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Abstract

Life is composed of organic compounds, and characterizing preserved compounds provides insights into the presence of
specific types of life, including early life on Earth.  With growing evidence for a wet early Mars, excitement over the
potential of an early Martian biosphere strongly motivates Mars exploration.  However, the preservation potential of organic
compounds in rocks on either Earth or Mars depends critically on mineralogy.  Results from elemental, mineralogical, and
morphological characterization of sedimentary rocks by the Opportunity rover team in the vicinity of the Challenger
Memorial Station, Meridiani Planum, demonstrate an abundance of Fe(III) and sulfate minerals that formed from liquid
water.  The composition of these sedimentary rocks suggests that organic compounds are unlikely to be preserved within
them, even if present when the rocks were deposited, based on comparisons with iron-formation, acid lake deposits, and iron-
containing concretions from Earth.  No evidence consistent with the presence of organic compounds, such as the presence of
Fe(II) minerals, has been reported from Meridiani Planum to date.  Thus, these Martian sedimentary rocks are not a good
target to explore for organic compounds on Mars.

1. Introduction

The identification and characterization of organic
compounds is one of the most popular approaches to
looking for evidence of fossil life.  Although abiotic
synthesis of organics occurs [see Simoneit, 2004, and
references therein], many compounds reflect specific
biological processes.  These “biomarkers” can be
preserved for billions of years under the right
circumstances, and they provide very important insights
into the early evolution of life on Earth [e.g. Brocks et al.,
1999; Summons et al., 1999; Brocks et al., 2003].  If life
was once present on Mars, biomarkers may still be present.
Even if Martian life was never present, organic matter
might still exist on Mars due to inputs of meteoritic
organic compounds that may be preserved [e.g. Benner,
2000], although these would not be biomarkers.  The
discovery and characterization of the distribution and
composition of any organic compounds on Mars would
provide valuable insights into either abiotic organic
reactions or the evolution of life on a second planet.

Evidence for persistent water flow on the surface of
Mars has increased substantially due to high resolution
imaging [e.g. Malin and Edgett, 2003; Newsom et al.,
2003; Williams and Malin, 2004], observations of neutron
flux patterns [Boynton et al., 2002; Feldman et al., 2002;
Mitrofanov et al., 2002; Tokar et al., 2002; Prettyman et
al., 2004], and the discovery of abundant evaporites in the
area of the Challenger Memorial Station, Meridiani
Planum [Arvidson et al., 2004; Brueckner, 2004; Johnson,
2004; Morris et al., 2004; Squyres and the Athena Science
Team, 2004; see http://marsrovers.nasa.gov/home].  The
high bromine, chlorine, and sulfur concentrations in the
sedimentary rocks, as measured by instruments on the
rover Opportunity, suggest extensive aqueous weathering,

a substantial volume of liquid water, and sustained water flows
ac ros s  t he  su r f ace  o f  ea r ly  Mars  [ s ee
http://marsrovers.nasa.gov/home].  Geochemical results,
coupled to strong morphological evidence for flowing water,
demonstrate that water played an important role in shaping the
surface of early Mars.  Aqueously influenced rocks, particularly
when associated with mineral precipitation, are excellent sites to
look for evidence of possible life on Mars, and they are a
specific target of exploration as articulated in the Mars
Exploration Program goal to “Determine if Life Ever Arose on
Mars” [MEPAG, 2004].  Thus, identification of sedimentary
rocks composed at least in part of evaporite minerals is a
substantial advance along the path towards determining if life
ever arose on Mars.  Mission plans to continue the search for
evidence of life need to use the wealth of data provided by
Opportunity. Specifically, we can use this data to predict
characteristics of the rocks that we can not measure directly.
These predictions should guide the design of future missions to
this or similar sites to maximize scientific returns.
Characterizing the preservation potential of organic compounds
provides predictions of particular interest due to the importance
of organics as potential biomarkers.

