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Abstract

In 1960 experiments were carried out on the transfer of 90Sr between soil, grapes and wine. The experi-
ments were conducted in situ on a piece of land limited by two control strips. The 90Sr migration over the
last 40 years was studied by performing radiological and physico-chemical characterizations of the soil on
eight 70 cm deep cores.

The vertical migration modeling of 90Sr required the definition of a triple layer conceptual model in-
tegrating the rainwater infiltration at constant flux as the only external factor of influence. Afterwards the
importance of a detailed soil characterization for modeling was discussed and satisfactory simulation of
the 90Sr vertical transport was obtained and showed a calculated migration rate of about 1.0 cm year�1 in
full agreement with the in situ measured values. The discussion was regarding some of the key parameters
such as granulometry, organic matter content (in the Van Genuchten parameter determination), Kd and the
efficient rainwater infiltration. Besides the experimental data, simplifying assumptions in modeling such
as wateresoil redistribution calculation and factual discontinuities in conceptual model were examined.
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1. Introduction

In 1960, the Institute of Nuclear Protection and Safety of the French Atomic Energy Commis-
sion (CEA/IPSN) had launched a research program to quantify the soileplant transfer of 90Sr.
The studies were conducted in situ in collaboration with the National Institute for Agronomic
Research (INRA) on an experimental site of Mediterranean type (Bovard et al., 1968). These ex-
periments had consisted in contaminating a piece of land prior to planting vines and quantifying
the radioactivity transfer from the soil. Since this experiment, the radionuclide has continued to
migrate from the surface to the deeper ground layers of the plot under the sole influence of natural
atmospheric conditions. The first radiological study since the soileplant transfer experiments in
1960 (Juncos, 2002) has accurately characterized the plot and the 90Sr distribution as a result of
a 40-year period of natural migration throughout the different soil layers.

Although numerous studies have been carried out on the radiostrontium behaviour in soils
under controlled laboratory conditions (e.g. Lefèvre et al., 1996; Wang et al., 2003), a reduced
number of results have been gained from more close-to-real conditions experiments (e.g. Wik-
lander, 1964; Forsberg et al., 2000; Forsberg et al., 2001). This work is one of the few field
studies on radionuclide migration investigated from real fallout such as Chernobyl accident
or former nuclear weapons testing (e.g. Kirchner and Baumgartner, 1992; Arapis et al.,
1997) particularly with a migration over such a long period of time (40 years). The large num-
ber of analytical data now available, gives, first of all, the opportunity to discuss the relative
importance of the phenomena occurring in the transfer of contaminants and allows the ranking
of some key parameters of the modeling. It also permits to verify that migration of this radio-
nuclide is being governed by simple phenomena which can be accessed by classic models and
to discuss their conditions of applicability as long as some essential data have been acquired.

Simulations were made using the Porflow code (e.g. ACRi, 1994; Ranganathan, 1993; Wal-
ton and Otis, 1990) due to its abilities to solve calculations of flows in unsaturated porous media
taking into account the sorption/desorption phenomena of chemical species and radioactive
decay.

2. Material and methods

The 1960s, experiments had consisted in contaminating a 400 m2 (10 m� 40 m) piece of land bordered
by two uncontaminated strips used as controls (Fig. 1). The plot was labelled by a single sprinkling of
925 kBq m�2 of 90Sr in the form of soluble strontium solution (SrCl2). This radioactivity is significant
compared with the atmospheric fallouts in the south of France (Galle et al., 2003). The highest values gen-
erated by the nuclear weapon tests and the Chernobyl accident being, respectively, 3000 Bq m�2 (1966)
and 100 Bq m�2 (May 7th, 1986).

Prior to planting, the superficial layer of the contaminated plot had been ploughed in order to homog-
enize the contamination over a depth of about 10 cm.

The modeling of the 90Sr migration phenomena required the acquisition of field parameters to charac-
terize the soil and the contaminant behaviour in situ whenever possible.

2.1. Sampling

Cores 70 cm deep and 8 cm in diameter were extracted, four from the plot area contaminated with 90Sr
and four from the control strips. The cores were then sampled into 2 cm thick soil slices and then packed
in a polyethylene bag for single use and kept at 4 �C until processing. The samples were then dried in an
oven at 40 �C prior to any analytical treatment (granulometry, 90Sr measurements, Kd determination,.).
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At the same time, non-handled soil samples were taken in order to measure bulk dry density (rs) and ac-
cessible porosity (ua) values.

Finally four water table samples were taken in high-density polyethylene bottles (PEHD), and then
kept at 4 �C until both the 90Sr and the stable strontium were analysed.

2.2. Granulometry of soil samples

The granulometry influences not only the overall abilities of sorption of a soil (e.g. Ackermann, 1980;
Deely and Fergusson, 1994), but also affects the hydraulic characteristics of the latter (e.g. Haverkamp
et al., 1998; Romano et al., 1999; Wösten et al., 1999). The granulometric analysis was thus carried
out on the sub-samples of each of the four cores so as to obtain access to the Van Genuchten (1980)
parameters.

