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Somrnaire

& I. INTRODUCTION

The Chernobyl accident, which led to substantial release of radioactive materials in the
atmosphere, demonstrated that large environmental areas may be contaminated by
fall-out deposition of radioactivity. In particular, contamination by Cs and Sr of agro-
ecosystems where food production is taking place is most susceptible to contribute to
population radiation dose. Nuclear safety analysis shows that, although very small, the
probability of an accident occurring on a pressurized water reactor (PWR) cannot be
completely set aside. In such a situation, decision making and management of the
contaminated agricultural surfaces largely depend on our ability to predict how, and to
which extent, the initial contamination may lead to polluted foodstuffs. Furthermore,
the efficiency of the prediction models relies on our level of understanding of the
mechanisms governing the transfer of radionuclides in the soil-plant system.

Unraveling these mechanisms from in situ observations of environmental areas
contaminated by past events is difficult due to the lack of control on both, the
contamination itself, which happened in a critical situation, and the natural
environment, which is highly variable, temporally and spatially. Such conditions
prevent a clear identification of the most relevant parameters influencing the
radionuclides transfer and thereby the prediction goal. In particular, current transfer
factors introduced in prediction models suffer from unresolved and poorly documented
variabilities. This is why IPSN developed a unique research facility capable of
generating, in closed and controlled environmental conditions, a mini-accident with
release of radioactive aerosols on small-scale, but realistic, samples of crops. These
crops are conducted on undisturbed soil monoliths, featuring several soil types from
various European countries, managed in lysimeters with advanced water movement
control, and placed in greenhouses where three typical climates can be reproduced
artificially, and yearly repeated, by means of computer control.
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Sommaire

& I I . PEACE OBJECTIVES

The PEACE project aims at a better understanding of some basic biological and
physico-chemical processes involved in the flux of radionuclides in agricultural
ecosystems. It provides scientific data for improving and validating models of root
uptake and vertical migration in soils in order to predict the radiological impact of
contamination and apply restorative techniques.

The project is focused on the study of the behaviour of Cs and Sr in the soils, and on
the soil-to-plant interface processes which govern the transfer of radionuclides to food
crops following an accidental deposition of radioactive aerosols.

The research efforts aim first at a better quantification of the key parameters which
influence the overall soil-to-plant transfer, such as soil moisture, soil physico-
chemistry, agricultural practices and climatic conditions. Special emphasis is devoted
to two specific aspects which have been given limited consideration in the past: the
soil solution composition and the spatial distribution of radionuclides in the soil profile
including kinetics of migration. Second, the results of the current research will
hopefully support the predictive ability required for adequate management of the
contaminated agricultural surfaces and reduction of doses to critical populations.

To reach these objectives, the PEACE project is divided into three interrelated Work
Packages which integrate the development of mechanistic models of radionuclides'
migration and root uptake with laboratory experiments designed to accurately control
and manipulate the environmental parameters of relevance based on the lysimeter
facility at Cadarache.

The first Work Package is dedicated to experiments on the relationships between soils
and radionuclides. Two mains topics are investigated :

1 on the influence of the soil moisture content on the dynamics of the soil sol
•• composition in terms of concentrations of major competitive nutrients,

[ r̂ -i of the kinetics of migration of radionuclides in soils, and determination of tr
! '—' chemical availability according to soil type, depth and time (ageing).

The data collected in this Work Package are linked to the soil-plant interactions for
supporting proper interpretation (second Work Package), and fed in the models
developed in the third Work Package.

The research activities pursued in the second Work Package are devoted to the
quantification of the variability of soil-to-plant transfers as arising from soil types,
agricultural practices, water regimes and time (ageing).

The main objective of the third Work Package is to adapt, improve and validate
prediction models of the soil-to-plant transfer of Cs and Sr using experimental data
derived from small scale column and lysimeter studies, with special emphasis on
radionuclide vertical migration and root uptake.
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Sommaire

o I I I . PEACE PROGRESS AND RESULTS

cl^

The various soils installed in the lysimeter facility, which form the focus of this study,
have been extensively characterized. Table 1 provides the main physico-chemical
properties of the 5 soils including texture, granulometry, and essential chemical
features. Table 2 provides all relevant information concerning the fractionation of the
soils in various plots which have been designed to assess some special treatments on
a given soil. Finally, Table 3 gives the fertilizing treatments which have been applied.

Table 1. Main physico-chemical features of the PEACE soils in the plough layer (first 20
cm).

Geographical
sampling site

FAO
classification

Soil texture

Particle size %
clay

% silt
% sand

Clay types
%

Chlorite/verm iculite
% [Mite/mica
% Kaolinite
% Chlorite

% Smectite
Chemistry pH
(KCI)

CEC (cmolc kg"1)
% organic matter
Total carbonates

(%)
RIP Cweq.g"1)

Mol
(Belgium)

orthic
podzol

Sand

7.1

14.6
78.3

-

3.1
2.4
1.2
0.4

4.0

11.7
3

-

443

Julich
(Germany)

orthic
luvisol

Silt loam

12.7

78.7
8.6

-

8.0
4.4
0.3
-

7.1

13.4
1.5

0.2

2328

Barcelona
(Spain)
calcic
luvisol
Loam
(calc.)

13.9

28.8
47.8

-

11.5
1.9
0.4
-

7.1

16.4
2.3

7.2

2732

Belleville
(France)

fluvisol

Loamy
sand

7.3

13.7
79.0

4.7

2.6
-
-
-

6.2

5.8
1.5

-

1126

Wellesbourne
(U. K.)

eutric fluvisol

Sandy loam

13.0

19.7
66.9

-

8.3
3.6
1.5
-

6.3

17.8
3.9

0.3

2316

Table 2. Soils fractionation in various plots and respective agricultural practices
applied.

Lysimeter
soil

Belleville
(noted FBxx)

Plot

SW
*SE

Culture

lucerne

Treatments applied after
contamination

Ploughing | Agricultural practices
yes
no fallow

at the first ploughing
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Wellesboume
(noted UKx)

Julich

(noted Dxx)

Mol
(Noted Bxx)

Barcelona

(Noted Ex)

NW

NE
W
*E
*S

NW

NE

SW
SE
NW
NE
W

*E

seasonal

seasonal
seasonal
ryegrass
ryegrass

seasonal

seasonal

seasonal
seasonal
seasonal
ryegrass
seasonal

seasonal

yes

yes
yes
no
no

yes

yes

yes
yes
yes
yes
yes

no

contaminated straw has been
buried

0-15cm layer skimmed-off,
mixed and placed at 15-30cm
depth
surface layer placed at 30-35cm
depth 'deep-placement'
Cow manure addition
Cow manure addition
Cow manure addition

Non-contaminated straw has
been left on the soil (mulching)

*Soil plots concerned with migration studies (no ploughing after contamination).

Table 3. Overall fertilisers applied from 1994 to 1998 on the ploughed plots for
seasonal crops.

(* Barcelona-E was further supplied in 1995 with (NH4)2SO4 (52 kg/ha), PO4 (54 kg/ha)
and K2SO4 (48 kg/ha).

Soil

Belleville
Wellesbourne

Julich

Mol

Barcelona

Plot

NE.NW
W
NE,
NW
SW
SE
NW
W
E*

NH4NO3

(kg/ha)

180
120

225

190
180
190
220
120

p
2 o 5

(kg/ha)

80
80

160

80
160
152
80
80

K2O
(kg/ha)

150
150

300

150
300
285
150
150

CaO
(kg/ha)

200

200
400
380

manure
(t/ha)

40
80

40+40

0 III-l Soil-radionuclides interaction

I I I - l . l Soil solution composition

Laboratory in vitro approach

Table 4 shows the four soil moisture contents applied to each soil and the
corresponding soil matric potential (-kPa) calculated from the soil moisture
characteristic curve.

Table 1. Soil moisture content (g H2O 100 g'1 soil) at the different approximate applied

soil matric potentials.

1 /no



Soil

BMol
D Jiilich
E Barcelona
FB Belleville
UK
Wellesbourne

After 24h
drainage

46.0
88.8
40.4
31.0

37.6

-10
kPa
14.8

-33
kPa
11.9

20.1
8.2

15.9

-50
kPa

20.8
16.8

15.5

-60
kPa
8.4

20.4

-80
kPa

18.6
14.8

6.9

-120
kPa

13.6

-170
kPa

5.9

Table 2. Soil moisture content, radionuclide concentration in soil solution and in the
bulk soil, K in soil solution and KD. Results are the mean value of three replicates.(na:

not analysed)

Soil

B

D

E

FB

UK

Initial

g
H2O

100g"
1soil

45.99
14.83
11.87
8.40

88.80
20.85
20.49
18.56
40.38
20.05
16.77
14.79
31.00

8.21
6.89
5.92

37.63
15.92
15.49
13.63

134Cs

soil
solution
(Bq.l"1)

8554
18496
24078
24770

503
1133
1074
1792

527
1019
1233
1697
1040
3083
4115
5802
1327
2453
2559
3322

soil
(kBq.kg-

1)

945
945
945
945

2923
2923
2923
2923
2842
2842
2842
2842
2146
2146
2146
2146
1700
1700
1700
1700

K 134Cs

(Ikg-1)

111
51
39
38

5836
2586
2726
1631
5599
2803
2306
1677
2066

697
524
375

1289
695
665
513

K
(mM)

2.14
10.16
21.23

na

2.49
6.12
6.49

na
3.79
7.14

11.94
17.08
0.62

15.19
15.93
33.34

1.07
6.88
6.79
7.74

85S r

soil
solution

(Bq.r1)
24845
57958
92926
97977
21083
64202
61637
61401

8600
30915
30605
31135
30218

103626
95039

158133
4981

13320
11211
16428

soil
(kBq.kg-

1)

84
84
84
84

192
192
192
192
166
166
166
166
192
192
192
192

165
165
165
165

K 85Sr

(l.kg-
1)
3.39
1.46
0.91
0.86
9.09
2.99
3.11
3.12

19.33
5.38
5.44
5.34
6.40
1.86
2.03
1.23

33.26
12.41
14.77
10.12

KD (Table 2) widely varied between the five soils analysed, according to their different
physico-chemical properties related to radionuclide fixation (RIP for 134Cs and CEC for
85Sr). Moreover, the activity concentration of radionuclides applied was different for
each soil, according to the above mentioned soil properties, then activity concentrations
in soil solution widely varied between soils (Table 2). In addition, for a given soil matric
potential, the soil water content differs as a function of the soil properties (such as
texture and organic matter) (Table 1). Taking into account this variability, the results
have been expressed as the % change with respect to the "24 drainage" point, which is
the wettest point (saturation) and the most diluted in terms of radionuclide activity
concentration.
Each x-y pair is considered individually, thus the most diluted point is the reference
100%, so suffixed sat and the other x-y (i) are expressed as a % change with respect to
this reference.

Figure 1 to 4 give a graphical representation of these results expressed as follows:

l-it 1 /no
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\x\ %change SMC; = (SMC; * 1OO/SMCsat)

0 %change [RN] = ([RN], * 100/[RN]sat)

0 ; %change in KD = (KDi * 100/ KDsat)

[x] %change in K = (K, * 100/Ksat)

with: SMC = soil moisture content
[RN] = radionuclide activity concentration

The relationship between the 134Cs soil solution activity concentration (as a % change
with respect to 134Cs in soil solution at saturation) and soil moisture can be observed in
Figure 1. The general trend is an increase of the soil solution activity concentration as
soil water content is decreasing (increasing soil matric potential), the effect being more
pronounced at low soil moisture. Variation of 134Cs activity concentration is as much as
7 fold in the range of soil moisture considered. In the applied soil moisture range, the
relationship between 134Cs in soil solution and soil water content can be fitted for every
soil to a quadratic hyperbolic function. Considering Y = 134Cs in soil solution (% change
with respect to saturation), X = Soil water content (g H2O 100 g"1 soil) and SMCWP=
Soil moisture content at wilting point, the fitting curve is:

Y = y0 + a * (1/(x-SMCwp)) + b * (1/(x-SMCwp))2

The solid/liquid distribution coefficient expressed as the change with respect to KD at
saturation (Figure 2) denotes a clear linear relationship between KD and the soil
moisture. In addition the behaviour is similar for the five soils studied, indicating that the
effects of soil moisture content on the solid/liquid distribution coefficient could be
extended to other soil types, at least mineral soils. Furthermore, K concentration in soil
solution also varied with soil moisture following the same pattern as 134Cs (Figure 3).
Consequently, the change in KD is related to the change of K in soil solution (Figure 4).

These results are consistent with those obtained in the lysimeters (Figure 5), taking into
account that the K status in soil solution directly affects the solid/liquid distribution
coefficient.

The results obtained in these experiments indicate a clear and simple relationship
between soil moisture content and 134Cs status in the soil solution. Therefore, as the
lysimeter measurement of soil solution is difficult, time consuming and presents some
limitations in terms of detection level, these results have the potential to predict the soil
solution dynamics during the cropping period from the soil matric potential which has
been monitored in the greenhouses.

The behaviour of radiostrontium as influenced by the soil water content did not follow a
relationship similar to that found for radiocaesium. For radiostrontium, two sections can
be identified. First, from the "24 hours drainage" (saturation) to the next lower moisture
applied, there was a significant increase of radiostrontium concentration in the soil
solution: radiostrontium activity concentration was about 3.5 times higher at field
capacity than at "24h drainage" (saturation). Secondly, after this initial concentration
effect, further reduction of the soil water content applied did not produce any clear
change of radiostrontium in the soil solution.

httn-l/\\i\\/\\i it-icn fr/aotiiiitPo/oTivirAnnomflnt/nfKioo/IPQM.PPArp.n') htrr, \f\l\ 1/00
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Lysimeter studies

137Cs and K concentrations were measured in the soil solutions at four soil sampling
campaigns, together with 137Cs activity in the soils and their exchangeable K content.
The standard deviation between the replicates (3 replicates per lysimeter plot) were
rather high for both the 137Cs activity concentration (AC) and K concentration in soil
solution. An attempt was made to correct 137Cs AC's for differences in the soil moisture
content (SMC) of the samples, based on the results obtained from the laboratory in
vitro approach. KD's were recalculated to the saturation level of the different soils, and

coefficients of variation (CV) between the replicates of the observed KD's were
compared to the CV's between replicates of the recalculated KD's. This resulted in CV's
that were 285% worse to 50% better in case of the replicates of the calculated KD's
(data not shown). The median improvement of the coefficient of variation was only 2%.
In other words, it was not possible to explain these differences in 137Cs AC by
differences in the SMC between the replicates.
Observed solid/liquid distribution coefficients were compared to KD's that were

predicted based on the following relationship:

\s situ _
K d - (1)

m,
assuming that ammonium concentrations in soil solution were negligible. In general,
most KD's were under-predicted, up to 32 times (Figure 5). In six cases, KD' were
slightly over-predicted (1.1 to 6.3 times). This was mostly the case for the FBNW
(Belleville) lysimeter plot. The most obvious explanation is the formation of ammonium
in this lysimeter plot. For all soils, the underprediction of the KD was highest at the time
of the second soil sampling campaign. Underprediction of KD possibly reflects fixation

of 137Cs in the soil. However, as the KD,'s were better predicted at the subsequent soil

samplings, other processes have to be considered.

i
i

x '

x""*'*J* k t "

Figure 5. Predicted versus observed sofid/liquid distribution coefficients (K^j at the four
soil sampling campaigns.

Results from the laboratory in vitro approach are all expressed as the percentage

ht i /nn



change with respect to the saturation level. Unfortunately, the in-situ lysimeter soils
have never been saturated, which means that the experimental lysimeter results cannot
be expressed as a percentage change with respect to the saturation level. When
looking at the absolute values, there is no clear relationship between the SMC and the
137Cs AC in the soil solution (Figure 6). Differences in soil moisture content were very
small in case of the FB-soil (Belleville). Nevertheless, the 137Cs AC varies over more
than one order of magnitude. In case of the B- (Mol) and UK- soil (Wellesbourne),
differences in soil moisture content are more pronounced, but the 137Cs AC varies
apparently irrespective of the SMC. In the E- (Barcelona) and D-soil (Julich), the
differences in SMC are rather elevated, but even in this case no trend can be found
between the SMC and the 137Cs AC in the soil solution. This disagreement between the
in vitro laboratory results and the observations in the lysimeters, is probably attributable
to the complexity of the lysimeter soils. Different lysimeter plots were manipulated in
different ways during the past years, resulting in different soil and soil solution
compositions, both concerning 137Cs and K. For this reason, changes in the 137Cs AC
or the K concentration should be looked at in relation to the 137Gs activity of the soil (i.e.
KD

Cs) or the exchangeable K content in the soil (i.e. KD
K). Another complication arises

from the above-mentioned effect of K on the distribution of 137Cs between the solid and
the liquid phase. A higher soil moisture content results in a dilution of the K
concentration in the soil solution (see above "Laboratory in vitro approach"), which in
turn results in a higher distribution coefficient (equation 1). The 137Cs AC in the soil
solution is not only determined by the K concentration, but also by the dilution effect of
the soil moisture content. If the 137Cs AC in the soil solution should solely be
determined by the K concentration, than the KD

Cs/KD
K ratio should be constant in

function of the soil moisture content. This is not the case in the lysimeter soils, as can
be seen in Figure 7.

