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Abstract

Orbital and landed missions to Mars have revealed complex sulfate- and Fe-oxide-bearing mineralogical assemblages,
which have been interpreted as the result of a late planet-wide acidic period due to large SO, emissions. However, this global
scenario does not explain the recent discovery of Hesperian and Noachian-aged carbonates in several regions, because they
should have been dissolved by the acidic conditions, nor the restriction of sulfate occurrences in preferential regions. Here we
present the results of a 4-year-long experimental study designed to test the impact of Fe-sulfides (pyrrhotite Fey9S) on the
weathering of basaltic silicates (olivine, clino- and orthopyroxene) under an early-Martian-like, CO,-rich atmosphere. Our
weathered silicate/sulfide mixtures showed complex parageneses containing elemental sulfur, hydrated sulfates (gypsum, hex-
ahydrite, jarosite) and Fe-(oxy)hydroxides. Olivine-only samples produced nesquehonite, an Mg-carbonate precursor of hyd-
romagnesite and magnesite. These secondary phases are similar to those observed in the Martian sulfate- and carbonate-
bearing deposits. Therefore, we propose a geochemical model in which, on the one hand, Martian sulfates mainly formed
from weathering of sulfide-enriched basalts producing locally acidic environments and, on the other hand, carbonates were
preserved and could even have formed in regions initially devoid of sulfides, thereby resolving the apparent paradox arising
from the possible coeval formation of the two types of minerals. These results raise doubts on the need for a global acidic
event to produce the sulfate-bearing assemblages, suggest that regional sequestration of sulfate deposits is due to regional dif-
ferences in sulfide content of the bedrock, and pave the way for reevaluating the likelihood that early sediments preserved
biosignatures from the earliest times.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

During the last eight years, spaceborne imaging spec-
trometers have permitted the discovery of hydrated sulfates
in different regions of Mars, including Valles Marineris and
Terra Meridiani (Bibring et al., 2005; Gendrin et al., 2005;
Langevin et al., 2005; Mangold et al., 2008; Massé et al.,
2008; Murchie et al., 2009; Roach et al., 2010). In this last
region, the Opportunity rover has carried out a detailed
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field study with direct rock analyses (Christensen et al.,
2004; Clark et al., 2005; Grotzinger et al., 2005). Due to
the observed enrichment in sulfate minerals — including
Ca-, Mg-sulfates and jarosite (Christensen et al., 2004;
Klingelhofer et al.,, 2004; McLennan et al., 2005) — the
superficial rock units were informally named “Burns forma-
tion” to honor Roger Burns, who predicted that ferric sul-
fates should occur on Mars (Burns, 1987). However, the
model suggested by Burns, which involved the weathering
of Fe-sulfides (Burns, 1987, Burns and Fisher, 1990a,b),
has subsequently been very little explored as a formation
process for the Meridiani paragenesis (Zolotov and Shock,
2005). Instead, interpretations have included: precipitation
of dissolved salts in evaporating water (Squyres et al.,
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2004), acid-fog alteration (Tosca et al., 2004; Berger et al.,
2009), impact surge (Knauth et al.,, 2005), volcanism
(McCollom and Hynek, 2005), or ice sheet sublimation res-
idue (Niles and Michalski, 2009). However, although these
models can explain some characteristics of the sediments,
they lack experimental verifications and/or do not explain
how to maintain the low pH required for the precipitation
of jarosite.

Imaging spectrometers have also been used to look
for carbonate rocks, which would be expected if an
interaction between a CO,-rich atmosphere and surface
water reservoirs had occurred during the early history
of Mars. Although orbital data have not shown any evi-
dence of large-scale carbonate-rich units (Bibring et al.,
2005), several Mg-carbonate-bearing outcrops have been
discovered in the Nili Fossae region (Ehlmann et al.,
2008). More recently, other occurrences of carbonates
have been reported in several places, including the land-
ing sites of the Spirit rover (Morris et al., 2010) and the
Phoenix lander (Boynton et al., 2009) and central peaks
of several craters (Michalski and Niles, 2010; Wray
et al., 2011).

The chemical contexts required for the formation of Fe-
sulfates and carbonates are clearly incompatible, because
acidic conditions in which Fe-sulfates are formed preclude
the formation or the preservation of carbonates. Yet, car-
bonates in Nili Fossae probably formed during Late Noa-
chian or Early Hesperian (Ehlmann et al., 2008; Bishop
et al., 2011), a period proposed to be dominated by volca-
nic-driven, acidic climate conditions (Bibring et al., 2006),
which should have inhibited such formation of carbonates
(Fairen et al., 2004; Halevy et al., 2007). Some studies sug-
gest that these carbonates could be the result of hydrother-
mal processes unrepresentative of global conditions (e.g.,
Brown et al., 2010); in this case, however, their preservation
after emplacement in multiple locations still indicates that
acidic weathering has not affected the whole planet (Ehl-
mann et al., 2008). In this study, we explore the hypothesis
that the distribution of sulfates and carbonates has been
driven by local and/or regional processes rather than global
ones, as suggested by the original model of Burns. To this
purpose, we have developed an experimental study designed
to test the role of Fe-sulfides in the formation of sulfates or
carbonates through weathering of basaltic bedrock on
Mars.

2. BACKGROUND: SULFUR ON MARS AND ON
EARTH

Nearly all Martian data sets — including analyses of SNC
(shergottites—nahklites—chassignites) meteorites, orbital and
in situ analyses of soils and rocks, and geochemical models —
indicate that the bulk composition of Mars is enriched in sul-
fur compared to Earth (see the review of King and McLen-
nan (2010)). Thus, the sulfur cycle is a key to understand
the past environmental conditions of the surface of Mars.
In particular, the sulfate-rich deposits first discovered
through orbital data represent a unique opportunity to study
the consequences of the enrichment in sulfur of the Martian
crust.

Extraction of significant amounts of sulfur from the
mantle by hot, Fe-rich, komatiite-like magmas is ex-
pected on ancient Mars, based on experimental data
and thermochemical calculations (Burns and Fisher,
1990b; Gaillard and Scaillet, 2009; Righter et al.,
2009). This led several authors to propose that the
Martian sulfate-bearing deposits have been formed by
acidic, SO,-driven weathering of basaltic primary rocks
(Tosca et al., 2004; Golden et al., 2005; McCollom
and Hynek, 2005; Bibring et al., 2006). This process
would have been triggered by large volcanic emissions
and would have been the dominant alteration process
during a whole era, named “Theiikian” by Bibring
et al. (2000).

However, the balance between the oxidized (SO,) and
reduced (H,S/sulfides) forms of magmatic S is still not
clearly established for Martian magmas due to uncertain-
ties about some key parameters like composition, pres-
sure, temperature, oxygen fugacity and water content
(Carroll and Rutherford, 1985; Gaillard and Scaillet,
2009). Some clues are given by the study of the SNC
meteorites, which have up to ~0.2wt.% of S (Meyer,
2008). In particular, the sulfide-bearing mineralogical
assemblages (Rochette et al., 2001; Weiss et al., 2002;
Lorand et al., 2005) and the low values of oxygen fugac-
ity (Herd et al., 2002; Peslier et al., 2010) found in these
rocks suggest that SO,-dominated magmas must have
been rare on Mars (de Moor et al., 2011). It has also
been proposed that monoclinic pyrrhotite (Fe;_,S;
x=0-0.2) could be an important magnetic mineral of
the Martian crust and could explain the magnetic features
observed in the Martian southern hemisphere (Rochette
et al., 2001, 2003). Therefore, it seems plausible that sul-
fides (along with H,S) could be in fact the dominant form
in which sulfur have reached the surface or near-surface
of Mars.

