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Abstract. The mobility of C s in soil is an important factor governing doses received after a major nuclear
accident as well as the effect of many countermeasures for mitigation. A set of simple procedures for the
determination of factors influencing the soil C s mobility have been suggested and described. A number of tests
have been carried out on field samples to demonstrate the validity and reproducibility of the procedures.
m

1 . INTRODUCTION
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The mobility of radiocaesium (notably Cs) in soil is a crucial parameter influencing both external and
internal doses received after a major nuclear accident affecting large areas of land. The mobility of
radiocaesium in soil may vary widely, depending on a host of factors, including time, the physicochemical form of the contaminants, and the soil characteristics. During the period of the Chernobyl
accident Bobovnikova et al. [1] found that deposition of insoluble particle forms of radiocaesium was
predominant at a distance of 18 km from the Chernobyl plant. The bioavailability of this contamination
was found to be relatively low [2]. At large distances, soluble forms were most common, although
relatively small fractions of not readily soluble caesium particles were measured on air filter samplers as
far away as Prague [3]. Dependent on chemical conditions in the soil, particle weathering will lead to a
delayed mobilisation of caesium contamination in the soil. In the soil, particularly some micaceous
minerals have the ability to very strongly bind and immobilise ionic caesium, in regions between unit
layers, to which larger, hydrated ions are physically prevented from entering [4, 5, 6].
Knowledge of the mobility of radiocaesium in soil is not only important in connection with dose
assessments. If factors influencing contaminant mobility are ignored, some potentially effective methods
for reduction of both internal and external dose may have very little beneficial effect [7, 8].
This paper describes a series of relatively simple methods that can be applied to investigate into the
mobility of radiocaesium in soil. These methods have been tested on samples collected during field
campaigns to areas contaminated by the Chernobyl accident, in the former Soviet Union and in Sweden.
2. METHODS
For identification of the current extent of migration of radiocaesium in the soil, a precise soil core
sampling technique has been described [9], involving sealing of the cores in plastic tubes and deep
freezing prior to slicing using a diamond saw. Gamma analysis of the soil core only provides momentary
information on the vertical radiocaesium distribution in the soil. To obtain an image of the possible
changes to the radiocaesium distribution in soil as well as to examine the radiocaesium bioavailability, it
is necessary to make further investigations. An assessment of the soil pH may give information on, e.g.,
the chemical conditions in the soil with respect to particle weathering, and further, it is known that the
organic cation exchange capacity of the soil decreases with the soil pH [10]. The potential significance of
the organic matter can be evaluated after an examination of the organic content in the vertical soil profile.
This can for instance be carried out by measuring the weight loss by ignition of samples at 360 °C relative
to drying at 105 °C.
Textural analyses may be an important means of obtaining information about the conditions for
radiocaesium fixation in the soil. Although the fme-grained 'clay' fraction may contain many different
types of minerals, it would contain the small micaceous minerals, which are capable of strongly binding
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and retaining caesium ions. A simple method is suggested for an estimate of texture, based on a
technique used at the University of Hew Hampshire [11]. Prior to the analysis all organic matter must
have been removed. If the organic matter content of the soil is relatively small, so that the ash content
will not distort the further analysis (by adding to the fine-grained particle fraction), this may be
accomplished by ignition as described above. First, the soil particle fraction greater than 2 mm is
removed by sieving. A 50 ml glass tube is filled with 15 ml of soil sample. The tube is tapped at the
bottom to ensure compaction of the sample and removal of any air spaces. Then 1 ml of a 10 % solution
of the dispersing agent sodium hexametaphosphate ( N a ^ ^ n O ^ ] ) ; n=9-15) is added to disperse the soil
particles, and the tube is filled with distilled water to the 45 ml mark. The tube is then capped and shaken
for at least five minutes to mix the soil and water. Then the tube is placed in a stand for 30 seconds, and
the solution part is decanted into another 50 ml tube, where it is left undisturbed for 30 minutes. The
solution part from this tube is then decanted into a third 50 ml tube. The contents of the first two tubes,
containing respectively the sand and silt fractions, can now be read on the volume scale on the tubes. The
clay fraction, however, will generally be too fine-grained to settle in the tube, but may, according to the
New Hampshire technique be calculated by subtracting the measured sand and silt volumes from the
volume of the total sample. Obviously, the often small clay volume will not be very accurately defined
by this method, which only has relevance for rough classification of the soil according to textural classes.
