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ABSTRACT

Ophiolites, sections of ocean crust tectonically displaced onto land, offer significant poten-
tial to support chemolithoautotrophic life through the provision of energy and reducing power
during aqueous alteration of their highly reduced mineralogies. There is substantial chemi-
cal disequilibrium between the primary olivine and pyroxene mineralogy of these ophiolites
and the fluids circulating through them. This disequilibrium represents a potential source of
chemical energy that could sustain life. Moreover, Eh–pH conditions resulting from rock–
water interactions in ultrabasic rocks are conducive to important abiotic processes antecedent
to the origin of life. Serpentinization—the reaction of olivine- and pyroxene-rich rocks with
water—produces magnetite, hydroxide, and serpentine minerals, and liberates molecular hy-
drogen, a source of energy and electrons that can be readily utilized by a broad array of
chemosynthetic organisms. These systems are viewed as important analogs for potential early
ecosystems on both Earth and Mars, where highly reducing mineralogy was likely widespread
in an undifferentiated crust. Secondary phases precipitated during serpentinization have the
capability to preserve organic or mineral biosignatures. We describe the petrology and min-
eral chemistry of an ophiolite-hosted cold spring in northern California and propose criteria
to aid in the identification of serpentinizing terranes on Mars that have the potential to har-
bor chemosynthetic life. Key Words: Serpentinization—Ophiolite—Habitability—Early
Earth—Mars. Astrobiology 6, 364–376.

INTRODUCTION

PRIOR TO THE EVOLUTION of photosynthesis, or-
ganisms on the early Earth relied on chemical

forms of metabolic energy (“chemosynthesis”).
Similarly, the apparent lack of photosynthetic life
on the surface of Mars indicates that, should life
exist there today, any organisms must also rely on
chemical forms of energy (Boston et al., 1992; Shock,

1997; McCollom, 2006). Consequently, investiga-
tion of environments that support chemosynthesis
on the modern Earth can enlighten our under-
standing of life on the early Earth and the situation
that may have existed on Mars.

For an organism to derive chemical energy for
metabolism from the natural environment (mar-
tian or terrestrial, modern or ancient), a state of
thermodynamic disequilibrium must exist. The
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single most widespread environment of chemical
disequilibrium on present-day Earth results from
the interaction of mafic and ultramafic rocks of
the ocean crust with liquid water. Such environ-
ments make up three-quarters of the Earth’s sur-
face and potentially host a vast chemolithoau-
totrophic biosphere (Deming and Baross, 1995;
McCollom and Shock, 1997). Fluid–rock interac-
tions like those presently occurring in the shal-
low ocean crust were even more pervasive on the
Archean Earth because of increased geothermal
heat flow, the greater abundance of ultramafic
rocks, and the absence of widespread continental
crust formation (Nisbet, 1987; Nisbet and Sleep,
2001; Sleep et al., 2004).

The mafic and ultramafic rocks that constitute
the ocean crust (i.e., basalts, gabbros, and peri-
dotites) are dominated by the minerals olivine
and orthopyroxene. Compositionally, the mod-
ern oceanic crust and upper mantle of the Earth
are essentially the same as they were on the early
Earth and Mars (Nisbet, 1987). Additionally, the
crust and upper mantle of Mars also appear to be
composed of mafic/ultramafic rocks largely sim-
ilar to those of the ocean crust on Earth (Longhi
et al., 1992). It follows that a comprehensive un-
derstanding of the mineralogy, water–rock chem-
istry, and microbial ecology of Earth’s oceanic
crust could be of great value in devising a search
strategy for evidence of past or present life on the
early Earth and Mars.

Olivine and orthopyroxene are thermodynam-
ically stable at the high temperatures and pres-
sures present deep within the Earth (or within
Mars), but they are thermodynamically unstable
at the lower temperatures in the near-surface en-
vironments. As a consequence, when these min-
erals are exposed to surface or shallow environ-
ments, they readily react with water, which
results in mineral alteration. Because the serpen-
tine minerals (lizardite, chrysotile) are frequently
the dominant alteration mineral formed, the
process is commonly referred to as serpentiniza-
tion. In addition to mineral alteration, serpen-
tinization frequently generates fluids with high
concentrations of H2 and CH4 (Neal and Stanger,
1983; Abrajano et al., 1990; Charlou et al., 1998;
Wetzel and Shock, 2000; Kelley et al., 2001a, 2005),
and produces heat and an increase in volume
(Allen and Seyfried, 2004; Früh-Green et al., 2004).
The amounts of H2 generated during water–rock
reactions of ultramafic rocks such as peridotites
are substantially higher than those produced in

basalt-hosted hydrothermal systems (Wetzel and
Shock, 2000).