Complex organic compounds are unstable or metastable in
most natural surface environments on Earth and Mars.  Their
abiotic synthesis requires complex catalytic processes under
very specific conditions in which the compounds are rarely
stable [e.g. McCollom and Seewald, 2003; Simoneit, 2004, and
references therein].  Primary production of organics by biology
represents a sophisticated use of thermodynamically favorable
reactions to produce compounds that are inherently unstable in
the larger environment.  Photosynthetic oxidation of water is the
prime example; it uses the energy in light to reduce carbon and
oxidize water.  The resulting organics and O2 would back react
to form water and CO2 if allowed to remain in contact.  The rest
of the biosphere, with the exception of some very important
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chemoautotrophic processes, uses the reduced carbon as an
energy source either by reacting it with more oxidized
compounds or by breaking C-C bonds through
fermentation.  The thermodynamic instability of the vast
majority of organic compounds makes these reactions
energetically useful [see Nealson, 1997].  This instability
also makes organics difficult to preserve; decay continues
even in the absence of microbial processes as long as
oxidants remain present.  Thus, the preservation of
organics in the rock record of Earth is sparse compared to
the volumes of organic carbon buried with the original
sediments.

Fortunately, there are specific rock types that lend
themselves to better preservation of organics by limiting
redox equilibration.  Shales are excellent at preserving
organics due to their low permeability; the ability of many
clay minerals to bind organics, preventing their decay; and
the buffering of interstitial water redox conditions to very
reducing by the organics [e.g. Kennedy et al., 2002;
Schultz, 2004].  Chert (amorphous SiO2 that recrystallizes
to fine-grained quartz) is also excellent due to its low
permeability and very low reactivity; most well preserved
microfossils on Earth are found in chert that formed
penecontemporaneously with death of the precursor
organism [e.g. Knoll, 1992; Bartley, 1996; House et al.,
2002].  If post-depositional fluids flowing through
sedimentary rocks are sufficiently reducing, organics can
be preserved, due to the lack of reactivity between
organics and reduced ions in water [e.g. Spangenberg et
al., 1999].  In contrast, organics are rarely preserved in
sedimentary rocks composed of highly oxidized minerals
or ones that have had oxidized fluids flow through them.

The mineralogy of the Challenger Memorial Station
area, specifically the abundance of Fe(III) minerals and
apparent lack of Fe(II) minerals, does not support
expectations that organic compounds deposited with the
original sediments would be well preserved.  This paper
places the mineralogy of these sediments into the context
of the thermodynamics of organic compound preservation
and similar sedimentary rocks on Earth.  Geochemical
considerations suggest that organic compounds have a
poor preservation potential in hematite-bearing
sedimentary rocks, such as those characterized by the
Opportunity rover science team.

2. Meridiani Planum Unit P2 Geology

The Meridiani Planum sedimentary rocks studied by
Opportunity are part of a >600 m thick sedimentary
sequence deposited about 4 billion years ago and exhumed
about 10 million years ago [Hartmann et al., 2001; Hynek
et al., 2002; Lane et al., 2003].  The hematite-rich unit is
regional [Christensen et al., 2001] and forms layer P2 as
mapped by Hynek et al. [2002].  Unit P2 was buried by at
least the 200 m thickness of the overlying unit.  Minerals
identified within the evaporitic sedimentary rocks in the
Challenger Memorial Station area include hematite
(Fe2O3), jarosite (KFe3(SO4)2(OH)6), magnesium and

calcium sulfates, chlorides, and bromides based on
spectroscopic signatures and modal mineral calculations from in
situ elemental analyses [Arvidson et al., 2004; Brueckner, 2004;
Johnson, 2004; Morris et al., 2004; Squyres et al., 2004; see
http://marsrovers.nasa.gov/home].  Chlorides and bromides do
not play a significant role in oxidation-reduction reactions with
organic compounds because their components are present in a
single oxidation state under reasonable Martian surface
conditions.  Thus, they will not be considered here beyond
demonstrating that evaporation led to high ionic strength fluids.
Sulfates are very important to organic geochemistry, and
particularly to microbial reduction of aqueous SO4

2- coupled to
the oxidation of organic compounds [e.g., Nealson, 1997].
However, the specific mineralogy of the magnesium and
calcium sulfates is not critical to first-order evaluations of
organic preservation; rather the behavior of SO4

2- in solution
will be considered.  The presence of small amounts of jarosite
provides the constraint that acidic waters, probably pH<6, either
deposited the sediments or flowed through them at a later date
[Figure 1; Baron and Palmer, 1996].  This pH constraint is very
important because neither carbonates nor magnetite are stable
under acidic conditions [Figure 1], making it very unlikely that
either will be found in association with jarosite; neither
carbonates nor magnetite have been reported to date [see
http://marsrovers.nasa.gov/home].  Additional minerals,
probably silicates, are required by elemental analyses to account
for observed Si, Al, Ti, and other metal concentrations [see
http://marsrovers.nasa.gov/home].  However, the lack of
instrumentation capable of unambiguously identifying minerals
lacking iron results in an inability to identify these silicates or
other potential minerals of interest.

