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Abstract

We review the mineralogy of the surface of Mars, using data from various sources, including in situ characterisations performed by

landers, remote observations from orbit, and studies of the SNC meteorites. We also discuss the possible alteration processes and the

factor controlling them, and try to relate the mineralogical observations to the chemical evolution of the surface materials on Mars in

order to identify the dominant process(es). Then we try to describe a possible chemical and mineralogical evolution of the surface

materials, resulting from weathering driven by the abundance and activity of water. Even if weathering is the dominant process

responsible for the surface evolution, all observations suggest that it is strongly affected locally in time and space by various other

processes including hydrothermalism, volcanism, evaporites, meteoritic impacts and aeolian erosion. Nevertheless, the observed phases

on the surface of Mars globally depend on the evolution of the weathering conditions. This hypothesis, if confirmed, could give a new

view of the evolution of the martian surface, roughly in three steps. The first would correspond to clay-type weathering process in the

Noachian, under a probable thick H2O/CO2-rich atmosphere. Then, during the Hesperian when water became scarcer and its activity

sporadic, linked to volcanic activity, sulfate-type acidic weathering process would have been predominant. The third period would be like

today, a very slow weathering by strongly oxidising agents (H2O2, O2) in cold and dry conditions, through solid-gas or solid-films of

water resulting frost-thaw and/or acid fog. This would favour poorly crystalline phases, mainly iron (oxy) hydroxides. But in this

scenario many questions remain about the transition between these processes, and about the factors affecting the evolution of the

weathering process.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Our objective is to provide an overview as complete as
possible of our current knowledge of the martian regolith
mineralogy, and its evolution with time. Classically, the
regolith of a planet is defined as the uppermost surface
layer, composed of unconsolidated erratic rocky blocks of
various sizes and the associated dust particles, which result
from meteoritic bombardment. This definition lacks in the
explaination of the red colour of Mars, an obvious
indicator of surface alteration. In the case of a complex
planetary surface like that of Mars, the regolith is not only
the uppermost dust layer covering the surface—including
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rock varnish—but also the underlying horizons, from
partially altered but still coherent rocks, the so-called
‘‘saprolitic’’ horizons, down to the fresh parent rock.
Therefore, the characterisation of the martian regolith
involves not only the primary materials but also the
minerals produced by the various processes occurring on
the surface. Several approaches have been used, each giving
complementary information. First there are direct mea-
surements by spacecraft that have orbited (Mariner 9, the
Viking Orbiters, Phobos 2, Mars Global Surveyor, Mars
Odyssey, Mars Express) and landed on Mars (Viking
Landers 1 and 2, Mars Pathfinder and Mars Exploration
Rovers MER, Spirit and Opportunity, Fig. 1). Second,
there are many petrologic, mineralogical, chemical and
isotopic studies of the martian SNC meteorites. Third,
there are laboratory measurements on analogue materials
that have proven especially valuable in identifying models
n of the surface of Mars: A review, Planetary and Space Science (2006),

www.elsevier.com/locate/pss
dx.doi.org/10.1016/j.pss.2006.05.039
dx.doi.org/10.1016/j.pss.2006.05.039
mailto:vchevrie@uark.edu,
mailto:mathe@cerege.fr


ARTICLE IN PRESS

Fig. 1. Topographic image in false colours of the martian surface, generated with MOLA (Mars Orbiter Laser Altimeter) onboard Mars Global Surveyor.

Symbols correspond to the various martian landers: V1: Viking 1, V2: Viking 2, P: Mars Pathfinder, O: MER Opportunity, S: MER Spirit. Credit: NASA/

GSFC—http://ltpwww.gsfc.nasa.gov/tharsis/global_paper.html, Smith et al., 1999.

Fig. 2. Geodynamical environment on Early Mars (redrawn from Catling,

1999).
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and interpreting direct observations from spacecraft.
Somewhat related are studies of terrestrial analogues that
can represent certain processes likely to occur on Mars. In
parallel with laboratory measurements are theoretical
studies of the thermodynamics of equilibrium assemblages
on the martian surface. By the combination of these
approaches it is possible to make reasonable assumptions
on the complex mineralogy of the martian surface, and
how the parageneses formed and evolved with time.

Therefore, in a second part of this paper we discuss the
various processes susceptible to have altered the surface of
Mars, depending on the prevailing geodynamical environ-
ment (Fig. 2). Generally, all hypotheses can be roughly
classified in three main alteration processes: aqueous
alteration and evaporitic process, hydrothermalism and
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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weathering. Basically, the aqueous alteration is mainly
linked to Opportunity discovery of sedimentary outcrops
in Meridiani Planum, and sulfate deposits by Mars Express
OMEGA. It supposes formation of salts by acidic
alteration with subsequent deposition due to evaporation
of a body of standing water. Hydrothermalism comes from
SNC studies, chemistry of the regolith and its link to the
volcanic activity which seems to be an important driving
force for the evolution of the surface. Both of these
processes remain generally localised in time and space.
Finally we test the weathering hypothesis, which is defined
by the interaction between primary bedrock, the surround-
ing atmosphere, the hydrosphere and the biosphere, leading
to the formation of a regolith. In this case, weathering is
able to act during the whole history of the planet as well as
on its whole surface, depending on the evolution of the
atmosphere/hydrosphere.

2. Mineralogy of the martian surface

2.1. Primary silicates

The silicates are the most abundant minerals on the
surface of the telluric planets. On Mars, the primary silicate
paragenesis is of basaltic to andesitic basaltic composition,
as indicated by orbital observations by Mars Global
Surveyor MGS and Mars Odyssey (Hamilton et al., 2003;
Wyatt and McSween, 2002; Wyatt and McSween, 2003), in
situ characterisations performed by the Viking Landers
and Mars Pathfinder (Larsen et al., 2000; McSween et al.,
1999) as well as studies on the SNC meteorites (McSween,
2002). The main silicates observed on the surface are
olivine pyroxene and plagioclase, although recent evidence
for silica-rich quartzo-feldspathic minerals (Bandfield
et al., 2004) seems to indicate that magmatic differentiation
may have proceed further than previously thought. Olivine,
pyroxene and plagioclase have been identified and mapped
n of the surface of Mars: A review, Planetary and Space Science (2006),

dx.doi.org/10.1016/j.pss.2006.05.039
http://ltpwww.gsfc.nasa.gov/tharsis/global_paper.html


ARTICLE IN PRESS
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by Mars Global Surveyor Thermal Emission Spectrometer
MGS-TES (Bandfield, 2002), by Mars Odyssey Thermal
Emission Imaging System THEMIS (Christensen et al.,
2003; Hamilton and Christensen, 2005) and Mars Express
Observatoire pour la Mineralogie, l’Eau, les Glaces
et l’Activité OMEGA (Bibring et al., 2005). MGS-TES
has also detected plagioclase on Mars (Hamilton et al.,
2001), although recent studies suggest that spectra can be
better fitted if including shocked plagioclase resulting from
meteoritic impacts (Johnson et al., 2006). Olivine and
pyroxene have also been observed in situ by the mini-TES
and Mössbauer spectrometers on the Mars Exploration
Rovers (McSween et al., 2006). In addition to the basaltic
rocks, these phases are also present in the soil (basaltic
sand) at both landing sites of Gusev Crater and Meridiani
Planum (Klingelhöfer et al., 2004b; Morris et al., 2004).
However, olivine is extremely widespread in Gusev Crater,
in relatively high concentrations similar to those present in
olivine-phyric shergottites (McSween et al., 2006). Accord-
ing to THEMIS observations, the largest deposit of olivine
is in Nili Fossae (Christensen et al., 2003; Hamilton and
Christensen, 2005; Hoefen et al., 2003). Mars Express
OMEGA observations indicate that olivine is generally
present in some restricted areas, like rims and floors of
craters (Mustard et al., 2005). Two types of pyroxene have
been spectrally confirmed in the south crust on Mars (type
I terrains in TES mapping, Fig. 3): high calcium pyroxene
(HCP or clinopyroxene) is present in Hesperian terrains of
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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Fig. 3. Global area concentrations of surface types I and II. Ranges in

parentheses give the lowest unit (blue) to the highest unit (red) on the scale

bar. Source of the picture: Bandfield et al. (2000).
low-albedo while low calcium pyroxene (LCP or orthopyr-
oxene) is mainly present in bright terrains of Noachian age
(Bibring et al., 2005; Mustard et al., 2005). However, in
general both types of pyroxenes co-exist. The northern
crust of Mars (the type II terrain identified by TES data,
Fig. 3) does not present any clear signal in Mars Express
spectra (Mustard et al., 2005). TES data of these zones
have been interpreted as resulting from the presence of
silica-rich andesitic basalt (Bandfield et al., 2000; Hamilton
et al., 2001). Alternatively, altered basalts enriched in
phyllosilicates (Wyatt and McSween, 2002; Wyatt et al.,
2004) could also explain the observations, even if it seems
that phyllosilicates alone are not sufficient to describe the
TES spectra (Michalski et al., 2005), that a silica rich
component such as zeolites or pure silica must be taken in
consideration, and that altered shergottites do not provide
a very good TES analogue of these terrains (Hamilton and
Minitti, 2003). The presence of pure silica has also been
inferred from geochemical modelling and mobility of
elements during weathering of primary olivine and
pyroxene (McLennan, 2003). Models of mineralogical
composition show also that Meridiani Planum outcrops
should contain about 20wt% of amorphous silica (Clark
et al., 2005). Zeolites, which are hydrated silicates, are
invoked as possible reservoirs of water on the surface of
Mars (Bish et al., 2003; Fialips et al., 2005; Tokano and
Bish, 2005). However, no observation has confirmed their
presence on the surface of Mars.

