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INTRODUCTION

Today, sustainable management of natural forest ecosystems is an important societal issue that requires a better understanding of nutrient dynamics at the water-soil-plant interface. Calcium (Ca) is a major macronutrient within soils, and it has an essential role in vegetation growth [START_REF] Marschner | Mineral nutrition of higher plants[END_REF]Berner and Berner, 1996;[START_REF] Taiz | Plant Physiology[END_REF][START_REF] Tipper | Global Ca cycles: coupling of continental and oceanic processes[END_REF]. Consequently, its bioavailability raises questions, particularly in the case of nutrient depleted soils (e.g., acidic substratum and acidic rain).

At the global scale, Ca 2+ is greatly affected by continental weathering through the dissolution of calcium silicates and carbonates via the consumption of atmospheric CO 2 [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of Earth's surface temperature[END_REF][START_REF] Meybeck | Global chemical weathering of surficial rocks estimated from river dissolved loads[END_REF][START_REF] Fantle | Calcium isotopes in the global biogeochemical Ca cycle: Implications for development of a Ca isotope proxy[END_REF]Schmitt, 2016). However, the current mean rivers' Ca isotopic signature arriving at the oceans (δ 44/40 Ca = 0.86‰ relative to SRM915a) cannot be explained only by the contributions of continental weathering or vegetation uptake [START_REF] Schmitt | The calcium riverine and hydrothermal isotopic fluxes and the oceanic calcium mass balance[END_REF][START_REF] Tipper | Calcium isotope ratios in the world's largest rivers: A constraint on the maximum imbalance of oceanic calcium fluxes[END_REF][START_REF] Fantle | Calcium isotopes in the global biogeochemical Ca cycle: Implications for development of a Ca isotope proxy[END_REF]. This implies that in addition to the fractionations induced by plant uptake [START_REF] Schmitt | The calcium riverine and hydrothermal isotopic fluxes and the oceanic calcium mass balance[END_REF][START_REF] Gustafsson | Visual MINTEQ version 3.1, department of sustainable development[END_REF]2017;[START_REF] Schmitt | Stable calcium isotope speciation and calcium oxalate production within beech tree (Fagus sylvatica L.) organs[END_REF][START_REF] Holmden | Ca isotope cycling in a forested ecosystem[END_REF][START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF][START_REF] Cobert | Experimental identification of Ca isotopic fractionations in higher plants[END_REF][START_REF] Stille | The suitability of annual tree growth rings as environmental archives: Evidence from Sr, Nd, Pb and Ca isotopes in spruce growth rings from the Strengbach watershed[END_REF][START_REF] Hindshaw | Calcium isotope fractionation in alpine plants[END_REF] other continental processes, in particular occurring at the water-soil-plant interface, may potentially modify this signature. Several studies have suggested that adsorption/desorption processes involving mineral and/or organic compounds present in soils (clay minerals, Fe and Al oxy-hydroxides, and humic compounds) could also contribute to the isotopic signature of aqueous Ca arriving at the oceans (Ockert et al., 2013, Fantle and[START_REF] Fantle | Calcium isotopes in the global biogeochemical Ca cycle: Implications for development of a Ca isotope proxy[END_REF]. It then appears essential to identify and characterize Ca elementary and isotopic signatures of these processes to improve our understanding of the mechanisms, which regulate the Ca isotopic signature of the rivers.

In soils, Ca 2+ has one of the highest affinities for adsorption onto phyllosilicate minerals [START_REF] Sposito | Cation Selectivity in Sodium-Calcium, Sodium-Magnesium, and Calcium-Magnesium Exchange on Wyoming Bentonite at 298 K[END_REF]Tournassat et al., 2004a;2004b;2009;[START_REF] Tertre | Ion-exchange reactions on clay minerals coupled with advection/dispersion processes. Application to Na+/Ca2+ exchange on vermiculite: Reactive-transport modeling, batch and stirred flow-through reactor experiments[END_REF][START_REF] Lu | Assessment of a predictive model to describe the migration of major inorganic cations in a Bt soil horizon[END_REF][START_REF] Robin | Ion exchange reactions of major inorganic cations (H+, Na+, Ca2+, Mg2+ and K+) on beidellite: Experimental results and new thermodynamic database. Toward a better prediction of contaminant mobility in natural environments[END_REF]. Most often, it is adsorbed as an outer sphere complex, conserving its hydration sphere, and it is bound to the mineral particles by weak and nonspecific electrostatic interactions with three different surfaces of phyllosilicate minerals: (1) the basal surface, (2) the edge surface (with aluminol and silanol sites for instance) and (3) the interlayer space when it is accessible [START_REF] Sposito | Surface geochemistry of the clay minerals[END_REF]. Cation adsorption is allowed by phyllosilicate negative charges coming from: (1) isomorphic substitutions within tetrahedral and octahedral layers, leading to permanent negative charge, and (2) deprotonation of sites located on the edge surfaces of the particles, leading to pH-dependent charge [START_REF] Moore | X-ray Diffraction and the Identification and Analysis of Clay Minerals[END_REF][START_REF] Thomas | Soil pH and Soil Acidity[END_REF][START_REF] Mermut | Baseline studies of the clay minerals society source clays: layer-charge determination and characteristics of those minerals containing 2: 1 layers[END_REF][START_REF] Bergaya | Chapter 1 General Introduction: Clays, Clay Minerals, and Clay Science[END_REF]. The amount of Ca 2+ adsorbed onto phyllosilicate minerals is relatively well known, and it is described as being dependent on pH, the cationic normality of the environment and the solid/solution ratio (Wahlberg et al., 1965, Levy and[START_REF] Levy | Calcium-magnesium exchange in montmorillonite and vermiculite[END_REF][START_REF] Mcbride | Environmental chemistry of soils[END_REF][START_REF] Liu | Ion-exchange and sorption kinetics of cesium and strontium in soils[END_REF][START_REF] Hakem | Sorption of Cesium and Strontium on Hanford Soil[END_REF][START_REF] Missana | Sorption of strontium onto illite/smectite mixed clays[END_REF]Tertre et al., 2011a and b;[START_REF] Lu | Assessment of a predictive model to describe the migration of major inorganic cations in a Bt soil horizon[END_REF].

Nevertheless, amplitude and nature of Ca isotopic fractionation mechanisms that may occur during adsorption/desorption processes remain poorly studied and understood.

To the best of our knowledge, only one study has dealt with possible isotopic fractionations during Ca adsorption/desorption processes onto clay minerals in a marine environment [START_REF] Ockert | Isotope fractionation during Ca exchange on clay minerals in a marine environment[END_REF]. These authors showed that light isotopes (e.g., 40 Ca) were preferentially adsorbed onto clay minerals, and they noticed that the amplitude of associated isotopic fractionation was dependent on the considered clay mineral and the ammonium concentration of their solution. However, the possible link between crystallographic characteristics of minerals and intensity of isotopic fractionation has not been discussed.

The objectives of the present study are to evaluate the effects of crystal chemistry (i.e., layer charge), specific surface area, and interlayer space open to aqueous cations adsorption on Ca isotopic fractionations during adsorption and desorption phenomenon which can occur in continental environments. To do this, adsorption and desorption experiments were carried out onto three well-characterized continental phyllosilicate minerals (i.e., montmorillonite, kaolinite and muscovite). In turn, this helps to improve our understanding of mechanisms that regulate the Ca isotopic compositions of the rivers.

