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Introduction:  A wealth of recent remote meas-
urements of the mineralogy, elemental abundance, and
morphology of the martian surface have greatly im-
proved our view of the history of water on Mars.  Min-
eralogic data from orbital spectroscopy reveal a vol-
canic planet that lacks extensive aqueous weathering or
carbonate formation, but which has undergone signifi-
cant localized aqueous mineralization.  Mid- to high-
latitude hydrogen abundances and unusual morpholo-
gies suggest extensive deposits of water ice with lo-
calized, recent melting to form gullies.  The upper sur-
face of Mars appears to have an extensive water in-
ventory, but this water may have existed in a frozen
state throughout much of martian history.

A Dry Mars: Global mineral mapping using Mars
Global Surveyor Thermal Emission Spectrometer
(TES) data has shown that Mars is dominated by vol-
canic minerals and volcanic rocks [1-3].  Rocks classi-
fied as basaltic on the basis of their mineralogy and
inferred chemistry are found in the ancient cratered
terrains of Mars and appear to be representative of the
early martian crust.  Detailed mapping using TES data
has revealed the presence of olivine in abundances of
10-15% in basalts in isolated regions [4-6].  These
rocks have been exposed to martian environmental
conditions over long periods of time, yet show no une-
quivocal evidence for aqueous weathering products [1,
7].

Mars Odyssey Thermal Emission Imaging System
(THEMIS) multi-spectral infrared data have revealed
the presence of a layer of olivine-rich basalt exposed in
the walls near the floor of Ganges Chasma [8].  This
layer is 50-100 m thick, occurs beneath 4.5 km of
overlying rocks, and extends over an area at least 30 by
100 km in size.  The composition of the Ganges floor
material determined from individual TES spectra is
basaltic; the wall unit is similar but contains ~10-15%
olivine with an Mg/(Mg+Fe) ratio of 68 (Fo68) [8].
The olivine-rich layer could have been; (1) emplaced
as an olivine-enriched lava flow, followed by deposi-
tion of 4.5 km of overlying units; (2) injected as sill;
(3) formed as a cumulate layer in layered intrusive
body; or (4) deposited as a sedimentary layer in which
olivine was enriched during transport or deposition.  In
any case, this ancient layer was once buried to a depth
of at least 4.5 km and subsequently exposed at the sur-
face.  The preservation of olivine, which is unstable in
aqueous conditions, indicates that (1) significant
weathering did not occur deep beneath the surface in
this particular region, and (2) significant surface

weathering has not occurred since this layer was ex-
posed.

Carbonates in the regolith have long been proposed
to play an important role in the CO2 exchange cycle,
acting as a reservoir for sequestering large amounts of
CO2 from the ancient martian atmosphere [e.g. 9, 10-
12].  Thus, the presence, or absence, of carbonates has
important implications for the evolution of the martian
atmosphere, placing constraints on the abundances,
reaction chemistry, and history of H2O and CO2.  To
date, neither TES nor THEMIS data have revealed any
evidence for carbonate rock units on Mars, and it is
possible to conclude that large-scale (>10's km sized)
carbonate deposits are not currently exposed at the
surface of Mars [1].  It remains possible that carbonate
deposits are buried by younger deposits or UV dissoci-
ated to calcium oxide [13].  However, the detection of
unusual, and presumably rare, mineralized hematite
units shows that either carbonates are less common
than mineralized hematite, or the processes by which
they remain "hidden" are more efficient.