2.2. Phyllosilicates

Phyllosilicates (clay minerals, serpentine and talc) are
phases that typically result from alteration of primary silicates
in the presence of water. The main phyllosilicates expected to
be present on Mars are the iron-rich members: minnesotaite
(Fe2+,Mg)3Si4O10(OH)2 (talc group) which is a product of
fayalite (olivine) weathering under martian conditions
(Gooding, 1978) or greenalite (Fe2+,Fe3+)2�3Si2O5(OH)4
(serpentine group) which is a silicate phase in equilibrium
with siderite, depending on the CO2 partial pressure,
presumed to be present in the primitive alteration assem-
blages (Catling, 1999; Ohmoto et al., 2004), but none of these
phase has been observed on Mars. Clays have been assumed
to be present on Mars since the first inorganic chemical
analyses of Viking (Toulmin et al., 1977). Arguments based
on terrestrial analogues, especially palagonitised tephras,
have also suggested that various clays of the smectite group
are present on Mars, including nontronite Na0.3Fe

3+
2 (Si,

Al)4O10(OH)2.nH2O and montmorillonite (Na,Ca)0.33(Al,
Mg)2Si4O10(OH)2 � nH2O (Banin et al., 1993; Bishop et al.,
1995; Gooding and Keil, 1978; Singer, 1981; Singer, 1982).
Following the results of Viking landers, some studies have
lalso suggested that shocked/heated nontronite could explain
the red colour and magnetic properties of the Martian fines
(Boslough et al., 1986; Moskowitz and Hargraves, 1984;
Weldon et al., 1982). The presence of clays on Mars has also
been inferred from the observation of complex associations of
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Table 1

Summary of iron oxides and (oxy)hydroxides and their relevance to the various properties studied by the landers on the surface of Mars

NOM Formula Magnetic properties Spectroscopic properties Viking experimentsa Mössbauer

(Titano)magnetite Fe3�xTixO4 ++b
� � ++c,d

Maghemite g-Fe2O3 ++ + + +c

Hematite a-Fe2O3 +e ++ � ++f

Goethite a-FeOOH � ++ � ++

Lepidocrocite g-FeOOH � + � �

Akaganeite b-FeOOH � + � �

Feroxyhyte d-FeOOH ++ + ++ �

Ferrihydrite 5Fe2O3 � 9H2O � + � +g

Schwertmannite Fe3+8 O8(OH)6SO4 � + � �

++: very good accordance to data, +: possible correspondence with a part of the data or the spectra, �: no accordance.

References and discussion: see text.
aOxidant and/or catalytic properties explaining the results of the biological experiments onboard Viking 1 and 2.
bMagnetic properties strongly depend on the titanium content.
cPhase evidenced on the surface of some rocks, but the distinction between both phases is complicated.
dMagnetite has been evidenced in the dust on the magnets.
ePossible if considering the superparamagnetic nanocrystalline phase.
fValid only for the grey-crystalline variety, i.e. the berries.
gNot directly evidenced but related to the quasi systematic presence of a paramagnetic nanophase.
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clays and iron oxides (i.e. ‘‘iddingsite’’) in martian meteorites
that have undergone preterrestrial alteration (Bridges et al.,
2001; Bridges and Grady, 2000; Gillet et al., 2002). Clays are
also present in Mini-TES deconvolution spectra of several
outcrops in Meridiani Planum sedimentary deposits
(Christensen et al., 2004b) and may be present in some rocks
(Wooly Patch) of Gusev Crater (Wang et al., 2006b) on the
basis of geochemical modelling and mass balance calculation
(i.e. account for excess of silica and aluminium). Finally, clay
minerals have been detected on the surface of Mars by Mars
Express OMEGA infrared spectrometer (Poulet et al., 2005).
These clays are mainly localised on the south Noachian crust.
The best matches of spectral features are Fe-rich (nontronite),
Mg-rich (saponite) and Al-rich (montmorillonite) type clays.
The presence of clays on the south crust may indicate specific
climatic conditions in the Noachian, with more abundant
liquid water (really abundant amounts lead to kaolinite) than
required for the formation of sulphates in the conditions of
the Hesperian (Poulet et al., 2005).

2.3. Iron oxides and (oxy)hydroxides

The iron phases were among the first proposed for the
surface of Mars (Table 1) because the red colouration of
the planet was attributed to them and because they are
usually formed in alteration systems on the surface of the
Earth (Schwertmann, 1985; Tardy and Nahon, 1985).
Indeed, the Martian regolith contains about 20wt% Fe3+

(Bell III et al., 2000; Foley et al., 2003; Rieder et al., 1997)
mostly under the form of iron oxides and (oxy)hydroxides.
The various martian orbiters that have performed spectro-
scopic measurements in the infrared, the visible and the
near UV have also provided evidence for various iron
(oxy)hydroxides on the surface of Mars (Bell III et al.,
1990; Morris et al., 2000). The main phases that have been
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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identified are various forms of haematite (from the
microcrystalline red variety (Morris et al., 1997; Morris
et al., 1993), to the grey crystalline specular type
(Christensen et al., 2000)) and goethite (Kirkland and
Herr, 2000). The presence of these phases was confirmed by
in situ measurements of Viking 1 and 2 Landers (Chryse
Planitia and Utopia Planitia in 1976), Mars Pathfinder
(Ares Vallis in 1997) and, finally, MER Spirit and
Opportunity (in Gusev Crater and Meridiani Planum,
respectively).
Reflectance and emission spectroscopy detect strongly

coloured phases that absorb or reflect a specific wave-
length. On the other hand, magnetic properties have also
been used to detect strongly magnetic phases, such as
spinel, that do not present a clear spectral signature (they
may be considered ‘‘dark’’ phases). An array of magnets
placed on the landers collects the dust carried by the wind
while others have been pushed into the soil to collect the
magnetic phases (Fig. 4, Hargraves et al., 1976a, b).
Magnets of different strengths (the ‘‘capture’’ magnet and
the ‘‘filter’’ magnet, Fig. 4) have been used to discriminate
particles of different magnetic properties (Madsen et al.,
2003). Spectrometric analyses by Mini-TES and Möss-
bauer then enable a fuller characterisation of the
magnetic minerals. These experiments, performed by Viking
(Hargraves et al., 1979, 1977), Pathfinder (Gunnlaugsson,
2000; Hviid et al., 1997; Madsen et al., 1999) and MER
(Bertelsen et al., 2004; Madsen et al., 2003) showed that the
martian soil is uniformly enriched in one or several
strongly magnetic phases with saturation magnetisations
ranging from 1 to 5Am2/kg (Gunnlaugsson, 2000; Hviid
et al., 1997), corresponding to 1–7% of the soil being
magnetic minerals (Hargraves et al., 1979). The precise
nature of the most strongly magnetic phase(s) remains
presently unknown, though (titano)magnetite (1) and/or
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 4. Magnetic experiments onboard landers: (A): Viking lander 1.

Magnetic array presenting a bull’s-eye pattern indicating adhesion of

magnetic particles—left: view of the colorimetric reference chart, right:

zoom on the magnet. Source of the picture: Hargraves et al. (1976b). (B):

Pathfinder experiments. Evolution of the amount of magnetic particles

with time of exposition to the martian atmosphere. Credit: NASA, Hviid

et al. (1997). (C): MER rovers magnetic experiments. Left: Pancam

image of the capture and filter magnets, right: 4 images taken by the

microscopic imager and showing relatively large particles probably

resulting from agglomeration of smaller ones. Credit: NASA/JPL/

Cornell/USGS, http://marsrovers.jpl.nasa.gov/gallery/press/opportunity/

20040305a/21-mm-03-dust-B041R1_br.jpg, Bertelsen et al. (2004).
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maghemite (2) are generally favoured (Goetz et al., 2005;
Hargraves et al., 1979, 1977; Madsen et al., 1999). The
main difficulty is that the origin of the magnetic phases is
unknown, whether they were either released from the
parent rock (in this case assumption (1) would be favoured)
or formed by alteration (favouring assumption (2)). It is
also possible that the magnetic minerals are in complex
assemblages such as clay minerals cemented by ferrimag-
netic iron (oxy)hydroxides (Hargraves et al., 2000; Hviid
et al., 1997). This latter idea is suggested by the rapid
saturation of the magnets, implying a very abundant
magnetic phase. Moreover, the intermediate value of
saturation magnetisation, between haematite (0.5Am2/kg)
and maghemite (70Am2/kg) suggests complex mineralogi-
cal assemblages, or even specific phases in terms of crystal
chemistry.

The main innovation of the MER mission was to use
Mössbauer spectroscopy (MIMOS) that could identify the
iron bearing phases (Klingelhöfer et al., 1996, 2003). Due
to its sensitivity to iron speciation, Mössbauer spectro-
scopy brings complementary information to the other
spectroscopy techniques (Dyar and Scheafer, 2004;
Wdowiak et al., 2003). With Mössbauer, it is possible to
distinguish silicates (olivine, pyroxenes) from oxides
(spinel, haematite, other (oxy)hydroxides) and other phases
like the Fe-bearing sulphates. In that way, Mössbauer
spectroscopy brought lot of information in the Opportu-
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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nity site in Meridiani Planum where orbital analyses
(MGS-TES) detected concentrations of crystalline haema-
tite. Indeed, haematite spherules (Fig. 5) in association
with ferric sulphates (jarosite), were found in evaporitic
related outcrops (Squyres et al., 2004b). The other lander,
Spirit in Gusev Crater, though showing formations more
expected for the martian environment, has also found iron
phases (Klingelhöfer et al., 2004a; Morris et al., 2004,
2006), indicating the presence of more or less amorphous
nanophase, magnetically ordered iron (oxy)hydroxides
(magnetite, haematite and goethite, Fig. 6), and Fe3+-
sulphate.
Though not directly intended to study martian miner-

alogy, the various experiments performed by Viking 1 and
2 (pyrolitic release/carbon assimilation, gas exchange
experiment and labeled release experiment) yielded insights
into the mineralogy of the surface by discovering the
unexpected chemical reactivity of the soil. Heating of
samples of soil to 500 1C by the pyrolitic release experiment
resulted in the formation of CO2 and H2O, which was
interpreted as resulting from the decomposition of phases
such as sulphates, carbonates or (oxy)hydroxides such as
goethite (Biemann et al., 1976). Wetting the soil caused the
release of oxygen while the assimilation of 14C marked
nutriments induced the release of CO2 (Klein et al., 1976;
Levin and Straat, 1976). These results suggested the
presence of a strong oxidant (Ballou et al., 1978; Levin
and Straat, 1976; Oyama et al., 1978; Yen et al., 2000),
whose nature remains uncertain. Some authors attribute
these experimental results to the presence of iron (oxy)-
hydroxides, like maghemite (Oyama et al., 1978), or exotic
phases on Earth such as feroxyhyte (Burns, 1980a; Sher-
man et al., 1981) or even the family of the ferrates (Tsapin
et al., 2000) containing iron(VI). The presence of such
phases is not widely accepted, but their existence as minor
phases remains a possibility.

