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Perturbation induced by a nitrate plume on diffusion of solutes in a large-scale clay rock sample

Introduction

Clay-rich geological formations are currently considered in several countries for hosting a radioactive waste repository. The long-term safety of the repository concept depends on the rock capacity to limit the release of radionuclides from the waste canisters towards the biosphere. Several Intermediate-Level and Low-level radioactive wastes contain a high quantity of nitrate salts. The progressive dissolution of nitrate salts over time increases sodium nitrates concentration in the rock near the repository. Such modification of the porewater composition can alter the transfer properties of radionuclides in the surrounding clay-rich host rock.

The transport of solutes in mudstones is dominated by diffusion, mainly due to the nanometer size of the pore network [START_REF] Robinet | Dossier 2005[END_REF]. The diffusive behaviour of anions and cations is also ruled by electrostatic interactions related to the presence of negative charges on the clay mineral surfaces. Anions are repelled from the clay surfaces and consequently diffuse in a reduced volume of the pore network. This leads to a lower accessible porosity and a lower effective diffusion coefficient than neutral species [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[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]. This phenomenon is named anion exclusion. The role of anion exclusion phenomenon in clay-rich media is particularly important in the framework of radioactive waste repository since anions are not or weakly adsorbed on clay minerals. On contrary, cations are characterized by a strong affinity with the clay surfaces. Retention processes strongly contribute to reduce the apparent mobility of cations in clay-rich media. Due to electrostatic phenomena, cations are concentrated in the vicinity of the clay mineral surface (e.g. the double diffusive layer) leading to preferential diffusion. This phenomenon is known as cation enhanced diffusion (Jakob et al., 2009;[START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF]Oscarson, 1994;Savoye et al., 2012b). The porewater chemistry is also known to strongly influence the electrostatic interactions on clay surface. In particular, an increase of ionic strength due to sodium nitrate may reduce anion exclusion and alter the retention properties of cations (mainly for alkali and alkaline-earth metals). Moreover, increasing the salinity of the solution induces coupled transport phenomena, including co-diffusion and osmotic phenomena, which can enhance or inhibit the macroscopic transport [START_REF] Glaus | Seeming Steady-State Uphill Diffusion of 22Na+ in Compacted Montmorillonite[END_REF][START_REF] Martens | Modelling of cation concentrations in the outflow of NaNO3 percolation experiments through Boom Clay cores[END_REF].

The Callovian-Oxfordian mudstone (COx) is a clay-rich sedimentary rock from the eastern part of the Parisian Basin in France [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired[END_REF]. It has been extensively studied in the context of the Underground Retrievable Nuclear Waste Repository project (Cigéo, Andra 2005). Diffusion experiments on centimetric samples provide reliable transport data. They evidence the presence of anion exclusion [START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF]Savoye et al., 2012a) and cation enhanced surface diffusion [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF]Savoye et al., 2012b and2015). Such phenomena are particularly developed in the Callovian-Oxfordian mudstone due to the small size of pores, in the same range than the size of the electrostatic field occurring at their surface. In this context, the study focused on the effect of high concentrations of sodium nitrate on solutes transport, including anion exclusion and surface diffusion. We tried to characterise the diffusion properties of the rock as close as possible to operational conditions: i.e. radionuclides and sodium nitrate released simultaneously in the rock. To this aim, some dedicated diffusion experiments were developed on large-scale samples such as described in [START_REF] Dagnelie | Perturbation induced by EDTA on HDO, Br-and Eu III diffusion in a large-scale clay rock sample[END_REF]. Large-scale experiments display low water/rock ratios (<< 1 L kg -1 ) which are representative of in situ conditions. They help investigating a large volume of rock. This experimental setup was adapted for such specific context of interest as diffusion under perturbation.

This paper details an in-diffusion experiment of a nitrate plume in a pluridecimetric COx sample. Two similar experiments were designed with simultaneous injection of tracers and sodium nitrate (0.5 mol L -1 ). The first experiment quantified the diffusion of neutral and anionic species (tritiated water HTO, 36 Cl). The second experiment quantified the diffusion of adsorbing cations ( 22 Na, 137 Cs). The diffusion parameters with the nitrate plume were compared to those obtained in sound clay rock. The interpretation of data focuses on the anisotropic diffusion of the plume and its effect on cations confinement /anion exclusion. The evolution of chemistry in solution and major ions transport is also reported and discussed.

