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Diffusion of organic anions in clay-rich media: retardation and effect of anion exclusion

Retarded diffusion of organic anions was studied in Callovo-Oxfordian claystone

Carboxylates displayed anion exclusion due to both charge and size effects

Anion exclusion lowered accessible porosity and effective diffusion

Diffusive retardation was correlated with hydrophilicity of sorbates A possible correlation between anion exclusion and retardation is discussed Graphical

Introduction

Organic pollutants such as anthropogenic organic matter (AOM) can be potentially released from hazardous waste and migrate through geological media or soils [START_REF] Duarte | Chapter 5 -Organic Pollutants in Soils[END_REF]. AOM refers to a wide range of compounds, with various structures and charges. The ionisable compounds are highly soluble in water and known to be mobile in soils [START_REF] Schaffer | A framework for assessing the retardation of molecules in groundwater: Implications of the species distribution for the sorption-influenced transport[END_REF]. The sorption of organic compounds slows down their migration in environment. In soils, organic ions are preferentially adsorbed on clay minerals and/or oxides [START_REF] Borisover | Adsorption of inorganic and organic solutes by clay minerals[END_REF][START_REF] Gu | Competitive adsorption, displacement, and transport of organic matter on iron oxide: I. Competitive adsorption[END_REF][START_REF] Jardine | Mechanisms of dissolved organic carbon adsorption on soil[END_REF] and neutral organic compounds are often absorbed by soil organic matter [START_REF] Borisover | Specific interaction of Organic compounds with soil organic carbon[END_REF][START_REF] Curtis | A Natural Gradient Experiment on Solute Transport in a Sand Aquifer4. Sorption of Organic Solutes and its Influence on Mobility[END_REF][START_REF] Weber | Sorption phenomena in subsurface systems: concepts, models and effects on contaminant fate and transport[END_REF]. The migration of organic molecules was mainly investigated in many oxide-rich soils and model materials, e.g. purified clays [START_REF] Liu | An overview of the role of goethite surfaces in the environment[END_REF]. Predicting the migration of organic compounds requires the knowledge of relevant site-specific mechanisms controlling transport, e.g. adsorption-dissociation processes [START_REF] Szecsody | Importance of flow and particle-scale heterogeneity on Co II/III EDTA reactive transport[END_REF][START_REF] Zachara | Oxidation and adsorption of Co(II) EDTA2 complexes in subsurface materials with iron and manganese oxide grain coatings[END_REF], slow sorption kinetics [START_REF] Brusseau | Nonequilibrium Sorption of Organic Chemicals: Elucidation of Rate-Limiting Processes[END_REF], colloidal effects [START_REF] Roy | Sorption nonequilibrium effects on colloid-enhanced transport of hydrophobic organic compounds in porous media[END_REF], etc. In this study, we studied the diffusion of organic anions in clay-rich rocks, for which a complex behaviour was evidenced [START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF][START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF]2015;[START_REF] Descostes | Adsorption and retarded diffusion of Eu III -EDTAthrough hard clay rock[END_REF][START_REF] Durce | Adsorption and transport of polymaleic acid on Callovo-Oxfordian clay stone: batch and transport experiments[END_REF].

During the last decade, a significant effort was made to study the migration of solutes through geological media in the context of deep underground radioactive waste disposal [START_REF] Delage | Clays in radioactive waste disposal[END_REF][START_REF] Tournassat | Natural and Engineered Clay Barriers[END_REF]. Various sedimentary clay-rich rocks were investigated, e.g. Callovo-

Oxfordian clay rock (COx, France), Boom clays (Belgium), Opalinus clays (Switzerland) (Altman et al., 2012;[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]. These rocks are characterized by low hydraulic conductivities and low diffusion coefficients due to their narrow pore network. Clay-rich rocks display high retention properties of cations. The adsorption of cations on constituting clay minerals induces significant diffusive retardation [START_REF] Melkior | Diffusion coefficients of alkaline cations in Bure mudrock[END_REF]Savoye et al., 2012a;2015). On the contrary, anions are repelled from the surfaces of pores leading to the well-established "anion exclusion" phenomena [START_REF] Bazer-Bachi | Characterization of sulphate sorption on Callovo-Oxfordian argillites by batch, column and through-diffusion experiments[END_REF][START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordianargillites and oxfordian limestones (Meuse/Haute-Marne, France)[END_REF][START_REF] Frasca | Influence of redox conditions on iodide migration through a deep clay formation (Toarcian argillaceous rock, Tournemire, France)[END_REF]Savoye et al., 2012b[START_REF] Montavon | Retention of iodide by the Callovo-Oxfordian formation: An experimental study[END_REF][START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF]. The behaviour of small organic anions was found to be intermediate between those of cations and inorganic anions [START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Descostes | Adsorption and retarded diffusion of Eu III -EDTAthrough hard clay rock[END_REF]. These compounds are studied for various safety assessments, including complexation and transport of metal and radionuclides [START_REF] Nowack | Influence of Natural and Anthropogenic Ligands on Metal Transport during Infiltration of River Water to Groundwater[END_REF][START_REF] Read | The migration of uranium through Clashach Sandstone: the role of low molecular weight organics in enhancing radionuclide transport[END_REF][START_REF] Hummel | Radioactive contaminants in the subsurface: the influence of complexing ligands on trace metal speciation[END_REF][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]. Carboxylates simultaneously undergo "anion exclusion" and sorption. Yet, only few studies have assessed the simultaneous effect of anion exclusion and of retardation (Savoye et al. 2012a;[START_REF] Shackelford | Fickian diffusion of radionuclides for engineered containment barriers: Diffusion coefficients, porosities, and complicating issues[END_REF]. In a recent study, Rasamimanana et al. (2017a) quantified the adsorption of various carboxylates on COx clay rock. The solid-liquid distribution coefficients, Rd, ranged from 0.1 to several tens of L kg -1 .Similarly, moderate affinities of carboxylates were confirmed by migration experiments [START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF][START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Descostes | Adsorption and retarded diffusion of Eu III -EDTAthrough hard clay rock[END_REF][START_REF] Durce | Adsorption and transport of polymaleic acid on Callovo-Oxfordian clay stone: batch and transport experiments[END_REF].

