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Introduction

The processes of carbonate mineral precipitation in the presence of cyanobacteria are believed to be crucially important for the formation of both modern and ancient stromatolites [START_REF] Allwood | 3.43 billion-year-old stromatolite reef from the Pilbara Craton of Western Australia: Ecosystem-scale insights to early life on Earth[END_REF][START_REF] Gérard | Specific carbonate-microbe interactions in the modern microbialites of Lake Alchichica (Mexico)[END_REF][START_REF] Javaux | Challenges in evidencing the earliest traces of life[END_REF][START_REF] Tice | Archean Microbial Mat Communities[END_REF]. Recently, the interest to carbonate biomineralization has risen in the context of climate change and CO2 increase in the atmosphere, as the storage of this greenhouse gas in the form of carbonate rocks after dissolution of (ultra)mafic rocks is considered as efficient remediation measure for CO2 sequestration which can be enhanced via the action of cyanobacteria [START_REF] Han | Precipitation of calcite induced by Synechocystis sp. PCC6803[END_REF][START_REF] Mccutcheon | A Greenhouse-Scale Photosynthetic Microbial Bioreactor for Carbon Sequestration in Magnesium Carbonate Minerals[END_REF][START_REF] Mccutcheon | Microbially accelerated carbonate mineral precipitation as a strategy for in situ carbon sequestration and rehabilitation of asbestos mine sites[END_REF].

Numerous experimental studies dealt with calcium or magnesium carbonate precipitation, in both abiotic and biotic conditions under low Si concentration in solution (e.g., [START_REF] Lee | Calcium carbonate formation by Synechococcus sp. strain PCC 8806 and Synechococcus sp. strain PCC 8807[END_REF][START_REF] Martinez | Effects of freshwater Synechococcus sp. cyanobacteria pH buffering on CaCO3 precipitation: Implications for CO2 sequestration[END_REF][START_REF] Mavromatis | Magnesium isotope fractionation during hydrous magnesium carbonate precipitation with and without cyanobacteria[END_REF][START_REF] Power | Microbially Mediated Mineral Carbonation: Roles of Phototrophy and Heterotrophy[END_REF][START_REF] Shirokova | Using Mg Isotopes to Trace Cyanobacterially Mediated Magnesium Carbonate Precipitation in Alkaline Lakes[END_REF].

However, when the first stromatolites were formed, concentrations of Si in the Precambrian oceans (late Archean -early Proterozoic) were high due to active hydrothermal sources and the absence of diatoms at that time [START_REF] Siever | Silica in the oceans: Biological-geochemical interplay[END_REF]. In case of CO2 sequestration in the form of secondary carbonate rocks, the dissolution of initial (ultra)mafic minerals such as olivine provides high Mg and Si concentrations in solution. Biotically-induced formation of hydrous Mg carbonates and Mg silicate is well documented from field studies [START_REF] Del Buey | Microbially induced palygorskite-sepiolite authigenesis in modern hypersaline lakes (Central Spain)[END_REF]Gerard et al., 2018;[START_REF] Milesi | Formation of magnesium-smectite during lacustrine carbonates early diagenesis: Study case of the volcanic crater lake Dziani Dzaha (Mayotte -Indian Ocean)[END_REF]). Thus, in alkaline waters of the Mono Lake (California), Mg-silica precipitation is induced on the surface of cyanobacteria and exopolymeric substances (EPS) during microbial biofilm decaying [START_REF] Souza-Egipsy | Mg-silica precipitation in fossilization mechanisms of sand tufa endolithic microbial community, Mono Lake (California)[END_REF]. A hydrated amorphous Mg-Si phase was reported to occur in sediments of alkaline lakes [START_REF] Arp | Microbialite Formation in Seawater of Increased Alkalinity, Satonda Crater Lake, Indonesia[END_REF][START_REF] Pozo | Origin of kerolite and associated Mg clays in palustrine-lacustrine environments. The Esquivias deposit (Neogene Madrid Basin, Spain)[END_REF]Spencer et al., 1985;[START_REF] Tutolo | Experimental examination of the Mg-silicate-carbonate system at ambient temperature: Implications for alkaline chemical sedimentation and lacustrine carbonate formation[END_REF][START_REF] Wright | An abiotic model for the development of textures in some South Atlantic early Cretaceous lacustrine carbonates[END_REF]. In modern hypersaline lagoons, elevated pH due to cyanobacterial photosynthesis, combined with high Mg concentration due to hypersaline environments and high Si concentration, originated from diatom frustule dissolution, lead to preferential nucleation of Mg-Si phase on the EPS and sheaths of filamentous and coccoid cyanobacteria [START_REF] Burne | Stevensite in the modern thrombolites of Lake Clifton, Western Australia: A missing link in microbialite mineralization[END_REF][START_REF] Pace | Microbial and diagenetic steps leading to the mineralisation of Great Salt Lake microbialites[END_REF][START_REF] Pace | Formation of stromatolite lamina at the interface of oxygenic-anoxygenic photosynthesis[END_REF].

