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1.

Introduction

Clays are naturally occurring lamellar minerals commonly found in most natural systems, such as soils, sediments, or rocks. Their high adsorption properties make them responsible for the fate of a wide range of inorganic or organic pollutants in natural media, including emerging micropollutants [START_REF] Yan | STXM-XANES and computational investigations of adsorption of per-and polyfluoroalkyl substances on modified clay[END_REF][START_REF] Yang | Aggregation of microplastics and clay particles in the nearshore environment: Characteristics, influencing factors, and implications[END_REF][START_REF] Ye | Effects of clay minerals on the transport of polystyrene nanoplastic in groundwater[END_REF]. The surface properties of clays are also at the origin of the use of clay minerals for water treatment as well as for municipal or nuclear waste repositories [START_REF] Charlet | Diffusive transport and reaction in clay rocks: A storage (nuclear waste, CO2, H2), energy (shale gas) and water quality issue[END_REF][START_REF] Czurda | Chapter 11.3 Clay Liners and Waste Disposal[END_REF][START_REF] Das | Kaolin based protective barrier in municipal landfills against adverse chemo-mechanical loadings[END_REF][START_REF] Mazurek | Transferability of geoscientific information from various sources (study sites, underground rock laboratories, natural analogues) to support safety cases for radioactive waste repositories in argillaceous formations[END_REF][START_REF] Nakazawa | Differences in removal rates of virgin/decayed microplastics, viruses, activated carbon, and kaolin/montmorillonite clay particles by coagulation, flocculation, sedimentation, and rapid sand filtration during water treatment[END_REF][START_REF] Wang | Enhanced adsorption of per-and polyfluoroalkyl substances (PFAS) by edible, nutrient-amended montmorillonite clays[END_REF]. In these latter repositories applications, the migration of polluted water is expected to be reduced due to interaction with clay surfaces. Furthermore, owing to their small particle size, clay-rich materials display low permeability values. The transfer of polluted water is thus further limited but remains possible solely through diffusion processes.

Understanding the water diffusion process in clay materials is of prime importance for the prediction of water quality and for risk assessment in the case of hazardous waste management.

Water is the principal vector of migration of aqueous pollutants and in the case of nuclear waste management, understanding and predicting water mobility is a key and reference parameter in environmental migration models. Other solutes (i.e., anions and cations) are in addition influenced by electrostatic interaction occurring in the diffuse double layer located at the vicinity of the clay surfaces [START_REF] Bourg | Chapter 6 -Self-Diffusion of Water and Ions in Clay Barriers[END_REF]and literature therein).

The effective diffusion coefficient 𝐷 𝑒 is commonly used for characterizing the diffusing properties of species in porous media [START_REF] Charlet | Diffusive transport and reaction in clay rocks: A storage (nuclear waste, CO2, H2), energy (shale gas) and water quality issue[END_REF][START_REF] Glaus | Comparative study of tracer diffusion of HTO, 22Na+ and 36Cl-in compacted kaolinite, illite and montmorillonite[END_REF][START_REF] Kim | Diffusive tortuosity factor of solid and soft cake layers: A random walk simulation approach[END_REF][START_REF] Van Loon | Diffusion and retention of sodium and strontium in Opalinus clay: Comparison of sorption data from diffusion and batch sorption measurements, and geochemical calculations[END_REF], 2005;[START_REF] Wu | Investigation of Re(VII) diffusion in bentonite by through-diffusion and modeling techniques[END_REF][START_REF] Wu | Diffusion behavior of Se(IV) and Re(VII) in GMZ bentonite[END_REF][START_REF] Wu | Influence of dry density on HTO diffusion in GMZ bentonite[END_REF]. This key parameter is most often derived from macroscopic diffusion experiments, such as through-diffusion experiments, and depends on the average bulk properties of the material, such as the porosity 𝜀 and tortuosity 𝜏. The porosity 𝜀 accounts for the accessible relative volume for diffusion of water molecules.

The tortuosity parameter 𝜏 represents the pathway ratio between the shortest linear distance between the original and final migration points compared to that used by the molecules through the pore network. All these entities are connected through the following equations:

𝐷 𝑒 = 𝜀. 𝜏. 𝐷 0 = 𝜀. 𝐷 𝑝 , ( 1 
)
where 𝐷 0 is the self-diffusion coefficient of water in bulk water and 𝐷 𝑝 is the pore selfdiffusion coefficient of water in the investigated material. For macroscopic operational description and prediction of water (and other species) diffusion in clay systems, the dependence of the 𝐷 𝑒 parameter on 𝜀 is commonly quantified through an empirical relationship named Archie's law. This power law is derived from the relation originally proposed [START_REF] Archie | The electrical resistivity log as an aid in determining some reservoir characteristics[END_REF] for the porosity dependence of electrical conductivity and takes the form:

𝐷 𝑒 𝐷 0 ⁄ = 𝜀 𝑚 , ( 2 
)
where 𝑚 is referred to as the cementation factor [START_REF] Charlet | Diffusive transport and reaction in clay rocks: A storage (nuclear waste, CO2, H2), energy (shale gas) and water quality issue[END_REF][START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF][START_REF] Glaus | Comparative study of tracer diffusion of HTO, 22Na+ and 36Cl-in compacted kaolinite, illite and montmorillonite[END_REF][START_REF] Van Loon | Diffusion and retention of sodium and strontium in Opalinus clay: Comparison of sorption data from diffusion and batch sorption measurements, and geochemical calculations[END_REF], 2005;[START_REF] Wu | Investigation of Re(VII) diffusion in bentonite by through-diffusion and modeling techniques[END_REF][START_REF] Wu | Diffusion behavior of Se(IV) and Re(VII) in GMZ bentonite[END_REF][START_REF] Wu | Influence of dry density on HTO diffusion in GMZ bentonite[END_REF]. In Eq. ( 2), the 𝑚 parameter ranges between 2 and 6 [START_REF] Charlet | Diffusive transport and reaction in clay rocks: A storage (nuclear waste, CO2, H2), energy (shale gas) and water quality issue[END_REF][START_REF] Mazurek | Transferability of geoscientific information from various sources (study sites, underground rock laboratories, natural analogues) to support safety cases for radioactive waste repositories in argillaceous formations[END_REF][START_REF] Van Loon | A modified version of Archie's law to estimate effective diffusion coefficients of radionuclides in argillaceous rocks and its application in safety analysis studies[END_REF], as determined from a large body of experiments on reference clays and clay-rich media. Several alternative empirical expressions of the Archie relation for diffusion in clay porous media were also proposed based on both experimental and numerical studies, such as:

𝐷 𝑒 𝐷 0 ⁄ = 𝐴. 𝜀 𝑚 (3) 
with 𝐴 an additional empirical factor [START_REF] Rosanne | Transport properties of compact clays: II. Diffusion[END_REF][START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF]. According to the Archie empirical description, 𝜀 is the primary parameter governing the diffusion of water, whereas 𝑚 and/or 𝐴 parameters includes a large number or geometric and geochemical effects.

