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Diffusion of ionic tracers in the Callovo-Oxfordian clay-rock using the Donnan equilibrium model and the electrical formation factor

) is able to model a high number of transport phenomena into a unified framework.

INTRODUCTION

The diffusion of ions in charged porous media like clay materials has been studied by a number of researchers for a variety of geoenvironmental applications including ground water contamination from clay-lined landfills [START_REF] Malusis | Flow and transport through clay membrane barriers[END_REF] and the spreading of contaminants from canisters containing nuclear wastes [START_REF] Chatterji | Ionic diffusion through thick matrices of charged particles[END_REF]. The possibility to use clay-rocks as a potential host for the long-term isolation of nuclear wastes has recently driven new researches in this field. The French Nuclear Waste Agency (ANDRA) is presently studying the long-term storage of high-level long-lived nuclear wastes in the Callovo-Oxfordian (Cox) clay-rock formation in the East portion of the Paris basin [START_REF] Andra | Dossier 2005 argile-Référentiel du site Meuse/Haute-Marne[END_REF]. The Cox clay-rock is composed of clay-minerals (between 20 and 50 % in mass fraction), silica, and carbonates. Because of the very low intrinsic permeability of this formation (in the range 10 -19 to 10 -21 m 2 , see [START_REF] Escoffier | Perméabilité et coefficient de Biot des argilites de MHM, in Recherches pour le Stockage des Déchets Radioactifs à Haute Activité et à Vie Longue[END_REF][START_REF] Gasc-Barbier | Creep behavior of Bure clayey rock[END_REF], diffusion of ions is considered to be the major mechanism of the potential spread of ionic species in the bentonite and in the clay-rock formation.

To understand the diffusion of ions in such a complex material, new experiments were performed recently to evaluate the diffusion and the sorption of radio-isotopic elements [START_REF] Melkior | Diffusion of an alkaline fluid through clayey barriers and its effect on the diffusion properties of some chemical species[END_REF][START_REF] Melkior | Cesium sorption and diffusion in Bure mudrock samples[END_REF][START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF][START_REF] Bazer-Bachi | Characterization of iodide retention on Callovo-Oxfordian argillites and its influence on iodide migration[END_REF][START_REF] Revil | Thermodynamics of transport of ions and water in charged and deformable porous media[END_REF] and references therein).

However, these authors used phenomenological models and empirical parameters to explain why the diffusion coefficient of some sorbed cationic species (like Na + , K + , or Cs + ) are higher than diffusion coefficient of anions (e.g. chloride). Their approach does not take into account explicitly the influence of the microstructure and electrochemical properties of the mineral/water interface on the diffusivity of ions.

Recently, [START_REF] Appelo | Multicomponent diffusion modeling in clay systems with application to the diffusion of Tritium, Iodide, and Sodium in Opalinus Clay[END_REF] used a generalized Donnan equilibrium model to include the effect of the diffuse layer at the mineral/water interface of clay materials upon the diffusivity of ionic species. However, their model does not consider the existence of the Stern layer where most of the charged counterions are located [START_REF] Leroy | A triple-layer model of the surface electrochemical properties of clay minerals[END_REF][START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF][START_REF] Leroy | Complex conductivity of water-saturated packs of glass beads[END_REF]. Their macroscopic transport model is also not explicitly connected to the microscopic phenomena at the mineral/water interface.

In this paper, we are interested to test the approach developed recently by [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF], [START_REF] Revil | Thermodynamics of transport of ions and water in charged and deformable porous media[END_REF], and [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]. [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] and [START_REF] Revil | Thermodynamics of transport of ions and water in charged and deformable porous media[END_REF] developed a unifying model of transport properties of water and ions in charged microporous materials. This model is obtained by upscaling the local constitutive equations (Nernst-Planck and Navier-Stokes equations) using a volume-averaging operator. Consequently, the constitutive equations established some simple, and theoretically-based, relationships between the measurable material properties, the key-microstructural parameters of the porous medium (formation factor and intrinsic permeability), and to the electrochemical properties of the double layer coating the clay particles. This model was recently extended to include the effect of partial saturation upon electrokinetic properties [START_REF] Linde | Streaming current generation in two phase flow conditions[END_REF][START_REF] Revil | Electrokinetic coupling in unsaturated porous media[END_REF] and the diffusion of ions in a concentration field for partially saturated media [START_REF] Revil | Diffusion of ions in unsaturated porous materials[END_REF]. [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] have also modeled the composition of the pore water of the Callovo-Oxfordian clay-rock using a extension of this model.

In the present paper, we adapt this modeling approach in order to study the diffusion of radioactive tracers in a clay-rock. After a rapid review of the classical diffusion models used in the literature to interpret such type of data, we will present the microscopic description and underlying assumptions of our tracer diffusion model. This model will be tested against recent experimental data using a variety of 3 radioactive tracers ( 22 Na + , 36 Cl -, 35 SO 4 2-) on different samples of the Callovo-Oxfordian clay-rock in the porosity range 0.03-0.15. The model will show also a consistency between the mean electrical potential existing in the pore space of the clay-rock and the electrical potential needed to explain the osomotic pressure in the Cox formation.