The mechanisms invoked in abiotic formation of Mg carbonate and silicate include primarily the pH control on Mg carbonate precipitation rate [START_REF] Mavromatis | Magnesium isotope fractionation during hydrous magnesium carbonate precipitation with and without cyanobacteria[END_REF][START_REF] Power | Biologically induced mineralization of dypingite by cyanobacteria from an alkaline wetland near Atlin, British Columbia, Canada[END_REF][START_REF] Shirokova | Using Mg Isotopes to Trace Cyanobacterially Mediated Magnesium Carbonate Precipitation in Alkaline Lakes[END_REF] and Mg silicate structure [START_REF] Jones | Sepiolite and palygorskite[END_REF], notably production of 2:1 structures at high pH and sepiolite-like products and amorphous silica at lower pH [START_REF] Darragi | Authigenic trioctahedral smectites controlling pH, alkalinity, silica and magnesium concentrations in alkaline lakes[END_REF][START_REF] Jones | Clay mineral diagenesis in lacustrine sediments[END_REF][START_REF] Tosca | Chemical controls on incipient Mg-silicate crystallization at 25 °C: Implications for early and late diagenesis[END_REF]. However, in contrast to detailed studies of effects of pH, Si:Mg ratio and salinity of the parent solution on the nature of Mg-silicates precipitated in the inorganic systems (i.e., [START_REF] Arizaleta | A rate law for sepiolite growth at ambient temperatures and its implications for early lacustrine diagenesis[END_REF][START_REF] Kent | Mg2+ removal in the system Mg2+-amorphous SiO2-H2O by adsorption and Mg-hydroxysilicate precipitation[END_REF][START_REF] Siffert | Synthèse d'une sépiolite à température ordinaire[END_REF][START_REF] Tosca | Chemical controls on incipient Mg-silicate crystallization at 25 °C: Implications for early and late diagenesis[END_REF][START_REF] Tutolo | Experimental examination of the Mg-silicate-carbonate system at ambient temperature: Implications for alkaline chemical sedimentation and lacustrine carbonate formation[END_REF][START_REF] Wollast | Experimental precipitation and genesis of sepiolite at earth-surface conditions[END_REF], no experimental study of the precipitation of Mg silicate and carbonate in the presence of cyanobacteria was conducted, especially under high Si concentrations in solution.

As a working hypothesis, one can suggest, based on the bulk of available information from the field studies and laboratory experiments with inorganic systems [START_REF] Pace | Microbial and diagenetic steps leading to the mineralisation of Great Salt Lake microbialites[END_REF][START_REF] Pace | Formation of stromatolite lamina at the interface of oxygenic-anoxygenic photosynthesis[END_REF][START_REF] Tosca | Chemical controls on incipient Mg-silicate crystallization at 25 °C: Implications for early and late diagenesis[END_REF] that the photosynthetic activity of cyanobacteria could increase the pH to highly alkaline values therefore inducing the formation of hydrous Mg carbonates and silicates.

However, although an important prerequisite for Mg-clay precipitation is the formation of Mgsilica complexes in solution (i.e., [START_REF] Tosca | Sedimentary talc in Neoproterozoic carbonate successions[END_REF], elevated Si concentrations may prevent the formation of carbonate minerals via inhibiting the nucleation and decreasing cluster formation and polymerization in solution, as it is known for Fe -Si hydroxide system (i.e., [START_REF] Glasauer | Properties of Goethites Prepared under Acidic and Basic Conditions in the Presence of Silicate[END_REF]Schwertman and Thalmann, 1976). Further, EPS secreted by cyanobacteria could act either as templates for Mg-silicate formation within the microbial mats [START_REF] Burne | Stevensite in the modern thrombolites of Lake Clifton, Western Australia: A missing link in microbialite mineralization[END_REF][START_REF] Del Buey | Microbially induced palygorskite-sepiolite authigenesis in modern hypersaline lakes (Central Spain)[END_REF][START_REF] Souza-Egipsy | Mg-silica precipitation in fossilization mechanisms of sand tufa endolithic microbial community, Mono Lake (California)[END_REF][START_REF] Zeyen | Formation of low-T hydrated silicates in modern microbialites from Mexico and implications for microbial fossilization[END_REF] or as inhibitors of mineral precipitation due to complexation of their carboxylic groups with aqueous Mg 2+ ion and decreasing the solution saturation state with respect to the mineral end products.

Towards resolving the impact of cyanobacteria on authigenic Mg and Si hydrous mineral formation, we performed laboratory experiments with different cyanobacteria in carbonate-bearing solutions with variable Si:Mg ratios. The effect of soluble exopolysaccharides, a part of EPS secreted by cyanobacteria, was tested via addition of exopolysaccharide alginate. We aimed at quantifying the rates of solid phase precipitation and linking the nature and stoichiometry of Mg carbonates and silicates to the identity of various cyanobacteria and chemical composition of aqueous solution. The obtained results should allow better understanding of possible paleoenvironments leading to formation of authigenic Mg silicates and carbonates and may be useful for constraining optimal conditions for most efficient C sequestration during dissolution of primary Mg silicate rocks.

Material and methods

Culture of cyanobacteria

The biotic experiments were performed with three photo-autotrophic cyanobacteria; each specie was studied in a monoculture. The Synechococcus sp. PCC 7942 cyanobacterium was isolated from the surface of hydrous Mg carbonate stromatolites growing in the Salda Lake (Turkey) and used previously in mineral carbonation experiments in pure culture (eg [START_REF] Shirokova | Using Mg Isotopes to Trace Cyanobacterially Mediated Magnesium Carbonate Precipitation in Alkaline Lakes[END_REF]. Cells of Synechococcus are elongated and isolated; the thickness of surrounding EPS layer is between 20 and 30 nm (Fig. 1A). The Chroococcidiopsis sp. SAG 2023, obtained from the culture bank of the Experimental Phycology and Culture Collection of Algae (EPSAG, Germany), is commonly found in groups of two to eight cells, enclosed in a transparent sheath 250 to 500 nm thick, rich in EPS which cover the cells (Fig. 1B). Cells of Aphanothece clathrata SAG 23.99, also obtained from the EPSAG, are spherical and covered with a thick (15-30 nm) EPS layer (Fig. 1C). The interest of using three different cyanobacteria was to test the impact of external cell envelopes and cell morphology on the rate of precipitation and the nature of formed solid products at otherwise similar initial solution composition and supersaturation degree. Each cyanobacterium was grown in the BG-11 (Sigma-Aldrich C3061) freshwater nutrient solution. Before the experiment inoculation, cells were rinsed twice in appropriate fresh culture media using centrifugation (~500 mL of solution for 1 g of wet biomass) at 2000 g to remove, as possible, the adsorbed organic matter, metals and cell exudates from the surface.