This large dataset on various species may be addressed elsewhere for further multi-species reactive-transport modelling.

Material and methods

Two experiments are described in this section. The first experiment (Exp. 1, Fig. 1) is dedicated to the diffusion of non sorbing species, with the following β-radiotracers: tritiated water (HTO) and chloride ( 36 Cl). The second experiment (Exp. 2) is dedicated to the diffusion of sorbing cations, using the γradiotracers ( 22 Na) and ( 137 Cs). Both experiments evaluate tracer's diffusion injected within nitrate solution at a concentration, [NaNO3] = 0.5 mol L -1 . Ionic strength of injected solution was I.S. ~ 0.65 eq L -1 , compared to I.S. ~ 0.1 eq L -1 in the natural Callovian-Oxfordian porewater [START_REF] Vinsot | Obtaining the porewater composition of a clay rock by modeling the in-and out-diffusion of anions and cations from an in-situ experiment[END_REF]. 

Mudstone sample

Experiments were carried out on a large diameter sample (Ø = 290 mm), cored from the Callovian-Oxfordian rock formation (EST16517, in Meuse/Haute-Marne France). This core was extracted from the EST207 borehole, drilled between -501.8 and -502.0 m in depth from the surface. In order to prevent any oxidation, core samples were protected from O2 after drilling. Mudstone samples were directly placed in anoxic containers under N2. These samples come from the clayey unit (UA) characterized as the most clayey levels of the formation [START_REF] Pellenard | Carbon cycle and sea-water palaeotemperature evolution at the Middle-Late Jurassic transition, eastern Paris Basin (France)[END_REF]. The mineralogy of the Callovian-Oxfordian mudstone was characterized by Andra (performed by ERM, Poitiers, France) on similar samples using the method described by [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired[END_REF]Cosenza et al., (2014). The contents of different minerals are the following: clay minerals (illite, interlayered R = 1 illite-smectite, kaolinite and chlorite) 50-55%, tectosilicates (quartz, feldspars) 18-20 %, carbonates (calcite, dolomite) 22-27%, other minerals (pyrite, metal oxydes…) < 4%, organic matter (< 1%). The oxidizing effect of NaNO3 was assumed to be negligible in our experimental setup. Such pure chemical process was found to be slow in sediments containing pyrite and organic carbon under abiotic conditions [START_REF] Mariën | The study of abiotic reduction of nitrate and nitrite in Boom Clay[END_REF]. An oxidizing perturbation of dissolved organic matter can be induced by nitrite and nitrate plumes under biotic conditions. Such effect recently studied by [START_REF] Bleyen | Assessing the oxidizing effect of NaNO3 and NaNO2 from disposed Eurobitum bituminized radioactive waste on the dissolved organic matter in Boom Clay[END_REF], is outside the focus of the present study.

A synthetic solution was used for the rehydration of rocks, which were partially desaturated by drilling and during transport. The composition of the synthetic rehydration solution corresponded to porewater composition of the mudstone at the depth of the in-situ underground laboratory [START_REF] Beaucaire | A thermodynamic model for the prediction of pore water composition of clayey rock at 25 and 80°C -Comparison with results from hydrothermal alteration experiments[END_REF][START_REF] Vinsot | Obtaining the porewater composition of a clay rock by modeling the in-and out-diffusion of anions and cations from an in-situ experiment[END_REF]. This ensured a chemical equilibrium and avoided minerals dissolution/precipitation. The cconcentrations of major ions are given in table 1. The composition of the synthetic solution was monitored during the rehydration step. The injection solution was prepared following the composition measured at the end of rehydration step doped with ~ 0.5 mol L -1 of NaNO3 (table 1). Radiotracers were also added to the solution with initial activities reported in table 2. The initial time (t = 0) of diffusion experiments corresponded to the switch between the rehydration solution with 140 mL of the injection solution. 