The process of serpentinization, through which
olivine and pyroxene are altered into serpentine
minerals, can be generally described by the reac-
tions:

Fe2SiO4 � 5Mg2SiO4 � 9H2O
� 3Mg3Si2O5(OH)4 � Mg(OH)2 � 2Fe(OH)2. (1)

fayalite � forsterite � water � serpentine
� brucite � iron hydroxide

where fayalite and forsterite are the olivine solid-
solution end-members, and

Mg2SiO4 � MgSiO3 � 2H2O
� Mg3Si2O5(OH)4. (2)

forsterite � pyroxene � water � serpentine

The reduced iron from the fayalite component of
olivine (shown in Reaction 1) may then be oxi-
dized to magnetite through the reduction of wa-
ter to molecular hydrogen through the reaction

3Fe(OH)2 � Fe3O4 � 2H2O � H2. (3)

iron hydroxide � magnetite � water 
� hydrogen

Reaction 3 represents a geochemical process
that could serve as an energy source for biology
through the production of H2, the electron donor
for a number of chemoautotrophic biochemical
processes, including methanogenesis (CO2 �

4H2 � CH4 � 2H2O) (Brock and Madigan, 1991).
The amount of olivine relative to pyroxene is an
important consideration in these rocks, as the re-
lease of excess silica during water–rock reactions
results in the formation of talc (Bach et al., 2004).
Because talc more readily incorporates Fe into its
structure than do serpentine minerals, magnetite
formation and the resulting production of H2 are
reduced in proportion to the amount of talc pro-
duced.

Because the igneous rocks of the modern ocean
crust are only exposed in the deep sea, it is diffi-
cult to study directly the processes that support
microbial communities in these environments.
However, in some tectonic regimes, such as con-
vergent plate boundaries, cross sections of lower
oceanic crust and upper mantle are emplaced
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onto the continental crust where they are more
readily studied. Sections of former lower oceanic
crust and upper mantle (often referred to as
“ophiolite suites”) are preserved and exposed on
land throughout the state of California as a result
of its location adjacent to active plate margins
since the Jurassic (Bailey et al., 1970). These mafic
and ultramafic rocks are found in the Coast
Range, Point Sal, Josephine, and the Trinity Ophi-
olite complexes and elsewhere. Outcrops of these
complexes contain numerous springs from which
water trapped in the rocks issues. The rocks are
Jurassic-Cretaceous in age with formation dates
as old as 160� million years (Bailey et al., 1970;
Page, 1972; Harper et al., 1994; Dickinson et al.,
1996; Coleman, 2000). Many of the numerous
springs and seeps that emanate from these rocks
are at temperatures less than �50°C. Previous
studies (Barnes et al., 1972; Peters, 1993) have
shown that the fluids from springs hosted by the
Coast Range ophiolite are alkaline, with pH as
high as 12 and high concentrations of the alkaline
elements Na, K, and Ca. The composition of these
fluids appears to be the result of the reaction of
ancient seawater with the ultramafic rocks. Peters
(1993) concluded, on the basis of oxygen and hy-
drogen isotopic data, that the primitive end-
member component of water emanating from
northern California ophiolite terranes is seawater
of Cretaceous age that was trapped with the sed-
iments and crust during emplacement onto the
North American craton.

Despite the fact that the fluid compositions can
vary, we note that these general geochemical
processes, in which ultramafic rocks react with
liquid water, are broadly similar in both the “con-
tinental” (or ophiolite) and ocean floor settings in
that the products of the reaction (serpentine,
brucite, magnetite) are the same for a wide range
of temperatures, pressures, and fluid composi-
tions. Because these terranes have been resident
on the North American craton for tens to hun-
dreds of millions of years, this study is relevant
to present-day Mars, which lacks evidence for
sustained plate tectonic processes, and even to an
ancient Mars that may have never developed
standing oceans or large-scale plate tectonics. Ser-
pentinization is an exergonic process with a con-
comitant volume increase. While it does not ap-
pear that sufficient energy is released to attain
high temperatures or induce large-scale hydro-
thermal circulation (Allen and Seyfried, 2004), the

thermal energy released during this process may
enhance further reaction and circulation driven
by other forces (Kelley et al., 2005). The discovery
by the Mars Exploration Rovers of a rock record
on Mars, however, indicates that the presence of
significant amounts of crustal water furthers the
possibilities of water–rock interactions.