A key point that remains unclear is the discrepancy between Rd values measured for organic anions by batch and diffusion experiments [START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Durce | Adsorption and transport of polymaleic acid on Callovo-Oxfordian clay stone: batch and transport experiments[END_REF]). These observations led to put forward several hypotheses, such as experimental bias due to bacterial activity or oxydoreduction (Rasamimanana et al., 2017b), effect of minor phases [START_REF] Dagnelie | Perturbation induced by EDTA on HDO, Brand Eu III diffusion in a large-scale clay rock sample[END_REF], or effect of anion exclusion on retardation (Van loon et al., 2018). In order to assess these hypotheses, we evaluated the diffusive behaviour of various organic anions in COx clay rock. The results were discussed with emphasis on applicability of adsorption data obtained on crushed rock to the migration modelling in sedimentary rocks.

Material and methods

Rock samples

Experiments were carried out on samples that originated from the Callovo-Oxfordian sedimentary formation (East of Paris Basin, Meuse/Haute-Marne, France). The rock cores, EST40471, EST207_16509, EST207_16517 and EST207_16520, were drilled from a borehole in the underground laboratory at -501 m and -498 m in depth. The samples come from the clayey unit constituted by 50-55% of clay minerals (illite, interlayered illite-smectite, kaolinite, chlorite), 18-20% of tectosilicates (mainly quartz), 22-35% of carbonates (mainly calcite, dolomite), < 5% of accessory minerals (pyrite, iron oxide…) and ~ 0.6% of organic matter [START_REF] Gaucher | ANDRA underground research laboratory: interpretation of the mineralogical and geochemical data acquired in the Callovo-Oxfordian formation by investigative drilling[END_REF][START_REF] Lerouge | Mineralogical and isotopic record of biotic and abiotic diagenesis of the Callovo-Oxfordian clayey formation of Bure (France)[END_REF][START_REF] Pellenard | Mineralogical variability of callovo-oxfordian clays from the Paris basin and the subalpine basin[END_REF]. After drilling, the core samples were protected from oxygen using container under N2(g). Furtherly, the rock cores were sliced inside a glovebox using a wire saw, into samples of a thickness ~10 mm and a diameter ~ 35-40 mm (metrology of samples detailed in supplementary material, Table S1 andS2). The weighting of solid samples led to an average hydrated density ρh ~ 2.34 ± 0.06 g cm -3 and a total porosity of ε(water) = 21%, assuming a grain density ρg ~ 2.7 g cm -3 .

Diffusion experiments

Two kinds of diffusion setups were used, i.e. a static setup with no circulation of the solutions and a dynamic setup with a circulation system of the solutions . The static setup included a cell in polyether ether ketone (PEEK). Samples were pasted with epoxy resin (Sikadur, Sika, France) between two filterplates in contact with upstream / downstream solutions (see [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordianargillites and oxfordian limestones (Meuse/Haute-Marne, France)[END_REF] for detailed setup). The dynamic setup included a stainless steel cell and a samples in contact with solutions circulating in upstream / downstream reservoirs (see [START_REF] Savoye | Effect of temperature on the containment properties of argillaceous rocks: The case study of Callovo-Oxfordian claystones[END_REF] for detailed setup). Prior to diffusion experiments, the rock samples were pre-equilibrated by filling both upstream and downstream reservoirs with a synthetic porewater (Composition detailed in Rasamimanana et al., 2017b;Ionic Strength: I.S. = 0.105 M). After 48h to 7 days of contact, the solution of both reservoirs was renewed by fresh porewater, and this step was repeated three times. The concentration of exchangeable cations (Na + , K + , Ca 2+ , Mg 2+ , Sr 2+ ) imposed in solution is supposed constant during the diffusion experiments. This hypothesis might be incorrect in the case of contact of the rock with higher concentration of saline plume [START_REF] Dagnelie | Perturbation induced by a nitrate plume on diffusion of solutes in a large-scale clay rock sample[END_REF] or organic plumes at higher solid-liquid ratios [START_REF] Dagnelie | Perturbation induced by EDTA on HDO, Brand Eu III diffusion in a large-scale clay rock sample[END_REF].

Diffusion experiments were performed either with reference tracers (deutered or tritiated water: HDO, HTO), non-sorbing anions ( 36 Cl -) and 14 C-labelled or 3 H-labelled organic compounds. The studied organic compounds and their main properties are listed in Table 1. Upstream solutions with organic compounds were prepared by dissolution of acid or sodic salts (> 99% purity) with synthetic porewater.