Species

Na + K + Ca + Mg + Sr + Cl -SO4 Major ions, including stable Na + and NO3 -, were measured by ionic chromatography (Metrohm 850 HPLC with Asupp7-150 and C4-150 columns).

Cutting and solid characterization

At the end of the diffusion step, (99 and 112

days for experiments 1 and 2 respectively), the liquid system was disconnected from the mudstone.

The rock sample was extracted from the cell using a steel lid and a hydraulic jack (RC104 from ENERPAC, F = 101 kN at 700 bar). Cutting was performed using a bandsaw to obtain several solid profiles along the different axis (Fig. 2). The size of each rock profile was ~12×12 mm² of section and 125/145 mm of length along Z/XY axis. A duplicate of each Y and Z profiles was kept in case of additional characterization. Each solid profile was finally cut into 12 to 16 samples using a wire saw, with lengths varying from 5 mm close to the injection chamber up to 10 mm close to the Teflon extremities. Rock samples of experiment 1 were leached in centrifugation tubes with Milli-Q® water for leaching with a rock/water ratio between 1 and 2 g mL -1 . Tubes were put into agitation during one week, then centrifuged 1 h at 50,000 g. The supernatant solutions were sampled and HTO, 36 Cl measured by α-β liquid scintillation. Rock samples of experiment 2 were leached with Milli-Q® water in 50 mL γ-counting tubes during 1 week. This corresponded to a rock/water ratio ranging from 0.01 to 0.2 g mL -1 . A small amount (~ 2 g) of agar-agar powder was added and solution was mixed until the formation of a homogeneous gel. The total activity of tracers 22 Na and 137 Cs in tubes were measured by γ spectroscopy.

The sorption distribution ratio Kd (L kg -1 ) is defined by

𝐾 𝑑 = 𝐶 𝑎𝑑𝑠 𝐶 𝑒 (1) 
where Cads is the concentration of adsorbed species (mol kg -1 ) and Ce the concentration in solution or at equilibrium with the mudstone (mol L -1 ). It was considered to be zero for HTO, Cl -and NO3 -species. Sorption equilibrium was expected before and after the leaching of the samples. The quantity of a species A was then calculated with the following equations:
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where [A]poral is the concentration in poral solution of a solid sample before leaching. [A]leached is the concentration obtained after adding a volume VmQ for leaching, and ρg is the grain density (~ 2.7 kg m -3 ).

Modelling

The transport of the species was supposed to be mainly diffusive. The analysis of the results was based on Fick's second law for reactive transport (Cranck, 1975):
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where C is the concentration (mol m -3 ); t, the time (s); De = De(z), the effective diffusion coefficient along z axis (m 2 s -1 ); εa, the diffusion-accessible porosity; Kd, the sorption distribution ratio (m 3 kg -1 ) and α the rock capacity factor. The vertical axis, noted z, corresponded to the direction perpendicular to the bedding plane of the mudstone. The modelling was performed in 3 dimensions and the effective diffusion along X and Y axes was considered to be De(x,y) = a × De(z), with "a" quantifying the diffusion anisotropy by:
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The adjustment of experimental results was performed using two variable parameters for HTO: the effective diffusion De, the rock capacity factor α. A value a(HTO) = 1.6 was imposed in the model. This value is taken from results obtained in a similar experiment [START_REF] Dagnelie | Perturbation induced by EDTA on HDO, Br-and Eu III diffusion in a large-scale clay rock sample[END_REF] and in agreement with [START_REF] Cormenzana | Modelling large-scale laboratory HTO and strontium diffusion experiments in Mont Terri and Bure clay rocks[END_REF]. A similar value of 1.6 was assumed for a(NO3 -). The values a( 36 Cl) and a( 22 Na) were kept variable. The whole porosity was supposed accessible for cations, i.e. ε( 22 Na) = ε( 137 Cs) = ε(HTO). The adjustment of experimental results for 22 Na and 36 Cl were performed using three variable parameters: (De, α, a). A 3D modelling seemed more reliable to estimate anisotropy than a direct comparison of XY and Z profiles by transformation of the space coordinates. This latter method is detailed in [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] for a four year in situ experiment. However, the hypothesis of a point source may lead to an overestimation of anisotropy in short-period experiment such as the present study. Finally, an adsorption isotherm for cesium was taken as input data. The corresponding data, Kd = f([Cs]) taken from Savoye et al. (2012), is illustrated in Fig. S4 of supplementary information. For further information, a complete study on Cs adsorption as a function of Illite and Smectite contents in COx samples is detailed by [START_REF] Chen | Key factors to understand in-situ behavior of Cs in Callovo-Oxfordian clay-rock (France)[END_REF].