MATERIAL AND MEHODS

Preparation of phyllosilicate minerals

To make a first-order analogy with natural environments, three phyllosilicates that are commonly reported in soils were used in this work [START_REF] Jackson | Frequency distribution of clay minerals in major great soil groups as related to the factors of soil formation[END_REF][START_REF] Jackson | Interlayering of expansible layer silicates in soils by chemical weathering[END_REF][START_REF] Borchardt | Smectites. Minerals in soil environments[END_REF][START_REF] Fanning | Micas[END_REF][START_REF] Dixon | Kaolin and serpentine group minerals[END_REF][START_REF] Douglas | Vermiculites. Minerals in soil environments[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF]. Two well characterized clay minerals (KGa-2 kaolinite and Swy-2 montmorillonite) that are considered to be references in the literature and provided by "The Clay Mineral Society" (www.clays.org, VA, United States of America) were used [START_REF] Schroth | Surface Charge Properties of Kaolinite[END_REF][START_REF] Ma | Cation exchange capacity of kaolinite[END_REF][START_REF] Chipera | Baseline Studies of the Clay Minerals Society Source Clays: Powder X-Ray Diffraction Analyses[END_REF]Guggenheim et Vangroos, 2001;[START_REF] Madejova | Baseline studies of the clay minerals society source clays: infrared methods[END_REF][START_REF] Mermut | Baseline studies of the clay minerals society source clays: chemical analyses of major elements[END_REF][START_REF] Moll | Baseline Studies of the Clay Minerals Society Source Clays: Geological Origin[END_REF][START_REF] Vogt | Investigation of the Clay Fraction (<2 µm) of the Clay Minerals Society Reference Clays[END_REF][START_REF] Dogan | Baseline studies of the Clay Minerals Society source clays: specific surface area by the Brunauer Emmett Teller (BET) method[END_REF]. A muscovite, which is one of the major mineral phyllosilicate forming rocks, from the Tuftane region (Norway) provided by the Krantz society (www.krantz-online.de, Bonn, Germany) was also used. These three minerals present different characteristics (CEC, presence or absence of an interlayer space open to hydrated cation adsorption, and layer charge; see Table 1), allowing us to probe the effects of these parameters on Ca adsorption/desorption and subsequent isotopic fractionation.

All of the phyllosilicate mineral preparations were carried out at the LhyGeS (Strasbourg, France). The three selected phyllosilicates were prepared at the same low size fraction (i.e., 0.1-1 µm), allowing us to work with minerals (1) that have approximatively the same amount of edge and basal surfaces and (2) that differ only by their layer charge and the accessibility of the interlayer space for aqueous Ca. Note also that most of the mineralogical impurities, such as quartz, are found generally in coarse size fractions (>1 µm) [START_REF] Vogt | Investigation of the Clay Fraction (<2 µm) of the Clay Minerals Society Reference Clays[END_REF]. The choice to work with the 0.1-1 µm size fraction also allows us to work with a fraction in which mineralogical impurities are poorly represented. A second coarser size fraction (50-200 µm) of Tuftane muscovite was also prepared to probe the effect of a change of external specific surface area (measured by the BET N 2 method) on elementary adsorption/desorption of Ca and associated isotopic fractionation. To prepare the muscovite size fractions, decametric crystals displaying no visible traces of impurities or alteration were manually transformed into millimetric flakes of 1 cm². Then, these were manually grinded in deionized water using an immersion blender (SLIMFORCE SEB TM ) to obtain fine particles (0-200 µm). The 50-200 µm size fraction of Tuftane muscovite was recovered by wet sieving, while the remaining size fraction (0-50 µm) was reserved.

To obtain the 0.1-1 µm size fraction of each selected phyllosilicates, one gram of powder (as-received KGa-2 and Swy-2 and the 0-50 µm size fraction for muscovite) was immersed in 50 mL of distilled water (18.2 mΩ.cm -1 ) and mixed with a deflocculant (Tetrasodiumdiphosphate-10-hydrate) at a low concentration (0.01 mol.L -1 ) to avoid aggregate formation. After 24 hours of stirring at 40 rpm on a SB3 Stuart TM , the size separation was performed according to Stokes' law applied to centrifugation steps, allowing the elimination of the particles with sizes out the 0.1-1 µm range (see [START_REF] Reinholdt | Morphological properties of vermiculite particles in size-selected fractions obtained by sonication[END_REF]. These centrifugations were carried out on a ThermoScientific Heraus Megafuge 40R TM centrifuge and a Beckman Coulter Avanti J-30I TM ultracentrifuge instrument. The 0.1-1 µm size fractions of each mineral obtained in wet conditions were dried in an oven at 60°C and stored.

To investigate a single cation pair exchange (Ca 2+ to Na + ), all the phyllosilicate mineral size fractions were conditioned in sodium-homoionic form. For each mineral, 0.25 g of powder was stirred with 50 mL of 1 mol.L -1 NaCl (99.99% purity) solution for nine days.

Every three days, the supernatant was replaced by a fresh NaCl solution to remove desorbed elements, and an intermediate step was performed with a NaCl solution at pH=3 (addition of HNO 3 ) to decarbonate the samples. The samples were then dialysed for five days to eliminate all the non-adsorbed elements: 200 mL of suspension (NaCl + phyllosilicate minerals) were equilibrated with 1.5 L of distilled water, which was renewed every 24 h until complete Cl - elimination. All the size fractions were then dried in an oven at 60°C for three days and were manually and gently crushed in an agate mortar to disaggregate them.

Characterization of prepared phyllosilicate minerals

Effectiveness of the mineral preparation was confirmed by three types of measurements performed on the final obtained fractions: (1) Powder X-ray diffraction (XRD) analysis using a Bruker AXS D5000 diffractometer at the LhyGeS (Strasbourg, France) was carried out in θ/θ mode by scanning between 3° and 65° with steps of 0.04° every 10 sec.

Acquisition was obtained using an X-ray tube equipped with a copper (Cu) anticathode operating at 40 kV and 30 mA.

(2) Cation exchange capacity (CEC) was measured using the hexaamine-cobalt method described by [START_REF] Ciesielski | Determination of cation exchange capacity and exchangeable cations in soils by means of cobalt hexamine trichloride. Effects of experimental conditions[END_REF]: 100 mg of powder was mixed with 40 mL of 10 -3 mol.L -1 chloride hexaamine-cobalt solution for two hours at 40 rpm on a SB3 Stuart TM rotator at room temperature. The suspensions were then filtered at 0.45 µm using regenerated cellulose filters and elementarily analysed using a ThermoScientific iCAP 6000series TM ICP-AES (inductively coupled plasma atomic emission spectrometer) at the LHyGeS (Strasbourg, France).

(3) External specific surface area measurements were performed on a Micrometrics Tristar TM at IC2MP (Poitiers, France) according to the Brunauer-Emmett-Teller (BET) method [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF] using the N 2 adsorption isotherm. Morphologies of basal surfaces of the Tuftane muscovite grains at two different sizes (50-200 µm and 0.1-1 µm) were also checked with a Tescan Vega 2 scanning electron microscope (SEM) at the LHyGeS (France).

The CEC and BET N 2 specific surface area values measured in this work are presented in Table 1. These values are on the same order of the previously published data for KGa-2 and Swy-2 (see Borden and Giese, 2001;Kosmulsky, 2009;and references therein).

