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«SYNTHESES DES RECHERCHES MENEES PAR LE CEA SUR LA MIGRATION DES 
RADIONUCLEIDES» 

 
 
Résumé - Ce rapport présente l’état des recherches conduites à la Direction de l’Energie 
Nucléaire (CEA/DEN) sur la migration des radionucléides appliquée à trois thématiques choisies 
pour leur représentativité et leur importance : la migration des RN dans les réacteurs à eau sous 
pression (EPR), la migration des RN issus d’un stockage de déchets radioactifs en formation 
géologique profonde et les processus de migration en environnement de surface. 
En outre, l’état des recherches relatives à la spéciation des RN en phase aqueuse ou aux 
interfaces ainsi que celles relatives au couplage chimie / transport est présenté. Enfin, ce rapport 
décrit en annexe les moyens humains et techniques impliqués sur cette thématique.  
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Abstract - This report presents a synthetic status of the researches conducted within the Nuclear 
Energy Division (CEA/DEN) in the field of radionuclides migration in three specific areas which 
have been chosen for their representativity and potential impact: the migration of RN in PWR 
reactors, the migration of RN from a deep geological repository and the migration processes in 
the surface environments.  
In addition, some status is given about more generic research which is conducted in the field of 
RN speciation in the aqueous phase and at the interfaces and regarding chemistry / transport 
couplings. Additional information about the human and technical means involved in these fields 
of research in CEA/DEN is finally given in the Appendix.  
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Summary :  
 
 
This report presents a synthetic status of the researches conducted within the 
Nuclear Energy Division (CEA/DEN) in the field of radionuclides migration in three 
specific areas which have been chosen for their representativity and potential impact: 
the migration of RN in PWR reactors, the migration of RN from a deep geological 
repository and the migration processes in the surface environments.  
 
In addition, some status is given about more generic research which is conducted in 
the field of RN speciation in the aqueous phase and at the interfaces and regarding 
chemistry / transport couplings. Additional information about the human and technical 
means involved in these fields of research in CEA/DEN is finally given in the 
Appendix. 
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Introduction 

 
The migration is the displacement of a substance or a species within a given medium. It is 
usually used to refer to the transfer of elements in the natural environment but this approach 
can also be applied to industrial environment. Migration can occur either in liquid or gaseous 
open system as often in industrial environment, or in more complex porous media like in the 
geosphere. Understanding the migration of an element requires to address and couple two 
types of properties: 

• its chemistry in the different phases of interest, in particular the dispersed phases, 
i.e. the gas or the liquid phase. In particular, it is required to know some minimal 
information about the species which are actually present within the given system 
since they will influence the global reactivity of the element. In addition, it is also 
necessary to understand and model the interaction with the surface of the materials 
present within the system. 

• the transport processes affecting the element distribution within the dispersed 
phase (gas or liquid) of the given system or at the interface between phases (e. g. 
surface or bulk diffusion). Several regimes of transport can be encountered, 
basically advective-dominated or diffusion-dominated, although some second 
order processes can also be significant in very specific case (off-diagonal 
processes). 

The coupling between the chemical reactivity and the transport processes have also to be 
accounted for since it can be of quite high and significant influence on the migration.  
 
Significant applied and fundamental research is conducted within the Nuclear Energy 
Division of CEA on the migration issues in natural and industrial environments because they 
are the basis for defining the potential fate of radioelements and pollutants produced by the 
nuclear industry in the nuclear facilities and, potentially released, in natural environments. 
These researches are obviously mainly focused on the most significant elements of the nuclear 
field which are the radionuclides. They specifically aim to develop predictive models able to 
describe the evolution of the radionuclides distribution within a given medium as a function 
of time: distribution of radionuclides within the primary circuit of a PWR after a few years of 
use or during short transients, distribution of radionuclides around the existing or future 
nuclear facilities (ore mining for example) after some decades or distribution of radionuclides 
within the geosphere around a geological repository after some hundreds of thousand years. 
The studied time scales are therefore quite different and, whereas the prediction within the 
industrial facilities can always be checked towards experimental data (even if they are not 
easy to measure), prediction for the migration in the natural environment is often beyond the 
direct accessible data. In this context, the reliability and robustness of the migration models 
used for the prediction have to be quite high. This specificity leads to develop some high 
quality research on the elementary processes involved in the migration issues in particular in 
natural environment (surface or geosphere). This approach leads us to define two kinds of 
researches and models: 

• basic and scientific studies, the aims of which are to accurately define the 
elementary processes and to develop some very detailed scientific models; these 
investigations are long-running studies and have to permanently evolve at the 
leading edge of science.  
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• applied studies, the aims of which are to address closely actual systems (PWR, 
specific repository concept …) and to develop some operational models and tools. 
These models aim to specifically predict the RN migration in a given system for a 
given application. It usually leads to neglect some of the involved mechanisms in 
order to focus on the most relevant ones and make robust predictions (decrease of 
the number of free parameters and couplings). For example, predicting the RN 
migration in the geological environment around a deep repository may not require 
considering a complete coupling between the chemical reactivity and the transport 
processes (simplified operational models) although considering the complete 
phenomenology would require it. 

The evaluation proposed in this report will cover fundamental approaches, development of 
scientific and operational models, development of predictive codes and applied studies on 
reference systems. 
 
 
This report presents a synthetic status of the researches conducted within the Nuclear Energy 
Division (CEA/DEN) in the field of radionuclides migration in three specific areas which 
have been chosen for their representativity and potential impact: the migration of RN in PWR 
reactors, the migration of RN from a deep geological repository and the migration processes 
in the surface environments. In addition, some status is given about more generic research 
which is conducted in the field of RN speciation in the aqueous phase and at the interfaces 
and regarding chemistry / transport couplings. Additional information about the human and 
technical means involved in these fields of research in CEA/DEN is finally given in the 
Appendix. 
 
 
 
 
 

Ch. POINSSOT & L. TROTIGNON 
DEN/DANS/DPC/SECR & DEN/CAD/DTN/SMTM 

 
May 2006 
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1 BASIC RESEARCH ON PROCESSES INVOLVED IN THE MIGRATION 

1.1 Aqueous speciation 

The speciation is the determination of the different forms under which a chemical agent is 
present in a given media. Each form or species is defined by its chemical composition, its 
detailed physical characteristics and its biochemical and toxicological effects. Aqueous 
speciation of the pollutants depends on the major chemical species actually present, and their 
chemical reactivities. Knowing the speciation of pollutants is necessary to subsequently 
address the issue of their migrations, whatever the environment is. Significant researches are 
conducted in this field in CEA both for industrial or natural environments. Next sections 
present first the last theoretical and experimental developments performed in CEA before 
giving a brief state of the current knowledge for the radionuclides. 

1.1.1 THEORETICAL FRAMEWORK AND EXPERIMENTAL DEVELOPMENT 

Speciation is described by thermodynamics, when equilibrium conditions are achieved, i.e. 
when reaction kinetics is fast enough as compared to migration. In reactor conditions, 
temperatures are indeed high enough to overcome any kinetic limitation and ensure the 
reliability of the thermodynamics approach. In natural systems, the temperature is lower, and 
strong kinetic controls can be encountered for dissolution / precipitation of solid phases. 
Redox reactions can be "slow". However, in geological environment as deep disposal, water 
flow are slow enough to allow local thermodynamic equilibrium to be reached (see chap.3) 
even for redox reactions involving only soluble species. Finally, in surface environment, the 
situation is much more intricate since water flow can be much faster. Therefore, redox system 
are often out-of-equilibrium in these conditions. 

1.1.1.1 Thermodynamics 

In this Section, we first recall that Mass Action Law is well established for modelling 
equilibrium aqueous speciation, and solubilities in groundwaters (Figure 1); similarly, Mass 
Action Law is used for interpreting experimental results, and for extracting thermodynamic 
data (Figure 2 & Section 1.1.2). We also outline needed methodological developments, most 
of them for consistency between thermodynamic approaches by different scientific 
communities, or for consistency between experimental measurements originated from 
different laboratories or chemical conditions: 

− the use of Mass Action Law for solid solutions, 

− and for Ionic Exchange Equilibrium, even at solid/liquid interfaces. 

− e-, the notations of electrochemists. 

− We explain activity coefficient developments in more details, since we checked 
that the SIT (Specific Ionic Interaction Theory) formula reproduce reasonably well 
experimental results, while this was not particularly expected. 

− Temperature and pressure influences are finally outlined. 
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Figure 1: Equilibration of groundwaters 
The same chemical thermodynamics laws and concepts are used both for understanding 
speciation in groundwaters (Figure 1), and for modelling laboratory experiments typically 
used for measuring thermodynamic data (Figure 2). For this, high ionic strength is classically 
used to make the aqueous solutions ideal; extrapolating to zero ionic strength or other media 
is now feasible by using activity coefficients (Figure 3). For this reason it is only necessary 
to determine stoechiometries, equilibrium constants -or equivalently ΔrG- (at fixed 
pressure P, and temperature T) and activity coefficients γ, (see Sections 1.1.2., 3.2.1. and 
3.3.1). In CO2/HCO3

- aqueous solutions, lg[Np(V)] experimental solubilities v.s. lg[CO3
2-] are 

on a straight line of slope -1 over more than three orders of magnitude in concentrations when 
lg[CO3

2-] < -5: this and data at higher [CO3
2-] illustrate the mass action law accounts for 

solubility and equilibrium aqueous speciation. 
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Figure 2: Np(V) solubility in CO3
2- / HCO3

- aqueous solutions 
 

Figure 2 is extracted from Vitorge & Capdevila (2003). It gathers Np(V) solubilities measured 
in our laboratory in various pH conditions -grey and black points- (Côme 1985; Grenthe et al. 
1986; Kim et al. 1985; Riglet et al. 1989; Vitorge 1984; Vitorge & Capdevila 1998; 2003) 
and in other laboratories. All the published experimental data on the 
Np/CO2/HCO3

-/CO3
2-/OH- system were reviewed and eventually quantitatively reinterpreted 

with a single chemical model (Vitorge 1995, Vitorge & Capdevila 1998) in the course of the 
NEA TDB project (Lemire et al. 2001). High Na+ concentration was used to make the 
aqueous system ideal, which allowed sensitivity analysis, i.e. testing all possible 
stoechiometries for soluble complexes (NpO2)p(CO3)q(OH)r

p-2q-r. The results are written on 
Figure 2 as a predominance diagram and classical slope analysis. At lg[CO3

2-] ≥ -5, the shape 
of the curve evidences the formation of Np(V) soluble carbonate complexes; this was used to 
determine their stoechiometries and stabilities, even in oversaturated solutions (dashed lines) 
i.e. before the chemical transformation of NaNpO2CO3(s) into Na3NpO2(CO3)2(s). 
 

Solid solution modelling and corresponding ionic exchanges. 
 
Mass action law can as well be used for modelling speciation in the immobile phases, 
namely solid / solution interfaces, (stoechiometric or non-stoechiometric) solid compounds 
and organics. However, excepted for stoechiometric compounds this is still under debate in 
literature. Retention of radionuclides at Solid / solution interfaces and organics are discussed 
in Sections 1.1.2., 3.2.2. and 4.3. Solid-solution dissolution reaction 
 

ABa-bxCx(s) → AzA + (a–bx) BzB + x CzC 
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of advancement variable ξd (where a = -zA/zB and b = zC/zB) includes the corresponding ionic 
exchange equilibrium 

CzC  + b BzB → b BzB  + CzC 

of advancement variable ξe, where upper-lined species are in the solid solution. We pointed 
out two advancement variables are needed for describing the dissolution reaction, i.e. ξe is 
implicitly included in ξd, and the classical form for mass action law cannot be used for the 
dissolution reaction, since its thermodynamic demonstration involves  

dni,d = d(νi,d ξd) = νi,d dξd + (dνi,d/dx)dξd 

terms when minimising the Gibbs energy of the reaction ΔrG, where νi = 1, (a-bx) or x are the 
stoechiometric coefficients of the dissolution Reactions. νi,e = (dνi,d/dx) = 0, -b and 1 
respectively are the stoechiometric coefficients of the corresponding ionic exchange 
equilibrium: this gives the meaning of the new (dνi,d/dx)dξd term in dni,d. Complete 
mathematical resolution is then straightforward, easily linked to usual standard state and can 
include any consistent empirical formula by classical using of activity coefficients for the 
solutes of the solid solution as exemplified for a few systems (Vitorge et al. 1999; 2001; 
2003). Conversely νi,d can be obtained from νi,e by integral calculus i.e. any ionic exchange 
equilibrium can be considered as deriving from a solid solution, which is of course, the matrix 
supporting the ionic exchange sites. Actually the thermodynamic calculation is the same for 
liquid or surface ionic exchangers, which is a theoretical way to identify their reference state 
with the usual standard state (Vitorge et al. 1999; 2001; 2003). 
 
Identifying consistent standard state is needed, when using data from different scientific 
communities; typically e-, the notation of electrochemists corresponds to E = -R T ln ae-, 
where E is the redox potential of the solution and ae- the activity of e-: when E is measured vs. 
SHE (Standard Hydrogen Electrode), for consistency with the usual standard state ΔfXe- = 
0.5 ΔfXH2(g) -ΔfXH+(aq), where X is any thermodynamic function, typically G, H, S, Cp... 
(Giffaut et al. 1993). In thermodynamic tables SH+ = 0 reflect standard state and the SHE 
conventions; however this must be used with caution, since actually H+(aq), not H+ is used for 
SHE. 
 
Activity coefficients modelling 
 
We tested the empirical SIT (Specific Ionic Interaction Theory) formula for calculating 
activity coefficients γ (Figure 3). 
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Figure 3: Ionic strength influence in aqueous solutions 
 
Figure 3a was redrawn from Capdevila & Vitorge (1995). E(Pu4+/Pu3+), the potential of the 
Pu4+/Pu3+ redox couple was measured at high ionic strength, Im subscript m is for molal unit 
(mol.kg1). Beside measurements at 25°C (big open squares), measurements at temperatures 5 
to 65°C were interpolated at 25°C (small blue squares). E° and ΔεPu4+/Pu3+ numerical values 
are the result of Linear Regression lgK(Pu4+/Pu3+) + 7 D = lgK°(Pu4+/Pu3+) - ΔεPu4+/Pu3+ m, 
which is the SIT formula we checked for many aqueous ions, and it was adopted by NEA 
TDB (see typically Lemire et al. 2001). lgK-lgK° points (same symbols as on Figure 3) are 
reported on similar plots (Figure 3b) from other experimental techniques: PuO2(s),nH2O 
solubility for Pu4+ (ΔεPuO2 = εPu4+ - 4 εH+ + n aH2O/m, where aH2O is the activity of water) or 
isopiestic measurements for εPr3+ (≈ εPu3+), εH+ and H2O (aH2O/m in NaClO4 aqueous 
solutions). These Δε m values are reasonably linear for, at least, m < 4 mol.kg-1, they are used 
to obtain another estimate of ΔεPu4+/Pu3+ as ΔεPu4+/Pu3+ = ΔεPuO2 + εPu3+ - 4 εH+ (red open 
circles): both determinations are in reasonable agreement (Figure 3b). 
 
SIT formula appears to be valid up to surprisingly high ionic strength (4 mol.kg-1) even 
for highly charged ions (Figure 3). It includes a Debye-Hückel term D, and empirical ion 
pair parameters ε (this "classical" notation is confusing, since it is not specially related to any 
dielectric constant), obtained from a second virial expansion or equivalently from the Van der 
Waals equation for gas. This term actually varies as 1/T, i.e. Δε T°/T should be constant. The 
Δε(Pu4+/Pu3+) value measured at 25°C indeed predicts the Δε values measured at other 
temperatures (5-65°C) without any new fitted parameter within uncertainty (Figure 4). 
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Figure 4: Temperature influence on ion-pair interaction coefficients 
 
For calculating D, the Debye-Hückel term in γi, the activity coefficient for ion i, of charge zi, 
Boltzmann and Poisson equations are solved in spherical geometry for obtaining the total 
electrostatic potential ψ, generated by zi and its counter ion atmosphere. ψi is subtracted from 
ψ, where ψi is the electrostatic potential generated only by charge zi, in vacuum. Surface 
complexation formula are very popular for modelling sorption. They are based on Gouy and 
Chapman formula also obtained by solving Boltzmann and Poisson equations, but in planar 
semi-infinite geometry. However it seems ψ -not ψ-ψi- is used for surface complexation 
formula, which also use a simpler form for D, and do not include fitted ion-pair terms –
equivalent to ε in the SIT formula-, despite it was recently suggested correlation is certainly 
important for modelling other surface properties (Pellenq 2004). We are comparing 
Boltzmann - Poisson calculations in both situations. Anyhow surface complexation formula 
might not be specially needed, since Ion Exchange Theory reasonably well accounts for 
many experimental results (Section 1.2.2.). It is a Ion Exchange Model based on a 
thermodynamic approach for ideal systems, in most cases it require fewer fitted parameters, 
which allows sensitivity analysis on the stoechiometries –even for sorbed species- and mass 
balance –including exchange capacities for each sorption site- by classical use of mass action 
law. As outlined above for solid solutions, Ion Exchange Theory is consistent with the 
standard state, a problem also debated in literature for surface complexation formula. 
 
Influence of temperature on thermodynamic data 
 
In some data bases temperature influence is given as a series of K(T) values. However 
ΔrG(298.15), ΔrH(298.15) and Cp(T) are often tabulated, which is equivalent, since ΔrH 

=-
⎝
⎜
⎛

⎠
⎟
⎞R∂lnK

∂(1/T)
P

 or equivalently S =-
⎝
⎜
⎛

⎠
⎟
⎞∂G

∂T
P

, and Cp =
⎝
⎜
⎛

⎠
⎟
⎞∂H

∂T
P

 are in the 1st and 2nd order T terms 

respectively of lnK(T) expansion as a function of T. In small T ranges, the 2nd order term is 
often negligible: ΔrH(25°C) is enough to predict T influence on ΔrG in a temperature 
range from typically 5 to 65°C (Capdevila & Vitorge 1990; 1995; Giffaut at al. 1994; 
Lemire 2001; Vitorge & Capdevila 1999). However this approximation is not enough at 
higher temperatures in aqueous solutions (Figure 5). Dramatic changes of solutes and 
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water physical and solvating properties at temperatures higher than 100°C are certainly 
originated in the breaking of H-bounds. For this reason we are planning to build experimental 
set up for working at temperatures higher than 100°C. 
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Figure 5: Heat capacity of Na+ in aqueous solution and specific mass of water 

 
These figures are extracted from an unpublished report by You D.; they illustrate dramatic 
changes in some properties, when approaching the critical point of water. They are calculated 
with the HFK formula (Tanger & Helgeson 1988) and IAPWS data (IAPWS 1996; Wagner & 
Pruss 1993). 

1.1.1.2 Molecular modelling 

Up to now, most of the thermodynamic data has been derived from dedicated experiments. 
However, increase of computer power in the last decades now gives some insights on relative 
stabilities and structures of complexes, and potentially on thermodynamic data from 
molecular modelling. Some developments are currently on going in this field in CEA. In this 
section, we essentially present two examples of ab initio calculations. 
 
Ab initio and DFT calculations are typically published for hydrated cations [M(H2O)n]z. 
However most Actinide cations are rather hydrolysed in aqueous solutions (see typically 
Grenthe et al. 1992; Vitorge 1999 and Figure 6). We first studied Mz = Be2+, a hard cation of 
behaviour somewhat quite analogue to that of UO2

2+ (Figure 6). 
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respectively for species i, at is total activity.  For clarity

precipitation is ignored; however all the polynuclear
species are in nearly oversaturated to oversaturated
solutions.  Smaller characters and thin lines are to 
stress relatively large uncertainty for the 
corresponding species.

25°C
in H2O(l)

First hydrolysis (vertical line
at about pH = 5.2), and the
formations of the trinuclear
species are observed in
nearly the same conditions
for both elements
corresponding to similar
values for ΔrG's. (M.Masella

& P.Vitorge unpublished
report).

 

Figure 6: Solubility diagram of Be and U at 25°C in pure water 
 
As expected, we quite easily reproduced published ab-initio calculations for the system 
Be2+/H2O, and we found it was even easier to calculate clusters, where H+ ions were 
suppressed, corresponding to System Be2+/H2O/OH-. We even could obtain pieces of 
information on the second hydration shell (Figure 7), however this was not enough to obtain 
realistic estimations of ΔrG numerical values in liquid water at 298.15 K for comparing with 
known equilibrium constants (Vitorge & Masella 2000), typical accuracy for experimental 
determinations of hydrolysis constant in aqueous solutions, is 0.1 log10 corresponding to 
0.57 kJ.mol-1 (0.14 kcal.mol-1) on ΔrG, for the ionic product of water these numbers are 
divided by 10. We plan to use a continuum dielectric model in Gaussian03. Nevertheless, 
such models do not take into account dynamic effects, as typically exchanges of atoms 
between the first and second hydration shells, and with the bulk. 

The geometry was ab initio optimized at
the MP2/6-31+G(d,p) level. Distances are 
in Å. See Ref.(Vitorge & Masella 2000) 
for other geometries, and their energies. 
Note the H2O molecules in the second 
sphere clearly appear to be "hydrogen
bonded" to OH- or H2O ligands, which
modifies the geometry of the first sphere.V
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Figure 7: Geometry of Be(OH)2H2O,(H2O)3 
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Calculating a few well-chosen clusters with water molecules in the second sphere might very 
well be needed (Weinhold 1998). However, choosing the relevant clusters needs dynamic or 
statistical methods for exploring the second sphere; we experienced such statistical techniques 
are even needed for exploring the first hydration shell, when many small ligands are involved. 
For this reason, our study on clusters [Bep(OH)qOr(H2O)n](H2O)m]2+-q-2r is completed only 
for p = 1, r = 0 and q ≤ 2 (Vitorge & Masella 2000), despite we have calculated several 
structures for other values of p, q, r, n, also replacing Be2+ for typically Mg2+, Li+ and Na+, or 
OH- for Cl-. Recently, we calculated a few clusters [MXY]+z and [MXY(H2O)6]+z for M = 
Y3+ and La3+, X = H2O, HO- or CO3

2- and Y = H2O, HO- or CO3
2- (Vercouter PhD Thesis 

started October 2001). We are currently testing electronic Density Functional Theory (DFT) 
calculations for the similar system UO2

2+/H2O/OH-. Beside these studies of small inorganic 
hydrated complexes, we started to use ab-initio calculations of organic complexes that we are 
currently experimentally studying (the cations are analogues to radionuclides, and the organic 
ligands are of biological interest): 

− cobalt/bideprotonated-cysteine (C. Bresson, PostDoc stay), 

− and M3+/LIHOPO (tetrahydroypyridinone) where M = Y or La for ab initio 
calculations, while M = Eu3+ for the TRLIF experimental studies (V. Lourenco 
Master Thesis, 2003). 

− DTPA (diethylène-triamine-penta-acetic acid), a widely used ligand for such 
applications, forms a complex with europium: 

[Eu(H2O)n]3+
(aq) + [DTPA(H2O)m]5-

(aq)  [Eu(DTPA)(H2O)r]2- 
(aq) + (n+m-r) H2O(aq) 

 
On the basis of experimental evidences we essentially focused on n = 8 or 9, m = 0 and r = 1. 
To calculate the complexation constant K = exp(-ΔrG/(RT)), we solved the electronic 
Schroedinger equation within the electronic Density Functional Theory (DFT), with the 
COnductor-like Screening MOdel (COSMO) for solvatation, using the DMOL code. To 
obtain the free enthalpy we first optimised the total energy of the molecule in presence of the 
solvent (Figure 8). Then we computed the vibrational frequencies and the inertial moments. 
The thermal contribution to enthalpy and entropy is finally obtained by statistical 
thermodynamic calculation of the partition function of the molecule in gas phase, ignoring 
coupling among the translational, rotational and vibrational contributions. 

Eu is coordinated to the O 
atom of 1 H2O molecule, 
and to 8 DTPA5- atoms: 8 O 
atoms in the gas phase 
(left), but 5 O and 3 N atoms
in the aqueous phase (right) 
-described within a 
continuum dielectric model-.

Eu is coordinated to the O 
atom of 1 H2O molecule, 
and to 8 DTPA5- atoms: 8 O 
atoms in the gas phase 
(left), but 5 O and 3 N atoms
in the aqueous phase (right) 
-described within a 
continuum dielectric model-.

 

Figure 8: [Eu(DTPA)H2O]2- complex in gas and aqueous phases 
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All this work is performed in close connection with other research team from academic 
research laboratories: 

− CNRS/IRSAMC - Colin Marsden, is helping for special difficulties originated in f 
electrons. 

− CEA/DEN/DRCP/SCPS/LCAM - Olivier Siboulet.  

− We plan to compare DMOL and Gaussian results on U systems, ab initio 
molecular dynamics has already been used for solids, we plan to use it for a cation 
with many water molecules, or to explore up to the second hydration sphere of 
hydrated and hydrolysed UO2

2+ species. 

− CEA/DSM: for molecular (classical) dynamics, we know that they have developed 
a model potential for the system UO2

2+/H2O, parametrised with ab initio 
calculations (Clavaguéra-Sarrio C. et al. 2003). However to our knowledge 
molecular dynamics is not published based on this model-potential. Commercial 
softwares are tested in the Marcoule laboratory, we recently exchanged pieces of 
scientific information, and we intend to keep in touch. 

− UMR 8587: J. Tortajada (UMR 8587) helped starting the ab initio studies with 
Gaussian94. UMR 8587 is a joined research laboratory between CEA, Evry 
University and CNRS, where a modelling group is typically developing models for 
molecular dynamics. In this group, with Thierry Cartailler we have proposed a 
PhD thesis (http://www-instn.cea.fr/html/F_cfr/sujet2004/SL-DEN-04-078.html) 
to study hydrated hard cations by molecular dynamics. 

1.1.1.3 Dedicated speciation experimental tools 

In order to understand the behaviour of radionuclides in the environment it is mandatory to 
determine in representative conditions (concentration, pH, ionic strength…) the different 
species present in solution (speciation). This requires being able to determine oxidation state, 
complex species that can be either neutral, charged or polymeric as well as the stoechiometry, 
complexing constants and thermodynamical parameters (ΔG, ΔH, ΔS).  
In order to face this challenge, spectrometric techniques such as Time-Resolved Laser-
Induced Fluorescence (TRLIF), ElectroSpray Mass Spectrometry (ES-MS) and separative 
techniques (such as capillary electrophoresis, HPLC…) coupled with inductively coupled 
plasma mass spectrometry (ICP-MS) are of great interest because of their sensitivity and 
selectivity. Other techniques of interest are Nuclear Magnetic Resonance (NMR), Extended X-
Ray Absorption Fine Structure (EXAFS) that give structural informations but are lacking of 
sensitivity. 
TRLIF is a reference as a speciation analysis technique since it allows to optically probe 
fluorescent elements and complexes at very low level with great selectivity and even on line 
via fiber optics. 
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Figure 9: Principle of TRLIF technique 

The principle is based on pulsed laser excitation followed by temporal resolution of the 
fluorescence signal, which allows elimination of short unwanted fluorescence such as that of 
organic matter. Information that can be obtained is first solvation sphere by lifetime 
determination, stoechiometry and complexing constants by fluorescence titration as well as 
thermodynamic parameters with temperature cycle. However, this technique is limited to 
lanthanides and three main actinides (U(VI), Am(III) and Cm(III)). 
 

Table 1: Limit of detection for analysis or speciation of trivalent and hexavalent 
actinides 

 
Element Limit of 

detection (M) 
Limit of 

speciation (M) 

Uranium(VI) 10-12 10-8 

Curium(III) 10-12 10-8 

Americium(III) 10-9 10-6 

Lanthanides(III) 10-12 10-8 
 
This technique has been used for more than 15 years to determine the speciation of RN in the 
environment with extended applications such as the interaction of actinides with humic 
substances or the speciation of hydroxo/carbonate radionuclides systems (Moulin et al., 1991; 
Moulin et al., 1992; Moulin et al., 1995; Moulin et al., 1998; Plancque et al., 2003). 
 
ElectroSpray ionization Mass Spectrometry  (Fenn and Yamashita, Chemistry Nobel prize 2002) 
allows observing the complex as well as the ligand and the metal due to a soft ionization process. 
Furthermore, this technique gives access to the isotopy and above all is multielementary. Its 
principle is based on three steps: droplet formation, droplet shrinkage and gaseous ions formation. 
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Figure 10: Principle of ES-MS 
 
One of the first striking example of ES-MS for speciation was its application in proposing a 
reference structure of humic substances that has been for long time a puzzle for environmental 
studies. It has been shown that they are supra molecules of low mass made of phenocarboxy 
groups linked by hydrogen bonds and not macromolecules (Plancque et al., 2001). It was also 
proved by performing ES-MS studies that iodine is directly linked to the phenolic moieties by 
covalent binding (Moulin et al., 2001).  
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Figure 11: ES-MS spectrum of fulvic acid in presence of iodine. (left): whole spectrum 

with and without iodine; (right): MS-MS spectra performed on specific mass. 

 
 
Speciation studies by ES-MS on actinides hydrolysis (uranium and thorium) have also been 
performed (Moulin et al., 2001a; 2001b). It was possible to identify all species present in 
solution and to calculate the complexation constants. 
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Figure 12: Speciation of thorium in perchlorate solution. (left): ES-MS spectrum of 

thorium at pH=3 showing the various complexes; (right): speciation diagram derived 
from ES-MS measurement at different pHs. 

 
Another spectrometric techniques of interest is the coupling of separative methods such as 
capillary electrophoresis or high performance liquid chromatography with a very powerful 
detector: the inductively coupled plasma - mass spectrometry (ICP-MS). Hence, it is possible 
in complex matrices to first separate the different complexes containing RN and then to detect 
the radionuclides at very low level with the ICP-MS (Chartier et al., 1999). Limits of detection 
for most  radionuclides are below the ppb. The limit of speciation is fixed by the dilution due to 
the separation process. All these different techniques are still evolving towards better 
sensitivity and miniaturization.  
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Figure 13: ICP-MS set-up 
 

1.1.2 OVERVIEW OF DATA FOR THE AQUEOUS SPECIATION OF RADIONUCLIDES 

In this section, we outline general qualitative chemical properties for understanding the 
behaviour of radionuclide aqueous cations, and the using of chemical analogues, typically 
when data are missing. We briefly recall our participation to NEA-TDB critical reviews, the 
Thermodynamic Data Base (TDB) of the Nuclear Energy Agency (OECD). It produced a 
consistent set of selected data; and conversely identified some of the missing data –often 
those the most difficult to measure. We list our published work on carbonate complexes and 
redox properties of actinides during this period (1983-2001). We finally list the 
experimental studies re-started in Saclay since year 2001. 
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Most aqueous species are ions of oxidation state predicted by their position in Mendeleev 
Table: in the first columns the most stable oxidation number is the number of the column, 
typically for radionuclides important for waste management, Cs+, Sr2+, Th4+, and U(VI) and 
Tc(VII) hydrolysed as UO2

2+ and TcO4
- respectively. However, transition elements can be 

stable at lower oxidation states: U4+ can be stable in reducing conditions. In the actinide 
series, the most stable oxidation states are Ac(III), Th(IV), Pa(V), U(VI), Np(V), Pu(IV), 
Am(III), Cm(III) (Vitorge 1999)... Transuranian elements form stable cations -in the order of 
the most to the less stable oxidation states: Np(V) (as NpO2

+) > Np4+ > NpO2
2+ > Np3+, Pu4+ ≥ 

Pu(V) (as PuO2
+) > Pu3+ > PuO2

2+, Am3+ >> Am(V) (as AmO2
+), Cm3+ (Robouch 1987, 

Riglet 1989, Vitorge 1999). Actinide cations are hard cations (Pearson 1963, 1973; Pearson 
et al. 1993), i.e. they have strong interactions with hard anions or electronegative donor atoms 
of neutral molecules, typically in groundwaters H2O, CO3

2-, OH-... Except for Pa(V), 
Actinide ions at the same oxidation state are chemical analogues, and are chemical 
analogues of hard cations of similar ratio z/r, where z is the charge of the cation and r its 
ionic radius. The chemical reactivities of Actinide ions Anz+, usually vary in the order An4+ 
>> AnO2

2+ > An3+ >> AnO2
+. Their ionic radii and mobilities vary in the reverse order. 

Conversely, the relative stabilities for the analogue aqueous ions AnO2
2+ / AnO2

+ / An4+ / 
An3+ vary a lot within the light actinide series. For this reason it is needed to measure the 
potentials of redox couples for light Actinides. The hard/soft concept is only a good 
qualitative guideline: treating hard ions as hard charged spheres is a too rough approximation 
for molecular modelling (Derepas et al. 2002; Clavaguéra-Sarrio 2003). Moreover, covalent 
bounding typically explains the differences in geometries between the iso-electronic 
molecules UO2

2+ and ThO2 (Wadt 1981). 
 
Since contradictory equilibrium constants and standard potentials of redox couples were 
published, we reinterpreted most of the publications on redox equilibria, hydrolysis and 
carbonate complexation of actinides (Lemire et al. 2001; Vitorge 1995; Vitorge, Capdevila 
1998) within the framework of the TDB project (thermodynamic data base project), that 
produced selected thermodynamic data on U (Grenthe et al. 1992), Am (Silva et al. 1995), Tc 
(Rard et al. 1999), and Np & Pu (Lemire et al. 2001). We contributed to established 
methodologies of the TDB project, typically for evaluating activity coefficients (see Section 
1.1.1.1). Some searchers are still quite annoyed that we dear to re-interpret their experimental 
data, performing sensitivity analysis, correcting errors or increasing uncertainties for possible 
errors (Lemire et al. 2001). However the results of this project are now well accepted. 
Meanwhile we received some European financial support; but this never resulted in true 
collaborations or even scientific discussions on methodologies and differences in chemical 
interpretations or numerical values. TDB did not select any data, when the quality of the 
published experimental results was not enough, even when reasonable estimates are 
possible. However for redox and hydrolysis reactions of U, Np, Pu and Am we extracted a 
more operational data base from the NEA-TDB and the comments in the text (Vitorge, 
Capdevila 2003), and typically plotted Pourbaix diagrams for Pu, including an estimates for 
the possible stabilities of PuO2+x . It illustrates that sufficient thermodynamic data are 
reasonably well known to model Actinide speciation; however, several data used to plot the 
figure were only estimates. The influence of carbonate complexes on the aqueous speciation 
of Pu is typically predicted to reduce the domain of Pu(IV), however this might merely reflect 
missing complexing data for Pu(IV) (see Section 3.3.1.). Am(CO3)i

3-2i (i = 1 or 2), 
Th(OH)4(aq), NpO2

+ and UO2(CO3)3
4- are typically the major species for each oxidation 

number of actinides (Robouch 1987; Riglet 1989), their stabilities are well established. 
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We measured several standard redox potentials and formation constants of carbonate 
complexes corresponding essentially to four theses (Robouch 1987; Riglet 1989; Capdevila 
1992; Giffaut 1994), the two last ones with some financial support from ANDRA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Pourbaix diagram for Pu 
 
Most of the resulting data appeared to be consistent with the values selected by NEA-TDB, 
(some are even at the basis of this selection): 

− we measured standard potentials of the reversible redox couples for U, Np and 
Pu (Capdevila 1992; Capdevila & Vitorge 1995; Riglet 1989; Riglet et al. 1987, 
1989; Robouch 1987), and for non-reversible redox couples of Pu (Capdevila & 
Vitorge 1990) in non complexing (i.e. acidic) media 

− and in concentrated bicarbonate / carbonate media for U (Capdevila 1992), Np 
(Delmau et al. 1996, Offerlé et al. 1995) and Pu (Capdevila 1992), where 
solubilities are high enough for using electrochemical techniques; this gave the 
stabilities and stoechiometries of limiting carbonate complexes. 

− The stabilities of the intermediary carbonate complexes were obtained by 
solubility or spectrophotometric techniques for Am(III) (Robouch 1987), Np(IV) 
(Capdevila et al. 1996; Delmau et al. 1996), Pu(IV) (Capdevila et al. 1996; Rai et 
al. 1999), Np(V) (Riglet 1989, Vitorge & Capdevila 1998), Np(VI) (Grenthe et al. 
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1986; Riglet 1989) and Pu(VI) (Grenthe et al. 1986; Riglet 1989; Robouch 1987; 
Robouch & Vitorge 1987). 

