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Introduction : the soils of Gale Crater

The chemical and mineralogical characterization of weathering products present in martian soils can reveal past aqueous processes that occurred on the planet. The term "soil" in the martian context refers to all loose, non-consolidated material, distinguishable from igneous or highly cohesive sedimentary rocks, and does not imply the presence or absence of organic matter or living organisms (e.g., [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale Crater[END_REF]; [START_REF] Certini | Disambiguating the soils of mars[END_REF]). Unlike regolith, which makes reference to unconsolidated mineral material with no implication on the nature of the mechanisms involved in pedogenesis, soil formation is the result of many processes that include physical and chemical alteration of rock precursors by wind action, impact and aqueous alteration (e.g., [START_REF] Mcsween | Determining the modal mineralogy of martian soils[END_REF]; [START_REF] Certini | Disambiguating the soils of mars[END_REF]). Soils represent the accumulation of sediments from large volumes of crustal exposure, and aggregates derived from local, regional, and possibly global sources due to wind transport and mixing (e.g., [START_REF] Mcsween | Mixing relationships in the martian regolith and the composition of globally homogeneous dust[END_REF]; [START_REF] Yen | An integrated view of the chemistry and mineralogy of martian soils[END_REF]; [START_REF] Newsom | Geochemistry of martian soil and bedrock in mantled and less mantled terrains with gamma ray data from Mars odyssey[END_REF]; [START_REF] Mcsween | Determining the modal mineralogy of martian soils[END_REF]). They can record aqueous alteration processes during pedogenesis due to their fine size and large reactive surfaces compared to rocks.

Therefore, determining the nature of the main constituents of soils can bring insights into the local, regional or even global aqueous history of Mars.

The Mars Science Laboratory (MSL) rover Curiosity landed in the 155 km diameter Gale crater, formed ∼3.6 Gy in the Late Noachian/Early Hesperian (Le [START_REF] Deit | Sequence of infilling events in Gale Crater, Mars: Results from morphology, stratigraphy, and mineralogy[END_REF]. The first soil analyzed with the entire payload of the rover was the inactive eolian bedform of Rocknest on Sols 55-100 (Figure 1). This sand shadow deposit is still the best characterized martian soil to date, excluding the observation campaigns dedicated to the active sand dunes of Bagnold [START_REF] Bridges | The Mars Science Laboratory (MSL) Bagnold Dunes campaign, phase i: Overview and introduction to the special issue: Bagnold Dunes campaign overview[END_REF]. From close-up images (e.g.,Figures 1.d,S1 and S2), Rocknest soils are composed of micrometer to millimeter-sized grains of varying colors, mixed with smaller dust particles easily transported by the wind. Measurements by the Alpha Particle X-ray Spectrometer (APXS) instrument show a bulk chemical composition overall similar to basaltic soils previously analyzed in situ at Gusev crater and Meridiani Planum. This has been interpreted as the possibility that martian soils could be homogeneous on a large scale [START_REF] Yen | An integrated view of the chemistry and mineralogy of martian soils[END_REF][START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF]. However, substantial chemical differences have been observed in soils from different martian regions by orbital data, which argues against complete mixing at a global scale [START_REF] Newsom | Geochemistry of martian soil and bedrock in mantled and less mantled terrains with gamma ray data from Mars odyssey[END_REF]. Within Gale crater itself, differences have been observed between the Rocknest soils and the active dunes of Bagnold, which illustrates the role of local contributions to soils composition [START_REF] O'connell-Cooper | APXS-derived chemistry of the Bagnold Dune sands: Comparisons with Gale Crater soils and the global martian average[END_REF]. Analyses with the Laser-Induced Breakdown Spectroscopy (LIBS) instrument ChemCam identified two main components in the Rocknest soils: a coarse-grained anhydrous felsic component, and a fine-grained hydrogen-rich mafic one that is very homogeneous all along the rover traverse [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale Crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF][START_REF] Cousin | Geochemistry of the Bagnold Dune field as observed by Chem-Cam and comparison with other aeolian deposits at Gale Crater[END_REF]. X-ray diffraction (XRD) analyses with CheMin show that the mineralogy of the Rocknest sieved sample (<150 μm) is mainly composed of igneous basaltic phases, and despite being nearly ubiquitous in the sedimentary rocks of Gale, no clay mineral was detected in the soils. Only a few secondary minerals have been identified such as anhydrite, magnetite (potentially igneous), and hematite in minor abundances [START_REF] Bish | X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale Crater[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF]. However, 35±15 wt.% of the Rocknest sample correspond to X-ray amorphous phases (i.e., poorly crystalline or nanophase materials), whose nature remains unclear. Martian soils have long been suspected to contain an amorphous component based on orbital and in situ analyses (e.g., [START_REF] Evans | Comparison of Viking lander multispectral images and laboratory reflectance spectra of terrestrial samples[END_REF]; [START_REF] Singer | Spectroscopic observation of Mars[END_REF]; [START_REF] Morris | Mineralogy, composition, and alteration of Mars Pathfinder rocks and soils: Evidence from multispectral, elemental, and magnetic data on terrestrial analogue, SNC meteorite, and Pathfinder samples[END_REF]; [START_REF] Squyres | Detection of silica-rich deposits on Mars[END_REF]).

