
! 

a 

il i 

*•: :*$"•'" ~,""' W7 • " rZ,\i 

75 

CHAPTER 7. ENVIRONMENTAL ANALYSIS AND EVALUATION 

0 
M. B. Cooper and B. L. Tracy 

I Australian Radiation Laboratory 

I 

ABSTRACT 

One of the requirements of an environmental radiation surveillance program 
is to identify and determine long-lived radioactive elements which may be 
released to the environment during the operation of a uranium (or thorium) 
mine and mill. Radioanalytical techniques which are suitable for quantitative 
and qualitative determination of long-lived radionuclides of the natural 
uranium and thorium series are reviewed. 

The general features of an analytical program are discussed in terms of 
sample preparation, radiochemical separation of radioactive elements, and 
radioactive measurement. There are situations in environmental analysis to 
which high-resolution y-spectrometry can be applied and the advantages and 

i limitations of this technique are considered. Quality assurance is an 
essential component of any monitoring program in order to ensure that reliable 
and precise data are available for the assessment of the radiological impact 
of the mining and milling operation. 

INrRODUCIION 
(a) Environmental Pathways 

There are a number of potential pathways of exposure to humans from 
radioactive effluents released to the environment during the operation of a 
mining and milling complex, fhese are illustrated in Figure I. 

On leave from Bureau of Radiation and Medical Devices, Department ot 
National Health and Welfare, Ottawa, K1A IC1, Canada. 
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Figure 1. Exposure pathways 

Considering only long-lived radioactive contaminants, i t is generally 
recognised (Goldsmith, 1976) that the two pathways which lead to the greatest 
potential exposure hazard are -

(a) release of radioactive particles to the atmosphere and inhalation of 
230 airborne part ic les. Th is considered to be the most important 

radionuclide in th is context. 

(b) release of radioactive material into aquatic systems ( incl ining 
ground water), migration in water, uptake into aquatic biota, 
migration in so i ls , uptake by plants and animals and then ingestion 

9 ? f\ ? 1 0 
by consumption of drinking water, plants and meat. Ra and Pb 
are generally considered to be the most important contaminants in 
transfer through the food chain. 

jr 
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(b) Major radioactive contaminants of the environment 

The radionuclides of greatest potential significance to health, following 
release of effluent to the environment in mining and milling of radioactive 
ores, are 

2 3 4 u . 2 3 8 u 
2 2 V 2 3 V 
226„ 228„ ' Ra, Ra 
210„. 

Pb 
210 o Po 

232 Th 

When monitoring the environment for radionuclides of the uranium or 
thorium series, it must be recognised that there already exists a natural 
background of these radionuclides. The monitoring program must therefore be 
designed to detect increments in the natural levels, that are due to the 
particular mining and milling operation. Table 1 contains typical baseline 
levels of some radioactive elements in the Alligator Rivers region of the 
Northern Territory (Conway et al., 1974). 

Table 1 

\* 

1 

tnvironmental 
Medium 

(a) water 
U (total) 
226 D Ra 
210„^ 

Pb 
2I0„ Po 

(b) Soils and sediments 
U (total 
226 Ra 
210„^ 

Pb 
(c) fish and vegetation 

U (total) 
226„ Ra 

Baseline concentration 
range 

0.2 - 2 pg/l 
0.2 - 2 pCi/l 
0.2 - 5 pCi/l 
0.2 - 5 pCi/l 

1 - 3 ng/g 
0.6 - 20 pCi/g 
2 - 8 pCi/g 

0.1 - 10 pg/g 
0.005 - 0.2 pCi/g 



p^..«-, • ,»i•**"•".rt--'~ "war. ~ J^TJ- 1 « : — * .. ="» 

t jf * 178 

yi (c) Environmental Surveillance Program 
! w ^ , Environmental surveillance programs need to be structured to accommodate 
* "' * specific tasks which are associated with the mining and milling operations, 

site characteristics, environmental conditions and potential exposure 
pathways. The program should include the following operational steps, 

1 (a) Planning 
7 (b) sample collection 

(c) sample preparation and storage 
(d) radiological analysis 
(e) data interpretation and reporting 
(f) quality assurance 

SAMPLE COLLECTION 
It is not possible to formulate a set of standard sample collection 

procedures because of the variability in the requirements of surveillance 
programs and of local conditions. Several of the references in the 
Bibliography discuss the problem and give details for the collection of 
environmental samples of various types. Given that the sampling stage is the 
most important part of environmental programs, a number of points should be 
considered. 

p ) In order to have an efficient sample collection program, considerable 
effort must be put into the planning stage, defining the objectives 
of the surveillance program, the sampling schemes and the data 
analysis strategies. ii 

(ii) The samples must be representative of the region and of the material 
being sampled. Non-uniformity in environmental media gives rise to 

'I the largest uncontrollable source of variability in monitoring data 
A and can be offset only by multiple sub-sampling. 

1 (iii) The analyst should be directly involved in the sampling procedure in 
order to be fully aware of the nature of the field material to be 
analysed, to ensure that the samples are representative and that no 
significant change in composition occur during sampling, transport 
and storage. 

! * 
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Sample size will be dictated by a number of considerations -

(i) The minimum detectable concentration of the radionuclide by the 
analytical methods available. The detection limit of a particular 
method should be better than 0.1 of the derived limit of 
concentration of the radionuclide in air or water. 

i 
I (ii) The ease with which the sample can be transported to and processed in 
I, the laboratory. 

(iii) The number of analyses to be performed and the number of sub-samples 
to be taken. 

