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Selenium-79 is considered as a critical radionuclide in safety assessment of high-level radioactive waste deep geological repository in clay-rich formations, owing to its long halflife and its anionic form in three relevant oxidation states (VI, IV,-II). An in-depth understanding of the diffusive transport properties of Se is therefore essential, especially due to its high sensitivity to oxido-reduction conditions. Here, the mobility of selenite and selenate in claystone samples (Callovo-Oxfordian, East of Paris Basin, France) under anoxic conditions is assessed by combining batch and diffusion experiments, and synchrotron-based spectroscopic mapping of diffusion fronts. Results showed that selenite and selenate behaved distinctly. Selenate diffused similarly to the reference anionic tracer, 36 Cl -, without significant sorption or reduction. Selenite showed a sorption behaviour that increased with the decrease of the initial concentration from 10 -3 to 10 -6 mol L -1 , values of distribution ratio (R d ) from batch experiments ranging from 10 to about 250 mL g -1 . Selenite in-diffusion experiments showed that a pure diffusion model with reversible sorption was able to roughly reproduce the evolution of dissolved selenite in solution over time. However, additional reactions were required to properly describe the irregular shape of the selenite diffusion profiles in the solid. Mapping of Se oxidation state in diffusion fronts within the claystone coupons showed the presence of reduced Se (Se (0), Se(-I) and/or Se(-II)) along a fringe located at about 2 mm beneath the surface, possibly explaining the irregular shape of diffusion profiles. In the superficial zone (0 to 2 mm), oxidizing perturbations are assumed to account for the preservation of selenite under this oxidation state. These perturbations would also bias batch results in the same manner. Deeper in the claystone sample, diffusing selenite was observed, with a content steadily decreasing up to 7 mm from the inlet. The results suggest that, even after more than 500 days of diffusion, Se reduction would occur progressively along the diffusion pathways.

Introduction

Selenium-79 is considered as one of the key mobile fission products for high-level radioactive waste deep geological repository hosted in clay-rich sedimentary formations, due to its long half-life (t ½ = 3.27✕10 5 yrs) and its predominantly anionic forms [START_REF] Altmann | Geochemical research: A key building block for nuclear waste disposal safety cases[END_REF][START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF][START_REF] Guo | Selenite and selenate uptaken in ettringite: immobilization mechanisms, coordination chemistry, and insights from structure[END_REF][START_REF] Hummel | Chemistry of selected dose-relevant radionuclides[END_REF][START_REF] Rojo | Retention of selenium by calcium aluminate hydrate (AFm) phases under strongly-reducing radioactive waste repository conditions[END_REF][START_REF] Wu | Investigation of Se(IV) diffusion in compacted Tamusu clay by capillary method[END_REF].

The correct understanding of Se migration behaviour through the clay-rich formation is therefore essential to underpin transport parameters selected for the performance assessment of the deep geological repository. However, up to now, the nature of the mobile Se species that would be able to migrate from waste through the claystone is still unclear. Indeed, on the one hand, 79 Se is observed in vitrified high-level waste under the predominant oxidation state Se(IV) [START_REF] Bingham | Oxidation state and local environment of selenium in alkali borosilicate glasses for radioactive waste immobilisation[END_REF][START_REF] Curti | Selenium uptake onto natural pyrite[END_REF][START_REF] Hummel | Chemistry of selected dose-relevant radionuclides[END_REF]. However, thermodynamic calculations predict that Se should be in lower oxidation states, Se(0, -II) under conditions prevailing in the Callovo-Oxfordian clay (Cox) formation investigated for radioactive waste disposal in France [START_REF] Altmann | Geochemical research: A key building block for nuclear waste disposal safety cases[END_REF]. On the other hand, Se oxido-reduction (redox) reactions can be hindered because they involve the transfer of multiple electrons along with multiple O atoms between the oxidation states (VI, IV, 0, -I, -II) [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF][START_REF] Kläning | Selenium(V)a pulse-radiolysis study[END_REF][START_REF] Puranen | A study on the immobilization of selenium oxyanions by H 2 /Pd(s) in aqueous solution: Confirmation of the one-electron reduction barrier of selenite[END_REF][START_REF] Winkel | Environmental selenium research: from microscopic processes to global understanding[END_REF].

The reduction rate strongly varies with the oxidation number of the central atom in an oxyanion, selenate being more resistant to reduction than selenite. [START_REF] Kläning | Selenium(V)a pulse-radiolysis study[END_REF] explained this difference with the potential barrier imposed by intermediary Se(V) in the stepwise one-electron reduction of Se(VI) to Se(IV). As a consequence, selenate can subsist in metastable conditions, far from the thermodynamic equilibrium for undetermined periods of time [START_REF] Bailey | Review: Selenium contamination, fate, and reactive transport in groundwater in relation to human health[END_REF]Séby, 2010;[START_REF] Tian | Mechanism analysis of selenium (VI) immobilization using alkalineearth metal oxides and ferrous salt[END_REF]. Conversely, selenite is more easily reduced [START_REF] Bailey | Review: Selenium contamination, fate, and reactive transport in groundwater in relation to human health[END_REF]Kang et al., 2013;[START_REF] Kläning | Selenium(V)a pulse-radiolysis study[END_REF]. According to [START_REF] Bruggeman | Selenite reduction in Boom clay: Effect of FeS 2 , clay minerals and dissolved organic matter[END_REF], the decrease in concentration of dissolved selenite, [Se(IV)], in suspensions of Boom clay as a function of time seems proportional to the initial [Se(IV)] ([Se(IV)] 0 ) and to the amount of solid FeS 2 present in the system. These authors observed that the selenite reduction rate slowed down when clay minerals and dissolved Boom Clay organic matter (OM) were present in the system. This was inferred to result from competition between reduction and selenite adsorption on illite, forming an inner-sphere complex, or binding with OM by an iron bridge.