The pH of upstream solutions was adjusted to 7.2 ± 0.2 by adding concentrated solutions of NaOH of HCl. All the studied acids were negatively charged in these conditions (Table 1). The concentration of organic molecules was controlled by Total Organic Carbon analysis (VarioTOCCube from Elementar) or pH dosage with HCl (basic titrino794 from Metrohm). Finally, all the solutions were bubbled before entering glovebox with N2(g) with CO2 partial pressure PCO2 = 0.6% . Sampling and measurements of solution in upstream and downstream reservoirs are given in supplementary material (p.3). The list of diffusion experiments and organic compounds is given in Table 2. Detailed information on diffusion experiments is available in supplementary material (Table S1: activities (Bq) and concentrations (mol L -1 ) of tracers, volumes and ionic strengths in upstream solutions). Finally, the effect of ionic strength on diffusion was assessed by additional experiments with HTO and 36 Cl -in presence of NaNO3 (detail in Table S2 and results in Fig. S6).

Sterilization of rock was not performed to avoid perturbation of the system by chemical agents (NaN3) or radiolysis. Still, to prevent bacterial bias, a filtration of synthetic porewater was performed with 0.22 μm nylon filters for Experiments n°7 -15. Molecules such as o-phthalate or EDTA are known to resist bacterial degradation in environmental conditions [START_REF] Mika | Degradation of chelating agents in aqueous solution using advanced oxidation process (AOP)[END_REF]Rasamimanana et al., 2017b;Wang et al., 2017). The possible occurrence of bacterial artefacts, especially for Isosaccharinate or acetate is discussed furtherly.

Modelling

Sorption was quantified by a solid-liquid distribution coefficient, noted Rd (L kg -1 ) and defined by

𝑅 𝑑 = 𝐶 𝑎𝑑𝑠 𝐶 𝑒 (1) 
where Cads(mol kg -1 ) is the concentration of adsorbed species per mass of adsorbent, and Ce(mol L - 1 ) the concentration in solution at equilibrium with the solid. Adsorption isotherms, Rd = f(Ce), displayed typical Langmuir-Type shape on COx clay rock (Rasamimanana et al., 2017a). This empirical law was modelled using Eq. ( 2):

𝑅 𝑑 (𝐶 𝑒 ) = K L ×Q (1+K L ×C e ) (2) 
with KL (L mol -1 ) the affinity constant, and Q (mol kg -1 ) the maximum sorbed amount. All (KL, Q) parameters for organic acids on COx clay rock are provided in Rasamimanana et al. (2017a).

The analysis of the through-diffusion experiments were based on Fick's second law:

∂C ∂t = 𝐷 𝑒 𝜀 𝑎 +𝜌 𝑔 (1-𝜀)𝑅 𝑑 𝐶𝐸𝐿𝐿 ∂²C ∂x² = 𝐷 𝑒 𝛼 ∂²C ∂x² (3)
with C representing the tracer concentration (mol m -3 ), t the time (s), De the effective diffusion coefficient (m 2 s -1 ), ε and εa the total and diffusion accessible porosities, ρg the grain density (~2.7 kg L -1 ).

Rd CELL is a solid-liquid distribution coefficient and α is called the rock capacity factor. The initial conditions were C(x=0) = C0, C(x≠0) = 0. Fully analytical solution of Eq. ( 3) was obtained in the Laplace space [START_REF] Crank | The Mathematics of Diffusion[END_REF][START_REF] Moridis | A Set of semianalytical solutions for parameter estimation in diffusion cell experiments[END_REF]. The downstream flux of tracer, J (moles m -2 s -1 ) was defined by equation ( 4):

𝐽 𝑑𝑜𝑤𝑛 (𝑡) = 𝑑𝑛 𝑑𝑜𝑤𝑛 (𝑡) 𝑆×𝑑𝑡 = 𝑉 𝑑𝑜𝑤𝑛 𝑆 × lim ∆𝑡→0 𝐶 𝑑𝑜𝑤𝑛 (𝑡+∆𝑡)-𝐶 𝑑𝑜𝑤𝑛 (𝑡-∆𝑡) 2∆𝑡 (4) 
where dndown is the quantity of tracer reaching the downstream reservoir (in moles or Bq), per unit of time dt (s), and per sample surface S (m²), Vdown(m 3 ) the downstream volume, Δt the duration between two successive measurements and Cdown(mol m -3 ) the downstream cumulative concentration, i.e.

experimental data corrected from radioactive decay and sampling. All results were discussed on the basis of a normalised flux of tracer:

𝐽 𝑁𝑂𝑅𝑀 𝑑𝑜𝑤𝑛 (𝑡) = 𝐿 𝐶 0 𝐽 𝑑𝑜𝑤𝑛 (𝑡) (5) 
with L (m) being the sample width and C0 (moles m -3 ) the initial concentration of tracer in upstream reservoir. By using NORM Jdown (m² s -1 ), the direct comparison of the experiments was possible, regardless of C0 or L.

Both parameters De and α were adjusted by least-square fitting of normalized cumulative downstream flux with a weighting inversely proportional to the experimental precision. The uncertainties ranges on adjusted parameters were evaluated using the precision of the experimental data (Fig. S1 to S5).

