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INTRODUCTION

The trace elemental composition of carbonate rocks, as well as their isotopic ratios, are widely used for the reconstruction of marine and lacustrine environmental conditions that prevailed in the geological past. The incorporation of trace elements and/or impurities into the lattice of carbonate minerals, however, is controlled by physicochemical parameters such as temperature, pH or salinity, and it is affected by the mineralogy of the precipitated CaCO3 phase (e.g. [START_REF] Mucci | The incorporation of Mg 2+ and Sr 2+ into calcite overgrowths; influences of growth rate and solution composition[END_REF][START_REF] Busenberg | Kinetic and thermodynamic factors controlling the distribution of SO42-and Na+ in calcites and selected aragonites[END_REF][START_REF] Dietzel | Coprecipitation of Ni 2+ , Co 2+ , and Mn 2+ with galena and covellite, and of Sr 2+ with calcite during crystallization via diffusion of H2S and CO2 through polyethylene at 20 degrees C: Power law and Nernst law control of trace element partitioning[END_REF][START_REF] Tesoriero | Solid solution partitioning of Sr 2+ , Ba 2+ , and Cd 2+ to calcite[END_REF][START_REF] Dietzel | Co-precipitation of Sr 2+ and Ba 2+ with aragonite by membrane diffusion of CO2 between 10 and 50[END_REF][START_REF] Tang | Sr 2+ /Ca 2+ and 44 Ca/ 40 Ca fractionation during inorganic calcite formation: I. Sr incorporation[END_REF][START_REF] Mavromatis | Kinetics of Mg partition and Mg stable isotope fractionation during its incorporation in calcite[END_REF][START_REF] Rodler | Chromium isotope uptake in carbonates: An experimental and application-based evaluation of the potential use of chromium isotopes as a paleoclimatic tracer in the marine environment[END_REF]2017;[START_REF] Hoefs | Stable Isotope Geochemistry[END_REF]2019;[START_REF] Füger | Effect of growth rate and pH on lithium incorporation in calcite[END_REF][START_REF] Goetschl | Effect of sulfate on magnesium incorporation in low-magnesium calcite[END_REF]. To date the majority of scientific contributions in this field have mainly focused on the incorporation behavior of divalent metal cations (Me 2+ ), owing to the fact that they ideally substitute for Ca 2+ in the lattice of CaCO3 minerals, e.g. calcite and aragonite (e.g. [START_REF] Reeder | XAFS study of the coordination and local relaxation around Co 2+ , Zn 2+ , Pb 2+ , and Ba 2+ trace elements[END_REF][START_REF] Finch | Coordination of Sr and Mg in calcite and aragonite[END_REF]. So far, less attention has been given to the incorporation of oxyanions, although studies for sulfate (e.g. [START_REF] Wynn | Sulphate partitioning into calcite: Experimental verification of pH control and application to seasonality in speleothems[END_REF][START_REF] Busenberg | Kinetic and thermodynamic factors controlling the distribution of SO42-and Na+ in calcites and selected aragonites[END_REF][START_REF] Busenberg | Kinetic and thermodynamic factors controlling the distribution of SO42-and Na+ in calcites and selected aragonites[END_REF], arsenate (e.g. [START_REF] Yokoyama | Differences in the immobilization of arsenite and arsenate by calcite[END_REF] and selenite substitution (e.g. [START_REF] Cowan | Solution ion effects on the surface exchange of selenite on calcite[END_REF][START_REF] Reeder | Mechanism of SeO4 2substitution in calcite: an XAFS study[END_REF][START_REF] Hebling | A thermodynamic adsorption/entrapment model for selenium(IV) coprecipitation with calcite[END_REF] exist. Likely the most well studied example of oxyanion substitution in CaCO3 minerals is that of borate and its isotopic composition [START_REF] Mavromatis | Characterization of boron incorporation and speciation in calcite and aragonite from co-precipitation experiments under controlled pH, temperature and precipitation rate[END_REF][START_REF] Noireaux | Crystallographic control on the boron isotope paleo-pH proxy[END_REF][START_REF] Uchikawa | Experimental evidence for kinetic effects on B/Ca in synthetic calcite: Implications for potential B(OH)4and B(OH)3 incorporation[END_REF]2017), owing to its use as a potential pH proxy (Hemming and Hanson, 1994).

Interestingly, although chromate content and its isotope composition in marine carbonates are increasingly used as paleo-redox proxy (e.g. [START_REF] Crowe | Atmospheric oxygenation three billion years ago[END_REF][START_REF] Frei | Fluctuations in Precambrian atmospheric oxygenation recorded by chromium isotopes[END_REF][START_REF] Planavsky | Low Mid-Proterozoic atmospheric oxygen levels and the delayed rise of animals[END_REF][START_REF] Reinhard | Proterozoic ocean redox and biogeochemical stasis[END_REF] the reaction mechanisms and the Cr isotope discrimination during chromate incorporation in calcite are not well explored [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF][START_REF] Rodler | Chromium isotope uptake in carbonates: An experimental and application-based evaluation of the potential use of chromium isotopes as a paleoclimatic tracer in the marine environment[END_REF][START_REF] Rodler | Fractionation behavior of chromium isotopes during coprecipitation with calcium carbonate: Implications for their use as paleoclimatic proxy[END_REF]. The topic of this study is to contribute to the understanding of the mechanisms controlling the incorporation of Cr(VI) and the potential chromium isotope fractionation during its incorporation in calcite. The ultimate goal is to set a framework that can be used in the evaluation and characterization of marine depositional environments in the past that rely on the isotope signature of chromium in carbonates.

Owing to its significant redox sensitivity, the chromium isotope system has become a modern tool to study the evolution of oceanic and atmospheric O2 levels in Earth's history [START_REF] Frei | Fluctuations in Precambrian atmospheric oxygenation recorded by chromium isotopes[END_REF][START_REF] Konhauser | Aerobic bacterial pyrite oxidation and acid rock drainage during the Great Oxidation Event[END_REF][START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF][START_REF] Frei | Chromium isotope fractionation during oxidative weatheringimplications from the study of a Paleoproterozoic (ca. 1.9 Ga) paleosol[END_REF][START_REF] Crowe | Atmospheric oxygenation three billion years ago[END_REF][START_REF] Bonnand | The chromium isotopic composition of seawater and marine carbonates[END_REF][START_REF] Planavsky | Low Mid-Proterozoic atmospheric oxygen levels and the delayed rise of animals[END_REF]Rodler et al., 2016a;2017;[START_REF] D'arcy | Measuring alluvial fan sensitivity to past climate changes using a self-similarity approach to grain-size fining[END_REF][START_REF] Gilleaudeau | Oxygenation of the mid-Proterozoic atmosphere: clues from chromium isotopes in carbonates[END_REF][START_REF] Hoefs | Stable Isotope Geochemistry[END_REF]. Chromium occurs mainly in the oxidation states (VI) and (III). The oxidized Cr(VI) species can be mobilized as aqueous chromates CrO4 2-, HCrO4 -and CaCrO4 0 . Aqueous Cr(VI) can be incorporated into carbonate minerals, ideally replacing CO3 2-in their lattice [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF]. In contrast, dissolved reduced Cr(III) species are strongly reactive and usually form oxides or oxyhydroxides that are insoluble and immobile in the pH range met in natural waters. However, likely through its complexation with inorganic (McClain and Maher, 2016) and/or organic molecules [START_REF] Nakayama | Chemical Speciation Of Chromium In Sea Water Part 1. Effect of Naturally Occurring Organic Materials on the Complex Formation, of Chromium(III)[END_REF]Kaczynski and Kieber, 1994), Cr (III) can readily form soluble organo-metallic complexes that may or may not have a significant control on the dissolved Cr pool in a specific water column.