− We also started to measure the temperature influence on standard potentials of 
reversible redox couples (Capdevila & Vitorge 1990; 1995; 1997) 
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Figure 15: Thermodynamic cycle for estimating the stability of PuO2+x 
 
This list reflects our strategy: direct measurements, systems for validating methodologies 
before more difficult studies on systems were insufficient or inconsistent data are published, 
studies of aqua ions and limiting complexes before interpolating to intermediary complexes. 
Efforts for validating our data with NEA-TDB methodologies. This gave good results and 
most of the data needed for applications, for this reason the experimental effort was 
dramatically decreased a little less than ten years ago. However, we recently re-started such 
studies in Saclay with: 

− the aim of validating TRLIF and ES-MS techniques (Section 1.1.1.3) for providing 
reliable thermodynamic data (Vercouter et al. 2004). 

−  the study SO4
2- complexes as part of a thesis (Vercouter started October 2001) 

supported by ANDRA. 
 

Several data are still lacking, or need to be validated (or eventually modified), typically 

There are very few data on temperature influence, we hope to extend the above results in 
the temperature range 0-50°C, and to build experimental set up for temperature 
higher than 100°C. This will provide, at least, ΔrH -not only ΔrG(T)- which can give 
an insight in the understanding of chemical stabilities; it is also convenient for 
comparing with ab initio data. 

o data are missing for Actinides(IV) complexes in moderately concentrated 
bicarbonate aqueous solutions (which actually are environmental conditions) 

o Data for the non reversible Np and Pu redox couples need validating, 

o Limiting carbonate complexes of Actinides and Lanthanides (III) and (IV) are 
quite puzzling, it seems their stoechiometries change within the series of, in principle, 
analogues. 

o Sulfate complexes needs some clarification, the activity coefficients in this medium 
are difficult to obtain, possibly because they derive from H2SO4 data, while H2SO4 is 
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not a strong acid; however, we already proposed a way for interpreting isopiestic 
measurements in weak electrolytes (Offerlé  et al. 1995). A recent update of the NEA 
TDB introduced a new sulfate complex for U(VI), which might not be consistent with 
their selected data for other complexes (previously selected). 

o Actinide complexes containing both OH- and CO3
2- ligands are assumed to be not very 

important in groundwater conditions, however the situation needs clarifications 
specially for Actinides(IV), the situation is the same for all the possible mixed 
complexes (i.e. with ligands of different types). 

 
Since speciation in environmental waters is not so different from the inorganic speciation of 
biological waters, our data can be used for biological studies (see typically Ansoborlo et al.) 
 

1.2 Reactivity at the interfaces 

During migration of RN in natural formations, retention or adsorption of (radio)elements by 
natural mineral or anthropogenic solids results in significant retardation of contaminant 
migration. Operational models designed to predict the migration behaviour therefore must 
take into account these retention processes. However, the robustness of these models hinges 
on a correct description of the molecular mechanisms responsible for the retention of trace 
elements, and specifically at the solid-fluid interface. For these reasons, CEA is supporting 
research in both directions: (i) improving the understanding of the retention processes at the 
molecular scale, and (ii) designing operational models to predict in various environments the 
distribution of the radionuclides between the mineral surfaces and the aqueous phase. 
 
The ionic adsorption phenomenon is the accumulation of aqueous chemical species at the 
solid-liquid interface due to the electrostatic attraction from a charged surface and/or the 
covalent binding with surface insoluble functional groups. The surface charge may have two 
origins.  
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Figure 16: Synthetic sketch of the chemical reactions occurring at the mineral/water 
interface 
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Figure 17: Description of the mineral interface structure with the Stern compact layer 
and the Gouy-Chapman diffuse layer 

 
Either, it is constituted by a residual structural charge non-totally compensated inside of the 
solid. Hence, because of internal structural imperfections inherited from their initial formation 
conditions, i.e. isomorphous atomic substitutions, phyllosilicates display a permanent 
negative charge on their basal surfaces. Or, the surface charge originates from the ionisation 
of protonated functional groups, dependent on pH, like surface hydroxyls moieties. This kind 
of charge is encountered on metal oxides surface and also on clay-edge surface. 
The concentration of an element adsorbed onto a surface is finally the sum of the 
concentrations all its adsorbed chemical forms (i.e. adsorbed species). As these entities 
concomitantly participate to reactions (see the sketch, Fig. 16) occurring in the aqueous phase 
(called secondary processes or side-reactions, according to Schwarzenbach-Ringböm) it can 
be understood that the retention is conditioned by solution equilibria. This means that the 
elemental distribution ratio between the two phases is intrinsically physico-chemical context-
dependent. Accurate modelling must then integrate the processes coupling. 
 
The electrical field which is exerted towards solution induces an accumulation of counter 
charge to preserve electrical neutrality, and orientation of water dipoles as well. The counter 
charge consists of a compact layer of bound counter-ions (named Stern layer) and, further 
from the surface, a diffuse ionic atmosphere (named Gouy-Chapman layer). The set of surface 
charge and compact and diffuse layers is called electrical double-layer (EDL). The sum of 
charge over all these regions is nil. 
 

1.2.1 RESEARCH ON THE ELEMENTARY PROCESSES INVOLVED IN THE RETENTION 
PROCESSES 

The present section describes two recent studies showing how molecular-scale information 
can be collected on two systems of general and nuclear interest. These works used the most 
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recent development in spectroscopic techniques, in particular in X-ray Absorption 
Spectroscopy (XAS) and Time Resolved Laser Induced Fluorescence (TRLIF). 
 
Europium retention by calcium silicate hydrates 
 
The mechanism of Eu retention by calcium silicate hydrates (C-S-H), the main cement phase, 
was probed by X-ray absorption spectroscopy (XAS) and chemical kinetics (Schlegel et al., 
2004). Kinetics experiments were performed for Eu concentrations undersaturated with 
respect to Eu(OH)3 ([Eu]aq < 10-9 M) and C-S-H of varying Ca/Si ratio. For Ca/Si = 1.3, 
comparable uptakes were observed in the suspension and in the equilibrium solution in 
absence of solid sorbent. For Ca/Si = 1.0 and 0.7, uptake in the suspension was always greater 
that in the equilibrium solution. Extended X-ray absorption fine structure (EXAFS) spectra 
for Eu sorbed in, or coprecipitated in, C-S-H were comparable to one another, indicating 
similar Eu molecular environments. Quantitative analysis of the Eu EXAFS spectra pointed to 
the presence of neighbouring Si and Ca atoms at d(Eu-Si) and d(Eu-Ca) distances 
comparables to the d(Ca-Si) and d(Ca-Ca) distances in tobermorite, a structural analogue of 
C-S-H. These similarities hinted at Eu retention on Ca structural sites of the C-S-H solid 
phases.  
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Figure 18: Fourier transform of an EXAFS spectrum for Eu adsorbed on C-S-H, 
showing the presence of several cation shells at distances consistent with Eu 

incorporation in the C-S-H structure (arrow) 
 
Mechanisms of (radio)element uptake by clay minerals 
 
Clay minerals such as smectites abound in soils, sediments, and in rocks such as the Callovo-
Oxfordian formation of the Bure underground laboratory. These minerals exhibit a layered 
and defective structure, as well as heterocationic substitution, resulting in the presence of 
highly reactive ion exchange sites and pH-dependent retention sites. Cation uptake on these 
minerals is known to be much influenced by chemical parameters such as the presence of 
solution competing cations for retention on exchange sites, or pH fluctuations. However, until 
recently little was known on the structural properties of clay sorption sites. To defeat this 
limitation, a number of sorption experiments combining solution kinetics and molecular-scale 
characterization by XAS was performed. 
 
First, investigation by polarized-EXAFS (P-EXAFS) spectroscopy of the molecular 
environment of Co and Zn sorbed on hectorite ([Mg2.77Li0.66]Si4O10(OH)2), a magnesian 
smectite, at near-neutral pH (pH 6.5) and high ionic strength (0.3 M NaNO3), revealed the 
structure and location of pH-dependent sites (Schlegel et al., 1999a, Schlegel et al., 1999b, 
Schlegel et al., 2001a). The Fourier Transforms of these spectra display several peaks, with 
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amplitudes and positions varying with the experimental α angle between the clay platelets and 
the electric field vector ε. This result indicates that the environment of sorbed cations is 
anisotropic, which suggests a direct bonding of the sorbate on the clay sorbent. Combination 
of geometrical considerations and spectral simulations allowed us to conclude that Co and Zn 
were surrounded by one to two Mg at ~ 3.03 Å in the parallel orientation (α=0°), and by two 
to three Si at ~3.27 Å in an oblique perpendicular orientation. EXAFS-derived interatomic 
distances were consistent with the sorbate cations sharing edges and corners of their 
coordination octahedral with Mg octahedral and Si tetrahedral, respectively. These results 
indicate that Co and Zn formed inner-sphere (IS) mononuclear surface complexes in structural 
continuity to layer edges of hectorite. 
 
Second, combination of kinetics experiments and time-resolved EXAFS spectroscopy were 
used to demonstrate that both cation exchange and edge sorption can compete to sorb solution 
cations (Schlegel et al., 2001a). Time-resolved EXAFS spectra recorded at low ionic strength 
(0.01 M NaNO3) on wet pastes of Zn-sorbed hectorite clearly showed that sorbed Zn was 
initially fully hydrated, as expected for Zn forming outer-sphere (OS) complexes on smectite 
exchange sites. With reaction time, an increasing fraction of Zn adsorbed at the layer edges. 
To account for this observation, chemical data were fitted by a model which considered 
equilibrium between Zn in solution and retained on cation exchange sites. This model showed 
that even after a short reacting time, a significant amount of Zn is transferred from exchange 
OS sites to edge IS sites (Figure 19) . 
 

 

Figure 19: Mechanism of Zn sorption on hectorite at low ionic strength. (1) Dissolved 
Zn. (2) OS complexes on hectorite basal planes. (3) IS complexes at the edges of hectorite 

platelets 
 
Third, the impact of dissolved Si on Zn uptake was clarified by combination of P-EXAFS 
spectroscopy and solution kinetics (Schlegel et al., 2001b). At pH 7.3, in presence of 
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dissolved Si concentrations ([Si]aq ~500 µM) comparable to natural levels, Zn (initial [Zn]aq = 
500 µM) quantitatively cosorbed with dissolved silica on hectorite. In contrast, no reaction 
occurred in absence of hectorite. P-EXAFS experiments showed that sorbed Zn and Si had 
precipitated to form a zinc-layered silicate (Zn3Si4O10(OH)2, in structural continuity to 
hectorite. That the precipitation occurred only in the presence of hectorite clearly showed that 
the nucleation and growth of this Zn clay phase was catalysed by the sorbent presence.  
 
These two examples illustrate how spectroscopic techniques can be used to derive molecular-
scale information on the retention processes at the mineral/water interface. The major 
limitation of these approaches are however that they need to have relatively high 
concentration of sorbents in the system (~10-6 mol.kg-1) which question their representativity 
for actual system where the radionuclides are in general in trace concentrations. These results 
have therefore to be adapted cautiously to lower concentration ranges. 

1.2.2 DEVELOPMENT OF RETENTION PREDICTIVE MODELS 

Predicting the RN retention at the mineral/water interface along migration paths in a natural 
system requires to account for the influence of the system physico-chemical conditions. A 
common practice is to quantitatively describe the retention on mineral surfaces in terms of 
supposedly appropriate values of the RN’s distribution coefficient Kd1. As it is impossible to 
get these values for all the expected conditions, usually by laboratory measurements, the 
justification of the selected values for performance assessment, along with their estimated 
uncertainties, must rely on founded theoretical models. For many years, a general consensus 
has emerged about the capability of thermodynamic sorption models to predict the influence 
of environmental parameters on the ionic retention. 
 
The basic assumptions of this kind of modelling are that the mineral surfaces support specific 
sites with which are reacting soluble ions, leading to their adsorption, and that these chemical 
processes are reversible, thus amenable to a mass action law characterization. Also, a general 
prerequisite is that the adsorption kinetic is faster than the alteration kinetic (e.g. 
dissolution/precipitation) of the solid substrate in contact with solutions. This point is 
generally verified and it has been demonstrated that mineral dissolution is low enough to be 
neglected from the mineral side (Poinssot et al., 1999).  
 
Different possible approaches for the thermodynamic modelling. 
 
From the general structure of the interfacial zone in relation to the ion adsorption (see Figure 
16 and Figure 17), two ways are mainly offered for thermodynamic modelling. 

One possibility, known as surface complexation modelling, is to describe adsorption in 
terms of deprotonation/protonation reactions of surface functional groups, and 
subsequently complex formation reactions between these ionised groups and dissolved 
solutes. Further, the chemical contributions to the free energies of the reactions are 
completed with electrostatical ones for, contrarily to the solutes in the bulk solution, the 
adsorbed species in the EDL (Electrical Double Layer) are submitted to variable electrical 
potential depending on their position relatively to the surface. Therefore the 
thermodynamic treatment of adsorption equilibria involves mass law and electrostatics 

                                                 
1 Kd is defined as the ratio between the quantity of RN sorbed on the mineral (mol.kg-1) and the 

concentration at equilibrium in solution (mol.L-1). 
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laws as well. The main difficulties are firstly to choose between different possible views 
about the interfacial structure (see sketch, Figure 3), without having any real guidelines 
for doing this, and secondly to decide about the positioning of the ions inside the EDL (i.e. 
reaction stoechiometries). Other complications, not the least, arise from the necessity to 
assimilate every solid surfaces as planes, to simplify the physical treatment of the EDL, 
and to resume all the different types of adsorption sites (as can be envisaged from 
cristallochemical considerations) in only one kind, or two at most, in order to keep 
tractable the final mathematical treatment of experimental data for extracting the 
numerous unknown parameters. As expected the fits are not easily constrained. 
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Figure 20: Possible structure of the potential and charge repartition within the diffuse 
layer 

− Another possibility is the ion exchange modelling. It consists in considering that 
the ion adsorption results from an equilibrium distribution of solutes between two 
non-miscible and electroneutral homogeneous phases, a liquid and an exchanger 
phase. This means that the detailed structure of the EDL is not explicitly taken into 
account in the model and that this space charge region is viewed as a 
homogeneous solution containing the solid-charge compensating ions. Different 
variants exist for this kind of modelling. Several of them (e.g. Gaines-Thomas, 
Vanselow, Gapon’s versions) have been developed for the needs of earth sciences. 
Because of their targeted applications these models are generally very simplified 
ones and, then, their use is restricted to poorly changing environmental conditions. 
The search for high throughput in industrial separation processes involving 
synthetic adsorbents, or optimal separation conditions in analytical 
chromatography, have impeded elsewhere more detailed and accurate modelling of 
the ion exchange phenomenon. Considering that this way of modelling is 
appropriate to the needs of the geological waste storage project, the CEA has 
conducted for many years researches in order to get a general theoretical and 
methodological framework for the thermodynamic description of ionic retention 
on solid surfaces (i.e. an Ion-Exchangers Theory, IXT). 

 
Description of the Ion-Exchanger Theory (IXT) 
 
The main features of the theory are its capability to treat the case of mono or multi-sites 
adsorbents without needing a detailed knowledge concerning their chemical nature, but only 
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about their surface chemical reactivity (this can be obtained quite easily by appropriate 
experiments), and the easy handling of competitive side-reactions. The surface chemical 
reactivity can be classified into essentially three different kinds of behaviour. Ions Mm+ may 
be adsorbed on the negatively charged sites Xi- according to equilibria like the following: 

( ) ( )m+ - n+ - m+ n+

n m
nM  + m Xi N  = n Xi M  + nN  

replacing previously adsorbed counter-ions Nn+. When the sites are Lewis acids they are the 
seat of anions adsorption equilibria like: 

- -
j jL  + X -OH = X -L + OH  

that is a ligand exchange reaction. Finally, some adsorbents like ion-exchange resins may 
adsorb electrolytes according to: 

m+ - m+ -M  + mA  = M , mA  

thanks to solvating properties of imbibed water. 
 
All these formal writings ensure electrical neutrality of the two phases in equilibrium and 
their characterisation in terms of mass action law is straightforward, without considering any 
electrical energy contributions. 
 
Specific developments have been performed in order to optimise the acquisition of data and 
their interpretation in terms of thermodynamic constants. In particular, two types of 
experiments are systematically conducted: 

− Saturation experiments in which cations or anions tracers in excess are put in 
contact to the studied materials as a function of pH. They allow to identify the 
potential existence of saturation plateau which allow to define the number and 
capacities of major sorption sites. Only the very low capacity sites cannot be 
detected by this approach since the plateau is not detectable. 

− Sorption experiments of trace elements as a function of pH. A specific 
mathematical treatment (change of variables) based on the theoretical formulation 
of the IXT allows to directly derive from the experimental data the number and 
charge of the sorbed species decreasing therefore the number of fitted parameters. 

 
From the application viewpoint, the use of the IXT is completely identical to the use of any 
thermodynamics constants, i.e. the major issue is to ensure that the chemical reactions 
correspond to the selected constants. 

1.2.3 OVERVIEW OF THE AVAILABLE DATA 

The methodology associated to the Ion-Exchangers Theory has been applied in numerous 
experimental and modelling researches involving different types of solid phases and chemical 
elements. 
 The solids are either pure mineral phases, e.g. metal oxides (goethite, γ-alumina, α-alumina), 
carbonate (calcite), phosphate (hydroxyapatite) and clay minerals (kaolinite, illite, 
montmorillonite), or mineral mixtures like clay fractions extracted from clayey materials (e.g., 
kaolinite/interstratified kaolinite-smectite extracted from Fourges-Cahaigne clay, a material 
involved in studies related to engineered barrier) and argillaceous rocks (e.g., clay fractions 
extracted from Tournemire argillite, a rock from the IRSN experimental site, or Callovo-
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Oxfordian argillite, from East Site ANDRA’s URL). These materials are well-known as the 
most efficient sorbing phases in soils and rocks. 
 The studied elements are the alkali elements (sodium, potassium, caesium), alkaline earth 
elements (calcium, magnesium, radium), transition elements (cadmium, nickel, selenium IV, 
tin IV, niobium V), one lanthanide (europium), several actinides (thorium, uranium VI, 
neptunium V, plutonium IV, americium III), halogens (chlorine, iodine), carbon, sulphur, 
phosphorus. Because of their generally high concentrations in natural waters, a good 
knowledge of the sorption behaviour of elements such as sodium, potassium, calcium, 
magnesium, carbon, chlorine and sulfur is essential for a correct description of metal elements 
retention present at trace level, as the formers strongly condition the behaviour of the traces. 
 
The retention properties are generally elucidated by treatment of data obtained from batch 
experiments. 
 
For most of the previously mentioned adsorbents, their intrinsic characteristics have been 
determined. Thus, the evidence for the occurrence of a single or various different kind(s) of 
major adsorption sites is obtained by visualisation of saturation plateaus when the measured 
concentration of an adsorbed index ion is plotted as a function of pH. By the way, the relative 
heights of the plateaux give the sites concentrations per mass unit of dry adsorbent. These 
saturation experiments also provide informations about the acido-basicity of the sites. 
Evidence for the occurrence of minor sites, namely, low-concentration sites with generally 
high affinity for trace elements, is obtained by means of adsorption isotherms of caesium 
varying the concentration of the element from the trace to high level. 
 
The specific retention equilibria of elements onto these adsorbents, which means reaction 
stoechiometries and equilibrium constants, are studied taking into account the side-reactions 
involved in the aqueous phase, i.e. the aqueous speciation. These laboratory-obtained results 
are not dependent on physico-chemical conditions and, then, are useful for prediction 
purposes. 
 
Hereafter are reported some of the available results obtained from our retention studies. 
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Table 2: Overview of the results available for the retention of RN in natural systems 
 

Solid phase Solute 

Name Intrinsic properties Adsorption equilibria 

Reference 

Illite du Puy Site concentrations   ⌧ Na, K, Cs, H 

Np(V), Am 

⌧ 

⌧ 

GORGEON L. 

(1994) 

GAUCHER E. 

(1998) 

POINSSOT et 

al. (1999) 

Montmorillonite 

(extracted from 

Bentonite MX80) 

Site concentrations   ⌧ Na, K, Cs, Ca, Mg, H

Ra, Nb(V) 

Am, Th, Pu(IV) 

⌧ 

⌧ 

⌧ 

LY et al.           

(2003) 

Tournemire argillite 

(clay fraction) 

Site concentrations   ⌧ Na, K, Cs, Ca, Mg, H ⌧ JACQUIER et 

al. 

(2004) 

Goethite Site concentrations   ⌧ Na, Cs, Ca, H 

Cl, Si, C 

Am, Se(IV) 

⌧ 

⌧ 

⌧ 

PEYNET V.     

(2003) 

α-Alumina Site concentrations   ⌧ Na, H, Cl, C 

Eu, Am 

Acétate, Oxalate 

⌧ 

⌧ 

⌧ 

ALLIOT C.      

(2003) 

 

1.3 Thermodynamic databases development 

1.3.1 DEVELOPMENT OF A DEDICATED THERMODYNAMIC DATABASE FOR LONG 
LIVED RADIONUCLIDES: BASSIST 

CEA is developing since 2000 a thermodynamic database (TDB) BASSIST (Base Applied to 
Speciation in Solution, at Interfaces and Solubility) devoted to the behaviour of long-lived 
radionuclides mainly in natural environments. This TDB contains equilibrium constants 
(redox, complexation, precipitation and sorption reactions) for the most significant reactions 
for speciation calculations (Bion, 2003). 
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1.3.1.1 Introduction : using thermodynamic data in speciation calculation 

Knowing the composition of a medium (for example, the composition of a natural 
groundwater), it is possible to calculate the global speciation of an element (solution 
chemistry, solubilities, sorption coefficients). For example, the solubility of uranium dioxide, 
in reducing water containg carbonate can be written as the following analytical expression 
(Ringböm, 1967 ; Trémillon 1993) : 
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where the thermodynamic constants *Ks, *β4, β4, Ka1 and Ka2 correspond respectively to the 
equilibria : 
 
 UO2(am, hyd) + 4 H+ →← U4+ + 2 H2O 
 U4+ + 4 H2O →← U(OH)4

0 + 4 H+ 
U4+ + 4CO3

2- →← U(CO3)4
-4 

CO2 + H2O →← HCO3
- + H+ 

HCO3
- →← CO3

2- + H+ 
 

1.3.1.2 The state-of-the-art of thermodynamic data knowledge 

Existing TDB can be sorted into two classes:  

− firstly, a critical review (compilations of selected and certified data) (Grenthe et 
al., 1992 ; Silva et al., 1995 ; Rard et al., 1999 ; Lemire et al., 2001)  

− and secondly, a compilation of all existing data (Sillen, 1964 ; Christensen, 1975 ; 
Powell, 1999). 

 
Most of certified TDB are not complete enough to be used in speciation calculation and just 
offer the state-of-the-art on most “sure” values. These data must be integrated in a most 
complete TDB including “uncertified ” values. As an example, Figure 21 presents the 
speciation of uranium (IV) in presence of carbonate (0.1 mM), considering only selected 
values of NEA TDB and with addition of uncertified values from literature. Only the last case 
shows the predominance of neutral hydroxide complex U(OH)4°, corresponding to the 
expected species. 
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Figure 21: Uranium(IV) speciation (vs pH) in presence of carbonate ions, using only 
selected values of NEA TDB (upper figure) and with addition of value from literature to 

complete the hydrolysis data (second figure) 
 
The development of BASSIST corresponds to (i) the integration of values which have already 
been internationally certified through careful peer-review (NEA-TDB project or example), (ii) 
the addition of selected uncertified data from international literature and (iii) the addition of 
data obtained from chemical analogies between elements. This approach led to the integration 
of a “certification index” reflecting the origin of the thermodynamic data. 
 
The first important point is to consider that thermodynamic data are very heterogeneous 
because of their precision, the multitude of analytical methods used for their measurements, 
the complexity of the studied chemical systems, the auxiliary database consistency and the 
associated models (ionic strength, retention, humic substances interaction). It is thus 
necessary to integrate in the TDB an associated certification index for each thermodynamical 
constant. These certification values are destined to the end-users of the TDB. 
 
The state-of-the-art varies according to the element, the studied reaction and the used models 
(especially for the description of retention phenomena, and humic substance interaction). It is 
thus evident that the use of chemical analogies will be considered to elaborate a more 
complete TDB for the chemistry of radionuclides. Most of elements presents numerous 
chemical analogies (elements will present similar stability constant values for identical 
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equilibria). Numerous studies (Seaborg, 2003) demonstrate that two chemical analogues must 
correspond to one or more following conditions: the same oxidation state, both ionic or 
covalent ions, same chemical family, similar charge to ionic radius ratios. The frequent 
analogies are : lanthanide(III) – actinide(III), between lanthanides(III), between actinides 
(with same oxidation state), cerium(IV) - actinides(IV), between elements of group VI and 
VII (Mo, W, Tc, Re). 
 
An overview of the state-of-the-art for the thermodynamic data is presented in Figure 22 for 
different reactions and elements of interest. The use of analogies will increase the knowledge 
for most interesting elements but some unknown area will still be very poor in data. 
 
 

 

Figure 22: “State-of-the-art” on existing thermodynamic constants for several metallic 
cations and reactions of interest (in black: relatively well known elements and reactions, 

unknown elements and reactions, in white) 
 
 
 

1.3.1.3 Application to the development of BASSIST 

Until now, BASSIST was mainly developed for geochemical and biochemical applications. 
The main ligands of interest are: hydroxide, carbonate, silicate, sulphate, oxalate, phosphate, 
carboxylic acids for complexation in solution. Solids compounds are hydrous hydroxides, 
oxides, silicates, sulphide and phosphate. Retention equilibria concern clay materials and 
oxides. The auxiliary database includes mainly pKa of ligands, complexation and retention of 
Na+, K+, Mg2+, Ca2+. 
 
The first sources of data were taken from monographic TDB on elements like the NEA TDB 
(Tc, U, Np, Pu, Am) (Grenthe et al., 1992 ; Silva et al., 1995 ; Rard et al., 1999 ; Lemire et al., 
2001) and some CEA databases. In a second time, some data from the existing multi-
elementary databases like the IUPAC SCDatabase (Powell, 1999) concerning only the 
complexation in aqueous solution, and from TDB developed for codes were added. At least, 
some data from international articles were added. All the data were associated with a value of 
certification. 
 
Today, the BASSIST TDB concerns numerous auxiliary data, “f block” elements : U, Np, Pu, 
Am, and fission products such as Se, I, Tc, Pd, Sn. The extension of the TDB to biological 
media is developed in collaboration with the expert of CEA in this field, in particular in the 
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framework of the Technical Group 32 of the CETAMA. This TDB is also expanding to 
reactions relevant for in-reactor conditions such as dissolution/precipitation of metallic 
oxides. 
 

1.3.2 DEVELOPMENT OF OPERATIONAL DATABASE FOR SPECIFIC USE 

The estimation of radionuclides mobility in environment needs to evaluate their solubilities 
(S, mol.L-1 unit) and distribution coefficients on mineral phases (Kd, L.Kg-1 unit). These 
parameters feed an “operational database” that can be directly used in migration modelling 
without performing some detailed and often-complex thermodynamic calculations. They can 
be found either in literature (Ticknor, 1994; Ticknor 1996) or can be calculated using 
thermodynamic database such as BASSIST (see previous section).  
 
CEA has regularly to perform some rough performance calculations for its own purpose such 
as : 

− to rank the impact of the respective radionuclides  

− to evidence the influence of the different scenario for the management of the back-
end of the fuel cycle 

− to evidence the relative weight of the various processes involved in the migration 
…etc. 

 
This work requires to use an operational version of the database. Therefore, CEA also 
developed such database (Faure et al., 2002 ; Bion, 2003) in which are gathered some 
reference solubilities S and distribution coefficients Kd values for approximately 50 elements 
: Be, C, Al, Si, Cl, Ar, K, Ca, Ti, Mn, Fe, Ni, Se, Kr, Rb, Sr, Zr, Nb, Mo, Tc, Pd, Ag, Sn, Te, 
I, Cs, La, Sm, Eu, Gd, Tb, Dy, Ho, Lu, Hf, Re, Os, Ir, Pt, Hg, Pb, Bi, Po, Ra, Th, Pa, U, Np, 
Pu, Am, Cm, Bk, Cf.. These data were compiled or calculated for similar reference chemical 
compositions.  
 
Indeed, the impact of the difference of thermodynamic data between two chemical analogues 
is weak compared to the impact of the variations due to the composition of natural 
groundwaters and minerals phases. This allows us to classify elements in groups and to 
calculate the high and low values for each group (for surface oxidizing waters and deep 
reducing waters, see table 3). Solubility data are generally well established but some of the 
distribution coefficients are still missing.  
 
As a conclusion, this operational approach and the thermodynamic database development are 
quite complementary and do not answer the same need: thermodynamic database 
development is a long-term development and feeds a more short term and operational needs 
which corresponds to the operational database.  
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Table 4: Values of solubilities and retention coefficients on clay materials for several 
elements in environmental waters 

 
deep waters element S (mol/L) Kd (L/mol)

Anionic forms C, Cl, I, At infinite value Kd=0

Divalent d transition element Ni, Hg, Pb, Pd -6 < log S < -5 2 < log Kd < 4 illite and kaolinite)

Actinides (III) and lanthanides (III) La, Sm, Eu, Gd, Tb, Dy, Ho, Lu, Ac, 
Pu, Am, Cm, Bk, Cf

-8 < log S < -4 4 < log Kd < 6 (smectite)
5 < log Kd < 7 (illite)

Other trivalent elements Ti, Bi, In -7 < log S < -3

Actinides (IV) Th, Pa, U, Np, Pu -10 < log S < -8 2 < log Kd < 4 illite and kaolinite)

Other tetravalent elements Hf, Zr, Tc, Se, Mo -12 < log S < -9 3 < log Kd < 4 (illite and kaolinite)

surface waters element S (mol/L) Kd (L/mol)

Anionic forms C, Cl, Tc, Mo, I, Se, At infinite value Kd=0

Divalent d transition element Pd, Sn, Ni, Hg, Pb -6 < log S < -5 2 < log Kd < 4 illite and kaolinite)

Actinides (III) and lanthanides (III) La, Sm, Eu, Gd, Tb, Dy, Ho, Lu, Ac, 
Am, Cm, Bk, Cf

-8 < log S < -4 4 < log Kd < 6 (smectite)
5 < log Kd < 7 (illite)

Other trivalent elements Bi, In -7 < log S < -3

Actinides (IV) Th, Pu -10 < log S < -8 2 < log Kd < 4 illite and kaolinite)

Other tetravalent elements Hf, Zr, Ir -12 < log S < -9 3 < log Kd < 4 (illite and kaolinite)

Actinides (V) Pa, Np

Actinides (VI) U -6 < log S < -3 2 < log Kd < 3 illite and kaolinite)
 

 

 

1.4 Coupling with the transport processes 

1.4.1 PHYSICS OF TRANSPORT IN POROUS MEDIA 

In a first step, the prediction of transport in porous media requires the prediction of the water 
flow field. In porous saturated media, water flow is given by the Darcy law : 

HKU ∇−=
rr

 
where U is the Darcy velocity (in m.s-1) , K the permeability (in m.s-1) and H the piezometric 
head.  
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Then, the general equation of water mass conservation leads to the following equation which 
allows one to calculate the flow field: 
 

Σ=∇+
∂
∂ U

t
HS

rr
 

 
where S is the storage coefficient (m-1) and Σ is a source term, representing, for example, a 
pumping or an injection well. It accounts for rock deformation due to pressure variation. Here 
we assume the fluid to be incompressible and with no density variability.  

Once the flow field is known, Darcy equation solved, transport may be simulated. The 
transport equation, applicable only for ideal tracers without chemical interactions with the 
porous medium,  reads: 
 

0C)CDCU(
t
C

=λ−∇−∇+
∂
∂

ω
rrr

 

 
where ω is the porosity, λ the radioactive decay constant, DeUD += α  is the diffusion-

dispersion tensor. This tensor accounts for molecular diffusion, De , in the pore water and for 
dispersion of streamlines, Uα , with α , the dispersivity tensor. The effective molecular 
diffusion coefficient, De, is linked to the molecular diffusion coefficient in freewater, D0, the 
porosity and a formation factor F expressing the effect of tortuosity and constrictively, by the 
relationship : 

ωFD
De 1

0

=  

1.4.2 TRANSPORT – CHEMISTRY COUPLING 

Reactive transport coupling becomes necessary when the tracer interacts with the matrix. The 
coupling of the linear sorption model (Kd model) with transport is especially simple, since the 
solute transport equation retains the same form (cf. 1.4.1) with a retardation coefficient R = 1 
+ ρKd, where ρ is the grain density of the sorbing matrix.  More complex chemistry-transport 
models become necessary whenever the physico-chemical reactions occurring in the system 
are not described by linear models, like the Kd-type sorption. This is generally the case when 
the waste matrix/package alteration and/or the migration of chemical elements depend on the 
chemical conditions prevailing in the near field, or when the natural or engineered materials 
are subjected to mineral transformations. It is particularly important for the migration of RN 
susceptible to co-precipitate with other elements and which are often sensitive to changes in 
redox conditions (cf. section 3.2.3.). In all these cases, one has to use multicomponent 
geochemical systems which (1) require a complete speciation of aqueous species reflecting 
the pH and Eh conditions and (2) involve reactions such as dissolution and precipitation of 
mineral phases, sorption and exchange of ions.  
 
The classical form of the reaction-transport equation, or conservation equation, for 
uncompressible porous media takes the following form (Lichtner, Steefel, and Oelkers, 1996): 



Overview of CEA Research in the field of Radionuclides Migration              Page 44/173 
 

44 

( ) ( ) chim
mm

imm

RuCCDdiv
t

CC
jj

jj
+−∇=

∂

+∂ rrω
 

where Cj
m is the mobile total concentration, and Cj

im the immobile (sorbed) total concentration 
of the chemical element j, ω is the porosity, D is the tensor expressing diffusion (and possibly 
dispersion), and u is the darcian flow rate. This equation includes on the right hand side, a 
diffusive term, an advective term, and Rchim, a chemical source/sink term including mineral 
precipitation/dissolution and possibly exchanges with the gas phase. 
 
The feedback effect of the coupling between chemical reactions and flow/transport (see 
Figure 23) appears when expressing the different terms of the conservation equation as a 
function of the physical properties of the porous media and the parameters of the different 
phenomena (Lichtner et al., 1996; Steefel and Van Cappellen, 1998), e.g. :  

− flow rate (Darcy's law and Cozeny-Karman formula) 
( )

32

2

5
1        with

ω
ω

TS
KhdragKu −
==

r
 

− diffusion (based on Archie's law)          m
oDD

ω
=  

− precipitation/dissolution kinetics (e.g. Lasaga, 1998)        

∑ ⎟
⎠
⎞

⎜
⎝
⎛ −=

p p

p
ppchim K

QSkR 1  

where K is the hydraulic conductivity, h the hydraulic head, ST the total area of the solution-
solid interface, Do the molecular diffusion coefficient, m the cementation factor, kp the kinetic 
constant of mineral p, with its surface area Sp, ion activity product Qp and equilibrium 
constant Kp.  
 
Not shown in these equations are the sorption and ion exchange phenomena linking the 
mobile and immobile part of the Cj's and involving parameters such as the surface area of 
minerals possessing sorption sites. 
 
As shown in Figure 23, precipitation and dissolution of minerals will affect their surface area 
(and the number of sorption sites) and change the porosity and the concentration of dissolved 
species. These changes will in turn modify the permeability and the effective diffusion 
coefficients affecting the flow rate and the transport of dissolved species. 
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Figure 23: General overview of coupled reactive transport phenomena in porous media 

 
These transformations eventually lead to changes in the physical and chemical conditions in 
which the minerals dissolve, precipitate, and sorb species. The way a particular feedback acts 
in the system is crucial to determine if an initial perturbation will be attenuated or amplified. 
This might be the case in the context of deep geological repository where atmospheric 
oxidation conditions are introduced at depth, where different materials are put into physical 
contact and where migration of elements needs to be avoided. 
 