Experimental setup

Abiotic batch experiments were conducted in 500 mL polycarbonate bottles placed in an IKA HS 260 basic orbital shaker (100 rpm) at 25 °C. Experiments were run in a 0.01 M NaHCO3 solution enriched with Si and Mg at different Si:Mg ratios. Magnesium was added from an MgCl2.6H2O (Alfa Aesar) concentrated solution; Si was added from a Na2SiO3.5H2O (Sigma Aldricht) concentrated solution. Sodium alginate (Sigma Aldricht) was used at a concentration of 0.8 g L -1 . For each experiment, pH was fixed at four different values (8.5 -9.5 -10.5 -11.5) using a NaOH solution.

Biotic experiments were conducted in duplicates in batch reactors (500 mL polycarbonate Erlenmeyer flasks closed with sterilized porous plugs (Bio-Silico®)), under continuous stirring via magnet stir bar and a constant light of 2500 lux (~40 µmol.m -2 .s -1 ). The abiotic controls included the same aqueous solution without cyanobacterial cells or with live but not photosynthesizing cells in the darkness, in which the pH was raised artificially via addition of NaOH. All manipulations were performed in a sterile environment using a class A 100 laminar flow hood box. For the three cyanobacteria described before, experiments were realized with 1 gwet L -1 of cyanobacterial biomass, in a carbonate-rich medium (0.01 M NaHCO3) at different Si:Mg ratios. A 10% BG-11 growth media was added to help promoting the development of cyanobacteria. The chemical composition of all abiotic and biotic experiments is presented in Table 1.

Sampling and analyses

Aliquots of the experimental solutions were taken every day during the first week and afterwards according to the evolution of the physicochemical parameters (typically every 2-3 days), under sterile conditions. This allowed to follow the evolution of different biological (cyanobacterial biomass) and physicochemical (pH, Mg, Si, dissolved organic carbon (DOC), alkalinity) parameters and thus to characterize the bacterial development, evolution of solution saturation degree, and precipitation of secondary minerals. Sampled aliquot of 13 mL of homogeneous suspension was subdivided into several portions. The 3 mL of unfiltered sample were used to measure pH and optical density. The remaining 10 mL of this volume was centrifuged (2000 g, 30 min) and the supernatant was filtered through a 0.45 µm filter. About 7 mL of the filtrate was used for the analysis of Si, DOC and alkalinity. The other part of the filtrate was acidified (pH = 2) using HNO3 for Mg analysis. The filtered samples were stored in the refrigerator pending analysis.

Cyanobacterial biomass was calculated via optical density measurement using a Helios Epsilon spectrophotometer at a wavelength of 680 nm (OD680nm), which corresponds to the absorption peak of chlorophyll-a. This wavelength is preferred for the estimation of cyanobacterial biomass if the solution is turbid due to other particles [START_REF] Grimm | Enhancement of cyanobacterial growth by riverine particulate material[END_REF][START_REF] Myers | Improving accuracy of cell and chromophore concentration measurements using optical density[END_REF]; linear relationship (r 2 > 0.90, p < 0.01) was obtained between cyanobacterial biomass and OD680nm using a set of cyanobacteria samples of different biomass concentrations; the uncertainty of this measurement was estimated as ±10%. The conversion factor from OD680nm to cyanobacterial dry biomass (gdry/L) was equal to 0.519 for Synechococcus sp., 0.332 for Chroococcidiopsis sp. and 0.371 for Aphanothece clathrata, and the ratio wet/dry biomass of all three species was 8 ± 0.5.

The pH was measured with a Mettler Toledo InLab Micro combined electrode calibrated with NIST buffers (4.01, 6.99 and 10.01), with an uncertainty of 0.01 units. Alkalinity was measured via standard HCl titration using an automatic Schott TitroLine alpha plus titrator, with an uncertainty of 1% and a detection limit of 5•10 -5 M. Dissolved inorganic carbon (DIC) concentration was calculated from pH and alkalinity. DOC concentration was determined using a Shimadzu TOC-VCSN analyzer with an uncertainty of 5% and a detection limit of 0.1 mg Corg L - 1 . Magnesium concentration was measured by flame atomic absorption spectroscopy using a Perkin Elmer AAnalyst 400 with an uncertainty of 1% and a detection limit of 1•10 -7 M. The total dissolved silica concentration was measured by colorimetry with the molybdate blue method using a colorimetric chain Technicon Autoanalyzer II, with an uncertainty of 2% and a detection limit of 3•10 -7 M.

The mineral saturation indices (SI) were calculated using the PHREEQC geochemical code [START_REF] Parkhurst | User's guide to PHREEQC (Version 2)-A computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF], with its llnl.dat thermodynamic database modified to include new equilibrium constants in the Ca-Mg-CO2-H2O system from [START_REF] Palmer | Potentiometric measurements of the first hydrolysis quotient of magnesium (II) to 250 °C and 5 molal ionic strength (NaCl)[END_REF], [START_REF] Millero | The dissociation of carbonic acid in NaCl solutions as a function of concentration and temperature[END_REF], [START_REF] Bénézeth | Experimental determination of the solubility product of magnesite at 50 to 200 °C[END_REF][START_REF] Stefánsson | Carbonic acid ionization and the stability of sodium bicarbonate and carbonate ion pairs to 200 °C-A potentiometric and spectrophotometric study[END_REF], 2014), [START_REF] Gautier | Hydromagnesite solubility product and growth kinetics in aqueous solution from 25 to 75 °C[END_REF][START_REF] Harrison | Solubility of the hydrated Mgcarbonates nesquehonite and dypingite from 5 to 35 °C: Implications for CO2 storage and the relative stability of Mg-carbonates[END_REF].