STATE OF THE ART

The diffusion of ions through a porous material is classically based on the Fick constitutive equation. The flux of the species i through a porous material, i J (in mol m -2 s -1 ) is usually described by the first Fick's law,

i i i C D ∇ - = J , ( 1 
)
where i D is the effective diffusion coefficient in the medium (in m 2 s -1 ) and i C the concentration of species i in the porous medium (in mol m -3 ). The concentrations, usually expressed in mol L -1 , are expressed below in m -3 in the metric system. Several models have been developed to express i D in terms of the textural properties of the porous material (see [START_REF] Bourg | Modeling diffusion and adsorption in compacted bentonite: a critical review[END_REF][START_REF] Bourg | Caractérisation du comportement d'une bentonite sodique pour l'isolement des déchets : Transport diffusif des traceurs ioniques (Na+, Sr2+, Cs+ et Cl-) dans la bentonite sodique compactée saturée, et titration acide-base de la montmorillonite[END_REF] for some phenomenological models and [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF] for a short review of the literature). It is notoriously known that porosity cannot be used alone to determine the diffusion coefficient. Additional fitting parameters, such as tortuosity or constrictivity, have been introduced to account for the fact that only a fraction of the porosity is used by the migration of ions through the pore space or to account for the tortuous path of the ions during their migration through the pore space. One of the most popular models to account for tortuosity was developed by [START_REF] Van Brakel | Analysis of diffusion in macroporous media in terms of a porosity, a tortuosity, and a constrictivity factor[END_REF]. It yields,

2 τ δ φ f i i D D = , ( 2 
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where f i D (in m 2 s -1 ) is the self-diffusion coefficient of species i in the bulk pore water, φ is the porosity, τ is the tortuosity of the bulk pore space, and δ is the constrictivity. Further in this paper, we will propose to distinguish two components in the constrictivity parameter: an geometrical constrictivity (δ g ) for the pore space topography and an electrostatic constrictivity (δ el ) for the electrostatic interactions between ions and charged mineral surfaces.

The continuity equation for the species i, in a porous medium, can be expressed by the second Fick's law:

( ) i S i g i t C t C J ⋅ -∇ = ∂ ∂ - + ∂ ∂ ρ φ φ 1 , (3) 
with S i C the concentration of ions i that are sorbed onto the mineral surface (in mol kg -1 ), g ρ the grain density (in kg m -3 ), and t the time (in s). The second term of Eq. ( 3) corresponds to a source / sink term that is associated with the interactions of the solution with the surface of the minerals. Sorption of solutes in a porous medium can be modeled by simple isotherms (see [START_REF] Limousin | Sorption isotherms: A review on physical bases, modeling and measurement[END_REF] for a recent review) or models accounting for electrical double or triple layer theory [START_REF] Leroy | A triple-layer model of the surface electrochemical properties of clay minerals[END_REF][START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]. Assuming that the ratio between the sorbed concentration and solution concentration is constant with time, it is customary to introduce a distribution or partitioning coefficient defined by

i S i i d C C K / =
(in m 3 kg -1 ) (e.g., [START_REF] Limousin | Sorption isotherms: A review on physical bases, modeling and measurement[END_REF]. Using this definition, Eq (3) can be written as follow:

( ) [ ] i i i d g t C K J ⋅ -∇ = ∂ ∂ - + ρ φ φ 1 . ( 4 
)
Introducing the effective sorption and the first Fick's law in Eq. ( 4) yields the classical diffusion equation in this equation, ( )

i i i C t C ∇ ⋅ ∇ = ∂ ∂ η (5)
where i η , the apparent diffusivity of ion i, is defined by,

( ) [ ] i d g i i K D ρ φ φ η - + = 1 . ( 6 
)
Note that in this paper, we use the expression "diffusion coefficient" to describe the material properties arising in first Fick law (which is the constitutive equation) and the term "diffusivity" to describe the material properties arising in the diffusion equation obtained by combining the first and second Fick's law. If sorption can be neglected for a given tracer, the diffusivity of this tracer is equal to the ratio between the effective diffusion coefficient and the porosity [START_REF] Revil | Governing equations for ionic transport in porous shales[END_REF][START_REF] Revil | Characterization of transport properties of argillaceous sediments. Application to the Callovo-Oxfordian Argillite[END_REF].

φ η i i D = (
The previous model is however too simplistic. It does not account for the concentrations of the ionic species in the micropores because of the existence of the electrical diffuse layer. To account for this effect, [START_REF] Muurinen | Diffusion of chloride and uranium in compacted sodium bentonite[END_REF] proposed the introduction of an effective porosity eff φ in the mass conservation equation. This yields:

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ ∇ ⋅ ∇ = ∂ ∂ i f i i eff i i eff C D t C 2 τ φ φ . ( 7 
)
For anions, this effective porosity can also be modeled by using a negative value of the distribution coefficient. This very popular approach is however phenomenological in nature and eff φ is a fitting parameter that takes different values for different ions. [START_REF] Bourg | Caractérisation du comportement d'une bentonite sodique pour l'isolement des déchets : Transport diffusif des traceurs ioniques (Na+, Sr2+, Cs+ et Cl-) dans la bentonite sodique compactée saturée, et titration acide-base de la montmorillonite[END_REF] proposed a diffusion model in bentonite. This model divides the medium in three parallel pore networks: a macroporous one and two microporous (a two-layer and a three-layer water molecule in clay's interlayer). Each pore diffusion is described with a tortuosity τ (purely geometrical) and a constrictivity δ (which take into account pore section variability, steric effect, viscosity effect). He considered the same tortuosity for the three networks. The total diffusion flux is the sum of the fluxes for each pore network.

Other authors consider the division of the connected porosity into compartments: one for the sorbed species and the bulk water. According to [START_REF] Kim | Diffusivities for ions through compacted Na-bentonite with varying dry bulk density[END_REF] and [START_REF] Eriksen | Sorption effects on cation diffusion in compacted bentonite[END_REF], these two compartments contain mobile charges. Therefore two diffusion coefficients have to be considered: the bulk diffusion coefficient i D and the surface diffusion coefficient S i D (in m 2 s -1 ). Introducing this surface diffusion coefficient in the constitutive equation yields,

( ) [ ] i S i i d g i i C D K D ∇ - + - = ρ φ 1 J .
(8) This model was used by [START_REF] Muurinen | Diffusion of anions and cations in compacted sodium bentonite[END_REF] to model the diffusion of cations in charged porous media. He found that i D is generally stronger than S i D by at least one order of magnitude.