The solution of equation ( 1) was calculated at each sampling time by numerical resolution using the ALLIANCES platform [START_REF] Montarnal | Presentation and use of a reactive transport code in porous media[END_REF]. The 3 dimensional mesh used for calculation is presented in Fig. 2 (bottom) and consisted in 25,000 elements. It displayed two planes of symmetry (OXY and OXZ) and included a quarter of the rock sample. The boundary conditions imposed a flux equal to zero outside the mesh. The initial conditions were [A] solution (t = 0) # A0/V0 (Bq m -3 ) ; and [A] solid (t = 0) = 0 for radioactive tracers and NO3 -. The concentration modelled in solution, Csol. mod. , was compared to experimental values, Csol. exp. . The concentration modelled in solid at the cutting time was compared to concentration in leaching solution, Cleach. exp. , thanks to equation (3). For each species, the convergence of the adjustable parameters (De, α) was performed using a minimization algorithm and the following criterion:
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where Amin is the minimised error function, imax is the number of values in solution, jmax, the number of leached samples and σC the experimental uncertainty. The ponderation factors (1/imax, 1/jmax ) were chosen in order to give the same statistical weight to the adjustment of the liquid monitoring and of all the solid profiles.

The D0 values discussed furtherly were corrected from T and [NaNO3] using Stokes-Einstein relationship [START_REF] Edward | Molecular volumes and the Stokes-Einstein equation[END_REF] and the following equation: [START_REF] Haynes | CRC Handbook of Chemistry and Physics[END_REF]. This decrease, by 50 % for Na + and 95 % for Cs + , was due to adsorption on mudstone. Since the effective diffusion of Na + was faster than that of NO3 -, the plume induced a charge imbalance which was mostly compensated by diffusion of desorbed cations towards the liquid chamber. The concentration of major ions (Ca 2+ , Mg 2+ , K + , Sr 2+ , Cl -, SO4 2-, HCO3 -) in poral water are given in supplementary information (Fig. S1 andS2). This data won't be detailed in this paper but may be useful for further reactive-transport modelling. It is to note that the ionic strength close to liquid chamber remained almost constant during the experiment. The decrease of ionic strength, from 0.635 eq L -1 to 0.540 eq L -1 in 115 days (-17 %), was much lower than the decrease of sodium (-41 %) or nitrate (-28 %) during the same period. This result was due to the diffusion of desorbed divalent cations (Ca 2+ , Mg 2+ ) towards the injection chamber. Fig. 4 presents the activities and concentrations measured in the samples leached from the solid profiles. The dotted line at 10.5 mm from the center of the rock sample represents the solid/solution interface in the YZ direction. For each tracer, the front of diffusion was deeper along Y axis (parallel to the bedding) than along Z. This evidenced the anisotropy of diffusion, especially for 36 Cl and 22 Na. Additional data obtained on NO3 -was provided in supplementary information (Fig. S3) and results discussed in section 4.1.