Microscopic observations and spectroscopic characterization of reaction products

For Transmission Electron Microscopy (TEM) observations, samples were treated in two different ways: (i) a drop of fresh suspension was deposited on a carbon-coated copper grid, and (ii) ultrathin slices were prepared from freshly sampled cells and precipitated minerals which were fixed with 2.5% glutaraldehyde / 2% paraformaldehyde in 0.1 M Cacodylate buffer (pH 7.2) at ambient temperature for 1.5 h, washed three times with 0.1 M Cacodylate, and subsequently soaked in 1% osmium tetroxide in 0.1 M Cacodylate buffer at ambient temperature for 1 h and finally washed three times with 0.1 M Cacodylate. The supernatant was removed and pellets were embedded in agarose, then samples were taken through stepwise ethanol dehydration (15 min at 25, 50, 70 and 90% ethanol at ambient temperature, and 3x30 min at 100% dry ethanol). Samples were then embedded in epoxy resin and 80 nm thick ultrathin sections were processed with a Leica UCT ultramicrotome. Ultramicrocuts were mounted on Cu formvar-carbon grids, and electron stained with uranyl and lead citrate. Then samples were characterized using TEM with a JEOL JEM-1400 HC (40-120 kV) and a JEOL JEM-2100F (200 kV) coupled with a SDD Brucker EDS analyzer with an energy resolution of 127 eV. Fast Fourier Transform (FFT) analyses were performed to characterize possible crystallinity of samples.

Prior to characterization by Scanning Electron Microscopy (SEM), samples were centrifuged (100 g, 30 min) and the organic matter was removed from the solid phase by treating them in aqueous 10% H2O2 for a night, following the methodology elaborated for Mg-HCO3cyanobacteria system [START_REF] Shirokova | Using Mg Isotopes to Trace Cyanobacterially Mediated Magnesium Carbonate Precipitation in Alkaline Lakes[END_REF]. The remaining solids were rinsed three times with MilliQ water and freeze-dried at -60 °C. They were observed after carbon film coated on the sample surface with a JEOL JSM 6360LV SEM coupled with a SDD PGT Sahara EDS analyzer operating at 30 kV.

The precipitated minerals and mineral-bacterial cell aggregates were also analyzed by X-ray diffraction using a D8-Advance Bruker diffractometer (Cu-Ka1 radiation, step size 0.0142 (2 h), scan speed 10 s/step), and via FT-IR spectroscopy using a Perkin Elmer Spektrum 100 equipped with a ZnSeO4 crystal in the wave number range from 650 to 4000 cm -1 .

Results

Abiotic experiments without biomass and with non-photosynthesizing cells

Abiotic experiments were performed in the presence or not of 0.8 g L -1 sodium alginate, with three different Si:Mg ratios, at 4 different pH values. At pH 8.5 and 9.5, no decrease of Si or Mg concentrations in solution occurred, regardless of the presence of alginate; presumably, there was no precipitation of Mg silicate (not shown). At pH=10.5, with 60:100 and 30:100 Si:Mg mass ratios, both Si and Mg concentrations decreased immediately by ca. 50%, then Mg concentrations remained stable at ~2 mM and Si concentrations decreased down to ~0.1 mM over 96 h of reaction time (Figs. S1A andB) for both alginate and alginate-free experiments, indicating the precipitation of an Si, Mg-bearing phase. For the 60:30 Si:Mg mass ratio, Mg concentration decreased from 1.2 to 0.3 mM over 96 hrs. Silica concentrations decreased immediately from 2.1 to 1.6 mM then further decreased to 1 mM over 20 h and remained stable until the end of experiments. At pH 11.5, Si concentrations immediately decreased from 2.1 to 1.5 mM and then remained stable. Without alginate, almost all Mg precipitated instantaneously (Fig. S2A), whereas with alginate, Mg concentrations did not decrease (Fig. S2B). SI values during experiments indicated possible precipitation of Mg silicate (sepiolite, Mg4Si6O15(OH)2•6H2O) given that at pH > 10.5 the SI of sepiolite decreased from 11 -20 to -1 -14 depending on experiments (Fig. S3). A possibility of sepiolite precipitation seemed to be highest at pH 11.5. Magnesium hydroxide (brucite, Mg(OH)2) could also be formed but the decrease of its SI was rather low (0.5 -0.8 to 0.4 -0.5). At pH < 10, the SI of both sepiolite and brucite were stable, indicating no possible precipitation of these minerals (not shown).

Abiotic control experiments in the presence of 1 gwet L -1 live but non photosynthesizing Synechococcus sp. cells in the darkness with Si:Mg mass ratio of 60:100 did not produce any precipitation because of the absence of pH increase due to lack of photosynthesis: the biomass slightly decreased pending experiment and pH was stable at 8.6. Artificial increase of pH from 8.6 to 10.7 via an addition of NaOH to the experimental suspension kept in the darkness yielded instantaneous precipitation of Si-Mg amorphous phase: concentrations of Mg and Si dropped from 4 to 0.3 mM and 2 to 1.2 mM, respectively (Fig. S4).

Biotic experiments with live photosynthesizing cyanobacteria

The concentration of cyanobacterial biomass increased during 10 days of the experiments from 0.1 to 0.4 gdry L -1 , 0.05 to 0.2 gdry L -1 and 0.08 to 1 gdry L -1 for Synechococcus sp., Chroococcidiopsis sp. and Aphanothece clathrate, respectively (Fig. 2A). The pH of the experimental solutions increased in all experiments. The evolution of pH was similar for experiments with Synechococcus sp. and Chroococcidiopsis sp., reaching a value of 11.8 at the end of experiment (Fig. 2B). The increase of pH in experiments with Aphanothece clathrata was smaller, from 9.6 to 10.2. This increase most likely occurred due to the photosynthetic activity of cyanobacteria, because there was a correlation between the biomass and the pH (r² = 0.90, 0.78 and 0.45 at p < 0.01 for Chroococcidiopsis sp., Synechococcus sp., and Aphanothece clathrata, respectively, Fig. 2C).