 Recent analysis of the spectra of Mars bright re-
gions in which the atmospheric contributions have
been rigorously removed [14] have detected the occur-
rence of minor (<5%) abundances of carbonates in the
fine-grained dust of Mars [15, 16].  The low carbonate
abundance and its occurrence on dust-covered surfaces
with high surface-area-to-volume ratios are consistent
with carbonate formation by interaction between the
current Mars atmospheric CO2 and water vapor and
surface mineral grains as proposed by Booth and Kief-
fer [9, 15] .  While it is possible that these carbonates
formed by erosion and dissemination of extensive car-
bonate rock units, a more likely scenario is their for-
mation in situ in the current atmosphere [15, 16].
Thus, the detection of carbonates, rather than suggest-
ing an ancient period of a warm, wet Mars, instead
argues for minor carbonate formation in a cold, dry
Mars.  Furthermore, the detection of carbonates by
TES argues against UV dissociation or difficulties in
detecting carbonates from thermal IR spectra as the
explanation for the lack of detection of widespread
carbonate units.  It appears that carbonate rock layers
may never have formed, and Mars may never have
experienced a period of extensive interaction between
large amounts of liquid water and a thick CO2 atmos-
phere.

A Wet Mars:  While much of the mineral evidence
from TES, THEMIS, and other spectroscopic observa-
tions argues against extensive, global aqueous miner-
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alization, there are examples of localized deposits that
are suggested to have formed through aqueous proc-
esses.  The TES data have revealed unique deposits of
crystalline gray hematite exposed at the martian sur-
face in Sinus Meridiani, Aram Chaos, and in scattered
locations throughout Valles Marineris.  The Sinus Me-
ridiani material is an in-place, rock-stratigraphic sedi-
mentary unit characterized by smooth, friable layers
composed primarily of basaltic sediments with ~10-
15% crystalline gray hematite.    This unit has outliers
to the north that appear to have formed by stripping
and removal.  The hematite within Aram Chaos occurs
in a sedimentary layer within a closed basin that was
likely post-dates the formation of associated chaos and
outflow terrains.  This unit appears to be exposed by
erosion and may be more extensive beneath the sur-
face.  The Valles Marineris occurrences are closely
associated with the interior layered deposits, and may
be in place within the layers or eroded sediments.
Overall, crystalline gray hematite is extremely un-
common at the surface, yet in all observed locations it
is closely associated with layered, sedimentary units.

Formation modes for gray hematite detected by
TES have been grouped into two classes: (1) chemical
precipitation and (2) thermal oxidation of magnetite-
rich lavas [17, 18].  Chemical precipitation models
include (1a) low-temperature precipitation of Fe ox-
ides/ oxyhydroxides from standing, oxygenated, Fe-
rich water, followed by subsequent alteration to gray
hematite, (1b) low-temperature leaching of iron-
bearing silicates and other materials to leave a Fe-rich
residue (laterite-style weathering) which is subse-
quently altered to gray hematite, (1c) direct precipita-
tion of gray hematite from Fe-rich circulating fluids of
hydrothermal or other origin, and (1d) formation of
gray hematitic surface coatings during weathering [17,
18].  Models (1a) and (1b) require an oxidative altera-
tion process (e.g., burial metamorphism) to convert Fe-
oxide/oxide assemblages (e.g., red hematite, goethite,
ferrihydrite, goethite, and siderite) to coarse-grained
(>10 mm), gray hematite.

Although none of these models can currently be
excluded, the geologic setting of the martian hematite
deposits suggest they formed by chemical precipitation
from aqueous fluids, under either ambient or hydro-
thermal conditions [18, 19].  All three hematite sites
are sedimentary environments, and the hematite-
bearing units in Aram and Valles Marineris occur in
closed sedimentary basins consistent with deposition in
water.  Sub-surface water was clearly present in Aram
Chaos as evidenced by collapse and outflow features,
and the hematite-bearing unit in Ophir/Candor is asso-
ciated with layered, friable deposits that may be of
aqueous origin [20-22]. The primary argument against

thermal oxidation of magnetite-rich lavas (model 2) is
the absence of distinct morphological evidence for lava
flows or constructs, and the presence of evidence for
material more friable than primary lava in the Sinus
Meridiani hematitic unit [18, 23].

Thus, the TES mineralogic data provide evidence
that liquid water was stable near the surface, probably
for extensive periods of time, in specific locations on
early Mars.

