA. 


The other problem connected with fossil fuel combustion that was encountered recently is 
emission of Polyaromatic Hydrocarbons (PAH), dioxins among them. These compounds are 
carcinogenic, are precursors of smog, and contribute to ozone layer depletion. Electron beam 
technology can to be applied for treatment of these pollutants as well [27]. 


Since the pollutants are emitted in ppb quantities, a special method of sampling and GC-MS 
analytical methods have to be applied [28]. 


6. CONCLUSIONS 


Radiation processing is one of the important technologies applied in industry. Sterilization, food 
irradiation, polymer cross-linking are among the most important applications. However, 
environmental applications for wastewater, sludge, and flue gases treatment are becoming increasingly 
important. 


The analytical techniques – conventional and nuclear – play a very important role in process 
development, QC and QA, and monitoring of the process efficiency. 
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Abstract 


A Large Sample Neutron Activation Analysis (LSNAA) facility is under development at GRR-1 research 
reactor, NCSR “Demokritos”. The LSNAA facility design incorporates sample irradiation in the reactor’s 
graphite thermal neutron column and subsequent measurement of the activity induced at a gamma spectroscopy 
system with gamma ray transmission measurement options included. Monte Carlo neutron and photon transport 
code MCNP-4C was used to model the facility. Appropriate correction factors accounting for neutron field 
perturbation during sample irradiation and high-purity germanium detector efficiency for the volume source 
were derived. The results of the computations were experimentally verified by measurements for a set of known 
materials. The LSNAA facility will be used to perform multi-element, non-destructive, contamination-free 
analysis of large volume samples with high sensitivity and excellent sampling. End-users of the facility will be 
archaeological, environmental, bio-medical research laboratories and the industry. 


1. INTRODUCTION 


Most analytical techniques do not comply with the need for direct trace element analysis of 
samples exceeding the order of grams. Instead, sub-sampling methods are used to obtain 
representative sampling of the initial material. The possibilities arising from directly analyzing 
voluminous samples have been discussed [2]. However, Instrumental Neutron Activation Analysis 
(INAA) is a powerful technique, which can fulfill this need in a non-destructive way. For the 
quantitative analysis of large samples, three parameters must be taken into consideration: neutron self-
shielding during neutron irradiation, gamma ray attenuation within the sample during counting, and 
detector efficiency over the volume source. 


At GRR-1 research reactor, a LSNAA facility is under development for non-destructive 
determination of the elemental composition of large volume samples (i.e. volume up to ~5 L). In the 
present work the design of the facility is presented, as well as methods to correct the data for neutron 
and gamma ray self-shielding effects. The derivation of correction algorithms was based on modeling 
in detail, both the irradiation and counting facility using the Monte Carlo neutron photon transport 
code MCNP-4C [3]. Both the code and the cross-section data package were obtained from NEA Data 
Bank (France). The results of the computations were validated against experimental measurements. 


2. EXPERIMENTAL SET-UP 


The technique consists of irradiation of the sample at the graphite thermal neutron column of the 
GRR-1 reactor and subsequent determination of the induced activity using HPGe spectroscopy. In case 
                                                      
* This work was partially supported by the International Atomic Energy Agency, Vienna (Technical Co-operation Project 
GRE/1/039). 
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of an unknown material composition, a transmission measurement must be included for the 
determination of the effective linear attenuation coefficient of the sample. 


2.1. Irradiation facility description 


GRR-1 is a 5 MW, open pool type, research reactor, cooled and moderated by light water, 
employing beryllium reflectors at two opposing sides of the core. A schematic representation of the 
core and graphite thermal column assembly is shown in Fig. 1. The thermal column (130 cm in height, 
130 cm in width and 282 cm in length) is a stacking of graphite blocks. A 1 cm thick boral layer and a 
stainless steel layer of 1.2 cm shield the graphite stack. The rest of the shielding consists of barytes 
concrete. A 60 cm-long thermal column extension is placed between the core and thermal column 
entrance surface. This consists of stacked graphite blocks within an aluminum container. Two 
additional lead blocks of 20 cm total thickness are placed between the core and thermal column 
extension for gamma ray shielding purposes. 


The sample irradiation position was selected to be at 240 cm from the reactor core surface and 
at the mid-height of the fuel elements. At this location the thermal neutron flux (sub-cadmium) is 
4.5x106 cm-2s-1 and the thermal to non-thermal neutron flux ratio about 300. Thus, the effect of neutron 
moderation inside the sample may be considered negligible as only 0.3% of the neutrons entering the 
sample exceed the thermal energy region. Irradiation experiments were performed using the thermal 
column’s horizontal access through a concrete slide-door. However, the construction plans of the 
actual irradiation facility provide for a vertical access to the irradiation position thus enabling sample 
transferring during reactor operation time. 
 


Reactor
Core


Sample
Position


Surface 1


Graphite


Lead


 
 
 


FIG. 1. Schematic representation of the GRR-1 core and graphite column (vertical cross-section). 


2.2. Counting facility description 


A counting facility was designed for LSNAA (Fig. 2). The system includes holder for the 
detector and its shielding, sample positioning and transmission source support tables. All three parts 
are mounted on a base with adjusted aluminum linear guides that provide moving option for each part 
at the horizontal direction. 


The gamma ray spectrometer consists of an HPGe detector, GEM80 Ortec of 85% relative 
efficiency (nominal crystal dimensions of 81.5 mm in diameter and 57.7 mm in length), a digital 
signal processing data acquisition system, Ortec DSPEC-plus, PC controlled by GammaVision 
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software. The detector is housed in a lead shielding of 5 cm thickness. The sample is placed on a PC 
controlled rotation table, supported by a base with vertical adjustment capability. The sample is 
positioned between the detector and the transmission source. A collimated 152Eu source is used to 
assess the effective linear attenuation coefficient of samples made of unknown material before the 
irradiation. The source is mounted in a lead shielding box offering a 5 mm in diameter opening for 
source collimation. 
 


Sample
Detector


shield
Collimated


transmission  source
shieldDetector-dewar


configuration


Rotation
table


 
 
 


FIG. 2. Schematic representation of spectroscopy and transmission measuring facility 
(vertical cross-section). 


3. CORRECTION METHODS 


3.1. Neutron self-shielding 


A problem was encountered during the irradiation of large samples is the perturbation of the 
neutron field due to absorption and scattering within the sample. Neutron flux is perturbed not only 
inside the sample, but may also be significantly perturbed in the graphite moderator near the sample. 
Therefore, both the self-shielding and flux depression factors have to be determined [1]. In the present 
study the self-shielding factor, nf , is defined as the ratio of the average flux, vΦ , throughout the 
volume of the sample to the average flux, sΦ , at the entire surface of the sample. Flux depression 
factor, nh , is defined as the ratio of the average flux, sΦ , at the surface of the sample to the 
unperturbed flux, rΦ , prior to the insertion of the sample. These factors depend on the neutron energy, 
the size and shape of the sample, as well as the materials of the sample and surrounding medium. 


A Monte Carlo model, including reactor core, thermal neutron column and sample, was 
developed. The effects of chemical binding and crystal structure, for incident neutron energies below 4 
eV at 300o K, were taken into account using the MCNP explicit S(a, b) capability. All runs were 
performed on a personal computer. Since geometry, complexity is disadvantageous in terms of 
computation time it was decided to use a simplified geometry model. Calculations performed for 
detailed core geometry in criticality mode and a simplified homogenous core assembly with a 
Maxwell fission neutron source spectrum showed no difference in the thermal neutron flux 
distribution at the sample position. A significant gain on computation time was achieved by employing 
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the Surface Source Write (SSW) option. Surface source was written at the front face of the graphite 
thermal column (surface 1, in Fig. 1) by recording the positions and the velocities of neutrons crossing 
the surface and entering the graphite column. The original number of histories used to write the SSW 
file were 1×109 resulting in 1.6×106 tracks registered on the surface source. This file was then used as 
a source for subsequent MCNP simulations. Track length estimate tallies (F4) for neutron flux 
averaged over a cell in units of cm-2 per source neutron were used. The relative random errors of the 
computations were kept well below 10%. All statistical tests for the estimated answers were passed. 


Neutron self-shielding and flux depression coefficients were determined for 130 homogeneous 
cylindrical samples made of various materials (among the 35 studied materials, ten contained 
significant amounts of hydrogen). The macroscopic thermal neutron absorption cross-sections of the 
materials ranged between 0.002 and 24 cm-1, and the scattering to total cross-section ratios between 
0.01 and 0.98. Sample radius, r , ranged between 3 cm to 7.5 cm and height, h , between 10 to 30 cm. 


3.2. Counting efficiency of the volume source 


To obtain accurate results from gamma ray spectroscopy, a correction factor, that takes into 
consideration the source geometry as well as the gamma ray self-absorption and scattering by the 
sample material, has to be applied. The volume source efficiency correction factor, γf , is an energy 
and position dependent quantity. It is defined herein as the ratio of the volume source photopeak 
efficiency, Vε , to the point source photopeak efficiency, Pε , located at the center of the sample, for a 
given photon energy, γΕ , and source to detector distance. Since it is impossible to obtain calibrated 
gamma ray voluminous sources for each sample under consideration, an MCNP model was developed 
to derive γf  for energy and sample size ranges of interest. 


A detailed detector geometry configuration was modeled using data provided by the 
manufacturer. Small discrepancies between nominal and actual detector parameters may occur, in 
particular with respect to the crystal’s active volume. To partially compensate for this effect, relative 
efficiencies where calculated. Pulse height tally, F8, was employed to determine the energy deposited 
in the crystal’s active volume in the specified energy bin. The relative random errors of the 
computations were kept below 2%. All statistical tests for the estimated answers were passed. The 
applicability of detector’s model was validated against measured relative off-axis efficiency values 
using a set of calibration point sources at distances up to ± 12 cm both horizontal and vertical to the 
detector long axis. 


The simulations were carried out assuming uniform radioactivity distribution over the entire 
volume (in daily practice the sample is going to be rotated along its vertical axis (Fig. 2) during 
counting). The “volume to point source” efficiency ratios were estimated for cylindrical samples 
representing a wide range of materials (Table I). Their densities and mass attenuation coefficients are 
shown in Table I [15]. Calculations were performed for photon energies of 0.30, 0.66 and 1.33 MeV. 
The radius of simulated samples ranged between 4.3 and 7.5 cm and sample height between 9 cm to 
30 cm. 
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TABLE I. ATERIALS SIMULATED BY MCNP AND THEIR MASS ATTENUATION 
COEFFICIENTS 


ρ
µ  ( 110−×  cm2/g) Material Density ρ  


(g/cm3) 


1332 keV 662 keV 303 keV 


paraffin 0.93 0.6312 0.8847 1.217 


water 1.00 0.6122 0.8572 1.182 


plexiglas 1.19 0.5940 0.8330 1.150 


cellulose 1.42 0.5847 0.8190 1.129 


calcium 1.55 0.5527 0.7789 1.111 


SiO2 2.32 0.5510 0.7729 1.072 


gypsum 2.32 0.5643 0.7919 1.105 


aluminum 2.70 0.5319 0.7468 1.038 


barium 3.50 0.4880 0.7766 1.861 


germanium 5.32 0.4938 0.7084 1.123 


chromium 7.18 0.5126 0.7249 1.061 


iron 7.92 0.5180 0.7366 1.093 


copper 8.94 0.5093 0.7262 1.112 


lead 11.35 0.5616 1.101 3.949 
 


4. RESULTS AND DISCUSSION 


4.1. Neutron self-shielding 


The verification of the MCNP code predictions on the unperturbed thermal neutron flux at the 
thermal neutron column and its distributions in samples of known composition has already been 
presented [14]. In the present study, it was found, as expected, that the self-shielding factor during the 
neutron irradiation, nf , depends on both the neutron diffusion length in the sample material, L [6] and 
the dimensions of the sample. Therefore, in Fig. 3 the nf  data were plotted against the dimensionless 
quantity xo, defined to be equal to ( )[ ]Lrr ⋅+⋅ hh . The self-shielding factor nf  is close to unity (> 
0.9) for 0x <1, drops to 0.5 at 30 =x , and below 0.15 at 0x > 15. Therefore, the method is not 
proposed to be applied in samples with high 0x  values, due to errors related to the determination of 


nf . 


In the daily practice of non-destructive LSNAA, the sample composition may not be known 
beforehand and consequently the curve presented in Fig. 3 cannot be directly used. Whenever this 
occurs, the neutron attenuating and scattering properties of the sample can be evaluated by measuring 
the thermal neutron flux at the sample surface [7]. 
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FIG. 3. Dependence of neutron self-shielding factor, nf , on the dimensionless quantity 0x . 


 


The estimated flux depression factor, hn, is shown in Fig. 4(a) as a function of the sample 
macroscopic thermal neutron absorption cross-section, aΣ . Weak thermal neutron absorbers do not 
perturb the flux in the moderator ( 1≈nh ). However, in strongly absorbing materials significant flux 
depression occurs. The minimum hn value is independent of the sample material and depends on the 
moderator material (graphite) and the sample dimensions. 
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FIG. 4. (a) Thermal neutron flux depression factor, nh , (b) thermal neutron flux correction factor, nf , 
as a function of the macroscopic thermal neutron absorption cross-section of cylindrical samples. 
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The neutron self-shielding factor, nf , is shown in Fig. 4(b) as a function of aΣ . It is close to 1.0 
for weakly neutron absorbing materials and tends to zero for strong absorbers. Therefore, whenever 
LSNAA is to be performed in samples of unknown composition, the measurement of the fluence rate 
at the sample surface and at a reference position away from the sample can be combined with the data 
shown in Fig. 4. The nh  and nf values shown in Fig. 4 were obtained for cylindrical samples with 


( )hh +⋅ rr  equal to 2.3, 4.0 and 7.5 cm. However, the calculations can be easily extended to include 
other sample sizes and shapes as well. 


4.2. Counting efficiency of the volume source 


A comparison between the measured and predicted by MCNP off-axis relative efficiencies for 
the 1332 keV photo peak of a 60Co point source, at 25 cm from the end-cup of the detector, is shown in 
Fig. 5(a). The efficiency values are normalized to the 1332 keV efficiency on-axis at the same distance 
from the end-cup. The measured off-axis relative efficiencies, within a distance of ± 12 cm from 
detector axis, are predicted by the code with an accuracy of ± 3%. The difference between predicted 
and calculated relative efficiencies integrated over the range of y and z plotted areas is 0.8% and 1.3%, 
respectively. 


In Fig.5 (b) the ratio of measured to calculated relative off-axis efficiencies for the 1332, 1173 
and 662 keV photons is plotted against the horizontal distances, y , from detector’s axis, at the vertical 
plane 25 cm from end-cup of the detector. Similar results were obtained for vertical distances, z , from 
detector’s axis. The measured off-axis relative efficiencies were in accordance within ± 3%. 
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FIG. 5. (a) Relative measured and calculated by MCNP off-axis to on-axis efficiencies for 1332 keV 
photons at 25 cm distance from end–cup of the detector, (b) Ratio of measured to predicted relative 


off- axis efficiencies for 1332, 1173 and 662 keV photons as a function of distance from detector’s axis 
at 25 cm distance from end-cup. 


 


Whenever the sample to detector distance is much larger than the dimensions of the sample, 
interpolation of the transmission data obtained with the collimated 152Eu source at the corresponding 
photon energy has to be carried out to estimate γf . However, whenever these sizes are comparable, an 
experimentally determined attenuation coefficient has to be coupled with the mean path length inside 
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the sample of the emitted photons towards the effective volume of the detector. This quantity can also 
be determined by Monte Carlo simulation as proposed by Overwater, et al. [12]. 


The efficiency correction factor of a uniform cylindrical source, γf , is shown in Fig. 6 as a 
function of a dimensionless variable, ( )hh +⋅⋅ rrµ , where µ  is the linear attenuation coefficient 
(Table I). Fig. 6 reveals the universal applicability of the correction method for the GRR-1 LSNAA 
facility for uniform samples of known composition. In case of samples of unknown composition, the 
linear attenuation coefficient assessed by a transmission measurement before irradiation has to be 
coupled with Fig. 6 to predict the γf  value. 
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FIG. 6. Dependence of volume source efficiency correction factor, γf , on the sample dimensionless 


variable ( )hh +⋅⋅ rrµ . 


5. GENERAL DISCUSSION AND CONCLUSIONS 


A Large Sample Neutron Activation Analysis (LSNAA) facility is under development at GRR-
1, NCSR “Demokritos”. The facility design incorporates sample irradiation at the graphite thermal 
neutron column and subsequent measurement of the induced activity with a gamma spectroscopy 
system with gamma ray transmission measurement options included. The universal applicability of the 
technique requires correction algorithms for neutron self-shielding during sample irradiation, gamma 
ray attenuation within the sample during counting procedure and detector efficiency over the volume 
source. 


