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Abstract

The Thermal Emission Spectrometer (TES) on the Mars Global Surveyor spacecraft has detected deposits of coarse-grained
talline hematite in Sinus Meridiani, Aram Chaos, and Vallis Marineris. We argue that the key to the origin of gray hematite is that it
crystallization at temperatures in excess of about 100◦C. We discuss thermal crystallization (1) as diagenesis at a depth of a few kilome
sediments originally formed in low-temperature waters, or (2) as precipitation from hydrothermal solution. In Aram Chaos, a combi
TES data, Mars Orbiter Camera images, and Mars Orbiter Laser Altimeter (MOLA) topography suggests that high concentrations o
were formed in planar strata and have since been exposed by erosion of an overlying light-toned, caprock. Lesser concentrations
are found adjacent to these strata at lower elevations, which we interpret as perhaps due to accumulation from physical weath
topography and the collapsed nature of the chaotic terrain favor a hydrothermally charged aquifer as the original setting where th
formed. Concentration of iron into such an ore-like body would be chemically favored by saline, Cl-rich hydrothermal fluids. An alt
sedimentary origin requires post-depositional burial to a depth of∼ 3–5 km to induce thermally driven recrystallization of fine-grained i
oxides to coarse-grained hematite. This depth of burial and re-exposure is difficult to reconcile with commonly inferred martian g
processes. However, shallow burial accompanied by post-burial hydrothermal activity remains plausible. When the hematite reg
nally formed, redox balance requires that much hydrogen must have been evolved to complement the extensive oxidation. Finally,
that the coexistence of several factors required to form the gray hematite deposits would have produced a favorable environment fo
life on early Mars, if it ever existed. These factors include liquid water, abundant electron donors in the form of H2, and abundant electro
acceptors in the form of Fe3+.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Iron-rich minerals are important on Mars. Iron compris
about one fifth of the weight of the soil and 16±1 wt% aver-
age abundance in rocks observed at the Mars Pathfinde
(Wänke et al., 2001). Generally speaking, the ferrous (Fe2+)
and ferric (Fe3+) oxidation states of iron reflect unweather
and weathered components of the martian surface, res
tively (Banin et al., 1992). The global surface mineralogy
Mars can be grouped into these two gross compositions

(1) dark areas spectrally distinguished by Fe2+ infrared ab-
sorption bands that are pristine mafic or perhaps

* Corresponding author.
E-mail address: davidc@atmos.washington.edu (D.C. Catling).
0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0019-1035(03)00173-8
e

-

tramafic composition on the basis of inferences fr
spectroscopy and other geochemical data for Mars (
Baird and Clark, 1981; Reyes and Christensen, 19
Bouska and Bell, 1993; McSween, 1994), and

(2) light areas distinguished by Fe3+ (e.g., Morris et al.,
1989, 2000).

There are possible exceptions to this rule, however: F2+
could occur in secondary minerals such as hydrous iron
icates, siderite (FeCO3) or certain clays that would tend t
form under reducing conditions perhaps generally cha
teristic of primordial Mars (Calvin, 1998; Catling, 199
Wyatt and McSween, 2002). Mars’ reddish surface (e
Morris et al., 1997, 2000) and the butterscotch color of
martian sky (Huck et al., 1977) are both due to the o
cal properties of ferric iron oxides (hematite, goethite,

http://www.elsevier.com/locate/icarus
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maghemite) in finely crystalline or poorly crystalline for
on the surface and in airborne dust. The existence of l
surface concentrations of another ferric component, coa
grained crystalline hematite, has been established by
Thermal Emission Spectrometer (TES) on Mars Global S
veyor (MGS) (Christensen et al., 2000, 2001). Unlike fi
grained hematite (Morris et al., 1985), coarsely crystal
hematite with grain size> 5 µm is colored gray and has di
tinctive absorption bands at visible and near-infrared wa
lengths (Sherman and Waite, 1985) that are absent
the spectra of ferric-bearing bright regions on Mars (L
et al., 2002b). Significant deposits of such gray hema
are spectrally inferred to exist in Sinus Meridiani, Ara
Chaos, and Vallis Marineris (Christensen et al., 2000, 20
where they cover areas of> 175,000 km2, ∼ 5000 km2,
and 25–800 km2, respectively. These deposits are intrigu
because of their relatively localized extent and associa
with geomorphology that appears layered and sedimen
(Christensen et al., 2000, 2001). The Sinus Meridiani dep
may also have an ancient age> 4 Ga based on saturate
counts of exhumed “fossil” craters—craters that were o
buried and embedded in the subsurface (Kelsey et al., 2
Hartmann et al., 2001). However, some also argue tha
fossil crater count suggests a late Noachian or early H
perian age (Gilmore and Tanake, 2002). Geomorpho
arguments have also been presented to support con
ing views about the southern boundary contact of the
nus Meridiani hematite with ancient highland terrain. T
hematite may mantle the underlying ancient surface (Hy
and Phillips, 2001; Hynek et al., 2002) or the hematite co
be an exposure of the underlying ancient bedrock (Malin
Edgett, 2001). Detailed features in the hematite TES s
tral signature of the Sinus Meridiani region show that
spectrum is consistent with emission dominated by cry
c-faces of hematite (Lane et al., 2000, 2001, 2002a, 200
This has led Lane et al. to suggest that the hematite is d
nated by platy grains and that low-grade metamorphism
be required to make such plates when the hematite cry
lized (Lane et al., 2002b). Such martian hematite may
serve weak magnetic remanence. Above the so-called M
transition temperature,TM = −10◦C, crystalline hematite
possesses a weak spin-canted magnetic moment with
tron spins in the c-planes (perpendicular to the axis of s
metry), while belowTM hematite is perfectly antiferromag
netic with electron spins precisely antiparallel-aligned al
the c-axis so that the only magnetism is that due to def
(Parkinson, 1983, p. 145); however, for reasons that are
rently unknown, heating hematite aboveTM can make it
“remember” a previous field (De Boer et al., 2001). Sin
Meridiani is the largest hematite region (Christensen et
2001) and is the landing site of one of NASA’s Mars E
ploration Rovers (MERs), called MER-B or “Opportunity
launched in July, 2003 (Golombek et al., 2002). Indeed
we suggest in this paper, the origin of the crystalline hema
may hold significant chemical clues to the early martian
vironment.
-

;

t-

.

-

-

The purpose of this paper is to consider constraints on
origin of the deposits of martian gray hematite, both ch
ical and physical, and then to reflect on possible broa
environmental implications for early Mars. In the first part
the paper, we consider chemical mechanisms to make
hematite. Christensen et al. (2000, 2001) favor aqueou
position for the original hematite. An alternative sugges
is that the hematite may be derived from ignimbrites, t
is to say compacted, volcanic ash that somehow was
dized (Tanaka et al., 2000; Noreen et al., 2001). Howe
the likely grain size of the basaltic host rock in Sinus Mer
iani makes air-fall unlikely (Christensen et al., 2001).
review the chemical formation of gray crystalline hema
on Earth. By examining the physical conditions under wh
gray hematite forms on Earth and the relevant geoch
cal thermodynamics, we deduce that martian hematite m
have crystallized in a warm environment in excess of roug
100◦C.

In the second part of the paper, we focus on the geolog
the Aram Chaos deposit. We specially consider Aram Ch
because its unique topographic relief and chaotic ter
perhaps offer more clues to the formation of the hema
than the more featureless flat terrain (as seen from orb
Sinus Meridiani. We examine Mars Orbiter Laser Altim
ter (MOLA) data and Mars Orbiter Camera (MOC) imag
within the hematite-rich region identified by TES spec
mapping to help constrain the geologic context in which
Aram Chaos hematite formed.

Finally, we consider the redox environment on ea
Mars. In the absence of life, the formation of the hema
must have required water as an oxidant, that is, as th
timate source of O in Fe2O3. Hematite is commonly th
most oxidized form of iron, although unusual higher o
dation states have been proposed for martian surface m
rials (Tsapin et al. 2000, 2002; Levin, 2002). In any ca
deposits of ferric oxides occurring at very early times
martian history are important from a redox perspective. P
ponents of both an aqueous origin (Christensen et al., 2
and an igneous origin (Noreen et al., 2001) have implied
highly oxidizing conditions are needed. The source of o
gen in Fe2O3 is an interesting issue given that early Ma
was continuously volcanically active (e.g., Greeley, 19
Schubert et al., 2001, pp. 691–698). As we show be
the chemistry of the martian paleoatmosphere would be
pected to reflect the presence of weakly reducing volc
gases, which would consume photochemically produ
oxygen, giving an equilibrium level of O2 many orders o
magnitude less than in the present martian atmosphe
the hematite deposits are truly ancient (∼ 4 Ga), their for-
mation in a weakly reducing environment requires an
planation for how such concentrated oxidation occurred
such a large scale. We deduce that the only abiotic poss
ity is that ferrous iron was oxidized by thermally dissocia
water, with the emanation of hydrogen. This can only be
complished in a hydrothermal environment rather than a
temperature setting. Finally, we will argue that the prese
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of abundant electron acceptors in the form of Fe3+ and abun-
dant electron donors in the form H2 would have provided a
redox environment that should have been very favorable
simple Earth-like life on Mars if it ever arose.

2. What are gray hematite and specular hematite?

Before discussing how gray crystalline hematite forms
is important to define our terms and describe the natur
hematite more precisely. Particle size influences the colo
hematite because the reflectance in the red part of the s
trum decreases as particle size (or the size of particle ag
gates) gets larger (e.g., Lane et al., 1999). Particles with s
1.5–5 µm, 0.1–0.5 µm, and< 0.1 µm grade from purple to
red to orange, respectively (Kerker et al., 1979). Grain sh
also has an influence, with needles tending to be yello
than cube-like particles (Hund, 1981). In coarsely crystal
form, with> 5 µm crystal size, hematite is gray with a refle
tivity typically ∼ 0.1–0.3, sometimes so dark as to app
black. Gray specular hematite (known as “specularite”)
gray crystalline form that has intergrown, hexagonal pla
with a silvery metallic luster. The term “specular,” of cours
means that when light hits the mineral surface the angl
incidence is equal to the angle of reflection. The face
large, natural crystals thus often have a mirror-like app
ance. It is intuitively obvious that the formation process
coarsely crystalline hematite is bound to be quite differ
from the familiar (terrestrial) oxidative weathering proce
that ubiquitously forms familiar red-colored, fine-grain
hematite. We describe below how coarsely crystalline g
hematite only occurs on Earth as a result of thermal proc
ing.

3. How does gray hematite form on Earth?

The mechanisms for forming gray, crystalline hema
on Earth obviously provide clues to its formation on Ma
Consequently, we review the terrestrial occurrence of g
hematite extensively. On Earth, crystalline hematite depo
form as a result of igneous, sedimentary or hydrother
processes. We review these formation mechanisms in
considering their applicability to Mars.