The common view of the Cr isotope paleo-redox proxy is grounded in the idea that oxidative weathering of Cr(III)-containing minerals by manganese (Mn) oxides, the formation of which requires free oxygen, is required for Cr redox cycling and Cr isotope fractionation. The oxidation state of Cr is sensitive to the prevailing pO2 and the oxidation of Cr(III), that is abundant in igneous Earth reservoirs [START_REF] Schoenberg | The stable Cr isotope inventory of solid Earth reservoirs determined by double spike MC-ICP-MS[END_REF], to Cr(VI) is resulting to the mobilization of Cr(VI). Due to the high fractionation occurring during the oxidation of Cr(III) to Cr(VI), the mobilized Cr(VI) pool is typically enriched in heavy Cr isotopes [START_REF] Crowe | Atmospheric oxygenation three billion years ago[END_REF][START_REF] Berger | The fate of chromium during tropical weathering: A laterite profile from Central Madagascar[END_REF][START_REF] Frei | Weathering on land and transport of chromium to the ocean in a subtropical region (Misiones, NW Argentina): A chromium stable isotope perspective[END_REF]. The lack of isotopic fractionation during adsorption of Cr(VI) [START_REF] Ellis | Using chromium stable isotope ratios to quantify Cr(VI) reduction: Lack of sorption effects[END_REF]) onto γ-Al2O3 and goethite, has been the basis for the use of the Cr present in shallow-marine carbonates as a tool to estimate the Cr isotope composition of (paleo)seawater [START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF][START_REF] Bonnand | The chromium isotopic composition of seawater and marine carbonates[END_REF]. As such the isotopic composition of Cr in carbonate minerals can provide insights into weathering conditions over the geological past [START_REF] Oze | Genesis of hexavalent chromium from natural sources in soil and groundwater[END_REF][START_REF] Izbicki | Chromium, chromium isotopes and selected elements, western Mojave Desert, USA[END_REF][START_REF] Frei | Fluctuations in Precambrian atmospheric oxygenation recorded by chromium isotopes[END_REF][START_REF] Crowe | Atmospheric oxygenation three billion years ago[END_REF]. Thus, authigenic marine sediments, such as carbonates, capture an integrated isotopic signature reflective of the redox processes involved in Cr(III) oxidative mobilization, partial Cr(VI) reduction during transport, and ultimate Cr(III)/Cr(VI) burial in sediments.

Experimentally the study by [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF] was the first one that mechanistically studied the incorporation of Cr(VI) in calcium carbonate. These authors reported on Cr(VI) partitioning in calcite and presented structural data about the position of the Cr(VI) ion in calcite lattice. Later on Cr(VI) co-precipitation experiments with calcite in the absence of Cr(III). These co-precipitation experiments of chromate with calcite at pH ≈ 8.3 were conducted using the CO2 diffusion technique (Dietzel and Usdowski, 1996; Dietzel et al., 2004). Their results showed a preferential incorporation of light Cr isotopes in the precipitates [START_REF] Rodler | Chromium isotope uptake in carbonates: An experimental and application-based evaluation of the potential use of chromium isotopes as a paleoclimatic tracer in the marine environment[END_REF]. Depending on the initial Cr concentrations, the authors observed Cr isotopic offsets ranged between -2.65 ± 0.06 ‰ (~0.6 µg g -1 ) and -0.84 ± 0.03 ‰ (60 µg g -1 ). In the present study, we examine the hitherto not assessed effect of pH on the Cr(VI) incorporation and its isotopic fractionation during calcite growth in inorganic precipitation experiments at well-defined physicochemical conditions.

METHODS

Precipitation experiments

Experiments of Cr(VI) co-precipitation with calcite were performed at the pH range between 8.0 and 10.6, reaction temperature of 25 ± 1 °C and at constant aqueous Cr(VI) concentration (i.e. 49.6 ± 1.3 mM). The experiments were conducted in reactive fluids with a background electrolyte concentration of 0.2 M, using a mixed flow reactor that can be seen in Fig. 1. This set-up and has been adapted from the earlier work by [START_REF] Füger | Effect of growth rate and pH on lithium incorporation in calcite[END_REF]. Initially, about 0.5 g of calcite seed material (Sigma-Aldrich, ReagentPlus®, > 99 %) was introduced into the reactor containing a solution at near equilibrium conditions with respect to calcite. The initial reactor solution was prepared by the equilibration of calcite in an aqueous solution containing 0.1M KCl and 0.05M K2Cr2O7. Prior to each run this solution was filtered and placed in each reactor together with fresh calcite seeds, whereas pH was adjusted using KOH. The subsequent overgrowth of calcite was evoked by simultaneous pumping of two separate inlet solutions into the reaction vessel using a peristaltic pump. One solution contained dissolved 0.2 M KCl and 0.05 M CaCl2 and the other 0.05 M K2CO3 with 0.1 M K2Cr2O7 as Cr(VI) source (see Table 1 for more details). The precipitation rate was held constant using similar pumping rates of the inlet solutions in all runs (i.e. ~20 mL/24 h). Note here that in order to keep the pH constant additional titration of up to 70 ml of a 0.5 M KOH solution during the whole duration of the experimental runs (i.e. 7 days) was necessary in order to keep the pH constant. As it can be seen in Table 1, the amount of additional K introduced in the reactor by titration of KOH, did not significantly affect the K concentration in the reactive solution.

Initially the reactor vessel contained 500 mL of a KCl solution and was equipped with a Teflon-coated floating stir bar rotating at 300 rpm. The initial Cr(VI) concentration of the reactor solution was set to half of the concentration of the inlet solution. The concentration of Ca in the inlet solution was kept equal to the concentration of K2CO3. All solutions were prepared using analytical grade CaCl2 (Carl Roth, ≥ 99 %, ACS) and K2CO3 (Merck, ≥ 99 %, ACS, ISO) as well as high purity deionized water (resistivity 18.2 MΩcm -1 ). Note here that in all experimental runs a single Cr(VI) source was used (K2Cr2O7; Carl Roth, ≥ 99.5 %, ACS, ISO).

In order to keep the volume of the reactive solution in the reactor constant during the experimental runs, every 24 h a volume of the reactive solution equal to the volume that was added within 24 h by the peristaltic pump was sampled. These reactive solution samples were filtered instantly after sampling through a 0.1 μm filter (Millipore cellulose acetate) and measured for pH as well as alkalinity. Subsequently, the samples were acidified using 2% HNO3 for Ca, K and Cr analyses. At the end of the experimental runs, the experimental solutions were separated from the precipitate phases via vacuum filtration using 0.1 µm filters. The precipitates were rinsed with deionized water to remove the experimental solution and adsorbed Ca, K and Cr on the crystal surfaces and subsequently dried at 40 °C. The duration of each precipitation run was set to 7 days.