Self-shielding correction methods for large sample irradiation have been proposed. Overwater, 
et al. [4] developed a method based on neutron flux measurements at the vicinity of the sample and 
comparison with the neutron flux under reference conditions. Their neutron self-absorption method 
was based on a two-dimensional analytical solution of the diffusion equation for cylindrical samples 
[5]. The volume source efficiency was derived by integration of the detection probability (point source 
efficiency) and gamma ray attenuation fraction over the volume of the sample. The point source 
spatial efficiency function was determined by Monte Carlo calculations [12]. The method has been 
extended to allow for the interpretation of scanned, collimated measurements, where results are 
obtained for individual voxels [10]. Shakir and Jervis [6] used neutron flux measurements to assess 
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self-shielding factors for large cylindrical samples through adaptation of analytically derived values 
obtained from Fleming [7]. Van Elsacker-Degenaar and Blaauw [8], developed an empirical method to 
determine neutron self-shielding for large sample prompt-gamma neutron activation analysis by 
determination of macroscopic scattering and absorption cross sections. 


The derivation of correction algorithms, for the GRR-1 LSNAA facility, was based on a 
detailed model of both the irradiation and counting facilities using the Monte Carlo code MCNP-4C. 
The proposed neutron self-shielding correction method was in principle similar to the method 
developed at IRI, Delft [4]. Both methods depend on thermal neutron flux measurements at the 
vicinity of sample to derive appropriate neutron self-shielding correction factors. In this work the 
Monte Carlo method was utilized to determine large sample neutron self-shielding factors. Advantages 
are better representation of the actual incident neutron field, sample geometry flexibility and the 
extension of the useful range of material applications to thermal neutron absorbing materials. The 
method is based on experimental determination of the flux depression factor and prediction of the self-
shielding factor using the MCNP derived curves (Fig. 4). 


A semi-empirical method to assess counting efficiency of photons from a cylindrical uniform 
volume source was considered. Correction factors, accounting for both the source geometry and the 
gamma ray attenuation in the sample, were derived via the experimentally validated detector model. A 
single semi-empirical curve was proposed (Fig. 6). The emerged calibration curve provides universal 
applicability, in terms of photon energy, sample dimensions, and material gamma attenuation 
properties. 


The LSNAA facility at GRR-1 will be used to perform multi-element, non-destructive, 
contamination-free analysis of large volume samples with high sensitivity and excellent sampling. 
End-users of the facility are going to be bio-medical, archaeological, environmental research 
laboratories, as well as the industry. 
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Abstract 


Neutron activation analysis (NAA) is a well-established analytical technique for the simultaneous 
determination of multielement concentrations. Although various forms of NAA have been traditionally applied 
to measuring the total concentrations of elements, the scope of NAA can be further extended in conjunction with 
pre-irradiation chemical separations to determine the species of an element. The technique can then be called 
speciation NAA (SNAA). Since much of the toxicity of an element depends on its physico-chemical forms, there 
is an increasing interest in studying its speciation. A number of characteristic features of NAA, which other 
techniques normally do not possess,  can be advantageously exploited in SNAA. For example, SNAA has 
simultaneous multielement specificity unlike AAS and AFS. The SNAA technique can be applied to the 
simultaneous speciation of elements which are not chemically similar such as Cd, Se and I, as well as to the 
elements such as Cl, Br and I which are rather difficult to determine by most other techniques. Qualitative as 
well as quantitative analysis of small samples can be done by SNAA with excellent precision, accuracy, 
sensitivity, and rapidity. Unlike many other techniques, SNAA has some enhanced quality assurance capabilities. 
We have developed SNAA methods for separating various inorganic and organic arsenic species in water and in 
seafoods. We are presently extending these methods to include simultaneous speciation of As, Sb and Se. We 
have also developed SNAA methods employing biochemical techniques for the characterization of 
metalloproteins and protein bound trace element species of Se along with Cd, Cu, Mn, Mo and Zn in bovine 
kidneys. Lately, we have concentrated our efforts to develop SNAA methods in conjunction with HPLC, RPC, 
SEC, NMR and MS for the simultaneous separation and characterization of extractable organochlorine, 
organobromine and organoiodine species in fisheries samples. An overview of the methods will be presented. 


 


                                                      
* Only an abstract is given here as the full paper was not available. 
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Abstract 


Trace analysis allows the sensitive detection of radionuclide concentrations in ground level air in the 
range of µBq/m³. Typical time scales of less than one day up to a few days can be obtained in routine operation. 
Trace analysis measurements are performed in the framework of the German Integrated Measuring and 
Information system (IMIS) as well as within the International Monitoring System (IMS) used for the verification 
of the Comprehensive Nuclear Test Ban Treaty (CTBT). Within the environmental monitoring programmes of 
the German IMIS the Federal Office for Radiation Protection (BfS) performs measurements of aerosol bound 
radionuclides as well as of radioactive noble gases in the atmosphere. Aerosols are collected on filters with high 
volume air samplers and analysed by γ-spectrometry, α-spectrometry and integral measurements of the β-activity 
with preceeding radiochemical separation. Noble gas samples from 16 sites worldwide are analysed to observe 
the 85Kr-release from nuclear fuel reprocessing plants and from 7 sites in Germany to monitor the 133Xe emitted 
from nuclear power plants. As part of the IMS an automatic aerosol sampling and measuring system as well as 
an automatic noble gas sampling and measuring system will be operated by the BfS at mount Schauinsland near 
Freiburg. Due to the expertise in noble gas measurements the BfS had been choosen to perfom intercomparison 
experiments in advance with several automatic noble gas sampling and measuring systems to be used within the 
IMS. In order to establish quality assurance programmes for trace analysis performed for the German IMIS a 
close collaboration between the involved German institutions has been established. First steps for the expansion 
of the co-operation to other European laboratories have been made. An informal data exchange between trace 
analysis laboratories in Europe (Ring of Five) already exists and allows in case of enhanced activity 
concentrations a fast overview of the radiological situation and helps to identify possibles sources. 


 


1. INTRODUCTION 


Trace analysis is a powerful tool for the observation of long time trends of radionuclide 
concentrations – for example in ground level air – in the environment. Additionally the high sensitivity 
of the measurements allows an investigation of short increases of activity concentrations on a low 
activity level (range of µBq/m³ air). The detection of sources, causing an enhanced activity 
concentration and the determination of the dispersion of the radionuclides in the environment are 
possible when evaluating information from various sampling sites. Therefore, networks and the fast 
exchange of measuring results and information between laboratories/institutions performing such 
measurements are essential for the location and/or identification of the possible source of emission. A 
complete set of data allows the assessment of the radiological situation on a large scale. 


2. GENERAL PRINCIPLES OF TRACE ANALYSIS 


Independent from many different possibilities that can be used for sampling, preparation and 
measuring in trace analysis, the general principle to be followed is identical: 


1. Sampling 
2. Enrichment 
3. Preparation 
4. Determination of the radionuclide spectrum and the air volume 
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5. Calculation of activity concentrations 


At the BfS Freiburg the analysis of ground level air is performed in different ways depending on 
the composite under investigation: 


- Particulates 
- Gaseous iodine 
- Noble gases. 


A description of the methods and applications used at the BfS in Freiburg can be found in the 
following sections. 


3. METHODS USED FOR TRACE ANALYSIS AT THE BFS FREIBURG 


3.1. Particulates 


The sampling site is located near the BfS measuring station at Mount Schauinsland (47°55’ N, 
7°54’ E, 1200 m above sea level). Sampling is performed using a high volume air sampler with 
airflow of about 500 m3/h [1]. The filter with a size of approx. 60 cm x 60 cm consists of two layers: 
the upper layer is a polypropylene-filter (G3) with a collection efficiency of about 85 - 95 % which 
allows a comfortable chemical treatment for the separation of strontium and α-emitters. The 
underlying layer is a glass-fiber filter with a collection efficiency of 100 % that is used for the control 
of the collection efficiency of the polypropylene-filter. The sampling set up is shown in Fig. 1. 


 


FIG. 1. Set up for sampling particulates in ground-level air at Mount Schauinsland. 


The routine sampling period is 7 days; in case of expected enhanced activity concentrations, it 
can be reduced to daily cycles. The filters are separately pressed to pellets and first analysed by 
γ-spectrometric measurements using a HP (Ge)-detector. The MDCs reached in routine samples are 
0,2 µBq/m3for Cs-137 and 3 µBq/m3 for Be-7. 


In addition to the γ-spectrometric measurements, the polypropylene-filters are analysed with 
respect to Sr-89/90. Under normal conditions, the filters of 4 weeks are combined and ashed together. 
After microwave disintegration step the strontium fraction is separated by extraction chromatography. 
After separation the samples are prepared for β-counting and measured in a low-level α/β-counter. 
The MDC reached for a set of 4 filters is 0,05 µBq/m3 for Sr-90. 
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Now tests of the radiochemical procedures for the separation of plutonium followed by 
α-spectrometric measurements are performed.  


3.2. Gaseous iodine 


In addition to the information about radioactive iodine-isotopes bound to particulates, also the 
gaseous component of the iodine is of interest due to its possible contribution to the inhalation dose. 
Sampling of gaseous iodine is also performed at the station at Mount Schauinsland in a weekly cycle. 
The sampling device consists of a combination of molecular sieve (elemental iodine) and charcoal 
(organic iodine components). In order to keep away particulates from the adsorbing material two 
layers of glass-fiber-filter are mounted in the air inlet of the cartridge, which could also be used for the 
determination of the amount of particle bound iodine. The airflow is about 2,6 m3/h. After sampling, 
the molecular sieve and the charcoal are analysed together by γ-spectrometric measurements in 
marinelli-beaker geometry using a HP(Ge)-detector. The reached MDC is 1 mBq/m3 for the gaseous 
component of I-131. 


3.3. Noble gases 


The BfS has operated a worldwide network for noble gas sampling since the early 1970's [2]. 
The technique for sampling and analysing the radioactive isotopes of the noble gases krypton and 
xenon has been developed at the laboratory in Freiburg and set up as a manual system [3]. 


The sampling is done by adsorption of the noble gases on activated charcoal at liquid nitrogen 
temperature (-197°C). Under routine conditions, the intervals for continuous collection are 1 week 
with airflow of 60 l/h. In addition, daily samples are taken at the two sampling sites (Freiburg and 
Mount Schauinsland). They are analysed in case of enhanced activity values of the weekly samples, 
because short sampling periods of 24 hours or less allow source localization by atmospheric 
backtracking calculations. The air samples of the stations are routinely sent to the Noble Gas 
Laboratory of the BfS in Freiburg, where both, Kr-85 and Xe-133, activity concentrations are 
measured. The noble gas measurements at ambient air levels are performed in the following steps: (1) 
enrichment, purification and separation of the noble gas fractions by cryogenic adsorption and 
desorption and gas chromatography, (2) measurement of the integral beta activity by gas counting in 
proportional counters and determination of the stable krypton and xenon volumes by gas 
chromatography. The MDC of this method is about 1 mBq/m³ for Xe-133 and about 6 mBq/m³ for Kr-
85 for typical weekly samples. 


The integral counting method allows only the determination of all xenon radioisotopes present 
in the sample simultaneously. The most abundant radionuclide of xenon observed in environmental 
samples is Xe-133 with a half-life of 5,24 days. Significant amounts of other radionuclides of xenon 
(e.g. Xe-131m and Xe-135) can be calculated from the measured time-depended decay rates of the 
xenon activity of the samples after end of counting. 


Other methods for sampling, enrichment, purification and counting were developed by other 
institutes and are partly used in the fully automated xenon detection systems, which were developed 
for the verification system of the Nuclear Test-Ban Treaty during the last years. 


4. APPLICATIONS AND RESULTS 


Many institutions and laboratories perform environmental monitoring in the framework of trace 
analysis. They are part of different networks and collaborations with the aim to collect information in 
order to get a – more or less – complete overview concerning the actual level of radioactivity in 
ground level air. 
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4.1. Particulates and gaseous iodine 


4.1.1. Monitoring networks and collaborations 


In Germany data of the environmental monitoring, not only from the analysis of ground-level 
air, but also data like ambient dose-rate, data from the observation of the radioactivity in water-ways 
and sea-water, food-stuff and animal-feed etc. are collected in the Integrated Measuring and 
Information System IMIS. This collection gives a sight on the actual levels of radioactivity in different 
media and is used as reference levels in case of emergency. These measurements are not required to be 
performed with the methods of trace analysis but data from trace analysis can also be transferred to the 
system. 


As an example for long term, high sensitivity environmental monitoring Fig. 2 shows the 
activity concentrations of Be-7 and Cs-137 in ground level air at the sampling station at Mount 
Schauinsland. The yearly mean activity concentration of Be-7 stays almost at the same level; only 
periodic variations over the year can be observed. As far as the cosmogenic Be-7 is produced mostly 
in the stratosphere, these variations depend mainly on the actual weather situation that is responsible 
for the exchange between the atmospheric layers. Typically, an increase of the Be-7 concentrations 
can be observed in spring and summer. 


FIG. 2. Activity concentrations of Be-7 and Cs-137 in ground-level air at Mount Schauinsland. 


 


The activity concentration of Cs-137 shows a decrease over the years and has now almost 
reached the level (mean value in 2002: 0,45 µBq/m³) as it had been observed before the Chernobyl 
accident. From time to time short enhancements of the activity concentrations can be observed, mostly 
resulting from resuspension of Cs-137 in the Chernobyl region. In 1998, the highest value of the Cs-
137 activity concentration (18 µBq/m³) at Mount Schauinsland – after Chernobyl – was observed after 
the Cs-137 emission at Algeciras (Spain). 
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Within the European Union environmental monitoring data are collected and analysed in two 
networks: 


- the “dense” network with large number of sampling sites and lower requirements concerning the 
sensitivity of the measurements and  


- the “sparse” network with much less sampling sites but higher requirements concerning the 
analysis and sensitivity of measurements. 


Besides these networks, some collaboration on a national and international basis exists. In 
Germany, a close collaboration with other institutions working in the field of trace analysis (also for 
IMIS) has been built up. Besides, the BfS the German Weather Service (DWD) with 38 aerosol-
sampling stations and the Physikalisch Technische Bundesanstalt (PTB) are participating. The 
expansion of this collaboration to Austria and Switzerland already began last year. The work of the 
collaboration includes 


- Regular data exchange on an informal level by e-mail 


- Intercomparison experiments 


- Regular meetings for knowledge transfer 


An example for the data exchange and collection within this collaboration is shown in Fig. 3. In 
week 35/2002, an enhanced level of the Cs-137 activity concentration in ground level air in the 
northern part of Germany was observed. This enhancement was caused by resuspension of cesium 
from the Chernobyl region. 


 


 


FIG. 3. Activity concentration (in µBq/m³) of Cs-137 in ground-level air in week 35/2002 in the area 
of Germany. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


Another collaboration based in Europe is the “Ring of Five”, with the purpose of an informal 
exchange of data, only on occasional enhanced concentrations of man-made radionuclides in the 
atmosphere. The members of the “Ring of Five” should run stations or networks for surveying 
atmospheric radionuclides with a capacity to measure concentrations in micro- or tens of 
microbequerel per cubic meter range. In the beginning there had been five members exchanging 
information via telephone. Now there are about 20 members, information is exchanged via e-mail. 
Due to its purpose, this collaboration needs almost no organization. The Defense Agency, FOI, 
Sweden hosts the post server with the e-mail address ro5@foi.se, where all messages are sent to and 
from where they will bounce to all members. The exchanged data are for internal use only. The great 
value of this collaboration could be seen in May 1998, when a Cs-137 release in Algeciras (Spain) had 
occurred. 


4.1.2. Comprehensive Nuclear Test Ban Treaty (CTBT) 


For the verification of the Comprehensive Nuclear Test Ban Treaty, the methods of trace 
analysis can also be used. The International Monitoring System includes besides other techniques like 
seismic and infrasound measurements also stations which are equipped for the measurement of 
particle bound radionuclides and for the detection of radioactive xenon isotopes in the air. 


Worldwide 80 stations for monitoring of the activity concentration of particle bound 
radionuclides in the air are planned for the IMS. These stations have to fulfill the following 
requirements: 


- Automatic / manual (depending on the sampling site), 
- Air volume: > 500 m3/h, 
- Sampling, decay and acquisition: each 24 h, 
- High resolution γ-ray-spectrometry (HP(Ge)-detectors, rel. efficiency >40 %) 
- MDC : < 10 – 30 µBq/m3 for Ba-140 
 


 
FIG. 4. Installation of the RASA-System at RN 33 (Mount Schauinsland). 


detector 
filter
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The radionuclide sampling station “RN 33” for Central Europe is located at Mount 
Schauinsland at the BfS station. For the observation of particle bound radionuclides for the IMS an 
automatic system RASA (Radionuclide Aerosol Sampler and Analyser), which was developed at 
PNNL in USA [4], has been installed and starts now with routine operation. The airflow is between 
800 and 1000 m3/h, the reached MDC is below 10 µBq/m3 for Ba-140, and the exact value depends on 
the actual airflow and the natural background activity concentration. The systems works in a 24 h 
cycle as mentioned above; besides the acquisition of spectra, also informations about the local weather 
and several state of health parameters are recorded. Fig. 4 shows the RASA-system during the 
installation at RN 33. 


4.2. Noble gases 


4.2.1. Sampling network 


In the framework of the national monitoring and research activities, the BfS operates a 
worldwide network for noble gas collection with 16 stations in total, of which seven are part of the 
national environmental surveillance network. 


The Kr-85 (T1/2=10,76 y) activity concentration is monitored since 1976 at many stations around 
the globe. The Kr-85 database of the BfS is used among others for the monitoring of nuclear 
reprocessing activities, validation of atmospheric transport models and for information about the 
global atmospheric exchange phenomena. Information about the worldwide Kr-85 atmospheric 
concentration, the increase of the concentration with time due to nuclear reprocessing activities and 
the use of the BfS database in science are described in detail in the literature [5,6]. 