This result is consistent with the fact that the electromigration mobility of the counterions in the Stern layer is usually smaller than the mobility of the ions in the bulk pore water by one order of magnitude [START_REF] Revil | Electrical conductivity in shaly sands with geophysical applications[END_REF][START_REF] Revil | Ionic diffusivity, electrical conductivity, membrane and thermoelectric potentials in colloids and granular porous media: A unified model[END_REF]. However, there is no reason that surface diffusion would act in parallel to the bulk diffusion. We know, from electrical conductivity models, that the electromigration of the ions follows very different paths between the bulk pore space and the surface of the pores [START_REF] Bernabé | Pore-scale heterogeneity, energy dissipation and the transport properties of rocks[END_REF]. In addition, there is no clear picture of surface diffusion in the Stern layer. Models for the electromigration of the counterions in the Stern layer predict no migration of the counterions in this layer at zero frequency [START_REF] Leroy | Complex conductivity of water-saturated packs of glass beads[END_REF]. Because of the intrinsic connection between diffusion and electromigration, this implies that the diffusion of the counterions in the Stern layer is physically not possible because it is not possible to build surfaces concentration gradients in the Stern Layer. In addition, the fraction of counterions between the Stern Layer and the diffuse layer is relatively independent on the salinity of the pore water (see [START_REF] Leroy | A triple-layer model of the surface electrochemical properties of clay minerals[END_REF].

The main problem with the previous approaches is that they do not take in consideration the influence of the electrical diffuse layer upon the concentrations of the ionic species in the micropores (see [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]. Some diffusion models, however, are partially based on the properties of the electrical double layer. Several authors proposed to divide the pore space into three compartments (i) the Stern layer with immobile sorbed ions, (ii) the diffuse layer with mobile ions (but with concentrations determined by solving the Poisson-Boltzmann differential equation), and (iii) the bulk water of the pore which contains free ions. [START_REF] Sato | Diffusion behavior for Se and Zr in sodium-bentonite[END_REF] proposed for example to introduce the contribution of ion located in the diffuse double layer with an electrostatic constrictivity el δ :

i i el i C D ∇ - = δ J . ( 9 
)
This electrostatic constrictivity is the ratio between the average concentration of ion in the diffuse layer ) (x C d i and the concentration in the bulk water i C [START_REF] Sato | Diffusion behavior for Se and Zr in sodium-bentonite[END_REF],

∫ = R d i i el dx x C RC 0 ) ( 1 δ , ( 10 
)
where R is the mean pore radius, x is the distance normal to the surface of the pores, and

) (x C d i
is the local concentration of species i determined by solving the Poisson-Boltzmann equation at the interface solution scale (local scale). [START_REF] Ochs | An integrated sorptiondiffusion model for the calculation of consistent distribution and diffusion coefficients in compacted bentonite[END_REF] used however electrostatic constrictivity as a fitting parameter. We will show in Section 3 that our approach yields a much better expression to determine the electrostatic constrictivity, which will be based on an extension of Donnan equilibrium theory. [START_REF] Molera | Diffusion of 22 Na + , 85 Sr 2+ , 134 Cs + and 57 Co 2+ in bentonite clay compacted to different densities: experiments and modeling[END_REF] use a partition coefficient f between the species located in the diffuse-layer and those located in the Stern layer. This fraction is assumed to have no dependence with i C and S i C . This yields another expression for the constitutive equation,

( ) i i d g i i C K f D ∇ ⎭ ⎬ ⎫ ⎩ ⎨ ⎧ ⎥ ⎦ ⎤ ⎢ ⎣ ⎡ - + - = ρ φ φ 1 1 J . ( 11 
)
However, they do not provide a way to estimate this parameter from the underlying electrical double layer theory.

In all the models discussed previously, the parameters involved in the generalized Fick's law (like the electrostatic constrictivity δ or the coefficient f) have to be determined empirically. In the next section, we use a ionic diffusion model based on a volume averaging approach of the Nernst-Planck equation and related to the electrical double layer theory [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF]. We start with the work of [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] who modeled the pore water composition of the Callovo-Oxfordian argillite (COx) accounting for the micro-and macroporosity. We extend their work to the modeling of the diffusion of ionic tracers through clay-rocks. This model will be used to interpret the experimental results obtained by [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF] and [START_REF] Bazer-Bachi | Characterization of sulphate sorption on Callovo-Oxfordian argillites by batch, column and through-diffusion experiments[END_REF] who characterize the diffusion of alkaline cations and anions through Callovo-Oxfordian argillite core samples.

A NEW MODEL

Underlying Assumptions

In this section,w e develop a model for the Cox clay-rock (see Figure 1). We consider a charged porous medium fully saturated by a multicomponent electrolyte with Q species. In contact with water, this surface of the solid phase of the clay particles is assumed to carry a net electrical charge density because of the complexation of the surface sites with the elements of the pore water and isomorphic substitution in the crystalline framework. This surface charge density is responsible for the formation of an electrical triple layer (Figure 2) that includes the Stern layer and the diffuse layer [START_REF] Hunter | Zeta Potential in Colloid Science: Principles and Applications[END_REF].