3.1. Hematite formation in “igneous” environments

The occurrence of crystalline hematite on Mars has n
rally led some to favor an association with an igneous or
such as volcanic ash or even direct ascent from volcan
motivated by the observation that Mars is overwhelmin
dominated by volcanic rocks (Tanaka et al., 2000). As
discuss below, hematite arises only as an alteration pro
of igneous rock and special alteration conditions are requ
for forming gray, crystalline hematite.
-
-

,

t

3.1.1. Why hematite lavas do not exist
There is no such thing as “hematite lava” because the

gen fugacity (fO2) of magmas is too low to support hemat
thermodynamically. A typical oxygen fugacity (fO2) in ter-
restrial magma is∼ 10−8 bar at a magmatic temperatu
(1200◦C) and pressure (5 kbar) (Holland, 1984, p. 49)
which it is not possible for hematite to be a mineral ph
in the melt, so hematite does not directly ascend from
canoes. Hematite is not a possible phase because thefO2

value is about four orders of magnitude lower than
magnetite–hematite buffer and instead close to the synt
fayalite–magnetite–quartz (FMQ) buffer (e.g., Frost, 19
Delano, 2001). Estimates for magmaticfO2 on Mars are sim-
ilar to those on Earth or lower. They range from about FM
to four log units below FMQ based on studies of red
sensitive geochemical indicators in martian meteorites (H
and Papike, 2000; Wadhwa, 2001). Thus the direct as
of a hematite lava should be even more improbable
Mars than Earth. Furthermore, a hematite lava, were s
a thing to exist, would be extremely dense, perhaps
reconcilable with the 105 km2 aerial extent of the Sinu
Meridiani deposit and the lack of lava flow features. D
rect volcanic ascent of crystalline hematite on Mars
been suggested based on a hypothesized association
andesite and higher water contents and oxygen fugac
in relation to basalts (Chapman and Tanake, 2002). H
ever, such direct ascent is doubtful for several reas
First, according to Christensen et al., 2001 the domin
host rock in the martian hematite locations is basalt
not andesite. Second, the oxygen fugacity for terrestrial
desites is buffered by ferrous iron and in oxidized case
only about 2 log10 units higher than FMQ (Wood, 1991
Blatter and Carmichael, 1998), which is still two orders
magnitude too low to be able to give rise to a hema
lava. Third, it is not the presence of water that leads
the higher oxygen fugacity in terrestrial andesitic lavas
more likely ferric iron that derives from subducted crust a
ferric iron-rich sediment melt (Frost and Ballhaus, 19
Parkinson and Arculus, 1999), which have no obvious a
logues on Mars. Finally, as discussed below, the occurr
of specular hematite in association with andesite in so
terrestrial occurrences is most likely a result of hydroth
mal activity and post-depositional alteration. Thus, the di
ascent of a hematite lava is improbable given that m
matic oxygen fugacity on Mars is unlikely to ever lie in t
hematite stability field.

3.1.2. Hematite from oxidation of igneous rocks
When hematite is found in direct association with terr

trial igneous rocks it is usually as a late-stage product du
oxidation in Earth’s oxidizing, O2-rich surface environmen
or due to hydrothermal oxidation. Indeed, iron-rich basa
lavas extruded onto Earth’s O2-rich surface environment ar
often red because of the presence of finely divided hem
(Best, 1982, p. 286). Hematite is also found in igneous ro
poor in ferrous iron, such as in rhyolites, where the sm
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amount of iron can be rapidly oxidized in Earth’s O2-rich
atmosphere. However, neither such a highly acid rock
often the type of hematite formed is a suitable analog
the martian deposits. For example, rhyolite is usually
or pink, indicating fine-grained iron oxide (Williams et a
1954, Chapter 7; Best, 1982, p. 91). Nonetheless, in the
Knob hematite deposit in the St. Francois Mountains of M
souri, steel-gray specular hematite is present in an ore
where the surrounding volcanic rocks are rhyolitic. Here,
origin of the hematite ore is widely held to be hydrotherm
given the occurrence of hematite veins (some as muc
3 m in width) and radiating veinlets, cavity fills, and mine
features like tourmaline that are indicative of warm temp
atures (Seeger et al., 1989). Another hydrothermal exam
of oxidation of rhyolitic rocks to gray hematite is found
fumaroles in Alaska (see Section 3.3).

Minitti et al. (2002a, 2002b) have produced thin coatin
of gray hematite by oxidizing synthesized basalts in ter
trial air at 700◦C from 1–7 days. These coatings reprod
some of the spectral features that characterize the hem
deposits on Mars. Thus, near-instantaneous oxidation o
roclastic glass during emplacement may be a possibility
formation of gray hematite. However, there are several is
to bear in mind when considering this otherwise attrac
hypothesis:

(1) Terrestrial air with 0.21 bar of O2 and high absolute
amounts of water vapor is not a realistic chemical ana
for the current martian atmosphere, which has∼ 27,000
times less oxygen,∼ 7.9 × 10−6 bar O2, i.e., 0.13%
of ∼ 6.1 mbar martian mean surface pressure (Ow
1992).

(2) The early martian atmosphere, if anything, would h
been even more anoxic due to active volcanism on e
Mars (see Section 7), noting that active volcanism
obviously necessary to produce pyroclastics in the
place.

(3) If the process required were merely atmospheric ox
tion of basalt, one would expect specular hematite
be common on Mars but it is not. An alternative po
sibility suggested by Minitti et al. (2002a) is that po
emplacement heating by later hydrothermal activity p
duced the gray hematite, which is a mechanism favo
in this paper.

Tanaka et al. (2000), Noreen et al. (2001), and Hyne
al. (2002) have postulated that the martian gray hem
to iron ore deposits may be like those found in El La
northern Chile. As we discuss below, the way that the
Laco deposit formed is controversial and much of the
idence points to a hydrothermal origin rather than in
oxidation of ash or direct volcanic ascent. Moreover, m
of the iron ore is magnetite. Some literature attributes s
iron ores to direct ascent from volcanism (Park, 1961)
as discussed previously, this idea is irreconcilable with t
modynamics given the plausible range of oxygen fugac
e

in magmas. Such iron oxide ores are generally chara
ized by the assemblage magnetite–hematite–apatite (Fe3O4–
Fe2O3–(Ca3(PO4)2)). From subsurface to surface levels
drill cores, ore varieties follow the order: low-P (< 1%)
magnetite–hematite, P-rich (> 1%) magnetite–hematite, an
P-free hematite (Parak, 1975). Other examples of the l
tions of iron ores similar to El Laco include Iron Sprin
in Utah and Kiirunavaara in northern Sweden. Such o
are generally termed “Kiruna type ores” after the latter
cation. These iron ores are thought to form when the m
part of a volatile-rich magma crystallizes, leaving a wa
rich melt that is ejected as a late phase with hydrot
mal activity. There is much debate about whether Kir
ore bodies show the presence of a “magnetite lava” (N
tröm and Henríquez, 1994) or whether the magnetite
hydrothermal replacement mineral. For example, the la
view is favored by Parak (1975) and Bookstrom (1995).
cent work shows that the late stage ores at El Laco, suc
hematite, most probably derive from hydrothermal activ
(Foose and McLelland, 1995; Bookstrom, 1995). In part
lar, hypersaline aqueous fluids boiling at around 250–35◦C
are implicated (Sheets et al., 1997). This view is suppo
by fluid inclusion and isotopic evidence work, interpretat
of contact relations between ore and host rock, and o
field observations (Oreskes et al., 1994). Fluid inclusi
contain soluble chlorides and anhydrite indicating fluid
teration of the andesitic host rock at El Laco.

Oxidation of magnetite (Fe3+
2 Fe2+O4) to hematite (solely

Fe3+-bearing) in Kiruna-type ores is incomplete, so
might expect to see TES spectral evidence of magnetit
Mars if the gray hematite deposits are analogous to Kiru
type ores but we do not. We can see that complete oxida
is difficult by examining the equilibrium chemistry. Oxid
tion of magnetite to hematite can occur hydrothermally v

(1)2Fe3O4 + H2O= 3Fe2O3 + H2.

However, the production and buildup of H2 inhibits this
reaction proceeding to the right, so the only way that
reaction can proceed is if H2 is continually removed from
the reaction zone either by diffusion or by being carr
in solution. From the stoichiometry of (1), it is necess
to remove 2 g (1 mole) of H2 for every 462 g (2 moles
of magnetite that is oxidized, which translates to 4.3 m
ligrams of H2 for every 1 g of magnetite. If water remov
H2 in a subsurface environment, the partial pressure o2
and therefore the amount that can be carried away wi
controlled by the oxygen fugacity of the fluid, which is s
by the mineral assemblage. Suppose the magnetite in
restrial Kiruna-type ore had been oxidized in a very d
environment before emplacement, around 600◦C and 5 kbar
(∼ 18 km) depth. Under these pressure–temperature
ditions, hydrogen fugacity,fH2, is about 0.04 bar at th
magnetite–hematite buffer, which gives a partial pres
PH2 = fH2/γH2 = 0.013 bar whereγH2 ≈ 3 is an activ-
ity coefficient at the given pressure–temperature conditi
Consequently, hydrogen can only reach a concentratio



Coarsely crystalline hematite and the early Mars environment 281

tains
Fyfe

a
and
ple

per
by
sive

um

wa-
ith
face
xi-
s

haps
type
tite.
ag-
ar-
by
ey

has
that

on
ving

ian
that
e of

by
ould
are

h)
see
of

how
ssi-
lar
s is
ides
of

1).
in
e-

sen-

and
zed
. In

ded
are
:

how
rys-

ll
so-
rite,

hite

e of
m
ite
er-
em-
and

).

ox-
et
ess
xi-

4).
eo-
.
llow
water ofPH2/PH2O = 0.013/5000= 2.6 ppm, or 0.26 mg
per 100 g of water, where we assume that the water at
lithostatic pressure at depth, as is commonplace (e.g.,
et al., 1978). So to remove 4.3 milligrams of H2 and re-
place 1 g of magnetite with hematite requires(4.3/0.26) ×
100 g= 1600 g water per 1 g of magnetite, which is
tremendous amount of water. At lower temperatures
shallower depths, even more water is required. For exam
at 230◦C and 0.5 kbar (1.8 km) depth,fH2 = 1.3×10−4 bar
and γH2 ≈ 1.1, giving PH2/PH2O = 2.4 × 10−7 = 0.024 g
per 100 g of water, which requires 17.9 kg of water
1 g of magnetite for complete replacement of magnetite
hematite. There are two alternatives to such an exces
water flux: first, that oxidation occurs as a non-equilibri
near-surface hydrothermal process whereby H2 can easily
diffuse and escape; second, that oxidation from meteoric
ter with dissolved O2 occurs. Both ideas are consistent w
the highest degree of oxidation being closest to the sur
at El Laco (Broman et al., 1999). Meteoric waters are o
dizing because of Earth’s O2-rich atmosphere, which arise
because of Earth’s photosynthetic biosphere. This is per
a good reason why the occurrence of hematite in Kiruna
magnetite ores is a poor analog for the martian hema
However, the lack of a spectral signature for associated m
netite on Mars is probably the most definitive evidence
guing against any direct similarity, because magnetite is
far the dominant mineral in Kiruna-type ores, however th
may form. Some of the Kiruna-type magnetite always
a massive, crystalline expression, so it seems unlikely
magnetite associated with coarsely crystalline hematite
Mars might somehow always be very fine grained, beha
like a blackbody without a clear TES spectral signature.