Apart from the simplicity and little time-consumption (i.e., low cost), this type of analysis, however,
has an important advantage compared with, e.g., the widely applied hydrometer method [12] in that the
fractions are physically separated. This enables gamma spectrometric analysis of the radiocaesium
content in the various textural fractions, which will give a very useful indication of the likely mechanisms
of radiocaesium binding in the soil. However, as the small clay fraction is generally expected to contain a
comparatively large part of the radiocaesium, it is crucial that the fractions are separated correctly, so that
small soil particles trapped in the liquid between larger precipitated soil particles are released. Therefore,
it was decided to extend the method so that the precipitation procedures described above are repeated for
both the 'sand' and the 'silt' parts of the sample, until no significant further releases of'clay' sized material
are observed. Repeated analyses for different soils showed that after four repetitions of each stage of the
precipitation procedures, further releases of 'clay' sized material were generally insignificant (< 3 % of
total 'clay' sized fraction). Figure 1 shows a typical example of relative mass fractions of clay released
from the sand and silt fractions of a soil sample by repeated precipitation. In the four clay fractions, the
distribution of radiocaesium was found to exactly match the distribution of clay mass.

Figure 1 . Typically observed relative fractions of 'clay" sized particles extracted from a soil sample after repeated
precipitations (sedimentation) of the larger particles in the sample. The mass of the whole soil sample was here 15.23 g.
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The fractions that had not precipitated (the 'clay' part) are then subjected to evaporation at 95 "C
overnight, and the dried sample is subsequently carefully transferred into a weighed dry Petri dish, with
the use of as little water as possible. The 'clay' size fraction is here dried overnight at 50 °C. After a
further 24 hours in a desiccator, the samples are weighed to obtain a better measure of the 'clay' sized
fraction of the samples. Prior to drying it may be necessary to reduce the surface tension, to obtain
homogeneous settling of the particles in a suitable geometry for gamma analysis. This can be
accomplished by adding a droplet of diluted dishwashing detergent to the sample. If the 'clay' layer in the
bottom of the Petri dish is very thin, flakes of it may come under strong influence of static electricity,
distorting the sample geometry prior to counting. To avoid this, a filter paper may be applied to cover the
sample after weighing. Finally, the samples are wrapped in thin plastic film and analysed in a leadshielded germanium crystal detector system.
Sequential chemical extractions on a soil sample (typically ca. 2 g) can give indications of both the
strength and to some degree the type of binding of the radiocaesium. For this purpose, a suitable method
has been developed on the basis of the technique described by Tessier et al. [13]. The first of the
sequential extractions is performed with a 1 M solution of ammonium acetate (at pH 7), to determine the
readily exchangeable fraction of the radiocaesium contamination. For the second sequential extraction a
mild reducing solution of hydroxylamine hydrochloride (0.04 M at pH 2) is used. The third sequential
extraction utilises a 30 % hydrogen peroxide solution (adjusted to pH 2 with nitric acid). This will
oxidise the organic soil fraction, and release organic held contaminants to the solution. The hydrogen
peroxide technique would also be expected to have a considerable oxidising effect on, e.g., fuel particles,
if present, thus mobilising contained radiocaesium. The fourth sequential extraction is performed using 7
M nitric acid, to extract a fraction of comparatively strongly mineral bound radiocaesium. However,
usually, a rather large fifth fraction of the radiocaesium remains in the sample even after subjection to this
type of extraction. The whole sequential extraction technique is described in greater detail by Andersson
& Roed [5]. The technique can be applied on 'discs' representing layers in a vertical soil profile and give
information on vertical differences in soil composition and radiocaesium fixation, which may result in
different migration rates at different depths in the soil. Also the strength of radiocaesium binding in the
different individual textural fractions may be assessed by the sequential extraction procedure, if the clay
content is sufficient to enable the analysis. This could for instance reveal differences between degrees of
fixation in the 'clay'-sized mineral compositions of different soils. As the dehydration between unit layers
of micaceous minerals generally takes place between 450°C and 550°C [14], ignition at 360°C should not
significantly affect mineral binding mechanisms.
Neutron activation analysis can give valuable information on concentrations in the soil of relevant
stable isotopes. For instance, it is known that scandium ( Sc) is ubiquitous in soils, and is a good tracer
for clay minerals [15].
Both S c and the naturally occurring caesium isotope, C s , have relatively
large neutron absorption cross-sections and have long-lived activation products, facilitating neutron
activation analysis. Radiocaesium will, particularly in the early phase after an accident, be present in the
soil in other physico-chemical forms [5] than the often very strongly mineral-bound stable caesium.
However, the distribution of the naturally occurring caesium isotope throughout the various soil layers
can give information on the progress of C s towards a dynamic equilibrium in the various parts of the
soil [16], and is thereby useful for the prediction of future developments in the ecosystem. Differences
between current mobility/bioavailability of C s and that of C s can be examined by comparing C s
results of the sequential extraction technique with C s content of the same fractions, measured by
neutron activation analysis. Differences in strength of fixation of C s and C s in soil at various
distances from Chernobyl may also indicate the significance of the presence of hot particles. The
procedure applied for neutron activation analysis is to dry the soil at ca. 70 "C and grind/mix it in a mortar
prior to taking out a ca. 0.15 g sample. The sample is placed in a polyethylene container and iiradiated
for ca, 2 hours in a neutron flux of 4 T 0 n m ' s' .