Solution characterization

The pH was measured using a SenTix 945 from WTW combined with a SenTix® 945 pH gel electrode with a glass shaft from WTW, calibrated on the activity scale with NBS buffers (pH = 4.01, 6.87 and 9.18 at 25 °C). Precision of pH measurements was ± 0.04 units. The DIC (dissolved inorganic carbon) of the solution was measured using a SHIMADZU Total Organic Carbon Analyzer accompanied with an ASI-V autosampler at a precision ≤ 2 %. The total K, Ca and Cr concentrations of the solutions were measured using a Perkin Elmer Optima 8300 DV ICP-OES with an analytical precision of ± 3 %. Cr content was additionally assessed to be equal to Cr(VI) concentration by ion chromatography (Dionex IC S 3000, IonPac, AS19 and CS16 column) with an analytical precision of ± 5 %.

Aqueous chromate speciation (e.g. CrO4 2-, HCrO4 -, KCrO4 -and CaCrO4 0 ) was modeled using PHREEQC software [START_REF] Parkhurst | User's Guide to PHREEQC-A Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical Calculations[END_REF] together with its MINTEQ.V4 database after the addition of the aqueous KCrO4 -and CaCrO4 0 species. The complex formation constants of 10 -2.745 and 10 -1.144 for CaCrO4 0 and KCrO4 -, respectively, at 25 °C were taken from [START_REF] Accomero | Prediction of the thermodynamic properties of metalchromate aqueous complexes to high temperatures and pressures and implications for the speciation of hexavalent chromium in some natural waters[END_REF].

Solid characterization

The collected precipitates were analyzed using an Attenuated Total Reflectance -Fourier Transform Infrared Spectrometer (ATR-FTIR; Perkin Elmer Spectrum 100) in the range of 650 to 4000 cm -1 . X-ray powder diffraction (XRD) patterns of the precipitates were recorded using a PANalytical X´Pert PRO diffractometer and Co-Kα-radiation (40 mA, 40 kV) over the range from 4° to 85° and a scan speed of 0.03° min -1 . The mineral phases were quantified by Rietveld refinement using the PANalytical X'Pert HighScore Plus software with the PDF-2 database. Selected precipitates were imaged using a ZEISS DSM 982 Gemini scanning electron microscope (SEM) operating at 2 kV accelerating voltage. The chemical composition of the bulk solid was obtained by digestion using 6 % suprapure HNO3 and subsequent analyses similar to the ICP-OES technique described above. The specific surface area of solid samples was determined by multi-point krypton adsorption BET method [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF] using a Quantachrome Gas Sorption system.

Chromium isotope separation

Chromium was separated from carbonate, chloride, calcium and potassium using a single-step (solutions) or a double-step (solids) ion chromatographic separation protocol (e.g. D' Arcy et al., 2017). Aliquots of the dissolved Cr bearing precipitates containing ~500 ng Cr were spiked with a 50 Cr-54 Cr double spike to achieve a ratio of Cr concentrations between spike and sample of 1:4 [START_REF] Ellis | Chromium Isotopes and the Fate of Hexavalent Chromium in the Environment[END_REF]Schönberg et al., 2008). Samples were evaporated in Savillex TM Teflon beakers on a hotplate at 130 °C and re-dissolved in aqua regia and again evaporated to ensure complete mixing of sample and spike. In the next step, samples were dissolved in 20 mL of high purity deionized Milli-Q® water (18.2 MΩ; MQ) and 0.5 mL of 1 M HCl, as well as 0.5 mL of 0.2 M (NH4)2S2O8 were added. The capped beakers were heated at 130 °C and the samples boiled for 1 hour to achieve oxidation of Cr(III) to Cr(VI). After cooling, samples were flushed through columns containing 2 ml pre-cleaned Dowex AG 1 X8 anion resin. Subsequently, 10 mL 0.2 M HCl, 2 ml 2 M HCl and 5 mL MQ were passed through the columns to elute matrix elements while Cr(VI)-oxyanions are strongly attached to the surface of the resin. Cr(VI) was then reduced to Cr(III) by addition of 2 M HNO3 doped with 5 % H2O2 (6 mL in total), eluted and collected. After drying down, the samples were re-dissolved in 100 µL concentrated double distilled HCl, heated for 10 minutes on a hotplate at 120 °C and diluted with 2.3 mL MQ. The weakly acidic samples were then passed over pre-cleaned cation exchange columns with Dowex AG50W-X8 resin, adopting a slightly modified recipe by [START_REF] Trinquier | High-precision analysis of chromium isotopes in terrestrial and meteorite samples by thermal ionization mass spectrometry[END_REF]. Cr was eluted and collected in 8 mL 0.5 M HCl.

Solutions containing 500 ng Cr and an adequate amount of double spike were evaporated, redissolved in 100 µL concentrated double distilled HCl and subjected to the cation exchange column as described above.

Chromium isotope analyses

Chromium isotope compositions were measured by thermal ionization mass spectrometry. All samples were evaporated to dryness before loading onto outgassed Re filaments in a mixture of 3:2:1 (total of 3 µl) of silica gel, 0.5 M H3PO4 and 0.5 M H3BO4 [START_REF] Frei | Fluctuations in Precambrian atmospheric oxygenation recorded by chromium isotopes[END_REF]. The Cr loads were analyzed on a IsotopX Phoenix thermal ionization mass spectrometer (TIMS) at the University of Copenhagen. The simultaneous measurement of 50 Cr + , 52 Cr + , 53 Cr + and 54 Cr + , 49 Ti + , 51 V + and 56 Fe + in eight Faraday cups monitors potential interferences during the analyses. Analyses were conducted in static mode with 120 cycles per run (2 runs per sample) at a 52 Cr ion beam intensity of 1 V. Chromium isotopic compositions (δ 53 Cr) are reported relative to the Standard Reference Material SRM 979 as:

δ 53 Cr = (( 53 Cr/ 52 Cr)sample/ ( 53 Cr/ 52 Cr)SRM979 -1) * 1000

(1) in ‰ (± 2σ). Double spiked NIST SRM 979 standards were repeatedly analyzed to determine external reproducibility and return δ 53 Cr values of -0.05 ‰ ± 0.05 2σ (n=8), which was used to correct the resulting δ 53 Cr values of the samples [START_REF] Frei | Weathering on land and transport of chromium to the ocean in a subtropical region (Misiones, NW Argentina): A chromium stable isotope perspective[END_REF]. With amounts of ≤ 2 ng of Cr, procedural blanks are very low compared to the 500 ng Cr in the samples used during chromatographic Cr separation, and therefore no blank corrections of the samples were undertaken.

RESULTS

Mineralogy of the precipitates

The collected FT-IR spectra of the precipitates match with the spectrum of reference calcite. In analogy, the X-ray diffraction pattern of the precipitates correspond to the reference calcite with no shift in d(hkl)-values. The SEM images show that the precipitates (Fig. 2B) keep the rhombohedral structure of the seed calcite (Fig. 2A). Accordingly, the precipitates consist of aggregates of rhombohedral calcite crystals with typical overgrowth features at the calcite surface.