On Earth, due to the lower sulfur content of the
mantle and to the different conditions in which magmas
form and evolve, sulfur-rich igneous rocks are not com-
mon. Hence, it is difficult to make direct analogies with
Mars. However, some Fe-sulfide-rich deposits of hydro-
thermal origin do exist. These deposits are well studied
because they contain economically interesting metals
(Ni, Cu, Zn, etc.). They are known to be easily oxidized
and to generate acidity as soon as they are exposed to
near-surface conditions during mining or excavation
(e.g., Nordstrom and Alpers, 1999; Moncur et al.,
2009). The secondary minerals produced by sulfide-de-
rived, acidic waters are also well studied and mainly
consist of various sulfates and Fe-(oxy)hydroxides
(e.g., Bladh, 1982; Nordstrom and Alpers, 1999). Some
examples of these deposits, like the Rio Tinto basin in
southwestern Spain, have been already proposed as
terrestrial analogs for the Burns formation of Meridiani
Planum (Fernandez-Remolar et al., 2005). Therefore,
sulfide-weathering could be a relevant process to explain
the “theiikian” mineralogy of Mars, but it should be
demonstrated first that similar reactions can happen
under Martian conditions, i.e. with nearly no atmo-
spheric O,.
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3. MATERIAL AND METHODS
3.1. Initial material

3.1.1. Description

We used as initial material several primary basaltic min-
erals previously observed on Mars (Chevrier and Mathé,
2007) and in SNC meteorites (Papike et al., 2009): olivine
(two different ones, Oll and OIl2), clinopyroxene (CPx)
and orthopyroxene (OPx). Both Oll and OI2 were Mg-rich,
with a composition of forsterite ~90 (Fo.gy) verified by
scanning electron microscopy (SEM). Oll was extracted
from a dunite coming from Massif Central, France and
contained ~8% of orthopyroxene, whereas Ol2 consisted
of monocrystals coming from Pakistan and was nearly
pure. CPx was diopside from Vesuvium, Italy, with a for-
mula of CagoMg oFeq 1(Sij oAly 1)Os determined by SEM.
OPx was enstatite from Ronda, Spain, with a formula of
Cag Mg gsFe(3Si; 9O¢, associated with minor amphibole
(~5%). The precise chemical compositions are presented
in Table 1.

For the Fe-sulfide, we chose natural hexagonal pyrrho-
tite (HPo) FepoS from Ducktown Mine, Tennessee (Car-
penter, 1974), which was already used for similar studies
(Chevrier et al., 2004, 2006). Pyrrhotite is known to be
abundant in some SNC meteorites (Rochette et al., 2001;
Lorand et al., 2005) and is thought to exist in near-surface
deposits on Mars (Burns and Fisher, 1990b; Rochette et al.,
2003). It is also the most easily-oxidized sulfide in terrestrial
conditions (Moncur et al., 2009), which could be an advan-
tage to highlight slow weathering processes. Associated
impurities with our pyrrhotite were: chalcopyrite (~2%),
amphibole (~2-5%), mica (~2%) and talc (~1%). These
impurities explain the presence of minor Si, Ca and Mg
in the chemical analyses (Table 1).

Table 1
Chemistry of the natural mineral samples used as initial materials
of the experiment. LOD, limit of detection; LOI, loss on ignition.

(Wt.%) Oll 0O12 CPx OPx HPo
SiO, 42.81 40.58 52.08 55.52 3.63
AL O3 0.41 <LOD 2.98 1.09 0.24
FeO 8.75 9.22 3.69 9.99 -
MnO 0.12 0.15 0.09 0.18 0.17
MgO 47.46 49.80 16.06 31.97 1.33
CaO 0.42 0.06 23.99 0.85 1.28
Na,O <LOD <LOD 0.51 <LOD 0.01
K,0 <LOD <LOD 0.43 <LOD 0.06
TiO, 0.01 0.00 0.36 0.09 <LOD
P,0s <LOD <LOD <LOD 0.05 0.01
LOI 0.00 0.05 0.58 0.10 -

CO, - - - - 0.72

S - - - - 35.56
Fe - - - - 54.07
Ni - - - - <LOD
Cu - - - - 0.83
Zn - - - - 0.16
Total 99.98 99.86 100.77 99.84 98.07

3.1.2. Preparation

All the minerals were manually ground in an agate mor-
tar and sieved to a grain size below 63 pm. The powders
were then washed using a dilute HCI solution. The silicate
powders were also cleaned using the CBD (citrate-bicar-
bonate—dithionite) method, which ensures the removal of
any Fe-(oxy)hydroxide possibly present in the initial mate-
rial (Mehra and Jackson, 1960). The CBD method was not
applied to the pyrrhotite powder, because it naturally con-
tains some Fe®". The powders were finally rinsed with
deionized water, centrifuged and dried at 50 °C.

Three grams samples were prepared as follows: two of
each silicate alone (Oll, OI2, CPx and OPx) and two mix-
tures of each silicate — besides O12, due to limited quantity
available — equally mixed with pyrrhotite (Ol1-HPo, CPx—
HPo and OPx-HPo). This high proportion of sulfide
(50 wt.%) was not intended to be realistic, but to enhance
weathering processes and hence to facilitate the analysis
of the secondary minerals, given the uncertainties about
reaction rates in our CO,-dominated atmospheres. The
samples were finally laid out in small glass cups awaiting
the start of the experiment.

3.2. Experimental procedures

Our experimental apparatus was similar to the one al-
ready used by Chevrier et al. (2004, 2006) and is described
in Fig. 1. It consisted of two vacuum desiccators with gas
entries/outlets, allowing pumping and exchange of the
internal atmosphere. We used this to create in each desicca-
tor a CO,-dominated, humid atmosphere in which solid
samples can be weathered without direct contact with the
liquid body. Weathering thus needed the condensation of
thin liquid films, resulting in low liquid-to-rock ratios.
The different steps of the protocol are detailed in the follow-
ing paragraph.

First, the bottom of the desiccators was filled with 1 L of
deionized water for the first one and with 1 L of a solution
containing ~33% of H,O, for the second one. Then, the
samples (silicates alone and silicate/sulfide mixtures) were
placed above the liquid: a duplicate was put inside the
H,O,-free desiccator and the other duplicate in the H,O,-
bearing one (the suffix “H,O” or “H,0,” was added to
the name of each sample to distinguish the two duplicates).
Finally, the desiccators were closed and their internal atmo-
sphere was purged and replaced by gaseous CO,. This step
was done twice to obtain an initial atmosphere composed of
>99% CO,. The internal pressure was set slightly under the
atmospheric pressure (0.8 bar) to ensure an efficient tighten-
ing of the desiccators’ seals and to prevent by this way any
accidental opening. After these initial operations, the exper-
imental apparatus was left at ambient temperature (~15-
20 °C), allowing evaporation of the liquid phase to reach
H,O or H,O + H,0, vapor saturation. The experiment
lasted 4 years, from September 2005 to September 2009.