3.2. Hematite formation in sedimentary environments

3.2.1. Sedimentary deposits of coarse-grained crystalline
hematite

Given the potential similarities between early mart
and terrestrial geochemistry, Burns (1993) postulated
banded iron formations (BIFs) may have been a featur
early episodes of water on Mars, an idea later explored
Schaefer (1996). Consequently, the question arises, c
BIFs be responsible for martian gray hematite? BIFs
laminated sedimentary rocks containing� 15 wt% iron,
with alternating iron-rich and iron-poor (usually silica-ric
layers. Specularite occurs frequently in terrestrial BIFs (
below). In order to understand whether BIF formation
gray hematite is plausible for Mars, we need to consider
gray hematite actually formed in terrestrial BIFs. The po
bility that gray crystalline hematite on Mars might be simi
to gray crystalline hematite found in some terrestrial BIF
also potentially interesting because the precursor iron ox
in terrestrial deposits are widely attributed to the action
the early biosphere (Cloud, 1973, 1988; Allen et al., 200

First, we consider how the initial iron oxide sediment
BIFs was formed with a view to considering whether som
,

thing analogous could have occurred on Mars. In the con
sus model of terrestrial BIF genesis, ferrous iron (Fe2+) was
exhaled into Earth’s early oceans from seafloor vents
circulated to the continental shelves where it was oxidi
and deposited (Holland, 1984; Beukes and Klein, 1992)
standing bodies of water, iron precipitates as finely-divi
reddish hematite, not as gray crystalline hematite. There
three ways in which the iron could initially be precipitated

(1) chemical oxidation,
(2) photo-oxidation, and
(3) biological oxidation.

We discuss these processes in turn before describing
the fine-grained hematite gets transformed to coarsely c
talline hematite.

Chemical oxidation. On the basis of observation (Corne
and Schwertmann, 1996), oxidation of ferrous iron in
lution proceeds via an intermediate phase of ferrihyd
“Fe(OH)3,” an amorphous, insoluble red–brown gel

(2)4Fe2+ + O2 + 10H2O= 4Fe(OH)3 + 8H+.

Ferrihydrite is unstable and converts irreversibly to goet
(α-FeOOH)

(3)Fe(OH)3 = FeOOH+ H2O.

This, in turn, may convert to hematite (α-Fe2O3) via

(4)2FeOOH= Fe2O3 + H2O,

depending on environmental conditions and the presenc
other species in solution. Hematite may form directly fro
ferrihydrite, competing with goethite. In general, goeth
formation is favored in alkaline solution at moderate temp
ature. Hematite is dominant near neutral pH and higher t
peratures (Fischer and Schwertmann, 1975; Johnston
Lewis, 1983). The oxidation rate increases by×100 per unit
pH but is slower in more saline water (Millero et al., 1987

Photo-oxidation. Others have suggested that the iron
ide in BIFs was abiotically photo-oxidized (Braterman
al., 1983). In certain solutions, the photo-oxidation proc
starts with the formation of an iron complex and iron is o
dized by the photo-stimulated release of hydrogen gas:

Fe2+ + H2O= [Fe(OH)]+ + H+,

2[Fe(OH)]+ + 2H+ + hν → 2Fe(OH)2+ + H2,

Fe(OH)2+ + 2H2O↔ Fe(OH)3 + 2H+.

The absorption peak is in the ultraviolet∼ 250 nm. With ag-
ing, ferrihydrite converts to hematite via Eqs. (3) and (
Thus even in a completely anoxic atmosphere, it is th
retically possible to oxidize Fe2+ and produce iron oxides
However, the absence of precambrian BIFs on very sha
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water platforms in the photic zone (where sunlight pe
trates) and their presence at greater depth, makes the p
oxidation hypothesis very unlikely (Des Marais, 1994).
stead, geological observations favor the view that the ph
zone was oxidizing due to the action of microbes, and
perhaps a mobile oxidant, O2, penetrated beneath the pho
zone to oxidize Fe2+. In addition, evidence for oxygen
producing photosynthetic bacteria on early Earth sinc
least 2.7 Ga (Brocks et al., 1999) renders the photo-oxida
hypothesis superfluous for post-2.7 Ga BIFs. There is
a problem in the UV hypothesis with silica. Silica is e
pected to accompany iron because if iron is leached ou
basaltic rocks dissolved silica dissolves also. For exam
acid weathering of pyroxene can be represented as

FeSiO3 + 3H2O+ 2CO2 = Fe2+ + 2HCO−
3 + Si(OH)4.

Silica is therefore expected to have been close to sa
tion in Earth’s early oceans, unlike today’s oceans wh
microorganisms that build siliceous shells suppress
solved silica abundance by taking it out of the water (Sie
1992). Recent laboratory studies show that in silica-rich
ters, spontaneous flocculation of iron–silicate gels prev
the photo-oxidation of iron. In other words, this preci
tation seems to lower iron concentrations sufficiently t
the effects of photo-oxidation are minimal (Hamade et
2000; K. Konhauser, private communication). Thus pho
oxidation of iron has not been shown to occur in reali
multi-element solutions close to neutral pH. Thus ther
reason to doubt that the photo-oxidation of iron sugge
by Burns (1993) and Schaefer (1996) for early Mars is
alistic. This means that if we entertain the idea of BIFs
early Mars, we should consider a mechanism for the di
oxidation of ferrous iron.

Biological oxidation. Many researchers believe that in t
initial sedimentary deposition of ferric iron in BIFs, m
crobes provided the oxidizing power to change soluble F2+
to insoluble Fe3+ (Cloud, 1973, 1988; Walker, 1987). R
cently, it has been suggested that some purple bac
can couple Fe2+ oxidation to the reduction of CO2 dur-
ing anoxygenic photosynthesis (e.g., Widdel et al., 19
Heising et al., 1999) via

4Fe2+ + CO2 + 11H2O+ bacteria

→ CH2O+ 4Fe(OH)3 + 8H+.

This process may have been responsible for iron depos
on the early Earth, before free oxygen became widely a
able as an oxidant (Ehrenreich and Widdel, 1994). Howe
BIFs tend to be very poor in organic carbon, so in this s
nario, the organic carbon has to be efficiently recycled
biota and lost as a volatile species such as CH4, in a concept
similar to that suggested by Walker (1987).

The hematite formed in all of the three sediment
oxidation processes discussed above (chemical oxida
-

-

,

photo-oxidation, and biological oxidation) is in the re
dish, finely divided form. We argue below (Section 3.3) t
temperatures∼ 100◦C or more are needed to form lar
(several microns) platy hematite crystals. To convert s
iments to lithified BIFs, fine-grained iron oxide sedime
that originally formed as described above on ancient co
nental shelves on Earth were later altered at depth by b
metamorphism or hydrothermal activity (or both). Therm
processing converted microcrystalline or amorphous
oxides to coarse-grained crystalline hematite (Powell e
1999; Barley et al., 1999; Taylor et al., 2001).

The potential relevance of this discussion of BIFs to M
is two-fold:

(1) If the original iron oxide that acted as a precursor to
martian crystalline hematite was deposited in a sta
ing body of water, a sufficient source of oxidizing pow
was required.

(2) The gray crystalline hematite in terrestrial BIFs res
from low-grade metamorphism and/or hydrothermal
crystallization of precursor minerals like small-grain
goethite, hematite or magnetite; so any compariso
Mars must also consider how such physical and ch
ical conditions for thermal transformation occurred
Mars.

That thermal transformation is needed is borne out by
restrial field observations. A study of Permian–Triassic i
ore deposits in the Sierra Nevada near Granada, Spain
gests that pre-metamorphic oxide facies of microcrysta
hematite and goethite recrystallized to specularite du
metamorphism (Torres-Ruiz, 1983). Bischoff (1969) e
mated that a temperature∼ 140◦C is needed to transform
goethite (α-FeOOH) to hematite (α-Fe2O3) by dehydroxy-
lation (provided the goethite precursor is sufficiently coa
grained (Langmuir, 1971)). This is consistent with tempe
tures deduced for the formation of coarse-grained hem
in the best-preserved ancient terrestrial iron formatio
Specularite (with 50–100 µm-sized platy crystals) in
Dales Gorge Member of the Brockman Formation, par
the Hamersley Range in Western Australia, formed at t
peratures∼ 140◦C on the basis of oxygen isotopes (Bec
and Clayton, 1976). This temperature is consistent with
estimated maximum temperature of 205–325◦C from an es-
timate of the burial depth of the Dales Gorge Member
assuming a geothermal gradient of 15◦C km−1. Similarly,
oxygen isotope data for parts of the Bibawik Iron Form
tion in northern Minnesota, indicate formation temperatu
∼ 150◦C (Perry et al., 1973). Indeed, as noted by Chaud
(1967), in all known cases of the occurrence of specula
in bedded sedimentary deposits there has been heating
original primary sediments. If the origin of the coarsely cr
talline hematite on Mars started with aqueous depositio
a standing body of water, this must have been followed
either deep burial up the geothermal gradient or some o
large-scale thermal perturbation due to igneous activity, s
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as contact metamorphism. The general response to buri
the geothermal gradient is dehydration and an increas
crystal size, that is, recrystallization. We return to this id
latter to set some quantitative constraints for how deep m
tian red oxide sediments would need to be buried to con
to gray hematite (Section 4).

3.3. Hematite formation in hydrothermal environments

3.3.1. Coarse-grained crystalline hematite from hot waters
Newly formed chemical sediments tend to be compo

of fine-grained material. Small crystals have larger va
pressures and greater solubility than larger crystals (
Cornell and Schwertmann, 1996, p. 199). Thus, the resp
to heating processes is grain growth because at higher
peratures, bigger crystals are more stable (e.g., Lau
1970). Also, when a Fe(OH)3 gel is formed from oxidation
of iron at warm temperatures (i.e., closer to 100◦C rather
than room temperature), there tend to be more hematite
clei present, which leads to large hematite platelets (sev
microns or tens of microns) in subsequent aging to co
hematite crystals (Sugimoto et al., 1996). The crystal
and shape determines whether the infrared spectrum is l
to conform to that observed on Mars by TES with spec
absorption features at 450 and 560 cm−1 (Christensen et al.
2000; Lane et al., 2002b). The key point is that at temp
tures close to room temperature or below, the formatio
hematite crystals of several microns size or larger is no
vored.

Several laboratory studies have investigated the
mation of crystalline hematite from hydrothermal so
tions. Early investigations of the system Fe2O3–H2O found
that crystalline hematite was favored at high temperat
> 130◦C (Schmalz, 1959) or> 80◦C (Vorobyeva and Mel-
nik, 1977), with the exact value depending on pH a
pressure. For commercial purposes (pigments and ant
rosive coatings in paints), crystalline hematite is gener
hydrothermally synthesized at around∼ 150–200◦C. Syn-
thesis typically utilizes the hydrothermal transformation
ferrihydrite (Eqs. (3) and (4)), where a variety of so
tions control particle shape and size (e.g., Kolb et al., 19
Cornell and Schwertmann, 1996, pp. 492–493; Diam
descu et al., 1999).

3.3.2. Solution chemistry and why sulfate is an unlikely
oxidant

In natural systems, saline Cl-rich hydrothermal solutio
are capable of carrying large amounts of iron complexe
FeCl3. Indeed, experimental studies confirm this and sh
that iron chloride complexes limit other cations to relativ
low abundance (Crerar et al., 1985). The hydrothermal
cipitation of iron oxides is likely caused by the decrease
temperature and pressure when fluids migrate upwards
a more oxidizing environment, in part because the solub
of Fe in hydrothermal solutions is positively correlated w
temperature (Barnes, 1979; Kwak et al., 1986).
-
,

-
l

-

In principle, sulfate-rich fluids could also be an oxidizi
agent for iron and produce hematite. However, if sulfat
used as an oxidant for Fe2+ → Fe3+ then the sulfate must b
reduced to sulfide to satisfy redox balance. This means
we would observe hematite accompanied by sulfide m
erals. The mineral assemblage of hematite and sulfid
very uncommon in terrestrial rocks because of the unlik
mixed oxidation state. On Mars, there is no spectral de
tion of stoichiometrically-balanced sulfide with the hema
(S. Ruff, private communication), so there is no evidenc
suggest that sulfate was the original oxidant. In contras
water had been the oxidant, volatile H2 would have been los
from the mineral assemblage.

