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An 80-year soil archive, the 42-plot experimental design at the INRA in Versailles (France), is used here to
study long-term contamination by 137Cs atmospheric deposition and the fate of this radioisotope when
associated with various agricultural practices: fallow land, KCl, NH4(NO3), superphosphate fertilizers,
horse manure and lime amendments. The pertinence of a simple box model, where radiocaesium is
supposed to move downward by convectional mechanisms, is checked using samples from control plots
which had been neither amended, nor cultivated since 1928. This simple model presents the advantage
of depending on only two parameters: a, a proportional factor allowing the historical atmospheric 137Cs
ﬂuxes to be reconstructed locally, and k, an annual loss coefﬁcient from the plow horizon. Another
pseudo-unknown is however necessary to run the model: the shape of historical 137Cs deposition, but
this function can be easily computed by merging several curves previously established by other surveys.
A loss of w1.5% per year from the plow horizon, combined with appropriate ﬂuxes, provides good
concordance between simulated and measured values. In the 0–25 cm horizon, the residence half time is
found to be w18 yr (including both migration and radioactive decay). Migration rate constants are also
calculated for some plots receiving continuous long-term agricultural treatments. Comparison with the
control plots reveals signiﬁcant inﬂuence of amendments on 137Cs mobility in these soils developed from
a unique genoform.
 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Knowledge of the behavior of 137Cs at terrestrial interfaces is
of great environmental and/or geological interest as this radioisotope can be used as a chronostratigraphical marker in
sediments (e.g. Zuo et al., 1991), and as a tool to quantify soil
erosion rates (Ritchie and McHenry, 1990; Walling and He, 1999;
Sanchez-Cabeza et al., 2007). In addition, the identiﬁcation and
quantiﬁcation of parameters governing its post-depositional
downward migration in soils allow long-term risks in terms of
radiological impacts to be evaluated: soil via root uptake can
become a source of contamination for agricultural products

* Corresponding author. Tel.: þ33 (0)3 80 396 360; fax: þ33 (0)3 80 396 387.
E-mail address: Fabrice.Monna@u-bourgogne.fr (F. Monna).
0265-931X/$ – see front matter  2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvrad.2008.09.009

(Gonze and Bréchignac, 2000; Bréchignac et al., 2002); the
external radiation dose from radionuclides contained in soil also
depends on the vertical distribution within the soil proﬁle (Arapis
et al., 1999). Low vertical mobility extends potential resuspension
of contaminated and respirable dust into the air. In contrast,
downward migration represents potential risk of groundwater
contamination. Radiocaesium mobility is known to depend to
a large extent on the presence and nature of clay minerals,
particularly illite (Cornell, 1993; Staunton and Levacic, 1999), but
other parameters such as soil type, soil chemistry, organic carbon
content, biological activity and climatic conditions have also been
identiﬁed as acting variables. For example, it has been suggested
that the sorption of 137Cs decreases with increasing organic
matter content (Dumat et al., 1997; Nakamaru et al., 2007),
although such relationships are not yet fully understood (Staunton and Levacic, 1999).