Mass balance calculations using APXS bulk chemistry of the Portage soil target (containing both fine and coarse particles) and CheMin mineralogy at Rocknest suggest

that the amorphous component is enriched in FeO T , Na 2 O, K 2 O, TiO 2 , SO 3 , P 2 O 5 , Cr 2 O 3 ,
MnO, Cl and depleted in SiO 2 , Al 2 O 3 , CaO, MgO relative to the crystalline counterpart [START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF]. Importantly, as CheMin did not detect any hydrated mineral, the ∼2 wt.% H 2 O quantified in the sieved fraction by the SAM instrument [START_REF] Leshin | Volatile, isotope, and organic analysis of martian fines with the Mars Curiosity rover[END_REF]Sutter et al., 2017), and the H signal mostly recorded in the fine-grained component by ChemCam [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale Crater[END_REF][START_REF] Cousin | Compositions of coarse and fine particles in martian soils at Gale: A window into the production of soils[END_REF] must be mostly associated with the amorphous component, although hydrated crystalline phases could be present below the CheMin's detection limit (∼1 wt.%; [START_REF] Rampe | Mineralogy and geochemistry of sedimentary rocks and eolian sediments in Gale Crater, Mars: A review after six earth years of exploration with Curiosity[END_REF]), and some H could be contained as impurities in the phases detected by CheMin. The estimated chemical composition of the amorphous component with the mass balance calculations cannot be explained with primary basaltic glass only, and necessarily involves a mixture of several phases [START_REF] Bish | X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale Crater[END_REF][START_REF] Dehouck | Constraints on abundance, composition, and nature of X-ray amorphous components of soils and rocks at Gale Crater, Mars[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF] that could include both primary materials (volcanic and/or impact glass) and secondary products (e.g., poorly crystalline silicates, nanophase iron oxides, amorphous sulfates).

Determining precisely the chemical composition of the major phases constituting the amorphous component is necessary to understand its nature and constrain its origin. Furthermore, amorphous phases could represent the main carriers of the ubiquitous hydrogen measured from orbit by Mars Odyssey at low and mid-latitudes [START_REF] Boynton | Concentration of H, Si, Cl, K, Fe, and Th in the low-and mid-latitude regions of Mars[END_REF][START_REF] Newsom | Geochemistry of martian soil and bedrock in mantled and less mantled terrains with gamma ray data from Mars odyssey[END_REF][START_REF] Karunatillake | Sulfates hydrating bulk soil in the martian low and middle latitudes[END_REF].

In this paper, we use the geochemical data acquired with the ChemCam instrument in the soils of Bradbury rise, Rocknest and Yellowknife Bay area (Figure 1.a) to characterize the chemical composition of the hydrated phases thought to be associated with the amorphous component. Due to its submillimeter sampling area (i.e., 350-550 μm diameter) and its sensitivity to hydrogen and other volatile species, ChemCam is well suited to study alteration products. It provides a new methodology to constrain their chemical compositions and to give insight into the weathering history of the planet. 