2.3.1. Haematite (a-Fe2O3)

Haematite is the iron oxide thought to be responsible for
the colour of the surface of Mars (even if various other iron
(oxy)hydroxides can also give Mars its ‘‘red’’ colour, which
depends also strongly on the picture observed), although
various morphologies are supposed to be present. Indeed,
its occurrence is widespread in terrestrial alteration
environments with various primary assemblages and thus
haematite is a strong candidate of the surface mineralogy
of Mars. It can be formed by hydrothermal processes
(Catling and Moore, 2003; Wade et al., 1999), by
palagonitisation (aqueous alteration at low temperature)
of volcanic ashes or glass (Bishop et al., 1998a; Morris
et al., 1993) and by meteoric weathering in tropical lateritic
environments (Nahon, 1991; Schwertmann, 1985; Tardy
and Nahon, 1985) or polar environments (Bender Koch
et al., 1995). Furthermore, haematite is the only thermo-
dynamically stable iron oxide in the present day martian
conditions (Gooding, 1978) and constitutes the final
product of many chemical and thermal transformation
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 5. Haematite berries on Mars. (A): Pancam picture of Berry bowl. The circular mark corresponds to brushing of the rock for comparison of

Mössbauer spectra between a clear surface and a zone enriched in berries. Credit: NASA/JPL/Cornell. (B): Mini-TES spectrum of the haematite berries

(lebeled ‘‘dark unit’’, compared with a laboratory spectra of haematite. Credit: NASA/JPL/Arizona University, http://marsrovers.jpl.nasa.gov/gallery/

press/opportunity/20040131a/dark_unit_lab_br.jpg, Christensen et al. (2004b). (C): Mössbauer spectra of the zones shown in the picture: the empty,

brushed zone, and the zone enriched in berries, evidencing the sextet of haematite. Credit: NASA/JPL/Cornell/ University of Mainz, http://

marsrovers.jpl.nasa.gov/gallery/press/opportunity/20040318a/19-DR-01-graph-A074R1_br.jpg, Klingelhöfer et al. (2004b).
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pathways of other oxides and (oxy)hydroxides (Barron and
Torrent, 2002; Morris et al., 1998). Thus haematite is likely
to be present on Mars with various crystallochemistries,
depending on its origin. The first crystallochemical variety,
identified on the MGS-TES spectra is the ‘‘grey and
crystalline’’ haematite that forms large deposits of several
hundreds of km2 in Terra Meridiani, Aram chaos, Candor
Chasma and Ophir Chasma (Christensen et al., 2000; Lane
et al., 2002). This haematite is always linked to stratified
terrains, possibly of sedimentary origin (Hynek et al.,
2002). The recent observations of MER Opportunity in
Meridiani Planum confirmed the presence of crystalline
haematite concretions (‘‘blueberries’’, Fig. 5), identified by
Mössbauer and mini-TES (Christensen et al., 2004b;
Klingelhöfer et al., 2004b), and associated with sedimen-
tary formations of evaporitic type in Meridiani Planum. It
is highly probable that the haematite identified by MGS-
TES corresponds to the ‘‘blueberries’’ observed by MER
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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Opportunity, due to the common grey and crystalline
character, by contrast with the very distinct others forms of
haematite. The interpretation of these haematite deposits
makes rise multiple hypothesises: precipitations in sedi-
mentary environments from iron-rich waters (Baldridge
and Calvin, 2004; Christensen et al., 2001) or organic
solvents (Tang et al., 2006), alteration accompanied by
dissolution/reprecipitation (Catling, 2004; Hynek et al.,
2002), eventually favoured by hydrothermalism (Catling
and Moore, 2003) or diagenesis (Ormö et al., 2004),
deuteritic alteration of lava at the end of its crystallisation
(Christensen et al., 2000; Minitti et al., 2004), or burying
inducing a thermal transformation of pre-existing precur-
sors (Glotch et al., 2003). Terrestrial analogues of
Meridiani Planum berries, from Utah (Chan et al., 2004)
or Hawai (Morris et al., 2005), suggest weathering and
precipitation, eventually favoured by hydrothermalism.
The microcrystalline red variety of haematite, typical of
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 6. Mössbauer spetrum of Clovis rock in Gusev Crater evidencing the

association between goethite, haematite and a Fe3+-bearing paramagnetic

phase. Credit: NASA/JPL/University of Mainz, http://marsrovers.

jpl.nasa.gov/gallery/press/spirit/20041213a/Mossbauer_Clovis-B313R1.jpg,

Klingelhöfer et al. (2005).
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terrestrial environments familiar to soil scientists, is often
invoked to explain the spectra obtained by Mars Pathfinder
(Morris and Golden, 1998; Morris et al., 1997). Super-
paramagnetic nanocrystalline haematite has even been
supposed to explain the magnetic properties, providing a
unique phase to describe all properties of the regolith
(Morris et al., 1989). Finally haematite has also been found
in the alteration assemblages studied by MER Spirit in
Columbia Hills (Morris et al., 2006).

2.3.2. Goethite (a-FeOOH)

Goethite, after haematite, was the second mineral
identified on the surface of Mars by its spectroscopic
properties (Kirkland and Herr, 2000; Morris and Golden,
1998; Morris et al., 2000). Goethite is frequently associated
with haematite on Earth, in a variety of alteration
pathways (Schwertmann, 1985). Recently, the MER Spirit
Mössbauer spectrometer identified goethite in some altered
outcrops (Clovis Rock) in Columbia Hills (Klingelhöfer
et al., 2005; Morris et al., 2006), in association with
haematite and a paramagnetic phase of unknown nature
(Fig. 6). This provides the first in situ discovery of this
phase on Mars. Haematite and goethite have also been
identified in the martian meteorites showing traces of
preterrestrial alteration (Bridges et al., 2001). Nevertheless,
as goethite is antiferromagnetic (or sometimes very weakly
ferrimagnetic), it can not account for the magnetic
properties of the martian regolith. Additionally, goethite
is not thermodynamically stable under present day condi-
tions on Mars (Burns and Fisher, 1990c; Gooding, 1978).
However, its formation in the primitive H2O and CO2-rich
atmosphere is probable (Burns, 1988, 1993; Burns and
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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Fisher, 1990a, c; Chevrier et al., 2004). Thus very slow
transformation kinetics can explain the presence of
goethite, so that it is a long-timescale metastable phase
(Burns and Fisher, 1993). Morphology and structure of the
crystalline haematite formations, observed by MGS-TES
suggest a deposit in aqueous media (Christensen et al.,
2004a) with goethite as a probable precursor (Zolotov and
Shock, 2005). This hypothesis has been confirmed by
laboratory measurements indicating that the best analogue
of the martian haematite spectra results from heated
goethite (Glotch et al., 2004).

2.3.3. Ferrihydrite (5Fe2O3 � 9H2O)

Ferrihydrite is a ‘‘quasi-amorphous’’ iron (oxy)hydr-
oxide. The 2L and 6L ferrihydrites are defined according to
the number of lines present on the X-ray diffraction
patterns (Schwertmann and Cornell, 1991), indicating a
crystalline order in specific crystallographic directions. This
phase is not magnetic but represents a good candidate to
explain some spectra acquired by Viking (Evans and
Adams, 1980) and Pathfinder (McSween et al., 1999),
especially when mixed with silicate phases. Ferrihydrite is
also frequently detected in terrestrial analogues of the
martian soil, and in particular in the palagonitised tephras
(Bishop et al., 1998a, b, 1995; Evans and Adams, 1980).
Furthermore, ferrihydrite is the usual precursor to crystal-
line phases, mainly haematite and goethite, depending on
water activity, pH, and temperature (Schwertmann, 1985;
Schwertmann and Murad, 1983; Torrent et al., 1982). In
liquid water, goethite formation is favoured at low
temperatures and low pH, whereas increasing temperatures
and pH induce conversion into haematite (Schwertmann
et al., 1999). Consequently, alteration in the today’s
anhydrous conditions of Mars may favour poorly crystal-
line (oxy)hydroxides, close to ferrihydrite (Banin, 1996;
Banin et al., 1993; Bell III et al., 2000; Chevrier et al.,
2004). This hypothesis is consistent with the recent
Mössbauer observations of the soil performed by both
MER landers, indicating substantial contents in paramag-
netic Fe3+, characteristic of either nanocrystalline phases
below their blocking volume (superparamagnetism), either
of pure paramagnetic phase such as ferrihydrite or iron
silicates (Klingelhöfer et al., 2004b, 2005; Morris et al.,
2004). Alternatively, alteration in the past conditions may
have rather favoured rapid conversion of ferrihydrite into
crystalline phases, such as haematite and/or goethite. This
recurrence of ferrihydrite as a precursor in many mechan-
isms of crystallisation, and in various alteration pathways
makes it a probably important phase of the martian surface
(Bishop et al., 2000).

2.3.4. Magnetite (g-Fe3O4) and titanomagnetite (Fe3�xTixO4)

These phases belong to the spinel group with a general
formula of M3O4 where M is Fe, Ti, Al, Cr, or Mg, etc.
Titanomagnetite is generally the main carrier of natural
magnetisation in primary rocks, but also in terrestrial soils
(Mathé et al., 1999). This mineral is thought to be the main
n of the surface of Mars: A review, Planetary and Space Science (2006),
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magnetic phase in the martian regolith (Hargraves et al.,
1977; Hviid et al., 1997; Madsen et al., 2003, 1999).
Mössbauer spectra obtained by MER Spirit on the surface
of martian rocks (Adirondack rock) in Gusev Crater reveal
a cation-deficient magnetite (Morris et al., 2004). Möss-
bauer spectra of the magnetic particles adhering to the
magnets onboard MER rovers also show abundant
magnetite (Goetz et al., 2005). Parameters of the spectrum
indicate a small non-stoichiometric component resulting
from the presence of titanium in the structure and/or
oxidation of Fe2+ into Fe3+, suggesting titanomagnetite or
titanomaghemite (oxidised titanomagnetite of general
formula: Fe3+[2�2x+z(1+x)]RFe

2+
(1+x)(1�z)RTi

4+
xR&3(1�R)O4,

with R ¼ 8/[8+z(1+x)], x being the rate of substitution
in titanium, z the rate of oxidation of the Fe2+ and & a
gap in the structure of the titanomaghemite). Titanoma-
ghemite often results from deuteritic and meteoritic
alteration of titanomagnetite. Thus recent results seem to
favor the presence of titanomagnetite more or less oxidized
into titanomaghemite in martian soils in a similar way to
Earth rocks and soils (Chevrier et al., 2006).