One gram per dry unprocessed soil sub-sample was put into 30 mL of distilled water. The solution was
then gently shaken for 1 h and sieved at 200 mm. The bulk fraction was collected, dried and weighed for
the calculations. The fine fraction analysis was carried out in triplicate by laser granulometry (Coulter
Counter, type LS230), directly on the sieved solution, without adding any dispersal agent or using ultra-
sonic stirring.

2.3. Geochemical analyses and measurement of 90Sr

The elementary analysis of soils was carried out after acidic digestion by concentrated strong acids
(HNO3, HCl, HF) at hot temperatures under hyper baric conditions (Microwave oven Mars-5). The anal-
ysis of both the acidic solutions and the ground water was made using ICP-OES (Jobin-Yvon, Ultrace
2000). The composition of the major ions of the ground water was analysed by capillary chromatography
(Waters, CIA).

The analysis method of 90Sr was based on the solubilization of the sample followed by a liquideliquid
extraction and finally on the formation of a stable complex which can be measured by liquid b scintillation
(Tormos et al., 1995). Briefly, about 10 g of unprocessed sample was calcinated at 550 �C to eliminate the
organic matter. The sample was then solubilized in an acidic solution of concentrated nitric acid (65%) and
the organic matter destruction was completed by successively adding oxygen peroxide (110 volumes) at
hot temperatures. Prior to that, strontium-85 carbonate (85SrCO3) and strontium nitrate (Sr(NO3)2) were
added, respectively, as a tracer and a carrier. The strontium was extracted from the acidic solution by
an organic phase composed of cyclic polyether at 0.1 M, namely dicyclohexyl-18-crown-6.
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Fig. 1. Diagram of the experimental plot and localization. Boundaries of the 90Sr contaminated strip and both the eastern

and western uncontaminated strips.
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The 90Sr present in the ground water samples was directly extracted by the cyclic polyether and then
counted.

90Sr (T ¼ 28.6 year) decays by b� emission at 546 keV towards the fundamental level of yttrium-90
(T ¼ 64 h) which in turn decays by b� emission at 2284 keV in stable zirconium-90. 90Sr measurements
were carried out using 90Sre90Y secular equilibrium (10 periods of 90Sr radioactive decay) and 85Sr to
assess the extraction yield.

The detection limit of the b-counter (Wallac, Type Guardian), for a 120 min counting is of 0.1 Bq in
the sample. The b measurement results were provided with an uncertainty of 2% on the counting.

2.4. Distribution coefficient (Kd)

90Sr mobility in the soil was quantified through its distribution coefficient Kd (mL g�1), which is de-
fined by ratio between the radionuclide concentration in the solid phase and the concentration in the liquid
phase after reaching equilibrium. This constant was experimentally determined and the values of Kds are
given by the following overall formula (EPA, 1999a,b):

Kd¼ ðCi �CrÞ
V

Crm

with Ci¼ initial tracer concentration, Cr¼ residual tracer concentration, V ¼ volume of the solution (mL)
and m ¼ soil mass (g).

Distribution coefficients were derived from desorption experiments conducted on soil samples with
a batch technique modified according to a protocol used by the Radiological Protection and Nuclear Safety
(Maubert et al., 1988).

Briefly, in the study 1 kg unsieved soil was sampled from the western control strip of the plot. The
distribution coefficients (Kd) were then determined using an experimental contamination technique con-
sisting in saturating with distilled water a manually deposited soil layer of centimetric order and then
contaminating it drop by drop with the radioactive solution. This contamination was carried out with
125 mL of solution containing 1 MBq of 85SrCl2 on several successively deposited layers. The soil
thus prepared was stored and maintained wet for a maturing period of one month corresponding to
the necessary time required for an acceptable equilibrium to be reached by all the dissolved and partic-
ulate phases. The Kd’s measurement protocol consisted in sampling 50� 0.1 g of saturated soil and ex-
tracting the interstitial water with a filtration system under 3 bars of pressure (Millipore membrane,
0.45 mm porosity).

Soil samples were taken from three different layers of soil: the humic layer of the surface (0e5 cm),
the sandy clay layer sampled at a depth of 25 cm and the silty clay layer sampled at a depth of 51 cm.

The gamma 85Sr spectrometry was directly carried out with a Packard Instruments detector (model
Cobra II) equipped with a crystal-well NaI of 2 inches at 550 keV.

