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The sulfur cycle is driven by redox processes, among which sulfate reduction is of primary importance. Sulfate is reduced to sulfide either abiotically by Thermochemical Sulfate Reduction (TSR) or biotically by Microbial Sulfate Reduction (MSR). Although these two processes occur at different temperature regimes (>100°C and <80°C, respectively), they generate similar by-products (e.g., sulfides, elemental sulfur). The 34 S/ 32 S ratio is often used as the sole criterion to identify the origin of reduced sulfur compounds, but overlaps prevent unambiguous conclusions. Contrary to MSR, the multiple sulfur isotopic signatures (δ 33 S, δ 34 S, δ 36 S) of natural TSR remains uncharacterized. Here, we performed multiple sulfur isotopes analyses of sulfates, sulfides, and elemental sulfur from six sites in the Alpine Triassic evaporites formation to better constrain the isotopic signatures of TSR. Unlike MSR, TSR can induce slight negative deviations (Δ 33 S down to -0.08‰) relative to the initial sulfate Δ 33 S value, which significantly discriminates between these two processes. Isotopic equilibria between anhydrite and either elemental sulfur or sulfides (pyrite or chalcopyrite) were verified according to their mass-fractionation exponents ( 33/34 θ = 0.5140 and 0.5170, respectively).

Using sulfate-elemental sulfur (∆ 34 SSO 4 2--S 8 ) or sulfate-sulfide (∆ 34 SSO 4 2--S 2-) fractionation pairs and respective fractionation factors ( 34 α) for samples that fulfilled the criteria of isotopic equilibrium, we determined the precipitation temperatures of elemental sulfur and sulfides (pyrite or chalcopyrite) to be 194 ± 14 °C and 293-488 °C, respectively. Interestingly, the obtained temperature of elemental sulfur precipitation corresponds exactly to the solid-liquid phase transition of native sulfur. Using Δ 33 S vs. δ 34 S and Δ 33 S vs. Δ 36 S diagrams, we are able to fully explain the isotopic signatures of disequilibrium sulfides by the mixing of sulfate with either elemental or organic sulfur in the aqueous fluid. Mixing curves allow the determination of the relative proportions of sulfate and organic and elemental sulfur, the latter being formed by the recombination of polysulfides during cooling. It appears that the sulfides' signatures are best explained by a 33% contribution of polysulfides (i.e., elemental sulfur signatures), consistent with the relative proportion of dissolved polysulfides previously measured in fluid inclusions from this formation at >200 °C. Finally, no sulfur mass independent fractionation (S-MIF) is observed in this evaporitic formation, consistent with the TSR signature generated both at equilibrium and by mixing. This implies that TSR does not generate S-MIFs. Our results thus provide multiple sulfur isotopes signatures of TSR, which may be used to reliably identify this process in variable geological settings.

INTRODUCTION

Sulfate reduction is one of the most important processes controlling the sulfur cycle; it can occur abiotically (by Thermochemical Sulfate Reduction, TSR), or be driven by biological activity (Microbial Sulfate Reduction, MSR; [START_REF] Machel | Bacterial and thermochemical sulfate reduction in diagenetic settingsold and new insights[END_REF]. Although MSR generates lesser amounts of the reaction products than TSR, the overall mass balance of the reaction is identical for the two processes and can be approximated as (here, using methane as a reducing agent): SO4 2-+ CH4 → H2S + CO2 + 2OH -.

(1)

Apart from methane, the involvement of other reducing agents (e.g., hydrocarbons, Fe 2+ , H2) leads to different MSR and TSR reactions. In detail, the reaction is much more complex because numerous sulfur species of intermediate valence are involved throughout the transfer of eight electrons from sulfate to sulfide [START_REF] Goldstein | Thermochemical sulfate reduction: A review[END_REF][START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF][START_REF] Johnston | Sulfur isotope insights into microbial sulfate reduction: when microbes meet models[END_REF][START_REF] Sim | Large sulfur isotope fractionation does not require disproportionation[END_REF]Truche et al., 2014Truche et al., , 2009;;[START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF]. The two processes can occur sequentially during the diagenetic/tectonic history of a sedimentary basin, or separately accordingly to geological context. Indeed, MSR generally occurs during the early stages of diagenesis at T <80 °C (see review by [START_REF] Machel | Bacterial and thermochemical sulfate reduction in diagenetic settingsold and new insights[END_REF]. As temperature increases during burial, sulfate-reducing bacteria cease to metabolize [START_REF] Roussel | Complex coupled metabolic and prokaryotic community responses to increasing temperatures in anaerobic marine sediments: critical temperatures and substrate changes[END_REF] and TSR takes over at T >100-120 °C [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF]. The sulfur isotopic compositions (δ 34 S) of sulfate and reduced sulfur compounds (elemental sulfur and sulfides) have been used to distinguish TSR from MSR because each process induces specific sulfate-sulfide fractionations (∆ 34 SSO 4 2--S 2-= δ 34 SSO 4 2--δ 34 SS 2-). In the case of MSR, such fractionations range from 15 to 72‰; this large range results from the heterogeneous isotopic fractionations associated with distinct sulfatoreducing bacteria that employ different metabolic pathways with various intermediate-valence sulfur species [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF][START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF][START_REF] Johnston | Sulfur isotope insights into microbial sulfate reduction: when microbes meet models[END_REF][START_REF] Sim | Large sulfur isotope fractionation does not require disproportionation[END_REF][START_REF] Labrado | Formation of large native sulfur deposits does not require molecular oxygen[END_REF].

For TSR, the observed isotopic fractionation depends on temperature and it can be kinetically controlled or occur at isotopic equilibrium (e.g., [START_REF] Ohmoto | Kinetics of reactions between aqueous sulfates and sulfides in hydrothermal systems[END_REF]. Kinetic isotopic fractionations are attributed to the initial rupture of the S-O bond in sulfate, resulting in the relative enrichment of 32 S (depletion of 34 S) in the reduced product and the depletion of 32 S (enrichment of 34 S) in the residual sulfate (e.g., [START_REF] Cross | Rates and mechanisms of thermochemical sulphate reduction[END_REF]. Experimental studies have shown that kinetic effects lead to a maximum ∆ 34 SSO 4 2--S 2-value of 12.4‰ (e.g., [START_REF] Goldstein | Thermochemical sulfate reduction: A review[END_REF]Meshoulam et al., 2016, and references therein). In contrast, at isotopic equilibrium, theoretical calculations using the fractionation factor between SO4 2-and H2Saq at various temperatures [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF] indicate that ∆ 34 SSO 4 2--S 2-ranges from 11‰ at 500

°C to 43‰ at 100 °C. Because this range overlaps that observed for MSR, ∆ 34 SSO 4 2--S 2-values alone cannot indisputably discriminate TSR from MSR, whatever the origin of the fractionation (abiotic or biotic, equilibrium or kinetic). At present, additional petrographic and geochemical information is required to reliably identify TSR. Multiple sulfur isotopes analyses (δ 33 S, δ 34 S, δ 36 S) have been successfully used to better understand both the isotopic fractionation and the reaction pathways involved during the metabolism of sulfate-reducing bacteria (e.g., [START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF][START_REF] Johnston | Sulfur isotope insights into microbial sulfate reduction: when microbes meet models[END_REF]Zerkle et al., 2009;[START_REF] Sim | Large sulfur isotope fractionation does not require disproportionation[END_REF]. However, this technique

has not yet been used to characterize the multiple sulfur isotopes signature of the TSR reaction pathway, nor to attempt to discriminate it from that of MSR.