3.3.3. Coarse-grained crystalline hematite from vapor
phase iron and water vapor

Specular hematite is known to occur around (hydroth
mal) fumaroles in various places around the world: for
ample, at Stromboli and Vesuvius in Italy and the Val
of Ten Thousand Smokes in Alaska. In the latter case,
maroles developed on hot ash-flow tuff that fell on top
the water and ice of preexisting rivers, lakes and glac
(Keith, 1984). In the early 19th century, the famous Fre
chemist Gay-Lussac synthesized specularite from FeCl3 va-
por upon contact with water vapor at a high temperatur
an attempt to simulate such fumarolic specular hematite
posits (Gay-Lussac, 1823). Ferric chloride has a high va
pressure above 200◦C and is readily transported in the v
por phase (Zies, 1929). After delivery to the surface, fe
chloride can react with water vapor and form hematite
follows:

2FeCl3(g) + 3H2O(g) = Fe2O3(s) + 6HCl(g).

Such vapor phase reactions are conjectured to be respon
for ash-like crystalline hematite found in iron oxide depos
around the Chupaderos caldera near Durango City, Me
(Lyons, 1988).

Following up on Gay-Lussac’s work, Martin and Piwi
skii (1969) showed that iron could be leached from ande
and diabase using pure water at 1.25–10 kbar, a 2: 1 water:
rock ratio, and temperatures of 700◦C. In their hydrother-
mal experiments, iron was transported as a vapor, leadin
platy hematite nucleation and crystallization in a quench
“cold-trap” at∼ 500◦C. The presence of a melt, or of chl
ride, fluoride, sulfide or carbonate ions was not neces
for the leaching of iron and transport of iron as a vapo
Martin and Piwinskii’s experiments. Of course, given th
the lithostatic pressure on Mars only increases only∼ a
few ×102 bar per km depth, the pressures in Martin and
winskii’s experiments are inapplicable for a plausible ne
surface geological environment on Mars. However, these
periments are an interesting variant on a hydrothermal m
to form specular hematite. Certainly, some platy hema
deposits observed in the field appear to coat and grow on
faces of other minerals and much resemble vapor-depo
material.
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Fig. 1. Chemical pathways for the formation of gray crystalline hema
Two main routes are shown: (1) low-temperature precipitation follow
by hydrothermal processing; (2) direct hydrothermal formation. Redox
ance requires that the production of an oxidized species, hematite, b
anced by stoichiometric amounts of reductant, such as hydrogen. A d
sub-pathway shows the likely effect of microbial biology, if it ever exis
on early Mars.

3.4. Summary of the chemical pathways to form gray,
crystalline hematite

Figure 1 summarizes the possible chemical pathway
form gray, crystalline hematite, on the basis of its terres
occurrence and its laboratory synthesis, as reviewed ab
The figure identifies the chemistry of two main pathways

(1) Low temperature oxidation of iron and precipitation
iron oxides in a standing body of water with subsequ
burial and thermal recrystallization to gray hematite.

(2) Direct hydrothermal formation of the coarse-grain
hematite.

4. Thermal constraints for the formation of gray
crystalline hematite

It is obvious from all of the above that there is one co
mon environmental variable for the formation of coar
grained crystalline hematite: a warm temperature. We
calculate that temperatures in excess of about 100◦C are
required for the recrystallization of hematite from sma
grained iron oxide precursors like goethite.
-

.

Fig. 2. Stability fields of goethite and hematite as a function of tempera
and H2O pressure. For most geological situations the latter can be t
as being approximately equal to the lithostatic pressure. On the righ
equivalent subsurface depth is shown. At depth, hydrous iron oxides
fied by goethite) recrystallize to coarsely crystalline hematite due to hea
Two possible geothermal gradients for early Mars are shown to illustrat
range of uncertainty on this calculation. Geotherm 1 (dashed) corresp
to an early heat flux of 50 mW m−2, while geotherm 2 (dotted) correspon
to a heat flux of 80 mW m−2.

Let us consider the case where iron oxides are depo
from solution, buried, and then recrystallized to form g
hematite. Fresh sediments typically contain about∼ 50%
water, which is squeezed out during burial as pore wat
eliminated. Consequently, at moderate depths, the wat
either bound in chemical compounds or adsorbed onto
grains of sediments like iron oxides. All such compou
consisting of a combined volatile and solid phase exert a
por pressure as a function of temperature, pressure, and
size. At moderate depth, porosity and permeability are s
and fluids “fight” their way out, which yields the appro
imate assumption that the pore–fluid pressure approa
the lithostatic pressure. Thus iron oxide dehydration
hematite recrystallization will occur at a depth where
geotherm intersects the dehydration line for bound wate

Figure 2 (the basis of which is described below) sho
the theoretical calculated boundary between goethite
hematite as function of temperature and pressure using
modynamic data from Diakonov et al. (1994). The calcu
tion is supported by data: At low pressure, various work
have reported a temperature of 70–130◦C for the decom-
position of goethite to hematite in the presence of s
rated water vapor (Schmalz, 1959; Wefers, 1966; Voroby
and Melnik, 1977; Johnston and Lewis, 1983). (Note t
this transition temperature differs from the dehydration te
perature of∼ 250◦C required to change goethite po
der to hematite under dry conditions (Pollack et al., 19
Morris and Lauer, 1981); in the aqueous system, cry
growth effects lower the transition temperature.) In Fig
as temperature increases, hematite becomes the mor
ble phase. However, an increase in pressure does not
the dehydroxylation process (Eq. (4)) because it acts
modynamically to oppose the conversion to hematite by
Chatelier’s principle. Hence the stability line has a posi
slope. Thus, at higher pressure (greater depth) a greater
perature is required for recrystallization.
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To estimate a geothermal gradient requires knowledg
the heat flow and the thermal conductivity in the subs
face. Theoretical models of the heat flow suggest that
global-mean surface heat flow on Mars is in the range of
45 mW m−2 for the present day (see Schubert et al. (19
2001) for reviews). An intermediate value of∼ 30 mW m−2

is commonly used. It is generally believed that the heat fl
was higher on early Mars, but estimates range widely fr
a value similar to the present heat flux to∼ 100 mW m−2

(Schubert et al., 1992). Thermal conductivity is also unc
tain on Mars. Most minerals, including basalt, have c
ductivity ∼ 4.5 W m−1 K−1 (see Roy et al., 1989). How
ever, compositional interfaces, crystal imperfections, and
filling of voids with ice will tend to reduce the condu
tivity. Consequently, Clifford (1993) suggested a value
2 W m−1 K−1 while Mellon and Jakosky (1995) favore
3 W m−1 K−1 for the martian megaregolith. We adopt an
termediate value of 2.5 W m−1 K−1. Thus, in Fig. 2, a nomi
nal early Mars geothermal gradient (dashed line) is sh
assuming a heat flux of 50 mW m−2 and conductivity of
2.5 W m−1 K−1. This intersects the stability field of hemati
at about 5-km depth. Consequently, iron oxide sedim
would be expected to recrystallize at this depth to form c
talline hematite. This depth could be smaller if we us
geothermal gradient for early Mars that is larger than
assumed 50 mW m−2. For example, a geothermal heat fl
on early Mars of∼ 80 mW m−2 is an equally plausible pos
sibility for 4 Ga, given the uncertainty of models (Schub
et al., 2001, p. 694), and would produce a larger geothe
gradient that would allow for a shallower recrystallizati
depth of∼ 3 km (Fig. 2). Nonetheless, this depth of bu
ial still implies fairly drastic amounts of erosion by marti
standards (3–5 km of overburden material) to re-expose
posits of crystalline hematite. Alternatively, recrystallizati
would occur at very shallow depths if tens to hundreds
meters of hot impact ejecta melt were to cover the surfac
a result of a large impact on early Mars. The heat relea
from such a large accumulation of melt would generat
downward thermal pulse and a thermal gradient such
temperature would decrease with depth from the surf
Eventually, the thermal profile would reach a point of
flection with a gradient reversal, such that it would smoot
join the geothermal gradient at depth (see Sleep and Za
1998). The∼ 2500-km diameter Hellas impact crater pr
duced an ejecta blanket of about 70 m depth if glob
averaged (Sleep and Zahnle, 1998), so very large imp
produce massive amounts of melt. Smaller impactors c
produce similar or greater depths of ejecta if the ejecta b
ket were regionally confined. The smaller the source cra
the thinner the ejecta blanket, and the closer to the sur
hematite would crystallize, down to approximately twice
ejecta blanket depth. Thus knowledge of the vertical ex
of the hematite could set constraints on this possibility
Aram Chaos, it appears that the hematite is detected
an elevation range of order∼ 102 m (see Section 6). We d
not know if this represents the actual depth of the dep
,

r

or merely a smearing out of a thin deposit by erosion. A
the deposit is below the highest topographic level and
buried at least a few hundred meters. Thus, taken at
value it seems unlikely that the source of heat came f
above. Geothermal heat from below seems more likel
have caused the formation of gray hematite. Hematite c
also result from hydrothermal systems induced by imp
structures, although in the Canadian impact structures
hematite is mostly the red variety (Phinney et al., 19
Morris et al., 1995). However, impacts into the hema
deposits on Mars, once they had formed, may have
ated local effects in surrounding ejecta debris. Bolides
have impacted the hematite deposits will likely have c
ated hematite impact bombs, i.e., aerial recrystallizatio
melted material. Such a phenomenon occurs on Earth. I
40-km diameter Araguainha astrobleme, in central Bra
where a bolide impacted Fe-rich sedimentary rocks,
ial melt segregation led to impact bombs of 2–50 cm s
composed of pure hematite crystals 50 µm to 3 cm in
(Hippert and Lana, 1998). The influence of impacts sho
therefore not be ignored if the geology of hematite-rich ro
is viewed in detail from future landers or rovers on Mars.

5. Regional geological settings of the crystalline
hematite deposits

In order to draw conclusions about the formation of
gray hematite on Mars, it is useful to take into considera
the geological context of all occurrences of gray hema
Thus, we briefly review the geology of the Sinus Meridia
and Vallis Marineris deposits. We also introduce the geol
of Aram Chaos before presenting more detail on this reg
in the next section.

5.1. The Meridiani Formation

Edgett and Parker (1997) first described the geom
phology of the location of the largest gray hematite
posit, Sinus Meridiani, based on∼ 30 m pixel−1 Viking
Orbiter imaging. They noted a smooth deposit embay
thus superposed, on a moderately valley-dissected su
outcropping to the south. Order-of-magnitude higher res
tion MOC imaging indicates that this unit is smooth, w
layers and mesas forming outliers of a largely stripped o
lying deposit, and that the unit has internal layering wh
exposed along its eroded margin (Christensen et al., 2
Malin and Edgett, 2001). The geomorphic presentation
the erosion of the hematite-bearing unit, as well as the r
nants of the unit superposed upon it, has led Christens
al. (2001) to conclude that these materials are sedimen
and have undergone physical weathering by the wind o
geological time. Deep infrared absorption features of ba
the dominant host rock for the gray hematite material, s
gests that the individual basalt grains of the deposit ar
least sand sized, implying that the deposit was unlikely
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originate as air-fall (Christensen et al., 2001). The abse
of a hematite signature in a 22-km-diameter crater al
the southern periphery of the deposit is taken to refute
possibility that the hematite is simply a wind-introduced s
face mantle and to infer an in-place rock unit that is thin
than the excavation depth (∼ 2 km) of the crater (Chris
tensen et al., 2001). Christensen et al. (2001) conclude
the hematite-bearing unit in Sinus Meridiani was previou
more extensive, has undergone erosional stripping by
wind, and once eroded, became mobile and dispersed,
that none is detected on the surrounding surfaces. C
tensen et al. (2001) note that the hematite constitutes the
rock-stratigraphic unit identified by mineralogical compo
tion on Mars, which they name the Meridiani Formation.