The electroneutrality of a representative elementary volume of the rock is written as:

0 = + S f V Q V S Q , ( 12 
)
where V Q is the total charge of the diffuse layer per unit pore volume of the connected porosity,

β Q Q Q S + = 0
is the total surface charge density (in C m -2 ) on the surface of the clay particles. This charge density includes the charge density due to the active sites covering its surface Q 0 and the charge density of the Stern Layer Q β (Figure 2), S (in m 2 ) is the surface area of the interface separating the solid and the liquid phases in a representative elementary volume of the material, and V f is the pore volume (in m 3 ) of the same representative elementary volume. The volumetric charge density V Q corresponds to the net amount of charge of the diffuse layer per unit pore volume (in C m -3 ). It is defined by:

( ) V Q V Q f Q - = 1 , ( 13 
)
where Q f is the fraction of charge carried by the counterions located in the Stern layer or, in other words, the partition coefficient of the countercharge between the Stern and the diffuse layers, and V Q represents the total charge density associated with the cation exchange capacity of the material [START_REF] Revil | Electrical properties of zeolitized volcaniclastic materials[END_REF] CEC,

1 ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = φ φ ρ g V Q (14)
where g ρ the solid grain density (in kg m -3 ) and the CEC is the cation exchange capacity of the medium (in mol kg -1 ). Using an electrical triple layer model, [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] obtained In thermodynamic equilibrium, the Donnan equilibrium model is based on the equality between the electrochemical potential of the ions in the pore space of the charged porous material and in a reservoir of ions in contact with the charged porous material. In terms of concentrations, the concentration of the species i in the pore space of the material, i C , is related to the concentration of the species I in the reservoir, i C , by (e.g., [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF])

f Q = 0.
⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = T k q C C B m i i i i i ϕ γ γ exp , ( 15 
)
where

( ) i i z e q ± =
represents the charge of the ion i (in C) with z i the valence of the ion and e the elementary charge (1.6×10 -19 C), k B the Boltzmann constant (1.381×10 -23 J K -1 ), T the absolute temperature in K, i γ and i γ are the activity coefficients of ion i in the macropores and micropores, respectively, the ionic concentration in micropores, and m ϕ is the mean electrical potential in the pore space of the medium. [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] showed that the ration of the activity coefficient can be neglected ( 1

/ ≈ i i γ γ ).
The potential m ϕ can be determined from the volumetric charge density V Q by solving numerically the following charge balance equation (see [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF][START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF],

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = ∑ = T k q C q Q B m i Q i i i V ϕ exp 1 . ( 16 
)
To perform these computations, we need the macropore water composition proposed for example by the THERMOAR model [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired in the Callovo-Oxfordian Formation by investigative drilling[END_REF]) at 25ºC. Following [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF], we took CEC = 0.18 mol kg -1 , ρ g = 2700 kg m -3 , T = 298.15 K (25ºC), and f Q = 0.94 ± 0.02. With these parameters, we will show later that the mean electrical potential of the pore space of the Cox clay-rock is typically in the range from -20 mV to -40 mV.

From Eqs. ( 10) and ( 15) and using 1 / ≈ i i γ γ , the mean electrical potential can be also related to the electrostatic constrictivity introduced by Sato et al. (1995) (see section 2):

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = = T k q C C B m i i i el ϕ δ exp . ( 17 
)
For the COx clay-rock, surface properties are dominated by the reactivity and specific surface area of smectite. Using the triple layer model, we can determine the distribution

coefficient i S i i d C C K / =
using the calculated surface site density of sorbed counter-ions in the Stern layer 0 X i Γ (in sites m -2 ). The subscript "X" refers to the surface sites resulting from isomorphic substitutions into the mineral lattice and situated on the basal planes of the smectite particles [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]. In most of experimental studies, the distribution coefficient i d K is obtained by batch or column experiment for each type of tracer.

The concentration of sorbed species S C i is given by:

sp i S i S C 0 X Γ = , ( 18 
)
where S sp is the specific surface (in m 2 kg -1 of mineral). [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired in the Callovo-Oxfordian Formation by investigative drilling[END_REF] proposed an average specific surface for the COx: S sp = 5×10 4 m 2 kg -1 . In the case respectively of monovalent and bivalent counterions, the surface site density of sorbed counterions in the Stern layer 0 Xi Γ is determined by [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]:

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - Γ = Γ T k e K a B i i i β ϕ exp 0 X 0 X , (19) 
⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - - Γ = Γ T k e e Q K a B i i i β ϕ 2 exp 2 0 2 0 X 0 X , (20) 
where β ϕ is the electrical potential at the Stern plane and 0 X Γ the surface site density of the "X" sites. [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] have determined an average of these two parameters for the COx medium: β ϕ = -95.3 mV, 0 X Γ = 9.1×10 16 sites m -2 . The parameter a i is the activity of the species i in the macropores, Q 0 (in C m -2 ) the surface charge density at the surface of mineral, and K i the speciation constants associated with the adsorption/desorption of the counterion i.

This model will be used to compute a priori value for Na d K of the 22 Na + tracer in section 5.

A Model for the Diffusion of Tracers

We consider the ionic tracer diffusion through the clay-rock. [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] proposed a multi-ionic diffusion model in which flux of species i is driven by the gradient of its electrochemical potential. In the present case, there is no macroscopic electrical field because of the concentration of the tracer is much smaller than the ionic strength of the pore water. In appendix A, we show that this model yields an apparent Fick's law,

i i i C D ∇ - = J , ( 21 
) F C q T k C D i i B i i i β = , ( 22 
)
where D i is the effective diffusion coefficient of the ionic species in the microporous charged medium, β i is the ionic mobility, and F is the electrical formation factor. Note that D i is the product of three terms: (i) the self-diffusion of the ionic tracer in the water

f i D , which is expressed by the Nernst-Einstein relation, i B i f i q T k D β = , (23) 
(ii) the electrical formation factor F which can be related to the porosity by Archie's law m F -= φ [START_REF] Archie | The electrical resistivity log as an aid in determining some reservoir characteristics[END_REF], where m is called the cementation exponent and with 3 1 ≤ ≤ m for most of all media (m has been determined equal to 1.95 ± 0.04 in the COx by [START_REF] Revil | Characterization of transport properties of argillaceous sediments. Application to the Callovo-Oxfordian Argillite[END_REF] and comprises between 2 and 3 by [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF], and (iii) the

i i C C / ratio,
which is given by Eq. ( 15).