MATERIALS AND METHODS

Hand samples of olivine-rich rocks (peri-
dotites) were collected from actively dewatering
outcrops in the Coast Range Ophiolite during
field trips just to the north of the Indian Valley
Reservoir in Lake County, California. Standard
petrographic thin sections were prepared from
the hand samples for detailed examination of the
mineralogy, petrology, and alteration textures.
The thin sections were examined by optical and
scanning electron microscopy, and mineral com-
positions were determined by electron micro-
probe analysis and x-ray diffraction analysis.
Electron microprobe analysis was conducted us-
ing the JEOL (Tokyo, Japan) JXA-733 Superprobe
in the Department of Earth and Planetary Sci-
ences, Washington University, St. Louis, MO.
Data were collected using an accelerating voltage
of 15 kV and a beam current of 20–30 nA. The
beam spot size was 10 �m, and x-ray counts were
collected generally for 20 s using wavelength dis-
persive analysis. Data were gathered for the ma-
jor rock-forming elements (Mg, Al, Si, Ca, Ti, Mn,
and Fe) and for trace elements Cr and Ni. Because
of low counts and the potential for higher error,
the alkali elements Na and K were not analyzed;
however, these elements are generally present
only at very low abundances in rocks of this com-
position. Natural and synthetic minerals, pro-
vided by the Electron Microprobe Facility at
Washington University (reference standard num-
bers 203, 204, 206, 207, 210, 212, 220, 222, and 224),
were used as calibration standards. The raw data
were corrected using Probe for Windows® soft-
ware (Advanced MicroBeam, Inc., Vienna, OH).
X-ray diffraction analysis was carried out at
NASA Ames Research Center (Moffett Field, CA)
using the CheMin x-ray diffraction analysis/x-
ray fluorescence instrument (InXitu, Inc., Moun-
tain View, CA), and the data were reduced using
commercial Jade™ software (Material Data, Inc.,
Livermore, CA).
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RESULTS

Petrography

Hand samples of rocks collected from the Coast
Range Ophiolite are peridotites, or rocks com-
posed predominately of olivine. Based on exam-
ination of the proportions of remnant primary
mineralogy, they are further subclassified as
harzburgites (peridotites composed principally of
olivine and pyroxene). Approximately 10% of 
the hand samples do, however, contain a high
enough percentage of clinopyroxene to be classi-
fied as lherzolites. We estimated from hand sam-

ple and thin section inspection of the remnant pri-
mary (i.e., unaltered) mineralogy that the modal
proportions of minerals in the original rock were
approximately 70% olivine, 20% orthopyroxene,
7% clinopyroxene, and 3% other minerals, in-
cluding accessory and trace phases. This miner-
alogy falls within the range of mineralogies re-
ported for sea floor serpentinites (Bach et al.,
2004).

Examination of petrographic thin sections by
optical and scanning electron microscopy re-
vealed that serpentinization reactions occurred
within the peridotites of the Coast Range Ophio-
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FIG. 1. Backscattered electron micrograph of a thin section made from hand samples (NFG-10) of the Coast Range
ophiolite peridotite collected near Clear Lake, CA. The large grain, an olivine, has been altered to serpentine. The
very small, bright objects are magnetite grains that appear to define the extent of the olivine grain before alteration.



lite (Figs. 1 and 2). Active serpentinization was
previously reported within California ophiolite
complexes on the basis of geochemical data by
Barnes et al. (1967) and Barnes and O’Neil (1969)
in the form of high pH fluids issuing from the
rocks. In cross-polarized light, the primary
olivine and pyroxene were easily recognized and
together accounted for roughly half of the min-
eralogy of the thin sections. Fine-grained ground-
mass constituted the bulk of the remaining min-
eralogy, and the cross-hatched “snake-skin”
pattern of the serpentine was clearly visible and
accounted for most of the groundmass. The ob-

served textures and optical properties are char-
acteristic of the serpentine minerals lizardite and
chrysotile (Robert Dymek, personal communi-
cation). X-ray diffraction analysis confirmed the
presence of clinochlore, lizardite, chrysotile,
olivine, pyroxene, magnetite, brucite, and antho-
phylite.