The reaction-transport equation can be solved using different numerical methods (e.g. Steefel 
& MacQuarrie, 1996). These methods can be divided into 2 main groups: (1) the implicit 
coupling where reactions and transport are solved simultaneously, e.g., in Crunch (Steefel, 
2001), and (2) the operator splitting methods where reactions and transport are solved 
sequentially or iteratively, e.g., in Hytec (Van der Lee et al., 2003). Although the first method 
tend to be more CPU consuming at each timestep (large set of non-linear equation to be 
solved), it seems more suited to calculations over long time span (typically 1 million years) 
than the second method, by allowing to take much larger timesteps. However, the second 
method is better at capturing quick changes in concentration such as redox fronts in advective 
transport. 
One of the major directions of research on this subject concerns the relationship between 
porosity and permeability changes as a result of mineral precipitation/dissolution. A series of 
numerical studies were conducted looking at porosity clogging in concrete-clay systems 
(Lagneau et al., in press; Trotignon et al., in press). These studies helped to design an 
experimental device which is proposed as a basis for consistent code benchmarking 
(Trotignon et al., in press). Some systems show the opposite behaviour, where local porosity 
enhancement can lead to preferential pathways. This is potentially the case in the iron-clay 
system where the initial clay material (smectite) is transformed in a new phase (berthierine-
like phase) with smaller molar volume, swelling and ion exchange capacity (Jullien et al., in 
press). 
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Research activities on numerical methods and applications of codes are pursued in 
collaboration with others groups such as the PGT consortium (Pôle Géochimie Transport with 
Armines-CEA-EdF-IRSN-Lafarge), in the 6th European Framework Program (NFPro), with 
the Lawrence Berkeley National Laboratory, and in the Alliances project. 
 

1.5 Influence of microbiological processes 

Microbiological processes can influence the migration processes of toxic metals in soil in 
solubilizing or immobilizing various forms of the metals, (Francis et al., 1994). 
 
The radionuclides and toxic metals in soils are often present according to several forms such 
as elemental, oxides (simple or complex oxides including ferrites), coprecipitates (metals 
coprecipitates with oxides of iron), carbonate complexes , organic and inorganic complexes 
and naturally occurring minerals. 
 
The mechanisms by which microorganisms catalyzse dissolution or precipitation of heavy 
metals and radionuclides include: 

− oxidation-reduction reactions which affect valence state and solubility, 

− changes in pH and Eh, 

− production of sequestering agents, 

− and bioaccumulation and biosorption. 

1.5.1 IMMOBILIZATION OF RADIONUCLIDES BY MICRO-ORGANISMS 

1.5.1.1 Biosorption 

Among the various inorganic and organic metal complexing agents such as hydrous metal 
oxides, clays and humic substances, microorganisms and their constituent polymers are the 
most efficient scavengers of metallic ions. Bacteria but also microbial biofilms can bind 
significant quantities of heavy metals and radionuclides through passive sorption mechanisms 
involving physico-chemical mechanisms using charged constituents on the cells surface (e.g. 
ionic exchange, adsorption, complexation). Ferris et al (1989) and Ginisty (1999) have 
described in details the mechanisms and the biochemistry of the interactions of metal ions 
with bacterial cell walls and extracellular biopolymers (biofilms). 

1.5.1.2 Bioaccumulation 

Accumulation within microbial cells of cationic radionuclides has been reported in many 
prokaryotic and eukaryotic microorganisms. It usually occurs by specific and non-specific 
transport systems found at the surface plasma membrane of the microorganism, energy 
consuming processes involving the transport to the interior of the cell. For instance, caesium 
is accumulated by major groups of microorganisms using the K+ transport systems (Macaskie 
et al. 1996). 
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1.5.1.3 Reduction- precipitation 

Bioreduction is generally recognized as an important metabolic process catalyzed by soil 
microorganisms and controlling the fate and transport of heavy metals and radionuclides, as 
well as the geochemistry of subsurface and sedimentary environments. Bioreduction convert 
dissolved, oxidized forms of multivalent heavy metals and radionuclides, such as U(VI) and 
Cr(VI), to reduced forms that readily precipitate from solution. 
 
Bioreduction can be directly linked with the energy metabolism of the microorganisms 
(dissimilatory reduction), the metal is used as the terminal electron acceptor. In that way 
Shewanella putrefasciens reduces U(VI) to U(IV) (Lovley ,1993). Some reductions also occur 
in microorganisms but are not linked with the energy metabolism (dissimilatory reductions) 
and are part of specific microbial mechanisms such as tolerance and detoxification. For 
instance, Desulfovibrio desulfuricans reduces technetium or uranium (Lovley et al., 1993). 
 
After reduction,  radionuclides can precipitate. Such a process can be located either inside the 
microorganism or/and outside the cell membrane. Precipitates can be oxides, sulphides (with 
sulphate reducing bacteria), or phosphates. 

1.5.1.4 Oxidation-Precipitation 

Biooxidation is the use of reduced metals as the source of electrons for energy transduction. 
These include iron and manganese oxides or multivalent contaminants such as uranium.  
 
Iron and manganese are soluble in their reduced form (Fe2+, Mn2+), but form insoluble 
precipitates in their oxidised state (Fe3+, Mn4+). Then, coprecipitation or adsorption of the 
radionuclides, or the metals, with iron or manganese oxide takes place. Adsorption on iron III 
oxides or manganese IV oxides can be observed for a great number of radioelements such as 
Th, Ra, U, Am, Cs, and also for most of the toxic metals such as Ni, Cd, Zn, Pb. 

1.5.2 SOLUBILIZATION OF RADIONUCLIDES BY MICROORGANISMS 

In the terrestrial environment, solubilization of radionuclides is of particular significance with 

high implications in migration, transfer to plants and higher organisms.  

1.5.2.1 Dissolution of metal oxides 

Microorganisms catalyze the dissolution of metal oxides by direct action (reduction of the 
metal which is used as the terminal electron acceptor: iron reducing bacteria) or indirect 
action (production of metabolites such organic acids lowering the pH of the medium or 
chelating agents, chelating radionuclides and enhancing their migration in soils). 
 
Microbial reduction and dissolution of iron and manganese oxides under anaerobic conditions 
have been studied (Veglia et al, 1995). Iron oxides retain transition and heavy metal in soils 
environment by sorption and co-precipitation. These metals (As, Cd, Co, Hg, Se, Pu) are 
solubilised by iron reducing bacteria: Clostridium sp., and radium and uranium can be 
solubilised by iron and sulphate reducing bacteria, (Francis, 1994). 
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1.5.2.2 Organic matter degradation 

Semi-natural soils and ecosystems are characterized by a cycle of organic matter from litter to 
humic and fulvic acids. Indeed, organic matter of animal, plant and microbial origin is 
decomposed by heterotrophic microorganisms. As some radionuclides can be bind to organic 
matter (see biosorption processes) microbial degradation of this organic matter therefore 
results in the solubilization of these radionuclides by degradation of their binding sites on 
macromolecules. 

1.5.3 CONCLUSION 

The influence of microbiological processes on the mobility of radionuclides is depending on 
several parameters: 

− the physico-chemical conditions; pH, temperature, pressure…, it is now well 
demonstrated that microbial activity does exist  even under extreme conditions, 

− the availability of key nutrients (C, H, O, N, P, S) and of energy sources, electron 
donors and acceptors required for bacterial growth. In this way, subsurface 
environment (depleted in oxygen) will enhance the development of anaerobic 
bacteria using sulphate, nitrate, metal oxides or carbon dioxide as alternate 
electron acceptor, 

− the geochemical distribution of radionuclides in the environment, for example, 
precipitated with oxides, sulfides or bound to organic matter, (see 4.3.3, 4.4), 

− the speciation of redox-sensitive radionuclides such as U(VI) -U(IV). 
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2 MIGRATION OF RN IN PWR REACTORS 

2.1 Introduction: specificity, description of relevant RN, of relevant 
physical and chemical conditions, of the different processes 

Studies on radionuclides migration in Pressurised Water Reactors (PWR) started with the 
beginning of the French electronuclear program. The initial objective, associated with the 
design and operating conditions of the reactors, was threefold. The goals were to predict and 
limit: 

− The impact of the circuit contamination on personnel exposure to radiation , 

− The activity of the wastes produced during reactor life, 

− Releases to the environment. 
 
Afterwards, the decrease of operating costs, the increase of reactor availability and of public 
acceptance became the main stakes, which led to new R&D programs, essentially carried out 
with industrial partners. 
 
Radioactive nuclide formation occurs in three different ways: 
 

• Activation of the chemical elements present in the primary coolant, when the 
latter goes through the reactor core 

 
This activation essentially leads to the production of short half-lived radioactive isotopes, 
with high gamma energy. The most important one is 16N (7.17 s half life), which causes such 
high dose rates that access to the primary circuit is forbidden during normal reactor operation. 
The only long-lived radioactive isotope is 3H (~12 y decay half life), mostly created by this 
activation process. 
 

• General corrosion of structural materials 
 
This process generates the release of metal ions in the primary water. These chemical 
elements may be deposited on fuel element cladding and therefore be activated under neutron 
flux. Physico-chemical phenomena, such as dissolution or erosion, result in the dissemination 
of these radioactive isotopes in the primary circuit. In particular, their deposition on primary 
circuit walls creates a radiation field which is responsible for 85% of the overall dosimetry of 
maintenance and operation staff. Two cobalt isotopes, 58Co and 60Co, respectively caused by 
Ni and Co activation, (Ni and Co come from steam generator corrosion) represent over 80% 
of this dosimetry. Long-lived radioactive isotopes (59Ni, 63Ni, 94Nb, ..) are also created by this 
process. The contamination caused by these isotopes may be a major problem for waste 
management after dismantlement. 
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• Fission products and minor actinides 
 
They are released in the primary coolant in case of failure of fuel cladding. In most cases, 
only the release of gaseous fission products (Xe and Kr isotopes) and volatile fission products 
(I and Cs isotopes) is observed. As opposed to corrosion products, these radioactive isotopes 
are mainly in solution in the primary circuit water and therefore can be eliminated through the 
purification system. In rare cases, severe fuel cladding failures can lead to the release of fissile 
elements in the primary system and to the dissemination of solid fission products and 
actinides, which may be deposited on the primary system. This contamination is a problem for 
maintenance operations. 
 
The formation and the transport of these radioactive isotopes involve physical and chemical 
phenomena in a high temperature aqueous medium (up to 340 °C). 
 
The methodology used to conduct this R&D program is based on : 

− The running of analytical experiments in test loops in order to provide or validate 
the data base necessary to run computer simulation codes 

− The development of computer simulation codes based on theoretical and 
mechanistic studies on the behaviour of corrosion and fission products in the 
reactor. 

 
The on-site measurements on reactors in operation so as to identify problems, validate 
computer codes and verify the impact of operating conditions changes or reactor design 
changes on primary circuit contamination. 
 

2.2 RN speciation in PWR reactor 

 
2.2 RN speciation in PWR reactor  
 
2.2.1 Scientific challenges and experimental approach 
 
Thermodynamical approach is very important and useful to understand the chemical 
phenomena in reactor coolant systems of nuclear reactor. The thermodynamical data bases 
especially those related to ionic species in aqueous phases at high temperatures are, however, 
very poor and sometimes not reliable. A generalized thermodynamical approach is applied to 
the analysis of experimental results of the solubility of oxides in pure water and at high 
temperatures. The aim is to be able to perform thermodynamic calculations and predictions 
for aqueous systems at high temperatures in conditions where equilibrium concentrations have 
frequently not been measured. 
 
 
 
2.2.2 Interpretation of solubility measurements 
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The determination of the phases present in the primary circuit and of the equilibrium 
concentrations of metals is obtained by the new CEA ThermoDY model using a 
thermodynamic approach. 
In order to determine the different phases which are present in the circuit and the equilibrium 
concentrations, it is assumed that the oxides are mixed oxides of spinel structure such as: 
 (Ni,Co,Fe, ...)1(Fe,Cr)2O4  
and that these oxides are solid solutions. In a first approximation, this solid solution can be 
assimilated to an ideal solid solution. The activity of each constituent is thus equal to its molar 
fraction in the solid solution. Let us consider that the solid solution composition is known, as 
a result of the resolution of mass balance equations describing the corrosion process at the 
former time step. The behaviour of this solid solution can be determined using the 
thermodynamic properties of simple ferrites and simple chromites and the temperature 
dependence of their Gibbs energies. Based on this very simple description, it is possible : 
• to predict the stability of the considered oxide versus temperature, pH and hydrogen partial 

pressure conditions, 
• to calculate the equilibrium concentrations of dissolved metals by assuming that the oxide 

composition does not significantly change during the considered observation time. 
Thus, one can predict if magnetite, hematite, metallic nickel or other phases can 
spontaneously form. 
The relevant chemical reactions can be summarised as follows for ferrites (similar equations 
can be written for chromites): 
• for the solid phases: 
– for ferrite <MFe2O4> in the solid solution: 
 <MFe2O4> + 4/3 H2 = M° + 2/3<Fe3O4> + 4/3 H2O 
 <MFe2O4> + 1/3 H2 = MO + 2/3<Fe3O4> + 1/3 H2O 
– for magnetite in the solid solution: 
 <Fe3O4> + 4 H2 = 3 Fe° + 4 H2O 
 <Fe3O4> + 1/2 H2O = 3/2 Fe2O3 + 1/2 H2  
• for the dissolution reactions: 
 <MFe2O4> + 2 H+ + 1/3 H2 = M2+ + 2/3 <Fe3O4> + 4/3 H2O 
 <Fe3O4> + 6 H+ + H2 = 3 Fe2+ + 4 H2O 
 M2+ + n H2O = M(OH)n

2-n + n H+  
 
For each of these transformation reactions of the solid solution, the limit solid composition at 
which an additional M°, MO, Fe° or Fe2O3  phase forms can be calculated. Results obtained 
for the NixFe3-xO4 nickel ferrite at 300 °C are reported in Figure 24. 
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Figure 24: Stability field at 300°C for the mixed oxide NixFe3-xO4 predicted by 

ThermoDY. 

 
In this example, the dependence of the stability domain of the mixed ferrite with respect to 
temperature and hydrogen partial pressure can be shown. For a hydrogen concentration of 50 
cm3/kg, the stability limit of nickel ferrite goes from x =  0.9 at 350°C to x = 0.3 at 250°C. 
Moreover, if the hydrogen concentration is not sufficient , Ni will not be formed but nickel 
oxide NiO will. In the same way, if the hydrogen concentration is not sufficient, ferrite will 
oxidise to give hematite Fe2O3. Once stable phases are identified, the equilibrium 
concentrations of metals in solution can be calculated  by writing, for each dissolution 
reaction, the relation linking the concentration M2+ to the activities of the species present in 
the solid solution and/or to the present additional phases. These equations obviously depend 
on temperature, pH and hydrogen partial pressure. The thermodynamic data for the aqueous 
species come on one side from the literature but also from laboratory solubility measurements 
made in the CEA over the last thirty years. The Figure 25 shows a fit of solubility data for 
magnetite by a model using Gibbs energies for aqueous species  described by the Helgeson-
Kirkham-Flowers model.  
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Figure 25: Fit of magnetite solubility (surface)Experimental data: (Lambert & You), 

(Sweeton & Baes), (Tremaine & LeBlanc) 

 
Experimental tests have been performed on the SOZIE device to study the transfer of 
corrosion products during PWR cold shutdowns: one with nickel ferrite and the other one 
with metallic nickel [You, 2002]. The temperature evolution together with boron and oxygen 
concentration evolutions are similar to those predicted by the CEA ThermoDY model. 
 
These results compared to reactor data lead to the conclusion that metallic nickel is most 
probably present as a primary deposit in the core  
The SOZIE device (laboratory scale instrumentation) can reproduce a peak of corrosion 
product release similar to that observed in PWR and the ThermoDY model can determine the 
nature of solid phases that are responsible for the radioactivity peak during reactor shutdown. 
The fact that the ThermoDY thermodynamic model gives values for dissolved metal quite 
close to the measured nickel concentrations means that thermodynamic solubility equilibrium 
is reached during these rapid transient phases of cold shutdown. 
The peak observed in PWR is actually more complicated : the existence of different metal or 
metal-oxide phases in the core and in the GV is a hypothesis to explain the complexity of the 
radioactivity peak.  
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Figure 26: Experimental results obtained on the SOZIE device compared with  
simulations by ThermoDY (a) test with nickel, (b) test with nickel ferrite 

 
 
2.2.3. Perspectives 
 
One of our major aim is to optimise the plant operation by testing through modelling and 
experiments on loops the different ways to stop power plant: several possibilities are 
explored, in particular by setting acidic-reducing chemical conditions in order to reduce 
oxides in the GV or modify cooling procedures and timing of the cold shutdown in order to 
reduce the total duration of the cold shutdown. 
The ThermoDY model is now in progress to integrate more data available in open literature 
but also from laboratory solubility measurements made by the CEA on corrosion products, 
activated corrosion products and fission products. 
 

2.3 Description of the different regimes of corrosion product migration 
in PWR reactors 

2.3.1 MIGRATION DURING CONTINUOUS OPERATION OF THE REACTOR 

Context 
 
Deposits of activated corrosion products on primary circuit surfaces generate a radiation field 
that is the greatest contributor (85%) to the dose absorbed by nuclear power plant staff during 
shutdown and maintenance operations in PWRs (Anthoni & Ridoux, 1996). 
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Moreover, in specific conditions, deposits on the fuel elements (crud) can lead to axial offset 
anomalies. Considerable cruds can also decrease the thermal transfer between the primary 
coolant and the fuel cladding, increase the pressure drop in the core and therefore decrease the 
fluid mass flow. These phenomena result in a temperature increase that could affect reactor 
power and cladding oxidation. If these effects are of large amplitude or occur for a long time, 
they could damage cladding integrity. 
 
Therefore the understanding of the mechanisms that control corrosion product transfer is of 
great importance. For almost 30 years, the French strategy has been to study the impact of 
PWR design and operating parameters on contamination. This strategy is based on test loop 
experiments representative of PWR conditions (see §2.6.1), on in-situ contamination 
measurements (see §2.6.2) and on code development (see §2.5). This CEA R&D effort is 
ongoing, in collaboration with EDF and Framatome ANP. 
 
Steps in circuit contamination  
Figure 27 presents the main steps leading to primary circuit contamination by corrosion 
products. 
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Figure 27: Schematic presentation of primary circuit contamination 

 
Actually, the formation process of radioactive corrosion products is very complex. It involves 
many different mechanisms that react among each other. The first mechanism is the uniform 
and generalized corrosion of metallic alloys (stainless steel, Inconel, Incoloy, Stellite). This 
leads to the generation of a dual oxide layer: an inner compact layer (NixFeyCr3-x-yO4) and an 
outer porous layer (NixFe3-xO4) (Coulet, 1996). The inner layer is a passive oxide layer, which 
limits ion exchanges between metallic alloys and primary coolant but does not eliminate 
them: ions are released in the primary coolant. The quantities of released materials are small 
(of about several mg/dm²/month) and do not alter component soundness. 
 
The primary coolant transports ions generated by the corrosion-release phenomenon or by 
oxide dissolution. When the coolant becomes supersaturated in corrosion products, ions can 
precipitate on the walls or in the bulk of the fluid to form particles. Particles are also 
generated by erosion processes. Transported by the primary coolant, particles are deposited 
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inside the circuits or they can agglomerate. Dissolution and precipitation depend on the 
corrosion product equilibrium concentrations, which depend on primary coolant chemical 
treatment (pH, H2 concentration, temperature) (see §2.2). 
 
Two types of radioactive corrosion product formation coexist. On the one hand, the activation 
of corrosion products occurs when these are deposited on surfaces under neutron flux. On the 
other hand, the corrosion of structural materials under neutron flux is accompanied by a 
release of radioactive corrosion products. 
 
The main mechanisms of corrosion product transfer are indicated in Figure 28. 
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Figure 28: Main mechanisms of corrosion product transfer 
 
For most PWRs, two radioactive isotopes, 58Co and 60Co, contribute for over 90% to the dose 
rates around the circuits (Dacquait et al., 2004). They come from the activation of stable 
nickel and cobalt isotopes: 
 
58Ni + n → 58Co + p   (58Co radioactive half-life: 71 days) 
59Co + n → 60Co + γ     (60Co radioactive half-life: 5.3 years) 
 
For the same activity, the 60Co contribution to the dose rate is 3 to 4 higher than that of 58Co 
because  60Co radioactive decay emits more powerful gamma radiations.  
 
Recent studies on parameters influencing primary circuit contamination 
 
The study of French PWR contamination shows that 58Co is predominant in dose rates for the 
first reactor cycles. Progressively, its contribution decreases, giving way to 60Co, which 
accumulates because of its radioactive half-life. Nevertheless, for some reactors, after several 
cycles, the contribution of 58Co may reach the level of the first cycles.  This increase is the 
result of Steam Generator Replacements (SGRs) (Dacquait et al., 2000). A SGR influences 
the 58Co and 60Co levels, and the distribution and contribution to the dose rate in the PWR 
primary circuit. The corrosion product deposits in the primary system before a SGR and the 
manufacturing process of the new SG tubes seem to be the two key factors explaining the 
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distribution and levels of contamination after a SGR. Although the tube material (alloys 600, 
690, 800) is important, it seems to be secondary.   
Figure 29 shows the evolution of the total 58Co and 60Co activities deposited on the out of flux 
surfaces after an SGR, the former SG tube bundles were in alloy 600MA and the new ones in 
690TT. Because of  60Co radioactive half-life, the 60Co deposited activity on the new SG tubes 
increases for several cycles but with a lower rate than before the SGR. This is due to a lower 
cobalt content of the new SG tubes and to the improvement of their manufacturing process 
(Anthoni & Ridoux, 1996). This means that SG tubes are the main source of cobalt as long as 
there is no excessive wear of Stellite hard-facing material.  
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Figure 29: Evolution of the total activities deposited on the out of flux surfaces  
after a SGR 

 
In the case of excessive wear of stellite (cobalt base alloy), rich cobalt particles are 
transported by the primary coolant. If they become radioactive, the so-called “hot spots” 
generate very high dose rates and increase the 60Co activity uniformly deposited on all the 
circuits after several cycles. Therefore, a program has been started in France to eradicate hot 
spots (Rocher et al., 2000). 
 
Two other radionuclides greatly contribute to dose rates, either for the whole circuit, 124Sb 
(radioactive half-life : 60.2 days), or locally, 110mAg (radioactive half-life : 249.8 days) 
(Bretelle et al., 2002). The 124Sb contamination originates from the release of antimony from 
pump bearing or from Be-Sb source rod failure. 110mAg comes from the activation of the Ag-
In-Cd alloy contained in PWR control rods or of silver coming from seals. 110mAg is 
essentially deposited on the cold walls of the circuits (Chemical and Volume Control System, 
Residual Heat Removal System…). In certain parts of the circuits (for instance, the non-
regenerative heat exchanger of CVCS), it contributes by over 90% to the dose rates. 
 
In order to limit the formation and transfer of radioactive corrosion products (minimum 
corrosion rate and solubility of corrosion products), the primary coolant conditioning in 
French PWRs is essentially based on boron-lithium chemistry, with a target pH of 7.2 at 
300°C, a maximum lithium concentration of 2.2 mg/kg and a hydrogen concentration of about 
30 ml/kg STP (Bretelle et al., 2004). Boron controls core reactivity. It is added in boric acid 
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form (H3BO3) in the primary coolant. The pH is controlled by the addition of lithine (LiOH). 
The lithium concentration is limited because of the increased risk of Zircaloy fuel cladding 
corrosion. In other countries, the target pH is 7.4 at 300°C, but it could have a negative impact 
on contamination (Venz et al., 2002).  
 
For extended fuel cycle operation (18 months instead of 12 months), the boron concentration 
is higher at the beginning of cycles (>1500 ppm).  This concentration does not allow an 
optimum pH300°C to be maintained because of the authorized maximum lithium concentration 
of 2.2 ppm. An operation with a too low pH300°C can lead to important deposits on fuel rods, 
an increase in contamination and axial offset anomalies in extreme cases. In order to limit 
operation with too low a pH300°C (pH300°C < 6.9) at the beginning of cycles, a modified 
chemistry with a maximum lithium concentration of 3.5 mg/kg for a pH300°C up to 7.0 was 
experimented in an EDF PWR : the “DUO experimentation” (Viricel et al., 2002). This 
experimentation did not show any differences between the two kinds of chemistry, the boron 
concentrations not being high enough because of the use of gadolinia assemblies. 
 
For many years, an important effort on operation optimization and design improvement has 
been made to reduce dosimetry in French PWRs (Dacquait et al., 2004). This effort is 
ongoing, for example the following experimentations are in progress or planned in a close 
future: zinc injection in the primary circuit in order to reduce the 60Co incorporation into the 
inner oxide layer or a modified chemistry with a maximum lithium concentration of 3.5 ppm 
up to a pH300°C of 7.2. 
 

2.3.2 TRANSIENT BEHAVIOUR AT REACTOR SHUTDOWN 

Introduction 
 
Physicochemical conditions significantly vary during cold shutdown in French PWRs: power, 
temperature and pH decrease, change from reducing to oxidizing conditions ( 
Figure 30). These changes lead to corrosion product releases in the primary coolant 
(dissolving and crud bursts), which can be seen by considerable corrosion product increase in 
the radiochemical and chemical species (2 to 3 orders of magnitude). 
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Figure 30: Cold shutdown – Parameter variation 

 
This is why the cold shutdown procedure must meet the following objectives: 

− Minimize corrosion product release when this does not constitute an out-of-core 
contamination decrease, 

− Lower primary coolant activity as quickly as possible, 

− Avoid contaminating the primary circuit, 

− Facilitate fuel-handling operations while maintaining reactor cavity water 
transparency and reducing the surface dose rate during core unloading. 

 
To meet these objectives, studies have been carried out for many years in the CEA in 
collaboration with EDF to optimize shutdown procedure. These studies are founded on the 
chemical and radiochemical analysis of primary coolant samplings and on the measurements 
of the activities deposited on the circuits during cold shutdowns. 
 
Activity and chemical element concentrations 
 
To assess corrosion product behaviour, primary coolant samplings are made during PWR cold 
shutdown (see §2.6.2). Three main phases lead to corrosion product transfers (Anthoni et al., 
1989; Anthoni et al. 1994): 

− Power reduction, 

− Primary coolant boration and cooling, 

− Primary circuit oxygenation. 
 
A significant transfer of corrosion products mainly occurs at the time of primary circuit 
oxygenation. A nickel peak (several ppm) and a 58Co peak (a hundred GBq/t) then appear half 
an hour after the H2O2 injection. These peaks are due to a large dissolution of nickel, 
involving the 58Co formed from nickel. It is an in-core nickel metal or nickel oxide deposit 
that is stable in reducing conditions at high temperature and that dissolves in oxidizing 
conditions at low temperature. This was confirmed by an experiment in the SOZIE loop (see 
§2.2.2). 
 
The 58Co average peak in French 900 MWe PWRs is 110 GBq/t with a standard deviation of 
55 GBq/t (Dacquait et al., 2002). The highest 58Co peak values in 900 MWe PWRs are 
generally due to Steam Generator Replacements (Dacquait et al., 2000). The lowest peak 
values are generally due to delayed, incomplete oxygenations or unscheduled shutdowns with 
oxygenation in the course of cycle. The unscheduled shutdowns allow the nickel and 58Co 
deposited on fuel to be solubilized and purified. These deposits do not have time to reform 
before the refueling shutdown. Although penalizing, among other things, to availability, an 
unscheduled shutdown with oxygenation can have a beneficial effect on the refueling 
shutdown at the end of the cycle. Indeed, an unscheduled shutdown with oxygenation in the 
last six months of a cycle allows the 58Co activity peak to be decreased during the refueling 
shutdown (Dacquait et al., 2002). 
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Primary coolant purification 
 
During a cold shutdown, a great quantity of corrosion products is transported by the primary 
coolant. The activities and the masses of the “traditional” corrosion products (58Co, 60Co, 
54Mn, 59Fe…) are trapped by the particle prefilter and by the ion exchange resins of the 
CVCS. On the other hand, other undesirable radioelements such as 122Sb and 124Sb, as well as 
110mAg in colloidal form, are not systematically trapped by filters and demineralizers and 
these can significantly add to dosimetry (Bretelle et al., 2002). In order to quickly meet the 
activity criteria of the reactor cavity filling, two complementary research projects are under 
development and design engineering at EDF in collaboration with the CEA: to increase the 
purification flow rate and optimize the purification supports (Génin et al., 2004). 
 
 
Surface activities 
 
In order to evaluate the cold shutdown impact on contamination, the activities deposited in the 
PWR primary circuit have been measured for many years by means of the EMECC gamma 
spectrometry system (see §2.6.2). These measurements are carried out before and after 
oxygenation, mainly on hot legs and steam generator tube bundles. They have never shown a 
visible reduction in the 58Co and 60Co contamination on the out-of-core primary surfaces 
(Anthoni et al. 1989; Dacquait et al., 2002). On the other hand, we have observed that a 
significant 58Co recontamination of the primary circuit can occur if the effective temperature 
of the primary circuit oxygenation is higher than 80°C (Anthoni et al., 1994). 
 
Conclusion 
 
In France, the current procedure for the cold shutdown prescribed by EDF does not aim at 
decontaminating the out-of-core surfaces, but, at, as quickly as possible, reaching the criteria 
of the reactor cavity filling by avoiding recontaminating the primary circuit out-of-core 
surfaces. 
 
That is why: 

− Primary circuit oxygenation at 80°C, 

− Rapid temperature decrease  

− Improvements of primary fluid purification, 
 
during cold shutdowns, have, up to now, been the main points of focus in the French strategy 
of reaching the required dosimetric goals (ALARA), all the while optimizing unit outage 
schedules (availability). The current R&D program is to obtain thermodynamic data in the 
cold shutdown conditions (see §2.2) then model the corrosion product behavior in these 
conditions with the PACTOLE code (see §2.5). 
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2.4 Description of the different regimes of FP and actinide migration in 
PWR reactors 

2.4.1 MIGRATION DURING CONTINUOUS OPERATION OF THE REACTOR 

2.4.1.1 Context  

The cladding constitutes the first safety barrier in a PWR fuel rod design. The reliability of 
this barrier is currently very high. However, with a probability in the range of 10-6, a failure 
could appear on the cladding, provoking a possibility for volatile FP (noble gases, iodines, 
cesiums) present in the free volume of the rod to be released in the primary circuit. 
 
In the case of numerous failures  of the reactor core cladding, these radionuclides, which are 
mainly gamma emitters with a radioactive decay half life equal to 8 days (case of 131I) or less, 
can provoke radioprotection problems and limit reactor operation. The Radiochemical 
Specifications enforced on EDF reactors impose limits not to be exceeded for the activity 
concentration of these isotopes (e.g. 131I equivalent and 133Xe). 
 
The non-volatile fission products slightly diffuse in the fuel matrix and remain in the pellet, 
close to the place they were born. Consequently they are generally not released upon  
cladding failure. Nevertheless, in case of large clad failure, fissile material can be released by 
erosion outside the rod. In this case, the fissile material (also called “tramp uranium”) deposits 
on the different primary surfaces. If deposited under neutron flux (on fuel assemblies), it 
generates the emission by (fission) recoil of volatile and non volatile fission products in the 
primary circuit. 
 
The case of long half life fission products and actinides, beta and alpha emitters is specially 
studied because they are responsible in the long term for the activity in waste packages and 
they are not measurable by non-destructive means. This category of fission products, as well 
as actinides, contaminate the primary circuit in case of fissile material dissemination. 
Therefore there is a great interest in the prediction by calculation means of these radionuclides 
in PWR purification circuit filters and resins, as well as the activity deposited on the walls, the 
final aim being dismantling (Leuthrot at al., 1997).  
 
The understanding of the mechanisms that control the actinide and fission product release and 
transfer in the primary circuit of a reactor is the aim of CEA studies, in collaboration with 
EDF and Framatome-ANP, in order to predict the contamination and to reduce dosimetry and 
the environmental impact of the power plants. The strategy is based on measurements 
campaigns on EDF reactors (see §2.6.2), on separate effect experiments on failed fuel in 
research reactor (see §2.6.3) and on modeling. It leads to the development of two codes (see 
§2.5) : 

− The PROFIP code, which aim is to predict the distribution in fission product 
activities in PWR circuits, depending on the state of the core : the number and 
characteristics of the rods with a clad failure, the quantity and origin of the 
disseminated fissile material, 
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− The DIADEME code, which aim is to assess in operation failed fuel characteristics 
and primary circuit contamination for actinides and long half-life fission products. 

2.4.1.2 Release of fission products out of the fuel 

The fission product creation in the fuel matrix depends on the neutron flux and on the 
concentration of the fissile isotopes (235U, 238U, 239Pu, 241Pu, 242Am) as well as on their own 
fission yields.  
 
The fission products are released out of the fuel when they reach any location which 
communicates with the free volume inside the rod ; it includes the fuel-cladding gap, the 
upper plenum and the porosities inside the fuel which communicate directly with the free 
volume. Fractures and interconnected porosities are the most significant open porosities. 
 
The release mechanisms for the fission products may be classified according to their 
dependence on the temperature and the temperature gradient inside the fuel. 
 
At low temperatures (below about 800 °C), the mobility of the fission product atoms is too 
low to allow any appreciable displacement of the atoms, and only those fragments generated 
very close to the external surface can escape. The release occurs both by projection of the 
fission product out of the fuel under the effect of its kinetic energy (recoil action), or by an 
inelastic shock between a fission fragment and a stationary atom close to the surface (knock-
out process). These mechanisms are independent of both the temperature and the temperature 
gradient in the fuel. 
 
The fractions of fission products released by recoil and knock-out are low, since these 
phenomena only affect a thickness of about 10 µm of the fuel surface for recoil, and 200 Å for 
knock-out. 
 
For temperatures greater than 800 °C, the displacement of atoms inside the fuel becomes 
significant and the release by diffusion in oxide crystallites can occur. The release mechanism 
is complex, as it includes not only diffusion in the grains, but also the trapping of atoms in the 
closed porosities, diffusion and trapping in the grain boundaries and open porosities. 
 
Once released in the open porosities and the fuel cracks, the fission products migrate to the 
fuel-cladding gap. Then different mechanisms lead to the release of fission products out of the 
gap of a failed rod. In power reactor, it can be considered that apart from diffusion, 
conveyance by the stable fission gases, water vaporization and radiolysis, and pressure 
oscillation are the predominant transport and release mechanisms in nominal operation of the 
reactor. However, the non-gaseous elements (iodines and cesiums in particular) are trapped by 
adsorption or chemical reaction at the oxide surface and on the internal wall of the cladding. 

2.4.1.3 Release of fission products and actinides from the fissile material 
contamination 

In the event of large size cladding failure (failure due to baffle jetting or secondary hydriding 
of failed rods), the primary water may penetrate into the rod and convey the fissile material 
into the primary circuit by erosion. The dissemination flow of the oxide out of the rod is very 
variable and can reach tens of grams per month of operation for mechanical bursts of rods (as 
in the case of hydriding for example). 
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Due to the very low solubility of UO2, the “tramp uranium” re-deposits on the walls of the 
primary circuit and on the fuel cladding (see § 2.4.3). It is responsible for the recoil emission 
of fission product in the primary circuit. 

2.4.1.4 In operation diagnosis of failed fuel characteristics and primary 
circuit contamination 

The studies on the release of fission products and actinides out of failed fuel rods in operation, 
and on their migration and deposition in PWR primary circuits have allowed failure 
characteristic diagnosis methods to be developed, based on radiochemical measurements on 
the primary coolant. 
 
These methods are generally used along with gamma spectrometry measurements on primary 
water sampling. In order to be completely efficient, these methods can also be used in 
connection with an on-line primary water gamma spectrometry device.  
 
These methods allow (Génin et al., 2002) : 

− To diagnose the number and characteristics of failed rods, using the primary 
activities under operation in noble gases, iodines and cesiums, 

− To estimate the mass of disseminated fissile material (tramp uranium), using 
iodine activity, 

− To predict the activities in long-lived radionuclides in the filters and resins of the 
purification circuit, by monitoring the activity of gamma emitter tracers in the 
primary circuit. 
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Figure 31: Gas and iodine released fractions in the primary water. The "release-to-birth 
ratio in the primary circuit" is the ratio of the FP instantaneous release in the primary 

circuit to the FP instantaneous production in the pellets of one rod. 
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The estimation of the number of cladding failures is based on the comparison between  the 
measured volume activity in 133Xe, and the activity generated by a cladding failure. The 
activity due to a single failure is calculated with the PROFIP code. It depends on the 
irradiation power of the failed rod. This information is mainly obtained experimentally by 
determination of the line slope drawn by the release-to-birth ratios of the gases, plotted versus 
their radioactive constant on a diagram with logarithmic coordinates (cf. Figure 31). 
 
An estimation of the defect equivalent size deduced from sipping test results, can be made 
using an experimental correlation with activities in 131I and 133Xe. This correlation shows 
globally the fact that gas release is not very sensitive to the size of the failure, whereas iodine 
is more easily released outside the rod when the size of the failure is large. 
 
