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Abstract. Soil-to-plant transfer of radionuclides integrates plant physiological and
soil chemical aspects. Therefore, it is necessary to study the factors affecting the
equilibrium of the radionuclides between solid and soil solution phases.
Desorption and adsorption studies were applied to the podzolic and peat soils
considered in the ECP-2 project. In the desorption approach, both sequential
extraction and "infinite bath" techniques were used. In the adsorption approach,
efforts were directed at predicting Cs and Sr-KD on the basis of soil properties and
soil solution composition.
Desorption approach predicts time-dynamics of transfer with time but it is
unsufficient for comparatively predicting transfer. Adsorption studies informs about
which are the key factors affecting radionuclide transfer. For Sr, availability
depends on the CEC and on the concentration of the Ca+Mg in the soil solution.
For Cs, availability is mainly dependent on the partitioning between FES -frayed
edge sites-, which are highly specific and REC -regular exchange complex-, with
low selectivity for Cs. Moreover, availability depends on the K and NH4 levels in
the soil solution and fixation properties of the soil. Considering these factors, the
calculation of the in situ KD values helps to predict the relative transfer of
radionuclides.
The calculation of the KD of the materials that could be used as countermeasures
could permit the prediction of its suitability to decrease transfer and therefore to
help in producing cleaner agricultural products.

1. Introduction

After the Chernobyl Nuclear Power Plant accident, some CIS and Western Europe institutes
carried out a broad range of studies in contaminated areas in the former Soviet Union. These
studies dealt with radionuclide behaviour in soil-plant systems: radionuclide distribution in
soils, time-dynamics of radionuclide behaviour, soil-to-plant transfer and strategies to
decrease the plant uptake (countermeasure actions). This joint work was carried out in the
frame of the ECP-2 project, entitled "Transfer of radionuclides through the terrestrial
environment to agricultural products, including the evaluation of agrochemical practices".

One of the important steps in the radiocontamination of the food chain, following a
nuclear accident, is the soil-to-plant transfer of radionuclides. Part of the ECP-2 project has
been focused on studying in depth the basics of the processes governing such transfer, which
integrates the action of both plant physiological and soil chemical aspects, ECP-2 being
concentrated mainly on this last one. Besides, the overall effect of countermeasures also
integrates these two processes. Therefore, if we wish to rationalize field observations and to
design actions to reduce transfer, it is necessary to get a quantitative insight in the basics of
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the various processes governing radionuclide transfer.
Plant uptake appears to be directly related to radionuclide level in the liquid phase

plus a concentration factor that is plant specific and dependent on the soil solution
composition. In general, the fraction of a radionuclide present in the soil solution is believed
to be a very small fraction of the total amount. Therefore, transfer depends on the capacity
of the solid phase to replenish radionuclide levels in the soil solution, subsequent to uptake
or elution. Furthermore, this capacity depends on the fraction of the available radionuclide
(pool of total radionuclide in the soil that participates in solid-liquid partitioning) and also on
the distribution coefficient (soil solution-solid phase). The first magnitude, which quantifies
the potential of soil to fix radionuclides is time dependent (ageing processes) and the second
one is related to the sorption selectivity of solid phase and composition of soil solution,
especially of sorption competitive species.
The combined influence of these parameters makes the correlation of the experimental
transfer factors with only any one of them to be incorrect. The fraction of radionuclide
available is often estimated by desorption techniques, whereas the KD can be calculated from
soil sorption potential and soil solution composition. However, if the other parameters remain
constant, for a given soil the time dependence of the available fraction can be related to
changes of transfer factors with time.

With respect to radiocaesium behaviour, soil-chemical availability is essentially a
function of radionuclide partitioning between REC (regular ion exchange complex) and FES
(specific sites in the frayed edges of clay layers) in the solid phase. The K and Nlij levels
in the solid and liquid phases are of paramount importance since they are Cs-competitive
ions. On the other hand, the key factors of radiostrontium retention in soils are the cation
exchange capacity and the composition of the REC, especially Ca and Mg levels, which are
Sr-competitive species, since the sorption-desorption of radiostrontium is essentially
controlled by ion-exchange processes. From this knowledge a mechanistic approach can be
applied to quantify radionuclide speciation and ascertain which are the key parameters
responsible from their behaviour.