Here, we used multiple sulfur isotopes analysis (δ 33 S, δ 34 S, δ 36 S) as a promising geochemical tool to characterize the isotopic signature of TSR. This methodology allows both the robust determination of isotopic equilibrium and the calculation of mixing curves between different sulfur reservoirs. Finally, we explore the potential of TSR to generate sulfur mass independent fractionations (S-MIF) signatures. We focus on the "Nappe des Gypses", a meta-evaporitic formation in the western French Alps. Our approach gives access to the temperatures at which reduced phases precipitated and allows us to explain the S isotopic signatures of all the S-rich minerals observed.

THE NAPPE DES GYPSES FORMATION

The studied area encompasses seven evaporite outcrops in the western French Alps near the villages of Modane, Bramans, and Sollières-l'Envers (Arc Valley), the Ambin stream, the Mont-Cenis Lake, the Roubion stream (near Névache village), and Tignes Lake (Fig. 1). The Nappe des Gypses outcrops comprise 100-400 m of massive anhydrite deposits interbedded with dolomitic boudins, micaschists and black shales centimeter to meters in thickness. During the subduction-collision path of the Alps, the Nappe des Gypses formation acted as a major decollement that was crucial to the structuring of the Alps. The formation underwent three metamorphic and deformational events typical of the Alps (namely D1, D2, and D3), which favored fluid-rock interactions (see [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF], for a complete description of the tectonic evolution of the Nappe des Gypses). Sulfides (pyrite and minor chalcopyrite) and elemental sulfur (Fig. 2; [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF] are observed in direct association with anhydrite and recrystallized carbonates [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF], corresponding to a typical TSR paragenesis (e.g., [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF]. In addition, the characteristic intermediate-valence sulfur species required for TSR to occur, S3 -and Sn 2-(polysulfides), have been identified by in-situ Raman analyses of heated fluid inclusions [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF]. Thus, all physico-chemical conditions necessary for TSR to occur were present in the Nappe des Gypses.

MATERIALS AND METHODS

Multiple sulfur isotopes notation

We performed multiple sulfur isotopes analyses by measuring δ 33 S, δ 34 S, and δ 36 S. All results are reported in the conventional δ x S notation with respect to Vienna Cañon Diablo Troilite (V-CDT) as:

δ x S = ( x Rsample / x Rreference -1) × 1000 (‰) (2)
where x is the mass number of the sulfur isotope (33, 34, or 36) and R is the isotopic ratio x S/ 32 S.

The sulfur isotope fractionation factor between two compounds A and B [START_REF] Hulston | Variations in the S33, S34, and S36 contents of meteorites and their relation to chemical and nuclear effects[END_REF][START_REF] Ono | Mass-dependent fractionation of quadruple stable sulfur isotope system as a new tracer of sulfur biogeochemical cycles[END_REF][START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF] is defined as:

x αA-B = (δ x SA + 1000) / (δ x SB + 1000) (3).

Isotopic fractionation between two minerals, here between the oxidized mineral (sulfate)

and its reduced counterparts (sulfide or elemental sulfur), are calculated as:

Δ 34 SS-SO4 ≈ δ 34 Sreduced S -δ 34 Ssulfate (4)

Mass fractionation exponents are defined as:

x λA-B = ln( x αA-B) / ln( 34 αA-B), (5) 
where x = 33 or 36.

These were calculated to determine potential sub-percent deviations from the conventional reference equilibrium values of 0.515 and 1.90 for 33 λ and 36 λ, respectively (Hulston and Thodes, 1965;[START_REF] Ono | Mass-dependent fractionation of quadruple stable sulfur isotope system as a new tracer of sulfur biogeochemical cycles[END_REF][START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF][START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF]. For most species, exponent values approaching 0.515 and 1.90 indicate an equilibrium process, whereas kinetic processes deviate from equilibrium values [START_REF] Ono | Mass-dependent fractionation of quadruple stable sulfur isotope system as a new tracer of sulfur biogeochemical cycles[END_REF]. These deviations can vary depending on the species present [START_REF] Farquhar | Multiple sulfur isotopes and the evolution of the atmosphere[END_REF] and temperature [START_REF] Otake | Ab initio calculations for equilibrium fractionations in multiple sulfur isotope systems[END_REF]. Note that, at isotopic equilibrium, 33 λA-B and 36 λA-B are conventionally written as 33 θA-B and 36 θA-B, respectively, although the calculation does not differ from that in Eq. ( 5).

We used capital delta values defined as:

Δ 33 S = δ 33 S -[(δ 34 S / 1000 + 1) 0.515 -1] × 1000 (6) and Δ 36 S = δ 36 S -[(δ 34 S / 1000 + 1) 1.90 -1] × 1000 (7)

for a more convenient graphical representation and to facilitate discussion of subtle isotopic variations. Note that 36 S is a minor isotope (abundance 0.02%); consequently, the statistical error related to its measurement is greater than those for 33 S and 34 S.

Analytical procedure

Multiple sulfur isotopic analyses were performed separately on anhydrite, sulfides (pyrite or chalcopyrite), and elemental sulfur samples. Between 2 and 1,000 mg of powder of each mineral phase was collected using a Dremel tool to bore holes 1 or 2 mm in diameter. This allowed us to precisely target the desired mineral phases within <1 mm, regardless of the host environment. Sulfur was extracted from each phase by wet chemistry at the Centre de

Recherches Pétrographiques et Géochimiques (CRPG, Vandoeuvre-Lès-Nancy, France), following previously established species-specific protocols: (i) sulfides were extracted using 5

N HCl and a chromium-reduced sulfides (CRS) solution [START_REF] Canfield | The use of chromium reduction in the analysis of reduced inorganic sulfur in sediments and shales[END_REF]; (ii) elemental sulfur was extracted using 5 N HCl and a CRS solution with added ethanol to optimize extraction yields [START_REF] Gröger | Quantitative recovery of elemental sulfur and improved selectivity in a chromium-reducible sulfur distillation[END_REF]; and (iii) sulfates were extracted by adding a strongly reducing hydriodic hypophosphorous acid solution [START_REF] Kitayama | Co-magmatic sulfides and sulfates in the Udachnaya-East pipe (Siberia): A record of the redox state and isotopic composition of sulfur in kimberlites and their mantle sources[END_REF]. In all cases, H2S was liberated from the rock powder, converted into Ag2S by reaction with an AgNO3 solution, and cleaned with milli-Q water and dissolved ammonia. To determine the efficiency and repeatability of our sulfur extraction procedure, we performed preliminary extractions on pure phases (pyrite, elemental sulfur, anhydrite), which resulted in systematic conversion yields of 87-100%. Such high yields do not impact the measured isotopic compositions [START_REF] Kitayama | Co-magmatic sulfides and sulfates in the Udachnaya-East pipe (Siberia): A record of the redox state and isotopic composition of sulfur in kimberlites and their mantle sources[END_REF]. We therefore assume that all our extractions from natural samples (i.e., non-pure phases)

resulted in similar extraction yields that did not impact the isotopic compositions. This is confirmed by the good reproducibility of extractions and associated isotopic compositions for replicate analyses of a given same sample.

