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Abstract22

Understanding the genesis of martian soils is important to constrain the hydrogeologic23

history of the planet. Soils have the potential to record paleoenvironmental conditions,24

through the nature of secondary minerals formed during weathering. In situ X-ray diffrac-25

tion analyses in Gale crater have revealed that about one-third of each soil sample is com-26

posed of amorphous materials containing hydrated phases. Here, we use the geochem-27

ical data from the ChemCam instrument to investigate the nature and origin of the hy-28

drated amorphous phases. We report for the first time with ChemCam clues for the pres-29

ence of sulfates within the amorphous component of soils. We show that sulfates are the30

main carrier of the soil hydration and possibly explain the nature of hydrogen and sul-31

fur measured from orbit. These sulfates and the apparent lack of significant Al-bearing32

weathering products are consistent with a model of soil formation including weathering33

of olivine in water-limited acidic conditions.34

Plain Language Summary35

The study of martian soils is of considerable interest as the nature of the mineral36

phases they contain, formed by the action of water for some of them, can give informa-37

tion on the past environments of the planet. Mineralogical analyses in Gale crater have38

shown that about one-third of soils are composed of poorly crystalline materials whose39

nature remains unclear, and that soil hydration could be associated with these phases.40

Here, we use the chemical analyses from the ChemCam instrument to investigate the com-41

position of the hydrogen-bearing products, and we report for the first time the presence42

of sulfates in soils with this instrument. We demonstrate that sulfates are the main con-43

tributor to the water content of soils and are probably the source of the hydrogen and44

sulfur measured from orbit. The presence of sulfates and the lack of significant other sec-45

ondary materials, especially enriched in aluminum, suggest that soils have probably un-46

dergone an acidic aqueous alteration with a low quantity of water, favoring the disso-47

lution of olivine as the precursor to sulfates.48

1 Introduction : the soils of Gale Crater49

The chemical and mineralogical characterization of weathering products present50

in martian soils can reveal past aqueous processes that occurred on the planet. The term51

“soil” in the martian context refers to all loose, non-consolidated material, distinguish-52

able from igneous or highly cohesive sedimentary rocks, and does not imply the presence53

or absence of organic matter or living organisms (e.g., Meslin et al. (2013); Certini et al.54

(2020)). Unlike regolith, which makes reference to unconsolidated mineral material with55

no implication on the nature of the mechanisms involved in pedogenesis, soil formation56

is the result of many processes that include physical and chemical alteration of rock pre-57

cursors by wind action, impact and aqueous alteration (e.g., McSween et al. (2010); Cer-58

tini et al. (2020)). Soils represent the accumulation of sediments from large volumes of59

crustal exposure, and aggregates derived from local, regional, and possibly global sources60

due to wind transport and mixing (e.g., McSween and Keil (2000); Yen et al. (2005); New-61

som et al. (2007); McSween et al. (2010)). They can record aqueous alteration processes62

during pedogenesis due to their fine size and large reactive surfaces compared to rocks.63

Therefore, determining the nature of the main constituents of soils can bring insights into64

the local, regional or even global aqueous history of Mars.65

The Mars Science Laboratory (MSL) rover Curiosity landed in the 155 km diam-66

eter Gale crater, formed ∼3.6 Gy in the Late Noachian/Early Hesperian (Le Deit et al.,67

2013). The first soil analyzed with the entire payload of the rover was the inactive eo-68

lian bedform of Rocknest on Sols 55-100 (Figure 1). This sand shadow deposit is still69

the best characterized martian soil to date, excluding the observation campaigns ded-70

icated to the active sand dunes of Bagnold (Bridges & Ehlmann, 2017). From close-up71
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images (e.g., Figures 1.d, S1 and S2), Rocknest soils are composed of micrometer to milli-72

meter-sized grains of varying colors, mixed with smaller dust particles easily transported73

by the wind. Measurements by the Alpha Particle X-ray Spectrometer (APXS) instru-74

ment show a bulk chemical composition overall similar to basaltic soils previously an-75

alyzed in situ at Gusev crater and Meridiani Planum. This has been interpreted as the76

possibility that martian soils could be homogeneous on a large scale (Yen et al., 2005;77