The UO2/MOX discrimination is made using the ratio of primary activities in 85m Kr and 
135Xe, which cover separate domains for UO2 and for MOX, due to rather different yields for 
uranium and plutonium isotopes (Parrat et al., 1995). 
 
The diagnosis of the above characteristics is more accurate if the failed rods are not too 
numerous. In the case of several defective rods, the characteristics obtained will be an average 
over all the rods. Only an appearance over (progressive generation during) time (at least over 
a one month period) of the different ruptures will allow each one to be characterized. 
 
The estimation of the fissile material mass disseminated is made using the primary activity in 
134I. This isotope is used as a tracer of fissile material in the primary circuit : because of its 
short radioactive period (less than one hour), it decreases in the free volume of the rod 
(trapped on the walls) before being able to leave through the clad failure. Thus, the 134I 
activity measured in the primary circuit can be considered as coming exclusively from the 
fissile material deposited under neutron flux. 
 
To estimate the activity of radionuclides with long radioactive half life in the filters and resins 
of the purification circuit, correlations with gamma tracers are used. These correlations can be 
calculated by the PROFIP code (129I and 135Cs), or can be established using experimental 
results (case of corrosion products : 59Ni and 63Ni). 

2.4.1.5 Conclusion 

The studies carried out at CEA to understand the migration of fission products and actinides 
in a PWR lead to the development of the codes PROFIP and DIADEME, which allow the 
assessment of the primary circuit contamination and the diagnosis of the failed fuel rods and 
of the disseminated quantity of tramp uranium. A recent study resulted in the calculation of 
the alpha emitters activities on the primary surfaces of the EDF reactors ; the calculation 
results were in agreement with alpha analyses on experimental samplings (see § 2.6.2).  
 
The on-going development aims at improving these codes by integration of new fuel designs, 
of the fuel-clad gap closure with burnup and of the behavior of non volatile fission products 
(see §2.5). 
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2.4.2 TRANSIENT BEHAVIOUR AT REACTOR SHUTDOWN 

2.4.2.1 Activity peak in transient 

The volatile fission products trapped in the fuel-clad gap (iodines and cesiums) are released in 
the primary circuit during end of cycle shutdown through one or several activity peaks 
(figure 32). Indeed, the drop in temperature generates an opening of the gap which allows for 
water ingress in the gap and the iodines and cesiums trapped in the walls are thus put in 
solution. They pass through the clad defect due to vaporization of water in the gap (lowering 
of power phase) or by an expansion of the plenum gases (depressurization phases). Relative 
amplitudes of these peaks depend on shutdown history. 
 
One can also observe gas peaks (Xenons, Kryptons) in case of cladding defects present on the 
assemblies with high burnups (gap closure) or in case of small defects (figure 32). 
 

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

0 2 4 6 8 10 12 14 16 18 20

Days

A
ct

iv
ity

 (M
B

q/
t)

0

50

100

150

200

250

300

Po
w

er
 (%

Pn
) /

 P
ur

ifi
ca

tio
n 

flo
w

 ra
te

 (t
/h

) 
Te

m
p.

 (°
C

) /
 P

re
s.

 (b
ar

)

133Xe
135Xe
Power
Purification
Temperature
Pressure

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

0 2 4 6 8 10 12 14 16 18 20

Days

A
ct

iv
ity

 (M
B

q/
t)

0

50

100

150

200

250

300

Po
w

er
 (%

Pn
) /

 P
ur

ifi
ca

tio
n 

flo
w

 ra
te

 (t
/h

) 
Te

m
p.

 (°
C

) /
 P

re
s.

 (b
ar

)

131I
132I
133I
Power
Purification
Temperature
Pressure

 

Figure 32: Volatile FP primary activities during end of cycle shutdown 

2.4.2.2 Estimation of the fuel released fraction 

If there is a regular monitoring of the primary activity, it is possible to calculate the integral of 
the volatile fission product release during the transient (by taking into account the different 
disappearance terms : purification on CVCS resins, radioactive decay…) and thus to  
experimentally access the FP quantity trapped in the gap prior to the transient. Knowing the 
release through the defect, one can deduce the release out of fuel independently from the 
characteristics of the cladding defect (taking as a hypothesis that all the activity in the gap is 
released during the transient). This method is particularly adapted to iodines but cannot be 
applied to gases since the purification by gaseous flushing is difficult to quantify. 
 
This estimation of out of fuel release, using the iodines during a power transient, helps to 
validate the release models of PROFIP, independently from the gap behavior models. 

2.4.2.3 Diagnosis of cladding rupture during transient 

The estimation of fuel release also helps to make the diagnosis more accurate when counting 
the number of clad failures. Indeed, the clad failure diagnosis in operation is based on the 
release in the primary circuit of 133Xe, which can nevertheless be trapped in the fuel-clad gap 
in case of high burnup (gap closure) or in case of small defects. The diagnosis during transient 
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is based on the comparison between the observed 131I fraction released out of the fuel  and the 
the theoretical fraction calculated by PROFIP and does not integrate the fission product 
behavior in the gap. 

2.4.2.4 Diagnosis of defective fuel rod burnup 

The burnup of defective rods can be estimated by evaluating the ratio of the activities in 134Cs 
and 137Cs measured in the primary circuit during the transient. This ratio is the same as the 
ratio of activities within the fuel ; the evolution of this ratio with burnup can be calculated by 
a « fuel » behavior code (Génin et al., 2002). It is not possible to make this diagnosis during 
operation as the cesiums remain nearly all trapped in the fuel-clad gap.  

2.4.2.5 Transfer of non-volatile fission products 

During the planned shutdown transient of a reactor, temperature, pressure, pH and redox 
potential variations induce a specific migration of deposited fission products (as well as for 
actinides : see §2.4.3). For each species, it is necessary to proceed to a specific study which 
includes research on the thermodynamic data in the literature, the determination of missing 
data (if not available) by an experimental program, and measurements on reactor circuits to 
validate the global behaviour of the species. 
 

2.4.3 SPECIFIC CASE OF ACTINIDES 

Particular attention must be paid to the alpha emitting actinides. Because of their long 
radioactive half life, they raise problems in the management of  purification circuit filters and 
resins , as well as for dismantling and effluent management. Numerous measurement 
campaigns on reactors have enabled actinide behavior in the primary circuit to be modeled.  

2.4.3.1 During continuous reactor operation 

Actinides are in insoluble form (oxyde, hydroxyde) and deposit on different primary surfaces 
(roughly 50% on the core and 50% on the surfaces out of neutron flux). They are subject to 
deposition and erosion phenomena which generate material transfers between surfaces under 
neutron flux and out of neutron flux. The feedback of reactor monitoring has enabled the 
erosion and deposit rates to be known more accurately  and show that roughly 5% of the 
material deposited out of flux (on steam generators) is transferred under neutron flux during a 
reactor cycle. The activity fraction in the primary water (particles in suspension) remains low 
compared to the total deposited activity (ratio < 10-3) 
 
The following conclusions can be drawn : 

− Even after the unloading of all the assemblies which underwent dissemination of 
fissile material, there is still  presence of fissile material in the core due to transfer 
phenomena, and thus recoil emission of fission products in the primary circuit 
goes on, 

− The fissile material deposited on the steam generators is  eliminated very slowly 
(roughly 5% per cycle) and ends up being definitely encrusted in the surface oxide, 
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− Because of the low actinide fraction in water, the purification circuit does not 
allow the elimination of actinide contamination : the reactor remembers cycle after 
cycle, the fissile material dissemination. 

2.4.3.2 During a shutdown transient 

There is a dramatic increase (up to a factor of 100) of the total alpha activity in the primary 
water when the temperature drops during a shutdown transient (Figure 33). Indeed, actinides 
have the same behavior as the metal oxide particles present on the fuel cladding. These 
particles are put back in suspension during a drop in temperature, entraining the actinides. 
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Figure 33 : Alpha and corrosion product primary activities during an end of cycle 
shutdown 

 
This actinide driving by metal oxide particles is confirmed by numerous experimental results 
showing that the granulometry is similar for both corrosion products and actinides. 
 
The specific behavior of each species (U, Am, Pu, Np, Cm) must be studied. In-reactor 
measurements show that Am and Pu only partly solubilize after primary circuit oxygenation, 
that Np solubilize entirely after oxygenation and that Cm remains insoluble during the entire 
shutdown. The presence of alpha activity in a soluble form downstream from the CVCS 
circuit cannot therefore be excluded. 
 
Despite the significant increase in alpha activity in the water during shutdown, the transferred 
quantities remain low compared to the total deposited activity (< 1%). 
 

2.5 Simulation tools 

2.5.1 CONTAMINATION BY ACTIVATED CORROSION PRODUCTS 

The simulation of contamination in nuclear reactor primary circuit is a major challenge since 
it involves many physical (neutronics, thermohydraulics, thermo-aerolics, thermo-mechanics, 
thermophoresis, erosion, turbulence, etc…) and chemical (speciation, precipitation, 
dissolution, corrosion, etc…) processes. In addition to the intrinsic difficulty of multi-physics 
modelling, the primary circuit of a nuclear reactor presents uncommon and severe conditions 
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(300°C, 150 b, neutrons flux, water velocity up to 5-10 m.s-1) that explain that measurements 
are also difficult and then sparse, meaning that input data for elementary models and global 
measurements are also sparse compared to others fields of physics or chemistry. Nevertheless, 
the CEA has undertaken the numerical simulation of contamination in PWR primary circuit 
by activated corrosion products since the end of the ’70 with the PACTOLE code [Beslu et 
al., 1978]. The aim of this code was to determine the surface activity deposited on the 
different surfaces and volume activity of the water in the primary circuit. The modelling of 
many physical mechanisms was empirical in the beginning but benefited nevertheless from a 
large expertise provided by numerous campaigns of measurements on nuclear power plants. 
Since then, the PACTOLE has been used by the CEA and its industrial partners (i.e. EDF and 
Framatome-ANP) for helping  the conception and exploitation of nuclear power plant. 
Nowadays, the PACTOLE code is considered not only as a tool for numerical simulations and 
predictions but also as a tool that should federate all new knowledge useful to progress on 
contamination by activated corrosion products. To fulfill this goal, the complete re-writing of 
the PACTOLE code has been undertaken in the beginning of ’98 in order to be able to easily 
modify the underlying physics as soon as new knowledge is available. The new code, 
PACTOLE V3.0, is thus object oriented with C++ as programming language. The writing of 
this version V3.0 was achieved in 2002. Among the major improvements, apart the new data 
processing environment, the actual V3.0 version solves time dependant equations of mass 
balance in order to be able to treat transient phenomena [Marchetto et al., 2000]. A zero 
dimension modelling has been chosen, the mass balance equation in a control volume thus 
writes as follows, where i

jM  is the mass of the isotope i in the medium j 

outin
WS

i
j mmWellSource

t
M

&& −+−=
∂

∂
∑∑

 
 
A typical discretization of the primary circuit is displayed in Figure 34. The volumes are 
chosen in order to represent the correct wet surfaces, water velocities, composition of 
material, and off and under neutron flux. On this exemple, the core is on the left and the steam 
generators are given by GV 1 to 4. 
 
The interactions between different media (metal, internal oxide, external oxide, deposit, ion, 
particle, filters and resins) are displayed on Figure 35 : 
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Figure 34: Different control volumes of a primary circuit (from [Marchetto, 2002]) 
 
The numerical aspect of the V3.0 version has been specially treated in the framework of a 
PhD work [Marchetto, 2002]. In addition, corrosion of metal and release of oxide in the water 
rates have been decoupled by being included in the input data, thus allowing to consider 
different surface states of materials, which is known to have a large influence (“Vallourec” 
effect [Coulet, 1996]) 
 
The validation of this new version took place in 2003, ending in a project review that finally 
led to the industrial exploitation of PACTOLE V3.0 by the three partners. This validation 
included in particular a parametric and a sensitivity analysis, a comparison between 
measurements on experimental devices and nuclear power plants and numerical simulations 
with the V2.1 and V3.0 versions of the PACTOLE code [Nguyen et al., 2004]. An example of 
such a comparison for the deposited activity of 60Co on the Steam generator of a french 1300 
Mwe is given on the following figure. Within this  validation programme, a diploma of 
technological research was delivered to a student [Sabatier, 2003]. 
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Figure 35: Interactions between the different media in a control volume in the 
PACTOLE V3.0 code (the media are in purple, the convection in blue, the mechanisms 

linked to neutronic in orange and the others interactions in green) 
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Figure 36: Comparison of simulation (red curve for V3.0, green circles (resp. black 
square for V2) correspond to shutdown) and measurements (in blue) of deposited 

activity in GBq/m2 on steam generator of a French 1300 Mwe PWR as function of time 
(in day) 

 
Since 2004, the effort is oriented towards a reinforcing of the physical models implemented in 
PACTOLE V3 and of the numerous input data: the literature will be reviewed, the different 
experimental devices of the three partners that can be used for qualifying elementary models 
will be reassessed, previous experimental runs  will be re-analyzed and the orientations of an 
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experimental program associated with the validation of modelling tools will be defined. In 
addition, a multi-criteria calibration (inverse problem) of input data that is not well known or 
definitively difficult to be determined experimentally is foreseen with the help of a 
comparison between global measurements performed on nuclear power plants and numerical 
simulations. The chemistry module will also be improved, mainly to allow a better modelling 
of the solid phase of the different oxides. 
 
On a longer time-scale, and in parallel with the improvement of the physical models, a general 
evolution of the simulation tools for contamination migration in PWR is foreseen: the 
PACTOLE and PROFIP codes will converge towards a unique tool, a numerical platform for 
contamination, based on the recommendations expressed by the “Projet Architecture 
Logicielle” (PAL) governing the numerical simulation projects at the Direction de l’Energie 
Nucléaire (DEN). Ultimately, the numerical platform for contamination, that is intrinsically 
transverse to several branches of physics, will be able to process easily  data provided by  
other numerical platforms at the DEN in particular for neutronics (DESCARTES), thermo-
hydraulics (NEPTUNE), source terms for fission products and actinides (PLEIADES). It will 
also benefit from the platform for integration, SALOME (pre-processing, supervision, post-
processing). This numerical platform for contamination should also simulate future 
generations of nuclear reactors (e.g. HTR, fusion reactor, etc…). 
 
More energy will be devoted for a better valorization of the scientific work achieved in 
physics modelling and numerical simulation, in particular, one will try to put more emphasis 
on publications in refereed international journals. 
 

2.5.2 ACTINIDE AND FISSION PRODUCT CONTAMINATION 

2.5.2.1 The PROFIP and DIADEME codes 

The aim of the PROFIP code is to predict the distribution in fission product activities in PWR 
circuits, depending on the state of the core : the number and characteristics of the rods with a 
clad defect, the quantity and origin of the disseminated fissile material. PROFIP calculates the 
activities in fission products in the primary coolant, deposited on the primary surfaces and 
trapped in the filters and resins of the purification circuit. 
 
The PROFIP code is divided into several modules: 

− Thermomechanics and fuel release : this module calculates the size of the pellet-
clad gap and the temperature within the fuel, the intragranular migration by 
diffusion in the fuel grains (1D spheric model), and the release by knock-out of the 
fuel grains. The modeling neglects the intergranular diffusion : the fission products 
migrate rapidly from the grain joints to the free volume of the rod. 

− Release of volatile fission products from clad defects : the release of gases through 
a clad defect is proportional to the gas quantity present in the free volume (fuel-
cladding gap + plenum). The iodines and cesiums present in the free volume are 
mostly trapped on the internal surfaces of the rod and are less available for release 
through clad defects than Xe and Kr. The release of iodines and cesiums in 
operation will nevertheless be proportional to the size of the defect. 
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− Evolution of fissile material in the primary circuit : this evolution is calculated by 
taking into account the evolution under neutron flux (use of one energy group 
averaged cross sections, specific to the contamination deposited on the external 
surfaces of the fuel rods) and the transfers between the surfaces under flux and out 
of flux (these transfers are due to deposit erosion mechanisms). 

− Summary of activities in the primary and purification circuits : the fission products 
are grouped by filiation chains, so as to take into account the radioactive decay (or 
neutron capture) of the precursors. The pressurizer is taken into account (spraying 
rate, liquid-gas distribution) as well as the CVCS balloon (flow rate of gaseous 
release, liquid-gas distribution, resin efficiency for each species). For the insoluble 
species, the erosion and deposition rates are taken into account and allow the 
calculation of the activities deposited on the surfaces. 

 
DIADEME uses the results of PROFIP (correlation between primary activities and released 
fraction in primary water, calculated correlation between gas released fraction slope and 
irradiation power, parametric study results) to diagnose the characteristics of the defectives 
rods (Génin et al., 1999) (Génin et al., 2002) (Parrat et al., 2002) 

2.5.2.2 Validation domain of PROFIP and DIADEME 

The PROFIP and DIADEME codes were developed to meet the needs of EDF and 
FRAMATOME-ANP. The validation domain is: 

− Type of reactors : French PWR (CPY, PQY) 

− Type of fuel : UO2 fuel with Zircaloy 4 clad 

− Burnup : up to 45 GWd/t 

− Nuclides : volatile fission products (Xenons, Kryptons, Iodines, Cesiums) and 
actinides 

 
The validation of the out of rod release models of PROFIP is done using the volatile fission 
product activities measured in the primary circuit of industrial reactors as well as based on the 
released fractions obtained during analytical irradiations of non-tight rods in experimental 
reactors. This is therefore only a global validation of thermomechanical models and fuel 
release models. 

2.5.2.3 On-going development 

The ongoing development aims at improving the PROFIP and DIADEME codes in the 
following areas : 
 
Integration of new fuels 
 
The ALCYONE code of the CEA is a code dedicated to the calculation of tight fuel rods, 
allowing in particular the calculation of the fuel temperature, the size of the fuel-clad gap and 
the released fractions of stable gases from the fuel grains and in the free volume of the rod. 
ALCYONE has been validated for tight UO2 fuels (for different types of clad alloys and up to 
70 GWd/t) and also for MOX fuels (for the Mimas AUC, Mimas TU2, COCA fabrication 
processes and up to 60 GWd/t). 
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After ALCYONE is adapted to non-tight fuels (degradation of thermal conductivity, absence 
of creep, intragranular diffusion coefficient of volatile fission products greater than for the 
tight fuel) and to the radioactive fission products, ALCYONE will be used to calculate the 
release of volatile radioactive fission products in the free volume of the rod, then PROFIP will 
calculate the release through the clad defect and the distribution of activities in the primary 
circuit. It will extend the validation domain of PROFIP and DIADEME to MOX fuels. 
 
Integration of fuel-clad gap closure 
 
The models of the present version of PROFIP (and consequently those of DIADEME, which 
use the correlation taken from PROFIP), have recently shown underestimated results in the 
rupture phenomena by fretting appearing on the rods being in their 3rd reactor cycle. Indeed, 
in case of fuel-clad gap closure, the release of fission gases through the clad defect is much 
less (sometimes nearly nil) than in the case of defects on 1st cycle rods. The diagnosis of clad 
rupture is then difficult to make since the main tracer signal (emission of Xe133) is very low. 
 
The models of the present version do not take into account the influence of the burnup on 
fission product release. Experimental results show that burnup (up to 50 GWd/t) has very 
little influence on the release outside the fuel, both for UO2 and MOX. On the other hand, the 
effect of gap closure (starting at 30 GWd/t) must be integrated in the next version of the 
codes. Indeed, when the gap closes, the axial transfers of gases up to the clad defects are 
limited. 
 
Integration of the specific behavior of long-lived fission products 
 
Apart from the volatile fission products and the actinides for which the codes are validated, it 
is necessary to understand and model the specific behavior of other species, so as to evaluate 
the activities of long-lived isotopes trapped in the filters and resins. 
 
For the following long lived, beta emitters nuclides : 90Sr, 99Tc, 93Zr, 93Mo, 151Sm (which are 
involved in filters and resins management problems), a speciation study is currently in 
progress and measurement campaigns by filtering primary coolant are scheduled to allow the 
modeling of their specific behavior. Some thermodynamic data can be found in the literature 
but it must be completed thanks to specific experimental program on stable isotopes. The 
speciation study and a global validation thanks to measurement campaigns on EDF reactor 
will allow to model the behavior of these nuclides in the primary circuit, and to assess the beta 
activities in filters and resins. 
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2.6 Experimental validation 

2.6.1 SIMULATION LOOPS 

Introduction 
 
Three out-of-pile loops are used by the CEA in order to study corrosion product behavior in 
primary system conditions: CIRENE, CORELE and SOZIE. The tests in these loops are also 
used to improve the models or input data of the PACTOLE code or to validate it. 
 
 
The CIRENE loop 
 
The CIRENE loop is devoted to the study of corrosion product deposit formation on fuel 
claddings and on steam generator tubes. It is a mock-up of a PWR primary system, with 4 
electrically heated Zircaloy rods and a primary heat exchanger equipped with 4 Steam 
Generator tubes (see Figure 37).  
An injection device allows the 
concentration of metallic elements 
released in the primary fluid of the 
PWRs to be reproduced. The Zry 
rod test section is equipped with 
pressure sensors to obtain in-situ 
pressure drop measurements. 
 
The operational parameters are 
listed below:   

- Nominal pressure: 155 bar 
- Maximum temperature: 347°C 
- Maximum flow rate: 6 m3/h 
- PWR primary chemistry 
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Figure 37: The CIRENE loop 

After the shutdown of each test, chemical analyses of primary fluid and crud scrapings are 
performed. 
 
The most recent tests have demonstrated:  

− The enhancement of residual crud deposits versus evaporation rate on the rod 
claddings. A model was developed by the CEA (March, 1999) and will be 
implemented in the PACTOLE code. 

− The expected crud dissolution with a cold shutdown procedure with H2O2 
injection. 

− A high Ni/Fe ratio in the residual crud deposits that corroborates a Ni° and/or a 
NiO as-deposited composition (see §2.3.2). 
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Because of the consequences of a shutdown on crud deposits (corrosion product release, see 
§2.3.2), we plan to carry out the future CIRENE tests with reinforced means for “in line” and 
“in-situ” analyses, in order to improve the knowledge of the as-deposited crud and our 
understanding of the deposition mechanism during operation. An injection device of 
radioactive tracers, such as 58Co, 51Cr or 59Fe, will be implemented in 2004 and gamma 
spectrometry measurements at the test sections will be carried out in line and in-situ during 
tests. 
 
The CORELE loop 
 
The CORELE loop allows the measuring of the release rate of the corrosion products (Ni, Fe, 
Co, Cr) originating from industrial Steam Generator (SG) tubes under PWR primary circuit 
conditions (Anthoni et al, 1998). Except for the SG tubes, the materials of the loop are inert 
versus corrosion: Zirconium alloy for components in temperature and pressure, and 
polypropylene for the rest of the circuit. The main studied materials are SG tube alloys: alloys 
600, 690 (nickel base alloys) or alloy 800 (iron base alloy). The release rates of other 
materials in other conditions can be also measured, for instance the corrosion product release 
by stainless steel tubes in the conditions of the ITER heat transfer system will be measured 
this year. 
 
The radionuclides detected in the resins are the radioactive tracers of the chemical species 
making up the tube alloys. For each chemical species (Ni, Fe, Co, Cr), the release rate is 
deduced from the measurement of the radioactive tracer (respectively 58Co, 54Mn and 59Fe, 
60Co, 51Cr) made on the resins and from the mass activity of the irradiated alloy. 
 
 
To determine the release rate of 
SG tubes, two industrial SG 
tubes are activated in the 
OSIRIS reactor. These tubes 
are then connected to two 
parallel lines of the main circuit 
of the CORELE loop. After 
having circulated in the 
irradiated tubes, the coolant is 
submitted to purification on 
mixed beds of ion exchange 
resins. The ions released in the 
coolant by the generalized 
corrosion of the tubes are then 
trapped in the resins. The 
quantity of radioactive ions 
present in the resins is then 
measured by gamma 
spectrometry.  

Test section 2
Active tube

Test section 1
Active tubeheater

Charging
pump

Purification resin
column 50 l

Millipore filter
6 µm Measurement resin

columns 4 x 8 l

Millipore filters
1 µm

Regenerative heat
exchanger

Heat exchanger

Chimistry
Pannal
O2, H2

H2

S
to

ra
ge

 ta
nk

 4
00

0 
l

Buffer
tank
600 l

300°C max - 150 bar

30°C - 3 bar

3 2 4

Preparation
tank
200 l

N2

Polypropylene

  Zircaloy

1

 
Figure 38: The CORELE loop 
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Operational parameters are:   
- Nominal pressure: 150 bar 
- Maximum temperature: 

300°C 
- Maximum flow rate: 2 m3/h 
- Velocity in the SG tubes: 1 

to 5 m/s 
- PWR primary chemistry. 

 
The two test sections in parallel 
allow the release of two materials 
in the same thermal and chemical 
conditions to be compared. 
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Figure 39: Impact of the manufacturing process 

 

 

The tests in the CORELE loop show the importance of the SG tube manufacturing process on 
the release rates (see Figure 39) (Brun et al., 1998). They also show the co-release 
phenomenon, i.e. the release of a majority element (Ni or Fe) gives rise to the release of 
impurities such as cobalt. Remember that cobalt becomes 60Co by activation, which 
contributes greatly to the dose rates around the primary circuit (see §2.3). 
 
 
 
The SOZIE loop 
 
Solubility measurements and PWR cold shutdown simulation were performed in the SOZIE 
flow device presented on Figure 40. The whole system is made of titanium. A spinel bed 
(about 40 g) is maintained in the reaction cell between 2 titanium frits. A Floodgate produces 
the pressure drop between the reaction cell and the exit of the system. The solution flows 
continuously at a flowrate of 5-250 cm3/hour. 
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Figure 40: The SOZIE device used to solubility measurements and to simulate the PWR 

cold shutdown conditions 

 
When a new phase is introduced in the reaction cell, it is rinsed with a boric acid solution, at 
250 °C, until the concentration at the exit is stable (several weeks). The fine particles 
remaining stuck to the grains are removed by this procedure, either mechanically or by 
dissolution. 
Samples are collected for analysis in flasks containing a drop of nitric acid in order to avoid 
precipitation when exposed to air, and absorption on the walls. Concentration is determined 
by atomic absorption spectrometry. 
 

2.6.2 EXPERIMENTAL CAMPAIGNS ON REACTORS 

With the codes (see §2.5) and the test loops (see §2.6.1), the third support to research on the 
contamination transfer in PWR circuits is the direct measurement of contamination in PWRs. 
The measurement campaigns allow the validation of the contamination codes, the study of the 
impact of PWR operating and design parameters and the diagnoses of the circuit 
contamination in order to propose solutions. 
 
So, for over 30 years, about 300 contamination measurement campaigns have been carried out 
in French and foreign PWRs (roughly 50 PWRs). These consist of two main types of 
measurements: 

− EMECC campaigns, 

− Sampling campaigns. 
 
EMECC campaigns 
 
At each refueling shutdown of the French PWRs, EDF measures the dose rates around the 
primary system and calculates an average dose rate: the dose rate index. This index allows the 
comparison of the contamination levels between PWRs and the monitoring of the 
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contamination level of a PWR for several cycles. But these measurements give no information 
on the origin of these dose rates. Therefore, the CEA has developed a measurement device by 
gamma spectrometry: the EMECC system (Eimecke & Anthoni, 1988) 
 
 
Thanks to the EMECC system, the CEA/DTN/SMTM 
measures the deposited activities in the primary circuit of 
several PWRs a year during their refueling shutdown. 
Typical measurements are carried out at the legs (hot, 
cross-over and cold legs) and at the steam generator tube 
bundle of the primary system loops (See Photography 1: 
measurement at a cold leg, the cold leg is the pipe 
between the reactor vessel and the steam generator). 
Some parts of other circuits are also measured, for 
instance, heat exchangers and pipes of the Chemical and 
Volume Control System or the Residual Heat Removal 
System. 
 
The EMECC measurements allow the quantification and 
identification of the radionuclides generating dose rates. 
They are more accurate than the dose rate measurements. 
For example, they have shown the major contribution of 
58Co and 60Co around the primary system or of 110mAg 
near the heat exchangers of auxiliary circuits (see §2.3.1). 
They are carried out at the very beginning   

Hot leg
 

Photography 1: EMECC device 

of PWR shutdowns to study the impact of the operating cycle on contamination and during 
the cold shutdown procedure to study its impact on contamination (see § 2.3). 
 
 
 
Sampling campaigns 
 
 
To characterize the behavior of corrosion products, fission products and actinides in PWR 
circuits, sampling campaigns have been conducted on EDF reactor circuits, during operation 
and during the different phases of reactor shutdown. 
 
The sampling methods used are: 

− Scraping and swabbing taken on accessible primary surfaces during intercycle 
shutdown (steam generator joint-press, valves, channel head, vessel head). 
Scraping (≈4 cm2) samples all the deposits whereas swabbing  (≈100 cm2) only 
traps 10% of the deposits. 

− Primary coolant circulation (at the end of the sampling line) on different types of 
filters: 

Filtering through a succession of millipore filters with decreasing meshes: these evaluate 
the granulometry of corrosion products, fission products and actinides (for example, 
see Figure 41). 
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Filtering on ion exchange filters: associated to filtering on millipore filters, these give an 
accurate soluble fraction of each species. 

« Mini-CVCS » device simulating on a smaller scale the behavior of filtering media in the 
Chemical and Volume Control System (CVCS). This device is made of a flat millipore 
filter and a few liters of ion exchange resins. 
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Figure 41: Particle size distribution by radionuclide before and during a shutdown 

 
The samples thus obtained (scraping, swabbing, filter, « mini-CVCS » resin) are measured by 
gamma spectrometry on site, then transferred to specialized laboratories for chemical analyses 
or beta and alpha spectrometry analyses. 
 
The experimental results thus obtained provide accuracy on the behavior of corrosion 
products, fission products and actinides. 
 
The experimental results  obtained allow modeling of the behavior of corrosion products, 
fission products and actinides. Nevertheless, the representativeness of the sampling is the 
main difficulty to cope with : surface activity measured on a 10 cm2 is extrapolated to the 
whole primary surface, primary coolant is filtered at the end of a 100 m sampling line that 
authorize particle deposit on its surface. This leads to a relative inaccuracy of models but 
these sampling conditions are imposed by experimental possibilities of the power plant. A 
feasibility study of primary coolant filtering after only one or two meters sampling line is 
currently under progress in EDF; this would allow more accurate results on particle 
distribution and soluble fraction in the primary circuit.  
 
 

2.6.3 ANALYTICAL EXPERIMENTS ON FAILED RODS 

 
Since many years, analytical experiments are carried out in devoted loops in CEA research 
reactors. They allow to study the behavior of failed PWR experimental fuel rods (Parrat at al, 
2000). Objectives of this R and D program are to obtain experimental results on : 

− the release rates of radioactive fission products out of a failed fuel irradiated at 
different steady state power levels representative of those encountered in a power 
reactor. Measurements concern more specifically noble gases (Kr, Xe) and volatile 
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fission products (such as iodine and cesium isotopes), but release of non-volatile 
fission (Ba, La, Np, Ru,…) products is also monitored, 

− the release of fission products  (kinetics and absolute level) during transients of 
various types, and during a controlled loop water depressurization after the end of 
the cycle, 

− the behavior of internal free volumes of a failed rod (gap and upper plenum), and 
especially liquid water and vapor distribution and evolution versus linear heat 
generation rate  and time. This understanding allows to model physical 
mechanisms which control axial transport of radioactive products inside the rod, 
and consequently to forecast activity release out of a failed rod, 

− metallurgical behavior of fuel and clad permanently in contact with liquid water or 
vapor thanks to post-irradiation examinations. 

 
When an analytical irradiation is  conducted on irradiated fuel, the UO2 or MOX pellet stack 
is extracted from the PWR rod irradiated in a power reactor. Then the experimental rod is 
reconstituted in a hot cell.  
 
Clad failures of various size, shape and location along the experimental rod can be drilled 
after manufacturing and before rod loading, or provoked by power ramping during irradiation.  
 
Results gained from these separate effect experiments supplied basis information : 

− to establish the Operating Technical Specifications of power reactor during normal 
operation (primary activity level) 

− to verify if these Operating Technical Specifications are well adjusted when 
introducing new fuels or new management of current fuels (burnup increase, load 
follow, fuel with additives, …). 

 
After SILOE reactor shutdown in 1997, and before the start-up of the Jules Horowitz Reactor, 
which are equipped with specific irradiation loops for failed fuels, these kind of experimental 
studies will be conducted on simplified devices located in hot cells. 
 
 

3 MIGRATION OF RN IN GEOLOGICAL DEEP REPOSITORY 

3.1 Introduction 

Deep geological repository is studied in France as one of the three potential options for 
managing long-lived nuclear waste in the framework of the 1991 Law2. These researches are 

                                                 
2 The 1991 French law gives 15 y. to the French research to study three potential and complementary 

options for managing the nuclear waste: (i) partitioning and transmutation in order to reduce the 

volume and toxicity of the waste, (ii) geological disposal especially through the implementation of 

underground research laboratory and (ii) waste conditioning and storage, focusing in particular on the 
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performed in France under the supervision of the French National Agency for the 
Management of Radioactive Waste (Agence Nationale de Gestion des Déchets Radioactifs, 
ANDRA) with the support of research laboratories coming from University, CNRS and CEA. 
CEA is therefore working in this field in the framework of a general collaboration agreement 
between ANDRA and CEA and on selected topics, among which the migration issues. 

3.1.1 REFERENCE GEOLOGICAL HOST ROCK: THE CALLOVO-OXFORDIAN 
ARGILLITES 

In 1996, ANDRA proposed to the French Parliament the construction of three underground 
research laboratories (URL) in three different rock types: (i) in Vienne department in granitic 
rocks, (ii) in Gard department in siltite rocks and finally (iii) in Meuse / Haute-Marne 
department in argillites. At the end of 1998, the French government accepted this last site and 
allowed in mid-1999 the construction of the URL of Bure in the Callovo-Oxfordian 
geological layer. Since then, the Bure URL is under construction and the two access shafts 
reached the Callovo-Oxfordian layer in early May 2004 (roughly –420 mdepth). 
 

 
Figure 42: synthetic 3D view of the underground research laboratory of Meuse / Haute-

Marne (Bure) © ANDRA 
 
The Callovo-Oxfordian argillites is therefore in France the reference host rock on which many 
studies are conducted. It consists mainly of clay minerals (~ 50%) embedded in a calcareous 
matrix (~25%) (see Figure 43) which yields to a very hard rock with a rather small porosity. 
Water is significantly present within the host rock (porosity ~15%) but is closely linked to the 
rock either through chemical bonding (interlayer water within clay minerals) or in very 
narrow or close porosity (interstitial water) (see Figure 44). 
 

                                                                                                                                                         
waste package long term behaviour. Report has to be presented to the French Parliament before the 

end of 2006 with a potential law for the management of the back-end of the fuel cycle. 
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The Callovo-Oxfordian is a sedimentary layer about 130 m thick, the mineralogical 
composition of which varies also with depth : 

− Some levels with a relatively high carbonate content in the upper part; 

− A zone of a predominating disordered interbedded illite/smectite (R0) between the 
top of the layer and -400 m; 

− A transition zone. 

 
A zone with a predominating ordered interbedded illite/smectite (R1) from –498 m to the wall 
of the layer. 

 

Figure 43: Composition of the Callovo-Oxfordian argillites which is the reference host-
rock for a potential repository. © ANDRA 
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Figure 44: Evolution of porosity %, pores nanometers and specific surface area as a 

function of depth within the HTM102 borehole. The Callovo-Oxfordian host rock ranges 
between 420 and ~550m depth. © ANDRA 

 

3.1.2 THE REFERENCE DISPOSAL CONCEPT STUDIED BY ANDRA 

In order to support R&D studies and to allow safety analyses to be conducted, a reference 
disposal concept has been produced by ANDRA in an iterative approach between the R&D 
and safety results: concepts allow R&D and safety analyses to be performed and are 
conversely optimized according to their results. These concepts are hence not the final ones. 
 