To reduce the radionuclide transfer to plants, the design of countermeasures is of
paramount importance. The emphasis in countermeasure strategy has been adressed recently
at the soil chemical level, trying to reduce the level of radionuclides in the soil solution by
applying adsorbents characterized by high radionuclide adsorption properties or, in some
cases, increasing the concentration in soil solution of competitive species, as K and Ca.
Zeolites and clay minerals have been usually considered as potential soil amendments to
reduce plant uptake. Similarly as for soils, these amendments can be characterized in terms
of radiocaesium and radiostrontium adsorption potentials. These quantitative insights are
useful to estimate the effect of the addition of an adsorbent to contaminated soils, by
comparing radionuclide adsorption potentials before and after adsorbent addition. Based on
this approach, a methodology was designed to predict the amendment effectivenes for a given
scenario at the soil chemical level.

2. Experimental

2.1. Sampling

Sampling areas were distributed in three different republics (Russia, Belarus and Ukraine),
as shown in figure 1. Soils were collected in 1991 and 1992.
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Figure 1. Mape of the sampling areas.

The field plots are described as follows:

• Chistogalovka -CHI- (Ukraine). This field plot is less than 5 km from the Chernobyl
reactor, with sandy-podzolic soil. This plot contained hot-particles due to fuel deposition.

• Polesskoye -POL- (Ukraine). This field plot is at 60 km west of the nuclear plant, with
loam-sandy, podzolic soil.

• Bragin -BRA- and Vetka -VET- (Belarus). These field plots are about 150 km northeast of
Chernobyl: the soils are peaty and sandy-podzolic respectively.

• Novozybkov -NOV- and Komsomoletz -KOM- (Russia). These field plots are at about 200
km northeast of the reactor: the soils are sandy-podzolic and peaty respectively.

2.2. Soil characterization

The methods used in soil characterization are available in literature. Total cationic exchange
capacity (CEC) values were measured by the AgTU method, whereas K, Ca, and Mg were
estimated after NH4C1 1 mol-1'1 extraction, and NH4 after KC1 1 moH"1 extraction [1].
Radiocaesium Specific Interception Potentials in K scenario (SIPR) values were obtained as
described in recent publications [2]. SIP values in NH4 scenarios (SIPNH4) were deduced
considering SIPK/SIPNH4 ratios equal to 5 (5 is the mean value of the NHj-to-K selectivity
constant in specific sites).
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2.3. Experimental design

Two approaches, based on desorption protocols and calculation of distribution coefficients
respectively, were used to study the physical and chemical factors that influence radionuclide
behaviour in the soils described above.

In order to estimate the available fraction and to study the time dynamics of
radiostrontium and radiocaesium, a sequential extraction scheme was applied to samples
recently contaminated with soluble 137Cs and 85Sr, which allowed us to define an initial stage
in the ageing process (4-day ageing samples). 85Sr was chosen to estimate the behaviour of
"•Sr in soils contaminated by the Chernobyl accident.
The distributions obtained were compared to those coming from the application of the same
scheme to samples directly contaminated by the Chernobyl accident, taken 6 years after.

These distributions defined the final stage for 137Cs and MSr (6-year ageing samples).
Moreover, another desorption technique ("infinite bath" technique) was also applied to
calculate the maximum pool of available radiocaesium in both types of sample (4-day and 6-
year ageing soils).

The mechanistic approach consisted mainly in the calculation of the in situ KD values
for radiocaesium and radiostrontium, as well as the study of the response of the radiocaesium
KD to different levels of NH4, which allowed the speciation study between REC and FES
sites.

Finally, the calculation of distribution coefficients was also used in the laboratory
back-up for countermeasure strategy.

3. Results and discussion

3.1. Desorption studies

In order to estimate the radionuclide available fraction, an operational approach was applied,
based on sequential extractions. Such procedure is based on subjecting a soil sample to a
sequence of increasingly aggressive extractant reagents, setting up a serie of different
available fractions.

In the ECP-2 project, a scheme was designed and used in common by all the groups,
which uses water (Fraction 1), NH4OAc 1 mol-1"1 (Fraction 2), HC16 moM"1 (Fraction 3) and
HNO3 8 mol-1"1 (plus some drops of H2O2) (Fraction 4) as extractant reagents [3]. The
desorbed radionuclide in Fractions 1 and 2 can be related to exchangeable fraction, whereas
Fraction 4 and residue may be associated with radionuclides irreversibly fixed in the mineral
phase [4,5]. Because of the significant relation between desorption yields and experimental
conditions, the main potential of such method lies in the study of the time dynamics of
radionuclide partitioning and explanation of long-term (mobility) behaviour.