Typical sample sizes for measurement of low activities of natural 
radionuclides in the environment are, 

water - 1-10 litre 
soil - 50g (for chemical analysis) 

- up to 300 g (for y-spectrometry) 
sediments - as for soil 
vegetation - up to 1kg 
dietary items - variable, possibly up to 1kg 

Sampling frequency will be dependent on a number of conditions: 
(i) requirements of the regulatory or supervising authority 

(ii) frequency of effluent releases 

(iii) atmospheric conditions 

(iv) the nature of the environmental media 

(v) complexity of the preparation and analytical program 

(b) Sample preparation and storage 
j Obviously, when a sample is received at the analytical laboratory it is 

often not in the appropriate physical form for analysis. Throughout the 
preparation stage, the sample must be handled in such a way that a significant 

: change in composition does not occur before the analysis is carried out. If 
the sample is to be stored, it must be in a condition such that loss of 
radionuclides does not occur during storage. For example, water is acidified 

J 
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to prevent adsorption of radionuclides on the walls of the container and 
biological samples are frozen to prevent degradation of material. The extent 
of the sample preparation is very much dependent on the analytical program to 
be carried out. The over-riding requirement is to render the field material 
homogeneous without selective loss of any component and without 
cross-contamination between samples. This will ensure that any sub-sampling 
undertaken will produce representative material for analysis. If a 
non-destructive technique such as y-spectrometry is to be employed, no further 
sample treatment will be necessary. 

Those samples containing a large proportion of organic material eg. 
vegetation and dietary items, will often have to be reduced in bulk and in 
addition this will facilitate achieving homogeneity. Several techniques are 
used:-

(i) Wet ashing using oxidizing acids, typically nitric acid with 
perchloric acid or hydrogen peroxide. This is a tedious approach, 
particularly for large samples, although loss of radioactive material 
is kept to a minimum. 

(ii) Dry ashing in a muffle furnace at temperatures up to 450°C or in an 
oxygen plasma at temperatures below 150°C. The former method can 

210 lead to significant loss of radioactive components particular Pb 
210 and Po, but, it is the best for large samples. 

(iii) Freeze drying, also known as lyophilization or vacuum freeze drying. 
This involves pre-freezing the sample and drying under vacuum in a 
frozen state. 

Sample preparation steps can be summarized as follows; 

Solid samples eg. soil, sediments, vegetation, fish and other dietary items. 
1. Bulk sariple treatment 

- drying 
- fragmentation 
- pulverization 
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2. Homogenization 
- grinding, mixing, blending, mincing 
- homogeneity testing 
- ashing (for organic material) 

3. Sub-sampling 
- consideration of the optimum sub-sample size 
- dividing into smaller portions by weight or volume 

4. Acid dissolution 
- using HF if necessary to destroy silica 
- fusion to solubilize refactory components 

(Air filters containing dust samples will probably only be subjected to 
step 4). 

Liquid samples eg. surface or ground water, mill tailings 
1. Separation of suspended solids 

- filtration or by centrifuging 

2. Preconcentration 
- evaporation or precipitation 

3. Sub-sampling 

- by weight or volume 

(solids from step 1 will be treated as above). 

ANALYSIS BY Y-SPECTROMETRY 
In most situations, 1t is necessary to obtain information concerning 

1sotop1c distribution in addition to a measurement of the activity of the 
234 particular radionuclide. Uranium 1n most soils 1s commonly deficient in U 238 relative to U, (Rosholt 1965). Substantial disequilibrium can exist 1n 234 uranium ores (Sill 1977); for example, the ratio of activity of U to 

238 
U can be as low as 0.8 1n some ores. Fractionation in the uranium 

daughter ratios 1s also observed 1n dust samples from the mill or tailings 
areas (Sill 19/7). Isotopic Information 1s necessary to assess lung doses 
from inhalation of dusts containing maximum and its daughters. 

fr 
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The availability of the solid-state lithium-drifted germanium (Ge(li)) and 

intrinsic germanium detectors has led to their widespread use in analysis of 
Y-emitting radionuclides in environmental materials, y-spectrometry systems, 
incorporating these types of detectors, allow for both qualitative and 
quantitative estimation of radionuclides in a sample without the performance 
of any chemical separations. 

The superior resolution of intrinsic germanium detectors and their higher 
efficiency in the region of low y-ray energies - especially below 60 keV -
makes them more useful than Ge(Li) detectors for measurements in this region. 
At higher energies, Ge(Li) detectors are to be preferred. Table 2 contains 
data for energies and abundances of the principal y-rays for both uranium and 
thorium series; more complete listings are available elsewhere (e.g. Erdtmann 
and Soyka, 1979). Selection of a detector for y-spectrometry of these 
radionuclides in environmental materials must take account of the abundance of 
the y-rays of interest - many are less than 15% - and the efficiency of the 
detector for the particular sample geometries desired. This problem will be 
discussed elsewhere. In general, for sample geometries of interest in 
environmental analysis, maximum measurement efficiencies of about 10% are the 
best that can be expected for either type of detector, falling to less than 1% 
in less favourable energy regions. However, this does not preclude precise or 
sensitive measurements given the accurate calibration of the detector using an 
identical geometry and a standard matrix of similar density to that of the 
field samples. 

Although the principal y-emitters listed in Table 2 have short half-lives 
226 228 eg. daughters of Ra and Th, these can be used satisfactorily to 

determine the activity of their long-lived parents once it is certain that 
radioactive equilibrium has been established. Examples of long-lived nuclides 
which can be determined through their short-lived daughters are:-

238,, ,, 234 T h, 226 D ,214 D K 214 D, X U (from Th), Ra ( Pb, Bi) 

2 2 8 R a ( 2 2 8 A c ) a n d 2 2 8 T h ( 2 2 4 R a , 2 1 2 P b , 2 1 2 B 1 , 2 0 8 T 1 ) 
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Table 2 

Useful decay energies for the analys is of the major long- l ived 

radionuclides w i th in the Uranium and Thorium s e r i e s . 

(Lederer and Sh i r l ey , 1978; Erdtmann and Soyka, 1974) 

Radionuclide H a l f - l i f e Pr incipal Oecay 

Decay Energies 

Mode (MeV) 

Photon Energies Abundance 

(keV) Photons/100 decays 

238. 
U series 

238u 

2 3 4 T h 

234. 

230 

226 
F 

214. 