10

F. Monna et al. / Journal of Environmental Radioactivity 100 (2009) 9–16

In addition to numerous studies focusing on the chemical
availability of caesium in soils applying chemical extraction
schemes (e.g. Krouglov et al., 1998; Bunzl et al., 1998; Forsberg et al.,
2001), downward migration in soils has been investigated by
modeling 137Cs depth distributions, determined at the time of
sampling, by using either convection equations alone (Palágyi and
Palágyiová, 2003), or a combination of convection and diffusion
equations (Bossew and Kirchner, 2004). Some reﬁnements taking
into account the different states of 137Cs in the soil matrix, clay
content, etc. have also been proposed (Faroussi et al., 2007). The
convection model is basically rendered using a serial compartmental scheme, where the soil is split into a set of N horizontal and
connected layers (Kirchner, 1998; Chibowski and Zygmunt, 2002).
Each compartment is considered as a box characterized by its own
downward transport rate, ki. In other words, the amount of radionuclides reaching the underlying compartment per unit of time is
proportional (ki positive factor) to the pool present within the layer.
Mobility along the soil proﬁle is simulated by a series of differential
equations of the ﬁrst order, one for each compartment. Fitting the
equations to the measured activities allows the different ki values to
be calculated. In such an approach, back-transport is precluded,
activities are considered uniform within each compartment, and
transport rate values are presumed to be linear and time-invariant.
When convection–diffusion equations are preferred, a constant
diffusion factor is introduced. Whatever the model, parameter
values depend on the function describing radionuclide fallout over
time. If historical 137Cs deposition is not available, a single pulse
into the surface soil horizon is sometimes considered. This
simpliﬁcation is reasonable in contaminated areas such as Central
or Eastern Europe, where Chernobyl-derived fallout predominates
over global nuclear bomb-derived inputs (Chibowski and Zygmunt,
2002; Hrachowitz et al., 2005). When studies integrate the complex
history of 137Cs fallout, continuous deposition is approximated by
a series of single depositions (Hölgye and Maly, 2000).
Despite the wide variety of approaches developed to study the
vertical translocation of 137Cs in soils, predictions deduced from
dynamic models are seldom validated because the opportunity to
access samples covering an appropriate time-scale is rare, except
for some exceptional long-term experiments operated in
dedicated facilities under close-to-real controlled conditions
especially designed for simulations (Forsberg et al., 2000; Bréchignac et al., 2000). In the present study, we investigated the
effectiveness of a simple convective model to describe 137Cs
migration in surface soil samples from the 80-year soil archive of
the INRA 42-plot experimental design, located in Versailles
(France). This sample-set constitutes a valuable archive to study
historical atmospheric fallout, and hence, mobility-controlling
parameters for various pollutants, as was recently demonstrated
for common lead (Semlali et al., 2004). In addition to nonamended, non-cultivated control plots, the 42-plot design
includes 16 replicate plots which are annually treated with
various mineral fertilizers and agricultural amendments; all soils
being developed from one unique genoform. Consequently, this
scheme offers an outstanding opportunity to check the inﬂuence
of agricultural practices on 137Cs migration, by eliminating the
variability commonly related to soil nature.
2. Materials and methods

the clay fraction is dominated by illite–smectite mixed-layer minerals and minor
amounts of illite–mica and kaolinite (Pernes-Debuyser et al., 2003). The experimental design comprises 42 plots of 2.0 m  2.5 m, maintained as bare soils. Ten
plots have never been fertilized or amended. They represent the control. The other
plots have received 16 treatments: either mineral fertilizers with mono or bivalent
þþ
) or organic (manure, dried blood) or lime (CaCO3, CaO)
cations (Naþ, Kþ, NHþ
4 , Ca
amendments. These treatments produced notable acidifying, neutral or basic effects
on the physicochemistry of the soils (Pernes-Debuyser and Tessier, 2002a,b). From
1929 to 1970, one or more sampling campaigns were carried out each year; since the
1970s, sampling has taken place every two or three years. Sampling consists in
collecting 1 kg of soil from each plot, which is then air-dried, ground to < 2 mm and
stored in hermetically closed glass vials. In 1992, horizons at 25–50 cm, 50–75 cm
and 75–100 cm were also sampled from selected plots.
2.2. Methods
The 137Cs activity was measured by g-spectrometry (at 661 keV) in an intrinsic
high-purity germanium well detector (Ortec Ametek, Inc, USA) at the Universities
of Bordeaux and Geneva. The spectrometers were installed underground, inside
a heavy shielding composed of archeological lead. Counting efﬁciency was
determined with a standard of known activity with the same geometry as for
samples. Powders were counted for 3–6 days to obtain satisfactory counting
statistics. Results for control and amended plots are reported in Tables 1 and 2,
respectively.

Table 1
137
Cs activity in control plots P11, P32 and P34 (in plow horizons, except for 1992)
decay-corrected for the sampling date.
Year of collection

Plot ID

137

 1s

1945

P11
P32
P32
P32
P11
P32
P11
P32
P32
P32
P11
P32
P11
P32
P11
P32
P32
P32
P34
P11
P34
P32
P11
P34
P32
P11
P32
P11
P32
P32
P34
P34
P11
P32
P34
P11
P34
P32
P11 (25–50 cm)
P11 (50–75 cm)
P11 (75–100 cm)
P34
P11
P11
P11
P32
P34

NM
<0.4
<0.4
<0.4
<1.8
0.5
<1.5
0.7
2.3
2.5
7.4
6.0
5.5
4.7
9.7
9.0
13.3
11.2
11.2
11.7
9.8
10.7
10.8
11.0
9.6
10.0
9.3
9.5
8.3
7.3
7.1
8.6
8.6
8.4
8.9
8.1
7.0
6.9
3.2
<0.8
NM
6.0
5.3
6.3
5.7
5.0
5.5