From Eqs. ( 15), ( 22), and (23), we obtain the following relationship between the effective diffusion coefficient and the diffusivity:

( ) ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - ⎟ ⎠ ⎞ ⎜ ⎝ ⎛ - + = T k q F K D B m i i d g f i i ϕ ρ φ φ η exp 1 1 . ( 24 
) ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = T k q F D D B m i f i i ϕ exp . ( 25 
)
Therefore the diffusivity of an ionic tracer depends only upon three key-parameters: 

i d K , F,

NUEMRICAL SIMULATIONS AND SENSITIVITY ANALYSIS

The previous system of equations was solved by a PDE solver based on the finiteelement method (the Earth Science module of COMSOL Multiphysics TM 3.4). We have checked the accuracy of the solver by comparing the results with known analytical solutions (e.g. Crank, 1975). The problem can therefore be solved in 1D, 2D, or 3D accounting for the heterogeneity in the distribution of the material properties (e.g., the formation factor) or the physicochemical parameters associated with the clay content and the clay mineralogy.

To keep our numerical test simple in this paper (and to compare our model to experimental data), we consider the 1D problem of a tracer through-diffusion experiment. The through diffusion technique is common laboratory method to determine the diffusion properties of consolidated clay material (e.g., [START_REF] Melkior | Diffusion of an alkaline fluid through clayey barriers and its effect on the diffusion properties of some chemical species[END_REF]. A small cylinder of the medium is placed between two reservoirs filled with water in chemical equilibrium with this medium. In order to study diffusion properties of a considered ionic species i, a trace concentration of a radioactive isotope is placed in the upstream reservoir. As the tracer concentration is very low, there is no real concentration gradient in the medium and therefore no electroosmosic flow and no macroscopic electrical field. Tracer concentrations in each reservoir are managed and kept as constant as possible: trace concentration in the upstream reservoir and null in the downstream reservoir. In general, diffusion properties of medium are determined by tracer influx in the downstream reservoir (Melkior, 2000 and[START_REF] Melkior | Diffusion of an alkaline fluid through clayey barriers and its effect on the diffusion properties of some chemical species[END_REF]. We use constant boundary conditions: C T = 10 -14 mol m -3 (trace level) in the upstream reservoir and C T = 0 mol m -3 in the downstream reservoir (Figure 3). We note L (in m) the length of the core sample, which is divided into 120 elements.

We compute the evolution of normalized ionic fluxes J N in the downstream reservoir as a function of time. The flux of the ionic tracer in the downstream reservoir is normalized by the tracer concentration in the upstream reservoir and by the length L of the core sample. Thus the normalized flux J N is expressed in m 2 s -1 . Time axis will be expressed in days for convenience (the computations are all performed in SI units).

We discuss now the sensitivity of the model to its parameters described in section 3.

This synthetic case was implemented with the properties of the COx and the pore water chemistry obtained by [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF]. The porosity φ = 0.164 yields

95 . 1 - = φ F = 34.0.
The density ρ g = 2700 kg m -3 , the CEC = 0.18 mol kg -1 , and the partition coefficient f Q = 0.94 yield m ϕ = -14.9 mV using Eqs. ( 13)-( 16). If the partition coefficient f Q takes the values 0.92 and 0.96, m ϕ is equal to -18 and -11 mV, respectively. We consider a radioactive metal cation tracer M + with a total concentration (tracer and stable isotope) in the medium By definition (see section 3), the formation factor F and the electrical mean potential m ϕ (which depends on f Q ) influence the effective diffusion coefficient, while the distribution coefficient K d affects only the apparent diffusion coefficient. Figure 4a, 4b, 4c and4d show the sensitivity of the model to F, m ϕ , f Q , and K d respectively. The model is very sensitive to these parameters. Lower is the formation factor F, higher is the diffusion flux. The parameters m ϕ and f Q are related to each other. For a cation, lower is the mean electrical potential m ϕ , higher is the normalized flux.

COMPARISON WITH EXPERIMENTAL DATA

Laboratory Experiments

The model presented in Section 4 is compared to tracer through-diffusion experiments in Callovo-Oxfordian clay-rock samples. We consider the following tracers (i) 22 Na + (data from [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF], (ii) 36 Cl -, and (iii) 35 SO 4 2-(data from [START_REF] Bazer-Bachi | Characterization of sulphate sorption on Callovo-Oxfordian argillites by batch, column and through-diffusion experiments[END_REF]. The core samples used by these authors have been extracted from different locations in the COx formation. The properties of the core samples are summarized in Table 1. The samples from K100 in Bazer-Bachi et al. ( 2007) corresponds toa end-member of the overall formation in term of clay content and porosity (see Table 1).

Through-diffusion experiments were performed in two different core samples for 36 Cl - and 35 SO 4 2-. This could explain the small differences in porosities and formation factors for the two experiments. Experiments were run with a synthetic water of a composition as close as it possible to the chemical equilibrium with the initial medium (see Table 2). Samples were put in contact with this synthetic water for several weeks to reach equilibrium. Diffusion results are presented as normalized ionic out-flux J N measured in the downstream reservoir versus time. This allows the comparison between results for different values of the thickness and the diameter of the samples.