During the ECP-2 project a new method was developed to desorb radionuclides from
a solid phase. In this new procedure, a desorption flux from the soil is generated by an
"infinite-bath" technique, using an ion-exchange technique: the soil is dispersed in a solution
of an extractant (NH4C1 10"3 mol-1"1) and brought into dialytic contact with a high capacity
ion exchanger (Giese granulate -ammonium-copper-hexacyanoferrate-), which breaks up the
equilibrium of the soil solution and generates a radionuclide desorption flux from soil into
the liquid phase, characterized by "near-zero" levels of radionuclide [6].
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3.1.1. Application of the sequential extraction scheme to obtain radiocaesium distributions

Figures 2a and 2b show 137Cs distributions obtained in podzolic and peaty soils, respectively,
using the sequential extraction scheme, for samples recently contaminated with 137Cs in
soluble form (4-day ageing) and for soil samples contaminated by Chernobyl accident from
ploughed field plots (6-year ageing).
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Figure 2. Time dynamics of radiocaesium distributions.

The distributions obtained 4 days after laboratory contamination showed that there
seemed to be two different distribution patterns, corresponding to podzolic and peaty soils
respectively.

It can be deduced that radiocaesium seemed to be rapidly fixed by the soil, although
more than 40% remained in exchangeable form (Fractions 1 and 2, using water and
ammonium acetate as extractant reagents), with the exception of Bragin soil, in which this
fraction was only around 25%: in general, in both peaty soils, available fractions (F1+F2)
seemed to be lower and mineral fractions (mainly desorption with HN03) clearly higher.

With respect to the distributions obtained 6 years after the nuclear accident, a similar
trend was observed. Lower desorption yields in the fractions related to exchangeable
radionuclide (Fractions 1 and 2) were obtained in the peaty soils (Bragin and Komsomoletz),
suggesting that in spite of the high organic matter content in these samples (70% and 84%
for Bragin and Komsomoletz respectively), mineral phase plays a key role in radiocaesium
retention. In these two soils, radiocaesium was mainly extracted in Fraction 4 (HNOj), which
may be associated with the mineral-organic matter phase.

With the exception of the soil from Chistogalovka, which had a significant
contribution of fuel deposition [7], the pattern distribution was again quite similar in podzolic
soils, the desorption yield in Fraction 3 (extraction with HC1) being the greatest. Taking into
account the different behaviour observed in Chistogalovka, in which radiocaesium is less
soluble, and considering the results obtained with laboratory contaminated samples, it may
be concluded that the lower radiocaesium solubility observed in Chistogalovka soil, 6 years
after the nuclear accident, was related to fuel particulates.

The conclusions of ageing can only be drawn when condensed deposition is the main
contribution of radionuclide contamination, since condensed deposition behaves as soluble
contamination. For Chistogalovka soil, for instance, no ageing studies can be performed since
two different types of contamination are present in 4-day and 6-year samples, For the rest
of the soils, time dynamics of the radiocaesium distribution revealed a significant decrease
in the available fraction (defined as the sum of Fractions 1 and 2) and a clear increase in
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Fraction 4 and residue, which are related to radiocaesium fixed to the mineral fraction, this
behaviour being especially marked in both peaty soils. Further comments on ageing are
discussed in the next section.

3.1.2. Comparison between radiocaesium desorption yields obtained applying "infinite bath"
and sequential extraction techniques.

Table 1 shows the desorption yields obtained after applying the "infinite bath" technique and
the available fraction defined from the application of the sequential extraction scheme (sum
of desorption yields in Fractions 1 and 2).

Table 1. Radiocaesium available fraction (expressed as percentage of total activity).

CHI

POL

BRA

VET

NOV

KOM

IB

77

60

62

86

85

78

4 Days

SFi

41.8

46.8

26.8

55.1

52.7

42.4

IB/EFi

1.8

1.3

2.3

1.6

1.6

1.8

IB

-

20.3

5.8

32.1

36.7

11.6

6 Years

EFi

3.4

9.3

n.q.