Materials and Methods

The ChemCam LIBS instrument

The ChemCam instrument [START_REF] Wiens | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Body Unit and combined system tests[END_REF][START_REF] Maurice | The ChemCam instrument suite on the Mars Science Laboratory (MSL) rover: Science objectives and Mast Unit description[END_REF] is the first generation of LIBS instrument launched to Mars. It provides remote analyses of the major rock-forming elements as well as some minor and trace elements, at a sub-millimeter scale. A nanosecond pulsed laser (1067 nm) is focused on the sample with a telescope generating a plasma of excited ions, atoms, and molecules. As the plasma cools down, excited species release energy in the form of light that is collected by the telescope and analyzed by three spectrometers in the 240.1 -342.2 nm (ultraviolet), 382.1 -469.3 nm (violet), and 474.0 -906.5 nm (visible and near-infrared) spectral ranges. For each Chem-Cam observation point, repeated laser shots are fired (typically with bursts of 30 shots), and each laser shot yields a LIBS spectrum. As detailed in [START_REF] Wiens | Pre-flight calibration and initial data processing for the ChemCam laser-induced breakdown spectroscopy instrument on the Mars Science Laboratory rover[END_REF] and [START_REF] Clegg | Recalibration of the Mars Science Laboratory ChemCam instrument with an expanded geochemical database[END_REF], ChemCam data are processed by removing the nonlaser reflectance spectrum ("dark spectrum"), denoised, corrected for the continuum emission, and finally wavelength calibrated and corrected for the instrument response.

Quantitative and qualitative analyses of ChemCam data

From ChemCam spectra, major oxide (i.e., SiO 2 , TiO 2 , Al 2 O 3 , MgO, CaO, Na 2 O, K 2 O) quantification is made using a large library of spectra acquired on geological standards (>400 samples) and two multivariate analysis algorithms: a partial least squares (PLS, [START_REF] Clegg | Recalibration of the Mars Science Laboratory ChemCam instrument with an expanded geochemical database[END_REF]), and an independent component analysis (ICA, Forni et al. (2013)). For iron quantification, we used here a dedicated calibration method described in [START_REF] David | Analyses of high-iron sedimentary bedrock and diagenetic features observed with ChemCam at vera rubin ridge, Gale Crater, Mars: calibration and characterization[END_REF], more appropriate to highlight the presence of Fe-rich mineral phases in the ChemCam shot-to-shot dataset. The major composition is not normalized to 100 wt.% to take into account volatile concentrations including H and S contents. Indeed, unlike major elements, hydrogen is not yet quantified in granular media, and we used instead the independent component analysis [START_REF] Forni | Independent component analysis classification of laser induced breakdown spectroscopy spectra[END_REF] to investigate the variation of H signal in ChemCam data (expressed in the form of ICA scores).

Sulfur abundance is estimated in ChemCam data from the 564 nm emission peak area, normalized to the oxygen peak area at 778 nm, following the method defined in [START_REF] Rapin | An interval of high salinity in ancient Gale Crater lake on Mars[END_REF]. This approach was successfully used to detect the presence of Ca-and Mgsulfates in the matrix of the sedimentary rocks of the Murray formation.

Data selection

In this study, we selected the soil targets analyzed by ChemCam from Sol 19 to 194 localized in the Bradbury, Rocknest and Yellowknife Bay area (Figure 1.a). The Chem-Cam Remote Micro-Imager is used to consider only observation points located on gran-ular soils. LIBS spectra with a noise level too high for sulfur peak analyses (i.e., with total spectral intensity lower than 1.6x10 14 photons) are removed from our dataset. In the end, the ChemCam dataset used in this study corresponds to 25 soil targets. Chem-Cam analyses are rasters of several observation points, and a burst of laser shots is performed on each of these points. As a result, our 25 soil targets translate into 165 different LIBS observation points and 4790 single-shot LIBS spectra.