I ar*--

*• i.i 'A- a s . i). *».

Figure 6. The 137Cs activity
concentration in the soil solution versus Figure 7 Ratjo of K[Cs versus KK as a

the soil moisture content of the different
soil samples at the four soil sampling
campaigns.

function of the soil moisture content.

IXI-1.2 Vertical migration and chemical availability in unploughed soils

The undisturbed plots of the silt loam (D), loam (E), loamy sand (F) and sandy loam
(UK) lysimeters were sampled in January 1997 and 1998. The loamy sand (F) lysimeter
was also sampled in 1996. The samples, 1 cm thick, were analysed for 137Cs and 90Sr
to study migration. For determination of chemical availability, samples from the depths
2-3, 6-7, 10-11 and 14-15 cm were selected and sequentially extracted, using distilled
water, ammonium acetate, hydroxylamine hydrochloride, hydrogen peroxide and nitric
acid, in sequence. In the study of 90Sr, only the depths 2-3 and 10-11 cm were
analysed.

137Cs Migration

The most migration has taken place in the sandy loam (UK), where about 60% of 137Cs
was retained within 5 cm and 85% within 10 cm from the surface (Table 1), and the
migration weighted median depth was about 4.8 cm (Table 2). This value was
significantly larger than in any other soil. The loam (E) had a nuclide retention of 77%
within 5 cm and 97% within 10cm, and the migration weighted median depth was about
3.2 cm, which was significantly larger than in the loamy sand (F) but not than in the silt

inon ft-/a l-if 1 /on
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loam (D). The retention in the silt loam (D) was 90% and 99% within 5 and 10 cm,
respectively, and in the loamy sand (F) it was about 97% and 99% in the same
sections. Migration rates in 1997 ranged from 0.4 cm/year in the loamy sand (F), to 1.8
cm/year in the sandy loam (UK), and in 1998 from 0.4 cm/year to 1.1 cm/year,
respectively (Table 2). The general pattern of 137Cs migration in all soils is clearly
shown in Figure 1 a, presenting the mean fraction of 137Cs in each soil layer for the
years 1996-1998 in the loamy sand soil (F), and 1997-1998 in the remaining soils (D, E,
and UK).

The highest activities in deep samples were found in the loamy sand (F), with more
than 1000 Bq/kg at 60-65 cm. The smallest deep sample activities were found in the silt
loam (D).

Table 1. Retention of radionuclides (% of total core activity) within 0-5 cm and 0-10 cm.

Nuclide

137Cs

90S r

Depth

0-5 cm
0-10
cm

0-5 cm
0-10
cm

Silt loam
(D)

97

92.5

99.4

84.8

99.2

98

87.0

98.7

79.5

97.5

Loam (E)

97

78.4

97.8

62.8

92.5

98

76.2

97.4

67.9

94.7

Loamy
sand(F)
97

98.6

99.7

96.7

99.8

98

95.8

99.3

93.2

99.4

Sandy
loam (UK)
97

54.6

82.1

52.9

79.4

98

62.2

87.0

67.9

91.8

Table 2. Migration weighted median depth and migration velocities. Samples with the
same significance index (sign.) do not differ significantly.

Silt loam (D) Loam (E) Loamy sand (F) Sandy loam
(UK)

97 98 Sign 97 98 Sign 96 97 98 Sign 97 98 Sign

Migration
weighted

137Cs 2.04 2.52 ac 3.09 3.35 1.15 1.12 1.44 5.284.35

median
depth
(cm)

90Sr 2.803.22 4.484.06 1.48 1.842.15 5.344.24

Migration
rate

(cm/year)

137Cs 0.680.63 ab 1.03 0.84 0.570.370.36 1.76 1.09

90Sr 0.930.80 ab 1.49 1.02 be 0.74 0.61 0.54 1.78 1.06

1/nn
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F i g u r e 1 a . Vertical distribution of 1 3 7 C s . _. ... .. .. . . . . . . .. , < M O

Mean values for all sampling years (depth *9ure1b- Vert,cad,stnbut,on of9°Sr.
• , a / Mean values for all sampling years (depth
in cm}. . .

in cm).
90Sr Migration

As with 137Cs, the most migration of 90Sr was found in the sandy loam (UK), where
about 60% of 90Sr was retained within the top 5 cm and about 85% within the top 10 cm
(Table 1). The migration weighted median depth was about 4.8 cm, but this was not
significantly more than in the loam (E), where the value was about 4.3 (Table 2). The
retention of 90Sr in the loam (E) was 65% and 94% within 5 and 10 cm, respectively.
The 90Sr retention in the silt loam (D), was 82% and 98% within 5 and 10 cm, and in the
loamy sand (F), it was 96% and 99.6%, respectively. The weighted median depth in the
silt loam (D) and the loamy sand (F) was about 3.0 and 1.8 cm, respectively, which was
for both soils significantly lower than in the loam (E) soil. Migration rates follow
weighted median depths, and were for 1997 between 0.6 cm/year in the loamy sand (F)
and 1.8 cm/year in the sandy loam (UK), and for 1998 between 0.5 cm/year in the
loamy sand (F) and 1.1 cm/year in the sandy loam (UK) (Table 2). Figure 1 b shows the
mean fraction of 90Sr in each soil layer for the years 1996-1998 in the loamy sand soil
(F), and 1997-1998 in the remaining soils (D, E, and UK).

137Cs Chemical availability

137Cs was found to be strongly bound in all soils. More than 80% was found in the acid-
soluble and residual fractions, whereas 14% was found in the easily available fractions
(Table 3). Extractability with the various chemical agents ranked as follows (in
decreasing order): HNO3

a > Residualb > NH4Acb > H2O2
C > NH2OHcd > H2O

d, where
agent-extracted fractions with the same index do not differ significantly.

The differences between soils were rather small (Figure 2a). Exchangeable 137Cs
(NH4Ac) was highest in the sandy loam (UK) and lowest in loamy sand (F); this
followed the soils' CEC-values. The least available fractions did not differ significantly
between soils.

The differences between years were also small, but it was shown that the residual and
the NH2OH fractions decreased from 1997 to 1998, whereas the HNO3 and the H2O2

fractions increased from 1997 to 1998 (Figure 2b).

Analysis of the dependence on depth showed that the residual fraction decreased
significantly with depth (Figure 2c).

Table 3. Proportion of 137Cs (%) in each sequential extraction fraction + s.d.

Fraction
H2O

NH4Ac

NH2OH

H2O2

HNO3

Residual

All soils

n=85

0.8

13.0

2.3

3.7

64.4

15.8

±

±

±

±

±

±

0.2

0.5

0.2

0.3

1.5
1.9

Silt loam
(D)

n=19
0.4

11.0

1.5

2.3

67.9

16.8

±

±

±

±

±

±

0.1

1.3

0.2

0.3

2.7

3.8

Loam (E)

n=24

0.8

13.8

2.3

2.3

66.8

14.0

±

±

±

±

±

0.5

0.4

0.3

0.3

2.4

2.6

Loamy
sand (F)

n=20
1.4

10.0

2.1

4.9

62.3

19.3

±

±

±

0.2

0.9

0.4

0.9

4.8

6.1

Sandy
loam (UK)

n=22
0.4

16.7

2.9

5.6

60.8

13.8

+

±

±

0.0

0.4

0.3

0.3

1.7

2.0
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Figure 2. Chemical availability of 137Cs (Mean values). Comparisons between soil
types (A),between sampling years (B) and between various depths (C).
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90Sr Chemical availability

90Sr was found to be bound mostly in exchangeable and oxide form in all soils (Table
4). Over 40% was found in the plant available fractions, NH4Ac and H2O. More than

25% was found in the strongly bound fractions, HNO3 and residual. The order of

extractability with the various agents was NH4Aca > NH2OHb > residualbc > HNO3
cd >

H2O2
de > H2O

e, where fractions with the same index do not differ significantly.

Comparison between the soils showed that the exchangeable fraction, NH4Ac, was
smaller in the sandy loam (UK), than in the other soils, and that the most strongly
bound fractions HNO3 and H2O2, was larger in the same soil (Figure 3a). The largest
exchangeable fraction was found in silt loam (D).

It was seen that the residual fraction decreased from 1997 to 1998, and that the NH4Ac
fraction increased during the same period (Figure 3b). It was also seen that the residual
fraction decreased with depth (Figure 3c).

Table 4. Proportion of90Sr (%) in each sequential extraction fraction ± s.d.

Fraction

H2O

NH4Ac

NH2OH

H2O2

HNO3

Residual

All soils

n=47
5.7

37.1

22.4

7.6

12.8

16

±

±

±

±

±

+

1.0

2.2

1.2

1.0

1.0

2.8

Silt loam
(D)

n=11
3.5

46.1

18.6

3.8

15.6

12.4

±

±

±

±

+

±

1.0

3.0

1.0

1.0

2.1

4.8

Loam (E)

n=12
3.7

39.3

18.1

5.8

10.4

22.8

±

±

±

±

±

±

0.8

4.8

0.8

1.0

1.3

6.6

Loamy
sand (F)

n=12
9.2

36.4

21.7

9.9

9.3

13.5

±

±

±

±

±

±

2.2

4.4

3.2

2.4

1.6
6.2

Sandy
loam (UK)

n=12
6.4

27.3

30.8

10.6

17.0
14.7

±

±

±

±

±

2.9

3.7

1.9

2.5

1.9

4.5

1/no
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Figure 3. Chemical availability of90Sr (Mean values). Comparison between soil types
(A), between sampling years (B) and between various depths (C).

III-1.3 Spatial distribution and chemical availability in ploughed soils

In view of assessing the consequences of the transfer by root uptake during the years
following the pollution, the contamination features of the soil-plant system are evaluated
regularly. In particular, the radioactivity of the soils is determined after each crop.
Likewise the exchangeable fractions of the stable major elements (potassium, calcium,
sodium and magnesium) in the soils and that of Cs and Sr are determined in order to
evaluate their bioavailability for plants. Furthermore, with the objective of better
understanding the observed bio-availability, root-uptake and migration of the two
radionuclides, some tests of sorption-desorption of the caesium and strontium have
been made on various granulometric fractions of the soils (particularly silt and clay) in
order to determine their rates of desorption from these constituents.

Spatial distribution

Before the 1997 bean culture (February-March), the spatial distribution of caesium and
strontium was homogeneous for all the ploughed plots of lysimeter soils down to 20 cm
(Figure 1) which corresponds to the most frequent layer used for the calculation of the
soil-to-plant transfer factor (cereals, vegetables...). Furthermore, some plots were
homogeneous down to 30 cm (Belleville NE, Belleville SW, Wellesbourne, Julich NW).
On the NE part of the Julich lysimeter, the layer of 20-30 cm shows higher
concentrations in Cs-137 and Sr-90 than the others. This zone corresponds to the deep
placement of the surface layer of the lysimeter soil which was carried out after the
contamination in 1994.
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Figure 1. Average spatial distribution of 13/Cs and 90Sr in the Belleville lysimeter (plot
NW).

The remaining soil measurements performed in 1997 (after the bean and the lettuce
harvests, July and October) and in 1998 show a tendency to be homogeneous down to
30 cm. Also, the activity concentrations of the 20 first centimeters have propensity for
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decreasing very slightly to the benefit of the lower layer. The NE plot of the Julich
lysimeter soil always shows higher Cs and Sr concentrations in the vicinity of 25 cm
depth, in spite of many ploughings.

Exchangeable fractions

For each soil coring (usually 3 replicates), the radionuclides exchangeable fractions are
determined from extractions by ammonium acetate on core sections of 10 cm
thickness. The results are expressed as a percentage of extracted radionuclide with
respect to the total radionuclide content in the corresponding section of soil. Then an
average value is calculated for the 20 first centimeters. For a given plot, all plots being
measured at 4 different dates, a variance analysis of the above-mentioned averages
has been carried out in order to highlight potential evolution with time (with a 5%
threshold of significance). Most soil plots did not show a significant evolution of
radionuclides bioavailability, as inferred from their exchangeable fractions. For Cs, only
the NE Julich and W Wellesbourne plots exhibited a significant decrease from March
1997 to July 1998. For Sr, only the NW Mol and W Wellesbourne plots showed
significant differences. For all soil plots, radionuclides exchangeable fractions are larger
for strontium, around 50 %, than for caesium, around 15 %, therefore suggesting a
larger bioavailability of Sr.

Figure 2. Mean exchangeable fraction of
137Cs

Figure 3. Mean exchangeable fraction of
90Sr

According to the 4 dates of measurements, another variance analysis has been
performed in order to compare averages obtained on each plot. This analysis allowed
to identify 4 distinct groups of plots which can be ranked according to increasing Cs
exchangeable fractions (Figure 2), as follows:
MolNW
< Mol SW _ Julich NW _ Julich NE _ Barcelona
< Mol SE _ Belleville NE _ Belleville NW
< Wellesboume W.

Likewise, 2 distinct groups of plots have been identified for Sr which can be ranked
according to increasing Sr exchangeable fractions (Figure 3), as follows:
Wellesbourne W _ Mol SE _ Mol SW _ Mol NW _ Julich NW _ Julich NE
< Barcelona _ Belleville NE _ Belleville NW.

The averaged exchangeable fractions for the 4 major elements (Sodium, Magnesium,
Potassium and Calcium) have also been measured in parallel, on the same soil
samples. The experimental values are presented in Figure 4.

hf 1/OO



Figure 4. Major elements concentrations in the exchangeable fractions extracted from
the various soil plots in the root layer (20 cm) - (Mean values 97 and 98)

The bioavailability of Na was quite variable and presented significant differences for all
the lysimeter soils. The Mo I soil (sand) exhibited no time evolution of Mg, K and Ca
bioavailability. As above-mentioned for radionuclides, variance analysis of the average
element concentrations (by date) in the exchangeable fractions have been performed to
compare the various plots. For K, 2 groups have been identified which can be ranked
according to increasing K concentration in the exchangeable fractions (Figure 4), as
follows:
Mol SE _Mol SW _ Belleville NW J3elleville NE
<Mol NW _Jiilich NW _ Jiilich NE _ Barcelona _ Wellesboume.
For Ca, 3 groups have been identified, ranking as follows:
Mol SE _Mol SW _ Mol NW _ Belleville NW _Belleville NE
< Julich NW _ Julich NE _ Wellesbourne
< Barcelona.

Cs and Sr sorption - desorption dynamics on soils clay fractions

The clay fraction of each soil has been separated (<2//m) and, for each soil clay
fraction, the dynamics of its sorption-desorption for Cs and Sr have been investigated.
The rates of strontium and caesium fixed on the clays fractions after 14 days of
sorption, and released from the same fractions after 21 days of desorption, are
indicated in Table 1.

Table 1, Cs and Sr sorption/desorption on/from the clay fractions (<2jjm) previously
separated from the various soils.

Soils Type of clay
(% of total clay)

Cs-134
Fixation rates on clays

Sr-85
Fixation rates on

clays (%)

After 14
days of
sorption

After 21
days of

desorption

After 14
days of
sorption

After 21
days of

desorption

Mol

Illite/mica (43)
Kaolinite (34)
Chlorite (17)
Smectite (6)

99,601 ±0,005 82,875±1,361 23,45±0,90 detection

Barcelona
Illite/mica (83)
Kaolinite (14)
Chlorite (3)

99,771±0,01287,054±0,17026,75±1,34 detection

Belleville
Chlorite/vermiculite
(65)
Illite/mica (35)

99,796±0,001 89,399±0,654 24,79±0,74 detection

Wellesbourne
Illite/mica (62)
Kaolinite (27)
Chlorite (11)

99,859±0,003 91,106±0,778 37,15±0,56 detection

Julich
Illite/mica (63)
Kaolinite (35)

hlorite (2)
99,856±0,002 93,289±0,822 31,86±1,36 detection
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* Percentage of activity fixed on clay from the solution after 14 days of sorption.
** Percentage of remnant activity irreversibly fixed on clay after 21 days of desorption.