2.5. Porosity and density

Porosity and density were determined on cylinders of undisturbed soil. The sampling method consisted
in pushing the soil into an 8 cm wide and 20 cm long round PVC tube and then pulling it out by digging
around it. The tube was then sealed and both ends carefully cut off so as to only keep a soil cylinder
of 10 cm in length. The measurement of ‘‘accessible porosity’’ (ua) consisted in progressively saturating
the soil samples with water until mass stabilization. Water mass gained by the soil cylinder between
dry (110 �C, 48 h) and saturated states provided an estimate of the volume of ‘‘accessible water’’
and consequently that of the pores. The bulk dry density (rs) was then deduced from these mass
measurements.



213J.M. Fernandez et al. / J. Environ. Radioactivity 87 (2006) 209e226
2.6. Migration model

The model PORFLOW (Porflow user’s manual, 2002) is based on the one hand, on a hydraulic model
based on Darcy’s law applied to an unsaturated porous medium (Richard’s law):

v

vt
ðrquÞ þVðr~VÞ ¼ m Mass balance equation

~V ¼� kkr
m

ðV
/

Pþ rgV
/

zÞ ¼ �K V
/

h

Darcy’s law

K ¼ kkrrg

m

In these equations r¼water density; m¼water viscosity; q¼water saturation; u¼ porosity of de porous
matrix; m ¼mass injection or withdrawal; V ¼Darcy velocity; P ¼ pressure; h ¼ hydraulic head;
K ¼ hydraulic conductivity tensor; k ¼ reference hydraulic conductivity tensor; kr¼ relative permeability
and z ¼ elevation.

On the other hand, on a common model of chemical transport which takes into account convective,
diffusive and dispersive phenomena, as well as sorption phenomenon.

V½uDVCþk~VkaVC�~VC� ¼ Rduq

�
vC

vt
þ lC

�
þ Sc Mass transport equation

with D ¼ diffusivity; C ¼ concentration (or activity); a¼ dispersion tensor; Rd¼ retardation; l¼ decay
rate and Sc¼ source of contaminant.

The model therefore integrates the following parameters:

� The radioactive decay of 90Sr.
� The density and porosity required for each of the three layers of soil in defining the hydraulic behav-
iour of the unsaturated area (Weng et al., 2001) (Table 2).

� Diffusivity and hydraulic conductivity, the values which are obtained from the bibliography (Brady,
1995; Marimon, 2002) when no experimental values are available (Table 1).

� The retardation coefficient describing the sorption/desorption phenomena, approached using a linear
model commonly admitted even though some authors discuss on the non-linearity of 90Sr concentra-
tion in soils, especially humic ones (e.g. EPA, 1999a,b; Jinzhou et al., 1996; Xiongxin and Zuyi,
1999). The retardation coefficient (Rd) for unsaturated conditions (Bouwer, 1991), linked to the dis-
tribution coefficient (Kd), is given by the following equation:

Rd¼ 1þ rsKd
1�ua

ua

with rs¼ dry bulk density (kg m�3); Kd¼ distribution coefficient (m3 kg�1) and ua¼ accessible
porosity.

Table 1

Values of hydraulic conductivity and diffusivity used for the simulations

Horizon Diffusivity

(m s�2)

Hydraulic

conductivity

(m s�1)

Humus 10�8 10�5

Sandy clay 10�9 10�6

Silty clay 10�10 5� 10�7
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The hydraulic behaviour of the unsaturated area was approached using retention and analytical conduc-
tivity curves (Brooks and Corey, 1966; Mualem, 1972; Van Genuchten, 1980). The selected retention
curve (capillary pressure versus water content) consisted in the combination of Van Genuchten’s and Mua-
lem’s models for the calculation of the relative conductivity and the equation obtained is:

KðSÞ ¼ KSS0:5
�
1�

�
1� S1=m

�m�2
S ¼ ½1þ ðaJÞn��m

ifJ> 0

S ¼ 1 ifJ� 0

and

S ¼
�
q� qr

qs � qr

�

with 0< m <1, m ¼ 1�1/n, a> 0, S ¼ saturation, K ¼ hydraulic conductivity (m s�1) and Ks¼ hydraulic
conductivity at saturation (m s�1).

These laws are valid for volume water contents q ranging from qs, the content at saturation to qr, the
content in residual water.

The governing partial differential equations are solved by the Nodal Point Integration method. The spa-
tial discretization uses the hybrid, the CONDIF or the QUIK numerical scheme. The matrix of algebraic
equations resulting from the discretization process is solved by one of the several matrix solutions includ-
ing NSPCG library (NSPCG user’s guide, 1988).

2.6.1. Description of model and boundary conditions
The area studied is represented by a two-dimensional (2D) model due to the isotropy of the soil layers.

The movements of 90Sr were only considered on a vertical axis (Y ). A vertical 1D model would have been
enough to describe the phenomena, however, a 2D model was chosen to be coherent with a future inves-
tigation where the influence of the aquifer on the horizontal transport (X ) of 90Sr will be studied.

The three layers of the model (Fig. 2) correspond to the layers actually involved in the migratory phe-
nomena of 90Sr, the layer of grey compact clays not being represented because of its very low permeabil-
ity. The considered soil system is: 70 cm deep, 1 m thick and 200 cm wide.