High-precision isotopic measurements by gas-source mass spectrometry require that the sample be analyzed as SF6 to prevent any isobaric interference classically associated with SO2 

RESULTS

Petrographic analysis

Sulfides (mostly pyrite and scarce texturally syngenetic chalcopyrite) are always observed in association with micaschist layers, occurring either as isolated grains/grain clusters in anhydrite facies (Fig. 2A-H-I) or as carbonate-quartz-sulfide veins in micaschists (Fig. 2D).

When micaschists are absent, only elemental sulfur is observed, either well crystallized within fractures in gray dolomite sedimentary layers (often deformed as boudins; Fig. 2B) or in anhydrite deformation structures (Fig. 2C-E-F-G). Sulfides are only observed in centimeterscale association with elemental sulfur in the presence of micaschist at the Sollières l'Envers outcrop (Fig. 2E).

S isotopic compositions of sulfate, sulfide, and elemental sulfur

We performed multiple sulfur isotopes analyses on 44 samples, comprising three mineral types collected across the six sampling sites: sulfates (anhydrite or gypsum), sulfides (pyrite or chalcopyrite), and elemental sulfur (Table 1). The sulfur isotopic compositions of sulfates and elemental sulfur are rather homogeneous across all six sites (Fig. 3). Anhydrite is enriched in compared to elemental sulfur (δ 34 SS 8 = -18.82 to -13.17‰, mean -15.40 ± 1.91‰), and both phases have small non-zero ∆ 33 S and ∆ 36 S values: for anhydrite, ∆ 33 Sanhydrite = 0.00-0.09‰ (mean 0.03 ± 0.03‰) and ∆ 36 Sanhydrite = -1.11 to +1.26‰ (mean -0.30 ± 0.69‰); for elemental sulfur, ∆ 33 SS 8 = 0.00-0.06‰ (mean 0.02 ± 0.02‰) and ∆ 36 SS 8 = -0.95 to +1.06‰ (mean 0.42 ± 0.68‰). Sulfides (without distinction between pyrite and chalcopyrite) display more variable compositions with δ 34 Ssulfide = -5.44 to +11.60‰ (mean 3.14 ± 4.01‰) and near-zero values for both Δ 33 S (0.00 ± 0.03‰) and Δ 36 S (0.09 ± 0.54‰). No relationship was observed between sulfur isotopic composition and petrographic context (i.e., native sulfur in fractures or within the schistosity of anhydrite; sulfides disseminated in anhydrite or present in carbonate-quartzsulfide veins associated with micaschist layers).

DISCUSSION

Triassic sulfate signatures

The δ 34 S values of sulfates from the Nappe des Gypses range from 12.74 to 18.39‰, similar to ranges reported in evaporites of the Khuff Formation (Abu Dhabi;Worden et al., 1997) and in gas fields of Alberta (Yang et al., 2001). In both cases, the isotopic compositions were interpreted as being inherited from dissolved sulfate during seawater evaporation. The Upper Triassic age of the Nappe de Gypses evaporites was previously estimated by paleontological studies [START_REF] Debelmas | Notice explicative de la feuille Modane[END_REF] and the mean isotopic composition of sulfates reported here ( 34 S =15.44 ± 1.53‰) is consistent with the sulfate signature of Carnian seawater (16.15 ± 1.03‰) recorded in anhydrite and gypsum from Israel and the Italian Alps (Fig. 3; [START_REF] Claypool | The age curves of sulfur and oxygen isotopes in marine sulfate and their mutual interpretation[END_REF][START_REF] Crockford | Claypool continued: Extending the isotopic record of sedimentary sulfate[END_REF]and references therein). To our knowledge, the only coupled δ 34 S and Δ 33 S values reported for Carnian seawater are for samples of carbonate associated sulfate (CAS; i.e., traces of seawater sulfate incorporated during carbonate precipitation), with δ 34 S = 20.84 ± 6.18‰ and Δ 33 S = -0.01 ± 0.03‰ (Wu et al., 2014). These values agree well with our data (δ 34 S = 15.44 ± 1.53‰, Δ 33 S = 0.03 ± 0.03‰) to which we add the first ∆ 36 S values for Carnian seawater: -0.30 ± 0.69‰.

Abiotic formation mechanism of sulfide and elemental sulfur

Previous studies of natural samples indicate that reduced sulfur minerals (subscript 'S'; i.e., sulfides or elemental sulfur) produced by TSR record isotopic fractionations of no more than 20‰ relative to their reactant sulfate (i.e., Δ 34 SSO 4 -S ≥ 20‰; e.g., [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF][START_REF] Cross | Rates and mechanisms of thermochemical sulphate reduction[END_REF]. Meshoulam et al. (2016, and references therein) experimentally determined that a maximum fractionation of 12.4‰ between sulfates and sulfides (∆ 34 SSO 4 2--S 2-) should be produced by kinetic effects during TSR alone. To our knowledge, only one study has reported a Δ 34 SSO 4 -S fractionation produced by TSR as high as 35‰ in natural samples (Alonso-Azcárate et al., 2001); they attributed such a high Δ 34 SSO 4 -S value to limited organic matter availability and high rates of isotopic equilibration. Higher Δ 34 SSO 4 -S values (up to 75‰) cannot be explained by abiotic geological processes because of the low inferred temperature and would thus generally result from MSR (e.g., [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF][START_REF] Labrado | Formation of large native sulfur deposits does not require molecular oxygen[END_REF].

Our results indicate that ∆ 34 SSO 4 2--S 2-values between anhydrite and associated sulfides range from 4.2 to 20.4‰, consistent with TSR. In contrast, ∆ 34 SSO 4 2--S 8 values between anhydrite and associated elemental sulfur range from 28.1 to 33.3‰; a fractionation of such magnitude is more ambiguous and could potentially record a biological input via MSR. Indeed, the presence of elemental sulfur in salt dome caprocks and other evaporite settings is commonly explained by the late oxidation of H2S, which is generated either microbiologically (see review by [START_REF] Labrado | Formation of large native sulfur deposits does not require molecular oxygen[END_REF] or abiotically (e.g., [START_REF] Machel | Products and distinguishing criteria of bacterial and thermochemical sulfate reduction[END_REF]. The δ 33 S value of elemental sulfur can be used to differentiate between the two pathways. Indeed, equilibrium should lead to Δ 33 S values near zero, whereas previous studies have reported systematic excesses of 33 S in reduced MSR by-products, with Δ 33 S values up to 0.2 ± 0.05‰ (and associated Δ 34 SSO 4 -S values of 10-75‰) relative to the initial sulfates (e.g., [START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF]Zerkle et al., 2009;[START_REF] Johnston | Multiple sulfur isotopes and the evolution of Earth's surface sulfur cycle[END_REF][START_REF] Sim | Large sulfur isotope fractionation does not require disproportionation[END_REF]. In the present study, the Δ 33 S values of elemental sulfur from all studies sites are 0.00-0.06‰, comparable to those of sulfates (0.00-0.09‰; Table 1, Fig. 4). Such similar values are not consistent with the production of elemental sulfur by a bacterial-mediated reaction mechanism; if that were the case, one would expect the Δ 33 S values of elemental sulfur to be 0.05-0.2‰ greater than those of sulfates. Hence, our data are generally consistent with an equilibrium TSR process. Sulfides show Δ 33 S values between -0.06 and +0.06‰ (Table 1, Fig. 4), slightly lower than those of sulfates. Moreover, the metamorphic path of the Nappe des