As the composition of the atmosphere is a key parame-
ter controlling the reaction pathways, it was important to
maintain it throughout the experiment. Two potential
sources of contamination existed: (1) room air outside the
apparatus and (2) gases dissolved in the water put at the
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vacuum desiccator

manometer

CO, bottle —=

h e, e,

iz —= {0 vacuum pump

CO, at 0.8 bar

Samples

Liquid
(H20 or H0+H,0;)

Fig. 1. Schematic diagram and photograph of one vacuum desiccator used in the experiment (for clarity, the arrangement of the access ports
is slightly different in the diagram). The solid samples were placed in small glass cups on the white support in the middle and the liquid phase
(H,0 alone or H>,O + H,0,) was put below. The access ports remained closed when not used. The desiccator is about 30 cm high and 25 cm in
diameter; the internal volume is 15 L. The complete apparatus consisted of two desiccators (see text).

bottom of the desiccators. Concerning (1), although our
equipment did not allow direct sampling of the atmosphere
inside the desiccators, previous experiments using the same
apparatus (Chevrier et al., 2004, 2006) have shown that vac-
uum desiccators were effectively airtight at a year scale.
This was verified again here by checking at regular intervals
the internal pressure of the desiccators using a manometer.
Given the longer duration of this experiment, we also
decided to exchange the internal atmosphere approximately
every six months in order to anticipate any contamination.
Concerning (2), Chevrier et al. (2004, 2006) have shown
that O, initially dissolved in water was in almost negligible
amount compared to the total mass of samples, particularly
since initial pumping partially removes dissolved gases.
Here, we did not open the desiccators during the whole
experiment — no sampling was done — in order to prevent
reequilibration of water with room air and any other
perturbation.

At the end of the experiment, the desiccators were
opened and all the samples were oven-dried during a whole
night in order to completely stop the weathering reactions
before the start of the analyses.

3.3. Experimental rationale

The observation of geomorphic features associated with
flowing water (valley networks, outflow channels, deltas,
terraces; e.g., Ori et al., 2000; Carr and Head, 2010) and
the widespread detection of hydrated minerals (Bibring
et al., 2006; Murchie et al., 2009) on Mars suggest the pres-
ence of a warmer and more humid atmosphere during the
Noachian and Hesperian periods. If this early atmosphere
was dominated by CO, as it is today, then the atmospheric
pressure must have been higher to sustain liquid water (Pol-
lack et al., 1987; Phillips et al., 2001). How high exactly the
pressure was remains a subject of debate, as well as the need
for other gases (SO,, CHy; Halevy et al., 2007; Johnson
et al.,, 2009) or other factors (impacts, volcanism; Carr
and Head, 2010; and references therein). Here, we choose
not to use SO, to avoid confusion in our results between
sulfur coming from SO, and sulfur coming from sulfides.

The effect of this gas on weathering will be explored in an-
other study currently in preparation. We did not use CHy
for safety reasons. Near-ambient pressures are common in
experimental simulations of Martian weathering processes
(e.g., Bullock et al., 2004; Schroder et al., 2004). In our case,
the use of vacuum desiccators has the advantage to allow a
slightly lower, probably more realistic value for the atmo-
spheric pressure.

The use of H,O, is justified by its recent detection in the
Martian atmosphere (Clancy et al., 2004), where it is pro-
duced by the photochemistry of H,O (the reactions involved
are detailed by Bates and Nicolet, 1950). This molecule is
also thought to be responsible for the oxidizing properties
of the regolith analyzed by the Viking landers (Bullock
et al., 1994; Zent, 1998; Yen et al., 2000; Hurowitz et al.,
2007; Navarro-Gonzalez et al., 2010). Due to the absence
of an ozone layer on Mars, it could have been produced
by the same reactions and in greater quantities in the past,
if the early Martian atmosphere was indeed enriched in
H,O. Hence, H,O, could have played a non-negligible role
in the weathering processes. Even in favorable conditions,
however, a volume mixing ratio of 33% H,O, remains unre-
alistic (Liang et al., 2006): the goal here was mainly to high-
light its effects. H,O, is known to spontaneously
disproportionate to H,O and O,, but this process was lim-
ited in our experiment because it was conducted at low tem-
perature and in the dark. Although some free O, probably
formed by this way, we have considered that it was not an
issue for the interpretation of our results given that the coex-
istence of the two species is inevitable in natural systems and
that it does not affect the global redox state of the system.
The initial amount of liquid H,O; put in the desiccators en-
sured that H,O, vapor remains available until the end of the
experiment. The use of poorly- and highly-oxidizing atmo-
spheres will allow to compare the efficiency of sulfide weath-
ering in different possible past Martian conditions.

Though modeling a possible ancient Martian atmo-
sphere enriched in CO, and H,O, our experimental condi-
tions (including temperature) were not chosen to exactly
mimic the weathering on early Mars, what would be chal-
lenging given the lack of knowledge and consensus about
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the environmental setting at this time. Instead, the aim was
to highlight the role of several parameters (CO,-rich atmo-
sphere, oxidant species, sulfide content) in the weathering
reactions. These conditions also permit to increase reaction
rates and hence to keep the timeframe of the experiment
reasonable.

3.4. Analytical methods

Since all the minerals used in the experiment were of nat-
ural origin, ICP-OES (Inductively Coupled Plasma-Optical
Emission Spectrometry) chemical analyses were ordered
from the Service d’Analyse des Roches et des Minéraux of
the Centre de Recherches Pétrographiques et Géochimiques
(SARM-CRPG), Vandceuvre-leés-Nancy, France (Table 1).

The mineralogy of the samples was characterized before
and after the experiment by X-ray diffraction (XRD) using
a Panalytical® X’Pert Pro MPD diffractometer equipped
with a cobalt source. Measurements were done at an inten-
sity of 40 mA and a voltage of 40 kV between 260 = 4° and
78°, with steps of 0.033°. The counting time per step was set
at 3 s (total acquisition time: ~2 h), except for the three sil-
icate/sulfide mixtures weathered in the H,O,-free atmo-
sphere, for which the counting time per step was set at
22 s (total acquisition time: ~14 h). Mineral phases were
then identified using the EVA® software and the PDF 2
database provided by the International Centre for Diffrac-
tion Data (ICDD; http://www.icdd.com/). When needed,
the weathered samples were gently re-ground in an agate
mortar before being analyzed in order to suppress the fine
crust formed by secondary phases and hence ensure homog-
enization (both in composition and grain size) and limit
preferred orientations (Cullity, 1956).