As far as water diffusion is concerned, geometric effects and associated tortuosity of the pore network represents a first-order parameter controlling the mobility of water tracers. Firstly, clay-rich systems, such as clayrock most often show contrasting diffusion properties between the normal and in-plane directions of compaction [START_REF] Gimmi | Anisotropic diffusion at the field scale in a 4-year multi-tracer diffusion and retention experiment -I: Insights from the experimental data[END_REF][START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF]Van Loon et al., 2004;Van Loon and Soler, 2004). Part of this diffusion anisotropy is related to the presence of elongated non-clay particles [START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF], whereas preferential orientation of clay particles is commonly suspected to also enhance this effect [START_REF] Gimmi | Anisotropic diffusion at the field scale in a 4-year multi-tracer diffusion and retention experiment -I: Insights from the experimental data[END_REF][START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF][START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF]Van Loon et al., 2004;[START_REF] Wenk | Preferred orientations and anisotropy in shales: Callovo-Oxfordian shale (France) and Opalinus Clay (Switzerland)[END_REF]. Indeed, due to their lamellar shape, preferential orientation of clay particles most often induces anisotropy in the diffusional pathway for water and solutes, with a reduction in diffusion in the direction perpendicular to the main orientation of particles. In this context, recent experimental results

showed that varying the anisotropy of preferred clay particle orientation in pure clay systems (kaolinite or vermiculite) with constant porosity can significantly affect the diffusion coefficients of water [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF]. Secondly, clay minerals are known to exhibit different surface charges and different classes of porosities, which in turn govern the swelling nature of the mineral and the number of nearby neutralizing cations whose hydration provokes a decrease in water mobility. For instance, kaolinite clay mineral is a non-swelling and non-charged clay mineral (Fig. 1a). For this mineral, water mobility is thus almost solely governed by diffusion in the interparticle porosity 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. = 𝜀 (Fig. 1b). In contrast, illite is a non-swelling clay mineral with a charged surface (Fig. 1a), and for such a single-porosity medium, water mobility can be slightly reduced close to the surface due to water dipole interaction (Figs. 1b-c;[START_REF] Bourg | Molecular dynamics simulations of the electrical double layer on smectite surfaces contacting concentrated mixed electrolyte (NaCl-CaCl2) solutions[END_REF][START_REF] Bourg | Chapter 6 -Self-Diffusion of Water and Ions in Clay Barriers[END_REF][START_REF] Holmboe | Molecular Dynamics Simulations of Water and Sodium Diffusion in Smectite Interlayer Nanopores as a Function of Pore Size and Temperature[END_REF][START_REF] Tinnacher | Ion adsorption and diffusion in smectite: Molecular, pore, and continuum scale views[END_REF]. This mobility reduction can be enhanced for low porosity conditions, as surfaces are closely packed and can lead to the presence of nanopores. An extreme case concerning the presence of nanopores is represented by vermiculite clay minerals (Fig. 1a). Like smectite, vermiculite is a swelling and charged clay mineral that exhibits a defined interlayer nanoconfinement of water with strongly reduced mobility [START_REF] Michot | Anisotropic Features of Water and Ion Dynamics in Synthetic Na-and Ca-Smectites with Tetrahedral Layer Charge. A Combined Quasi-elastic Neutron-Scattering and Molecular Dynamics Simulations Study[END_REF][START_REF] Tertre | Connecting molecular simulations and laboratory experiments for the study of time-resolved cation-exchange process in the interlayer of swelling clay minerals[END_REF]. Clay-rich media containing swelling clays is commonly referred to as a dual-porosity medium with a diffusivity connection between interparticle 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. and interlayer 𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. porosities (with 𝜀 = 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. + 𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. ; Figs. 1b-c). Kaolinite, illite, and vermiculite thus well illustrate that porosity can be of different natures in clays, whose effect on the overall tortuosity and water mobility reduction can be enhanced when decreasing porosity to very low values.

The present study aims at exploring the combined influence of porosity and anisotropy in particle orientation on the diffusion of water in both single-and dual-porosity clay media, in an effort to quantitatively decouple respective roles of these parameters on the overall mobility of water tracers. In that perspective, this work benefits from recent diffusion experiments of water tracers on pure kaolinite, illite, and vermiculite samples over a wide range of porosities and degrees in the preferred orientation of particles [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF][START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Dabat | Anisotropie d'orientation des particules des milieux poreux argileux et implication sur la diffusion de l'eau[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF][START_REF] Dabat | A general orientation distribution function for clay-rich media[END_REF][START_REF] Tertre | Diffusion of Water through the Dual-Porosity Swelling Clay Mineral Vermiculite[END_REF]. This large set of experimental data is used here as a first objective to experimentally validate water diffusivity derived from three-dimensional Brownian Dynamics (BD) simulations in virtual porous media mimicking the size, shape, and organization of these clay particles in the samples [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF][START_REF] Dabat | Mesoscale Anisotropy in Porous Media Made of Clay Minerals. A Numerical Study Constrained by Experimental Data[END_REF][START_REF] Ferrage | Influence of crystal structure defects on the small-angle neutron scattering/diffraction patterns of clay-rich porous media[END_REF][START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF]. The second objective of this study is to benefit from the large set of numerical data over a wide range of porosities and degrees in the preferred orientation of particles to better quantitatively assess and generalize the respective role of porosity and preferred orientation of clay particle on water mobility using a modified version of Archie relation.

Materials and methods

Clay samples, preferred orientation measurements and water diffusion experiments

The set of experimental data used in this study is derived from recent measurements of porosity, water diffusion coefficient, and degree of preferred orientation of particles on different pure clay minerals. The clay minerals selected for analysis include kaolinite, illite, and vermiculite, which have distinct surface properties and nano-confinement characteristics (Table 1; Fig. 1a). The kaolinite sample was KGa-2 from the Source Clay Repository of the Clay Mineral Society [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF], whereas the illite and vermiculite samples correspond to the 0.1-0.2 µm size fractions of illite du Puy [START_REF] Asaad | A baseline study of mineralogical and morphological properties of different size fractions of illite du Puy[END_REF] and vermiculite Santa Olalla [START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF], respectively. All samples were Na-saturated [START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF].