Chemical composition of the fluid and precipitation rate

Steady-state conditions with respect to aqueous Ca concentration within the experimental runs were reached earlier than 1500 min (see Fig. 3). Note here that all experiments were conducted under oxidizing conditions, thus potential reduction of Cr(VI) to Cr(III) can be ruled out. This is substantiated by analyses of dissolved total Cr that remained equal to Cr(VI) concentration within the analytical precision (see methods).

The precipitation rate, rp (mol m -2 s -1 ), has been calculated according to [START_REF] Mavromatis | Kinetics of Mg partition and Mg stable isotope fractionation during its incorporation in calcite[END_REF][START_REF] Mavromatis | Characterization of boron incorporation and speciation in calcite and aragonite from co-precipitation experiments under controlled pH, temperature and precipitation rate[END_REF][START_REF] Mavromatis | Effect of organic ligands on Mg partitioning and Mg isotope fractionation during lowtemperature precipitation of calcite in the absence of growth rate effects[END_REF] from the number of moles of Ca added to the reactor within 24 h, nCa(add), corrected for the number of moles of this element removed via sampling during the same period of time, nCa(rem), by the expression

= / (2)
where S is the total surface area of CaCO3 in m 2 and 86400 the number of seconds in 24 h.

Calculated precipitation rates in all experimental runs are quasi constant and about 10 -7. 7 ± 0.2 mol m -2 s - 1 as shown in Table 1.

Cr(VI) distribution between calcite and solution

The incorporation of divalent cations (Me 2+ ) in carbonate minerals commonly follows an ideal substitution of Me 2+ for the Ca 2+ ion in the crystal lattice (e.g. [START_REF] Reeder | XAFS study of the coordination and local relaxation around Co 2+ , Zn 2+ , Pb 2+ , and Ba 2+ trace elements[END_REF]. In similar terms, the incorporation of divalent anions such as SO4 2-, SeO4 2-, HAsO4 2-and CrO4 2-can be assumed to follow an ideal substitution of CO3 2-in the crystal lattice during mineral formation (e.g. [START_REF] Cowan | Solution ion effects on the surface exchange of selenite on calcite[END_REF][START_REF] Reeder | Mechanism of SeO4 2substitution in calcite: an XAFS study[END_REF][START_REF] Staudt | Surface structural controls on compositional zoning of SO4 2-and SeO4 2-in synthetic calcite single crystals[END_REF][START_REF] Hemming | Growth-stepselective incorporation of boron on the calcite surface[END_REF][START_REF] Alexandratos | Macroscopic and spectroscopic studies of arsenate uptake by calcite[END_REF][START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF][START_REF] Yokoyama | Differences in the immobilization of arsenite and arsenate by calcite[END_REF][START_REF] Wynn | Sulphate partitioning into calcite: Experimental verification of pH control and application to seasonality in speleothems[END_REF]. This assumption is based on earlier characterization of solid speciation using EXAFS, XAFS and XANES spectroscopy (e.g. [START_REF] Reeder | Mechanism of SeO4 2substitution in calcite: an XAFS study[END_REF][START_REF] Alexandratos | Macroscopic and spectroscopic studies of arsenate uptake by calcite[END_REF][START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF][START_REF] Yokoyama | Differences in the immobilization of arsenite and arsenate by calcite[END_REF]. The similarity of the substitution mechanism can be used to parameterize the relation between aqueous concentrations with that measured in the forming solid as suggested by [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF] for CrO4 2-uptake in calcite.

Accordingly, the distribution coefficient between calcite and solution can be defined according to the equation:

= / ! " # $#%& ' ( ! /' ! " )*$+&%*, (3) 
where c denotes concentration of Cr(VI) and CO3 2-in calcite and m stands for the concentrations of free aqueous CrO4 2-and CO3 2-ions, respectively.

As it can be seen in Table 1 and Fig. 4A, the pH of the reactive solution has a strong effect on the logDCr(VI) value. Note here that this effect cannot be assigned to calcite growth kinetics because the experiments in this study were conducted at a similar surface normalized precipitation rate of 10 -7.7 ± 0.2 mol m -2 s -1 . As depicted in Fig. 4A, pH and logDCr(VI) values increase according to the equation logDCr(VI) = 0.23 (± 0.03) × pH -7.42 (± 0.31) (8.0 ≤ pH ≤ 10.6; R² = 0.86) (4)

In contrast, the Cr(VI) content of calcite decreased from ~1122 ppm in experiments conducted at pH = 8.0 to 594 ppm in experiments conducted at pH = 10.6 (Fig. 4B). Indeed, at the lowest pH value employed in this study (i.e. 8.0), the content of Cr(VI) incorporated in calcite reached its highest value. At pH between 9.4 and 10.6, the Cr(VI) content of calcite remained nearly constant. Note here that similar to the constant precipitation rates, the supersaturation degrees of the reactive solutions with respect to calcite were quasi constant at SIcalcite = 0.8 ± 0.1 (n = 8) in all experiments as can be seen in Table 1.

Cr(VI) isotope fractionation between reactive solution and precipitate

The measured δ 53 Crsolution values are given in Table 1. The temporal evolution of the δ 53 Crsolution value remained constant during the entire duration of the experimental runs as it is depicted in the Appendix Fig. A1-A. Indeed, in experiment #4.2, δ 53 Crsolution values exhibit a temporal variation of only -0.13 ± 0.06 ‰ which lies within the analytical precision of individual Cr(VI) isotope measurements (see Table 1). For all experiments, the isotopic composition of the reactor solution 

DISCUSSION

Effect of pH on chromate incorporation in calcite

As it is depicted in Fig. 4B, the measured Cr(VI)calcite (mg/kg) concentrations are decreasing with increasing pH. The Cr(VI)calcite (mg/kg) values obtained in this study are in good agreement with those of [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF] who conducted experiments at pH 8.3 (Fig. 4B). The observed trend of decreasing anion incorporation in calcite at elevated pH is a feature commonly occurring during the incorporation of divalent anions in calcite. Indeed, similar trends were previously reported for sulfate [START_REF] Wynn | Sulphate partitioning into calcite: Experimental verification of pH control and application to seasonality in speleothems[END_REF], arsenate [START_REF] Yokoyama | Differences in the immobilization of arsenite and arsenate by calcite[END_REF] and selenite [START_REF] Cowan | Solution ion effects on the surface exchange of selenite on calcite[END_REF]. In order to explain this systematic behavior, [START_REF] Wynn | Sulphate partitioning into calcite: Experimental verification of pH control and application to seasonality in speleothems[END_REF] suggested that increasing pH results in increasing carbonate ion concentration in the reactive fluid at the expense of bicarbonate, and that a divalent anion competition between aqueous sulfate and carbonate during calcite growth likely takes place. In similar terms, [START_REF] Yokoyama | Differences in the immobilization of arsenite and arsenate by calcite[END_REF] showed that arsenate (i.e. HAsO4 2-) substitution in calcite is decreasing with increasing pH. They attributed the elevated content of arsenate in their experimental products to the formation of the aqueous CaHAsO4 o aquo-complex and they proposed an incorporation model whereby incorporation in the solid phase is controlled by the initial adsorption and latter incorporation of the aqueous CaHAsO4 o species. Taken together, the similarities observed in oxyanion contents in calcite as a function of pH, it can be assumed that oxyanion incorporation is likely affected by two processes: (i) the competition with aqueous CO3 2-and (ii) the initial adsorption and subsequent incorporation anion aqua-complexes(e.g. Ca 2+ -bearing). Both processes are controlled by the prevailing pH in the calcite forming solution.