XRD semi-quantitative analyses were achieved by the
Reference Intensity Ratio (RIR) method (Hillier, 2000;
and references therein) using the EVA software. This meth-
od is based on the measurement of intensities of the diffrac-
tion peaks above background combined with the use of
ICDD quantitative coefficients taking into account the dif-
fraction abilities of each mineral. The main limitations of
this method come from preferred orientations of elongated
crystals, presence of poorly-crystallized or amorphous
phases and extinction effects (Cullity, 1956). Poorly-crystal-
lized phases show patterns with broader peaks than well-
crystallized ones and, as a consequence, they tend to be
underestimated using the RIR method (because it is based
on the intensity of the peaks and not their area). Despite
the limitations mentioned, Hillier (2000) demonstrated that
the RIR method can give accurate results. In favorable con-
ditions, the errors are ~10% relative or better (Hillier, 2000;
and references therein). However, given the complexity of
our samples due to numerous phases (peaks overlapping)
and to olivine and pyroxene minerals having solid solu-
tions, precise RIR quantification presented here was
achieved only on well-crystallized secondary minerals
(namely, elemental sulfur and sulfates) and a higher relative
error of 20% was used. Reference patterns are of impor-
tance to avoid further uncertainties, so we used only pat-
terns labeled as calculated (from structure parameters) or
as high/good quality in the database.

Near-infrared spectra of the samples were acquired
using a Nicolet® 5700 Fourier transform infrared spectrom-
eter (FTIR) equipped with a white light source, a CaF,
beam splitter and a DTGS detector. For each sample, a
part of the powder was prepared to obtain a flat surface
and placed inside the FTIR chamber which was then
purged during two minutes with dry and CO,-free air. Spec-
tra presented in this paper are the average of 200 measure-
ments in the wavelength range of 1-5 pm with a resolution
of 4 cm™!. Background spectra were acquired using a Lab-
sphere® Infragold reference. Spectra acquisition and back-
ground correction were done using the OMNIC® software
and spectra analyses and comparisons were done using the
ENVI® software.

Lastly, scanning electron microscopy (SEM) observa-
tions were performed at the Institut des Matériaux Jean Rou-
xel (Nantes, France) using a JEOL® 5800LV microscope
coupled with an EDS analytical system. For each sample, a
part of the powder was placed on a carbon tape and was car-
bon-coated before its introduction inside the instrument.
Observations were made at a voltage of 15 or 20 kV.

4. RESULTS
4.1. Mineralogy of the weathered samples

Table 2 and Fig. 2 summarize initial and secondary
phases detected by XRD in the silicate-only and silicate/sul-
fide samples at the end of the experiment. Table 2 intro-
duces a distinction between minor, intermediate and
major phases. Examples of diffraction patterns are shown
in Fig. 3 and the complete series can be found in the elec-
tronic annex (Fig. S1).

4.1.1. Silicate-only samples

Olivine: The X-ray diffraction patterns of Ol1-H,O0,
Ol1-H,0,, O12-H,O and OI2-H,0, (weathered) samples
are very similar to those of unweathered OIl and OI2
(Fig. 3 and S1), indicating very limited alteration both in
the H,O-bearing atmosphere and in the H,O + H,0,-bear-
ing one. The main peaks are attributed to initial minerals,
forsterite and orthopyroxene. In addition to these ones,
two small peaks are found at 20 =15.8° and 39.9° in
Ol1-H,0,, OI2-H,0 and OI2-H,0, samples, revealing
the presence of a newly formed Mg-bearing carbonate,
nesquehonite Mg(HCO;)(OH)-2H,0. The estimated quan-
tity of nesquehonite in the three samples is low (<5 vol
%). Due to this limited quantity, nesquehonite was not
found using SEM.

Clinopyroxene: All the diffraction peaks observed in the
CPx-H,0 and CPx-H,0, samples are attributed to initial
diopside. No secondary phase was found either by SEM.

Orthopyroxene: All the diffraction peaks observed in the
OPx-H,0 and OPx-H,0O, samples are attributed to initial
enstatite and amphibole. No secondary phase was found
either by SEM.

4.1.2. Silicatelsulfide mixtures
Olivine + pyrrhotite: XRD data of the Oll-HPo-H,O
and OIll-HPo-H,0O, (weathered) samples show an
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Table 2

Summary of initial and secondary phases observed after 4 years of weathering, based on semi-quantitative XRD analyses (see Section 3.4). A
distinction is made between minor (<5 vol %; “ + ), intermediate (“++") and major phases (>30 vol %; “+++7). Newly formed phases are
indicated by an asterisk. Ol, olivine; CPx, diopside; OPx, enstatite; HPo, pyrrhotite; H,O, atmosphere containing water vapor; H,O,,

atmosphere containing water and hydrogen peroxide vapor.

Without sulfide Oll O12 CPx OPx

H,0 H,0, H,0 H,0, H,0 H,0, H,O H,0,
Olivine +++ +++ +++ 4+
Clinopyroxene 4+ NI
Orthopyroxene ++ ++ +++ 4+
Amphibole + 4
"Nesquehonite + + +
With sulfide Ol1-HPo O12-HPo* CPx-HPo OPx-HPo

Hzo HzOz Hzo H202 HzO H202 HQO HzOz
Olivine +++ +++
Clinopyroxene +++ +++
Orthopyroxene + + A+ +f+
Amphibole + + ++ ++ + 4
Talc + mica + + + +
Pyrrhotite + + + + 4+ +
“Elemental sulfur ++ ++ ++ ++ ++ 4+
*Gypsum ++ ++ ++ ++ ++ ++
"Hexahydrite ++ ++ + + + +
“Jarosite + ++ ++
*Goethite ++ ++ ++ ++ 4+ 4
"Hematite ++

* It was not possible to prepare O12-HPo mixtures, as only a limited quantity of this olivine was available.

important mineralogical diversity. Initial forsterite and
orthopyroxene are detected. Pyrrhotite is identified as well,
but the estimated quantity is very low (<5 vol %) compared
to its initial proportion (50 wt.%). A peak located at
20 =11.0° indicates the presence of minor talc in Oll-
HPo-H,O sample, but this peak is absent in the OIl1-
HPo-H,O, sample. Two other peaks at 20 =11.4° and
12.2° indicate that amphibole survives in the two types of
atmosphere. Chalcopyrite and mica, the two other impuri-
ties associated with initial pyrrhotite, are not detected
anymore.

The secondary phases identified are elemental sulfur S°,
hexahydrite MgSO,4-6H,0, gypsum CaSO,4-2H,0, and goe-
thite Fe3+O(OH). Hematite Fe*,0; is also identified in the
Ol1-HPo-H,0, sample, on the basis of the peak at
20 =28.1°.

SEM observations revealed the presence of partially dis-
solved olivine crystals (Fig. S2A), as well as remaining pyr-
rhotite. Hexahydrite was found as poorly-crystallized
crystals forming columnar or “cauliflower-like” aggregates
(Fig. S2B) and sometimes showed desiccation cracks prob-
ably due to the vacuum environment of the instrument.
Gypsum crystals varied in size from several micrometers
to several tens of micrometers.

Clinopyroxene + pyrrhotite: As the olivine/pyrrhotite
mixtures, CPx-HPo-H,O and CPx-HPo-H,O, show
diffraction peaks of various minerals, including the initial
silicate (here diopside). Pyrrhotite and associated amphi-
bole are detected in small quantities (<5 vol %). Talc is

again present in the H,O-bearing atmosphere and absent
in the H,O + H,0,-bearing one. Mica is identified by a
peak at 20 = 7.2° in both atmospheres.

In addition to elemental sulfur, gypsum, hexahydrite
and goethite, neoformed jarosite is identified in the two
samples by the peaks at 20 =17.4°, 20.2°, 28.3°, 30.2°
and 30.7°. No hematite is identified here. Note that, con-
trary to olivine/pyrrhotite mixtures, hexahydrite is only
minor here (Table 2).