Several studies focused on the sorption behaviour of Se on clay-rich formations investigated in the framework of waste disposal studies, such as Opalinus Clay, Tournemire argilite, Boom clay and Tamusu Clay, and their components (pyrite, calcite, clay minerals) by means of batch methods [START_REF] Fernandez-Martınez | Structural study of selenium(IV) substitution in calcite[END_REF][START_REF] Bruggeman | Selenite reduction in Boom clay: Effect of FeS 2 , clay minerals and dissolved organic matter[END_REF][START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF][START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF][START_REF] He | Sorption of selenite on Tamusu clay in simulated groundwater with high salinity under aerobic/anaerobic conditions[END_REF][START_REF] Liu | Selenide retention onto pyrite under reducing conditions[END_REF][START_REF] Missana | Experimental study and modelling of selenite sorption onto illite and smectite clays[END_REF]. All these studies revealed that selenate was not or only weakly sorbed, but that selenite was more reactive, being sorbed on pyrite, illite and calcite by substitution of carbonate groups for calcite. Among the more reduced Se species (0, -I, -II), only Se(-II) could be considered as a mobile species, even though its solubility limit is very low, especially in absence of Fe (from 3×10 -8 mol L -1 to 4.5×10 -10 mol L -1 ) [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF].

To our knowledge, diffusive data regarding Se oxyanions in claystone are only available for selenate in Boom clay [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF], and for selenite in Cox [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF], and more recently in Tamusu clay [START_REF] Wu | Investigation of Se(IV) diffusion in compacted Tamusu clay by capillary method[END_REF]. However, [START_REF] Wu | Investigation of Se(IV) diffusion in compacted Tamusu clay by capillary method[END_REF] used compacted Tamusu Clay and applied the capillary method, thus both changing the connectivity of the initial porous medium and potentially disturbing the redox conditions. De [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF] reported that the parameters for selenate diffusion are very close to those of sulfate. From through-diffusion experiments performed on Cox samples, [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] deduced values for diffusive parameters of selenite that were one order of magnitude lower than for 36 Cl. The authors hypothesized that the Se chemical speciation changed during diffusion tests. Nevertheless, no monitoring of the Se speciation had been undertaken to verify such an assumption. This non-exhaustive overview underlines the challenging task of predicting the fate of Se, a redox-sensitive element, diffusing through clay-rich media. The objective of this study is to investigate the diffusive behaviour of selenite and selenate through indurated Cox in physicochemical conditions as close as possible to those prevailing in situ. For this purpose, two experimental diffusion approaches were performed in a N 2 /CO 2 glove box: (i) a classical radiochemical approach using radiotracers, as HTO, 36 Cl, and 75 Se and measuring the evolution of radioactive selenite and selenate concentrations in solution ([ 75 Se]) and in the solid; (ii) a synchrotron-based spectroscopic investigation of the fate of non-radioactive Se diffusing in Cox (Se oxidation state, elementary mapping). They were complemented by batch experiments carried out under the same conditions.

Materials and Methods

Sample Origin and Sample Preparation

The rock core used for the measurements was collected from the borehole OHZ1202, argondrilled upwards in the Meuse/Haute Marne Underground Laboratory, located in the Eastern portion of the Paris Basin. The sedimentary host rock is a ~130-m-thick Callovo-Oxfordian (152-160 Ma) claystone formation at a burial depth of ~420-550 m below ground level (bgl).

According to [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired in the Callovian-Oxfordian formation by investigative drilling[END_REF], the level from which the core originates (EST30471 core 480.7 -481.7 m bgl) corresponds to silty and calcareous argillites, containing 35-65 % clay minerals (with 27-38% mixed layer illite/smectite), 15-28% carbonates, including 1.4-1.9 % ferriferous carbonates (e.g., ankerite, siderite), 21-31 % quartz, and accessory minerals (with 0.7-0.9% pyrite). Macroscopically, core did not show any heterogeneity or discontinuity. Just after drilling, the core was inserted into an airtight stainless-steel tank and transported into a N 2 glove box (O 2 < 5 ppm) in the laboratory. Four 1-cm-thick slices were cut from the core under anoxic conditions, using a diamond wire saw (no lubricating fluid was used). Then three samples were cut as 38-mm-diameter disks for diffusion experiments and one slice was powered and sieved (particle size < 63 µm) for the batch experiments.

Analysis of the Se oxidation state in solutions.

Selenium oxidation state was determined by ion chromatography separation followed by gamma counting of selenite and selenate fractions [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF]. The high-performance anion exchange chromatography system was a Metrohm 761 Compact IC (Metrohm, Switzerland) with a 50 μL injection loop and a 500 μL sample syringe. The separation of selenite and selenate was performed on a 4×250 mm A-Sup5 column (Metrohm, Switzerland) using an elution of 3.5 mmol L -1 NaHCO 3 / Na 2 CO 3 at a flow of 0.7 mL min -1 . Elution of the analytes was monitored by the conductivity detection. In order to determine the times during which selenite and selenate fractions had to be collected, aqueous standards of stable selenite and selenate at [Se(IV)] =2×10 -3 mol L -1 were previously eluted and monitored by conductivity. Finally, an automatic gamma counter (Packard 1480 WIZARD) allowed the relative amount of selenite and selenate of the separate fractions to be determined.

Synthetic pore water composition

All solutions were prepared with ultrapure deionised water (18.2 MΩ cm -1 ), sterilized with UV lamps, and commercial salts (American Chemical Society (ACS) reagent grade or higher quality and purity salts) in order to obtain a chemical composition as close as possible to the real pore water. The recipe given in Table 1 is based upon the chemical composition estimated from in situ water sampling performed at a level close to the sampling level of this study (-475 m bgl;[START_REF] Vinsot | In situ characterization of the Callovo-Oxfordian pore water composition[END_REF]. The CO 2 content (0.4 % CO 2 for 99.6 % N 2 ) of the anoxic (< 5 ppm O 2 ) glove box was chosen close to the in situ CO 2 partial pressure in Cox to preserve equilibrium with carbonate minerals [START_REF] Beaucaire | Groundwater characterisation and modelling of water-rock interaction in an argillaceous formation (Tournemire, France)[END_REF][START_REF] Dagnelie | Perturbation induced by a nitrate plume on diffusion of solutes in a large-scale clay rock sample[END_REF][START_REF] Dagnelie | Diffusion of organic anions in clay-rich media: Retardation and effect of anion exclusion[END_REF][START_REF] Savoye | How mobile is iodide in the Callovo-Oxfordian claystones under experimental conditions close to the in situ ones?[END_REF][START_REF] Vinsot | In situ characterization of the Callovo-Oxfordian pore water composition[END_REF]. Regular physico-chemical analyses of solutions throughout the duration of the experiments were performed by ion chromatography (Metrohm), and by pH and Eh measurements with a glass/Ag/AgCl combined electrode and a Pt/AgClePt combined electrode, respectively. No significant evolution of major ion concentration (i.e. greater than the uncertainty range of ion chromatography, ~7%), especially for sulfate, was observed. The pH values varied from 7.35 to 7.68 and Eh values (SHE) ranged from -30 mV to 275 mV. All the experiments were carried out in the glove box at ambient temperature (21 ± 1 °C). The commercial radiolabeled Se was purchased as a Se(IV) (Eckert & Ziegler IPL) with an initial activity of 7 MBq mL -1 .