3. Oxidation of Organics

Thermodynamically, almost all organic compounds should
react with SO4

2- and Fe3+ in solution to form simpler compounds
or CO2 and more reducing forms of sulfur, such as H2S, HS-, S0,
SO3

2-, or S2O3
2-, and Fe2+ [Figure 1; Stumm and Morgan, 1996].

However, reaction rates can limit the extent to which
thermodynamic equilibration is reached in sedimentary rocks.
The kinetics of abiotic SO4

2- reduction are extremely slow at
temperatures <200°C [Ohmoto and Lasaga, 1982 and references
therein; Zolotov and Shock, 2002], in part because reduction of
S(VI)O4

2- to H2S(-II) requires the transfer of 8 electrons. As a
general rule, only one electron is transferred at a time during
redox reactions, making the stability of intermediate species a
critical control on reduction rate [e.g. Stumm and Morgan, 1996;
Nordstrom, 2000].  Ohmoto and Lasaga [1982] calculated
isotopic equilibration times between SO4

2- and H2S as on the
order of 1-10 billion years at pH 4-7, although the time for
equilibration decreases to only ~5,000 years at pH 2.  Their
analysis of experimental rate constants for abiotic SO4

2-

reduction to H2S suggests that roughly similar lengths of time
are necessary for significant abiotic SO4

2- reduction [Ohmoto
and Lasaga, 1982].  Thus, reaction between sulfates and organic
compounds are possible over geological time scales at very low
pH [Figure 1], but are otherwise not likely to lead to the decay
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of organics in the absence of a biological sulfate reduction
metabolism.

In contrast, the reduction of Fe(III) to Fe(II) requires the
transfer of only a single electron and is strongly coupled to
the oxidation of organic carbon in sediments both due to
microbial activity and abiotic reactions [e.g., LaKind and
Stone, 1989; Stumm and Morgan, 1996; Lovley et al.,
1991; Benner et al., 2000].  The reactivity of various
compounds depends on their structure and oxidation state
[e.g., Stumm and Morgan, 1996; Lovley et al., 1991].
However, oxidized carbon in the form of CO2 is the only
thermodynamically stable phase at low pH with an
electron potential above 0; Fe(III)-bearing minerals are not
stable at the low electron potentials necessary for organic
carbon stability [Figure 1; Stumm and Morgan, 1996].  The
kinetics of organic carbon oxidation in the presence of iron
are also rapid, in large part due to the generation of free
radicals and H2O2 on the surface of iron-containing
minerals [e.g., Fubini et al., 1995; Stumm and Morgan,
1996; Benner et al., 2000; Borda et al., 2003].  Hydrogen
peroxide can also be produced by O2 reduction and
photochemical reactions in the atmosphere and surface
waters [e.g., Stumm and Morgan, 1996].  Organics are
commonly abiotically oxidized by free radicals in solution,
particularly 

.
OH, and the presence of iron in solution

catalyzes the production of 
.
OH from H2O2 via the well

known Fenton reaction [e.g. Stumm and Morgan, 1996;
Perez-Benito, 2004].  The production of H2O2, 

.
OH, and

other free radicals is critical to Martian organics
preservation.  Benner et al. [2000] calculated oxidation
rates for meteoritic carbon delivered to the Martian surface
assuming production of 

.
HO and H2O2 via UV dissociation

of H2O on a dry surface.  They concluded that alkanes,
alkylbenzenes, naphthalene and larger polycyclic aromatic
hydrocarbons, kerogen, and amino acids and hydroxyacids
decay to produce carboxylic acids, which could be
preserved and detectable in the Martian regolith once it
was relatively dry [Benner et al., 2000].  However, in the
presence of water and iron, degradation of organics is
accelerated by the iron-catalyzed production of 

.
HO, which

oxidizes the carbon skeleton of otherwise metastable
organic compounds [Benner et al., 2000].  Although
depositional and diagenetic conditions for the Meridiani
Planum unit P2 sedimentary rocks are poorly constrained,
the abundance of evidence for interactions with water in
the presence of Fe(III) minerals makes preservation of
organic compounds from early Mars unlikely in these
rocks.