Results

Tracers monitoring in solution and solid

Modelling using the ALLIANCES platform

The solid profiles and monitoring of concentration in solution were used to adjust transport parameter. The best fit models were compared to experimental results in Figs. 3 and4. The corresponding parameters were gathered in table 3. The solid profiles of HTO were not expected to be usable for parametric adjustment since evaporation/condensation occurred during cutting of solid samples. For all other species, 36 Cl, 22 Na, NO3 -and 137 Cs, data from both solution and solid was used simultaneously to adjust migration parameters. No adsorption and a reduced accessible porosity due to anion exclusion were obtained for the species 36 Cl and NO3 -. Data for 22 Na was reasonably modelled using a constant Kd value. Data for 137 Cs was also correctly modelled with only one adjusted parameter (De). discussed by Van Brakel and Heertjes, 1974). It provides a qualitative estimate of anion exclusion in mudstones. A value Π = 1 corresponds to the behaviour of neutral and inert species, whereas a value Π = 0 corresponds to a total exclusion from the porosity. Values 0.1 < Π < 0.25 were obtained for inorganic and organic anions or complexes in sound COx samples [START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordian argillites and Oxfordian limestones (Meuse/Haute-Marne, France)[END_REF]2017). The ratio Π obtained for anions in presence of NaNO3 is represented as a function of effective diffusion coefficient in Fig. 5 (left). 

Effect of [NaNO3]

Effect of [NaNO3]

HTO, taken as inert and non sorbing reference (Π = 1), displayed an effective diffusion coefficient, De(HTO) = (28.6 ± 5) × 10 -12 m 2 s -1 . The values for chloride Π(Cl), previously published in similar COx samples, are reported and in the range of 0.19 to 0.27 (Black dots in Fig. 5). In our study, the value Π( 36 Cl) slightly increased up to 0.42 in presence of nitrate plume (Blue dot) but remained significantly lower than 1. This observation may be attributed to the increase of ionic strength, I.S. ~ 0.65 eq L -1 , compared to I.S. ~ 0.083 ± 0.02 eq L -1 in sound samples. Ionic strength is known to decrease the thickness of the diffuse layer thus decreasing the specific effect on ions, i.e. behaviour of anions getting closer to behaviour of HTO [START_REF] Molera | Diffusion of 22 Na + , 85 Sr + , 134 Cs + and 57 Co 2+ in bentonite clay compacted to different densities: experiments and modelling[END_REF][START_REF] Sato | Effects of the orientation of smectite particles and ionic strength on diffusion and activation enthalpies of Iand Cs + ions in compacted smectite[END_REF].

A few studies quantify similar effect in clay-rich media. These results can be compared using [1-Π] which increases in proportion to the anion exclusion. In our case, the , and by 16.9 and 8.1 % with I.S. = 1.03 eq L -1 . In all these cases, significant anion exclusion remained despite the presence of NaNO3 or NaCl plumes of concentration below 0.5 mol L -1 .

The diffusion data obtained on nitrates, NO3 -, on COx is relevant since no values are available in the literature. A lower accessible porosity than HTO was quantified, εa(NO3 -)= 0.07 ± 0.04. Despite a high uncertainty, this value indicated an anion exclusion and low adsorption. The adjusted values of effective diffusion and anion exclusion were De(NO3 -) = 17 × 10 -12 m 2 s -1 , and Π(NO3 -) = 0.72. These values were intermediate between values for Cl -and HTO. The anion exclusion was less pronounced for NO3 -than for Cl -. This may be due to a distribution of the negative charge of nitrate among its three oxygens leading to a lower charge density and a lower sensitivity to electrostatic effects.

Effect of the nitrate plume on cation diffusion

Diffusion data adjusted for cations was reported in Fig. 5 (top). A decrease of adsorption was quantified for sodium ions with Kd( 22 Na) = 0.23 ± 0.08 L kg -1 with 0.5 M of NaNO3. This results was significantly lower than values in sound samples Kd( 22 Na) = 0.37 ± 0.04 L kg -1 [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF][START_REF] Savoye | Effect of temperature on the containment properties of argillaceous rocks: The case study of Callovo-Oxfordian claystones[END_REF]. This decrease by 38 % is due to the presence of stable sodium (0.5 M). Stable sodium increases ionic strength thus modifying cation exchange reaction, as described in clay minerals by [START_REF] Bradbury | A mechanistic description of Ni and Zn sorption on Part II : modelling[END_REF] and in sedimentary rocks by [START_REF] Wigger | Importance of Interlayer Equivalent Pores for Anion Diffusion in Clay-Rich Sedimentary Rocks[END_REF]. It may also be modeled as a sorption competitor as described by [START_REF] Savoye | Impact of the solution ionic strength on strontium diffusion through the Callovo-Oxfordian clayrocks: an experimental and modelling study[END_REF]. Sodium ions should induce a lower effect on Cs + , which display a stronger affinity for specific fray edge site of illite than Na + . Cesium adsorption was not discussed furtherly since it is detailed in Savoye et al. (2012b) with a more complete multi-site ion exchange model (MSIE). It was supposed to be constant with NaNO3