Titanomagnetite/titanomaghemite is generally thought
to have been inherited from the parent rock through
weathering processes (Coey et al., 1990; Gunnlaugsson
et al., 2002; Hviid et al., 1997; Mathé et al., 1999).
Experimental studies have confirmed the stability of
magnetite even in highly oxidizing conditions (Chevrier
et al., 2004). The martian basaltic subsurface rocks
are probably rich in iron spinel-type oxides, as suggested
by the abundance of spinel in the SNC meteorites. But in
this case the magnetic properties of titanomagnetite
are strongly dependent on the titanium content acquired
at the time of the magma crystallization. The satura-
tion magnetization decreases linearly with the rate of
substitution (Hunt et al., 1995; Vlag et al., 1996). Some
studies showed that the main carrier of natural magnetiza-
tion in the shergottites is pyrrhotite Fe1�xS (Rochette
et al., 2001) rather than titanomagnetite. High contents in
titanium do not allow titanomagnetite to account for
the magnetic properties of the martian regolith (Hargraves
et al., 2000; Madsen et al., 1995). Hargraves et al.
(2000) propose that all the titanium of the martian regolith
(�1%) results from the presence of about 4% of a
titanomagnetite phase of Usp60 (Usp: ulvöspinel) or x ¼

0:6 composition, typical of spinel found in terrestrial
basalts and in SNCs, resulting in a regolith magnetiza-
tion of 1.2Am2/kg, a value lower than the average
measured magnetization, i.e. 4Am2/kg. However, this
model ascribes the value of saturation magnetization to
the global regolith, and does not take into account of a
probable segregation of the magnetic phases by the
magnets. Consequently, the limit obtained through the
magnetic experiments is probably an upper boundary of
saturation magnetization. The contribution of the titano-
magnetite cannot therefore be refuted on this sole
argument, especially when considering the new results of
MER rovers.
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2.3.5. Maghemite (g-Fe2O3)

The second strongly magnetic phase thought to be
present in the martian regolith is maghemite (Hargraves
et al., 1979, 1977; Hviid et al., 1997; Madsen et al., 1999),
that forms frequently in terrestrial weathering processes
(Allan et al., 1988; Mathé et al., 1999). Unlike the
titanomagnetites, maghemite is free of titanium, and
therefore is always strongly magnetic. Furthermore, the
spectroscopic data suggests the presence of maghemite in
the regolith (Bell III et al., 2000; Morris et al., 2000), and in
rock varnishes at the Pathfinder landing site (McSween
et al., 1999). Maghemite appears also as a transitory phase
when heating ferrihydrite/lepidocrocite (Barron and
Torrent, 2002; Bishop et al., 2000; Morris et al., 1998) or
nontronite (Moskowitz and Hargraves, 1984). Maghemite
is a metastable phase in various weathering models.
Consequently, its presence results from its low transforma-
tion rates, and is likely due to weathering in present day
cold and dry martian climate (Chevrier et al., 2006). Finally
the oxidizing and catalytic properties of the maghemite
may explain some of the results of the biological
experiments carried out by Viking (Oyama et al., 1978;
Sherman et al., 1981).

2.3.6. Lepidocrocite (g-FeOOH)

Lepidocrocite has been proposed on the basis of some
TES spectra acquired by Mars Pathfinder (Morris et al.,
2000). Though relatively frequent on the Earth, the
formation of lepidocrocite requires the oxidation of Fe2+

in solution, and consequently a relatively reducing envir-
onment, as well as a pH close to neutrality (Banin et al.,
1993; Burns, 1993; Schwertmann, 1985). The formation of
lepidocrocite and goethite is favoured by aqueous altera-
tion on basaltic rocks (Posey-Dowty et al., 1986), while
more acidic rocks favor haematite and goethite. Therefore,
lepidocrocite and haematite are highly incompatible in the
soil systems (Schwertmann, 1985). The presence of CO2

strongly favours goethite at the expense of lepidocrocite
(Schwertmann, 1985). However, experimental weathering
in primary martian conditions (high partial pressures of
H2O and CO2) can produce lepidocrocite, associated to
goethite, providing the conditions are sufficiently reducing.
Some studies consider lepidocrocite a likely precursor to
the formation of maghemite and haematite (Banin et al.,
1993; Burns, 1993; Morris et al., 1998; Posey-Dowty et al.,
1986), because the transformation of lepidocrocite into
haematite, even if favoured thermodynamically, is not
directly possible for crystallographic reasons and must
proceed through maghemite (Cudennec and Lecerf, 2005).
Consequently, though its presence in the martian regolith
remains uncertain, lepidocrocite could appear as a minor
phase associated to other iron (oxy)hydroxides.

2.3.7. Akaganeite (b-FeOOH or b-Fe3+(O,OH,Cl))

As for lepidocrocite, akaganeite could describe some
Mars Pathfinder spectra (Bell III et al., 2000; Morris et al.,
2000) and a part of the nanophase paramagnetic (oxy)-
n of the surface of Mars: A review, Planetary and Space Science (2006),
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hydroxide observed by Mössbauer spectrometry in Gusev
Crater (Morris et al., 2006). However, there is a small
possibility that akaganeite is present in substantial
quantities in the martian regolith. Indeed akaganeite forms
in environments highly enriched in chlorine (Schwertmann
and Cornell, 1991), and data from the MER landers
indicate Cl concentrations are below 1wt% (Gellert et al.,
2004; Rieder et al., 2004), even in Meridiani Planum that is
of evaporitic origin, and therefore should be enriched in
halides.

2.3.8. Schwertmannite (F3+
8 O8(OH)6SO4)

Schwertmannite is an iron oxyhydroxysulphate, structu-
rally analogous to akaganeite. There is little data on its
possible presence on the surface of Mars. Some works
showed the possibility of complex analogues including
schwertmannite and clays to describe some Earth-based
measurements of thermal emission (Bishop et al., 1995),
or Pathfinder TES spectra (Bishop et al., 1998b). On
Earth, schwertmannite is frequently associated to jarosite
(K,Na,H)Fe3(SO4)2(OH)6 and goethite in acid mine
drainage systems (Bigham et al., 1996; Regenspurg et al.,
2004). The presence of this phase is possible considering the
potential alteration pathways of martian subsurface rocks
in acidic and sulphate-rich media (Burns, 1993, 1994; King
and McSween, 2005). This hypothesis is reinforced by the
recent discovery of jarosite in Meridiani Planum. The
paramagnetic nanophase, associated to haematite and
goethite, observed in Columbia Hills by the Mössbauer
spectrometer on MER Spirit, could be described by
schwertmannite, especially when considering the high
sulphur abundance on Mars (Morris et al., 2006).
Schwertmannite is also a metastable phase which trans-
forms into goethite in relatively short timescale, of the
order of years in experimental conditions (Bigham et al.,
1996). Consequently, schwertmannite may also serve as
precursor to other iron oxides and (oxy)hydroxides.

2.3.9. Feroxyhyte (d-FeOOH or d0-FeOOH)

Feroxyhyte is probably the most ‘‘exotic’’ iron (oxy)-
hydroxide proposed for Mars. This mineral is indeed
extremely rare at the surface of the Earth, due to extreme
formation environments. The presence of feroxyhyte on
Mars has been suggested on the basis of its red colour
which is very similar to that of the martian surface (Burns,
1980a), its spectroscopic properties (Sherman et al., 1981),
as well as its ferrimagnetism, suggesting that it is present as
a strongly magnetic phase in the regolith (Burns, 1980a,
1993; Hviid et al., 1997). Finally, feroxyhyte has strong
oxidising and catalytic properties that could explain the
results of Viking biological experiments, and in particular
the oxidation of the 14C marked nutriments into CO2

(Burns, 1980a; Sherman et al., 1981). However, there are
arguments against the presence of feroxyhyte on Mars.
There are two polymorphs of feroxyhyte: the synthetic and
strongly magnetic phase d-FeOOH, obtained by topotactic
and rapid oxidation of Fe(OH)2 (Schwertmann and
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Cornell, 1991) and the natural phase d0-FeOOH, which is
weakly magnetic and forms by slow oxidation (Towe,
1980). It seems that the martian environment is incon-
sistent with the formation of strongly magnetic feroxyhyte.
However, the presence of strong oxidants on Mars,
suggested by Viking results (Oyama et al., 1978; Yen
et al., 2000), and detected in the martian atmosphere
(Clancy et al., 2004; Encrenaz et al., 2004), as well as the
possibility of mixtures between d and d0 phases (Burns,
1980b) could allow feroxyhyte to coexist with other ferric
oxides.

2.4. Sulphur and sulphates

Sulphur is a key element in understanding the evolution
of the surface of Mars, due to the overall enrichment of the
surface compared to the Earth. Indeed, high sulphur
concentrations have frequently been detected in the soil by
Viking: up to 10wt% SO3 (Baird et al., 1976; Clark et al.,
1976; Toulmin III et al., 1976), by Pathfinder: up to 8wt%
SO3 (Bell III et al., 2000; Economou, 2001; Foley et al.,
2003; Rieder et al., 1997), and finally by MER Spirit and
Opportunity (Gellert et al., 2004, 2006; Rieder et al., 2004;
Wang et al., 2006a). Thus high sulphur abundances are
found over most of the known martian surface. The high
sulphur concentrations are due to the presence of sulphates
resulting from the alteration of basaltic bedrock. Specific
bands of absorption of the mini-TES spectra achieved by
MER Spirit and attributed to carbonates, could also result
from the presence of hydrated iron sulphates: copiapite
Fe2+Fe3+4 (SO4)6(OH)2 � 20H2O, rozenite FeSO4 � 4H2O or
szomolnokite FeSO4 �H2O (Lane et al., 2004). In addition
to the sulphates present in the soil, sulphates have been
identified in sedimentary outcrops of Meridiani Planum by
the Mössbauer and mini-TES spectra onboard MER
Opportunity, which detected concentrations of up to
25wt% SO3 (Rieder et al., 2004; Squyres et al., 2004b).
The main sulphates identified are jarosite (K,Na,H)Fe3
(SO4)2(OH)6 (Klingelhöfer et al., 2004b), gypsum
CaSO4 � 2H2O and magnesium suflates (Clark et al., 2005;
Squyres et al., 2004b; Wang et al., 2006a). Mg, Fe3+ and
Ca-sulphates have also been identified by MER Spirit in
Columbia Hills outcrops, with contents as high as about
40% in Paso Robles (Ming et al., 2006).
Apart from the localised observations carried out by the

various landers, the orbiter Mars Express OMEGA has
also performed some observations and mapping of
sulphates deposits on the surface of Mars (Fig. 7, Bibring
et al., 2005). Various sulphates have then been identified,
including gypsum (Langevin et al., 2005), kieserite
MgSO4.H2O and polyhydrated sulphates (Gendrin et al.,
2005). The layered terrains containing the sulphates
represent important deposits, tens of km wide, and with a
thickness of a few km (Bibring et al., 2005; Gendrin et al.,
2005). There are various hypotheses for the formation of
these deposits: from evaporitic deposition in water bodies
(Gendrin et al., 2005), following the scheme developed for
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 7. 2.5-km-high and 40-km-long sulphate-rich layer deposit in Juventae Chasma, Valles Marineris. The top image corresponds to the three-

dimensional picture taken by the HRSC-Mars Express Camera. Bottom images correspond to the MOC-MGS picture (left) and superimposed

mineralogical mapping (right), revealing sulphates gypsum (blue) and kieserite (red). Source of the image: Bibring et al. (2005).
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martian evaporites (Catling, 1999) to in situ weathering of
sulphides deposits or basaltic materials (ashes) in the
presence of waters enriched in sulphuric acid (Bibring et al.,
2005), following the hypothesis of Burns (1993). The
presence of high abundances of gypsum in a large deposit
near the north polar cap (Langevin et al., 2005) poses
the problem of the source material, i.e. enriched in Ca,
whereas the overall surface of Mars is generally enriched in
Fe and Mg.