In order to compare the model with the experimental data, we fisrt determine a prior values for the three key-paraemetrs (the formation factor, the mean electrical potential of the pore space, and the sorption coefffficients). For each sample, HTO diffusion data are used to determine the a priori value of the formation factor using

HTO f HTO D D F =
. Results are given in Table 3. Then, from the synthetic porewater composition and the model described in section 3.1, we determine the a priori, value of the mean electrical potential m ϕ (see Eqs 13 to 16). They are given in Table 3 using the value f Q = 0.94 discussed above. We use the distribution coefficients 18) to ( 20). Therefore, we will compare this result for 22 Na + in the sample HTM102 (-464 m deep), to the K d value obtained by batch experiment from [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF].

For each data set, we fit the data with the Simplex algorithm [START_REF] Caceci | Fitting curves to data. The simplex algorithm is the answer[END_REF] to obtain the a posterior values of the key-parameters F, m ϕ , and 

K K K F F F R - + - + - ≡ ϕ ϕ ϕ (27)
where N is the number of the experimental data i, and R a regularization term (see [START_REF] Tikhonov | Resolution of ill-posed problems and the regularization method (in Russian)[END_REF]. The superscripts "opt" and "ap" mean optimized and a priori parameters, respectively.

Figure 6 shows that the cost function G has an unique minimum. We notice that m = 3 correspond to the proposed value of [START_REF] Mendelson | The effect of grain anisotropy on the electrical properties of sedimentary rocks[END_REF] for long smectite minerals, like montmorillonite. Note that these formation factors results also from different evaluations: [START_REF] Revil | Characterization of transport properties of argillaceous sediments. Application to the Callovo-Oxfordian Argillite[END_REF] obtained their formation factors (Figure 7a) from electrical conductivity measurement at different salinities while the values proposed by [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] are based on HTO diffusion data (Figure 7b).

Figure 8 shows the fitted mean electrical potential versus porosity compared to the model of [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] described in Eqs. ( 13)-( 16), using the porewater chemistry given by the bibliography (Table 2).

The distribution coefficient Na d K studied by Melkior et al. (2007) can be calculated following our approach by Eq. ( 18)-( 20) and use as an a priori parameter. This computation use COx parameters: β ϕ = -95.3×10 -3 V, 0 X Γ = 9.1×10 16 sites m -2 (from [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF], and S sp = 5×10 4 m 2 kg -1 (from [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired in the Callovo-Oxfordian Formation by investigative drilling[END_REF]). [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF] The measurements of the diffusion coefficients were performed with the throughdiffusion technique using a collection of core samples at depths from 166 m to 477 m. For each sample where anionic diffusion was made, except for SeO 3 -, the HTO diffusion coefficient was also measured. We use first the HTO diffusion coefficients to determine the values of the formation factor

HTO f HTO D D F =
(see Figure 7b). Then, using Eq. ( 23), we determine the mean electrical potential φ m from F and D i :

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = f i i i B m D F D q T k log ϕ . ( 28 
)
Figure 12 shows the values of F and φ m as a function of depth. The calculated formation factor in the upper part of the Oxfordian limestone formation is quite low (from 177 to 360 m deep), then it becomes more important and reach 10 3 between 400 and 425 m just above the Callovo-Oxfordian argillites. The C3a layer has been particularly studied by [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] with six samples between 399 and 417 m deep. In the middle of the COx formation, F is comprised between 40 and 140, which is consistent with the electrical conductivity measurements presented by [START_REF] Revil | Characterization of transport properties of argillaceous sediments. Application to the Callovo-Oxfordian Argillite[END_REF] and performed at different salinities with NaCl brines.

The values of φ m are very low in the Oxfordian limestone formation. In this formation, we have,

F D D f i i m 1 lim 0 = → ϕ , ( 29 
)
which means that the electrostatic constrictivity δ el is equal to one. The C3a layer (399 to 417 m deep) presents more important values of the mean potential in the microporosity φ m .

The values of φ m are in the range between -40 mV to -20 mV.

In the COx formation, the calculated mean electrical potential is comprised between -56 mV and -23 mV. Considering the experimental uncertainties and the local variation of parameters (φ, CEC) between two samples, the computed φ m are quite consistent with the average of computed electrical potential: -40.7 mV in the COx . This electrical potential value appears to be stronger than the model predictions by Eqs. ( 13)-( 16).

Our tracer diffusion model is directly related to the generalised transport model in microporous media described by [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF]. That implies that parameters like the electrical factor F and the mean electrical potential in the diffuse layer φ m , can be applied to determine some other rock properties. The osmotic pressure in a medium is one of them.

Therefore, in order to test further the range of computed φ m values, we have decided to compute the value of the osmotic pressure in the COx from the diffusion test data. [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] proposed the following relationship between the mean electrical potential φ m and the osmotic pressures π m in a microporous medium:

⎥ ⎦ ⎤ ⎢ ⎣ ⎡ - ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = ∑ = 1 exp 1 T k q C T k B m i Q i i B m ϕ π . ( 30 
)
Considering the pore water presented in [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF], it becomes possible to determine π m in the COx at several depth from the previously determined φ m by Eq. ( 28) and to show them on Figure 13. The predicted values can be compared to the measured fluid overpressure (above the hydrostatic level) in the Callovo-Oxfordian argillites layer (see [START_REF] Gueutin | Osmotic interpretation of overpressures from monovalent based triple layer model, in the Callovo-Oxfordian at the Bure site[END_REF]. The measured excess hydraulic heads are in the range 20-60 m (0.2 to 0.6 MPa). Comparison between measured overpressure and computed osmotic pressure π m in the medium are displayed on Figure 13. The computed φ m from Cl -and SO 4 2-diffusion tests [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] are in a fairly good agreement with the measured overpressures. This result will be explored further in a future work but it shows the model presented by [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] can explain very different material properties inside a unified framework.