Gypses formation was characterized by high temperatures of 137-431 °C throughout its history [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF], and the occurrence of elemental sulfur in fractures and deformed anhydrite bedding (Fig. 2B,C,E) implies that it formed during the tectonic evolution of the Nappe des

Gypses. Thus, H2S cannot have been generated later by oxidation at the surface, again inconsistent with bacterial activity. This confirms that multiple sulfur isotopes can easily distinguish TSR from MSR, especially based on the Δ 33 S signatures of the reduced by-products:

TSR results in Δ 33 S values equal or below those of the initial sulfate, whereas MSR leads to higher values.

No S-MIF generated during TSR

Multiple sulfur isotopes analyses are generally used to track photochemical reactions producing sulfur mass independent fractionations (S-MIFs; e.g., [START_REF] Farquhar | Atmospheric influence of Earth's earliest sulfur cycle[END_REF][START_REF] Johnston | Multiple sulfur isotopes and the evolution of Earth's surface sulfur cycle[END_REF]Thomassot et al., 2015). Compared with common mass-dependent fractionations that produce zero to near-zero Δ 33 S and Δ 36 S values, S-MIFs correspond to anomalous ∆ 33 S and ∆ 36 S values that greatly depart from zero. Two studies have reported TSR experiments using concentrated amino acids as a reducing agent to produce significant S-MIFs.

Watanabe et al. ( 2009) showed Δ 33 S fractionations up to +2.1‰ with associated ∆ 36 S values between -1.1 and +1.1‰ in the amino acid residue; they attributed these fractionations to the adsorption of S species on solid mineral surfaces and to a magnetic isotopic effect. Oduro et al.

(2011) also attributed the large ∆ 33 S fractionation (up to +13.1‰) observed in the residue of their experiments to an ion-radical pair mechanism that would generate a magnetic isotopic effect on odd isotopes (i.e., 33 S), producing anomalous ∆ 33 S values whereas ∆ 36 S remains massdependent. They also concluded that TSR is not directly responsible for such fractionations because, so far, no study on natural samples has revealed a S-MIF specifically of odd isotopes.

Several studies have also speculated that the involvement of the radical ion S3 -in the TSR process may contribute to anomalous sulfur isotopic compositions (Truche et al., 2014;[START_REF] Pokrovski | Stability and abundance of the trisulfur radical ion S3in hydrothermal fluids[END_REF][START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF] due to its interesting symmetry properties that are comparable to those of ozone which induces mass-independent oxygen isotopic fractionations [START_REF] Michalski | The role of symmetry in the mass independent isotope effect in ozone[END_REF]. However, recent experiments producing radical sulfur ions did not show any significant anomalies under the investigated conditions [START_REF] Kokh | Multiple sulfur isotope fractionation in hydrothermal systems in the presence of radical ions and molecular sulfur[END_REF], although their experiments did not directly correspond to TSR because their experimental setup did not involve a reducing agent. These experimental studies demonstrate that the different mechanisms associated with TSR process may or may not generate S-MIFs.

Nonetheless, none of these experiments are representative of natural TSR conditions. It is therefore essential to identify the signature of TSR under natural conditions.

Only one study has documented S-MIF in natural sulfide samples for which TSR is In our study of the Nappe des Gypses formation, despite the clear occurrence of TSR and the presence of dissolved S3 -as well as polysulfides (Sn 2-) in fluid inclusions heated above 200 °C [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF], we do not observe any significant S-MIF: ∆ 33 Sanhydrite = 0.03 ± 0.03‰, ∆ 33 Ssulfide = 0.00 ± 0.03‰, and ∆ 33 SS 8 = 0.02 ± 0.02‰, and ∆ 36 Sanhydrite = -0.30 ± 0.69‰, ∆ 36 Ssulfide = 0.09 ± 0.54‰, and ∆ 36 SS 8 = 0.42 ± 0.68‰ (Table 2). In conclusion, our results do not evidence any TSR-driven mass-independent fractionation.

Equilibrium vs. disequilibrium as reflected by isotopic composition

The use of isotopic geothermometers based on the fractionation factor between two syngenetic chemical species requires that they be in isotopic equilibrium. In most cases, this requirement is inferred based on petrographic observations. When two mineral species appear to be syngenetic, it is considered that they are at isotopic equilibrium. [START_REF] Jamieson | Evaluating isotopic equilibrium among sulfide mineral pairs in Archean ore deposits: case study from the Kidd Creek VMS deposit, Ontario, Canada[END_REF] used multiple sulfur isotopes analyses to investigate the isotopic equilibrium between sulfide pairs (i.e., two sulfide species considered to be syngenetic) based on their respective δ 34 S and Δ 33 S values. They showed that, given geological context and depending on the phases involved, two minerals with different δ 34 S values but similar Δ 33 S values are considered to be at isotopic equilibrium. By following a similar approach in our case study, it is possible to demonstrate if the reduced sulfur minerals and sulfates are truly at isotopic equilibrium.

Here, we used 34 S/ 32 S fractionation factors at relevant temperatures between aqueous sulfates and aqueous H2S from [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF] and between aqueous sulfates and aqueous elemental sulfur (S8) from [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF] to determine the equilibrium temperatures of the different reduced sulfur compounds (Table 2). Using this method, the apparent precipitation temperatures of some sulfides are higher (up to 980 °C; Table 2) than the metamorphic peak temperature of the Nappe des Gypses formation (431 ± 28 °C; [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF] despite petrographic criteria indicating the phases to be syngenetic (Fig. 2). This implies that petrographic observations are not always a robust diagnostic tool for evaluating isotopic equilibrium.

Fortunately, the relationships between the 33/32 S, 34/32 S and 36/32 S fractionations (i.e., the mass fractionation exponents λ) can be used as an independent test of whether two species are in isotopic equilibrium. We determined the mass-fractionation exponents 33 λ and 36 λ (corresponding to the slopes of mass-dependent signatures in the δ 33 S vs. δ 34 S and δ 36 S vs. δ 34 S diagrams, respectively) between sulfates and the associated reduced forms (elemental sulfur or sulfides) observed at each studied site (Table 2). We then further compared these massfractionation exponents, associated with their previously determined equilibrium temperatures, to those derived from theoretical calculations [START_REF] Otake | Ab initio calculations for equilibrium fractionations in multiple sulfur isotope systems[END_REF][START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF][START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF]. Considering the different sulfur species observed (H2Saq, SO3 2-, S8, S3 -, Sn 2-and CS2aq), theoretical calculations give 33 θ values (i.e., 33 λ at isotopic equilibrium) between 0.5143 and 0.5158 and 36 θ values (i.e., 36 λ at isotopic equilibrium) between 1.8783 and 1.9223 for temperatures of 25-1000 °C (Fig. 5). We note that, when plotting δ 33 S vs. δ 34 S and δ 36 S vs.

