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Abstract The evolution with time chemical species of "Sr, 10<1Ru, 134Cs, 137Cs, w C e in soil, and
the data on variation of ''Sr, 1MCs, 137Cs transfer to grain and straw of four cereal crops has
been used to estimate the rate of radionuclide release from fuel particles and caesium fixation
in the soil. Field experiments were carried out in the 30km restricted zone around Chernobyl
NPP.

1. Introduction

Different physical and chemical characteristics of the radioactive deposits after the
Chernobyl accident affected the pattern distribution of radionuclides in the environment
and their particular behaviour at local sites. Chernobyl fallout contained particles of
dispersed nuclear fuel in addition to more homogeneously distributed radioactive
material. These particles were found in the fallout at large distances from the site of the
accident, but the major part of them was deposited on the nearest heavily contaminated
zone [1, 2].

The fate of fuel fragments and their role in the ecosystems depended on the
amount deposited, the rate of leaching and on the bioavailabiliry of associated
radionuclides in soil conditions. It is possible to assume that release from fuel matrix into
the soil solution and following interaction with other soil constituents would change the
physico-chemical form of the radionuclides deposited and thus would affect their mobility
and availability for root uptake. However, the influence of the environmental parameters
on fuel particles and on the rate of radionuclide release from them is not fully
investigated. The Chernobyl accident occurred about ten years ago. The follow-up of
the radioactive contamination of some specific areas could give us some clues on the
long-term behaviour of the radionuclides deposited.

The purpose of this investigation were :
to evaluate the chemical species of selected radionuclides held in soil
contaminated after the deposition of fuel fragments and to study the evolution of
physico-chemical forms of radionuclides in the course of time;
to present data on the long-term variation of ^Sr, 134Cs and 137Cs transfer to grain
crops that were grown under field conditions on soil contaminated with particles
of irradiated nuclear fuel;
to estimate the life-time of fuel particles and the rate of caesium fixatien in soils
under natural conditions using the results of field experiments.

2. Materials and Methods

Studies were carried out in 1987-1994 at the experimental sites located inside the
30km restricted zone around Chernobyl Nuclear Power Plant (ChNPP).

The speciation of 90Sr, 10(iRu, I3"Cs, 137Cs and '""Ce in soils and the evolution of
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radionuclide physico-chemical forms with time was investigated through the analysis of
soil samples that were collected annually. A slightly modified version of the method
introduced early by Pavlotskaya [3] has been used to evaluate species of radionuclide in
the soils. The procedure consists in subjecting a soil to increasingly powerful reagents
in order to separate the following fractions: free ion and water-soluble (water); cation
exchangeable (ammonium acetate); extractable by diluted mineral acid (1M HC1 at
ambient temperature); strongly fixed (boiling 6M HC1) and the unextracted forms
corresponds to the residue in soil after extractions.

To study the long-term variation of transfer factors (TF) the ^Sr, 134Cs and )37Cs
concentrations measured in grain and straw of four cereal crops grown under field
conditions have been used. The selected crops were winter rye and wheat, spring barley
and oat, which are the most common grain crops in this region. Field experiments were
carried out on soddy podzolic and peaty gley soil under conventional agricultural
conditions.

Gamma-emitting nuclides were determined in whole soil, soil extracts and plant
material by high resolution gamma spectrometry using hyper pure germanium detectors
with a relative efficiency of 20%. Activity of 90Sr in the soil and plant samples was
measured by separating radionstrontium from other nuclides and bulk soil matrix
elements as oxalate and carbonate, then separating and counting its daughter product "Y
after it has grown in at or near radioactive equilibrium.

3. Results and Discussion

3.1 Speciation of Radionuclides

The first set of soil samples was taken in May 1987. Chemical extractions
revealed a clear pattern for radionuclides speciation in the soil. Water-soluble fraction
did not exceed 1% for all radionuclides examined whereas the value of exchangeable
fraction was increased from 0.1% to 15% in the sequence Ru » Ce << Cs < Sr. In the
case of 134Cs and 137Cs, the unextractable fraction represented 20-25% of the total
caesium activity in soil, more than 60% existed in the form extractable by boiling 6M
HC1, and small amounts being distributed in the other fractions. Pattern of 134Cs and
137Cs disposition in soil correspond closely. Both 1MRu and 144Ce were also completely
immobilised in the soils when leaching with water or when treated with ammonium
acetate solution. However, when followed by exposure to the cold dilute HC1, more
effective extraction of I44Ce resulted. Although Ru can exist in anionic or cationic forms,
more than 90% of 10dRu remained in soil after all treatments [4].

At the same time, chemical fractionation did not reveal clear differences between
soil types. Data obtained show a large variation from place to place but this variation
could not explained by spatial variability by soil characteristics only. However, with all
radionuclides considered except 106Ru the actual speciation in soil was influenced by
variables such as the deposition level and time elapsed since the accident. The reason
is that a certain number of years after soil contamination a significant part of
radionuclides was included into physically and chemically persistent fuel fragments.
Thereafter the fuel particles containing the fission products have been leached and
weathered under natural soil conditions. Due to the alteration effect of the environment
on the fuel fragments, levels of exchangeable MSr and I44Ce fraction extractable by diluted
acid increased rapidly, while the importance of insoluble or slightly soluble fractions was
decreased for both nuclides. The amount of '"Sr fraction available to the root plant
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uptake starts to increase in 1987 and remains approximately on the same level since
1990.