SEM observations revealed the presence of automorph
crystals of gypsum measuring several tens of micrometers
in CPx-HPo-H,O (Fig. 4A) but only several micrometers
in CPx-HPo-H-0,. Jarosite was found in the form of hex-
agonal crystals measuring several micrometers, isolated or
aggregated (Figs. 4B and S2C). Goethite appeared in small
crystals (<0.5 um) covering other minerals or aggregated
into “balls” of several micrometers (Fig. 4C).

Orthopyroxene + pyrrhotite: The diffraction patterns of
weathered orthopyroxene/pyrrhotite mixtures show peaks
attributed to initial enstatite and amphibole. Pyrrhotite is
detected in both atmospheres, but in greater quantity in
the H,O-bearing one (“intermediate” in Table 2) compared
to the other silicate/sulfide mixtures. The peak attributed to
talc at 260 = 11.0° is identified in both atmospheres. The one
attributed to mica at 20 = 7.2° is present only in the OPx—
HPo-H»O sample.

Elemental sulfur, gypsum, hexahydrite and goethite are
found in the two samples. In addition, OPx-HPo-H,0,
also contains a significant amount of jarosite (Table 2).
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Fig. 2. Relative abundances of the sulfur-bearing secondary phases in weathered silicate/sulfide mixtures, derived from XRD data (see
Section 3.4). Values are normalized to 100% for each sample. Error bars are 20% relative. Clear tendencies can be observed: relative to
sulfates, elemental sulfur is always lower in samples weathered in the H,O + H,O,-bearing atmosphere; hexahydrite is predominant in olivine/
pyrrhotite mixtures but minor in pyroxene/pyrrhotite mixtures; gypsum does not present such discrepancy, but is slightly higher in the
clinopyroxene/pyrrhotite mixtures; jarosite is only present in pyroxene/pyrrhotite mixtures. Goethite and hematite are not included because
the RIR method tends to underestimate their abundances due to their broad diffraction peaks.

Again, contrary to olivine/pyrrhotite mixtures, hexahydrite
is only minor here.

SEM observations revealed the presence of automorph
crystals of gypsum measuring several tens of micrometers
(Fig. S2D). Unaltered enstatite, amphibole and pyrrhotite
were also found, especially in the OPx-HPo-H,0 sample.

4.1.3. Synthesis

Despite the 4-year duration of the experiment, the sam-
ples without sulfide underwent only minor alteration. Both
pyroxenes, in particular, appear unaffected in the XRD
data. The only secondary phase found is the Mg-carbonate
nesquehonite Mg(HCO;)(OH)-2H,0O, detected in small
quantities (<5 vol %) in three olivine samples.

In contrast, mixtures with pyrrhotite show extensive
weathering: all samples produced several secondary phases,
including elemental sulfur, hydrated sulfates and Fe-
(oxy)hydroxides. No carbonate was formed here. Elemental
sulfur S° appeared in all samples, as did gypsum Ca-
S042H>0 and hexahydrite MgSO4-6H>O. The quantity
of this last mineral is strongly correlated with the chemistry
of the initial silicate: it is only minor in the pyroxene sam-

ples, but is observed in larger quantities in the olivine sam-
ples (Table 2 and Fig. 2), which have the higher Mg content
(Table 1). Although less obvious, gypsum is slightly more
abundant in the clinopyrexene samples (Fig. 2), which
have the higher Ca content (Table 1). Jarosite
(K,Na,H;0) " Fe*5(S04)»(OH)g is observed in three sam-
ples of pyroxene but not in any samples of olivine. Goethite
Fe*tO(OH) is present in all samples and hematite Fe>,05
in only one (Ol1-HPo-H,05).

A plot of the relative abundances of the sulfur-bearing
secondary phases (Fig. 2) shows that for each type of sili-
cate/sulfide mixture, elemental sulfur is always lower rela-
tive to sulfates in the H,O + H,O,-bearing atmosphere
than in the H,O-bearing one. The H,O + H,O,-bearing
atmosphere favors the formation of sulfates at the expense
of elemental sulfur.

Pyrrhotite is identified in all the weathered mixtures,
but the final amounts are very low (typically <5 vol %)
compared to the initial ones. The only exception is the
OPx-HPo-H,0 sample, where ~20vol % of pyrrhotite
was remaining at the end of the experiment. The reason
for this difference is not fully understood, but it could
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Fig. 3. X-ray diffraction patterns of Ol1-HPo-H,O (top) and Ol1-H,0, (middle) samples. Oll before weathering is shown for comparison
(bottom). Empty and filled symbols indicate initial and secondary minerals, respectively.

be explained by a difference in grain size due to manual
grinding.

Finally, it’s worth reminding that XRD is mainly
focused on the detection of crystallized phases. Amorphous
phases like silica or glass produce a very broad “hump” in-
stead of multiple, well-defined peaks (Cullity, 1956) and
thus are more difficult to detect, especially in complex
assemblages like those studied here. As a result, small abun-
dances of amorphous phases cannot be entirely ruled out by
this method, as discussed below. However, in most cases,
the secondary phases were sufficiently abundant and well-
crystallized to be easily recognized by scanning electron
microscopy (SEM; Figs. 4 and S2).

4.2. Near-infrared spectroscopy

In order to make comparisons with the observations
made on Mars, we acquired infrared reflectance spectra of
both our initial and final samples (Fig. 5).

4.2.1. Silicate-only samples

Olivine: The spectrum of unweathered OIll sample
(Fig. 5A) shows the typical absorption band of Mg-rich
olivine centered at 1.04 pm. A broad, shallow band cen-

tered near 1.9 um also appears and is attributed to orthopy-
roxene. Spectra of Oll-H,O and Ol1-H,O, (weathered)
samples show the same spectral features (Fig. 5B). The only
differences observed are a small absorption at 1.91 um
(more pronounced in Oll-H,0,;) and another one at
2.31 pm (only in Ol1-H,0).

In the range 3.7-4.1 um, where no absorption feature is
observed for Ol1 and Ol1-H,0O, two bands located at 3.82
and 3.99 um appear in the spectrum of OI1-H,O,
(Fig. 5C). These bands are due to the presence of bicarbon-
ate groups in the mineral structure (Calvin et al., 1994) and
can thus be attributed to the neoformed nesquehonite. This
is confirmed by the comparison with a natural, nesqueho-
nite-rich sample of Mg-carbonate (Fig. 5C). The two bands
are also identified in O12-H,O and O12-H,0, samples.

Clinopyroxene: The spectrum of unweathered CPx sam-
ple shows the typical absorption bands of clinopyroxene at
1.04 and 2.3 um (Fig. 5A). A very subtle hydration band is
also observed at 1.91 um. Spectra of CPx-H,O and CPx—
H,O, samples are nearly identical to the one of the
unweathered sample, except that the 1.91-pm band is
slightly more pronounced (Fig. 5B).

Orthopyroxene: The spectrum of unweathered OPx sam-
ple shows the typical absorption bands of orthopyroxene at
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Fig. 4. Scanning electron microscope (SEM) images of secondary
gypsum (A), jarosite (B) and goethite (C) produced during
weathering in the CPx-HPo-H,0 sample.