An Icy Mars:  Mars Odyssey Gamma Ray and
Neutron Spectrometer observations have shown that
water ice is abundant at latitudes poleward of ~50° in
both hemispheres [24-26].  It has also been suggested
that extensive deposits of unusual materials that mantle
the martian mid-latitudes are ice-rich deposits [27-29].
A model has been proposed in which the recent mar-
tian gullies that are found in the mid-latitudes are re-
lated to these mid-latitude, ice-rich mantles, and that
the gullies were eroded recently through melting of
these overlying deposits [30].  In this model:  (1) Wa-
ter is transported from the poles to mid-latitudes during
periods of high obliquity, forming a water-rich snow
layer [31-34].  (2) Melting occurs as mid-latitude tem-
peratures increase, producing liquid water that is stable
beneath an insulating layer of overlying snow;  (3)
Gullies form on snow-covered slopes through erosion
by meltwater or as a result of meltwater seeping into
the loose slope materials and destabilizing them; (4)
Gullies incised into the substrate are observed where
the snow layer has been completely removed; (5)
Patches of snow remain today where they are protected
against sublimation by a layer of desiccated
dust/sediment [27]; and (6) Melting could be occurring
at the present time in favorable locations in these
snowpacks [30].

While melting snow provides an interesting possi-
ble explanation for the formation of recent gullies, the
more important outcome of this model is the evidence
that the gullies provide that the mid-latitude mantles
are not simply volatile rich, but must be primarily wa-
ter ice.  Ice that enters the regolith and fills the pores
through vapor exchange during periods when the mid-
latitude temperatures are relatively low [27, 35], will
most likely exit in the same manner when the climate
warms.  Therefore, it is unlikely that ice-rich soils will
produce the melting necessary to erode gullies.  On the
other hand, snow deposits are capable of producing
meltwater due to the solid-state greenhouse effect of
ice that contains minor amounts (~1,000 parts per mil-
lion, mass) of dust [36].  Thus, the formation of gullies
by melting snow provides evidence that the mid-
latitude deposits are dirty ice, rather than icy dirt.

This model suggests that at least some mid-latitude
mantles were deposited directly on the surface with
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(very) high ice-to-soil ratios.  The high (>50% volume)
water-ice abundances inferred in the upper few meters
at high-latitudes from Odyssey Neutron and Gamma-
Ray Spectrometer data [24-26], suggest that the ice in
these regions was also deposited on the surface rather
than in pores.  A common surface texture found from
30-50° latitude in both hemispheres has been inter-
preted to be the result of devolatilization and erosion of
ice-cemented soils that are up to several meters thick
[27].  Mustard et al, [27] suggested that the ice was
recently emplaced through vapor diffusion into the
pore space [27, 37].  However, these eroded mantles
transition poleward into continuous mantles, and the
boundary of this transition corresponds to the sharp
increase observed in near-surface ice abundance [38].
This correlation suggests that the equatorward portion
of this mantle may be the same ice-rich material whose
upper few meters have been thoroughly desiccated
[30].  In this case the high-latitude ice-rich materials
observed by the Odyssey Neutron/Gamma-Ray spec-
trometers, the poleward continuous mantles, the dis-
sected mid-latitude mantles, and the gully-forming
snow deposits may all have been formed by deposition
of atmospheric condensates onto the surface, and may
all have high (70-100%) water-ice abundances.  If this
model is correct, then these surface mantles would
have substantially more water than previously sug-
gested [27].

Summary:  The available remote measurements of
martian mineralogy and morphology suggest a com-
plex and diverse set of states of martian water.  Near-
surface water ice appears to be more abundant than
previously considered.  Aqueous processes have oc-
curred locally to produce hematite mineralization in
isolated regions.  However, the lack of extensive car-
bonates (and clays?) and the presence of ancient oli-
vine suggests that liquid water has been rare at or near
the surface over time.  Together these observations
suggest a relatively water-rich surface layer in which
water is primarily in a frozen state expect for isolated,
and very interesting, events.
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