Current reference concepts are somewhat different for the low and high level wastes. Without 
going into many details, B-type waste are rather expected to be disposed off in large 
horizontal vault in which they will be embedded in a concrete engineered barrier. Its aim is to 
ensure the mechanic stability, to minimize the water access and the radionuclides release. An 
example of such a geometry is given in the next figure : 

 
 

Figure 45: Example of reference concepts for a horizontal vault for the B-type waste. 
Waste packages (in blue) will be embedded in a concrete engineered barrier (in pink) 
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Figure 46: Example of a reference concept of horizontal tunnel for the C-type waste. 
Waste package (in blue) will be surrounded by a bentonite-engineered barrier  

(in orange) 
 
On the opposite, some of the the concepts for the C-type waste are horizontal tunnel in which 
each canister will be potentially (still an open option) surrounded by a bentonite-type 
engineered barrier interfacing the waste canister and the metallic liner of the tunnel as shown 
in Figure 46. 
From the previous figures, it comes clearly out that waste packages could be surrounded by an 
engineered barrier interfacing with the geological environment. Furthermore, first part of the 
geological formation around the galleries, vault … will be damaged by decompression and 
desiccation and constitute the so-called Excavated Damaged Zone (EDZ). We will refer to as 
the near-field environment this area constituted of the waste packages, the engineered barrier, 
and the disturbed geological medium (~ first ten meters). On the opposite, we will refer to as 
the far-field environment the undisturbed geological environment. Migration issues will be 
significantly different in both cases. 

3.1.3 RADIONUCLIDES TO CONSIDER IN GEOLOGICAL REPOSITORY 

The radionuclides to consider in geological disposal are mainly the long-lived radionuclides 
since nuclear waste is not expected to be directly stored after production but rather after a few 
decades or more of decay (interim storage). In addition, if we except the accidental scenarios 
(which are obviously also studied), RN are anticipated to be slowly released only after 
corrosion of the container which would also last a significant time (up to 10 000 years for 
spent fuel packages). We will therefore focus in this document on the reference scenario 
which corresponds to the release of long-lived radionuclides. Among those, the most 
significant ones are: 

− Some RN which are preferentially under the anionic form: 129I, 36Cl, 99Tc, 79Se, 
94Nb … 

− Some RN which are slightly mobile in reducing environment: U, Np, Pu, Am, Cm, 
… 

− Some RN which are more soluble: Cs, … 
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Figure 47: Mendeleev table showing the RN present within the irradiated fuels and 
therefore potentially within the nuclear waste 

 

3.2 Migration in the near-field environment 

As previously presented, the near-field environment corresponds to the environment 
influenced by the anthropogenic repository, from the waste package to the disturbed 
geological medium. By definition, this zone therefore undergoes large modifications through 
time and present significant chemical gradients which will influence the whole reactivity and 
the migration.  

3.2.1 RN SPECIATION IN NEAR-FIELD CONDITIONS 

Radionuclides data needed for predicting aqueous speciation are stoechiometries, 
equilibrium constants K, and activity coefficients γ (see Sections 1.1.1.1. and 1.1.2.) as in 
the far-field (Section 3.3.1.). Nevertheless, equilibrium thermodynamics data might not be 
enough, since alterations of artificial barriers are dynamic processes; however slow kinetics 
limitations are only relevant for solid transformations. Non-equilibrium conditions can also 
generate some mobile small particles, colloids, which might include radionuclides as a result 
of sorption or coprecipitation. It is clear that colloid migration should be physically avoided 
by the occurrence of clay EBS (Engineered Barrier System) or argillites that will act as filters 
for colloids due to their small porosity. 
 
Artificial materials will probably be saturated with water and progressively altered before the 
leaching of the waste form begins to release radionuclides. Observing natural analogues 
(Section 3.4.3.) even modelling them (see typically Figure 1 in Section 1.1.2.) will confirm 
the order of magnitude of the time needed for radionuclides to be in contact with incoming 
groundwaters. Several popular speciation computer codes used by geochemists are widely 
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available (EQ3/6, PHREEQC, CHESS, GEOCHEMIST WORKBENCH …). They give an 
idea of possible alteration minerals formed by lixiviating the artificial barriers. These data are 
in most cases enough to have a reasonable estimate of the variations in the water composition 
for the major elements, which will control the radionuclide speciation. Anyhow the alteration 
minerals are studied in more details for their retention properties (see Section 3.2.2.). 
 
One of the major "chemical stress" presents within the near-field is the leaching of cement, 
which yields very alkaline waters: it is therefore needed to know the hydrolysis reactions 
of radionuclides up to about 1 mol.L-1 OH-. The hydrolysis constants are now reasonably well 
known at 25°C for radionuclides (Grenthe et al, 1992; Lemire et al. 2001; Rard et al. 1999; 
Silva et al. 1995; Vitorge 1999; Vitorge & Capdevila 2003; Vitorge & Tran The, 1991) even 
if some issues still exist. OH- ions will react with pH buffering materials, typically HCO3

- + 
OH- → H2O + CO3

2-, and CO3
2- will further precipitate with calcium giving calcite 

(CaCO3(s)):. we modelled pore waters in fresh cement with Equilibrium 
 

CaCO3(s) +H2O ←→ Ca(OH)2(s) + CO2(g) 
 
pointing out PCO2, the carbonic gas partial pressure is buffered at 10-13 atm; not any physical 
system is able to reach the 10-9.5 purity factor (10-13 as compared to 10-3.5 atm in the air) 
needed to avoid cement carbonatation in experiments; for this, we used the 
Ca(OH)2(s)/CaCO3(s) chemical buffer, when studying Am(III) hydrolysis up to pH > 14. 
Am(OH)3(aq) is the major Am species for [OH-] ≤ 1 mol.L-1, while an anionic species was 
detected at higher [OH-]., and we calculated maximum possible stabilities for anionic 
complexes Am(CO3)i(OH)j

3-i-2j (Vitorge & Tran The 1991). This example illustrates that we 
have an experimental methodology for verifying radionuclide solubilities and speciations 
in alkaline conditions; it is based on identifying, modelling and using simplified synthetic 
waters equilibrated with the same buffer as for the application (here cement retention 
properties). 
 
Further degradation of cement results in complete Ca(OH)2(s) dissolution, and pore water are 
still controlled by (new) Ca/Si/O/H2O mineral systems. This was modelled (Adenot 1992).  
 
Other solid phases can control the solubility of Am, and writing the transformations of the 
solid compounds as: 
 

Am(OH)3(s) + CO2(g) - H2O → AmOHCO3(s) → Am(CO3)1.5(s) + 0.5 H2O - 0.5 CO2(g) 
 
evidences again the relevant equilibrium chemical parameter is PCO2 (Vitorge 1992). This 
confirmed our previous interpretation of Am speciation (Robouch 1987) correcting errors 
published by Kim and others, and our interpretation was also later adopted by the NEA-TDB 
(Silva 1995). We are proposing a set of equilibrium constants for this system (Vercouter, 
thesis started October 2001). 
 
Oxidative perturbations can induce the dissolution of Pyrite (FeS2), a compound often 
associated with mineral ores. FeS2 apparently non-congruent oxidative dissolution was not 
clearly understood in literature, where contradictory mechanisms are proposed. We showed 
that the ratio R = S/Fe in aqueous solution was equal to 2n/n' (Figure 48), where n and n' are 
the oxidation numbers of two metastable sulfoxi-anion involved in the oxidative dissolution: 
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in an initial step S(n) disproportionates into S(0) and S(n') (Figure 48), and this explained all 
published experimental values for R (Descostes 2001, Descostes et al. 2004). 
 

FeS2(s) 2 S(n)

2(1-n/n')S(0) 2n/n' S(n') 2n/n' S(VI)

-2(n+1)e-

-Fe2+

+(2n-12n/n')e-

n is the oxidation number of S:
S(n) =SiOj

ni-2j

S(VI) = SO4
2-

FeS2(s) 2 S(n)

2(1-n/n')S(0) 2n/n' S(n') 2n/n' S(VI)

-2(n+1)e-

-Fe2+

+(2n-12n/n')e-

n is the oxidation number of S:
S(n) =SiOj

ni-2j

S(VI) = SO4
2-

 
 

Figure 48: Pyrite (FeS2) oxidative dissolution (Descostes 2001, Descostes et al. 2004) 
 
Further studies are in progress for introducing Uranium in this system (Noelle Eglizaud, PhD 
thesis in preparation). 

3.2.2 RN RETENTION ON NEAR-FIELD MATERIALS  

Near-field environment is characterised by its evolution with time in terms of water 
composition, pH, Eh potential, temperature … It is therefore rather clear that any modelling 
attempt of this zone requires to have models able to account for these potential evolution of 
the physical and chemical conditions. In particular, with regards to the retention issue, a 
simple Kd approach is not sufficient and more complete model integrating the influence of 
chemistry as any thermodynamic model has to be used. 

3.2.2.1 Retention on corrosion products 

In the long term, the infiltration of the underground water through the engineered barrier will 
corrode the waste containers. The corrosion products, namely, iron oxides or oxyhydroxides 
in the case of steel canisters, may act as adsorbents towards the radionuclides released from 
the leached waste form. Their role as migration retarding barrier is then a matter of concern 
for performance assessment. Another justification for the study of their sorption properties is 
their ubiquitous occurrence in earthen materials. This last reason explains the relative 
abundance of research devoted to these metal oxides which are elsewhere very good supports 
for theoretical models development. 
At CEA, the adsorption of thorium onto hematite (α-Fe2O3) has been studied by Cromières et 
al. (1998) in relation to the potential problem of RN transportation by colloid phases. 
Analogously to the case of other heavy metals, the retention is strong and depends on pH and 
ionic strength of the aqueous phase. 
 
The intrinsic adsorption properties of a synthetic goethite (α-FeOOH) has been completely 
characterised by Peynet (2003). Five different types of surface sites were identified and their 
concentrations measured. They correspond to mono-, di- or tri-nuclear hydroxyle groups 
attached to iron central atom(s) on the different crystallographic faces of the mineral. Because 
of their acid-base character (in the Brönsted or Lewis sense) these functions exhibit cation 
adsorption properties (for two families of site) or anion adsorption properties (for three 
families of site) (see following figures). 
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Figure 49: Sorption of major solutes on goethite: (left): saturation experiments 
exhibiting the existence of sorption plateau (the full lines are computed from models 
developed according to the Ion-Exchangers Theory), (right): sorption experiments of 

groundwater anions carbonate and silicate as a function of pH 
 
In contrast to clay minerals, goethite adsorbs very strongly anions like chloride, silicate or 
carbonate, i.e. major anions of natural waters. Then, it is expected that these solutes will 
compete with the RN and other major solutes for the sorption sites, additionally to their 
influence on the aqueous speciation of the latter, due to their complexing power. This is 
illustrated by the results concerning the retention of americium and selenium at trace level. 
Finally, the adsorption equilibria of such kinds of solutes must be accurately characterised in 
order to be able to predict their impact on the retention of the RN on goethite. 
 

3.2.2.2 Retention on cementitious material 

Context 
 
In the French design of a deep radioactive waste repository, cement and concrete will be used 
as container or buffer and backfill materials in the engineered barrier system. Indeed, cement 
and concrete have well-known mechanical properties, a low permeability and an important 
radionuclide (RN) immobilization potential. As cements contain soluble materials, the 
surrounding water will be buffered at a high pH value (10-13), with high calcium and silicon 
concentrations. In these conditions, most of actinides and fission products will precipitate. 
Moreover, cement pastes present high specific surface areas (about 200 m2.g-1), which favours 
sorption of dissolved elements. Nevertheless, sorption mechanisms are difficult to elucidate as 
they are function of the cement paste composition that is multiphasic and evolves with ageing 
and degradation. The literature review shows discrepancies in the distribution of distribution 
ratios (Kd) for RN in concrete systems (the term Kd relates to the quantity of RN sorbed to the 
equilibrium RN concentration in solution). The discrepancies may have different origins: type 
of cement, experimental protocol... Then, the evolution of RN’s Kd as a function of the 
degradation state parameter has been improved in DEN/DPC/SECR/L3MR for two specific 
type of cements selected by ANDRA. The degradation state of the cement will be one of the 
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most important parameter that may influence the RN uptake in concrete barriers. Temperature 
and effects of organic agents that are present within the B-type waste may also influence the 
uptake of RN in concrete barriers. These effects are currently studied. 
 
Methodology 
 
In deep geological environment, the composition of the cement pastes will evolve when put in 
contact with the aggressive surrounding water. The evolution of the pH in the pore water is 
one of the cement paste degradation pattern (see Figure 50). Then, the relative amount and the 
composition of the cement phases will also evolve, as calcium silicate hydrate  
phases (C-S-H, xCaO.SiO2.yH2O, 60 % of the cement) and ettringite 
([Ca3Al(OH)6.12H2O]2(SO4)3.2H2O).  Both phases are the main phases that control the uptake 
of RN in the pastes. 
 
Two cement pastes hydrated for 4 years3 (CEM I, an Ordinary Portland Cement and CEM V, 
a mix of blast furnace slag, fly ash and CEM I) were degraded in two alterated states 
(corresponding to pH 12.1 and 11.5) and one "degraded/detritic" state (corresponding to pH 
10), see Figure 50. 
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Fresh cement: leaching of alkaline NaOH and  

KOH, followed by the leaching of portlandite. 

 

Alterated cement: leaching of C-S-H phases (the 

main other phase is ettringite) 

 

Degraded cement:  the tobermorite buffers the 

solution (a crystallized C-S-H with a 0.83 Ca/Si 

ratio). The cement paste is free of ettringite. 

 

Figure 50: Cement leaching: pH decrease as a function of water amount 
 
C-S-H phases were also synthesised in similar pH conditions in order to compare the sorption 
properties of degraded cement pastes and hydrated cement phases. This study allows to see if 
C-S-H control the uptake of RN in cement suspensions. 
 
Batch sorption experiments were carried out with desorption experiments to control the 
reversibility of the uptake mechanism. The RN solubilities were measured in the cement 
waters to determine the highest amount of RN which can be introduced in the batch without 
leading to a precipitation. This part of the work allows the acquisition of nominative Rd and 
solubility values, and their associated uncertainties. These data will be used by ANDRA for 
performance assessment (PA) calculations. 
 
In addition to this operational approach, more fundamental work was carried on europium and 
niobium by using spectroscopic techniques, as X-Ray Absorption Fine Structure (see Schlegel 
                                                 
3 Synthesized in DEN/DPC/SCCME/LECBA 



Overview of CEA Research in the field of Radionuclides Migration              Page 90/173 
 

90 

et al., 2003) to identify the surrounding environment of the sorbed RN in the cement pastes. 
As the solubility of many elements is low in cement water, a synthesis protocol was 
developed to dope the samples while avoiding any over-saturation all along the experiments 
(successive adding of the sorbing elements). 
 
Results 
 
The evolution of the RN uptake by alterated and degraded cement pastes is summarized in the 
next table as a function of pH. The alteration of the cement paste has a slightly positive 
impact on the uptake of RN by the cement paste (except for Tc(IV) with CEM V). In the 
degraded state, Kd remains constant (U(VI), Am(III), Tc(IV), Zr(IV)) or slightly decreases 
(Pu(IV), Th(IV), Nb(V)). On the opposite, Cs is the only RN which displays a significant Kd 
increase with increasing degradation. The influence of the type of cement is negligible. 
 
 

Table 5: Evolution of Kd as a function of the pH of the lixiviated cement paste water 
 
Kd (m3.kg-1) Cs(I) Am(III) Pu(IV) * Zr(IV) Tc(IV) * Nb(V)  U(VI) 

pH 12,2  11,5   10 12,2  11,5   10 12,2  11,5   10 12,2  11,5   10 12,2  11,5   10 12,2  11,5   10 12,2  11,5   10 

CEM I 
28  

      0,3  
 0,05  

40  64  40    130  
 55              45  

330  420
27  0,9 3,5 1,8 117   264 

     72 
     99   144

 33  

CEM V 
17 

      0,03  
0,01  

   17   25 
3   

    120   
 53             10 

124  130
87  

7,7 
 1,6  3,6

180  181 
 40 

82   147
 29  

* the Kd values were obtained in reducing conditions. 
 
The desorption experiments show that most of the uptake mechanisms are reversible, 
except for Cs, Am and Pu. Comparison of the sorption data on cement pastes and pure CSH 
shows that C-S-H is one of the major cement phase which controls the uptake of RN in the 
cement pastes. Two main uptake mechanisms were identified: sorption mechanism (see 
Pointeau et al. (2004) for U) and co-precipitation mechanism (see Schlegel et al., 2004 for 
Eu). 
 
Work in progress 
 
Other parameters could influence the Kd values measured in cement pastes leached by pure 
water. The study of the influence of organic complexing agents, present in B-type waste 
(EDTA, gluconic acid, isosaccharinic acid…), is currently in progress. Temperature can also 
affect the chemistry of the cement phase surface and so influence the uptake of RN by cement 
pastes. Based on a reference temperature cycle for the EBS, batch sorption experiments are 
currently carried out as a function of the temperature (PhD thesis of N. Macé in L3MR).  

3.2.2.3 Retention on bentonite 

The high content of swelling clay mineral (smectite) in bentonite confers to this material 
interesting properties when used as engineered barrier around waste packages. Its very low 
permeability limits the contact of the waste form with natural waters and, in case of leaching 
of the waste, enables only a diffusive flux of the RN to the host rock. In addition, the surface 
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of clay particles has generally very strong sorption properties towards dissolved solutes in the 
interstitial fluid. This chemical retention efficiently contributes to the retardation of the 
migration of the radioactive pollutants. 
 
From the standpoint of performance assessment of engineered barrier, in terms of 
confinement, it is necessary to acquire thermodynamic descriptions of the retention processes 
in order to perform calculations of the reactive transport of solutes in the natural context of 
the storage. 
 
As previously mentioned (cf. § in chap1 about the “Development of retention models”), the 
Ion-Exchangers Theory IXT offers an appropriate and general thermodynamic framework to 
this end. 
 
The MX-80 bentonite has been adopted as the supporting material for research. It is composed 
of montmorillonite (80-84 weight %), phlogopite 1M (2.5-4.3%), plagioclases (3.4%), quartz 
and cristobalite (6-7%) and other minor phases. Because of the complexity of the 
mineralogical composition the material is not, as such, amenable to an accurate 
thermodynamic study. One viable strategy is then to get, firstly, a correct description of the 
chemical behaviour of the montmorillonite, considering that this mineral will strongly 
condition the global sorption properties of the bentonite because of its well-known great 
amount of surface sites and its major contribution to the clayey material composition. 
Secondly, additional studies are devoted to the influence of the other potentially reactive 
mineral phases. 
 
After its chemical extraction from the bentonite, the montmorillonite is involved in 
experimental studies according to the methodology deduced from the IXT. Briefly, we need 
first to characterise the intrinsic properties of the mineral, that is to say to get evidence about 
the mono or multi-site character of the surface, to quantify the site(s) concentration(s) and to 
study the relative affinity of major solutes generally present in natural waters. The method is 
based on the use of ions with simple aqueous chemistry and different chemical nature to probe 
the surface charges, as the latter need to be balanced. Thus, for a given kind of ions Mm+, 
when batch measurements are performed at different pH, using aqueous suspensions of 
montmorillonite previously conditioned under the M-ionic form, only Mm+ and H+ will 
compete for the sorption sites. For constant concentration of Mm+ in the liquid, and according 
to the mass action principle, the competition will be in favour of the element when the pH 
increases, until the complete charge compensation of one particular type of adsorption sites by 
the ions Mm+ only. After this point, the measured adsorbed concentration of M remains 
constant, while increasing the pH. Following the same principle, a saturation effect may 
eventually occur for another kind of (more basic) adsorption sites at higher pH values. In 
Figure 51 and Figure 52 are presented the results obtained with different batches of 
montmorillonite conditioned under various ionic forms. The adsorbed concentration (in milli-
equivalent per gram of dry solids) is plotted against a composite aqueous variable in order to 
facilitate the comparison between the relative affinities toward the surface sites. Several more 
or less well-defined saturation plateaux may be observed, revealing the existence of six 
different types of sites, of which concentrations are measured by their relative heights. 
 
In order to determine other eventual low-concentration sites, isotherms measurement for 
caesium has been performed with montmorillonite (under Na+ form) at three different pH and 
a constant sodium concentration (Figure 52). As theoretically expected, the distribution 
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coefficient tends toward constant values for vanishing concentration of caesium, dependent on 
the pH. Fast decrease of the Kd observed at some higher values of the adsorbed concentration 
shows evidence of saturation effect and, thus, of the occurrence of new kinds of sites (two at 
least) having high affinity for caesium cations. 
 

The results are finally interpreted in terms of mass action law and chemical equilibria such as: 

( ) ++ +↔+ mHMXiXiHmM m
m  

 (where Xi and overlined symbols denote type i sites and adsorbed species, respectively), 
giving the calculated curves shown in Figure 51 and Figure 52, using the Ionic Exchanger 
Theory. As can be observed, the experimental results are well reproduced by the modelling, in 
the limits of measurements accuracy and dispersion linked to intrinsic heterogeneity of natural 
material. 
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Figure 51: Saturation experiments of 

major cations on montmorillonite 
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Figure 52: Results of Cs sorption on 
montmorillonite as a function of Cs 

concentration. 
 

 
The adsorption equilibria of the Ra(II), Nb(V), Am(III) (Figure 53), Th(IV), Pu(IV) (Figure 
53) species onto montmorillonite have also been studied by batch measurements of the Kd by 
varying the pH of the aqueous phases. In the illustrated examples the contributions of 
different adsorbed species are shown by dashed lines, while continuous lines show the global 
retention as obtained by modelling. 
 
These studies involve elements at total concentrations lower than their solubility limits devoid 
of any superposition of precipitation phenomena. All the existing aqueous side-reactions 
(hydrolysis equilibria) have been taken into account. 
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Figure 53: results of Am(III) sorption on 
montmorillonite as a function of pH. Solid 

and dashed lines corresponds to the 
modelled data using the IXT. 
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Figure 54: results of Pu(IV) sorption on 
montmorillonite as a function of pH. Solid 

and dashed lines corresponds to the 
modelled data using the IXT. 

 
 

3.2.3 REACTIVE TRANSPORT OF RN IN THE NEAR-FIELD 

In a normal evolution scenario of the waste disposal, release and migration of radionuclides 
towards the engineered barriers and the surrounding rock will start only when canisters are 
partly corroded. At this time, i.e. possibly 103 to 104 years after the disposal closure, 
engineered barriers and the near-by host rock will still undergo textural and chemical 
transformations. In this respect, radionuclides will migrate within a out-of-equilibrium 
system. In order to evaluate RN migration in the near-field, it is thus important to evaluate the 
change in physico-chemical conditions that will prevail around the packages as a function of 
time. Radioelements will indeed represent in the near field, a pool of minor or trace elements 
that will adapt to conditions imposed by major components (carbonate system, clay mineral 
surfaces, etc). Several elements present in the near field will compete with the radionuclides 
for retention sites. This is for example the case for alkali like K+ and Rb+ that will limit the 
access of Cs+ ions to highly selective sites found on micas edges (e. g. Brouwers et al., 1983 ; 
Grütter et al., 1990; Poinssot et al., 1999). In another way, isotopic dilution may increase the 
retention and retardation of several RN like selenium, nickel, zirconium, iodine, carbon. 
 
Transport processes in engineered barriers (compacted clays, cement) are generally 
considered to be ruled by diffusion of dissolved species (Choi and Oscarson, 1996 ; Ollivier et 
al., 2001). Colloïdal transport has been shown to be hampered by the too small size of open 
channels in compacted bentonite or in cement paste. As in other compacted argillaceous 
media (Cf chap 3.3.2.2), it can be observed that the diffusion of anionic tracer is limited by 
anionic exclusion in bentonites. Cationic species point out to an enhanced flux of cations 
(Melkior, 2000). 
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An important discontinuity exists in the near-field, where the host rock has been mechanically 
damaged by the excavation. The fractured zone, extending around tunnels, has a high 
hydraulic conductivity and offers potential pathways for convective transport, depending on 
hydraulic boundary conditions. Description of the migration in the near field may thus also be 
influenced by convective transport of species in discrete fracture networks that are localised 
around tunnels. In the latter case, the influence of matrix diffusion, i.e. retardation of the 
migration process along the fractures due to diffusion inside the rock porosity, may also play 
an important role (Neretnieks, 1980 ; Ohlsson and Neretnieks, 1995). 
 
In order to predict the migration of radionuclides in the near field, it is thus necessary to 
integrate basic knowledge on RN speciation (§ 1 and § 3.2.1) with the description of a 
scenario describing the evolution of major chemical constituents and transport properties of 
materials around the waste packages.  
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Figure 55: Evolution of pH profiles across a clay engineered barrier (FoCa 7) during 

1000 years (Trotignon et al., 1998a). At one end of the barrier (x = 0 dm), the site 
groundwater imposes pH and ion activities. At the other end, a constant flux of iron 
simulates the degradation process of the steel canister. The clay barrier reactivity is 

represented by ion-exchange reactions and dissolution-precipitation of several accessory 
mineral phases (carbonates, sulphates, quartz) 

 
Among key parameters, redox conditions play a central role as they control the speciation, 
retention and solubility of several important radionuclides (U, Pu, Np, Se, Tc, …). Within the 
REX project supported by Andra, SKB and JNC, the perturbations of redox conditions by 
dissolved oxygen introduced in a deep granitic environment were studied (Puigdomenech et 
al., 1999). Within this project, a in situ experiment was build in the HRL at Äspö to study O2 
uptake, which showed to be very rapid. A mock-up of this experiment was build in CEA-
Cadarache and helped to build a simple model of the processes involved in redox buffering 
(Trotignon et al., 2002). The combined effects of canister corrosion and groundwater 
diffusion on a bentonite engineered barrier were evaluated using reactive-transport modelling 
(Trotignon et al., 1998 ;  Bildstein et al., ) and experimentally (Jullien et al.,submitted, 
Perronnet et al., submitted) Carbon steel corrosion releases important amounts of iron and 
maintains strongly reducing conditions. The iron released by the corrosion of the canister may 
in addition modify the mineralogy of the clay buffers and the retardation properties of the 
near-field. In the case of cementitious materials, strong evolutions of the porosity are expected 
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(Trotignon et al., 1998 ; Lagneau, 2000), in particular clogging due to carbonatation ; this will 
impact strongly the solute exchanges between the near field and the host rock. 
 
In summary, the description and evaluation of RN migration in a realistic near-field 
environment requires an assessment of what will be physico-chemical conditions prevailing 
around the canisters. Direct experimental evidence of these conditions is available only in 
short term experiments or with the help of natural analogues (§ 3.4) that give guidance to 
build realistic scenarios. Prediction of RN migration in this area is then mainly performed by 
using reactive-transport.  
 

3.3 Migration in the far-field environment  

The far-field environment is defined as the non-disturbed geological media. It is therefore a 
stable system in which no significant modification is expected to occur. Boundary conditions 
(in terms of hydraulic, chemistry, temperature …) are therefore determined by the geological 
environment. 

3.3.1 RN CHEMISTRY IN DEEP GEOLOGICAL ENVIRONMENT 

In the non-oxidising conditions of deep groundwaters, Actinides(III) and (IV) are stable. We 
measured the solubility product of PuO2(s) (Capdevila & Vitorge 1998). 
 
Our experimental set up was equivalent to a specific Pu4+ electrode; [Pu3+], [PuO2

+] and 
[PuO2

2+] were directly measured by spectrophotometry, while Pu4+ was below the detection 
limit (Capdevila 1992, Capdevila et al. 1992). E, the redox potential of the solution was 
calculated from the [PuO2

2+]/[PuO2
+] ratio and E(PuO2

2+/PuO2
+), the formal potential of the 

PuO2
2+/PuO2

+ redox couple measured independently (Capdevila 1992, Capdevila & Vitorge 
1992). Similarly [Pu4+] was finally calculated from [Pu3+], E and E(Pu4+/Pu3+). To our 
knowledge, no other published measurement of *Ks took into account possible Pu4+ 
disproportionation. 
 

lg*Ks,m

lg*Ks,m -12 D

PuO2(s)+4H+→Pu4++2H2O
*Ks = [Pu4+] / [H+]4

*lgKs° = -2.26
Δε’ = 0.27 kg.mol-1

C
ap

de
vi

la
, V

ito
rg

e 
19

98

T 25 °C       m(ClO4
-) (mol.kg-1)

0           1           2          3

lg
(k

g3 .m
ol

-3
)

0

-1

-2

-3

-4

During Pu(V) dispropotionation
2 PuO2

+ → PuO2
2+ + PuO2(s)

at –lg[H+] ≈ 1, [Pu4+] and [H+] were
obtained experimentally, from which *Ks =
[Pu4+] / [H+]4 was calculated, converted to
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see the caption of Figure 3 Section
1.1.1.1.).

 
Figure 56: The solubility product of PuO2(s) (Capdevila & Vitorge 1998) 

 



Overview of CEA Research in the field of Radionuclides Migration              Page 96/173 
 

96 

 
Beside this difficulty, An(IV) oxide or hydroxide compounds are also ill-defined, when 
obtained by precipitation in aqueous solution, i.e. at relatively low temperature, while for well 
crystallised compounds prepared at high temperature the dissolution reaction is too slow in 
order to observe the achievement of solubility equilibrium at room temperature. Nevertheless 
we could extract thermodynamic data for soluble aqueous species by using metastable 
AnO2(s) typically solubility product and carbonate complexing constants (Lemire et al. 
2001, Rai et al. 1999, Vitorge et al. 2002, Vitorge & Capdevila 1998, 2003) despite initial 
published measurements are scattered (Figure 57), and were not correctly interpreted. 
 
A solubility study by Kim (1983) produced scattered data (Figure 57a), however note less 
scattered data and steep solubility increase at pH > 10, we interpreted as evidence of a 
Pu(CO3)5

6- limiting complex by analogy with U, actually Pu(CO3)4
4- can explain the 

measurements as well. We latter published similar predictions for Np(IV), despite they did not 
specially fit published experimental solubilities (Figure 57b). Rai (1985) had even found no 
experimental evidence of any Np(IV) carbonate soluble complex. However, he made new 
measurements at higher carbonate and bicarbonate concentrations for An(IV) (An = Th, U, 
Np and Pu) and obtained less scattered results, certainly because his experimental 
methodology is better. We collaborated and agreed limiting complexes An(CO3)5

6- can 
account for the experimental observations (Rai et al. 1999); however, some of the studies 
were too recent to be included in Np/Pu NEA-TDB review (Lemire et al.), unfortunately the 
more recent NEA-TDB "update" did not finalise the work on this system. Finally we started 
to reinterpret quantitatively published works (unpublished reports for ANDRA), from a part 
of which we recently extracted a publication (Vitorge & Capdevila 2003) were we 
reinterpreted published reliable solubility measurements for Pu(IV) (Figure 58). 
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Figure 57: Scattered published solubility measurements for Np and Pu(IV) 
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We also performed sensitivity analysis in the form of maximum values for the formation 
constants of several complexes Pu(CO3)i(OH)j

4-2i-j, i.e. more studies are needed to decide 
which of these mixed hydroxo-carbonate complexes are stable for An(IV). 
 
The stoechiometries of their carbonate limiting complexes are not so well understood: 
Th(CO3)6

8- have been proposed, while An(CO3)5
6- is accepted for the other –in principle 

analogue- Actinide(IV). This difference might simply be originated in the size of the cations: 
Ce and Th are the biggest of the f elements. Similar problems are still not resolved for f 
elements at +3 oxidation state: Ce(CO3)4

-5 was proposed, while in similar conditions only 
Am(CO3)3

-3 is formed (Robouch 1987, Silva 1995). We are currently studying M(CO3)i
3-2i 

complexes for M = Cm and Eu by using TRLIF technique (Figure 59). For Eu(CO3)i
3-2i, it 

was not possible to decide, whether the maximum value for i is imax = 3 or 4, despite slightly 
better statistical fit is obtained, when more parameters are fitted (i.e. for imax = 4). Figure 59 
focuses on such sensitivity analysis. From independent solubility measurements, we showed 
Eu(CO3)4

-5 concentration to be negligible: the simplest model (i = 0, 1, 2 and 3) is the correct 
interpretation. An error on the stoechiometry of the limiting complex propagates to the fitted 
values for data of the intermediary complexes -those stable in environmental conditions-: 
Figure 59 also enlightens that it is needed to explore chemical conditions broader than 
those strictly needed for measuring equilibrium constants. 
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Figure 58: Pu(IV) solubilities in carbonate / bicarbonate aqueous solutions 
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Figure 59: TRLIF study of Eu(III) in CO2/HCO3

-/CO3
2-/H2O(l) (Vercouter  et al. 2004) 

 
As a conclusion, RN speciation in deep groundwaters is relatively well known through the 
numerous published data in the open literature (see the reviews of NEA/TDB project) but also 
through the complementary studies performed at CEA since the mid-80's. In particular, CEA 
focussed in the past years on the complexation of actinides by major groundwater inorganic 
ligands as silicate, hydroxide, carbonate ions …. We also intend to study SO4

2- complexes of 
actinides, redox reactions and temperature influence (see Section 1.1.2), 

3.3.2 TRANSPORT PROCESSES IN DEEP GEOLOGICAL ENVIRONMENT 

Migration in deep geological environment is mainly governed by the geological layer 
properties and hydrogeologic boundary conditions as described below. 

3.3.2.1 Phenomenology of transport processes in porous media and 
experimental approaches 

The main transport mechanisms of solutes studied in natural porous media are advection 
(defined as the movement of solutes due to groundwater flow) and molecular diffusion (as a 
consequence of the Brownian movement with a tendency to homogenise concentrations in 
solution). Nevertheless, clay rocks may act as semi-permeable membranes due to the 
existence of ionic diffuse layers. As a consequence, coupled (off-diagonal) transport 
phenomena may play a significant role in solute transport. In a first approach, it is assumed 
that within the far-field, chemical, thermal and pressure gradients are sufficiently low to have 
a minor impact on radionuclide transport. 
 
The transport equation of inert solutes at low at trace level considered is then expressed as 
follows : 

( ) iiie
i

i CUiCiCiDdiv
t

C ωλω −−∇=
∂
∂
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where ωi  accessible porosity of solute i 
 Ri retardation coefficient  
 Ci concentration in solution [mol.L-3] 

 e D i tensor of effective diffusion [L².T-1] 
 U  Darcy velocity [L.T-1] 
 λi radioactive decay constant [T-1] 
 
In addition, the convective flow can be related to the hydraulic head through the Darcy law: 

)(. hgradKU −=  

where U stands for the Darcy velocity, K the permeability (m.s-1) and h the hydraulic potential 
(m.m-1). 
 
All the data available on the Callovo-Oxfordian argillites and on the lower part of Oxfordian 
limestone tend to emphasise the weakness of the convective flows in these formations. The 
geological data available doesn’t give indication of any discontinuity that might be the 
location of significant flows. The weakness of the convective flows of the solutes, which can 
be estimated today, precludes any consideration that this transport mechanism could be 
significant compared with molecular diffusion. 
 
As a consequence, diffusion is assumed to be the main transport process governing 
radionuclide migration from a deep disposal through Callovo-Oxfordian argillites and through 
the lower part of Oxfordian limestone to more porous and permeable levels of Oxfordian 
where groundwater flows. 
 
The parameters required to describe diffusion of solutes in Callovo-Oxfordian argillites are as 
follows : 

− Effective diffusion coefficient, denoted De ; 

− Porosity accessible to diffusion, nD. 
 
The migration of the radionuclides within the argillites can be classified in three types of 
behaviour: 

− the inert radionuclides, which do not interact with the geological formation and 
are not charged. It mainly refers to tritium which is present in waste but also which 
is extensively used as artificial tracer to quantify the water flux within the material. 
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Figure 60: Schematic of the inert tracer behaviour in clay-rock formation  
(tritiated water) 

 

− the anionic species (36Cl-, 129I- …) which specifically interact with the argillites 
due to the existence of negatively charged surface of minerals. Indeed, due to 
isomorphic substitution or the amphoteric properties of broken bonds at the edges, 
clay minerals display significant negative charge on their surfaces and therefore 
repel the negative ions from the surface. The anions have therefore only access to a 
smaller part of the porosity. This process is referred to as the anionic exclusion 
and explains the relative high mobility of anions in such rock. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 61: Schematic of the anions behaviour in clay-rock formation 
 

− The cationic species which are potentially submitted to chemical or electrostatic 
interaction with the mineral surfaces in the so-called "sorption" process. The 
migration of these radionuclides are therefore strongly retarded by comparison to 
inert tracers. 
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Figure 62: Schematic of the behaviour of cationic radionuclides in clay-rock formation 
 
Most of the studies performed on the Callovo-Oxfordian argillites aim therefore to 
characterise the behaviour of these three types of RN by defining the reference porosity and 
effective diffusion coefficients of inert tracers, of anions and cations. In addition, relations 
between the behaviour of different tracers in each category are addressed as well as the 
relations between the transport and host rock properties. 
 