as first approximation in this study and the effect of the plume was quantified on effective diffusion value.

The effective diffusion coefficient were De( 22 Na) = (26.5 ± 15) × 10 -12 m 2 s -1 and De( 137 Cs) = (125 ± 50) × 10 -12 m 2 s -1 . These values corresponded to a decrease by 22 % and 33

% respectively in presence of nitrates. This effect remained in the variability range of data reported in the literature for sound samples. Only a slight effect was then evidenced on both sodium and cesium diffusion in presence of NaNO3 and I.S. ~ 0.65 eq L -1 . [START_REF] Tachi | Diffusion and sorption of Cs + , Na + , Iand HTO in compacted sodium montmorillonite as a function of porewater salinity: Integrated sorption and diffusion model[END_REF] quantified a much stronger effect of salinity on Na + and Cs + diffusion in compacted montmorillonite. The authors gathered diffusion data as a function of NaCl concentration up to 1 mol L -1 . A simultaneous decrease was observed for both De and Kd values up to one order of magnitude. The authors developed an integrated sorption and diffusion (ISD) model to take account for ionic strength effects. However these experiments included pre-equilibration of sample to the desired ionic strength. Such protocol was more adapted to isolate effects after perturbation of samples by salinity, while our protocol was representative of a transitory state close to leaching in environmental conditions. Besides, the results presented here only considered the transport of single solutes. A more complete modelling will be required, including the desorption of competing ions with salinity and co-diffusion from the rock towards the liquid chamber.

Diffusion anisotropy

The solid profiles of 36 Cl and 22 Na in Fig. 4 evidenced a diffusion anisotropy between Z and XY axis (Eq. 5, Z being perpendicular to the rock bedding and XY parallel to the rock bedding). This was in agreement with the anisotropic orientation of minerals in the rock discussed by [START_REF] Wenk | Preferred Orientations and Anisotropy in Shales: Callovo-Oxfordian Shale (France) and Opalinus Clay (Switzerland)[END_REF] In the present study, we quantified the anisotropy parameter for 36 Cl and 22 Na in presence of the nitrate plume. The best fit values were a( 36 Cl) = 1.9 and a( 22 Na) = 2.5 in COx sample perturbed by NaNO3. The uncertainty range was illustrated in Fig. 6, by the minimization criteria as a function of parameters: (a, ε) for 36 Cl and (a, R) for 22 Na. Diffusion anisotropy of chloride and sodium are in respective ranges of 1.6 to 2.0, and of 2.2 to 2.8. The vertical shape of sodium cartography traduced a low sensitivity and high uncertainty for this parameter. In the case of chloride, the parametric adjustment provided a better constrain of anisotropy factor and a better confidence on the corresponding data. No significant effect of the saline plume was expected, and these values were in good agreement with previous data on small and large COx sample [START_REF] Dagnelie | Perturbation induced by EDTA on HDO, Br-and Eu III diffusion in a large-scale clay rock sample[END_REF][START_REF] Descostes | Estimating the anisotropy of 36Cl and HTO diffusion in Callovo-Oxfordian argillite, PB2-24[END_REF][START_REF] Samper | Numerical modeling of large-scale solid-source diffusion experiments in Callovo-Oxfordian clay[END_REF]. This result quantified lower diffusion anisotropies for COx mudstone than reported for OPA mudstones and a limited effect of the saline plume on this factor.