The evolution of Mg, Si and DIC concentration with time was similar in the experiments with Synechococcus sp. and Chroococcidiopsis sp.. For 60:100 and 30:100 Si:Mg ratios, ≥ 90% of Mg and Si were removed during first ~150 h of experiments (Figs 3 A,B), suggesting the formation of a Si, Mg-rich solid phase. The DIC concentration was stable during the first 72 hrs, then it decreased from 11 to 6 mM for 30:100 Si:Mg solution and from 12 to 7 mM for 60:100 Si:Mg solution (Fig. 3C), suggesting a formation of some Mg-bearing carbonate phase. For the 60:30 Si:Mg ratio, the evolution of Mg and Si concentration was similar (Fig. 4 A,B) but there was no decrease in DIC concentrations (Fig. 4 C). The evolution of these parameters was different with Aphanothece clathrata: Si and Mg concentrations decreased less rapidly (Fig. 3 A,B and4 A,B) and DIC concentrations were stable at 10 mM (Fig. 3C and4C).

The evolution of SI calculated with PHREEQC indicated possible formation of sepiolite, brucite and Mg carbonates artinite (Mg2CO3(OH)2•3H2O), dypingite (Mg5(CO3)4(OH)2•5H2O) and hydromagnesite (Mg5(CO3)4(OH)2•4H2O) when Mg was in excess to Si (Si:Mg of 60:100, Fig. 3D). In experiments with excess of Si (Si:Mg of 60:30), the formation of sepiolite and brucite was possible; among previously cited Mg carbonates, only artinite and hydromagnesite could be formed but their SI were lower indicating a lesser possible precipitation (Fig. 4D).

Rates and stoichiometry of Mg, Si and C removal in abiotic and biotic experiments

The quantity of DIC, Mg and Si removed during the first 100 h of experiments (∆DIC, ∆Mg and ∆Si, respectively) are presented in Table 2 and were used to calculate via mass balance the proportion of inorganic carbon (IC) or Si versus Mg in the precipitates. The molar ratios IC:Mg in the precipitates were about 1.5±0.5, which is superior to the IC:Mg ratio of Mg carbonate nesquehonite MgCO3.3H2O (1), hydromagnesite Mg5(CO3)4(OH)2.4H2O (0.8), dypingite Mg5(CO3)4(OH)2.5H2O (0.8), and artinite Mg2CO3(OH)2•3H2O (0.5). The Si:Mg molar ratios were about 0.75±0.5, which was inferior to that of sepiolite Mg4Si6O15(OH)2•6H2O (1.5). Overall, this indicates the formation of a mixture of different minerals and non-stoichiometric amorphous phases rather than the precipitation of a unique Mg carbonate or silicate.

In the presence of Synechococcus sp. and Chroococcidiopsis sp., the proportion of Si:IC in the solid phase obtained in different experiments (calculated via mass balance) increased with the increase in Si:Mg ratio in solution. The Si:IC molar ratio was equal to 0.6-1, 0.3 and 0.2 for the Si:Mg initial molar ratios of 1.75, 0.50 and 0.25, respectively (Table 2). In the presence of A. clathrata, the Si:IC was the same (~0.9) regardless of the Si:Mg initial ratio. In abiotic experiments with or without alginate, the Si:IC ranged between 0.1 and 0.4 for the different Si:Mg initial ratios.

The Mg, Si and DIC apparent removal rates (Δi/∆t where i = Mg, Si or DIC) during t = first 100 hours in abiotic and biotic experiments) were calculated following the approach of [START_REF] Arizaleta | A rate law for sepiolite growth at ambient temperatures and its implications for early lacustrine diagenesis[END_REF] for sepiolite precipitation and listed in Table 2. In biotic experiments, the ΔMg/∆t value in the presence of Synechococcus sp. and Chroococcidiopsis sp. was rather similar (~ 0.012 mmol L -1 h -1 for the Si:Mg ratio of 60:30 and ~0.033 mmol L -1 h -1 for other ratios). In abiotic experiments with or without alginate, the decrease of Mg was faster for the Si:Mg ratio of 60:30 (~ 0.041 mmol L -1 h -1 ) but similar for other ratios (~0.029 mmol L -1 h -1 ), except in the presence of alginate at pH = 11.5. The rates of Si removal (ΔSi/∆t) were similar in all biotic experiments regardless of Si:Mg ratios and in abiotic experiments with or without alginate with Si:Mg ratio of 60:100 and 30:100 (~0.011 mmol L -1 h -1 ). The ΔSi/∆t was 3 times lower in abiotic experiments with Si:Mg ratio of 60:30 (~0.003 mmol L -1 h -1 ). The ΔDIC/∆t was similar for biotic experiments with Synechococcus sp. and Chroococcidiopsis sp. (~0.016 mmol L -1 h -1 for Si:Mg ratio of 60:30, ~0.057 mmol L -1 h -1 for ratios of 60:100 and 30:100) and for abiotic experiments (~0.015 mmol L -1 h -1 for Si:Mg ratio of 60:30, ~0.053 mmol L -1 h -1 for ratios of 60:100 and 30:100).

For biotic experiments in the presence of A. clathrata, the decrease of DIC during first 100 h of growth was the same for the three ratios (~0.011 mmol L -1 h -1 ).

The rates of Mg, Si and DIC decrease over the first 100 hours of solutions were represented as a function of SI of sepiolite (Fig. S5 A, B andC) and as a function of initial Si:Mg ratio in solution (Fig. S5 D, E andF). There was no correlation between these different parameters, showing no relation between the initial composition of aqueous solution and the apparent rates of solid phase precipitation. These rates were similar in biotic experiments with Synechococcus sp. and Chroococcidiopsis sp. and abiotic experiments, except for initial Si:Mg ratio of 60:30 where the abiotic ratios were 3 times smaller. Rates were smaller in biotic experiments in presence of A.