In contrast to the Cr(VI) concentration in calcite, as depicted in Fig. 4A, the logDCr(VI) values calculated using Eq. ( 3) increase as a function of pH. This contrasting behavior between the distribution coefficient and the concentration of Cr(VI) in the solid is likely the result of DCr(VI) estimation using Eq. ( 3). This is because an increase of the formation pH from 8.0 to 10.6 induces an increase of the aqueous CO3 2-concentration by a factor of about 8, whereas aqueous Cr(VI) remains quasi constant. At the same time, the concentration of Cr(VI) in calcite is decreasing by a factor of 0.5 as pH is increasing from 8.0 to 10.6. This observation suggests that the classical distribution coefficient is suitable for deciphering incorporation mechanisms, but its application is not straightforward for the estimation of the total Cr(VI) concentration of the forming calcite. Hence, the following discussion is focused on the Cr(VI)calcite (mg/kg) concentration of calcite as a function of pH.

Based on the observed behavior of Cr(VI) incorporation into calcite as a function of pH it can be assumed that Cr(VI) incorporation is affected by two mechanisms. Those include the incorporation of CrO4 2-and CaCrO4 0 aqueous species. As it can be seen in Fig. 6A and in the Appendix Table A1 the dissolved Cr(VI) in the experiments of this study is present as aqueous CrO4 2-(43 -48 %) and KCrO4 - complexes (41 -48 %) whereas the aqueous CaCrO4 0 complex constitutes only a small proportion, ranging between 5 and 16 % of the total dissolved Cr(VI). The incorporation of Cr(VI) as free CrO4 2- ion occurs independently of prevailing pH of the reactive solution as it is imposed by the formation of an ideal solid-solution and the replacement of the CO3 2-ion in the solid phase and is numerically described by Eq. (3). Additionally and despite the small abundance of aqueous CaCrO4 0 in the reactive solution, the speciation calculation of the reactive fluids suggest that the presence of this aquocomplex is likely controlling Cr(VI) incorporation in calcite. This second assumption is based on the linear correlation between the Cr(VI) concentration in calcite (expressed as mg/kg) with the aqueous CaCrO4 0 complex that can be seen in Fig. 7. The correlation between these two parameters can be described by the equation:

Cr(VI)calcite (mg/kg) = 88.48 (± 14.65) × (CaCrO4 0 ) [mM] + 375.29 (± 66.82); R 2 = 0.84 (6)

As it can be calculated from the Eq. 6, in the absence of CaCrO4 0 complex, a concentration of Cr(VI)calcite (mg/kg) of 375.3 ppm would be expected from the incorporation of solely CrO4 2-in calcite.

It has to be noted here that the incorporation of Cr(VI) as a CaCrO4 0 complex is a pH dependent process that is controlled by the abundance of the CaCrO4 0 ion in the reactive solution (Fig. 6A). At elevated pH the abundance of this complex in the reactive fluid is readily reduced (see Fig. 6A and Table A1 in Appendix). At these elevated pH conditions Cr(VI) incorporation in calcite is likely controlled by the abundance of CaCrO4 0 and the direct incorporation of CrO4 2-ions. At pH conditions lower than 9.4, the good correlation between the Cr(VI) concentration in calcite and the concentration of the aqueous CaCrO4 0 complex suggest that the formation of the latter species is likely the dominant parameter controlling Cr(VI) incorporation in the calcite structure. The incorporation of Cr(VI) in calcite likely occurs via the adsorption and subsequent incorporation of the CaCrO4 0 complex, however the formation of surface complexes cannot be ruled out.

Cr(VI) isotope fractionation during calcite growth

Another novel finding of this study is that the Δ 53 Crcalcite-solution values exhibit pH-dependent fractionation. Although in the experimental runs Cr occurs in all cases in its oxidized form, fractionation exhibits variations larger than 0.7 ‰ that cannot be assigned to redox phenomena.

Indeed, as it can be seen in Fig. 5, Δ 53 Crcalcite-solution values increase from -0.7 ± 0.03 ‰ at pH 8.0 to about 0.1 ‰ at pH 10.6 (see also Table 1). At this elevated pH, the observed Owing to the fact that the observed isotopic fractionation cannot be attributed to reduction of Cr(VI) to Cr(III), we assign the observed variations in isotopic fractionation in the bonding environment of Cr(VI) in the crystal lattice. It is worth noting here that the incorporation of aqueous CrO4 2-is accompanied by a significant distortion of the calcite crystal lattice. This is because the replacement of the planar CO3 2-ion (C-O = 1.28 Å; [START_REF] Hemming | Growth-stepselective incorporation of boron on the calcite surface[END_REF] by the tetrahedral CrO4 2- ion (Cr-O = 1.62-1.69 Å; [START_REF] Arroyo-De Dompablo | Computational investigation of the influence of tetrahedral oxoanions (sulphate, selenate and chromate) on the stability of calcium carbonate polymorphs[END_REF] results in an increase of the required geometrical volume of the crystal lattice in order to accommodate the larger anion. This is also reflected in the changes of the mean Cr-O bond length between the aqueous Cr(VI) ion and the Cr in calcite. Indeed, as it has been defined by EXAFS spectroscopy the Cr-O bond length of CrO4 2- incorporated in calcite is about 1.64 Å [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF] and somewhat shorter compared to the aqueous CrO4 2-tetrahedral anion which is characterized by a mean Cr-O bond length of 1.656 Å [START_REF] Hoffmann | An Infrared and X-ray Absorption Study of the Equilibria and Structures of Chromate, Bichromate, and Dichromate in Ambient Aqueous Solutions[END_REF]. This change in the average Cr-O bond length provides insight to the Cr isotope fractionation during Cr(VI) incorporation in calcite. If we consider that shorter/stronger bonds favour the heavier isotopes (e.g. [START_REF] Schauble | Theoretical estimates of equilibrium chromiumisotope fractionations[END_REF], it would be expected that the solid phase, which is characterized by shorter bonds, would be enriched in the heavier 53 Cr isotope. In contrast to what could be expected however, as it is depicted in Fig. 5, a preferential incorporation of the lighter 52 Cr isotope is observed. This isotopic effect can likely be explained by the direct incorporation of the CaCrO4 0 aqueous complex in calcite. The depletion of the aqueous CaCrO4 0 in 53 Cr is the result of the increased mean Cr-O distance in this aquo complex (i.e. 1.66 Å; [START_REF] Tang | Coprecipitation of chromate with calcite: Batch experiments and X-ray absorption spectroscopy[END_REF] compared to the aqueous CrO4 2-ion. In other words, due to the longer Cr-O bond length the CaCrO4 0 complex should be depleted in the heavier 53 Cr isotope and its direct incorporation into calcite explains well the observed isotope fractionation pattern. In addition, the high affinity for aqueous CaCrO4 0 formation and its preferential incorporation in calcite leads to the incorporation of lighter Cr(VI) isotopes at lower pH values (see Fig. 8). The relation between Cr(VI)calcite (mg/kg) value and Cr(VI) isotope fractionation in our study can be expressed as:

Δ
Δ 53 Crcalcite-solution (‰) = -0.001 (± 0.0003) * Cr(VI)calcite (mg/kg) + 0.75 (± 0.24); R 2 = 0.70

In the absence of CaCrO4 0 complex incorporation in calcite, Eq. ( 6) predicts a Cr(VI) content in calcite to result in about 375 mg/kg. The use of this value in Eq. 7 leads to a Δ 53 Crcalcite-solution value of + 0.38 ‰ in the absence of the CaCrO4 0 complex. Such formation conditions prevail at increasing pH conditions where the low solubility of calcite controls the concentration of aqueous Ca 2+ and subsequently reduces the abundance of CaCrO4 0 (see Fig. 6A). The constant concentrations of aqueous CaCrO4 0 and CrO4 2-complexes at high pH (see Fig. 6A), and the plausible incorporation of both aqueous species in the forming experimental calcite precipitates herein, both seem to control the near zero Δ 53 Crcalcite-solution values at pH ≥ 9.4.

Implication for Cr(VI) incorporation and isotope fractionation in natural calcite

The novel finding of this study, namely that the Cr content and Cr isotope composition of calcite is pH dependent, has significant implications for the use of Cr isotopes in natural carbonate samples. To date the Cr(VI) content of natural calcites and in particular its isotope composition has been used to interpret oxygenation events of the paleo-atmosphere (e.g. [START_REF] Crowe | Atmospheric oxygenation three billion years ago[END_REF][START_REF] Gilleaudeau | Oxygenation of the mid-Proterozoic atmosphere: clues from chromium isotopes in carbonates[END_REF], and to describe changes in ocean oxygenation and glaciation periods (e.g. [START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF][START_REF] Gueguen | The chromium isotope composition of reducing and oxic marine sediments[END_REF]. The differences in isotopic composition have been assigned to changes in the redox state of aqueous Cr species that can reach 6 ‰ between co-existing aqueous Cr(VI) and Cr(III) species [START_REF] Wang | Equilibrium isotopic fractionation and isotopic exchange kinetics between Cr(III) and Cr(VI)[END_REF]. Only recently, [START_REF] Holmden | Response of the Cr isotope proxy to Cretaceous Ocean Anoxic Event 2 in a pelagic carbonate succession from the Western Interior Seaway[END_REF] clearly indicate that the pH of the forming fluid plays a major role on the incorporation and isotope composition of Cr(VI) in calcite. We emphasize here however that prior to applying the findings of this study in natural calcites one has to consider the importance of the chemical composition of the mineralizing fluid. In this study, the Cr concentrations used in the experimental runs is 3 to 4 orders of magnitude higher than that met in natural waters and calcite formed in the absence of other major ions such as Mg, Na and/or SO4 2-. An example of the variations in speciation of aqueous Cr(VI) between the experimental fluids of this study and seawater can be seen in Figs. 6a and6B. In addition calcite growth in this study occurred at similar precipitation rate in all experimental runs and as such growth rate effects cannot be evaluated. It has to be acknowledged however that mineral growth rate has been shown earlier to significantly affect elemental partitioning and isotopic fractionation of traces/impurities in carbonates (e.g. [START_REF] Voigt | The experimental determination of REE partition coefficients in the water-calcite system[END_REF][START_REF] Wynn | Sulphate partitioning into calcite: Experimental verification of pH control and application to seasonality in speleothems[END_REF][START_REF] Goetschl | Effect of sulfate on magnesium incorporation in low-magnesium calcite[END_REF][START_REF] Füger | Effect of growth rate and pH on lithium incorporation in calcite[END_REF]. Despite these differences and considering that in our experiments i) mineral growth occurs via the ion-by-ion attachment to advancing steps [START_REF] Nancollas | The crystallization of calcium carbonate II. Calcite growth mechanism[END_REF][START_REF] Nielsen | Precipitates: formation, coprecipitation, and aging[END_REF] and ii) the formation of aqueous complexes such as CaCrO4 0 is characterized by the same constant independent of ionic strength, some general conclusions can be drawn. Indeed, a closer look at the composition of Cr in natural samples compared to ambient seawater from which they formed, suggests that the measured and estimated Δ 53 Crcalcite-solution values might be to a certain extend be explained by the formation of aqueous complexes between Cr(VI) and Ca 2+ rather than stemming from partial reduction to Cr(III) which is associated with an isotope shift towards lighter isotopes in the reduced species.

A few examples can be seen in the studies by [START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF][START_REF] Bonnand | The chromium isotopic composition of seawater and marine carbonates[END_REF], [START_REF] Holmden | Response of the Cr isotope proxy to Cretaceous Ocean Anoxic Event 2 in a pelagic carbonate succession from the Western Interior Seaway[END_REF] and [START_REF] Farkaš | Chromium isotope fractionation between modern seawater and biogenic carbonates from the Great Barrier Reef, Australia: Implications for the paleo-seawater δ 53 Cr reconstruction[END_REF] in which they report Δ 53 Crcalcite-solution values from marine carbonate sediments which can be alternatively interpreted based on our experimental data plotted as a function of pH (see Fig. 5). In the above mentioned studies, δ 53 Cr values of natural carbonates have been measured whereas the Δ 53 Crcalcite-solution values have been calculated by estimating δ 53 Crseawater using total aqueous Cr composition and Eq. ( 5). We note here that in many instances, the reported δ 53 Cr of natural carbonate samples is not accompanied by detailed mineralogy of the solid phase. In these cases we make use of bulk values, emphasizing here that effect of mineralogy on isotope fractionation cannot be excluded (e.g. [START_REF] Noireaux | Crystallographic control on the boron isotope paleo-pH proxy[END_REF][START_REF] Balan | Theoretical isotopic fractionation between structural boron in carbonates and aqueous boric acid and borate ion[END_REF]. In detail, Frei Island of the southern-most tropical coral cay of the Great Barrier Reef. The results presented in Fig. 5 were computed assuming the formation of aqueous complexes of CrO4 2-with Ca 2+ ions in seawater based on the seawater concentrations reported by [START_REF] Millero | The Physical Chemistry of Seawater[END_REF] and a pH value of 8.2 corresponding to modern seawater [START_REF] Foster | Seawater pH, PCO2 and CO3 2variations in the Caribbean Sea over the last 130 kyr: A boron isotope and B/Ca study of planktic forminifera[END_REF]. We note here that the pH of Ediacaran seawater may have been different from this value. As it can be seen in Fig. 9A, the Δ 53 Crcalcite-solution values of the naturally precipitated carbonates indicate a significant trend for the incorporation of lighter isotopes with increasing aqueous CaCrO4 0 complex formation, as shown and validated in our experimental approach (Fig. 8). For a number of samples this trend is explained in Fig. 9B, where the comparison of the aqueous molar (CaCrO4 0 ) / total Cr(VI) ratio between the experimental and natural Δ 53 Crcalcite-solution values show lighter Cr(VI) isotopes with increasing affinity for CaCrO4 0 complex formation. We note however that exceptions, namely in a calcite sample from [START_REF] Farkaš | Chromium isotope fractionation between modern seawater and biogenic carbonates from the Great Barrier Reef, Australia: Implications for the paleo-seawater δ 53 Cr reconstruction[END_REF] occur.