 
FIG. 5. Xe-133 activity concentration in ground-level air at the sampling site in Freiburg.  
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Fig. 5 shows the results of routine weekly samples of Xe-133 for the BfS station Freiburg over 
the last 25 years. At present, the average level of Xe-133 activity concentration is around 5 mBq/m³ 
with large variations between 1 and 100 mBq/m³. The main source of the present atmospheric Xe-133 
activity concentration is reactor emissions in routine operation. The large variations in the 
concentration are observed at all German stations and can be explained by the relatively short half life 
of Xe-133 (5,24 days), the varying wind directions and operations at nearby reactors, like shut downs 
and refueling operations. The highest value of approximately 43 000 mBq/m³ was observed in the 
plume originating from Chernobyl in the week from April 28 to May 5, 1996. The decrease of the 
activity concentration by a factor of 20 in the years after the Chernobyl accident can be explained by 
reduced reactor emissions and is consistent with nuclear reactor emission data in Germany. The 
reasons for reduction of noble gas releases are improvements of the nuclear fuel rod cladding and in 
reactor containment systems as well as longer delay times before the release of the noble gases to the 
atmosphere. Similar reductions were also observed in Sweden and the USA [7]. 


4.2.2. Comprehensive Nuclear Test Ban Treaty (CTBT) 


The verification of compliance by all States Parties is an essential element of the treaty. The 
detection of short-lived fission products can provide absolute confirmation, that the event was a 
nuclear explosion. Radionuclides produced in evasive tests, like underground tests, could only be 
detected if the gaseous radionuclides will be released to the atmosphere. Therefore, the four 
radioactive isotopes of the noble gas xenon, Xe-131m (T1/2=11,84 d), Xe-133 (T1/2=5,24 d), Xe-133m 
(T1/2=2,19 d) and Xe-135 (T1/2=9,14 h), which are produced in nuclear explosions in significant 
amounts, play an important role in the detection of clandestine nuclear explosions. Forty of the eighty 
radionuclide stations of the IMS will additionally be equipped with xenon detection systems [8,9]. 


Nuclear explosions are not the only source of radioactive xenon isotopes in the atmosphere. At 
the present, the main source is the release from nuclear reactors in routine operation and to a smaller 
extent from medical sources. Additional radioactive xenon could also be released during nuclear fuel 
reprocessing. The detection systems to be used in the IMS must distinguish between these sources. 
The isotope ratios of Xe-131m, Xe-133, Xe-133m and Xe-135 could be used for source identification, 
which requires the measurement of all these four isotopes [9]. 


The xenon systems to be installed in the IMS has to meet at least the following specifications 
(CTBT/PC/II/1/Add.2, p.49): 


- Total air volume of sample:  10 m³ 


- Collection time:    ≤ 24 h 


- Counting time:    ≤ 24 h 


- Reporting frequency:   Daily 


- Isotopes measured:    Xe-131m, Xe-133, Xe-133m and Xe-135 


- Minimum detectable concentration: 1 mBq/m³ for Xe-133 


- Measurement mode:    β-γ coincidence or high resolution gamma spectrometry 


- Data availability:    95 %. 


Four institutions have independently developed a new generation of automated, high sensitivity 
systems that are capable of measuring the four relevant isotopes of radioactive xenon. An 
intercomparison of these systems, developed in France (CEA/DASE, Bruyères-le-Châtel), Russia 
(Khlopin Radium Institute, St. Petersburg), Sweden (FOI, Stockholm), and the United States (PNNL, 
Richland) was performed at the BfS in Freiburg in the years 1999 to 2001 [7]. All four test systems 
measured variable concentrations of ambient Xe-133 in ground-level air. The MDC for Xe-133 is less 
than 1mBq/m³ for all four systems. In a few cases, Xe-131m and Xe-135 were detected with very low 
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detection limits. The results were consistent to each other and with independent laboratory analysis 
conducted by BfS. Due to the high time resolution of the systems between 8 and 24 hours, it could be 
shown during this intercomparison that the passing of radioactive xenon plumes occurs during a very 
short time of typically less than 12 hours. The isotopic composition of the samples measured together 
with atmospheric transport modeling allows the classification of sources, none of which was nuclear 
detonations. During the test period the automated systems have been operated reliably and are 
advanced enough to be installed at IMS station. 
 


 
FIG. 6. Xenon detection system SPALAX. 


The industrial version of the xenon detection system SPALAX (Fig. 6), which was developed in 
France, will be installed at RN 33 in the middle of 2003. The system is part of a local network, which 
will be built up in Europe by CTBTO during the next two years. The scope of such local networks is 
information about the worldwide xenon background in ground level air with a high time resolution and 
possible correlations between the stations. 


5. CONCLUSIONS AND OUTLOOK 


The presented data show clearly that the applied methods for trace analysis in ground-level air 
allow the sensitive detection of radionuclide concentrations in the range of µBq/m³ or lower. Short 
increases of activity concentrations on a low activity level (like Algeciras) can reliably be detected. In 
case of an increased activity, concentration at one or more sampling sites the fast data exchange in 
collaborations and networks is necessary for the assessment of the radiological information on a large 
scale and the location and/or identification of possible source of emission. Such collaborations and 
networks already exist on a national and international base. Beside the exchange of data, the exchange 
of expertise and information is important for quality assurance. These collaborations are also 
important for the further development of techniques with respect to the sensitivity. This will become 
necessary as far as the level of activity concentrations is expected to decrease with time. This decrease 
is already visible in the presented long term observations. 


The BfS, with its large expertise in trace analysis, contributed to the planning of the 
international verification system of CTBTO and the definition of the requirements for the radionuclide 
detection systems. The BfS will operate the station RN 33 of the IMS at Mount Schauinsland equipped 
with a particulate and a noble gas detection system, which both run fully automated. Both systems are 
planned to transmit data to the International Data Center in Vienna end of the year 2003. The systems 
will monitor the activity concentration in ground level air with low detection limits and high time 
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resolution according to the requirements of the CTBT. The total equipment of the station at Mount 
Schauinsland allows a direct comparison between different methods used in environmental 
monitoring, e. g. the techniques used in manual and automated procedures. 
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Abstract 


The Radiation Protection Centre is a regulatory authority in Lithuania responsible for control of radiation 
protection of both public and radiation workers. Radiation Protection Centre co-ordinates the actions of 
governmental, municipal executive and other institutions in the area of radiation protection, conducts assessment 
of population exposure and expertise. Among other tasks the measurements of natural and artificial radioactivity 
are performed constantly.  The laws and governmental decisions in the field of radiation protection in Lithuania 
were prepared on the basis of the International Basic Safety Standards, Council Directive 96/29/EURATOM, 
European Drinking Water Directive and according other directives and international standards. Monitoring of 
natural and artificial radioactivity is carried out in the samples of drinking water, food, soil, fallout, construction 
materials, biological and other. The ambient gamma dose rate measurements are performed in the vicinity of 
Ignalina NPP and in other regions.  The measurements of indoor radon concentrations in detached houses are 
carried out constantly from 1995. After investigations were carried out the national maximum permitted levels 
for indoor radon and radon in water were set.  From the beginning of the next year the radiological monitoring is 
decided to be performed according to the Commission Recommendation of 8 June 2000 on the Application of 
Article 36 of the Euratom Treaty Concerning the Monitoring of the Levels of Radioactivity in the Environment 
for the Purpose of Assessing the Exposure of the Population as a Whole. The regulation was approved on this. 
The regulation include a list of institutions are responsible to carry out radiological monitoring, the order of 
sampling and measurements, reporting of results. Doses on the basis results of measurements are calculated. 
 


1. INTRODUCTION 


Ionizing radiation is a part of living and working environment. This environmental factor is very 
specific due to absence of threshold in the dose-effect relationship. The basic principle – radiation 
protection optimization – is followed when dealing with ionizing radiation [1]. This principle is rather 
simple according to its definition but much more difficult in its practical implementation. Problems 
arise when it is necessary to decide whether radiation protection measures shall be taken in any 
concrete situation, what measures shall be taken, how broad the scope of these measures shall be, etc. 


One of the most important prerequisites in application of this principle is assessment of existing 
situation. Usually, the result of this assessment is doses received due to source or practice under 
consideration. Very often, it shall lead to evaluation of consequences of different measures of 
optimization. In any case, studies of radiation as a part of human environment is a powerful tool in 
answering such questions as what should be done, how it should be done or should be it be done at all. 


Optimization of radiation protection is based on economic and social conditions. Likewise, 
environmental studies depend very much on resources, which can be given to this kind of research, 
availability of experts and researchers, even traditions. 


This paper is an attempt to share the experience gained by the radiation protection authority of a 
comparatively small country (3,5 mln of population, nearly 1000 users of sources of ionizing 
radiation) with rather limited resources. 
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2. RESEARCH ACTIVITIES IN THE RADIATION PROTECTION CENTRE 


The Radiation Protection Centre is a regulatory authority with well-defined responsibilities of 
licensing, inspections, enforcement, registration of sources, emergency preparedness. Many efforts 
have been made for creation of this institution that has accumulated Lithuanian experts in radiation 
protection. 


An equal attention was paid to development of radiation protection expertise. It was found long 
ago that the regulatory authority has to have possibilities for assessment of radiation and radiation 
protection related situations, making prognosis, giving advice. Such areas as public information and 
radiation protection training are also closely related with the level of knowledge and expertise 
available not only worldwide (i.e., other countries or international organizations) but also inside a 
country. 


Though some experience and equipment were available in the beginning of the 1990s, the 
essential step in development of expert services was made in mid 1990s when technical support was 
started to be given by the IAEA, EC, Sweden, and other countries. It included equipment, 
consumables, techniques, training, and support in creation of quality systems.  


In the end of the 1990s, the Radiation Protection Centre already had the facilities for nuclear 
spectrometry, radiochemistry, personal dosimetry, and measurements of radon concentrations indoors, 
in soil and water. Such instrumentation as HPGe and NaI(Tl) gamma spectrometers, liquid 
scintillation counter, alpha spectrometer, low background radiometer, thermo luminescent system of 
personal dosimetry, passive electret ion chambers for indoor radon measurements, portable photon and 
neutron dose rate monitors might be given as an example of equipment available. 


Competent staff, techniques, elements of quality system supported these facilities. For example, 
intercomparison and proficiency tests were carried out in measurements of technogenic and natural 
gamma, beta and gamma radionuclides, indoor radon concentrations, personal dosimetry. 


All this helped to create a compact laboratory, which is able to perform measurements in many 
situations, which are encountered in Lithuania. 


These situations might be divided into two large groups. The first one comprises of normal, 
another – accidental cases. 


The last group becomes increasingly important these days. Illegal radioactive and nuclear 
materials are seized; efforts for emergency preparedness are intensified. The approach, which is to be 
used in planning of such situations, is preparation of “normally” used laboratory facilities for their use 
under emergency conditions. Attention is paid to possible flow of highly contaminated samples and to 
essential increase of need for analysis of different samples. Standard procedures of sampling in case of 
a major radiological or nuclear accident are developed because the impact of representative sampling 
on accuracy of data used in decision-making is well understood. 


Analysis of seized radioactive and nuclear materials is also very important. Here also every 
effort is made to use the equipment and techniques used for environmental studies. Gamma 
spectrometer with resolution of 0,7 keV at 122 keV is employed for analysis of enrichment of uranium 
fuel. For this purpose the code MGAU given as a technical help by the Institute for Transuranium 
Elements is effectively used. It proves that the data results necessary for identification of origin and 
characteristics of seized radioactive and nuclear materials might be collected without expensive and 
sophisticated techniques like mass spectrometry (Fig. 1). The main results allow assessing radiation 
and radiation protection related situation in general and in particular areas. 
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FIG. 1. 235U enrichment (2.087±0.006) mean value with 95% confidence interval. Enrichment in 
percents v/s number of pallet. 


 


Measurements of radioactivity in main foodstuffs (Figs 2 and 3) and drinking water are carried 
out since 1965. A few monitoring areas including the one near Ignalina NPP are under examination. 
No trends in variations of contamination of foodstuff and drinking water are identified within the last 
10 years. 40K give the largest dose due to foodstuff (0,19 mSv per year), when the contribution of 
anthropogenic radionuclides to the total dose due to foodstuff is only about 0.4 percent [2]. 
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FIG. 2. 137Cs concentrations in food of Lithuania, Bq/kg, L of fresh weight, 1965–2002. 
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FIG. 3. 90Sr concentrations in food of Lithuania, Bq/kg, L of fresh weight, 1965-2002. 


Monitoring of radioactivity in total diet was started according to EC recommendation on 
application of Article 36 of the Euratom Treaty. The results of measurements of concentrations of 
radionuclides in food sampled in hospitals show that the doses due to this food are 0.12 mSv per year 
[3]. The comparison of these results with the ones received in other measurements indicate that doses 
are decreased by approximately 40 percent possibly due to preparation of food and cooking.    


Indoor radon is the main source of exposure – inhabitants of detached houses each year receive 
(0.97±0,07) mSv of effective dose. The average concentration of indoor radon in detached houses is 
(55±5) Bq/m3. Results of nationwide study indicate that the main radon source indoors is soil. The 
areas of increased indoor radon concentrations are identified. One of such areas is Karst region where 
annual effective dose due to indoor radon is as high as (1,5±0,1) mSv [4] (Fig. 4). 
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FIG. 4. Distribution of indoor radon concentrations in Karst region, Bq/m3. 
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Survey of indoor radon concentrations allowed starting the assessment of indoor radon risk in 
particular areas. Results of the first measurements indicate that some areas might be classified as areas 
of increased indoor radon risk [5]. 


Radioactivity of construction materials is under constant surveillance. It is connected with the 
fact that new technologies and raw materials are used for manufacturing of construction materials. 
Data bank on concentrations of gamma radionuclides (mainly natural) in these materials is available. 


Impact of cosmic radiation on exposure of aircrews of “Lithuanian Airlines”, the largest air 
carrier has been studied. All the regular flights and some chartered ones were under investigation. It 
has been done by both measurements and calculations. The results show that despite the fact that 
“Lithuanian Airlines” operate short-hauled flights inside Europe, there is a possibility that some 
frequently flying members of aircrews might receive doses higher than 1 mSv. 


Results of environmental dosimetry measurements indicate that no statistically significant 
differences between exposures of inhabitants of areas, which are in vicinity of Ignalina NPP, and the 
ones in the control region exist [2]. 


Treatment of radioactive waste is an important practice from the point of view of radiation 
protection. The closed and sealed Maisiagala repository is under constant surveillance because tritium 
leakage was detected by measurements. 


Assessment is performed also in particular cases when decision about optimized radiation 
protection measures is to be taken. An example of such study might be the assessment of possible 
radiological impact of sludge concentrated in waste treatment plant and slightly contaminated with 
60Co. Measurements have been performed and possible doses to members of critical groups assessed 
using different scenarios [6]. 


These are only a few examples of studies of impact of ionizing radiation. The directions of 
studies are selected according to the current needs and technical possibilities.  


3. USE OF RESULTS OF STUDIES IN EXPERTISE AND OTHER FIELDS 


As it was mentioned above, usually the studies result in doses, which are caused by the object of 
study. However, the dose due to one or another source is not the final aim of any study. Usually the 
answers to questions raised by optimization needs are to be answered. 


Data of national indoor radon study helped to prepare the book on remedial measures. Results 
of radon risk assessment were used to prepare recommendations which for construction of houses in 
the particular region. Doses to be received due to different treatment of contaminated sludge were the 
basis for recommendations what should be done with the sludge. Recommendations were also given to 
members of aircrews of “Lithuanian Airlines”. These examples show how important for optimization 
are the results of different studies of ionizing radiation in living and working environment. 


Even more. Decision making in justification of practices usually is complicated due to lack of 
data on benefits and risk arising from that practice. Data, received in the study of patients’ doses due 
to photofluorographic examinations will be used in deciding if this kind of examination is to be 
continued. Similar examples much be given for situations directly related with environment. 


Many decisions on optimization measures are done on the basis of results of measurements of 
small scale which are carried out in particular place and in particular situation. These measurements 
might be both a part of larger environmental studies and separate measurements. Rather frequently, 
measurements of indoor radon concentrations are performed in separate buildings with the aim of 
determination of situation and advice on possible measures. 
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In general, radiation protection expertise might be done on the basis “generic” data, received in 
other studies and in other countries. They might be suitable for making generic decisions on 
optimization measures. For example, the Central Eastern European ALARA Network created for 
exchange between different countries of information on practical means of optimization uses a 
generalized approach when experience of one country is shared with other member states. However, 
the need for more detailed information arises. Such information might be received only in site-specific 
studies. It is evident that the efficacy of expertise is related with the availability of data in areas, which 
are under consideration. 


Other areas are also influenced by data received in such studies. One of them is public 
information. The data from regions, which are of public concern, are more valuable than the general 
ones. For example, measurements of concentrations of radionuclides in mushrooms are permanently 
performed. The results of these studies help to indicate the areas where these concentrations might be 
higher. In addition, sorts of mushrooms that are more susceptible to accumulation of radionuclides are 
identified. However, it is even more important that the population is informed about the situation. 