δ 34 S, larger Δ 34 S values (i.e., lower temperatures), provide more precise values of 33 λ and 36 λ;

this is why the errors on λ values are larger at higher temperatures than at lower temperatures.

For that reason, λ values associated with high uncertainties cannot be used to demonstrate or infer isotopic equilibrium. This implies that the determination of the mass fractionation exponents mainly depends on the analytical precision and associated error on δ 33 S, δ 34 S and δ 36 S. Here, we use only the 33 λ values to determine if a mineral pair is consistent with isotopic equilibrium because the precision on 36 S measurements is lower than that for 33 S; the 36 λ values presented in Table 2 are included only to broaden the published dataset. We consider a mineral pair to be at isotopic equilibrium only if the associated 33 λ value is between 0.5140 and 0.5170; only in that case do we consider the associated equilibrium temperature (Fig. 5).

Elemental sulfur at isotopic equilibrium. The mass-fractionation exponents between sulfates and elemental sulfur ( 33 λSO 4 -S 8 ) at all analyzed sites are between 0.51467 and 0.51632 (Table 2, Fig. 5), implying that sulfates and all elemental sulfur samples are consistent with isotopic equilibrium. Their corresponding equilibrium temperatures are in the range 172-217 °C (Table 2, Fig. 5). These temperatures correspond to the liquid-solid phase transition of elemental sulfur at the lowest P-T conditions recorded by the Nappe des Gypses formation (Fig. 6; [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF]. This result implies with a unique P-T condition at which all elemental sulfur throughout the formation precipitated at the same time, which accounts for the similar isotopic signatures of all the analyzed samples. Interestingly, fluid inclusions from this evaporitic formation contain tiny crystals of elemental sulfur, in addition to sulfates and sulfides that are dissolved in the brines at room temperature. This elemental sulfur disproportionates when heating the fluid inclusions to >200 °C and significant concentrations (milli-molar range) of polysulfides (including the S3 -radical ion) were measured by in-situ Raman spectroscopy [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF]. This indicates that elemental sulfur precipitates directly from the recombination of dissolved polysulfides (Steudel and Chivers, 2019) involved in TSR [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF].

Consequently, the elemental sulfur, as collected herein from the Nappe des Gypses formation, records the TSR-driven isotopic signatures of the polysulfides from which it formed.

Sulfides at isotopic equilibrium. Based on the mass-fractionation exponents calculated between sulfates and sulfides ( 33 λSO 4 -H 2 S), only three of eleven samples are consistent with equilibrium isotopic exchange reactions: two pyrites from the Sollières and Ambin outcrops and one chalcopyrite from the Mont-Cenis Lake outcrop (Fig. 4C-E). Their equilibrium temperatures are 293 ± 20 °C, 344 ± 20 °C, and 488 ± 55 °C, respectively (Table 2, Fig. 5), consistent with the kinetics of the isotopic equilibrium between SO4 2-and H2S, which is attained within a few days at >350 °C [START_REF] Ohmoto | Kinetics of reactions between aqueous sulfates and sulfides in hydrothermal systems[END_REF]. These temperatures match well with the D2-D3 transition phase (259 ± 24 °C), the D1-D2 transition (350 ± 20 °C), and the peak metamorphic temperature (431 ± 28 °C) of the Nappe des Gypses formation, respectively [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF]. This result suggests that TSR occurred at least from the metamorphic peak to the D2-D3 transition phase during the exhumation of the host formation.

All other samples present 33 λSO 4 -H 2 S values between 0.517 and 0.523, i.e., significantly deviating from the estimated isotopic equilibrium range (Fig. 5). They cannot be at isotopic equilibrium, and therefore their derived "equilibrium temperatures" are not considered further.

This means that another process was involved in their precipitation, as discussed in the following subsection.

Evidence of mixing between sulfates and elemental sulfur

In this subsection, we focus on the eight sulfide samples with 33 λSO 4 -H 2 S values of 0.517-0.523 that deviate significantly from the theoretical equilibrium value of 0.515 (Table 2, Fig. 5). Such deviations could reflect kinetically controlled S fractionation during sulfide precipitation. However, kinetic mechanisms generally involve percent-level deviations towards values below that of isotopic equilibrium [START_REF] Ono | Mass-dependent fractionation of quadruple stable sulfur isotope system as a new tracer of sulfur biogeochemical cycles[END_REF]; for oxygen isotopes, for example, the λ value can be lowered from the equilibrium value by 0.027 in an abiotic reaction [START_REF] Clayton | Kinetic isotope effects in oxygen in the laboratory dehydration of magnesian minerals[END_REF]. Here, the 33 λ values deviate from the previously determined isotopic equilibrium range (0.5148-0.5163) by +0.0021 to +0.0080. Because these values are higher than those at equilibrium, it is unlikely that they result from simple, unidirectional mechanisms.

Alternatively, mixing between two reservoirs might explain such observations. To test this hypothesis, we performed two-component mixing calculations on δ 34 S, Δ 33 S, and Δ 36 S. In our calculation, mixing between two pools occurs in the aqueous phase and the resulting isotopic composition derives from the proportion of each species in the fluid. Because TSR occurs in solution, mixing is possible between any two of the various sulfur species involved in the reaction (i.e., sulfates, sulfides, elemental sulfur, polysulfides, organic sulfur species, and other minor intermediate-valence species; [START_REF] Goldstein | Thermochemical sulfate reduction: A review[END_REF][START_REF] Meshoulam | Study of thermochemical sulfate reduction mechanism using compound specific sulfur isotope analysis[END_REF][START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF].

The sulfur reservoirs considered here are (1) dissolved Triassic sulfates, (2) elemental sulfur (corresponding to polysulfides dissolved in the hot fluid formed at isotopic equilibrium; see section 5.4), and (3) dissolved organic sulfur. Regarding the latter, evaporites of Upper Triassic (Carnian) age are known to present sedimentation conditions with high potential for sulfur-rich kerogen deposition [START_REF] Cota | Petroleum potential of the Adriatic offshore, Croatia[END_REF]. During the burial and exhumation history of the formation, these sulfur-rich kerogens can experience thermal cracking, releasing organic sulfur species into the fluid. Here, stromatolitic dolomites and black shales are observed in the Nappe des Gypses formation [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF], which are good candidates for sedimentary facies containing S-rich kerogen. However, the kerogen in these rocks is too thermally mature to expect any preservation of organic sulfur, precluding the direct determination of its isotopic composition. Therefore, we used a theoretical organic S reservoir with a δ 34 S signature of -30‰, consistent with values reported for the organic sources of H2S in several sour gas fields (Werne et al., 2004, and references therein). We note that, because anhydrite is present in large excess compared to the other sulfur species, we consider sulfates as an infinite reservoir. The sulfate isotopic signature therefore remains constant throughout our calculation of the geological history of the Nappe des Gypses.