Blake et al., 2013). However, substantial chemical differences have been observed in soils78

from different martian regions by orbital data, which argues against complete mixing at79

a global scale (Newsom et al., 2007). Within Gale crater itself, differences have been ob-80

served between the Rocknest soils and the active dunes of Bagnold, which illustrates the81

role of local contributions to soils composition (O’Connell-Cooper et al., 2017). Anal-82

yses with the Laser-Induced Breakdown Spectroscopy (LIBS) instrument ChemCam iden-83

tified two main components in the Rocknest soils: a coarse-grained anhydrous felsic com-84

ponent, and a fine-grained hydrogen-rich mafic one that is very homogeneous all along85

the rover traverse (Meslin et al., 2013; Cousin et al., 2015, 2017). X-ray diffraction (XRD)86

analyses with CheMin show that the mineralogy of the Rocknest sieved sample (<15087

μm) is mainly composed of igneous basaltic phases, and despite being nearly ubiquitous88

in the sedimentary rocks of Gale, no clay mineral was detected in the soils. Only a few89

secondary minerals have been identified such as anhydrite, magnetite (potentially igneous),90

and hematite in minor abundances (Bish et al., 2013; Achilles et al., 2017). However, 35±1591

wt.% of the Rocknest sample correspond to X-ray amorphous phases (i.e., poorly crys-92

talline or nanophase materials), whose nature remains unclear. Martian soils have long93

been suspected to contain an amorphous component based on orbital and in situ anal-94

yses (e.g., Evans and Adams (1979); Singer (1985); Morris et al. (2000); Squyres et al.95

(2008)).96

Mass balance calculations using APXS bulk chemistry of the Portage soil target97

(containing both fine and coarse particles) and CheMin mineralogy at Rocknest suggest98

that the amorphous component is enriched in FeOT , Na2O, K2O, TiO2, SO3, P2O5, Cr2O3,99

MnO, Cl and depleted in SiO2, Al2O3, CaO, MgO relative to the crystalline counterpart100

(Blake et al., 2013; Achilles et al., 2017). Importantly, as CheMin did not detect any hy-101

drated mineral, the ∼2 wt.% H2O quantified in the sieved fraction by the SAM instru-102

ment (Leshin et al., 2013; Sutter et al., 2017), and the H signal mostly recorded in the103

fine-grained component by ChemCam (Meslin et al., 2013; Cousin et al., 2015) must be104

mostly associated with the amorphous component, although hydrated crystalline phases105

could be present below the CheMin’s detection limit (∼1 wt.%; Rampe et al. (2020)),106

and some H could be contained as impurities in the phases detected by CheMin. The107

estimated chemical composition of the amorphous component with the mass balance cal-108

culations cannot be explained with primary basaltic glass only, and necessarily involves109

a mixture of several phases (Bish et al., 2013; Dehouck et al., 2014; Achilles et al., 2017)110

that could include both primary materials (volcanic and/or impact glass) and secondary111

products (e.g., poorly crystalline silicates, nanophase iron oxides, amorphous sulfates).112

Determining precisely the chemical composition of the major phases constituting the amor-113

phous component is necessary to understand its nature and constrain its origin. Further-114

more, amorphous phases could represent the main carriers of the ubiquitous hydrogen115

measured from orbit by Mars Odyssey at low and mid-latitudes (Boynton et al., 2007;116

Newsom et al., 2007; Karunatillake et al., 2014).117

In this paper, we use the geochemical data acquired with the ChemCam instrument118

in the soils of Bradbury rise, Rocknest and Yellowknife Bay area (Figure 1.a) to char-119

acterize the chemical composition of the hydrated phases thought to be associated with120

the amorphous component. Due to its submillimeter sampling area (i.e., 350-550 μm di-121

ameter) and its sensitivity to hydrogen and other volatile species, ChemCam is well suited122

to study alteration products. It provides a new methodology to constrain their chem-123

ical compositions and to give insight into the weathering history of the planet.124
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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 tita-

nium observation tray of the rover (0095MH0001310000101120C00, NASA/Caltech-JPL/MSSS).