Particularly the information on radiation related situation is required by people who live near 
Ignalina NPP and Maisiagala radioactive waste repository. Moreover, experience shows that increased 
concerns about exposure might easily arise in any other location by any means connected with any 
practice. Only measurements performed in these areas might help to inform these people thoroughly. 


Radiation protection training might benefit from results of studies of radiation in working and 
living environment. For example, measurements of patients’ exposure help to show necessity and 
results of implementation of quality systems in radiology. And it is done on one of the most important 
stages of this implementation: training of the staff involved in creation of quality systems. 


4. THE ROLE OF RESEARCH IN REGULATORY ACTIVITIES 


Close connection of research should be kept with regulatory activities. 


Data of studies are used in drafting of legal documents and recommendations. On this occasion, 
the example might be given on indoor radon. The first regulations on natural exposure were drafted 
and adopted when no data on indoor radon situation were available. It resulted in excessively strict 
requirements on maximum permissible indoor radon concentrations. The latest version of these 
requirements is based on data on really existing situation. Maximum permissible radon concentrations 
in water were also defined based on data of measurements. 


Though very frequently different permissible levels are defined based on international 
recommendations, a few examples when national data are used might be given. One of such examples 
are reference levels of medical exposure. These levels are the most effective tool in optimization of 
radiation protection of patients only if they are established by national studies. 


Similarly, results of studies of existing situation in combination with international 
recommendations were used in establishment of maximum permissible concentrations of indoor radon 
in living environment and workplaces. 


In the process of licensing the data of studies are used in assessment of impact of practices on 
human exposure. Measurements with the aim of determination of dose rate and concentrations of 
radionuclides in different bodies affected by the practice and possible doses to members of critical 
groups might answer the question whether the practice under consideration is justified. Even if the 
practice is to be started and no experimental data on its impact exist it is nearly always possible to get 
data received for similar practices and under similar conditions. 


Another area of co-operation of regulatory and research domains might be a help which is given 
to regulators in inspections. The inspections might be effective only if they supported with 
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measurements. For example, the results of measurements are extensively used when deciding on 
compliance of products with radiation protection requirements. It is radioactivity measurements for 
certification of foodstuffs, drinking water, construction materials, workplaces. 


Quality assurance is very important in connection with use of measurements results for 
regulatory purposes. Though requirements for quality systems might be different in different countries, 
the availability of effective quality system shall be certified by accreditation. Accreditation in such 
fields as gamma spectrometry, analysis of Sr-90 in environmental samples, personal dosimetry 
according to the standard ISO 17025 recently is the most important task of the Radiation Protection 
Centre. 


The proper attention should be paid to prevention of conflicts of interest - the regulatory and 
expertise functions should be properly isolated if its is done in one institution. There are a few ways of 
doing so and the main indicators of success of such isolation might be found in national legislation and 
standards on quality systems, first of all ISO 17025. Different structural units are dealing with 
regulation and expertise in the Radiation Protection Centre. 


5. CONCLUSIONS 


Studies of radiation in environment are an important tool in achieving the tasks of effective 
radiation protection. Unfortunately, very often the emphasis is given to regulatory side. It might be 
explained by the fact that it is a common practice in countries that are creating and developing basis of 
radiation protection infrastructure, in countries with limited human and financial resources. However, 
as soon as the basis of regulatory infrastructure is created, the need for expertise and research 
increases. It has been already encountered by Lithuania. 


This need might be satisfied by already existing research capabilities. However, very often they 
are obsolete. On the other hand, creation of research and expertise potential in regulatory authority 
might increase efficiency of use of prerequisites created by the help of the IAEA, other international 
organizations and different countries. Due to this help, regulatory authorities have modern equipment, 
their staff are trained, contacts facilitating information exchange established. 


The role of research in radiation protection is increasing. There are many reasons of it, but one 
of the most important is the need for optimization of radiation protection. It might be done only based 
on data received in studies of radiation in our environment. 
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Abstract 


 
Temporary storage of radioactive wastes on the site Magurele Fortress – Battery 14-15, near Bucharest, 


Romania, led to its radioactive contamination. External zone of the Battery 14-15 building was used as 
temporary deposit for radioactive materials as well as an working area for segregation and packaging during the 
partially decommissioning of this intermediary radwaste deposit. This decommissioning was not followed by a 
ecological restoration, the zone remaining contaminated. Using of multiple techniques combining the 
measurements in situ and analytical laboratory determinations permitted the obtaining of consistent results 
reffering to contaminant radionuclide concentration in soil. The paper presents the results of radiological 
characterization by measurements of: in depth contamination; radioactivity of soil, vegetation and water. There 
are also discussed the results of in situ high resolution γ spectrometry as well as scanning of small areas with 
elevated radioactivity. In the contaminated areas were determined γ dose rates and β contamination. It was 
evaluated the radioactive waste amount. Application of the statistical tests show that the site can not be free 
released. 


1. INTRODUCTION 


The radioactive contamination of sites and buildings, due the nuclear activities, imposed the 
development of the radiological characterizing techniques which would permit: 


– the correct assessment of their radiological status (contaminants, radwastes) 
– rehabilitation strategy definition. 


Based on the radiological measurement results on the cost-benefit analysis as well as assessment 
of the compliance with rules in force the legal documentation will be elaborated as requested by the 
national authorities of environmental protection, radiological safety, and public health. 


This radiological characterization needs utilization of multiple techniques for the knowledge of 
contaminants and quantitative determination of the radioactive concentrations as well as their 
spreading areas. The analytical techniques (in lab) as well as direct in situ measurements provide an 
adequate description of the investigated site status. The external zone of the Battery 14-15 Fortress 
Magurele, Romania was radiological characterized in view of the restoration of site. This was 
depreciated by storage of radioactive contaminated trees as well as of some works connected with the 
use of building as temporary radioactive waste storage. This research was developed under the 
financial assistance of Romanian Government in the frame of the contract no.815/70/2001 as well as 
with the generous support of International Atomic Energy Agency – Vienna, in co-ordinated research 
program devoted to development of advanced methods for nuclear site restoration under the research 
contract IAEA 8735RO. 
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2. IN DEPTH CONTAMINATION 


The criteria for selection of the sample collection are important for the definition of Data 
Quality Objectives. There are taken into account: 


– sample characteristics (composition, depth, area, volume, level of moisture, etc.) 
– sample preparation (drying, splitting, homogenizing, final preparation, etc.). 


The selection criteria used in our work for collection of the samples and direct measurements 
are those defined in reference [1]. 


The radioactivity of samples was measured by high resolution γ spectrometry. The NOMAD 
PLUS spectrometer, get by kind assistance of International Atomic Energy Agency – Vienna (in the 
frame of TC ROM/9/017 project), was calibrated in absolute efficiency, using reference sources. 
These reference sources were prepared in our lab using the same matrix of soil as collected samples. 
These sources were sealed in cylindrical boxes (151.5 cm3) and Marinelli cells (500 ml). 


The preparation of reference sources includes the following operations: 


– the collected soil was dried at 1200C; 
– it was milled, up to a similar granulation as that of samples; 
– in this soil was introduced a metrology certificated 152Eu solution; 
– the content was homogenized and dried at 800C [2,3]. 


The absolute efficiency calibration of HpGe crystal placed into a 1m x 1m x 1m lid shielding, 
with 10 cm wall thickness, has been performed by means of above described reference sources. These 
measurements have been made in plan contact, for cylindrical boxes and Marinelli cells (Fig. 1). 


The corrections applied to the absolute efficiency determination are the followings: 


– decay correction; 
– dead time correction; 
– extraction of background; 
– coincidence summing; 
– random summing. 


The maximum uncertainty in absolute efficiency did not exceed 5.2%, the most important part 
coming from 152Eu reference solution, calibrated with 5% uncertainty. 


In the investigated area there were three places drilled up to 1m depth, for soil sample collecting 
as well as a borehole (up to 2m depth) for ground water collection (Fig. 2). The soil samples were 
collected at the different depths, for determination of the soil radioactivity distribution [4]. In Table I 
is presented the specific radioactivity (Bq/kg) distribution for 137Cs and 60Co (first drilling). In Fig. 3 
there are shown these distributions, fitted by exponentials in order to obtain the relaxation parameter 
[5,6]. This drilling was made in a small area with elevated activity. One can observe that the 60Co 
concentration exceeds the maximum value of 1000 Bq/kg admissible by in force legislation of the 
country [7]. Similar distributions are obtained in the other two drillings. Their locations are also 
presented in Fig. 2. 


The initial ground structure of the area was modified during the military building, this being a 
defense trench for fortress. The sand layer is nearly to surface (80 cm). Consequently, the surface 
contamination has been transported up to groundwater. 


The plan of drilling for water collection is given in Fig. 2. Analysis made by γ spectrometry for 
water shows 60Co presence, due the precipitations that transported the surface contamination up to 
groundwater. 
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Generally, the soil sample density was similar with that of the prepared reference source, in 
order to avoid significant corrections for γ self-absorption. The sample preparation was similar with 
that above described for reference sources. 


3. VEGETATION RADIOACTIVITY 


In view of vegetation radioactivity determination there were prepared two reference sources, 
with vegetation in matrix and different densities. The vegetation collected for these reference sources 
has been dried (at about 1000C) and then milled. Before to be impregnated with 152Eu reference 
solution (metrology certificated), the vegetation matrix was measured for long time (~240 000 s) at the 
γ spectrometer to determine potential radioactive pollutants. The reference sources so prepared there 
were sealed in cylindrical boxes (151.5 cm3). 


There were prepared two reference sources, with densities 0.56 g/cm3 and 0.37 g/cm3, in order 
to cover the range of vegetation densities [2,6]. 


The characteristics of the vegetation and soil reference sources are given in the following table: 


CHARACTERISTICS OF REFERENCE SOURCES 


Reference source Mass (g) Density (g/cm3) Absolute activity* (Bg) 
EUVEG1 85,20 0,56 1168,83 
EUVEG2 55,97 0,37 1048,27 
EUSOL1 213,60 1,40 1466,81 


 * The activities have been determined on 1 August 1996, with uncertainty of ±5% 


 


The sampling locations for vegetation are also presented in Fig. 2: 12 places, each having a 
surface of about 16 m2. The vegetation was mown. The amount was about 2 kg of vegetation for each 
place. The vegetation was dried at 1000C and it was milled. Each sample has been homogenized and 
split in three. They were sealed in the same boxes as reference sources, taking into account the rule 
that the densities for samples and reference sources to be similar. The measurements have been made 
in plan contact. 


The uncertainty in the determination of the absolute efficiency for these reference sources is 
also 5.2%. 


The specific activities (Bq/kg) of the vegetation in the investigated site are presented in Table II. 
One can observe that 137Cs is presented in all samples due to the Chernobyl event. Some local 
contaminations are overlapped on these values, especially in the areas No. 5 and 6. 


60Co is presented in the storage area for contaminated trees as well as in the entrance zone of 
facility (Battery 14-15) where have been made works of radwaste transfer and segregation. 


4. IN SITU γ MEASURING 


The assumptions used to calibrate the γ in situ measurements are essentially in interpretation of 
the results. The method is site-specifically [1,4]. With adequate capability of detection, it is possible to 
use an in situ system to estimate in depth radionuclide concentrations below surface based on prior 
knowledge of the depth distribution of radionuclides of interest. 
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For the determination of gamma-spectrometer calibration factors to be used for in situ 
measurement, a circular geometry (1 m radius) was chosen. The ring was divided into 24 equal sectors. 
The reference sources used were the following: 


– 152Eu with an activity of 370.0 kBq 
– 60Co  with an activity of 306.9 kBq 
– 137Cs with an activity of 255.7 kBq 
– 241Am with an activity of 338.1 kBq 
– all as of 1 July 1985. 


A field calibration was performed by a combined method (experimental and theoretical) as 
recommended by Helfer and Miller [5]. Field calibrations differ from those for laboratory sample 
counting in that no spiked samples are used; rather, a combination of experimental and theoretical 
methods are applied [2,6]. The procedure can be summed up, as follows: 


The basic calibration equation for in situ spectrometry can be expressed in terms of the peak 
count rate N, the activity or inventory in the soil A, and the uncollided flux Φ as: 


Nf/A = (Nf/N0)(N0/Φ) (Φ/A) 


where the fundamental calibration parameters are expressed in ratios, as follows: 


– Nf/A is the total-absorption peak count rate (cpm) in the spectrum at the energy of a particular 
nuclide γ transition per unit inventory (Bq⋅m-2) or concentration (Bq⋅g-1) of that nuclide in the 
soil, 


– Nf/N0 is the angular correction factor of the detector at that energy for a given source 
distribution in the soil, 


– N0/Φ is the peak count rate (cpm) per unit uncollided flux (γ⋅cm-2⋅s-1) for a parallel beam of γ 
rays of the same energy that is incident-normal to the detector face, and 


– Φ/A is the total uncollided flux (γ cm-2⋅s-1) at that energy arriving at the detector per unit 
inventory or concentration of the nuclide in the soil. 


In order to obtain the calibration factor (Nf/A) for a particular nuclide, the three quantities 
(Nf/N0, N0/Φ and Φ/A) are determined separately. The first two terms are detector dependent and can 
be determined experimentally, while the latter can be calculated on a purely theoretical basis. 


The value of Φ/A at a particular energy is obtained by counting a γ-emitting point source of 
known strength, placed at a distance of at least 1m from the detector face to simulate a parallel beam 
of normally incident radiation. 


The value of Nf/N0 for a particular energy and source distribution is calculated from: 


( ) ( )
( )∫


∫
Φ


Φ
=


θθ


θθθ


d


dR
NN f 0/ , 


where 


R(θ) is the peak count rate for γ-rays of energy E at angle θ, relative to the peak count rate at θ= 0° 
(normal incidence) and, 


Φ(θ) is the γ-ray flux at energy E at angle θ. 


The system of co-ordinates, references areas, area classification have been established based on 
the methodology recommended in MARSSIM manual [1]. For measurements was been chosen a 
square grid, with steps 2.83 m – for areas of Classes C1 and C2 as well as 5.65 m – for areas of Class 
C3. The numbers of measuring places are 42 – for C1, 32 – for C2 and 53 – for C3 Class. 
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The measurements are made at the crystal – ground distance of 1 m. In Fig. 4 are presented the 
measuring grids and places, as well as the small areas with elevated radioactivity (“hot spots”). 


The implementation of measuring results was performed using Helfer & Miller’s method, based 
on the calibration made in lab as well as the distribution of the radioactivity in soil experimentally 
determined for the three classes C1, C2, C3. In Table III are given the average values and spreading of 
the results in each class, for surface contamination (Bq/cm2) and specific activities (Bq/kg). The 
spreading of the results in different classes shows that the zone is not uniform contaminated, existing 
small areas with elevated activities in all site. In Fig. 5 there is given the total surface contamination 
distribution (137Cs, 60Co) in the site. 


5. SCANNING, DOSE RATES AND CONTAMINATION MEASUREMENTS 


The direct measurements were performed in the same places in the grids. There were made 
measurements of β contamination as well as γ dose rates. 


The used instrumentation for direct measurements is specified in Table IV. All this 
instrumentation was certified by Romanian Bureau of Legal Metrology (BRML – Romanian 
acronym), accordingly with the legislation of the country, the calibration constants being in the last 
column of this table. 


The direct measurements demonstrated the presence of the small areas with elevated 
radioactivity. These areas have been scanned using a grid with step of 30 cm, using a radiation 
monitor SRM 200, with HP210 detector. The hot spots limits are defined by the values of radioactivity 
(up to the free release level). In Figs 6 and 7 are given the distributions of surface contamination (in 
Bq/cm2) for two hot spots [8]. 


In Table V are gathered the average values for contamination and dose rates for the three classes 
in investigated areas. 


γ dose rate value for C1 class area is about 1.5 mR/h in some places. In Fig. 8 is presented this 
variation of γ dose rate in the C2 class areas, the maxim value being 0.6 mR/h. In the C3 class area the 
values of γ dose rates are in the range 8 – 10 µR/h. 


Based on the measuring results was assessed the total amount of radioactive materials for which 
the total radioactivity is more than free release limit (see Table VI). 


In view of free release of the site there were applied the following statistical tests: 


– Wilcoxon Rank Sum 
– Unit rule for small area with elevated radioactivity [1,8] 


In Table VII there are given these results of the statistical tests utilization. 


It is clearly that the site can not considered “free” for civil use due the “hot spots” presented in 
the external zone of Battery 14-15, Fortress Magurele – Ilfov Romania. 


6. REGULATORY FRAMEWORK 


The Romanian legislative framework [8,9] that governs safety of spent fuel and radioactive 
waste management includes the following: 


– Law no.111/1996 on safe conduct of nuclear activities (as amended); the last amendment is 
issued in Official Gazette of Romania in March 2003. 


– Law no.137/1995 on environmental protection (as amended) 
– Law no.98/1994 on public health 
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– Governmental Ordinance no.47/1994 on defense against disasters, endorsed by the Parliament 
by law no.124/1995 


– Law no.106/1996 on civil protection 
– Law no.105/1999 on ratification of Joint Convention on the Safety of Spent Fuel Management 


and on the Safety of Radioactive Waste Management 
– Law no.703/2001 on civil liability for nuclear damages 
– Governmental Ordinance no.11/2003 on the Management of Spent Nuclear Fuel and 


Radioactive Waste, including final disposal 
– Governmental Ordinance no. 7/2003 on the peaceful use of nuclear energy 
– Law no.111/1996 (as amended) establishes the regulatory framework for nuclear activities. 