Clathrata compared to other cyanobacteria, except with Si:Mg mass ratio of 60:30 (molar ratio = 1.73) where all ratios were similar.

In order to compare solid phase precipitation efficiency among cyanobacterial species, the apparent rates of element removal Δi/∆t (i = Mg, Si, DIC) in biotic experiments were normalized to dry biomass produced during the period of time t yielding efficient precipitation rate Ri (mmol h -1 gdry -1 ):

𝑅𝑖 = [𝑖] 𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
where [i] is the change in element concentration over the t period and biomass is the change in the cyanobacterial biomass during the same period of time. Results are listed in Table 2 and illustrated for the period of maximal change in Mg, Si and IC concentration (50 to 150 h) in the form of a histogram (Fig. 5). The RSi ranged from 0.02 to 0.2 mmol Si h -1 gdry -1 , decreased (Synechococcus sp. and Chroococcidiopsis sp.) or increased (A. clathrata) with Si:Mg ratio, and followed the order A. clathrata ≥ Chroococcidiopsis sp. > Synechococcus sp. (Fig. 5 A). Biomassnormalized Mg removal rates RMg were the highest for Chroococcidiopsis sp. and about similar for Synechococcus sp. and A. clathrata (Fig. 5 B). Finally, the RIC values ranged from 0.3 to 1.0 mmol C h -1 gdry -1 for Synechococcus sp. and Chroococcidiopsis sp. at Si:Mg molar ratio of 0.26 and 0.52 and were zero to slightly negative for all three species at higher Si in solution (Fig. 5 C). There was no link (p < 0.05) between RSi, RMg and sepiolite saturation index of solution (not shown).

The C sequestration potential (CSP), calculated as the sum of inorganic and organic C retained in the solid mineral phase and newly produced biomass over the first 150 h of cell growth ranged from 0.1 to 0.9 mmol C L -1 day -1 for different species. It was an order of magnitude higher for Synechococcus sp. and Chroococcidiopsis sp. compared to A. clathrata at Si:Mg molar ratio < 1. The inorganic share of the CSP was 3 to 4 times lower at Si:Mg molar ratio > 1 for Synechococcus sp. and Chroococcidiopsis sp. and similar among all species (Fig. 6).

Microscopic observations

The SEM observations of the solid products formed in both abiotic and biotic experiments showed that the morphology of the precipitated phases depended on the experimental conditions.

The abiotic experiments in presence of sodium alginate produced flakes with smooth surfaces, ranging in size from 20 to 200 µm, and covered with some filaments (Fig. 7 A,B). Inorganic experiments without alginate yielded solid grains of irregular shape, ~100-200 µm in size, with rough, grainy surfaces (Fig. 7 C,D). After experiments with cyanobacteria Chroococcidiopsis sp., smaller particles (~30-50 µm) were obtained. They were composed of aggregates of small spheres, presumably inheriting cyanobacterial cells or groups of cells as well as their EPS (Fig. 7 E,F). The phases obtained with Synechococcus sp. (Fig. 7G) and A. Clathrata (Fig. 7H) had the same appearance as the one obtained with Chroococcidiopsis sp., and overall, the SEM observations did not show differences between the phases obtained with different cyanobacteria.

However, the TEM observations of cyanobacterial cells and associated newly-formed solid phases showed different precipitation features depending on the identity of cyanobacterium. For Synechococcus sp., nanometric EPS-like filaments were observed around the cells, together with some solid products (indicated by a blue arrow in Fig. 8A). For Chroococcidiopsis sp., the sheaths of the cells were covered with some electron-dense material (Fig. 8B). Residues of the sheaths, probably formed after cell death, were also present and covered with the same solid products. For Aphanothece clathrata, the inorganic precipitates around the cells were similar to Chroococcidiopsis sp. but they were not attached to the cells (Fig. 8C). Some solid amorphous phase was detectable inside the cells (Fig. 8D). Overall, the amount of newly formed precipitates seemed to be more significant in Chroococcidiopsis sp. experiments. The FFT analyses of the solid phase on all samples showed a diffuse ring, indicating the absence of crystallized phases as illustrated for Chroococcidiopsis sp. cells in Fig. 8E. A STEM map of a cell of Chroococcidiopsis sp. allowed characterizing the chemical composition of the cell, its environment and the newly formed solid phase (Fig. 9). The sheath of the cell contained Si, Mg and O, which was consistent with a newly-formed Si, Mg-rich phase such as amorphous Mg silicate.

Spectroscopic analysis

The XRD analyses of biotic products demonstrated the presence of poorly crystalline phase with broad peaks of brucite (Fig. S6). FTIR analyses were performed of samples from both abiotic and biotic experiments. Spectra of solid precipitates formed after 10 days of experiments with Synechococcus sp. are presented in Fig. S7 A. In all spectra, peaks indicating crystalline Mg silicate such as sepiolite were present: a peak around 3680 cm -1 for the vibrations of Mg-OH group; a large band at 3300-3400 cm -1 corresponding to the -OH vibration of water; a peak at 1640 cm -1 corresponding to the vibration of -OH groups of water in hydrogen-bonded silanols; a peak at 1000 cm -1 which could correspond to Si-O or C-O vibration, with a shoulder of low amplitude at 900 cm -1 corresponding to Si-H and/or Si-OH vibrations. In experiments with Si:Mg ratio of 60:100 and 30:100, another peak was observed at 1410 cm -1 , large and weak, corresponding to the vibration of CO3 2-groups. Overall, these spectra indicated the presence of a hydrated Mg silicate such as amorphous analogue of sepiolite (Lazarevic et al., 2007;[START_REF] Tosca | Chemical controls on incipient Mg-silicate crystallization at 25 °C: Implications for early and late diagenesis[END_REF], and in the case of elevated bicarbonate concentration in solution, a hydrated Mg carbonate.