CONCLUSION

We have used a model based on a volume-average of the Nernst-Planck equation to model the diffusion of ionic tracers ( 22 Na + , 36 Cl -, 35 SO 4 2-) through the Callovo-Oxfordian clayrock. The model developed by [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF] is used to compute the diffusion of tracers in these materials using a generalized Donnan equilibrium model and the electrical formation factor. This model is able to explain tracer diffusion experiments performed by different authors in the COx formation and to determine the profile of these parameters in the formations. In addition, the mean electrical potential allows the determination of the osmotic pressure in the medium. The next step will be to develop this model to unsaturated conditions and to connect this diffusion model to geophysical measurements of complex resistivity such as modeled recently by [START_REF] Leroy | Complex conductivity of water-saturated packs of glass beads[END_REF].
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Appendix A

In this Appendix, we estimate the influence of the activity coefficient upon the diffusion of the tracers through a clay-rock. From [START_REF] Revil | Chemico-electromechanical coupling in microporous media[END_REF], the constitutive equation of the diffusion flux of a single ion is writen as:

i i i i F q μ σ ∇ - = 2 J (A1)
with F, the formation factor,

( ) i i z e q ± =
, the charge of species i and z i its valence (e = 1.6×10 - 19 C is the elementary charge), and i σ = i i i q C β the contribution of species i to the overall electrical conductivity of the pore water defined from β i the ionic mobility and i C the concentration of species i in the pore space. The chemical potential μ i is related to the ionic activity a i by

i B i a T k ln = μ . This yields, i i i i B i a F q C T k ln ∇ - = β J . (A2)
The Fick law defines the ionic flux as a function of the concentration gradient. The relationship between the activity and the concentration is

i i i C a γ =
where γ i is the activity coefficient. This yields, ( ) ) From (A1) to (A3), we obtain,

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + ∇ = ∇ = ∇ i i i i i i i i i i i dC d C C C C C a γ γ γ γ 1 ln . ( A3 
( ) i i i i i B i C FC q C T k ∇ + - = ε β 1 J , ( A4 
) i i i i i i i dC d C dC d C γ γ γ ε ln = ≡ . ( A5 
)
where ε is a correction term. For a ionic strength I lower than 0.5 mol L -1 , γ i can be computed by the Davies equation:

⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - + - = I I I z i i 3 . 0 1 2 1 log 2 10 γ . ( A6 
)
This yields,

i i i dC dI I I dI d C z ⎥ ⎥ ⎦ ⎤ ⎢ ⎢ ⎣ ⎡ - ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + - = 3 . 0 1 2 10 ln 2 ε , (A7) ( ) i i i dC dI I I C z ⎥ ⎥ ⎦ ⎤ ⎢ ⎢ ⎣ ⎡ - + - = 3 . 0 1 2 1 2 10 ln 2 2 ε . (A8)
From the definition of the ionic strength,

∑ = ≡ Q k k k C z I 1 2 2 1 , (A9) 2 2 1 i i z dC dI = . ( A10 
)
The correction parameter becomes:

( ) ⎥ ⎥ ⎦ ⎤ ⎢ ⎢ ⎣ ⎡ - + - = 3 . 0 1 2 1 4 10 ln 2 4 I I C z i i ε (A11)
The correction term (1+ε) in Eq. (A5) is always negligible ε << 1 when the ionic strength is close to 0.1 mol L -1 and bigger. Neglecting the term ε, Eq. (A3) yields an apparent Fick's law, 

i i i B i i i C F C q T k C ∇ - = β J . ( A12 

  94 ± 0.02 at 25°C for the COx clay-rock. Gonçalvès et al. (2007experimental data for a compacted bentonite. This means that a large fraction of the counterions are located in the Stern layer.

  and m ϕ . The formation factor can be obtained by a variety of methods like the measurement of the electrical conductivity of the porous material at different salinities of the brine to separate the contribution from the brine conductivity from the surface conductivity contribution (note that F is NOT the ratio of the brine conductivity to the effective conductivity of the rock as written in a number of papers). The formation factor can also be obtained by steady-state HTO (tritiated water) diffusion experiments. HTO is considered to be a non-reactive species with the mineral/water interface. Therefore the model of Revil (value of self-diffusion coefficient of HTO in water and HTO D represents the value of the effective diffusion coefficient of HTO through the porous material.

  -1 . Figure4shows the sensitivity of the model to these four important parameters.

K

  given by[START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF][START_REF] Bazer-Bachi | Characterization of sulphate sorption on Callovo-Oxfordian argillites by batch, column and through-diffusion experiments[END_REF] for each sample. These distribution coefficients have been determined by batch test or column test experiments. The a prior values of the distribution coefficient of cations (counterions) can also be obtained from Eq. (

  COMSOL Multiphysics TM 3.4 is coupled to an optimization routine written in MatLab ® routine (Figure5). Our algorithm looks for the minimum of the cost function G

Figure 7

 7 Figure 7 presents fitted formation factors of the investigated samples versus the

  have also determine K Na = 0.80 ± 0.05, which is consistent with the value proposed by Avena and De Pauli (1998) (K Na = 0.77). Using the pore water composition proposed by Melkior et al. .1. Diffusion of 22 Na + formation in the Paris Basin. From the top of the Oxfordian formation to 399 m deep, the formation is composed by several calcareous facies (called C3b, L1a, L1b, L2a, L2b, L2c) with 80 to 95 % of carbonates (ANDRA, 2005). Then, between 399 and 417 m deep, the Oxfordian present important vertical mineralogy variations (facies C3a). The carbonate fraction decreases roughly from 80 % (399 m deep) to less than 40 % (417 m deep) while the clay fraction increase from 15 % to 45 % (illite, mica and interstratified illite/smectite). The rest contains principally by quartz. The upper part the COx formation (facies C2d, 417-437 m deep) presents important spatial variations of mineralogy in the same oreder of magnitude than C3a. Then below 437 m deep, the COx become more homogeneous with 40 to 50 % of clay minerals, 20-35 % of carbonates and 35-25 % of quartz (facies C2b1, C2b2, and C2c) (ANDRA, 2005).