With the exception of the Belleville soil, the largest clay fraction is illite, the most
common soil clay mineral.

Cs is quickly and almost totally absorbed on the clay fractions irrespective of the soil
type (results were similar within 0.1% at the end of the first day of sorption). After 14
days of sorption, although all soil clay fractions have absorbed more than 99.6 % of
present Cs, small differences, which are significant, can be noted: the lowest
absorption rate is observed for the clays of the Mol soil (99.6 %), and the highest rate
for the clays of the Wellesboume and Julich soils (99.9 %). It also appears that the
absorption rates measured both, after 14 days of sorption or after 21 days of
desorption, are growing according to the illite/mica content of the clays, except for the
Belleville and Barcelona soils.
Sr is definitely much weaker absorbed on clays than Cs, with fixation rates after 14
days of sorption amounting from 23 % up to 37 %. There is no apparent correlation
between the rate of absorption and the various clay minerals contents of the clay
fractions, in the one hand, or the Ca content of the soil, in the other hand. At the end of
21 days of desorption, there is no more detectable Sr absorbed on clays.

© III-2 Soil-to-plant transfer

A same crop rotation has been applied during the course of the project on the 5 soils
simultaneously. It has consisted in 1997 in a bean crop (March-June) followed by a
lettuce crop (July-September), and in 1998 in a winter barley crop (January-July)
followed by a lettuce crop (July-September). Fertilising treatments have been applied
on ploughing, prior to each crop. No fertilisers have been applied in 1998 except a N
supply on all soils. The most relevant soil properties are summarised in Table 1.

Table 1. Relevant soil properties of the control plot (conventional agricultural practices)
of each soil.

Soil (origin)
plot

Sand (Mol)
BSE
Silt loam
(Julich)
DNW
Loam
(Barcelona)
EW
Loamy sand
(Bellev.)
FBNE
Sandy loam
(Wellesb.)
UKW

KDK KDCa

(I kg"1)

0.60

4.10

14.90

6.10

5.40

2.01

10.90

18.50

31.30

9.30

RIP

(/>eq

g"1)

443

2328

2730

1126

2316

CEC
K

exch
Ca

exch
Mg

exch

(cmol kg"1)

11.70

13.40

16.40

5.80

17.80

0.15

0.59

0.54

0.24

0.63

1.51

6.54

10.32

2.26

5.49

1.30

0.66

0.54

0.14

2.14

137Cs 90S r

(KBq kg1)

47.16

92.41

79.25

103.11

74.61

38.01

95.36

72.22

77.60

62.73

IIX-2.1 Influence of soil type and climate

Lettuce

SoiB^p

The soil to plant concentration ratio CR
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on the conventionally ploughed lysimeter
plots decreases in the order
FBNE_BSE»EW>UKW_DNW (Figure
1). (Concentration factors CF, relative to
the soil solution content, obtained on the
corresponding plots are given in Figure
2, chapter III-2.2). This order is
maintained in 1997 and 1998.
Differences in CR allow us to distinguish
3 categories of soils. The loamy sand
(FBNE) and sand (BSE) soils are
characterised by the lowest KD's.

Besides that, the FBNE plot has a
relatively high CF because of its rather
low K concentration in the soil solution
(see Figure 2, chapter III-2.2).

Figure 1.137Cs concentration ratio in lettuce
grown on the various soils in 1997 and 1998.

Both processes amplify each other, which results in the highest CR. For the calcareous
loam (EW) soil, the low availability of 137Cs in the soil solution is not limiting for the root
uptake process, which is stimulated by the low K concentration in the soil solution. The
overall result is a moderate CR. For the sandy loam (UKW) and silt loam (DNW) soils,
the low CR's are the combined result of moderately high KD's and the lowest CF's. The

K concentrations measured in the soil solution of each plot at the end of each lettuce
crop are given in Table 2. These were not uniform on all plots, and were significantly
lower in 1998 compared to 1997, except for the loamy sand (Belleville, FBNE and
FBNW) soil.

Table 2. K, Ca and Mg concentrations in the soil solutions of each soil plot after 2
lettuce crops driven in 1997 and 1998.(SE in brackets)

Soil
plots

BSE

BSW

BNW

DNW

EW

FBNE

FBNW

UKW

K concentration in
soil solution (mM)

Lettuce
1997
2.48

(0.91)
4.31

(1.93)
18.2

(1.97)
1.49

(0.34)
0.38

(0.01)
0.38

(0.10)
0.47

(0.04)
1.44

(0.20)

Lettuce
1998
0.59

(0.63)
1.19

(1.48)
8.36

(13.6)
0.55

(0.39)
0.36

(0.25)
1.61

(0.72)
1.10

(0.80)
0.71

(0.24)

Ca concentration
in soil solution

(mM)
Lettuce

1997

4.7 (2.7)

13.2(6.9)

27.3 (4.6)

5.5(2.1)

5.4 (0.3)

0.8 (0.5)

0.5 (0.0)

12.0(7.6)

Lettuce
1998

2.4 (3.5)

2,8(4.1)

14.4
(23.5)

4.7 (5.2)

4.8 (6.3)

6.9(10.8)

4.6 (7.3)

3.4 (1.0)

Mg concentration
in soil solution

(mM)
Lettuce

1997
1.30

(0.73)
3.71

(2.09)
4.61

(1.27)
0.66

(0.27)
0.54

(0.02)
0.14

(0.08)
0.09

(0.01)
2.14

(1.43)

Lettuce
1998
0.95

(1.56)
1.03

(1.56)
5.45

(9.09)
0.72

(0.82)
0.70

(0.88)
1.38

(2.25)
1.00

(1.62)
0.77

(0.23)

When expressing the results in
relation to the soil solution content, as
CFs, with respect to the K
concentration in the soil solution, a
clear exponential relationship
appears, irrespective of the soil plot or
year of investigation. The regression
model which best fits the log CF-log
mK relationship is the non-linear

model
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log CF = b0 exp(-b1 log mK) (1)
which explained 77% of the variance
of log CF (n = 53). The parameters (±
SE) of the regression model are bQ =
2.36 ± 0.03 and b1 = 0.43 ± 0.04, if
CF and mK are expressed in the
same units as in Figure 2. This effect
of K on the CF is most pronounced in
the low K-range. At K concentrations
above 1 mM, the effect of K on the KD

will become more important
compared to its effect on the CF (See
111-1.1).
Soil-to-plant transfer of 95Sr
The 90Sr soil-to-plant concentration
ratios on the conventionally ploughed
lysimeter plots decrease in the order
FBNE_BSE»DNW>EW>UKW
(Figure 3). The highest CR's are
found for the sandy soils: the B-(Mol)
and the FB-(Belleville) soils. All CR's
decreased in 1998, mainly due to an
increase in KD i.e. decrease of Ca in

soil solution (Table 2). For the loamy

sand FB-soil on the contrary, the
decreased CR is caused by a sharp
decrease in the root uptake of 90Sr.
The CF decreased 8- and 17-fold for
FBNWand FBNE, respectively. This
decrease is probably due to the
increased Ca concentration.
The Ca and Mg concentrations in the
soil solution have also been
measured on all plots for the 2
successive years. On one hand, high
Ca concentrations in soil solution
result in significantly lower solid/liquid
distribution coefficients, because the
distribution of both 90Sr and Ca
between the solid and the liquid
phase is dominated by the regular
exchange sites on clays and humic
acids. On the other hand, the 90Sr CF
is also clearly related to the Ca + Mg
concentration in the soil solution
(Figure 4). The cation competition
effect is best described by:

Figure 2. 137Cs Concentration Factor in lettuce
for various K concentrations measured in the soil
solution in 1997 and 1998 on the various soils.

Figure 3. 90Sr concentration ratio in lettuce
grown on the various soils in 1997 and 1998.
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Figure 4.90Sr Concentration Factor in lettuce for
various Ca + Mg concentrations measured in the
soil solution in 1997 and 1998 on the various
soils.

log CF = boexp{-b1 log mCa+Mg) (2)
with b0 = 2.54 ± 0.07 and b1 = 0.46 ± 0.04. This regression model explains 74% of the
variance of log CF (n = 52).

Beans

Soil-to, plant transfer ..of.1—Cs.

The soil-to-plant Concentration
Ratios (CR) on the four
analysed soils follow the
decreasing order: BSE > UK >
EW _ DNW (Figure 5). For the

h t i/nn



: MU

• 1
- s^fji :

in
Figure 5. 13/Cs Concentration Ratio in beans (shoots
and pods) on the four studied soils.

two latter soils, the order
depends on the plant part
taken into account (pods show
higher CRs on DNW than on
EW, and the reverse for
shoots). During the crop
growth, two bean samplings
have been performed, but they
show little change in CR. For
the two bean components
investigated, CRs are similar
for pods and shoots in BSE,
DNW and UKW soils, while
EW shows a rather low CR in
pod samples.

Provided the measurement of the K concentration in the soil solution (Table 3), a clear
relationship is shown between the concentration factor CF and the K concentration
(Figure 6a). CF decreases over one order of magnitude with K concentrations
increasing from 0.6 to 8 mM. The regression model which best fits the experimental
data is the linear model:

log CF = -b0logmk + b1

The regression parameters obtained for the whole data set are bO = 0.76 and b1 = 1.94
explaining 66% of the variance in log CF.

Table 3. K, Ca and Mg concentrations in the soil solution of each soil
plot after the bean crop.

Soil plot

BSE
BSW
BNW
DNW
EW
FBNE
FBNW
UKW

K in soil solution
(Mm)

Beans 1997
3.63(1.94)
12.0(6.69)
27.9(10.6)
1.26 (0.056)

0.581 (0.211)
-
-

4.17(3.02)

Ca in soil solution
(mM)

Beans 1997
4.67 (2.67)
13.24(6.92)
27.25 (4.65)
5.46 (2.06)
5.40 (0.26)

11.99(7.64)

Mg in soil
solution (mM)

Beans 1997
1.30 (0.73)
3.70(2.1)

7.61 (1.27)
0.66 (0.27)
0.54 (0.02)

2.14(1.43)

Figure 6. Plant Concentration Factor for Bean (Shoots and Pods). A) 137Cs CF in
relation to K concentration in soil solution, and B) 90Sr CF in relation to Ca+Mg
concentration in soil solution.

SoJI-tctElant. transfer of .aeSr.

The 90Sr Concentration Ratios
in plants decreased about 50%
from the intermediate to the
harvest sampling. In addition,
at harvesting the bean plants
presented about 5 fold higher
CRs than the bean pods
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(Figure 7), indicating a low
mobility of 90Sr in the plant
tissues. The highest CR is
found in the BSE soil followed
by the EW soil. DNWand
UKW presented the lowest
90Sr CR. Figure 6b shows the
relationship between plant CF
and Ca+Mg (mM), both for
plant and pod parts at
harvesting. As for 137Cs, the
best fitting is a linear
regression of the logarithm of
the two variables:

£•" iMV £•;•;

Figure 7. 90Sr Concentration Ratio in beans (shoots
and pods) on the four studied soiis.

Log CF - -b0logm(Ca+Mg) + b1

The proposed model explains 89% and 93% of the variance for plant and pods,
respectively. The fitted parameters are b0 - 1.06 and b1 = 2.56 for bean plants and b0

1.15 and b1 = 2.17 for bean pods.

Barley

Soil moisture does not change drastically during the cropping period (expressed in -
hPa). The soil matric potential measured at 30 cm depth is, most of the time, above
field capacity for the whole set of soils. The trend is to dry from middle March until
harvesting, mainly because of higher plant transpiration. However there are not
significant differences between soils in view of the fact that there are no big differences
in PET (Potential Evapotranspiration). Therefore no significant changes in soil solution
composition related to changes in soil moisture are expected. As has been shown by
the RUR model, changes in soil solution composition along the cropping period are
mainly due to root uptake.

Climatic conditions affect both plant growth and transpiration rate, which have been
shown to vary between lysimeter parts and in time, hence affecting radionuclide crop
uptake (Figure 8a). From late spring onwards, Mediterranean EW and Mediterranean-
temperate FBNE soils have a higher daily transpiration than temperate UK, BSE and
DNW soils. As a result, cumulated transpiration varies from 270-260mm for EW and
FBNE to about 185mm for DNW and UKW, BSE has the lowest transpiration, 140mm.

Barley production is shown in Figure 8b. Crop yield in the 1998 season is similar to the
1996 season both for straw and grain for the five studied soils. The DNW soil presents
the highest production, followed by the UK, E and B soil and finally a somewhat lower
production is found for the FB soil.

Figure 8. Cropping conditions. A) Daily (mm day1) and cumulated (mm) plant
transpiration during the studied season. B) Straw and grain production (g m'2).

iazCs soil-to-plant transfer
Results for 137Cs transfer to the straw and the grain, expressed as Concentration Ratio
(CR = Bq kg"1 plant / kBq kg"1 soil) are shown in Figure 9a. The trends observed are
BSE > DNW = EW = FBNE = UKW for the straw, and BSE > FBNE > DNW = EW =
UKW for the grain.
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Figure 9. 137Cs soil- to-plant transfer to straw and grain. A) 137Cs Concentration Ratio
(Bq kg'1 /Bq kg"1). B) 137Cs crop (Straw+grain) accumulation (Bq m'2).

According to the expression used for lettuce and beans (CF and KD), the following CR
ordination can be estimated for the different soils: B > FBNE > D = E = UK. Given our
results, this simple prediction does not allow us to explain fully the CR obtained in the
lysimeters.

The results obtained from the previous barley crops (1995, 1996) indicated that for this
crop, CR is not a satisfactory expression explaining the complexity of root uptake
process. CR by definition assumes that any variation in 137Cs concentration in the plant
may be entirely explained by a variation in 137Cs content in the soil. Even when using
the CF expression, plant concentration is assumed to be directly proportional to soil
solution concentration. However, plant activity concentration changes during plant
development as indicated in III-2.2. In addition, the amount of accumulated
radionuclides at harvest time is the result of two processes, namely root uptake and
plant senescence. Therefore, the use of radionuclide crop accumulation is proposed
when analysing soil-to-plant transfer of radionuclides for barley.

The fine textured soils E, D, and UK, accumulated proportionally less 137Cs (about 15-
20% of the total) in the grain than the (loamy) sandy FB and B soils (35-40%). Since
137Cs in grain mainly come from translocation, this process is more important for soils
with lower exchangeable K.

Taking into account the two plant components together (Figure 9b), DNW and EW soils
show the highest crop accumulation at harvesting, followed by the FBNE and finally the
UKW and BSE showing somewhat lower crop accumulation. This figure is not
consistent with the predicted crop uptake differences taking into account the relevant
soil physico-chemical properties for 137Cs (RIP and initial K status in soil solution) (B >
FB > DNW = E = UK).

The total uptake by the plant integrates all the prevailing conditions during the plant
growing cycle besides the soil properties, i.e. soil productivity and climatic conditions
affecting crop growth. According to these conditions, K in soil solution is modified
during the cropping cycle (Figure 1 chapter IV-2.1), leading to a different crop uptake
than predicted according to RIP and initial K.

Results of 90Sr soil-to-plant transfer, both for straw and grain, expressed as CR are
summarised in Figure 10a. CR of straw and grain decrease in the order FBNE > DNW
> EW = UK > BSE. We have predicted 90Sr CR following the same approach as for Cs,
but using in this case CEC and initial Ca and Mg concentration in soil solution as key
soil parameters driving the root uptake process. Results obtained are: F > B > D = E =
UK. As for 137Cs predicted transfer is not related to measured CR.

Figure 10. 90Srsoil- to-plant transfer to straw and grain. A) goSr Concentration Ratio
(Bq kg"1 /Bq kg"1). B) g0Srcrop (Straw+grain) accumulation (Bq m~2).
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Between 85-90% of 90Sr accumulates in the straw according to the low mobility inside
the plant described for this element. The only exception is the FB soil, which shows in
the grain about 30% of the total 90Sr content. FB and D soils present the highest crop
accumulation followed by the B soil. The E and UK soil show lower 90Sr crop uptake
(Figure 10b). According to soil properties (CEC and Ca+Mg) the following increasing
crop uptake has been predicted: FB>B = D = E> UK. Clearly the actual crop uptake is
different than expected, in principal the D soil shows a rather high uptake as well as the
B soil when compared to the EW soil. Such marked differences in radionuclide root
uptake with respect to the expected uptake are explained by the specific climatic
conditions during crop growth resulting in changes in root uptake.