Mixing curves between sulfates and elemental sulfur (or organic sulfur) are calculated as: where x = 33, 34, or 36, χS 8 and χSO 4 are the proportions (between 0 and 1) of elemental sulfur (S8; or organic sulfur) and sulfate (SO4), respectively, and δ x Smix is the isotopic value obtained by mixing of the measured sulfate and elemental sulfur compositions. The associated Δ 33 S and Δ 36 S values are then deduced from δ x Smix using Eqs. ( 6) and ( 7). We note that in the Δ 33 S vs.

δ 34 S and Δ 36 S vs. Δ 33 S diagrams (Figs. 4 and 7,respectively), a mixture between two reservoirs corresponds to a curve, instead of a line as in a δ vs. δ diagram. For mixing to be a viable hypothesis, both the Δ 33 S and Δ 36 S values of the sulfides must be satisfactorily explained.

Mixing between sulfate and elemental sulfur. In this study, sulfides have Δ 33 S values that are equal or lower than those of associated sulfate and elemental sulfur, and δ 34 S values between +11.60 and -0.30‰. The obtained mixing curves are illustrated in the Δ 33 S vs. δ 34 S and Δ 33 S vs. Δ 36 S diagrams (Figs. 4 and 7,respectively), showing that most of the sulfides (five of eight samples) are consistent with mixing between sulfate and elemental sulfur (representing dissolved polysulfides) to produce H2S, the latter two species being generated during TSR. The mixing curves allow us to determine the relative proportions of each isotopic reservoir recorded by a single sulfide. Here, the proportion of elemental sulfur (i.e., dissolved polysulfides at higher temperature) ranges between 18 and 50% (mean 33 ± 10%), in good agreement with the proportion of dissolved polysulfides measured in fluid inclusions from the Nappe des Gypses formation, which can represent up to 25% of the total dissolved sulfur concentration in the fluid at 300 °C [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF], and probably more at higher temperature [START_REF] Pokrovski | Stability and abundance of the trisulfur radical ion S3in hydrothermal fluids[END_REF]. Given a mixture of 33% elemental sulfur (δ 34 S = -15.40 ± 1.91‰, Δ 33 S = 0.016 ± 0.018‰, Δ 36 S = 0.421 ± 0.680‰) with 67% sulfate (δ 34 S = 15.44 ± 1.53‰, Δ 33 S = 0.033 ± 0.027‰, Δ 36 S = -0.297 ± 0.690‰), our calculation predicts the resulting sulfide isotopic composition to be δ 34 S = -2.33 ± 2.35‰, Δ 33 S = -0.0030 ± 0.0011‰, and Δ 36 S = 0.1826 ± 0.0685‰. These values are very similar to the mean values measured in the observed sulfides (δ 34 S = 3.14 ± 4.01‰, Δ 33 S = -0.0025 ± 0.0316‰, Δ 36 S = 0.0873 ± 0.5423‰; Fig. 8).

This result is consistent with previous reports that isotopic exchanges between polysulfides and H2S are extremely fast, even at room temperature, and that solid sulfides record up to 31% of the isotopic signature of the polysulfides from which they formed [START_REF] Fossing | Isotope exchange reactions with radiolabeled sulfur compounds in anoxic seawater[END_REF][START_REF] Fossing | Sulfur isotope exchange between 35Slabeled inorganic sulfur compounds in anoxic marine sediments[END_REF]. Therefore, we conclude that the isotopic compositions of the observed sulfides represent the mixture of ~67% sulfate signature with ~33% elemental sulfur signature (i.e., dissolved polysulfides at temperature) at conditions corresponding to isotopic equilibrium.

Mixing between sulfate and organic sulfur. At Névache and Bramans, three sulfides present Δ 33 S values slightly lower than those at the other localities (Fig. 4A,B) but consistent with mixing between sulfate and elemental sulfur, considering the 1σ error. However, taken together, their Δ 33 S and Δ 36 S values are not consistent with mixing between sulfates and elemental sulfur (Fig. 7A,B), implicating another sulfur reservoir. For these three samples, we assumed mixing between sulfate and a theoretical organic sulfur reservoir (again with δ 34 S = -30‰, see above).

We estimated the Δ 33 S and Δ 36 S values of organic sulfur (using 33 λ = 0.5152 and 36 λ = 1.89) that reproduce the three samples in both the Δ 33 S vs. δ 34 S and Δ 33 S vs. Δ 36 S diagrams. We obtained relative mixing proportions of organic sulfur of 28% at Névache and 22% at Bramans.

The good correlation between the mixing curves in both the Δ 33 S vs. δ 34 S and Δ 33 S vs. Δ 36 S diagrams is consistent with the sulfur sources belonging to the Nappe des Gypses formation, and no other process than TSR is required. Because the observed compositions do not require an exogenous sulfur-rich fluid, the sulfides must have formed in a closed system. As mixing occurs in the aqueous phase, this implies that all sulfides precipitated before elemental sulfur crystallized, and that TSR probably ceased after the D2-D3 transition during cooling (corresponding to a change in tectonic regime that lead the last exhumation step of the Nappe des Gypses formation; [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF].

Implications for the TSR mechanism

Our multiple sulfur isotopes results complement studies on MSR (e.g., [START_REF] Farquhar | Implications of conservation of mass effects on mass-dependent isotope fractionations: influence of network structure on sulfur isotope phase space of dissimilatory sulfate reduction[END_REF][START_REF] Johnston | Sulfur isotope insights into microbial sulfate reduction: when microbes meet models[END_REF]Zerkle et al., 2009;[START_REF] Sim | Large sulfur isotope fractionation does not require disproportionation[END_REF] and show that TSR and MSR can be unambiguously discriminated based on the near zero to slightly negative (TSR) and positive (MSR) Δ 33 S values of all participating reduced sulfur-bearing phases. This geochemical tool can therefore prove extremely useful for better deciphering the sulfur cycle in contexts where the occurrence of the two processes is debated (e.g., petroleum systems, ore deposits, hydrothermal settings).

These results also provide a new understanding of the TSR reaction pathway and associated isotopic exchanges. The fluids of the Nappe des Gypses formation are considered to have been in a closed system because they mainly correspond to gypsum dehydration and connate seawater without the involvement of external fluid [START_REF] Grappin | Les variations des rapports Cl/Br, Na/Br et K/Br dans les inclusions fluides des quartz de la cicatrice évaporitique de Bramans-Termignon (Vanoise, Alpes françaises)[END_REF]. This implies that TSR products in a closed system may or may not be at isotopic equilibrium with a single fluid under similar conditions, which can be explained by the variable availability of dissolved metals.