Th 

Ra 

214 Bi 

4.51xl09y 

24.1 d 

2.48x10 y 
4 

7.7xlU y 
3 

1.6x10 y 

26.8 m 

1 9 . 9 m 

210 Pb 20.4 y 

a 4.20, 4.15 -

B- 0.191 , 0.100 63.3 
92.4 
92.8 

a 4.77, 4.72 53.1 
a 4.68, 4.62 67.7 
a 4.78, 4.60 186.0 

B- 0.59 241.9 
295.2 
352.0 

B- 1.50, 1.51 609.4 
1.88, 3.26 768.4 

934.1 

1120.3 

0- 0.015 , 0.061 46.5 

3.90 
2.57 
3.00 
0.68 
0.38 
3.28 
7.47 
19.2 
37.1 
46.1 

4.89 
3.17 

15.0 

4.00 
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Table 2 (continued) 

Radionuclide Half-life Principal Decay Photon Energies Abundance 
Decay Energies (keV) Photons/100 decay; 
Mode (MeV) 

235" ' U series 

Q 

10.5 
4.70 
54.0 
8.50 
11.2 
3.24 
5.58 
13.6 

B-

235 
u 7.04xl08y 

22/ lh 18.5 d 

2 2 3Ra 11.4 d 

2 1°Bi 5.01 d 
2 1 ° P 0 138.4 d 

2 3 2 T h series 

4.40, 4.37 143.8 
163.4 
185.7 

6.04, 5.98, 50.2 
5.76 236.0 
5.71,5.60 144.3 

154.3 
269.6 

1.16 -
5.30 -

2 3 2 T h 1.41xl0 1 0 y 
2 2 8 R a 5.77 y 
2 2 8Ac 6.13 hr B- 1.18, 0.45 209.4 4.55 

12.0 
4.64 
4.84 
29.0 
17. r-

poo 
Th 1.91 y <x 5.42, 5.34 84.4 1.19 

2 2 4Ra 3.66 d a 5.68, 5.45 241.0 3.90 
2 1 2Pb 10.64 h B- 0.35, 0.59 238.6 43.1 

3.27 
2 1 2B1 60.55m B- 2.27,1.55 727.2 11.8 

2.75 
2 Tl 3.1 m B- 1.79, 1.29, 277.4 6.50 

22.5 
86.0 
12.0 

a 3.99, 3.94 -
B- 0.048, 0.024 -
B- 1.18, 0.45 209.4 

338.4 
463.0 
794.8 
911.1 
968.9 

a 5.42, 5.34 84.4 
a 5.68, 5.45 241.0 
B- 0.35, 0.59 238.6 

300.0 
B- 2.27, 1.55 727.2 

1620.6 
B- 1.79, 1.29, 277.4 

1.52 510.7 
583.1 
860.5 
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Standard sources are used to determine the efficiency of the 

y-spectrometer, over the energy range of interest. These can be prepared in 
one of two ways depending on the use to be made at the spectrometer. 

(i) Where the y-spectrometer is to be a general purpose facility; fitted 
for use with any y-emitting radionuclide, a set of pure radioisotopes 
of accurately known activities and y-ray abundances - each emitting 
one or at most, few y-rays - are incorporated into a matrix which is 
as similar as possible to that of the sample. With the standard 
material in an identical geometry to that of the sample, an 
efficiency curve is generated covering the full energy range of 
interest. Detector efficiencies can then be interpolated for any 
y-energies observed in the sample spectrum. 

(ii) Where the y-spectrometer is to be dedicated to measurements for U and 
Th series radionuclides a standard reference material containing each 
of the radionuclides of interest and with accurately known 
concentrations can be used to calibrate the spectrometer. Uranium 
and thorium ores would be suitable for this purpose. If it is 
certain that true secular equilibrium exists then the activity of all 
the daughter nuclides could be calculated from the concentration of 
the uranium or thorium parent. Again, the conditions of identical 
matrix and geometry between standard and sample must be met. 

Some of the advantages and disadvantages of y-spectrometry for 
environmental analysis can be summarized:-

Advantag.es 
(i) rapid analysis, particularly useful for screening samples, or in 

emergency situations 
(1i) large samples can be analysed 

(iii) non-destructive analysis is possible 
(iv) multi-element and multi-isotope analysis is possible. 

Disadvantages 
(i) expensive and delicate detection systems 

(ii) computer-based data processing is required 1f many samples are to be 
assayed. 

(1ii) comparatively insensitive compared with a and B-count1ng and 
o-spectrometry. 

http://Advantag.es
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ANALYSIS BY RAOIOCHEHISTRY 

In a number of situations it is sufficient to analyse an environmental 
sample by y-spectrometry to obtain information regarding the radionuclide 
content. In other cases, however, the low concentrations of activity in the 
sample will preclude the use of this technique, and the element(s) of interest 
will have to be separated from the sample matrix, and prepared with compact 
geometry to allow measurement by more sensitive techniques e.g. a-spectrometry 
or 0-counting. 

Radiochemical analysis incorporates both classical analytical techniques 
and procedures which are specific to the minute amount of the substance (<yg) 
likely to be present. Common techniques used in the analysis of actinides and 
their daughters are: 

(i) Precipitation using carriers 
(ii) Solvent extraction 

(iii) Ion exchange 
(iv) Electrochemical Deposition 
(v) Radioactive Tracers 

(i) Precipitation using carriers. 
Because the mass of the substance being determined is so small, it 

generally will not be possible to carry out chemical operations which depend 
on mass, such as precipitate formation. In these cases, it is necessary to 
increase the mass of material so that it may be handled by standard chemical 
techniques. Two approaches can be taken, one of which involves the addition 
of a known quantity, usually in the milligram range, of the inert form of the 
element being determined, i.e. a 'carrier1. The other situation arises where 
it is not possible to add an inactive carrier which is isotopic with the 
substance being determined. This applies to the Uranium and Thorium series 

210 radionuclides, except for Pb. The way to overcome this problem is to add 
a carrier of another element whose chemical behaviour during separation 1s 
sufficiently similar. Examples are the use of stable Lead or Barium in an 
analysis for Radium or Thorium. It may be advantageous to use a single 
carrier for a group of elements eg. Iron as ferrous hydroxide can be used to 
co-precipitate Uranium, Thorium and Radium from water samples. Both 
approaches may present difficulties due to 
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1. a significant mass of the element in the radioactive measurement 

stage may lead to self-absorption problems in both a and B-counting 
and a-spectrometry. 