Experimental approaches 
 
The study of the diffusion phenomena raises experimental problems due to their slowness. In 
fact, it is not possible to experimentally test radionuclide behaviour at the scale of a host 
formation. In surface laboratories, experimental lengths do not exceed several centimetres, 
while relevant scales for safety studies are pluridecametric to plurihectometric within the host 
formation. 
 

sample

filter plate

Diffusion cell

sample

filter plate

Diffusion cell  
 

Figure 63: Schematic and photography of diffusion cells used for Callovo-Oxfordian 
argillites in the CEA laboratory (DPC – Saclay) 
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In order to study the diffusion in a potential host clay formation, three main approaches are 
conducted in parallel from the smaller to larger scale : 

− Experiments in laboratory on small samples (centimetric scale) in diffusion 
cells. They remain essential to obtain the above diffusion parameters. This type of 
tests allows to select and control the experimental physical and chemical 
conditions. They therefore constitute the major tool for understanding and 
quantifying the diffusion phenomena. They however have limitations. First and 
foremost, they apply to centimetre-scale samples. It is therefore necessary to 
validate the extrapolation of the experimental results to larger scales. In addition, 
tests performed in surface laboratories are confronted with the issues of the 
uncertainties in the determination of the water composition. Indeed, that 
composition influences the chemical retention of radionuclides and, to a lesser 
degree, the anionic exclusion. Moreover, samples used in the surface laboratory 
may have been subjected to mechanical (decompression) and chemical (oxygen 
contamination) disturbances before the laboratory experiments. The through-
diffusion cell comprises two reservoirs (up and downstream: 175 and 130 mL 
respectively) in PPH, a sample holder in stainless steel, two stainless steel filter 
plates, and two outlet ports. The sample is sandwiched between the two stainless 
steel filter plates and pasted with glue. The sample and filters are placed in the 
sample holder. Two seams separate the two reservoirs and the sample holder. The 
whole cell is hold together by screwing. Samples are placed in the sample holder 
and put in equilibration with synthetic pore-water. The solution in the upstream 
reservoir is spiked with the desired tracer. 

− Tracing experiments in Underground Research Laboratory (URL): The 
diffusion experiments conducted in URL allow to test a limited number of tracers 
in representative conditions. As such, they allow a first validation of laboratory 
models and data in-situ on centimetric scale (see section 3.4.4). 

− Studies of the natural tracers profiles in the geological formation. Since such 
profiles reflect the history of the formation and the intrinsic transport mechanisms, 
it is possible through inverse modelling to collect qualitative, if not quantitative, 
data on transport properties. Such analyses may provide information at time and 
space scales close to those of safety studies. Nevertheless, natural tracer approach 
are also submitted to limitations in their applicability:  

• the natural environment imposes certain physicochemical conditions, 

• tracers with interpretable profiles and having sufficiently clear analogies 
with radionuclides of interest are often not available,  

• profile locations do not always coincide with zones where it would be 
appropriate to determine containment properties.  

• uncertainties in the formation hydrogeochemical history can make 
estimation of transport parameters difficult. 

 
CEA is participating in close connection with ANDRA to these three research lines in 
particular in the Saclay laboratories and in the Meuse / Haute-Marne URL as detailed in the 
next section. 
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3.3.2.2 Quantification of transport processes in Callovo-Oxfordian 
argillites 

A full data set was obtained on Callovo-Oxfordian argillites and on Oxfordian limestones 
using HTO as reference inert tracer, 36Cl, 125I as anionic tracers, Li, 22Na, 87Rb, 134Cs as 
cationic tracer. This program of diffusion experiments is still under progress in 
CEA/DEN/DPC/SECR/L3MR with the support of DRT laboratories (Section of Tracer 
Application, CEA Grenoble).  
 
 
Behaviour of anionic radionuclides 
 
A special interest was particularly given in the last years on the behaviour of anionic tracer 
because of the importance of 129I and 36Cl in safety evaluation of a deep disposal of 
radioactive waste. Some typical results obtained on argillites and oxfordian limestones using 
HTO and halides are shown on next figure.  
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Figure 64: Halides effective (Cl and Br) diffusion coefficients as a function of tritriated 
water effective diffusion coefficient in Callovo-Oxfordian argillites (COX), Oxfordian 
limestones (Oxf) and the lower part of Oxfordian limestones (BOX). Blue dashes show 

the equality of effective diffusion coefficients of halides and HTO 
 
It can be observed that the diffusion of anionic tracer is limited by anionic exclusion in 
Callovo-Oxfordian argillites, in particular for the less diffusive zone (low De for HTO) in 
which the porosity is expected to be smaller. This result is consistent with those obtained on 
other hard clay rocks. (Van Loon et al., 2003a ; Van Loon et al., 2003b). The measured values 
of De are : De = 0.5-4.5 10-11 m²/s and ω = 0.09-0.25 for HTO, De = 0.6-8.0 10-12 m²/s and ω 
= 0.005-0.09 for 36Cl- and De = 0.7-6.5 10-12m²/s for 125I-. Iodide and chloride point out a very 
similar diffusive behaviour. One may mention the relatively high accessible diffusion porosity 
for 125I- relatively to the value for 36Cl-, although their respective values of diffusion 
coefficients are very similar. This might be explained again by an effect of chemical retention 
of this tracer in the rock (Tevissen and Soler, 2003 ; Tevissen et al., 2004). 
 
Behaviour of cationic radionuclides 
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Data obtained with cationic species point out a particular behaviour (Melkior et al., 2004) 
which is an enhanced flux of cations. 

0

0,0002

0,0004

0,0006

0,0008

0,001

0,0012

1 10 100 1000
Temps en jours

Fl
ux

 n
or

m
é

Cs Ci = 2 E-3 M

HTO

Cs Ci = 2 E-5 M

 
Figure 65: Normative flux of diffusion of Cs through a 1 cm thick Callovo-Oxfordian 

argillites for two different initial Cs concentration: 2 10-3 and 2 10-5 mol.L-1 compared to 
tritiated water 

 
As shown by the figure (green and magenta curves for caesium), a modelling of alkaline 
tracer diffusion in Callovo-Oxfordian argillites is proposed. The pore diffusion model was 
coupled with a 2-site ion exchange model, using the PHREEQC code. Simulations of the 
transient parts of Cs diffusion experiments are in agreement with experimental data. The 
sorption model, fitted on data collected in batch, thus appears to be relevant for an intact (= 
undestructured) rock sample. The representation seems to correctly describe the migration of 
alkaline species. The effective diffusion coefficients of alkaline cations are definitely higher 
than those obtained with HTO. 
 
More generally, current and additional experimental programs focus on the following 
scientific questions : 

− How can we explain the enhanced diffusion fluxes of cations ? 

− How can we interpret and model the reduced porosity accessibility for anions 
(anionic exclusion) ? 

− How can we relate the rock properties (porosity, mineralogy) to the transport 
parameters (diffusion coefficients) ? 

− Which analogies can we define between the various radionuclides and commonly 
used tracers ? 

 
Finally, a particular effort is made in order to develop new complementary analytical methods 
such as columns experiments and the use of laser micro-ablation (µLIBS) to optimise the 
characterisation of the tracer distribution after the experiments. 
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3.3.3 SPECIFIC CASE OF GRANITIC ENVIRONMENTS 

Although no granitic site is currently decided in France for a URL, granitic medium has been 
extensively studied up to 1998 (negative governmental decision about the granitic Vienne 
site) and with a smaller effort since then. In particular, strong focus was put on the transport 
properties of granitic environment which are significantly different from clay-rock formation. 

3.3.3.1 Modelling techniques  

Fractured media, such as granite ones, are complex systems, since they are composed of 
fractures embedded in porous matrix, most of the time with a multi components mineralogy. 
Hydraulics and radionuclide transport in such heterogeneous media requires then specific 
modelling techniques. 
 
Two main classes of modelling approach may be used, either discrete or continuous 
techniques. 

− The discrete approach allows a fully description of the geologic system, such as a 
complete meshing of each heterogeneity.  

− On the contrary, the continuous approach aims to homogenize elementary parts of 
the system, called Elementary Representative Volume (ERV), referring to 
equivalent hydraulics and transport  properties. 

 
Depending on the system complexity, the two approaches may be simultaneously applied. For 
example : a discrete approach for a single fracture and a continuous one for the porous matrix. 
Nevertheless, the final objective is to derive a conceptual model, accurately describing all the 
physical phenomena involved in the transport processes. 
 
Double porosity models 
 
The double porosity models are very suitable for simulating two different flow kinetics: 
convective / dispersive flow in a fracture (relatively fast) and diffusive flow in the porous 
matrix (relatively slow). They are based on ERV identifications, which size is properly chosen 
as a function of the domain size scale and the hydraulic and transport properties variations.  
 
The classical convective / diffusive equation is solved for each system, using a spatial 
discretization scheme (Mixte Hybrid Finite Element in Cast3M for 3 dimensional geometry) 
with their own boundary conditions. But the main difficulty arises from the modelling of the 
mass transfer between the two media: a source term in the fracture transport equation. For 
simplified situations, it is often expressed with an exchange coefficient. Whereas more 
complex models are proposed by mathematicians, based on asymptotic developments of the 
equations from lower scale to the macroscopic scale. Using the simplified approach, double 
porosity models may be then extended to multi component geological systems. 
 
Validations tests applied to the tracer transport modelling in a fractured block, clearly point 
out the different transport regimes relevant to the time scales: 

− For the smallest time scale, convection / dispersion in the fracture networks is the 
dominating regime. 
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− For the largest time scale, diffusion in the porous matrix is the dominating regime, 
exhibiting a storage effect. As a result, tracer may be released with a delay.  

 
Smeared fracture approach 
 
The basic idea of the “smeared fracture” approach, is to avoid the fracture network meshing. 
Only a regular meshing is required for all the domain, but heterogeneity transport properties 
are applied on each cell intersecting the fractures. The main advantages of this method are 
that no dedicated spatial discretization effort is required and simulations can be performed on 
a rough meshing, saving hence computer time. 
 

 

 
 

Figure 66: The “smeared fracture “ approach ; meshing and concentration field in a 
fractured network 

 
This modelling technique is implemented for Mixte Hybrid Finite Element in Cast3M, as well 
for hydraulics as for the convection / dispersion / diffusion transport equation, in 3D 
geometry. 
 
The main work lays in the definition of the equivalent transport properties, such as porosity, 
hydraulic conductivity, diffusion and dispersion, derived from flux conservations, and taking 
into account the time and length scales for each elementary process involved in the 
radionuclide transport.  
 



Overview of CEA Research in the field of Radionuclides Migration              Page 107/173 
 

107 

Validation tests performed on tracer transport in a fractured block state a rather good 
prediction for the breakthrough curves in different regimes: dominant advective regime, 
intermediate regime and dominant diffusive regime.  
 

3.3.3.2 Modelling results : Aspö Task Force  

The CEA/DEN is involved in the European project “Task Force”, specially Task 6, conducted 
in the in-situ experiment by the Aspö Hard Rock laboratory (Sweden). Task 6 seeks to 
provide a bridge between site characterization (SC) and performance assessment (PA) 
approaches to solute transport in granite fractured rock. Two spatial scales are considered: (i) 
single fracture (10 m) and (ii) fracture network (100m) as well as two transport time scales: (i) 
experimental scale (a few month to several years) and (ii) performance assessment time scale 
( 10 7 years). 
 
Successive steps have been performed from the year 2000, supporting the final objective 
which is to provide key PA assumptions then to derive PA model components for 
radionuclide migration in a granite geological site. 
 
Transport modelling in a single fracture : task 6A (fast regime) and task 6B (slow 
regime for performance assessment) 
 
Selected tracers HTO, 131I, 85Sr, 58Co, 99Tc, 241Am, with different retention properties, have 
been injected in a single fracture crossing a porous matrix. The information available consists 
of  concentration measurement in boreholes and hydraulic tests. One of the difficulties lay in 
the variable mineral composition, since in fact the matrix comprises components such as 
gouge, mylonite, fracture coating, altered then non altered diorite. Three conceptual models 
have been developed, from simple to more complex matrix zone geometries, then calibrated 
against experimental breakthrough curves for each tracer. 

− Model 1 : the matrix stands for an immobile zone and the fracture for a mobile 
zone; 

− Model 2 : the matrix is described as a set of successive layers, with different 
transport properties, but constant for each layer 

− Model 3 : a stochastic approach provides the spatial field of transport properties 
for retention and diffusion in the matrix. 

 



Overview of CEA Research in the field of Radionuclides Migration              Page 108/173 
 

108 

 
Figure 67: Conceptual representation of the fracture studied in the Task 6A and 6B of 

the Task Force project 
 
The main results of this study conclude that the tracer test experiment explores the rock 
matrix zones in the vicinity of the fracture, but deeper zones are concerned with the PA time 
scale. The high porosity and diffusion zones like the gouge, impact the transport at the 
experiment time scale, however  the other ones require large contact times or slower fracture 
velocity. The resulting PA model is very simple, including one fracture as mobile zone and 
matrix rock as immobile zone. Sensitivity analysis for PA model notices a high sensitivity to 
the most diffusive zones parameters (porosity, diffusion coefficient, depth) for gouge, fracture 
coating, mylonite, but low sensitivity for altered and non altered diorite, although these latter 
zones could potentially provide the larger diffusion volumes. 
 
Transport modelling in a  fractured block : task 6C  task 6D  
 
The purpose is  a semi synthetic block scale system (200 m). The task 6C provides a tracer 
test conducted on the TRUE Block scale for future calibration of the hydro structural models, 
as well as detailed characteristics of the heterogeneity of the block : 

− 11 deterministic  features 

− 25 synthetic features 

− 5 660 background features 
 
The task 6D addresses the problem of sorbing or non sorbing tracer transport for fast flow 
regime, in a simplified geometry reduced to 4 main features.  
 
 
 
Modelling strategy and results 
 
The solute transport equation is solved with a discrete model, using an explicite meshing of 
the 4 features (Cast3M). The surrounding media complexity is taken into account, through 
boundary conditions properly chosen, using different modelling techniques, such as double 
porosity model or smeared fracture approach applied to selected geological components.  
In fact, the boundary conditions, relevant to the advective and dispersive transport in the 4 
features, are tightly dependant on the convection / diffusion process in the whole of the multi-
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component block (other features and porous matrix). Then, for sorbing tracers, linear sorption 
is considered by means of retention coefficients on the fracture walls and in the bulk of the 
rock. 
 
The main results are the following ones. The calibration breakthrough curves for the 6 
injected tracers (rhenium, iodine, calcium, cesium, radium, technetium, americium) allow the 
parameter identification for the different system components. Then, a sensitivity analysis 
conclude that matrix properties play a minor role, whereas fracture transport apertures fully 
define the tracer arrival time. 
 

   
Figure 68: Aspö task Force ; (left) schematic of the fracture network studied; (right) 

breakthrough curves for different tracer in the fractured block 
 
Perspective 
 
The task 6E is planned in year 2004, to provide a bridge toward PA time scale for the 200 m 
block. For such slow flow regime, all the system components take part in the transport 
process, so that the 36 features are to be modelled. Successive homogenization phases, based 
on successive heterogeneity scales will be derived, to provide PA simplification assumptions. 
 

3.4 Integration and validation of the predictive model 

3.4.1 DEVELOPMENT OF A NUMERIC PLATFORM FOR PREDICTING MIGRATION 

Considering the temporal and spatial scales of a repository system, the variety of involved 
processes, predicting the migration in a geological repository is a difficult and time-
consuming task. The difficulties to be solved in the numerical simulation, mainly arise from: 
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− In the near field: heterogeneity of the geological medium and materials (variable 
transport properties), chemical reactions. 

− for the far field: great length scale (100 m to 1 km) and time scale (millions of 
years) 

− for the whole system: calculation performance, combined with a good prediction 
accuracy. 

 
Hydraulics modelling is derived from the Darcy’s law, then radionuclide transport is solved in 
3 dimensional geometry, using the classical convective / dispersive / diffusive equation. 
Physical models describing the aqueous speciation and the retention at the solid/water 
interfaces as described in chapter 1 are also integrated within the transport equation. These 
modelling tools are then used to interpret the in situ diffusion experiments (Mont Terri) or to 
design the further experiments planned in the French underground laboratory of 
Meuse / Haute Marne (Bure).The special case of granite environment is described in previous 
section. 
 
Finally, the safety assessment of nuclear waste disposals requires the simulation of all the 
physical phenomena taking part in the radionuclide transport. As the repository design is very 
modular, it allows to study the physical phenomena in each compartment after the unit 
closure: from the canister, in the engineered barrier, e. g. concrete or swelling clay, then in the 
geological surrounding. They are then chained or coupled, depending on the time and space 
scale such as: thermal hydraulics, mechanics, chemical reaction or degradation, leading to a 
global T-H-M-C process. 
 
The CEA and the ANDRA have therefore jointly developed since 2001 the software platform 
ALLIANCES (Bengaouer et al., 2003 ; Caron-Charles et al., 2004). EDF has joined the 
project in 2003. The objective of the project is to obtain a numerical platform allowing: 

− The simulation of the characteristics phenomena of all disposal and storage 
situations; 

− The choice and coupling of different numerical codes; 

− The simulation of multi-physical and multi-scale phenomena; 

− The uncertainties analysis related to data and models; 

− The study management and traceability. 
 
ALLIANCES aim is not to develop a new scientific calculation code but to accumulate within 
the same simulation environment the already acquired knowledge and to gradually integrate 
new knowledge. Therefore, the project is based on the following three fundamental choices: 

− Integration of several scientific calculation codes for a same physical problem in 
order to take advantage of the complementarities of each code (discretization 
method, processing of complex geometry, processing of great property 
contrast,...). All these codes share the same User Interface (UI) and Application 
Programming Interface (API). This enables results comparison and then ensures a 
best confidence for the prediction. 

− The structure and the use of the OpenSource Salomé platform environment 
(www.opencascade.org/SALOME) ensures the modularity and the evolution 
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properties of ALLIANCES. Salomé platform gives access to the following generic 
tools : graphic user interface, geometry and meshing generator, visualization, 
supervision.  

− A high level programming language allows an easier coupling implementation. 
Coupling algorithms are written in Python independently of the different codes. 
For each application, the user can choose the codes to be used.  

 
Special attention is paid to the qualification and validation program. It proceeds by tests with 
a gradual complexity: first comparing calculations to analytical solutions, then defining 
benchmark exercises between codes implemented in the platform and external ones. The tests 
validate the different aspects of the application validity domain of the modules. For each test, 
several options are tested: selected codes, size of the grid, methods of discretization (Finite 
Volume, Mixed Hybrids Finite elements...), linear solver.  
 
The first release of Alliances is mainly devoted to safety studies. In December 2003, the 
release 1.2 version was distributed to users with  the following qualified modules: 

− Hydraulics in unsaturated and saturated media; 

− Extended transport in saturated media; 

− Chemistry/Transport coupling in saturated media. 
 
This release will be completed in April 2004, with  

− Container degradation models; 

− Sensitivity analysis tools. 
 
The integrated computer codes are: 

− Porflow (ACRI) for hydraulics and extended transport; 

− Castem (CEA) for hydraulics and extended transport and transport part of the 
Chemistry/Transport; 

− MT3D (USGS) for the transport part of the Chemistry/Transport; 

− Chess (ENSMP/CIG) for geochemistry; 

− Phreeqc (USGS) for geochemistry; 

− Colonbo and Prediver (CEA) for container degradation models; 

− Kalif (CEA) and Pastis (ANDRA) for sensitivity analysis. 
 
During the validation process, realistic computation cases have been tested: calculation of an 
altered evolution scenario (defect of sealing) for a storage in deep geological layer, Uraninite 
leaching by rainwater ... (see the two next sections). ANDRA safety studies are currently done 
with the release 1.2 version of the platform. Several computations are also carried out at CEA 
for injection chamber simulation. 
 
The release 2 of ALLIANCES will include more physical phenomena like feedback of 
porosity changes, reactive transport in unsaturated flow, thermal and mechanical models and 
their coupling with hydraulics. The following codes will be added : Code_Aster (EDF) for 
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Thermo-Hydro-mechanical, Trio-U (CEA) for Thermo-aerolics and Traces (IMFS) for 
extended transport.    
 
ALLIANCES is currently available on PC/Linux computer system and will be available 
during the year 2004 on the computers of the CEA computational center of Bruyères-le-
Châtel. 

3.4.1.1 Extended transport for performance assessment studies 

 
Preliminary performance assessment calculations have been simulated with the Cast3m 
module of Alliances. Extended transport solves the Darcy equation for water flow in porous 
media, and a convection-diffusion equation for RN transport. It includes also radioactive 
chains, radioactive decay, dissolution and precipitation and chemical retention modelled 
through a delay factor. For the spatial discretization, two numerical schemes are available: 
Mixed Hybride Finite Element (MHFE), and Finite Volume (FV). In fact, MHFE and FV 
methods have complementary properties with respect to stability and monotony. The linear 
sparse system, which is not symmetric due to the convection operator, is solved either with a 
BCGStab or a GMRES algorithm, after the matrix preconditioning with ILU algorithms. 
Different boundary conditions may be taken into account: defined concentration, defined flux 
or mixed concentration and flux conditions, constant or time variable (Bernard-Michel et al., 
2003, 2004 in press). 
 
 
General description 
 
Performance assessment calculations aim to predict radionuclide migration, through the 
successive barriers inside the repository site, then through the geological site. In the following 
example, the radionuclides are selected in order to test different phenomena: weak chemical 
retention for iodine 129 (2D and 3D simulations), dissolution and precipitation by element for 
niobium 94, and a radioactive chain 93Zr → 93Nb (2D simulations for this case). One of the 
difficulties is to ensure positive values of the concentration without oscillations. Another one 
was to model the precipitation for 94Nb and 93Nb, taking into account their own contribution 
for the saturation concentration evaluation in the dissolution-precipitation process, since they 
are coupled. The spatial discretizations have been realized using both Mixed Hybrid Finite 
Elements and Finite Volume Elements, except for the transport of Iodine in the far field 
calculation (VF only).  
 
 
Near field calculations 
 
For technical simplification reasons, RN transport is first studied in the repository site (near-
field), in order to evaluate the outer mass fluxes. This derives a source term for the RN 
migration through the geological site, thus preventing from meshing all the different scales of 
the repository at the same time. The following results display concentration evolutions for 
93Nb, 94Nb and 93Zr, evaluated at a frontier in the near field for different types of precipitation.  
niobium precipitation is modelled according to two approaches: either the precipitation by 
elements, that takes into account the contribution of  94Nb and 93Nb for the evaluation of the 
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Niobium saturation concentration, or the precipitation by species, meaning to a simplified 
approach since the two species are separately modelled.  
 
 
Far field calculations 
 
In the second step, the geological site is composed of successive geological layers with 
different transport properties, leading to a complex flow, from the storage unit to the exutory. 
Its geometric description (total height about 500 m and length scale of several kilometres) 
requires a fined meshing with 480 000 cells (hexaedral grids) which are regular near the 
repository and skewed far from the waste. 
 

  
Figure 69: Description of the hexahedral grid constituted of 480000 meshes (left) and of 

the water pressure field (right) 
 

  
100000 years   500000 years    1 million years   

Figure 70: Iodine concentration evolution with time  
(t<  1 million years) in the repository plane 

 
Figure 69 and Figure 70 display the iodine 129 concentration evolution with time in the 
repository plane in the geological site. Precipitation is of no concern for iodine, but very low 
concentration level are expected, raising numerical difficulties. 
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3.4.1.2 Reactive transport using chemical and transport codes coupling 

Physical and numerical models 
 
The hydrogeochemical transport of chemical reactive multispecies included in ALLIANCES 
describes the spatial and temporal evolution of a set of chemical species that are, on one hand, 
submitted to transport phenomena and, on the other hand, submitted to chemical reactions. 
Transport phenomena are convection, diffusion and dispersion in porous media. Chemical 
reactions may be in equilibrium or under kinetics, in liquid, solid or sorbed phases. More 
precisely, in addition to the usual homogeneous reactions occurring in the liquid phase such 
as aqueous complex formation, acid-base and redox reactions, heterogeneous reactions that 
exchange matter between the liquid and the solid phase are also taken into account. The main 
heterogeneous reactions considered are precipitation-dissolution of minerals and sorption 
such as cation exchange. In general, chemical processes are faster than transport phenomena, 
so it is usually assumed that chemical equilibrium is attained. Only some precipitation-
dissolution processes are assumed to be kinetically controlled. 
 
The corresponding physical model is made of a set of partial derivative equations based on 
the principle of mass conservation and describing species transport in liquid phase, and a set 
of non linear algebro-differential equations corresponding to the chemical reactions that 
model species interactions. In ALLIANCES, these two sets of equations are solved by using 
iteratively a geochemical code (either CHESS or PHREEQC) and a transport code (either 
CASTEM or MT3D). Nowadays, two coupling possibilities are available via ALLIANCES: 
CHESS/CASTEM and PHREEQC/MT3D. 
 
Validation of the coupled reactive transport code 
 
In a first step, several analytical test cases have been defined and used to validate the reactive 
transport code. In order to validate the coupling model, all studied configurations necessary 
involve exchanges between species in aqueous phases and in fixed phases (dissolution-
precipitation or sorption phenomena). Numerical results have been compared to analytical 
solutions. All geochemical processes have been tested, coupled with various types of 
transport. For example, the following configurations have been involved: diffusion of alkaline 
water in a quartz sand in a 1D or 2D geometry, precipitation under kinetic coupled with 
diffusive transport, Cs migration in a column filled with clayey minerals with significant 
cation exchange capacity, ... In all cases, numerical results were in good agreement with 
theoretical results. 
 
In a second step, more complicated and realistic configurations have been simulated, such as: 
concrete dissolution by some carbonated groundwater, diffusion of radionuclides in minerals 
with several cation exchange sites, dissolution of uranium dioxide after rainwater seepage. 
ALLIANCES results were compared to numerical results obtained with other codes when 
available (Mugler et al., 2004). 
 
In the following part, we illustrate the benchmarking of the coupling between geochemical 
and transport codes in ALLIANCES on one of these configurations. This example involves 
the dissolution of uranium dioxide (UO2) and the subsequent migration of uranium in a 
subsurface environment (de Windt et al., 2003). Rainwater infiltrates in a subsurface aquifer 
and leaches a zone enriched in uraninite (see Figure 71 (a)). Rainwater is in equilibrium with 
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the atmosphere (O2 fugacity =0.2, CO2 fugacity =3 x 10-4). To simplify the case, the 
unsaturated zone is neglected, and dissolved oxygen does not react with any redox species 
before reaching UO2. Calcite and quartz are the main minerals of the aquifer. Porosity is equal 
to 0.4 and the vertical Darcy velocity equal to 2.5 m.year-1. Longitudinal and transversal 
dispersivities are equal to 1.5 m. The case was run with CHESS-CASTEM and PHREEQC-
MT3D in ALLIANCES and another reactive transport code HYTEC 
(http://www.cig.ensmp.fr/~vanderlee/hytec/index.html). 
Figure 71 (b-d) shows a good agreement in the O2 plumes after 100 years. Furthermore, the 
maximum uraninite concentration at t=100 years is predicted to lie within the range from 0.6 
mol.l-1 to 0.65 mol.l-1. 
 

 

(a) Layout  (b) Chess-Castem results. (c) Hytec Results. (d) Phreeqc-Mt3d results. 

Figure 71: UO2 leaching after rainwater seepage. (a) Layout of the test-case and (b-d) 
Concentration isocontours of O2 

 

3.4.2 TRANSPORT PARAMETERS IDENTIFICATION USING INVERSE METHODS 

Basis of the approach 
 
This work is relative to the development of numerical tools required for design, conduct and 
interpret the diffusion experiments, which will be carried out at the future rock laboratory. 
This section deals particularly with the implementation of an estimation method of diffusion 
and porosity parameters by inverse modelling. Let us recall that diffusion and porosity 
parameters are difficult to measure by experiments, contrary to concentration values. Yet 
accurate values of those parameters are necessary in order to conduct reliable simulations of 
the future state of the system. This is the reason why we have to solve an inverse problem.  
Tracer diffusion is modelled through the diffusion equation. The concentration at time t in the 
injection chamber is given by the difference between the concentration injected initially 

)( 0tCinj  and the concentration diffusing through the surface of the chamber injΓ  during all the 
time interval from t0 and t (second term of the equality). This relation can be expressed in 
differential form by derivating versus time. This boundary condition depends on the diffusion 
of the medium and varies with time. 
 
The inverse methodology implemented is in the deterministic framework. The estimation 
problem is equivalent to an optimization problem. We seek to minimize a criterion which 
measures the quadratic difference between observed and computed data (next Eq.). In our 
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problem the criterion, called objective function, is the sum of two terms, each one of them 
interpreting one type of experimental data. 
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The first one is relative to data measured at final time of experiment, varying with the 
position, and the second one is relative to data measured with time in the injection chamber. 
The minimization of this objective function is realized by an iterative tool, called optimizer. 
The latter generates, for each iteration, new parameters that allow us to compute a new 
objective function whose value is smaller than the previous one. Algorithm used is a quasi-
Newton based method with bound constraints on parameters. Gradients required by this 
approach are computed by an adjoint state method. 
 
On this theoretical basis, a numerical tool has been developed on the simplified case of one 
space dimension. The approach has been validated with tests which showed the robustness of 
the approach on noisy synthetic data. These tests also showed the importance of profiles data 
measured at final time of the experiment. Finally they emphasized the importance of the 
zonation of the medium for parameters identification. 
 
Application of DI experiment at Mont-Terri URL 
 
The tool has been used on data of DI experiment from Mont-Terri site (Palut et al., 2003). 
Several inversion tests have been realized by varying the zone number of the system. The best 
configuration is composed by three zones with different values of diffusion and porosity. 
Results of calibrations are showed on the Figure 72 for THE data fits and Figure 73 for THE 
parameters values.  
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Figure 72: Comparison of the experimental data and modeling results for the DI 
experiment at Mt Terri (Swiss URL) using the inverse method 

  
Figure 73: Estimation of diffusion and porosity through inverse modeling on the DI 

experiment at Mt Terri 
 
Each one of the red lines represents a parameter value in the corresponding zone. We notice 
higher values on the five first centimeters surrounding the borehole (left side) and lower by 
moving away from it (right side). So, these values are more representative of the sound rock 
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because less influenced by the borehole. Higher values near the borehole could be connected 
to a damaged zone due to the drilling. This methodology and tool is to be implemented (3D) 
in CAST3M. 

3.4.3 VALIDATION OF MIGRATION MODELS WITH THE HELP OF NATURAL 
ANALOGUES 

Several natural systems present interesting features that make them natural laboratories for the 
understanding of radionuclide migration on relevant time scales. The frequently open nature 
of these systems and the difficulty to assess firmly their boundary and physico-chemical 
conditions over geological ages make however the establishment of quantitative mass 
balances difficult. In contrast, qualitative information provided by the study of these systems 
is in most cases an important guideline for understanding and hierarchizing processes 
governing the migration processes. 
 
The DEN labs involved in migration studies contribute to this approach in two ways, either by 
being directly involved in specific natural analogue studies or by reviewing and evaluating 
information published on different natural analogues around the world. 
 
The CEA/DEN was directly involved during last years in two major natural analogue project, 
the Oklo II project (supported by the EEC, Gauthier-Lafaye et al., 2000) and the Maqarin 
Phase IV Project (cooperation between Andra, CEA, JNC, Nagra, Nirex, SKB and Jordan 
Univ.). 
 
The Oklo-natural analogue phase II project was devoted to the understanding of the behaviour 
of several elements produced in the natural reactors of Oklo, Okelobondo and Bangombé. The 
research work was undertaken in cooperation between several laboratories and institutes : 
CEA Cadarache and Saclay, CNRS-ULP Strasbourg, CIEMAT Spain, CREGU-UHP 
Vandoeuvre-lès-Nancy, University of Aarhus Denmark, University of Michigan USA, VMO 
Konsult Sweden, Conterra AB Sweden, ENSMP Fontainebleau, QuantiSci Espagne, CNRS-
IN2P3 Strasbourg, Intera KB, CSIC Espagne, KTH Suède et ENRESA Espagne. The Oklo 
Phase II project focused on following issues: 

− better understand the geological history of the Franceville basin and thus better 
constrain the different migration episodes that have affected actinides and fission 
products since the natural reactors functioned 

− observe and explain element mobility in and around the reactors. In particular, the 
reactor zone in Bangombe is situated in a very shallow environment and provides 
interesting clues on the behaviour of actinides and REE in a clay rich environment 

− model trace element speciation and migration 

− derive use and applications of Oklo-Phase II results for nuclear waste repository 
performance assessment (Gauthier-Lafaye et al., 2000 ;Trotignon et al., 1999). 

 
The site of Maqarin (Jordan), in which natural cements formed approximately 105 years ago 
by an in situ combustion process of biomicrite, can be considered as a unique natural 
analogue (Khoury et al., 1992 ; Alexander et al., 1992 ; Smellie, 1998). Chromium, and other 
metallic elements (Se, Mo, Re, Fe, Ni …) initially contained in the biomicrite in association 
with organic matter and sulfides (Alexander, 1992) were trapped in the cement phases and are 
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now leached out of the cementitious bodies by percolating groundwaters. High levels (1-10 
ppm) of dissolved chromium are detected in hyperalkaline water plumes (pH ~ 12.5) around 
the site. Within Maqarin Phase IV project, the CEA/DEN proposed a specific investigation in 
order to better understand the speciation and mobility of several metallic elements of interest 
(Cr, Mo, Se and Re). In particular, Re, which is detected at significant levels in the 
groundwaters in Maqarin, is a chemical analogue of Tc. Investigations on this element 
enabled us to identify some of the source and sink terms of Re in a hyperalkaline 
environment. In addition, the specific study undertaken on the behaviour of Cr enabled us to 
propose redox buffering mechanisms in cement (Rose et al., submitted to GCA). 
 

 
Figure 74: Localisation of 187Re in a cement sample from Maqarin (Jordan). This map 
was obtained by ICP-MS Laser Ablation in the LARC (CEA-DEN, Cadarache). This 
investigation showed that Re is hosted by at least two phases in the cement : i) highly 

concentrated grains of small size, ii) a major phase containing Re at low concentrations. 
The bulk concentration of the sample in Re is 1 ppm – Scale in µm. 

 
In addition, the CEA/DEN participates to the NANet European Network. This thematic 
network (5th framework) groups several european insitutes (Nirex UK, Ondraf Belgium, 
Enresa Spain, SKB Sweden, CEA France, NRI Czech Rep., GRS Germany, GSF Finland, 
CSN Spain) and aims at reviewing natural analogue studies and building a dedicated database. 
NAnet (natural analogue network) has the objective of adding value to existing information 
on natural analogues by identifying new and improved ways for increasing their use in 
radioactive waste disposal projects, most notably by the performance assessment and 
communication experts in waste management and regulatory agencies 

3.4.4 VALIDATION OF FAR-FIELD MIGRATION MODELS BY URL EXPERIMENTS AND 
NATURAL TRACERS 

Transport properties of host rocks are partially assessed by measurements on centimetric 
samples. In the case of a repository, the very large temporal and spatial scales preclude an 
experimental verification of upscaled transport models. As presented before, CEA/DEN copes 
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with the validation of these transport models by two means (1) by designing, performing and 
interpreting in-situ tracer experiments (2) by analysing in-situ concentration profiles of natural 
tracers. 

3.4.4.1 Validation by in-situ tracer experiments 

CEA/DEN/DPC and CEA/DEN/DM2S are involved in tracer experiments performed both at 
the Mont-Terri URL (Switzerland) and in the Meuse / Haute-Marne URL (France).  
 
Experiments at the Mont-Terri URL 
 
CEA has been involved on three tracing experiments in the Opalinus Clay at the Mont-Terri 
URL: DI , DI-A and the forthcoming DR. DI was a long-term single-borehole diffusion 
experiment using tritiated water (HTO) and stable iodide (127I-). Diffusion coefficients and 
accessible porosity for HTO, 36Cl- and 125I- were also measured on centimetric Opalinus clay 
samples using the through diffusion technique. The evolution of tritium and iodide 
concentration in the injection system over time and in-situ profiles were interpreted with a 3-
D numerical simulation. A detailed analysis of the results pointed out the effect of a disturbed 
zone around the borehole with higher diffusion coefficients.  
 