2 Materials and Methods125

2.1 The ChemCam LIBS instrument126

The ChemCam instrument (Wiens et al., 2012; Maurice et al., 2012) is the first gen-127

eration of LIBS instrument launched to Mars. It provides remote analyses of the ma-128

jor rock-forming elements as well as some minor and trace elements, at a sub-millimeter129

scale. A nanosecond pulsed laser (1067 nm) is focused on the sample with a telescope130

generating a plasma of excited ions, atoms, and molecules. As the plasma cools down,131

excited species release energy in the form of light that is collected by the telescope and132

analyzed by three spectrometers in the 240.1 - 342.2 nm (ultraviolet), 382.1 – 469.3 nm133

(violet), and 474.0 – 906.5 nm (visible and near-infrared) spectral ranges. For each Chem-134

Cam observation point, repeated laser shots are fired (typically with bursts of 30 shots),135

and each laser shot yields a LIBS spectrum. As detailed in Wiens et al. (2013) and Clegg136

et al. (2017), ChemCam data are processed by removing the nonlaser reflectance spec-137

trum (”dark spectrum”), denoised, corrected for the continuum emission, and finally wave-138

length calibrated and corrected for the instrument response.139

2.2 Quantitative and qualitative analyses of ChemCam data140

From ChemCam spectra, major oxide (i.e., SiO2, TiO2, Al2O3, MgO, CaO, Na2O,141

K2O) quantification is made using a large library of spectra acquired on geological stan-142

dards (>400 samples) and two multivariate analysis algorithms: a partial least squares143

(PLS, Clegg et al. (2017)), and an independent component analysis (ICA, Forni et al.144

(2013)). For iron quantification, we used here a dedicated calibration method described145

in David et al. (2020), more appropriate to highlight the presence of Fe-rich mineral phases146

in the ChemCam shot-to-shot dataset. The major composition is not normalized to 100147

wt.% to take into account volatile concentrations including H and S contents.148

Indeed, unlike major elements, hydrogen is not yet quantified in granular media,149

and we used instead the independent component analysis (Forni et al., 2013) to inves-150

tigate the variation of H signal in ChemCam data (expressed in the form of ICA scores).151

Sulfur abundance is estimated in ChemCam data from the 564 nm emission peak152

area, normalized to the oxygen peak area at 778 nm, following the method defined in Rapin153

et al. (2019). This approach was successfully used to detect the presence of Ca- and Mg-154

sulfates in the matrix of the sedimentary rocks of the Murray formation.155

2.3 Data selection156

In this study, we selected the soil targets analyzed by ChemCam from Sol 19 to 194157

localized in the Bradbury, Rocknest and Yellowknife Bay area (Figure 1.a). The Chem-158

Cam Remote Micro-Imager is used to consider only observation points located on gran-159
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ular soils. LIBS spectra with a noise level too high for sulfur peak analyses (i.e., with160

total spectral intensity lower than 1.6x1014 photons) are removed from our dataset. In161

the end, the ChemCam dataset used in this study corresponds to 25 soil targets. Chem-162

Cam analyses are rasters of several observation points, and a burst of laser shots is per-163

formed on each of these points. As a result, our 25 soil targets translate into 165 differ-164

ent LIBS observation points and 4790 single-shot LIBS spectra.165

Finally, we distinguished in our data LIBS shots that probed the dust from the rest166

of the soil. Indeed, the inactive Rocknest soils are covered with a thin layer of eolian dust167

deposits, and its composition can be estimated considering the first LIBS shot of each168