2. isolation of the radionuclide in pure form from a chemically similar 
element may require difficult and lengthy procedures. 
e.g. Separation of Barium from Radium by ion exchange. 

3. The chemical being used as carrier may contain trace quantities of 
some of the radionuclides under study. 

(ii) Solvent Extraction 
Together with ion exchange, this represents the most generally applicable 

technique for the separation of actinides in environmental samples. The 
advantage lies in the fact that solvent extraction is independent of the 
concentration of element involved in the extraction. 

The technique has as its basis the formation of organo-metallic complexes 
in aqueous solution, which are then extracted into an organic solvent which is 
immiscible with water. The distribution of the metal complexes is governed by 
the Nernst Distribution Law for the particular species, 

C 
t A] s D = 
C [ A] w 

C where [ A] is the concentration of the species A in the organic solvent, s. s 

C [ A] is the concentration of the species A in the aqueous phase, W. w 

and D is termed the distribution ratio. 

By the choice of a suitable extracting or complexing agent, 1t is possible 
to remove a particular element or group of elements from an aqueous solution 
which may contain a large number of potentially interfering elements or 
species. The element(s) under analysis can then be back-extracted Into an 
aqueous solution using particular acid conditions or water-soluble complexing 
agents. 
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Examples of this technique are the separations of 
(i) Uranium using Aliquat-336*/Toluene 

(ii) Thorium using HEOHPVToluene 
210 (iii) Pb using OOTC* in chloroform. 

.r.' 

(iii) Ion Exchange 
Ion exchange is defined as the exchange of ions of like charge between a 

solution and a solid phase in contact. Many substances (e.g. clay minerals 
and inorganic compounds) display ion-exchanging ability. However, the most 
widely used exchangers are the synthetic polystyrene-based polymers which 
contain sulphonic acid groups (cation exchangers) or quaternary ammonium 
groups (anion exchangers). The technique is based on the replacement of the 
cations in the original sample with hydrogen ions (H ) supplied by the 
strongly acidic cation resin, or anions in the solution being bound to a 
strongly basic anionic resin. Ion exchange can be applied in order to 

i . 

1. remove interfering ions 
2. concentrate the radionuclides under analysis 
3. separate mixtures of radioactive elements 
4. separate anions from cations 

^ 

fel 

•' 

1 

(iv) Electrochemical deposition 
Reliable determinations of the alpha-emitting nuclides require 

well-prepared sources. Although these sources may be prepared by evaporation, 
electrodeposition is the method most commonly used to obtain undegraded energy 
spectra and good chemical yields. 

The technique Involves the electrolysis of a solution containing both the 
radionuclide of interest and suitable electrolytes. Under the conditions of 
the electrolysis, cations of the radionuclide and trace impurities are 
deposited as hydroxides, peroxides or oxides on a stainless steel or platinum 
disc which serves as the cathode. The anode of the cell usually consists of a 
platinum wire or gauze. 

HEDHP 
Aliquat-336 
DDTC 

Bis(2-ethyl hexyl) phosphoric acid 
irioctylmethylammonium chloride 
diethyl ammonium diethyldithiocarbamate 
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Electrodeposition must be preceded by the complete isolation of the 

element of interest from the sample matrix and other elements. Deposition 
yields, under the right conditions, will be greater than 90%. 

(v) Chemical yield determination using radioisotopes 
Losses occur during chemical procedures as a result of the need to obtain 

adequate removal of the large number of contaminants. 

To determine the cnemical recovery or yield for the separation method, 
several approaches are possible: 

a. the average of a series of samples to which a known amount of 
radionuclide has been added. This is the least desirable approach as 
it does not allow for variation in technique during analysis of field 
samples. However this problem can be reduced if 'spiked' samples are 
analysed with the batch of field samples 

b. By the addition of a known amount of stable isotopic carrier to the 
sample and the determination of the amount of carrier present upon 
completion of the radiochemical separation. Generally this involves 
gravimetric assay by UV/visible or atomic absorption 
spectrophotometry. The drawback of this approach is that the sample, 
e.g. soil, may contain appreciable amounts of the element chosen as 
carrier. 

c. The best approach is to measure yield by radiometric methods. In 
this case a different, usually artificial radioisotope of the nuclide 
being determined is added to the sample and the yield is based on 
measurement of the isotope activity before and after the 
radiochemical separation. The added radioisotope is termed a 
radioactive tracer. 

A list of commonly-used isotopic tracers for the radiochemical analysis of 
uranium and thorium series radionuclides in presented in Table 3. Three 
important points must be made. 

1. It is most convenient if the tracer yield can be determined by the 
same radioactive measurement technique as that employed for the 
nuclide under analysis. This, however, is not always possible e.g. 
2 3 4 T h (8, Y ) , being used for 2 3 2 T h (a, y), 2 2 8 T h (a, y), 2 3°lh 
(a, y). 
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The tracer should preferably be short- l ived. Tracers with greater 
act iv i ty than the radionuclides under investigation are introduced to 
allow for rapid and accurate yield determination. Contamination 
problems are reduced with the use of short-lived tracers. 

1 
It is essential that the tracers undergo chemical equilibrium with 
the radionuclides being assayed so that the tracers accurately 
reflect their chemical form and behaviour. Tracers are generally 
added at the commencement of the analysis and the sample is fused to 
allow this equilibration to take place. 

Table 3. 

Common tracers used in the analysis of Uranium 
and Thorium series radionuclides. 