As expected, for Tuftane muscovite, the BET N 2 specific surface area and the CEC are strongly dependent on the grain size fraction and the basal and edge surfaces proportions [START_REF] Osman | Determination of the cation-exchange capacity of muscovite mica[END_REF][START_REF] Sivamohan | A comparative study of stirred and vibratory mills for the fine grinding of muscovite, wollastonite and kaolinite[END_REF]. For each mineral investigated, the percentages of the CEC represented by Na ions were also calculated (see Table 1), and they are higher than 90%, indicating that the Na-homoionic conditioning was effective in every case.

Cation-exchange experiments

Adsorption and desorption experiments were carried out with "solution-mineral" batch-systems. Ca concentrations in the initial solution (see Each batch experiment consisted of mixing 100 mg of each mineral with 40 mL of initial Ca solution at the considered pH (adjusted by addition of 5x10 -2 N HNO 3 or 5x10 -3 N NaOH solutions). Each mixture was shaken at 40 rpm on a SB3 Stuart TM rotator. At the selected time, KGa-2 and Tuftane muscovite samples were centrifuged for 5 min at 4000 rpm in a Thermo Jouan multifunction B4-I TM centrifuge, and Swy-2 samples were centrifuged at 17000 rpm (due to possible swelling) in a Beckman Coutler Avanti J-30I TM ultracentrifuge instrument, respectively. To measure both Ca elementary and isotopic compositions after adsorption experiments, the supernatant was removed using a 20 mL syringe and filtered at 0.2 µm using cellulose acetate membrane filters. The evolution of pH with time was measured on an aliquot of each filtered sample using a Metrohm 905 Titrando TM titrator calibrated at 25°C.

For desorption, the residue (i.e., clay slurry remaining after supernatant removal) of each tube was weighed to quantify the residual liquid mass. The clay slurry was stirred with 20 mL of a chloride hexaamine-cobalt solution whose concentration was dependent on the CEC of the mineral [10 -4 mol.L -1 for KGa-2 and Tuftane muscovite (50-200 µm), 10 -3 mol.L -1

for Tuftane muscovite (0.1-1 µm), and 10 -2 mol.L -1 for Swy-2; see Aesar TM ) to a Ca(NO 3 ) 2 initial solution, from 10 -1 mol.L -1 (Test 10 -1 ) to 10 -2 mol.L -1 (Test 10 - 2 ) and to 10 -3 mol.L -1 (Test 10 -3 ) (see Table 4).

Analytical procedures

The amount of Ca potentially present in each mineral (exchangeable or structural) before adsorption/desorption experiments was elementarily measured, and its isotopic signature was determined. The four mineral size fractions were dissolved in Savillex TM beakers by an acid oxidative digestion procedure classically used at LhyGeS [START_REF] Chabaux | Regolith formation rate from U-series nuclides: Implications from the study of a spheroidal weathering profile in the Rio Icacos watershed (Puerto Rico)[END_REF][START_REF] Pelt | Atmospheric dust contribution to the budget of U-series nuclides in soils from the Mount Cameroon volcano[END_REF]. This process consists of the digestion of 100 mg of grinded sample by successive acid baths (HF-HNO 3 , HClO 4 and HCl-H 3 BO 3 ) to achieve complete dissolution of the samples. The samples were then evaporated to dryness, dissolved in 10 mL of 0.5 N HNO 3 , and stored for chemical and isotopic analysis. The total Ca blank from this digestion procedure (i.e., the Ca release from reagents, the vessel, and the methods used) was less than 50 ng, which represents less than a 0.01% contribution to the Ca from samples. Thus, this contribution will be neglected in the calculations reported in the next sections.

All elementary analyses presented in this work were performed on a ThermoScientific iCAP 6000series [START_REF] Schmitt | The Calcium Isotope Composition of Modern Seawater Determined by Thermal Ionisation Mass Spectrometry[END_REF][START_REF] Hippler | Calcium Isotopic Composition of Various Reference Materials and Seawater[END_REF] solutions were loaded into ion-exchange chromatographic columns (high density polyethylene) filled with 2 mL of DGA normal resin (TODGA) from

Triskem TM [START_REF] Horwitz | Novel Extraction of Chromatographic Resins Based on Tetraalkyldiglycolamides: Characterization and Potential Applications[END_REF][START_REF] Romaniello | Fully automated chromatographic purification of Sr and Ca for isotopic analysis[END_REF]. This resin has a high retention capacity for Ca and Sr and no affinity to other major cations in a weakly concentrated nitric condition [START_REF] Horwitz | Novel Extraction of Chromatographic Resins Based on Tetraalkyldiglycolamides: Characterization and Potential Applications[END_REF]. These characteristics make effective the elimination of the matrix and the potential interfering elements (in particular Sr, K, Fe, and Al) (Fig. 1). After the Ca elution procedure (~100% of Ca eluted), all the samples were dried a first time at 90°C

and then converted into nitric form by the addition of 2 mL of 7 N HNO 3 before a second drying at 90°C on a hot plate. Note that the total Ca blank for this separation represents less than a 0.2% contribution to the Ca from samples. Thus, as for the digestion procedure, this contribution will be neglected in the calculations reported in the next sections.

Then, each sample was dissolved in 1-3 µL of 1 N HNO 3 and deposited on a tantalum single filament (99.995% purity), previously degassed and oxidized under primary vacuum. Calcium isotope measurements were performed at the LHyGeS (Strasbourg, France)

with a ThermoScientific Triton TM TIMS (thermo-ionization mass spectrometer) in dynamic multi-collection mode, following the methods described by [START_REF] Schmitt | High performance automated ion chromatography separation for Ca isotope measurements in geological and biological samples[END_REF][START_REF] Schmitt | Calcium isotope fractionation during plant growth under a limited nutrient supply[END_REF].

Measured values were expressed as δ 44/40 Ca in per mil relative to the NIST SRM915a standard [START_REF] Hippler | Calcium Isotopic Composition of Various Reference Materials and Seawater[END_REF][START_REF] Eisenhauer | Proposal for International Agreement on Ca Notation Resulting from Discussions at Workshops on Stable Isotope Measurements Held in Davos (Goldschmidt 2002) and Nice[END_REF]:

Our Ca isotopic results will be discussed in terms of variations with respect to initial solution isotopic signature (apparent isotopic fractionation; ∆ 44/40 Ca MAA or MAD ), as follows:

where δ 44/40 Ca MAA and δ 44/40 Ca MAD are the isotopic signatures of the supernatant measured after adsorption experiments, respectively, and δ 44/40 Ca IS is that of the initial solution (δ 44/40 Ca IS = 0.79‰ ± 0.03‰, 2SE, N=16). Standard error (i.e., 2SE) is used in that case to estimate the error of the mean of a data population measured numerous times (i.e., δ 44/40 Ca IS ).

This statistic treatment is recommended to compare the mean of large data populations with large dispersion [START_REF] Altman | Standard deviations and standard errors[END_REF]. For samples measured one or two times, we use the standard deviation (2SD) given by the dispersion of the standards (i.e., 0.11‰, see next paragraph). To avoid underestimating our uncertainty, when the values of the dispersion of the standards (in 2SD) are lower than the errors on the measured samples (in 2SE), the latter are used.

The uncertainties associated with ∆ 44/40 Ca MAA or MAD values was determined following an uncertainty propagation calculation for sum:

where ∆ (∆44/40CaMAA or MAD) , ∆ (δ44/40CaMAA or MAD) , and ∆ (δ44/40CaIS) are the uncertainties associated to ∆ 44/40 Ca MAA or MAD , δ 44/40 Ca MAA or MAD , and δ 44/40 Ca IS , respectively.