Finally, we distinguished in our data LIBS shots that probed the dust from the rest of the soil. Indeed, the inactive Rocknest soils are covered with a thin layer of eolian dust deposits, and its composition can be estimated considering the first LIBS shot of each ChemCam laser burst as shown by [START_REF] Lasue | Martian eolian dust probed by ChemCam[END_REF].

Results

Chemical characterization of soils with ChemCam

When plotted in diagrams showing major oxides constituting soils as a function of the ICA H scores, the shot-to-shot scatter shows several mixing lines with at least three end-members (Figure 2 2017)). On the other hand, group 2 is rich in Al 2 O 3 relative to group 1, and also enriched on average in SiO 2 (54.4 wt.%), CaO (8.9 wt.%), and Na 2 O (5.9 wt.%) as seen in Figure 3.d, e, g. Such chemistry is consistent with plagioclase minerals, which is the most abundant crystalline phase detected by CheMin (∼24 wt.%, [START_REF] Bish | X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale Crater[END_REF]; [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF]). The sulfur signal from the 564 nm peak area is low and roughly equal for groups 1 and 2 (Figure 3.c), which is expected for such igneous minerals. K 2 O appears defined to be weakly discriminating between the mafic and felsic populations (Figure 3.h), in agreement with the fact that K-feldspar was not identified in the <150 μm Rocknest soils [START_REF] Bish | X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale Crater[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF] and should be present only in minor abundance if any. K-rich and Ti-rich spectra observed in figure 2.h and 2.i should be then mostly associated with anhydrous K-bearing and Tibearing phases with amorphous natures or/and linked to coarser minerals than those analyzed by CheMin or/and in abundance below CheMin's detection limit.

The hydrogen-rich end-member observed in Figure 2 should correspond to the soil fraction associated with the hydrated amorphous component. The increase in hydration observed in some spectra is significant and reaches more than three times the average hydration value observed in bulk soils. From our estimate of water content, based on the average ICA score in soils and H SAM analyses (Figure 2.a, text S1), this would correspond to targets containing more than ∼6 wt.% H 2 O. Interestingly, a correlation is observed between H and S (Figure 2.b). This indicates that soil hydration is principally carried by S-bearing phases such as sulfates rather than poorly crystalline silicates or nanophase iron hydroxides. In addition, hydrogen-rich spectra show MgO, FeO T and CaO abundances around the average of the bulk soils, while SiO 2 , TiO 2 , Al 2 O 3 , Na 2 O, and K 2 O contents are among the lowest recorded. This is also observed when comparing the distribution of major elements between the different groups of LIBS spectra representing different chemical compositions (Fig-

ure 3): the groups 1 and 2 (of relatively mafic and felsic compositions respectively, and will therefore be referred to as "mafic" and "felsic" in the rest of the paper, for conciseness) and the hydrated component (group 3, ICA H score >0.056). From figure 3, the hydrated group appears to have a composition mostly similar to the mafic-type, but with high S and H contents. On average, the MgO abundances are similar between the hydrated (8.1±1.9 wt.%) and the mafic (8±2.5 wt.%) groups, and FeO T and SiO 2 abundances are only slightly higher in the mafic component (respectively 15.5±2.9/ 17.6±3.9 wt.% and 41.6±3.5/43.4±3.9 wt.%).

Due to the overall similar composition between the hydrogen and mafic groups, no linear correlation is observed between H and other major elements (except S). However, the similar MgO average values in the S-and H-rich group and the mafic one shows the presence of hydrated Mg-S rich phases such as Mg-sulfates within the XRD amorphous component of soils. Although a strong increase of H and S abundances is observed in some LIBS spectra (up to more than ∼6 wt.% H 2 O and between ∼10.6-15.9 wt.% SO 3 ; cf. Fig- ures 2), the Mg contents remain overall constant in these points. Consequently, the Hand S-rich phases must be associated, at least partially, with Mg cations because otherwise some dilution effects should occur and a drop of the Mg content should be observed.