Given the high noise on upstream depletion curves, these data were not used for the parametric adjustment. When unavailable, the values for reference tracers were averaged on other samples: De(water) = 3.6 ± 10 10 -11 m 2 s -1 and ε(water) = 0.18 ± 0.2 for experiment n°1-6.

The mass balance was assessed by comparison between upstream experimental data and modelling.

Satisfactory mass balances were obtained for experiments n°2, 3, 5, 7, 8, 12, 13, 14, 15 (Fig. S1-S5).

These correct mass balances indicate that bacterial activity is unlikely in the case of acetate, Isosaccharinate, oxalate and citrate. Unsatisfactory mass balances were observed in the case of experiments n°1, 4, 9, 10, 11. This result is possibly due to specific effects [START_REF] Roberts | A Natural Gradient Experiment on Solute Transport in a Sand Aquifer 3. Retardation Estimates and Mass Balances for Organic Solutes[END_REF]: slow sorption kinetics, competitive effects, biotic or abiotic oxydoreduction. Such possible artefacts are not affecting the main outcomes of the following discussion.

Results

Diffusion of organic acids in Callovo-Oxfordian clay rock

All raw experimental data are given in supplementary material (Fig. S1-S5). The diffusion of organic anions was illustrated in Fig. 1 showing downstream cumulative concentration and corresponding normalized flux. The fluxes underwent a transitory state before reaching a plateau (Fig. 1). The values of the plateaus were representative of the effective diffusion coefficients, De(orga). Almost no transitory state was observed in the case of HTO, acetate of adipate, meaning negligible adsorption. Transitory states up to 100 days were observed for oxalate or ethylenediaminetetraacetate (EDTA), indicating significant adsorption. The De and α values adjusted from experimental results were gathered in Table 2.

The corresponding De values, De(orga) ~ 10 -12 m 2 s -1 , were much lower than that of water (De(water) ~ 3.0 ± 1.5 10 -11 m 2 s -1 ). These lower effective diffusion coefficients reflected the phenomenon of anion exclusion, as evidenced in sedimentary rocks with inorganic anions [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordianargillites 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]. The inter-comparison between experiments using different samples was assessed with the reference tracers (HDO, HTO). A variability by a factor of 3 was observed on diffusivities, with De(HTO) ranging from 1.5 to 4.5 10 -11 m 2 s -1 . Thus, in order to improve accuracy, we normalized diffusion data for anions by the value of the reference tracer. This led to calculate the exclusion factor, ∏, defined by the following equation:

Π = [𝐷 𝑒 (𝑎𝑛𝑖𝑜𝑛)/𝐷 𝑒 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)] [𝐷 0 (𝑎𝑛𝑖𝑜𝑛)/𝐷 0 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)] (6) 
where De is the effective diffusion coefficient in the porous solid, D0 the diffusion coefficient in water (I.S. ~ 0.105 M and T ~ 295 ± 2 K). The diffusing solutes are indicated between brackets: (anion) stands for Cl -or organic anions and (reference) stands for non-sorbing solutes (HTO or HDO). The ratio De(anion)/De(reference) quantifies the effect of the saturated clay rock on effective diffusion of anions compared to that of water. The normalization by D0(anion)/D0(reference) removes the contribution of the solvent on molecular diffusion. Thus, the ratio ∏ isolates the effect of electrostatic interactions with surfaces on the diffusion pathway of anions as compared with water (i.e. differences of tortuosity or constrictivity as defined by [START_REF] Van Brakel | Analysis of diffusion in macroporous media in terms of a porosity, a tortuosity, and a constrictivity factor[END_REF]) . For example, a reduced accessible porosity for anions, εa(anion) < ε(water), increases diffusion pathways, e.g. tortuosity and exclusion of anions: ∏(anions) < ∏(water) = 1.

Anion exclusion in clay-rich rocks: case of chloride

Fig. 2 shows the effective diffusion coefficient and accessible porosities of non-sorbing anion (Cl -), measured by through-diffusion or percolation experiments on various clay-rich media: COx samples (This work, data in Fig. S6 and Table S2 & S3), compacted Illite [START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF], Opalinus clay and Helvetic Marl [START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF]. In all these studies, a relationship is highlighted between accessible porosities, εa(Cl -)/ε(water), and ionic strengths. Indeed, the increase of ionic strength reduces the thickness of the diffuse layer at the surface of negatively charged clay minerals, thus decreasing anion exclusion [START_REF] Van Loon | Anion exclusion effects in compacted bentonites: Towards a better understanding of anion diffusion[END_REF][START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF] : i.e. both εa/ε and Π ratios tend to the values for water: εa(water)/ε = 1 and Π(water) = 1 (Fig. 2). Diffusion experiments in Opalnius Clay (OPA) and Helvetic Marl (HM) [START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF]. Lines illustrate various empirical laws. n° Tracer De(water) (10 -12 m 2 s -1 ) ε(water) D0(orga) [d] (10 -10 m 2 s -1 ) De(orga) (10 -12 m 2 s -1 ) α(orga) ∏(orga) εa(orga) Rd CELL (L kg -1 )

Rd CORR (L kg -1 )