(Erdtmann and Soyka, 1979; Lederer and Shirley, 1978) 

H 1 

1 racer Pr inc ipa l Half Method of 

Radionuclide used Emission of Tracer L i fe Preparation 
{% abundance) 

a 13 

MeV keV 
Y 

keV 

Uranium-series 
2 3 8 u 2 3 2 u 5.321 

(68.6) 

5.264 

(31.2) 

72yr Commercially 

avai lab le 

2 3 4 u 2 3 2 u as above 
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Table 3. (Continued) 

Tracer 
Radionuclide used 

Principal Half Method of 
tmission of Tracer Life Preparation 
(% abundance) 

a 
Mev 

6 
keV 

Y 
keV 

230 Ih 

22b Ra 

210 Pb 

^ 10_ 

234 

232 Th 

228 Ra 

228. Th 

Th 

227 Ih 

225. Ra 

223 Ra 

212 Pb 

5.757 
(20.3) 
5.978 
(23.4) 
6.038 
(24.5) 

5.608 
(26.0) 
5.716 
(53.7) 

(alternatively 

Po 

Ihoriurn-series 

198.5 63.3 

(3.9) 

50.2 

(8.5) 

236.0 

(11.0) 

320 

331 

stable Pb) 
2 0 8 P O 5.110 

(100) 

2 3 4 l h as above 
2 " l t , as above 
225„ Ra as above 
2 2 3 R a as above 
2 3 4 T h as above 
? 2 7 l h as above 

40.0 

(29.0) 

269.6 

(13.6) 

238.6 

(43.1) 

24. Id 

18.7d 

10.6h 

2.90y 

from natural 

uranium 

sa l t s 

daughter of 
227 

Ac 

14.8d daughter of 
2 2 9 , h 

11.4d daughter of 
22 / . 

Ac 

from natural 

Thorium 

sa l t s or ore 

a r t i f i c i a l 
209„ , , „ v Bi(p,2n) 
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RADIOACTIVE MEASUREMENT TECHNIQUES 
(a) tt-spectrometry 

Most of the long-lived radionuclides within the natural uranium and 
thorium series emit a-particles with high abundances and energies within the 
range of 4 to 8 MeV. Where the relative occurrence of the a-active 
radionuclides in an environmental material is known, a sample of that material 
need be measured only for its total a-activity in order to determine tne 
concentration of each nuclide. However, if the composition of the a-activity 
is not known, high resolution a-spectrometry using silicon surface barrier 
detectors is carried out. Because the potential absorption of a-energy both 
within the source itself and due to the air layer between the source and 
detector will lead to degraded spectra, measurements are carried out with 
electrodeposited sources and under vacuum. 

Efficiency is essentially independent of energy and is determined by 
source-detector geometry. Efficiency is usually in the order of 10% for 
geometry affording adequate energy resolution. For a fully-optimised system, 
an energy resolution of approximately 20 keV is readily achievable with a 
well-prepared source; however, optimization necessitates greater separation 
of source and detector, with a reduction in efficiency to approximately 3%. 
Alpha-spectrometers have extremely low backgrounds, allowing for very 
sensitive detection of a-emitting radionuclides. 

Standards for both a-counting and a-spectrometry can be prepared by 
evaporation of an aliquot of a standard solution of an isotope, with 
a-energies within the range specified above, on to a stainless steel disc. 
Evaporated sources suffer from two disadvantages for this purpose 

it is difficult to duplicate source dimensions with the evaporating 
film and 
there is some degradation of energy resolution from that achievable 
with other sources 

Better practice 1s to employ electrodeposlted sources, of the correct 
dimensions, which have been calibrated by absolute activity measurements. 

(b) accounting 
Several types of detectors are in use for routine analysis of samples by 

total a-counting. Ihese include gas detectors - such as ionizations chambers 
and proportional counters. Scintillation detectors using an activated zinc 
sulphide phosphor or a liquid organic scintillator and solid-state silicon 
surface barrier detectors. 
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Although most of these methods enjoy high efficiency and low background 

count rates, self absorption within the sample can have a major effect upon 
efficiency - for example, using a scintillation detector with an activated 

2 
zinc sulphide phosphor an upper limit of 1 mg/cm in the surface density of 
the a-source should be maintained. For this reason electrodeposited sources 
are to be preferred. 

(c) B-countinq 
Low activities of B-emitting radionuclides can be determined using several 

different types of detectors. End-window Geiger-Muller tubes and the internal 
or external gas flow proportional chambers are the most common types, although 
plastic scintillators have some advantages in terms of low background and high 
efficiency. 

The sample for measurement usually consists of a low-mass precipitate 
containing the radionuclide to be analysed, mounted in a metal planchet. For 
low (J energies, ultra-thin or electrodeposited sources will be required or 
liquid scintillation techniques should be used. Calibration is carried out 
with standard sources containing known activities of the radioisotope of 
interest in the same geometry as the sample. 

SPECIFIC METHODS FOR THE ANALYSIS OF URANIUM AND THORIUM AND THEIR LONG-LIVED 
RADIOACTIVE DAUGHTERS. 

A selection of published methods for specific elements and radionuclides 
is presented. These have been chosen to represent, in general, precise and 
sensitive techniques, and to be examples of different approaches to analysis 
of uranium and thorium and their long-lived radioactive daughters. 

(i) Radiochemical determination of isotopic uranium. 
1. Environmental Measurements Laboratory, USA (Volchok and de Planque, 
1983). Uranium from add-leached dry-ashed materials and soils is 

232 equilibrated with U tracer, and isolated by ion-exchange chromatography 
and mercury cathode electrolysis. The separated uranium Isotopes are 
electrodeposited for a-spectrometry. 

2. S11I and co-workers (S1II and Willis, 1977; Sill, 1977, a, b). Following 
total acid decomposition of the sample and a pyrosulphate fusion, uranium 1s 
precipitated by selective reduction on barium sulphate. Uranium 1s extracted 
Into Aliquot-336/loluene, and at low concentrations electrodeposited and 

232 analysed by a-spectrometry. u 1s used for yield determination and average 
recoveries of uranium are reported to be greater than 95%. 
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3. McDowell and co-workers: (McDowell, 1975; McDowell et al 1980). Uranium 
is extracted from an acidic solution of the sample using trioctylphosphine 
oxide. The uranium is stripped from the organic phase and selectively 
extracted into a scintillator solution. The uranium is then counted in a 
high-resolution liquid scintillation spectrometer. Uranium recovery is 
determined by standards and is stated to be, on average, 99%. 

The sensitivity of these techniques is claimed to be - for a-spectrometry 
-4 3x10 Bq (0.009 pCi) for a 60,000 sec. count and - for liquid scintillation 

-4 counting, 1.5x10 Bq (0.004 pCi); this activity in 1g of sample is equivalent 
to o.oi wg 2 3 8 u . 