5.2. Vallis Marineris

Christensen et al. (2001) also report numerous smal
20 km) areas in Vallis Marineris exhibiting the spectral s
nature of gray hematite, with the most extensive outcr
within Candor and Ophir Chasma. Though they found
exact locations of these areas difficult to determine, t
conclude that the hematite-bearing materials are assoc
with dark material located in topographic lows located n
well-known eroded layered deposits. Gray hematite is ap
ently absent in regions of Vallis Marineris that do not exh
interior layered deposits, so that gray hematite formation
pears invariably directly associated with layered materia

5.3. Aram Chaos

Christensen et al. (2001) also report the presence of a
hematite zone in the north–east quadrant of Aram Ch
Aram Chaos (21◦W, 2◦N) is an isolated area of chaot
terrain contained completely within an eroded and largely
filled crater. It forms part of the larger occurrence of cha
terrain to the east of Vallis Marineris between 10 to 50◦W
and 20◦S to 10◦N. Chaos regions on Mars are areas wh
jumbled arrays of blocks have apparently been produce
collapsed ground. Chaotic terrain (and several box cany
serve as the source regions for large out-flow channels
generally flow northwards and converge in the northern l
lands, principally Chryse Planitia. We now examine the
ology and topography of Aram Chaos in some detail.

6. The geology of the gray hematite zone in Aram Chaos

Figure 3(a) shows a topographic map of Aram Ch
based on Mars Orbiter Laser Altimeter (MOLA) data (Sm
et al., 2001). On the right, an outflow channel from Ar
Chaos region feeds into Ares Vallis, which drains towa
the northern plains. Figure 3(b) shows the same MOLA m
with an overlay of the region enriched in coarse-grai
crystalline hematite. Here the color denotes the “hematit
dex” exactly as defined by Christensen et al. (2001), wh
t

n
-
t

d

.

)
t

is based on the depth of the spectral absorption featur
gray hematite in TES spectra.

On Fig. 3(a), four individual MOLA tracks are show
that cross over the hematite-enriched region. The eleva
of these four tracks is plotted in Fig. 4. It can be se
that the spectral signature for the Aram Chaos crysta
hematite is typically confined between about−3000 m and
−2500 m elevation relative to the martian geoid defin
by the MOLA team (Smith et al., 2001). From comparis
with Fig. 3(b), we deduce that the TES spectral signatu
weak at elevations close to−3000 m and maximal aroun
−2600 m. The individual tracks clearly show that hema
does not occur above about−2500 m elevation. For exam
ple, along track 3 an area of topography between 339.1◦E
and 339.24◦E rises above−2500 m and there is a cle
break in the hematite signal. Going from west to east al
track 4, hematite does not appear until about 339.6◦E where
the topography falls below the−2500 m contour. Along
track 1 hematite appears on west–east slopes at 338◦E
and 338.94◦E, again when the elevation falls below t
−2500 m threshold. Peak concentrations of hematite (
ored red in Fig. 3(b)) occur at an elevation of approxima
−2600 m. Such peak concentrations occur at 339.1◦E
along track 1 and 339.55◦E along track 3 in Fig. 4, whe
comparing Fig. 3(b).

Thus the maximum concentration of gray hematite
around−2600 m. This is equivalent to benches that are
ored very light green in Fig. 3(a). We interpret the les
concentrations of hematite found at elevations up to a
hundred meters below this level as most likely a lag
posit from physical weathering. A terrestrial analog
such detrital hematite is seen at the Pilot Knob specu
ite ore in Missouri, where a∼ 60 m thick accumulation o
specularite-rich boulders is found below the main ore
posit on the lower slope and foot of the Pilot Knob Mount
(Seeger et al., 1989). On geological timescales, wind
sion will grind down any detrital crystalline hematite
Mars into smaller red-colored particles, so a strong sp
tral signature of crystalline gray hematite probably in
cates a relatively recent exposure and erosion, much
that suggested for Sinus Meridiani (Christensen et al., 2
Hartmann et al., 2001). The visible and near-infrared sp
tral properties of martian dust are compatible with mixtu
of palagonitic dust and small amounts of red hematite (M
ris et al., 1989, 1997). Such red “dust” hematite, becaus
its small particle size and low concentration, would not te
to be detected by TES, as observed. We interpret the to
raphy and TES data in Aram Chaos as showing a regi
layer of crystalline hematite restricted in elevation. Alter
tively, the hematite deposit could consist of successive la
confined between two relatively close depths whose di
ence is< 500 m. In any case, the hematite stratum lies be
the top level of the topography and is sharply confined be
−2500-m elevation, suggesting a partially buried planar
posit (with a small-angle regional dip to the west (T. Glot
private communication)).
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Fig. 3. (a) Aram Chaos topography contours from binned MOLA data. The four lines shown are individual MOLA tracks, which are also plotted in Fig. 4.
(b) Aram Chaos topography with an overlay of the area enriched in coarse-grained crystalline hematite on the basis of spectral signatures from TES. The
hematite signature is shown to match its graphic presentation in Plate 3 of Christensen et al. (2001).
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cks above
Fig. 4. MOLA track topography of the Aram Chaos hematite deposit. MOLA track numbers correspond to the track numbers on Fig. 3(a). The blo
the topographic profile show the coincidence with the area of TES-detected hematite, as shown in Fig. 3(b).
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Correlation of the gray hematite location in Aram Cha
with MOLA topographic mapping and imaging by the Ma
Orbiter Camera (MOC) allows us to characterize the m
phology and local stratigraphy of this material (comp
Fig. 5 with Fig. 3). In Fig. 5, an image mosaic compos
of MOC wide angle images (resolution∼ 250 m pixel−1)

shows that much of Aram Chaos’ interior is surfaced b
prominent light-toned caprock. The major exposures of
caprock, such as that marked by the southernmost “C
Fig. 5, appears heavily pitted and fluted in MOC narrow
gle (NA) images. The subparallel orientation of this fluti
implies that abrasion driven by strong unidirectional wind
the most likely agent. The boundaries of this capping dep
form scarps. Also scarp-bounded outliers of the caprock
cur beyond the main outcrop (Fig. 6), which suggests
it was once more extensive. Bounding scarps of cap
material exhibit alternating benches and steps in MOC
images, which we interpret to be due to the differential e
sion of horizontal discrete layers, as did Christensen e
(2001). In contrast to the main deposit, the upper cap
surface immediately above the hematite deposit, at leas
cally in the two examples shown in Figs. 6 and 7, is relativ
smooth at the scale resolvable in MOC NA images. Perh
this surface is composed of a lower, smoothly eroding la
within the caprock rather than the fluted exposures in the
terior of the large outcrops.

In MOC NA images, the main gray hematite-bearing m
terial appears to emerge from beneath the caprock (Fig
and 7). The hematite deposit itself also shows alterna
benches and steps, inferred to be an erosional express
 f

Fig. 5. Digital Image Map (DIM) of the interior deposits of Aram Cha
showing the locations of two MOC NA images of outcrops of the g
hematite found there. Figure 6 is located with the northern box and F
is located within the southern and longer box. The hematite occurs u
a widespread caprock (labeled “C”) and thus is only exposed where
caprock has been striped back. (DIM produced from MOC red-filter W
Angle images acquired during the “geodetic” campaign and assemble
“MC Quadrangle” charts using a simple cylindrical projection courtesy
lin Space Science Systems. Figure centered∼ 3 ◦N, 21◦W. North at top.
Illumination from left.)
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Fig. 6. The hematite-bearing unit dominates the lower-left-half of this
ure. Beyond (upper right) and topographically below the hematite u
bounding scarp is a “sea” of dune-forms (whether active, indurated or
possibly exhumed is undeterminable). Note that the hematite-bearing
forms several scarps and benches, which are interpreted to be the re
differential erosion of several discrete layers. This differential erosion,
sumably modern and due to wind-driven abrasion, has etched and
the tops of the benches. Small outliers of the brighter-toned and smo
caprock, which overlie the hematite baring unit, can be seen near the
tom of this figure (labeled “C”). (Portion of MOC narrow angle ima
M19-01361, centered at∼ 3.5 ◦N, 20.6◦W, image-longitude-centered s
nusoidal projection, original resolution 2.9 m pixel−1. North at top. Illu-
mination from upper left. Image processing courtesy Malin Space Sci
Systems.)
f

Fig. 7. The hematite-bearing unit outcropping beneath the caprock
Here also the hematite-bearing unit forms several scarps and bench
terpreted to be layers. The inset at upper right shows that bench
of the hematite unit here is etched and pitted. The brighter-toned
smoother caprock (labeled “C” between brackets), has eroded here to
step-and-bench buttes, strongly implying that it also is layered. Note tha
erosion process does not etch and pit the caprock unit nearly to the ex
does the hematite unit. (Portion of MOC narrow angle image M09-06
centered at∼ 3.0 ◦N, 20.2◦W, image-longitude-centered sinusoidal pr
jection, original resolution 4.4 m pixel−1. North at top. Illumination from
lower left. Image processing courtesy Malin Space Science Systems.)

layering. The hematite-bearing outcrops always appear t
heavily etched and pitted on decameter scales, with s
fluting in MOC NA images. The layered hematite outcro
generally do not extend beyond 10–15 km of the last
currence of the caprock, from which we speculate that
more susceptible to erosion than is the caprock. It is rea
able to infer that the hematite-bearing rock is much m
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extensive than its exposures, where protected by cap
However, the lack of a hematite detection by TES wes
the boundaries of the large caprock exposure (that ma
by the southernmost “C” in Fig. 5) may mean that hema
is limited in the material beneath the caprock to the eas
portion of Aram Chaos. As the bulk of the hematite-bear
unit itself is composed of other minerals, i.e., those der
from basalt (Christensen et al., 2001), the unit may outc
in western Aram Chaos and simply be devoid of hema
Laterally beyond and topographically below the bound
scarps of the hematite-bearing rock outcrop is a sur
ubiquitously covered by duneforms. There is a detecta
though weaker, presence of hematite in this “duneform”
terial. If the duneform material is indeed composed of re
tively recently formed sand dunes whose sands were de
from the erosion of the hematite-bearing material, then
hematite-bearing deposit is probably not well consolida
and composed of individual sand-sized grains of pred
inantly basaltic composition. Presumably, the abrasion
sands in the dunes of the duneform material fairly quic
mutes or destroys the hematite signature. However, the
idence for the duneform deposit being stratigraphically
perposed is not absolutely unequivocal. Alternatively th
“dunes,” if in fact that is what they are, could be “foss
s” exhumed from beneath the hematite material. Fossil
duneform-texturedsurfaces are proposed for similar feat
elsewhere on Mars (Edgett and Malin, 2000a, 2000b; M
and Edgett, 2001).