The results obtained in this study clearly show that aqueous speciation is a critical parameter in the application and interpretation of Cr isotopes as a paleo redox proxy and further research on the Cr isotope fractionation between carbonate minerals and forming fluids are necessary. The main parameter that we have examined here is the importance of the aqueous CaCrO4 0 complex. Thus, reconstruction of dissolved Cr(VI) concentration and its isotopic composition of seawater strongly requires knowledge of the chemical composition of the forming solution which constitutes a true challenge to the application of this tracer in marine paleo redox reconstructions. This perspective renders the use of the Cr(VI) isotope system in calcite as an environmental proxy rather challenging.

For example, the shift of δ 53 Cr values in carbonate minerals towards a lighter isotope composition compared to ambient seawater is, according to our study, induced by elevated CaCrO4 0 concentrations which conversely hint on pH significantly below 8.5 and/or the presence of elevated Ca 2+ concentration in the forming solution. In contrast, the Cr(VI) isotopic composition of precipitating calcite in alkaline waters can reasonably suggest to depict and trace the aqueous Cr(VI) isotopic signature within the range of the experimental conditions explored in this study. The latter parameters can unravel local and/or temporal changes in past environmental conditions during calcite formation.

CONCLUSIONS

The results obtained in this study suggest that pH is significantly controlling the incorporation of Cr(VI) in calcite in the absence of variations in precipitation rate and at constant temperature of T = 25 °C. In similar terms the obtain results indicate a significant pH-dependent isotope fractionation between Cr(VI) in the precipitated calcite and the solution. The observed pH-dependent incorporation and isotope fractionation of Cr(VI) during formation of calcite can be explained considering Cr(VI) aquo-complex formation and surface reactions as follows:

(1) Cr(VI) in solution is complexing with dissolved Ca 2+ to form the aqueous CaCrO4 0 complex which, compared to CrO4 2-, is likely preferentially incorporated into calcite via an initial adsorption step. Thus Cr(VI) incorporation in calcite decreases from pH 8.0 to 9.4 following the increase of CaCrO4 0 concentration. From pH 9.4 to 10.6 CaCrO4 0 and CrO4 2- concentrations reach almost constant values which limit Cr(VI) incorporation into calcite at a constant level.

(2)

The difference in isotopic fractionation between aqueous CrO4 2-and CaCrO4 0 species can be assigned to variations in the Cr-O bond lengths in these species/aquocomplexes. In the pH range between 8.0 and 9.4, the preferential incorporation of CaCrO4 0 in the forming calcite leads to the preferential incorporation of lighter Cr isotopes into the growing calcite with Δ 53 Crcalcite-solution ranging between -0.7 and -0.27 ‰. This is because the formation of Figure 2 Characteristic scanning electron microphotographs of (A) calcite seeds, (B) final precipitate with Cr(VI)-CaCO3-overgrowth (exemplarily shown for experiment #4.2; see Table 1). 1) and (B) for seawater based on the composition proposed by [START_REF] Millero | The Physical Chemistry of Seawater[END_REF] and Cr(IV) concentration of 3.5 nM.

A B

Figure 7

Relationship between the amount of incorporated chromate (Cr(VI)calcite) and the concentration of the aqueous CaCrO4 0 complex according to Eq. 6. Analytical uncertainty is included in the symbol size. [START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF]Bonnard et al., 2013;[START_REF] Holmden | Response of the Cr isotope proxy to Cretaceous Ocean Anoxic Event 2 in a pelagic carbonate succession from the Western Interior Seaway[END_REF][START_REF] Farkaš | Chromium isotope fractionation between modern seawater and biogenic carbonates from the Great Barrier Reef, Australia: Implications for the paleo-seawater δ 53 Cr reconstruction[END_REF]. Analytical uncertainty is included in the symbol size. 

(δ 53

 53 Crsolution = -0.13 ± 0.06 ‰; n = 2) and the reactive solution (-0.15 ± 0.09 ‰; n = 4) was similar to that of the Cr(VI) stock solution (-0.19 ± 0.08 ‰). Thus calcite precipitation did not induce a measurable change in the Cr(VI) isotopic composition of the reactive solution (see Fig.A1-Bin the Appendix). Constant solution Cr(VI) isotope compositions are consistent with constant aqueous Cr(VI) concentrations during all experimental runs. The latter is further supported by only trace amounts of Cr(VI) that co-precipitated with calcite. The δ 53 Crcalcite values can be seen in Table 1 and they vary between 0.01 and -0.86‰. It is important noting here that replicate experiments performed at similar pH conditions exhibit similar δ 53 Crcalcite values. The Cr(VI) isotope fractionation between the solution and calcite is defined according to the equation: Δ 53 Crcalcite-solution = δ 53 Crcalciteδ 53 Crsolution (5) and calculated using the δ 53 Crsolution value at the corresponding pH value. The Δ 53 Crcalcite-solution values indicate a decreasing isotope fractionation from pH 8.0 up to pH 8.5 (Fig. 5; -0.72 ± 0.02 ‰ < Δ 53 Crcalcite-solution < -0.27 ± 0.03 ‰). At pH above 9.4, Cr(VI) isotope fractionation between calcite and solution is close to zero (Δ 53 Crcalcite-solution = 0.05 ± 0.01 ‰; n = 4).

  53 Crcalcite-solution values are in good agreement with those of Rodler et al. (2015) (i.e. Δ 53 Crcalcite-solution ≈ +0.15 ± 0.03 ‰) who conducted experiments of Cr(VI) co-precipitation with calcite at pH 9.4 and 10.4. Our results are also in good agreement with those of Rodler (2015) who identified Δ 53 Crcalcite-solution values of -0.84 ± 0.03 ‰ (Crprecipitate concentration 55.37 µg g -1 ). The Δ 53 Crcalcite-solution values and Cr concentrations show a positive correlation (R 2 = 0.55), indicating that Δ 53 Crcalcite-solution values are also dependent on the Cr concentration of the precipitating calcite.

  considered that carbonates might record the δ 53 Cr value of the Cr(VI) pool in seawater without the necessity for its reduction to Cr(III). The present study confirms the finding of Holmden et al. (2016) since our results

  et al. (2011) reported Δ 53 Crcalcite-solution values of about -0.62 ‰ for Ediacaran carbonates of the Ediacaran Polanco Formation in Uruguay, assuming a seawater δ 53 CrEdiacaran-seawater value of 0.5‰ and Crtot of ~140 ng/kg. The Cr isotopes in marine carbonate sediments from the modern Caribbean Sea measured by Holmden et al. (2016) are isotopically fractionated from ambient Caribbean seawater (δ 53 CrCarib-seawater = +1.14 ‰; Crtot = 140 ng/kg) by -0.48 ‰. Bonnand et al. (2013) reported a Δ 53 Crcalcite-solution value of -0.66 ‰ between limestone samples (δ 53 Crcarbonate = +0.66‰ and coastal water from the Southampton Sea (δ 53 CrSouthampton-water = +1.32 ‰; Crtot = 104 ng/kg). Furthermore, Farkaš et al. (2018), presented Cr isotope fractionation values of calcite (δ 53 Crcalcite = +0.42 / +0.86 ‰; δ 53 Crseawater = +0.76 ‰; Crtot = 195 ng/kg; Δ 53 Crcalcite-seawater = -0.34 / +0.1 ‰) from the Lady Elliot
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 3 Figure 3 Temporal evolution of Ca and Cr(VI) aqueous concentration and pH for experiment #4.2. Analytical uncertainty is included in the symbol size.