–
–
–
–
–
–
–
0.2
0.2
0.4
1.9
0.5
1.3
0.5
1.8
0.8
0.8
0.7
0.7
1.1
0.5
0.7
1.5
0.6
0.6
0.9
0.6
0.9
0.5
0.5
0.5
0.5
0.4
0.4
0.4
0.9
0.4
0.4
0.5
–
–
0.4
0.5
0.6
0.3
0.3
0.3

1948
1950
1952
1955
1957
1958
1960
1962
1963
1964
1966
1968

1972

1977
1980
1981
1982
1987

1991

1992

2.1. The site
In 1928, the French ‘‘Central Agronomy Station’’ and the ‘‘Soil Laboratory’’ of the
Institute, which became INRA in 1946, created a long-term agronomic experiment in
the Gardens of Versailles Palace, located about 20 km south-west of Paris. This
experimental site was originally designed to study long-term effects of the main N, P,
and K fertilizers as well as organic matter and lime amendments on the composition
and physical properties of Neoluvisols (loamy Aquic Hapludalf) developed in eolian
loess deposits, typical of the Paris Basin (Burgevin and Henin, 1939). In these soils,

1997
1998
1999
2002

NM: not measurable.

Cs (Bq kg1)
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Table 2
137
Cs activity in selected plots receiving fertilizers and amendments (in plow horizons), decay-corrected for the sampling date (2002).
Agricultural treatment

Plot ID

137

 1s

(NH4)NO3

P6
P20
P10
P12
P26
P40
P27
P38
P23
P47

5.5
6.7
5.8
7.1
4.3
4.9
5.7
3.5
3.8
4.6

0.5
0.6
0.5
0.9
0.6
0.5
0.8
0.4
0.6
0.5

Horse manure
Lime (CaO)
Superphosphate (P2O5)
KCl (K20)

Cs (Bq kg1)

3. Results and discussion
3.1. Describing the dynamic model applied to the control plots
The case of the control plots of the 42-plot experimental design
is much simpler than generally observed for natural ﬁelds: (i) no
amendments were applied; (ii) uptake by plants need not be
considered as the plots were not cultivated during the period of
sampling; (iii) lateral runoff can reasonably be ignored because the
slope is negligible and because plots are isolated from one another
by plastic boards. As a result, the temporal evolution of the 137Cs
pool within the 0–25 cm plow horizon, PCs, is expected to depend
on atmospheric fallout (Fatm), radioactive decay (Fdesint.), and exit
from the system by downward migration to the underlying
horizons (Fout):

dPCs
ðtÞ ¼ Fatm ðtÞ  Fdesint: ðtÞ  Fout ðtÞ
dt

(1)

This equation becomes:

dPCs
ðtÞ ¼ Fatm ðtÞ  lCs  PCs ðtÞ  k  PCs ðtÞ
dt

(2)

where lCs represents the disintegration constant, and k, a positive
factor expressed in yr1, the proportion of 137Cs leaving the plow
layer by downward migration. Instead of running this ﬁrst order
differential model, it is much easier to discretize mechanisms at an
annual step. When 137Cs deposition starts at the year t0, the 137Cs
pool per unit surface in soil corresponds to the annual atmospheric
ﬂux (AFatm) per surface unit:

PCs ðt0 Þ ¼ AFatm ðt0 Þ:

(3)

137

Each year, the
Cs pool is augmented by new ﬂuxes but part of the
137
Cs already present in the plow layer disappears by decay and
downward migration, so that at time tn, the 137Cs pool in the plow
layer becomes:

PCs ðtn Þ ¼ AFatm ðtn Þ þ PCs ðtn1 ÞeðkþlÞðtn tn1 Þ

(4)

Since hereafter the step is considered as annual, Eq. (4) simpliﬁes to
become:

PCs ðtn Þ ¼ AFatm ðtn Þ þ PCs ðtn1 ÞeðkþlÞ

(5)

137

Instead of expressing the amount of
Cs in terms of a pool per
surface unit within the plow layer, it can be reformulated in terms
of activity (ACs) within the 0–25 cm horizon:

ACs ðtÞ ¼

PCs ðtÞ
hda

(6)

where h and da are the thickness and the bulk density of the plow
horizon, respectively.
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3.2. Feeding the model
If annual atmospheric ﬂuxes of 137Cs for the last 60 years, in
other words the AFatm(t) function, were available at the INRA site,
the k-factor would be the only unknown parameter of the above set
of equations and its value could be directly assessed by adjusting
the model to experimental data. In our case, direct monitoring of
137
Cs deposition, by the Commissariat à l’Energie Atomique (CEA)
located 15 km from our site, is only available from 1970 onward
(Barker and Bouisset, 2001). This data set was recently complemented by Renaud and Louvat (2004), who estimated 137Cs
deposition from mean air activity concentration, amount of rainfall,
and deposition velocity for the station of Le Vésinet, in the Paris
area, from 1961 to 1978. As the 137Cs fallout of the late 1950s is not
documented, it is necessary to supplement the record by other data.
This operation, however, requires great care as the magnitude of
137
Cs fallout is known to be strongly related to the local annual
amount of rainfall (Schuller et al., 2002; Renaud and Louvat, 2004;
Huh and Su, 2004; Sigurgeirsson et al., 2005). Interestingly for our
purpose, fallout resulting from the large nuclear bomb tests
(>500 kt TNT equivalent) of the late 1950s and early 1960s derived
almost entirely from 137Cs injected primarily into the stratosphere,
transferred into the troposphere, and hence deposited to the
ground. With a residence time of particles in the stratosphere of
approximately 15–18 months (see reference Warneke et al., 2002
and reference therein), radioisotopes were well mixed and deposition was observed globally, though affecting mostly the midlatitudes of the hemisphere where the tests occurred. The deposition history is therefore expected to follow approximately the same
pattern everywhere (Smith et al., 1997), at least when sites are close
to each other and far from the testing zones. Atmospheric deposition ﬂuxes measured at Milford Haven (UK) from 1955 onwards
(EML, 2000), 137Cs speciﬁc activity determined in about 50 grass
samples harvested at the Rothamsted site (UK) from 1945 to 1990
(Warneke et al., 2002) and estimates made by the United Nations
Scientiﬁc Committee on the Effects of Atomic Radiation (UNSCEAR,
1982) can be merged together with the Orsay and Le Vésinet
documentation to produce a composite curve (t / f(t)) describing
the shape of historical 137Cs atmospheric fallout in Versailles
(Fig. 1a). In practice, the Orsay and Rothamsted curves were
adjusted to the Milford Haven ﬂux record by using least square
methods for the periods where series overlap (Fig. 1b). The year
1986 is nevertheless an exception and must be taken alone. Unlike
nuclear weapon tests, the explosion and ﬁre at the Chernobyl
nuclear power plant reactor released radioactive elements into the
troposphere. The heaviest particles deposited rapidly while the
smallest ones were windborne over long distances. Between April
30th and May 5th, the ‘radioactive cloud’ crossed France, mainly in
the east (Roussel-Debel et al., 2007). Radioactive fallout was largely
controlled by the occurrence, intensity and nature of wet deposition during this short period, leading to considerable heterogeneity
(Renaud et al., 2003; Pourcelot et al., 2003). Here, 137Cs ﬂux
measured at Orsay in 1986 (w355 Bq m2) is taken as a basis for
modeling because it constitutes the most realistic value for Versailles, but the pertinence of this value must be checked later.
Finally, intensity of ﬂuxes at Versailles, AFatm(t), can be drawn by
multiplying the f(t) function (except for 1986) by a factor a, which
represents an adjustment of the composite curve:
For t ˛[1945, 2004], except 1986:

AFatm ðtÞ ¼ ff ðtÞ;

(7)

For t ¼ 1986 (Orsay value):

AFatm ð1986Þ ¼ 355 Bq m2

(8)
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Estimation of atmosph. 137Cs fallout at Le Vésinet (Fr)

1200

137

Cs specific activity in Rothamsted grass (UK)

250

Atmosph. 137Cs fallout at Orsay (Fr)

1000

Atmosph. 137Cs fallout at Milford Haven (UK)
UNSCEAR flux estimate

200

800
150
600
100
400

activity (Bq kq-1)

137Cs

300

a

137 Cs

fallout (Bq m-2 yr-1)

1400
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200
0
1950

1960

1970

1980

1990

0
2000

1990

2000

Year

b
1000
Inputs due to Chernobyl omitted

Arbitrary fixed unit (Bq m-2 yr-1)

1200

800
600
400
200
0
1950

1960

1970

1980

Year
Fig. 1. (a) 137Cs speciﬁc activity in Rothamsted grass, expressed in Bq kg1 (Warneke et al., 2002), annual atmospheric 137Cs fallout at Orsay, expressed in Bq m2 yr1 (Barker and
Bouisset, 2001), and at Milford Haven from 1957 to 1991 (EML, 2000), estimate of 137Cs deposition for Paris (UNSCEAR, 1982) and Le Vésinet (Renaud and Louvat, 2004).
(b) Composite curve (see text for construction) used as surrogate for 137Cs input ﬂuxes at the INRA site from 1950 to 2000, to within a factor a. The y-axis was arbitrarily ﬁxed to
coincide with the 137Cs ﬂuxes measured at Milford Haven.