The FTIR spectra from experiments with the other two cyanobacteria were similar to those described above, there was no difference between the phases formed in presence of the different cyanobacteria. Spectra of abiotic samples with or without sodium alginate also showed similar peaks (Fig. S7 B) except for the peak at 1740 cm -1 on the spectra in the presence of sodium alginate, which could correspond to C=O stretching due to the presence of some amount of this organic polymer, attached to the newly-formed phase.

Discussion

Role of Si cell sheaths and EPS in the precipitation of Mg silicate and carbonate

The evolution of Si, Mg and DIC concentrations during the experiments demonstrated that when Mg was initially in excess to Si (Si:Mg mass ratio of 60:100 and 30:100), both Mg silicate and carbonate were formed, whereas when Si was initially in excess to Mg (Si:Mg ratio of 60:30), solely Mg silicate precipitated. In both cases, the newly-formed phases were amorphous as follows from the TEM observations and associated FFT analyses. The FTIR spectra confirmed these results, indicating the presence of the Mg hydrous silicate and the Mg hydrous carbonates. We hypothesize that the excess of Si in solution precludes the formation of Mg carbonate, because most of Mg is consumed to form Mg silicate. This possibility is consistent with the difference in DIC concentration evolution in solutions with various Si:Mg ratios. For the experiment with a Si : Mg ratio of 60:30, all Mg was precipitated with Si in the form of Mg silicate, or as individual Mg hydroxide (brucite) so there was no Mg available to form Mg carbonate, whereas in solutions with 60:100 and 30:100 Si:Mg ratios, there was enough Mg to form both Mg silicate and Mg carbonate.

Note that there was little amount of the solid phase associated with A. clathrata which is consistent with lower rates and degree of Mg, Si concentration decrease during the experiments.

The microscopic observations showed a preferential precipitation of secondary phases in the vicinity of the cell surfaces (Fig. 8). In particular, an Si-Mg-O rich amorphous phase was formed in the EPS-rich sheath of Chroococcidiopsis sp. cells. These results are in favor of a heterogeneous nucleation process, where negatively-charged EPS attached to cyanobacterial cell wall or liberated to aqueous solution could serve as nucleation centers via complexing, first, Mg 2+ cations and then, attracting negatively charged silica anions. Such a mechanism of Mg acting as a bridge between organic surfaces (or EPS) and aqueous Si is consistent with Fe (ferrihydrite)promoted Si removal onto cyanobacteria surfaces [START_REF] Yee | The effect of cyanobacteria on silica precipitation at neutral pH: implications for bacterial silicification in geothermal hot springs[END_REF]. Similar mechanisms of EPSrelated Mg silicate mineral precipitation in and around cyanobacterial sheaths, and in the alveolar web of the EPS of biofilm were suggested for modern thrombolites in Lake Clifton, Australia [START_REF] Burne | Stevensite in the modern thrombolites of Lake Clifton, Western Australia: A missing link in microbialite mineralization[END_REF] and for other microbial biofilms [START_REF] Decho | Microbial biofilms in intertidal systems: an overview[END_REF].

In contrast to irrefutable control of cell sheaths' EPS on amorphous Mg-Si phase precipitation, the presence of soluble organic polymer (alginate) in the cell-free system did not affect Mg silicate precipitation. Indeed, the precipitation rates were similar between alginate-free and alginate-bearing solutions at pH < 11 (Table 2), suggesting that the presence of this aqueous analogue of EPS did not promote the formation of magnesian carbonate and silicate. Moreover, at higher pH, alginate acted as an inhibitor of precipitation, since Mg concentrations remained stable (Fig. S2) despite strong supersaturation of solution with respect to sepiolite and brucite (Fig. S3).

A possible explanation of lack of Mg removal in the presence of alginate is that at high pH, alginate forms a soluble (< 0.45 µm) gel, and Mg ions could be trapped into this gel by the formation of hydrogen bonds, notably via complexation with carboxylate ions. Indeed, alginate polymers are composed of two different monomers G and M, and when there are multiple G monomers in a row, their configuration could lead to the formation of half cavities (Agulhon et al., 2011). At high pH, Mg cations could form complexes via hydrogen bonds with two different chains, joining these chains laterally. Progressively, these bonds cause the formation of a physical hydrogel [START_REF] Kühbeck | Evaluation of the nitroaldol reaction in the presence of metal ion-crosslinked alginates[END_REF], trapping Mg cations and preventing the formation of Mg-bearing minerals.

Rate-controlling factors and possible mechanisms

The Synechococcus sp. cells placed in darkness did not produce any biomass. Presumably, the absence of photosynthesis activity did not allow the pH to increase, and thus no precipitation occurred. Artificial increase of pH from 8.6 to 10.7 via adding of NaOH in the solution led to the instantaneous precipitation of an Si-Mg amorphous phase, suggesting that photosyntheticallyinduced pH rise is the main factor responsible for mineral precipitation in these experiments.

The apparent initial (0-100 h) rates of Mg, Si and IC removal were similar in the presence of Synechococcus sp. and Chroococcidiopsis sp. but sizably lower (by a factor of 4, 1.5 and 5 for Mg, Si and DIC, respectively) with A. clathrata. Consistent with these results, during biotic experiments, the fastest (50-150 h) removal rates of Mg and DIC normalized to produced biomass were the highest for Chroococcidiopsis sp. and the lowest for A. clathrata (see Fig. 5). This is consistent with TEM observations which showed less amount of solid products associated to A. clathrata cells. The thicker EPS layer around Chroococcidiopsis cells compared to A. clathrata cells could partially explain the higher precipitation in presence of Chroococcidiopsis sp., with EPS providing nucleation cells allowing a faster precipitation. The EPS layer could help forming a bulk solid phase which remained near the cells, whereas the thinner layer of EPS around Synechococcus cells favored the formation of smaller particles which then detached themselves from the cells. Despite a lack of thick EPS layer around Synechococcus cells, massive growth of this specie allowed sizable pH increase necessary to produce high amount of precipitates. The magnitude of pH increase, which was smaller in the presence of A. clathrata cells compared to the other cyanobacteria, could explain the difference in precipitation rates, whereas the presence of a thick or thin EPS layer could be responsible for the formation of particles of different sizes and control their degree of attachment to the cells. Therefore, both external (photosynthetically produced high pH) and internal (EPS of the cell envelope) factors are responsible for the observed order of three cyanobacterial species impact on the quantity and precipitation rate of Mg, Si, Cbearing solid phases.