Figure 4

 4 Figure 4 Cr(VI) partitioning coefficient in calcite as a function of pH (A) and amount of chromate (Cr(VI)calcite) incorporated in calcite (B). Analytical uncertainty is included in the symbol size.

Figure 5

 5 Figure 5 Cr(VI) isotope fractionation plotted as a function of pH in the synthetic precipitates of this study and literature data. Dashed regression line: Δ 53 Crcalcite-solution = -67.43 (± 33.12) + 19.65 (± 11.04) * pH -1.91 (± 1.22) * pH² + 0.06 (± 0.04) * pH 3 . Analytical uncertainty is included in the symbol size.
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 6 Figure 6Species distribution as a function of experimental pH for (A) aqueous CrO4 2-, CaCrO4 0 , Ca 2+ and CO3 2-in the experimental runs of this study (see Table1) and (B) for seawater based on the composition proposed by[START_REF] Millero | The Physical Chemistry of Seawater[END_REF] and Cr(IV) concentration of 3.5 nM.

Figure 8

 8 Figure 8 Relation between Cr(VI) isotope fractionation and (A) amount of incorporated chromate (Cr(VI)calcite); (B) aqueous CaCrO4 0 concentration. The dashed regression line is described by the linear equation: Δ 53 Crcalcite-solution = -0.14 (±0.02) * CaCrO4 0 (mM) + 0.34 (± 0.09); R² = 0.88. Analytical uncertainty is included in the symbol size.

Figure 9

 9 Figure 9Correlation between Δ 53 Crcalcite-solution and (A) the concentration of CaCrO4 0 complex of natural carbonate samples from the literature according to the equation Δ 53 Crcalcite-solution = -58.8 (± 36.04) * CaCrO4 0 (mM) -0.40 (± 0.06); R² = 0.36 (The encircled sample is not included in this trend); and (B) the aqueous ratio of CaCrO4 0 complexes and total Cr(VI) of our experimental and natural carbonate samples from the literature[START_REF] Frei | Chromium isotopes in carbonates -A tracer for climate change and for reconstructing the redox state of ancient seawater[END_REF] Bonnard et al., 2013;[START_REF] Holmden | Response of the Cr isotope proxy to Cretaceous Ocean Anoxic Event 2 in a pelagic carbonate succession from the Western Interior Seaway[END_REF][START_REF] Farkaš | Chromium isotope fractionation between modern seawater and biogenic carbonates from the Great Barrier Reef, Australia: Implications for the paleo-seawater δ 53 Cr reconstruction[END_REF]. Analytical uncertainty is included in the symbol size.

Table 1 :

 1 Chemical and isotopic composition and pH of reactive fluid at steady state conditions, sampling time (min), precipitation rate rp (mol m -2 s - 1 ), concentration of the inlet, initial and final solution for DIC, total Cr(VI), Ca and K (mM), Cr(VI) concentration of precipitate (mg/kg), distribution coefficient (DCr(VI)), SI with respect to calcite, δ 53 Crsolution ± 2SD (‰), δ 53 Crcalcite ± 2SD (‰) and Δ 53 Crcalcite-solution ± 2SD (‰)

	Exp	pH	time	rp	DIC	Cr(VI)	Ca	K	Cr(VI)

calcite DCr(

VI) SI δ 53 Cr solution δ 53 Cr calcite Δ 53 Cr

  

												calcite-solution
	K2Cr2O7stock	3.85	-							-0.26 ± 0.06	
	#1.1solution_initial	-	0		50	51.9	0.09	190.9		-0.13 ± 0.06	
	#4.2solution_initial	-	0		50	51.2	0.19	178.7		-0.09 ± 0.05	
	#1.1	7.96	10457 10 -7.98	2.68	50.85 15.01 194.87 1121.7 -5.67	0.71 -0.14 ± 0.01 -0.86 ± 0.08 -0.72 ± 0.05
	#1.2	8.00		10 -7.95	2.58	50.40 13.97 193.79 956.6	-5.67	0.70	-0.81 ± 0.01 -0.67 ± 0.01
	#2.1	8.50		10 -7.64	1.62	49.79	6.25 218.91 729.6	-5.50	0.64	-0.36 ± 0.02 -0.26 ± 0.02
	#2.2	8.54	9760	10 -7.61	1.56	49.41	6.42 213.38 679.0	-5.52	0.67 -0.10 ± 0.02 -0.37 ± 0.08 -0.27 ± 0.05
	#3.1	9.36		10 -7.72	0.72	49.38	5.07 207.89 682.7	-5.13	0.95 -0.11 ± 0.05 -0.06 ± 0.06	0.05 ± 0.06
	#3.2	9.41	9715	10 -7.59	0.69	48.87	4.85 207.51 469.7	-5.28	0.95	-0.11± 0.04	0.0 ± 0.05
	#4.1	10.46		10 -7.63	0.26	49.07	5.15 210.20 710.7	-5.07	1.01	0.01 ± 0.01	0.12 ± 0.05
	#4.2	10.57	9855	10 -7.56	0.23	48.98	4.10 208.53 514.0	-5.15	0.90 -0.11 ± 0.09 -0.08 ± 0.05	0.03 ± 0.07
	#4.2solution	10.60	1365		0.26	45.22 3.73			-0.18 ± 0.09	
	#4.2solution	10.67	2905		0.26	47.41 3.45			-0.11 ± 0.05	
	#4.2solution	10.46	4095		0.23	48.57 3.93			-0.26 ± 0.13	
	#4.2solution	10.51	5795		0.23	49.23 4.12			-0.14 ± 0.03	
	#4.2solution	10.69	7320		0.22	47.92 4.23			-0.07 ± 0.03	
	#4.2solution	10.59	8605		0.23	48.83 4.14			-0.07 ± 0.06	

ACKNOWLEDGEMENTS

We acknowledge the support of Stephanie Eichinger, Bettina Purgstaller and Andre Baldermann with ICP-OES, Judith Jernej with IC and Maria Hierz with DIC measurements. For the enlightening discussions during the preparation of this manuscript, we would like to thank Alexandra Rodler, Cyrill Grengg, Jessica Stammeier and Katja Goetschl. This manuscript benefitted from the constructive comments of three anonymous reviewers and those by the AE Mariette Wolthers. This project has received funding by Marie Skłodowska-Curie Horizon 2020 Project BASE-LiNE Earth (H2020-MSCA-INT-2014-643084) and by the FWF-DFG project Charon II (FWF-I3028-N29).