According to this law the regulatory body, National Commission for Nuclear Activities Control 
(CNCAN), under the co-ordination of the Ministry of Waters and Environmental Protection is 
empowered with the regulation, authorization, and control of nuclear activities. 


According to the provisions of Law no.111/1996 (as amended), CNCAN issued a set of 
regulations and internal procedures regarding the regulation, authorization, control and enforcement 
process. 


According to the provisions of the law, the nuclear system of regulations issued by CNCAN is 
under review. 


Till now, the following new regulations were issued: 


– Radiological Safety Fundamental Norms /2000 (transposing the Council Directive 
96/29/EURATOM - the Romanian regulation has a supplementary chapter on the transfer in 
environment of the radioactive waste); 


– Radiological Safety Norms on Operational Protection of Outside Workers /2001; 
– Radiological Safety Norms – Procedures for Agreement of External Undertaking /2003 
– Radiological Safety Norms – Authorization Procedures /2001; 
– Norms for Designation of Notified Bodies in Nuclear Field /2000; 
– Norms for Authorization of the Work with Radiation Sources Outside the Special Designated 


Precinct /2002; 
– Individual Dosimetry Norms /2002; 
– Norms for Issuing the Work Permits for Nuclear Activities and Designation of Radiological 


Protection Qualified Experts /2002; 
– Norms for Decommissioning of Nuclear Objectives and Installations /2002 (the regulation does 


not refer to NPPs); 
– Radiological Safety Norms for Operational Radiation Protection for Uranium and Thorium 


Mining and Milling /2002; 
– Radiological Safety Norms for Radioactive Waste Management from Uranium Mining and 


Milling /2002; 
– Fundamental Norms for Safe Transport of Radioactive Materials /2002; 
– Norms for International Shipments of Radioactive Materials Involving Romanian Territory 


/2002; 
– Norms for International Shipments of Radioactive Wastes Involving Romanian Territory /2002; 
– Norms for Transport of Radioactive Material – Authorization Procedures /2002; 
– Safeguards Norms for Nuclear Field /2001; 
– Detailed List of Materials, Devices, Equipment and Information Relevant for the Proliferation 


of Nuclear Weapons and Other Explosive Nuclear Devices /2002; 
– Norms for Physical Protection in Nuclear Field /2001; 
– Norms on Requirements for Qualification of the Personnel that Ensures the Guarding and the 


Protection of Protected Materials and Installations in Nuclear Field /2002; 
– Norms on Radiation Protection of the Persons in Case of Medical Exposures /2002; 
– Norms on Radioactively Contaminated Foodstuff and Feeding stuff after a Nuclear accident or 


other Radiological Emergency /2002 (issued together with the Ministry of Health and Family); 
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– Norms on Irradiated Foodstuff and Alimentary Additives /2002 (issued together with the 
Ministry of Health and Family). 
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TABLE I. DISTRIBUTION OF IN-DEPTH SPECIFIC ACTIVITY (DRILLING NO. 1) 


Depth (cm) Cs-137 (Bq/kg) Co-60 (Bq/kg) K-40 (Bq/kg) 


0.5 226.66 25339.79 572.26 


3 159.24 14747.59 548.12 


7.5 53.22 9464.75 608.06 


15 34.31 1402.20 475.04 


25 4.33 298.16 570.33 


35 0.00 92.37 566.93 


45 0.00 45.98 680.88 


55 0.00 15.47 578.90 


65 0.00 11.78 477.94 


75 0.00 20.77 583.77 


85 0.00 16.25 564.75 


95 0.00 8.40 454.52 
 
 
TABLE II. VEGETATION MEASUREMENT RESULTS 


Specific activity (Bq/kg) 
Sampling place Class 


Cs-137 Co-60 K-40 
Place 1 C21 133.80 304.71 1478.53 
Place 2 C31 104.31 12.87 1127.63 
Place 3 C31 88.46 79.32 1328.60 
Place 4 C31 23.49 - 1251.90 
Place 5 C31 221.50 9.82 1552.62 
Place 6 C11 122.27 48.85 1377.30 
Place 7 C11 61.56 128.33 1212.31 
Place 8 C11 46.41 - 1177.49 
Place 9 C11 56.37 54.56 1304.71 
Place 10 C32 41.35 - 1303.47 
Place 11 C32 10.86 - 1178.08 
Place 12 C33 17.88 49.75 978.09 
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TABLE III. AVERAGE AND SPREADING OF VALUES IN EACH REGION FOR 
CONTAMINATION AND SPECIFIC ACTIVITY 


Statistics for surface 
contamination over 


background 


Statistics for specific activity (volume and mass) over 
background, up to 15 cm depth 


(Bq/cm2) (Bq/cm3) (Bq/kg) 


 


Cs-137 Co-60 Total Cs-137 Co-60 Total Cs-137 Co-60 Total 


CLASS C11 
Average 1.27 12.73 14.00 0.05 0.74 0.79 31.15 461.86 493.00 


σ 0.37 10.54 10.56 0.01 0.61 0.61 9.19 381.35 381.89 
σr (%) 29.51 82.74 75.41 29.51 82.57 77.46 29.51 82.57 77.46 


CLASS C21 
Average 3.95 8.77 12.72 0.15 0.44 0.59 96.76 274.57 371.33 


σ 1.62 5.34 5.58 0.06 0.29 0.30 39.80 183.43 188.10 
σr (%) 41.13 60.85 43.91 41.13 66.81 50.66 41.13 66.81 50.66 


CLASS C31 
Average 2.01 0.67 2.68 0.08 0.03 0.11 49.22 21.54 70.76 


σ 0.61 0.64 1.04 0.02 0.03 0.05 14.96 19.30 28.21 
σr (%) 30.39 96.28 38.91 30.39 89.60 39.87 30.39 89.60 39.87 


CLASS C32 
Average 0.82 0.71 1.53 0.03 0.04 0.07 20.06 25.82 45.88 


σ 0.25 0.74 0.87 0.01 0.04 0.05 6.14 27.02 30.01 
σr (%) 30.62 104.48 57.10 30.62 104.66 65.42 30.62 104.66 65.42 


CLASS C33 
Average 2.37 0.88 3.25 0.09 0.04 0.14 58.10 26.98 85.08 


σ 0.54 0.72 1.01 0.02 0.03 0.04 13.27 21.02 27.77 
σr (%) 22.84 82.40 31.20 22.84 77.90 32.65 22.84 77.90 32.65 


 
TABLE IV. SMART RADIATION MONITOR SRM-200, DETECTORS AND ACCESSORIES 


Model No. Type of measurement Calibration constants 
AC-3 Alpha contamination (1107±130) (cnt/min / Bq/cm2) 
HP-210 Beta-gamma contamination, 


2 inch window 
(281±17) (cnt/min / Bq/cm2) 


HP-260 Beta-gamma contamination (260±16) (cnt/min / Bq/cm2) 
HP-270 Gamma exposure or exposure rate (7.12±0.32)x107 (cnt/min / mR/h) 
HP-290 Gamma exposure or exposure rate (1.822±0.28)x106 (cnt/min / R/h) 
LEG-1 Low energy gamma or X ray 


20 to 70 keV 
(2.092±0.18)x103 (cnt/min / µR/h) 


SPA-3 High sensitivity gamma 
40 keV to 1 MeV 


(2.438±0.18)x106 (cnt/min / mR/h) 


SPA-6 Medium sensitivity gamma 
40 keV to 1 MeV 


(7.577±0.42)x105 (cnt/min / mR/h) 


RO-7 HIGH INTENSITY EXPOSURE RATE SYSTEM  


Model No. Type of Measurement Useful range 
RO-7-LD Exposure Rate Background to 1.999 R/h 
RO-7-BM Exposure Rate Background to 199.9 R/h 
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TABLE V. AVERAGE AND SPREADING OF THE VALUES IN EACH AREA, FOR DOSE RATE 
AND CONTAMINATION 


Statistics for dose rates 
over background 


Statistics for surface contamination 
over background Class Average 


(µR/h) σ (µR/h) σr (%) Average 
(Bq/cm2) σ (Bq/cm2) σr (%) 


C11 87.29 251.42 288.02 1.10 3.27 296.69 
C21 96.35 154.70 160.55 2.12 4.77 224.62 
C31 5.90 4.19 71.12 0.30 0.46 152.70 
C32 4.36 2.31 52.88 0.06 0.05 74.61 
C33 5.94 5.32 89.52 0.04 0.06 127.32 


 
 
TABLE VI. TOTAL/MEASURED/ESTIMATED RADWASTES 


Total volume of radwastes (m3) 
at depth of 


Total radioactivity (Bq x 106) 
at depth of 


Small areas 
with elevated 
radioactivity 15 cm 10 cm 5 cm 15 cm 10 cm 5 cm 


Measured 2,93 1,95 0,97 3,79 3,56 3,03 


Estimated 2,775 1,85 0,925 3,42 3,21 2,74 


Total 5,705 3,80 1,895 7,21 6,77 5,77 
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TABLE VII. UNITY RULE (FOR SURFACE ACTIVITY, Bq/cm2) 


Class AUS 
(m2) 


AAR1 
(m2) 


AAR2 
(m2)


AAR3 
(m2)


AAR4 
(m2) Am1 Am2 Am3 Am4


NMACC 
(Bq/cm2)


CAR1 
(Bq/cm2)


CAR2 
(Bq/cm2)


CAR3 
(Bq/cm2)


CAR4 
(Bq/cm2)


σr 
(Bq/cm2)


σs 
(Bq/cm2)


δ 
(Bq/cm2) S S<1 


(yes/no) 


C11 256 1.92 8 4.8 8 133 32 53.3 32 3 8.62 8.15 7.07 11.83 0.008 10.56 10.56 3.4815 NO 


C21 192 0.72 6 4.5   267 32 42.7   3 6.24 8.50 8.80   0.008 5.58 5.58 1.9164 NO 


C31 372 0.56 4     664 93     3 4.39 7.75     0.008 1.04 1.04 0.3724 YES 


C32 128                 3         0.008 0.87 0.87 0.2900 YES 


C33 244                 3         0.008 1.01 1.01 0.3367 YES 
 
 


Free release criterion (for surface activity, Bq/cm2) 


Class α β m n m' n' ∆/σ σ 
NMACC 
(Bq/cm2) MIRC Pr P2 Pβ=1-β PΦ Wr Wc 


Wr>Wc 
(yes/no) 


C11 0.05 0.05 24 42 33 33 1.0 10.56 3 0 0.76025 0.633702 0.95 0.514 1308 927 YES 


C21 0.05 0.05 24 32 28 28 1.1 5.58 3 0 0.781662 0.662216 0.95 0.520 1068 783 YES 


C31 0.05 0.05 24 24 24 24 1.2 1.04 3 2 0.801928 0.6898 0.95 0.528 876 668 YES 


C32 0.05 0.05 24 7 16 16 1.6 0.87 3 2 0.87105 0.788602 0.95 0.567 500 419 YES 


C33 0.05 0.05 24 12 18 18 1.5 1.01 3 1 0.855578 0.765812 0.95 0.558 588 493 YES 
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Wr = N(N+1)/2 – n(n+1)/2, 


where N = (n+m)/2; 


    n = no. of measurements in survey area; 


m = no. of measurements in reference area 


Wc = critical value (Table I.4 from MARSSIM) 


PΦ = power of WRS (Wilcoxon Rank Sum) test 


Pβ = power of the sign test 


MIRC = low bond of the grey region 


AUS = survey unit area 


AARi = small area with elevated activity no.i 


Ami = AUS/AARi = area factor for AARi  


NMACC = maximum admissible level of concentration 


CARi = concentration of small area with elevated radioactivity no.i 


σr = standard deviation in reference area 


σs = standard deviation in survey area 


δ = (σr
2 + σs


2)1/2  


S = unity rule of survey, applied in the presence of the small areas with elevated radioactivity 
 
 
 


S = δ/NMACC + Σ (CARj - δ)/(Amj⋅NMACC) < 1 
J 


 
j=1
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A) Cylindrical volume sources (151,5 cm3) 


   
B) Volume Marinelli sources (500 ml) 


   
 
 


FIG. 1. Calibration of Nomad: efficiency calibration for (a) cylindrical volume, and (b) volume marinelli sources. 
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FIG. 2. Sampling locations for soil vegetation and ground water. 
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FIG. 3. Distributions of in-depth contamination. 
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FIG. 4. measuring grid and small areas with elevated radioactivity. 
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FIG. 5. Distribution of total surface contamination (Bq/cm2). 
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FIG. 6. Hot spot (co-ordinates 74,90m/4,55m; area 480cm/480cm). 
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FIG. 7. Hot spot (co-ordinates 22,90m/3,40m; area 200cm/200cm). 
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FIG. 8. Dose rate distribution in area C1. 
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NATURALLY OCCURRING RADIONUCLIDES IN THERMAL SPRINGS OF 
THE MIDDLE SLOVAKIA 


 A. DURECOVA, D. BURSOVA, F. DUREC 
 State Institute of Public Health,  
Banska Bystrica, Slovak Republic 
 
Abstract 


Thermal springs are known to be rich in natural radioactivity. The main objective of the presented work 
was to determine naturally occurring radionuclides in thermal water sources mainly used for recreation and 
rehabilitation bathing. The concentration of Unat, the volume activity of 226Ra and 228Ra and gross alpha activity 
and gross beta activity were determined in 18 thermal springs during the last three years. The concentrations of 
Unat  ranged  from < 1.1 to 9.0 µg/L. The volume activities of 226Ra ranged from 0.010 to 4.458 Bq/L, the volume 
activities of 228Ra ranged from < 0.010 to 0.576 Bq/L. The gross alpha activities ranged from 0.05 to 20.71 Bq/L 
and the gross beta activities ranged from 0.08 to 7.56 Bq/L. Calculation of the 226Ra/228Ra activity ratios were 
carried out as well. 


 


1. INTRODUCTION 


The territory occupied by the Slovak Republic is very rich in thermal and geothermal water 
sources. There are 46 thermal springs with 154 swimming pools in the Slovak Republic. Chemical 
composition of these waters has been extensively studied but less attention was paid to their 
radioactivity.  


Radionuclides in thermal springs vary according to the source of water. Naturally occurring 
radionuclides in thermal springs are members of three natural radioactive series, except 40K. The most 
often determined radionuclides in these series are 226Ra, 228Ra, 222Rn, 238U, 234U, 210Po, 210Pb.  


Ra2+ is moderately soluble in natural waters, although a high −2
4SO content is favorable to its 


removal as mixed sulphate crystals, such as Ba(Ra)SO4, or, for high CO2 water, removal as 
(M,Ra)CO3. Radium in solution is not strongly dependent on anionic species. It is known to form 
sulphate complexes, but not carbonate complexes [1]. 


Conversely, uranium is strongly influenced by the presence of anions, especially dissolved CO2 
species. In general, the higher content of the dissolved CO2 indicates the greater solubility of U(VI). 
Both uranium and radium are enriched in low and high pH water, hence such water is commonly more 
radioactive than water at intermediate pH levels [2].  


The main objective of the presented work was to determine naturally occurring radionuclides 
such as 226Ra, 228Ra, Unat, gross alpha and gross beta activity in the thermal springs of the Middle 
Slovakia.  
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2. MATERIALS AND METHODS 


2.1. Chemicals, standards and tracer 


All reagents were of analytical grade. 226Ra in equilibrium with its decay products (Eurostandard 
CZ, Czech Republic), Unat certified to the content of 238U, 235U, 234U (Biospectrum Plus, Slovak 
Republic), KCl certified to the content of 40K (Biospectrum Plus, Slovak Republic), 133Ba 
(Eurostandard CZ, Czech Republic) and 232Th as Th(NO3)4 (Radiochemical Centre Amersham)  were 
used.  


2.2 Methods 


2.2.1. Determination of gross alpha and beta activity 


The water samples were adjusted to pH<4 with nitric acid and evaporated in glass vessels until 
dryness. The samples were imbedded into muffle furnace and heated at 270oC. Then, the samples were 
weighted and aliquot sizes were mounted on the stainless steel planchets and counted for alpha and 
beta activity under the low background gas-flow proportional counter (FHT 770 T6, Eberline, 
Germany). 


2.2.2. Determination of 226Ra by emanation technique 


The water samples were acidified to pH<4 with nitric acid, Ba/Pb carrier and 133Ba were added 
and radium was co-precipitated as sulphate with sulphuric acid. The precipitate was dissolved in 
alkaline EDTA and radium was determined by Lucas cell and single channel analyser (NE1502, Tesla 
Přemyšlení, Czech Republic). The chemical yield of radium was determined with gamma-emitting 
tracer 133Ba by using HPGe detector (with 32.4 % relative efficiency to a 3"×3" NaI(Tl) detector, PGT, 
USA). 


2.2.3. Determination of Unat by spectrophotometry 


The water samples were acidified to pH<2 with nitric acid. Chromatographic columns were 
filled in the regenerated silica gel 100 (0.2-0.5mm, Merck, Germany). Uranium was extracted by 
percolating the sample of analysed water through the chromatographic column using a flow rate 2.0 
mL/min. The uranium was stripped by acetic acid and determined by spectrophotometry (Jenway 
6300). Arsenazo III sodium salt was used as a photometric reagent for the uranium. 