The carbon sequestration potential was the highest for Synechococcus sp. and Chroococcidiopsis sp. and dominated (> 60%) by newly produced biomass. The inorganic form of sequestered C was mostly pronounced for Synechococcus and Chroococcidiopsis species for Si:Mg ratios < 1 (up to 1 mmol C L -1 day -1 ). When Si:Mg was higher than 1, less than 20% of the sequestered carbon was under inorganic form.

According to the SEM observations, the morphology of the solid phase was different in the experiments with and without cyanobacteria. The particles were significantly smaller in the presence of cyanobacteria, which can indicate some surface template control via active role of cell sheaths, providing the nucleation sites. The presence of soluble polymer (sodium alginate) produced flakes rather than isometric particles. At the same time, FTIR analyses did not show any difference between the phases formed with or without cyanobacteria. Therefore, while pH was the principal driver of solution supersaturation rise, the nucleation of Mg-Si hydrous amorphous phase required the presence of surface sites such as EPS of cyanobacterial sheaths.

Note that no apparent cell-protection mechanism with respect to extracellular precipitation which is known to operate for CaCO3 system [START_REF] Bundeleva | Experimental modeling of calcium carbonate precipitation by cyanobacterium Gloeocapsa sp[END_REF][START_REF] Martinez | Do photosynthetic bacteria have a protective mechanism against carbonate precipitation at their surfaces?[END_REF] has been evidenced for Mg-Si compounds in the presence of three studied cyanobacteria, given that the newly produced solid products were always attached to the cell surfaces (Fig. 8).

Conclusions

The photosynthetic activity of the three cyanobacteria Synechococcus sp., Chroococcidiopsis sp.

and Aphanothece clathrata led to the precipitation of amorphous Mg carbonate, Mg silicate, and brucite. Because the same phenomenon occurred in abiotic solutions at pH > 10.5, pH seemed to be the governing factor of precipitation during our experiments. However, amorphous Mg-Si minerals were preferentially formed within the bacterial sheaths rich in EPS indicating that these organic compounds could serve as nucleation centers and promote the precipitation. When Si was in excess, only an Mg silicate, probably sepiolite, was formed, whereas when Mg was in excess in solution compared to Si, hydrous Mg carbonate such as hydromagnesite could also be formed. The C sequestration potential in the form of inorganic solid phase and newly produced biomass over 150 h of reaction was the highest at Si:Mg < 1 in the presence of Synechococcus sp. and Chroococcidiopsis sp. and strongly decreased at Si:Mg ratio > 1. Thus Si strongly inhibited the efficiency of inorganic C removal in the presence of cyanobacteria. 
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 1 Figure 1. Cross-sectional view with TEM of cells of Synechococcus sp. (A), Chroococcidiopsis sp. (B), and Aphanothece clathrata (C) before experiments.
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 2 Figure 2. Evolution of dry biomass (A) and pH (B) as a function of time in biotic experiments. (C) Evolution of pH as a function of dry biomass. Errors bars represent standard deviation of replicates.
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 3 Figure 3. Evolution of Mg (A), Si (B), DIC (C) concentrations and SI of some Mg minerals (D) as a function of time in biotic experiments with Si:Mg mass ratio of 60:100 (molar Si:Mg < 1). Error bars represent standard deviation of replicates. Solutions were undersaturated with respect to nesquehonite (SI < -0.5).
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 4 Figure 4. Evolution of Mg (A), Si (B), DIC (C) concentrations and SI of some Mg minerals (D) as a function of time in biotic experiments with Si:Mg mass ratio of 60:30 (molar Si:Mg > 1). Error bars represent standard deviation of replicates. Solutions were undersaturated with respect to dypingite and nesquehonite (SI < -1).
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 5 Figure 5. Maximal precipitation rates (between 50 and 150 hours of experiment) of Mg (A), Si (B) and DIC (C) normalized to biomass as a function of Si:Mg initial molar ratio in biotic experiments. Error bars represent standard deviation of replicates.
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 6 Figure 6. Carbon sequestration potential (mmol C L -1 day -1 ) of biotic experiments as a function of Si:Mg initial molar ratio during the period of fastest precipitation (between 50 and 150 hours of experiment). Error bars represent standard deviation of replicates.
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 789 Figure 7. SEM observations of the solid phase after abiotic experiments with (A,B) or without (C,D) sodium alginate, and biotic experiments with Chroococcidiopsis sp. (E,F), Synechococcus sp. (G) and Aphanothece clathrata (H). All samples were obtained from experiments with Si:Mg mass ratio 60:100.

  

  

  

  

  

  

  

Table 2 .

 2 Fixed pH of abiotic experiments, ΔpH and Δbiomass for biotic experiments during the time fastest precipitation, quantity of DIC, Mg and Si removed during the different experiments, ratios of the removed DIC and Si versus removed Mg and removed Si versus removed DIC, apparent rate of Mg, Si and DIC removal during first 100 h, and biomass-normalized maximal rate of Mg, Si and DIC removal observed between 50 and 150 h of experiment.

	Experiment pH ΔpH	Δbiomass, gdry/L	ΔDIC, mM	ΔMg, mM	ΔSi, mM	ΔDIC/ΔMg (removed)	ΔSi/ΔMg (removed)
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