Batch sorption experiments

Based upon results obtained by De [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF] and [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF] showing no significant sorption of selenate on Opalinus Clay, Tournemire argillite and Boom Clay, we performed batch sorption experiments for selenite only. Batch experiments were performed in 10 mL centrifugation tubes (#NALGENE PC 31-38-0010). Prior to experiments, tubes were cleaned with ultra-pure deionized water, sterilized with ethanol to limit allochthonous bacterial contamination, rinsed with ultra-pure deionized water and finally air-dried. Clay-rich rock powder (< 63 µm) and synthetic pore-water were introduced with a water/rock (W/R) ratio value of 5 mL g -1 . A first equilibration step of 72 h with synthetic pore water was followed by three rinses of 24 h each [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF]. After equilibration, 75 Se(IV) tracer, with variable amounts of stable selenite to obtain [Se(IV)] 0 ranging from 10 -6 to 10 -3 mol L -1 , was added. Two replicates of each concentration and several blank experiments without rock samples (synthetic pore water with 75 Se tracer) were prepared. Sorption was investigated for about 4 months by regularly sampling to determine the time required to reach sorption steady state. For sampling, tubes were centrifuged at 15,000 rpm for 45 min, 0.1 mL of supernatant was withdrawn, weighed and analysed using an automatic gamma counter (Packard 1480 WIZARD), and tubes were shaken back into slurry. When sorption steady state was reached, the same sampling procedure was applied, but in addition a fraction of the supernatant was filtered (0.2 µm pore size; #NALGENE SFCA 190-2520) in order to compare activity values measured in filtered and unfiltered aliquots for which no significant difference was evidenced.

The distribution ratio, R d , values were calculated using the following equation:

0 d CC V R Cm   (1)
where C 0 and C are the initial and residual activity per volume unit, respectively, V is the solution volume, and m is the dry mass of argillite.

Anion exclusion chromatography showed that about 5 % of Se present in the commercial 75 Se(IV) radiolabeled source was actually 75 Se(VI). Assuming an absence of 75 Se(VI) sorption on clay-rich rocks (this point will be discussed below), the selenite R d values were corrected from the initial 75 Se(VI) fraction as performed by [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF]. Blank experiments did not reveal any significant sorption of Se on the centrifugation tubes or in filter, nor any coprecipitation of selenite with Ca. Uncertainties on R d value were estimated by applying Gauss's law of error propagation [START_REF] Savoye | How mobile is iodide in the Callovo-Oxfordian claystones under experimental conditions close to the in situ ones?[END_REF].

Diffusion experiments 2.5.1. Diffusion design and equilibration step

The three diffusion cells used in this study were previously described by [START_REF] Descostes | Diffusive parameters of tritiated water and uranium in chalk[END_REF] and [START_REF] Savoye | How mobile is iodide in the Callovo-Oxfordian claystones under experimental conditions close to the in situ ones?[END_REF]. They comprise two polypropylene reservoirs (up and downstream: 175 and 130 mL, respectively), a polypropylene sample holder, and two polyetheretherketone (Peek) holed plates to maintain the clay disk (Figure 1). The whole cells components were pasted and screwed together. It is noteworthy that the original stainless steel filter-plates were replaced by the more chemically-inert Peek plates. Each part of the diffusion cell was previously cleaned successively with HNO 3 , water, and ethanol and dried. All the preparations of the diffusion cells were made in a N 2 glove box (O 2 < 5 ppm). Subsequent clay preparation and diffusion experiments were performed in the N 2 /CO 2 glove box (99.6 % N 2 /0.4 % CO 2 ) at ambient temperature (21 ± 1 °C).

Just after mounting in the diffusion cells, the rock disks were equilibrated over 6 weeks with the synthetic solutions of composition given by Table 1. This time was found to be sufficient to reach chemical equilibrium [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF][START_REF] Dagnelie | Diffusion of organic anions in clay-rich media: Retardation and effect of anion exclusion[END_REF][START_REF] Savoye | Effect of temperature on the containment properties of argillaceous rocks: The case study of Callovo-Oxfordian claystones[END_REF][START_REF] Savoye | How mobile is iodide in the Callovo-Oxfordian claystones under experimental conditions close to the in situ ones?[END_REF][START_REF] Savoye | Impact of the solution ionic strength on strontium diffusion through the Callovo-Oxfordian clayrocks: an experimental and modeling study[END_REF]. HTO, 36 Cl, and Se as 75 Se(IV) (+ stable selenite) and as 75 Se(VI) Solutions of the two cells dedicated to radioactive diffusion were replaced by fresh ones.

Diffusion of

First, solutions in the upstream reservoir were spiked with HTO, a water tracer and 36 Cl (Table 2). Both upstream and downstream compartments were periodically sampled, the withdrawn solution volume being renewed in each compartment either by the radiolabelled solution or by synthetic water. The monitoring of the 36 Cl flux through the sample allows the determination of the diffusion-accessible porosity of a non-reactive anionic tracer (ε a ). After completion of the first through-diffusion stage, an out-diffusion procedure was applied to the two cells: the solutions in both reservoirs were replaced by synthetic solution without tracer.