Groundwater release and structural failure of the ove
ing rocks is a plausible explanation for how the appare
collapsed ground of martian chaotic terrain formed (Sh
1973). Presumably, such release would be triggered by
tonic or geothermal activity. Thus the geology and top
raphy of Aram Chaos is consistent with the formation
gray hematite due to the confinement and subsequen
lease of a hydrothermal aquifer. Possible terrestrial ana
are Proterozoic brecciated zones, such as in northern Yu
Canada, and the Olympic Dam deposit in southern Aust
(Thorkelson et al., 2001). At these terrestrial locations, b
cia zones were generated by forceful explosions of vola
rich fluids within the crust, most probably caused by igne
intrusions at depth. Rapid ejection of the hydrothermal flu
shattered large volumes of country rock. The Yukon bre
zones, collectively called Wernecke Breccia, cover an
48,000 km2 and are characterized by disseminated sp
lar hematite (Thorkelson et al., 2001). Clasts and wallro
were hydrothermally altered leading to metasomatic gro
of specularite on the rims around clasts and in fractu
Zones of massive specularite are present in some Wern
breccias. Hydrothermal activity at shallow subsurface le
similarly produced massive hematite in the Olympic Sub
main of the Gawler Craton in South Australia, although
geologic history in that region is somewhat more comp
than in Yukon (Thorkelson et al., 2001). The gray hema
in Aram Chaos may have similarly had such a hydrother
origin.
.

-

-

-

,

e

7. Redox considerations in the formation of gray
hematite

The apparent unaltered composition of the basaltic
face of Mars contains iron as Fe2+. Thus, no significan
concentrations of hematite could have ever been prod
without a concentrated source of oxidant to convert F2+
to Fe3+. Possible candidates for the chemical oxidat
processes are:

(a) direction aqueous oxidation with O2 (or oxygen-bearing
oxidants effectively redox-linked to O2) produced abiot
ically in the atmosphere as a result of photo-dissocia
of water,

(b) oxidation similar to Eq. (1) with H2O that was dissoci
ated as a result of hydrothermal activity,

(c) aqueous photo-oxidation, and
(d) biological oxidation.

Oxidation must be accompanied by the generation of a
ichiometrically balanced amount of reductant, as a fun
mental matter of redox chemistry. In the case of (a)–(c),
reductant generated would be H2, whereas in the case of (d
it would be organic carbon (or methane, if the organic car
was metabolized). It is therefore worthwhile considering
redox chemistry necessary to produce the gray hematit
Mars in terms of the fate of the reductant that would hav
be generated and the amount of oxidant needed.

7.1. Oxygen inventory in the gray hematite

In the sedimentary hypothesis for the formation of g
hematite on Mars (Section 3.2), direct oxidation in an aq
ous environment with dissolved O2 from the atmospher
is required. This may, on the face of it, seem reason
given that the present martian atmosphere contains 0
O2 due to photochemistry and is oxidizing (Owen, 199
A net gain of oxygen to the planet is generated by the ph
dissociation of water and the subsequent loss of hydro
to space, with overall reaction 2H2O → O2 + 4H(↑space).
The escape process is the key step because otherwise h
gen would photochemically recombine to form water, p
ducing no net oxidation gain. Today, the O2 in the martian
atmosphere is significant from a redox point of view, but t
predicament arises only because the losses of O2 to chemi-
cal weathering of the surface and reactions with geothe
emissions of reduced gases are negligible. The sinks o2
are low because volcanism is (largely) extinct and a sig
icant amount of liquid water is absent to catalyze surf
oxidative weathering. In fact, these surface sinks are so
today that oxygen atoms are lost to space from Mars
rate that is half of that for hydrogen atoms (McElroy, 19
Liu and Donahue, 1976). Consequently, Mars is in a s
of redox stagnation. One would deduce that Mars’
color (from oxidation) did not occur as a result of curre
processes on Mars; instead, the oxidation resulted bec
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early Mars must have been different with a greater esc
rate for hydrogen than oxygen. Clearly, the excess oxy
in the Fe2O3 must come from somewhere. The source
the oxygen becomes an interesting issue if the gray hem
deposits are truly ancient, which would mean that volc
ism was continuously active preventing significant conc
trations of atmospheric O2 because of the input of reducin
gases (see below), and if the hematite deposits are te
meters thick, which would mean a considerable oxygen
ventory. For example, if the∼ 175,000 km2 of hematite
in Sinus Meridiani is 10 m thick, and comprises∼ 20%
hematite, then we have
[
0.2× (

1.75× 1011 m2) × (10 m)

× (
5275 kg Fe2O3 m−3)]/(

0.1597 kgFe2O3 mol−1)

= 1.16× 1016 moles

of hematite. This requires 5.8×1015 moles of O2, given that
1 mole of O2 produces 2 moles of hematite: 4FeO+ O2 =
2Fe2O3. This is a significant amount of oxygen, more tha
times the total amount of free O2 present in today’s martia
atmosphere (∼ 9.6 × 1014 moles O2). The Meridiani For-
mation is special because it has been exposed geolog
recently, perhaps in the last∼ 10 myr on the basis of crate
counts (Hartmann et al., 2001). If there are other bu
layers of gray hematite, perhaps some of the meter-s
layers visible in MOC images in the walls of craters a
canyons, that are inaccessible to TES spectral mapping,
the Meridiani hematite and the smaller deposits elsew
could be only a tiny fraction of the total gray hematite p
duced on early Mars. As noted above, light-toned capr
is likely to hide underlying hematite in Aram Chaos. The
could also have been gray hematite deposits that were
posed in the last 4 byr of martian history but have dis
peared due to wind erosion and the transformation of g
hematite to finely divided red-colored oxides. For exam
if the Meridiani Formation represents only 1/10th of a to-
tal inventory (perhaps because the rest is buried or has
stripped away), we would require the equivalent of∼ 60
times the amount of O2 in the present martian atmosphe
to have been available on early Mars. Again, this estim
assumes a 10-m scale thickness for the extant deposit, w
seems reasonable on the basis of layered geomorph
(see Sections 5 and 6), but could be an overestimate.
main point is that the amount of oxygen required to m
hematite is clearly relevant to the questions of

(1) whether the hematite originated from iron oxides p
duced in a standing body of water from atmosphe
oxidation and was subsequently recrystallized to coa
grained form, or

(2) whether the gray hematite was the direct result of
drothermal activity.

We suggest that the oxygen balance probably favors the
ter hypothesis, as we now consider.
f

-

n

y

7.2. Oxygen in the atmosphere of early Mars

Is vast oxidation of the iron in a standing a body
water on early Mars plausible? If anything, the early m
tian atmosphere would have been much more anoxic
the present atmosphere because of the continuous flu
oxygen-consuming reduced volcanic gases. Volcanic g
never contain free oxygen and instead always contain
ducing gases (H2, CO, SO2, and H2S) that react with any
oxygen in the atmosphere to remove it (e.g., Holland, 19
Because the rate of oxidation of aqueous iron is sens
to O2 levels, then it is useful to estimate what the O2 levels
might have been and then to estimate oxidation rates. We
roughly estimate the concentration of O2 in the early mar-
tian atmosphere following the method suggested by Wa
(1978) for estimating the prebiological concentration of o
gen in the Earth’s atmosphere. In the hydrogen budge
the early martian atmosphere, volcanism would release2
into the atmosphere and H2 would accumulate to a leve
where the input flux was balanced by losses. Hydrogen s
include direct escape to space and rapid photochemical
tion with net oxygen produced from water vapor destructi
Here, net oxygen is that derived from water molecules
were photolyzed followed by hydrogen escape. A marke
higher concentration of CO2 on early Mars, which may o
may not have been the case (e.g., Kasting, 1991; Forge
Pierrehumbert, 1997), does not significantly affect the
drogen balance considered here. Thus, we have

(5)Fvolcanic= FH-escape+ Fnet-O2,

whereFvolcanic is the volcanic flux of H2 that balances bot
the direct escape of hydrogen to space (FH-escape) and the
reaction of hydrogen with oxygen produced from net
struction of H2O molecules (Fnet-O2). Of course, we should
also consider other reduced volcanic gases that photoc
ically react with oxygen such as CO. But from the sta
point of overall redox balance, it is reasonable to think
these other reduced gases as effective fluxes of hydr
and lump them all together. For example, the net ph
chemical oxidation of CO can be thought of as a sou
of H2 via CO+ H2O = CO2 + H2, and similar relation-
ships hold for other reduced volcanic gases such as2S
and SO2. By considering only H2, we are merely being
generous for the survival of oxygen in order to estim
an upper limit. As shown by Hunten (1973) and Walk
(1977), the rate of net water vapor destruction (and ge
ation of oxygen) depends on the rate of escape of hydro
and is controlled by the slow upward transport of hydrog
through the atmosphere to the exosphere. Under quite
eral conditions, this upward transport is limited by diffusi
through the thermosphere. In the diffusion-limited appro
mation, the escape rate for hydrogen from H2 molecules and
from photolyzed water is proportional to their mixing rati
in the lower atmosphere of Mars above the cold-trapp
level for H2O. Consequently, the rate of escape of hyd
gen can be written asFH-escape= kefH2, wherefH2 is the
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Table 1
A much simplified model for the redox balance in the early martian atmosphere

Reaction # Reaction Rate constant Reference/Note

Hydrogen and water photochemistry
R1 H2O+ hυ = OH+ H R ∼ 1.1× 1012 cm−2 sec−1 Integrated through the lower atmosphe
R2 OH+ H2 = H2O+ H K1 = 5.5× 10−12exp(−2000/T ) cm3 s−1 DeMore et al. (1992)
R3 H+ H + M = H2 + M K2 = 1.5× 10−29T −1.3 cm6 s−1 Tsang & Hampson (1986)

Photochemistry that destroys oxygen
R4 H+ O2 + M = HO2 + M K3 = 5.7× 10−32(300/T )−1.6 cm6 s−1 DeMore et al. (1992)
R5 HO2 + H = OH+ OH
R6 2OH+ 2H2 = 2H2O+ 2H
R4+ R5+ R6 Net reaction: 2H2 + O2 = 2H2O

The table shows the photochemical steps leading to mutual photochemical annihilation of oxygen and hydrogen in the early martian atmospher-
ignates an arbitrary third molecule, most probably CO2 or N2. Temperature-dependent rate constants are listed for the essential reactions that co
atmospheric abundance of hydrogen and of oxygen, whereT is in K.
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hydrogen volume mixing ratio in the lower atmosph
and ke is a constant (≈ (1.1–2.5) × 1013 cm−2 s−1, de-
pending on the assumed CO2 versus N2 composition of
the atmosphere of early Mars) (Walker, 1977). Simila
Fnet-O2 = kefH2O,wherefH2O is the water vapor volum
mixing ratio. Thus Eq. (1) can be re-written as

(6)fH2 = Fvolcanic− kefH2O

ke
.