The methods can be applied to all types of environmental materials 
following a suitable sample decomposition or volume reduction procedure. 
Analysis times range from 1 hr. to 1 day. Alpha spectrometry can be replaced 
by total a-counting if the isotopic composition has been established. 

(ii) Total elemental uranium analysis 
1. Fluorimetric methods (Volchok and de Planque, 1983; ASIM, 19/8 b). 

Ihis is the most sensitive of the chemical methods for determination of 
the total uranium content. Following isolation of the uranium from the sample 
matrix, the solution is evaporated to dryness, then fused with sodium fluoride 
using either a Meker burner or a muffle furnace. Ihe fluorescence from the 
NaF pellet is measured on a spectrofluorimeter and the concentration of 
uranium is determined from a calibration curve. Sensitivity of the method is 
of the order of 1 ppb (ie. pg/1 or ng/g) Uranium. Analysis time is 
approximately 5 hour per batch. 

2. U.V. spectrophotometry. 
There are numerous organic compounds which form highly coloured complexes 

with uranium in solution (Sandell and Onishi, 1978). These generally have 
absorption spectra in the visible region and this property can be used to 
measure the concentration of uranium in solution, via the direct relationship 
between optical absorbance and concentration (Beers Law). 
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The basic method involves isolation of uranium from the sample matrix, 

addition of the organic complexing agent and measurement of the optical 
absorbance of the solution on a UV/visible spectrophotometer. The 
concentration of uranium is determined from a calibration curve. One such 
method (Florence et al. 1971) employs bromo-PAOAP* as the complexing agent, 
the absorbance of the uranium complex being measured at a wavelength of 585 
nm. Sensitivity of this procedure for uranium is approximately 1 ppm (1 jig/ml 
or 1 wg/g). 

These techniques are commonly very sensitive to the prescence of 
contaminants which also form coloured organo-metallie complexes. 

3. Laser-induced fluorescence (Robbins, 19/8). 
This method, introduced commercially in recent time, is based upon the 

2+ 
laser-induced fluorescence from the uranyl ion, U0„ , in solution. A pulsed 
nitrogen laser irradiates the solution with 337 nm light and the fluorescence 
from the solution due to the uranium is monitored. A reagent is added to the 
solution to enhance the uranium fluorescence. Fluorescence due to natural 
organic compounds in solution is allowed to decay before the uranium 
fluorescence is monitored. The method is only applicable to water analysis 
but requires minimal sample preparation. A detection limit of 0.0b yg/l is 
claimed. 

(iii) Radiochemical Determination of Ihorium 
(a) Ion exchange method (Volchok and de Planque, 1983). 
Thorium is separated from the main constituents of the sample by 

co-precipitation with calcium oxalate. Purification of the thorium fraction 
from radium and other a-emitters is by ion-exchange. Thorium isotopes, 
232 228 230 

Th, Th and Th, are determined by a-spectrometry after 234 electrodeposition. Ihorium recovery is measured by B-counting the Th 
tracer. 

(b) Solvent extraction (S1II, 1977 a,b; Percival and Martin, 1974). 
The sample is decomposed by wet-ashing and pyrosulphate fusion. Thorium 

together with radium is precipitated on barium or lead sulphate. Thorium is 
extracted into an organic solvent using an extractant such as HOtHP or Aliquat 
336. As above, the thorium isotopes are determined quantitatively by 

234 a-spectrometry after electrodeposition. Th is used for chemical yield 
determination. 

bromo-PADAP; 2-(b-bromo-2-pyridylazo)-5-diethylaminophenol 



mm •<<!S:.!T « W ^ ^ "* J^Tf* €.•: - - -• *s 

196 
(c) Liquid scintillation eg. McDowell, 1975; McDowell et al. 1979). 
A procedure similar to that described for uranium is used. 
High-resolution liquid scintillation spectrometry is employed to determine 
the thorium isotopes. 

(iv) Total elemental Thorium 
Photometric methods are most commonly used for the analysis of total 

thorium in an environmental sample. Thorium, like uranium, forms a 'arge 
number of coloured complexes with organic dyes and these can be used for the 
analysis of thorium by determination of the absorbance of the complexes at 
specific wavelengths (Sandell and Onishi, 1978). 

Typical procedures involve the extraction of thorium from the sample 
matrix and the decontamination by chemical techniques. An organic complexing 
agent is added to the final solution and the measurement of the absorbance is 
carried out on a U.V./visible spectrophotometer. Typical dyes used for this 
analysis are Thorin, Morin, Chrome Azural S and Arsenazo III. Detection limits 
for the photometric determination of thorium lie in the range, 1-10 yg thorium 
in lg of sample. 

226 (v) Measurement of Radium ( Ra) by the Emanation method (Blanchard. 1964) 
Ra is determined by measurement of its short-lived daughter Rn. 

Ihe sample is reduced to a solution containing the radium fraction which is 
222 then left for 2-4 weeks to allow for the ingrowth of Rn. After 

222 
equilibration, the " Rn gas is removed from the solution by bubbling with 
Helium or Argon carries gas and then captured on activated charcoal. The 
radon is then transferred to a vessel coated with zinc-sulphide (Lucas, 195/) 
for a-scintiNation counting, after allowing a further 200 mins for the 222 ingrowth of Radon ( Rn) daughters. 

The method is very sensitive, (for water, the lower limit of detection is 
approximately 0.10 pCi/l for a 10000 sec count), with a minimum of sample 

opt 
processing. Problems arise with higher activities of Ra in the sample 
(>50 pCi). Equipment required Includes a high vacuum emanation rig and 
a-counters. The technique is specific for Ra and may be applied to any 
sample which can be reduced to a homogeneous solution. One drawback 1s that 
it is not possible to use an internal tracer for yield measurement. 
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(vi) g-spectrometric measurement of Radium 226 

A number of methods are available (Smith and Mercer, 1970; Koide and 
226 Bruland, 1975) for the determination of Ra in environmental samples by 

a-spectrometry. These methods involve a complete chemical separation of 
226 Ra from other a-emitting radionuclides in the sample using barium as 226 carrier. Ra is e •ectrodeposited following ion-exchange separation of the 
barium and radium. The methods are as sensitive as the emanation procedures 

225 and have an advantage that Ra can be used to determine the chemical yield 
of the analysis One disadvantage is the tedious chemical separation that is 
required to produce a purified radium source for a-measurement. 

pot 
(vii) Liquid scintillation techniques for measurement of Ra 

In recent years an alternative method for the determination of radium has 
been developed (Darrall et al., 1973; Parks and Tsoboi, 1978; Pritchard et 
al., 1978). Liquid scintillation counting has been demonstrated to be a 
sensitive technique for the assay of radium in solution. The methods, are 

222 222 
based on the high solubility of Rn in toluene or xylene. Rn is 
transferred from an aqueous phase to a toluene or xylene based scintillant 
solution by a variety of methods. 