Rd BATCH [g] (L kg -1 ) 1 [a] 14 C-EDTA 36.0 0.18 5.19 [e] 0.89 (0.7-1.5) A good agreement was observed between diffusion data for chloride and empirical laws. A common model of correlation between diffusion and porosity is provided with the empirical Archie's law, Eq. ( 7) [START_REF] Archie | The electrical resistivity log as an aid in determining some reservoir characteristics[END_REF], with parameters a = 1 and m ~ 2.4. Modified expressions of Archie's law were proposed by several authors for low porosity rocks [START_REF] Rosanne | Transport properties of compact clays II[END_REF]. [START_REF] Van Loon | Anion exclusion effects in compacted bentonites: Towards a better understanding of anion diffusion[END_REF] proposed a value m ~ 1.9 in compacted bentonite with various densities. A modified e-Archie's law was proposed by Van

Loon and Mibus (2015) for very low porosity materials (ε < 2 10 -2 ). In this study, we will use the specific m-Archie's law evidenced by Jacquier et al. ( 2013), (Eq. ( 7) with a = 0.17 and m = 1.6) for COx samples of variable mineralogy.

𝐷 𝑒 𝐷 0 = 𝑎 × 𝜀 𝑚 (7) Π(anion) = ( 𝜀 𝑎(𝑎𝑛𝑖𝑜𝑛) 𝜀(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) ) 𝑚 (8) 
Using Eq. ( 7), the values De/D0(anion) and De/D0(water)were expressed by εa(anion) and ε(water), in Eq. ( 6). This led to the correlation between ∏ and (εa/ε) defined by Eq. ( 8) and illustrated in Fig. 2. A good agreement was observed between m-Archie's law and chloride diffusion in COx clay rock, Helevtic Marl, or percolation through compacted illite. This legitimated the use of m-Archie's law with the parameter m = 1.6 to compare furtherly our migration results with data from other clay-rich media.

Anion exclusion in clay-rich rocks: case of organic acids

Fig. 3 shows the exclusion factor of anions, Π(anion), measured in COx clay rock (noted Π(orga) for organic anions). Low values of exclusion factor were measured for organic anions, 0.1 < ∏(orga) < 0.5, of the same order of magnitude than that of chloride. These values were two to ten times below that of water, Π(water)=1, illustrating the exclusion of organic anions from a part of rock porosity. Fig. 3 also highlights the correlation of Π with the size of organic solutes, estimated using molecular mass: M -1/3 . Firstly, this correlation indicated that a bacterial degradation, leading to small degradation products, was unlikely. Secondly, the dependency between Π and M -1/3 indicated that exclusion of organic anions was probably due to both charge and size effects. Large molecule may be more excluded than Chloride from porosity, due to the presence of small pores in clay-rich media [START_REF] Gaboreau | Optimization of pore-network characterization of a compacted clay material by TEM and FIB/SEM imaging[END_REF][START_REF] Wigger | The influence of small pores on the anion transport properties of natural argillaceous rocks -A pore size distribution investigation of Opalinus Clay and Helvetic Marl[END_REF]. For example, the difference between dianionic species:∏(oxalate) ~ 0.25-0.36 > ∏(o-phthalate) ~ 0.1-0.25, might be due to a larger size for the later, due to the aromatic cycle (C6H5). It was found previously that NO3 -and Cl -displayed a similar formal charge but different anion exclusion in COx clay rock [START_REF] Dagnelie | Perturbation induced by a nitrate plume on diffusion of solutes in a large-scale clay rock sample[END_REF]. Thus, the formal charge didn't seem to be a good indicator of anion exclusion [START_REF] Descostes | Diffusion of anionic species in Callovo-Oxfordianargillites and oxfordian limestones (Meuse/Haute-Marne, France)[END_REF][START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF], but rather charge normalized to the size and polarizability of hydrated organic anion.

Figure 3: Exclusion factor for organic/inorganic anions in COx clay rock as a function of size.

De is the effective diffusion coefficient of solutes in COx clay rock. Water is taken as the reference solute. D0 is the diffusion coefficient of solutes in water. The size of solutes is estimated using the inverse of molecular mass, M -1/3 . Dashed line represents the linear regression of values for organic compounds (green symbols). Data for inorganic anions (Cl -, Br -, I -, SO4 2-, NO3 -) taken from [START_REF] Bazer-Bachi | Characterization of iodide retention on Callovo-Oxfordian argillites and its influence on iodide migration[END_REF][START_REF] Bazer-Bachi | Characterization of sulphate sorption on Callovo-Oxfordian argillites by batch, column and through-diffusion experiments[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] Descostes | Diffusion of anionic species in Callovo-Oxfordianargillites and oxfordian limestones (Meuse/Haute-Marne, France)[END_REF]Savoye et al., 2012b).

It was not possible to determine directly accessible porosity of carboxylates. Since adsorption occurs for these compounds, the apparent porosity α calculated from Eq. ( 3) differs from accessible porosity, εa(orga). Thus, we used the parameter ∏(orga) to extrapolate accessible porosity, assuming a similar correlation between exclusion factor and accessible porosity for both chloride and organic anions.

This was achieved turning Eq. ( 8) into Eq. ( 9):

𝜀 𝑎 (𝑜𝑟𝑔𝑎) = ε(water) × Π(orga) 1/𝑚 (9)
with m = 1.6 chosen for m-Archie's law. The experimental values Π(orga) and ε(water) were used to extrapolate εa(orga), and corresponding data were reported in Table 2. A wide range of exclusion was observed for these organic anions in COx clay rock, i.e. 0.03 < εa(orga) < 0.13. The variability among accessible porosities may affect the retardation of organic anions, as discussed in section 4.2.