Here, iron was released at different stages of the Nappe des Gypses metamorphic path [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF], implying a variable metal concentration in the fluid through time. When the metal concentration is sufficiently high, all the H2S precipitates and no intermediate-valence sulfur species (i.e., polysulfides, S3 -) remain in the fluid because they are only stable when both sulfates and sulfides are in solution (Truche et al., 2014;[START_REF] Pokrovski | Stability and abundance of the trisulfur radical ion S3in hydrothermal fluids[END_REF][START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF]. In this case, the fractionation between sulfate and precipitating sulfide is temperature dependent and occurs at isotopic equilibrium. In contrast, if H2S is in excess with respect to dissolved metals, only some H2S would precipitate. The resulting sulfide mineral would thus have an isotopic composition corresponding to mixing between the dissolved sulfur species (sulfates and polysulfides; Fig. 8), facilitated by the rapid isotopic exchange between polysulfides and H2S [START_REF] Fossing | Isotope exchange reactions with radiolabeled sulfur compounds in anoxic seawater[END_REF]. The variable availability of metal in the system thus offers a plausible explanation for the distinct isotopic compositions of sulfides from the same geological context and involving only one fluid during TSR.

CONCLUSIONS

We presented a multiple sulfur isotopes analysis of coexisting sulfates, elemental sulfur, and sulfides in the Nappe des Gypses formation to characterize the reaction pathway of TSR and distinguish TSR from MSR. Our main conclusions are:

1. Multiple sulfur isotopes analysis can unambiguously differentiate TSR from MSR.

Whereas MSR produces sulfide by-products with Δ 33 S values above those of reacted sulfates, TSR produces sulfides with similar or lower Δ 33 S values (down to -0.08‰).

2. We used mass-fractionation exponents ( 33 λ and 36 λ) to determine if S-bearing mineral pairs (sulfate-elemental sulfur or sulfate-sulfide) were at isotopic equilibrium. We demonstrate that this technique is far more robust than petrographic observations of syngenetic relationships to resolve this crucial point for isotopic geothermometry. We also determined and validated the precipitation temperatures of TSR by-products (i.e., pyrite, chalcopyrite, or elemental sulfur) based on the 34 S fractionation factors between aqueous sulfates and reduced S species (sulfides or polysulfides). Interestingly, elemental sulfur precipitated between 172 and 217 °C, temperatures that correspond to the elemental sulfur liquid-solid phase transition at the lowest P-T conditions recorded in the Nappe des Gypses formation.

3. Multiple sulfur isotopes analysis also allows interpretation of the isotopic compositions of all sulfides that are not at isotopic equilibrium. Whereas kinetic effects cannot explain these signatures, the two-component mixing calculations show that sulfides precipitated from a mixture between either sulfates and elemental sulfur (i.e., polysulfides at >200°C) or sulfates and organic sulfur. The obtained mixing curves show that the sulfide compositions are best reproduced by the mixing of 67% sulfates and 33% elemental sulfur, consistent with the proportion of dissolved polysulfides measured at >200 °C in fluid inclusions from the Nappe des Gypses formation [START_REF] Barré | First evidence of the trisulfur radical ion S3and other sulfur polymers in natural fluid inclusions[END_REF].

4. We observed no evidence of S-MIF, even though we demonstrated the occurrence of TSR and investigated three S-bearing phases (sulfate, sulfide, and elemental sulfur) at isotopic equilibrium.

This study opens new perspectives for improving our understanding of the sulfur cycle, especially TSR-related hydrothermal-metamorphic ores or sour gas fields. The multiple sulfur isotopic approach can be used to discriminate MSR from TSR; its systematic application and careful interpretation of the obtained results will improve our understanding of both the isotopic fractionations and the reaction pathways involved in TSR. Table 2. 33 λ and 36 λ values calculated between sulfates and either associated elemental sulfur (S8), pyrite, or chalcopyrite. When the 33 λ value is between 0.5140 and 0.5170, we assume that isotopic equilibrium was attained and therefore that the associated apparent equilibrium temperature, determined using the respective Δ 34 S values and SO4-S8 [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF] and SO4-H2S [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF] fractionation equations for each minerals pair, is valid.

Note that isotopic composition of the sulfates is assumed to be constant because anhydrite is considered as an infinite reservoir.

FIGURE CAPTIONS

Fig. 1. Sampling locations on the simplified geological map of the Nappe des Gypses formation (Western French Alps; modified after [START_REF] Barré | Tectono-metamorphic evolution of an evaporitic décollement as recorded by mineral and fluid geochemistry: The "Nappe des Gypses" (Western Alps) case study[END_REF]. [START_REF] Claypool | The age curves of sulfur and oxygen isotopes in marine sulfate and their mutual interpretation[END_REF][START_REF] Crockford | Claypool continued: Extending the isotopic record of sedimentary sulfate[END_REF]. Error bars are smaller than the symbol sizes. and elemental sulfur ( 33 θSO 4 -S 8 ) and between sulfates and sulfides ( 33 θSO 4 -H 2 S) are calculated as well as the associated vector between sulfate and elemental sulfur (green arrow) and between sulfate and sulfide (red arrow). In these cases, isotopic equilibrium is confirmed (see section 5.4) and the associated equilibrium temperature is determined using the respective Δ 34 S values and SO4-S8(aq) (green; [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF] or SO4-H2S(aq) (red; [START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF] fractionation equations. Two-component mixing curves (yellow dashed curves) are calculated between the most extreme sulfate and elemental sulfur compositions. In (A) and (B), the gray dashed curve is the mixing curve between sulfates and a theoretical organic sulfur reservoir (estimated at δ 34 S = -30‰ and the Δ 33 S value determined using 33 λ = 0.5152). Errors bars represent 1σ for dual-inlet mass-spectrometry measurements. Measurement errors on δ 34 S are smaller than the symbol sizes. (1) When no metal is present in the system, the combination of polysulfides leads to elemental sulfur precipitation at isotopic equilibrium with the sulfate; the resulting isotopic signature is temperature dependent.

(2) When a large amount of metal is released into the system, all reduced sulfur species (H2S and Sn 2-) precipitate as sulfide at isotopic equilibrium with sulfate and experience a temperature-dependent isotopic fractionation.

(3) When only a small amount of metal (i.e., less than the reduced sulfur species)

is released into the system, only some of the H2S precipitates as sulfide. The resulting disequilibrium isotopic composition of the sulfides corresponds to the mixing between 33% elemental sulfur (i.e., polysulfides) with 67% sulfate. The similarity of the calculated and measured sulfide isotopic compositions (bottom right) confirms that the disequilibrium sulfides precipitated from the mixing of sulfates and polysulfides. 

  suspected, showing ∆ 33 S values up to +1.25‰ in Paleoproterozoic shales(Young et al., 2013). However,[START_REF] Hu | Large mass-independent sulphur isotope anomalies link stratospheric volcanism to the Late Ordovician mass extinction[END_REF] showed that the reduction of sulfates with initial non-zero Δ 33 S values will produce sulfides along a classical mass-dependent line, which will thus preserve the initial anomalous signature of the sulfates. Thus, the S-MIF observed byYoung et al. (2013) in Paleoproterozoic black shales may result from the reduction of sulfates or the leaching of Archean sulfides that already exhibited non-zero Δ 33 S values. Therefore, without direct evidence of the occurrence of TSR in those rocks, it is impossible to prove that the observed S-MIF truly results from TSR.
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TABLE CAPTIONS Table 1 .