At selected time intervals, these solutions were sampled to measure the radiotracer activity, and replaced with fresh ones. This procedure was repeated until measured activities were close to background values. For the through-diffusion stage with HTO and 36 Cl, a careful attention was paid to keep a nearly low concentration in the downstream reservoir (not higher than 3% of the upstream reservoir concentration, renewed if higher).

Then, a second diffusion stage was launched by introducing stable 75 Se-labelled selenite solutions with [Se(IV)] 0 of 10 -3 mol L -1 and 10 -6 mol L -1 in the upstream reservoir of the two cells (Table 2). As already mentioned by De [START_REF] De Cannière | Behaviour of selenium in Boom Clay[END_REF], most the 75 Se(IV) sources supplied by the manufacturers contain 75 Se(VI), because of water radiolysis. Therefore, using ionic chromatography, we determined in upstream solution of each cell the proportion of 75 Se present as 75 Se(VI), i.e., 5.3% and 6.5% respectively (see also Table 2). The presence of selenate in the upstream reservoir of two cells allowed us to investigate the diffusive behaviour of Se at two oxidation states. This opportunistic approach required estimation of the relative proportion of 75 Se(IV) and 75 Se(VI) in the upstream and downstream reservoir solutions. For that purpose, larger amounts of solutions (2 mL) were withdrawn six times in the upstream reservoir and once in the downstream reservoir after 241 days of diffusion, and analysed by ionic chromatography.

The activities for HTO and 36 Cl were counted by  liquid scintillation (Packard TRICARB 2500, USA), and for 75 Se by  counter (Packard 1480 WIZARD, USA). The counting efficiency for each tracer was measured using synthetic water with known amounts of radiotracers. Background measurements were performed in a similar way using synthetic water without radiotracers. HTO, 36 Cl, and 75 Se data were corrected for radioactive decay with respect to the tracer injection time.

Diffusion of stable selenite in the cell dedicated to synchrotron-based X-ray microprobe analyses

For the sample dedicated to X-ray microprobe analyses, a single stage of Se diffusion was performed directly after equilibration, by introducing stable selenite at [Se(IV)] 0 = 2×10 -3 mol L -1 into the upstream reservoir. This concentration value was chosen under the solubility limit of CaSeO 3 [START_REF] Baur | Sorption of Selenite and Selenate to Cement Minerals[END_REF], and is high enough to permit Se detection by spectroscopic analyses. A regular sampling was performed to monitor the decrease of [Se(IV)] in the upstream reservoir. Analyses of [Se(IV)] were performed by ion exchange chromatography (Metrohm) with an accuracy of about 7%. This analytical technique also allows the identification of selenate, if any.

Solid analyses 2.5.4.1. Radioactive cells: Acquisition of the 75 Se rock profiles in solid

After 241 days of Se diffusion, the two 75 Se-containing cells were dismantled by removing the sample holder. The clay discs were dried overnight in the dried atmosphere of the glove box, and afterwards in an oven at 70°C, out of the glove box, for 3 days. Then, the abrasive peeling technique [START_REF] Savoye | Effect of water saturation on the diffusion/adsorption of 22Na and cesium onto the Callovo-Oxfordian claystones[END_REF] was applied to the rock samples. This technique enables the abrasion of a sample layer, whose thickness can vary from 10 µm to 250 µm depending of the abrasion duration and the type of the grinding paper (from P220 to P80). The abraded thickness increased with distance with respect to the disc original surface, in order to collect enough 75 Se for activity measurement.

The activities for 75 Se were counted by  counter (Packard 1480 WIZARD, USA). 75 Se rock profile activity data were corrected for radioactive decay with respect to the start of the through-diffusion experiments.

Non-radioactive cell: analyses of the solid by synchrotron-based X-ray microprobe techniques

After 508 days of Se diffusion, the cell was dismantled and the rock sample was dried in the anhydrous atmosphere of an O 2 -free glove box for 3 days, and thus, cut as a 2 mm-thick section. The O 2 contamination was limited as much as possible (i) during the transportation to the synchrotron facility by using an air-tight tank and (ii) during the XAS analyses by keeping the sample into a vacuum chamber (~ 5 x 10 -4 mbar).

Selenium K-edge micro X-ray fluorescence (µXRF) and micro X-ray absorption spectroscopy (µXAS) were collected at the SUL-X beamline at ANKA (Karlsruhe, Germany). The beam was focused to 50×50 µm 2 , the sample plane oriented at 45° with respect to the incident X-ray beam. The X-ray fluorescence was collected with a 7-element Si(Li) detector (Gresham) oriented at 45° with respect to the sample plane (90° with respect to the incident X-ray beam).

For overall mapping, the energy of the X-ray beam was set to 12 900 eV, the sample was rastered under the beam, with a dwell time of 1 s per point. Rapid X-ray Absorption Near-Edge Structure (XANES) spectra were collected on specific locations to verify the absence of photo-oxidation or photo-reduction for reasonable counting times (≤ 1 minute). XANES spectra were collected over an energy range from 12645 eV to 12670 eV on points of interest to assess the presence and proportion of reduced Se (0, -I, -II), designated here as Se(reduced), and oxidized selenite [START_REF] Badaut | In Situ Time-Resolved X-ray Near-Edge Absorption Spectroscopy of Selenite Reduction by Siderite[END_REF][START_REF] Charlet | Electron transfer at the mineral/water interface: Selenium reduction by ferrous iron sorbed on clay[END_REF][START_REF] Frasca | Migration de l'iode et du sélénium au travers de roches argileuses[END_REF][START_REF] Idemitsu | Diffusion behavior of selenite in purified bentonite[END_REF][START_REF] Tian | Mechanism analysis of selenium (VI) immobilization using alkalineearth metal oxides and ferrous salt[END_REF]. The obtained spectra showed that the contribution of reduced and oxidized states can be discriminated by measuring the XAS amplitude at 12660 and 12664 eV, respectively. Therefore, specific maps were collected at these two energies, with a dwell time of 1 s per point.

XAS data were reduced and normalized using conventional approaches [START_REF] Teo | EXAFS: Basic Principles and Data Analysis[END_REF]) and the ATHENA-IFEFFIT package [START_REF] Ravel | HEPHAESTUS: data analysis for Xray absorption spectroscopy using IFEFFIT[END_REF]. Chemical maps were further treated using imageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF].