The vertical migration of 90Sr being mostly influenced by the infiltration of rainwater, the boundary
conditions are as follows.

X+X-

Y+

Y-

Flux C = 0 
Flux P = Rainfall

Flux C = 0 
Value P = 0 

Flux C = 0
Flux P = 0

Flux C = 0
Flux P = 0

2-67
2-62

2-32

2-2

201-71
201-66

201-31

 Humus (Source) 

   Sandy clays 

  Silty clays 

Fig. 2. Diagram of the model corresponding and boundary conditions.
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2.6.1.1. Concentration conditions

� On the X� and Xþ boundaries the model is considered as infinite, which means considering the sym-
metry conditions in X� and Xþ.

� In Yþ, no flux is assumed since the source is contained in a soil layer 10 cm thick (hypothesis of
study). In Y�, the presence of the grey clay layer as a watertight barrier does not allow exchanges
of matter.

2.6.1.2. Water head conditions

� In Xþ and X�, no pressure flux is observed for the same conditions as above.
� In Yþ, a flux entering the system (therefore positive) is imposed. It corresponds to a yearly average of
efficient atmospheric precipitations evenly distributed over all the surface of the study. In Y�, a zero
pressure value is imposed, which is characteristic of a low boundary of the model completely perme-
able to water (fictional water table level). This condition is necessary in this case as the head of the
water table is not taken into account.

The model as defined above is discretized into quadrangles. The grid includes 202 elements along the
X-axis and 72 elements along the Y-axis. The surface of the grid elements is of 1 cm2. The values of the
fields are assumed to be constant within each grid element.

2.6.2. Conversion of results from simulations
The calculation code provided radioactivity values in Bq m�3 of water, whereas the content in 90Sr

measured in the soil samples is expressed in Bq kg�1, unit from the b counting; therefore a conversion
is necessary to first work on concentrations expressed in Bq m�3 of total soil (soilþ interstitial water)
then in Bq kg�1 of dry soil.

The estimation of the radioactivity present in the total soil can be calculated by considering 1 m3 of
matter. The volumes of the two phases making up the environment are:

Vs ¼ 1�ua

Vw ¼ uaS

with ua¼ accessible porosity and S ¼ saturation.
In an unsaturated medium, the Kd is given by the formula:

Kd¼ Cs

CwS

with Cs¼ concentration of 90Sr contained in the solid fraction (Bq kg�1) and Cw¼ concentration of 90Sr
contained in the aqueous fraction (Bq m�3).

For each phase, the radioactivity expressed in Bq in l m3 of soil is:

Qs¼ Cs (1�ua)rs, in the soil fraction;
Qw ¼ CwuaS in the interstitial water;

with rs ¼ bulk dry soil density (kg m�3).
The total concentration CT in 90Sr (soilþ interstitial water) in Bq kg�1 is thus:

CT ¼ ðQs þQwÞ
Ms

¼ CsS½Kdð1�uaÞrs þua�
ð1�uaÞrs

with Ms ¼mass of the soil fraction.
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3. Results and discussion

3.1. Characterization

3.1.1. Climatologic, aquifer and pedology
The experimental site is submitted to a typically Mediterranean climate, characterized by very

abundant rains in the fall. A Meteo-France’s weather station located nearby allowed the
determination of the annual rainfall which has an average of 587.5 mm rain over the last 35 years.

However, only a fraction of the rainwater quantity yearly measured penetrates into the soil
because of the intense evapo-transpiration mechanisms described for this Mediterranean area.
In the absence of accurate studies conducted in situ, the ‘‘efficient infiltration’’ in this soil can
be considered at about 65% of yearly rainfall, in other terms 381.9 mm year�1 (1.21�
10�8 m3 s�1, estimated data from INRA). This value can be acceptable considering that only
rainfalls over 2 mm seem to be able to refill the aquifer because of the existing foliage (Juncos,
2002). The magnitude of the refill directly fluctuates with the intensity and occurrence of the
local rainfall. Besides, the electrical conductivity records show that the intrusion of briny water,
due to the presence of coastal marshes, is regularly detected depending on the local weather
conditions: fall eastern winds (Juncos, 2002).

The pedological study showed that the soil in the plot was composed of a topsoil of more or
less siltyesandy clays in the first 70 cm and compact grey clays remarkably poor in water con-
tent at the bottom. More precisely, this soil consists of four layers, individually isotrope, on the
scale of the experimental plot (Table 2):

� A humic surface layer: Since the last 1963 experiments, foliage progressively covered the
plot generating the formation of a humus layer of about 5 cm thick.

� A sandy clay layer surmounting a silty clay layer: These correspond to two successive de-
posits of alluvial particles. These layers together represent an average soil thickness of
65 cm.