ChemCam laser burst as shown by Lasue et al. (2018).169

3 Results170

3.1 Chemical characterization of soils with ChemCam171

When plotted in diagrams showing major oxides constituting soils as a function of172

the ICA H scores, the shot-to-shot scatter shows several mixing lines with at least three173

end-members (Figure 2.a, c-i). Two of them trend towards low H contents, indicating174

that the corresponding LIBS shots mainly probed anhydrous mineral mixtures, whereas175

the third end-member is hydrated. Similar data trends are observed in soils located in176

the Rocknest area and soils located in the Bradbury rise and Yellowknife Bay (cf. Fig-177

ure S3), indicating similar mineral mixtures between these sites.178

In figure 2, the scatter of the ChemCam shot-to-shot data shows several trends to-179

ward anhydrous mineral phases. This is in agreement with the composition of the main180

igneous mineral phases identified by CheMin (shown by diamonds in Figure 2), except181

for K2O and TiO2. We first show that ChemCam successfully discriminated the mafic182

and felsic components in soils, and that it is able to constrain the chemical composition183

of individual phases (or a group of phases with similar composition). LIBS spectra have184

been grouped into different classes based on their level of hydration and Al2O3 abun-185

dances (cf. S5). Groups 1 and 2 correspond to the two anhydrous end-members (ICA186

H score < 0.031) with respectively low and high Al2O3 contents (i.e., <10.6 wt.% and187

>17.8 wt.%). While LIBS shots from group 1 are depleted in Al2O3 relative to group188

2 by definition, they are relatively rich in MgO, FeOT , and TiO2 (Figure 3.a, b, i) with189

average values of 8.0, 18, and 1 wt.%; and thus mainly reflect the olivine, augite, and190

pigeonite minerals identified by CheMin (respectively ∼17, ∼14, and ∼7 wt.% in the Rock-191

nest soils; Bish et al. (2013); Achilles et al. (2017)). On the other hand, group 2 is rich192

in Al2O3 relative to group 1, and also enriched on average in SiO2 (54.4 wt.%), CaO (8.9193

wt.%), and Na2O (5.9 wt.%) as seen in Figure 3.d, e, g. Such chemistry is consistent with194

plagioclase minerals, which is the most abundant crystalline phase detected by CheMin195

(∼24 wt.%, Bish et al. (2013); Achilles et al. (2017)). The sulfur signal from the 564 nm196

peak area is low and roughly equal for groups 1 and 2 (Figure 3.c), which is expected197

for such igneous minerals. K2O appears defined to be weakly discriminating between the198

mafic and felsic populations (Figure 3.h), in agreement with the fact that K-feldspar was199

not identified in the <150 μm Rocknest soils (Bish et al., 2013; Achilles et al., 2017) and200

should be present only in minor abundance if any. K-rich and Ti-rich spectra observed201

in figure 2.h and 2.i should be then mostly associated with anhydrous K-bearing and Ti-202

bearing phases with amorphous natures or/and linked to coarser minerals than those an-203

alyzed by CheMin or/and in abundance below CheMin’s detection limit.204

The hydrogen-rich end-member observed in Figure 2 should correspond to the soil205

fraction associated with the hydrated amorphous component. The increase in hydration206

observed in some spectra is significant and reaches more than three times the average207

hydration value observed in bulk soils. From our estimate of water content, based on the208

average ICA score in soils and H SAM analyses (Figure 2.a, text S1), this would corre-209

spond to targets containing more than ∼6 wt.% H2O. Interestingly, a correlation is ob-210

served between H and S (Figure 2.b). This indicates that soil hydration is principally211
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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 ob-

served 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.

carried by S-bearing phases such as sulfates rather than poorly crystalline silicates or212

nanophase iron hydroxides. In addition, hydrogen-rich spectra show MgO, FeOT and CaO213

abundances around the average of the bulk soils, while SiO2, TiO2, Al2O3, Na2O, and214