The serpentine also resides in veins that cross-
cut the olivine and pyroxene grains. Furthermore,
several generations of alteration products were
visible, and veins that contain alteration products
cut across previously formed veins and alteration
product ground mass. Opaque, micron-sized

SCHULTE ET AL.368

FIG. 2. Backscattered electron micrograph of a thin section made from a hand sample (NFG-10) of the Coast
Range ophiolite peridotite collected near Clear Lake, CA. Primary minerals olivine and pyroxene are visible, and
show clear signs of alteration. The ground mass consists primarily of serpentine, with numerous magnetite grains
and a vein filled in large part with both serpentine and iron-rich brucite.



mineral grains line the veins that run throughout
the thin sections, and opaque minerals also oc-
curred as larger grains, making up the bulk of the
accessory phases visible in thin section.

Note that all of the mineralogical components
of Reactions 1 and 2, given above for generation
of serpentine from olivine and pyroxene, are il-
lustrated in Figs. 1 and 2. The involvement of liq-
uid water was evidenced by the presence of veins
and numerous fluid inclusions observed in opti-
cal microscopic examination of the thin sections
(data not shown). On the basis of these observa-

tions, it follows that production of H2 has also oc-
curred and would have been (and may be) avail-
able for organisms that potentially inhabit these
rocks.

Mineral chemistry

The olivines in the peridotite are quite homo-
geneous with an approximate composition of
Fo90Fa10. The homogeneity of composition can be
seen in Fig. 3A, in which the weight percent MgO
was plotted as a function of weight percent SiO2
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FIG. 3. A: Compositions of olivine grains from rocks collected from the Coast Range ophiolite peridotite, rep-
resented by SiO2 content in weight percent on the x-axis and MgO content in weight percent on the y-axis. Note the
homogeneity in composition in the 30 or so individual analyses, corresponding to a composition of Fo90Fa10. B: Com-
positions of pyroxenes from rocks collected from the Coast Range ophiolite peridotite, represented by SiO2 content
in weight percent on the x-axis and MgO content in weight percent on the y-axis. Note the homogeneity in MgO com-
position of the orthopyroxenes (Opx, triangles) and the variability in MgO composition of the clinopyroxenes (Cpx,
inverted triangles). C: Compositions of serpentines from rocks collected from the Coast Range ophiolite peridotite,
represented by SiO2 content in weight percent on the x-axis and MgO content in weight percent on the y-axis. Note
the variability in compositions, reflecting differences in the parent mineralogy.



for the olivines. The composition of the orthopy-
roxenes is also relatively homogeneous with a
molar composition of En90Fs10 (90% enstatite,
MgSiO3; 10% ferrosilite, FeSiO3) with variation of
only a few weight percent SiO2 (see Fig. 3B). The
clinopyroxenes are also fairly homogeneous in
composition with approximately En49Wo48Fs03

(49% enstatite, MgSiO3; 48% wollastonite, Ca-
SiO3; 3% ferrosilite, FeSiO3). The average compo-
sitions in oxide weight percent for the olivines, as
well as for the pyroxenes and serpentines from
these rocks, are given in Table 1.

The opaque minerals identified in thin section
include magnetite and chromite, along with more
chromium- and aluminum-rich spinels. The mag-
netite generally lines the veins in three dimen-
sions and appears to correlate quite well with pre-
sumed aqueous fluid flow. The magnetite-lined
veins contain not only serpentine, but also mag-
nesium hydroxide, i.e., brucite (with variable
amounts of iron) and occasionally minor amounts
of carbonates (calcium-, magnesium-, and iron-
bearing). In addition to lining veins, magnetite
occurs along relict grain boundaries and, in rare
cases, interspersed within veins and groundmass.
Chromite and other spinel occur as irregularly
shaped grains surrounded by either serpen-
tine/chlorite groundmass or the primary olivine
and pyroxene. We also observed spinel grains
that were fractured and the fractures were filled
with magnetite.