Note that previous studies have shown a similar aspect ratio (i.e., ratio between mean height and diameter of particles) of approximately 0.1 for these three types of clay minerals [START_REF] Asaad | A baseline study of mineralogical and morphological properties of different size fractions of illite du Puy[END_REF][START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF][START_REF] Sayed Hassan | AFM and low-pressure argon adsorption analysis of geometrical properties of phyllosilicates[END_REF].

Different sample preparations, i.e., compaction of dried powders or centrifugation of clay dispersions, were used to obtain different degrees of preferred orientation in clay particles for a given 𝜀 value. Quantification of the preferred orientation of particles was systematically achieved through the 〈𝑃 2 〉 order parameter by analyzing the intensity distribution on a bidimensional X-ray scattering pattern collected on a slice of indurated samples (Table 1; [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF][START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Dabat | Anisotropie d'orientation des particules des milieux poreux argileux et implication sur la diffusion de l'eau[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF][START_REF] Tertre | Diffusion of Water through the Dual-Porosity Swelling Clay Mineral Vermiculite[END_REF]. This 〈𝑃 2 〉 order parameter can indeed be extracted from the scattered intensities (𝐼) along the 001 Bragg peak of the given clay type as a function of the angle 𝜁 on the 2D detector. For low values of Bragg angles (the case of clay minerals), the 𝐼(𝜁) = 𝐼(𝜃) approximation can be used, where 𝜃 is the angle between the normal of the particle and the z-axis of the sample (Fig. 1d; [START_REF] Dabat | Anisotropie d'orientation des particules des milieux poreux argileux et implication sur la diffusion de l'eau[END_REF]. The distribution of particle orientation, referred to as the orientation distribution function (ODF), is then directly calculated from the scattered intensity 𝐼(𝜃) as:

ƒ(𝜃) = 𝐼(𝜃) ∫ 𝐼(𝜃) 𝜋 0 𝑠𝑖𝑛(𝜃)𝑑𝜃 , ( 4 
)
and the 〈𝑃 2 〉 order parameter is calculated as:

〈𝑃 2 〉 = ∫ 𝑃 2 (𝑐𝑜𝑠𝜃). 𝜋 0 ƒ(𝜃)𝑠𝑖𝑛(𝜃)𝑑𝜃 , (5) 
where 𝑃 2 (𝑐𝑜𝑠𝜃) is the second-order Legendre polynomial. The 〈𝑃 2 〉 order parameter is very convenient to quantify the degree of preferred orientation of clay platelets, as it can take a value between 0 for an isotropic particle organization and 1 for perfectly anisotropic organization with all particles having the same orientation.

The experimental water diffusion coefficients for kaolinite, illite, and vermiculite used in this study and reported in Table 1 were obtained using a combination of methods, including through-diffusion (TD) experiments of HDO water tracers and 1 H pulse-gradient spin-echo nuclear magnetic resonance (PGSE-NMR) spectroscopy. TD experiments allow determining the effective diffusion coefficient of water traversing a centimetric sample in the direction perpendicular to the sedimentation plane of the particles (i.e., 𝐷 𝑒𝑧 ; Figs. 1b-c). In contrast, the analysis of pulsed gradient spin echo attenuation measurements by the PGSE-NMR technique provides information regarding the pore self-diffusion of individual water probes in the scalar direction of the sample (i.e., 𝐷 𝑝𝑥 , 𝐷 𝑝𝑦 , 𝐷 𝑝𝑧 ; Figs. 1b-c; [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF][START_REF] Porion | Water Mobility within Compacted Clay Samples: Multi-Scale Analysis Exploiting 1H NMR Pulsed Gradient Spin Echo and Magnetic Resonance Imaging of Water Density Profiles[END_REF].

Pore self-diffusion of water derived from the PGSE-NMR technique can then be compared to the effective diffusion coefficient obtained from TD measurements through the relation given in Eq. (1). Despite the fact that these two independent techniques probe different length and time scales (i.e., several days for TD vs. several milliseconds for PGSE-NMR; [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Glaus | Comparative study of tracer diffusion of HTO, 22Na+ and 36Cl-in compacted kaolinite, illite and montmorillonite[END_REF][START_REF] Porion | Water and Ion Dynamics in Confined Media: A Multi-Scale Study of the Clay/Water Interface[END_REF][START_REF] Porion | Water Mobility within Compacted Clay Samples: Multi-Scale Analysis Exploiting 1H NMR Pulsed Gradient Spin Echo and Magnetic Resonance Imaging of Water Density Profiles[END_REF][START_REF] Tertre | Diffusion of Water through the Dual-Porosity Swelling Clay Mineral Vermiculite[END_REF], a recent study by [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF] showed that experimental water diffusion coefficients were consistent using both methods.

Brownian dynamics simulations of water diffusion on 3D virtual porous media

The water dynamics were investigated based on Brownian dynamics (BD) simulations in both single-porosity and dual-porosity clay media using original 3D virtual porous media (VPM) using homemade program [START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF]. The basic description of the methodology used for the generation of these VPM, mimicking the distribution of the shapes and sizes of individual clay particles in the porous medium, has been extensively described elsewhere [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF][START_REF] Dabat | Mesoscale Anisotropy in Porous Media Made of Clay Minerals. A Numerical Study Constrained by Experimental Data[END_REF][START_REF] Ferrage | Influence of crystal structure defects on the small-angle neutron scattering/diffraction patterns of clay-rich porous media[END_REF][START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF]. Briefly, the particles are allowed to settle in a square simulation box with periodic conditions along the x-and y-axes (z-axis pointing upward; Fig. 1d) according to a steepest descent algorithm to reduce the barycenter altitude. A log normal distribution in the dimensions (i.e., basal surface, particle diameter, ratio between thickness and diameter, and ellipticity degree) of the individual particles was obtained from the work of [START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF] and based on an experimental morphological study [START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF] for the 0.1-0.2 μm size fraction of vermiculite from Santa Olalla, Spain. During the settling process, particles are allowed to slide, swivel or rotate with a random amplitude that ranges from zero to a maximum value. A wide range of degrees of anisotropy in the particle orientation is then obtained by tuning the amplitudes of the movements, leading to a variation in the degrees of freedom in the particle motions [START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF]. For the experiments, the degree of preferred orientation was then quantified through the 〈𝑃 2 〉 parameter calculated, as for Eq. ( 5), as the average of the second-order Legendre polynomial on the angular distribution of the particle orientations:

〈𝑃 2 〉 = ∫ 𝑃 2 (𝑐𝑜𝑠𝜃). 𝜋 0 g(𝜃)𝑑𝜃 (6)
where 𝜃 is the angle between the normal unit vector of the particle and the z-axis of the simulation box (Fig. 1d), and g(𝜃) the angular distribution function of particles in the VPM (with ∫ g(𝜃)

𝜋 0 𝑑𝜃 = 1). As detailed by [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF], additional treatments can be applied to allow BD simulations on VPM with a wide range of porosity values. These treatments included cubic periodic conditions in the x, y, and z directions of the simulation box and a process of injection and growth of additional particles. The final VPM was rescaled so that the mean particle size and thus the mean specific surface areas were similar for all VPMs.