III-2.2 Temporal variations

Plant development-associated variations; the case of barley

The evolution of plant activity concentration, crop biomass and radionuclide crop
uptake has been measured along the cropping period. In contrast to what has been
observed with respect to K in the soil solution (all lysimeter plots behaving similarly), the
kinetics of 137Cs accumulation in barley showed clear differences among the various
lysimeter plots investigated (Figure 1). Furthermore, it was often different from the
expected dynamics of K in the plants.

Due to physiological regulatory mechanisms, the K concentration in plant tissues is
usually more or less constant during the whole growth period. As a consequence, the K
crop uptake follows the biomass accumulation curve, which increases during a first
phase of the cropping period and next decreases towards harvesting due to plant
senescence.
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Figure 1. 137Cs Activity Concentration (Bq/g), crop biomass and 137Cs crop
accumulation (Bq/m'2) in barley during the cropping period. Patterns observed on the
BNW, DNW, BSE and FBNE plots are shown as an illustration of the 4 patterns
described.

A 137Cs accumulation trend similar to that of K has been observed only on the BNW
and EE lysimeter plots. Plants grown on other lysimeter plots showed different and
contrasted patterns. On BSE and BSW plots, a marked increase in 137Cs AC in plants
has been observed between shooting and flowering, which resulted in a 137Cs crop
accumulation much above that expected from the increase in biomass. A third pattern
was observed on the DNE, DNW, UKW and EW plots with parallel trend to that
described for K until flowering, but with 137Cs accumulation lower than expected from
the biomass curve. In addition, 137Cs AC increased at the end of the cropping period
(from flowering to harvesting). Hence, for these plots there is no net loss of
radiocaesium due to plant senescence. A fourth pattern was observed on FBNE and
FBNW plots, with a very high accumulation of Cs at early stages of plant development
and a pronounced dilution from tillering to shooting. After this initial dilution, the pattern
was similar to that described for K.

Such contrasted 137Cs uptake dynamics result from the plant need to adjust the K
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uptake kinetics according to the balance during plant development between K-demand
and K-supply. Such temporal trends have been interpreted mechanistically by the RUR
model. BNW has much higher 137Cs (as well as K) concentrations in the soil solution
than other lysimeter plots. This, however, does not result in a higher Cs accumulation in
the plant, a fact that the model explains by a lower affinity for K of root K transporters
due to the high K concentration in the soil solution. In contrast, on BSE and BSW plots,
the Cs accumulation increases at shooting, above what is expected from the biomass
increase, and coincides with a strong soil K depletion. Low soil K, in turn, would
stimulate the affinity for K (and consequently also for Cs) of root K transporters in order
to supply the required amount of K for plant growth. On the DNW, DNE, EW and UK
plots, K concentration in soil was quite stable during the cropping period determining a
pattern of 137Cs uptake parallel to that of K up to flowering. However, the trend differed
at harvesting giving no loss of 137Cs. This fact indicates that partition within the plant
has an important effect on the radionuclide content at harvesting. On FBNE and FBNW
plots, the low exchangeable K determines a reduced K concentration at the root
surface, which would stimulate the affinity for K of root K transporters, especially at the
early stages where K demand is important.

The evolution of 90Sr during plant growth (not shown) has been found more predictable
than that of 137Cs, and was similar to that expected from the evolution of Ca. The
general trend was a constant plant AC all along the growing season, which resulted in a
crop accumulation parallel to that of biomass.

Annual variations: the case of Lettuce

13ZCs crop accumulation
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The 137CsACinthesoil
solution of the lysimeter soils
strongly decreased in 1998 as
compared to 1997, except for
the FB-soil (Belleville). This
decrease can be due either to
an increase of 137Cs fixation in
the soil ("ageing", which
makes 137Cs less available),
or to a decrease in the K
concentration in the soil
solution. If the first case
applied (higher 137Cs fixation
in the soil), uptake of 137Cs by
the crop should have been
less since uptake is Figure 2. 137Cs Concentration Factors observed on the
proportional to the 137Cs AC in various plots for 2 lettuce crops driven in 1997 and
soil solution. However, this 1998.
was not the case since the
137Cs AC in the plants
increased in most of the
cases.
Alternatively, if the decrease in
the 137Cs AC in soil solution is
due to a decreased K
concentration, this lower K
concentration should also give
rise to the concentration factor
(CF), as the CF is strongly
dependent on the K-status in
the soil solution, as shown in
section 111-2.1. Indeed, for
almost all soils, except the FB-
soil (Belleville), the CF
increased by a factor 2 to 3 in Figure 3. 137Cs Concentration Ratios observed on the
1998 (Figure 2) consistently various plots for 2 lettuce crops driven in 1997 and
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with the observed decrease of
K in the soil solution (see
section 111-2.1).

1998.

This means that in these soils and under these conditions, the K influence on the 137Cs
solid/liquid distribution is more important than the influence of time (or "ageing" effects).
For this reason most of the concentration ratio's do not decrease in function of time, as
expected (Figure 3). Because of the lower K concentrations in soil solution in 1998, the
plants took up more 137Cs although it was less readily available in the soil solution
(reduced AC).

—Sr accumulation
The 90Sr AC'S in soil solution were in general lower in 1998 than in 1997. The same
trend is found for the Ca concentration in the soil solution (Table 2, section 111-2.1). This
promoted an increased KD in 1998, and hence lower Concentration Ratios (Figure 4).

Only for the FB-soil
(Belleville), both the Ca
and 90Sr concentrations
were higher in 1998
compared to 1997. These
observations confirm that
the 90Sr KD is mainly

influenced by the Ca
concentration in the soil
solution. Attention should
be paid to the high
standard deviations (SD)
that are found between the
replicates. In 1998 the
SD's of the stable cation
concentrations and the
90Sr AC'S in soil solution
are in general higher than
the averages of the
replicates. This makes the
review of the results very
difficult and conclusions
unreliable.
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Figure 4. 90Sr Concentration Ratio (or TF) observed on the
various plots for 2 lettuce crops grown in 1997 and 1998.

Long-term annual variations: the case of Perennial crops

Perennial crops of rye grass (on the Weilesbourne sandy loam-WE, the Julich silt loam-
DS and the Mol sand-BNE) and lucerne (on the Belleville loamy sand-FBSW) have
been followed regularly since their respective contaminations. Irrespective of either the
type of crop or the type of soil, the transfer factors measured for Sr were always higher
than for Cs (about ten times). For the various rye-grass plots, the highest transfer rates
have been observed on the Mol (sand) ploughed soil.

These crops were established on two different soil conditions with respect to the
contamination event. Two plots, Wellesbourne (sandy loam) and Julich (silt loam), were
not ploughed after contamination, the rye-grass crop being established either before
(on Wellesboume) or after (on Julich) the contamination. The two other plots where
ploughed after contamination prior to establishing the crops, rye-grass on Mol (sand)
and Lucerne on Belleville (loamy sand).

Transfer factors to these crops evaluated after each cut have shown on all plots
significant seasonal variations which are attributed to the plant physiological status (see
section above). However, there was no clear correlation with either the soil moisture (at
30 cm depth) or the cations content of the plants. In contrast, the long-term evolution of
the Cs and Sr transfer factors, followed during up to 4 years, show a regular decrease
on the 2 unploughed plots, with a half time of 11 -12 months and 12-17 months,
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respectively, whereas the 2 ploughed plots show slower decreases of 47-50 and 16-24
months, respectively. These trends are illustrated on 2 contrasted examples: rye-grass
on the post-contamination unploughed plot of the Wellesbourne soil (Figure 5) and
lucerne on the post-contamination ploughed plot of the Belleville soil (Figure 6).

Figure 5. Ray-grass on Wellesbourne lysimeter (sandy loam, unploughed soil)

Figure 6. Lucerne on Belleville lysimeter (loamy sand, ploughed soil)

III-2.3 Influence of agricultural practices

137Cs crop accumulation

The influence of djffeieMieMi.si.0.9 applied on the same soil can be compared for the
Mol soil. The repeated fertiliser additions on this sandy soil have caused high cation
concentrations in soil solution. These higher cation concentrations have a negative
effect on the yield of lettuce: while the K concentration in soil solution increases in the
order BSE<BSW<BNW, the yield decreases in the same way. The yield of bean pods is
equal for beans grown on the BSE and BNW parts, and significantly higher on the BSW
part. Also for barley grains the yield is highest on the BSW part. In both cases, the yield
is independent of the K status of the soil solution.

It can be questioned if the high K
concentrations in the soil solution
measured on BNW plot (18-27
mM) are still realistic. However,
the influence of K on the
concentration factor CF is clearly
demonstrated in Figure 1: the K
concentration decreases in the
order BNW>BSW>BSE, while the
CF increases in this order for
lettuce and beans This is further
to the same influence of K
observed previously on KD

(chapter 111-1.1). The 137Cs activity
concentrations nor the K
concentrations have been
measured at the time of harvest of
winter barley.
The bioavailability of 137Cs does
not seem to be dependent of the
yield of the crops, but can be
explained by the combination of
the effect of K on 137Cs sorption
on the soil, and plant uptake
characteristics of 137Cs.
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Figure 1. Influence of K concentration in the soil
solution on the Cs-137 concentration factor in beans
and lettuce.

Ci^taminatejd_wheaLstraw, that has been ploughed under immediately after lysimeter
contamination, caused an increased 137Cs AC in the soil (FBNW) compared to the
lysimeter plots without addition of contaminated straw. For all crops, this higher soil
contamination does not seem to have any significant (P = 0.05) influence on the 137Cs
bioavailability, or its influence is small compared to the effect of K on the bioavailability
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(Table 1).

Beans, lettuce and barley grown on the sMErandiburM soil (DNE, "deep placement",
see Table 2, Section III) versus the more conventionally ploughed soil (DNW), show
small differences in the 137Cs AC. However, the soil 137Cs AC is much lower on the
DNE lysimeter plot, which implies that the soil-to-plant transfer is 2 to 3 times higher for
the crops grown on this soil (Table 1). The yields of all crops were similar on both
lysimeter plots.

Table 1. 137Cs soil-to-plant concentration ratio's (CR) in (Bq/kg)/(Bq/kg) and standard
deviations (in brackets) of the four crops grown on the lysimeter soils.

Lysimeter
plot

BSE

BSW

BNW

EE

EW

FBNE

FBNW

UKW

DNW

DNE

Beans pods
'97

0.023(0.001)

0.019(0.002)

0.026 (0.003)

0.012(0.003)

0.005(0.001)

-

-

0.010(0.002)

0.007 (0.002)

0.016(0.003)

Lettuce '97

0.12(0.03)

0.16(0.04)

0.11 (0.01)

0.03(0.01)

0.05(0.01)

0.17(0.05)

0.13(0.09)

0.03(0.01)

0.03 (0.00)

0.07 (0.00)

Winter Barley
grains '98

0.0076
(0.0004)
0.0072

(0.0009)
0.0073

(0.0053)
0.0020

(0.0006)
0.0015

(0.0004)
0.0056

(0.0050)
0.0025

(0.0013)
0.0012

(0.0003)
0.0020

(0.0010)
0.0026

(0.0003)

Lettuce '98

0.15(0.03)

0.11 (0.03)

0.04 (0.02)

0.06 (0.02)

0.07 (0.02)

0.36 (0.09)

0.42(0.01)

0.05(0.01)

0.04(0.01)

-

In the case of lettuce, differences of plants grown on the unploughed and ploughed E
soil are small. A negative effect of non-ploughing is the higher translocation to edible
parts in the case of beans and barley when compared to EW. In both cases the
vegetative parts show a similar CR but the pods and the grains show a higher CR in the
EE part.

90Sr crop accumulation

The repeated fertiliser
additions on the sandy soil of
Mol also increased the
concentration of the divalent
cations in soil solution,
although this increase is less
than in the case of the K
concentration. Especially for
the BNW lysimeter part, the
Ca concentration in soil
solution is significantly higher.
The decreasing Ca
concentration in the order
BNW>BSW>BSE is reflected
in the KD and in the CF, which

increase in this order, both for
the lettuce crops as for the
bean crops (Figure 2).

Figure 2. Influence of Ca concentration in the soil
solution on the Sr-90 concentration factor in beans and
lettuce.
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The soils in which contaminated straw was ploughed under after contamination,
showed no significant higher 90Sr AC'S. Also no effect on bioavailability of 90Sr could be
observed (Table 2).

Table 2. 90Sr soil-to-plant concentration ratio's (CR) in (Bq/kg)/(Bq/kg) and standard
deviations (in brackets) of the four crops grown on the lysimeter soils. For beans the
CR's to pods are given, for barley the CR's to grains.

Lysimeter
plot

BSE
BSW
BNW
EE
EW
FBNE
FBNW
UKW
DNW
DNE

Bean pods
"97

2.46 (-)
1.90(0.12)
1.52 (-)
0.24(0.10)
0.31 (0.09)
-
-
0.40 (0.02)
0.79 (0.39)
-

Lettuce 97

13.8(2.2)
20.5(4.1)
9.6 (0.9)
4.4 (2.4)
4.2(1.6)
13.9(2.2)
9.4(1.7)
3.0(1.0)
5.3 (0.8)
19.6(2.1)

Winter Barley
grains '98

0.19(0.02)
0.14(0.13)
0.09 (-)
0.05(0.01)
0.03 (0.00)
0.54 (0.40)
0.20 (0.06)
0.03(0.01)
0.09(0.01)
0.29(0.10)

Lettuce 98

5.1 (0.6)
6.8 (2.0)
6.8 (-)
1.2 (0.2)
1.4 (0.3)
5.4(1.8)
7.9 (0.7)
0.7 (0.2)
2.0 (0.4)
6.8 (2.7)

Differences in 90Sr CRs of plants grown on the unploughed and ploughed E soil are
small for all tested crops. Only for beans, a.slightly negative effect can be observed for
non-ploughing of the soil.

Crops grown on skMrand-burM soil (DNE, "deep placement") versus the
conventionally ploughed soil (DNW) do not show significant differences in the 90Sr AC.
The soil 90Sr AC is lower on the skim-and-burial lysimeter plot, which implies that, as in
the case of 137Cs, the soil-to-plant transfer is about 3.5 times higher for lettuce grown
on this soil, and about 3 times higher for barley (Table 2).

0III-3 Models description

The development of 3 mechanistic models, describing radionuclide migration in soils
and concomitant root uptake by plants, has been undertaken within the PEACE project.
Modelling of migration and uptake is addressed based on 2 models, PHAST (Plant
Hydrology And Solute Transport) which is designed for validation against dedicated
column experiments, and TRANSSOL which is more associated to experimental
observations on the lysimeters. The migration description concepts of these 2 models
are very similar. A detailed description of the root uptake process, including plant
physiology knowledge, is undertaken in the RUR model. An adapted version of this
RUR model has been ultimately introduced into TRANSSOL, thus providing a complete
soil-to-plant system model.

III-3.1 PHAST migration model and column experiment results

The Plant, Hydrology And Solute Transport model (PHAST) is a detailed physically
based model which couples a Darcy/Richards hydrological simulation with an
advection/dispersion simulation of radionuclide transport including root uptake briefly
described (Butler and Wheater, 1995). The hydrological component is able to simulate
the behaviour of the soil water in the unsaturated zone in response to a range of
stresses and the action of plant roots. The resulting hydrological fluxes and moisture
contents are then used to drive the solute transport component of the model.

The following describes the performance of this model as assessed based on
dedicated column experiments.

Hydrology
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The accumulated volumes of drained solution for the 8 month columns are shown in
Figure 1.

Simulations using the hydrological component of PHAST were undertaken using fitted
characteristic curves, applied infiltration fluxes and estimated evapotranspiration rates.
The output drainage rates from the column over time can be compared with the
experimental values. As an example, Figure 2 shows the simulated drainage from an 8
month Wellesbourne soil column along with the experimental data. It can be observed
from this Figure that there is a degree of variability in the observed fluxes, which the
model does not reproduce. One possible explanation is the existence of preferential
flowpaths in the soil core, which allow rapid transport of water down the column and are
activated in a somewhat chaotic manner by the infiltration events.

Overall, however, the model simulation is in good agreement with the observed data
and provides a firm base from which to proceed to simulations of 134Cs and 85Sr
migration and uptake.