� A compact grey clay layer: Very poor in water content (q< 15e20%), this layer is relatively
rich in reduced organic matter inherited from the pre-existing coastal marshes. This layer is
an efficient tight barrier for the temporary aquifer.

3.1.2. Profile of 90Sr radioactivity in the soil
The analysis of the centimetric samples taken from the four cores helped to plot the average

model profile of 90Sr radioactivity over all the thickness of the topsoil (Juncos, 2002). The main
observations are (Fig. 3):

� A radioactivity peak (157 Bq kg�1) measured in the humus layer (0e5 cm).

Table 2

Diagram description of horizons making up the stratigraphic series of the experimental plot soil

Depth

(cm)

Log Clays

(%< 2 mm)

Silts

(2<%<50 mm)

Sands

(%> 50 mm)

Density

(g L�1)

Porosity

(%)

0e5 Humusþ fine sand 5.0 24.6 70.4 1200 0.60

5e40 Sandy clays 8.1 26.5 65.4 2210 0.37

40e70 Silty clays 12.5 46.7 40.8 2140 0.36

70e83 Compact grey clays 33 52 15 e e
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� A main migration front, of about 370 Bq kg�1, located at a depth between �45 and �50 cm
corresponding to a measured migration rate of about 1.1e1.2 cm year�1.

� An accumulation of 90Sr visible at the interface between the watertight layer made of grey
clays (h ¼�70 cm) and the silty clays.

The surface radioactivity (Bq m�2) of this model profile was calculated by integrating the
measured radioactivity, the sampled mass, and the average values of the dry density and poros-
ity. The calculation shows that the fixed radioactivity is about 298.5 kBq m�2 of 90Sr and that
this amount represents roughly 90.3% of the theoretical residual radioactivity (330.5 kBq m�2).
This proportionmatches the assessment obtained by Juncos (2002), who demonstrated the present
contamination of the control strip highlighting the lateral exportation of 90Sr towards the down-
stream part of the plot. This export represented 10e14% of the initial injected radioactivity.

3.1.3. Distribution coefficient
The tests conducted in the laboratory on soil samples, showed that the values of the distri-

bution coefficients of 85Sr of the two deepest layers were relatively equivalent: 46� 4 mL g�1

in the 22e24 cm layer and 41� 13 mL g�1 in the 52e54 cm layer. A greater order of magni-
tude was obtained for the humus layer (0e3 cm): 249� 60 mL g�1.

Directly linked to the clay content, the cationic exchange capacity (CEC) seems to be the
main parameter governing the strontium Kd (Lefèvre et al., 1993) making the reaction poten-
tially reversible (Serne and Le Gore, 1996). However, some studies mention a non-negligible
fraction (10e50%) which is difficult to remobilize (Brady et al., 1998). This behaviour was
specifically described for acidic soils where strontium would substitute to calcium as already
mentioned by Wiklander (1964) and Taylor (1968). These previous results could explain the
relatively high value of the Kd measured in the humus layer of the topsoil where the calcium
concentration reaches roughly 10% of the mass (Juncos, 2002).

 Experimental value

Simulation; DL = 0.01

Simulation; DL = 0.05

Srontium-90 (Bq/kg)

0 100 200 300 400 500
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Fig. 3. Average profile (n ¼ 4) of 90Sr radioactivity in the contaminated soil strip. Comparison of experimental results

and migration simulation of 90Sr over 40 years. A longitudinal dispersion (DL) of 0.05 m
2 s�1 (dark curve) enhances the

simulation of the 90Sr accumulation at the bottom of the silty clay layer with nearly permanent saturated conditions.
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For the two deepest layers, the values of the distribution coefficient determined experimen-
tally are remarkably similar to those of the average Kd assessed by analysing both the stable
strontium in the soil and the ground water samples (Table 3). These similarities can be partly
explained by experimental contact times long enough to simulate the natural conditions found
in situ. In this case, the measured concentrations are probably regulated by the ‘‘dissolution/co-
precipitation’’ of strontium associated to calcite and anhydrite (Faure and Powell, 1972) and to
a lesser degree to the equilibrium with strontianite, potentially present at these pHs, in slight
under-saturation in the experimental soil (Juncos, 2002).

The Kds calculated by the 90Sr measurements in the samples showed very low values (Table 3).
These assessments were obtained from samples taken during an incursion of briny waters
([Na]> 2000 mg L�1), which made the water table swell by about 20 cm. In this context,
the effect of the ionic strength is added to the ionic competition with the dissolved calcium
([Ca]> 1000 mg L�1). Together, these two conditions can explain the low Kd values which
will partly assist the reversibility of the adsorption reaction of the radionuclide when the
90Sr is initially introduced in salt form (EPA, 1999b).

These ‘‘marine’’ episodes have an occurrence, amplitude and duration low enough (Juncos,
2002) to ignore the corresponding Kd values. The Kd values used in the simulation were those
obtained from the laboratory study.