Compared to previous studies of [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF] and [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF], the number of VPM was largely extended in the present work up to 56 VPM with 〈𝑃 2 〉 and 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. parameter values varied from 0.03 to 0.96 and from 0.20 to 0.60, respectively (Table S1), thus allowing us to investigate the water dynamics as a function of 〈𝑃 2 〉 for the same 𝜀 value (Fig. 1e) or as a function of 𝜀 for the same degree of preferred orientation (Fig. 1f). The total number of particles ranges between ~1700 and ~12000, depending on the 〈𝑃 2 〉 and 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. values (Table S1) for a simulation box with final cubic lengths of ~1 μm.

For all generated VPMs, the BD simulations were performed according to the methodology detailed by [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF] or [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF] in the case of water diffusion in singleporosity or dual-porosity media, respectively. Briefly, in the specific case of independent displacements of probes 𝑖, with a time step 𝛿𝑡 much larger than the velocity correlation time 𝛾 𝑖 (i.e., 𝛾 𝑖 𝛿𝑡 ≫ 1), the displacement of molecular probes in the framework of the general Langevin equation can be simplified as [START_REF] Van Gunsteren | Stochastic dynamics for molecules with constraints[END_REF]:

𝑥 ⃗ 𝑖 (𝑡 + 𝛿𝑡) = 𝑥 ⃗ 𝑖 (𝑡) + 𝑅 ⃗⃗ 𝑖 , (7) 
with 𝑅 ⃗⃗ 𝑖 as a random force that satisfies a Gaussian displacement distribution function with zero mean and standard deviation as given by:

〈𝑅 𝑖 2 〉 = 2𝐷 𝑖 𝛿𝑡 . ( 8 
)
where 𝐷 𝑖 is the molecular self-diffusion of probe 𝑖. The density of the probability of the displacement distribution law, i.e., the self-diffusion propagator, is then defined as [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF][START_REF] Bacle | Modeling the transport of water and ionic tracers in a micrometric clay sample[END_REF][START_REF] Callaghan | Principles of Nuclear Magnetic Resonance Microscopy[END_REF][START_REF] Chandrasekhar | Stochastic Problems in Physics and Astronomy[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF]:

𝑃(𝑟 ⃗, ∆ | 𝑟 ⃗ 0 ,0) = {4𝜋𝐷∆} -3 2 ⁄ 𝑒𝑥𝑝 [- (𝑟 ⃗-𝑟 ⃗ 0 ) 2 4𝐷∆ ] , ( 9 
)
where ∆ is the diffusion time. The 3D self-diffusion propagator that quantifies the mobility along a single 𝑒 𝛼 ⃗⃗⃗⃗⃗ director is then defined by:

𝑃 𝛼 (𝑟 𝛼 ⃗⃗⃗⃗, ∆ | 𝑟 𝛼 ⃗⃗⃗⃗ 0 , 0) = {4𝜋𝐷 𝛼 ∆} -1 2 ⁄ 𝑒𝑥𝑝 [- (𝑟 𝛼 ⃗⃗⃗⃗⃗-𝑟 𝛼 ⃗⃗⃗⃗⃗ 0 ) 2 4𝐷 𝛼 ∆ ] , (10) 
where 𝐷 𝛼 is the component of the self-diffusion tensor that describes the mobility of the probe along the selected 𝑒 𝛼 ⃗⃗⃗⃗⃗ director [START_REF] Callaghan | Principles of Nuclear Magnetic Resonance Microscopy[END_REF].

Based on this fundamental description of the diffusion process, two distinct sets of BD simulations were performed to predict water diffusion properties in single-porosity or dualporosity media, respectively.

For single-porosity systems (i.e., kaolinite and illite; Fig. 1a), water diffusion occurs only in the interparticle pore space 𝜀 = 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. . A number 𝑁 = 2000 of water probes with molecular self-diffusion 𝐷 𝑖𝑛𝑡𝑒𝑟𝑝. = 𝐷 0 = 2.3.10 -9 m 2 .s -1 were randomly introduced into the interparticle porosity of the VPM. The time step 𝛿𝑡 was set at 200 ps over a total simulation time of 0.12 ms, as additional tests with smaller values for 𝛿𝑡 did not show a difference in the simulation results [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF]. During the simulations, the collision with the surfaces of particles was treated in the framework of Maxwell's 𝐴 wall [START_REF] Valleau | Comment on: Adsorption and diffusion at rough surfaces. A comparison of statistical mechanics, molecular dynamics, and kinetic theory[END_REF], according to water probes have an uniform angular probability of rebounding from the surface of particles [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF]. This mimics the trajectory of a molecule by assuming a residence time at the solid surface that is long enough to thermalize its velocity distribution function before being desorbed and returning to the fluid. The pore water diffusion coefficients 𝐷𝑝 𝛼 along a selected 𝑒 𝛼 ⃗⃗⃗⃗⃗ director was finally extracted from the asymptotic slope of the radial mean squared displacement as follows:

𝐷𝑝 𝛼 = lim Δ→∞ ∑ (𝑥 𝑖,𝛼 (0)-𝑥 𝑖,𝛼 (𝛥)) 2 𝑁 𝑖=1 2NΔ , ( 11 
)
where 𝛼 refers to the single direction 𝑒 𝛼 ⃗⃗⃗⃗⃗ on which the mobility is extracted (other parameters already defined above; uncertainty on the calculated 𝐷𝑝 𝛼 values estimated at 15%). Despite the fact that the VPM was designed to mimic vermiculite particles, this type of simulation is also fully representative for illite and kaolinite samples. Particles for these three types of minerals indeed display similar particle aspect ratios (i.e., the ratio between the particle thickness and diameters of ~0.08, ~0.08, and ~0.07 for vermiculite, illite, and kaolinite, respectively [START_REF] Asaad | A baseline study of mineralogical and morphological properties of different size fractions of illite du Puy[END_REF][START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF][START_REF] Sayed Hassan | AFM and low-pressure argon adsorption analysis of geometrical properties of phyllosilicates[END_REF]. Moreover, the computed water diffusion in single-porosity systems as performed here is independent of the particle size, which is similar for vermiculite and illite (i.e., 0.1-0.2 µm size fraction), whereas kaolinite displays larger particle dimensions. Indeed, according to the BD simulations considered here that do not consider specific interfacial effects on the probe dynamics, the water mobility is independent of the mean particle size, given that the time step 𝛿𝑡 is correctly chosen in Eq. ( 8) and that the overall diffusion time ∆ is sufficient to reach the asymptotic part of the radial mean squared displacement in Eq. ( 11).