The best estimate values for HTO and iodide in the undisturbed rock are DL = 5 10-11 m²/s and 
DL = 1.5 10-11 m²/s respectively. For the laboratory tests, DL values for HTO are in the range of 
5 10-11 m²/s to 8.5 10-11m²/s. For 125I- and 36Cl- the measured values are DL = 1.4 10-11 and DL = 
1.6 10-11 m²/s respectively. All HTO results obtained with a through diffusion technique are 
within the same range as those obtained in the in-situ tests. The DL values obtained in 
diffusion cells with 125I- and 36Cl- and the value drawn from the interpretation of stable 127I- 
concentration profiles from the in situ tests are very close. In fact, some significant 
uncertainties could be identified (i.e. a likely chemical retention of iodide on argillites, effect 
of the disturbed zone). More details are available in Palut et al., 2003 and Tevissen et al., 
2003 and 2004. 
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Figure 75: Comparison of the effective diffusion coefficients of the tritiated water 

parallel to bedding plane from the DI experiment at Mont-Terri URL as a function of 
the origin of the data (Tevissen et al., 2004) 

 
DI-A is a more recent in situ diffusion test (DI-A) at the Mont-Terri URL using HTO, 22Na+, 
Cs+ and stable iodide as tracers. As observed with DI, the iodide concentration profiles in the 
rock are in a very good agreement with diffusion parameters from laboratory tests (Van Loon 
et al., 2003 and 2004) as confirmed by 3D numerical modelling of this experiment, done by 
CEA/DM2S (A.Cartalade, 2004). 
 
CEA was involved both in the numerical interpretation (for DI and DI-A) and whole synthesis 
(for DI) of these experiments. In addition, a new experiment planned to use sorbing tracers is 
under design with the full participation of CEA with ANDRA.  
 
Experiments at the Meuse / Haute-Marne URL 
 
Within the research performed at the Meuse/Haute-Marne URL in the Callovo-Oxfordian 
argillites, CEA/DEN/DPC has designed for ANDRA an in-situ diffusion experiment in a deep 
borehole. This experiment will allow spiked water to circulate in a closed system isolated by 
inflatable packers at a depth of 500 meters directly in the borehole. Measurements of changes 
in tracer concentrations will provide the basis for inverse modelling. Two tracer injections are 
planned. The first one will involve caesium, nickel and cobalt as stable tracers, then HTO, 
36Cl and 134Cs will be used as radioactive tracers with a second injection. After one year of 
diffusion, a large diameter overcore will provide samples for measurement of radioactive 
tracer diffusion profiles in the rock (Tevissen et al., 2004). 
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Figure 76: Principle of the tracing experiments conducted directly within a deep 

borehole at 490 m depth from June 2004 at the site of the Meuse / Haute-Marne URL 

 
CEA is also in charge under the responsibility of ANDRA of designing, implementing and 
interpreting all the other tracing experiments which are planned within the Bure URL. 6 other 
experiments are similarly planned and will be conducted in the URL galleries as from 2005. 

3.4.4.2 Validation by natural tracer profiles. 

The geochemistry of several clay rich formations has been investigated in Europe (Callovo- 
argillites at Bure and Tournemire, Boom Clay at Mol, Opalinus Clay at Benken and at Mont-
Terri and a silty layer at Marcoule). Curved profiles of tracers in pore waters, such as δ18O, 
δ2H, chloride and bromide were observed in several formations.  
 
CEA was particularly involved in the interpretation of the chloride and bromide concentration 
profiles in the silty layer of Marcoule (X.Vitart et al., 1997). This sedimentary layer is 
constituted by a silty-marl Cretaceous formation attributed to Albo-Aptien ages (-100 My). 
The stratum reaches a considerable thickness (up to 400 m) of siltite with a great vertical 
homogeneity. 
 
Diffusion coefficients were measured for both tritiated water (HTO), iodide, chloride and 
bromide on siltite core samples by a classical through diffusion technique. 
 
The halogenide depth profiles are interpreted using a simple model of 1D pure diffusion 
assuming an initial marine water composition and a total diffusion time of 60 My. 
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Figure 77: Concentration profiles for Cl- in the silty layer of Marcoule:  

MAR203 leachate data. The profile is fitted using Eq. 4,  
with Co = 19,250 mg/l, t = 90 My and Dp = 5 10-12 m²/s 

 
By fitting diffusion coefficient, the agreement between measured data and the model output is 
fairly good for each profile (see previous figure). Moreover, reasonably good agreement was 
observed between the values measured in the through-diffusion experiments and those 
obtained by fitting the extracted concentration profiles.  
 
Some analogous results were obtained afterwards in Tournemire, Mol, Mont-Terri and 
Benken (see Mazurek et al., 2003). All these profiles are interpreted by a transient diffusive 
behaviour. Nevertheless, the Callovo-Oxfordian layer doesn’t present the same shape of 
chloride profiles since the maximum concentration is reached in the lower part of the layer 
and decreases with decreasing depth. Some preliminary calculations are undergone at the 
CEA/DPC assuming a steady state diffusive model. 
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4 MIGRATION OF RN IN SURFACE AND SUB-SURFACE 
ENVIRONMENT 

4.1 Introduction: specificity and stakes of radioelement migration in 
surface and subsurface environments 

General acceptance of human activities and especially of industrial activities requires to 
evaluate both benefits and costs including health risks on people and impacts on human 
environment. 
 
For nuclear activities, the risk evaluation implies to evaluate the migration of pollutants 
(mainly radionuclides) from the release point up to man (direct and/or indirect pathways, 
short and/or long term impacts). 
 
Terrestrial surface and sub-surface environments both have the characteristic of being easily 
accessible to observation and characterisation and are therefore favourable to phenomena 
comprehension. 
 
However, this positive property is balanced by the great variety of media which constitute 
surface and sub-surface environments :  

− natural or semi-natural environments : atmosphere, forest soils, aquifers, rivers, 
seas…;  

− agricultural environments : cultivated soils, pastures,…;  

− urban environments : towns, roads….  
 
Moreover, within each type of environment mentioned above, the characteristics can be 
greatly affected by spatial and/or temporal variability such as seasons, climatic events, 
topography and of course living organisms influence. Amongst living organisms effects, it is 
necessary to take a specific care of the anthropic influence which impacts nearly every types 
of media, at both macroscopic and microscopic levels. We can mention soil uses (for 
agriculture, transports, towns…), hydrological regime modifications, gaseous or liquid 
releases… 
 
Considering the high variety and variability of all these environments,  the objective  is not to 
conduct an exhaustive research but to select the media of interest and to examine in detail 
only relevant conditions (for example, fractured media for hydrodynamics in Cadarache, 
meteorological conditions on CEA centres, specific behaviour of radioelements which 
contribute to potential impacts such as iodine…). Within these conditions, it is therefore 
possible to acquire a sufficient knowledge of phenomena that can occur and of their hierarchy 
in terms of radionuclide migration. 
 
This chapter presents the research and developments conducted for each considered 
environment on : 
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− first, physical processes in the atmosphere, in soils and aquifers (fluid circulation 
in these media as vector of radionuclide transport); 

− secondly, chemical interactions between radioelements and the media (modifying 
the physico-chemical form of radionuclides and therefore their behaviour and/or 
their toxicity);  

− thirdly, processes implicated in the migration of radionuclides in the food chain 
(example on soil-to-plant transfer); 

− last, integration and hierarchy of phenomena in a case of migration of radionuclide 
within a real site. 

 
Finally, it should be noted that the methodology mentioned throughout this document has 
been developed for nuclear activities, partly because of a strong regulatory context in term of 
impact calculations, but it is more and more applied to other industrial activities releasing 
pollutants. 
 

4.2 Physical processes, simulation tools and validation of models 

4.2.1 ATMOSPHERIC TRANSFER OF RADIOELEMENTS 

Since the year 2000, the direction of the nuclear energy (DEN) has set up new activities on 
radioelement transfer in the environment and in particular atmospheric transfers. The 
comprehension of  atmospheric transfers is an important research activity in the scientific 
community because it represents a large stake in the durable development of many industrial 
activities and in particular activities using radioelements (control and management of the 
releases in the human environment). In this context, it appears important for the control of the 
nuclear releases of the present and future installations, and in particular in relation with the 
safety authorities, to better apprehend the atmospheric transfer of radioelements due to 
chronic or accidental release by the installations. The atmospheric dispersion studies are 
managed by using numerical tools which applicability and validation field are presently under 
examination. 
 
We have set up and developed these new scientific activities which required a prospecting and 
an evaluation of internationally available simulation tools. It was thus necessary to test and 
control several numerical models and especially to evaluate their validity field compared to 
the conditions of interest. Indeed, the principal objective is to associate the most relevant 
models with the various conditions of release met. Thus, gaussian models (Table 1) are well 
adapted to conditions of uniform wind in space and time, on a relatively smooth topography. 
These gaussian models also use standard wind conditions resulting from field measurements 
or from wind tunnels. They are usually used in emergency situation because of their fast 
answer. For unsteady wind conditions and for uneven or complicated topographies, these 
gaussian models are not sufficient any more and it is necessary to use more sophisticated 
models, solving the Navier-Stokes equations (e.g. MERCURE) for located scales (building 
effects for example), or using a wind field extrapolated from in-situ weather conditions (e.g; 
MINERVE-SPRAY using a lagrangian dispersion model including convection, turbulent 
diffusion and deposition), and taking into account specific atmospheric and topographic 
conditions (sea or valley breeze, mountains, buildings, etc.). These complex models are 
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mainly used by the organizations monitoring air quality (AIRMARAIX in particular). The 
advantages of these more complex but also more accurate models are now recognized in the 
radioecology references (UNSCEAR, 2004). 
 
However the use of these models requires important computing times (Table 6), which can 
limit their application for specific study cases (emergency calculations in particular). But, 
especially for emergency situation, we think about a mean to use these different models in the 
accidental phases, i.e. gaussian for emergency phase and 3D model for post-accidental phase. 

Table 6: Comparison of atmospheric transfer models used by DEN 
Numerical models Codes used by DTN Application scales Computation 

time 
Validity field 

Gaussian models GASCON, HARMATTAN, 
SENTINEL 

Regional scale 
(< 10 km) 

1 min  Flat sites and not on 
all meteorological and 

release condition 
Gaussian model with 

field meteorology 
ADMS3 Regional scale 

(< 50 km) 
10 min Complex terrain, 

boundary layer 
scaling 

Lagrangian 3D 
model 

MINERVE-SPRAY Regional scale 
(between 1 km to 

100 km) 

1 hour Under examination 

CFD 3D models MERCURE, TRIO-U Local scale 
(few hundred meters) 

Several hours Under examination 

 
The validation of all these simulation tools is carried out under specific conditions of our 
interest (release from a stack, in complex topography with buildings in particular) in order to 
determine the applicability of these codes and also their computational limits. These 
validations are carried out in the framework of national and international scientific 
collaborations : 
 
1 – In order to determine the validation fields of the atmospheric transfer codes used 
(gaussian, lagrangian model, CFD), a comparative study on simple cases of validation is 
being carried out. In the first place, a comparative study on a flat site with neutral dispersion 
condition shows differences between measurements and codes results. In particular, gaussian 
models give in this situation better results than 3D models. The figure 79 shows that 3D 
models (e.g. MERCURE, MINERVE-SPRAY) overestimate the concentrations during the 
dispersion process. The CFD models use the k-epsilon model to simulate the turbulence 
during the transport of pollutants. In neutral conditions, it seems that this model doesn't 
perform properly, the causes of this discrepancy are presently under examination. 
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Figure 78: Comparison of models predictions (concentration vs distance) on a flat site 

and in neutral atmospheric condition (experimental data is labeled Essai CESTA 3 and 
Essai PENLY) 

 
In a second phase of validation, a complete comparison between models will be carried out 
with available in-site measurements and conditions. 
 
2 – Influence of the weather data available on the predicted wind field and dispersion results 
(including dependence on the studied field size) and influence of topography effects: a 
benchmark comparing experimental data with simulations run with two atmospheric transfer 
codes was conducted within the framework of a collaboration between CEA and the Russian 
institute IBRAE - Moscow. Two codes of lagrangian dispersion were used: MINERVE-
SPRAY (CEA/DEN) and NOSTRADAMUS (IBRAE). The figure 80 illustrates some results 
obtained during this study (Van Dorpe et al., 2004). 
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Figure 79: (a) Comparison of SF6 concentration during tracer experiment on the first 
arc of monitoring points (1 to 9 on right figure) between measurements (at 1 m above 
ground level) and NOSTRADAMUS and SPRAY calculations (at 10 m above ground 
level), (b) top visualization of the plume concentration and monitoring points (1 to 21) 

 
3 – Aerodynamic description of flow effects around various obstacles (as in the case of 
buildings or of stacks) being able to influence the dispersion of radioelements: A benchmark 
of CFD codes with the objective to adapt a CEA model (TRIO_U developed by DEN/DER) 
to atmospherics specifications is now undertaken. This exercise involves intercomparison 
exercises with MERCURE and results of a CFD intercomparison performed by a working 
group of the European research network (TRAPOS). The figure 81 illustrates some results 
obtained in this study. 
 
The agreement between measured and numerical results in X/H = -1,5 is excellent upstream 
from the wall-mounted cube and also the models have well managed to simulate the 
experimental conditions. Close to the cube (X/H = 0,625) all models compute a negative 
velocity indicating a re-circulation area, but in X/H = 2,5 the models overestimate the re-
circulation phenomenon. This overprediction in the wake is a feature that affects standard k-
epsilon models, like MERCURE. This could lead to an overestimation of the transport of 
pollutants at distances farther downstream than in reality. 
 
4 – Comprehension and control of the role of the various parameters in these tools using 
statistical methods: 

− Study of sensitivity of the code MINERVE in particular to show the influence of 
the interpolation methods on the code responses (simulation of a wind field issued 
from field weather data). 

− Hierarchization of parameters influencing the GASCON code predictions 
(gaussian model integrating transfer to the food chains) using statistical methods. 

 
These studies were carried out in collaboration with DEN/DER/SESI/LCFR (Iooss et al., 
2004). 
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All these atmospheric transfer codes are, or will be coupled, with a code of contaminant 
transfer to the food chains and evaluation of human dosimetric impact, called MIRAGE 
(Module de calcul de l’Impact Radiologique des rejets en milieux Aqueux et Gazeux sur 
l’Environnement). This code is or will be also confronted within the framework of 
benchmarks with the other existing codes in this investigation field (IRSN, USDOE, etc.). 
 

 
Figure 80: Comparison of vertical profiles of U component speed measured and 

predicted by the models (TRIO_U and MERCURE) at positions along the symmetry 
plane of a simple wall-mounted cube 

 
The knowledge and the scientific control of the various tools for atmospheric transfer 
simulation presented in this section are crucial points for the credibility of the impact studies, 
in particular for the future nuclear installations (ITER, RJH). Thus, it is essential that 
international scientific collaborations continue in the future of this project. 
 

4.2.2 HYDRODYNAMICS OF SURFACE GROUNDWATERS 

4.2.2.1 General frame  

The determination of the capacity of underground aquifer to transport solute is of great 
importance, particularly in the vicinity of industrialized sites. Both point-source and diffuse 
pollution problems can be expected so that meter- to kilometer scale transport processes must 
be investigated. These transport processes are controlled by water flow distribution and by the 
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ability of the medium to produce hydrodynamical spreading in consequence of the structural 
heterogeneities. This work has three main objectives relating to the understanding of the 
hydrodynamics of the fractured aquifer system of the Cadarache research centre.  
 
The first objective is to determine the transmissivity distribution of the main carbonated 
aquifer from time- space-resolved measurements of the water level elevation and to simulate 
flow behaviour in relation with extreme precipitation events. The research actions are 
twofold: (i) setting up the measurement structure, including the implementation of a pertinent 
set of spatially distributed boreholes, of the monitoring system and of the data base, as well as 
the measurement of the near field borehole properties., and (ii) developing the numerical tools 
in order to take into account the flow heterogeneity controlled by the all-pervading 
fracturation of the aquifer. 
 
The second research topic aims at developing the measurement tools, the experimental 
methodology and the interpretation of the numerical models in order to operate tracing 
experiments in fractured aquifers. Two new equipment have been developed. The first one 
called CoFIS, is dedicated to single well injection withdrawal tracing experiment (Gouze & 
al., 1999). The purpose is to characterise dispersivity as the function of the distance to the 
well, and, alternatively, as the function of the investigated scale. The second tool is the 
TeLOG vertical logger (Gouze & al., 2000). They are high resolution autonomous fluorescent 
dye probes, that can be used to monitor tracer arrival in boreholes in the frame of natural 
gradient or forced gradient tracing experiments. 
 
The last topic deals with the study of the density control of the tracer itself on the 
measurement of dispersivity in rough walled fractures. This exploratory work is based on 
numerical experimentation on synthetic fractures and positron emission projected imaging 
(PEPI) tomography experiments. 
 
The work and results presented here have been obtained in the framework of a scientific 
collaboration between the CEA and the research unit 5568 of the CNRS in Montpellier 

4.2.2.2 First topic: transmissivity distribution 

A double porosity / double permeability code for flow field computation (CAL3F) applied to 
Cadarache research centre has been developped by A. Cartalade (Cartalade & al, 2001; 
Cartalade, 2002). By inversing the piezometric data monitored on the site (pressure sensors 
allow a continuous recording of the variations of the water level elevation at various points of 
the site), this tool made possible a first evaluation of the spatial distribution of the main 
aquifer transmissivity (Fig. 82). The relevance of this approach lies in the continuous 
refinement of the transmissivity spatial distribution as the number of measured data increases 
both spatially and temporally. Like for every inverse problem, the weakness of the model is 
principally due to the model parameterisation (distribution of the constant properties zone). 
Here, the parameterisation is mainly based on hydrogeological “soft” data (e.g. geological 
map, visible main fracture system, …) wich is theoretically more pertinent than random-based 
parameter identification. Nevertheless, large incertitude remains and it is expected that tracing 
experiments will be helpful to constrain the model. However, a sensibility analysis of the 
parameterisation characteristic has been started in the course of the work of A. Cartalade and 
will be upgraded in 2004 using the new set of data acquired years 2002-2004.  
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Figure 81: Flow field at Cadarache site (Cartalade, 2002) 

 

4.2.2.3 Second topic: Dispersivity of the fractured porous medium 

Tracing experiments aim to measure the medium dispersivity and then to integrate this 
property in hydrodispersive models that can be used to simulate a pollutant displacement in 
this medium. These experiments are quite well mastered in porous media (Borden, 1986; 
Twin Lake, 1988, Cap Cod, 1991; Columbis Air Force Base, 1992). However, it no longer 
holds as soon as fracturation occurs in the studied system. In fractured rocks, the system 
heterogeneity and anisotropy, as well as the difficulty to determine the representative 
elementary volume (which is generally larger than the studied system), usually make tracing 
experiments unsuccessful and hardly interpretable. Hence the necessity (i) to develop 
measurement tools to optimise data productivity, (ii) to dimension tracing experiments in 
fractured rocks and (iii) to develop interpretation methodologies. The approach proposed 
consists in single well injection withdrawal tracing experiment (SWIW); the tracer is injected 
radially into the medium during a given time duration and then recovered from the same 
borehole using the CoFIS tool (Fig.83). The methodology advantage is that no information is 
lost since all the mass injected in the fracture is theoretically recovered when the pumps are 
inversed. Moreover, this approach enables to explore the system over different distances from 
the borehole. Another new measurement tool has been developed to improve data production: 
the TeLOG detector. It is a high resolution fluorescent dyes probe which characteristics are (i) 
to make an automatic vertical logging of the borehole in order to detect potential tracer 
arrivals at different elevations and (ii) to permit to work with low tracer concentrations and 
thus to limit density effects of the tracer itself. 
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Figure 82: CoFIS (Controlled Fluid Injected Sonde) 

4.2.2.4 Third topic: density driven flow investigation 

PEPI experiments on a tortuous natural fracture (size 30 x 40 cm, extracted from a sandstone 
quarry in England) and 3D numerical simulations are carried out to quantify the effects 
induced by the tracer itself (tracer solution density is different from saturating fluid density) 
on the dispersion pattern observed at the system scale (Gouze & al., 2003; Tenchine and 
Gouze, 2004). Results reveal that density contrasts representative of what could be expected 
in borehole and laboratory tracer tests can induce irreversible localization along preferential 
channels (Fig.84a). As density contrast increases, the correlation between velocity and 
aperture distribution vanishes whereas (i) velocity field increasingly correlates with the 
fracture median plane elevation and (ii) the longitudinal dispersion coefficient increases 
(Fig.84b). The anomalous velocity distribution may persist well after the injection stops due 
to the occurrence of tracer trapped zone. 
 
 
 
 

  
 (a) (b) 
 
Figure 83:  a) Tracer localization for various density contrast (between tracer solution 
and passive solution) values Δρ (t=600s, injection at x=0). The background grey 
gradation represents the fracture mean plane topography (dark zones correspond to 
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high elevations of the fracture mean plane). b) Apparent dispersion (DL=0.5*∂σxx
2/∂t) as 

a function of Péclet (Pe=U0*<a>/2Dm) and Richardson (Ri=|g*Δp*<a>|/U0
2) numbers. 

 

4.2.2.5 Future works 

 
The hydrodynamic characterization of the Cadarache aquifer system transmissivity will be 
continued in order to introduce the new set of data recorded during the year 2004 – 2006. This 
work will be carried out, in particular in the frame of the ORE H+. New boreholes and 
pressure gauge equipments are expected in order to optimize the spatial distribution of the 
data. CoFIS and TeLOG instruments will be exploited on the Cadarache site in the framework 
of a PhD work starting September 2004. A precise determination of the dispersivity in the 
range of the meter to decameter scale is expected as well as a better understanding of the 
effect of the borehole discontinuity on the dispersion measurements. Finally, some aspects of 
the theoretical behavior of the dispersion process in radial flow configuration require further 
investigation. One point concerns, for example, the conditions of occurrence of stationary 
dispersion as a function of the flow condition and of the fracture structure. Specific numerical 
simulations and experimental work should be implemented in year 2004 -2006. 
 

4.2.3 TRANSPORT IN UNSATURATED POROUS MEDIUM 

Owing to their constitution and depending on their history or depending on the applied 
boundary conditions, porous media may be permanently or transiently saturated with water. In 
fact, if all the pores are not fully filled up with water, then a gas phase appears. Transport 
under partially saturated conditions  occurs under many circumstances and is thus a major 
issue in the prediction of radionuclide migration. Environmental problems may be concerned 
with radionuclide transfer either from the soil to the underground geological layers, for 
example as in the case of nuclear facility dismantling, or  from the underground to the surface 
as in the case of a nuclear waste repository. Then, water content may vary with time, due to 
atmospheric conditions for soil studies, or to the resaturation phase after the post closure of 
underground waste repository. 
 
In order to address issues of radionuclide migration in unsaturated porous media, the CEA has 
developed simulation tools and methodologies. The aim is to describe quantitatively hydraulic 
and transport processes governing the transfer of RN in unsaturated porous media like clays, 
soils, cement barriers, Because of the variety of such media but also because of the 
complexity of these non linear processes, several simplifications are usually considered. 
 
A first common simplification stands for the assumption that the movement of air can be 
disregarded and focuses on the movement of the water. This simplified model of hydraulics, 
called Richards’s equation, is a generalisation of Darcy’s law under the assumption that the 
porous medium is not deformable and that the gas phase (air) is permanently at atmospheric 
pressure. 
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with : K the permeability tensor, h the hydraulic charge depending on the suction, θ the 
water content, S the storage capacity. 
 
In addition, relationships expressing the water content, the storage capacity and the relative 
permeability as a function of the suction are used to describe the properties of the porous 
medium with respect to water infiltration. Such laws were developed by Van Genuchten , 
Brooks and Corey , Haverkamp , …  
 
Extended transport in an unsaturated porous medium is governed by diffusion, dispersion and 
convection processes. Depending on the chemical species, radioactive decay and retardation 
factor relevant to the chemical retention may be included. For example, one may derive the 
following equation with the assumption of constant porosity:  
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where D is the dispersion / diffusion tensor, R the retardation factor, θ the water content  (θ = 
ωS with S the saturation) and λ the radioactive decay. 
Then, solving the transport model requires to solve equations (1) and (2) for each time step. 
 
Such transport and hydraulic models are available in different numerical softwares developed 
and/or used by the CEA teams : 

− Alliances platform (CEA/Andra) which integrates Castem (developed at 
DEN/DM2S/SFME) and Porflow (commercial software developed by Acri) 

− Metis and R2D2, transport models coupled to the reactive-transport software 
Hytec, developed by the School of Mines in Paris, in the framework of the Pôle 
Géochimie Transport (PGT) 

− Colonbo (developed at DTN/SMTM/LMTE), a model describing the alteration of 
bitumen waste packages and simultaneous activity release in a surrounding 
unsaturated porous medium. In this case, water transport is coupled to water 
uptake by the bitumen and salts. This model, specifically developed to describe 
bituminized waste, takes into account solubilization and diffusion of water in the 
organic matrix, dissolution of soluble salts, creation of porosity and local swelling. 
A peripheral zone permeable to salts slowly grows in the bitumen. A study of the 
migration of major radionuclides released by bitumen packages in an unsaturated 
near field is in progress in DEN/DTN in the framework of the cooperation between 
Andra and CEA. The Colonbo model will join the Alliances platform. 

 
The simulation of more complex systems, such as the migration of radionuclides with gaseous 
species is planned. In Castem, the coupling between thermohydraulics including a mobile gas 
phase (instead of the Richard’s model currently implemented) and unsaturated transport is in 
progress, that will be then integrated in the Alliances platform and coupled with the chemical 
code Chess. Description of the coupling between reactive transport and hydraulics in 
unsaturated zone exists in a preliminary version in Hytec. The capabilities of this tool will be 
extended in the framework of PGT II, in particular to include a consistent thermodynamic 
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description of geochemistry and also to take into account hysteresis cycles occurring between 
drying and wetting periods. 
 
Validation of models predictions and benchmarking are also important activities of the 
research teams. 
 

In the framework of the MRIMP project, a benchmark exercise between Castem, 
Porflow and Metis has been conducted. The dataset used for this benchmark comes 
from the remediation of a caesium contaminated soil due to a leakage from a waste 

drum (STED, Grenoble). Numerical simulations predict the spreading of the 
contaminated plume from the soil to the aquifer laying at a depth of 3 m, as well as the 

caesium activity decrease ( 

 

Figure 84). The aquifer should be reached about 100 years after the contamination, but with a 
maximal caesium activity lower than 0.5 Beq/g. Another study of this type, dealing with Sr 
migration in a contaminated plot is presented in § 4.5. 
An experimental validation program is planned in the Lutece mock-up. In this large scale tank 
(2m*2m*3m) filled with porous material, tracer tests will be performed under variable but 
controlled experimental conditions, relevant to  radionuclide migration under unsaturated 
conditions in 2 or 3 dimensional geometry. 
 
 
 
 

 
 

 

 

Figure 84: Caesium plume expansion and activity decresase  from t = 2 y to t = 400 y 
(vertical extension : 3 m) 
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Two basic experimental configurations are defined, with reference to the main representative 
physical process involved in contaminant transfer : 

− contaminant infiltration resulting of water infiltration (simulating raining) and 
drainage 

− contaminant rising up to the surface, experimentally reproduced through heating. 
 
A gas flow will be generated too. Different sets of tracer and porous solid will be studied to 
simulate a chemical retention process. 
The boundary conditions will be properly chosen and controlled, then combined such as : 
successive cycles of drainage then infiltration, or wetting and drying phases. 
 
All these operating conditions as well as the dedicated instrumentation (concentration 
measurement, water content, gas composition…) will provide the codes with  a data base for 
their validation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 85 : the LUTECE facility 

 

4.3 Chemical interactions in surface environments 

4.3.1 INTERACTIONS BETWEEN HUMICS AND RADIOELEMENTS 

Radionuclides migration properties in the presence of natural organic matter, and particularly 
humic substances, have been the subject of numerous studies for several decades. Because of 
the complexity and heterogeneity of these substrates, as well as the multiplicity of possible 
interactions with natural media, a clear and global vision of the involved phenomena is not 
easily obtained. As an example, the studies on humic substances aggregate structure have only 
recently reached a global consensus, when at least two descriptions of their structure, i.e. 
macromolecular and aggregates, were in discussion for more than thirty years. The situation is 
also complicated in the field of metallic ion complexation properties of humic substances, 
association with halogens or sorption onto mineral surfaces. It is also noteworthy that these 
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reactions do have an influence on the changing structure of the natural organic matter. The 
natural organic matter complexation properties are often represented by the properties of the 
so called humic fraction. Humic substances (HS) are present in almost all kinds of aquatic and 
terrestrial environment and are the more abundant form of organic matter. Their occurrence is 
not limited to the surface environment as they have been evidenced in the Mol aquifer (clay 
formation) or in deep granitic environments (Moulin & Ouzounian, 1992). HSs have oxido-
reductive properties, are acido-basic buffers, complex metallic cations, favour photo-induced 
reactions. 
 
HSs are operationally defined from the extraction procedure from natural organic matter: (i) 
humine is the insoluble fraction at whatever pH; (ii) humic acids (HA) are the insoluble 
fraction in acidic pH; (iii) fulvic acids (FA) are the soluble fraction whatever pH (sorbing on 
XAD resin). 
 
Studies on HSs reactivity have been mainly carried out in the framework of EC projects. Here 
are summarized the results of some recent investigations on the subject. 
 

4.3.1.1 Complexation of tetravalent actinides (IV): case of thorium (IV) 

 
The complexing properties of HSs are somewhat difficult to interpret, given the heterogeneity 
of their structure. The progressive ionisation of the complexing functions induces the 
description of metal complexation through either a “varying constants” model, or by a model 
displaying a “varying number of sites” with pH. 
 
The complexation of actinides (IV) and especially thorium (IV) has been a subject of debate. 
The published interaction coefficient values were often determined in acidic media (pH < 5), 
which leads to uncertain extrapolations in neutral to slightly basic media. The complexation 
of thorium (IV) by HA was studied in Reiller et al. (2003). The humic complexation was 
studied by difference with the retention on silica (SiO2) because of its weak HA sorption 
properties in neutral media. The ternary system (i.e. HA-Th-Silica) clearly showed the 
influence of HA on Th(IV) retention. This led to a strong reduction of the amount of Th(IV) 
sorbed onto silica in the presence of HA compared to silica colloids without HA, due to a 
predominant part of thorium present in solution as humic complexes. In a pH range where no 
organic coating onto silica occurs, there was a competitive reaction between Th(IV) sorption 
onto the silica surface and onto HA reactive functional groups. In this case, Schubert’s 
method (Schubert & Lindenbaum, 1952) was applied to obtain a global interaction constant 
for the Th(IV)-HA system. The large interaction constant values indicated a strong affinity of 
HA for Th(IV) in agreement with natural data. This points out that even for tetravalent 
elements, complexation with HS could strongly compete with oxide or hydroxydes solubility. 
Thus, it implies the necessity to take them into account in speciation/transport codes. 
Reinterpretation of these data using the charge neutralisation model (Kim & Czerwinski, 
1996) permits to partly represent the speciation of redox sensitive actinides like plutonium 
through chemical analogy between Th(IV) and Np,Pu(IV) (Reiller, submitted). 
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4.3.1.2 Retention on surfaces 
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Figure 86: Influence of HA on the sorption of thorium(IV) onto hematite, [Th] = 1 × 10-

12 M, [α-Fe2O3] = 500 mg.L–1, I = 0.1 M (NaClO4); open circles: pH = 6.3; closed squares: 
pH = 7.1; closed diamonds: pH = 8.1, closed circles: pH = 9.3 

 
The influence of HA on the thorium (IV) retention by hematite (α-Fe2O3) has been studied in 
Reiller et al. (2002). The sorption of HA on the hematite surface induces a decrease in Th(IV) 
retention. The competition between hematite surface sites, sorbed humic acid sites and “free” 
humic acid sites in a neutral to slightly alkaline pH range has also been observed resulting in a 
strong decrease of Th(IV) sorption in the pH range 3.5 to 9.5 in the case of an excess of HA 
sites compared to hematite surface sites. The ratio between humic and surface sites must 
overpass a limit value of about 3 – around 10 mg HA/L for 500 mg α-Fe2O3 / L – to have a 
noticeable influence on Th(IV) retention by hematite. From these results, we can assume that 
the sorption of Th(IV), considered as a chemical analogue of tetravalent actinides, can be 
altered by the presence of humic acids even in geological media that contains relatively low 
content of organic matter. 
 
The modelling of these systems is not straightforward as it submitted to slow kinetic reactions 
(Gu et al., 1994).  
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4.3.1.3 Interactions with halogens 

 
The interaction of humics with halogens is governed by an electrophilic substitution on 
phenolic moieties. As already mentioned above, HSs are now seen as aggregates of phenolic 
entities with a great variety of substituants. These phenolic moieties undertake an electrophilic 
substitution of a hydrogen atom by a halogen atom. 
 
The iodination reaction products of FA was studied in electrospray ionisation mass 
spectrometry with a quadrupole time-of-flight (Q-TOF) mass spectrometer (Moulin et al., 
2001). MS/MS analysis based on the diagnostic fragment ions for non-iodinated FA 
compounds and their iodo derivatives suggests that FAs undergo aromatic substitutions. 
Furthermore, the significant differences in mass profiles that are observed presumably result 
from extended redox reactions affecting FA that cannot be ascertained up to now. The kinetic 
UV-Visible study of the HS iodination reaction, enhances the fact that it does not rely on 
univocal mechanisms, as it is the case for substituted phenols. The reaction scheme can be 
seen as: 

I2(aq) + C6H6OH →← C6H5IOH + IH 

 
This is validated through the detection of triiodide complex (I3

-): 
I2(aq) + I– →← I–

3 
 
Both the supra molecular structure of HS, and the variation of the nature of phenolic 
substituants might be responsible of the fact that the kinetics cannot be linearised in simple 
reaction order (Reiller & Moulin, 2003). 
 

4.3.1.4 Perspectives 

 
Further works are in progress with the support of the European fifth framework program 
(HUPA project) on 

− further quantification and characterisation of Th(IV)-HA complexes; 

− influence of addition order and kinetics of sorption on the Th(IV)-HA-Fe2O3 
system; 

− understanding of the kinetics of iodination of HS and characterisation by UV-
visible, XPS, ESI-MS and XANES, also in collaboration with DPC/SCP/LRSI and 
Evry University. 

 

4.3.2 INTERACTIONS BETWEEN RADIOELEMENTS AND COLLOÏDS 

As natural waters constitute a major transport medium for radionuclides in the environment, it 
is important to know (and predict) the radioelement speciation under the given groundwater 
conditions, i.e. Eh, pH,  ionic strength, presence of competing cations and complexing agents. 
In particular, these latter can occur either in a dissolved form or in a colloidal form. In fact, 
colloids are generally regarded as entities having size ranging from 1 nm up to 1 µm (or 
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submicronic particles), which tend to remain suspended in water through Brownian motion. 
Owing to their small size, they present high specific surface (up to 100 m²/g), and with respect 
to their composition (inorganic and/or organic nature: clay, oxides, …, humic acids, organic 
films on inorganic colloids, organic colloids associated with inorganic phases, …), they have 
strong scavenging properties towards trace elements. For these reasons, they could have an 
important role in controlling concentration and speciation, and thus transport, fate, 
bioavailability and toxicity of trace elements in natural environments, and in particular for 
radionuclides which could be released from a nuclear facility. This has been shown in the 
study of Kersting et al. (1999) in which it has been demonstrated that within the tuff of  the 
Nevada Test Site, transport of  Pu occurred through inorganic colloids under this subsurface 
environmental conditions, and that transport models considering only sorption and solubility 
may underestimate RN mobility ((Pu is thus not immobile). 
 
In order to contribute to the studies on the role of natural colloids on radionuclide behaviour, 
different investigations have been developed (in the framework of European projects mainly 
during the 3rd and 4th CPRD): studies on the relation (or not) between colloid composition and 
characteristics of the host rock (notably in relation with nuclear waste repositories) in order to 
be able to have a model describing colloid occurrence in a given medium, studies on the 
reactivity of model colloids representative of those occurring in waters (mainly groundwaters) 
in order to be able to predict the radionuclide speciation, studies on colloid retardation 
mechanisms. The role of organic colloids such as humic substances is discussed separately in 
this report in the section 4.3.1. 
 
Regarding colloid occurrence in natural groundwaters, main results have been obtained on 
granitic waters (collaborations with CIEMAT, PSI) (Turrero et al., 1995, Degueldre et al., 
1990) and on Oklo waters (Toulhoat et al., 1996) (see figure 1); a review on groundwater 
colloids is given in Degueldre et al., 2000. These studies have also underlined the difficulties 
in colloid sampling and the necessity to use different analytical techniques to characterize 
these colloids. 
 