K2O contents are among the lowest recorded.215

This is also observed when comparing the distribution of major elements between216

the different groups of LIBS spectra representing different chemical compositions (Fig-217

ure 3): the groups 1 and 2 (of relatively mafic and felsic compositions respectively, and218

will therefore be referred to as ”mafic” and ”felsic” in the rest of the paper, for concise-219

ness) and the hydrated component (group 3, ICA H score >0.056). From figure 3, the220

hydrated group appears to have a composition mostly similar to the mafic-type, but with221

high S and H contents. On average, the MgO abundances are similar between the hy-222

drated (8.1±1.9 wt.%) and the mafic (8±2.5 wt.%) groups, and FeOT and SiO2 abun-223

dances are only slightly higher in the mafic component (respectively 15.5±2.9/224

17.6±3.9 wt.% and 41.6±3.5/43.4±3.9 wt.%).225

Due to the overall similar composition between the hydrogen and mafic groups, no226

linear correlation is observed between H and other major elements (except S). However,227

the similar MgO average values in the S- and H-rich group and the mafic one shows the228

presence of hydrated Mg-S rich phases such as Mg-sulfates within the XRD amorphous229

component of soils. Although a strong increase of H and S abundances is observed in some230

LIBS spectra (up to more than ∼6 wt.% H2O and between ∼10.6-15.9 wt.% SO3; cf. Fig-231

ures 2), the Mg contents remain overall constant in these points. Consequently, the H-232

and S-rich phases must be associated, at least partially, with Mg cations because oth-233

erwise some dilution effects should occur and a drop of the Mg content should be observed.234

The same reasoning holds for Fe and Ca. In the hydrated end-member, the high S sig-235

nal and FeOT content compared to the felsic component could suggest that Fe-bearing236

sulfates are also present. However, intimate mixtures of Mg-sulfates with ferric oxyhy-237

droxides (e.g., ferrihydrite) cannot be totally ruled out by LIBS analyses alone. Indeed,238

due to the nanoparticulate nature of the latter minerals, their chemical composition can239

be diluted with other major phases, making their detection difficult (e.g., David et al.240

(2020)). The CaO abundance of the H-rich group is lower than the felsic-type group and241

rather consistent with the mafic end-member. Given the lack of decrease in CaO con-242

tent associated with the volatile-rich point, the presence of Ca-sulfates is also likely. Oth-243

erwise, the low Al2O3 abundances associated with H-rich spectra suggest that allophane244

(poorly crystalline phyllosilicate), which is particularly expected during the alteration245

of volcanic glass (Chadwick et al., 2003), is unlikely to be a main component in soils, as246

also supported by the low Al2O3 content estimated with the APXS-CheMin mass bal-247

ance calculations (∼5.45 wt.%; Bish et al. (2013); Dehouck et al. (2014); Achilles et al.248

(2017)). The lack of Al2O3 and SiO2 enrichment associated with S-rich spectra (Figures249

2 and S4) also suggests that the sorption of sulfate ions onto Al-phyllosilicates or their250

precursors is not the prevailing mechanism to host this element in soils.251
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ChemCam laser shots reflecting the dust composition are shown in figure 2 (orange252

squares). The dust fraction of soils contains a significant hydrogen content, consistent253

with previous ChemCam studies (Meslin et al., 2013; Lasue et al., 2018). However, the254

hydrated sulfates identified here are not hosted by the eolian dust as seen from the scat-255

ter of the ICA H scores. Indeed, we observe that there are LIBS spectra from the bulk256

soils (∼26.7% of total number of spectra) that show a higher hydration than the aver-257

age value of the dust plus uncertainty (i.e., 0.045±0.009). This implies that the dust does258

not correspond to the hydrated end-member, and that discrete particles of hydrated sul-259

fates coarser than the aeolian dust are present within the soil material itself, or that sul-260

fates are present as rinds or coatings around igneous grains. Nevertheless, it is a pos-261

sibility that the dust is composed of the same mafic, felsic, and hydrated minerals iden-262

tified, but with smaller grain sizes. We are however unable to address this question, be-263

cause at such small grain size the LIBS technique does not provide a composition for in-264

dividual grains, instead averaging the composition of a number of grains together, as ob-265

served in laboratory experiments (David et al., 2021).266

Figure 3. Box plots showing the distribution of major elements (MgO, FeOT , S, CaO, SiO2,