Evidence of the oxidation of organic compounds can be
preserved in minerals if iron or sulfur species were
reduced.  Iron sulfides, such as pyrite (FeS2), are extremely
common in sedimentary rocks with microbial carbon
oxidation [Figure 2].  These minerals require microbial
mediation of SO4

2- reduction to overcome kinetic barriers
to sulfur reduction in most sedimentary environments on
Earth.  Other reduced iron phases, such as siderite (FeCO3)
or magnetite (Fe3O4), are not expected in Meridiani

Planum unit P2 rocks, due to the low pH values implied by the
presence of jarosite [Figure 1].  Thus, the only mineral signature
of carbon oxidation reasonably likely to be present in Meridiani
Planum sediments would be iron sulfides, which are kinetically
difficult to form without microbial activity.  Identification of
pyrite via Mössbauer spectroscopy would be a truly exciting
find by Opportunity!

4. Fe-S-C Sedimentary Rocks on Earth

Iron and sulfur compounds of diverse oxidation states are
found in association with organics in modern sedimentary
environments on Earth.  These systems are dominated by
biological activity, including the biological oxidation and
reduction of iron and sulfur species for metabolic purposes. This
biological activity results in complex profiles of aqueous species
with depth in sediments [e.g. Nealson , 1997].  However,
progressive burial of these sediments results in the equilibration
of the diverse oxidation states with time and progressively
elevated temperatures; sediments approach thermodynamic
equilibrium during lithification into rocks.  The distances over
which oxidation states equilibrate over millions to billions of
years vary with metamorphic temperature and the extent of
water-rock reactions after deposition; distances retaining
disequilibrium species range from less than millimeters to
kilometers.  Disequilibrium between successive sedimentary
laminae is promoted by rapid lithification that limits subsequent
water flow and restricts reactions between reduced and oxidized
phases.  Equilibration over very large scales is promoted by
substantial water flow through permeable rocks.  Chert can
maintain small-scale disequilibrium conditions when it contains
inclusions of both organic compounds and oxidized iron [e.g.,
Kaufman et al., 1990; Tazaki et al., 1992; Allen et al., 2001].  In
contrast, porous sandstones commonly have a uniform redox
chemistry along groundwater flow paths [e.g., Parry et al.,
2004].  Thus, permeability and the history of lithification are
essential to predicting the oxidative equilibration expected for
various sedimentary rocks.  Three types of iron-sulfur-carbon
sedimentary rocks provide insights into the redox behavior of
these elements in sediments: banded iron-formations, acid lake
deposits, and hematite concretions.

4.1 Banded Iron-Formation

Latest Archean and Paleoproterozoic banded iron-formations
provide a good analog for iron-sulfur-carbon systems with fine-
scale disequilibrium sometimes preserved.  Most iron-
formations consist of combinations of iron oxides, iron silicates,
siderite (FeCO3), chert, and organic-rich shales, with rare to
common sulfides [Figure 2].  Sulfates usually are absent due to
the reducing depositional environments for iron-formation and
the presence of sulfate reducing bacteria.  A general model of
iron-formation deposition includes the precipitation of iron
oxyhydroxides due to: 1) oxidation of Fe2+ by O2 [e.g. Cloud,
1973]; 2) direct microbial oxidation of Fe2+ [e.g. Konhauser et
al., 2002; Kappler and Newman, 2004]; or 3) UV oxidation of
Fe2+ in shallow water [e.g. Anbar and Holland, 1992].  These
oxyhydroxides settle out of suspension into reduced depositional
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environments, typically quite deep [e.g. Beukes, 1984;
Simonson and Hassler, 1996] along with suspended clay
minerals and organic compounds produced by pelagic
organisms or by in situ growth of microbial communities.
Silica gels form at or near the sedimentary surface; these
convert to chert with progressive dehydration.
Immediately below the surface, organic compounds react
with iron oxyhydroxides to form siderite [e.g. Beukes et
al., 1990; Kaufman et al., 1990; Tsikos et al., 2003].
Depending on the volume of organics versus iron
oxyhydroxides, the resulting sedimentary rock is
composed of organic compounds, siderite and chert when
the reducing power of organics exceeds the oxidizing
power of iron oxyhydroxides, or hematite and chert with
trace reduced iron minerals when the oxidizing power of
iron oxyhydroxides exceeds the reducing power of
organics [Figure 2].  Organic compounds are well known
to be sparse in oxide-facies iron-formation [e.g. Kaufman
et al., 1990].  In the absence of iron oxyhydroxide
accumulation, organics, silica, and clay minerals
accumulate, forming cherts and shales that sometimes also
contain calcium and magnesium carbonates.  The resulting
sedimentary rocks consist of bands rich in dominantly
oxidized iron minerals, mixed oxidized and reduced iron
minerals, predominantly reduced iron minerals with minor
organic compounds, or abundant organic compounds in
shale.  Usually, layers abundant in oxidized iron minerals
are not directly interbedded with organic-rich shales [e.g.
Beukes et al., 1990; Kaufman et al., 1990].