The same reasoning holds for Fe and Ca. In the hydrated end-member, the high S signal and FeO T content compared to the felsic component could suggest that Fe-bearing sulfates are also present. However, intimate mixtures of Mg-sulfates with ferric oxyhydroxides (e.g., ferrihydrite) cannot be totally ruled out by LIBS analyses alone. Indeed, due to the nanoparticulate nature of the latter minerals, their chemical composition can be diluted with other major phases, making their detection difficult (e.g., [START_REF] David | Analyses of high-iron sedimentary bedrock and diagenetic features observed with ChemCam at vera rubin ridge, Gale Crater, Mars: calibration and characterization[END_REF]). The CaO abundance of the H-rich group is lower than the felsic-type group and rather consistent with the mafic end-member. Given the lack of decrease in CaO content associated with the volatile-rich point, the presence of Ca-sulfates is also likely. Otherwise, the low Al 2 O 3 abundances associated with H-rich spectra suggest that allophane (poorly crystalline phyllosilicate), which is particularly expected during the alteration of volcanic glass [START_REF] Chadwick | The impact of climate on the biogeochemical functioning of volcanic soils[END_REF], is unlikely to be a main component in soils, as also supported by the low Al 2 O 3 content estimated with the APXS-CheMin mass balance calculations (∼5.45 wt.%; [START_REF] Bish | X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale Crater[END_REF]; [START_REF] Dehouck | Constraints on abundance, composition, and nature of X-ray amorphous components of soils and rocks at Gale Crater, Mars[END_REF]; [START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF]). The lack of Al 2 O 3 and SiO 2 enrichment associated with S-rich spectra (Figures 2 andS4) also suggests that the sorption of sulfate ions onto Al-phyllosilicates or their precursors is not the prevailing mechanism to host this element in soils.

-6-manuscript submitted to Geophysical Research Letters ChemCam laser shots reflecting the dust composition are shown in figure 2 (orange squares). The dust fraction of soils contains a significant hydrogen content, consistent with previous ChemCam studies [START_REF] Meslin | Soil diversity and hydration as observed by ChemCam at Gale Crater[END_REF][START_REF] Lasue | Martian eolian dust probed by ChemCam[END_REF]. However, the hydrated sulfates identified here are not hosted by the eolian dust as seen from the scatter of the ICA H scores. Indeed, we observe that there are LIBS spectra from the bulk soils (∼26.7% of total number of spectra) that show a higher hydration than the average value of the dust plus uncertainty (i.e., 0.045±0.009). This implies that the dust does not correspond to the hydrated end-member, and that discrete particles of hydrated sulfates coarser than the aeolian dust are present within the soil material itself, or that sulfates are present as rinds or coatings around igneous grains. Nevertheless, it is a possibility that the dust is composed of the same mafic, felsic, and hydrated minerals identified, but with smaller grain sizes. We are however unable to address this question, because at such small grain size the LIBS technique does not provide a composition for individual grains, instead averaging the composition of a number of grains together, as observed in laboratory experiments [START_REF] David | Laser-induced breakdown spectroscopy (LIBS) characterization of granular soils: Implications for ChemCam analyses at Gale Crater[END_REF]. Al2O3, Na2O, K2O and TiO2) in 3 groups of LIBS spectra. Groups 1 (red) and 2 (green) correspond to anhydrous end-members (ICA H score < 0.031) with respectively low and high Al2O3 abundances (i.e., lower than 10.6 wt.% and higher than 17.8 wt.%), whereas groups 3 (blue) correspond to end-members with high hydrogen contents (ICA H score >0.056).

Discussion

Discussion on the presence of hydrated sulfates

The detection of sulfates with ChemCam is compatible with the evolved gas analyses (EGA) performed by the SAM instrument onboard Curiosity, which recorded SO 2 releases during pyrolysis at temperatures consistent with several candidates including crystalline or amorphous Mg-and Fe-sulfates, as well as adsorbed sulfate forms [START_REF] Leshin | Volatile, isotope, and organic analysis of martian fines with the Mars Curiosity rover[END_REF]Sutter et al., 2017). The temperature of water release measured by SAM is also consistent with structural H 2 O or OH from sulfates, although several other phases are possible [START_REF] Archer | Abundances and implications of volatile-bearing species from evolved gas analysis of the Rocknest aeolian deposit, Gale Crater, Mars[END_REF]. Unfortunately, all Ca-sulfates decompose at temperatures beyond the SAM range and thus cannot be detected by the instrument [START_REF] Mcadam | Sulfur-bearing phases detected by evolved gas analysis of the Rocknest aeolian deposit, Gale Crater, Mars[END_REF]. The APXS-CheMin mass balance calculations [START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF] indicate a sulfur budget for the amorphous component (14.04 wt.% SO 3 ) that is in excess to contain only Mg-sulfates given its magnesium budget (4.05 wt.% MgO) and Fe-sulfates and/or Ca-sulfates must be also present.