134Cs and 85Sr Movement

The experimental data from the 12 columns for the two soil types are shown in Figures
3 and 4 below.
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It can be seen that all columns show significant downward movement of both
radionuciides. It is interesting that the migration profiles of the two radionuciides appear
to be comparable, because caesium is generally considered to be more highly sorbed
in soils than strontium and therefore would be expected to be retarded to a greater
degree than strontium. In addition, there does not appear to be a perceptible difference
between the migration of the radionuciides in columns running for different time periods
or for columns of different soil types (Wellesbourne and Silwood). Two of the
Wellesbourne soil columns showed greater downward movement of both radionuciides
and this can possibly be explained by the presence of preferential flow paths in those
columns.

Model simulations of 134Cs and 85Sr transport were undertaken using the advection-
dispersion component of PHAST and provide outputs of radionuclide activity
distributions within the soil profile. Both simulations employed a dispersivity of 1 cm and
an equilibrium sorption coefficient of 100 cm3g"1. These model outputs were then
compared with the observed specific activities within the soil profile.

It was found, however, that the standard advection-dispersion contaminant transport
modelling approach does not adequately explain the overall movement of 134Cs and
85Sr in the column experiments. The model is able to reproduce the observed activities
in the top 5 to 10 cm of the soil. However, there also appears to be a rapid movement
of a small amount of activity down the full depth of the 50 cm column. One possible
explanation for this enhanced migration is the sorption of radionuciides onto mobile
colloidal particles, which then act as transport vectors (Saiers and Hornberger, 1996).
In order to try and reproduce this process and see if this could help explain the
observed profiles, the advection-dispersion equation was adapted to include the
movement of radionuciides on colloids. This was achieved by assuming a constant
background "colloidal" concentration of 0.2 kBq.L"1 and an enhanced dispersivity of 5
cm, representing the fact that the colloids would tend to travel through the larger soil
pores with little retardation, hence a KD of zero. Figures 5 and 6 show the observed

data alongside simulations of 134Cs and 85Sr movement using both the classical
advection-dispersion approach and the advection-dispersion model modified to include
colloid transport.

These plots show that the revised model is able to reproduce remarkably well the
observed data. It also helps to explain why both the caesium and strontium profiles
appear so similar as the same process affects them both. Comparisons of the amounts
of activity transported through the base of the column show reasonable agreement with
sample analyses of leachate and this provides further support for the revised model
conceptualisation.
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I I I-3.2 ROOT UPTAKE model (RUR)

Model description

The model for Root Uptake of Radionuciides (RUR) has been developed as a tool for
the mechanistic simulation of soil-to-plant transfer of radionuciides during the growing
cycle of a crop in different soil and cropping scenarios. The mechanisms included in the
model range from the solid/liquid equilibrium of radionuciides in soil solution to the
physiology of uptake at the root surface. The uptake of a radionuciide is simulated
concurrently with the uptake of its nutrient analogue (K and Ca, respectively for Cs and
Sr) because the concentration of analogue in soil solution is known to affect the
concentration of radionuciide in soil solution as well as the plant affinity for the
radionuciide.

The RUR model emphasises on the plant dependent processes. One of them is the
uptake at the root surface, where the model assumes a common pathway for
radionuciide and analogue which would be modulated by the plant nutrient demand for
growth. This approach has some great advantages: 1) the activity of these pathways
can be predicted from the analogue concentration in soil solution and the uptake of
analogue required for plant growth; 2) the effect of climatic conditions or other factors
affecting the development of the crop can be taken into account through their effects on
nutrient demand for growth; 3) there is an important and increasing theoretical
background on the physiology of nutrient transporters which could be extrapolated to
the uptake of radionuciides.

One purpose of the RUR model is that after parameterisation of some physiological
coefficients, such as transporter selectivities between radionuciide and its nutrient
analogue, all other input parameters required for simulating a crop scenario will refer
only to soil, crop and management data and would not require further experimental
work with radionuciides. The crop data required for simulating different environmental
conditions can be obtained from diverse external crop models, which simulate the crop
response (production of biomass, transpiration and root growth) to different climatic
series or agricultural practices. Thus, the use of the RUR model combined with an
external crop model and a soil database would enable the simulation of a wide range of
scenarios with a minimum of parameters specific for radionuciide transfer.

Processes included in the model

1... Radionuciide soil solution equilibrium,
The model predicts the concentration of radionuciide in soil solution from solid/liquid
distribution coefficients (KD), which are estimated from the empirical relationships
(Chapter 111-1.2):

RIP CSC
K a n d £*>&

RIP and CEC are constants specific for each soil while [K+] and [Ca++] can vary with
time as a consequence of root uptake. For simplicity [NH4

+] and [Mg++] are assumed

constant. Though the effect of [NH4
+] may be important in some soil scenarios and its

concentration can vary during the cropping cycle, we neglected this possible variation
because of its complexity.

Gradients in soil solution concentration appear in the root vicinity as a consequence of
root uptake. Therefore, a range of [K] and [Ca] exist simultaneously in the same soil,
from the bulk soil to the root surface, arising the question of which concentration should
be used for the calculation of KD. In the RUR model, we assume that the effective
cation concentration determining the KD for radionuciide is the average concentration in
the depletion zone, which is an intermediate parameter used for calculation of the
concentration at root surface. Besides being a quite simple technical approach, this
assumption can be justified because the average concentration in the depletion zone is
representative of a large proportion of the total soil volume, and is specially
representative of the soil environment around the root.
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The RUR model does not take into account any direct effect of soil water content on KD

in spite of the relationship between KD and soil water content described in another
workpackage of PEACE project. The main reason is that it has not yet been clarified if
the KD / soil-water-content relationship is either included or additive to the KD / cations
relationship. Nevertheless, other effects of soil water content on soil to plant transfer of
radionuclides can be observed in the simulations by the RUR model, mediated by the
effects of water content on ion diffusivity in soil.

2 JgnjdiffusionJn..sMUowaLclsJhe.jioot^urface.
The balance between ion diffusion and mass flow towards the root and ion uptake at
the root surface creates a concentration gradient around roots which can be calculated
by different approaches. The method implemented in the RUR model is based on the
analytical approach developed for some nutrient uptake models (Nye, P.H. and Tinker,
P.B., 1977. Solute movement in the soil-root system. Blackwell Scientific, Oxford,
England ). The same method is used, with different parameters, for both the analogue
nutrient and the radionuclide. We chose the analytical approach rather than the
numerical algorithm of Barber and Cushman because it is simpler and easier to link
with some radionuclide specific processes.

3. Uptake of radionuclide and ̂ M̂
The model considers Cs uptake through the same mechanisms described for K-
uptake, composed of two different transporters which are functional at different ranges
of external K. In the millimolar range the prevailing mechanism is a Low Affinity System
consisting of a channel for facilitated diffusion, while in the micromolar range the
prevailing mechanism is a High Affinity System, consisting of an active transporter
which accumulates K against its electrochemical gradient (Maathuis & Sanders, 1996).
Both uptake systems are considered by the model, which optionally switches from one
to the other depending on the availability of K. However, the distinction between the two
systems may be unnecessary in most simulations because of the coarse resolution of
field data. For that reason, the program allows to optionally simplify the mechanism as
active uptake in the whole range.
K uptake at the root surface is described by the Michaelis Menten kinetics:

^ , where K is the concentration of K in soil solution. In RUR model,
Km + K

Km is constant and Imax is iteratively adjusted at each time step in order to fit the
calculated K uptake to the K demand for growth. Uptake of Cs by the same transporter
as for K is described by the same Imax and Km, but with a modified formula in order to
take into account different selectivity of the transporter between both ions as well as

1m ax *Selr.,x*Cs
> where gei

• u-u-r u ix 1m ax Selr.,xCs ,competitive inhibition by K. jrQs = — > where gei is a
K I * K

selectivity coefficient and / is a coefficient for competitive inhibition.

The uptake of Sr is assumed to be through the same pathways as Ca, consisting on
mass flow with transpiration except when this mechanism is not able to supply the flux
of Ca required for plant growth, in which case an active Ca-accumulating mechanism
would be stimulated.

The active uptake of Ca is described by jrQa = *-max ^a
 t and assuming the same

Km + Ca
Tm six*

transporter for Sr, with competitive inhibition by Ca, jr$r =

4. Spatial distribution of radionuclides and roots in the vertical soil profile.
An optional number of soil layers (1-10) can be specified, with particular root
distribution, radionuclide content, water content and physico-chemical characteristics.
Plant physiological parameters, including the adjusted Imax, are the same for all soil
layers. At each time step, total radionuclide uptake by the plant is obtained from the
sum of uptake at each soil layer.

5. Time variation in parameters related with climatic conditions.
Time variation in crop growth, transpiration or soil water content can be important for
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the simulation of radionuclide uptake. In the RUR model these parameters are input as
time series of unlimited length in order to allow the use of either measured data or data
obtained from external models. The use of external models for crop growth or water
relations can supply these kinds of input data when measured data are not available,
for example in hypothetical scenarios. This feature of the model is expected to assess
the effects on radionuclide uptake of climate, seasonality, variation in crop production,
etc.

Model assumptions

The validity of the RUR model relies on the validity of its underlying assumptions,
mainly:
1. Cs and Sr enter the roots through the same pathways as their nutrient analogues, K
and Ca respectively. Therefore, root absorbing power for the radionuclides depend on
the modulation by the plant of the uptake systems for their nutrient analogues.
2. The capacity of the root uptake systems for K and Ca can be predicted from their
consumption for plant growth and their availability in soil.
3. The average concentration of Cs and Sr in the depletion zone around a root depend
on their current solid / liquid partition coefficients (KD), which are determined by a
parameter specific for each soil (RIP or CEC) and the current average concentration of
cations, which vary as a consequence of root uptake.
4. The concentration of Cs and Sr in the soil solution at the root surface can be
calculated, assuming a steady state in their radial concentration profiles, by the
analytical method described by Nye & Tinker (1977).

Mode! scope

The RUR model has been developed for the simulation of Cs and Sr uptake by annual
crops cultivated in mineral soil during one growing season. Model performance is likely
to be best from sowing until the time of maximum fresh biomass, where the more
relevant processes can be the adjustment of root uptake to the plant demand for
growth and solid/liquid equilibrium in soil. For more mature annual crops and perennial
plants some other processes such as redistribution within the plant and plant losses by
senescence become important and may be oversimplified in the RUR model.

Plant limitations.
In the case of perennial crops, meadows or forests, the dependence of radionuclide
uptake on the activity of nutrient uptake systems could also be valid. However, the
prediction of nutrient requirement for growth could be more complex than for an annual
crop due to the existence of other sources of nutrients such as storage organs and
retrieval from senescing biomass. Partitioning of nutrients and radionuclides between
different organs in the plant and the capacity for retrieval from senescing biomass are
relevant processes determining their loss from the plant. A simple approach for taking
into account nutrient and radionuclide retrieval and losses has been included in the
RUR model, but it may need to be refined for perennials.

SoiMimitatio.ns.
In natural and semi-natural ecosystems with organic soils the relevant mechanisms
determining the concentration of radionuclides in soil solution depart from those in a
mineral soil. Thus, the RUR model is not reliable in organic soils.

In the case of mineral soils, the concentration of radionuclide at the root surface has
been simplified to depend on two separate processes: solid/liquid equilibrium and radial
migration. The real case would be an interaction of both processes along the radial
pathway which is difficult to model with the current knowledge of the interaction
between them. The reliability of predicted radionuclide concentration at the root surface
depends on the stability of the radionuclide solid/liquid equilibrium along the radial
pathway. The RUR model assumes that solid/liquid distribution of radionuclides
responds immediately to changes in the average concentration of cations in the
depletion zone. This would lead to underestimation of radionuclide bioavailability if the
response of solid/liquid equilibrium to cation concentration was slower than the
progress of depletion.
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The required inputs for running a simulation are composed of soil parameters
describing the physico-chemical characteristics and root distribution of each soil layer
considered, as well as time series of crop data and soil water content.

Depending on the radionuclide:

In the case of Cs
KD for K

RIP
Exchangeable K
Total Cs in soil, kBq.kg"1

NH4
+ in soil solution

In the case of Sr
KD for Ca,

CEC
Exchangeable Ca
Total Sr in soil, kBq.kg"1

Mg in soil solution

And for any radionuclide:

! 0 of the soil layer.

i 0 distribution (relative to the soil layer with maximum root length).
i

0 bulk density.

1 [*n series of soil water content.

Plantdata:
Mean root radius.

Crop data:
Series of data of unlimited length, each row with the following variables:

*] from sowing.

3 weight of aerial biomass (gFW m"2).

3 (mm day"1).

3 of analogue in fresh biomass (%FW).

3 biomass (gFW. m*2):

| 0 biomass (gFW m"2).

Model parameterisation and performance with barley 1998

Two physiological parameters (common to all lysimeter types and plant stages) were
adjusted for the prediction of Cs accumulation in the crop: selectivity between Cs and
K, and maximum Imax for K. Two other parameters were adjusted for Sr: mass flow
coefficient and selectivity between Sr and Ca.

The predicted trends of Cs accumulation as affected by soil type and agricultural
practices agreed with measured data at tillering, shooting and flowering. The observed
different patterns of Cs accumulation with time between different soils was
mechanistically reproduced by the simulation, which supplied an explanation for the
differences.
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The general trends of predicted Sr accumulation as affected by soil type, agricultural
practices as well as the pattern of Sr accumulation with time can be predicted
mechanistically through a combination of mass flow and active uptake through Ca-
transporters. The active component was relevant for young plants, while the mass flow
component became the most important mechanism in older plants.

algorithms.
The radionuclide concentration at the root surface predicted by the model was almost
the same as the concentration in the bulk soil. Therefore radionuclide diffusion from the
bulk soil to the root surface does not seem to be a key process determining
radionuclide uptake by roots. Then, the differences between the calculation of
radionuclide concentration at the root surface by either an analytical approach or by a
numerical approach are irrelevant.

Comparison of model performance with time varying KDCs and with constant KDCs
showed the need for considering a time varying KDCs as a consequence of K depletion.
Extrapolation of the relationship between KDCs and K described in undepleted soils is
functional in the model though it has not experimentally been assessed in K-depleted
soils.

The separation of soil into 4 soil layers with their own measured soil parameters and
root distribution did not improve the prediction obtained from an homogeneous soil. The
prediction using 4 soil layers agreed with observed data at early growth stages but the
prediction worsened at older stages, which could suggest that root distribution is
important in early stages but can be confusing in older plants, where the pattern of root
biomass does not correspond with the pattern of root activity.

Model evaluation with beans

The magnitude and general trends of variation in Cs and Sr accumulation by beans in
1997 can be acceptably predicted from the RUR model parameterised with barley
1998. In the case of Cs a better prediction was obtained considering the measured root
distribution than considering an homogeneous soil layer.

Overall, the empirical relationship between the uptake of radionuclide and the
concentration of its nutrient analogue which has been observed in PEACE and other
experiments, can be mechanistically reproduced as the uptake of radionuclide through
a pathway which is modulated by the plant in order to supply the amount of nutrients
required for plant growth.

III-3.3 TRANSSOL model

The conceptual model

The radionuclide migration and redistribution in this ecosystem is the result of various
acting physico-chemical and biological processes. Assuming that soil contamination
may exist in the aqueous or solid phases (fixed to the soil matrix), this ecosystem may
be divided into the main following activity-containing compartments : the soil water, the
soil solid and the plant (without root/shoot distinction). Basically, all processes taken
into account make the activity evolve in space and time, but some do not transfer
activity from one compartment to the other. Following the "interaction matrix"
representation, the TRANSSOL model can be described by the matrix displayed in Fig.
1, where the off-diagonal elements correspond to interaction processes in-between two
compartments, and diagonal elements describe within-compartmental processes. The
two first rows and columns correspond to what is called the specific migration model.

SOIL (solid phase) root-uptake
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radioactive decay
PLANT

radioactive decay

Figure 1. The conceptual model

Assumptions
To solve this contamination transfer in an unsaturated vegetated soil column, we
adopted a one-dimensional vertical approach, neglecting horizontal motions with
respect to vertical ones. This means that the model is valid for statistically horizontally
homogeneous domains only. In principle, this corresponds to quasi-horizontal ground
areas of a few meters square. On the other hand, any kind of vertical heterogeneity can
be taken into account, like soil layers, root density etc... Moreover, we adopted a
dynamical approach to account for time-varying climatic conditions, through the
calculation of the hydrological cycle. All transient events are considered (with
characteristic times of a few seconds up to several weeks) like intermittent rainfalls,
groundwater movements, evapotranspiration ... periods, etc. This enables us to
calculate the time evolution of vertical activity profiles, on a period up to several years.