Here fH2O can be estimated by using the equilibrium v
por concentration at an estimated temperature for the e
martian tropopause. The volcanic flux of hydrogen on e
Mars,Fvolcanic, can also be estimated. The total rate of
lease of volcanic gases, including hydrogen, was gre
on early Mars than today because of larger rates of
ternal heating due to the decay of radioactive eleme
However, volcanic outgassing on Mars was still much l
than on Earth: Jakosky and Shock (1998) estimated a
tor of ∼ 250 times less than Earth (see their Fig. 1), wh
we adopt here. Today, the terrestrial volcanic flux of2
is estimated as(1.8 ± 1.4) × 1010 H2 molecules cm−2 s−1

(Holland, 2002). At about 4.0 Ga, the heat flux from
Earth was 2–4 times greater, so the volcanic flux wo
be greater, roughly scaling with the square of the heat
(Schubert et al., 2001). Let us take the early volcanic
as ∼ 4 times greater at 4 Ga. If the early martian fl
had been 250 times less than early Earth’s flux, then
globally averaged volcanic flux of H2 on early Mars was
Fvolcanic∼ 3.6× 108 H2 molecules cm−2 s−1. If the martian
mantle had been more reducing than Earth’s, as sugg
by Wadhwa’s (2001) martian meteorite data, then the
portion of reduced gases from volcanic emissions wo
have been much greater, leading to a significantly highe2
flux. However, Wänke and Dreibus (1994) present geoch
ical arguments that the martian mantle was oxidized e
so we stay with the conservative assumption that the re
partitioning of martian volcanic gases was buffered in
vor of only a weakly reducing mixture, much like mode
terrestrial volcanic gases (Holland, 1984). If we take a
ter mixing ratio similar to Earth’s tropopause∼ 4 ppmv as
being similar to that in the tropopause of a wet early M
d

(corresponding to a temperature of about 195 K), then s
ing Eq. (6) gives∼ 10−5 or ∼ 10 ppmv for the mixing ratio
of H2 on early Mars. This is roughly similar to the H2 mix-
ing ratio in the martian atmosphere today (Krasnopolsky
Feldman, 2001), but the situation differs because in our
nario a flux of H2 is being continuously consumed by O2
and replenished by volcanism to maintain the equilibri
H2 mixing ratio in the atmosphere.

To estimate the concentration of O2 requires some con
sideration of photochemistry. To provide an upper lim
on O2, we make the generous assumption that all of the2
produced by the photodissociation of water on early M
got transported to the lower atmosphere. The photochem
reactions that destroy O2 are summarized in Table 1. Fro
the equations in Table 1, the concentration of O2 is given by

(7)[O2] = net-O2 source(molecules cm−2s
−1

)

k3[H][M] × Hs

and the hydrogen atom concentration is given by

(8)[H]2 = 2R

k2[M] × Hs
.

Here R is the height-integrated rate of photolysis of t
pospheric water vapor in cm−2 s−1. Consequently, the ex
pressions include the atmospheric scale height,Hs, because
for example, the height-integrated rate of destruction of O2 is
k3[O2][H][M] × Hs, considering reaction R4 in Table 1. T
estimateR, we can take the globally averaged photon fl
between 184–200 nm and generously assume (for O2 pro-
duction) that this is all used in the photolysis of water vap
This givesR = 1.1× 1019 cm−2 s−1at the distance of Mars
(We do not consider the spectral region below∼ 184 nm
because absorption by CO2 dominates at such wavelengt
and shields water vapor in the lower atmosphere from s
ultraviolet wavelengths (e.g., Cockell et al., 2000). The c
centrations from Eqs. (7) and (8) are sensitive to the assu
total atmospheric density at the ground, [M], which wo
be 2.6 × 1019 molecules cm−3 for a thick early Mars at
mosphere at 1 bar, but otherwise scales with surface p
sure. Assuming a tropospheric temperature, we can s
(7) and (8) for [O2] and deduce the oxygen partial press
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(pO2). For surface pressures of 10 mbar to 1 bar, pO2 varies
from ∼ 10−12 to ∼ 10−15 bar. Neither the assumed tr
pospheric temperature nor the assumed scale height m
much difference to the order of magnitude of the res
within the realm of reasonable possibilities (cold-trap te
peratures of 160–300 K and atmospheric scale heigh
5–15 km). Of course, in reality, minor species like O2 would
not be distributed uniformly with height so that Eqs. (
and (8) are only rough approximations. But the point of t
calculation is to show that the pO2 would be far smaller than
today’s pO2 on Mars,∼ 7.8 × 10−6 bar. This result arise
simply because in the early martian atmosphere there w
be a small volcanic flux of H2 (and other reduced gases)
consume O2, unlike the case today, where the volcanic fl
is negligible. Moreover, the volcanic flux of H2 would have
significantly exceeded the net production flux of O2 arising
from net water vapor destruction, forcing the dynamic eq
librium concentration of O2 to low values.

7.3. Iron oxidation rates

Now that we have an estimate of pO2 on early Mars, we
can consider the oxidation rates of aqueous iron on e
Mars. Our purpose here is to examine the hypothesis
oxidation of ferrous iron in a large standing body of w
ter led to the original iron oxide sediments that were la
transformed to crystalline hematite: one of the suggest
of Christensen et al. (2000). Burns (1993) describes the
dation rate of ferrous iron

(9)
d[Fe2+]

dt
= −kB

[
Fe2+][O2]{OH−}2

where [Fe2+] is the molar concentration of ferrous iron, [O2]
is the molal concentration of oxygen, and {OH−} is the ac-
tivity of OH−. The constant,kB, in mol−3 min−1, depends
on the temperature (T ) and ionic strength (I ) of the solution
as follows:kB = 21.56−1545/T +AI0.5 +BI0.5/T +CI ,
whereA, B, andC are constants tabulated by Burns (199
The hydroxyl {OH−} is a direct function of the pH of
the solution, because pH= − log10{H+}, by definition, and
{H+}{OH−} = Kw = the dissociation constant for liquid wa
ter. Thus, if one specifies the pH, oxygen concentration,
ionic strength of an aqueous solution, the rate of oxida
can be calculated. By considering the density of hema
and deposition over a unit area, the depth of hematite
is produced per unit time can also be calculated. Figu
shows such a calculation, where pO2 has been varied from
today’s martian value (∼ 10−5 bar) to a value expected o
a volcanically active early Mars (∼ 10−12 bar), as calcu-
lated above. The aqueous solution is assumed to be b
arbitrarily 1 molal ionic strength (compared to 0.7 mo
for terrestrial seawater) at 0◦C. The ferrous iron concentra
tion is assumed to be 5 mg l−1, which is a reasonable roug
estimate for an iron-rich fluid. One can compare the P
cambrian deep ocean, which is estimated to have conta
∼ 3 mg Fe2+ l−1 (Holland, 1984). We have not include
s

,

Fig. 8. The thickness of hematite in meters (at the density of crysta
hematite) that could be produced from a standing body of water over a
lion Earth years for solutions at pH∼ 4.5–6.0 and various fixed oxyge
levels in the atmosphere. A ferrous iron loading of 5 mg l−1 is assumed for
the solution (see text).

higher pH levels in Fig. 8, because natural waters of pH> 7
contain hardly any dissolved iron. Typically only acid so
tions are capable of holding significant amounts of dissol
iron. For example, in the eastern province of Kamcha
Russia, acid rivers with pH= 4.5–5.3 contain 1–7.8 mg l−1

of iron due to leaching of ashy volcanic material. High
acid hydrothermal waters with pH= 0–3, such as the ho
springs of the Ebeko volcano on the Kuril archipelago, R
sia, contain up to 100–300 mg l−1 of dissolved iron (Melnik,
1982, pp. 145–151). Figure 8 shows that very little hema
could be produced in a standing body of water on early M
with a low atmospheric pO2 of ∼ 10−12 bar. If a lake with
a pH of 6 stood for 10 myr it would only produce a palt
10 µ thick deposit. This compares to the annual iron ox
precipitation in the Hamersley BIF in Australia, reported
∼ 20–100 m Myr−1 (Trendall and Blockley, 1970, p. 336
and 100–1000 m Myr−1 (Barley et al., 1997). One alterna
tive to this scenario is that the iron oxide formed later
martian history when volcanism was merely episodic
pO2 was similar to today’s value∼ 10−5 bar. However, cli-
matic conditions have probably not been conducive to la
bodies of standing water on the surface in post-Noac
times given very low post-Noachian erosion rates, which
more likely explained by wind. A more plausible altern
tive is that oxidation may have been produced hydrot
mally by the dissociation of water and loss of hydrog
The evolution of hydrogen that is required by redox b
ance is confirmed in laboratory experiments when hem
is produced hydrothermally (e.g., Kolb et al. (1973) rep
evolution of H2). Thus the redox balance on early Mars
vors the hydrothermal hypothesis for the formation of g
hematite. Another alternative pathway for forming iron o
ides is photo-oxidation in standing bodies of water, wh
we consider below, although this would again require b
ial metamorphism and hydrothermal alteration to effec
recrystallization to gray hematite.

7.4. Photo-oxidation alternative?

In Section 3.2, we discussed the hypothesis that B
on Archean Earth may have been abiotically produced
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photo-oxidation (Braterman et al., 1983). Although this
pothesis is unlikely to have been correct for early Earth
the several reasons we gave, the possibility remains
waters on early Mars may have been more conduciv
photo-oxidation. This would require that the fluids someh
contained plenty of dissolved iron but very little dissolv
silica. In idealized theory, the photo-oxidation mechan
is capable of producing a relatively high rate of oxidat
and deposition despite the factor of 2.3 times less s
radiation on Mars than on Earth. Given the quantum e
ciency from laboratory studies, assuming 50% cloud co
and assuming an integrated column of 10 m water we
estimate the photo-oxidation rate (Braterman et al., 19
Anbar and Holland, 1992). Ignoring light loss (reflectio
scattering) in the water column, one calculates∼ 40–200 m
Fe2O3 per 106 yr, which is in the right ballpark to account fo
observations. Here the conversion of iron oxides to coar
crystalline variety by subsequent thermal processing is
sumed. The photo-oxidation would liberate substantial2.
For example, if the hematite areas that we see on Mars
all generated at the same time, the rate of H2 production
would be roughly∼ 5 × 1010 H2 molecules cm−2 s−1 as a
global average. This rate would cause H2 to accumulate in
the atmosphere to a significant mixing ratio of∼ 10−3, as-
suming diffusion-limited escape, which has potential im
cations for biology mentioned below.

8. Biological implications for the environment on early
Mars?

8.1. Could there have been biological oxidation on early
Mars?

In this paper, we have noted that there are several m
to form gray, crystalline hematite on Mars but that the
ology and topography of Aram Chaos, when combined w
consideration of redox chemistry, suggest that hydrothe
activity is the mechanism that would require the least s
cial circumstances. However, it is worth considering whe
biology could have been involved given the inherent imp
tance of such an inference. All life thrives via redox che
istry and thus life will inevitably leave a large redox impr
on its surroundings: witness Earth’s O2-rich atmosphere an
ocean. If there had been a global biota on early Mars, its m
obvious (i.e., large-scale) manifestation would undoubte
be the geochemical remains of large redox anomalies.
eral mechanisms could oxidize ferrous iron and all of th
stoichiometrically require oxygen as described above. T
are only two possibilities for an oxygen source:

(1) Oxygen was abiotically produced from water as hyd
gen escaped to space and ferrous iron acted as a sin
this oxygen.

(2) Alternatively, early Mars, like early Earth, had a micr
bial biosphere that either liberated oxygen by oxyge
t

s

l

-

r

photosynthesis or catalyzed the oxidation of ferrous
with CO2.