( a )Figure 1 .

 a1 Figure 1. Picture of a COx sample by scanning electron microscopy (credit: J.C. Robinet).

Figure 2 .

 2 Figure 2. A charged porous material: the Callovo-Oxfordian clay-rock. (a) Sketch of the COx

Figure 3 .

 3 Figure 3. Implementation sketch of our model for tracer diffusion simulation. The subscripts i

Figure 4 .

 4 Figure 4. Model sensitivity of four important parameters on the normalized diffusion flux J N

Figure 5 .

 5 Figure 5. Optimization algorithm for model parameters determination from experimental normalized flux. The COMSOL multiphysics TM program provides the normalized diffusion

Figure 6 .

 6 Figure 6. Shape of the logarithm of the cost function with a regularization term for the optimization of the 22 Na + diffusion experiment (HTM102 -464 m). The cost function G has a

Figure 7 .

 7 Figure 7. Formation factor versus porosity in the COx argillite. The formation factor data

Figure 8 .

 8 Figure 8. Fitted mean electrical potential in the three samples and model's prediction versus

Figure 10 .

 10 Figure 10. Simulation of a 36 Cl -tracer diffusion in COx (EST205 K100).

Figure 11 .

 11 Figure 11. Simulation of a 35 SO 4 2-tracer diffusion in COx (EST205 K100).
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Table 1 .

 1 ) Physical and chemical characteristics of the through-diffusion samples

		HTM102 (-464m)	EST205 K100
	Porosity, φ [-]	0.15	0.030 / 0.037 a
	Grain density, ρ g [kg m -3 ]	2670	2700 b
	Cation exchange capacity		
		0.18 ± 0.04 c	0.111 ± 0.03 d
	CEC [meq g -1 ]		
	Temperature, T [K]	296.15 (23ºC)	294.15 (21ºC)
	Depth [m]	464	424
	Lithofacies	C2b2	C2d
	(a) HTO apparent porosity for tracer 36 Cl -/ 35 SO 4	2-disk respectively
	(b) Leroy et al. (2007)		
	(c) Gaucher et al. (2004), Leroy et al. (2007)	
	(d) ANDRA (2005)		

Table 2 .

 2 Ionic compositions of the synthetic ground water

		Concentration [mol L -1 ]
		Melkior et al. (2007)	Bazer-Bachi et al. (2007) a
	Na +
	K +
	Ca 2+
	Mg 2+
	Cl -
	SO 4	2-
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We ran an optimization for the 22 Na + tracer diffusion data for sample HTM102 (464 m deep) [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF]. The value of the distribution coefficient they found by a batch experiment is equal to 0.41×10 -3 m 3 kg -1 . And using the TLM model of [START_REF] Leroy | Modeling the composition of the pore water in a clay-rock geological formation (Callovo-Oxfordian, France)[END_REF], we determine an a priori value of (RE = 7.9 %). The mean electrical potential fitted corresponds pretty well to the computed one (RE = 2.6 %). But the distribution coefficient presents a difference but is still acceptable (RE = 41.8 %). The differences seen between fitted and computed parameters can easily be explained by both the uncertainties on the experimental data, the porosity, and the value of F resulting from HTO diffusion data.

Diffusion of 36 Cl -

We ran the simulation for 36 Cl -tracer diffusion in the EST205 K100. Figure 10 shows the confrontation between the fitted normalized diffusion flux following our model and experimental data from Bazer-Bachi et al (2007). The chloride 36 Cl -is a non-sorbed tracer, so we consider K d = 0 m 3 kg -1 . The other a priori value are F = 772.3 and m ϕ = -32.1 mV.

The minimization of the cost function G yields the following a posterior values of the model parameters: F = 772.3 and m ϕ = -47.0 mV (R 2 = 75.5 %). Computed and fitted formation factor F are equal but the a posteriori value of mean electrical potential m ϕ presents a slight difference with the a priori value (RE = 46.9 %).

Diffusion of 35 SO 4 2-

We have also simulated the 35 The minimization of the cost function G yields the following a posteriori values:

.2 mV, and K d = 1.60×10 -5 m 3 kg -1 (R 2 = 46.9 %) (Figure 11). The strong dispersion of the experimental data yields a low R 2 fit value. However, the fitted and computed formation factors F are very close to each other (RE = 0.2 %). The same applies for the mean electrical potential (RE = 0.3 %). The fitted K d is also pretty close from the value resulting from the column experiment (RE = 12.5 %).

Field Data

In a recent study, [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] determined the diffusion coefficients of several anions (Cl -, I -, SO 4 2-, and SeO 3 -) in a set of the Callovo-Oxfordian clay-rock samples formation and in the Oxfordian limestones which is formation lying just above the Cox and synthetic pore water described in [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF]. The overpressure data (+) (here expressed in hydraulic head above hydrostatic) come from ANDRA [START_REF] Gueutin | Osmotic interpretation of overpressures from monovalent based triple layer model, in the Callovo-Oxfordian at the Bure site[END_REF].