17.9

19.2

1.0

IB/EFi

-

2.2

-

1.8

1.9

11.6

IB4D/IB6Y

-

3.0

10.7

2.7

2.2

6.7

EFi4D/EFi6Y

12.3

5.0

-

3.1

2.7

7.8

IB: Desorption yields obtained using 'infinite bath' technique.
EFi: Sum of desorption yields obtained in Fractions 1 and 2 of the sequential extraction scheme.
IB4D/IB6Y: Ratio between desorption yields obtained using 'infinite bath' technique in 4-day and 6-year
samples.
EFi4D/£Fi6Y: Ratio between the sum of desorption yields obtained in Fractions 1 and 2 of the sequential
extraction scheme, in 4-day and 6-year samples.
nq: less than quantification limit.

The desorption yields from the "infinite bath" technique are always higher than those
deduced from the ordinary shaking procedures. Different factors may explain this behaviour.
On the one hand, the different experimental conditions used in the two procedures, especially
the longer extraction times in the "infinite-bath" technique, should be taken into account.
Other factor to be considered is the possibility of collapsing clay layers by the higher
concentrations of NH, when using common extraction procedures. Therefore, it can be
concluded that "infinite bath" technique better defined the total pool of available
radiocaesium, although both techniques give similar information.

The differences in the behaviour of Chistogalovka soil, because of the presence of fuel
particulates, were highlighted when the "infinite-bath" desorption was studied in detail, as
shown in Figures 3a and 3b, which represent the desorption yields obtained over time in 6-
year samples. For podzolic soils there were two zones in desorption, one relatively fast at
the start of the extraction, and a subsequent "pseudo-plateau". For peaty soils, desorption
process was slower and lower. On the other hand, Chistogalovka replicates had quite low
reproducibility: it appears that during the 90-day extraction, some fuel particulates were
dissolved.
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Figure 3. Desorption yields obtained from the application of "infinite bath" technique.

Both techniques - "infinite-bath" and sequential extraction- gave the same qualitative
information about the time dynamics of radiocaesium availability. In both cases, and for the
period studied, it was observed a decrease in the available fraction of around 2-3 times, for
podzols, and about 7-11 fold for peaty soils. These values should be in agreement with the
decrease of transfer factors observed in experimental fields. Few studies have been reported
to date with reliable data about changes of transfer over time, but Alexkhakin et al. reported
a decrease with time in transfer factors of around 2-3 times in podzolic soils coming from
the Bryansk region [8].

Considering the values of soil-to-plant transfer obtained for radiocaesium in field
experiments, it can be concluded that these desorption studies may account for the global
decrease in transfer factors with time, but fail to explain in which soil the transfer factor
should be higher: the experimental results show that in peaty soils the transfer factors are
higher, in spite of what could be deduced from "infinite bath" techniques or sequential
extractions. Therefore, besides the pool of available radionuclide, as quantified by these
desorptions, other factors at soil level appear to rule soil-to-plant transfer.

Similar conclusions with respect to the lack of correlation between the changes of soil-
to-plant transfer and radionuclide available fraction in soils are drawn from a parallel
experiment, carried out by the UIAR, in which it was studied the influence of different
fertilizers and manure on transfer to oats. In this study, the sequential extraction ̂ .scheme was
applied to control soil and to soils where fertilizers and manure had been added. These
treatments, which led to an eventual decrease of the transfer in respect of the transfer in
reference soil, did not have any significant influence on the radiocaesium distribution
obtained [9].

3.1.3. Application of the sequential extraction scheme to obtain radiostrontium distributions.

Figures 4a and 4b show radiostrontium distributions obtained in podzolic and peaty soils
respectively, using the sequential extraction scheme, for 4-day and 6-year ageing samples.

The distributions obtained in 4-day ageing samples are quite similar among the
podzolic soils, with more than 80% of radiostrontium being easily desorbed (Fractions 1 and
2). In the peaty soils this percentage is slightly lower, what can be related to the higher
percentage of organic matter. In any case, the radiostrontium available fraction is clearly
higher than that for radiocaesium.
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Figure 4. Time dynamics of radiocaesium distributions.

When studying the distributions obtained with 6-year samples, the different behaviour
pattern of Chistogalovka soil because of the presence of fuel particulates is again highlighted
comparing the distributions obtained with the other podzolic soils. In Chistogalovka soil, the
radiostrontium fraction desorbed in the fourth step is the most significant, the lowest being
the exchangeable fraction.

When comparing soils with mainly condensed deposition, there was a slight decrease
over time in the exchangeable fraction and an increase in the fraction desorbed with HNO3,
related to fixed radiostrontium. However, this ageing process was clearly lower to that
observed for radiocaesium. No conclusions can be drawn for Chistogalovka soil since the
change of type of radionuclide contamination overcame the ageing process.