Some chert in the 1,878±1 Ma Gunflint Iron Formation
[Fralick et al., 2002] contains inclusions of both organic
compounds and iron oxides [Tazaki et al., 1992; Allen et
al., 2001; Schelble et al., 2004].  Iron oxides outline the
shapes of filaments and chains of spheres, which are very
similar to microfossils preserved as organic inclusions in
chert [e.g. Awramik and Barghoorn, 1977].  These iron
oxide microfossils are associated with traces of carbon
with C-C bonds implying the presence of organic carbon
rather than carbonate minerals [Tazaki et al., 1992].  When
Tazaki et al., [1992] extracted carbonaceous microfossils
from the chert, they found an electron diffraction pattern
characteristic of graphite, which may be the phase
containing the C-C bonds.  The association of carbon with
iron oxides, as measured qualitatively by EDX on an SEM
[Allen et al., 2001; Schelble et al., 2004], raises the
possibility that neutral carbon may be preserved in
association with iron oxides. The early chert precipitation
in the Gunflint Iron Formation [e.g. Winter and Knauth,
1992], may have limited redox equilibration by limiting
diagenetic fluid flow and slowing the kinetics of carbon-
iron redox reactions.  Additional investigation of these
relationships and careful analyses of other iron-formations
may provide very important insights into preservation of
organics in the presence of iron oxides; co-preservation
may occur under circumstances that have yet to be
characterized.

4.2 Acid Lake Deposits

Acid lake deposits also provide a good analog for Meridiani
Planum unit P2 sedimentary rocks [e.g. Benison and LaClair,
2003], although few have been recognized in the rock record on
Earth.  One excellent example is mid-Permian acid lake deposits
of the Nippewalla Group, Kansas, USA [Benison et al., 1998;
Benison and Goldstein, 2001].  They contain siliciclastic
sediments of various grain size interbedded with evaporites,
including anhydrite (CaSO4) and halite (NaCl).  Hematite is
present as coatings on sand grains in fully oxidized facies.  In
contrast, organic matter is associated with grey mudstone
laminae in non-evaporitic facies; the grey color indicates
generally reducing conditions within the laminae.  In oxidized
red sedimentary rocks, grey reduction spots formed around
organic fragments [Benison and Goldstein, 2001].  These color
relationships suggest an inverse correlation between organic
preservation and sedimentary rocks containing oxidized iron; in
overall oxidized sedimentary rocks, reduced zones are
associated with decay of deposited organic compounds.
Detailed mineralogical and geochemical studies of these
Permian lake deposits are likely to shed important insights into
interpretations of Meridiani Planum unit P2 sedimentary rocks
and interactions among iron, sulfur, and carbon in an acid
environment.  Reported results to date indicate that organics are
correlated with an absence of hematite.

4.3 Hematite Concretions

Iron mineral concretions make up a third comparison rock
type for Meridiani Planum unit P2 sedimentary rocks,
specifically for the spherical concretions containing abundant
hematite called “blueberries” [e.g. Chan et al., 2004; Catling,
2004].  Many iron concretions found in sedimentary rocks on
Earth nucleated around fragments of organic matter, and
geochemical gradients produced during (microbial) degradation
of organics led to concretion growth [e.g. Coleman and
Raiswell, 1993].  Iron-containing concretions associated with
organic compounds contain almost exclusively reduced iron
minerals such as siderite and pyrite [e.g. Coleman and Raiswell,
1993; Duan et al., 1996; Schieber, 2002].  Hematite concretions,
such as those in the Jurassic Navajo Sandstone, U.S., formed
either around oxidized nuclei or as a self organizational process
during mixing of oxidizing and reducing fluids [Chan et al.,
2000; Chan et al., 2004].  They are associated with neither
organic remains nor reduced iron minerals.  Rather, they reflect
oscillating oxidation conditions: deposited sand grains had
hematite coatings; the flow of a reducing, probably
hydrocarbon-rich, fluid through sandstones reduced that
hematite, providing a source of iron; and the reduced water
mixed with oxidized ground water to form the concretions
[Chan et al., 2000; Beitler et al., 2003; Chan et al., 2004; Parry
et al., 2004].