There are at least two reasons why the idea of oxyg
producing microbes would be consistent with the con
versial belief that magnetite crystals of biogenic shap
ALH84001 represent the remains of magnetotactic ba
ria (McKay et al., 1996; Kirschvink et al., 2002; Barb
and Scott, 2002). First, magnetotactic bacteria use the
netic properties of magnetite to guide themselves alon
redox gradient away from a surface environment domin
by oxygen to an oxic-anoxic boundary where both oxid
and reductant are available for the metabolic release o
ergy. Second, magnetotactic bacteria metabolize either O2 or
sulfate, where the latter must ultimately derive from the
oxygen source of hydrogen escape. Another possible
speculative) line of evidence in favor of biological oxyg
production on early Mars is the presence of 3.9 Ga car
ates in the ALH84001 meteorite that are enriched in17O rel-
ative to the oxygen isotope composition of martian bulk s
cates. Mass balance requires that there must be a signi
oxygen reservoir depleted in17O relative to martian bulk sili
cates to account for the17O-enriched carbonates. Farquha
al. (1998) have suggested that the enrichment of17O in car-
bonates was derived from mass-independent photoche
reactions in the atmosphere that imparted a17O-enrichment
to CO2. However, they note that the mass balance ca
be explained away by17O-depleted O2 in the present at
mosphere because the quantity of O2 is far too small and
much oxygen must be in the crust. Farquhar’s interpreta
that fractionation is induced by tropospheric chemistry
recently been challenged, although their overall mass
ance must still apply. Classical kinetic isotope fractiona
during the respiration of O2 causes a similar “mass indepe
dent” oxygen isotope fractionation in the Earth’s troposph
(Young et al., 2002). If O2 had been produced biological
on early Mars, we would expect analogous fractionation
to microbial respiration. This is potentially testable. O i
topes in hematite on Mars should be depleted in17O if they
had a contribution from biological O2, noting that the signa
ture may be somewhat weakened by subsequent hydro
mal recrystallization and exchange with water. In contras
the hematite originated solely from abiotic hydrothermal d
sociation of water, the oxygen isotope composition shoul
similar to bulk silicates given that hot water should be cl
to isotopic equilibrium with the host rock. Of course, if t
case for biology turns out to be true, we would necessa
conclude that Mars is red because of life (a possibility fi
suggested by Hartman and McKay, 1995), in the same
that Earth developed continental red beds at∼ 2.3 Ga solely
in response to the action of an oxygen-producing biosp
(Holland, 1984). In this case, merely to view Mars with t
naked eye and to see its color would be to detect sign
ancient life, which would be a curious conclusion from o
elaborate space exploration efforts.
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8.2. The relevance of Fe3+ for primitive life

In a less speculative scenario, hematite was most li
produced by abiotic hydrothermal activity, accompanied
the evolution of hydrogen and its loss to space. Howe
even this abiotic scenario would produce favorable envir
mental conditions for primitive life, potentially enabling
to thrive if it ever got started. The most significant bioche
ical implication of hematite concentrations on Mars is t
ferric iron was being generated in an environment where
uid water and reductant (H2) were also readily available. H2
itself is not particularly special: it is certain to have be
produced by volcanism on early Mars. But Fe3+ (an elec-
tron acceptor) should have been very scarce on the e
planet. As emphasized by Russell and Hall (1999), Fe3+ and
H2 make an excellent redox couple for the most primit
form of life without any complicated enzymes. Also, in t
case of a photo-oxidation source of ferric iron, H2 would
be generated at a rate sufficient to induce an atmosp
H2 mixing ratio ∼ 10−3, which would be biologically sig-
nificant. At this concentration, primitive methane-produc
microbes are able to draw CO2 and H2 directly from the air
and use them as a redox couple for the metabolic pro
4H2+CO2 = CH4+2H2O (Kral et al., 1998), thereby crea
ing a significant greenhouse gas. These thoughts, of co
are highly speculative, but the paucity of our present
tainties about Mars does not preclude them. They are w
mentioning in the context of future exploration efforts th
are concerned with the question whether there was life
early Mars.

9. Conclusions

9.1. A hydrothermal origin for gray hematite

We conclude that the gray crystalline hematite in Ar
Chaos most likely resulted from hydrothermal activity. T
deduction is based on the combination of three pieces o
formation:

(1) Thermal processing at temperatures� 100◦C is neces-
sary to produce gray crystalline hematite based on t
modynamic calculations and bearing in mind the wa
temperature constraint associated with all known oc
rences of gray crystalline hematite on Earth. We spe
a lower limit temperature of roughly 100◦C based on a
combination of laboratory studies, field studies, and t
oretical calculations (Sections 3.2, 3.3, and 4).

(2) The chaotic, jumbled terrain of Aram Chaos is thou
to have formed by the geothermal melting of ground
or the expulsion of groundwater, causing a loss of s
port and collapse of overlying material (Sharp, 197
Fissuring and volcanism likely initiated the formatio
of the chaotic terrain. Such a geological context wo
,

have been accompanied and probably preceded by
drothermal activity.

(3) The topography of the gray hematite region in Ar
Chaos indicates its occurrence in geologic strata
stricted in vertical extent, i.e., within a specific top
graphic range. This is consistent with an ancient aqu
which at one point, we postulate, was hydrotherma
charged.

All of the above are consistent with a hydrothermal o
gin for the gray hematite. An ancillary piece of informati
is that the aerial oxidation of large areas of basalt or iron
solved in solution to form hematite seems unlikely to ha
been facilitated on early Mars by a sufficiently oxidizi
atmosphere (Section 7) unless there was the extraord
circumstance of a biological source (Section 8). In contr
hydrothermal oxidation is a mechanism that seems alm
certain for early Mars given the presence of geothermal
along with subsurface water or ice. Our view concern
the hydrothermal formation of hematite in Aram Chaos
supported by analogs on Earth, such as the formation of m
sive specularite by hydrothermal activity and metasoma
in ancient rocks in Yukon, Canada, that were brecciated
forceful release of hydrothermal fluids (Thorkelson et
2001).

We cannot entirely rule out the alternative possibility t
the martian hematite originated as iron oxide beds in s
imentary deposition from a lake or sea and that the
oxides were subsequently recrystallized to gray hematit
burial metamorphism (e.g., Lane et al., 2002b), akin to
restrial BIFs. However, even if this were the case, rec
analysis of terrestrial BIF hematite ore deposits sugges
important role for hydrothermal activity and metasomati
during burial metamorphism for the recrystallization of ir
oxides like magnetite or goethite into coarsely crystall
hematite (Barley et al., 1999; Taylor et al., 2001). Thus
drothermal activity and burial metamorphism are not m
tually exclusive for forming coarsely crystalline hemati
there is a gray area of overlap, so to speak. The stron
evidence in favor of a sedimentary origin on Mars is t
the hematite deposits are clearly associated with layered
omorphology in all cases, the Meridiani Formation, Va
Marineris, and Aram Chaos (Christensen et al., 2001).
the other hand, such layering is ubiquitous throughout
ancient terrain on Mars (Malin and Edgett, 2000), wher
exposures of gray hematite are rare. An alternative relat
ship is that suitable layering may be necessary to pro
an impermeable cap to trap a hydrothermal aquifer.
relatively smooth texture of the caprock immediately
perjacent to the hematite-bearing outcrops in Aram Ch
(Figs. 5–7) may be a consequence of the caprock im
diately above the hematite rock being mechanically ho
geneous and perhaps massive and relatively imperme
The erosional pitting and etching of the hematite-bea
outcrops could be the consequence of a form of cavern
weathering, in which fluids passing though such rock
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ferentially cement (or uncement) the rock. Subsurface
within Aram Chaos is implicit in the formation of the cha
(e.g., Sharp, 1973; Carr, 1979). On the Earth, fluids pas
through permeable rock often evolve into elaborate m
like flow systems (e.g., Dunne, 1990). These flow netwo
can occur on decameter scales. Once exposed to wind
sion, this differential cementing would express itself as
cameter scale differential erosion, as seen on some stra
Aram Chaos.

Lane et al. (2000, 2001, 2002a, 2002b) favor a sedim
tary, schistose origin to create the necessary physical co
tions to form specular hematite, although they also sug
hydrothermal mechanisms. Platy crystals can grow when
posited from a hydrothermal solution or grown under me
somatic conditions. As demonstrated by Martin and Piw
skii (1969), formation of specularite can even result fr
hydrothermal vapor deposition, an environment far remo
from lacustrine sedimentation. Hydrothermal activity c
also explain the apparent absence of large amounts of
minerals, such as silica, associated with acid weatherin
basalt. Iron oxide is very much less soluble and more de
than silica. Silica solubility increases significantly with te
perature (and to a much lesser degree with pressure
any silica associated with the formation of hematite co
be leached away in hydrothermal solution, while highly
soluble, dense and immobile hematite would remain. S
solubility is approximately given by (Wollast, 1974)

log(molality amorphous silica) = −0.309–0.723
(
103/T

)

whereT is in Kelvin. (“Molality” is simply the moles of
solute (SiO2) per kg of water.) Using this equation, silic
solubility, by mass, is about 66 ppm at 0◦C, increases to
340 ppm at 100◦C, and reaches∼ 0.4% at 600◦C. In the
case of Aram Chaos, silica could have dissolved and flo
out of Aram Chaos where it would be dispersed detritall
low relative abundance.

9.2. Implications for future observations of the gray
hematite

Given that hydrothermal activity seems the most lik
explanation for forming the hematite in Aram Chaos, p
simony would dictate that it was the mechanism that p
duced the other hematite deposits in Vallis Marineris
Sinus Meridiani. In the latter case, this would suggest v
extensive hydrothermal systems on early Mars. The M
Exploration Rover (MER) mission, launched in 2003, w
be able to study iron minerals given that each rover pay
includes a mini-TES, Mössbauer spectrometer, alpha–pr
spectrometer, microscopic imager, and rock abrasion
The following investigations of the gray hematite by ME
and other future missions may help elucidate its origin:

• Hematite could show signs indicative of hydrotherm
activity such as hydrothermal minerals that are a
sufficiently low abundance that they are not detecta
-

n

-
t

r

o

by TES on MGS. In Sinus Meridiani they may be d
tectable by mini-TES.

• A close-up view of the gray hematite crystals on M
(e.g., with a microscopic imager or other camera) w
help distinguish petrological features such as bedd
veining, or matrix structure. Veins, fracture fillings, a
clast or wall coatings provide common evidence of fl
motion. We expect such features on Mars if the ori
of the gray hematite is hydrothermal. This could be
portant if we see little evidence of hydrothermal acc
sory minerals. For example, veins of pure specularite
found in basalt in some of the oldest terrestrial rock
Isua, Greenland, with an apparent hydrothermal or
but no significant abundance of accompanying ancil
minerals (R. Buick, private communication). Presu
ably, large amounts of hydrothermal fluid were resp
sible for removing all but the most highly insoluble a
poorly transported dense mineral, namely hematite.
possible that an analogous predicament could exis
Mars.

• We expect hydrothermal hematite to be low in A
Ti, and trace elements associated with sedimen
processes.

• Magnetic studies may help constrain an upper li
on the temperature that the hematite experienced.
Curie point (of magnetic disordering) is∼ 680◦C.

• Oxygen isotopes in the hematite and any accompan
minerals may also set some constraints on the temp
ture and mode of formation.

• A study of triple oxygen isotope system (18O, 17O, and
16O), in particular, may provide clues about whether
not there was any biological influence in the oxidat
process of ferrous iron. We expect the hematite to h
17O-depleted oxygen if it resulted from the influence
a significant biosphere on early Mars. This expecta
is tempered, however, by the realization that if precu
fine-grained iron oxides were produced under biolog
influence, hydrothermal activity necessary for hema
recrystallization would likely reset the oxygen isoto
composition.

In summary, sophisticated isotopic and trace min
analysis would be necessary to better understand the o
of the hematite. Consequently, there is good reason to t
include gray hematite samples with returned samples f
Mars in the future.
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