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Abstract
In light of the controversy surrounding the origin of sulfate-rich rocks analyzed by the Mars
Exploration Rover Opportunity, thermodynamic and kinetic models explored the consequences of
in situ alteration of basaltic sand by pristine sulfuric acid. Simulations at 273 K and current martian
atmosphere show that it is possible to simultaneously account for both chemical and mineralogical
observations at the Meridiani landing site, but only when the amounts of water are small (water/rock
mass ratio ≤ 1), the aqueous solutions are highly acidic (pH < 3), and the lifetimes of liquid water are
extremely short (on the order of tens of years). Furthermore, the best agreement between observations
and models is obtained if evolved fluids are removed after alteration. If this simple self-consistent
scenario is relevant to bedrock formation at Meridiani, it provides stringent constraints on the issues
of where and when liquid water was present at the surface of Mars.
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Introduction
Constraining where and when liquid water was present at the
surface of Mars has been a constant motivation for exploration
of the red planet. In this respect, one of the most promising ways
to highlight the presence of water on Mars in the geological past
is to look for secondary minerals characteristic of the interaction
of pristine magmatic rocks with aqueous solutions. Thanks to
the instruments onboard recent landed and orbital missions, an
unprecedented amount of high-quality data exists relevant to this
question. In this respect the sulfate-rich bedrocks analyzed by the
rover Opportunity in Eagle and Endurance craters on Meridiani
Planum (Squyres et al. 2004; Grotzinger et al. 2005; Clark et
al. 2005; McLennan et al. 2005) provide important constraints
on the physical and thermodynamic conditions at the time of
sulfate deposition. Although laboratory and theoretical studies
demonstrate that acidic aqueous solutions played an important
role (Chevrier and Mathé 2007; Hurowitz et al. 2006), significant
controversy surrounds many critical aspects of Meridiani bedrock
formation (McCollom et al. 2005, 2006; Squyres et al. 2006).
In the model developed by the Mars Exploration Rover (MER)
team (McLennan et al. 2005; Squyres et al. 2004, 2006), the
stratigraphic and geochemical sequences observed are explained
by deposition (dominantly aeolian) of previously altered sand
grains, into which low-temperature brines rich in sulfate salts
are introduced during open-system diagenetic events linked to
variations in the local water table. This view has been challenged
by McCollom and Hynek (2005) who inferred local hydrothermal
interaction of unaltered volcanic sands with high-temperature,
sulfur-rich aqueous solutions. This scenario was motivated by the
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fact that no obvious large sedimentary basin capable of producing
large quantities of altered sand grains is apparent, in addition to
the observation that, to a first approximation, the composition
of Meridiani bedrock is consistent with simple addition of sulfur
to an isochemically altered basalt. The importance of this latter
observation was refuted by Squyres et al. (2006) who stressed the
existence of geochemical trends to a (Mg,Ca,Fe)SO4 component,
taken as evidence of open-system behavior.
Although models involving in situ alteration of basaltic
sands have the advantage that they alleviate the need for large
unidentified external sources of altered grains and/or brines,
preliminary thermodynamic simulations performed assuming a
closed system did not reproduce the mineralogy observed at the
Opportunity landing site (McCollom and Hynek 2005; Tréguier
et al. 2008). Furthermore, only limited attempts have been made
to assess whether the geochemical trends highlighted by Squyres
et al. (2006) are consistent with the scenario of in situ alteration,
although McCollom and Hynek (2005) briefly addressed this
question by envisaging local migration of magnesium sulfate
salts within the sediments. Tréguier et al. (2008) considered
the data set obtained by the alpha particle X-ray spectrometer
(APXS) onboard the MER rovers, and used principal component
analysis to highlight the addition of a pure sulfur component
in rocks at Meridiani. These authors also used thermodynamic
models to quantify the alteration of martian basalt by sulfuric
acid in a closed system, considering bulk dissolution of the
pristine basalt, or preferential leaching of pyroxene and olivine.
These closed-system calculations suggested that the observed
mineralogy requires much larger additions of sulfur than the
value deduced from rock analyses.
With these issues in mind, we have extended the approach
of Tréguier et al. (2008), taking into account more realistic
kinetic constraints to model basalt alteration as a function of
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