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3. RESULTS AND DISCUSSION
The results presented in this paper are aimed at verifying the validity and demonstrating the usefulness of
the applied techniques for analysis of radiocaesium mobility in soil. A full account of the application of
the techniques on samples of soil contaminated by the Chernobyl accident, taken from a total of 10
selected locations within the former Soviet Union, at distances from 10 to 220 km from the power plant
and from 5 relatively highly contaminated locations in Sweden will be given at a later date.
A series of samples from two different fields [5] in Gavle, Sweden, were subjected to the texture
analysis procedure described above (with four 'clay' precipitations). Identical samples were analysed
using the standard hydrometer method, and all figures were found to be consistent within 20 %.
To test the consistency and reproducibility of the sequential extraction procedure it was applied on
five topsoil samples taken in 1996 in the same 'undisturbed' field in Gavle (within a 2 m by 2 m square),
contaminated by ca. 200 kBq m ' of C s from the Chernobyl accident (see Figure 2). In the least
significant of the extracted fractions (1-3), the recorded C s results showed a standard deviation of ca.
20 %. Due to the not very strong contamination of the samples the gamma counting on each of these
fractions was alone associated with a standard deviation of ca. 8 %. In the two most significant fractions
(4 and 5) results were associated with standard deviations of respectively 2.3 and 6 %, and standard
deviations on the gamma counting alone were here respectively 1.3 and 2 %. The small variation also
indicates a horizontal homogeneity in the binding pattern of radiocaesium in the top layer of the examined
square although about 10 years had passed from the Chernobyl accident to the sampling time.
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Figure 2. Sequential extraction results on five topsoil samples taken in Gavle, Sweden in 1996. Four extractions were
performed as described above. Thefifthfractionis theresiduein the soil sample.

A general conclusion can be made on comparison of results obtained by two of the described
techniques. A significant correlation ( R = 0.7) was found between the C s content in the 'clay' sized
texture fraction and the fraction of C s remaining in the residual part of the sample after the four
sequential extractions (see Figure 3). This correlation is surprisingly high considering that the examined
samples represent different layers in the top O-10 cm horizon of a wide variety of soil types (mostly sandy
loams or loamy sands) covering a vast area from only few km away from the Chernobyl power plant to
Sweden. The result can be seen as a verification of the efficiency of the method for separating texture
fractions. The C s content of the 'clay' sized texture fraction was found to have no correlation with the
4 * sequential extraction fraction (by nitric acid) nor with the sum of the 4 extraction fraction and the
residue. The slope being close to unity indicates that the strongly bound C s residue after the sequential
extractions corresponds to the part of the C s that is selectively fixed in micaceous minerals, whereas
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Figure 3. Fraction of C s in the 'clay' sized texture part versus fraction of Cs in the residue after 4 sequential extractions,
on 9 soil samples taken in the former Soviet Union and in Sweden about 10-13 years after the Chernobyl accident.

Figure 4 shows some results of neutron activation analysis performed on soil samples. As scandium
can be regarded as a tracer for mineral (clay) soil components, it is not surprising that the S c content in a
highly organic soil taken at Savichi, Russia is more than a factor of 10 less than that in for instance a
sandy loam in Sweden. The scandium content in the Savichi sample is also much less than what was
measured in other samples from the former Soviet Union, although the scandium content in the Swedish
samples is generally higher than that in the samples from the former Soviet Union. The very strong
correlation between contents of scandium and stable caesium indicates the strong affinity of certain clay
minerals in the examined soils for fixation of caesium. It should be mentioned that some of the samples
represent highly organic soil horizons. In the long run, when any possible C s association with particles
and colloids becomes negligible, and C s migration into mica interlayer sites has progressed, the degree
of fixation of C s would in the particular type of soil be expected to be similar to that of C s .
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4 CONCLUSIONS
A series of simple methods for analysis of the mechanisms and degrees of radiocaesium fixation in
undisturbed soil samples are described. A series of tests have been conducted to examine the validity of
results obtained by some of the methods. The reproducibility of the sequential extraction procedure,
which involves the most complicated laboratory procedures, was found to be satisfactory, even when
applied to a not very strongly contaminated Swedish soil sample. Results obtained with the suggested
technique for texture determination were found to be in-line with results obtained using standard
technique. The C s content of 'clay'-sized texture fractions was found to be correlated with the strongest
bound C s fraction measured by the sequential extraction technique, validating the texture determination
method and suggesting that the sequential extraction technique isolates the strong selectively mica-bound
caesium in its fifth fraction. Neutron activation analysis showed C s and S c to be associated with the
same soil components (mica), indicating the likely final destiny of C s in soil. This can be further
examined using neutron activation analysis to investigate the stable element distribution in sample
fractions separated by sequential chemical extractions.
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