The serpentines are predominantly composed
of silica and magnesium, with minor and highly
variable amounts of other cations (iron, man-
ganese, aluminum, chromium, calcium, and
nickel). A direct correlation was observed be-
tween the aluminum content of the serpentine
and the precursor mineralogy. Aluminum con-
tent increased in serpentine when formed from
altered clinopyroxene, and was low when the
parent minerals are olivine or orthopyroxene. The

variability in composition can be seen graphically
in Fig. 3C.

Serpentines cannot incorporate all of the iron
from the alteration of the olivines into their crys-
tal structures (Deer et al., 1992). This is demon-
strated by the calculated Fe/(Fe � Mg) ratios for
the serpentines relative to the olivines. The
Fe/(Fe � Mg) ratio for the olivines from the Coast
Range peridotite was, on average, 0.097. For the
serpentines, this ratio dropped to much lower
values, which ranged from 0.04 to 0.07. As a re-
sult, the excess iron is forced to go into the for-
mation of magnetite, according to Reactions 1 
and 3.

DISCUSSION

The geology of the early Earth and Mars is
likely to be closely approximated by ultramafic
remnants of terrestrial ocean lithosphere now ex-
posed on land (Nisbet, 1987; Longhi et al., 1992;
Singer and McSween, 1993; Nisbet and Sleep,
2001; Sleep et al., 2004). Though the compositions
of seawater and hydrothermal fluids on the early
Earth and those on Mars are largely unknown,
the fluid compositions were likely controlled by
interaction with rocks. Consequently, studies of
water–rock interactions that occur within ophio-
lite terranes on present-day Earth should provide
insight into such processes on the early Earth and
Mars. The presence of similar environments on
the early Earth would bolster arguments pre-
sented by Russell et al. (1998), Russell (2003), and
Hanczyc et al. (2003), who have proposed that
such alkaline fluids would be very conducive to
chemistry that led to biochemistry.

In addition to finding remnant, primary min-
eralogy within the rocks (primarily olivine and
pyroxene), examination of samples collected from
these environments revealed evidence of exten-
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TABLE 1. AVERAGE MAJOR ELEMENT COMPOSITION OF PREDOMINANT MINERAL GROUPS FOR

COAST RANGE OPHIOLITE PERIDOTITES, IN WEIGHT PERCENT OF ELEMENT OXIDES

SiO2 MgO FeO Al2O3 CaO Total

Olivine 40.52 49.18 9.32 �1 �1 99.02
Orthopyroxene 55.26 33.60 6.36 3.31 �1 98.53
Clinopyroxene 52.60 17.49 2.36 3.03 23.98 99.16
Serpentine 41.41 37.54 3.98 �1 �1 82.93

The total for serpentine does not include structural water. Note that the totals for the primary igneous minerals
(olivine, orthopyroxene, and clinopyroxene) are close to 100%.



sive aqueous alteration. Generation of H2 during
serpentinization of mafic rocks has been shown
theoretically (Wetzel and Shock, 2000), in field
measurements (Neal and Stanger, 1983; Abrajano
et al., 1990), and experimentally (Janecky and
Seyfried, 1986; Berndt et al., 1996; McCollom and
Seewald, 2001). High concentrations of H2 [up to
13,000 �M (Kelley et al., 2001a)] have also been
observed at several sea floor hydrothermal vent
sites including Lost City (in the Atlantis Fracture
Zone of the Mid-Atlantic Ridge) and Rainbow (on
the Mid-Atlantic Ridge), where the high H2 abun-
dances are believed to result from water–rock 
interaction with ultramafic rocks (Charlou et al.,
1998; Holm and Charlou, 2001; Kelley et al.,
2001a,b). While the temperatures in ultramafic-
hosted sites like Lost City are much lower than
those typical of “black smoker” hydrothermal
vents, it has been suggested that life may have
begun in relatively cold conditions (Forterre,
1996; Galtier et al., 1999; Moulton et al., 2000). Ul-
tramafic rocks in the flanks of mid-ocean ridge
systems, represented by ophiolite sections on
continental cratons, could have provided the
chemical energy necessary for metabolic func-
tions to begin on the early Earth and on Mars. In
addition, because there may be a substantial vol-
ume increase (Hostetler et al., 1966) and genera-
tion of heat during the serpentinization process,
the alteration is somewhat self-sustaining once it
begins. Volume increases induce fracturing of the
rocks, which allows further intrusion of fluids
into fresh primary material that also reacts with
the fluid. The temperature increase would obvi-
ate the need to some extent for a nearby volcanic
heat source to drive fluid flow or induce hy-
drothermal circulation.