For a dual-porosity system (i.e., vermiculite; Fig. 1a), the water probes diffuse both in the interparticle (𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. ) and interlayer (𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. ) pore spaces. For the generated VPM, the porosity contribution arising from the interlayer space is thus estimated from the clay swelling properties through the c* crystallographic parameter (i.e., layer-to-layer distance) increasing from 10 Å in the dehydrated state to 14.86 Å in water-saturated conditions [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Faurel | Conception et mise en place d'expériences de diffusion de l'eau et de solutés dans des milieux poreux modèles d'argiles gonflantes[END_REF].

𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. thus represents one-third of the solid clay phase (𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. = (1 -𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. )/3), and the overall porosity 𝜀 is then given by (Table S1):

𝜀 = 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. + 𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. = 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. + (1 -𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. )/3 . ( 12 
)
The same time step and simulation time as for water diffusion in single-porosity systems was considered. According to the porosity distribution in Eq. ( 12), the initialization of BD simulations was performed by randomly introducing the 2000 water probes in the VPM with an acceptance probability of 1/3 when the probe was included in the solid (i.e., to respect the water concentration between solid and interparticle porosity). The water tracer mobilities during BD simulations were treated as proposed by [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF] for dual-porosity media.

Briefly, water probes colliding with the basal and flat surface of the particles were allowed to rebound according to Maxwell's 𝐴 wall, whereas a specific condition occurred in the case where the probe was in contact with a lateral surface of the particles. For this condition, the probe was allowed to penetrate (or leave) the interlayer space of the particle according to the acceptance rule [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Bacle | Modeling the transport of water and ionic tracers in a micrometric clay sample[END_REF]:

𝑝 𝑎𝑐𝑐 𝑖→𝑗 = min [1; 𝑝 𝑗 𝑝 𝑖 × 𝑝 𝑔𝑒𝑛 𝑗→𝑖 𝑝 𝑔𝑒𝑛 𝑖→𝑗 ] = min [1; 𝑐 𝑗 𝑐 𝑖 × ( 𝐷 𝑖 𝐷 𝑗 ) 3/2 × exp (- d 2 4𝐷 𝑗 𝛿𝑡 + d 2 4𝐷 𝑖 𝛿𝑡 )] , ( 13 
)
where d is the modulus of the displacement from Eq. ( 10), and c i and c j are the water probe concentrations in environments 𝑖 and 𝑗, respectively, with self-diffusion coefficients D i and D j .

Such an acceptance rule allows preserving the respective concentrations of water tracers between interparticle and interlayer volumes during whole simulation timespan. The calculations require defining a water diffusion coefficient for the interlayer that was set to 𝐷 𝑖𝑛𝑡𝑒𝑟𝑙. = 2.3.10 -10 m 2 s -1 , which is approximately one order of magnitude lower than that of bulk water. This value is in agreement with numerical molecular dynamics results and experimental quasi-elastic neutron scattering results obtained for tetrahedrally charged trioctahedral saponite with similar layer charges [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Michot | Anisotropic Features of Water and Ion Dynamics in Synthetic Na-and Ca-Smectites with Tetrahedral Layer Charge. A Combined Quasi-elastic Neutron-Scattering and Molecular Dynamics Simulations Study[END_REF]. At the end of the BD simulations, the pore water diffusion coefficients were extracted using Eq.

(11).

Results

Structural and geometrical properties of virtual porous media

The consistency of the generated VPM can be further assessed through the analysis of their obtained orientation distribution functions. Indeed, different ODFs (and thus ƒ(θ) functions) can lead, in principle, to the same 〈𝑃 2 〉 parameter [START_REF] Dabat | A general orientation distribution function for clay-rich media[END_REF]. To do so, the ODFs were extracted and compared for different VPMs showing the same 〈𝑃 2 〉 but different 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. values.

As illustrated in Fig. 2a for 〈𝑃 2 〉~0.57, the ODFs extracted in the 0.25 ≤ 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. ≤ 0.50 interparticle porosity range were found to be identical, demonstrating the correct generation of different VPMs with the same geometrical and structural properties (particle size, distribution, and orientation) of the solid phase and a lack of bias during the construction procedure.

Furthermore, these ODFs fully agree with the general orientation distribution function ƒCM(θ) determined by [START_REF] Dabat | A general orientation distribution function for clay-rich media[END_REF] on a wide range of natural clay-rich media (Fig. 2a), further demonstrating the representativeness of the VPM to represent real clay systems.

To investigate the relationship between the anisotropy of the solid phase (through the 〈𝑃 2 〉 parameter) and that of the pore space, a chord length distribution analysis can be performed.

This method is commonly used for a morphological description of the solid-pore interface [START_REF] Dabat | Mesoscale Anisotropy in Porous Media Made of Clay Minerals. A Numerical Study Constrained by Experimental Data[END_REF][START_REF] Ferrage | Modeling the arrangement of particles in natural swelling-clay porous media using three-dimensional packing of elliptic disks[END_REF][START_REF] Levitz | Disordered porous solids : from chord distributions to small angle scattering[END_REF][START_REF] Torquato | Chord-length distribution function for two-phase random media[END_REF].