The average external reproducibility of δ 44/40 Ca measurements was 0.11‰ based on repeated measurements of NIST SRM915a (2SD, N=20) and 0.10‰ based on sample replicate measurements (2SD, N=25). The highest value was chosen as the external reproducibility (i.e., 0.11‰) in this study. The accuracy of our measurements was explored through the measurements of an internal Atlantic seawater standard (1.85‰ ± 0.11‰, 2SD, N=34) during the same period, which showed consistent values with those reported by [START_REF] Hippler | Calcium Isotopic Composition of Various Reference Materials and Seawater[END_REF], [START_REF] Heuser | Analytical Methods[END_REF] and the references therein.

RESULTS

Mass balance of adsorption-desorption

Ca adsorption and desorption were constrained by Ca elemental and isotopic analysis of the filtered supernatant obtained at the end of the adsorption and desorption procedures.

The amounts of Ca adsorbed onto the minerals were thus calculated by subtracting the amount of Ca measured in the supernatant after adsorption experiments to the Ca amount in the initial solution. All adsorption results are presented in Tables 2 and4, and the desorption results are presented in Tables 3 and4.

The filtration process is never 100% efficient and minerals are never entirely dried, indicating that a certain volume of the initial solution (that has reacted with the solid) remains in the pores of the mineral as residual liquid, which cannot be experimentally avoided: drying 3 and4. The tables report also isotopic signatures characterising Ca desorption (i.e., Δ 44/40 Ca MAD ), corrected or not, from these contributions. Applied corrections were not significant in both elementary and isotopic results, and they will no longer be considered in this article. Detailed calculations are available in the supplementary materials.

The results reported in Table 3 have not been corrected by the contribution of the possible dissolution of the mineral during adsorption/desorption experiments. For both KGa-2 and Tuftane muscovite, this assumption was justified, since no Ca was measured in the solution issued from their acidic digestion (section 2.4.). As far as Swy-2 is concerned, the acidic digestion experiment led to 1.75 µmol of Ca per 0.1 g, an amount corresponding to only 5% of the amount of Ca in the initial solution if all of the solid is digested. In our experiments at pH=4, only 0.6% of the solid was digested in 48 h, corresponding to 0.03% of Ca amount in the initial solution. This contribution was calculated by using aqueous silica measured in the supernatant after adsorption at pH=4 and by assuming a stoichiometric dissolution of the mineral. Thus, even if the release of alkali/alkaline earth ions can occur in the first steps of the experiments performed at pH=4 due to aluminosilicate dissolution (see [START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF], we can reasonably assume that this contribution will be negligible, considering the very slight dissolution measured (0.6 wt% of the solid in 48 h). Thus, we will neglect dissolution of Swy-2 in our experiments and also its potential contribution to Ca elementary and isotopic compositions of the solution.

The Ca adsorbed isotopic signature can be calculated by following the equation:

where version 3.1 software associated with the "thermo.vbd" thermodynamic database [START_REF] Gustafsson | Visual MINTEQ version 3.1, department of sustainable development[END_REF], showed that all solutions recovered after adsorption and desorption experiments are strongly undersaturated with respect to calcite, suggesting that CaCO 3 precipitation was not possible in our experiments. Thus, this process will be neglected in the discussion reported in the next sections relative to amounts of adsorbed Ca and the associated isotopic fractionation.

∆

Adsorbed and desorbed Ca amounts evolution through time

Considering Ca adsorption, similar trends are observed in the supernatant recovered after the elemental adsorption on KGa-2 at pH=7, Tuftane muscovite (50-200 µm) at pH=7, and Swy-2 and the Tuftane muscovite (0.1-1 µm) at pH=4 and pH=7 (Fig. 2B, 2D-H). A rapid decrease in the supernatant Ca content, which implies a rapid increase of the adsorbed Ca amount onto minerals, is observed initially in the experiment, and a maximum of adsorption is reached after: (1) 15 min for KGa-2 and Tuftane muscovite (50-200 µm) at pH=7; (2) 35 min for Tuftane muscovite (0.1-1 µm) at pH=4 and pH=7; and (3) 65 min for Swy-2 at pH=4 and pH=7. In all cases, maxima of adsorption were followed by the establishment of a chemical stationary state with amounts of adsorbed Ca that no longer evolved up to 48 h (i.e., 2880 min).

Concerning KGa-2 experiments at pH=4, the Ca adsorption rate decreases with time from 15 min to 48 h (Fig. 2A), which could be explained by a 2H + -Ca 2+ cation exchange taking place after 10 min of reaction. Such an exchange cannot be experimentally measured because the amount of H + exchanged with Ca 2+ necessary to explain the difference in the adsorbed Ca amount (see Table 2) will only generate a 0.02 pH unit decrease, which is within the analytical error of the pH-meter used (±0.2 pH unit). In the case of the Tuftane muscovite (50-200 µm), no Ca adsorption was observed (Fig. 2C).

The amounts of desorbed Ca for each mineral are also presented in Fig. 2. The amounts of Ca measured in the supernatant recovered after desorption experiments were between 97% ± 5-10% and 103% ± 5-10% of the Ca amount adsorbed on each mineral (Table 3), indicating that almost all of the adsorbed Ca was desorbed and suggesting a reversible process.

If we now consider the cationic competition experiments, we observe that the percentage of adsorbed K remains constant no matter the test and slightly higher for Swy-2 than for KGa-2 (22% and 27-30%, respectively, Table 4). In contrast, the percentages of 4). The desorption procedure is in all cases complete, indicating a reversible Ca adsorption.

Evolution of Ca isotopic fractionation during adsorption and desorption

The ∆ 44/40 Ca values calculated (see section 2.4.) after adsorption experiments evolved as a function of the studied mineral (see Fig. 3). No evolution of isotopic values through time was observed for KGa-2 at pH=4 and pH=7 and for Tuftane muscovite (50-200 µm) at pH=7 (Fig. 3A, 3B, and 3D). Note that no isotopic measurements were performed on the experiments carried out with the 50-200 µm size fraction of Tuftane muscovite at pH=4 due to the lack of Ca adsorption in these conditions (see Fig. 2C). By contrast, a constant apparent Ca isotopic fractionation of +0.22-0.27‰ was measured in the supernatant after Ca adsorption onto Tuftane muscovite (0.1-1 µm) at both pH values, up to 24 h (Fig. 3E and3F),

indicating an isotopic stationary state with a preferential uptake of light isotopes (e.g., 40 Ca) during Ca adsorption.

A different trend was observed for Swy-2 at both pH values (Fig. 3G and3H). First, a rapid increase in ∆ 44/40 Ca was observed during the first 20 min, with a maximum isotopic fractionation of +0.24-0.29‰ (for pH=7 and pH=4, respectively). Later, the ∆ 44/40 Ca decreased somehow to remain constant for both pH values, at approximately 0.10‰ higher than the initial solution.

If we now consider results from cationic competition experiments as well as the effect of the ionic strength (Fig. 4) and even if an isotopic trend seems to appear during Swy-2 adsorption experiments (an increase of ∆ 44/40 Ca MAA when other cation concentrations decrease; R²=0.9772 and R²=0.9326, for competition and ionic strength, respectively), no significant Ca isotopic fractionation can be observed for KGa-2 at pH=7. This trend cannot be discussed with sufficient robustness due to the very low isotopic fractionation generated.

For all materials investigated, the ∆ 44/40 Ca MAD values calculated after the desorption experiments (Fig. 3 and4) from our measured δ 44/40 Ca MAD values (see Eq. 2) were equal to zero within analytical uncertainties. These values can be compared to those calculated (e.g., ∆ 44/40 Ca DES ) following the mass balance equation presented in section 3.1 (see Eq. 4) using the ∆ 44/40 Ca MAA and Δ 44/40 Ca IS measured values, and the proportion of Ca adsorbed (i.e., p).