Mineralogical evidence from ophiolite-hosted
spring samples indicates that, though the ther-
modynamic driving force for serpentinization is
large, the approach to equilibrium is slow. Such
a situation, in which a large free energy potential
is only slowly relaxed by abiotic processes, pro-
vides an ideal mechanism for long-term support
of chemotrophic organisms, given that those or-
ganisms can overcome kinetic barriers and cat-
alyze the process themselves.

The potential amount of hydrogen that could
be generated from serpentinization of the rocks
examined from the Coast Range Ophiolite can be
estimated based on petrographic observations of
the alteration products. Since the primary miner-
alogy has been extensively altered, some as-

sumptions must be made, which renders these
conclusions only tentative. However, examina-
tion of thin sections of the peridotite indicate that
approximately 70% of the remaining primary
mineralogy (by volume) is olivine. Assuming that
all of the primary minerals alter in the same pro-
portions [though, in general, olivine tends to re-
act faster with water than does pyroxene at tem-
peratures �250°C (Bach et al., 2004)], we can
estimate that the original rock contained approx-
imately 70% olivine by volume. For 1 m3 of peri-
dotite composed of 70% olivine, for which one-
half of the olivine component has been altered
and contains 10 mol% iron-bearing olivine with
a density of 4.4 g/cm3, we calculate that 755 mol
of fayalite (the iron end-member of olivine)
would have been consumed. With a ratio of 3 mol
of fayalite producing 2 mol of H2 through the re-
action

3Fe2SiO4 � 2H2O � 2Fe3O4 � 3SiO2 � 2H2 (4)

the maximum amount of hydrogen that could be
generated is 500 mol. Furthermore, assuming that
it took the entire �150 million years to alter the
rocks to the point seen today, this gives a hydro-
gen production of 8.6 nmol/day/m3 of rock.

Hydrogen can be used as an electron donor and
energy source by a wide variety of chemotrophic
organisms (Schwarz and Friedrich, 2003). Me-
thanogenic microorganisms, which combine H2

with mantle-derived CO2, are frequently envi-
sioned as prospective inhabitants of rock-hosted
systems, and some studies have provided evi-
dence for the existence of such communities sup-
ported by H2 resulting from water–rock reactions
(Stevens and McKinley, 1995; Chapelle et al.,
2002). The potential for other metabolic strategies
is dependent on the availability of suitable elec-
tron acceptors (such as CO2, Fe3�, or other met-
als) and other nutrients in these systems. Prelim-
inary results indicate the presence of Archaea that
have a 98% genetic match with known haloalka-
liphiles in the ophiolite spring (authors’ unpub-
lished data). The presence of these organisms in
the fluids indicates that metabolic function is fea-
sible for these systems, and there is a hypothe-
sized connection between the conditions of the
fluids and the nature of the organism tentatively
identified. Based on the calculations presented
below, other nutrients such as nitrogen and phos-
phorus need only be present at the microgram
per cubic meter level to support the amount of
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biomass estimated to be supportable by the
amount of hydrogen available.

The quantity of biomass that can be supported
by a given chemical flux is determined by the
maintenance energy requirement (Harder, 1997;
Tijhuis et al., 1993). The energy delivered by a flux
of 8.6 nmol of H2/day depends on the metabolic
process in question and the aqueous activity of
H2 and other products and reactants. However,
methanogenic metabolism will not occur at en-
ergy yields significantly less than 2.5 kJ/mol of
H2 (Hoehler et al., 2001), and energy yields are
maximally about 40 kJ/mol of H2 when H2 is pre-
sent at millimolar levels. At these energy yields,
the H2 flux delivers 15–345 �J/day/m3 of rock
(minimally). In laboratory culture studies, the 
required maintenance energy for anaerobic mi-
croorganisms is about 1,300 J/g of biomass (dry
weight)/day at 15°C (Tijhuis et al., 1993), but a
variety of work suggests that the requirement for
maintenance of populations in nature is about
three orders of magnitude smaller (Morita, 1997;
Price and Sowers, 2004). Adopting a maintenance
energy value of 1.3 J/g of biomass (dry
weight)/day, we calculated that each cubic me-
ter of rock could potentially support 12–265 �g
of biomass (dry weight). Whether the system 
can actually host such a biomass depends on 
additional biological energy requirements and
whether the flow of energy is diffuse or concen-
trated (Hoehler, 2004). At the present time, it
should be noted that there is insufficient infor-
mation to make this assessment. However, the
greater the volume of rock that is altered by a
Coast Range Ophiolite spring during passage to
its ultimate effluent, the greater the potential for
H2 generation and concentration, and the greater
the potential for hosting life. Similarly, if the ob-
served mineral alteration occurred over a shorter
time period, say 1 million years, the amount of
hydrogen produced would be 86 �mol/day (or
2.1 � 10�3 L at standard temperature and pres-
sure), certainly enough to sustain primary pro-
ductivity based on hydrogen.