0.9 and 1.85 um (Fig. 5A). The spectrum of OPx-H,O,
shows no difference compared to the unweathered OPx,
whereas a small absorption band at 2.31 um is observed
in the spectrum of OPx-H,O (Fig. 5B).

4.2.2. Silicatelsulfide mixtures

Olivine + pyrrhotite: Pyrrhotite shows no absorption
band in the range 1.0-2.5 um (Fig. 5D) but its reflectance
is low. As a result, the spectral signature of olivine is
strongly attenuated in the unweathered Ol1-HPo sample.
However, the 1.04-um band of olivine remains clearly
visible.

The spectra of Oll-HPo-H,O and OIl1-HPo-H,0,
(weathered) samples are very different from the unweath-

ered one (Fig. SE). The 1.04-pm band of olivine has shifted
to shorter wavelengths, matching the signature of goethite
(Fig. 5F). Moreover, several new bands appear at 1.45,
1.94 and 2.4 um. Both the 1.45- and 1.94-um bands are
due to H,O molecules, whereas the 2.4-um band is due to
S-O chemical bonds, i.e. to SO, groups (Cloutis et al.,
2006). The new bands can thus be attributed to the
hydrated sulfates detected by XRD (Fig. 5F). The greater
band depths for the sample weathered in the
H,O0 + H,0,-bearing atmosphere are consistent with the
higher quantities of sulfates determined by XRD.

Clinopyroxene + pyrrhotite: As for olivine, the spectral
signature of diopside is attenuated by the mixture with pyr-
rhotite in the unweathered sample (Fig. 5D). The 1.04-pm
band is still clearly visible, while the 2.3-um one has become
subtle.

In the spectra of weathered samples, the 1.04-um band
has shifted to shorter wavelengths, again matching the
signature of goethite (Fig. 5F). New bands appear at the
same position than previously (1.45, 1.94 and 2.4 um),
again indicating the presence of hydrated sulfates. In addi-
tion, the spectrum of CPx-HPo-H,O, sample shows a
small absorption located at 2.27 pm, which can be attrib-
uted to jarosite (Fig. 5F; Cloutis et al., 2006).

Orthopyroxene + pyrrhotite: Despite the attenuation
caused by pyrrhotite, the two typical bands of enstatite at
0.9 and 1.85 um are still clearly visible in the unweathered
OPx-HPo sample (Fig. 5D).

For the weathered samples, it is difficult to know if the
center of the 0.9 um band has shifted or not, since it is lo-
cated outside the wavelength range of the FTIR both in ini-
tial orthopyroxene and in neoformed goethite. However,
the band appears to be broader in the weathered samples
compared with the unweathered one and is thus more com-
patible with goethite (Fig. 5F).

The spectrum of the OPx-HPo-H,O sample presents no
detectable 1.45-pm band and the bands at 1.94 and 2.4 pm
are quiet subtle (Fig. SE). This is consistent with the limited
alteration of this sample noticed in the XRD data. In con-
trast, the spectrum of the OPx-HPo-H,0, sample shows
clear absorption bands at 1.45, 1.94 and 2.4 um. Finally,
the broad 1.85-pm band of enstatite has become very shal-
low in both weathered samples.

4.2.3. Synthesis

As expected, spectra of the samples without sulfide are
very similar before and after weathering (Fig. SA and B).
However, for the three samples where nesquehonite is de-
tected by XRD, small absorption bands appear in the cor-
responding spectra at ~1.9 and ~3.8-3.9 um (Fig. 5B),
consistent with H,O molecules and bicarbonate groups
(Calvin et al., 1994) in the mineral structure, respectively.
Comparison with a nesquehonite-rich natural sample also
gives a good agreement (Fig. 5C). Mg-carbonates spectra
usually display narrow bands at ~2.3 and ~2.5 um, but
these bands are smaller than those beyond 3 um, thus mak-
ing them invisible given the proportion considered here.
Nevertheless, a very subtle absorption band appeared at
2.3 um on the spectra of Ol1-H,O and OPx—H,0 samples
that could be explained by carbonates. Alternatively, given
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#GDS99, #HS333.3B and #WS219 (Clark et al., 2007).

the lack of associated 2.5-um band, this signature may cor-
respond to another Mg—-OH-bearing secondary phase, such
as a precursor of Mg-phyllosilicates. However, the very
small amount involved prevents any definitive identification
with the analytical techniques available to us.

Spectra of silicate/sulfide mixtures show more extensive
modifications (Fig. 5D and E). The spectral signature of
silicates, that is still detectable in the unaltered 50 wt.%
mixtures with pyrrhotite, had nearly completely disap-
peared after weathering despite the high quantity of
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remaining silicates (>30 vol %, Table 2). Instead, absorp-
tion features of goethite (at 0.93 pm) and hydrated sul-
fates (at 1.45, 194 and 2.4 pum) became dominant.
Another absorption feature located at 2.27 pm is observed
in the spectrum of CPx-HPo-H,0, sample and can be
attributed to jarosite (Fig. 5F), consistent with the XRD
results. However, apart from this last case, the near-infra-
red spectra alone are not sufficient to identify the exact
sulfate species which formed. For example, the typical
absorption features of gypsum at 1.20, 1.75 and 2.21-
2.28 um are never observed (Fig. 5F), despite the amount
of gypsum being ~10vol % in some samples. This is
probably an effect of grain size, because crystals of gyp-
sum are large but scattered, whereas those of goethite
are small but widespread, as shown by SEM observations
(Fig. 4). As a result, the goethite must cover a greater
portion of the surface of the powder and hence its spec-
tral signature must prevail over the gypsum one.

5. DISCUSSION
5.1. Weathering processes without sulfide

In the absence of sulfide, the weathering of silicates is
not efficient. This was expected, as several previous exper-
imental studies have shown that the direct effect of CO,
on weathering rates of mafic minerals is very weak (the
main controlling parameters are temperature and pH;
Golubev et al., 2005). Only olivine, which is less resistant
to alteration than pyroxenes (e.g., Brady and Walther,
1989; Franke and Teschner-Steinhardt, 1994), developed
a secondary phase, namely the Mg-carbonate

nesquehonite:
%MgZSiO4 +CO, +3H,0

= Mg(HCO;)(OH) - 2H,0 + %SiOz (la)
%Mg2SiO4 + CO; + 3H,0,

= Mg(HCO;)(OH) - 2H,0 + lSiOz + §Oz (1b)

2 2

In natural environments on Earth, nesquehonite tends
to transform into more stable magnesite MgCO; (Fallick
et al., 1991) via progressive dehydration and resulting
intermediate phases, which include hydromagnesite
(MgCO5)4-Mg(OH),-4H,0 (Davies and Bubela, 1973; Hin-
chen et al., 2008). On Mars, the few carbonate-bearing out-
crops discovered so far are uniquely associated with olivine-
bearing units and are composed of mainly magnesite and
hydromagnesite (Ehlmann et al., 2008; Morris et al.,
2010). Our results show that these outcrops could derive
from weathering of olivine-bearing rocks under a CO,-
dominated atmosphere with both total pressure and partial
pressure of H,O high enough to allow liquid water to con-
densate at the surface of the grains. Such weathering could
have led to the release of H, and CHy in the atmosphere,
even at low temperature (Neubeck et al., 2011), but this
process was not observable in our data. In contrast, the for-
mation of Ca-carbonates from Ca-bearing silicates (e.g.,

diopside) could have been partially precluded by slower
reaction rates on Mars, as it may have been in our experi-
ment (Franke and Teschner-Steinhardt, 1994). Lastly, our
experimental conditions could have favored the formation
of phyllosilicates, but this was likely precluded by slow
reaction rates, too.