3.1.4. Granulometry and Van Genuchten parameters
The Van Genuchten model needs the determination of parameters n (porosity size distribution

index), a, qr (residual water content) for the calculation of ‘‘suction versus saturation’’ functions.
The three values are greatly dependent on the texture and composition of the soil, the fourth pa-
rameter, qg (residual content of the gaseous phase) will not be considered in this study.

No value for n and a can be obtained by direct measurements on the experimental soil and
even residual saturation (Sres¼ qr/u) determination is not really easy to get routinely. Therefore
their determination had to be approached through databases (Table 4). This type of approxima-
tion required the detailed study of the different grain size populations of clays (d < 2 mm), silts
(2 mm< d < 50 mm) and sands (d > 50 mm). The granulometric distribution then allowed to
look in the databases for the soils with similar characteristics [Grizzly (Haverkamp et al.,
1998), ERP (Khaleel and Freeman, 1995; Romano et al., 1999) or HYPRES (Wösten et al.,
1999) or still UNSODA (Simunek et al., 1996)] even though for the latter the access to the
n and a parameters is not direct.

In terms of granulometric composition, several soils suggested by the different databases
match with the three layers determined from the experimental plot. However, for each layer
the values attributed to n and a significantly vary from one referenced sample to another.
This difference is even greater between two databases such as Grizzly and ERP (Table 4).
Fig. 4 shows two theoretical soil kinetics of water retention presenting similar granulometric

Table 3

Stable Sr concentration and measurement of 90Sr radioactivity in the water and soil samples

Depth (cm) Water Soil Kd (mL/g)

90Sr 54e60 0.048 Bq mL�1 0.26 Bq g�1 5.4

60e65 0.020 Bq mL�1 0.05 Bq g�1 2.5

Sr stable 54e60 6.0 mg g�1 236.0 mg g�1 39

60e65 9.3 mg g�1 418.5 mg g�1 45
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Table 4

Composition of experimental plot horizons and correspondence with soil types (Grizly and ERP)

Soil MO (%) Clays (%) Silts (%) Sands (%) Van Genuchten parameters

a (m�1) n

Plot Humus z4.0 4.9 24.7 70.4

Grizzly G-141 0.1 4.77 26.84 68.40 2.2949 2.191

G-138 1.8 4.90 26.67 68.42 3.9014 2.265

G-132 3.4 5.19 21.41 73.40 2.4240 2.339

G-149 6.4 5.05 20.94 74.01 3.2180 2.308

G-155 4.7 5.36 20.85 73.78 9.0430 2.261

Plot Claysþ sands 2.3 8.1 26.5 65.4

Grizzly G-151 0.3 7.81 24.57 67.62 7.9101 2.241

G-119 1.7 7.93 22.92 69.14 11.5104 2.184

G-221 1.7 7.96 25.48 66.56 6.3403 2.361

G-706 0.2 8.15 24.77 67.08 5.8872 2.242

ERP VOC 3-0655 e 6 24 70 3.4483 1.6285

241-T-106_3-0688 e 6 28 66 2.7777 1.6568

241-T-106_3-0689 e 9 25 66 4.5454 1.6651

Plot Claysþ silts 3.3 12.5 46.7 40.8

Grizzly G-672 1.9 12.17 46.69 41.13 1.5469 2.200

G-701 1.6 12.50 46.80 40.70 3.1671 2.209

G-584 1.6 12.56 41.90 45.54 1.4586 2.175

G-293 1.2 12.71 40.23 47.06 0.2374 2.279

Van GenuchteneMualem model parameters for typical soils.
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Fig. 4. Suction versus water content curves established using Van Genuchten (n and a) parameters provided by the Griz-

zly and ERP databases for soils presenting similar granulometric characteristics. Water content at a suction of 0.185 m

for referenced Grizzly soils (A; 50%) and ERP soils (B; 15%), n values are, respectively, 2.26 and 1.65.
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compositions: 50% of the water content is reached at a suction of 0.185 m for the referenced
Grizzly soils (A), and only 15% for the referenced ERP soils (B) characterized, respectively,
by n values of about 2.26 and 1.65. These values showing different hydraulic behaviours are
probably due to the relative advanced level of organization of particles in the referenced sed-
imentary structures mentioned in the databases. The water retention curves from the ERP da-
tabase soils could then mirror the effects of compaction in the relatively deep sampled
sedimentary layers (�36.9 to �52.2 m) of the core, a phenomenon which hardly exists in
the sub-surface sample soils (0 to �0.7 m) of the studied experimental plot.

Consequently, the hydraulic behaviour of the layers of the experimental plot seems to be best
described by the referenced sub-surface soils of the Grizzly database. However, the selection of
value couples in the latter is dependent on a new parameter: the content in organic matter (OM)
which determines between soils with similar granulometric compositions.