The pattern of 137Cs behaviour was not defined as for 90Sr and I44Ce because
ageing is more noticeable for caesium nuclides. A closer look at the experimental data
reveals, that there was a decrease of the exchangeable fraction and a slight increase of
caesium activity in acid-soluble fractions during 1987-1989. Considering the levels of
residual I37Cs in soil, one finds a pronounced minimum at the same period. The levels
of mobile fractions decreased and the relative importance of the residual fraction
increased. This clearly indicates that there must have been radiocaesium release fuel
fragments, but caesium released readily interacts with other soil constituents and this
becoming more strongly fixed.

It is possible to use changes in MSr and 144Ce speciation in soil for the calculation
of the relative rate of radionuclide release from fuel particles under natural conditions.
On the contrary, the evolution of 137Cs chemical forms with time can be applied for
estimation the ageing of the caesium deposited. A least squares fit has been applied to
the experimental data, and the most important '"Sr, 137Cs and 144Ce fractions in soils have
been taken into consideration. This gives the result that radionuclides have been
released from fuel particles with a half-time varying among 25 and 45 months for 90Sr,
and among 25 and 60 months for 144Ce, with a mean of 36 and 45 months respectively.
At the same time, the result shows a strong fixation of radiocaesium with half-time
ranging from 35 to 55 months, with a mean of 45 months.

3.2 Dynamics of 90Sr and 137Cs Transfer from Soil to Grain Crops

The investigation started in 1987, when soil-to-plant transfer became the most
important pathway for plant contamination. In 1988 levels of 90Sr, 134Cs and 137Cs TF
have varied widely according to the soil types and, within the same type of soil, according
to the levels of deposition and crop species cultivated.

The variations among the different sites in the 137Cs transfer to grain crops were
very large and can be described by a factor 100. On the peaty gley soil, TF of 137Cs was
higher by a factor 15 to 40 relatively to that on the soddy podzolic. Due to a higher
mineral content in the straw, the caesium transfer to the straw was about twice as high
as to the grain. Among those considered, oat was the most contaminated crop. The
behaviour of 134Cs and 137Cs was similar in all cases [5].

The range of 90Sr TF values was lower compared to that of I37Cs TF values, while
the difference between transfer to the straw and grain was greater. The activity ratio '"Sr
in straw/^Sr in grain has varied from 5 to 12. In contrast to radiocaesium, data show a
decreased radiostrontium root uptake from the heavily contaminated soils of the same
type. In addition, it must stressed that the rate of 90Sr accumulation by crops was
comparable or even slower than that of 137Cs, which is not in accordance with the usual
findings. Another evidence of marked but unusual difference in bioavailability of 90Sr and
137Cs on both soils came from the fact that the average nuclide ratio in crops was
sometimes smaller than the ratio in soil. The possible explanation of these observations
may be that almost all of ^Sr deposited at this area has been incorporated into fuel
particles, and thus it was less available for root uptake by plants. In the following years
this ration notably increased due to transforming processes taking place in the soil
environment, and because of the different binding capacities of soils regarding Cs and Sr
nuclides.

For both '"Sr and I37Cs nuclides the TF values were depending on the time
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elapsed since the accident. A small increase and then a sharp decline of 137Cs uptake by
plants has been noticed in 1988-1990. In the following years the TF of 137Cs reduced only
by a factor 2 to about 4. This is the net result of the two competing processes that were
taking place in the soil: leaching of radiomiclides from fuel particles into the soil solution
and radionuclide fixation due to interaction with soil constituents. The rate of TF
reduction differed mainly between soddy podzolic loamy sand and peaty gley sand soil.
As a whole, during the period 1988-1994 137Cs transfer to the straw and grain of crops
was reduced by a factor of about 50.

Contrary to the radiocaesium, TF values of ""Sr increased in 1988-1990 and remain
on the approximately same level since 1991. In total, for straw and grain of crops the TF
values increased by a factor of 3 to 8. Today, about 10 years after Chernobyl accident,
we have not seen any decrease in the 90Sr activity concentrations in crops. These results
indicate that during the time considered the major part of MSr has been leached from
fuel fragments and redistributed in soil.

A least squares fit has been applied to the experimental data from 1988 to 1991
assuming that the changing TF values for crop products can be represented by a single
decaying exponential function. This gives the result that the '"Sr concentration in crops
increased with a half-time varying among 7 to 44 months, with a mean of 20 months. On
the contrary, 137Cs concentration in crops decreased with a half-time varying among 8 to
25 months, with a mean of 15 months.

4. Conclusions

The type of fallout after Chernobyl accident and fallout level at the different sites
was an important factor affecting the radionuclides speciation in soil and their availability
to plant uptake. As the leaching rate of fuel particles in soils is a time dependent
process, the behaviour of radionuclides changed due to alterating effect of the
environment on these particles.
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