These results indicate that, even if the Ca adsorbed on the mineral should has a lower isotopic signature than the Ca remaining in the supernatant after adsorption, this theorical isotopic fractionation is too slight in our conditions to be measurable on the desorbed Ca (see section 4.3).

DISCUSSION

Factors controlling adsorption

Three types of adsorption sites are present in different proportions on phyllosilicate minerals: the edge surfaces (pH-dependent sites), the basal surfaces, and the interlayer space (both pH-independent site; [START_REF] Sposito | Surface geochemistry of the clay minerals[END_REF]. Contrary to Swy-2 (montmorillonite), Ca adsorption only takes place on basal and edge surfaces of KGa-2 (kaolinite) and Tuftane muscovite, as their interlayer spaces remain inaccessible to aqueous cation adsorption due to, respectively: (1) hydrogen bonds, which remain stable in water [START_REF] Mitchell | Fundamentals of soil behavior[END_REF], and (2) strongly fixed K + , which cannot be mobilized by another cation under our experimental conditions. Note that no extra K were measured in the supernatant recovered after the adsorption experiments, confirming the latter. The recorded amounts of adsorbed Ca is different across the experiments, which can be linked to the proportion of different adsorption sites of each mineral and the grain-size fraction used.

Kaolinite is considered as a mineral without isomorphic substitution of Si and Al in tetrahedral or octahedral layers, which lead to an absence of pH-independent negative layer charge (0/cell; [START_REF] Ferris | The exchange capacities of kaolinite and the preparation of homoionic clays[END_REF]Sposito, 2008). Thus, Ca adsorption onto KGa-2 can only take place on edge surfaces whose protonation state is pH-dependent.

Like KGa-2, the reactive surface of Tuftane muscovite (50-200 µm) is totally pHdependent, and it was certainly represented only by edge surface sites during our experiments in which no Ca adsorption was measured at pH=4 and a low Ca amount was adsorbed at pH=7 (probably due to deprotonation of silanol sites at this pH; [START_REF] Tertre | Surface chemistry of kaolinite and Na-montmorillonite in aqueous electrolyte solutions at 25 and 60 C: experimental and modeling study[END_REF]. Thus, high layer charge of muscovite (2/cell; [START_REF] Guggenheim | Summary of Recommendations of Nomenclature Committees Relevant to Clay Mineralogy: Report of the Association Internationale Pour L'etude des Argiles (aipea) Nomenclature Committee for 2006[END_REF] does not lead to an important adsorption onto the basal surface (to compensate for permanent negative layer charge) at this grain size. This effect can be explained by the very low specific surface area of the mineral (<0.1 m 2 .g -1 ), which lead to a very small amount of reactive adsorption sites, particularly basal surfaces. In contrast, a large amount of Ca was adsorbed at both pH values for Tuftane muscovite (0.1-1 µm), and a low difference in the adsorbed Ca amount between pH=4 and pH=7 was recorded, pointing to a small amount of pH-dependent reactive surfaces (edge surfaces) and a large amount of pH-independent reactive surfaces (basal surfaces), in agreement with the important specific surface area measured for this grain-size fraction (62.23 m².g -1 ; see Table 1).

The difference in basal site proportion observed between the two studied grain size fractions of Tuftane muscovite is linked to the grinding process, which causes a size reduction without necessarily preserving the proportions of each type of adsorption site (MacKenzie and Milne, 1953;[START_REF] Papirer | Variation of the surface energy characteristics of mica (muscovite) upon grinding[END_REF][START_REF] Sivamohan | A comparative study of stirred and vibratory mills for the fine grinding of muscovite, wollastonite and kaolinite[END_REF]. Two main types of size reductions are recorded: (1) fractures perpendicular to the (001) faces, which allow formation of new edge surfaces by breaking crystalline layer tetrahedrons and octahedrons, and (2) delamination along the (001) faces, which allow an increase in the proportion of basal surfaces [START_REF] Sivamohan | A comparative study of stirred and vibratory mills for the fine grinding of muscovite, wollastonite and kaolinite[END_REF]Parez-Maqueda et al., 2003; see Fig. 5). These two combined effects explain the increase in the absolute number of available sites (and particularly of basal surface sites) for adsorption when the particle size decreases, and they are therefore compatible with a significant difference in the of CEC and the external specific surface area between the two size fractions (see Table 1).

The same amounts of Ca are adsorbed onto Swy-2 at pH=4 and pH=7 (see section 3.2.), implying a solely pH-independent site contribution, which is in agreement with the H + saturation of the Swy-2 edge surface sites in our experimental conditions [START_REF] Tertre | Influence of the ionic strength and solid/solution ratio on Ca(II)-for-Na+ exchange on montmorillonite. Part 1: Chemical measurements, thermodynamic modeling and potential implications for trace elements geochemistry[END_REF]. Thus, Na + -Ca 2+ exchange occurs only on basal surfaces (to compensate for the permanent negative layer charge, 0.6/cell; [START_REF] Guggenheim | Summary of Recommendations of Nomenclature Committees Relevant to Clay Mineralogy: Report of the Association Internationale Pour L'etude des Argiles (aipea) Nomenclature Committee for 2006[END_REF] and in interlayer spaces.

The latter mobilizes Ca rapidly, as seen by the amount of adsorbed Ca on Swy-2 (basal surface sites and interlayer space sites), which is five times greater than the amount onto Tuftane muscovite (0.1-1 µm) (majority of basal surface sites). This difference cannot be explained only by the external specific surface area difference [28.60 and 62.23 for Swy-2 and Tuftane muscovite (0.1-1 µm), respectively; see Table 1] and it implies adsorption in internal sites as interlayer space sites for Swy-2.

Beyond pH-dependence of adsorption sites, the contact time between Ca initial solution and minerals plays an important role in the adsorption amount and in the establishment of an adsorption stationary state. The latter is related to: (1) the time needed to reach the adsorption site (especially by diffusion into the interlayer space; [START_REF] Tertre | Cation diffusion in the interlayer space of swelling clay minerals-A combined macroscopic and microscopic study[END_REF] and ( 2) the mineral CEC (the higher CEC implies more time is needed to reach a stationary state; see Fig. 6). Thus, the differences in time needed to reach the elementary stationary state observed for Tuftane muscovite (50-200 µm), KGa-2, Tuftane muscovite (0.1-1 µm) and Swy-2 can be explained by their differences of the permanent negative layer charge (which leads to adsorption on the basal surfaces), the specific surface area (i.e., amount of available adsorption sites) and the contribution of interlayer spaces (i.e., important amount of internal adsorption site).

Ca isotopic fractionation pattern during adsorption

No isotopic fractionations were measured during the KGa-2 and Tuftane muscovite (2) α IS-MAA =0.99985 to 0.99996 and 0.99989 to 0.99992 for Swy-2 at pH=4 and pH=7, respectively (see Fig. 7).

These isotopic fractionation factors were then used to calculate theoretical ∆ 44/40 Ca MAA values following a closed system equilibrium law described by: where ∆ 44/40 Ca IS is the isotopic value of the initial solution (i.e., 0‰), f is the fraction of Ca remaining in the solution after the adsorption experiments, and α IS-MAA is the isotopic fractionation factor reported above for Tuftane muscovite (0.1-1 µm) and Swy-2 at both pH values.