Mg-, Fe-, and Ca-sulfates are weathering constituents of other martian soils studied in situ in the Chryse and Utopia Planitia, in the high latitudes of Vastitas Borealis, and in Ares Vallis and Gusev crater, as suggested by the Viking and Phoenix landers [START_REF] Clark | Geochemical components in martian soil[END_REF][START_REF] Kounaves | Soluble sulfate in the martian soil at the Phoenix landing site[END_REF], and by the Pathfinder and Spirit rovers [START_REF] Foley | Final chemical results from the Mars Pathfinder alpha proton X-ray spectrometer: Mars exploration rover mission and landing sites[END_REF][START_REF] Wang | Sulfate deposition in subsurface regolith in Gusev Crater, Mars[END_REF][START_REF] Yen | Hydrothermal processes at Gusev Crater: An evaluation of Paso Robles class soils[END_REF][START_REF] Lane | Mineralogy of the Paso Robles soils on Mars[END_REF]. While it has been demonstrated that soils at Gale have chemical compositions overall similar to other soils studied in different locations of the planet (e.g., [START_REF] Yen | An integrated view of the chemistry and mineralogy of martian soils[END_REF]; [START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF]), here we establish that they also share some mineralogical properties. This observation is in line with the idea that these soils could have a common history, due to large scale soil homogenization by wind transport followed by mixing, and/or due to similar source materials and alteration processes. In the latter case, a regionally localized provenance of sulfates and other soil components is still allowed. In Gale's soils, the nearly identical sulfur abundances with the soils of Gusev and Meridiani [START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF] suggest that the sulfates found in Rocknest do not need to originate from the mechanical erosion of the uppermost sulfate-rich strata of Aeolis Mons.

In situ analyses showing that sulfates are the main carrier of soil hydration in Gale are also consistent with orbital observations at a broad scale. In the southern highlands, the H 2 O signatures from orbit are correlated with sulfur concentrations [START_REF] Karunatillake | Sulfates hydrating bulk soil in the martian low and middle latitudes[END_REF][START_REF] Hood | Contrasting regional soil alteration across the topographic dichotomy of Mars[END_REF], supporting our finding and the central role of hydrated sulfates in the water distribution of martian soils.