As stressed for radiocaesium, the application of the sequential extraction scheme is
not a good method to ascertain in which soil the radiostrontium transfer may be higher.
Actually, this scheme levels out the different soils. For instance, comparing with the transfer
factor data available, the difference found in the exchangeable radiostrontium fractions in
Vetka and Bragin soils (slighly lower for Bragin) can not explain the differences found in the
transfer factors obtained in field experiments, which were of around one order of magnitude
[10].

3.2. Mechanistic approach

3.2.1. Radiocaesium partitioning between REC and FES.

Table 2 shows some of the main soil parameters (pH, CEC, SIPK) that have to be considered
with studying radionuclide sorption.

CEC values, which are representative for radiostrontium adsorption potential, varies
between very low values for the podzolic soils to very high values for the peat soils.
Consequently, although depending on the Ca-Mg levels in the soil solution, it can be foreseen
that with respect to soil vulnerability to radiostrontium contamination, differences can be
expected to amount to one order of magnitude.



Table 2. Soil parameters as well as radiocaesium partitioning between REC and FES.

SOIL

POL

cm
VET

NOV

BRA

KOM

pH

6.58

7.73

6.08

7.00

5.98

6.25

CEC

36

69

24

50

1030

1140

0.94

2.61

3.38

2.49

4.43

6.23

NIL., .

0.94

1.52

1.57

1.77

11.60

8.64

sny
460

290

710

470

520

260

snw
90

60

140

95

100

50

RIP'

9.4

20.6

24.8

21.3

16.0

14.9

%rac-

2 - 9

7-25

3.5 - 15
1 - 18

3 - 15

5-25

a: CEC, K ^ and NH4cxA concentrations are expressed in

b: Specific Interception Potential in K scenario, SIPK (in jjeq-g'1).

c: Specific Interception Potential in NH4 scenario, SIPNH4 (in jteq-g"').

d: Regular Interception Potential, RIP (in /jeq-g1).

e: Percentage of radiocaesium in the Regular Exchange Complex, % REC. The lowest values have been

calculated from RIP-100/(SIPK + RIP), the highest values being RIP-100/(SIPNH4 + RIP).

With respect to radiocaesium, SIPK values, which are representative of radiocaesium
interception potential, vary in a relatively narrow range.

It is easy to predict the partitioning of radiocaesium between the 'frayed edge sites'
(FES) and the regular exchange complex (REC). The calculation is made from the values of
the SIPK, i.e. the product of [FES]-Kc(Cs/K) (Cs-to-K trace selectivity coefficient multiplied
by the capacity of FES), the Specific Interception Potential in NHcScenario (SIPNH4), i.e. the
product of [FES]-Kc(Cs/NH4) (about 5 times lower than SIPR). The REC pool is evaluated
from the Interception Potential of the Regular Exchange Complex (RIP), i.e.
(NH4+K)exch-Kc(Cs/K). For peaty soils, Kc(Cs/K)=l, and around 5 for podzolic soils.

From the interception potential values obtained, it can be observed that the lower limit
of the radiocaesium ratio RIP/SIP seems to correspond to a K-scenario in the FES, the upper
limit corresponding to a NH4-scenario, as is known due to the higher competitivity of this
cation in the FES. Furthermore, and considering that for all systems relatively high NH,
saturations can be predicted in the FES, the RIP/SIP,^ ratio can be expected to be a good
estimate of the field situation. On this basis, it is found that radiocaesium percentages in the
regular exchange complex are in the range of 10-25%. These values are significantly lower
than the desorption yields shown in table 1, even considering the values obtained using the
"infinite bath" procedure 4 days after laboratory contamination (60-85%), clearly showing
that significant fractions of radiocaesium are also desorbed from the FES.

It is clear that the effective radiocaesium levels in soil solution are controlled by the
FES pool. Furthermore, it is highlighted the significant role of NH4 in the radiocaesium
partitioning: in situ KD values for radiocaesium will be ruled predominantly by

3.2.2. Response of the KD(Cs) in a mixed scenario

In the previous section, the calculation of the radiocaesium partitioning between REC and
FES showed that radiocaesium was mainly intercepted by the FES in the micaceous clay
minerals in soils. This conclusion was actually indirect, so a procedure that gives direct
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evidence is needed.
This procedure is based on measuring the KD response of radiocaesium in a mixed-

scenario containing NH4, K and Ca. Distribution coefficients of radiocaesium (KD(Cs)) were
obtained in ten scenarios, all of them with the same concentrations of Ca and K (0.1 mol-t1

and 10 mmol-1"1 respectively) and increasing NH4 concentrations (up to 5 mmol-1"1), in order
to study the response of the system to the increasing concentrations of NH,+. Further details
can be found in [11].