The discovery of Archean ophiolites, including
a complete sequence in northern China that is re-
ported to be 2.505 billion years old (Kusky et al.,
2001), provides evidence that similar rocks have
existed near the surface over a significant portion
of Earth’s history (Moores, 2002). Thus, there is
the potential for ophiolites to have supported a
biosphere in the Archean and for the present-day
study of such areas to aid the search for evidence

of early chemolithoautotrophic life on Earth. (In
contrast, since the ocean’s crust is nowhere older
than about 180 million years as a result of crustal
subduction, such studies are impossible in more
conventional ocean floor terranes.) Recently,
Furnes et al. (2004) described evidence for a
chemosynthetic biota in 3.5-billion-year-old pil-
low lavas, which are the upper units of ophiolitic
sequences. If similar evidence is found within
other portions of ophiolites, this could represent
a characteristic of the earliest chemosynthetic life
on Earth that would prove useful in searching for
evidence of biological activity in such rocks.

The crust of Mars may be much more like ophi-
olite terranes than previously appreciated. Lack
of significant plate tectonic activity would limit
the potential for widespread “ridge processes”
(e.g., hydrothermal vent formation) and concen-
trate hydrothermal activity into more narrowly
focused areas with active fluid flow. The similar-
ity of Mars’ crust to ophiolite terranes as a whole
(as evidenced by studies of the Mars meteorites,
for example, which range in composition from
basalts to dunites) suggests that serpentinization
processes such as those occurring in the Coast
Range Ophiolite must have occurred throughout
Mars’ history wherever subsurface water was
present. If subsurface liquid water is extant on
Mars, the serpentinization process may still be oc-
curring in limited areas. Serpentinization will un-
doubtedly occur at depth wherever liquid water
comes into contact with ultramafic rocks. Because
the reactions proceed more rapidly at higher tem-
peratures, it is quite possible that sources of H2

occur beneath habitable zones within the martian
crust. One could imagine that volume increases
associated with serpentinization would provide
pathways upward through the crust for H2 and
heated fluid, thereby providing reducing power
at shallower depth, as well as anomalous heat.
Ophiolites may be the best analog to environ-
ments on Mars where life might have existed in
the past and may yet exist today.

Serpentinizing terranes within the Mars crust
are (or were) habitable zones in which liquid wa-
ter, energy, and reducing power have been in ex-
istence for extended periods of time. They are
zones where abiotic organic synthesis can occur
(Holm and Charlou, 2001; Sleep et al., 2004) and
protobiological structures can be formed as a re-
sult of the reducing and alkaline nature of the flu-
ids within them (Hanczyc et al., 2003; Russell,
2003). Serpentinizing terranes are volumes of

SCHULTE ET AL.372



subsurface rock, where chemosynthetic life can
flourish for extended periods of time in the ab-
sence of light and independent of harsh or chang-
ing surface conditions.

How does one locate serpentinized terranes on
Mars? Mineralogical, chemical, and morphologi-
cal data gathered from Mars orbit can provide
clues. Serpentine minerals may be a significant
source of the elevated hydrogen seen in some
equatorial regions by the Odyssey spacecraft,
with abundances up to 8–9 wt% water-equivalent
present in areas where water ice should not be
stable (Feldman et al., 2003). It is possible that
some of these regions of elevated hydrogen abun-
dances correspond to serpentinized or serpen-
tinizing bodies at, or immediately below, the
Mars surface.