3.3. Running the model
To sum up, the set of equations modeling the evolution of 137Cs
activity in the plow horizon of the Versailles soils from 1945 to
2004 is governed by several variables which are summarized in
Table 3; two of them are unknown (a, necessary to obtain the 137Cs
ﬂuxes, and k, the annual loss from the plow horizon by downward
migration). In our case, the condition of uniformity of 137Cs activity
within the 0–25 cm horizon required for a convection model is
reasonably respected as this layer is annually homogenized by
plowing. The point is therefore to ﬁnd, at least at ﬁrst, a domain in
which the combination of a and k matches the ﬁeld data. The ﬁtting
error, FE, is computed by summing the square of the deviations
between the observed, 137Csmeas.(i), and the modeled values,
137
Csmod.(i), weighted by the inverse of the error related to activity
measurements, w(i):

FE ¼

n
X

wi ð137 Csmeas: ðti Þ  137 Csmod: ðti ÞÞ2

(9)

i¼1

where t1, ., tn correspond to the time for which collected
samples have been analyzed. This parameter, which has to be
minimized, is graphically represented in a 2-D space by contour
lines after multiple calculations using a (as x-axis) and k (as y-axis)
varying within the intervals 0–1.5 and 0–0.027 yr1, respectively
(Fig. 2a). The ability of the model to match the data is illustrated by

the ﬁve positions shown. For each coordinate (a,k), modeled 137Cs
activity has been computed through time and graphically confronted to activity observed in natural conditions (Fig. 2 b–f). For
the b–e close-ups, ﬂuxes and/or losses are either too high or too
low, so that signiﬁcant divergences are noticed. Only position
f exhibits a good concordance. It is worth noticing that 137Cs ﬂux
value assumed for 1986 on the basis of the survey carried out at
Orsay (355 Bq m2) produces an increase in modeled 137Cs activity
quite coherent with results from the ﬁeld. Fig. 2a suggests the
existence of a unique solution (a w 0.95; k w 0.015 yr1). However,
it must be kept in mind that signiﬁcant errors are associated both to
137
Cs activity obtained from the ﬁeld samples and to the determination of the f(t) function describing the shape of the 137Cs ﬂuxes. It
is therefore more reasonable to consider at this stage a domain
solution rather than a single position. This is why the 25–50 cm,
50–75 cm, and 75–100 cm horizons of the P11 control plot,
sampled in 1992, were also measured, in order to better constrain
a- and k-values. On the basis of the 1991 collection, the 137Cs
inventory in 1992 within the 0–25 cm plow horizon was about
2200 Bq m2, while below there was a total activity of approximately 1000 Bq m2 (Table 1, Fig. 3). Below 50 cm, and more
particularly below 75 cm, 137Cs was no longer measurable, suggesting that all the 137Cs that reached the ground had been
inventoried by coring the experimental plot to a depth of 1 m. The
ratio between the 137Cs pools below and within the plow horizon,
designated b hereafter, was therefore 0.45 in 1992. This provides an
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Table 3
Summary of the known data and unknowns used to run the model.
Name

Parameter

Known (measured or calculated)
h
Plow depth
Bulk density
da
lCs
Disintegration constant of 137Cs
f(t)
Shape of temporal evolution of 137Cs input
Unknown
Coefﬁcient applied to f(i) to obtain annual ﬂuxes
k
Coefﬁcient of annual loss from 0 to 25 cm
horizon also called migration rate constant
in the body of the text

a

Value
25  2 cm
1.25 Mg m3
0.0229 yr1
Obtained by combining
different curves
Sought value
Sought value

