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INTRODUCTION
To assess the internal doses to humans from ingestion of radionuclides present in

agricultural products it is necessary to know the main processes which determine the transport
of radionuclides in the environment (Russel, 1966; Peterson, 1983; IAEA, 1995). The
available data, generally, do not reflect natural conditions, and the mechanisms of
translocation and mobility of radionuclides within the soil-plant system are still not fully
understood (Coughtrey & Thorne, 1983; Fresquez et a., 1998; Krouglov et al., 1997; Frissel,
1992; Roca & Vallejo, 1995;  Desmet et al., 1990).

The knowledge of the contributions of direct contamination of plant fruits and of the
process of root to fruit transfer can improve the understanding of exposure through ingestion
and of the mechanisms determining sorption and translocation. Several studies on the
relations among specific activities of various radionuclides in different environmental
compartments have been performed in the last decades (Coughtrey and Thorne, 1983;
Fresquez et al., 1998; Krouglov et al., 1997; Howard et al., 1995; Strand et al., 1994;
Konshin, 1992; Frissel, 1992; Alexakhin & Korneev, 1992; Desmet et al., 1990). 

Radionuclides absorbed are transferred to the plant organs and their quantities are
determined on the basis of the kind of contamination source and of biological and
environmental processes. Plant physiology, soil characteristics, nuclide and plant kind are
important parameters which influence sorption (Coughtrey & Thorne, 1983).

The transfer factor (TF) is the parameter used to describe the translocation of a
radionuclide among different environmental matrices; it is defined as the ratio between the
specific activity in the destination matrix and that in the departure matrix (ICRU, 1998), The
transfer factor depends sensitively on chemical, physiological and ecological conditions and,
for this, the large data dispersion present in the literature do not allow a clear interpretation
(Whicker et al., 1999). The large data dispersion is also due to the fact that some of the ratios
between two specific activities are in fact time-dependent, so that the assumption of an
equilibrium model is not always valid. In particular, for the soil-plant system, usually plants
cropped on a contaminated soil, the transfer factor is determined by harvesting  the plants at a
fixed growth stage and by measuring the specific radionuclide activity. The calculation of the
transfer factor based on this methodology is implicitly based on the assumption that the ratio
between specific activities in plant and soil has reached an equilibrium value. However, there
are indications that uptake of radionuclide by plant is enhanced in the initial growth stage
(Whicker et al., 1999).



In the present paper, we summarise the results of three experiments of plants cropped
on contaminated soil carried out in real agricultural conditions in order to investigate this
behaviour (Sabbarese et al., 2002a; Sabbarese et al., 2002b).  First, we used a contaminated
water which by rain weekly falls on the tomato plants or on soil surface only. Second, we
used a contaminated soil to cultivate lettuce and marrow plants, respectively. Transfer factors
have been calculated considering, in the first experiment, the weekly increase of
contamination in soil and the increase of plant mass and, in the second one, its variation
during the increase of plant mass by using a dynamic model which generalises the transfer
factor definition to the time-dependent case.

MATERIALS AND METHODS

Tomato plant
An experimental field, 25x30 m long, was arranged in the soil area of the Nuclear

Power Plant of Garigliano (Caserta, Italy) to perform the three experiments. After adequate
soil preparation and fertilisation, the field was divided in plots, 2x2 m2. Tomato plants were
cultivated in the same conditions in 24 plots. Hence, four different groups of 6 plots with
different cultivation kinds were performed: aerial or ground irrigation using uncontaminated
(blank reference) or contaminated water.

Each plot was irrigated weekly using 80 l of water with or without contamination as
classified. Water due to natural rain, eventually present during the week, was measured and
subtracted from 80 l; hence, in each week supplemented water quantity was variable but the
contamination was the same. At the end of cultivation, 13 weeks long, each plot received
(19.9 �  1.7) kBq of  137Cs and (19.5 �  1.7) kBq of  60Co. 

After 13 weeks of cultivation, tomatoes, leaves, stems, roots and soil of the entire
experimental field were collected, separated per plot, disposed in containers and exposed to
the sun for two days. 