Data analyses

The analysis of the results was based on the Fick's second law for one-dimensional reactive transport [START_REF] Crank | The Mathematics of Diffusion[END_REF]:

2 2 2 2 x C R D x C D t C D d a e e             (2)
Where C is concentration or activity per volume unit; t is the time; D e is the effective diffusion coefficient; α is the rock capacity factor; ε a is the diffusion-accessible porosity; ρ is the bulk dry density; and R d is the distribution ratio. Note that Fick's law is only valid for homogeneous and time-invariant parameters D e and . However, the diffusive behaviour of redox-sensitive element such as selenite could deviate from this ideal case. Therefore, later in the paper, eq. ( 2) will be used for selenite in a first order approach only to roughly estimate its behaviour.

According to [START_REF] Van Brakel | Analysis of diffusion in macroporous media in terms of a porosity, a tortuosity and a constrictivity factor[END_REF], D e can be written as follows:

(3) Where D w is the free-solution (aqueous) diffusion coefficient or self-diffusion coefficient, δ represents the constrictivity factor, and τ is the tortuosity factor. G is the geometrical factor.

Tortuosity and constrictivity are purely geometric factors, which, compared with a specific cross-section in free water, lengthen the diffusion pathway and reduce the diffusion crosssection, respectively [START_REF] Van Brakel | Analysis of diffusion in macroporous media in terms of a porosity, a tortuosity and a constrictivity factor[END_REF].

For through-diffusion, the boundary and initial conditions are given by:

C (x, t) = 0, t = 0 (4) C (x, t) = C 0 , x = 0, t > 0 (5) C (x, t) = 0, x = L+ 2l, t > 0 (6)
where L and l are, respectively the sample and plate thickness, and C 0 is the concentration of the tracer in the upstream reservoir. For HTO and 36 Cl that are non-reactive tracers (R d = 0), α is equal to ε a . Note that for Se diffusion, relation (5) no longer applies; instead:

C (x, t) = C 0 , x = 0, t = 0 (7)
Fully analytical solutions for through-diffusion and reservoir-depletion studies are obtained in the Laplace space, which are subsequently numerically inverted to provide the solution in time [START_REF] Moridis | A set of semi-analytical solutions for parameter estimation in diffusioncell experiments[END_REF]. The analysis of the results was performed by a least-square fitting of the model to the results of the incoming flux in the downstream reservoir, using a semi-analytical solution of Eq. ( 2) taking into account the presence of two plates [START_REF] Descostes | Diffusive parameters of tritiated water and uranium in chalk[END_REF][START_REF] Rajyaguru | Experimental characterization of coupled diffusion reaction mechanisms in low permeability chalk[END_REF]. The semi-analytical solution was given in [START_REF] Didierjean | Analytical solutions of onedimensionalmacrodispersion in stratified porous media by the quadrupole method: convergence to an equivalent homogeneous porous medium[END_REF].

For modelling the Se in-diffusion data, a single reservoir method with decreasing source concentration for a semi-infinite case was used [START_REF] Shackelford | Laboratory diffusion testing for waste disposal: A review[END_REF]. The initial and boundary conditions are:

C (x≤0, t=0) = C 0 , C (x>0, t=0) = 0 (8) x t x C H D t t x C a f e           ) 0 , 0 ( ) 0 , 0 (   (9) C (x=, t>0) = 0 ( 10 
)
where the positive x-direction corresponds to the solid and H f is the length of upstream reservoir.  a is the porosity accessible to a non-reactive anionic species, i.e, 36

Cl, and  is the rock capacity factor determined for selenite.

An analytical solution for these initial and boundary conditions is given by Shackelford (1991):

                    f e e f e f H t D t D x erfc H t D H x C t x C     / 2 exp ) , ( 2 0 (11)
where C(x,t) is the tracer concentration in the rock pore water at distance x after time t, and erfc(z) is the complementary error function of argument z.

Results

selenite batch sorption

Based on the kinetic study of selenite sorption on Cox given in Figure 2, the selenite sorption isotherm was obtained after 110 days of contact with Cox (Figure 3). The R d values decrease when [Se(IV)] is higher than 10 -6 mol L -1 , suggesting a possible saturation of sorption sites.

Despite the smaller number of points, these R d values are in good agreement with data obtained by [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF] on Opalinus clay and Tournemire argillite.

Diffusion results acquired with radioactive tracers

Figure 4 shows the instantaneous fluxes and the cumulative total activities obtained on the two radioactive cells for HTO and 36 Cl. The best estimate of the diffusive parameters is reported in Table 3. The D e and ε a values for HTO and 36

Cl (Table 3) are in good agreement with those previously obtained on the same core by [START_REF] Savoye | How mobile is iodide in the Callovo-Oxfordian claystones under experimental conditions close to the in situ ones?[END_REF], and by [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] on nearby samples (less than 4 m away). This attests to the reliability and robustness of our estimates. Regarding 75 Se(IV) activity, a regular decrease was observed in the upstream reservoir of the diffusion cell 1, in which stable selenite was injected at the high concentration, i.e. [Se(IV)] 0 = 10 -3 mol L -1 (Figure 5A). A sharp decrease of 75 Se(IV) activity was evidenced after less than 20 days in the upstream reservoir of the cell 2 ([Se(IV)] 0 = 10 -6 mol L -1 ) (Figure 5C); after 75 days, 75 Se(IV) activity could not be measured anymore.

Analysis of the 75 Se rock profile (Figure 5B,E) underlines two distinct patterns depending on [Se(IV)] 0 . At the high [Se(IV)] 0 , 75 Se penetrates deeper in the cell, but with a lower activity in solid at the interface with the upstream reservoir and a global pattern that deviates from a theoretical diffusion profile in a homogeneous medium (Figure 5B). Conversely, at the lower [Se(IV)] 0 , the penetration depth of 75 Se is smaller (less than 2.5 mm) (Figure 5E). However, mass balance calculation revealed that the 75 Se activity recovered in the cell 2 was almost twice larger than in the cell 1. This suggests that the extent of the sorption had to be much larger. This point is consistent with the batch sorption results showing an increase of R d by a factor of 10 when [Se(IV)] 0 decrease from 10 -3 to 10 -6 mol L -1 .