(1) by trapping radon gas on silica gel and transferring the gel to a 
scintillation vial, (Darrall et al., 1973). 

(2) by passing the radium containing solution through a small cation -
exchange column and transferring the resin to the scintillation vial 
(Prichard et al., 1980). 

(3) extraction of radon from water by toluene, then separating phases and 
placing the toluene in a scintillation vial with the necessary 
scintillants, (Horluchi and Murakami, 1981) 

(4) addition of a small volume of aqueous solution containing Ra to 
222 

an emulsion scintillator and allowing Rn Ingrowth after purging 
the mixture initially, (Parks and Tsubol, 1978). 
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222 ??6 

The methods require an ingrowth period for the Rn from Ra, 
however, there is the advantage of nearly 100% counting efficiencies for 
a-particles. Detection limits are approximately 0.2 pCi/1 for water for a 
5000 sec counting period. 

210 (viii) Determination of Lead ( Pb) 

210 Lead ( Pb) emits B-particles of very low energy (maximum 18 keV) making 
its direct determination very difficult at environmental levels. Most 
analytical methods involve measurement of either its 5.01 day half-life 

210 bismuth ( Bi) daughter which emits a very energetic 1.17 meV B (half-life, 
210 5.Old) or its a-emitting daughter Po (half-life, 138d). The activity of 

210 either daughter is related to that of the parent, Pb, by the appropriate 
210 growth and decay relationships. Measurements based on Bi are to be 

210 preferred because of its more rapid ingrowth after purification of the Pb 
parent. 

Typical published methods (Sill, 1977b; Sill and Willis, 1977), separate 
Lead and Bismuth from the sample matrix by solvent extraction using 
dithiocarbamate or Aliquat-336 as the complexing agent. Two to three weeks is 

210 210 allowed for equilibrium to be established and the Pb and Bi are 
separated from each other using dithizone or precipitation reactions and the 
210 

Bi counted using a low-background B-counter. Sensitivities for these 
types of analysis are approximately 0.2 pCi for a 20000 sec counting period. 

(ix) Sequential Analysis of Actinides 
If the environmental monitoring program requires a knowledge of each of 

the long-lived radionuclides in the Uranium or thorium series, it is 
advantageious to carry out the full analysis on the same sample. This 
involves sequential separation of the radionuclides of interest by 
radlochemistry followed by radioactive measurement of the isolated fraction. 
This approach maximizes sensitivity and precision when only small samples are 
available, eg. air dust samples. In addition, the possible effects of sample 
inhomogeneity are eliminated. There are several published metiiods which 
incorporate sequential analysis. (Sill et al. 1974; Sill, 1977a,b; Percival 
and Martin, 1974). 
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DATA INTERPRETATION AND REPORTING 
Statistics of Counting 

One of the chief sources of uncertainty in any radioactive measurement is 
the random nature of radioactive decay. If a given sample is counted 
repeatedly on the same time interval then the observed number of counts, n, 
will fluctuate up and down about some central or mean value, p. 
Mathematically the probability P(n) that exactly n counts will occur during 
the given time interval is given by the Poisson distribution. 

n -n 
D, * <"> e P(n) = - — - — 

nl 
The standard derivation of this distribution is /p. 

If v > 100, then this distribution is approximated by the familiar normal 
or Gaussian distribution 

1 - (n - p) P(n) =• e 
a /2ir 2 

2 a 

Again, the standard deviation a - /p. Since p may not be known a priori, the 
standard derivation may be estimated adequately from 

o = /n 

The standard deviation is a measure of the scatter of a set of observations 
around their mean value. For example, about 10,000 counts are necessary for a 
standard deviation in the total count of about 100 or of 1 percent. When many 
observations are made, approximately two-thirds of the observations ought to 
lie within one standard deviation from the mean and the remainder outside this 
limit. The following limits apply to representative multiples of the standard 
deviation in the normal distribution: 

Deviation ± 0.675 a to ± 2 a i 3 a 

Probability that observation 0.5 0.68 0.95 0.997 
lies within this deviation 
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Propagation of errors 

In addition to counting errors, there will generally be other sources of 
uncertainty in any radioanalytical measurements, e.g. uncertainties in masses, 
volumes, detector efficiencies, chemical yields. If the final result A 
depends on a number of variables x, y, ... each with an associate uncertainty 
a , a ... often the overall uncertainty in A is given by 
A y 

3A 2 2 3A 2 2 <A I (") o + (-) a + .... } ax x ay y 

In particular, not the following: 

A = 3x ; a = 3 a 
X 
2 2 % 

A = x+y ; a = I o% + <*y } 

2 
a a 

a x 2 y 2 Vi 
A - xy ; - = { ( - ) + (~) } A x y 

2 
a a x a x 2 y 2 Vi 

A - - ; - = { ( - ) + (-) } y A x y 

n a x A = x ; - = n (—) A x 

Detection Limits 
An important characteristic of every measurement process (combination of 

chemical procedure and detector count) 1s the lowest amount of activity that 
can be detected. Various terms have been used to describe this 
characteristic: lower limit of detection, sensitivity, minimum detectable 
activity, limit of guarantee of purity. Probably the clearest and most widely 
adopted approach 1s that of Altshuler and Pasternak (1963) and Currle (1968). 