5.2. Weathering processes with sulfide

The weathering of silicate/sulfide mixtures produced
complex parageneses, composed of unaltered silicates,
traces of remaining pyrrhotite, elemental sulfur, hydrated
sulfates and Fe-(oxy)hydroxides (Table 2). Elemental sulfur
and Fe-(oxy)hydroxides are direct products of pyrrhotite,
as previously observed by Chevrier et al. (2004):

Fei oS+ (2 — 2x)H,0 = (1 — x)FeO(OH) + S°

e _23x) H, (2a)
Fe oS+ (1 —x)H,0; = (1 — x)FeO(OH) + S°
+4 ;x) H, (2b)

In contrast, the production of sulfates is a two-step pro-
cess involving both the production of sulfuric acid by fur-
ther oxidation of sulfur and the dissolution of the silicate.
Here is an example for hexahydrite production from oliv-
ine/pyrrhotite mixtures:

S’ + 4H,0 = H,SO, + 3H, (3a)
S° + 2H,0, = H,S0, + H, (3b)

1
3 Mg,Si04 + 2H' +S0,* + 5H,0

1.
= MgSO, - 6H,0 + 5 SO, (4)

Excess of Fe and S released by pyrrhotite can also com-
bine to form jarosite through the following reaction (given
here for hydronium-jarosite, but K- or Na-jarosite can also
appear since K and Na are present in the system; see
Table 1):

3Fe* +2S0,% + 7H,0 = (H;0)Fe;(S0,),(OH), + SH*
(5

The presence of jarosite in three pyroxene/pyrrhotite
mixtures shows that the weathering of pyrrhotite caused se-
vere acidification, since jarosite is only stable at pH <4 (Big-
ham et al., 1996; Elwood Madden et al., 2004). A possible
explanation for its absence in the olivine/pyrrhotite mix-
tures is that the release of basic Mg”>" cations by olivine
caused a buffering effect in these samples, resulting in a
higher pH than in the pyroxene/pyrrhotite mixtures. The
formation of Ca- and Mg-sulfates demonstrates that sili-
cates were altered along with pyrrhotite, because silicates
were the only source of these cations in our closed chemical
system (Eq. (4)). Therefore, the acidification induced by the
weathering of pyrrhotite appears to promote the weather-
ing of silicates (Sherlock et al., 1995). This process is ex-
pected to generate a Si-rich residue (Eq. (4); Tosca et al.,
2004; Golden et al., 2005) and, indeed, some areas enriched
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in Si whereas impoverished in other cations were found by
SEM (Fig. 6). Since no Si-bearing phases other than the
initial silicates were detected by XRD, this residue must
be poorly crystallized or amorphous (Golden et al., 2005).
Thus, we interpret the Si-rich phase observed by SEM to
be amorphous silica. XRD also indicates that this phase
must be quite minor in the bulk sample, unless it would
have been visible in the diffraction patterns as a broad
hump at 260 ~ 20-40°.

Hydrated sulfates and Fe-(oxy)hydroxides closely match
some mineralogical assemblages observed in Meridiani Pla-
num (Christensen et al., 2004; Klingelhofer et al., 2004) and
Valles Marineris (Mangold et al., 2008; Wendt et al., 2010),
especially since goethite is known to evolve to hematite un-
der heating or decreasing water vapor activity (Gooding,
1978). Furthermore, the near-infrared spectra obtained
from our samples show a very good agreement with some
data acquired in these regions by spaceborne imaging spec-
trometers: the absorption features at 1.0-1.3 pm, ~1.9 and
~2.4 um are correctly reproduced (Fig. 7). Comparison
with our results suggests that Martian formations that are
found to be rich in sulfates and/or Fe-(oxy)hydroxides
could also contain a significant unaltered basaltic compo-
nent, which is not seen in the spectra. The detection of such
component in the Burns formation by both thermal infra-
red remote-sensing (Christensen et al., 2001) and in situ
observations (Clark et al., 2005; Morris et al., 2006) sup-
ports this interpretation.

Since our results have been obtained with a high pro-
portion of sulfides in the initial samples (see Section 3.1.2),

it is necessary to consider the possible differences that
could have been observed with a more common sulfide
content (<1%; Lorand et al., 2005; King and McLennan,
2010). First, the coexistence in our final samples of sul-
fates and non-oxidized pyrrhotite is probably the conse-
quence of the high proportion of pyrrhotite in the initial
samples (and also of the inevitably-limited duration of
the experiment). With less pyrrhotite at the start (or more
time), pyrrhotite and then elemental sulfur would have
been expected to disappear completely by progressive oxi-
dation (Egs. (2) and (3); see also Section 5.3). Second, the
sulfates formed would have been mechanically less abun-
dant with lower sulfide content, due to the lower avail-
ability of SO4>~ (Egs. (2) and (3)). However, given the
low water-to-rock ratio and the absence of any stirring
or mixing system in our experimental apparatus, the same
chemical and mineralogical processes would have been ex-
pected to happen at the grain scale (McHenry et al.,
2011), and so the same secondary phases would have been
expected to form. The possible ways to concentrate sul-
fates at the same levels than those observed in Meridiani
Planum or elsewhere on Mars will be discussed in
Section 6.

5.3. Source of oxidation and role of H,O,

The precipitation of sulfates and Fe-(oxy)hydroxides
requires an oxidizing environment. Thermodynamic cal-
culations have shown that Fe-sulfides could be oxidized
by water equilibrated with atmospheric oxygen even

Fig. 6. SEM mapping of Si, Mg and Fe in a portion of the Oll-HPo-H,O, sample. Dotted lines indicate areas enriched in Si and
impoverished in Mg and Fe (other mapped elements for which data are not shown were also absent). The color image is a SEM photograph
with the three elemental maps overlain on it (red: Fe; green: Mg; blue: Si). We interpret red areas to be iron (oxy)hydroxides, green areas to be
olivine and blue areas to be amorphous silica. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 7. Comparison between infrared spectra of sulfate- and Fe-
oxide-bearing deposits on Mars and our experimentally weathered
samples. From top to bottom: CRISM (Compact Reconnaissance
Imaging Spectrometer for Mars) ratioed spectrum in Ophir
Chasma (Wendt et al.,, 2010); OMEGA (Observatoire pour la
Minéralogie, I’Eau, les Glaces et I’Activité) spectrum in West
Candor Chasma (Mangold et al., 2008); Oll1-HPo-H,0O, sample;
CPx-HPo-H,0, sample. Vertical bars are 3% reflectance.

under the very low oxygen partial pressure of the present-
day Martian atmosphere (Burns and Fisher, 1990a; Zolo-
tov and Shock, 2005). The amount of oxygen available
for weathering could also be slightly increased through
photochemical decomposition of H,O molecules followed
by the escape of H, into space (Lammer et al., 2003).
However, our results clearly demonstrate that the forma-
tion of sulfates on Mars could have occurred under a
CO,-rich atmosphere similar to today’s, but with a higher
H,O content. High partial pressures of O, or SO, (i.e.,
higher than today) are not required. The presence of
H,O, is not required either, since mineralogical assem-
blages are similar in our two types of atmosphere. How-
ever, the higher oxidizing power of H,O, allows higher
production of H,SO,, resulting in higher release of
protons and SO4>~ anions in the medium (Fig. 8). Such
conditions favor the precipitation of sulfates — and partic-
ularly jarosite — at the expense of elemental sulfur (which
is always less abundant under H,O,-bearing atmosphere,
as shown by Fig. 2). With lower H,0,-to-H,O ratios in
natural systems (Liang et al., 2006), this effect is expected
to be weaker than in our experiment, unless H,O, is
available continuously on very long timescales, which
seems to have been the case for Mars (Bullock et al.,
1994; Zent, 1998).