Al2O3, Na2O, K2O and TiO2) in 3 groups of LIBS spectra. Groups 1 (red) and 2 (green) corre-

spond 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).

4 Discussion267

4.1 Discussion on the presence of hydrated sulfates268

The detection of sulfates with ChemCam is compatible with the evolved gas anal-269

yses (EGA) performed by the SAM instrument onboard Curiosity, which recorded SO2270

releases during pyrolysis at temperatures consistent with several candidates including271

crystalline or amorphous Mg- and Fe-sulfates, as well as adsorbed sulfate forms (Leshin272

et al., 2013; Sutter et al., 2017). The temperature of water release measured by SAM273

is also consistent with structural H2O or OH from sulfates, although several other phases274

are possible (Archer et al., 2014). Unfortunately, all Ca-sulfates decompose at temper-275

atures beyond the SAM range and thus cannot be detected by the instrument (McAdam276

et al., 2014). The APXS-CheMin mass balance calculations (Blake et al., 2013; Achilles277

et al., 2017) indicate a sulfur budget for the amorphous component (14.04 wt.% SO3)278

that is in excess to contain only Mg-sulfates given its magnesium budget (4.05 wt.% MgO)279

and Fe-sulfates and/or Ca-sulfates must be also present.280

Mg-, Fe-, and Ca-sulfates are weathering constituents of other martian soils stud-281

ied in situ in the Chryse and Utopia Planitia, in the high latitudes of Vastitas Borealis,282

and in Ares Vallis and Gusev crater, as suggested by the Viking and Phoenix landers283

(Clark, 1993; Kounaves et al., 2010), and by the Pathfinder and Spirit rovers (Foley et284

al., 2003; Wang et al., 2006; Yen et al., 2008; Lane et al., 2008). While it has been demon-285

strated that soils at Gale have chemical compositions overall similar to other soils stud-286

ied in different locations of the planet (e.g., Yen et al. (2005); Blake et al. (2013)), here287

we establish that they also share some mineralogical properties. This observation is in288

line with the idea that these soils could have a common history, due to large scale soil289

homogenization by wind transport followed by mixing, and/or due to similar source ma-290

terials and alteration processes. In the latter case, a regionally localized provenance of291

sulfates and other soil components is still allowed. In Gale’s soils, the nearly identical292

sulfur abundances with the soils of Gusev and Meridiani (Blake et al., 2013) suggest that293
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the sulfates found in Rocknest do not need to originate from the mechanical erosion of294

the uppermost sulfate-rich strata of Aeolis Mons.295

In situ analyses showing that sulfates are the main carrier of soil hydration in Gale296

are also consistent with orbital observations at a broad scale. In the southern highlands,297

the H2O signatures from orbit are correlated with sulfur concentrations (Karunatillake298

et al., 2014; Hood et al., 2019), supporting our finding and the central role of hydrated299

sulfates in the water distribution of martian soils.300

4.2 Possible formation process of the amorphous sulfates301

The presence of Mg-sulfates (and likely Fe-sulfates) combined with the apparent302

lack of significant Al-bearing secondary phases hints at some specific conditions during303

aqueous alteration and formation of soils. Mg-sulfates are expected to be among the pre-304

dominant minerals formed along with Fe-sulfates, poorly crystalline Fe-oxides, and amor-305

phous silica during chemical weathering of basaltic materials at low water activity, low-306

pH, and sulfuric acid-rich environment (Banin et al., 1997; Golden et al., 2005; Tosca307

et al., 2004, 2005; Hurowitz et al., 2006; Hurowitz & McLennan, 2007). In an acidic en-308

vironment, a low water-to-rock ratio promotes the stoichiometric alteration of olivine rel-309

ative to other igneous minerals and basaltic glasses, which have lower dissolution rates310