By means of this analysis of the 75 Se raw data and the selenite/selenate fractions, we can go further in their interpretation. The [ 75 Se(VI)] evolutions both in upstream and downstream reservoirs can be reproduced considering a simple through-diffusion configuration as described in section 2.5.5 and the diffusive parameter values reported in Table 3. Figure 6 compares the modelled and experimental instantaneous fluxes and cumulative total activities in downstream reservoirs for the two radioactive cells, attesting the relevancy of this hypothesis of selenate simple diffusion.

As discussed above, the 75 Se rock profile obtained in the cell 1 (in log scale in Figure 5B and in linear scale in Figure 7B) shows a global pattern with an irregular shape that cannot be reproduced with only pure diffusion and reversible sorption processes. Other processes have to be proposed, related e.g. to some possible redox phenomena that will be discussed below.

Nevertheless, in a first approach, we tried to roughly reproduce the experimental data from both solution (Figure 7A) and solid (Figure 7B) by using equation 11 and the diffusive parameter values reported in Table 3. For that purpose, two scenarios were proposed where D e values were assumed to range between the D e value determined for selenate (scenario A) and for 36 Cl (scenario B). For each scenario, R d value was chosen to fit as much as possible both solution and solid data. Figure 7 shows that scenario B better reproduces experimental data, which corresponds to modelled curve B, even though not all details of the irregular-shaped curve could be accounted for. In both cases, R d values of 7 and 19 mL g -1 were obtained for scenario B and A, respectively and are consistent with the extent of selenite uptake derived from batch experiments at high [Se(IV)] 0 . For the cell 2, at low [Se(IV)] 0 , a very rough reproduction of solution (Figure 7C) and rock profile (Figure 7D) data was achieved by using a D e value determined from 36 Cl and a R d value equal to 230 mL g -1 (Table 3). Even though the R d value is consistent with batch experiment data acquired at low [Se(IV)] 0 , the global pattern of the solution data was poorly described, suggesting the occurrence of other mechanisms than diffusion/adsorption. We cannot exclude some microbial activity, capable of reducing selenite into less soluble forms [START_REF] Bailey | Review: Selenium contamination, fate, and reactive transport in groundwater in relation to human health[END_REF][START_REF] Winkel | Environmental selenium research: from microscopic processes to global understanding[END_REF].

Diffusion cell with stable selenite dedicated to µXRF and µXAS analyses

To improve our understanding of the diffusive behaviour of selenite through the Cox, stable selenite at high [Se(IV)] 0 was used in the diffusion cell 3 to allow its post-mortem analysis by µXRF and µXAS. The evolution of [Se(IV)] as a function of time in its upstream reservoir is reported in Figure 8. Even though the scattering is more pronounced than for 75 Se cells, the global tendency is similar, given the associated uncertainties. It is noteworthy that the simulated curve in Figure 8 was calculated with the parameters from scenario B estimated for the cell 1, indicating a relatively good consistency of the data set.

Based on the works of [START_REF] Charlet | Electron transfer at the mineral/water interface: Selenium reduction by ferrous iron sorbed on clay[END_REF] and [START_REF] Frasca | Migration de l'iode et du sélénium au travers de roches argileuses[END_REF], the distribution of the total Se content was measured by µXRF on selected cross-sections. An example is given in Figure 9A showing a relative homogeneous decrease of the total Se signal from the upstream reservoir interface to the downstream reservoir, with some isolated hot-spots. The total Se profile calculated from this mapping (Figure 9B) exhibits a global pattern very similar to the 75 Se profile given in Figure 5B and Figure 7B, with a fast drop down to 1 mm into the sample, an increase at about 2 mm from the coupon surface, and then, a relative regular decrease.

To identify the evolution of the Se oxidation state in the solid, Se K-edge XANES spectra were collected at 0.5 mm intervals along a line from the interface with the upstream reservoir (upstream front) towards the interface of the downstream one (downstream front) (Figure 10).

The spectra of the three first points near the upstream front display a strong line at 12 664 eV, characteristic of selenite. Deeper in the solid, a line at 12 660 eV diagnostic of Se(reduced) increases in intensity. These variations demonstrate the occurrence of some reducing phenomena changing the oxidation state of Se during its diffusion through the Cox.

A better estimate of the respective contributions of selenite and Se(reduced) can be performed, assuming that (i) the intensity of the Se(reduced) contribution at 12 664 eV is half of that measured at 12 660 eV, and (ii) the contribution from selenite is always negligible at 12 660 eV. Therefore, the µXRF mappings measured at energies of 12 660 and 12 664 eV allowed to map the Se(reduced) distribution (Figure 11A), and to derive a map of selenite distribution by subtracting the scaled contribution form Se(reduced) estimated at 12 660 eV (Figure 11B). The Se(reduced) map exhibits several hot-spots, especially at about 2 mm from the interface (Figure 11A), while the selenite map shows a relatively smooth diffusion profile, even though the zone at 2 mm seems depleted. This depletion may be an artefact of acquisition due to the locally high amount of Se(reduced), and the relatively crude algorithm used to subtract the Se(reduced) contribution from the total signal. Nevertheless, these tendencies were better highlighted when considering the associated profiles built by averaging signals and normalizing by the signal obtained at 12 800 eV, corresponding to the total Se (Figure 11D).

Discussion

Selenate behaviour

Presence of 75 Se(VI) in the 75 Se source allowed us to perform two through-diffusion tests for selenate in Cox samples. In that case, D e values used to reproduce the experimental data (Table 3) are about one third lower than the values for 36 Cl. Given the associated uncertainties, such a discrepancy can be explained by the difference in self-diffusion coefficients (D w ). [START_REF] Li | Diffusion of ions in sea water and in deep sea sediments[END_REF] ) ratio equal to 1.9, suggesting similar diffusive behaviours of selenate and sulfate. However, as reported in ). In fact, Descostes et al. assumed that only 75 Se(IV) was present in their radioactive source. Therefore, they misconstrued the little 75 Se detected in the downstream reservoir, and actually corresponding to 75 Se(VI) as evidence for migration of 75 Se(IV). Therefore, they concluded that 75 Se(IV) was able to diffuse across the clay, and they estimated an irrelevant D e (Se(IV))

value for this supposed selenite migration.