Conclusion

This study reports the effect of a 0.5 mol L -1 nitrate plume on confinement properties of COx mudstone. The in-diffusion experiment performed in a large-scale increased ionic strength from 0.1 to 0.65 eq. L -1 . The concomitant injections of NaNO3 and of the tracers, as well as the high rock/water ratio, were representative of in situ environmental conditions.

The adsorption-transport model was performed for each solute separately in order to estimate diffusion data. The effective diffusion coefficients were adjusted to values De(HTO) = (28.6 ± 5) × 10 -12 m 2 s -1 , De( 36 Cl) = (10.5 ± 2) × 10 -12 m 2 s -1 , De(NO3 -) = (17 ± 6) × 10 -12 m 2 s -1 ,De( 22 Na) = (26.4 ± 5) × 10 -12 m 2 s -1 , and De( 137 Cs) = (125 ± 50) × 10 -12 m 2 s -1 , in presence of the nitrate plume. An anion exclusion was quantified for chloride using the ratio Π=(De/De HTO )/( D0/D0 HTO ). The nitrate plume decreased the anion exclusion [1-Π]( 36 Cl) by 19 % compared to the sound state. Intermediate anion exclusion was quantified for NO3 -. A low effect was observed for cation with a decrease of De by 20 to 30 % due to the ionic strength increase from 0.1 to 0.65 eq. L -1 . The value Kd( 22 Na) = 0.23 ± 0.08 L kg -1 was lowered by 25 % in presence of NaNO3.

Diffusion anisotropies of chloride and sodium were also quantified. The best fit values were adjusted to a( 36 Cl) = 1.9 and a( 22 Na) = 2.5. A good sensitivity was obtained on the value a( 36 Cl) in the range of 1.6 to 2.0. On contrary, the parameter a( 22 Na) was poorly constrained by modelling and in the range of 2.2 to 2.8. These data confirmed the low anisotropy of Callovian-Oxfordian mudstone compared to Opalinus clay rock and a limited effect of the nitrate plume on this factor. All these results highlighted the confinement properties of COx mudstone close to leaching conditions of a 0.5 mol L -1 nitrate plume. This study provided a first dataset of transport parameters for tracer (porosity, effective diffusion, anisotropy). In addition, the diffusion of major ions towards the injection solution was quantified. The corresponding data is provided for ions Na + , K + , Ca 2+ , Mg 2+ , SO4 2-, Cl -, NO3 -. This dataset should be useful for further reactive modelling taking into account co-diffusion of solutes, surface diffusion, anion exclusion and effect of ionic strength. 

Fig. 1 .

 1 Fig. 1. (top) Picture of experiment 1 (HTO, 36 Cl)

  solution were periodically withdrawn using a sampling loop with a volume ~ 530 μL diluted in 5 mL of Milli-Q® water (Fig. 1). HTO and 36 Cl were simultaneously measured by αβ liquid scintillation (Packard TRICARB 2500 with ultima gold TM cocktail from Perkin Elmer). 22 Na and 137 Cs were measured by dilution in 50 mL of Milli-Q® water and γ spectroscopy(spectrophotometer with a Ge detector at 77K).

Fig. 2 .

 2 Fig. 2. a & b) Picture of solid profiles cutting. c) Z + /Z -profiles d) Geometry and mesh used for

  (T,C) is the diffusion coefficient of the species, T(K) is the temperature, η(Pa s) is the dynamic viscosity of water, C(mol L -1 ) is the concentration of NaNO3, and the reference state, REF, is T = 25 °C and C = 0. The dependency of η with [NaNO3] and T was taken from

Fig. 3

 3 Fig. 3 presents the monitoring of radiotracers

Fig. 3 .

 3 Fig. 3. Decrease of radiotracer's activity in solution during in-diffusion. (Top) Experiment 1 (HTO, 36 Cl), (Bottom) Experiment 2 ( 22 Na, 137 Cs). Data are normalized

Fig. 4 .

 4 Fig. 4. Concentration of tracers in solid profiles of experiment 1 (HTO and 36 Cl) and of experiment 2 ( 22 Na, 137 Cs). Data are given in Bq g -1 (COx). Dots represent experimental data and solid

Fig. 5 .