In the cases of the Tuftane muscovite (0.1-1 µm) at both pH values, and Swy-2 at both pH values in adsorption experiments from 65 min up to 48 h (i.e., more than 90% of initial Ca adsorbed), the measured values of Ca isotopic fractionation follow a closed system equilibrium fractionation law. A similar trend has been observed for other elements (Li and Cu) adsorbed onto clay minerals, and it has been explained, for metallic cations, by a differential adsorption of aqueous chemical species involving the studied element (e.g., [START_REF] Millot | Lithium isotope fractionation during adsorption onto mineral surfaces[END_REF]Li et al., 2015 and references therein). Despite the robustness of this explanation for results reported in these previous studies, it is highly unlikely in our case, since the first main aqueous Ca species (Ca 2+ ) is, at least, one thousand times more concentrated than the second one (CaNO 3 + ) (as calculated using VisualMinteq TM version 3.1 software associated with the "thermo.vbd" thermodynamic database; [START_REF] Gustafsson | Visual MINTEQ version 3.1, department of sustainable development[END_REF]. The only common factor between Swy-2 and Tuftane muscovite (0.1-1 µm) is the layer charge, which differs in intensity. Thus, the adsorption onto the basal surface should control the recorded isotopic fractionation at thermodynamic equilibrium. Moreover, layer charge intensity could imply a higher selectivity for light isotopes (e.g., 40 Ca) for basal surface sites, which explain the isotopic fractionation intensity difference between the two minerals 

Implications for other phyllosilicate minerals commonly found within soils

Many phyllosilicate minerals, particularly clay minerals, are represented within natural soils. Their proportions are extremely variable and dependent on parameters driving weathering and pedogenesis: (1) the substratum forming the soil, (2) climatic conditions (e.g., temperature and precipitation), (3) the chemical composition of the soil solution, and (4) biological activities [START_REF] Wilson | The origin and formation of clay minerals in soils: past, present and future perspectives[END_REF][START_REF] Meunier | Clays[END_REF]. Our controlled parameters (especially the Ca concentration of the initial solution and the solid/solution ratio) and the small number of quantitative data available in the literature about phyllosilicate mineral proportions within soils make difficult the transposition of the results obtained in this study to natural environments. Nevertheless, the potentially very high solid/solution ratio of natural soil [from zero to several kilograms of clay mineral per litre of soil solution, calculated from [START_REF] Weil | The Nature and Properties of Soil[END_REF]] could, in the light of current knowledge, generate a Ca-limiting solution (i.e., more than 75% of Ca in solution adsorbed), even in natural environments. By assuming that our results can be transposed to other phyllosilicate minerals, it is thus possible to qualitatively determine which types of minerals will potentially generate a Ca isotopic fractionation during adsorption occurring in similar conditions to those used in our experiments. According to [START_REF] Guggenheim | Summary of Recommendations of Nomenclature Committees Relevant to Clay Mineralogy: Report of the Association Internationale Pour L'etude des Argiles (aipea) Nomenclature Committee for 2006[END_REF], phyllosilicate minerals are divided into nine large groups that present different crystallographic characteristics (Table 5).

In our experimental conditions, Ca isotopic fractionation intensity is mainly related Ca isotopic fractionation, as observed in Swy-2 adsorption experiments. For the chlorite and "variable" groups (see Table 5), estimations are difficult due to their high variability of crystallographic characteristics. The three mica groups (i.e., true, interlayer-deficient and brittle; see Table 5) should generate the highest Ca isotopic fractionation due to their very high layer charge. According to our results, this behavior could be enhanced in the case of size reduction (increased specific surface area).

If a high amount of Ca is adsorbed on these minerals and that desorption is total (by exchange with other cations located in the soil solution), none of these minerals should generate an isotopic fractionation during desorption, which was observed in our study In our experiments, a very large amount of adsorbed Ca associated with a low intensity isotopic fractionation recorded do not allow us to record isotopic fractionation after desorption experiments (∆ 44/40 Ca DES and ∆ 44/40 Ca IS are similar). Thus, for Tuftane muscovite (0.1-1 µm) and Swy-2 experiments in which an increase of ∆ 44/40 Ca MAA is measured and 65% to 93% of initial Ca is adsorbed, ∆ 44/40 Ca DES should be between -0.11‰ and 0‰ if desorption is total (see Fig. 9). Only adsorption of a small Ca amount associated with an important isotopic signature modification of the supernatant after adsorption experiments might generate an important Ca isotopic fractionation during total desorption experiments. Partial desorption could generate and isotopic fractionation, as suggested by [START_REF] Ockert | Isotope fractionation during Ca exchange on clay minerals in a marine environment[END_REF], and should be strongly dependent on the α IS-MAA values, and then of the mineral and physicochemical conditions considered (see Fig. 7). This could be occurred in natural environments where it is highly unlikely to generate a total desorption, especially for minerals having an important CEC and/or layer charge. These authors also recorded Ca isotopic fractionations during adsorption on clay minerals in an oceanic context (especially on kaolinite), which were of higher intensity than those measured in the present study. Mechanisms involved to explain such a difference remain unknown, but they could be related to the different experimental conditions (e.g., solid/solution ratio, presence of NH 4 + , and ionic strength) or the use of artificial seawater as the initial solution. This rich Cl -solution leads to particular Ca aqueous speciation {i.e., [Ca(H 2 O) n ] 2+ and [CaCl(H 2 O) n ] + , where n is the coordination number} which can have an impact on the isotopic fractionation during Ca adsorption. Recent studies, using ab initio calculations, showed that significant Ca isotopic fractionation exists during fluidmineral interactions between different species and even between the same species having different coordination numbers [START_REF] Colla | Calciumisotope fractionation between solution and solids with six, seven or eight oxygens bound to Ca (II)[END_REF][START_REF] Moynier | Calcium isotope fractionation between aqueous compounds relevant to low-temperature geochemistry[END_REF]. For example, a

Ca isotopic fractionation of 0.17‰ to 2.05‰ could exist between CaCl(H 2 O) 5 + and Ca(H 2 O) n

2+

, depending on the coordination number (i.e., n= 6 to 8; [START_REF] Moynier | Calcium isotope fractionation between aqueous compounds relevant to low-temperature geochemistry[END_REF].

None of these effects have been highlighted in our study, but more complex patterns, as in the natural environment, could potentially lead to this type of phenomena.

CONCLUSION

In this study, we have experimentally determined, in a batch system, that the intensity of Ca isotopic fractionations occurring during adsorption phenomena on three phyllosilicate minerals commonly encountered within soils (a kaolinite KGa-2, a montmorillonite Swy-2 and a Tuftane muscovite with two different grain size fractions) is controlled by layer charge, the specific surface area and the interlayer space open to aqueous cation adsorption. No isotopic fractionation was recorded during KGa-2 (0.1-1 µm) and Tuftane muscovite (50-200 µm) experiments, while the light Ca isotopes (e.g., 40 Ca) were preferentially adsorbed on Swy-2 (0.1-1 µm) and Tuftane muscovite (0.1-1 µm). An isotopic fractionation that follows a close system equilibrium law was recorded for Tuftane muscovite (0.1-1 µm) experiments and for Swy-2 (0.1-1 µm) experiments after 65 min. For Tuftane muscovite (0.1-1 µm), this behaviour has been linked with the presence and intensity of mineral layer charge. A more complex pattern has been described for Swy-2 (0.1-1 µm), involving: (1) a kinetic isotopic fractionation generated by a selective adsorption of light isotopes (e.g., 40 Ca) in the interlayer space during the first time of experiments, followed by

(2) an equilibration of the interlayer space with the surrounding solution, leading to a decrease of the supernatant isotopic signature, and (3) an equilibrium fractionation again linked to the intensity of the layer charge. No isotopic fractionation has been recorded during complete desorption in our conditions.