Selenite behaviour

The picture of selenite behaviour drawn from batch and diffusion experiments seems more complicated than for selenate. On the one hand, batch results suggest that selenite sorption would follow a Langmuir formalism with the extent of sorption increasing with decreasing [Se(IV)] 0 . On the other hand, diffusion tests indicate that selenite mobility would deviate from a behaviour governed by pure diffusion and reversible sorption, as shown in Figure 7B where the particular shape of the Se rock profile cannot be properly reproduced by a basic diffusion model. Regarding this point, synchrotron-based analyses revealed that this particular shape observed on the rock profile of both samples from radioactive cell 1 and nonradioactive cell 3 would originate from a quantitative reduction of selenite at about 2 mm from the interface with the upstream reservoir. Such an occurrence of the large Se(reduced) hot-spot at 2 mm could be explained by some mineralogical heterogeneities, such as the presence of pyrite. To test this hypothesis, a µXRF map of Fe was recorded at an energy of 6 800 eV (Figure 11C).

The distribution of Fe near the upstream front is quite homogeneous, infirming this hypothesis. However, other Se(reduced) hot-spots located deeper in the sample can be correlated to some Fe hot-spots, and so to possible Fe(II)-containing solids (pyrite, siderite or ankerite). This would indicate the existence of some more "reductive" geochemical microcompartments located at less than few 100 µm from micro-compartments where selenite would be still preserved. Alternatively, the large Se(reduced) accumulation at 2 mm may be explained by the occurrence of a reducing front at this exact location, where small amounts of Fe(II) in clay minerals could reduce Se(IV), in addition to the reduction of Se(IV) at the surface of pyrite, siderite or ankerite. At the upstream front to a depth of 2 mm, some redox disturbances could alter these reducing conditions, favorizing the Se(IV) surface sorption instead of its reduction. On the one hand, [START_REF] Aimoz | Iodide interaction with natural pyrite[END_REF] showed that, owing to the high pyrite redox sensitivity, under anoxic conditions, even a very low O 2 amount could oxidize the surface of pyrite. This oxidation would lead to pyrite pseudo-passivation by the formation of Fe(III) oxyhydroxides, known to strongly sorb selenite as inner sphere surface complexe [START_REF] Duc | Sorption of selenium anionic species on apatites and iron oxides from aqueous solutions[END_REF][START_REF] Hayes | In situ x-ray absorption study of surface complexes Selenium oxyanions on α-FeOOH[END_REF]. On the other hand, owing to oxidation of Fe(II) in Fe(III) by the low residual content of oxygen, Se(IV) adsorbed on clay minerals can be preserved in this suboxic zone located at the upstream front to a depth of 2 mm. Note that the two diffusion experiments carried out with selenite led to a Se-enriched zone lying at about the same location, i.e., about 2 mm, in spite of the different diffusion times (241 versus 508 days; Figure 11D). This would suggest that the oxidizing perturbation could have occurred during the preparation of the two samples, possibly upon contact with the little residual O 2 of the glove box. This also means that all the Cox powder prepared for batch experiments would have also undergone a similar, though more pervasive, oxidizing perturbation owing to the powder small granulometry (< 63 µm). Consequently, all the results derived from batch experiments can be considered as questionable, since the Cox material used would not be representative of the sound material found in situ. In this case, this experimental artifact would have limited the occurrence of the expected reactional pathway, "a selenite sorption followed by a reduction/precipitation process", described by [START_REF] Bruggeman | Selenite reduction in Boom clay: Effect of FeS 2 , clay minerals and dissolved organic matter[END_REF] and Breynaert et al. (2010). [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF] also hinted at such an experimental artifact to account for the reversible selenite sorption on OPA and Black Shales, although these materials have high content of siderite and pyrite (resp.).

Finally, we can state that, despite the use of an O 2 -depleted glove box, redox conditions such as those prevailing in situ could not be reproduced in Cox samples under powder form used for batch experiments but also in the very first 2 mm of intact sample, in contact with atmosphere. Redox conditions closer to the in-situ ones would be achieved beyond that depth of 2 mm. Deeper in the sample, selenite steadily decreases, likely linked to a very progressive reduction of selenite along its diffusion pathways.

Conclusions

The diffusive behaviour of selenite and selenate was studied under anoxic conditions in indurated clay-rich rock samples originating from the Callovo-Oxfordian formation (Cox;

France). A radiochemical approach using HTO, 36 Cl, and 75 Se, as tracers, was complemented by a spectroscopic investigation of Se distribution in the diffusion front, using synchrotronbased methods.

The two through-diffusion experiments performed with 75 e 4 2 - indicated that this species diffused rather similarly to 36 Cl -, when taking into account the difference in self-diffusion coefficient values (D w ). This indicates that selenate, like chloride, is driven by the anionic exclusion phenomenon. No significant selenate sorption on the solid fraction is observed, probably because selenate is outcompeted by sulfate present in large amounts in the pore water solution.

Batch experiments revealed that selenite sorption increases (R d values from 10 to about 250 mL g -1 ) with [Se(IV)] 0 decreasing from 10 -3 to 10 -6 mol L -1 . This evolution compares with previous data obtained by [START_REF] Frasca | Comparative study of Se oxyanions retention on three argillaceous rocks: upper toarcian (Tournemire, France), black shales (Tournemire, France) and Opalinus clay (Mont Terri, Switzerland)[END_REF] from batch experiments on Opalinus Clay and Tournemire argillite. Selenite diffusion and retention in clay rock at two distinct [Se(IV)] 0 was also investigated using 75 Se radiotracer. At 10 -6 mol L -1 , a rough estimate of the R d value, is consistent with batch results. At 10 -3 mol L -1 , while the monitoring of [Se(IV)] in solution could be roughly reproduced by a pure diffusion model with a reversible sorption (D e = 1.9 or 5.3 x 10 -12 m² s -1 and R d = 19 or 7 mL g -1 ), the full Se rock profile exhibited irregular shape, requiring more complicated models. The determination of Se oxidation state in the rock by XANES analyses revealed (1) a relative regular diffusion profile for selenite and (2) the presence of some areas rich in Se reduced forms (Se(reduced) ~ Se (0), S(-I) and/or Se(-II)), with an important accumulation at about 2 mm from the upstream front. This analysis allowed us to explain the irregular shape of the 75 Se rock profile. The larger Se(reduced)-rich area (at 2 mm) could not be accounted for by some mineralogical heterogeneities, and is probably due to the presence of a reducing front resulting from some initial oxidizing perturbations. Note that these oxidizing perturbations acting as an experimental artifact would also directly bias batch results acquired on Cox powder not representative anymore of the sound material. In this case, a limitation of the reactional pathway "selenite sorption followed by reduction/precipitation process" cannot be excluded. Deeper in the solid used for diffusion experiment, some correlations exist between some of the Se(reduced) hot-spots and the Fe content, suggesting Se reduction by Fe-rich minerals, such as pyrite, ankerite, and/or siderite.