Diffusive Retardation of organic acids in clay rock

The Eq. ( 2) is usually used to model diffusion, assuming the following hypotheses: i) Adsorption only occurs of cations for which all the porosity is accessible, i.e. ε(cation) = ε(water), ii) Anions display a negligible adsorption and are partially excluded from porosity, i.e. εa(anion) < ε(water) and Rd APP (anion) = 0. These hypotheses are questionable for oxoanions or organic anions [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]. It was shown previously that organic anions display both properties of adsorption (Rd APP > 0) and of anion exclusion (∏(orga) << 1) in clay-rich media [START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF][START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF]. This study confirmed this affinity, with values α(orga) >> εa(orga) in most of the experiments (Table 2). The apparent porosity, α(orga), allowed a quantification of adsorption averaged on the intact solid samples.

The values from diffusion experiments, Rd CELL , were calculated with Eq. ( 10), using α(orga) and εa(orga) (extrapolated from ∏(orga), see section 3.3): Diffusion data, Rd CELL were compared to batch data on crushed rock, Rd BATCH , extrapolated to diffusion setup with Eq. (11). A linear profile of concentration was assumed along the diffusion pathway,

C(x) = C0×[1-x/L].
Then the solid-liquid distribution coefficient was averaged on the solid sample using the Langmuir law, defined in Eq. (2): Rd(C) = f(Q,KL,C). This allowed us taking into account possible saturation effects expected during the diffusion experiment. For example, at low concentration in upstream reservoir (C0 << 1/KL), no saturation is expected in the solid sample and the solid-liquid distribution coefficient reaches the value of the plateau of Langmuir isotherm: Rd BATCH ~ Q×KL. While at high concentration in upstream reservoir (C0 ~ 1/KL), a saturation of sorption sites is expected, with a decrease of Rd BATCH following Eq. ( 11). The comparison between adsorption in cells, expected from batch and diffusion data is reported in Fig. 4 (red empty symbols). A disagreement was observed, with an adsorption measured by diffusion experiment much lower than that expected from batch data. The origin and outcomes of these results are discussed below.

Discussion

The following discussion assesses the accuracy of the generalized law, Eq. ( 3), to predict migration of organic compounds. The validity of this approach is discussed with emphasis on retardation in various environmental media.

Diffusive retardation or organic molecules in various media

Sorption and retardation data are compared in Fig. 5 for organic compounds of various charges, structures and size. Data were represented as a function of hydrophilicity / lipophilicity of sorbates, quantified by the apparent octanol water partition coefficient which takes into account ionization of molecules (Papp [START_REF] Sangster | Octanol-water partition coefficient of simple organic compounds[END_REF], detailed in supplementary material, Eq. ( S1)).

The right part (red triangles) corresponds to absorption of lipophilic molecules by soil organic matter. The mechanism of absorption was evidenced by the emergence of a correlation after normalization by the content of natural organic matter, [OC] (KOC= Rd / [OC]). Data measured by diffusion experiment with lipophilic organic molecules on solid samples were added for comparison (red empty triangles, [START_REF] Vinsot | Natural gas extraction and artificial gas injection experiments in Opalinus Clay, Mont Terri rock laboratory (Switzerland)[END_REF]. In this study, the out-diffusion of dissolved gas was monitored from Opalinus host rock during 8 years. A good agreement is obtained between data measured on crushed clay rock (batches) and intact host-rock (out-diffusion). The diffusive retardation is mainly driven by the lipophilicity of sorbate and the content of organic matter of the sorbent. The trend also evidence that the was observed for organic molecules despite anion exclusion. Both adsorption and diffusion data displayed correlations (R² ~ 0.67) with hydrophilicity of diffusing molecules, Log(PAPP). Data in Fig. 5 still displayed some disparities because adsorption of anions depends on several factors such as charge, size, polarizability, or structure of sorbates [START_REF] Kubicki | Attenuated total reflectance Fouriertransform infrared spectroscopy of carboxylic acids adsorbed onto mineral surfaces[END_REF].

A discrepancy was evidenced in Fig. 5 (blue squares) between data measured by adsorption in batch on crushed samples and adsorption calculated from diffusion experiments through solid intact samples.

Similar discrepancy was already observed for organic acids / soils systems. For example, it is known that fluid percolation may induce a leaching of surfaces, leading to an increase of adsorption [START_REF] Szecsody | Adsorption-Dissolution Reactions Affecting the Distribution and Stability of Co II EDTA in Iron Oxide-Coated Sand[END_REF]). Yet, it was surprising in our case that adsorption of carboxylates measured during diffusion was lower than that measured by batch experiments. Some possible processes involved are discussed in the following section.