If we now transpose these results to the natural environment, we can expect that the mica group and the Smectite-Vermiculite group should generate a significant Ca isotopic fractionation during adsorption phenomena. Thus, adsorption on phyllosilicate minerals could be a non-negligible contributor to the Ca isotopic signature of the rivers.
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Figure Captions

  can cause salt precipitation and washing can create a new uncontrolled cation exchange. For desorption experiments, a chloride hexaamine-cobalt solution is added to the residue of adsorption (mineral + residual liquid = slurry). The Ca amounts present in the residual fluid and the initial chloride hexaamine-cobalt solution may modify elemental and isotopic signatures of the supernatant recovered after the desorption experiments. The Ca proportions coming from the residual liquid in clay slurry and the hexaamine-cobalt solution are reported in Tables
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 50 200 µm) experiments, in which only edge surface sites are involved in Ca adsorption. This result indicate that edge surface sites do not generate isotopic fractionation during Ca adsorption, implying that 40 Ca and 44 Ca isotopes are equally adsorbed. With regard to Tuftane muscovite (0.1-1 µm), for which adsorption occurs for the most part on basal surfaces, a positive isotopic fractionation plateau (+0.24‰) was reached in the supernatant after 10 min of adsorption experiments at both pH values. These results indicate that basal surface sites are rapidly reached by Ca in solution and that they are highly selective for the light isotopes of Ca (e.g., 40 Ca). A different pattern of positive isotopic fractionation was recorded during the Swy-2 experiments, in which adsorption occurred on basal surfaces and in interlayer spaces. A high isotopic fractionation (+0.24‰ to 0.29‰) was measured in the supernatant until 65 min of reaction had passed, after which values decreased, with an isotopic plateau forming at a value of +0.10‰ for up to 48 h at both pH values. These different behaviours of Tuftane muscovite (0.1-1 µm) and Swy-2 can be explained by the adsorption on the interlayer space sites, which also have high selectivity for light isotopes of Ca (e.g., 40 Ca) and play an important role during the first 65 min of Swy-2 experiments. Adsorption onto basal surfaces of Swy-2 can explain the isotopic plateau recorded after 65 min of reaction, which presents the same pattern as the one observed during Tuftane muscovite (0.1-1 µm) experiments. Thus, Ca isotopic fractionation during adsorption is site-dependent, and it is controlled by adsorption on basal surfaces and in interlayer spaces. Moreover, the same intensities of isotopic fractionation were recorded at both pH values for each mineral, indicating that contrary to elementary adsorption, Ca isotopic fractionation intensity is pH-independent.The ∆ 44/40 Ca mean values calculated for the last recorded times of the adsorption experiments (i.e., isotopic plateau) increased from KGa-2 (0‰) to Swy-2 (+0.10‰) and Tuftane muscovite (+0.24‰). By assuming that the isotopic fractionation recorded during the isotopic plateau is generated by adsorption onto basal surfaces, the mineral layer charge can explain the gradual increase of the Ca isotopic fractionation from KGa-2 (0/cell) to Swy-2 and Tuftane muscovite (0.6/cell and 2/cell, respectively). As no Ca isotopic fractionations were recorded during the Tuftane muscovite (50-200 µm) experiments despite a high layer charge, we assume that the grain size fraction and thus the specific surface area of the mineral must be important for generating isotopic fractionation during adsorption. Thus, the Ca isotopic fractionation intensity is controlled by: (1) the layer charge and the surface specific area (grain size fraction) of the mineral and (2) the presence of an interlayer space open to hydrated cation adsorption.Mean values and associated 2SE errors have been calculated for the isotopic plateau (i.e., isotopic stationary state) recorded during the Swy-2 and Tuftane muscovite (0.1-1 µm) experiments at pH=4 and pH=7. These values were used to calculate the isotopic fractionation factor (i.e., α IS-MAA ) between supernatant recovery after the adsorption experiments (i.e., ∆ 44/40 Ca MAA ) and the initial solution (i.e., ∆ 44/40 Ca IS ) for both minerals, as follows:By considering the error associated with each ∆ 44/40 Ca MAA mean value, these calculations lead to an interval of α values for each mineral at both pH values: (1) α IS-MAA =0.99973 to 0.99979 and 0.99975 to 0.99978 for Tuftane muscovite (0.1-1 µm) at pH=4 and pH=7, respectively;

[

  +0.24‰ to +0.10‰ for Tuftane muscovite (0.1-1 µm) and Swy-2, respectively].Within the first 35 min of Swy-2 adsorption experiments (i.e., less than 90% of Ca adsorbed), Ca isotopic fractionation does not follow a closed system equilibrium law, indicating that other processes are necessary to explain our measured values (see Fig.7C and 7D). By assuming the Swy-2 interlayer space is a finite space box, a selective adsorption of light Ca isotopes (e.g.,40 Ca), with no back-reaction, could generate an increase of ∆ 44/40 Ca MAA until an isotopic plateau corresponding to the maximum Ca adsorption capacity of the interlayer space is attained (Fig.8A). This unidirectional adsorption of light Ca isotopes thus generates a kinetic isotopic fractionation when the adsorption reaction first occurs, which eases when the maximum capacity of Ca adsorption in the interlayer space is reached. A decrease of ∆ 44/40 Ca MAA isotopic values could then be generated by complete (i.e., ∆ 44/40 Ca MAA = ∆ 44/40 Ca IS ) or incomplete (i.e., ∆ 44/40 Ca MAA > ∆ 44/40 Ca IS ) equilibration of the interlayer space with the surrounding solution (see Fig.8 B).Thus, ∆ 44/40 Ca MAA measured during our experiments should be the result of three phenomena: (1) a kinetic isotopic fractionation due to preferential adsorption of light isotopes into the interlayer space, (2) an isotopic equilibration of the interlayer space with the surrounding solution, and (3) an equilibrium fractionation linked to the intensity of the layer charge. The last phenomena should be the principal contributor of ∆ 44/40 Ca MAA after 65 min of reaction if the isotopic equilibration is complete (see Fig.8C and 8D).

  to the layer charge and, to a lesser extent, the presence of an interlayer space open to hydrated cations adsorption (at least initially in experiments). Serpentine-kaolin and talc-pyrophyllite mineral groups, which have no layer charge and no interlayer space open to hydrated cation adsorption, are thus not expected to generate a Ca isotopic fractionation during the adsorption phenomenon. Smectite and vermiculite mineral groups have an intermediate layer charge and an interlayer space open to hydrated cation adsorption. These minerals should thus generate