Finally, the study of the diffusion of a redox-sensitive species in a heterogeneous porous medium allowed the identification of geochemical micro-compartments, each containing Se at distinct oxidation states, yet coexisting at less than a few 100 µm from one another.

Even though the present study demonstrates the distinct behaviour of selenite and selenate with respect to migration, sorption, and reduction in clay-rich rock, several issues are yet to be resolved. For example, a better determination of Se local coordination and of the nature of minerals associated to Se sorption and reduction may be obtained by EXAFS and micro X-ray diffraction. Furthermore, reduction kinetics of selenite (and selenate, if any) could be further investigate to properly predict the migration of Se oxyanions in clay rocks under study as host rocks for deep geological disposal facility. In addition to the oxyanions, the diffusive behaviour of selenide should also be investigated to obtain a complete overview of the fate of 79 Se under its three relevant oxidation states in such environments.

Table 1. Composition of synthetic water used in this study.

pH [Cl -]

(mmol L -1 )

[SO 4

2-]

(mmol L-1)

CO 2

(mmol L-1)

[Na + ]

(mmol L -1 )

[K + ]

(mmol L -1 )

[Ca 2+ ]

(mmol L -1 )

[Mg 2+ ]

(mmol L -1 )

7.4 41.0 15.6 2.6 51.9 1.0 6.4 4.5

Table 2. Summary of the tracers, their initial activity and the type of diffusion experiments performed on the three cells used in this study. 3. The upper and lower flux curves were calculated with the diffusive parameters corresponding to the uncertainty range given in Table 3. 3. The upper and lower flux curves were calculated with the diffusive parameters corresponding to the uncertainty range given in Table 3. 
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 4 Figure 4. Cumulative total activity and instantaneous flux obtained on the diffusion cell 1 for (A) HTO, (B) 36 Cl, and on the diffusion cell 2 for (C) HTO and (D) 36 Cl. Curves were obtained from the semi-analytical solutions with the values of diffusive parameters given in Table3. The upper and lower flux curves were calculated with the diffusive parameters
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 81 Figure 8. Evolution of [Se(IV)] in the upstream reservoir of the diffusion cell 3 (with stableSe(IV) only, at an initial concentration of 2 x 10 -3 mol L -1 ). The curve was calculated using the equation (11) with the same parameters than those used for the radioactive diffusion cell 1 (scenario B).
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 910 Figure 9. (A) µXRF mapping of Se distribution (X-ray energy of 12 800 eV). (B) Average values of total Se as a function of the diffusion distance. Error bars correspond to the standard deviation.
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 11 Figure 11. (A) µXRF mapping of the distribution of Se reduced forms (Se(reduced)); X-ray energy of 12 660 eV. (B) Calculated map of selenite distribution. The investigated surface was the same than that in Figure 6. (C) µXRF mapping of Fe, X-ray energy of 6 800 eV. (D) Normalised average values for redox mapping (sample from cell 3) and normalised 75 Se activity values measured in sample rock profile of diffusion cell 3 as a function of the diffusion distance. Green and blue bars correspond to the standard deviation.

  gave indeed a D w (Cl -) over D w (Se(VI)) ratio equal to 2.15. As shown in Table3,[START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] determined a ratio of D e values for Cl -
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) equal to 2.4 for a Cox sample recovered nearby ours. Likewise,

[START_REF] Li | Diffusion of ions in sea water and in deep sea sediments[END_REF] 
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Table 3 ,

 3 [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] also showed a low but significant sorption of sulfate, likely occurring onto minerals containing Fe and Al (hydr)oxides, contrary to selenate in the present study. The absence of selenate adsorption could be accounted for by a competition between sulfate and selenate for sorption sites, as demonstrated by[START_REF] Fukushi | A surface complexation model for sulfate and selenate on iron oxides consistent with spectroscopic and theoretical molecular evidence[END_REF] on Fe oxides; the high concentration of sulfate in the synthetic pore water (15 mmol L -1 ) could saturate sorption sites. Finally, the present study allows us to reinterpret the study of[START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF], for which the reported D e (Se(IV)) value was more than 12 times lower than D e(SO 4 

	2-

Table 3 .

 3 Values of effective diffusion coefficient, porosity, rock capacity factor and distribution ratio for the diffusion of HTO, 36 Cl, selenate and selenite through the Callovo-Oxfordian claystones. Values between brackets indicate the uncertainty ranges. A and B correspond to the scenario A and B for selenite. All the parameters were derived from fitting the model to the data, except (i) D e (Se(IV)) that is set equal to D e (Cl  ) or D e (Se(VI)), and R d

		Thickness sample of the rock	diffusion HTO + 36 Cl through-	Selenium diffusion
			HTO	36 Cl	75 Se	[Se(+IV)]	75 Se(+VI)
		(mm)	(MBq L -1 )	(MBq L -1 )	activity	(mol L -1 )	initial
							fraction
					(MBq L -1 )		
							(%)
	1	11.3	4.2±0.22	4.35±0.24	5.02	10 -3	5.3
	2	11.6	4.28±0.22 5.00±0.24	4.88	10 -6	6.5
	3	11.5	-	-	-	2 x10 -3	-
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