Accordingly, chords are line segments at the pore-solid interface for any direction 𝑟, lying entirely in the pore (or solid) phase. For the pore space of a single-porosity system, the pore chord distribution function 𝑓 𝑝 (𝑟) is defined such that 𝑓 𝑝 (𝑟)𝑑𝑟 represents the probability of having in the VPM a chord in the pore space of a length between 𝑟 and 𝑟 + 𝑑𝑟 and by:

∫ 𝑓 𝑝 (𝑟)𝑑𝑟 ∞ 0 = 1 . ( 14 
)
A more easily handled quantity is the mean pore chord length ℓ along one scalar direction of the VPM (i.e., x, y, or z; Fig. 1d) and extracted from the first momentum of the 𝑓 𝑝 (𝑟) function as:

ℓ = ∫ 𝑟 𝑓 𝑝 (𝑟)𝑑𝑟 ∞ 0 . ( 15 
)
For all generated VPMs, the anisotropy of the pore space is thus quantified through the quantity ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ , i.e., the ratio between the mean pore chord length along the z direction and that along the x or y directions. Calculations were performed using 3D voxelized and binarized images (512 3 resolution), and ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ values are reported in Table S1 for the 56 VPMs. As illustrated in Fig. 2b, the evolution of the ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ ratio shows an almost linear relationship with the 〈𝑃 2 〉 parameter. Moreover, the evolution is independent of the porosity value (Fig. 2b), and the slight increase in the ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ ratio when decreasing porosity is assigned to the resolution that tends to make the segmentation of small slit-shaped pores in dense media difficult.

Comparison between experimental and calculated water diffusion data

The comparison between the experimental and calculated effective diffusion coefficients for water is shown in Fig. 3 through the z direction of the sample and as a mean value between the

x and y directions (data reported in Table 1 and Table S1 for experimental and simulated data, respectively) for both single-porosity (i.e., kaolinite or illite) and dual-porosity media (i.e., vermiculite). In this representation, pore diffusion coefficients extracted from BD simulations are transformed into effective diffusion coefficients using Eq. (1) (Table S1). Overall, the simulated data appear to be in fair agreement with the experimental data, thus showing the efficiency of BD calculations on VPM to capture the observed trends and to account for the impact of porosity, anisotropy, and single-vs. dual-porosity on the water diffusion process. Note that for illite, or to a lesser extent for vermiculite, the simulated data appear to slightly overestimate 𝐷 𝑒𝑧 values. This difference could be tentatively due to the lack of consideration of interfacial effects in the simulation, such as the reduction of water molecules for the charged external surfaces of clay minerals [START_REF] Bourg | Chapter 6 -Self-Diffusion of Water and Ions in Clay Barriers[END_REF]. This effect remains, however, marginal compared to the role played by other parameters on the water diffusion process.

The evolution of the calculated 𝐷 𝑒 values with the 〈𝑃 2 〉 parameter provides two noticeable findings. First, even though the 𝐷 𝑝𝑧 values are strongly decreased for dual-porosity compared to single-porosity systems owing to the mobility reduction in the clay interlayers (Table S1), the transformation into 𝐷 𝑒𝑧 values using Eq. ( 1) leads for a given 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. to similar effective water mobilities for both single-and dual-porosity media (Fig. 3). Second, the 𝐷 𝑒 vs. 〈𝑃 2 〉 evolution shows a linear trend, irrespective of the direction analyzed, which somehow recalls the steady increase in the anisotropy of the pore space with the preferred orientation of clay particles shown in Fig. 2b. The anisotropy of water diffusion, calculated through the ratio 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ and plotted as a function of the 〈𝑃 2 〉 parameter for single-porosity media in Fig. 4, is consistent with experimental diffusion data obtained for kaolinite (Table 1; [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF][START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF]. Data for dual-porosity media show the same evolution (Table S1). As previously noted for the ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ vs. 〈𝑃 2 〉 evolution (Fig. 2b), the anisotropy of water diffusion is independent of the porosity (Fig. 4).

Discussion

Close connection between the preferred orientation of particles and pore-space water diffusion

The BD calculations performed in the present study shed light on the role played by porosity, type of porosity, and degree of preferred orientation of clay particles on the diffusion of water in homogeneous clay-rich media. The fair agreement between the experimental and calculated diffusion data (Fig. 3) also fully validates the representativeness of the VPM for clay systems.

Notably, these VPMs having micrometer-sized dimensions should in principle be limited to account for the actual heterogeneity in the distribution of porosity, particle orientation and size in a real centimeter-sized sample. However, this study shows that adjusting the bulk macroscopic properties of the solid phase (i.e., porosity, particle size, and 〈𝑃 2 〉 parameter) into a small representative elementary volume is sufficient. In that regard, the generated VPM may not represent any part of the compacted sample that can be observed through imaging techniques [START_REF] Gaboreau | Optimization of pore-network characterization of a compacted clay material by TEM and FIB/SEM imaging[END_REF] but rather account for a representative virtual laboratory for analyzing specific processes occurring in the pore space.

The present study showed that several parameters, such as the anisotropy of the pore space or that of water diffusion coefficients, can be directly linked to the 〈𝑃 2 〉 parameter, irrespective of the porosity value (Figs. 2b,4). This provides a paradigm change, as transfer properties are commonly approached through the analysis of pore network organization, whereas parameter correlations are rather baseb here on the organization of the solid phase. Another key finding of the present work is that the consideration of additional interlayer porosity for a given 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝.

and 〈𝑃 2 〉 value has a negligible influence on the overall 𝐷 𝑒 values even though 𝐷 𝑝 coefficients are strongly decreased for dual-porosity compared to single-porosity media (Fig. 3). This effect, previously reported by other authors [START_REF] Asaad | Role of interlayer porosity and particle organization in the diffusion of water in swelling clays[END_REF][START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF] for similar porosity ranges, demonstrates for dual-porosity media through Eq. ( 1) that the reduced overall pore mobility is fully compensated by the increased diffusional volume. In other words, the strongly reduced mobility in the interlayer pores makes them act as dead volumes in the overall diffusional flux. It should be noted, however, that for lower porosity values compared to those investigated here, the reduction in interparticle porosity and thus the remaining presence of only small nanopores ensuring the connectivity of the pore network should lead to a noticeable difference in water diffusion between single-porosity and dual-porosity media [START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF][START_REF] Van Loon | A modified version of Archie's law to estimate effective diffusion coefficients of radionuclides in argillaceous rocks and its application in safety analysis studies[END_REF]. In that regard, it should be kept in mind that the computational method considered in the present study does not consider the reduction of water molecules dynamics at the vicinity of the clay external surfaces. Although, the good agreement between experimental and simulated data likely pleads for a limited contribution of this effect for the porosity values investigated here, the situation may differ for very dense clay porous media.