Lettuce and marrow plant 
After adequate soil preparation and fertilisation, we used 12 plots, 2x2 m2: 10 plots were

contaminated before the plantation of plants with water containing 137Cs and 60Co
radionuclides at low concentration, and the remaining 2 plots were not contaminated and used
as blank reference. 

In each plot, 153 lettuce seedlings arranged in rows were planted. During growth the field
was irrigated with uncontaminated water according to needs; weeds were frequently
extirpated from the field.

Plants were sampled for analysis at different times. The number of sampled plants
decreased with growth to obtain an amount of sample sufficient to perform � spectroscopy.
Shoots and roots were separated. 

Gamma ray spectrometry 
All kind of vegetable samples were placed in oven at 60 °C for 36 h and, then, at 105 °C

for 12 h to obtain a satisfactory sample dehydration. Oven-dried samples were pulverised to



obtain a homogeneous matrix, which was weighed and placed in 80 cc cylindrical containers.  

High-resolution �-spectrometry was used to measure radionuclide activities of vegetable
samples. Two germanium hyper-pure detectors (1.9 keV resolution and 30% efficiency)
properly shielded and with standard electronics were used. Spectra were analysed, displayed
and stored using an adequate software.

Total efficiencies for each detection geometry were experimentally determined utilising a
vegetable matrix contaminated in a uniform way by a polinuclides source produced by
Amersham International. Radionuclide specific activities were obtained from a quantitative
analysis of �-ray spectra using the � lines at  661.6 keV (137Cs), 1173.2 keV and 1332.5 keV
(60Co). We also analysed the �-line of 40K (1460.5 keV) naturally present in the samples.  The
specific activity of soil sample was also measured at the end of each experiment.

In all plant samples cropped on uncontaminated plots 60Co and  137Cs activities were
practically zero and 40K activity was not different respect to the contaminated samples.

RESULTS AND MODELLING
Transfer factors in the three experiments were deduced taking into account, for the tomato

experiment, the increasing soil contamination (Sabbarese et al., 2002a) and using the
dynamical definition of transfer factor introduced in Sabbarese et al., 2002b, for the other two
cases. In the following, we briefly recall the basic features of the two approaches. 

In the tomato case, the differential equation giving the specific activity increase as a
function of sorption from a reservoir with linearly increasing activity is solved to obtain the
appropriate transfer factor accounting for the fact that the entire quantity of radionuclides was
not available to the plants from the beginning of the cultivation (Sabbarese et al., 2002a). On
the other hand, the variation of the radionuclide uptake by the plant per unit mass was
neglected. The results are summarised in Table I, where TF∞ indicates the above assumption.
It has to be noted that these results refer to all plant compartments.

In the other two cases, on the contrary, the plant specific activity was measured at
different growth stage in order to ascertain the mass dependence of transfer factor. As
described in detail in Sabbarese et al., 2002b, the assumed dependence is of the kind:
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where m0 is the initial plant mass, TF(0) is the initial value of the transfer factor (i.e. when t
=0 and m=m0) and � is a parameter determining the rate of the transfer factor decrease with
increasing mass. The assumed TF(m) dependence implies the following expression for the
total plant activity:
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with Cs soil specific activity (Table I). Using the exponential time dependence of plant mass
m(t), with relative growth rate (RGR), the specific activity as a function of time can be
deduced:
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Average mass values of lettuce and marrow plants at each sampling time are shown in Fig.
1, together with the best fit curve of experimental data to the exponential relation in which the
relative growth rate is considered constant. This hypothesis is confirmed by the good quality
of the fit in both cases. Table II shows the parameters extracted from the fit. The RGR values
have to be compared with RGR = 0.051 d-1 for the tomato plants.

In Table I the parameters � and TF(0) extracted from a fit to the data of eqn 2 are reported
for both lettuce and marrow. The mass-dependent transfer factors deduced by the fitting
procedure are plotted in Fig. 2 for both plant types and the three radionuclides.