Two scenarios explain the presence of such high
abundances of sulphate on the martian surface: alteration
of sulphide-rich rocks and alteration in the presence of SO2

(acid fog or groundwater). All iron sulphates (jarosite)
have long been known in the mining environments where
they form from the weathering of sulphide deposits (Sracek
et al., 2004). In addition, models of martian surface
weathering supposed the formation of sulphates from
alteration of large deposits of sulphides (pyrrhotite) usually
associated to the komatiitic formations on Earth (Burns
and Fisher, 1990b, c, 1993) or eventually from pyrite
resulting from hydrothermalism (Zolotov and Shock,
2005). The presence of such amounts of sulphides may
result from an important enrichment of the martian
lithosphere in sulphur, linked to the differentiation and
accretion of Mars (Clark and Baird, 1979). The alteration
of sulphides generates acidic waters (H2SO4), favouring the
dissolution of the surrounding silicates. The other source of
sulphur on the martian surface is the SO2 degassed by
volcanoes (Postawko, 1985; Wänke et al., 1992). This SO2

can further be converted into H2SO4 in presence of water,
forming an acid fog, that can very efficiently alter the
basaltic subsurface rocks, inducing the crystallisation of
sulphates (Banin et al., 1997; Hurowitz et al., 2006; Moore
and Bullock, 1999; Tosca et al., 2004). Given that
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volcanism remained efficient until a relatively recent period
(Hartmann et al., 1999), this type of alteration mechanism
could have been periodically active on a long timescale
(Banin et al., 1997). In this case, the observed regolith may
be the result of a recent process and covers the earlier-
formed regolith (Banin, 1996; Banin et al., 1997). Banin
et al. (1997) has also suggested a possible difference in the
nature of the recently formed sulphates and the older
sulphates, which is that early processes involved precipita-
tion of insoluble sulphates (jarosite), while recent weath-
ering processes under anhydrous conditions favours the
formation of more soluble sulphates (kieserite, alunogen
etc.). Sulphates usually contain structural water which
could constitute a reservoir of surficial water. Depending
on the water partial pressure, changes in the nature of the
phase (gain or loss of water molecules) could induce
variations in space (latitude, altitude) and time of the
observed sulphates (Vaniman et al., 2004).

2.5. Carbonates

Many studies have predicted a primitive martian atmo-
sphere enriched in CO2 and H2O, with pressures of one to
several bars (Forget and Pierrehumbert, 1997; Nakamura
and Tajika, 2001; Pollack et al., 1987). Therefore,
carbonates are very important phases to constrain the
evolution of the Mars surface, as they represent the main
witnesses of the primitive interaction between the atmo-
sphere, the hydrosphere and the lithosphere. This hypoth-
esis is founded on the intense volcanic activity, as observed
for the Tharsis dome, and that has certainly involved (or
released) huge quantities of gas in the atmosphere (Phillips
et al., 2001). This dense cloudy covering would
have induced an intense greenhouse effect (Forget and
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Pierrehumbert, 1997), enabling liquid water to exist on the
surface for long times. On Earth, the interaction between
the primitive CO2-rich atmosphere/hydrosphere, and the
basaltic subsurface rocks enriched in iron induced the
formation of siderite FeCO3 (Ohmoto et al., 2004). By
analogy, and on the basis of the higher Fe concentration in
the martian surface, many authors assume that large
amounts of carbonates/siderite should have precipitated in
primitive martian conditions (Catling, 1999; Fairen et al.,
2004; Kahn, 1985; King et al., 2004; Marion et al., 2003),
trapping the CO2 and cooling the climate (Morse and
Marion, 1999). Moreover, thermodynamic studies show
that in the absence of oxygen, siderite is stable in the
present day conditions of Mars (Booth and Kieffer, 1978;
Gooding, 1978). Finally, mass balance studies suggest that
a deficiency in calcium of the martian regolith compared to
the SNC’s indicates an important leaching of Ca, and thus
a carbonate reservoir (Warren, 1987).

It would therefore be logical to expect relatively high
carbonate contents in the martian surface. However,
carbonates constitute only a trace in the surface
today. Some hydrated carbonates of magnesium, such
as hydromagnesite Mg5(CO3)4(OH)2.4H2O or artinite
Mg2(CO3)3(OH)2.3H2O, have been suggested on the basis
of the infrared spectra produced by Mariner 6 and 7
(Calvin et al., 1994), while carbonate contents bellow 5%,
scattered in the soil, have been detected in the MGS-TES
spectra (Bandfield et al., 2003). MER Spirit seems also to
have detected traces of carbonates (o5%) in the regolith of
Gusev Crater (Christensen et al., 2004a), though the
spectral features are also attributable to some iron
sulphates (Lane et al., 2004). Finally the best identification
of carbonates on Mars remains the discovery of complex
concretions of Ca–Mg–Fe carbonates in the martian
meteorite ALH84001 (Mittlefehldt, 1994). The formation
of these carbonates has been highly debated. Interactions
with the atmosphere (Farquhar et al., 1998), with low-
temperature aqueous solutions (Kirschvink et al., 1997;
Romaneck et al., 1994; Valley et al., 1997), or hydro-
thermal processes (Treiman et al., 2002) have been
discussed. Siderite has also been identified in other altered
SNC’s and has been linked to evaporitic paragenesis
(Bridges et al., 2001).

There are various hypotheses to explain the lack of
abundant carbonates on Mars. In the case of an evaporitic
sequence, carbonates are the first phases to precipitate
because of their very low solubility. The carbonates could
therefore be hidden by other more soluble salts crystallising
above, such as sulphates or halides (Catling, 1999). The
study of the Opportunity site may help to resolve the
crystallisation sequence of the martian evaporites. Carbo-
nates can also form alteration varnishes of micrometer
thickness on the surface of basaltic grains altered in
presence of an H2O-poor atmosphere (Booth and Kieffer,
1978). These authors show that an important part of the
primitive CO2 could be present as this form. Supposing a
regolith of 1 km thickness, the concentration in carbonates
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would not exceed 0.1wt%, a value clearly below the
detection limits of nearly all the spectrometers. This
hypothesis has the advantage of not requiring abundant
liquid water, or a primitive thick atmosphere. Alteration is
in this case a continuous phenomenon with very long
timescales, of the order of 1Ga. Such a mechanism
describes efficiently the traces of carbonates observed in
the martian soil (Bandfield et al., 2003), and corresponds to
the formation of carbonates in the present day conditions
(CO2 and low H2O partial pressure). Alternatively, a
primary CO2 and H2O-rich atmosphere should rather lead
to consequent layers of carbonates, in a similar way as
carbonate formation on the Earth. Finally, it is also
possible that the formation of very acid solutions due to
the volcanic SO2 or to the alteration of sulphides may have
dissolved pre-existing carbonates and/or prevent their
crystallisation (Fairen et al., 2004; Moore, 2004), an
hypothesis based on the incompatibility between sulphates
and carbonates formation conditions (Fig. 8). This
phenomena may have been also reinforced by the dynamic
escape of CO2 into space (Bibring et al., 2005). In addition,
acid leaching could have dragged the carbonates deep in
the regolith, releasing them only in the deep permafrost.

3. Alteration on Mars

3.1. The primary rocks

On the Earth, at a global scale soil formation depends on
latitude (i.e. insulation, humidity), but at a local scale, the
nature of the primary rock is a predominant factor that
governs soil formation at the local scale, that is to say, for a
given insolation and humidity (Pédro, 1964). The primary
martian rocks are essentially basaltic to andesitic. Many
studies emphasise the importance of the primary miner-
alogy in addition to the physico-chemical conditions of the
alteration processes (Griffith and Shock, 1997; Hurowitz
et al., 2005; Tosca et al., 2005). Studies of the SNC shows
that they are enriched in oxides and sulphides (Lorand
et al., 2005) which could account in part for the resulting
properties of the regolith. However, there is a second
source of reduced material on the surface of Mars,
provided by the meteoritic contributions. Indeed, contrary
to the Earth, the absence of plate tectonics prevents
martian surface recycling. Consequently, meteoritic mate-
rial accumulates on the surface, where it can be altered and
mixed with the basaltic component (Newsom and Hagerty,
1997). Some models estimate a meteoritic input up to 30%
of the mass of the regolith (Bland and Smith, 2000; Flynn
and McKay, 1990). The average mineralogy of the
meteoritic material is relatively different from basaltic
rocks. In addition to a more important concentration in
sulphides, especially in troilite FeS, exogenic material also
contains iron-nickel metallic alloys (kamacite and taenite).
These alloys, in addition to their very strongly magnetic
character (Gattacceca et al., 2003) provide an additional
source of iron in the soil (Chevrier et al., 2004). MER Spirit
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 8. Schemes of the two possible processes for the formation of Meridiani Planum, and other sulphate deposits on Mars: (A): Hypothesis of alteration,

leaching, transport and subsequent deposition in a lake or a sea. (B): Hypothesis for in situ alteration and transformation of minerals, driven by the input

and evaporation of water.
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has shown that nickel contents increase from the fresh
rocks, to their altered surface, and then to the regolith
(Gellert et al., 2004). These observations show a probable
an enrichment of the martian regolith of about 1% in
meteoritic matter (Gellert et al., 2006; Yen et al., 2005).