6. IMPLICATIONS FOR SULFATES AND
CARBONATES ON MARS

Our results demonstrate that the combined alteration of
silicates and sulfides under a CO, atmosphere provides a
viable geochemical model to explain the mineralogical com-
plexity of the sulfate-bearing deposits observed on Mars.
They are in good agreement with those of Zolotov and
Shock (2005), obtained by a numerical approach. The pro-
gressive oxidation of sulfides allows the pH to be main-
tained in the small interval where jarosite and goethite are
stable together (Zolotov and Shock, 2005) and promotes
the alteration of silicates, allowing release of Ca and Mg
cations which can be subsequently incorporated into Ca-
and Mg-sulfates. Moreover, the coexistence of Fe and S in-
side Fe-sulfides makes the precipitation of jarosite easier
than in a model involving only Fe?" oxidation (Hurowitz
et al., 2010), because Fe is immediately available at the
grain scale after oxidation of S*~ into SO,*~ (McHenry
et al., 2011). However, the two models could point toward
similar implications, since the S content in magmas is cor-
related with their Fe content (Carroll and Rutherford,
1985; Gaillard and Scaillet, 2009). The weathering processes
involving both silicates and sulfides are well known on
Earth (Bladh, 1982; Sherlock et al., 1995; Moncur et al.,
2009) and now appear to be relevant to Martian-like condi-
tions, too.

Our results also show that carbonates could have ap-
peared from a bedrock devoid of sulfides under the same
atmosphere than sulfates (Fig. 8). Indeed, in our experi-
ment, the presence of sulfuric acid in some sample-bearing
cups did not prevent the precipitation of carbonates in
some other cups. This could resolve the apparent paradox
arising from the possible coeval formation of the two types
of minerals (Ehlmann et al., 2008).

A potential issue of the “sulfide model” is how to explain
the high sulfate content of the Burns formation, estimated
to be ~35-40 wt.% (McLennan et al., 2005). Simple mass
balance calculations indicate that such abundance would
require that the parent basaltic rock contains about
~15 wt.% pyrrhotite (or ~12.5% pyrrhotite + pyrite), a va-
Iue which is not realistic when compared to sulfide content
of shergottites (~0.5 wt.%; Lorand et al., 2005). However,
SNC meteorites were probably ejected from Mars by only
one or a few impacts (Vickery and Melosh, 1987; McSween,
1994), therefore not being necessarily representative of the
widespread volcanic episodes of the Hesperian period. In-
deed, segregation of S-rich liquid inside magma chambers
can lead to the formation of massive sulfide deposits (with
sulfide content from 20% to 90%; Naldrett, 2004), a process
observed on Earth in komatiitic context (Lesher et al.,
1981). Sulfide-rich deposits can also be formed by precipita-
tion from H,S-bearing waters in hydrothermal contexts
(e.g., Robigou et al., 1993). The fact that Martian sulfates
are strongly distributed in an equatorial band in the Tharsis
bulge and west of it is in agreement with a high sulfur con-
tent of Tharsis magmas (up to 3500 ppm of S in the case of
a water-poor melt; Gaillard and Scaillet, 2009). Given the
neutral signature of sulfides in infrared data (Fig. 5D)
and the strongly oxidizing conditions of the Martian
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Fig. 8. Production of either sulfates or carbonates depending of the sulfide-content of the bedrock: example for Mg-olivine. Reactions are
drawn in the ground for clarity; however they are valid both at the surface and in the shallow subsurface, where the porosity allows water and/

or hydrogen peroxide to be in contact with the minerals.

surface (Bullock et al., 1994; Zent, 1998), it is likely that po-
tential sulfide-rich deposits could not be detected on Mars
using orbital data.

Alternatively, sulfides or sulfates could have been accu-
mulated by post-magmatic processes, such as aeolian segre-
gation. Indeed, the discovery by the Opportunity rover of
sedimentary lithologies, including layered and cross-bedded
structures (Grotzinger et al., 2005), consistently implies that
the weathering of the sulfide-bearing parent rocks occurred
between or during episodes of erosion and transport.
Observation of gypsum-rich (~35 wt.%; Fishbaugh et al.,
2007) sand dunes near the Martian polar cap (which have
been proposed to derive from sulfide weathering; Fishb-
augh et al., 2007; Szynkiewicz et al., 2010) suggests that sul-
fates may be little mobile during aeolian transport (gypsum
concentration rapidly decreases in the direction of main
winds), i.e., less mobile than other components. Thus, the
long-term action of aeolian transport may increase the rel-
ative abundance of sulfates in sedimentary deposits com-
pared to their parent rocks. Finally, the strong spectral
signature of sulfates observed in some thick layered depos-
its within the Valles Marineris chasmata (>4 km in West
Candor Chasma; Mangold et al., 2008) may also be better
explained if aeolian segregation was involved rather than
in-place weathering only.

7. CONCLUSIONS

The present study provides the first experimental data
about the impact of Fe-sulfides on the weathering of basal-
tic silicates under simulated early-Martian conditions. We
have shown that even in the nearly-absence of O, the
weathering of sulfides causes severe acidification of the sur-
rounding medium and by this way promotes the weathering
of silicates and the precipitation of secondary phases dom-
inated by hydrated sulfates and Fe-(oxy)hydroxides (ele-
mental sulfur is also produced but tends to decrease with
time; Fig. 8). Both final mineralogy and near-infrared spec-
tra give a good agreement with spaceborne and in situ
observations of the Martian sulfate- and Fe-oxide-bearing
terrains. Therefore, our experimental results strongly sup-
port the idea that sulfides have played a major role in the
formation of sulfates on Mars (Burns, 1987). They show

that regional bedrock enrichment in sulfides is sufficient
to explain the formation of sulfates locally and that no glo-
bal acidic event is required. This explains the preservation
of carbonates and phyllosilicates that otherwise would have
been destroyed by such a late global acidic environment
(Fairen et al., 2004; Altheide et al., 2010). This result is po-
sitive concerning the search of ancient life on Mars (Navar-
ro-Gonzalez et al., 2010; Bishop et al., 2011), because it
suggests that early sediments could have been preserved
from acidic weathering in regions with initial low sulfide
content.
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