Basically, TRANSSOL solves the coupled water and contaminant transport equations
(in a vegetated soil column) along with transient hydrological boundary conditions,
where the following assumptions are made :

I r n is no thermal coupling - this is a reasonable simplification for soil temperatu
[ I—f ranging from 0°C to 30°C,

I r̂ -i soil-enclosed air remains roughly at the atmospheric pressure - this preclud
i !—' from studying sudden overflow events where trapped air pressure increases

| Q non-swelling soils are considered - this is valid for soils with a low-to-moden
| '—' clay content,

| m competition between radionuclides and stable cations (such as K+ and Ca"1"1

L not considered here as a time-evolving factor; in other words, vertical profil-
stable cations are fixed and not simulated dynamically - this means that
fertilization practices cannot be taken into account,

I [*] particles, if present, do not play an important part in radionuclides migration

These standard assumptions allow us to limit the amount of information required to
perform calculations. It appears to be a good compromise between accuracy and
practicality.

Conservation equations

With the above-mentioned assumptions, the one-dimensional vertical water flow
equation corresponds to the well-known Richards equation, that writes :

q{z)

where :

• (z,t): soil water content n.d.
h(z,t): capillary pressure cm
K(h,z): hydraulic conductivity cm.h"1

D. (h,z): contribution of the macropores to the hydraulic conductivity cm.h"1

Ta (z t) '• water root-uptake by plants h"1
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Along with hydrological boundary conditions, this nonlinear equation can be solved
iteratively for an approximation to instantaneous vertical profiles of pressure head h
(z,t), as far as relevant physical/analytical models, for each homogeneous soil layer, are
provided for the hydraulic soil characteristics and the water root uptake rate. We
introduced in the formulation of the water flux q(z,t) an additional component to the
Darcy's flux, in order to roughly model the preferential flow paths induced by
macropores. For a given soil layer, the capillary pressure and the hydraulic conductivity
may be related to the soil water content through respectively, the soil water retention
curve h(» ) and the unsaturated conductivity curve K(* ) . Water uptake by roots is
mainly driven by the transpiration process, constrained by the so-called water stress
response function (specific to the plant species) and distributed along the depth
following the root density profile.

As a top boundary condition at the soil-atmosphere interface, we impose the water flux,
in aqueous or gazeous phase (water vapor), this one resulting from a balance equation
between rain, runoff and evaporation rates. At the bottom boundary, the water flux is
imposed as it is directly measured in the lysimer facility.

Following mass conservation equations, the temporal evolution of solute, solid and root
activity concentration at a given depth z(respectively Cs, Csand Cv) writes as follows :

d82t

a
SprCt

a

a

zz

=

-

--J-ASC,
& l

0

0

Each matrix element corresponds to the corresponding above-mentionned processes
(see Fig. 1) and :

0 (z,t) : solute activity Bq.cm"3

0 (z,t): adsorbed activity Bq.g"1

0 (z,t) : volumic activity in the roots Bq.cm'3

0 (z,t): activity transfer rate due to adsorption-desorption process Bq.cm'3.h'1

0 (z,t) : activity transfer rate due to root-uptake Bq.cm'3.h"1

• Tstands for the dry bulk density of the soil (in g.crrf3), J(z,t) represents the advective
/ diffusive contaminant flux (in Bq.cm'2.h"1) and • the radioactive decay rate (in h"1).
Along with contaminant boundary conditions, these coupled differential equations can
be solved for an approximation to activity concentrations, as far as relevant models are
provided for J(z,t) and activity transfer rates in-between compartments. The advection /
dispersion contaminant flux can be expressed as follows :

J(z) = qCt - Dc9-

where Dc(z,t) is the effective vertical dispersion coefficient (in cm2.h"1) modeled
following the formulation of Bear (1972, 79). The sorption / desorption process is
modeled using a first order kinetic equation :

= Asc fi>lCs
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that involves adsorption and desorption kinetic rates • sor(z) and • des(z) (in h"1). This
formulation means that when equilibrium is reached, the equilibrium ratio
C IC = ka&f or increases with soil water content, unlike the well-known "KD

formulation" which is • -independent. We will come back later on the consequences of
such a formulation on contamination migration. The solute contamination root-uptake is
computed using an adapted version of the root-uptake model developed in the third
Work Package. We won't describe it here.

As a top boundary condition and after the initial deposition, we assume a zero
contamination flux (no further contamination occurs). At the bottom, we neglect
contamination loss (no outward flux). Both conditions are consistent with lysimeter
experiments.

Numerical methods

Water and contaminant mass conservation equations are solved on a uniform grid
using a finite difference method for the spatial discretization. Dispersive terms are
differentiated following a classical 2nd order block-centered formulation. Use is made of
a 3rd order upstream scheme (QUICK scheme) for the convective term in the
contaminant transport equation. This one still provides good solutions when computing
rapid infiltration events. Temporal discretization for the water flow equation is achieved
using a fully implicit scheme combined with a Picard linearisation method, which is
recognised as an appropriate methodology for general unsaturated flow problems. The
coupled contaminant equations are time-discretized following a classical 2nd order
Crank-Nicholson scheme. Finally, time marching is operated with automatically varying
time steps. This optimises the computational efficiency while restraining the temporal
discretization errors. Thus, simple but conservative and optimised numerical methods
were adopted. This is of particular importance when solving for long-term transfers of
radionuclides, where total mass conservation and computing time efficiency are
necessary.

Environmental data

Data and parameters involved in the TRANSSOL model are listed below. Different data
packages can be identified : climatic series, hydraulic soil parameters, dispersion and
sorption radionuclide parameters, morphological plant parameters, radionuclide plant-
uptake parameters, specific radionuclide parameters.

Table 1. Listing of data and parameters required by the TRANSSOL model.

Climate

Ea(V

R(t)
Ta®
hr(t)
Ftn(t)

model

UJt)

Rain intensity

Ambiant air temperature
Relative humidity
Net solar radiation flux
Evaporative demand of
the atmosphere
Horizontal wind speed
(at 10m height)

cm.h"1

K
n.d.
W.m"2

m.s"1

m.s"1

Soil
h(- ,z)

K(h,z)

model
• r(z)
'S(Z)
• (z),n

(z)
model

Ks(z)

Water retention curve
Residual water content
Saturated water content

Fitting parameters

Hydraulic conductivity
curve
Saturated hydraulic

cm
n.d.
n.d.

cm"1,
n.d.

cm.h"1

cm.h"1

Model

Penman (48)

VanGenucht.(80)

Mualem (76)
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n(z)

model

ch (z)

• T(z)

cunuuuuvuy
Fitting parameter (same
as above)

Macroconductivity

Macroconductivity
coefficient
Bulk density of dry soil

n.d.

cm.h"1

cm.h"1

g.cm'3

Soil / Radionuclide
Dc
(h,z)

model

dc(z)
• (z)

Dm

kd(z)
• sor(zj

• des(z)

Vertical dispersion
coefficient
Dispersivity
Tortuosity factor
Molecular diffusion
coefficient in free water
Equilibrium coefficient
Sorption kinetic rate

Desorption kinetic rate

cm2.h"1

cm
n.d.

cm2.h"1

n.d.
h'1

h'1

Plant

• /z-o

fv(h)

xM

• (V
Aft)
•

V

model

Lv(t)

kL

zv(t)

kz

model

hA, hD,
hW
ro

r,(z,t)

Biomass per unit volume
of soil

Growth rate of Mv

Vegetation coverage
ratio
Leaf area index
Water retention
coefficient (on leaves)
Vertical root density
profile
Cumulated root length in
the top soil layer
Growth rate of Lv

Rooting depth
Growth rate of zv

Hydric stress response
function

Stress pressures

Mean root radius
Half distance between
neighbouring roots

g.cnrf2

g.cm"
2.h"1

n.d.

n.d.

cm

cm"2

cm"2

cm"2.h"1

cm

cm.h"1

n.d.

cm, cm,
cm
cm

cm

Gonze (98)

Bear (72,79)

Exper./analyt.

Feddes (78)

Barber (95)

Plant/ Radionuclide

Jmax

Km

Michaelis-Menten flux

Michaelis-Menten constant

Bq.cm"
2.h"1

Bq.cm"3

Radionuclide
•

• dis

•
c

Radioactive decay rate
Dissolution kinetic rate of
aerosols in free water
Depth of the initial
contaminated surface
layer depth

h"1

h"1

cm

Model

Model

Suite
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Sommaire

IV DISCUSSION

0 2V-1 Soil-radionuclides interaction

IV- l . l Soil solution composition

The influence of the change in soil water content on the concentration and
composition of the soil solution is important in the characterisation of the radionuclide
activity concentration available for root uptake at field water content conditions.

Decreasing soil moisture content markedly decreased KD
134Cs resulting in an

increasing 134Cs activity concentration in the soil solution. In the applied soil moisture
range, the relationship between 134Cs in soil solution and soil water content fits an
hyperbolic equation, irrespective of the soil type considered. The slope of the curve is
very similar for the sand- (B), the loam- (E), the loamy sand-(FB) and the sandy loam-
(UK) soils, but significantly different for the silt loam- (D) soil.

Soil moisture has also an effect on the K concentration in the soil solution which is
even more pronounced than for 134Cs, resulting in a decrease of the ratio Cs/K as soil
moisture content decreases. However the dependency of the solid/liquid distribution
coefficient on the K status in soil solution increases the complexity, since KD is

affected both by soil moisture and K with opposite effects. Therefore in cropping soils
subjected to fertilising events and K root uptake (K depletion), such relationships could
become rather complex.

Results indicate that KD can be strongly modified by the soil water content (climate)
and therefore, expressing the KD as a function of soil water content can improve the
implementation of this parameter in the models under development. In this way an
increase of radiocaesium available for root uptake is suggested at lower soil water
content and this may imply higher radiocaesium transfer. Moreover, decreasing soil
water content increased K in soil solution and, as was reported earlier (chapter III-2),
might result in a decreasing plant concentration factor. This combination of factors
masked the effect of soil moisture on root uptake of radionuclides. In addition,
understanding whether the plant responses to decreasing soil moisture content will
modify the uptake rate of radiocaesium would be an additional point of interest.

Although the results obtained in the laboratory are promising concerning the relation
between the soil moisture content and soil solution composition, soils and soil
processes under field conditions are far more complicated. Different lysimeter plots
were manipulated in different ways during the past years, resulting in different soil and
soil solution compositions, both concerning 137Cs and K. For this reason, changes in
the 137Cs AC or the K concentration should be looked at in relation to the 137Cs activity
of the soil (i.e. KD

Cs) or the exchangeable K content in the soil (i.e. KD
K). Another

complication arises from the effect of K on the distribution of 137Cs between the solid
and the liquid phase. In the lysimeters, higher soil moisture content results in a dilution
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of the K concentration in the soil solution, which in turn results in a higher distribution
coefficient. The 137Cs AC in the soil solution is not only determined by the K
concentration, but also by the dilution effect of the soil moisture content. If the 137Cs
AC in the soil solution should solely be determined by the K concentration, then the
KD

Cs/KD
K ratio should be relatively constant in function of the soil moisture content, but

that was not the case in the lysimeter soils.

We conclude that spatial variations in radionuclide concentration in the lysimeter are
much larger than temporal variations related to soil moisture fluctuations, so
precluding a direct application of the relationships found in the laboratory.

IV-1.2 Vertical migration and chemical availability

Migration

The two nuclides, 137Cs and 90Sr, behaved quite similarly in this study. Analysis of
variance showed that the migration centre values of 90Sr were significantly larger than
those for 137Cs.

Both for 137Cs and 90Sr we found the most prominent migration in sandy loam,
Wellesbourne, and loam, Barcelona. The least migration was seen in loamy sand,
Belleville. The high migration rates in sandy loam was not surprising, since this is a
highly penetrable soil, and also quite porous, the bulk density was 1.1 g/cm3. More
surprising was that the loam had such high migration rates, 0.85 cm/year for 137Cs
and 1.02 cm/year for 90Sr in 1998. This soil had the highest clay content, a factor
which normally decreases 137Cs mobility, and the highest calcium content, which
normally decreases 90Sr mobility, and still migration is comparatively large. This soil
was different from the others in that it has been covered with mulch and harrowed to
about 2 cm regularly, this may have affected migration. It is also quite surprising that
the coarsest soil, loamy sand, had the least migration. In this soil most of the
radionuclides were withheld in the top 0-2 cm layer, and we have yet no good
explanation for this behaviour. Since the soil was left fallow fixation in plant material is
not a possibility. The fallow may have caused low porosity, which is also indicated by
the slightly elevated bulk density in the soil compared to the others, 1.4 g/cm3. Less
migration would be expected in a higher density soil, especially the absence of
macropores would lead to smaller initial, mass-flux, migration. That the highest deep
sample activities were found in this soil further complicates the matter, the most
probable explanation for this, however, is that the deep samples were contaminated
with surface soil during sampling.

There was no indication that climatic factors were important for migration in this study.
The soils with the most migration had the least annual rainfall, and the most differing
mean temperatures.

There was no significant difference in migration centre values between the sampling
years, although a small increase in these values in the silt loam, Julich, and the loamy
sand, Belleville, in 1998 may be seen as a trend. To show that migration is proceeding
in the lysimeters we would need a longer study period. In the sandy loam,
Wellesbourne, the trend is rather in the opposite direction; we may have upward
migration in this soil. Upward migration has been observed previously in sandy soil, so
it is not entirely surprising. The migration rates overall were significantly lower in the
second year than in the first. This finding is in accordance with others', showing that
after a fallout event, initial migration is rather fast, but the rate then decreases.

137Cs Chemical availability

As expected, little 137Cs is readily available for plant uptake, in this study it was about
15% of the total amount that could be extracted with water or ammonium. The
different soils did not have very different availability characteristics. The exchangeable
fraction was largest in the sandy loam, where CEC was the highest, and lowest in the
loamy sand, where CEC was lowest.
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It was interesting to find that the residual fraction decreased with time, this indicates
that there is a rapid immobilisation of 137Cs after a fallout event, but after some time
availability increases slightly. With decreasing residual fraction the acid soluble
fraction increased.

The residual fraction decreases with depth, showing that the 137Cs that has migrated
is slightly more available than that which remains at the surface.

90 Sr Chemical availability

The availability of 90Sr was smaller than expected. Only 40% of the total content was
found to be readily plant available, whereas in other studies the labile pool has been
reported as close to 100%. The role of the oxide fraction, as extracted with NH2OH»
HCI, is large, this implies that the hydrological conditions can be important when
predicting plant uptake. Wet conditions can increase the labile pool of 90Sr
considerably, by reducing the oxides that bind 90Sr.

As with 137Cs, the residual fraction decreases with time, but with 90Sr, the fraction
increasing is the exchangeable. The residual fraction also decreases with depth, the
reason, as with 137Cs, is probably that migrating 90Sr is in more available forms than
that remaining at the surface.

Migration and Chemical availability

The migration behaviour of 137Cs and 90Sr in the studied soils can not be easily
explained by the availability study. The small, but significant, difference in migration
between 137Cs and 90Sr is explained by the higher availability of 90Sr. The fact that this
difference was smaller than expected can also be understood by the relatively large
proportion of 90Sr bound in non-exchangeable form, e.g. in oxides. The large variation
between the soils, however, can not be explained by different chemical availability,
since the soils do not differ very much in this aspect.

It appears that management practices are more important for migration than soil
characteristics. When comparing the two soils with similar management, the sandy
loam, UK, and the silt loam, D, the coarser soil has the deeper migration, as expected.

IV-1.3 Spatial distribution and chemical availability

Spatial distribution

From the results observed, it can be considered that if an agricultural soil is
radioactively contaminated by surface deposition of Cs and Sr, the soil activity will
reach homogenisation in the first 20 cm layer after 3 conventional ploughings.
Homogenisation down to 25-30 cm would require approximately 6 conventional
ploughings.

It is to be noted that if "deep placement" of the surface contamination is applied as a
coutermeasure (cf. NE plot of the Julich soil), homogenisation is never reached in
spite of many ploughings, the Cs and Sr concentrations remaining always larger in the
vicinity of 25-30 cm depth. This must hold the attention because most plant roots can
reach such depths and radioecologists conventionally use the activity of the first 20 cm
layer only for calculating the soil-to-plant transfer factors (cereals, vegetables). This
would obviously overestimate the transfer factor. In such a case, a correct calculation
would therefore need to take into account the total activity contained in the soil.