In this experiment, there is no masking of sites in the regular exchange complex. If
the Cs were associated with the FES, then KD should be quite sensitive to NH, since NH4 is
much more competitive than K in these sites. On the other hand, if all Cs were in the regular
exchange sites, KD should not change since NEI4 and K in these sites are equally competitive.
In short, this is shown from the following theoretical explanation:

or

mJmK

where:
mK> mum: concentrations of K and NH\ in mmol.l'1.
(KD-ITIK): KD-mK product a zero loading of NH,.
KD-mK: KD-mK product in a K-NH4 scenario.
Kc(NH4/K): NIVto-K selectivity coefficient in FES.

Therefore, if the ratio (Ko-m^/Ko-mK is represented versus mj^/niK, the slope should
be the selectivity coefficient of NH.-to-K in FES CMNH4/K)).

5.5

0.1 0.2 0.3 0.4 0.5

-•-IIXITE

•*- KOMSOMOLETZ

"*-BRAGIN

— CHISTOGALOVKA

0.5

Figure S. KD(Cs) response to increasing NH4
+ concentrations in a mixed scenario.
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Figure 5 represents the results obtained after the application of the mixed scenario to
some of the soils studied. The main result is that Komsomoletz and Bragin (both peaty soils)
exhibit a behaviour which is similar to illite. Therefore, it can be deduced that the specific
sites in clays govern radiocaesium behaviour, more than the total CEC capacity does, even
in soils with a high organic matter content.

3.2.3. Calculation of in situ KD

In order to make predictions on in situ KD values for radiocaesium and radiostrontium,
quantitative data on the soil solution composition is needed. Such data were obtained from
the values of K and Ca+Mg concentrations in water extracts, using a solid/liquid ratio of 1/2
g-ml"1. NH4 values were obtained on the basis of experimentally measured NH,/K ratios in
the exchange complex and the K concentrations in the liquid phase extracts. These values are
shown in table 3. Cation concentrations in field capacity conditions were also estimated
considering a field capacity of 30% in podzolic soils and of 70% in peaty soils. The
differences of NH4 concentration in soil solution make expect a nearly one order of
magnitude effect for the radiocaesium in situ KD.

Table 3. Results of water extractions as well as estimation of the in situ KQ from field capacity values.

SOIL

POL

cm
VET

NOV

BRA

KOM

RATIO 1/2

K

0.11

0.39

0.50

0.34

0.50

0.90

Ca+Mg

0.68

3.56

0.32

2.91

22.81

12.34

FIELD

NH,

0.31

0.63

0.56

0.69

2.31

2.19

CAPACITY (FC)

K

0.31

1.07

1.19

0.96

0.89

1.58

Ca+Mg

5.38

25.3

3.75

21.69

70

40

KD-C

250

70

180

107

42

20

IN SITU KD

s Ko-Sr

6.7

2.7

6.4

2.3

14.7

28.7

These concentrations allow us to calculate radiocaesium in-situ KD values, obtained
on the basis of the following equation:

For Cs in situ KD = SIPK/(mK + S-

For radiostrontium, in situ KD values are obtained as the ratio of CEC and the
Ca+Mg concentration in the soil solution.

For Sr in situ KD = CEC/(mCl + mMg)FC

The results of these calculations are also given in table 3. For radiocaesium, the
differences in the in situ KD values, are mainly due to the levels of NH, in soil solution. The
predicted high levels of K and, especially, of NH4 in the soil solution of the peat soils lead
to the lower in situ KD values.

The opposite situation is observed for radiostrontium. In situ KD values are all quite
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low for podzolic soils, and the differences are essentially due to the different Ca+Mg
concentrations in soil solution, the higher values being for the peat soils.