Possible formation process of the amorphous sulfates

The presence of Mg-sulfates (and likely Fe-sulfates) combined with the apparent lack of significant Al-bearing secondary phases hints at some specific conditions during aqueous alteration and formation of soils. Mg-sulfates are expected to be among the predominant minerals formed along with Fe-sulfates, poorly crystalline Fe-oxides, and amorphous silica during chemical weathering of basaltic materials at low water activity, low-pH, and sulfuric acid-rich environment [START_REF] Banin | Acidic volatiles and the Mars soil[END_REF][START_REF] Golden | Laboratorysimulated acid-sulfate weathering of basaltic materials: Implications for formation of sulfates at Meridiani Planum and Gusev Crater, Mars[END_REF][START_REF] Tosca | Acidsulfate weathering of synthetic martian basalt: The acid fog model revisited[END_REF][START_REF] Tosca | Geochemical modeling of evaporation -12-manuscript submitted to Geophysical Research Letters processes on Mars: Insight from the sedimentary record at Meridiani Planum[END_REF][START_REF] Hurowitz | In situ and experimental evidence for acidic weathering of rocks and soils on Mars[END_REF][START_REF] Hurowitz | A 3.5 Ga record of water-limited, acidic weathering conditions on Mars[END_REF]. In an acidic environment, a low water-to-rock ratio promotes the stoichiometric alteration of olivine relative to other igneous minerals and basaltic glasses, which have lower dissolution rates [START_REF] Hurowitz | A 3.5 Ga record of water-limited, acidic weathering conditions on Mars[END_REF]. Slow weathering during cold and dry conditions on Mars, through interactions of basaltic materials with volcanic aerosols, frost, or thin films of transient liquid water along grain boundaries loaded with volcanically derived volatile species are sustainable scenarios to explain our observations, as modeled by [START_REF] Treguier | Overview of Mars surface geochemical diversity through Alpha Particle X-Ray Spectrometer data multidimensional analysis: First attempt at modeling rock alteration[END_REF] and [START_REF] Berger | Evidence in favor of small amounts of ephemeral and transient water during alteration at Meridiani Planum, Mars[END_REF]. In these conditions, the chemical budget for secondary mineralogy subsequent to olivine dissolution is dominated by Mg, Fe, and Si, and the formation of significant Al-bearing alteration phases (Al-sulfates, Al-hydroxides, and phyllosilicates) is inhibited as Al-rich primary silicates and Al-bearing glasses are mostly unaltered. In such scenario, Ca-sulfates are not expected to be produce in high abundance and those in soils could be formed by a different process.

Several mechanisms can cause these sulfates to become then XRD amorphous. The mineralogy and hydration state of sulfates, and in particular for magnesium-bearing species, are highly dependent on relative humidity and temperature. First, it is possible that the nature of sulfates changed during the first hours of analysis inside the warm and therefore low relative humidity environment of CheMin, and that sulfates were originally crystalline before the samples were collected [START_REF] Vaniman | Gypsum, bassanite, and anhydrite at Gale Crater, Mars[END_REF]. Alternatively, the sulfate amorphization process could also occur during their formation (e.g., from rapid evaporation or freezing of saline solutions [START_REF] Vaniman | Transformations of Mg-and Ca-sulfate hydrates in Mars regolith[END_REF][START_REF] Morris | Transmission X-ray diffraction (XRD) patterns relevant to the MSL CheMin amorphous component: Sulfates and silicates[END_REF]), or during diagenesis after partial dehydration of crystalline phases [START_REF] Vaniman | Magnesium sulphate salts and the history of water on Mars[END_REF][START_REF] Chipera | Experimental stability of magnesium sulfate hydrates that may be present on Mars[END_REF]. At their time of formation, sulfates with higher hydration state may have been present in soils, and dehydrated during environmental changes causing their amorphization, possibly reflecting diurnal variations or changes in orbital parameters of the planet.

Conclusions

The chemical composition of the weathering products constituting the soils of the martian surface provides important clues about the aqueous environments in which they formed. By investigating the hydrogen signal recorded by the ChemCam instrument onboard Curiosity in the soils of the Bradbury rise, Rocknest and Yellowknife Bay area, we have identified the main hydrogen-bearing products, and bring new constraints into our comprehension of martian pedogenesis. We make the first direct chemical association between H and S, revealing the presence of hydrated sulfates in the soils of Gale crater. These sulfates, carriers of the soil hydration, are amorphous since CheMin did not detect them, or any hydrated crystalline mineral. Due to the relatively high Mg, Fe and Ca contents associated with the sulfur-rich spectra, mixture of Mg-, Fe-, and Ca-sulfates could be present, which is consistent with results from other instruments onboard Curiosity such as SAM or the APXS-CheMin mass balance calculations [START_REF] Blake | Curiosity at Gale Crater, Mars: Characterization and analysis of the Rocknest sand shadow[END_REF][START_REF] Achilles | Mineralogy of an active eolian sediment from the Namib Dune, Gale Crater, Mars[END_REF]Sutter et al., 2017).

In this study, we establish that the soils of Gale contain similar sulfates than observed in situ in other locations of the planet, reinforcing the idea that soils on Mars may have a common history. Given the predominance of hydrated sulfates among alteration products in the soils of Gale, and the lack of Al-bearing secondary mineral like phyllosilicates, we assumed that soils have undergone an overall low grade of chemical alteration and that sulfate formation likely occurred at low water activity under acidic conditions, promoting dissolution of labile minerals such as olivine. The amorphization process of sulfates could occur either at their time of formation or later during diagenesis, potentially induced by environmental changes on the martian surface.