5. P2 Sedimentary Rocks and Preservation of Organic
Compounds

Meridiani Planum unit P2 sedimentary rocks have interacted
with water extensively.  Aqueous deposition of the sediments,
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formation of evaporite casts, and the growth of hematite
concretions demonstrate that multiple stages of water-rock
interactions are likely in their >3 billion year history
[Figure 3].  Water-rock interactions during evaporation
and subsequent diagenesis would have allowed at least
partial redox equilibration among minerals, aqueous
solutions, and any organics present.  Thus, ancient
sedimentary rocks on Earth that experienced similar water-
rock interactions form a better analog for P2 rocks than
modern sediments or significantly less permeable rocks
from Earth.  Specifically, approaches in the search for
organic compounds in the rocks composing Meridiani
Planum unit P2 need to be modeled after expected
preservation of organics in rocks of appropriate
compositions, rather than on modern sediments with
similar dominant mineralogy.

The most significant problem with preservation of
organic compounds in sedimentary rocks observed by
Opportunity is the instability of most organics in the
presence of Fe(III), as discussed above.  Abundant Fe(III)
indicates that even if organic compounds were deposited
with the sediment, they are likely to have been oxidized
soon after deposition, during lithification, or as a result of
subsequent diagenesis.  The presence of the hematite
concretions demonstrates that iron was mobilized by acid
or reducing waters and a subsequent pH increase or mixing
with oxidizing fluids resulted in hematite precipitation.
During this stage, any organics probably oxidized
producing Fe(II).  No reduced iron minerals have been
identified in these sedimentary rocks to date.  Thus, if any
organics were present, they were not abundant enough to
produce reduced iron minerals at the detection limit of the
Mössbauer spectrometer or reduced iron minerals were
reoxidized during subsequent diagenesis.  In either case,
organic compounds deposited with the sediments are
unlikely to be preserved in the hematite-rich region of
Meridiani Planum.

Although very unlikely, it is possible that some early
Mars organic compounds or their decay products may be
present.  The full mineralogy of sedimentary rocks
observed by Opportunity is unknown, and small
concentrations of non-reactive minerals may shelter
organic inclusions from degradation.  For example, minor
chert may encase organic matter, such as that found in the
Gunflint Iron Formation.  Unfortunately, the very small
excesses of silica in some elemental analyses does not
suggest significant concentrations of chert [data from
http://marsrovers.nasa.gov/home].  Alternatively,
magnesium or calcium sulfates may host metastable
organics as inclusions if they did not recrystallize during
oxidizing fluid flow.  Rigorous studies of organic
preservation in analog rocks from Earth are essential to
evaluating the sparse preservation potential of organics in
Meridiani Planum unit P2 sedimentary rocks.  On Earth, if
organics are not present in ancient sedimentary rocks, it is
an indication that they were not preserved; on Mars, if

organics are absent, we can not yet tell if they were not present
or just not preserved.

6. Implications for Mars Exploration

Exploring for complex organic compounds with an in situ
mission to Meridiani Planum unit P2 sedimentary rocks is not
likely to produce positive results given the absence of
mineralogical evidence for good organic preservation and the
abundance of evidence for minerals inimical to long-term
preservation.  At best, organics will be difficult to find and, if
not found, their absence can be attributed to the low
preservation potential of the host rocks.  Results will not allow
us to distinguish between an initial absence of organics and an
absence due to poor preservation.  Thus, in situ organic
compound characterization of these rocks is unlikely to
contribute to the goal to “Determine if Life Ever Arose on
Mars.”  Sample return of sedimentary rocks from this unit, on
the other hand, is more likely to produce useful results, because
analytical approaches can respond to initial observations.  The
choice of the types of organic analyses one intends to do does
not have to be made prior to the detection of organic
compounds.  Sample return would allow characterization of the
full range of oxidation states present, detailed studies of the
relationships between phases, and use of advanced carbon
characterization tools that can not be flown on missions.