3.2. Palagonitisation, evaporites and low-temperature

aqueous alteration

Palagonitisation is defined by the alteration of volcanic
glass by liquid water, usually in a sea or a lake (Noack,
1981). Therefore, palagonites are very appropriate objects
to study the aqueous alteration of the martian surface.
Terrestrial palagonites often present great spectral and
mineralogical resemblances with the martian soil, and
especially by the association of more or less crystalline
ferric oxides and (oxy)hydroxides: haematite, goethite and
ferrihydrite, with magnetic oxides of spinel type inherited
from parent rock (Bell III et al., 1993). The presence of
phyllosilicates in the secondary paragenesis of these
palagonites also makes these objects very good analogues
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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of the martian soil in term of mineralogical and chemical
properties (Bishop and Pieters, 1995). However, the term
palagonitisation/palagonite is often related to weathering
or aqueous alteration of volcanic ashes. Given the
geomorphological evidence of water activity on Mars, at
least until 3Ga, alteration by liquid water has probably
been highly active. Experimental work show that basaltic
material has been altered by surface/subsurface water in
equilibrium with the atmosphere rather than by deep
seawater (Bullock et al., 2004) supporting the weathering
hypothesis. It seems however that water activity and
weathering are linked to evaporitic processes. The studies
on the mineralogy of SNC meteorites have also evidenced
complex evaporitic parageneses: sulphates, carbonates and
halides (Bridges et al., 2001; Bridges and Grady, 2000;
Gillet et al., 2002; Gooding et al., 1991; Treiman et al.,
1993; Wentworth and Gooding, 1994). This type of
paragenesis fits well the models of evaporite deposits where
the nature of the secondary phases evoloves according to
their solubility (Catling, 1999). Furthermore, the study of
the soils at the Viking and Pathfinder sites shows a
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 9. Phase diagram of iron phases, including siderite and jarosite at

pressure of 1 atm (considered here as 100% CO2), and temperature of

298.15K. Activities of dissolved species (SO4
2�: 1.8� 10�4mol/L, K+:

7� 10�5mol/L, Fe2+: 8� 10�4mol/L) are taken from Catling (1999),

thermodynamic data for jarosite, SO42� and K+: Baron and Palmer

(1996), for pyrite: Benning et al. (2000), others values: CRC Handbook of

Chemistry and Physics, 76th Edition, D.R. Lide Editor in Chief.
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systematic mixing between a primary pole, basaltic or
andesitic, and an evaporitic pole with sulphates and halides
(Larsen et al., 2000).

Meridiani Planum formations are believed to result from
acid-alteration, evaporitic and diagenetic process in a
shallow sea (Squyres et al., 2004a, b; Squyres and Knoll,
2005) even if other scenarios like weathering of impact
related sedimentary layers remain plausible (Knauth et al.,
2005). The textures of the outcrops indicate a subaqueous
deposit with stratified sedimentary deposits presenting
figures of cross-bedding resulting from the fluctuation of
a table water (Grotzinger et al., 2005; Herkenhoff et al.,
2004; Squyres et al., 2004b). The presence of abundant
sulphates, as well as elements such as Cl or Br (Rieder
et al., 2004), suggests a deposit in evaporitic environment,
from progressively saturated solutions. Although evapor-
ites observed in Meridiani Planum, and probably
other sulphate-type deposits observed by Mars Express
OMEGA, rely on water activity, it seems that this activity
remained limited in space and time (Squyres and Knoll,
2005). This limited activity is supported by large variations
of Cl and Br contents of the sediments, indicating rapid
changes in pH and water content (Clark et al., 2005). Usual
evaporites on Earth are mainly composed of soluble salts
deposited according to their solubility. These salts are the
most soluble species, leached from primary rocks and
transported by rivers into a sea or a lake (Fig. 8A).
However, Meridiani outcrops seem to contain about 40%
Si (Rieder et al., 2004; Squyres et al., 2004b), or 20–25wt%
amorphous silica (Clark et al., 2005). This is not
compatible with a pure evaporitic deposit, given the low
solubility of silica. The presence of high iron concentra-
tions (haematite) also indicates in situ weathering and
evaporation rather than a leaching, transfer, and subse-
quent deposition. Indeed, iron is usually considered as an
‘‘immobile’’ element, due to its very low solubility in
oxidative conditions (Brimhall and Dietrich, 1987;
Eggleton et al., 1987). If considering pure evaporites
formed from high water-to-rock ratio, large volumes of
primary rocks must have been weathered to release soluble
ions, implying that large volume of residues, usually
enriched in ‘‘immobile elements’’ such as Fe, Al, Ti, Zr
and corresponding mineralogies (iron (oxy)hydroxides,
aluminium (oxy)hydroxides, etc.) should be observed.
Alternatively, low water-to-rock ratios and rapid evapora-
tion induce high salt-to-water ratios (King et al., 2004),
allowing precipitation of incompatible phases, i.e. residual
amorphous silica with insoluble jarosite and highly soluble
Mg-sulphates/kieserite and Fe-sulphates (Tosca et al.,
2005). This suggests that waters reacted directly in situ
with layers and became strongly enriched in soluble
elements, instead of being transferred in lakes/seas through
leaching (Fig. 8B, King and McSween, 2005). The presence
of jarosite in Meridiani Planum outcrops testifies of very
specific conditions, as this mineral precipitates at pH
around 2–3 (Fig. 9, Papike et al., 2006). This indicates
alteration by very acidic water that has not acted for a
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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sufficient time to reequilibrate with the surrounding
material (King and McSween, 2005; Madden et al., 2004;
Tosca et al., 2005). Such very acid conditions allow
solubilisation of Al and Fe, which limit also the fractiona-
tion between soluble elements in evaporitic parageneses
and unsoluble elements in residual assemblages (Hurowitz
et al., 2006). In this case, the secondary mineralogy is
controlled by the composition of the primary rock (Tosca
and McLennan, 2006; Tosca et al., 2005). This can be
achieved by percolation and/or fluctuation of a water table
inside a basaltic layer (ashes), accompanied by evaporation
which has been active in this system (Tosca et al., 2005),
and even necessary as the main process preventing
equilibration of water.
Models show that Fe2+-sulphates (melanterite

FeSO4 � 7H2O) could result from first step of alteration
(King and McSween, 2005; Tosca et al., 2005). Further
evolution of these sulphates in oxidising conditions may
have formed the Fe3+-sulphates such as jarosite and
copiapite. Then changes of pH may have induced
destabilisation of sulphates into iron (oxy)hydroxides, i.e.
ferrihydrite, schwertmannite and goethite (Burns, 1988;
Burns and Fisher, 1990c; Chevrier et al., 2004; Fernandez-
Remolar et al., 2005; King and McSween, 2005). Thus, in
that sense Meridiani Planum may be the result of a
palagonitisation weathering mechanism, and testifies of
intermittent water activity on the surface of Mars probably
during billions of years (Glotch and Christensen, 2005).
In the same way sulphate deposits observed by Mars
Express OMEGA, and often associated to iron (oxy)hydr-
oxides (Bibring et al., 2005) may result from the same
kind of process, when water became scarce, and was
then acidified by gases in periods of sporadic volcanic
activity (Poulet et al., 2005), inducing in situ (i.e.
without leaching and transfer of ions) weathering of
preexisting rocks/ashes layers. Geomorphologically, most
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 10. Haematite (Hm) and goethite (Gt) formation from ferrihydrite-

2L in the pH range of 2–12 and the temperature range of 4–30 1C after

9.3–12.6 years of storage in water. The graph is interpolated from data

obtained at pH 2.5–12 in one-unit steps and at 4, 10, 15, and 25 1C. Source

of the graph: Schwertmann et al. (1999).
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of the sulphate deposits correspond to mountains or walls
of canyons like in Valles Marineris (Gendrin et al., 2005).
In the leaching model, this implies deposition in a basin
and then a further huge erosion of these deposits, in an
alternate unknown reservoir, even if aeolian erosion and
subsequent mixing in the soil may account for the
‘‘missing’’ sulphates.

Apart from Meridiani Planum, the rover Spirit has also
evidenced water activity in Gusev Crater, mainly in the
Columbia Hills, where impact ejecta have undergone
different steps of aqueous alteration (Squyres et al.,
2006), leading to various alteration parageneses. These
parageneses include sulphates, iron (oxy)hydroxides
(goethite, haematite), phosphates, etc., all present in rocks
having undergone slight to extensive weathering (Ming et
al., 2006). However, even if the acid fog model remains
favoured (Hurowitz et al., 2006), the extreme variability in
mineralogy, geochemistry, and alteration state (Ming et al.,
2006) argues for a limited action of water in this region.
Even the presence of sulphates in the soil indicate limited
action of water, through small-scale ion transport and
evaporation processes (Wang et al., 2006a). The presence
of clays indicates also possible weakly acidic conditions
(Wang et al., 2006b). This indicates that the weathering on
Mars can present an important variability at a very local
scale (Ming et al., 2006), which may complicate deciphering
the precise conditions and processes at the origin of the
formations.

3.3. Hydrothermal processes and thermal activity

Hydrothermal processes correspond to alteration of host
rock by high-temperature aqueous fluids (4100 1C),
generally induced by volcanic activity. The main indicators
of hydrothermal activity come from the study of the
martian SNC meteorites. Indeed many SNCs present
alteration assemblages (Bridges et al., 2001), as well as
isotopic signatures typical of hydrothermal processes
(Greenwood et al., 2000). In addition, there is a certain
mineralogical similarity between Mars and terrestrial
hydrothermal systems: (oxy)hydroxides and clays (Wade
et al., 1999). The enrichment in volatiles (sulphur, chlorine
and bromine) of the martian soil is also a good argument
for an hydrothermal contribution (Newsom and Hagerty,
1997; Newsom et al., 1999), or volcanic exhalations (Banin
et al., 1997). Finally, hydrothermal processes could be an
efficient mechanism to store water in the crust, under the
form of hydrated secondary phases (Griffith and Shock,
1997). However, hydrothermal processes lead to phase
assemblages quite different from those found in the
martian regolith (Baker et al., 2000; Hurowitz et al.,
2005), and do not describe the abundance of iron oxides
and (oxy)hydroxides compared to other phases (Newsom
et al., 1999). Nevertheless, hydrothermal activity contribu-
tion must be considered as a source for specific phases,
particularly in the case of subsequent aeolian rehomogen-
eisation.
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Studies of the alteration assemblages in the SNCs show
that they result from low-temperature hydrothermal
processes and are heterogeneously distributed (Baker
et al., 2000; Borg and Drake, 2005; Greenwood et al.,
2000). Hydrothermal processes are rather linked to local
circulations of fluids at the end of the lava cooling, and
eventually to interactions with the martian atmosphere
(Farquhar et al., 2000; Farquhar and Thiemens, 2000).
Nevertheless, hydrothermal processes during burial diag-
enesis in Meridiani Planum outcrops could have modified
the mineralogy and structure of preexisting deposits
(Glotch and Christensen, 2005). Circulation of high-
temperature fluids may have allowed dissolution of iron
precursors and subsequent reprecipitation of haematite
berries (Chan et al., 2004; Morris et al., 2005), dissolving
also some highly soluble phase, creating the porosity
evidenced in the rocks (McLennan et al., 2005). Jarosite is
usually in equilibrium with goethite/ferrihydrite, rather
than haematite (Arslan and Arslan, 2003; Burns and
Fisher, 1990c; Catling, 2004; Chevrier et al., 2004).
Similarly, goethite conversion from ferrihydrite is pro-
moted at low pH and low temperature, whereas higher
temperatures and pH induce haematite formation (Fig. 10,
Schwertmann et al., 1999). Thus nearly all (oxy)hydroxides
can be easily converted into haematite if the temperature
increases (Schwertmann and Cornell, 1991; Schwertmann
et al., 1999). On the basis of the mineralogical analogy with
the Rio Tinto river, some authors proposed a mechanism
of diagenetical dehydratation and desulphatation to form
haematite from Fe3+-sulphates and goethite paragenesis
(Fernandez-Remolar et al., 2004, 2005, 2003).
n of the surface of Mars: A review, Planetary and Space Science (2006),
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3.4. Effect of the atmosphere