Discrepancy between batch and diffusion data

The hypothesis of an apparent irreversibility of adsorption and or hydrodynamic of the system is sometimes given to discuss discrepancy between adsorption data measured on crushed and intact samples [START_REF] Treumann | An explanation of differences in the process of colloid adsorption in batch and column studies[END_REF]. [START_REF] Durce | Adsorption and transport of polymaleic acid on Callovo-Oxfordian clay stone: batch and transport experiments[END_REF] studied transport of polymaleic acid in COx clay rock using a two-sites irreversible sorption model. This model allowed replicating simultaneously desorption hysteresis in batch systems and percolation results. However, this hypothesis was ruled out in our study thanks to the use of through-diffusion experiments, leading to similar apparent porosities independently of sorption reversibility. Another possible hypothesis was a slow adsorption kinetics. For example, apolar organic molecules are absorbed by organic matter, with slow kinetics due to intraparticulate diffusion process [START_REF] Pignatello | Mechanisms of Slow Sorption of Organic Chemicals to Natural Particles[END_REF]. Yet, a fast kinetics was evidenced in the case of adsorption of organic acids in COx clay rock (Rasamimanana et al., 2017b). The hypothesis of slow adsorption kinetics seemed also unlikely, given the time-scale of diffusion experiments. A last hypothesis was a modification of accessible surfaces due to exclusion of solutes from a part of porosity. Various modelling approaches were developed to describe effect of anion exclusion on accessible porosity [START_REF] Bacle | Modeling the transport of water and ionic tracers in a micrometric clay sample[END_REF][START_REF] Tournassat | Modelling approaches for anion-exclusion in compacted Na-bentonite[END_REF][START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF]). Yet, most of these studies consider cations as sorbing species and anions as non-sorbing species. In the following section, we discuss the possible effect of exclusion of sorbing anions, accounting for a modification of diffusive retardation.

Figure 6: Adsorption of carboxylic acids, Rd CELL (percolation through compacted illite).

Data taken from [START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF]. Data normalized by the value extrapolated at infinite ionic strength, Rd CORR .

Values between brackets indicate ionic strength (in moles L -1 ). Uncertainty ranges on best fit parameters represented by dashed lines.

The possible effect of anion exclusion on retardation was evaluated using data from Chen et al.

(2018). These authors studied percolation of small organic anions in compacted illite. They observed a double effect of ionic strength, decreasing anion exclusion and increasing retardation, suggesting a link between retardation and anion exclusion. A maximum value of solid-liquid distribution coefficient was extrapolated at infinite ionic strength, Rd CORR (detailed in Fig. S7, table S4). The ratio between measured adsorption (Rd CELL ) and maximum adsorption (Rd CORR ) was defined as correction factor : f CORR . Fig. 6 shows the corresponding correction factor as the function of accessible porosity. A correlation appeared between data with a Pearson correlation coefficient of 0.81 ± 0.16. This correlation indicated a decrease of apparent distribution coefficient with anion exclusion: Rd CELL /Rd CORR  0 when εa/ε  0. Adsorption reached a maximum when there was no exclusion: Rd CELL /Rd CORR  1 when εa/ε  1. We choose the following 2-parameters logistic function to reproduce the shape of these experimental results:

𝑓 𝐶𝑂𝑅𝑅 = 𝑅 𝑑 𝐶𝑂𝑅𝑅 𝑅 𝑑 𝐶𝐸𝐿𝐿 = [1 + exp (𝑎 × (𝑏 - 𝜀 𝑎 𝜀 )] (12) 
The parameter "a" represents the steepness of the curve and the parameter "b" represents a threshold value of εa/ε. The best fit parameters obtained were a = 14. for each organic compound using Eq. ( 12). The values are listed in Table 2 and compared to adsorption in batch in Fig. 4 (Green filled triangles). A relative agreement is observed between adsorption data and corrected diffusion data. The hypothesis of anion exclusion in intact samples leading to a reduced accessible porosity or surface seems plausible. The electrostatic nature of such effect was confirmed with oxalate data. An increase of ionic strength by a factor 5 between experiments n°7 and n°8, led to an increase of Rd CELL by a factor two, from 1.3 to 2.3 L kg -1 .

Diffusion data suggested that surfaces accessible for organic anions differ between dispersed particles and solid intact samples. An increase of ionic strength led to strong variations of both anion exclusion and diffusive retardation [START_REF] Chen | Transport of low molecular weight organic compounds in compacted illite and kaolinite[END_REF]This work), but little effect on adsorption in batches (Rasamimanana et al., 2017a). The size of pores and surfaces involved in retardation are yet to be characterized for organic anions. Clay-rich media display small micropores, including interlayer porosity [START_REF] Gaboreau | Optimization of pore-network characterization of a compacted clay material by TEM and FIB/SEM imaging[END_REF][START_REF] Keller | 3D Geometry and topology of pore pathways in Opalinus clay: Implications for mass transport[END_REF][START_REF] Song | Multiscale pore structure of COx claystone: Towards the prediction of fluid transport[END_REF]. Anions are supposed to be excluded from interlayer porosity [START_REF] Bacle | Modeling the transport of water and ionic tracers in a micrometric clay sample[END_REF][START_REF] Tournassat | Modelling approaches for anion-exclusion in compacted Na-bentonite[END_REF][START_REF] Van Loon | Anion exclusion effects in compacted bentonites: Towards a better understanding of anion diffusion[END_REF], but anion exclusion is not only depending on pore size distribution [START_REF] Tournassat | Impcat of microstructure on anion exclusion in compacted clay media[END_REF][START_REF] Wigger | Importance of interlayer equivalent pores for anion diffusion in clay-rich sedimentary rocks[END_REF].

Further studies of these systems would be necessary, with a better description of clay sample, including characterization of pore-size distribution, pore shape, and surfaces interacting with organic sorbates.