Exchangeable fraction

It is to be noticed that the plot exhibiting the highest Cs exchangeable fraction is also
showing a strong exchangeable fraction of K (Wellesboume, sandy loam). Similarly,
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the plot exhibiting the highest exchangeable Ca (Barcelona, loam) also shows a high
level of exchangeable Sr. For the soil of Mol (sand), the various plots show distinct
bioavailabilities of Cs, a feature probably attributable to various stable element
contents brought by the manure treatments.

Sorption-desorption

For all soils, fixation rates on clays are consistent with the rates of exchangeable
fractions - Cs case: the higher the fixation rate, the lower the exchangeable fraction
rate; Sr case: the lower the fixation rate, the higher the exchangeable fraction rate.

Observations have shown that the illite/mica content of the soils clay fractions was
correlated with Cs fixation at completion of both, sorption and desorption experiments,
except for the soils of Barcelona and Belleville. Among the other soils under focus, the
specificity of the Barcelona soil is to be more calcareous, a feature which most
probably promotes its clay minerals (illite in particular, most abundant in this soil: 83 %
of total clay fraction) to contain more Ca than K. In turn, it has been reported that
divalent cations compete more strongly with Cs for adsorption sites on clay minerals,
therefore reducing the fixation rates and kinetics1. This explains why Cs fixation
characteristics on clays of this soil are not maximum compared to others, whereas
having both, the larger total clay and illite/mica respective contents. The specificity of
the Belleville soil relies in the presence of chlorite/vermiculite (65 % of total clays)
which compensates for its low illite/mica content, as compared to the other soils.
Vermiculite has a good capacity for cation exchange. Furthermore, the Belleville soil is
having one of the weakest rates of exchangeable stable cations. Consequently, in
spite of its reduced illite/mica content, this soil is capable of high rates of Cs fixation.

It is to be mentioned, however, that the separation process of clay particles performed
prior to the sorption/desorption experiments did not eliminate organic matter which
may also have influenced the sorption/desorption kinetics.

0 IV-2 Soil-to-plant transfer

IV-2.1 Influence of soil type and climate

137Cs: Soil K and plant growth.

Two main soil properties have been described affecting the soil-to-plant transfer of
137Cs, RIP and K. The Radiocaesium Interception Potential is a measure of the soil
capacity to adsorb radiocaesium and is closely related to soil texture. According to RIP
(Table 1, III-2) the following relative order of transfer is given: B>F>D = UK = E. In
agreement, the sandy soil BSE shows higher CR than the fine textured soils for the
three analysed crops even though low differences between soils were found for bean
shoots.

CR in sandy-loam FBNE varies depending on the crop and on the season. As a result,
CR in FBNE is similar to that of BSE for lettuce 97 and higher for lettuce 98. On the
contrary, CR is lower than for BSE and similar to that of fine texture soils for barley
straw. Finally barley grains in FBNE show somewhat higher CR than EW, DNW and
UKW.

K in soil is the second parameter affecting the transfer and explains the differences
between the three fine textured soils as well as the contrasted pattern of FBNE. KD

K

(I.kg"1) (exchangeable K/soil solution K) gives an estimation of the soil buffer power for
K, that is the capacity of the soil for supplying K to the crop. Table 1 (section III-2)
shows BSE soil having a very low KD

K (0.6) while FBNE, UK and DNW present a KD
K

between 4-6. EW soil has the highest KD
K (15).

Results obtained by lettuce and beans show that decreasing K in soil solution has two
contrasted effects on 137Cs availability: 1) decrease of 137Cs in soil solution by
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increasing KD
Cs which is related to RIP, and 2) increase plant affinity to 137Cs. This

latter effect is described empirically by the log-log relationships between Concentration
Factor (CF) and K described for lettuce and beans.

In addition, for a given soil, there is a decrease of K in soil during the cropping period
because of crop growth. Therefore, both KD

Cs and CF can change during the cropping
period as a consequence of K depletion in a sharper or smoother way depending on
the soil type and plant growth conditions making it difficult to interpret CR as a function
of the initial K in soil solution.

For fast growing (short time) crops such as lettuce and beans, the K uptake by the
plant during the cropping period is not enough for exhausting soil K, hence for a given
soil any drastic change in soil solution along the cropping period does not occur.
Therefore for these crops, Concentration Ratios are reasonably well explained by
unvarying CF and KD

Cs, both parameters depending on K. In agreement with these

observations, 137Cs accumulation by bean crop (shoot + pod) is not only related to soil
physico-chemical properties. Variations between lysimeter parts are associated to
changes in plant biomass. In this way, higher plant production results in higher 137Cs
accumulation. Apparently, once the scenario is defined according to K in soil, the
higher is the crop production the higher is 137Cs crop uptake.

For barley, the role of K is rather complex. The dominant processes leading to 137Cs
accumulation in plants are different between soil types and can change during the
cropping cycle. Therefore soils with high initial 137Cs and K in soil solution can behave
as soils with low 137Cs and K in latter stages (See section III.2.2.b).

In soils having low exchangeable K (BSE and FBNE), this nutrient is depleted in the
rhizospheric soil during plant growth (Figure 1), this effect being more pronounced for
soils having low KDK like BSE. In this soil, the plant uptake of K (30 g.m"2) even
exceeds the initial amount of soil exchangeable K. The result of this scenario is low
137Cs crop accumulation for BSE and FBNE soils.

On the contrary, soils having high exchangeable K and high KDK (DNW, EW and
UKW) don't produce such marked K depletion because K in soil solution is very well
buffered by the exchangeable K complex of the soil (Figure 1). The K concentration in
soil solution remains constantly low, thus leading to higher 137Cs crop uptake despite
of high KD

Cs. The exception is UKW soil, which accumulates lower 137Cs at harvesting

than expected according to soil K conditions. For this latter soil, 137Cs lost by plant
senescence is about 80% of the total, while it is about 60% for EW, BSE and FBNE
soils.

Figure 1. Dynamics of K in soil solution and the subsequent variation of 137Cs in soil
solution and the KD

Cs as a function of K during barley crop. Results have been
obtained by the RUR model. DNW and BSE soils are showed as an example of two
contrasted behaviours.

The described consumption of soil K by barley crop has produced a general decrease
of K in the soil solution (Table 2, 111-2.1). The poor K soil BSE drastically decreases (4
times) its K in soil solution. For the EW soil there is no decrease of K while for those
soils with intermediate KD

K, DNW, UKW, the decrease of K in soil solution is of about
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2-3 times. The exception is FBNE soil with an increase of K in the soil solution though
the effect is small taking into account spatial variability. As a consequence, the lettuce
98 crop, seeded after barley, has a different K in soil solution than lettuce 97.
However, such contrasted changes in K status have little effect on CR, apart from
FBNE. Since K modifies both CF and KD, it seems that both effects are compensated
prevailing, in general trend, the order given by soil type (RIP).

Furthermore, soil fertility (soil type) and climatic conditions affect 137Cs soil-to-plant
transfer mainly by determining plant growth conditions and crop production. The role
of crop production is as follows: the accumulation of K in the biomass causes a
decrease in soil K which, in turn, increases KD

Cs and stimulates the uptake
mechanism. Therefore, biomass production has a direct effect on Cs accumulation
through the accumulated depletion of K in soil, which is dependent on soil type (KD

K).

No significant relationship has been found between biomass and 137Cs crop
accumulation indicating that plant regulates 137Cs uptake in a more complex manner
than the constant Concentration Factor.

This strong effect of soil K in 137Cs root uptake reduces in importance other factors
potentially affecting root uptake such as changes in soil solution composition due to
changes in soil moisture.

Most of the physico-chemical soil characteristics analysed are related to soil texture, in
such a way that the finer textured soils, DNW, EW and UKW have high RIP, high base
saturation, high exchangeable K and high KD

K. In addition, these three soils contain
relatively high organic matter content and are the more fertile among the set of soils
studied. Considering these factors together, soil type characterises the initial state for
radiocaesium root uptake in terms of RIP and K. Secondly, crop production modifies
soil K status in a sense that final soil-to-plant transfer of 137Cs can be very dependent
on the selected species and on crop growing conditions.

90Sr: Soil Ca and Plant transpiration

Soil-to-plant transfer of 90Sr is basically dependent on the Cation Exchange Capacity
(CEC) of the soil and divalent cations concentration in soil solution, which are related
to KD

Ca. A good estimation of 90Sr in soil solution is derived from KD
Sr calculated from

CEC, and Ca in soil solution obtained from exchangeable Ca and KD
Ca .

FBNE soil has low CEC and high KD
Ca. BSE soil has medium CEC and low KD

Ca. D,

E, and UK have high CEC and medium KD
Ca. According to these properties, the

following order is expected for the set of soils under consideration: FBNE > BSE > D =
E = UK.

In agreement with the above-mentioned order, CR for lettuce crop is related to soil
type, with a clear observed distinction between the group of sandy soils (FBNE and
BSE) and finer textured soils (EW, DNW, UKW). The order is maintained for beans,
although EW soil presents higher CR than the DNW and UKW soils. A more
contrasted pattern was observed for the barley crop. In this case, the observed order
is as follows: FBNE > DNW > EW = UK > BSE, in disagreement with the estimation
obtained from soil properties.

Concentration Factors for lettuce and beans are related to Ca in soil solution,
indicating the importance of this nutrient in the uptake of 90Sr. However, the fact that
this relationship is not linear indicates that an active uptake mechanism is acting at
low Ca concentration in soil solution. These results agree with the hypothesis of 90Sr
uptake by the same mechanism as Ca (mass flow by transpiration and active uptake
at low soil Ca).

For barley, the RUR model illustrates an initial phase in which Sr enters into the plant
through the Ca active mechanism since mass flow is not sufficient for supplying Ca to
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the plant. From that initial time onwards, mass flow is the main mechanism for 90Sr
uptake. As a consequence, the uptake of 90Sr by barley is related both to Ca
concentration in soil solution and plant transpiration.

As for barley, beans present a positive relationship between 90Sr accumulation and
plant transpiration as well as plant biomass.

Therefore, 90Sr accumulation by crops can be expressed as the result of the CEC and
Ca concentration in soil solution, the plant absorbing power (CF) and transpiration
(hence climatic conditions and plant biomass).

In summary, soil type affects the soil-to-plant transfer of radionuclides in two ways.
First, soil type determines radionuclide solid/liquid equilibrium. RIP, exchangeable K
and KD

K characterise the amount of 137Cs in soil solution while CEC, exchangeable

Ca and KD
Ca characterise the amount of 90Sr in soil solution. Secondly, differences in

soil productivity give differences in crop production and therefore differences in plant
uptake of 137Cs (through K depletion in soil) and of 90Sr (mass flow by plant
transpiration). Furthermore, climatic conditions operate in the same way as soil type
modifying crop growth conditions.

IV-2.2 Temporal trends

Results presented in section III-2.2 demonstrated the existence of temporal variations
in plant accumulation of 137Cs and 90Sr. Moreover, seasonal and annual variations
could be distinguished. According to the soil type and plant species, such variations
were more or less identified.

Long-term annual variations

Indeed, long-term annual variations have been shown only on perennial crops (rye-
grass and lucerne) for which we have acquired data on a sufficient period of time. The
general tendency of these long-term annual variations is towards a decrease in
radionuclides transfer factors.

On unploughed soils (Julich and Wellesbourne), half-life of 137Cs transfer factors was
found short, 11 and 12 months respectively, as well as half-live of 90Sr transfer factors,
17 and 12 months respectively.

On ploughed soils (Mol and Belleville) and whatever the plant species (ray-grass and
lucerne), half-life of 137Cs transfer factors was found long (respectively 47 and 51
months) although half-live of 90Sr transfer factors was found short (respectively 24 and
16 months).

Therefore, half-life of transfer factors on perennial crops varied significantly according
to agricultural practices. Ploughing induces an homogenisation of radionuclides
concentration in the ploughed part of the soil. Accordingly, the rooting zone stays for a
longer period of time in the homogeneously contaminated part of the soil. Therefore,
decrease of radionuclides transfer factors as a function of time is slower in a ploughed
soil than in an unploughed soil.

Plant development associated variations

Seasonal variations of 137Cs and 90Sr transfer factors have been demonstrated on
barley (see section II-2.2). 90Sr transfer factor was approximately constant, i.e. directly
linked with plant biomass increase. 137Cs exhibited four types of seasonal variations
but only one, nearly constant, directly linked with plant biomass increase.

Additional factors have to be taken into account to explain the three other types of
variations. A good candidate seems to be the existence of two potassium root
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transporters in barley: a transporter acting in the low K range with a high affinity for K,
and another acting in the high K range with a lower affinity for K.

Another potential candidate could be the availability of water in soil. Indeed, data (not
shown) obtained on the Wellesboume lysimeter seem to confirm a correlation
between availability of water in soil and 90Sr transfer factor.

IV-2.3 Influence of agricultural practices

The effects of traditional agricultural practices on bioavailability are similar for 137Cs
and 90Sr. Repeated fertiliser additions decrease plant uptake of the radionuclide from
the soil solution, but they also increase the availability of the radionuclide in the soil
solution. In the case of a fertilised sandy soil the reduction in radionuclide uptake due
to the addition of stable cations, is small compared to the higher availability of the
radionuclide that it causes.

The effect of K or Ca and Mg on the 137Cs or 90Sr availability and uptake can have
more influence on the bioavailability than the total activity concentration of the
radionuclide in the soil. This was confirmed by experiments on lysimeter parts where
contaminated wheat straw had been ploughed under immediately after contamination
and hence had increased the total activity concentration of the soil. Bioavailability was
not affected significantly by this increased activity concentration.

Skim-and-burial of the contaminated soil layer, i.e. skimming off the contaminated
layer (0-5 cm) and place it underneath the plough layer (> 30 cm), did not give the
expected result of reducing bioavailability. As the contaminated soil layer was brought
out of the major rooting zone, availability to the roots should be less. Although the
radionuclide activity concentration in the rooting zone is less, crop accumulation of the
radionuclides was observed to be as high as on the same soil that was conventionally
ploughed. Since the effect of counter-ions on bioavailability can be more important
than the radionuclide activity concentration, the reason for the higher bioavailability of
the radionuclides on the skim-and-burial soil can be due to a lower fertility of the soil.

Changing the type of crop cultivated on a contaminated soil can also reduce
bioavailability of radionuclides. When comparing lettuce, grains of winter barley and
pods of beans, winter barley is the most promising: the yield is highest and the
bioavailability to the grains is lowest. Compared to lettuce, concentration ratio's to
barley grains are up to 200-fold lower for 137Cs and up to 150-fold lower for 90Sr. Even
when considering the straw of winter barley, which is on average 7 times more
contaminated with 137Cs than the grains and 12 times more contaminated with 90Sr,
the bioavailability of the radionuclides remains low. The reason for the discrepancy
between radionuclide bioavailability to lettuce compared to barley is probably due to
the differences in the rooting system. Lettuce is a shallow rooting crop, almost all of
the roots are in contact with the most heavily contaminated soil layer, while barley is a
deep rooting crop.

It can be concluded that crop selection combined with a proper fertilisation, which
means no over-excessive fertilisation and depending on the soil type, is the best way
to reduce radionuclide bioavailability.

IV-2.4 About variability observed between crops.

Due to their anatomical and physiological differences, various crops present
differentiated abilities to accumulate radio-contaminants. In order to compare the
radionuclide bioavailability to the four different crops studied, only the "edible" parts
were taken into account, i.e. the pods of beans, the leaves of lettuce, the grains of
winter barley and the shoots of ryegrass.

Figure 1 presents the Concentration Ratios measured for these 4 crops on 2
contrasted soils, "sand" from Mol (B-lysimeter) and "sandy loam" from Wellesboume
(UK-lysimeter), selected among the 5 soils on which experiments have been
performed. Depending on the soil type, when conventionally ploughed, the 137Cs CRs
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to lettuce are about 3- to 14-fold higher than the 137Cs CRs to pods of beans, while the
90Sr CRs are 2- to 15-fold higher. The least contaminated crop appears to be the
grains of winter barley.