Olivine has been identified at the surface of
Mars on the basis of Mars Global Surveyor Ther-
mal Emission Spectrometer data (Hoefen et al.,
2003). It should be noted that the olivine from
Mars has been reported to be much higher in iron
content (McSween et al., 2004) than typical upper
mantle olivines on Earth. Higher iron content in
the same rock types (peridotites) would likely
lead to an increase in the amount of hydrogen
that could be generated through serpentinization.
Concentrations of olivine in the Nili Fossae re-
gion of Mars were proposed to be deep-seated,
olivine-rich units exposed after the occurrence of
impact-related faulting. Similar exposures could
occur in the central peaks or walls of impact
craters as a result of deep impact gardening of
the crust. The presence of olivine on the Mars sur-
face produces a dilemma in the sense that, if wa-
ter were ever present over Mars history, these
presumably ancient exposures would have been
altered to serpentine. However, the kinetics of 
the serpentinization reaction are very sluggish at
temperatures below 200°C (Wegner and Ernst,
1983), and experimental data extrapolated to pre-
sent Mars surface temperatures may not provide
accurate reaction rates.

Craters and impact-related structures are very
interesting localities from the perspective of ser-
pentinization. In a process that could be likened
to tectonic uplift, deep impact gardening is capa-
ble of elevating deep-seated ultrabasic rocks such
as dunites to the surface. The heating and frac-
turing resulting from the impact can generate
short-lived (105–106-year time scale) hydrother-
mal systems (Arengi, 1977; Whitehead et al., 1990;
Bunch et al., 1999) that could begin the serpen-

tinization process in rocks, which would have
been previously dry and inaccessible to subsur-
face or surface water. Once serpentinization is ini-
tiated, the volume increase to the reactions could
help provide fresh mineral surfaces that, in turn,
continue to serpentinize.

In the absence of cratering activity, other mor-
phological clues may be present. On Earth, ser-
pentinization with its attendant volume increase
is recognized as a tectonic force. The Lost City
Hydrothermal Field (Kelley et al., 2001a,b; Früh-
Green et al., 2004), for example, lies on the At-
lantis Massif, a 15–20-km-wide dome-like ex-
posure of serpentinized peridotite near the
Mid-Atlantic Ridge axis. The Atlantis Massif has
a relief of nearly 4,000 m, much of which is the
result of volume increase and faulting associated
with the serpentinization process. Likewise,
Mottl et al. (2003) have described serpentinite
mud volcanoes that appear as domes on the sea
floor overlying the subducting Pacific plate in the
Mariana forearc. Similar, albeit smaller, features
may be present on Mars. These features could be
easily mistaken for volcanic domes.

Because serpentinization can generate heat and
hydrothermal activity, other promising areas
could be the source regions for ancient mass wast-
ing and water drainage, where no obvious vol-
canic activity has been noted. As higher-resolu-
tion terrain maps become available, the style of
faulting and tectonic uplift could be studied in
detail to identify potential serpentinizing ter-
rains.

Lastly, serpentinizing terrains quite commonly
release hydrogen and methane as a consequence
of inorganic reactions or methanogenesis. Recent
reports from the ESA Mars Express spacecraft
(see, for example, http://www.esa.int/SPECIALS/
Mars_Express/SEML131XDYD_1.html) have de-
scribed co-varying and anomalously high con-
centrations of water vapor and methane in the at-
mosphere above regions where the Odyssey
spacecraft has observed a water ice layer imme-
diately below the surface. Could these areas of
water ice (or excess hydrogen) be the conse-
quence of deep-seated serpentinizing terrains
where methane and hydrogen are generated in a
hydrothermal cell? One could imagine that hy-
drogen or methane, dissolved in the hydrother-
mal fluid, could rise to the point where the liq-
uid froze in the shallow crust. Under such
conditions, the methane could be incorporated
into a solid methane clathrate hydrate phase,
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which would have different (anomalously high)
melting properties relative to pure water ice
(Stern et al., 1996).

Based on our observations of the petrology of
peridotites from the Coast Range Ophiolite, we
hypothesize that these terranes represent loca-
tions analogous to those where early life may
have taken hold on the early Earth and on Mars.
Given the nature of chemical weathering in these
rocks, they seem likely to have provided the raw
materials and energy for chemolithoautotrophic
organisms adapted to conditions typical of these
environments. We further suggest that, based on
recent results from the flotilla of spacecraft cur-
rently at Mars, fruitful searches for life on the Red
Planet should focus on areas similar to terrestrial
ophiolites.
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