In this approach it 1s important to steer a middle course between two 
kinds of error. An error of the first kind is a false positive, or wrongly 
reporting an activity that is not present. An error of the second kind is a 
false negative, or failure to report an activity that is 1n fact present. Let 
a and 0 respectively represent acceptable probabilities for these two kinds of 
error. Generally a - 0 - .O'J is considered acceptable. 
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Mathematically, any radionuclide can be regarded as "detected" if its 

activity exceeds a critical level 

k o 
a S s * 

'• I 

where k is the abscissa of the standardized normal distribution corresponding 
to a probability level 1 - a . a is the standard error for the net sample 
activity (gross minus background). This critical level is not the same as the 
detection limit. For a given measurement process the lower limit of detection 
is defined as that activity which, if present, would give a measured result 
above the critical level at an acceptable degree of confidence, e.g., 95% of 
the time. In other words if a given measurement fails to detect an activity, 
we can assert with 95% confidence that the true activity is less than the 
lower limit of detection (LLD). Mathematically, 

LLO - L + k„ o = (k + k D) a c B s o 0 s 

where kft is the abscissa of the standardized normal distribution corresponding 
to a probability level 1 - 0. We make the following simplifying assumptions: 

(a) a = 0 - .05 

k* 

t 

5 

(b) the counting times for sample and background are the same 

(c) the gross activity and the background are approximately equal 

Then k = k = 1.64b. a = B + B = /2B a IJ S 

where B = number of background counts during the measurement interval 

LLD - 3.29 /2B - 4.65 /B 

* 
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This equation give a lower limit of detection in terms of counts for the 

particular counting interval. To calculate the limit in units of activity, 
i.e. Bq, it is necessary to include the term which is the factor used to 
convert count rate to activity, 

LLO = 4.65 /B Y 

where Y = l/(R.V.E.f.D.t) and 
R is the chemical yield for all steps within the procedure 
V is the volume or mass of sample which is used in the analysis 
t is the absolute counting efficiency for the detector 
f is the number of photons of given energy emitter per nuclear decay 
0 1s the radioactive decay fraction 
t is the length of the counting interval in seconds. 

lhis concept can and has been applied to any of the commonly used 
radioanalytical techniques, high and low resolution gamma-spectrometry 
(Pasternak and Hariey, 1971; Volchok and de Planque, 1983), beta and alpha 
counting, alpha sepctrometry (Fisenne et al. 1973) and liquid scintillation 
counting. Typical lower limits of detection are presented in Tables 4 and 5. 
In applying the LLD concept to spectrometry the situation may be complicated 
by overlapping spectra. While this is unlikely in the case of high resolution 
spectrometry, at any particular energy the background of the detector 
effectively may have two components, the natural background of the system and 
the spectral background (continuum) due to Compton events within the detector 
from higher energy gamma photons from the sample. Consequently, the lower 
limit of detection for a radionuclide using high resolution gamma spectrometry 
will be dependent upon parameters such as detector efficiency, the natural 
background and the presence of absence of other radionuclides in the sample. 

It should be noted that the lower limit of detection as discussed here is 
based solely on counting statistics. Other random errors or systematic 
components of errors may arise 1n the measurement procedures and, if 
significant, should be considered in the estimation of the lower limit of 
detection. 
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Table 4 

Typical Lower Limits of Detection for 
the Analysis of Environmental Samples 

,is*vv; 

Method Detector Background Count Time LLD 
Efficiency 
(c/s/Bq) 

(c/s) (s) (Bq) 

1. Ph by 0.19 0.01 12000 0.022 
beta counting Bi. 24000 0.016 

2. Th by 0.20 0.001 10000 0.007 
alpha spectrometry 50000 0.003 

3. Ra by Rn 3.4 * 0.16 1000 0.017 
liquid scintillation 3000 0.010 
counting. 10000 0.005 

counting includes both Rn and Rn daughters. 

* 

lable 5 
Lower Limits of Detection for High Resolution Gamma Spectrometr. 

Branching Ratio 

Lower Limit of Detection (Bq) 
238,, 226„ 210 n k 228n 228 T t 40„ U Ra Pb Ra Th K 

0.03 0.46 0.04 0.29 0.43 0.11 

Gamma energy (keV) 63.3 609.2 46.5 911.1 238.4 1460 

Detector Effici ency 5.3 1.3 3.6 0.79 3.7 0.57 
(%) 

I Detector Background 0.88 1.9 0.75 0.55 3.4 1.8 
K 1 (c/lOOOs) 

1 
t I LLO (Bq) 

10000s 0.87 0.34 0.89 0.48 0.17 3.24 
•• . * 50000s 0.39 0.15 0.40 0.21 U.08 1.45 

i 

100000s 0.2/ 0.11 0.28 0.15 0.05 1.03 

i 
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QUALITY ASSURANCE AND CONTROL 

Quality assurance can be defined (Oakes et al. 1980) as the planned and 
systematic actions necessary to ensure accuracy of techniques and analyses by 
determining errors and minimizing them. Quality control involves those 
quality assurance actions which provide a means to control and determine the 
characteristics of measurement equipment and processes to meet established 
requirements. 

It is essential to carry out quality assurance within any environmental 
program to ensure that the data obtained is both reliable and precise so that 
any decisions concerning environmental quality are based on valid and 
comparable data. (Harley, 1978). 

The quality assurance provisions should apply to all stages of the 
environmental surveillance program. Most emphasis is usually placed on 
quality control within the analytical and measurement stages, where control 
can take place at several levels. 

(a) Batch analysis containing spiked and blank samples usually as 
'blinds'. Blanks are used to assess whether procedures are 
introducing cross-contamination within the batch. Data from spiked 
samples will indicate the accuracy of the method and a measure of the 
analyst's skills. The spiked and blank samples must be prepared from 
material as nearly identical as possible to the field samples. 

(b) Analysis of standard or reference material containing accurately 
known concentrations of radionuclides, eg. availability from the 

» ' 
; National Bureau of Standards, USA., International Atomic Energy 
j Agency. 

I! 

1 
(c) Inter-laboratory comparison programs. These are either carried out 

using replicate field samples or reference material distributed to 
each laboratory. In order to accurately assess the results of 
intercomparison exercises these samples must be introduced into the 
analytical program as unknown samples. 

fhe total effort devoted to quality assurance programs should be of the 
order of 20-25% of the total laboratory effort. 
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