additional constraint as b values can be easily simulated with
varying couples of (a,k) values (Fig. 4). The value for k is around
0.015 yr1, in good agreement with the assessments previously
performed, on the basis of the temporal evolution of 137Cs activity
within the plow layer. For a w 0.95 and k w 0.015 yr1, calculations
give 2196 Bq m2 within the plow horizon and 972 Bq m2 below,
quite similar to measured values (cf. Fig. 3).
The residence half time in the 0–25 cm plow horizon due to
migration processes only (t ¼ ln 2/k) and the apparent migration
rate to the underlying layer (v ¼ h/t) can now be estimated at 46 yr
and 0.54 cm yr1, respectively. It is clear that, at the INRA site, the
mobility of 137Cs is enhanced by annual plowing, which
mechanically incorporates contaminated surface soils in depth.
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Despite this mixing, a value of k ¼ 0.015 yr1 indicates that the
migration rate is less than that of radioactive decay
(lCs ¼ 0.023 yr1). By combining both constants, an overall residence half time of about 18 yr is obtained. Such an estimate falls
within the range of values (3.6–29 yr, average w 10 yr) recently
assessed on the basis of several measurements of 137Cs activity in
agricultural and meadow topsoils monitored from 1990 to 2004
(Roussel-Debel et al., 2007). The absence of erosion and of export
due to harvesting at the INRA site could explain why the overall
residence half time computed at Versailles lies in the upper range
of the previously reported values.
A value of a ¼ 0.95 means that the 137Cs ﬂuxes at Versailles
(average annual rainfall w 650 mm) were just slightly lower than
those monitored at Milford Haven (average annual rainfall w 750 mm), obviously excluding Chernobyl-derived deposition. The 137Cs inventory in soils from 1988 (Chernobyl excluded)
is estimated at 2370  150 Bq m2 on the basis of the mean
annual precipitation using the relation empirically established by
Mitchell et al. (1990). This value is lower than 3000 Bq m2
computed for Versailles using a ¼ 0.95. Our model also provides
a sum of total fallout occurring between 1962 and 1969 of
3210 Bq m2, which is in very good agreement with calculations
made by Renaud and Louvat (2004) for the same period at the
site of Le Vésinet, located at about 10 km from Versailles:
2980 Bq m2. The sum of 137Cs deposition at Versailles for the
period 1945–2004 is approximately 5750 Bq m2 (uncorrected for
decay); the Chernobyl deposition represents only about
350 Bq m2 of this total.

Fig. 2. (a) Fit error for 137Cs activity reported on a k versus a diagram. The lower the value, the better the concordance between modeled and ﬁeld data. Modeled and observed 137Cs
activity is represented by a grey line and closed circles, respectively, in ﬁve close-ups (b–f) for various combinations of a and k.
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Fig. 3. 137Cs depth distributions in the P11 plot cored in 1992 (activity corrected to the
date of sampling). 137Cs inventories, expressed in Bq m2 are also reported for the plow
horizon and below.
Fig. 4. Simulated ratio between the 137Cs pools below and within the plow horizon (b
parameter) for a and k varying from 0.6 to 1.4 and from 0 to 0.025 yr1, respectively.
Calculations were performed for 1992. The 1992 ﬁeld value of b was approximately
0.45.

3.4. Inﬂuence of fertilizers and amendments
When applying the model to plots receiving long-term fertilization and/or amendments (Table 2), the calculated k-factors
differed approximately fourfold (Fig. 5), in the following order:

kKCl > kCa0 z; ksuperphosphate  kcontrol > kNH4 NO3 zkmanure
This wide variety of radiocaesium mobility illustrates the role of
characteristic properties which developed in the soils of the 42-plot
experiment over time, such as differences in clay mineralogy,
organic matter content, CEC, pH and physical properties (PernesDebuyser and Tessier, 2002a,b, 2004). Indeed, with time, the longterm agricultural treatments have led to a wide variety of
physicochemical characteristics (Table 4): pH (4.2–8.2), CEC (7.6–
18.7) and organic carbon (5.1–31.8 g kg1). Although these longterm treatments have inﬂuenced both the chemical and physical
properties in the surface layers, further insights may yet be
highlighted by our results. The highest k-factor is calculated for the
KCl-fertilized plot. The KCl-plot displays physicochemical characteristics rather similar to those of the control plot, but PernesDebuyser et al. (2003) showed an increasing illite-like behavior of
the clay fraction. This mineralogical evolution was related to
K-retrogression in smectitic layers, increasing the proportion of
illite in the illite–smectite inter-layered phyllosilicates. Since both K

and Cs displays high afﬁnity for interfoliar exchangeable sites of
illitic clay minerals (Staunton and Levacic, 1999; Seaman et al.,
2001), and since these sites are predominantly occupied by K, the
137
Cs entering these soils migrate more easily in comparison to the
control plot.
The lowest k-factors are observed for the manure-amended plot
and that fertilized with NH4NO3. A striking difference for the
manure plot was its high organic matter content and CEC value
(Table 4). Although manure was shown to provide high amounts of
potassium leading to an illitization of the clay fraction as in case
of the KCl-plot (Pernes-Debuyser et al., 2003), the incorporation of
organic matter increases the amount of negative charges, obviously
favoring perennial sorption of 137Cs. This result is however divergent with respect to many other studies which highlight the role of
organic matter to favor Cs mobility (Staunton and Levacic, 1999;
Chibowski and Zygmunt, 2002; Nakamaru et al., 2007). In case of
the NH4NO3 plot, according to work of Giannakopoulou et al.
(2007) the low pH (4.5) would be unfavorable to Cs sorption, in
contradiction with the low k-factors observed in Fig. 5. In the
present work, the long-term NH4NO3 gifts seem to produce impacts
on the physical properties, rather than chemical consequences,