3.2.4. Prediction of a relative scale of radionuclide transfer

A radiocaesium TF scale can be set up in terms of the product of the available
fraction (defined from the extraction using the "infinite bath" technique) and the reciprocal
sum of K+NH4 in soil solution, divided by the in situ KD. In this relative scale the same
plant should be considered, to allow the comparison, as well as a passive role of this in
radionuclide uptake. Due to the time dependence of the available fraction, this sequence can
be defined for fresh contaminated samples and for six-year aged samples. The two series,
normalized against fresh contaminated Vetka, are:

• Fresh contaminated soils:
Vet (1) < Pol (1.5) < Bra (1.6) < Nov (1.7) < Chi (2.7) < Kom (3.4)

• Six-year aged soils (not considered Chistogalovka):
Bra (0.2) < Vet (0.4) < Pol=Kom (0.5) < Nov (0.7)

In spite of being closer to. experimental results than a scale only derived from
desorption values, this sequence does not match perfectly with experimental data, especially
for six-year aged soils. However, this sequence assumes a comparable fertilizer state for the
soils.

For radiostrontium it is possible to define a similar sequence. In this case the restriction to
comparable soil chemical scenario in examining aging effects is less severe since the Ca+Mg
concentration term cancel each other in the soil chemical and plant factor, the sequence being
ruled by the available fraction divided by the CEC:

• Fresh contaminated soils:
Kom (0.8) < Bra (1.4) < Chi (27) < Nov (33) < Pol (50) < Vet (73)

• Six-year aged soils:

Kom (0.8) < Brag (0.9) < Chi (8.8) < Pol (29) < Nov (31) < Vet (53)

This sequence fits nicely with transfer factors derived from experimental fields.

3.3. Laboratory back-up for countermeasure strategy

3.3.1. Laboratory tests

A set of adsorbents were studied and characterized, as shown in table 4. They have all high
adsorption potentials for Cs (SIPR) or Sr (CEC). For zeolites, the SIPK values were dependent
on the PAR value of the soil solution [12]. Zeolites show extremely high adsorption
potentials for Cs or Sr but unfortunately, the adsorption of these radionuclides is completely
reversible.

92 -



Table 4. Chemical characterization of the adsorbents studied.

AMENDMENT

Sapropel

Donegal

Bentonite

Clinoptilolite

Natural Mordenite

Na-Mordenite

5A

TYPE

organic (73 % o.m.)

peat (97 % o.m.)

clay

natural zeolite

natural zeolite

synthetic zeolite

synthetic zeolite

CEC (eq/kg)

1.05

0.53

1.21

20317

4973

-

27586

SEPK (eq/kg)

0.154

0.002

-

35-55

60-125

60-125

-

To test the effect of the amendment known amounts of soil samples with or without
the adsorbents (at a given dose) were weighted in dyalisis membranes and dialytically
equilibrated with a solution representative for the soil solution. After presaturation, dialysis
tubings were equilibrated with the same solutions labeled with 137Cs or 85Sr. Further details
can be found in [13].

Some results of the laboratory experiments are presented in tables 5 and 6. Table 5
shows the changes of radiocaesium KD values obtained for a set of soils, when applying
(KD"b) or not (KD

ref) natural mordenite, at a dose of 1%. To allow the comparison, results
are also available of the application of both clinoptilolite and mordenite to a podzol coming
from Mol, Belgium (CEC: 0.017 eq/kg; SIPK: 0.21 eq/kg).

Table 5. Results of laboratory tests on the effect of adsorbent amendments for radiocaesium.

SOIL Kp^ (ml/g) KD"" (ml/g) K^/ iy*

2.2

4.5

3.2

4.0

2.0

2.5

2.7

3.3

Table 6 represents radiostrontium KD obtained for Vetka soil, after a number of
treatments with different amendments.

MOL (CLINOPT)

MOL

POL

CHI

VET

NOV

BRA

KOM

311

291

807

362

896

562

638

151

689

1315

2569

1435

1832

1383

1751

498
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Table 6. Results of laboratory tests on the effect of the adsorbent amendments for radiostrontium.

TREATMENT KD
l*f (ml/g) KD

al" (ml/g) K D ' a > /V f pH

5A1%

5A2%

5A4%

Bentonite 1 %

Bentonite 2%

Bentonite 4%

Bragin 1%

Bragin 2%

Bragin 4%

Donegal 1%

Donegal 2%

Donegal 4%

3.02

3.02

3.02

3.02

3.02

3.02

3.02

3.02

3.02

3.02

3.02

3.02

31.1

51.3

85.0

4.17

5.13

7.39

4.43

5.71

8.30

3.69

4.33

4.95

10.3

17.0

28.2

1.4

1.7

2.4

1.5

1.9

2.8

1.2

1.4

1.6

7.05

7.27

7.53

6.07

6.22

6.26

5.91

6.19

6.60

5.64

5.29

5.06

It is seen that the addition of adsorbents characterized by high radionuclide adsorption
potentials to soils with low radionuclide adsorption potentials effectively increase the KD. For
radiocaesium, a 1 % of dose of the natural mordenite results in an effect of a factor 2 to 5.
Clinoptilolite proves to be less effective, but as it is available at much larger quantities and
lower prices than mordenite, the application of larger doses of this material may be
economically more feasible than the addition of mordenite.