Nuclide Plant  Cs
   (kBq/m2) �

TF(0) 
(m2/kg)

TF∞
(m2/kg) TF∞ / TF(0)

Lettuce 4.9� 0.4 0.26� 0.06 0.020� 0.002 0.0037 � 0.0002 0.18 � 0.02
Marrow 5.0� 0.4 0.22� 0.15 0.015� 0.003 0.0047 � 0.0004 0.31 � 0.0760Co
Tomato 4.9� 0.4 0.009 � 0.002
Lettuce 5.6� 0.4 0.18� 0.07 0.029� 0.002 0.0050 � 0.0002 0.17 � 0.01
Marrow 6.2� 0.4 0.32� 0.15 0.017� 0.004 0.0041 � 0.0002 0.24 � 0.06137Cs
Tomato 5.0� 0.4 0.011 � 0.002
Lettuce 55 � 5 0.87� 0.05 0.048� 0.004 0.038 � 0.003 0.79 � 0.09
Marrow 55 � 5 0.85� 0.09 0.034� 0.005 0.026� 0.003 0.76 � 0.1440K
Tomato 55 � 5 0.025 � 0.001

Table I. Results of parameters determined for the three radionuclides and three plant
kinds. The last column reports the ratio useful to understand the validity of the used model.
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Figure 1. Average mass values of lettuce and marrow plants at each sampling
time are shown with the best fit curve of experimental data to the exponential
relation.

Parameter Lettuce Marrow

RGR  (d-1) 0.098 � 0.002 0.105 � 0.003
m0  (g) 1.36 � 0.05 4.30� 0.05
�

2 / � 10 / 7 8 / 6

Table II. Fit parameters of plant mass data shown in Fig.1.

 4. DISCUSSION AND CONCLUSIONS
The measured mass dependence of specific activity for lettuce and marrow plants clearly

shows that a mass dependent transfer factor has to be considered when analysing data of
radionuclide transfer experiments. The law suggested in Sabbarese et al., 2002b is in
agreement with experimental data and allows a significant comparison among different
radionuclides and/or crops.



In order to estimate the systematic error affecting conventional analyses in Table I we
report in the last two columns the average value of the transfer factor which would have been
obtained in the classical approach and the ratio between this and TF(0). We remind that TF∞
is determined assuming that the specific activity of the plant at time t is given by the
expression
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  Fig. 2. Transfer factor results as function of plant mass (eqn. 1 in log-log scale) for
marrow (M) and lettuce (L) plants and for the three studied radionuclides 40K (K),
137Cs (Cs) and 60Co (Co).

� � )4(1)( ** tRGReCtC �

�
��

which asymptotically reaches the value

)5(11*

RGRdt
dA

m
C �

�

considered constant. The classical transfer factor is expressed as 

)6(1
dt
dA

CmRGRC
CTF

ss

��
�

�

The soil plant transfer factor is then considered as the ratio at the equilibrium value of the
specific activity of the plant to the specific activity of the soil. The function (1) with 1��

leads to the conventional definition of TF∞. The ratio between the conventional transfer factor,
determined from the measurement of the specific activity at time t referred to the soil specific



activity, and the transfer factor value at time 0, TF(0), is significantly less than 1 in the entire
temporal range, and can be as low as 0.2 (Table I). This indicates that the transfer factor can be
calculated with a systematic error as large as a factor 5. 

The present experiments and the analysis performed with time-dependent TF-factor,
describing the radionuclide translocation from soil to plants using the two parameters � and
TF(0), allows the study of the dependence of the process on physiological, chemical and
ecological conditions of the considered system. In particular, it can be seen in Fig 2 that 40K has
both larger TF(0) and � values with respect to the other two radionuclides, for both crops. This
implies larger transfer factors during the entire growth period, with an increasing relative value
with plant mass. Moreover, the slopes (�-1) of the straight lines in Fig. 2 suggest a stronger
dependence on the radionuclide than plant type, while transfer factor values are larger for
lettuce in the 40K case, and viceversa for the other two radionuclides. 

We can conclude that the described model keeps into account the effect of the dependence
of soil-plant transfer factor on plant growth stage, including three parameters in the analysis. A
good fit of the data has been obtained in the experiments. This allows an analysis of
radionuclide translocation phenomena as a function of experimental conditions more accurate
than that of the use of a constant transfer factor. In order to assess the general validity of the
present approach more experimental analysis similar to that presented here should be
performed. We are planning such measurements on different soil-plant systems. 
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