The 137Cs concentration ratios
to these grains are 15 to 60
times less than the 137Cs CRs
to lettuce, and the 90Sr CRs
are 10-to 140-fold less.
However, it should be
stressed that there is also
radionuclide activity
accumulated in the leaves of
beans, or straw of barley,
which are more contaminated
than the pods or grains. But
even when considering the
straw of winter barley, (on
average 7 times more _. ,o7_ _
contaminatPd with 137Os than F'9ure 1- Cs Concentration ratios of four crops

UK*
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me g and 12 times more
contaminated with 90Sr), the
bioavailability of the
radionuclides remains low.
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Lettuce is usually harvested before maturity, at a young stage of development where
the plants are still very active in terms of root uptake. The 137Cs content of bean pods
comes mainly from translocation, but when those are generated, upon fructification at
maturity, the plants are still in an active physiological status. The most different case is
barley, as explained in section 111-2.1. Unlike lettuce and beans, radionuclides uptake
in this plant depends on a very complex interaction between soil properties, climate
and biomass production. Four years after the soil contamination, the Concentration
Ratios to rye-grass are still comparable to the CRs to bean pods. However, covering a
contaminated soil with a perennial crop, such as rye-grass or lucerne, would present
the advantage of further reducing potential transfers to man by introducing an
additional barrier, the fodder being consumed by domestic animals before their by-
products can reach human ingestion.

© IV-3 Modelling migration and uptake

The PEACE modelling task aimed at;

| r^i the performance of a mechanistic model to reproduce and predict the over
! soil-to-plant transfer of an initial ground deposition of 90Sr and 137Cs aeros
! rn and interpreting lysimeter experiments for varying environmental condition:
| L-J such as soil / climate characteristics and agricultural plant types,
[ r̂ -i further insight into our understanding of the seasonal and spatial natural
| I—I variability, recognised on both vertical migration and soil-to-plant transfer, t

identifying the pool of driving processes and parameters.

IV-3.1 PHAST evaluation with laboratory column experiments

The Plant, Hydrology And Solute Transport model (PHAST) has been used to assess
the data from the column experiments.

The hydrological model, Richard's equation with an empirical root uptake function,
provided drainage rates which agreed well with the observed data and provided the
distributed water fluxes necessary for the contaminant transport simulations.

Although the basic solute transport model was found to reproduce the high activities in
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the top 5 cm of the soil column, it grossly under-predicted soil activities found at the
base of the column by many orders of magnitude. The consistency of these errors
between the various columns suggested that a similar mechanism was affecting the
movement in all of them. It was considered that the observed behaviour of the 134Cs
and 85Sr could be due to colloidal transport. It is postulated that most of the activity
moved according to the conventional advection-dispersion contaminant transport
model, but that a small quantity of the activity moved rapidly down the soil profile
attached to colloids. The model structure was, therefore, modified to allow this
additional movement to be simulated.

The use of the revised model was found to improve significantly the simulation of the
134Cs and 85Sr movement in the columns. The work has, therefore, highlighted a
possible radionuclide transport process for soils which provides an insight into the
profiles observed at the Cadarache Wellesbourne soil lysimeter and demonstrated the
value of soil column experiments for undertaking detailed investigations into soil
migration processes.

IV-3.2 TRANSSOL evaluation wi th lysimeter experiments

The TRANSSOL model has been used to assess some lysimeter results obtained for
both 90Sr and 137Cs radionuclides, that is : the relationships between soil solution
composition (mainly activity) and water content, and the vertical activity profiles
measured in the unploughed soils (Section 111-1 Soil-radionuclides interaction).

Batch (in vitro laboratory) experiments on isolated contaminated soil cores (with
contamination partitioned into solute and sorbed phases) seem to show that the
activity in the soil solution is strongly dependent on the soil water content. When both
quantities are normalised by their respective values at saturation, experimental curves
fit to the dilution curve (hyperbolic decay) within a factor of 2, and this, for both
radionuclides and all soils under consideration. These results suggest that, varying the
water content • (in cm3.cm"3) by evaporation, or free-contamination water supply,
doesn't change the sorbed activity (in Bq.g"1), but modifies the soil solution activity (in
Bq.cnrf3) according to a nearly pure dilution law (due to total activity conservation)2.
This should support the modelling approach adopted in TRANSSOL, where the
equilibrium ratio KD (in cm3.g*1) is considered proportional to the soil water content: it
can be shown that such a formulation leads to the same result.

Using this modelling approach, we simulated 300-year migration of 129I, 90Sr and
137Cs radionuclides, and compared numerical results with those that were obtained by
similar physically-based dynamical models (BJOspheric MOdel Validation Study II).
Hydrological predictions were in very good agreement. We demonstrated that, with
respect to the standard one, our • -dependent KD formulation had a global retardation
effect on the downward contaminant migration. This could be explained from a
phenomenological analysis.

The main modelling effort was devoted to the understanding and prediction of the
vertical contaminant profiles, like they were measured 3,5 years after contamination
(see section 111-1.2) in the unploughed parts of the Julich (D), Barcelona (E), Belleville
(FB) and Wellesbourne (UK) lysimeters. Despite strong differences in the measured
KD values between the two radionuclides, mean profiles are surprisingly not

significantly different. Actually, much more variability is observed from one sample to
the other, than among radionuclides or lysimeters. Another striking feature is the
presence, sometimes, of a background activity in depth (beyond 20 cm).

Since the year-98 provided the best confidence in hydrological boundary conditions
and capillary pressures measured in the lysimeters, we first performed a complete
hydrological simulation over this year, for both calibration and testing purposes.
Despite much uncertainty3, we made quite accurate predictions of water fluxes and
capillary pressures in the first 40 cm depth all over the year. 90Srand 137Cs migration
were simulated considering a repeated hydrological year, varying the date of
contamination to stochastically investigate seasonal variability. Using the KD values
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issuing from the work previously reported (section 111-1.1) with an instantaneous
equilibrium assumption, we produced 90Sr profiles with to high penetration depths and
insufficient migration for 137Cs, with no dependence upon contamination date.
However, excellent agreements were obtained for both radionuclides and all
lysimeters in the first 20cm depth, when using KD values at saturation comprised

between 60 and 200 cm3.g"1 (forgetting for measured values-). Finally, we numerically
demonstrated that depth contamination could have been partially produced within the
first few weeks after initial contamination, due to quite slow dissolution of aerosols
(especially for 90St) whose characteristic times were measured in the previous
RESSAC programme.

IV-3.3 Factors governing Root Uptake (RUR model)

Relevant factors for Cs uptake in RUR model

KJn..soil.
Cs uptake by roots is affected by K through two different processes: 1) changes in Cs
solid/liquid equilibrium, and 2) changes in root affinity for the radionuclide. Both effects
are mediated by the concentration of K in soil solution, which is expected to change
with time due to root uptake, in a different shape depending on soil properties and
plant growth. Therefore, the effect of K on Cs uptake is not determined only by the
initial concentration of K in soil solution. Instead, the effect of K would be better
predicted from KDK, exchangeable K and biomass production.

KdCs,
The concentration of Cs in soil solution depends on its solid/liquid equilibrium
processes, which are typically predicted by KDCs. If the relationship between KDCs
and K described in bulk soils is extrapolated to soils with a growing crop, then the
concentration of Cs in soil solution will decrease during crop development due to the
decrease in K concentration caused by root uptake. For some combinations of soil
and biomass production, the depletion of K is so strong that mobilisation of non-
exchangeable K is expected. Nothing is known on the radionuclide solid/liquid
equilibrium in these conditions.

Crop bigmass.
The biomass produced up to a given time has an effect on Cs accumulation through
the accumulated depletion of K in soil. Also, higher growth rates per unit of current
root biomass would increase the uptake activity of roots and then the uptake of Cs.

Hoot parameters.
The pattern of root distribution in depth can affect Cs uptake if Cs is not uniformly
distributed in soil. Even in ploughed soils, root distribution together with biomass
root/shoot ratio and root radius can affect Cs uptake because they determine the
concentration of K at the root surface. However, the pattern of root distribution with
depth is difficult to obtain and the extrapolation of data measured in different soil and
crop conditions may be unreliable.

Relevant factors for Sr uptake in RUR model

The uptake of Sr is predicted mechanistically through a combination of mass flow with
transpiration and active uptake of Sr by Ca-transporters. Concentration of Ca in soil
solution is expected to have the largest effect in young plants with high growth rates,
because in these conditions the prevailing mechanism of Sr uptake would be through
Ca-transporters. On the other hand, transpiration would be an important factor for Sr
uptake in mature crops, with high leaf area and low growth rate.

KDSr determines Sr concentration in soil solution, which would be more stable in time
than Cs concentration because the changes in Ca concentration in soil solution during
crop development are much smaller than the changes in K concentration.

IV-3.4 Models performance, integration and perspectives
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Migration with PHAST model

The hydrological component of the model, Richard's equation with an empirical root
uptake function, predicted drainage rates that agreed well with the observed rates and
provided accurate distributed water fluxes for the contaminant transport simulations.

The solute transport component of the model accurately predicted activities in the top
10cm of the soil profile. However, it was found to under-predict soil activities found
between 10 and 50 cm. The model's representation of radionuclide transport in this
region of the column was improved by including a further physical process involving
the rapid movement of a small quantity of the activity down the soil profile. It has been
postulated that the rapid movement is associated with 134Cs and 85Sr attached to
colloidal particles. It is thought that this process occurred in all the columns. The use
of the revised model representation was found to improve significantly the simulation
of the 134Cs and 85Sr movement in the columns. The root sorption coefficients
calibrated to simulate the observed uptakes were found to be remarkably similar
between columns for both radionuclides

Good similarities between the column and lysimeter experiments were observed for
movement of both 134Cs and 85Sr in the Wellesbourne soil. For both experimental
systems an identical model was applied using similar parameter values. The use of
both lysimeter and column scale experiments has been shown to be a valuable
method for undertaking realistic and representative investigations of radionuclide
migration in agricultural soils.

Root uptake with RUR model

Observed general trends of Cs accumulation in a crop agree with those predicted
mechanistically by assuming that Cs is absorbed by root K-transporters, whose activity
is physiologically regulated in order to fit the K uptake rate required for plant growth.
The mechanistic model reproduces the general trends of variation observed according
to soil type, agricultural practices, as well as the kinetic pattern of Cs accumulation
during growth, specific for each soil type.

The general trends of Sr accumulation as affected by soil type, agricultural practices
and the kinetic pattern of accumulation during plant growth can be predicted
mechanistically through a combination of mass flow and active uptake of Sr by Ca-
transporters. The active component is relevant for young plants while the mass flow
component becomes the most important mechanism in older plants.

The magnitude of Cs and Sr accumulation by beans in 1997, and the general trends of
variation between lysimeter plots, can be acceptably predicted from the RUR model as
parameterised based on the barley crop data of 1998.

An important performance of the RUR model is that it considers that radionuclide
bioavailability is not constant for a given soil, but a variable depending on crop growth
dynamics.

In its current state, the model is limited to crop growth stages where radionuclide loss
from the plant is not important. A submodel for the mechanistic simulation of
radionuclide loss from the plant is required in order to predict the amount of
radionuclide accumulated in cereal crops at harvesting.

Migration and root uptake with TRANSSOL model

The physically based TRANSSOL model has been designed to simulate the
redistribution of a contamination throughout the soil-plant system, in response to time-
dependent climatic conditions, groundwater movements and crop growth dynamics.
Basically, this model computes the dynamical evolution of both the activity profiles in
the soil column (migration dedicated problem) and the uptake of activity by growing
crops [root-uptake dedicated problem).
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The implementation of the root-uptake submodel (the extended Barber-Cushman's)
required a specific treatment to ensure compatibility with the migration's one (physical
assumptions, parameterization and numerical differentiation). But, it remains that the
applicability of the migration component to agricultural ploughed layers is
questionable, mainly because the overwhelming time-dependent effect of ploughing
upon activity profiles is not accounted for.

The hydrological component of the model was found to well predict the behaviour of
the capillary pressure (or moisture content) in the first 40 centimetres of the
unploughed parts of the lysimeters. In particular, the hydrological intermittence was
quite accurately reproduced in the top soil layer, in response to well measured time-
varying climatic conditions.

The contaminant transport component of the model has been coupled with the
hydrological one to calculate a 3.5-year migration of 90Sr and 137Cs radionuclides. Our
calculations demonstrated that the use of "KD" values limited to the chemical/structural
properties of the soil (as they were measured in the first experimental Work Package)
produced wrong predictions in all lysimeters, whatever was the accuracy of
hydrological predictions. When using suited calibrated KD's, simulations were found to
accurately predict the activity in the first 10 to 15cm.

These results reinforce the idea that the contamination retention by soil solids is a
major process that dominates the response of the ecosystem, in conjunction with plant
regulatory mechanisms. From these numerical experiments, it is also concluded that
the retention effect can presumably be predicted via aggregated parameters, under
the conditions that structural/textural soil solids properties and the soil solution
composition (and eventually microbiological activity in soils) are properly taken into
account. From our modelling point of view, a challenge would be to simply but reliably
evaluate this retention (or retardation) factor as a function of readily accessible soil
parameters.

1 R. M. Cornell "Adsortion of cesium on minerals : a review.' Journal of Radioanalytical and Nuclear
Chemistry, Articles, Vol 171, N° 2,1993, pp 483-500.

2 Unfortunately, experimental results are not so clear because soil samples were let to equilibrate for
20 hours only (after the soil water content had been changed). This means that if sorption/desorption
has a characteristic time greater than a few hours, dilution effects dominate the measurements of
water activity, and no conclusions on KD dependence upon water content can be driven. Hence, results
have to be taken with caution.

3 Mainly due to the missing of the hydraulic conductivity curve in the upper layer, and the missing of all
hydraulic characteristics in the underneath soil layers.

4 Most experimental work performed on soil chemical availability in WP1.1 was dealing with small
strained and destructured soil samples. As textural properties of soil were lost, the provided Kd values
are likely to be inadequate for use in a Kd-based modelling approach.
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& V. MAIN ACHIEVEMENTS

0 V-l Implications of PEACE achievements for radiation
protection

The soil solution composition is central to resolve the variability of
radionuclides transfer to plants.
If soil types, agricultural practices, time and even climatic conditions (soil moisture) are
all promoting a variability of the radionuclides transfers, this is essentially via the
composition of the soil solution with respect to analogues K and Ca+Mg. This should
be kept in mind when attempting to classify sensitive areas for predictive
assessments.

The classical KD-based descripjion of soils is inadequate to provide acceptable

migration predictions from assessment models.
KD is a partition coefficient between the soil matrix and the soil solution which is often
measured in vitro (collapsed soil structure), usually at water saturation, and after
reaching equilibrium. However, KD is depending on the concentrations in analogues K
and Ca+Mg (soil solution composition), and it does not integrate the influence of the
soil texture (soil aggregation influencing porosity) nor the kinetics of both, the
radionuclides dissolution and their sorption/desorption on/from the soil matrix. As an
example, although Cs and Sr have quite distinct KD coefficients, they are shown to
establish similar profiles (within 4 to 5 years after contamination). Assessment models
need therefore to integrate, not a simple KD, but rather a "retention coefficient"

which would reflect this complexity.

Importance gf Jh

This roots essentially from the observation of Cs and Sr profiles distribution. These are
established very quickly (over a period of one month) after contamination, and
subsequent migration is negligible. More than 90% of the total soil storage of both
radionuclides remains within the top 5cm of the soil profile. Although Cs and Sr have
distinct chemical characteristics of soil sorption, they do not establish clearly
differentiated profiles on a given soil, nor do they on the various types of agricultural
soils examined. During this early phase of initial profiles establishment, it can be
speculated that the soil moisture and the very first rains will be most determinant, the
soil not having reached yet its full retention capacity (due notably to macropores and
preferential flow-paths).

models.
The mechanistic understanding of both, migration and root uptake, provided at
completion of this project, points at the process areas where simplification can be
achieved safely, and others deserving more accurate description. Due consideration
of plant physiology and bioavailability are current identified concerns allowing for
improving assessment models. As an example, the Root Uptake (RUR) mechanistic
model identifies the most relevant processes determining radionuclide uptake in
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different combinations of soil and crop conditions, taking into account the modulation
of root uptake by plant nutrient demand. Important features to be kept in mind when
improving assessment models are: 1) the significant decrease of K in soil during the
cropping period, and 2) the variation in KDCs caused by the K decrease in soil.

For assessmeninfipde
'Jaloayal laM^
lateimitt.encjB_or...so.i.!...ty.pe.-
It can be drawn in addition that spatial variability is more important than temporal
variability.
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