For radiostrontium it is clear that distribution coefficient is governed by the CEC,
which is demonstrated by the observed values that agree with those deduced for the
individual CEC values. For radiostrontium the changes of pH have to be considered. CEC
in podzolic soils mainly depends on organic matter sites, which are pH dependent. Therefore,
a decrease in pH leads to a decrease in CEC and thus in the distribution coefficient. This fact
allows us to explain the differences observed between Bragin and Donegal soils (both peat
soils with similar CEC at a given pH, but actually higher for Bragin since Donegal is an
acidic soil). Furthermore is one of the factors that explain the excellent results obtained for
the synthetic zeolite 5A.

3.3.2. Plant growth experiments

Some plant growth experiments derived from these studies, were also performed. The soil
chosen was the Mol podzol, and 1%-clinoptilolite and l%-Na+-mordenite (for Cs) and 1%-
5A, 2%-sapropel and 2%-Bragin soil (for Sr) were used as amendments. The plant chosen
was spinach.

The main results are shown in table 7. In this podzol, characterized by low
radiocaesium and radiostrontium adsorption potentials, the addition of mineral and organic
adsorbents considerably reduces the transfer of the two radionuclides.
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Table 7. Results of the plant growth experiment.

TREATMENT

Na+-Mor 1%

Clinop. 1%

5A 1%

Bragin 2%

Sapropel 2%

TF control/TF treatment

Radiocaesium

4.57

2.99

Radiostrontium

24.95

2.75

2.06

PREDICTED
EFFECT

5.23

2.88

8.97

2.20

1.93

PH

5.11

6.19

7.68

5.27

4.86

The observed effect coincides reasonably well with the predicted effect, except for
5A zeolite. In this case, an additional dilution effect should be considered due to the huge
amount of Ca ions that are brought into the solution.

4. Conclusions

Sequential extractions are useful to explain changes in radiocaesium and radiostrontium
behaviour over the time, since a decrease in the available fraction as well as an increase in
the radionuclide fixed to mineral fraction were observed.

The speciation capacity of the desorption studies is limited, since only with the data
coming either from the sequential extraction scheme or from "infinite-bath" technique it not
possible to estimate the fraction of radiocaesium associated with the REC or with the FES
sites.

Furthermore, the "prediction" capacity of the available fraction of radiocaesium and
radiostrontium defined from this desorption approach, with respect to radionuclide mobility
and changes of it over time, can be only used for the same soil, assuming minimum changes
of the soil solution composition over time. It is not possible the prediction of in which soil
the transfer (root uptake) is going to be higher only on the basis of the pool of available
radionuclide, since other factors (adsorption properties, composition of the soil solution) are
of most importance. Furthermore, the value of the total pool is not clearly related to soil
properties.

The quantification of the partitioning between FES and REC shows that only 10-25
% of radiocaesium is associated with REC.

The key role of illitic clays (especially FES sites) in radiocaesium retention is clearly
shown by studying the changes of KD(Cs) in mixed K-Ca scenarios, with increasing NH4
concentrations. In both podzolic and peaty soils, the behaviour observed is similar to that
seen for illite.

The calculation of in situ KD values, which considers NH4, K and Ca+Mg status in
the soil solution, seems to be a key parameter to predict in which soil the soil-to-plant
transfer can be higher.
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The use fo Cs and/or Sr specific adsorbents as countermeasures will be effective if
the radionuclide adsorption potential exceeds that of the contaminated soil by a factor of 100.
In practice, only soils characterized by low Cs or Sr adsorption potentials are to be
considered. Based on a soil chemical characterization of soil and adsorbent, the solid/liquid
distribution behaviour of Cs and Sr in soils and adsorbents can reasonably well be predicted
and the effect of the addition of an adsorbent on the Cs or Sr solution levels can be estimated
optimally. The laboratory test presented may be a first step to assess whether the addition
of an adsorbent will be affective and, if so, to what dose it must be applied to obtain the
desired effect.
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