 CAPTIONS1 Multiple sulfur isotopes compositions of sulfur-bearing minerals from each studied site. Here, σ corresponds to analytical uncertainty.

  Plots of 33 λ vs. temperature between sulfates and either elemental sulfur (diamonds), pyrite (squares), or chalcopyrite (triangles). For each mineral pair, temperatures are estimated from the respective Δ 34 S values and SO4-S8(aq)[START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF] or SO4-H2S(aq)[START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects in aqueous sulfur systems: Highlighting the role of isomers in the sulfite and sulfoxylate systems[END_REF] fractionation equations. Curves indicate the evolution of 33 λ as a function of temperature for different sulfur species relative to sulfates from theoretical calculations (CS2aq is fromOtake et al., 2008; H2Saq and SO3 2-from Eldridge et al., 2016; S8, S3 -and Sn 2-from[START_REF] Eldridge | Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite formation and hydrothermal disproportionation reactions[END_REF]. Errors represent 1σ for dual-inlet mass-spectrometry measurements.

Table 1 777

 1 

	Sample	Mineral	δ 33 S (‰) ± σ	δ 34 S (‰) ± σ	δ 36 S (‰) ± σ	∆ 33 S (‰) ∆ 36 S (‰)
	Névache									
	Né.1.2	Anhydrite	8.02	0.012 15.64 0.007 30.26 0.030	0.00	0.34
	Né.3.1	Pyrite	1.15	0.008	2.34	0.006	4.52	0.092	-0.06	0.06
	Né.3.2	Pyrite	1.15	0.010	2.36	0.005	4.56	0.083	-0.06	0.08
	Né.S8.1	Elemental sulfur -7.09 0.013 -13.71 0.008 -24.82 0.255	0.00	1.06
	Né.S8.2	Elemental sulfur -6.97 0.008 -13.51 0.006 -25.29 0.070	0.01	0.22
	Bramans									
	tG.1.1	Anhydrite	8.49	0.019 16.43 0.035 30.50 0.115	0.06	-0.95
	tG.1.2	Anhydrite	7.80	0.014 15.08 0.011 27.74 0.091	0.06	-1.11
	tG.11	Anhydrite	7.29	0.012 14.07 0.012 25.88 0.075	0.06	-1.04
	tG.16.1	Gypsum	8.52	0.006 16.57 0.012 31.60 0.162	0.02	-0.11
	tG.12.1	Pyrite	-0.15 0.009 -0.30 0.002 -0.41 0.128	0.00	0.16
	tG.16.S2	Chalcopyrite	3.31	0.013	6.47	0.006 12.57 0.132	-0.02	0.23
	tG.S0.1	Elemental sulfur -8.22 0.011 -16.00 0.009 -31.03 0.111	0.05	-0.85
	tG.S0.2	Elemental sulfur -7.83 0.013 -15.26 0.004 -29.74 0.030	0.06	-0.95
	Ambin									
	Amb.4.SO.1	Anhydrite	7.54	0.036 14.52 0.041 26.70 0.178	0.09	-1.07
	Amb.4.SO.2	Anhydrite	9.49	0.012 18.39 0.011 34.19 0.064	0.06	-1.04
	Amb.1	Gypsum	7.19	0.014 13.99 0.004 26.63 0.084	0.01	-0.11
	Amb.4.S2.1	Pyrite	-0.91 0.006 -1.88 0.006 -4.53 0.092	0.05	-0.97
	Amb.4.S2.2	Pyrite	-0.55 0.015 -1.18 0.022 -3.10 0.098	0.06	-0.86
	Amb.2.1	Pyrite	3.56	0.017	6.84	0.017 12.12 0.105	0.04	-0.92
	Amb.2.2	Pyrite	3.48	0.009	6.77	0.002 13.17 0.089	0.00	0.28
	Amb.B.S.1	Pyrite	0.91	0.009	1.77	0.006	4.18	0.358	0.00	0.82
	Amb.B.S.2	Pyrite	0.82	0.005	1.62	0.003	3.23	0.066	-0.01	0.15
	Amb.3.1 Elemental sulfur -7.40 0.007 -14.34 0.007 -26.03 0.324	0.01	1.03
	Amb.3.2 Elemental sulfur -7.10 0.010 -13.77 0.005 -25.82 0.133	0.01	0.18
	Sollières									
	αSo.3	Anhydrite	7.66	0.006 14.91 0.008 28.70 0.217	0.01	0.18
	αSo.2.2	Pyrite	-2.82 0.008 -5.44 0.011 -9.49 0.273	-0.01	0.82
	So.D.1.S8 Elemental sulfur -8.64 0.006 -16.72 0.005 -30.82 0.217	0.01	0.71
	αSo.2.3	Elemental sulfur -6.80 0.011 -13.17 0.003 -24.24 0.191	0.00	0.63
	So.4	Elemental sulfur -7.68 0.010 -14.90 0.002 -27.42 0.204	0.02	0.71
	Mont-Cenis									
	MC.4.SO.1	Anhydrite	7.21	0.011 14.00 0.004 26.74 0.111	0.02	-0.03
	MC.4.SO.2	Anhydrite	8.88	0.011 17.28 0.005 32.76 0.074	0.01	-0.33
	MC.2	Anhydrite	8.33	0.008 16.20 0.008 30.71 0.122	0.02	-0.30
	MC.3.1.1	Pyrite	3.10	0.005	6.04	0.006 11.68 0.076	0.00	0.17
	MC.3.1.4	Pyrite	5.96	0.005 11.60 0.004 22.20 0.050	0.00	0.04
	MC.3.1.2	Chalcopyrite	2.29	0.007	4.45	0.004	8.47	0.111	0.00	0.00
	MC.3.1.3	Chalcopyrite	2.24	0.012	4.34	0.005	8.79	0.192	0.01	0.53
	MC.4.S8 Elemental sulfur -7.36 0.010 -14.25 0.004 -25.95 0.220	0.01	0.96
	Tignes									
	Ti.1.SO	Anhydrite	8.36	0.007 16.27 0.006 32.40 0.093	0.02	1.26
	Ti.2.SO	Anhydrite	6.56	0.015 12.74 0.006 24.52 0.052	0.02	0.17
	Ti.3.1	Pyrite	2.06	0.007	4.03	0.010	8.31	0.171	-0.02	0.64
	Ti.3.2	Pyrite	1.77	0.010	3.48	0.008	6.87	0.081	-0.02	0.25
	Ti.1.S8.1 Elemental sulfur -9.52 0.009 -18.43 0.006 -33.71 0.230	0.02	1.01
	Ti.1.S8.2 Elemental sulfur -9.72 0.005 -18.82 0.004 -34.69 0.175	0.02	0.77
	Ti.2.S8	Elemental sulfur -8.98 0.011 -17.39 0.005 -32.79 0.123	0.01	-0.01
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