2.2.4. Determination of 228Ra by gamma spectrometry 


The water samples were adjusted to pH<4 with nitric acid and evaporated in glass vessels until 
dryness. The samples were imbedded into muffle furnace and heated at 270oC. Then, the samples were 
weighted and prepared for the determination. 228Ra was determined by using HPGe detector (with 32.4 
% relative efficiency to a 3"x3" NaI(Tl) detector, PGT, USA). 


3. RESULTS AND DISCUSSION   


The concentration of Unat, the volume activity of 226Ra and 228Ra and gross alpha activity and 
gross beta activity were determined in 18 thermal springs during the last three years.  Flow sheet for 
the determination of naturally occurring radionuclides in the thermal springs is shown in Fig. 1. 


All determinations were carried out in thermal springs having the concentrations of total 
dissolved solids in range of 344.7-5662.0 mg/L (Table I). 


The concentrations of Unat ranged from <1.1 to 9.0 µg/L. The volume activities of 226Ra ranged 
from 0.010 to 4.458 Bq/L, the volume activities of 228Ra ranged from <0.010 to 0.576 Bq/L. The gross 
alpha activities ranged from 0.05 to 20.71 Bq/L and the gross beta activities ranged from 0.08 to 7.56 
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Bq/L (Table II). The results are expressed with ± 1σ.  


 
 


FIG .1. Flow sheet for the determination of naturally occurring radionuclides in the thermal springs. 


The volume activity of 226Ra in groundwater is generally unrelated to that of dissolved uranium. 
The lack of correlation between dissolved uranium and 226Ra was found for 400 water samples from 
Australia [2]. The lack of correlation between the volume activity of 226Ra and the concentration of Unat 
has been observed in the analysed water samples (Fig. 2). 
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FIG. 2. Relationship between the volume activity of 226Ra and the concentration of Unat  in the analysed 
water samples. 
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TABLE I. COMPOSITION OF THE ANALYSED THERMAL SPRINGS [3] 


Concentration of some cations and anions 


(mg/L) 


 


 


Location +Na  +K  +2Ca
 


+2Mg
 


-2
4SO  -


3HCO  −Cl  


TDS 


(mg/L) 


Te
m


pe
ra


tu
re


 (o C
)  


 


pH 


Turčianske 


Teplice 


  39.6     9.1 245.3   71.0   485.2   598.0     3.6 1493.8 31.5 7.1 


Vinica 359.0   76.5 104.0   41.3     62.0   959.2 350.0 2040.5 20.5 5.4 


Sliač   60.0   36.0 678.2 191.6 1600.3 1226.5     5.3 3824.6 33.5 6.5 


Sklené Teplice   34.5   14.5 507.9 114.8 1500.0   332.3     3.6 2543.9 52.5 6.6 


Vyhne   24.6   17.2 173.1   44.7   253.1   524.8     2.0 1057.8 34.5 6.8 


Stráňavy   10.4     1.0   50.5   27.0     24.3   280.7     2.3   422.8 24.1 7.7 


Rajec     3.8     1.6   65.7   32.1     39.4   317.3     0.7   482.3 25.5 7.5 


Rajecké Teplice     4.0     1.6 101.0   45.7     53.1   488.1     3.5   711.7 33.9 7.3 


Oravice   41.9   12.2 218.5   52.8   683.5   190.9     8.7 1249.4 53.6 7.4 


Malé Bielice   31.8     7.4 153.9   55.5   122.2   671.2     8.5 1078.8 39.5 6.6 


Kremnica   38.4   11.4 321.4   68.6   872.4   323.4     5.3 1700.3 56.0 7.1 


Kováčová   41.5   23.0 493.8 144.9 1130.0   926.2     7.1 2803.7 48.5 6.7 


Chalmová   31.8   10.7 224.5   56.9   639.0   219.7   13.8 1244.3 40.3 7.3 


Bojnice   19.1     3.3 103.4   33.6   103.1   414.9     3.2   731.3 43.1 7.1 


Dudince 825.0 116.3 521.0 117.7   474.6 2959.4 567.2 5662.0 27.3 6.8 


Liptovský Ján   48.0   16.2 642.1 197.0   789.3 2062.4   22.0 3806.9 28.8 6.8 


Bešeňová   30.0   22.0 495.0 160.0 1407.6   683.2   14.0 2872.2 61.5 6.4 


Dolná Strehová   70.8    9.2     5.2     1.7       9.5   208.5     7.3   344.7 36.0 7.3 
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TABLE II. COMPOSITION OF THE ANALYSED THERMAL SPRINGS 


Location   Gross alpha 


(Bq/L) 


Gross beta 


(Bq/L) 


226Ra 


(Bq/L) 


228Ra 


(Bq/L) 


Unat   


(µq/L) 


Turčianske 


Teplice 


0.83±0.09 0.59±0.05 0.143±0.010 0.148±0.034 <5.2* 


Vinica 2.80±0.19 3.11±0.10 0.276±0.014 0.340±0.040 1.1±0.1• 


Sliač 0.75±0.15 1.04±0.11 0.121±0.014 0.061±0.009 2.4±0.4• 


Sklené Teplice 2.53±0.15 0.97±0.04 1.006±0.055 <0.011 5.3±0.4• 


Vyhne 1.39±0.09 0.71±0.05 0.114±0.011 <0.060 <5.2* 


Stráňavy 0.23±0.02 0.12±0.01 0.040±0.005 <0.073 <1.1• 


Rajec 0.20±0.03 0.10±0.01 0.056±0.007 <0.067 <1.1• 


Rajecké Teplice 0.08±0.02 0.07±0.02 0.031±0.004 <0.089 <1.1• 


Oravice 20.71±0.65 7.56±0.20 3.331±0.348 0.035±0.007 <3.3* 


Kremnica 4.01±0.22 1.80±0.09 0.443±0.046 <0.120 1.0±0.1• 


Kováčová 4.30±0.26 2.36±0.13 0.946±0.100 0.133±0.016 9.0±0.5• 


Chalmová BCH 4 0.72±0.07 0.52±0.05 0.114±0.013 <0.083 3.1±0.2• 


Bojnice 0.84±0.05 0.38±0.03 0.137±0.015 <0.057 3.1±0.3• 


Dudince 6.07±0.40 5.51±0.28 0.757±0.083 0.229±0.026 7.3±0.5• 


Liptovský Ján 3.59±0.25 1.82±0.09 0.660±0.079  <5.2* 


Bešeňová 20.08±0.79 10.42±0.27 4.458±0.454 0.576±0.067 3.5±0.2• 


Dolná Strehová 0.05±0.01 0.08±0.01 0.010±0.003 <0.011 <1.1• 


∗ We used the spectrophotometric cell with volume 1 mL. 
• We used the spectrophotometric cell with volume 5 mL.  
 
 


Anomalously high volume activities of radium are frequently found in highly saline water [2]. 
The correlation between 226Ra and the total dissolved solids were found for saline water from wells in 
the US Gulf Coast region [4]. Fig. 3 shows relationship between the volume activity of 226Ra and the 
total dissolved solids in the analysed water samples. The volume activities of 226Ra above 0.5 Bq/L 
were determined in the water samples in which the concentration of total dissolved solids was above 
2500 mg/L, except for one water sample. In this water sample was also determined low volume 
activity of 228Ra (Sliač). 
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FIG. 3. Relationship between the volume activity of 226Ra and the total dissolved solids in the analysed 
water samples. 


 


Measurable values of the volume activity of 228Ra were observed only in 7 out of 18 water 
samples. Relationship between the volume activity of 228Ra and the total dissolved solids in the 
analysed water samples is shown in Fig. 4. 
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FIG. 4. Relationship between the volume activity of 228Ra and the total dissolved solids in the analysed 
water samples.  
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The 226Ra/228Ra activity ratios for low salinity waters have been reported in a very wide range of 
values. Asikainen [5] found ratios in the range of 0.3 to 26 for some Finnish groundwater, with ratio 
around 1.0 for low (<37 mBq/L) 226Ra, but increasing rapidly with increasing 226Ra. 


Furthermore, the 226Ra/228Ra activity ratio has usually been considered to be equal to the average 
U/Th activity ratio of aquifer rocks, which is typically 0.7-1.0, corresponding to an average U/Th 
weight ratio of 0.25-0.33 [2]. 


Measurable values of the volume activity of 228Ra were observed only in seven water samples. 
In these water samples, the 226Ra/228Ra activity ratios have been calculated. We found the 226Ra/228Ra 
activity ratios in the range of 1.0 to 9.9. 


4. CONCLUSIONS 


The lack of correlation between the volume activity of 226Ra and the concentration of Unat has 
been observed in the analysed water samples. 


Our results show that high volume activities of 226Ra occur more frequently than 228Ra. The 
volume activities of 226Ra above 0.5 Bq/L were determined in the water samples in which the 
concentration of total dissolved solids was above 2500 mg/L, except for one water sample. In this 
water sample was also determined low volume activity of 228Ra. 


The 226Ra/228Ra activity ratios were in the range of 1.0 to 9.9. However, measurable values of the 
volume activity of 228Ra were observed only in seven water samples. 


In the future work, we would like to determine the naturally occurring radionuclides in the 
others thermal springs of the Slovak Republic. 
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Abstract 


The aim of this study was to measure outdoor and indoor air radon levels, to identify eventual areas with 
high radon concentrations and to estimate annual effective dose to the Tunisian population. Passive dosemeters 
containing LR-115 plastic film were placed in different government districts for two to three months. The annual 
median of outdoor air radon concentrations in sixteen government districts was 8 Bq m-3 and the mean 13 Bq m-


3. The median of 1340 indoor air radon measurements performed in fifteen government districts was 35 Bq m-3 


and the mean 44 Bq m-3. The highest rates were observed in regions with phosphate or lead deposits. In rare 
cases, the values were between 200 and 400 Bq m-3 .Our results  allowed  us  to estimate  an annual  effective 
dose  due  to  radon exposure  to  be 0.61 mS.y-1. 


Radon concentrations are low in Tunisia, but further studies are necessary to identify localized areas with 
higher radon levels, regarding to the geology, atmospheric conditions, architectural type and building material. 


 


1. INTRODUCTION 


Radon and its short-lived decay products are the most contributors to human exposure from 
natural sources [1]. Outside air contains very low levels of radon, but indoors radon accumulates to 
higher concentrations. Radon decay products adsorbed to dust particles in the air may reach tracheo-
broncho-pulmonar epithelial cells and the major health risk in relation with radon exposure is thought 
to be lung cancer [2]. In the viewpoint of public health protection from radon, many surveys have been 
performed to estimate air radon concentrations in many countries [3,4,5].  


Very few are known about radon exposure in Tunisia. The purpose of this preliminary study 
was to establish a national median, to identify areas with high radon concentrations and to estimate 
annual effective dose to the Tunisian population. 


 
2. MATERIAL AND METHODS 
 
2.1. Dosemeters 
 


Dosemeters were « open » devices consisting of a strippable foil of LR-115 plastic film. Alpha 
particles originating from both radon and its progeny produce tracks in the film; the number of tracks 
depends on radon concentration and on exposure duration. At the end of the exposure period, the film 
is chemically treated, the tracks enlarged and their number counted. The detection limit for this 
counting is 5 kBq.h.m-3. A 0.4 value was adopted for equilibrium factor. The results are given in 
Bq m3. 


Six radon dosemeters that had never been opened were chemically treated and their tracks 
counted in order to perform the background reading test. 
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2.2. Indoor radon concentrations 


Domestic radon concentrations were measured in two different studies. 


From November 2000 to November 2001, Tunis, the capital, and its area were tested. The age 
of the houses varied from four years to two centuries. Each dosemeter was replaced by a new one 
every two months. Dosemeters were placed in sixty-nine houses selected by acquaintance and 
scattered over great Tunis area. Usually, two devices per house were installed, one in a bedroom, the 
other in the living room. In six dwellings, a third dosemeter was placed in the basement. A 
questionnaire was distributed to record the dwelling age, occupancy and airing habits.  


From January to March 2002, indoor air radon concentrations were measured in fourteen other 
government districts: Bizerte, Jendouba, Beja, Siliana, Zaghouan, Nabeul, Kairouan, Kasserine, Sidi 
Bouzid, Sfax, Gafsa, Tozeur, Kebili, Tataouine. Fifty to sixty houses were selected by local health 
authorities in order to check the inhabited areas. Only one device per house was used. 


2.3. Outdoor radon concentrations  


One hundred and seven dosemeters were placed in wooden well aerated shelters at about 1.50m 
from the ground, in sixteen government districts between February 1997 and April 1998: Bizerte, 
Tunis, Jendouba, Le Kef, Nabeul, Kairouan, Kasserine, Sidi Bouzid, Sfax, Gafsa, Gabes, Medenine, 
Monastir, Tozeur, Kebili, Tataouine. Each device was exposed during three months. One point per 
government district was concerned except in Tataouine, the largest district, with three devices, in 
Gafsa and Nabeul districts, each with two devices.  


 
3. RESULTS 
 


Non-exposed devices gave radon concentrations below detection limit. Only eleven exposed 
dosemeters gave such a result and were included in calculations. 


The results showed a non Gaussian distribution and the results are presented in median, mean 
and standard deviation (SD).  


3.1. Indoor air radon concentrations 


3.1.1. In greater Tunis 


In greater Tunis, 669 measurements were performed and gave a median of 30 Bq m-3 (mean = 
29, SD = 7 Bq m-3). Annual distribution is presented in Fig. 1. Medians were higher in the two cold 
periods (median = 45 Bq m-3 in November-December and 38 Bq m-3 in January-February) and 
regularly decreased to summer. Medians were the same, 22 Bq m-3, in May–June and July–August, the 
two hottest periods. The difference between cold and hot periods was highly significant (Student’s t 
test; p < 0.001). In sixty-four houses, measurements were obtained in a bedroom and the living room. 
There was no significant differences between these two rooms, being on the same floor or not, except 
in seven (11%) cases. 


Looking for higher concentrations, dosemeters were placed in five cellars. In four of them, air 
radon concentrations significantly differed from one other floor (Student’s t test; p < 0.01). The 
number of tested cellars was small because usually in Tunisia, houses do not have cellar.  


No difference was observed with age or with localization within Tunis area. 


One house gave high air radon concentrations throughout the year, extending from 55 to 285 Bq 
m-3 (medians) with an annual median of 117 Bq m-3. Its annual distribution was also slightly different 
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from the other dwellings: the highest concentrations were seen in January and February, and the 
lowest in May–June. The two checked rooms were not different. The house just beside it had usual 
radon concentrations (annual median of 31 Bq m-3).  
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3.1.2. Other regions  


The results of 671 measurements gave median of 39 Bq m-3 (mean = 48; SD = 35 Bq m-3). 


Fig. 2 shows medians in each government district. The lowest medians were seen in Bizerte, a 
seaside town (26 Bq m-3) and in Nabeul district  (28 Bq m-3), located in a cape. Tozeur and Kebili 
areas, on the edge of the desert, showed low medians, respectively 31 and 37 Bq m-3.  


The highest medians were found in the Jendouba, Gafsa and Tataouine areas (51, 49 and 48 Bq 
m-3). 


If we gather all the 1340 measurements performed in Tunisia, the median becomes 35 Bq m-3 
(mean = 44; SD = 35 Bq m-3). No value was higher than 400 Bq m-3. Eight radon concentrations 
(0.6%) were higher than 200 Bq m-3 and seventy-four (5.5%) ranged from 100 to 200 Bq m-3. 


3.2. Outdoor air radon concentrations 


For different reasons, only seventy-seven results were obtained and gave a median of 8 Bq m-3 
(mean = 13; SD =  8). The results per district are presented in Fig. 2. The highest value was 42 Bq m-3 
in Jendouba district, during the cold period (November to January). Considering the results by period, 
there was a marked decrease in the hot season (medians = 5 Bq m-3 from May to October) and an 
increase in winter (13 and 15 Bq m-3 in February, March and April; 10 Bq m-3 in November-January 
period). 


3.3. Average annual effective dose 
 


The annual effective dose (E) to the public due to radon exposure was estimated in Tunisia, 
considering the medians of all the performed measurements.  


 
Eindoor  = 5.54 x 10-6 x 0.4 x 35 (Bq m-3) x 0.71 x 24 (h) x 365 (days per year) x 1.1  
           = 0.53 mSv.y-1 
 
Eoutdoor = 5.54 x 10-9 x 0.4 x 8 (Bq m-3) x 0.29 x 24 (h) x 365 (days per year) x 1.1  
               = 0.05 mSv.y-1 


 


E total  = 0.53 + 0.05 = 0.58 mSv.y-1 


For 1Bq of radon in equilibrium with its daughters, the potential alpha energy is 5.54×10-6 mJ. 
Equilibrium factor is assumed 0.4. Home occupancy factor has been evaluated to 71% by 
questionnaire. According to IAEA [6], the dose conversion is 1.1 mSv (mJ h m-3)-1. 


4. DISCUSSION 


We used open alpha track dosemeters because of their low cost, and high sensitivity to low 
exposure, though they overestimate radon concentrations [7,8]. In fact, they have a low background 
and are sensitive to all environment alpha emitters, radon and thoron gas and their decay products [9].   