Figure 1 .

 1 Figure 1. a) HiRISE mosaic showing the Curiosity's traverse from the landing site at Sol 0 up to Sol 194. The Bradbury, Rocknest and Yellowknife Bay area are displayed, as well as the localization and the name (in yellow) of the 25 soils analyzed by ChemCam used in this study (NASA/Caltech-JPL/Univ. of Arizona). b) Mastcam mosaic showing the Rocknest patch of soil on Sol 52, which is about 1.5 meters by 5 meters (NASA/Caltech-JPL/MSSS). c) Mast-Cam image of the scooped samples of Rocknest during Sol 93 (0093ML0005450000102912E01, NASA/Caltech-JPL/MSSS) d) Footprint of the Curiosity wheel in the Rocknest soils seen with the MastCam instrument on Sol 59 (0059MR0002680030103132E01, NASA/Caltech-JPL/MSSS). e) MAHLI image on Sol 95 of the sieved fraction (<150 μm) of the Rocknest soils on the titanium observation tray of the rover (0095MH0001310000101120C00, NASA/Caltech-JPL/MSSS).

  .a, c-i). Two of them trend towards low H contents, indicating that the corresponding LIBS shots mainly probed anhydrous mineral mixtures, whereas the third end-member is hydrated. Similar data trends are observed in soils located in the Rocknest area and soils located in the Bradbury rise and Yellowknife Bay (cf. Figure S3), indicating similar mineral mixtures between these sites. In figure 2, the scatter of the ChemCam shot-to-shot data shows several trends toward anhydrous mineral phases. This is in agreement with the composition of the main igneous mineral phases identified by CheMin (shown by diamonds in Figure 2), except for K 2 O and TiO 2 . We first show that ChemCam successfully discriminated the mafic and felsic components in soils, and that it is able to constrain the chemical composition of individual phases (or a group of phases with similar composition). LIBS spectra have been grouped into different classes based on their level of hydration and Al 2 O 3 abundances (cf. S5). Groups 1 and 2 correspond to the two anhydrous end-members (ICA H score < 0.031) with respectively low and high Al 2 O 3 contents (i.e., <10.6 wt.% and >17.8 wt.%). While LIBS shots from group 1 are depleted in Al 2 O 3 relative to group 2 by definition, they are relatively rich in MgO, FeO T , and TiO 2 (Figure 3.a, b, i) with average values of 8.0, 18, and 1 wt.%; and thus mainly reflect the olivine, augite, and pigeonite minerals identified by CheMin (respectively ∼17, ∼14, and ∼7 wt.% in the Rocknest soils; Bish et al. (2013); Achilles et al. (

Figure 2 .

 2 Figure 2. Single-laser-shot compositions plotted against ICA hydrogen scores for the 25 ChemCam soil targets acquired in the Bradbury rise, Rocknest and Yellowknife Bay area. The first LIBS shot of each ChemCam laser burst (orange squares) reflects the chemical composition of the eolian dust. The chemical composition of mineral phases identified by CheMin (*) in the <150 μm fraction of Rocknest soils and the composition of the amorphous component (**) are also shown (from Achilles et al. (2017)). The red lines connecting the main igneous minerals observed by CheMin to the average abundances measured with ChemCam in the bulk soils express expected trends in the ChemCam shot-to-shot scatter. See text S1 for details on the estimates of H2O and SO3 abundances.
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 3 Figure 3. Box plots showing the distribution of major elements (MgO, FeOT , S, CaO, SiO2,
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All ChemCam data used in this study are publicly available on the Planetary Data System (http://pds-geosciences.wustl.edu/missions/msl/chemcam.htm). Complete list of targets and chemical compositions can be found in the Zenodo open-source online repository [START_REF] David | Supplemental information data from: "Evidence for amorphous sulfates as the main carrier of soil hydration in Gale crater[END_REF].