Control plot

(NH4)NO3
Horse manure
KCl
CaO
Superphosphate

0,000

0,005

0,010

0,015

0,020

0,025

k (yr-1)
Fig. 5. Mean values of k (computed from data listed in Table 2) for the experimental plots amended with (NH4)NO3, horse manure, KCl, CaO and superphospate. Error margins are
given at 1s. The k-value for the control plots is represented by a grey box for purposes of comparison.
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Table 4
Clay content, total organic carbon content, cationic exchange capacity, pH in the 0–25 cm horizon of control and amended plots 70 yr after the beginning of the experiment
(Pernes-Debuyser and Tessier, 2002a,b).
Amount amended

Year of
coll.

Clay
(g kg1)

TOC
(g kg1)

CEC
(cmol þ kg1)

pH
water

Initial conditions (1929)
P11
Control plot

–

1929

19.4

16

15.3

6.3

After 70 years of experiment
P11
Control plot
P6
(NH4)NO3
P12
Horse manure
P26
Lime (CaO)
P27
Superphosphate (P2O5)
P37
KCl (K20)

–
150 kg ha1 yr1
100 t ha1 yr1
1 t ha1 yr1
200 kg ha1 yr1
250 kg ha1 yr1

1999
1999
1999
1999
1999
1999

18.4
17.5
20.1
16.9
16.7
18.9

7.1
7.3
31.8
5.8
5.3
5.1

8.7
7.6
18.7
13.6
11.3
10.2

5.6
4.5
7.8
8.2
7.1
6.3

Plot ID

Type of amendment

For comparative purposes, values are also given for the soil at the start of the experiment (after Burgevin and Henin, 1939).

since NHþ
4 is known to have a disaggregating effect on soil structure
(Bresson and Boifﬁn, 1990). Hence, the explanation of the low kfactor can be related to the formation of soil crusting at the surface
of plots after rainfall events, particularly in acidiﬁed plots (Bresson
and Boifﬁn, 1990). This crust formation and its duration strongly
reduce both water inﬁltration in acid plots and drainage of 137Cs in
the soil solution towards subsurface horizons.
Intermediate values of k-factors were observed for the CaO and
superphosphate-amended plots. Both treatments provide large
amounts of Ca and lead to nearly neutral or basic soil pH (Table 4).
The predominance of Ca on the cation exchange complex ensures
a soil structure favorable to rainwater inﬁltration, but at the same
time a pH  7 was shown to be favorable to the creation of variable
charges on clay minerals and organic matter (Pernes-Debuyser and
Tessier, 2002b), increasing the sorption of 137Cs (Giannakopoulou
et al., 2007). Hence, as a compromise, the k-factors for these two
treatments are of the same order as those calculated for the control
plot (Fig. 5).
4. Conclusion
This study takes advantage of a long-term soil experiment,
which allows modeled results to be veriﬁed against measured time
series. Even if the model applied is simple, compared with previously published works, it appears that with a migration rate from
the plow horizon to underlying layers of 1.5% per year
(k ¼ 0.015 yr1) and an appropriate 137Cs ﬂux history, the data
modeled almost perfectly ﬁt both (i) the evolution of 137Cs activity
in all control plots from 1945 to 2002, and (ii) the 137Cs depth
distribution in 1992. This undoubtedly indicates the pertinence of
the compartmental modeling approach, at least in superﬁcial soil
layers. Although plowing obviously extends downward migration,
radioactive decay remains the dominant process of activity decline
within the mixed soil horizon. Combining disintegration and
mobility, a residence half time within the topmost 25 cm of
approximately 18 yr is obtained. For plots with long-term fertilizations and/or amendments, interpretation is complicated by the
great number of physicochemical variables subsequently affected
by treatments, but signiﬁcantly different k-values can be straightforwardly compared, since all plots developed from the same
genoform.
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Bréchignac, F., Madoz-Escande, C., Staunton, S., 2002. Transfert du radiocésium du
sol vers la plante : une étude en lysimètre. Chapitre 31. In: Baize, D., Tercé, M.
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15, 27–39.
Pernes-Debuyser, A., Tessier, D., 2002b. Inﬂuence de matières fertilisantes sur les
propriétés des sols : cas des 42 parcelles de l’INRA de Versailles. Etude et
Gestion des Sols 9, 177–186.
Pernes-Debuyser, A., Pernes, M., Velde, B., Tessier, D., 2003. Soil mineralogy
evolutions in the INRA 42-plots experiment (Versailles, France). Clays and Clay
Minerals 51, 577–584.
Pernes-Debuyser, A., Tessier, D., 2004. Soil physical properties affected by long-term
fertization. European Journal of Soil Science 55, 505–512.
Pourcelot, L., Louvat, D., Gauthier-Lafaye, F., Stille, P., 2003. Formation of radioactivity enriched soils in mountain areas. Journal of Environmental Radioactivity
68, 215–233.
Renaud, P., Pourcelot, L., Métivier, J.-M., Morello, M., 2003. Mapping of 137Cs
deposition over eastern France 16 years after the Chernobyl accident. Science of
the Total Environment 309, 257–264.
Renaud, P., Louvat, D., 2004. Magnitude of ﬁssion product depositions from atmospheric nuclear weapon test fallout in France. Health Physics 86, 353–358.
Ritchie, J.C., McHenry, J.R., 1990. Application of radioactive fallout cesium-137 for
measuring soil erosion and sediment accumulation rates and patterns –
a review. Journal of Environmental Quality 19, 215–233.
Roussel-Debel, S., Renaud, P., Métivier, J.-M., 2007. 137Cs in French soils: deposition
patterns and 15-year evolution. Science of the Total Environment 374, 388–398.