 5 Fig. 5. (Left) Anions transport parameters obtained in Callovian-Oxfordian mudstone. (Rigth) Adsorption and diffusion of 22 Na and 137 Cs in Callovian-Oxfordian mudstone.

  value [1-Π]( 36 Cl) decreased by 19 %, from [1-Π]( 36 Cl) = 0.72 in raw COx mudstone, down to 0.59 with I.S. ~ 0.65 eq L -1 in presence of nitrates. A similar effect was obtained by[START_REF] Tachi | Diffusion and sorption of Cs + , Na + , Iand HTO in compacted sodium montmorillonite as a function of porewater salinity: Integrated sorption and diffusion model[END_REF] for iodide diffusion (I -) in compacted sodium montmorillonite. The authors quantified a decrease of [1-Π](I -) by 7 % and 27 % with I.S. = 0.1 and 0.5 eq L -1 respectively.[START_REF] Wittebroodt | Diffusion of HTO, 36 Cl and 125 I in Upper Toarcian argillite samples from Tournemire: Effects of initial iodide concentration and ionic strength[END_REF] obtained similar trends in upper Toarcian samples from Tournemire. They quantified a decrease of 4.4 % and 5.4 % on iodide and chloride exclusion respectively with I.S. = 0.11 mol.L -1 . Aertens et al. studied iodide percolation in presence of [NaNO3] through Boom clay samples (Mol, Belgium). They quantified an increase of the retardation factor (η×R) for I -with nitrate concentration. This corresponded to a decrease of [1-Π](I -) by 27 %, 38 % and 67 % respectively with I.S. = 0.1, 0.5 and 1.0 eq L -1 . More recently, Wigger and Van Loon (2017) quantified diffusion of 36 Cl in samples of Opalinus clay and Helvetic Marl over a wide range of NaCl concentrations. The samples displayed a lower porosity and higher anion exclusion than COx sample. The high factors [1-Π]( 36 Cl) = 0.93 and 0.95 in the two samples only decreased by 9.4 and 3.4 % with I.S. = 0.11 eq L -1

Fig. 6 .

 6 Fig. 6. Cartographies of the error function minimised by parametric adjustment. (top) Data for 36 Cl (bottom) Data for 22 Na. The error function is represented with

Figure S1 .

 S1 Figure S1. Concentration of major cations in the liquid chamber.Na + concentration and ionic strength (I.S.) correspond to the right ordinate.(Top) data from experiment 1 (HTO, 36 Cl) (Bottom) data from experiment 2 ( 22 Na, 137 Cs)

Figure S2 .

 S2 Figure S2. Concentration of major anions in the liquid chamber. NO3 -concentration corresponds to the right ordinate. (Top) data from experiment 1 (HTO, 36 Cl) (Bottom) data from experiment 2 ( 22 Na, 137 Cs)

Table 1 .

 1 Composition of solutions used in this study: synthetic porewater used during rehydration and

	injection solutions for both experiments. Concentrations for Exp. 1 and Exp. 2 are experimental results
	measured before injection (± 2 %) and unity is (10 -3 mol L -1 ). Composition of the last sample of exp. 2
	after 117 days is also given. n.a. (not available).
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SUPPLEMENTARY DATA FOR

Perturbation induced by a nitrate plume on diffusion of solutes in a large-scale clay rock sample. R. V. H. Dagnelie (a,*) , P. Arnoux (a) , J. Enaux (a) , J. Radwan (a) , P. Nerfie (a) , J. Page (a) Experimental data for Cs adsorption are taken from Savoye et al. (2012). An analytical fit of the data was used as an input model in ALLIANCES. The corresponding adsorption isotherm was described by the following equation:

The corresponding parameters were Kd MIN = 11.7 L.kg -1 , Kd MAX = 608 L.kg -1 , a = 1.48 10 -8 mol.L -1 and p = 0.578. A complete dataset of parameters on Cs adsorption as a function of Illite / Smectite content in COx clay rock is detailed by [START_REF] Chen | Key factors to understand in-situ behavior of Cs in Callovo-Oxfordian clay-rock (France)[END_REF].
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