For each of the three layers of the experimental plot, the Grizzly database thus proposes soils
whose characteristics have satisfactory similarities with the experimental values obtained in this
study. The referenced soils selected were, therefore, G-132 for the humus layer, G-221 for the
sandy clay layer and G-701 for the silty clay layer (Table 4).

3.2. Modeling

3.2.1. Source term
Since the code takes into account the aqueous phase for the calculations, the 90Sr radioac-

tivity must be expressed in Bq m�3 of water. For the source term the latter must be calculated in
the first 10 cm of the topsoil (Fig. 2); 50% of which is located in the humus layer (5 cm) and
50% in the sandy clay layer (5 cm), by hypothesis.

A theoretical saturation profile (Fig. 5) was calculated from a simulation based on both the
assumptions of steady-state flow and the three-soil-layers conceptual model. This calculation
provided the average saturation rates for the two layers making up the source term as described.
The values are, respectively, 0.7711 and 0.4789.
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Fig. 5. Water saturation versus depth in the experimental. Profile simulated in steady-state flow.
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The contamination value per fluid volume unit (Bq m�3) requires the volume of water to be
determined in the two topsoil layers containing the source, according to the following
expression:

Vwater ¼ area volume� saturation� porosity

The total volume of water (0.0640 m3) is thus distributed according to:

Vwater in humus ¼ ½0:05� 1� 2� � 0:7711� 0:60¼ 0:0463 m3

Vwater in sandy clays ¼ ½0:05� 1� 2� � 0:4789� 0:37¼ 0:0177 m3

The present modeling step excludes the lateral transport by the aquifer, therefore only about
90% of this initial radioactivity must be taken into account which matches the previous assess-
ments by Juncos (2002). The radioactivity making up the source term is thus of 1,670,896 Bq
for the 2 m2 section model containing 0.0640 m3 of water. The total theoretical radioactivity of
the aqueous phase is equal to 26,108,367 Bq m�3.

The retardation factor (Rd) being equal to 234.3 for the humus layer and 208.0 for the sandy
clay layer, the radioactivity for both layers of the source term is therefore of 236,959 distributed as:

Humus source: 26,108,367/234.3¼ 111,415 Bq m�3 of water.
Clay source: 26,108,367/208.0¼ 125,543 Bq m�3 of water.

3.2.2. Migration simulation
The theoretical saturation profile (Fig. 5) shows that the three superimposed soil layers react

individually to the water flowing through the domain. Moreover, the results underline relatively
high values of saturation due to the rainwater flux in conjunction with the parameters’ values
describing the different layers and the reduced dimensions of the sedimentary structure. The
conditions imposed lead to the appearance of a beginning of saturation in the lower part of
the domain.
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Fig. 6 shows that the mass balance is correct and that the most part of 90Sr is lost by radio-
active decay at 40 years.

Curves resulting from two numerical simulations and the analytical values of the experimen-
tal data are shown in Fig. 3. The measured values come with error bars representative of the
analytical dispersion when several samples were measured.

These simulated profiles result in the following remarks:

� A good coherence is observed between the simulation and the experimental data (dots), the
calculated migration rate (1.0 cm year�1) being in full agreement with those obtained in
Mediterranean calcic luvisol (Forsberg et al., 2000). However, in terms of quantification,
the calculated values overestimate the radioactivity of the migration front and inversely,
do not account for the phenomenon of radionuclide accumulation in contact with the wa-
tertight floor made up by the grey clay.

� A much better simulation underlying the accumulation of 90Sr at the bottom of the silty clay
layer is obtained by increasing its longitudinal dispersion (DL) value from 0.01 to
0.05 m2 s�1. The latter is within the acceptable limits discussed by Gelhar (1993) when as-
sumed the last 20 cm of the silty clay layer are influenced by the nearly permanent presence
of a reduced aquifer (Fig. 3).

� At the ‘‘humusesandy clay’’ interface, the difference between the simulations and the
measurements is obvious. This underlines the drastic discontinuity pre-defined with charac-
teristics proper to the two layers of the model.

� An overall acceptable quantification of Kd even though minor adjustments were applied to
the experimental results of the deepest two layers. The values which coincide with the best
adjustment of the model are gathered in Table 5.

Table 5

Summary of main parameters characterizing the three modeled horizons

Humus Sandy clays Silty clays

Experimental parameters Kd (m3 kg�1) 0.25 0.05 0.04

rs (kg m
�3) 1400 2210 2140

ua 0.60 0.37 0.36

Van Genuchten parameters n 2.339 2.361 2.209

a 2.4242 6.340 3.167

Sr 0.0391 0.0627 0.0628

Sg 0 0 0

Hydraulic conductivity Kx, Ky (m s-1) 1� 10�5 1� 10�6 5� 10�7

Diffusivity DM (m2 s�1) 10�8 10�9 10�10

Dispersion DT (m2 s�1) 0 0 0

DL (m2 s�1) 0.010 0.010 0.05

Organic matter MO (%) z4.00 2.33 3.25

Rainfall (mm an�1) 587.5

Efficient rainfall (mm an�1) 381.9 (¼65%)

Initial source term (kBq m�2) 925

Simul. source term (kBq m�2) 835.5 (¼90.3%)
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Theses discrepancies can partly be attributed to the conceptual aspects of the model due to
the simplification of the media and the uncertainties related to the experimental techniques or
when parameter values were acquired from the bibliography.