Sanchez-Cabeza, J.A., Garcia-Talavera, M., Costa, E., Pena, V., Garcia-Orellana, J.,
Masque, P., Nelda, C., 2007. Regional calibration of erosion radiotracers (Pb-210
and Cs-137): atmospheric ﬂuxes to soils (northern Spain). Environmental
Science and Technology 41, 1324–1330.
Schuller, P., Voigt, G., Handl, J., Ellies, A., Oliva, L., 2002. Global weapons’ fallout 137Cs
in soils and transfer to vegetation in south–central Chile. Journal of Environmental Radioactivity 62, 181–193.
Seaman, J.C., Meehan, T., Bertsch, P.M., 2001. Immobilization of cesium-137 and
uranium in contaminated sediments using soil amendments. Journal of
Environmental Quality 30, 1206–1213.
Semlali, R.M., Dessogne, J.-B., Monna, F., Bolte, J., Azimi, S., Navarro, N., Denaix, L.,
Loubet, M., Chateau, C., van Oort, F., 2004. Modeling lead input and output in
soils using lead isotopic geochemistry. Environmental Science and Technology
38, 1513–1521.
Sigurgeirsson, M.A., Arnalds, O., Palsson, S.E., Howard, B.J., Gudnason, K., 2005.
Radiocaesium fallout behavior in volcanic soils in Iceland. Journal of Environmental Radioactivity 79, 39–53.
Smith, J.T., Appleby, P.J., Hilton, J., Richardson, N., 1997. Inventories and ﬂuxes of
210
Pb, 137Cs, and 241Am determined from the soils of three small catchments in
Cumbria, UK. Journal of Environmental Radioactivity 37, 127–142.
Staunton, S., Levacic, P., 1999. Cs adsorption on the clay-sized fraction of various
soils: effect of organic matter destruction and charge compensating cation.
Journal of Environmental Radioactivity 45, 161–172.
United Nation Scientiﬁc Committee on the Effects of Atomic Radiation, 1982.
Sources, Effects and Risks of Ionizing Radiation. Report of the General Assembly.
United Nation Publication, New York.
Walling, D.E., He, Q., 1999. Improved models for estimating soil erosion rates from
cesium-137 measurements. Journal of Environmental Quality 28, 611–622.
Warneke, T., Croudace, I.W., Warwick, P.E., Taylor, R.N., 2002. A new ground-level
fallout record of uranium and plutonium isotopes for northern temperate
latitudes. Earth and Planetary Science Letters 203, 1047–1057.
Zuo, Z.Z., Eisma, D., Berger, G.W., 1991. Determination of sediment accumulation
and mixing rates in the Gulf of Lions, Mediterranean-sea. Oceanologica Acta 14,
253–262.