(Hurowitz & McLennan, 2007). Slow weathering during cold and dry conditions on Mars,311

through interactions of basaltic materials with volcanic aerosols, frost, or thin films of312

transient liquid water along grain boundaries loaded with volcanically derived volatile313

species are sustainable scenarios to explain our observations, as modeled by Treguier et314

al. (2008) and Berger et al. (2009). In these conditions, the chemical budget for secondary315

mineralogy subsequent to olivine dissolution is dominated by Mg, Fe, and Si, and the316

formation of significant Al-bearing alteration phases (Al-sulfates, Al-hydroxides, and phyl-317

losilicates) is inhibited as Al-rich primary silicates and Al-bearing glasses are mostly un-318

altered. In such scenario, Ca-sulfates are not expected to be produce in high abundance319

and those in soils could be formed by a different process.320

Several mechanisms can cause these sulfates to become then XRD amorphous. The321

mineralogy and hydration state of sulfates, and in particular for magnesium-bearing species,322

are highly dependent on relative humidity and temperature. First, it is possible that the323

nature of sulfates changed during the first hours of analysis inside the warm and there-324

fore low relative humidity environment of CheMin, and that sulfates were originally crys-325

talline before the samples were collected (Vaniman et al., 2018). Alternatively, the sul-326

fate amorphization process could also occur during their formation (e.g., from rapid evap-327

oration or freezing of saline solutions (Vaniman & Chipera, 2006; Morris et al., 2015)),328

or during diagenesis after partial dehydration of crystalline phases (Vaniman et al., 2004;329

Chipera & Vaniman, 2007). At their time of formation, sulfates with higher hydration330

state may have been present in soils, and dehydrated during environmental changes caus-331

ing their amorphization, possibly reflecting diurnal variations or changes in orbital pa-332

rameters of the planet.333

5 Conclusions334

The chemical composition of the weathering products constituting the soils of the335

martian surface provides important clues about the aqueous environments in which they336

formed. By investigating the hydrogen signal recorded by the ChemCam instrument on-337

board Curiosity in the soils of the Bradbury rise, Rocknest and Yellowknife Bay area,338

we have identified the main hydrogen-bearing products, and bring new constraints into339

our comprehension of martian pedogenesis. We make the first direct chemical associa-340

tion between H and S, revealing the presence of hydrated sulfates in the soils of Gale crater.341

These sulfates, carriers of the soil hydration, are amorphous since CheMin did not de-342

tect them, or any hydrated crystalline mineral. Due to the relatively high Mg, Fe and343
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Ca contents associated with the sulfur-rich spectra, mixture of Mg-, Fe-, and Ca-sulfates344

could be present, which is consistent with results from other instruments onboard Cu-345

riosity such as SAM or the APXS-CheMin mass balance calculations (Blake et al., 2013;346

Achilles et al., 2017; Sutter et al., 2017).347

In this study, we establish that the soils of Gale contain similar sulfates than ob-348

served in situ in other locations of the planet, reinforcing the idea that soils on Mars may349

have a common history. Given the predominance of hydrated sulfates among alteration350

products in the soils of Gale, and the lack of Al-bearing secondary mineral like phyllosil-351

icates, we assumed that soils have undergone an overall low grade of chemical alteration352

and that sulfate formation likely occurred at low water activity under acidic conditions,353

promoting dissolution of labile minerals such as olivine. The amorphization process of354

sulfates could occur either at their time of formation or later during diagenesis, poten-355

tially induced by environmental changes on the martian surface.356
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