Data on colloid reactivity towards radionuclides have been obtained on silica and iron 
colloids, which constitute the main part of colloidal oxides present in waters, with a particular 
attention to the models describing sorption data. Surface complexation models have been used 
to characterize the following systems: Am(III)-silica, Co(II), Am(III), Th(IV), Np(V), U(VI)-
hematite (Moulin et al., 1996, Cromières, 1996, Cromières et al., 1998) (see figure 2). 
 
Data on colloid sorption mechanisms have been obtained also on model systems chosen to be 
representative of those encountered in natural environments. An approach based on RBS 
analysis of mineral surfaces after interaction with colloids has been developed with the 
following main results: formation of a colloid monolayer on mineral surfaces governed 
largely by electrostatic forces (abundance and characteristics of surface defects playing a 
major role in defining coverage). Important informations have also been obtained on the 
reversibility of colloid-RN interactions or colloid-surface interactions which has been 
identified as a key point: reversibility of these reactions was not observed in the course of the 
experiments (Gardiner et al., 2001).  
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Figure 87: SEM micrograph of colloids from unfiltered El Berrocal groundwaters (from 

Applied Geochem. 10 (1995) 119-131). 
 

Hence to the general question on the role of colloids on RN transport (enhancement or 
retardation) for deep geological formations (waste management purposes) as well as for 
surface or subsurface environments (general environmental purposes), the answer could not 
be generic but is quite site-specific. Nevertheless, the acquisition of data on model systems 
contribute to have a better description of natural environments (deep or surfacic) if these 
model systems can be integrated in data bases used in transport models (see the example of 
Nevada Test Site, see also recommendations performed in SKI report (2000)). Moreover the 
special Issue of Colloids and Surfaces (2003) gives a good view on recent analytical 
developments for the characterization of colloids (LIBD, …) as well as on role of 
environmental colloids. 
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Figure 88: Th sorption onto hematite colloids (experimental points and modelling 

through application of a surface complexation model) (from Radiochim. Acta 82 (1998) 
249-255). [Th]=2.5x10-10 M, [hematite]=50 mg/L, I=0.1 M/0.01M 

 

4.3.3 EFFECT OF MICROBIAL INTERACTIONS 

The influence of microbial interactions on the mobility of radionuclides depends first on the 
initial partitioning of radionuclides between the geochemical fractions of a soil and secondly 
on the presence of key nutrients and energy sources able to enhance a specific microbial 
activity. Microbiological processes described in § 1-5 leading to the solubilization of 
radionuclides have been investigated on a 

137
Cs and 

90
Sr contaminated soil as described in § 

4-4 (Sahut et al.). First a partitioning of the two radionuclides between the different soil 
fractions was performed to assess the distribution of 

137
Cs and 

90
Sr in the geochemical phases, 

see figure N° (§ 4-4, Sahut et al.). 
 
Taking into account the microbial processes described in §1-1, some radionuclides fractions 
will be available for microorganisms, such as the carbonate fraction (by acid producing 
bacteria), the fraction bound to organic matter (by heterotrophic bacteria) or the reducible 
fraction, fraction associated with oxides and hydroxides (iron reducing bacteria). 
 
Batch experiments were performed in appropriate conditions in order to stimulate endogenous 
bacteria of the soil. 
 
The amount of 

137
Cs and 

90
Sr released in solution was periodically measured (see Figure 89). 

A release of cesium by bacterial effect is not shown as a rapid sorption of this radionuclide in 
the clay fraction takes place. To avoid this phenomenon, we plan to develop a process 
involving a continuous open reactor. 
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Figure 89: Solubilisation of 

137
Cs and 

90
Sr in presence of bacterial activity 

 
However a significant release of solubilised 

90
Sr is shown up to 8 days, coming from the 

carbonate fraction, and due to the production of organic acids by the bacterial oxidation of 
glucose under anaerobic conditions. After 10 days, the decrease of released strontium is 
attributed to sorption, biosorption or bioaccumulation phenomena.  
 
Conclusion and future work 
 
These experiments underline the use of microorganisms in order to develop bioremediation 
processes such as bioleaching on contaminated soils. In this way the radionuclides of interest 
are also Pu, U and Co present in soils or contaminated ground water.  
 
However difficulty lies to access to a natural contaminated soil as used in this experiment and 
also in the detection of low level radioactivity. 
 
Another challenge in the future work of CEA, is to take into account the influence of 
microbial parameters in reactive transport simulation tools. This is one of the objectives of 
Pôle Géochimie Transport II, an association between Armines, CEA, EdF, IRSN, Lafarge and 
Total to test and develop new geochemical modelling tools. In a first approach, the effect of 
microbial metabolism will be described through simple kinetic rate laws (multiple substrate 
Monod kinetics). Future plans include also the description of the growth microbial 
populations and transport of microbes. 
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4.4 Migration in soils and the soil/plant transfer 

 

4.4.1 OBJECTIVES 

 
Radioceasium and radiostrontium are hazardous man-made radionuclides as they are 
chemically very similar to the nutritional elements potassium and calcium, respectively. The 
accumulation of these two radionuclides in soils can lead to a contamination of the human 
food chain and can result in adverse environmental impacts to ecological health. So, in an 
environmental perspective (clean-up and remediation of contaminated soils), the question 
arises of the mobility and behavior of such accumulated Cs and Sr to living organisms in soil 
and their transfer in plants. The dynamic of trace elements is related to radionuclides 
speciation which depends on soil chemical properties. Moreover, it is admitted that in the 
rhizosphere, plants as microorganisms can alter the physical and chemical properties of the 
constituents of the soil through several processes which have a major influence on the 
mobility of trace elements. A new project has just started within the framework of 
“Toxicologie Nucléaire Environnementale”, a program between CEA, INRA, CNRS, 
INSERM. During the 3 next years, we’ll study the soil to plant transfer of RN in collaboration 
with CEA-DSV, CEREGE, INRA Bordeaux and Versailles. The results of the different 
research team are on a web site (http://www.toxnuc-e.org). 
 
In a first approach, our aim is to investigate, without plant, the effect of pH, ionic strength or 
bacterial activity on the desorption of 

137
Cs and 

90
Sr in an experimental contaminated topsoil, 

in order to simulate some of the changes occurring in the rhizosphere. 
In a second time, a study of  the transfer of these elements in the different parts of the plants 
will be undertaken. As radionuclides get inside plants by root uptake processes; a good 
understanding of the mechanisms of uptake and release of radionuclides by the plant root 
system would help improve predictive models. Qualitative (radionuclide speciation) and 
quantitative (activity concentration in soil solution) availability of radionuclides for the tranfer 
to plant roots are key factors to be considered in studies of the behaviour of radionuclides in 
the environment. 
 

4.4.2 EXPERIMENTAL 

 
A 

137
Cs and 

90
Sr contaminated soil sample was collected from an experimental plot at 

Marcoule (Southern France) which has been contaminated, in the 60’s by diluted effluents 
and then has been left under natural climatic conditions. The present time radioactivity of the 
RN considered is : 
90

Sr : 4 Bq.g-1 soil ( 7.9.10
-4

 µg.kg
-1

 soil) ; 
 137

Cs : 50 Bq.g-1 soil ( 1.6.10
-2 µg.kg

-1
 soil) 

 
Several batch experiments were performed in various experimental conditions in order to 
estimate the role of different parameters on the mobility of these elements. Among 
investigated parameters were the ionic strength and pH of the solution, as well as the bacterial 
activity in the soil. 
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Soil-plant transfer experiments were carried out in mesocosms, under controlled conditions, 
using the protocol adapted from toxic metals studies. Pots are watered daily with tap water to 
a level close to field capacity. After emergence, plants were thinned to two per pot for all 
species. Percolates and soil solution (using artificial roots) were collected every two weeks 
and analysed for their RN content, pH and conductivity during the time of the culture. At the 
end of the experiments, plants are harvested, digested and analysed for their RN content in 
their different parts (aerial parts, roots). 
 

4.4.3 RESULTS 

 
The data of the batch experiments are presented as the distribution coefficient Kd (dm

3
.kg

-1
) 

defined as the ratio of concentrations in the adsorbed phase, and in the solution. 
The role of ionic strength in determining the desorption of 

137
Cs and 

90
Sr show similar trends 

for both elements, the highest desorption being related to the highest ionic strength. And for 
each radionuclide, no significant difference of Kd is observed with 0.01 nor 0.001M. 
Kd values are lower for Sr than for Cs. This result is in agreement with the solid state 
speciation of each radionuclides. Cs is strongly fixed on soil constituents as clays, and Sr is 
easily available as it is fixed on organic matter or as exchangeable form. 
The effect of pH on Sr migration shows that desorption is increased (or Kd is decreased) in 
acidic relative to alkaline conditions. In contrast, increasing the pH involves an increasing 
binding of 

90
Sr to soil constituents and hence a Kd increase. That would mean that the 

migration of Sr is expected to be higher in an acidic environment compared to a neutral or 
alkaline one. However, this result should be interpreted with caution when a soil-plant system 
is considered. For example, recent work has contradicted  the expected decrease in Cu uptake 
by plants as a result of decreased solubility of Cu with increasing pH (Chaignon et al., 2002). 
 
A sequential extraction procedure (adapted from Tessier et al., 1979) was performed to 
describe the solid state speciation of Cs and Sr in soil. Figure 90 shows the distribution of the 
various fractions of soils Cs and Sr. The chemical extraction method is not perfectly selective 
of a given form of Cs or Sr in the soils, as already stressed by many authors (e.g. Beckett, 
1989). Nevertheless, the observed trends were expected and the tendencies were relevant 
compared to other studies. They also corroborate the results of the batch studies showing that 
a transfer to the plant can be expected for Sr ; Cs is mainly adsorbed at specific sites present 
on the clay mineral fraction and will not migrate easily in soil or in plants, even if some roots 
can move into the collapsed interlayers of minerals. 
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Figure 90: distribution of 137Cs and 90Sr within the various fraction of the soil 

 
The presence of bacteria increased the desorption of 

137
Cs. Furthermore, it  appeared that the 

ceasium activity increased  in the solution (Kd decrease) when a pH decrease was observed 
(from pH = 7.6 to 6.8) and then decreased (Kd increase) after a few days, when a pH increase 
was measured (from pH = 6.8 to 8.5). This suggests that first, microorganisms have induced 
an acidification and hence Cs desorption. Then, it suggests the presence of chemical 
processes, induced by soil properties changes (pH), and controlled by bacterial activity, as Cs 
adsorption and/or Cs precipitation. 
 

4.4.4 CONCLUSION 

The originality of this work is based on the use of an old contaminated experimental soil. 
Contrary to other studies in which artificial contaminations were performed whithout natural 
ageing (hence artifacts induced) and adsorption measured, Cs and Sr desorption  was 
observed in the present experiment. 
The complex interactions between Cs, Sr and soil constituents imply that, at first, simplified 
systems must be considered to identify and evaluate the relative importance of chemical and 
biological effects on  Cs and Sr mobility. Then, additional research is needed to precise the 
processes involved at the soil-root interface to mobilize these two radionuclides in their 
migration pathway in soils and during their transfer in plants. 
 

4.5 Characterization of polluted sites and risk assessment 

4.5.1 OBJECTIVES 

The programme aims at developing a general methodology to be totally or partially applied in 
the study of sites polluted with metals and/or with radionuclides. This programme relates to 
both sediments and soils directly or indirectly polluted for remediation purpose. The diversity 
and the number of situations resulted in working out a general methodology framework to 
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successively provide : (i) an exhaustive characterization of the polluted substrate, (ii) a risk 
assessment of the pollution for the environmental media, for finally leading to, (iii) a technical 
proposal of bio-remediation according to the risks and assessment and the costs generated by 
the considered process. 
 
The framework of the programme thus rests initially, on an exhaustive risk assessment  of a 
pollution towards the bio-geosphere as a whole, to point the strategy to be led as regards 
remediation by mean of selected real sites studies. Each site allows to progress in the 
implementation of the general methodology owing to a specific and regular deepening of 
knowledge.  

4.5.2 METHODOLOGICAL PROCESS 

Currently, several studies are led on sites polluted by heavy metals (e.g.: Hg, Miramas) or  
radionuclides (e.g.: 90Sr and 137Cs, Marcoule or Pech-Rouge). Among these sites, the 
experimental plot of Pech-Rouge displays exceptional characteristics for the improvement of 
the methodology by studying the migration of the strontium. This system is indeed simple to 
study, in particular because of its spatial scale, the nature of the grounds and the well defined 
conditions of the contamination. It nevetheless offers a sufficient degree of complexity to 
gradually take into account various natural factors as for example  rainfall, influence of the 
aquifers or wind or even abrupt changes of ionic strength like those produced by sea water 
incursions (Fernandez and al., 2003; Fernandez and al., 2004; Fernandez and al., submitted). 
 
This study allowed: (i) To discuss the computed results of the simulation of the migratory 
phenomena thanks to a high number of actually measured parameters and; (ii) To treat on a 
hierarchical basis their importance towards the model fitting in the perspective of its 
application to others sites. 

4.5.3 DESCRIPTION OF A CASE STUDY : PECH ROUGE 

The study takes advantage of a favourable context to highlight the importance of the site 
characterization in the modelling of the phenomena. Indeed, in 1960, the Commissariat à 
l’Energie Atomique et l’Institut National de la Recherche Agronomique jointly led 
experiments of transfer of certain radionuclides between the ground, the grape and the wine. 
These experiments took place at Pech-Rouge (Aude, France), on a ~ 2000 m² field divided 
into several plots. One of them was contaminated by single watering with 90Sr in the form of 
salts, at a rate of 925 kBqm-2; two control plots framed the latter (CEA, 1962; Bovard et al.. 
1968; Maubert, 2001). 
 
The migration study of the 90Sr in the soil was carried out owing to the study of soil cores in 
order to accurately measure  90Sr radioactivity profiles and to determine the geochemical, 
granulometric and mineralogical compositions of the soil horizons as well as the organic 
carbon content. In parallel, water-table samplings were also carried out for analyses. The 
characterization of flow regimes in the aquifer was undertaken by using an array of 
piezometers. 
 
To characterize sorption/desorption phenomena affecting strontium in the soil, field studies 
(measurement of stable Sr and the 90Sr) and batch laboratory experiments (85Sr) were led to 
gain values as realistic as possible of the partition coefficient (Kd). 
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The measured parameters were used for the modelling of the 90Sr transport. The model 
structure depends, on the one hand, on a hydraulic model based itself on the Darcy’s law 
applied to an unsaturated porous medium (Richards’s law) and on the other hand, on a 
chemical model for the dissolved species. The modelling takes into account convective, 
diffusive and dispersive transport, radioactive decay and sorption phenomena (Kd 
hypothsesis). 

4.5.4 MAIN RESULTS 

Analytical work made it possible to obtain a relatively precise characterization of the various 
layers of the studied soil. In addition to the chemical and physical properties, measurements 
resulted in highlighting the various influences in order to propose a conceptual model of the 
phenomena of the 90Sr transport. 
 
Geochemical speciation modelling results (code JCHESS) underline the fact that strontianite 
(SrCO3) and celestite (SrSO4) can coexist within the pH of the ground (≈8), but the control of 
the solubility of strontium is most probably related to on a co-precipitation process of Sr in  
calcite, taking into account the orders of Ca concentration (≈1000 ppm) and of stable Sr (≈10 
ppm) (EPA, 1999). In addition, the measurements carried out on the ground-water highlighted 
a double continental and marine influence on the flows, the latter being related to the 
proximity of the littoral ponds according to the climatic conditions. Speed discharge (Vd) 
could be evaluated between 4,3.10-9 ms-1 and 5,6.10-9 ms-1. Lastly, the experimental values of 
Kd obtained in-vitro are in agreement with the computed values derived from in-situ 
measurements. 
 
The study of the control plot has allowed to detect concentrations in 90Sr which follow a 
double gradient according to the distance and depth (Fernandez and al, 2003). This 
radioactivity is concentrated, on the one hand, in the soil surface layer and is to be connected 
with the aerial transport of the contaminated particles pulled out from the spiked plot by the 
dominant winds (Tramontana). On the other hand, in the deeper layers (> 10 cm) the 
migration of 90Sr can be ascribed to the joint action of both a vertical transfer (due to 
atmospheric rainfall) and an horizontal advection (ground water flow). This causes a lateral 
export of radioactivity toward the blank plot that amounts to about 10% of the 90Sr initially 
injected into the contaminated plot. Thus, the modelling of the vertical component of the 
migration in the contaminated plot, i.e., excluding both the ground water and wind transports 
effects, has led to define a new source term as 90% of the initial injected radioactivity. 
 
The simulation makes it possible to reproduce field data with a good consistency between 
computed and measured values as well as an acceptable quantification of the Kd (Figure 91). 
Both profiles exhibit indeed similar features : (i) a radioactivity peak located on the sub-
surface; (ii) a migration front and; (iii) an accumulation of the radionuclide visible in contact 
with impermeable floor (made of compact clay) of the structure. The conclusions are that 
migration in these soil horizons is mainly promoted under the influence of atmospheric 
rainfalls.   
 
From the point of view of risk assessment, simulations have been conducted in order to 
predict the evolution of the level of  radioactivity which could be observed in the soil. These 
simulations over 140 years, show that:   
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− The radioactivity of the 90Sr becomes negligible (25 Bq/kg) in the surface layer 
after 60 years of natural process of evolution (migration + radioactive decay);  

− After 60 years of migration, the last centimetres of the deeper soil layer 
accumulate 90Sr (Figure 91). The values can, on a few centimetres deep, reach the 
maximum ones of 800 Bq/kg over a period of forty years before decreasing by 
radioactive decay. 

4.5.5 LESSONS 

This work made it possible to carry out a study on uncertainties due to the conceptual model 
or related to the sampling techniques, the heterogeneity of the layers, or resulting from the 
difficulties in applying the experimental protocols. Thus, among the essential parameters, the 
partition coefficient (Kd), the grain-size distribution, and the content of organic matter, 
require precise determinations. Indeed, these last 2 parameters in particular can be regarded as 
the keys for the description of the hydraulic behaviour of the soil in unsaturated or saturated 
conditions. For some other measured parameters (case of atmospheric rainfall), the effective 
amount of water in the soil is difficult to assess although this value is logically of primary 
importance; a variation of 10% of entering rain-flow modifies appreciably the profile of the 
90Sr migration in the soil of the plot.  
 
Another limit relates to the description of the conceptual model which requires the 
discretization of the studied medium in a juxtaposition of different media, for  example  
illustrated by the superposition of the three layers defined for the soil of the Pech-Rouge’s 
plot. These soil regions have very contrasted characteristics which are described during the 
computing phases with sharp transitions at  interfaces.  
 
Globally, this work made it possible to conclude that even if a total characterisation is not 
possible in practice, it appears that an hierarchical classification in the parameter enables to 
obtain realistic simulations. In this migration study, the classification is highlighted with the 
progressive integration of  main phenomena such as the rainfall effects which were split from 
advective groundwater-movement. The latter phenomena study will allow to complete the 
migration balance. The wind action will be taken into account in a third and final step as an 
additional source term located in the initially blank plot. 
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Figure 91: (left): Comparison of the experimental and simulation results of 40 years of   

90Sr migration; (right) Evolution of the 90Sr radioactivity in the last 5 centimetres of the 
deeper soil layer located on the compact grey clays. 
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6 APPENDIX 1 : STRUCTURE AND NAMES OF THE RESEARCH TEAMS INVOLVED IN THE R&D 
TOPICS 

Department Service Laboratory 

LSRM: Laboratory for the 
radionuclides and molecules speciation 
 
(Laboratoire de Spéciation des 
Radionucléïdes et des Molécules) 

SECR: Service for the Studies of 
 The Radionuclides Behaviour 
 
(Service d’Etudes du Comportement des Radionucléïdes) 
 
 
 
 

L3MR: Laboratory for the 
Radionuclides migration Measurement 
and modelling 
 
(Laboratoire de Mesure et de Modélisation de 
la Migration des Radionucléïdes) 

DPC:    Physico-Chemistry Department                      
 
 
(Département de Physico-Chimie) 

SCP : Service of Physical Chemistry 
 
(Service de Chimie-Physique) 

LRSI : Reactivity of Surfaces and Interface 
Laboratory 
 
(Laboratoire Réactivité des Surfaces et 
Interfaces) 
LMTE: Laboratory for the Modelling of  
 Environmental transfers  
(Laboratoire de Modélisation des transferts 
dans l’environnement) 
LMTR: Laboratory for the Modelling of 
 Interactions and Transfers in  
Reactors 
(Laboratoire de Modélisation des interactions 
et des Transferts dans les Réacteurs) 

SMTM: Transfer Modelling and Nuclear  
 Measurement Division 
  
(Service de Modélisation des transferts et de Mesure) 

LMN:  Nuclear Measurement Laboratory 
(Laboratoire deMesures Nucléaires) 

DTN:    Nuclear Technology Department  
 
 
(Département de Technologie Nucléaire) 
 

STRI : Nuclear Reactor Technology Service 
 
(Service de Technologie des Réacteurs Nucléaires) 

LTCD: Contamination Transfer and 
decontamination  Laboratory 
(laboratoire de transfert de contamination, 
décontamination) 
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Department Service Laboratory 

DEC:        Fuel Studies Department 
 
(Département d’Etude des Combustibles) 

SA3C: Fuel Behaviour  Characterization and  
 Analysis  Service 
(Service d’Analyse et de Caractérisation du 
Comportement des Combustibles 

LAMIR :  Radionuclide Migration 
Analysis   Laboratory 
(Laboratoire d’Analyse de La Migration des 
Radioéléments) 

DTAP:  Technical d Projects Assistance  
Department 
(Département Technique et Assistance aux projets) 

STL: Technical and Logistical  Support  Service 
(Service Technique et Logistique) 

GPI /Geol/:  Property Patrimony Group/ 
Geology Pole 
(Groupe Patrimoine Immobilier/Pôle 
Géologie) 

DM2S: Systeme and structure modelling 
department 
 
(Département de Modélisatio des Systèmes et 
Structures) 
 

SFME: Fluid modelling and simulation service 
 
(Service Fluides numériques, Modélisation et Etudes) 

MTMS : Transfers in solid media 
modelling laboratory  
 
(Laboratoire de Modélisation des Transferts 
en Milieux Solides) 

DDIN: Nuclear Development  and Innovation  
 Division  
(Direction du Développement et de l’Innovation 
Nucléaire) 

MR: domain Risk assessment 
 
(domaine Maîtrise des Risques) 
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7 APPENDIX 2 : TABLES OF HUMAN MEANS INVOLVED IN THESE RESEARCH FIELDS 
                                              CEA SACLAY                                          CEA CADARACHE  

(In parentheses: Ph-D, post Ph-D and 
external support) 

                    DPC  DM2S   DDIN                           DTN DEC DTAP   

           SECR    SCP  SFME    MR STRI                SMTM SA3C     STL  
  LSRM  L3MR LRSI MTMS  LTCD LMN  LMTR LMTE LAMIR GPI/PL TOTAL 
1- BASIC RESEARCH ON PROCESSES 
    INVOLVED IN THE MIGRATION            

4 (3) 4 (2)  0.8        0.75   9.55 (5) 

1.1 Aqueous speciation X            
1.2 Reactivity at the interface  X    x          
1.3 Themodynamic databases development X                    
1.4  coupling with transport processes  X           x    
1.5 Influence of microbiological processes             x    
2- MIGRATION OF RN IN PWR 
 REACTORS 

2 (2)       3.5   1.5    3       2  12 (2) 

2.2 RN speciation in PWR X            
2.3 Regimes of corrosion products migration X        x    x    x     x   
2.4 Regimes of FP and actinides migration  X            x   
2.5 Simulation tools         x    x    x     x   
2.6 Experimental validation         x    x    x     x   
3- MIGRATION IN GEOLOGICAL 
 DEEP REPOSITORY 

 12 (1)  7.5 (4 )       0.5   20 (5) 

3.2 Migration in the near field environment  X  x        x    
3.3 Migration in the far fieldenvironment  X  x         
3.4 Integration/validation of predictive model  X  x        x    
4- MIGRATION IN SURFACE AND  
    SUB-SURFACE ENVIRONMENT 

3 (1) 1 (1)  0.7 1     12.75 
  (4) 

  1  (1) 19.45     (7) 

4.2 Physical processes, tools, models  X  X        x      x  
4.3 Chemical interactions in surface 
environment 

X X   X       x    

4.4 Migration in plants; soil/plant transfer            x    
4.5 example of integrated case study  X           
TOTAL NUMBER OF PEOPLE 9 (6) 17 (4)  0.8 8.2(4)    1   3.5    1.5    3 14 (4)    2   1 (1)  61 (19) 
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8 APPENDIX 3 : LIST OF ACRONYMS 

 
ACRI US private company for fluid mechanics, earth survey and environmental 

sciences (Sophia Antipolis) 
AIRMARAIX French southeast organism for Air Pollution Survey 
ALARA AS LOW AS REASONABLY ACHIEVABLE 
ANDRA Agence Nationale pour la gestion des Déchets Radioactifs  

(French Agency for Waste Management) 
API Application Programming Interface 
BCGStab Bi Conjugate gradient Stabilized 
CEA Commissariat à l’Energie Atomique  

(French Atomic Energy Commission) 
CEREGE Centre Européen de Recherche et d’Enseignement des Géosciences de 

l’environnement (European Centre for Research and Teaching of Environmental 
Geosciences) 

CESTA Centre d’études Scientifiques et Techniques d’Aquitaine 
(Aquitaine Centre for Scientific and Technical Studies) 

CETAMA Commission d’ETAblissement des Méthodes d’Analyse 
(CEA Commission for Analytical Methodology Setting up) 

CFD Computational Fluid Dynamics 
CIEMAT Centro de Investigationes MedioAmbiantales y Technologicas 

SPANISH RESEARCH CENTRE FOR ENVIRONMENTAL AND 
TECHNOLOGICAL RESEARCH 

CNRS Centre National de la Recherche Scientifique (French Centre for Scientific 
Research) 

COSMO COnductor-like Screening MOdel 
CREGU Centre de Recherche sur la géologie des Matières Premières Minérales et 

Energétiques 
(FRENCH GEOLOGICAL RESEARCH CENTRE FOR RAW AND 
ENERGETIC MATERIALS) 

CSIC Consejo Superior de Investigaciones Cientificas  
(Spanish organism for students i.e. Ph-D or post Ph-D) 

CSN CONSEJO DE SEGURIDAD NUCLEAR 
( Spanish Nuclear Safety Organism) 

CVCS CHEMICAL AND VOLUME CONTROL SYSTEM 
DDIN Direction de Développement et d’Innovation Nucléaire  

(Nuclear Development  and Innovation Division)  
DEC Département d’Etude des Combustibles 

(Fuel Studies Department) 
DEN Direction de l’Energie Nucléaire  

(Nuclear Energy Division) 
DER Département d’Etude des réacteurs (Reactor Studies Department) 
DESS Diplôme d’Etudes Supérieures Spécialisées 

(University degree awarded after five-year course of study) 
DFT DENSITY FUNCTIONAL THEORY 
DM2S Département de Modélisatio des Systèmes et Structures 
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DPC Département de Physico-Chimie (Physico-Chemistry Department) 
DRCP Département RadioChimie et Procédés (RadioChemistry and Processes 

Depertment) 
DRT Direction des Recherches Technologiques (CEA -Technological Research 

Division) 
DSM Direction des Sciences de la Matière (Matter Sciences Division) 
DSV Direction des Sciences du Vivant (CEA-Life Sciences Division) 
DTAP Département Technique et Assistance aux projets 

(Technical d Projects Assistance  Department) 
DTN Département de Technologie Nucléaire (Nuclear Technology Department) 
DTPA Diethylen Triamine Penta-acetic Acid 
EAN EUROPEAN ALARA NETWORK 
EBS  Electron Beam Spectroscopy 
EC EUROPEAN COMMUNITY 
EdF Electricité de France  

(French Electrical Company) 
EDL Electrical Double Layer 
EDTA Ethylen Diamin Tetra-acetic Acid 
EDZ Excavated Damaged Zone 
EMECC ENSEMBLE DE MESURES ET D’ETUDES POUR LA CONTAMINATION 

DES CIRCUITS (Set of Measures and Studies for Circuits Contamination) 
ENRESA Empresa Nacional de Residuos Radiactivos 

(Spanish Company for Radioactive Waste Management) 
ENSIL Ecole Nationale Supérieure d’Ingénieurs de Lyon 

(National Ingeneers Highschool of Lyon city) 
ENSMP/CIG Ecole Nationale Supérieure des Mines de Paris/ 

(French Highschool « les Mines de Paris ») 
EPA ENVIRONMENTAL PROTECTION AGENCY 
ERV ELEMENTARY REPRESENTATIVE VOLUME 
ES-MS ElectroSpray-Mass Spectrometry 
EXAFS Extended X-ray Absorption Fine Structure 
FA FULVIC ACID(S) 
FP FISSION PRODUCTS 
FRAMATOME-
ANP 

FRAMATOME- ADVANCED  NUCLEAR POWER (FRENCH COMPANY 
FOR NUCLEAR POWER PLANT CONSTRUCTION) 

FV (or VF in 
text) 

Finite Volume 

GCA Geochemica and Chemica Acta 
GMRES Generalised minimal residue 
GPI Groupe Patrimoine Immobilier/Pôle Géologie 

(Property Patrimony Group/ Geology Pole) 
GRS Gesellschaft fûr Anlagen und Reaktorsicherheit (German Nuclear Safety 

Agency) 
GSF Geological Survey of Finland 
GV Générateur de Vapeur (Steam Generator) 
HA HUMIC ACID(S) 
HFK HUYGENS-FRESNEL-KIRCHHOFF  (PROPAGATION FORMULA) 
HPLC High Performance Liquid Chromatography 
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HRL Hard Rock Laboratory 
HS HUMIC SUBSTANCE(S) 
HTR HIGH TEMPERATURE REACTOR 
IAPWS International Association for the Properties of Water and Steam 
IBRAE Institut russe de Sûreté Nucléaire Russian Institute for Nuclear Safety 
ICP-MS Inductively Coupled Plasma-Mass Spectrometry 
IMFS Institut de Mécanique des Fluid de Strabourg 

(Fluid Mechanics Institute of Strasbourg city) 
IN2P3 Institut National de Physique Nucléaire et de Physique des Particules 

French Institute for researtch on Nuclear and ParticlesPhysics) 
INRA Institut National de Recherche Agronomique 

(French Institute for Agronomical Research) 
INSERM Institut National de la Santé et de la Recherche Médicale 

(French Institute for Health and Medical Research) 
Intera KB Swedish private company involved in geological researh 
IRSAMC Institut de Recherche sur les Systèmes Atomiques et  Moléculaires Complexes 

(Research Institute for Complex Atomic and Molecular Systems (CNRS) 
IRSN Institut de Radioprotection et de Sûreté Nucléaire  

(Radioprotection and Nuclear Safety Institute) 
ITER INTERNATIONAL TORUS EXPERIMENTAL REACTOR 
IXT Ion Exchangers Theory 
JNC Japan Nuclear Cycle Development Institute 
KTH Kungl Tekniska Högskolan (Suède) Royal Institute of Technology (Sweden) 
L3MR Laboratoire de Mesure et de Modélisation de la Migration des Radionucléïdes 

(Laboratory for the Radionuclides migration Measurement and modelling) 
LAMIR Laboratoire d’Analyse de La MIigration des Radioéléments  

(Radionuclide Transfer Analysis Laboratory) 
LARC Laboratoire d’Analyses Chimiques et Radiochimiques 

(Chemical and Radiochemical Analysis Laboratory) 
LCAM Laboratoire de Conception des Architectures Moléculaires 

(Molecular Architectures design Laboratory) 
LCFR Laboratoire de Conduite et de Fiabilité des Réacteurs 

(Reactor Operation and Reliability Laboratory)  
LIBD Phase Transition Investigated by Mean of Neutron Diffraction (Analytical 

Method using Lithium/Boron/Deuterium molecule LiBD4) 
LMN Laboratoire de Mesures Nucléaires 

(NUCLEAR MEASUREMENT LABORATORY) 
LMTE Laboratoire de Modélisation des transferts dans l’environnement 

(Laboratory for the Modelling of Environmental transfers)  
LMTR Laboratoire de Modélisation des interactions et des Transferts dans les Réacteurs 

(Laboratory for the Modelling of  Interactions and Transfers in  Reactors) 
LRSI Laboratoire Réactivité des Surfaces et Interfaces 

(Reactivity of Surfaces and Interface Laboratory) 
LSRM  Laboratoire de Spéciation des Radionucléïdes et des Molécules  

 (Laboratory for the radionuclides and molecules speciation) 
LTCD laboratoire de transfert de contamination, décontamination  

(Contamination Transfer and decontamination Laboratory) 
MHFE Mixed Hybrid Finite Elements 
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MIRAGE MODULE DE CALCUL DE L’IMPACT RADIOLOGIQUE DES REJETS EN 
MILIEUX AQUEUX 
(Calculation Module for the Radiological Impact of aqueous rejections) 

MOX MIXED OXIDE FUEL (UO2 /PUO2) 
MR Maîtrise des Risques (Risk assessment) 
MRIMP Projet Maîtrise des Risques et Calcul d’Impact 

(Risk Assessment and impact calculation project) 
MS  MASS SPECTROMETRY 
MTMS Laboratoire de Modélisation des Transferts en Milieux Solides 

(Transfers in Solid  Media modelling laboratory) 
NANet EUROPEAN NETWORK 
NEA-TDB Nuclear Energy Agency – Thermodynamic Data Base 
NIREX British company for waste management 
NMR Nuclear Magnetic Resonance 
NRI Nuclear Research Institute (Czech Republic) 
OECD Organisation for Economic Co-operation and Development 
ONDRAF Organisme National Belge des déchets radioactifs 

(National company for Radioactive Waste management in Belgium) 
ORE-H+ Oservatoire de Recherche sur l’Environnement – Hydrogéologie 

(Environmental Research Observatory – Hydrogeology) 
PA Performance Assessment 
PAL PROJET ARCHITECTURE LOGICIELLE (Software Architecture Project) 
PCRD Programme Cadre de Recherche et Développement(UE) 

( EU Framework Programme for Research and Development) 
PEPI Positron Emission Projected Imaging 
PGT Pôle Géochimie Transport (Geochemistry Transport pole) 
PSI Institut Paul Scherrer Paul Scherrer Institute 
PWR PRESSURISED WATER REACTOR 
Q-TOF Quadrupole Time Of Flight 
REE Rare Earth Elements 
RJH Réacteur Jules Horowitz (Jules Horowitz Reactor) 
RN RadioNucléïde (RadioNuclide) 
SA3C Service d’Analyse et de Caractérisation du Comportement des Combustibles  

(Fuel Behaviour Analysis and Characterization Service) 
SC Site Characterization 
SCP Service de Chimie-Physique (Service of Physical Chemistry) 
SCPS Service de Chimie des Procédés de Séparation 

(Separation Chemical Processes Service) 
SECR Service d’Etuedes du Comportement des Radionucléïdes  

(Service for the Studies of Radionuclides Behaviour) 
SESI Service d’étude des Systèmes innovants (Section of Research on Innovative 

Systems) 
SF6 Hexafluorure de Soufre (Sulphur Hexafluoride) 
SFME Service Fluides numériques, Modélisation et Etudes 

(Fluid Modelling and Simulation Service) 
SG STEAM GENERATOR 
SGR STEAM GENERATOR REPLACEMENT 
SKB Svenk KärnBränslehantering (Swedish Nuclear Fuel Company) 
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SKI Statens kärnkraftinspektion (Swedish Nuclear Power Inspectorate) 
SMTM Service de Modélisation des transferts et de Mesure  

(Transfer Modelling and Nuclear Measurement Division) 
SIT Specific Ionic Interaction Theory 
STED-GRE Station de Traitement des Effluents et Déchets-CEA Grenoble  

(Waste Treatment Facility-CEA Grenoble city) 
STL Service Technique et Logistique (Technical and Logistical  Support  Service) 
STP STANDARD TEMPERATURE AND PRESSURE 
STRI Service de Technologie des Réacteurs Nucléaires  

(Nuclear Reactor Technology Service) 
SWIW Single Well Injection Withdraw 
TRAPOS A EUROPEAN RESEARCH NETWORK 
TRLIF Time Resolved Laser Induced Fluorescence 
UI User Interface 
UMR Unité Mixte de Recherche Common Research Unit (generally CEA/CNRS) 
UNSCEAR UNITED NATION SCIENTIFIC COMMITTEE ON THE EFFECTS OF 

ATOMIC RADIATION 
URL Underground Research Laboratory 
USDOE United States Department of Energy  
USGS United States Geological Survey 
VMOKonsult Swedish private company involved in SKB support 
XAS X-ray Absorption Spectroscopy 
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