Outdoor air concentrations are low in Tunisia as are domestic air radon concentrations. The 
median  (35 Bq m-3) of indoor radon concentrations is quite similar to the medians found in European 
countries [3,10], and even in Asian countries as Korea [11]. Our mean was also similar to the 
worldwide estimated mean (44 against 40 Bq m-3).  


The reasons for these low levels are related to geology and to climatic conditions. 
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Tunisian soil is mostly sedimentary, rich in limestone, marl and sandstone, as most sedimentary 
European regions where such results have been observed [10]. Carboniferous soils as in Belgium, and 
granitic soils as Bretagne in France, where higher concentrations may be seen, are rare in Tunisia, and 
localized to restricted hilly areas. We found areas in Gafsa, Tattooing, Beja and Jendouba districts 
with higher indoor and outdoor concentrations than elsewhere. They are mining regions, with 
phosphate, lead and zinc deposits, known for their natural radionuclide content [12]. Even in these 
regions, the measured indoor levels were either within the IAEA recommended range of 200 to 600 
Bq m-3 or lower [6]. 


In Tunisia, the weather is mild, with only four moderately cold months in winter. As others [5], 
we found a difference between cold and hot months, for indoor and outdoor radon levels. It is 
traditional to keep doors and windows open for many hours a day, even in winter. Such airing habits 
explain the low domestic radon concentrations found and the similarity of results in the two checked 
rooms.  


Because of the mild climatic conditions, the time spent indoors, at home, is smaller than in other 
studies [11]. Therefore, estimated annual effective dose due to radon exposure is less than the 
worldwide estimated dose [13].  


This first study shows that, in Tunisia, indoor and outdoor radon concentrations are low. More 
measurements should be done, in order to study targeted areas, with consideration to their geology. 
This study was concerned with outdoor and domestic radon concentrations. Concentrations in working 
spaces must be measured, too, in order to give a real estimation of annual effective dose due to radon 
concentrations. 


Lifestyle is going to change with urbanization, with the spread of heating and air conditioning, 
and with the increase of working women, resulting in less airing aeration at work and at home. Future 
re-examination will be necessary to check evolution of effective dose due to eventual radon exposure 
changes. 


ACKNOWLEDGMENT 
 


We are very grateful to all the persons who had taken part in this study, especially to the 
regional and local health authorities, to health staff in the different government districts, to the staff of 
National Centre of Radioprotection, of Salah Azaiz Cancer Institute, of Faculty of Medicine in Tunis, 
to our colleagues and relative 
 


REFERENCES 
 
[1] UNITED NATIONS SCIENTIFIC COMITTEE ON THE EFFECTS OF ATOMIC 


RADIATION, Ionizing Radiation Sources and Biological Effects, Report of the General 
Assembly with Annexes, United Nations, New York (1993). 


[2] COHEN, B.L., “Relationship between exposure to radon and various types of lung cancer”, 
Health Phys. 65 (1993) 529–531. 


[3] ALBERING, H.J., HOOGEWERFF, J.A., KLEINJANS, J.C.S., “Survey of 222Rn 
concentrations in dwellings and soils in the Dutch Belgian border region”, Health Phys. 70 
(1996) 64–69. 


[4] SINGH, A.K., PRASAD, R., KHAN, A.J., “Study of 222Rn concentrations in some dwellings of 
Rajasthan”, Health Phys. 76 (1999) 306–310. 


[5] IOANNIDES, K.G., STAMOULIS, K.C., PAPACHRISTODOULOU, C.A., “A survey of 222Rn 
concentrations in dwellings of the town of Metsovo in North-western Greece”, Health Phys. 79 
(2000) 697–702. 


[6] INTERNATIONAL ATOMIC ENERGY AGENCY, International Basic Safety Standards for  
Protection against Ionizing Radiation and for Safety of Radiation Sources, IAEA, Vienna 
(1996). 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


[7] TYMEN, G., MOUDEN, A., Mc LAUGHLIN, J.P., WASIOLEK, P., RANNOU, A., “A 
comparison of the exposure in Britanny”, Radiat. Prot. Dosim. 24 (1988) 371–374. 


[8] KREIENBROCK, L., et al., “Intercomparison of passive radon-detectors under field conditions 
in epidemiological studies”, Health Phys. 76 (1999) 558–563. 


[9] ANDRU, J., La pratique des méthodes dedétection du radon par les plastiques détecteurs de 
traces nucléaires, Radioprotection 33 (1998) 501–513. 


[10]  PIRARD, P., ROBE, M.C., ROY, M., “Exposition par inhalation du radon atmosphérique”, Le 
radon, de l’environnement à l’homme, EDP Sciences, Paris (1998) 83–106. 


[11] KIM, C.K., et al., “Nationwide survey of radon levels in Korea”, Health Phys. 84 (2003) 
354-360. 


[12] CHARNI MAHJOUBI, H., et al., “Etude de la radioactivité naturelle dans le sol du sud tunisien 
– Région de Gafsa Tozeur”, Radioprotection 26 (1991) 537–549. 


[13] UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF ATOMIC 
RADIATION, Sources and Effects of Ionizing Radiations, United Nations, New York (2000). 


 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


RADON CONCENTRATIONS IN TUNIS DWELLINGS 
 ONE YEAR STUDY
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FIG. 1. Distribution of annual indoor air radon concentrations in greater Tunis. 


  Medians in Bq.m-3. 
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FIG. 2. Air radon concentrations in Tunisia. 


  Outdoor :                         Indoor : ♦ 
                     Medians (Bq.m-3) are written by government district names. 







International Conference on Isotopic and Nuclear Analytical Techniques for Health and Environment 
10–13 June 2003, Vienna, Austria 


 


IAEA-CN-103/110 


AN OVERVIEW OF INDOOR RADON STUDY CARRIED OUT IN DWELLINGS OF 
INDIA AND BANGLADESH DURING THE LAST DECADE (1990-2000) 


 A. SRIVASTAVA* 


 Aachen University of Applied Sciences, 
Juelich, Germany 
 


Abstract 


The radon concentration in dwellings from nearly 50 different locations in India and Bangladesh are 
reported. These data have been obtained using the passive solid state nuclear track detector technique. The 
geometric mean value for India  is estimated as 67.1 Bq m-3. The lowest indoor radon concentration of 27.3 Bq 
m-3 was observed in Chuadanga in Bangladesh and the highest 281.5 Bq m-3 was observed in Una in the northern 
part of India. The national geometrical mean value is discussed in terms of the national average of other 
countries as well as in terms of geological influence. The estimated radon levels are compared with the indoor 
radon levels prescribed by the International Commission on Radiation Protection.. 


 


1. INTRODUCTION 


The radiation dose arising from radon inhalation constitutes a major part of the total natural 
background dose received by man. It is stated in the report [1] of United Nation Scientific Committee 
on the Effects of Atomic Radiation (UNSCEAR) that nearly half of the dose received by man from 
natural sources is due to breathing of radon and its progenies present in the dwellings. The observation 
that certain health problems like lung, skin cancer and kidney diseases [2] can be linked with the 
exposure to radon has led to large scale radon surveys in many developed countries. Very few surveys 
have been carried out in developing countries where some of the highest natural radiation background 
areas of the world are located. These studies become quite important for countries like India, Pakistan, 
Bangladesh, and China that have very large population.  


Radon, which is the heaviest member of the inert gas family, is produced in uranium and 
thorium bearing minerals because of radioactive decay. There are three isotopes of Radon namely 
219Rn, 220Rn, and 222Rn but it is the last one that is considered the most dangerous as it is present in the 
environment for considerably long periods due to its half-life being 3.82 days. It is estimated that 1 
GBq of 222Rn is released per ton of ore containing one percent U3O8. The behaviour of this ubiquitous 
gas in indoor dwellings is dependent on several factors like topography, soil characteristics, weather, 
construction materials, ventilation, aerosols, life style of the inhabitants etc. The study of radon can be 
carried out either by employing passive detection techniques or by using active detection techniques. 


One of the first systematic studies on radon in Indian dwellings was carried out by Subba Ramu 
et al. [3] using solid state nuclear track detectors. These workers reported the indoor radon levels in 
dwellings located in fifteen different towns in India. Srivastava, et al. [4] further extended this study 
by carrying out additional survey in the north eastern region of India and compiled data pertaining to 
indoor radon levels in twenty four towns of India. 


The mean radon concentration from the compiled data for India was derived by Srivastava et al. 
[4] as 81 Bq.m-3. This high value was attributed to the fact that most of the towns included in these 
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surveys were classified under high radiation background areas by the Atomic Mineral Division of the 
Department of Atomic Energy, Government of India. 


In the past five years some more data on indoor radon levels from India have been reported in 
literature [5-12] employing solid state nuclear track detectors, most of which are from locations which 
were not earlier surveyed. Therefore, in the present work an attempt has been made to compile the 
data available in literature to obtain an overview of the indoor radon work that has been carried out in 
the last decade in India. In addition, new data obtained from Paud, a suburb of Pune city in India is 
presented along with those from Rajshahi and Chuadanga in Bangladesh [13]. The Bangladesh data is 
included in the overall analysis as it represents a region which lies between the mainland of India and 
the north eastern region of India. These results are compared with results of similar studies carried out 
in different parts of the world and are discussed in the light of exposure limits set up by International 
Commission of Radiation Protection [14]. 


2. EXPERIMENTAL 


The measurement of indoor radon levels using passive technique is carried out by exposing 
solid state nuclear track detectors to indoor radon and its progenies for a suitable period. The tracks 
formed in them after suitable chemical treatment are then counted either by optical microscope or by 
using a spark counter. The two most commonly used track detectors are CR-39 and LR-115 which 
have been found to be quite durable and stable. The CR-39 is a polymer of allyl diglycol carbonate in 
which the tracks formed can be made visible by etching with 6N NaOH at 70 degrees centigrade for 
about five to six hours. The LR-115 film on the other hand is a thin cellulose nitrate film mounted on a 
polycarbonate backing. The track formed in it can be made visible by chemically etching it in 2.5 N 
NaOH at 60 degrees centigrade for about one to two hours. The measured track densities are converted 
to actual track densities using sensitivity factors which are estimated from controlled experiments 
carried out in the national calibration facility in the Environmental Assessment Division of Bhabha 
Atomic Research Centre in Mumbai. The details of the calibration procedure can be had from 
literature [15]. 


3. RESULTS AND DISCUSSION 


The locations from where the data analysed in this work were obtained are shown in Fig. 1. 
Table I shows the details of the sampling location in terms of the name of the place and its latitude and 
longitude. It also shows the maximum and minimum value of the indoor radon levels obtained in that 
location besides the estimated geometric mean value for the said location. Table II gives the 
population, maximum value of indoor radon level and the national geometric mean value of indoor 
radon of countries from the latest UNSCEAR [2000] report. In general the radon data are expressed in 
terms of Bq.m-3


 but some data which are referred to in this work were reported in terms of potential 
alpha energy level hence had to be converted to Bq. m-3 by using the equilibrium factor (F) as 0.4 
(ICRP 1993, UNSCEAR 1993) to make comparison more meaningful. This value of the equilibrium 
factor is quite close to the value of 0.39 determined for few Indian dwellings by Subba Ramu et al. 
[16].  


It can be observed from Fig. 1 that the radon work carried out in India is quite scanty and 
scattered. A lot of work is still required before one can arrive at a definitive conclusion. It is also 
observed from Fig. 1 that there has been hardly any work carried out on indoor radon in Bangladesh. 
The analysis of the data reported in literature and the additional data presented in this work from Pune 
shows that the minimum mean indoor radon observed from the Indian region including Bangladesh 
was 27.3 Bq. m-3 and maximum observed was 281.5 Bq. m-3. The minimum was observed in 
Chuadanga in Bangladesh and the maximum was observed in Una in the Himalayan region of northern 
India. 


The national geometric mean value for India using the compiled data is estimated to be 67.1 Bq. 
m-3. This value when compared to geometrical mean values of other countries given in Table II shows 
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that India could be considered in the group of countries like Estonia, Finland, Luxembourg, Hungary, 
Albania and Slovenia which have rather high mean indoor radon level. The mean value shown in the 
UNSCEAR [2000] report from India needs to be revised now as the one shown therein represents an 
exploratory data based on very few measurements carried out in the late eighties. 


The high value of the mean indoor radon level in India perhaps can be traced to the fact that 
most of the data were obtained from dwellings situated in locations that are already classified as high 
background areas. Therefore, a definitive conclusion about the general state of indoor radon level in 
India requires more experimental input from normal regions. 


An analysis of the exploratory data available from Bangladesh shows that indoor radon level 
studies have been so far carried out in twenty four dwellings of Rajshahi and nineteen dwellings of 
Chuadanga. The minimum indoor radon value was found to be 19.2 Bq.m-3 and maximum value was 
found to be 37.5 Bq.m-3. The geometrical mean value for the indoor radon level in Rajshahi has been 
estimated to be 32.4 Bq.m-3 and 27.3 Bq.m-3 for Chuadanga resulting in an overall geometric mean of 
29.7 Bq.m-3.  


According to ICRP regulations [ICRP] for future houses the indoor radon level should not 
exceed 200 Bq.m-3. An intervention level is recommended if the houses have indoor radon level in the 
range of 200 to 600 Bq.m-3. In the light of the above stated prescription one can say that all the 
dwellings so far surveyed in Bangladesh are well within the prescribed limit. However in the case of 
India there are locations which have dwellings having values higher indoor radon values than that 
prescribed by ICRP. 


It can be further stated that there are locations in India such as Una and Kulu where even the 
mean indoor radon value is more than the prescribed limit of ICRP. The geological formation of this 
particular region of the Himalayas is quartzite overlain by chlorite schists and gnesisses. Veins of 
pitchblende occur in the crests of the anticlinal folds in quartzite. Therefore it is not surprising if 
higher indoor radon levels are observed in dwellings located in these locations where some sort of 
intervention from regulating authorities becomes mandatory. 


4. CONCLUSION 


In conclusion it can be stated that the indoor radon studies so far carried out in India are scanty 
and scattered. The national geometric mean value which has been estimated in the present work as 
67.1 Bq.m-3 places India in the group of countries like Estonia, Finland, Luxembourg, Hungary, 
Albania and Slovenia which have rather high mean indoor radon level. The high average indoor radon 
level in the case of India can perhaps be traced to the fact that most of the data are from dwellings 
located in high background radiation area. 
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TABLE I. NAME, LATITUDE AND LONGITUDE OF LOCATIONS BESIDES MINIMUM, 
MAXIMUM AND GEOMETRICAL MEAN (GM) VALUES OF RADON CONCENTRATION 


___________________________________________________________________________ 
                                                                (Radon concentration Bq.m-3)                         
Location      Latitude      Longitude           Min.           Max.        GM          Reference 
___________________________________________________________________________ 
 
Trivandrum   08.29N       76.59E                31.5         183.2           98.1               [4] 
Manipal        12.25N        75.00E               18.5          180.4         105.5               [4] 
Chingelpet    12.45N        80.00E               18.5          183.1           67.5               [4] 
Ullal             12.80N        74.85E               39.6            63.6           50.3               [8] 
Suratkal        13.00N        74.80E               49.5            83.2           63.6               [8] 
Nandikur      13.20N        74.75E               54.3            71.1           62.5               [8] 
Udupi           13.35N        74.70E               41.0            93.6           54.3               [8] 
Coondapar   13.60N         74.65E               24.7            82.4           52.1              [8] 
Bhatkal        13.97N         74.57E               39.6            75.0           52.0              [8] 
Honnavar     14.30N         74.55E               29.7            75.0           41.6              [8] 
Kumta          14.40N         74.50E               34.0            79.0           59.9              [8] 
Karwar         14.80N         74.10E               30.8            63.6           43.4              [8] 
Pune             18.31N         73.55E               25.3          192.3           67.2              [*] 
Allahabad     25.40N         81.90E               37.9          199.8           93.4              [7] 
Mathura        27.28N         77.41E               36.1          125.8           69.4              [4] 
Kanpur          26.28N        80.24E                 -                  -               33.0              [6] 
Lucknow (I)  26.55N        80.59E                 -                  -               34.0              [6] 
Lucknow (II) 26.55N        80.59E               64.8           145.2         103.6             [4]  
___________________________________________________________________________ 
* present work 
 
 
 
Godhra         22.45N        73.40E                31.5            195.2         122.1             [4] 
Tuwa            22.46N        73.40E                33.3            193.3         102.7             [4] 
Nellore         14.27N        80.02E                39.8            197.0         106.4             [4] 
Hyderabad    17.20N       78.30E                 29.6            202.6           98.9             [4] 
Vizag            17.70N       83.30E                 20.4              75.9           29.6             [4] 
Nagpur          21.09N       79.09E                26.8             198.9          87.9             [4] 
Jodhpur         26.18N       73.04E                12.0             189.6          74.9             [4] 
 
Udaipur           24.42N       73.33E              23.1              117.5        49.0               [4] 
Khetri              27.96N       75.52E              23.1              183.2        74.9               [4] 
Hamirpur         30.20N       80.12E              20.9              146.3        42.6             [10] 
Tehri                30.15N       79.30E              29.6              245.1     143.4              [12] 
Garhwal           30.13N       79.30E              94.0              152.0     113.2              [12] 
___________________________________________________________________________ 
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TABLE I. NAME, LATITUDE AND LONGITUDE OF LOCATIONS BESIDES MINIMUM, 
MAXIMUM AND GEOMETRICAL MEAN (GM) VALUES OF RADON CONCENTRATION 