The nature of the atmosphere in which weathering
develops has an influence on the nature of the secondary
phases. Indeed, not only the atmosphere can directly affect
the primary substratum, but it also controls the composi-
tion of the hydrosphere. The chemical compositions of the
atmospheres of the Earth and Mars are indeed very
different. The fundamental differences are the content in
CO2: 95% of the martian atmosphere against 0.03% for the
Earth, and especially the content in oxygen: 21% for the
Earth against 0.1% for Mars. Such differences induce
variations in pH/eH of the solutions, in equilibrium with
the atmosphere. Thus CO2/SO2-rich atmospheres are
equilibrated with more acid solutions, while the content in
H2/O2 will control the oxydoreductant character of the
solutions. Thermal escape of H2 is probably the main
process responsible for the irreversible oxidation of the
surface of Mars, through alteration reactions either
involving acidic waters and H+ (Chevrier et al., 2004),
either O2 produced by photodissociation of H2O (Lammer
et al., 2003, 1996) either oxidation of water by CO produced
by photodissociation of CO2 (Hodges, 2002). H2 escape has
already been suggested to explain the oxidation and O2

rising of Early Earth (Catling et al., 2001). Thus weathering
on Mars has probably first occurred through Fe2+

chemistry (High H2/low O2) and further evolved through
Fe3+ chemistry (low H2/high O2), as described by various
models of evolution of chemical conditions on Mars (King
and McSween, 2005; Marion et al., 2003).

Another important type of erosion of the atmosphere is
due to the solar wind (‘‘sputtering’’) and affects for
example CO2 (Johnson and Liu, 1998; Leblanc et al.,
2002). CO2 sputtering from Mars may be the driving force
for the absence of carbonates from Mars. In this model,
carbonates have been destabilised by acid conditions on
early Mars (Fairen et al., 2004), and the loss of CO2 from
Mars would have prevented any reprecipitation, leading to
the carbonate depleted surface (Bibring et al., 2005).
However, the presence of clays in the south crust (Poulet
et al., 2005) suggests that conditions were more weakly
acidic during the Noachian. So if they ever formed,
carbonates may be present in these regions, although they
have not been still detected (Bibring et al., 2005).

Since the Viking experiments, many hypotheses have
been proposed for the presence of a strong oxidising agent
in the martian soil, and its probable atmospheric origin
(Oyama et al., 1978; Yen et al., 2000). Recently, the
detection of H2O2 in the martian atmosphere (Clancy et al.,
2004; Encrenaz et al., 2004) reinforced this hypothesis. The
martian atmosphere evidences a complex photochemistry,
resulting from the intense UV radiation (Patel et al., 2002),
and producing strongly oxidising species that react with the
regolith (Oyama and Berdahl, 1979). UV radiation is also
responsible for the lost of some elements through various
mechanisms, but which may have strong consequences on
the evolution of the surface of Mars.
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3.5. Weathering in present day conditions

On Earth many red soils formed on basaltic parent rock,
in tropical climate, have analogous properties to the
martian soils (Fig. 11). These soils show almost system-
atically the association of coloured iron (oxy)hydroxides,
essentially haematite and goethite, and strongly magnetic
spinel, either titanomagnetite inherited from the primary
rock, either secondary maghemite (Allan et al., 1988;
Goulart et al., 1998; Mathé et al., 1999; Resende et al.,
1986). Thus the Earth and Mars may have undergo similar
regolith formation processes (Burns, 1993), but in condi-
tions clearly different. In present day conditions, haematite
is the stable iron oxide (Gooding, 1978). However, the
recent discovery for goethite (Fig. 6, Klingelhöfer et al.,
2005; Morris et al., 2006), associated to haematite and a
paramagnetic phase, indicates that this mineral is present
at least in a metastable state on Mars. Experimental studies
indicate that in the presence of abundant water, goethite
forms rather than haematite (Burns and Fisher, 1990c;
Chevrier et al., 2004). But if water is weak or even absent,
reducing ion mobility, ferrihydrite can perpetuate
(Schwertmann et al., 1999). Fig. 12 shows the thermo-
dynamic equilibriums for the reactions involving ferrihy-
drite, goethite and haematite. In the whole range of
temperature and water activity of the martian surface,
ferrihydrite should destabilise into goethite/haematite.
There is yet a region in the (aH2O;T) space where goethite
is stable, i.e. at low temperature. Therefore, goethite
should be stable at high latitudes, where also all climate
models and spacecraft observations indicate high water
abundance (Feldman et al., 2004). Nevertheless, both
goethite and ferrihydrite can be present in regions of
unstability, because the modelled reactions occur with
gaseous water, and are then subjected to be extremely slow
(Gooding, 1978). Such mechanisms could explain the
abundance in the soil and fine dust fraction of paramag-
netic ferric phases (Klingelhöfer et al., 2004b; Morris et al.,
2004), typical of poorly evolved nanophases, which in turn
could account for the hiding of the northern plains in
OMEGA signal (Mustard et al., 2005) as well as the TES
surface type II.
Possible weathering of primary minerals in martian

conditions has been studied through two main mechan-
isms: either by liquid–solid interaction (Burns, 1993; Burns
and Fisher, 1990c; Catling, 1999), or by solid–gas
mechanism (Gooding, 1978). The first mechanism is the
more usual and the main responsible for soil formation
on the Earth. Schematically, it occurs through condensa-
tion, precipitation and circulation of water, like in the
lateritic profiles developed in tropical climate (Nahon,
1991; Tardy et al., 1988a, b; Tardy and Nahon, 1985).
Such weathering process can also act through frost-thaw,
like in weathering profiles developed in polar or Antarctic
climate (Bender Koch et al., 1995; Chevrier et al., 2006;
Dickinson and Rosen, 2003). On Mars, weathering by films
of liquid water seems to be indicated by soluble elements
n of the surface of Mars: A review, Planetary and Space Science (2006),
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(chlorine and bromine) present in the soils and weathered
rocks (Haskin et al., 2005; Yen et al., 2005). This
hypothesis is extremely similar to the acid fog hypothesis
supposed to be responsible for the cementing sulphates in
the soil (Banin et al., 1997; Bibring et al., 2005), and the
weathering varnishes on Gusev Crater rocks (Hurowitz
et al., 2006).

The second mechanism has been developed more specifi-
cally for Mars, using gas–solid reactions, through thermo-
dynamic models and experimentations (Booth and Kieffer,
1978; Gooding, 1978). This kind of mechanism is not used
on the Earth because the alteration reactions run much
faster as soon as the water interferes as a media of ionic
transfer. However, the solid–gas reactions may be efficient in
the conditions prevailing today on Mars. The transition
between the two mechanisms is essentially a problem of
water activity. In the low water activity of present day Mars,
the main factor responsible for weathering may be the large
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transfer of water occurring at high latitudes and linked
to obliquity variations of Mars (Head et al., 2005; Levrard
et al., 2004). In the period where ice accumulated near
the poles, a small part of this water could serve as a media
to provide slow and limited alteration. At a seasonal
timescale, a similar process could be responsible for the
sulphate (gypsum) formations observed close to the north
polar cap (Langevin et al., 2005). In periods of higher
obliquity, ice is destibilised and transferred to lower latitudes,
as evidenced by observations of glacier deposits on several
volcanoes flancs (Head and Marchant, 2003; Head et al.,
2006; Milkovich et al., 2006; Shean et al., 2005). Such
locations would be susceptible to undergo local weathering
due to the precipitations of ice that are responsible for
the formation of the glaciers (Forget et al., 2006).
Alternatively, solid–gas reactions could be efficient on the
whole surface of Mars, especially when considering the
strong oxidant species present on the surface, and probably
n of the surface of Mars: A review, Planetary and Space Science (2006),
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Fig. 13. Pancam picture of Adirondack rock in Gusev Crater. Credit:

NASA/JPL/Cornell.

Fig. 12. Diagram of thermodynamic equilibrium curves of relevant iron

oxides (ferrihydrite/goethite, ferrihydrite/haematite and goethite/haema-

tite reactions) as a function of water vapour activity and temperature,

calculated using the integrated form of the Clausius–Clapeyron equation,

assuming no significant variation of enthalpies DH1r in the studied range

of temperatures (Gooding (1978)). The martian surface conditions

(temperature and water partial pressure) are also represented. For

ferrihydrite reactions, full lines are for ferrihydrite—2L and dashed lines

for ferrihydrite—6L. Data for goethite and ferrihydrite: Majzlan et al.

(2003); Majzlan et al. (2004), and for haematite and water: Cox et al.

(1989).
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resulting from a strong coupling between the regolith and the
atmosphere, through adsorption mechanisms (Zent et al.,
2001; Zent and Quinn, 1995). Nevertheless, the interaction of
these strong oxidants with the soil may have also processed
though films of liquid water. It must be stressed that in both
cases (liquid water films and/or solid–gas reactions) newly
formed phases should be extremely small and poorly
crystalline (Banin, 1996; Banin et al., 1993). Such a process
is also consistent with the general abundance of primary
phases (pyroxene, olivine) also present in the soil. Such
mechanism(s) could explain the formation of the dry, but
oxidised, fine grained bright dust layer on the surface of the
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basaltic sand (Catling, 2005; Goetz et al., 2005; Yen et al.,
2005). Moreover, UV-induced dehydroxylation of iron
(oxy)hydroxides (goethite and lepidocrocite) has been tested,
but has not given any probing result (Morris, 1981; Morris
and Lauer, 1981; Yen et al., 1999). Nevertheless, these works
specify the very slow kinetics of such a process, about 1Gyr.
Thus, weathering on present-day Mars is probably an
efficient process but at very long timescales (probably about
1Gyr) and occurring through films of liquid water and/or
gas–solid reaction.
When considering present-day weathering on Mars,

aeolian activity must be taken in consideration for two
effects: first it tends to homogenise the soil on a global
scale, as indicate the similar compositions of all landing
sites from Viking to MER (Gellert et al., 2004; Rieder
et al., 2004)), but at the same time it allows erosion of the
weathered surfaces and thus continuous exposure of fresh
surfaces, especially today. Many rocks, such as Adirondack
in Gusev Crater (Fig. 13) show indeed evidence for shape
related to wind abrasion (Greeley et al., 2006). Therefore,
some of the sulphates observed in the present day soil could
result from aeolian erosion of ancient sulphate deposits (i.e.
Meridiani Planum) further mixed with recent regolith. This
can also explain the presence of Fe-rich olivine on the
surface, which is often interpreted as a limited action of
water on the surface of Mars (Christensen et al., 2003;
Morris et al., 2004), because of its weak resistance to
alteration in aqueous conditions. In that case, olivine
indicates heterogeneities in weathering on the surface,
because of limited action of water since at least the last
3 Byr.