Modification of the Archie model to account for the preferred orientation of clay particles

Owing to the lack of contribution of interlayer porosities on 𝐷 𝑒 𝐷 0 ⁄ values for the range of porosity, the refinement of the Archie model described in Eq. ( 3) is based only on interparticle porosity, i.e., 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. , rather than on the 𝜀 value. In Fig. 5a, the 𝐷 𝑒𝑧 𝐷 0 ⁄ evolution with 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝.

is shown for a few selected 〈𝑃 2 〉 parameter series. Interestingly, for the most isotropic series (i.e., 〈𝑃 2 〉~0.03), the Archie model proposed by [START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF] for isotropic systems is shown to be highly consistent with data obtained in the present study. These authors used computed bidimensional arrangements of clay grains, and the good agreement indicates that simulation for single-porosity media leads to similar results either based on 2D or 3D models.

To build a refined Archie model that accounts for the 〈𝑃 2 〉 parameter, one may first consider the same relation 𝐷 𝑒𝑧 𝐷 0 ⁄ = 0.48𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. 1.2 as [START_REF] Tyagi | Multi-scale micro-structure generation strategy for up-scaling transport in clays[END_REF] to correctly predict the evolution of 𝐷 𝑒𝑧 𝐷 0 ⁄ (and 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 0 ⁄ ) values for 〈𝑃 2 〉=0. As a second step, one can exploit the steady linear decrease in 𝐷 𝑒𝑧 𝐷 0 ⁄ with 〈𝑃 2 〉 shown in Fig. 3 to extract the slope of 𝐷 𝑒𝑧 𝐷 0 ⁄ as a function of the 〈𝑃 2 〉 parameter for different 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. series (Fig. S1a). These slopes are found to be dependent on the 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. value (Fig. S1b), thus leading to the simple general formula:

𝐷 𝑒𝑧 𝐷 0 ⁄ = 0.48𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. 1.2 -0.272〈𝑃 2 〉𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. ( 16 
)
According to the relation of water diffusion anisotropy 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ with the 〈𝑃 2 〉 parameter (Fig. 4):

𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ = 𝑒𝑥𝑝 1.55〈𝑃 2 〉 (17)
The prediction of the 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 0 ⁄ value can be written as:

𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 0 ⁄ = [0.48𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. 1.2 -0.272〈𝑃 2 〉𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. ]𝑒𝑥𝑝 1.55〈𝑃 2 〉 (18) 
In Fig. 5b, the original 𝐷 𝑒 𝐷 0 ⁄ values derived from BD simulations are compared to those predicted using this proposed refined version of the Archie model. This comparison leads to a 1:1 relation with a correlation parameter of R 2 =0.98, falling within the 15% uncertainty of 𝐷 𝑒 values (Fig. 3) and allowing a correct prediction of the entire dataset (Fig. 5c). Such a relation is established for single-porosity media but remains valid in the range of porosities investigated for dual-porosity media. For the latter case, one has to correctly assess the respective amounts of 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. and 𝜀 𝑖𝑛𝑡𝑒𝑟𝑙. quantities in the sample and to consider the 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. value in Eq. ( 16).

Toward a better safety prediction and design of barriers for waste management

The modified Archie model can be used to predict key aspects of the control of the preferred orientation of clay particles on water diffusional properties. As an example, for 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. = 0.40, the increase in preferred particle orientation from 〈𝑃 2 〉=0 to 〈𝑃 2 〉=1 reduced the 𝐷 𝑒𝑧 𝐷 0 ⁄ value by a factor of 3.5, which has the same impact as reducing 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. down to 0.15 (dashed arrows on Fig. 5c). Such a simple calculation sheds light on the need for consideration of preferred particle orientation in the prediction of water mobility in risk assessment and/or hazardous waste management containing clay materials.

The results obtained in the present study is of interest in the case of nuclear waste disposals, such as those envisaged in France in polymineralic argillaceous rocks (Callovo-Oxfordian formation). For this clay-rich formation, an overall experimental anisotropy of water diffusion 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ between 1.5 and 2 has been reported [START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF]Van Loon et al., 2004;[START_REF] Wenk | Preferred orientations and anisotropy in shales: Callovo-Oxfordian shale (France) and Opalinus Clay (Switzerland)[END_REF]. The results from mesoscopic water diffusion simulations performed by [START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF] considering an isotropic clay matrix (clay content ~50%) revealed the role played by elongated clay matrix distribution and non-clay grains on the anisotropy of water diffusion. These authors showed an anisotropic behavior of water diffusion in the simulations (1.11<𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ <1.26) resulting from the presence of elongated quartz or carbonate grains but lower than that obtained experimentally for tritiated water (1.5<𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ <2.0). As stated by these authors, the difference between experimental and simulated data could result from the lack of consideration of the preferred orientation of clay particles in the clay matrix. To go further, one may use the results of the present work to quantitatively assess the role played by clay orientation on the overall water diffusion process in these complex polymineralic samples. [START_REF] Dabat | A general orientation distribution function for clay-rich media[END_REF] [START_REF] Gimmi | Anisotropic diffusion at the field scale in a 4-year multi-tracer diffusion and retention experiment -I: Insights from the experimental data[END_REF]Van Loon et al., 2004;Van Loon and Soler, 2004).

A second potential implication of the present study concerns the design of safe clay-rich barriers used for municipal wastes and environmental protection. Compacted clay liners are the classical liner material used in municipal solid waste landfills for limiting or inhibiting the migration of generated leachates into the environment. In these systems, clays are mainly swelling clays (i.e., Na-bentonite) in the form of a thin centimeter-sized layer and very low hydraulic conductivity (<10 -9 m.s -1 ), leading to transport controlled by diffusion processes [START_REF] Czurda | Chapter 11.3 Clay Liners and Waste Disposal[END_REF][START_REF] Das | Kaolin based protective barrier in municipal landfills against adverse chemo-mechanical loadings[END_REF]. Several studies have demonstrated the benefit of incorporating other types of clay minerals (e.g., kaolinite, illite, or vermiculite) in the clay liner [START_REF] Baldev | Hydraulic and volume change characteristics of compacted clay liner blended with exfoliated vermiculite[END_REF][START_REF] Das | Kaolin based protective barrier in municipal landfills against adverse chemo-mechanical loadings[END_REF][START_REF] Karunaratne | Bentonite:Kaolinite Clay Liner[END_REF][START_REF] Sivapullaiah | Lime-stabilised illite as a liner[END_REF]. These additions showed both an improvement in the mechanical properties (i.e., plasticity and shrinkage effects) of the liners and a reduction in their effective costs by introducing local clay materials in third world countries [START_REF] Karunaratne | Bentonite:Kaolinite Clay Liner[END_REF].