___________________________________________________________________________ 
                                                                 (Radon concentration Bq.m-3)                          
Location        Latitude      Longitude          Min.           Max.           GM          Reference 
___________________________________________________________________________ 
 
Dehradun          30.19N       78.04E            13.9           197.9            99.9                [4] 
Una                   31.32N       76.18E          123.3           658.6          281.5              [11] 
Kulu                  32.13N       77.24E          156.1           635.4          278.5              [11] 
Ramera             30.20N        80.12E         104.0            209.0         160.4              [10] 
Asthota             30.20N        80.12E         110.0            183.0         141.4              [10] 
Kumaon            30.20N        80.01E             6.7              63.5           36.1              [12] 
Rakha                22.80N       87.00E           35.2            202.6          121.2                [4] 
Jaduguda           22.30N       86.18E           14.8            202.6            76.8                [4] 
___________________________________________________________________________ 
 
Saiha                 22.49N       92.98E           16.7           146.2             48.1                [4] 
Aizawl (I)         23.36N       91.00E           40.3             68.2             52.4                [5] 
Aizawl (II)        23.36N       91.00E           11.1           290.5             49.0                [4] 
Agartala            23.50N       91.25E           26.7             34.2             30.2                [5] 
Khawlian          24.05N        93.50E          46.3            303.4          163.7                [4] 
Kailashahar       24.19N       92.01E          27.0              34.4             30.5               [5] 
Kolasib             24.22N       92.70E           22.2             52.7             32.4                [4] 
Karimganj         24.40N       92.30E          29.9              47.1             37.5                [5] 
Silchar              24.82N       92.73E           16.7             53.7              38.9              [13] 
Shillong  (I)      25.34N       91.00E           29.8           108.3              60.1                [5] 
Shillong (II)     25.34N       91.00E            15.7           198.9             71.2                [4] 
Shillong(III)     25.34N       91.00E            46.3           263.6           104.2                [7] 
Guwahati          26.11N       91.47E            29.1             70.4             48.5                [5] 
Rajshahi           24.40N       88.70E            29.6             37.5             32.4                [4] 
Chuadanga       24.40N       88.65E            19.2             28.3              27.3              [13] 
___________________________________________________________________________ 
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TABLE II. RADON CONCENTRATIONS IN DWELLINGS DETERMINED IN INDOOR RADON 
SURVEYS [UNSCEAR (2000)] 


___________________________________________________________________________ 
                                                                   (Radon concentration Bq.m-3)   
Country             Population (106)          Maximum value     Geometric mean value 
___________________________________________________________________________ 
 
Canada                         29.68                         1720                         14 
United States              269.40                             -                           25  
Argentina                     35.22                           211                         26 
China                        1232.00                          382                          20 
India                           944.60                          210                          42 
India*                      1045.84                          408                          67  
Japan                          125.40                          310                          13 
Thailand                       58.70                          480                          16  
Kuwait                           1.69                          120                            6 
Denmark                        5.24                          600                          29  
Estonia                           1.47                        1390                          92 
Finland                           5.13                        2000                          84 
Lithuania                        3.73                        1860                          22 
Norway                          4.35                       50000                         40 
Sweden                          8.82                       85000                         56 
Austria                           8.11                           190                         15 
Belgium                       10.16                       12000                         38 
France                          58.33                         4690                         41 
Germany                      81.92                       10000                         40 
Ireland                            3.55                        1700                         37 
Luxembourg                   0.41                        2500                         70 
Netherlands                   15.58                         380                         18 
Switzerland                     7.22                     10000                         50 
Bulgaria                          8.47                         250                         22 
Hungary                        10.05                       1990                         82 
Poland                           38.60                         432                         32 
Albania                           3.40                         270                       105 
Croatia                            4.50                           92                         32  
Cyprus                            0.76                           78                           7 
Greece                          10.49                         490                         52 
Italy                               57.23                       1040                        57  
Portugal                           9.81                       2700                        45 
Slovania                          1.92                       1330                        60 
Spain                             39.67                     15400                        42 
Australia                       18.06                         420                          8 
New Zealand                  3.60                           90                        18 
Bangladesh*               133.40                          38                        30 
___________________________________________________________________________ 
 
* present work 
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FOREWORD 


Dependence on reliable chemical measurements that serve as basis for decisions related to 
health, consumer safety, commerce, environment protection and compliance to regulations has 
increased in recent years. Several millions of analytical results are produced annually on which 
decision makers and stakeholders rely upon. Reliability of these data are therefore of a major concern 
for optimum cost-benefit ratios. 


As a way of enhancing its support for isotopic and nuclear analytical techniques (NATs), the 
International Atomic Energy Agency (IAEA) organized the International Conference on Isotopic and 
Nuclear Analytical Techniques for Health and Environment held on 10–13 June 2003 in Vienna, 
Austria. 


The Conference brought together scientists, technologists and representatives of industry and 
regulatory authorities to exchange information and review the status of current applications of isotopic 
and nuclear analytical techniques. Future trends and developments of NATs were also discussed. 
Potential opportunities were identified for application of isotopic and nuclear analytical techniques in 
health and environmental studies in developing countries, and mechanisms were explored for 
promoting and transferring such technologies. The Conference intended to address developments and 
trends in health care, nutrition and environmental monitoring and to exchange information in an 
international forum to identify future fields of application for isotopic and nuclear analytical 
techniques. 


Forty-seven Member States and two international organizations were represented at the 
Conference. The representation and contribution of the World Health Organization was highly 
appreciated. A selection of papers will be published, after peer review, as Conference proceedings in a 
special issue of the International Journal of Analytical and Bioanalytical Chemistry. 


In round table discussions, the Conference addressed possible ways and mechanisms for 
knowledge management and knowledge preservation in areas where interest for nuclear energy and 
nuclear applications is discouraged and declining, and for capacity building in areas where 
development potential is still available. 


The participants concluded that the Conference achieved its objectives and met their 
expectations. It provided a meeting forum for the developers of equipment, analytical techniques and 
methods; for the owners of nuclear facilities, tools and infrastructures and potential users; government 
representatives, managers and scientists from all disciplines, covering fields of interest from 
sedimentology, through climatology and archeometry, to environmental and nutritional sciences, all 
searching for tools to solve their specific problems. The wide scope and diversity of the applications of 
isotopic and nuclear analytical techniques in particular attracted the younger section of the audience. 
The Conference also attracted a large number of participants from developing countries. IAEA 
sponsored conferences in particular provide this opportunity for exchanges between participants from 
industrialized and developing countries, thereby fulfilling the IAEA mandate to foster transfer of 
nuclear techniques and technologies. 


The IAEA wishes to acknowledge the contributions of all — in particular, the session Chairs 
who assisted in running the Conference in a smooth and timely manner, the speakers for the scientific 
relevance and high quality of their contributions, the participants for their interest and stimulating 
questions and discussions, and to the equipment manufacturers for the commercial exhibitions and for 
sponsoring the social events. 


The IAEA officers responsible for the Conference were P. de Regge, G.V. Iyengar and 
M. Rossbach of the Agency’s Laboratories, Seibersdorf, the Division of Human Health and the 
Division of Physical and Chemical Sciences, respectively. 
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OPENING SPEECH 


WERNER BURKART 
Deputy Director General, Department of Nuclear Sciences and Applications 
International Atomic Energy Agency 
Vienna, Austria 


Distinguished delegates, ladies, and gentlemen: 


On behalf of the Director-General and on my own behalf, I welcome you to the headquarters of 
the International Atomic Energy Agency and to this International Conference on Isotopic and Nuclear 
Analytical Techniques for Health and Environment. There is a greater consciousness today of the links 
and inter-dependence of the two topics; scientific research which leads to a better understanding and 
knowledge of environmental issues is vital if we are to not only to protect our fragile environment, but 
also to ensure it is safe and healthy for present and future generations.  


The interest of the international scientific community is clear. The Conference has attracted 220 
participants from 61 countries. We will hear 63 oral presentations, and have the opportunity to see 
about 70 poster presentations. The subjects range from descriptions of new techniques; quality 
assurance and metrology; environmental monitoring; radioecology; safety of food; isotopic techniques 
in health and environment and new developments. I am sure that the selected topics will provide you 
with a wealth of information and many opportunities for discussions. 


The Agency is often better known for its safeguards, safety and nuclear power roles, but its 
work in nuclear sciences and applications is less understood. I am sure that many delegates will be 
aware of the priorities established at the World Summit on Sustainable Development, the so-called 
WEHAB priorities, representing Water, Energy, Health, Agriculture and Bio-diversity. The Agency 
contributes to the WSSD priorities through its programmes in the first four areas, showing how 
nuclear and isotopic techniques can make significant and often unique contributions in serving basic 
human needs, and also, importantly, in environmental protection, both marine and terrestrial.  


These techniques are now well established as research and application tools in a wide variety of 
fields. The Conference review of the broad range of beneficial uses of these techniques will help to 
increase our understanding of their contributions to humanity, and of their socio-economic impact. 
Since Fermi’s first nuclear chain reaction in 1942, 30 years after the introduction of high resolution 
Germanium detectors and ten years after major advances in data processing and software 
development, the techniques have evolved to contribute to virtually all aspects of our daily lives. We 
will hear about some of them during the next four days.  


The Conference will also be concerned with the importance of the analytical quality of results, a 
topic of increasing awareness and investigation. Uncertainty of measurements, traceability and 
metrology of measurement processes need to be considered in the context of global trade. Exchange of 
information needs to be trustworthy, recognising that reliable international measurement standards 
often underlie legal and economic decisions. Nuclear techniques are particularly suited to serve as 
reference methods because their physico-chemical principles are completely understood and can be 
described mathematically, transcending national boundaries. This valuable aspect will be also 
highlighted during the Conference. 


I would also like to refer some different, interesting and possibly little-known applications of 
non-destructive nuclear techniques which have been developed for archaeological research and for the 
preservation of cultural heritage. The Agency recently co-ordinated an international project in Latin 
America using a combination of X ray fluorescence, neutron activation and particle accelerator 
techniques for trace analysis in objects of interest. Satisfactory answers to many questions were 
obtained on regional, archaeological and historical issues. 


In another area, the Agency laboratories in co-operation with Polish, Cuban and Austrian 







 


scientists developed a portable X ray fluorescence device for non-destructive examination of objects 
of art. It can produce within minutes a complete analysis of peculiar details, only a few square 
millimeters in size, on paintings, sculptures, polychromes, ceramics and coins. A prototype has been 
successfully been used in the Vienna Museum of Historical Arts for the authentication of 16th century 
paintings and the categorization of old Etruscan bronzes and coins. We will hear more about these 
somewhat exotic uses of nuclear and isotopic techniques later this week. 


Other sessions will address nuclear analytical techniques in radioecology and air pollution 
studies, and the application of isotopic and nuclear analytical techniques for environmental studies and 
surveys. Some interesting new developments and advanced techniques will be highlighted. Another 
session focuses on nuclear analytical techniques to assess the safety of food and drinking water, 
closely linked to health in the environment. 


Nuclear technologies for human health are active in many areas for prevention, diagnosis, 
treatment of disease, complemented by range of isotopic techniques to address problems of nutrition 
and health throughout the human life cycle. Combating malnutrition, for example, in the field of 
micronutrient deficiencies, is a valuable preventive measure for many developing countries, whether it 
is a simple measurement of intake of breast milk by the baby or a complex monitoring of 
micronutrient malnutrition in vulnerable segments of population, or predicting the onset of diabetes in 
adults, there is a viable nuclear technology tool waiting to be used. 


Finally, the need for training and education in nuclear science will be emphasised during a 
round table discussion at the end of the meeting. As we know, students are reluctant to study nuclear 
sciences, and university curricula in the field are becoming less. The Agency promotes programmes 
for nuclear knowledge management, and we will appreciate your inputs and suggestions during the 
discussions for programme improvements.  


The challenges made by the Conference are significant, but I am confident that you will succeed 
in your objectives. I wish you a very pleasant stay here in the Agency and in Vienna, and a productive 
and successful meeting. I declare the Conference open. 


 







OPENING ADDRESS 


GRAEME A. CLUGSTON 
Director, Nutrition for Health and Development 
World Health Organization 
Geneva, Switzerland 


Dr. Burkart (Werner) 
Dr. Iyengar (Venkatesh) 
Dr. Rossbach (Matthias) 
Dr. de Regge (Peter) 
Distinguished experts and colleagues 
Ladies and gentlemen, 
 
(61 countries—220 participants) 
 
 


I am both honoured and delighted to be with you today to participate in the opening of this 
remarkable International Conference on Isotopic and Nuclear Analytical Techniques for Health and 
Environment. 


And I bring you warm greetings from the Director-General of the World Health 
Organization — Dr. Gro Harlem Brundtland; and I'm also very pleased indeed to be able to bring you 
greetings and encouragement from WHO's Director-General-Elect, Dr. J.W. Lee, who will take up 
office on 21 July. 


In scanning the Programme for this international conference, one is immediately impressed by 
the wealth of international expertise you all represent, and the spectrum of important issues covered by 
the papers you will be presenting. 


Ladies and Gentlemen, for this particular Opening Session of the Conference, there are two 
clear benefits that I would like to draw your attention to — benefits that go well beyond the primary 
purpose of the Conference which is to exchange the latest, up-to-date information, on a whole range of 
isotopic and nuclear analytical techniques across a spectrum of health, nutrition and environmental 
situations. 


Firstly – and of considerable benefit to both IAEA and WHO – this Conference substantially 
builds, reinforces, enhances, and develops, most of the important areas of common interest and 
collaborative action that IAEA and WHO currently share, across health, nutrition and the environment. 


Such areas include, for example: 


1. Nuclear medicine applications, for example in communicable diseases, such as 
diagnostic techniques in tuberculosis and malaria, where both organizations are involved in training, 
research and new technologies; 


2. Applied radiotherapy and radiobiology; 


3. Dosimetry and medical radiation; 


4. Nutrition – the area with which I am most familiar and in which my own Nutrition 
Department, and that of Dr. Iyengar, work so closely together (and I'm looking forward to this part of 
the conference programme on Thursday and Friday) – in a wide range of isotopic and nuclear 
techniques in body composition measurement and nutrient absorption studies in areas such as obesity, 
HIV/AIDS and nutrition, micronutrient malnutrition, foetal and maternal malnutrition and low birth 
weight babies, infant growth, and nutrition of older people; 







 


And then also in 


5. Radiopharmaceuticals and their quality assurance; 


6. Food irradiation – and its key role in food safety, as well as guidance on radionuclides 
in food; and  


7. Radiation safety and the whole vast area that this covers, as a multi-agency global issue. 


Then secondly – the second benefit I would draw your attention to, and of even greater 
significance than the first, but following from it, relates to the still vast global numbers, the large 
population groups, the millions worldwide still suffering from diseases such as: 


Tuberculosis 


Malaria 


Malnutrition in its various forms 


HIV/AIDS 


and many other such conditions for which nuclear and isotopic techniques are so essential for 
ensuring adequate progress can be made in combating, reducing and eliminating them; techniques 
without which, in some cases, little progress could be made at all. 


Again, in my area of nutrition — 


Vitamin A deficiency is the commonest cause of preventable childhood blindness — 230 
million under-5 children VAD worldwide. We rely on isotopic techniques in studies currently 
underway to measure body vitamin A stores in infants and in pregnant mothers, to determine both safe 
and effective doses of vitamin A. 


Micronutrient malnutrition in its many forms — iodine, vitamin A, iron, zinc, folate —affects 
over 2000 million worldwide. Micronutrient fortification is one of the most promising solutions, and 
isotope absorption studies are needed to determine a whole range of crucial efficacy and safety 
issues. 


HIV/AIDS and malnutrition form a terrible synergistic reinforcing spiral towards illness, 
wasting and death. Huge population groups — especially in sub-Saharan Africa — are effected. In 
some countries 20-40% of the population are infected with HIV. Nutritional interventions and 
antiretroviral drugs can both help change the pattern of this disease. Isotopic techniques are crucial 
for understanding the nature of body composition changes, both in the wasting malnutrition that comes 
with HIV/AIDS, and for assessing the benefits of nutritional and antiretroviral interventions. 


These are just a few examples of how interagency collaboration between IAEA and WHO - 
working together in support of Member States and vast populations in need - rises to its noblest and 
best. 


And we depend and draw upon your expertise to help us develop and channel latest techniques 
such as isotopic and nuclear methods, to benefit the health of those most in need. 


So we in WHO are delighted to be participating in this International Conference with you — the 
experts — along with our colleagues in IAEA. 







We are convinced that, looking at all the excellent preparatory work that has gone into the 
Conference, and looking at both the agenda and the impressive expertise gathered here, this 
International Conference will surely: 


1. result in an exciting exchange of information on current developments and applications of 
isotopic and nuclear analytical techniques, and their future developments; 


and 


2. explore potential opportunities — especially for developing and rapidly industrializing 
countries — for applying isotopic and nuclear analytical techniques in health care, nutrition and 
environmental monitoring. 


And related to these immediate objectives are the further benefits I've outlined, to both 
IAEA/WHO strengthened collaboration and ultimately to many millions worldwide. 


I congratulate IAEA on the organization of this splendid International Conference. 


And I wish you all — us all — the very best for a most successful meeting. 
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