4. Conclusions

With the recent large amount of new data and
observations provided by MER landers and Mars Express
orbiter, the mineralogy of the martian surface reveals a
remarkable complexity (Fig. 14). Some geological units
seem to result from process similar to those occurring on
the Earth, in the mineralogy and probably in the formation
process (i.e. formation of red soils). Other units seem to
reflect processes not dominant on the Earth and contrarily
typical of the martian surface, mostly linked to the
replacement of carbonates by sulphates in sedimentary
cycles. These observations demonstrate the distinctness
of Mars in its evolution, but also the predominant role of
water. Weathering process acts as the dominant agent of
the surface evolution, even if one must consider variations
in space, i.e. in latitude due to climatic effect, and locally
depending on the volcanic and geological activity, but also
in time due to the global evolution of the atmosphere
composition and water activity. In addition, various
factors modify the products of weathering, i.e. volcanism,
hydrothermalism, meteoritic bombardment and aeolian
activity.
The MER Opportunity landing site in Meridiani Planum

has been the first clear evidence for chemical activity of
n of the surface of Mars: A review, Planetary and Space Science (2006),
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water on Mars, followed by MER Spirit observations in
Columbia Hills and Mars Express OMEGA observations
of sulphate deposits. However, many studies tend to
indicate that this corresponds rather to the local interaction
with catastrophic floods induced by volcanic activity. This
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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local and limited action of water could also explain the
apparent complexity and variety of these formations (from
nearly unaltered to extensively transformed, at the scale of
a few meters). Therefore, these observations tend to show
that the Hesperian age on Mars was characterised by local
n of the surface of Mars: A review, Planetary and Space Science (2006),
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and limited action of water on the surface, depending on
regional geodynamic activity. This could be also the same
for an important part of the sulphate formations observed
on Mars, since nearly all these deposits are localised in
Hesperian aged terrains.

Recently Mars Express OMEGA has evidenced large
deposits of clay minerals on the Noachian crust. These
phases are typical of temperate to tropical weathering
processes on the Earth, as their formation requires
abundant liquid water, and especially a long timescale
action of this water. Depending on their abundance in the
old Noachian crust, these clays could represent the main
indicator of primary martian weathering in an H2O-rich
atmosphere. This hypothesis, if confirmed, could raise a
new view of the evolution of the martian surface, roughly
in three steps. The first would correspond to weathering
process leading to clays in the Noachian, under a probable
thick H2O/CO2-rich atmosphere, similar to terrestrial-type
weathering processes, i.e. high water-to-rock ratio with
alteration, leaching, transport and deposition. This period
could have been eventually favourable to the formation of
carbonates. Then, during the Hesperian when water
became scarcer and its activity sporadic, depending on
volcanic activity, strongly acidic sulphate-type weathering
process would have been predominant (i.e. low water-to-
rock ratio). The third period would be like today (roughly
in the Amazonian), a very slow weathering in cold and dry
conditions, mainly by solid-gas or solid-films of water
induced by frost-thaw and/or acid fog, favoring poorly
crystalline phases, mainly iron (oxy)hydroxides. These
weathering processes would be promotted by strongly
oxidising agents (H2O2, O2) and by the transfer of ice
during periods of higher obliquity. But in this scenario
many questions remain about the transition between these
processes, and also especially about the factors affecting
the evolution of the weathering process. The formation of
films of liquid water remains an important hypothesis for
weathering in present-day conditions. An important
question concerns how the progressive loss of water from
Mars forced conditions to become more acidic and more
oxidising. A correlated issue concerns the impact of the
martian dynamo on the evolution of the surface conditions,
as it provides the main shield against atmospheric erosion
by solar wind.

Many studies have focussed on extreme environments
for the search of biological analogues of potential martian
life. However, extremophile organisms result usually from
the evolution of previous organisms obliged to adapt to
more and more extreme conditions. Similarly, it is widely
accepted that primitive life on Earth formed in the oceans,
a quite ‘‘temperate’’ media. Therefore, on Mars the search
for possible biological activity should start from the most
primitive conditions where water could have been abun-
dant during an extended period of time and conditions
favourable to the emergence of life, i.e. the south Noachian
crust. Clay minerals represent the main indicators of such a
favourable environment.
Please cite this article as: V. Chevrier, P.E. Mathé, Mineralogy and evolutio
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Chevrier, V., Rochette, P., Mathé, P.-E., Grauby, O., 2004. Weathering of

iron rich phases in simulated Martian atmospheres. Geology 32 (12),

1033–1036.

Christensen, P.R., Banfield, J.L., Clark, R.N., Edgett, K.S., Hamilton,

V.E., Hoefen, T., Kieffer, H.H., Kuzmin, R.O., Lane, M.D., Malin,

M.C., Morris, R.V., Pearl, J.C., Pearson, R., Roush, T.L., Ruff, S.W.,

Smith, M.D., 2000. Detection of crystalline hematite mineralization on

Mars by the thermal emission spectrometer: evidence for near-surface

water. J. Geophys. Res. 105 (E4), 9623–9642.

Christensen, P.R., Morris, R.V., Lane, M.D., Bandfield, J.L., Malin,

M.C., 2001. Global mapping of Martian hematite mineral deposits:

remnants of water-driven processes on early-Mars. J. Geophys. Res.

106 (E10), 23873–23885.

Christensen, P.R., Bandfield, J.L., Bell III, J.F., Gorelick, N., Hamilton,

V.E., Ivanov, A., Jakosky, B.M., Kieffer, H.H., Lane, M.D., Malin,

M.C., McConnochie, T., McEwen, A.S., McSween Jr., H.Y., Mehall,

G.L., Moersch, J.E., Nealson, K.H., Rice Jr., J.W., Richardson, M.I.,

Ruff, S.W., Smith, M.D., Titus, T.N., Wyatt, M.B., 2003. Morphology

and composition of the surface of Mars: Mars Odyssey THEMIS

results. Science 300, 2056–2061.

Christensen, P.R., Ruff, S.W., Fergason, R.L., Knudson, A.T., Anwar, S.,

Arvidson, R.E., Bandfield, J.L., Blaney, D.L., Budney, C., Calvin,

W.M., Glotch, T.D., Golombek, M.P., Gorelick, N., Graff, T.G.,

Hamilton, V.E., Hayes, A., Johnson, J.R., McSween Jr., H.Y., Mehall,

G.L., Mehall, L.K., Moersch, J.E., Morris, R.V., Rogers, A.D., Smith,

M.D., Squyres, S.W., Wolff, M.J., Wyatt, M.B., 2004a. Initial results
n of the surface of Mars: A review, Planetary and Space Science (2006),

dx.doi.org/10.1016/j.pss.2006.05.039


ARTICLE IN PRESS
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Encrenaz, T., Bézard, B., Greathouse, T.K., Richter, M.J., Lacy, J.H.,

Atreya, S.K., Wong, A.S., Lebonnois, S., Lefèvre, F., Forget, F., 2004.
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doi:10.1016/j.pss.2006.05.039.
Fernandez-Remolar, D.C., Rodriguez, N., Gomez, F., Amils, R., 2003.

Geological record of an acidic environment driven by iron hydro-

chemistry: the Rio Tinto River system. J. Geophys. Res. 108 (E7).

Fernandez-Remolar, D., Gomez-Elvira, J., Gomez, F., Sebastian, E.,

Martiin, J., Manfredi, J.A., Torres, J., Gonzalez Kesler, C., Amils, R.,

2004. The Tinto River, an extreme acidic environment under control of

iron, as an analog of the Terra Meridiani hematite site of Mars. Planet.

Space Sci. 52, 239–248.

Fernandez-Remolar, D.C., Morris, R.V., Gruener, J.E., Amils, R., Knoll,

A.H., 2005. The Rio Tinto Basin, Spain: mineralogy, sedimentary

geobiology, and implications for interpretation of outcrop rocks at

Meridiani Planum, Mars. Earth Planet. Sci. Lett. 240, 149–167.

Fialips, C.I., Carey, J.W., Vaniman, D.T., Bish, D.L., Feldman, W.C.,

Mellon, M.T., 2005. Hydration state of zeolites, clays, and hydrated

salts under present-day martian surface conditions: can hydrous

minerals account for Mars Odyssey observations of near-equatorial

water-equivalent hydrogen? Icarus 178, 74–83.

Flynn, G.J., McKay, D.S., 1990. An assessment of the meteorite

contribution to the Martian soil. J. Geophys. Res. 95, 14497–14509.

Foley, C.N., Economou, T., Clayton, R.N., 2003. Final chemical results

from the Mars Pathfinder alpha proton X-ray spectrometer.

J. Geophys. Res. 108 (E12), #8096.

Forget, F., Haberle, R.M., Montmessin, F., Levrard, B., Head, J.W.,

2006. Formation of glaciers on Mars by atmospheric precipitation at

high obliquity. Science 311, 368–371.

Forget, F., Pierrehumbert, R.T., 1997. Warming early Mars with carbon

dioxide clouds that scatter infrared radiation. Science 278, 1273–1276.

Gattacceca, J., Rochette, P., Bourot-Denise, M., 2003. Magnetic proper-

ties of a freshly fallen LL ordinary chondrite: the Bensour meteorite.

Phys. Earth. Planet. Int. 140 (4), 343–358.

Gellert, R., Rieder, R., Anderson, R.C., Brückner, J., Clark, B.C.,

Dreibus, G., Economou, T., Klingelhöfer, G., Lugmair, G.W., Ming,
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Klingelhöfer, G., Knudson, A.T., McLennan, S., Ming, D., Moersch,
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