Better targets for the in situ search for ancient organic
compounds on Mars include clay-rich deposits, due to the
ability of many clay minerals to sequester organics inhibiting
their decay, and carbonates and cherts which are less reactive
with respect to organic carbon.  Hopefully, clay, carbonate, or
chert deposits will be identified and can be targeted in the search
for organics on Mars with the new analytical capabilities of
instruments on Mars Express, particularly the OMEGA Visible
and Infrared Mineralogical Mapping Spectrometer [see
http://www.esa.int/SPECIALS/Mars_Express] and on the Mars
Reconnaissance Orbiter, particularly the Compact
Reconnaissance Imaging Spectrometer for Mars
[http://mars.jpl.nasa.gov/mro].
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Figure 1. Fe-S-C geochemistry.  Various aqueous species
and minerals are stable at different pH and pe values. (pe is
defined as log10(activitye-) and is a measure of the potential for
electron transfer.  Low pe values promote reduction and are
dominated by reduced chemical forms, whereas high pe values
promote oxidation and are dominated by oxidized chemical
forms.)  Hematite (Fe2O3) is the stable iron oxide for most
oxidizing conditions, but is more soluble at lower pH.  Pyrite
(FS2) is stable at low pe across all pH values.  Magnetite (F3O4)
and siderite (FeCO3) are stable at high pH and low pe.  Siderite
also requires a substantial carbonate ion activity to form and
remain stable; under some conditions, it decomposes into
magnetite and carbon dioxide or graphite. Various hydrated
iron oxides form from water, rather than the
thermodynamically stable hematite and magnetite.  They are
metastable and convert to hematite and magnetite with time
and higher temperatures.  Jarosite (KFe3(SO4)2(OH)6) is
metastable at high pe and low pH values and can decompose
into hematite.  Few minerals are stable at pe’s between jarosite
and pyrite under the conditions calculated here.  The black vertical line at pH=7 and low pe represents conditions under
which many organics are stable; the grey line indicates a zone of stability for some organics such as carboxylic acids; and the
red line marks areas where organic carbon compounds are not stable [Stumm and Morgan, 1996]. Note that in the presence of
hematite and jarosite, organics are not thermodynamically stable.

This diagram was calculated for a dilute solution with total dissolved inorganic carbon 10-3 M, aqueous iron species with
activities of 10-4 M, aqueous sulfur species with activities of 10-3 M, and potassium activity of 10-10 M.  The abundance of
evaporite minerals in Meridiani Planum unit P2 sedimentary rocks demonstrates that the relevant solutions had a high ionic
strength.  Mineral stability fields vary substantially with ion pairing in solution, which depends critically on brine
compositions.  Thus, mineral stability fields should be regarded as guidelines for expected conditions until a much more
complete compositional and mineralogical analysis is available.  For example, one can compare this diagram to Catling’s
[2004] example of mineral stability for slightly different conditions.

Figure 2. Iron-formation in Agouron core
GKP-1 from the base of the Kuruman Iron
Formation, South Africa, deposited about 2,520
million years ago [Sumner and Bowring, 1996].
These rocks were deposited in a deep water slope
environment during a transition from calcium
carbonate to iron-formation deposition [Beukes,
1984]. They have experienced very little
metamorphism.  Core in B has a larger diameter
than core in A.  A) Interbedded carbonaceous
shales (S) and carbonate-chert iron-formation (C,
Ch).  Carbonates consist of siderite, ankerite
(MgFe(CO3)2), dolomite, and calcite.  Pyrite
(white arrows) is abundant as nodules and clasts.
The dark shale contains abundant organic
compounds, whereas the carbonate-chert layers
contain very few.  B) Hematite-magnetite-chert

iron-formation, with iron-rich areas appearing darker (H-M).  The lighter chert (Ch) is yellowish due to traces of various iron
minerals.  Interbedded shale layers (S) tend to be grey, dolomitic, and organic carbon poor.  Minor carbonates (C) are present
as nodules and secondary mineral growth.
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Figure 3.  Evaporite casts (white arrows) and
hematite concretions (black arrows) from “Guadalupe”
in Eagle Crater, Challenger Memorial Station, in a photo
take by the Microscopic Imager on MER rover
Opportunity.  The sedimentary rocks are well lithified, a
result of substantial water-rock interactions.  Image 16-
jg-02-mi1-B035R1.jpg courtesy of NASA/JPL-Caltech
[MER-B Rover Team, 2004].