3.2.2.1. Technical and/or analytical factors. For the needs of numerical simulation, the mobil-
ity of 90Sr in the environment is described using several empiric parameters (n, a and qr), which
often have to be extracted from databases of soil characteristics. Prior to the acquisition of these
parameters, granulometric composition and organic matter content require accurate determina-
tion and even though these are elementary, they lead to the classification of soil versus clay, silt
and sand proportions. Consequently, this classification results in selecting Van Genuchten pa-
rameters to best describe the hydraulic behaviour of soil layers.

Among the decisive experimental parameters used when simulating, the distribution coeffi-
cient (Kd) needs to be accurately determined for each layer of the conceptual model and its
value must be as realistic as possible.

For other measured parameters, e.g. atmospheric precipitations, the calculations based on an
average yearly value instead of a monthly value, do not seem to greatly affect the simulation
results. However, although the evaluation of the water infiltration rate for a given soil turns
out to be logically of uppermost importance for the simulation, this value is actually difficult
to reach in most cases. Thus, there is a variation of 10% of the entering rain flux which signif-
icantly changes the migration profile of the 90Sr in the experimental plot soil. The latter was
estimated using data from a similar Mediterranean soil now studied by the INRA where in situ
measurements of evapo-transpiration values were carried out.

Despite a relatively good soil homogeneity, an accurate sampling technique of any interface
(e.g. humusesandy clays) could greatly reduce the standard deviation of the analytical data.

3.2.2.2. Conceptual factors. The simulation of the 90Sr migration through unsaturated porous
media needs previous calculation steps in steady-state flow. Apart from this simplifying as-
sumption, no set of experimental values was available for the water redistribution validation
in soil.

The description of the model requires the discretization of the study media and the superim-
position of three domains (layers) with very different characteristics. When calculating from
a layer to the next these respective parameter values are used without transition. This is the
case for the humusesandy clay interface, which is probably formed by a more or less thick
mixing zone where the retardation factor (Rd) of 90Sr progressively decreases from the humus
towards the sandy clay.

The longitudinal dispersion (DL) is one of the non-experimental parameters enumerated to
be assessed in a sensitivity analysis. Better simulations could be achieved by choosing variable
DL values to each medium as a function of the water table level.

These factual discontinuities in the conceptual model underline the limits of the modeling
which have already been shown by the need to extract from bibliographic approximation of
some parameters (n, a, Sr, DM,.) for assumed similar soils.

4. Conclusion

The modeling of the vertical migration of 90Sr through the soil of the experimental plot re-
quired the definition of a triple layer conceptual model which was abundantly characterized and
whose only external factor of influence taken into account was the rainwater at constant flux.



224 J.M. Fernandez et al. / J. Environ. Radioactivity 87 (2006) 209e226
Due to the importance of the representativity of the data sets when modeling, the parameter-
ing must be based, as much as possible, on values ensured by the in situ collection or must be
the result from laboratory analyses. However, since a complete experimental characterization is
not possible in most cases, it appears that there must be a ranking in data acquisition and in the
integration of the phenomena.

For instance, the characterization of the site allowed the event phenomena to be decoupled
distinguishing from the infiltration of the rainwater, as the mainspring of the vertical migration,
the other two secondary factors responsible of the lateral transport of 90Sr (Juncos, 2002). These
two latter phenomena were therefore identified and can be related with the regime of atmo-
spheric precipitations which varies greatly depending on the season in the Mediterranean cli-
mate. The resulting significant piezometric fluctuations should have a great incidence on the
dispersion coefficients of the radionuclide.

Besides data directly governing the migration kinetics (Kd, Rd), grain size distribution needs
to be accurately performed as the basis for the Van Genuchten parameters selection through soil
databases. The choice between databases is crucial in the selection of the parameter values and
must depend on both the organic matter content availability and the granulometric population
statements. The latter substantially differs between two databases in the clays and silts cutting
size definitions what consequently changes the mass percentages of the grain-sized populations
and then the n and a corresponding values.

Some key parameters, other than the linearity assumptions of the 90Sr sorption phenomenon
for a carbonate soil, are hence subject to be discussed; this is the case of the assessment of the
actual water infiltration flux which greatly differs from one site to another and thus greatly in-
fluences the calculations of 90Sr migration rates. Therefore around the Mediterranean Sea, wind
must be considered as a main climatic factor influencing the evapo-transpiration balance, ac-
cordingly the infiltration rainwater rate into the soil.
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