The results from the present study provides quantitative insights into the potential benefit of controlling the orientation of clay platelets in the liners, as an efficient route for improving their properties. Although the practical aspects of the material design remain a challenging task, one may assume that by increasing preferential orientation of clay platelets, similar safety properties could then be obtained for a thinner liner from the perspective of cost reduction and sober use of natural mineral resources.

Conclusions

This study represents a novel contribution to the quantitative understanding of the impact of the preferred orientation of clay particles on the diffusion of water in clay-based natural and artificial materials.

The good agreement between experimental water diffusion experiments at the centimeter scale and Brownian dynamics simulations demonstrates that a correct description of the full pore network geometry and connectivity can be obtained by injecting bulk properties of the solid phase (particle geometry, orientation, and porosity) in a virtual micrometer-sized sample.

The organization of the solid phase through an easily measured 〈𝑃 2 〉 parameter provides direct information on the evolution of the anisotropy in pore-space morphology and 𝐷 𝑒𝑧 values with the preferred orientation of clay particles, irrespective of the porosity of the samples. In addition, the large set of results clearly illustrates that, at least for a large range of interparticle porosities, the interlayer volume plays a marginal role in the effective diffusion coefficients measured. A logical perspective of this work would be to investigate the role played by these different parameters on anion and cations diffusion. Such extension would thus require accounting for diffuse double layers volumes in the virtual porous media. This may provide key insights regarding the coupled influence of the geometric and geochemical effects on solute diffusion.

Although, all data were obtained on pure clay samples, the present study provides also some interesting new insights regarding the connection between the anisotropic behavior of water diffusion properties for a pure clay matrix and those of a complex natural clay-rich system, such as those envisaged in the context of nuclear waste storage. The presented two-scale approach based on structural (orientation of particles) and textural (distribution of clay phases) properties to upscale anisotropic behavior of water diffusion up to the centimeter scale is promising.

Future work would be needed, however, in order to validate this approach, e.g., (i) by extending this approach to different type of clay rocks and (ii) by investigating the role played by structural and mineralogical heterogeneities at higher length scale (i.e., from the centimeter to the field). [START_REF] Dabat | Influence of preferred orientation of clay particles on the diffusion of water in kaolinite porous media at constant porosity[END_REF]), e [START_REF] Asaad | Influence of particles organization and dual porosity on the diffusion of water and solutes in clay porous media[END_REF]. All samples were prepared by compaction, excepted samples with 〈𝑃 2 〉>0. 
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 2 Fig. 2. Structural and geometrical properties of virtual porous media. (a) Comparison between different orientation distribution functions ƒ(θ) extracted from virtual porous media with the same degree in preferred orientation of particles (〈𝑃 2 〉~0.57) but different interparticle porosity 𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. values. The extracted ƒ(θ) functions are also compared with the generalized ODF for natural clay-rich media ƒCM(θ) (solid red line) as determined by Dabat et al. (2019).(b) Evolution of the anisotropy in the pore space through the mean chord length analysis and ℓ 𝑧 ℓ 𝑥𝑦 ̅̅̅̅ ⁄ ratio with the degree in preferred orientation of clay particles (〈𝑃 2 〉 parameter).

Fig. 3 .

 3 Fig. 3. Brownian dynamics simulation of water diffusion in virtual porous media. The results are shown for single-porosity (left) or dual-porosity (right) types of diffusion as a function of the degree of preferred orientation in clay particles (〈𝑃 2 〉 parameter). 𝐷 𝑒 𝐷 0 ⁄ values extracted along the z direction (𝐷 𝑒𝑧 𝐷 0 ⁄ ) are shown as squares, whereas the mean values of effective diffusion coefficients along the x or y directions (𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 0 ⁄ ) are shown as circles. Available experimental data fromTable 1 are reported for kaolinite, illite, and vermiculite in orange, red,

Fig. 5 .

 5 Fig. 5. Modification of the Archie model to account for the preferred orientation of clay particles in the water diffusion process. (a) Evolution for single-porosity systems of water diffusion coefficients along the z direction (𝐷 𝑒𝑧 𝐷 0 ⁄ ) as a function of interparticle porosity

  4 that were prepared by centrifugation. TD and PGSE-NMR stand for through-diffusion experiments and pulse-gradient spin-echo nuclear magnetic resonance spectroscopy, respectively. Different 𝐷 𝑒𝑧 values for the same porosity in c or e were obtained considering different ionic strengths for NaCl in TD experiments.
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  indeed recently measured the 〈𝑃 2 〉 parameter of clays in the Callovo-<1.73, in agreement with the experimental water diffusion data. In this regard, the refined model presented here paves the way for including both structural (orientation of particles) and textural (distribution of clay phases) properties for an accurate upscaling strategy for water diffusion, up to the centimeter scale. Such a simple two-scale approach could be applied to other clay-rich samples representative of nuclear waste storage in Europe, some

	Oxfordian formation at 〈𝑃 2 〉=0.22, thus corresponding to 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ =1.41 according to Eq. (17). In a straightforward two-scale model, the overall anisotropy ratio can be assumed to be a product of the 𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ values resulting from the clay platelet orientation in the clay matrix (𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ =1.41) and textural elongation of the clay matrix (1.11<𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ <1.26), leading here to 1.56<𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ of them showing higher macroscopic anisotropy values for water (and other tracers) diffusion (𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄ up to ~6;

  Table 1 are reported for kaolinite, illite, and vermiculite in orange, red, and green, respectively.

	Fig. 4. Anisotropy in water diffusion for single-porosity media. Evolution of the anisotropy
	in the effective water diffusion coefficients (𝐷 𝑒𝑥𝑦 ̅̅̅̅ 𝐷 𝑒𝑧 ⁄	ratio) with the degree of preferred
	orientation of clay particles (〈𝑃 2 〉 parameter) for different interparticle porosity (𝜀 𝑖𝑛𝑡𝑒𝑟𝑝. ) values.
	The solid red line indicates the best-fit relation (correlation Factor R 2 =0.98). The orange
	diamonds correspond to experimental data obtained on kaolinite samples (Table 1; (Asaad et
	al., 2021; Dabat et al., 2020)).	

Table 1 .

 1 Experimental water diffusion coefficient obtained on pure kaolinite, illite, or vermiculite clay samples using through-diffusion experiments or pulse-gradient spin-echo nuclear magnetic resonance spectroscopy Data from a(Asaad et al., 2021), b (Tertre et al., 2018), c(Dabat, 2019), d 

	Tables
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