(

  ∆44/40 Ca DES = ∆ 44/40 Ca IS ). This observation might be explained by the proportion of adsorbed Ca relative to the Ca amount in the initial solution. Following the mass balance equation described in section 3.1., ∆ 44/40 Ca DES of desorbed Ca can be calculated by: where ∆ 44/40 Ca IS , ∆ 44/40 Ca DES and ∆ 44/40 Ca MAA represent the isotopic signatures of the initial solution, the desorbed Ca and the supernatant measured after adsorption experiments, respectively. This calculation has been performed for different values of p (from 0.05 to 1); different values of ∆ 44/40 Ca MAA [0.24‰, 0.10‰ and 0‰ for Tuftane muscovite (0.1-1 µm), Swy-2 and KGa-2/Tuftane muscovite (50-200 µm), respectively], corresponding to isotopic signatures measured at the isotopic steady-state of each adsorption experiment; and a constant value of ∆ 44/40 Ca IS (0‰). Our results (Fig.9) show that if we keep similar isotopic values for ∆ 44/40 Ca IS and ∆ 44/40 Ca MAA , the amount of adsorbed Ca is a critical parameter. The amount of adsorbed Ca can change the ∆ 44/40 Ca DES from 0‰ to -4.57‰ and from 0‰ to -1.80‰ for Tuftane muscovite (0.1-1 µm) and Swy-2, respectively. These values correspond to Ca adsorptions of 100% and 5%, respectively.
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 1 Figure 1. Ca separation experiments on TODGA resin. An artificial solution containing 50
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 2 Figure 2. The amount (in µmol) of Ca measured in the 40 mL supernatant recovered after the
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 3 Figure 3. ∆ 44/40 Ca MAA and ∆ 44/40 Ca MAD calculated between the isotopic value of the initial
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 45 Figure 4. Amount of Ca remaining in the supernatant recovered after the adsorption and
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 6 Figure 6. Time to reach a chemical stationary state for the Ca adsorption reaction as a
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 7 Figure 7. Comparison between the calculated ∆ 44/40 Ca MAA values, considering a closed system

Figure 8 .

 8 Figure 8. Schematic drawing of different processes occurring during Ca adsorption onto Swy-2 particles [i.e., TOT-(interlayer space)-TOT] and their effects on ∆ 44/40 Ca MAA . (A) Selective adsorption of light isotopes (e.g., 40 Ca) in interlayer space leads to an increase of ∆ 44/40 Ca MAA . (B) Equilibration of the interlayer space with the surrounding solution leads to a decrease of ∆ 44/40 Ca MAA , and (C) selective adsorption of light isotopes (e.g., 40 Ca) onto basal surface sites leads to an increase of ∆ 44/40 Ca MAA . (D) A synthesized conceptual illustration is
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 9 Figure 9. Results of ∆ 44/40 Ca DES mass balance calculation as a function of the fraction of Ca
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 2 of Ca is non-infinite with respect to the amount of adsorbed Ca), making it possible to resolve the isotopic fractionation with a high resolution. .

	) were adjusted for each

amount of adsorbed Ca for performing isotopic measurements and (2) a limiting solution (i.e., the initial amount

Table 3

 3 

	]. After 24 h of

  44/40 Ca ADS , ∆ 44/40 Ca IS and ∆ 44/40 Ca MAA are the Ca isotopic signatures of the adsorbed Ca, the initial solution and the supernatant measured after adsorption experiments, respectively. p is the proportion of the initial Ca adsorbed onto minerals. Note that in our case, ∆ 44/40 Ca IS is equal to 0. By considering total desorption, calculated ∆ 44/40 Ca ADS should be on the same order as ∆ 44/40 Ca DES (the isotopic value of desorbed Ca) and measured and corrected ∆ 44/40 Ca MAD corrected (the isotopic value of the supernatant measured after desorption experiments) (see section 4.3.). The performed calculations have validated that our experiments follow the mass balance within the error bars (see supplementary materials).

	Our experiments were carried out under atmospheric conditions, allowing CO 2
	dissolution during adsorption experiments. The calculation, performed with VisualMinteq TM

  adsorbed Ca, Sr and Mg increase from Test (1) to Test (1/4), with approximately 70% of each element being adsorbed, no matter the considered mineral. In contrast, if Ca and Sr desorptions are complete, no matter the test or the mineral, desorptions of K and Mg are not,

and their effectiveness increases from Test (1) to Test (1/4) for both KGa-2 and Swy-2, with maxima at 50% and 4% for K and Mg, respectively. As far as the effect of ionic strength is concerned, adsorbed Ca concentrations are inversely correlated with the NaCl concentrations of the initial solutions of both KGa2 and Swy-2 (Table

Table Captions Table 1 .

 Captions1 Measured cation exchange capacities (CEC), obtained from protocol of[START_REF] Ciesielski | Determination of cation exchange capacity and exchangeable cations in soils by means of cobalt hexamine trichloride. Effects of experimental conditions[END_REF], percentages of CEC values represented by Na cations, and BET N2 specific surface areas of the phyllosilicates used. The layer charge values and the possible accessibility of the interlayer space to aqueous cations are taken from: 1 Schroth and Sposito

Table 2 .

 2 The amount of adsorbed Ca and the apparent isotopic fractionation between the initial solution and the supernatant after adsorption experiments using 100 mg of each mineral at each grain size fraction. The amount of adsorbed Ca (in µmol) is calculated from the initial amount of Ca minus the amount of Ca measured in the supernatant after adsorption experiments. ∆ 44/40 Ca MAA 1 and ∆ 44/40 Ca MAA 2 represents the first measurements and replicates, respectively while ∆ 44/40 Ca MAAmean represents the mean values. Uncertainties on

	isotopic measurements have been calculated following an uncertainty propagation
	calculation (see Eq.3 and section 2.4. for more details). KGa-2 and Swy-2 have the same size
	distribution as the one for the Tuftane muscovite used (i.e., 0.1-1 µm) (see section 2.1. in the
	text for preparation procedure).
	IS=initial solution, MAA=measured after adsorption experiments.

Table 3 .

 3 The amount of desorbed Ca and the apparent isotopic fractionation between the

	initial solution and the supernatant after desorption experiments uncorrected and corrected
	with respect to the Ca contributions of the residual liquid and the chloride hexaamine-cobalt
	(HC) solution. The amounts of desorbed Ca (in µmol) in the 40 mL supernatant were
	measurement after desorption experiments. The contributions of Ca of the residual liquid and
	the HC solution are given as a percentage of the total amount of Ca measured after the
	desorption experiment. ∆ 44/40 Ca MAD 1 and ∆ 44/40 Ca MAD 2 represents the first measurements
	and the replicates, respectively while ∆ 44/40 Ca MADmean represent the mean values.
	Uncertainties on isotopic measurements have been calculated following an uncertainty
	propagation calculation (see Eq.3 and section 2.4. for more details). KGa-2 and Swy-2 have
	the same size distribution as the one for the Tuftane muscovite used (i.e., 0.1-1 µm) (see
	section 2.1. in the text for preparation procedure).
	IS=initial solution, HC=hexaamine-cobalt, MAD= measured after desorption experiments.

Table 4 .

 4 The amount of adsorbed and desorbed Ca and the apparent isotopic fractionation

	between initial solution and supernatant after adsorption and desorption experiments
	uncorrected and corrected with respect to the Ca contributions of the residual liquid and the
	chloride hexaamine-cobalt (HC) solution. The amounts of adsorbed and desorbed Ca, K, Sr
	and Mg (in µmol) are measured in the 40 mL supernatant after adsorption and desorption
	experiments. The contributions of Ca of the residual liquid and the HC solution are given as a
	percentage of the total amount of Ca measured after the desorption experiment. Uncertainties
	on isotopic measurements have been calculated following an uncertainty propagation
	calculation (see Eq.3 and section 2.4. for more details).
	HC=hexaamine-cobalt.

Table 5 .

 5 Crystallographic characteristics of phyllosilicates commonly encountered within

	(2006).

soils. Layer charges are given per formula unit (p.f.u.). Modified from

Guggenheim et al. 
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APPENDIX A. SUPPLEMENTARY MATERIAL