Conclusion

In this study we evaluated through-diffusion of organic anions through the Callovo-Oxfordian clayrich rock. Low effective diffusion coefficients were measured for organic compounds, with De values ranging between 0.5 and 7 10 -12 m² s -1 . These values quantified the exclusion of organic anions from rock porosity, due to both charges and size effects. Effective diffusion coefficients were useful to evaluate the accessible porosities of organic anions. This was made using an empirical m-Archie's law. The calculated accessible porosities of organic anions were 30% to 80% lower than that of water.

Despite anion exclusion, some affinity of organic anions for rock surfaces was evidenced and quantified by diffusive retardation. Diffusion experiments indicated much lower adsorption values than expected from measurements on dispersed systems (batches). Several hypotheses may explain these differences between crushed and solid samples, e.g. role of minor phases, slow evolution of speciation or oxydoreduction. We discussed the specific hypothesis of a correlation between anion exclusion and retardation, given their dependency with ionic strength. The decrease of accessible porosity for a diffusing solute was supposed to reduce the accessibility to surfaces, thus leading to a reduced retardation.

An empirical correction factor was proposed to quantify the reduced retardation with a threshold value of accessible porosity under which the retardation significantly decreases. Using this correction factor, a reasonable agreement was observed between adsorption experiments in batches and diffusion experiments in cell. The retardation factor was negligible for the most excluded species, i.e. with values εa/ε << 0.59, meaning De << 2 10 -12 m² s -1 . Still, a significant retardation was observed for several species: e.g. oxalate, ETDA or ISA.

Nevertheless, it seems necessary to measure retardation factors of organic anions by transport experiments in sedimentary rocks, rather than performing extrapolation from adsorption in batch studies.

Similar behaviour may arise in other materials with charged surfaces such as cementitious materials or oxisoils. It would be interesting to compare several media, since the solutes affinity or exclusion will differ from one media to another.
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Table 1 .

 1 Name and properties of the studied organic acids.

	Formula, Molecular Weight (Mw) and Octanol Water distribution coefficient (POW) correspond to the acidic
		form (HA). Species are under anionic form in COx porewater (pH ~ 7.2 >> pKa1)	
		[1] Hansch et al.,1995, [2] Pinsuwan et al.,1995, [3] Sangster,1989.	
	Studied species	IUPAC Name	Formula	Mw	pKa	Log(POW) 1,2,3 Charge at
	(carboxylate: A -)	(carboxylic acid: HA)	(HA)	(g mol -1 )			pH~7.2
	Acetate	Ethanoic acid	C2H4O2	60.05	4.76	-0.17	Ac. -
	Adipate	Hexane-1,6-dioic acid	C6H10O4	146.14	4.43,	0.09	Ad. 2-
					5.42		
	ortho-Phthalate	Benzene-1,2-dioic acid	C8H6O4	166.14	2.94,	0.73	Ph. 2-
					5.43		
	Oxalate	Ethanedioic acid	C2H2O4	90.03	1.25,	-0.47	Ox. 2-
					4.14		
	α-	(2S,4S)-2,4,5-Trihydroxy-2-	C6H12O6	180.16	4.02	-0.8, -2.6	ISA -
	Isosaccharinate	(hydroxymethyl)pentanoic acid					
	Citrate	2-Hydroxypropane-1,2,3-	C6H8O7	192.12	3.13, 4.76,	-1.64, -1.72	Cit. 3-
		tricarboxylic acid			6.40		
	EDTA	2,2′,2″,2‴-(Ethane-1,2-	C10H16N2O8	292.24	0, 1.5, 2,	-2.6, -3.86	EDTA 4-
		diyldinitrilo)tetraacetic acid			2.7,		
					6.2, 10.2		

Table 2 .

 2 Diffusion parameters adjusted from experiments: De, ε, α. D0 values of corresponding carboxylates.uncertainties between brackets. Calculated data in boldRd values measured by adsorption on crushed clay (Rd BATCH , Eq. (11)) or diffusion on intact solid (Rd CELL , (Eq. 10)). Rd CORR corrected from porosity exclusion (Eq. (12)). [a][START_REF] Dagnelie | Sorption and diffusion of organic acids through clayrock: comparison with inorganic anions[END_REF] Descostes et al., 2017, [c] this work, [d] CRC Handbook, 99 th Ed. [e] Furukawa et al., 2007 (analogy with Sr-EDTA), [f] Riberiro et al., 2011 (analogy with Ca-Gluconate), [g](Rasamimanana et al., 2017a).
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The left part (blue filled squares) corresponds to adsorption of hydrophilic molecules in COx clay rock and data are taken from Rasamimanana et al., (2017a). Adsorption data are normalized by the clay content of the media [CC] (KCC= Rd / [CC]). The negative slope of the correlation indicates that molecules with higher dipole moments display higher affinities for surfaces (LogKCC↗) but lower lipophilicity (logPAPP↘). For these systems, a mechanism of adsorption on mineral surfaces was proposed by Rasamimanana et al. (2017b). It was also evidenced that clay minerals are involved in adsorption of organic acids such as phthalate (Rasamimanana et al., 2017a). Diffusion data from our study were added in Fig. 5 (blue empty squares) for comparison with previous adsorption data. A low retardation (KCC > 0)