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[1] Gusev Crater was selected as the landing site for the Mars Exploration Rover (MER)
Spirit mission. Located at the outlet of Ma’adim Vallis and 250 km south of the volcano
Apollinaris Patera, Gusev is an outstanding site to achieve the goals of the MER mission.
The crater could have collected sediments from a variety of sources during its 3.9 Ga
history, including fluvial, lacustrine, volcanic, glacial, impact, regional and local aeolian,
and global air falls. It is a unique site to investigate the past history of water on Mars,
climate and geological changes, and the potential habitability of the planet, which are
central science objectives of the MER mission. Because of its complex history and
potential diversity, Gusev will allow the testing of a large spectrum of hypotheses with the
complete suite of MER instruments. Evidence consistent with long-lived lake episodes
exist in the landing ellipse area. They might offer a unique opportunity to study, for the
first time, Martian aqueous sediments and minerals formed in situ in their geological
context. We review the geological history and diversity of the landing site, the science
hypotheses that can be tested during the MER mission, and the relevance of Gusev to the
MER mission objectives and payload. INDEX TERMS: 6225 Planetology: Solar System Objects:
Mars; 5470 Planetology: Solid Surface Planets: Surface materials and properties; KEYWORDS: Gusev, lake,
Apollinaris Patera, Spirit rover
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1. Introduction

[2] The MER landing sites have been selected in order to
maximize the mission science return within the constraints
of the Mars Exploration Project (MEP), which include

engineering constraints, schedule and payloads (Mars
Exploration Program, MER PIP, August 2001) [Golombek
et al., 2001]. The goal for each rover mission is to determine
the aqueous, climatic, and geologic history of a site on Mars
where conditions may have been favorable for the preser-
vation of evidence containing possible prebiotic or biotic
processes. While encompassing a wide range of possible
settings that include former fluvial, lacustrine and/or hydro-
thermal environments, clear evidence for surface processes
involving ancient water was the main scientific criteria used
in the identification and selection of the two final landing
sites. Out of 185 candidates, Gusev crater and Meridiani
Planum (a.k.a. the Hematite) were finally selected as the
landing sites for, respectively, the Spirit and Opportunity
rovers after two years of down selection. At Gusev the
evidence for past water action is morphological with the
large Ma’adim Vallis entering the crater basin, whereas at
Meridiani Planum, the presence of the mineral hematite is
consistent with the existence of an ancient aqueous envi-
ronment. This paper focuses on Gusev crater.
[3] Gusev Crater is a 150 km diameter impact basin that

collected flows from the 900 km long Ma’adim Vallis, as
well as depositional inputs from Apollinaris Patera, an
ancient volcano located 250 km to the North. The unique
geological setting of Gusev Crater makes it an outstanding
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candidate site for addressing the overarching MEP goal to
‘‘follow the water’’ (E. Weiler, NASA, 2003). In this paper
we also show that Gusev Crater is an excellent site for
addressing the key science objectives of the MER mission.
Since Viking, Gusev Crater has been hypothesized to have
been a locus for prolonged fluvial and lacustrine activity
[Cabrol and Grin, 1995; Cabrol et al., 1998a, 1998b; Grin
and Cabrol, 1997]. These earlier hypotheses have been
strengthened by new data returned from Mars Global
Surveyor (MGS) and Mars Odyssey (MO). Moreover, the
prolonged (!3.9 Ga) depositional history of Gusev Crater
provides access to a potentially wide diversity of deposi-
tional processes and products, including (a) fluvial and/or
glacial deposits derived from a wide variety of parent rock
units exposed in the watershed of Ma’adim Vallis, a
catchment area of several million square kilometers [Irwin
et al., 2002]; (b) volcanic materials (e.g., air fall tuffs,
pyroclasts) originating from Apollinaris Patera; (c) globally
derived atmospheric dust deposits; (d) coarser-grained
wind-deposited material derived from local and regional
sources [McCauley, 1973]; (e) ejecta deposits from regional
impacts, and (f ) aqueous sediments deposited by streams or
lakes. The diversity of geologic processes that appear to
have affected Gusev Crater over its long history and
potentially extensive depositional record, suggests an

unprecedented opportunity to learn about the history of
water, climate and potential habitability of Mars [Farmer,
1995]. The varied interpretations that have been offered by
previous workers to explain the features and geologic history
of Gusev Crater define a set of multiple working hypotheses
that are amenable to testing using the rover payload.
[4] The following sections review (a) the science ques-

tions that have been raised by previous works to explain
Gusev’s geologic history; (b) the hypotheses developed
after the Viking missions; (c) how these hypotheses have
fared with the arrival of the data from recent missions;
(d) what new hypotheses are suggested by observations and
results from MGS and MO; and (e) how to test these
hypotheses with the MER payload and within the range of
a rover mission traverse.

2. Geological Context

[5] The study of geological units in the watershed region
of Ma’adim provides critical information for understanding
the nature of the parent rocks which provided sediments to
the floor of Gusev Crater and which will be accessible
within the MER landing site area (Figure 1). Regional
investigations were carried out by Tanaka [1986] Greeley
and Guest [1987], Kuzmin et al. [2000] and Hartmann and

Figure 1. Map of Gusev and the MER A landing ellipse with part of MOC narrow-angle high-
resolution image coverage. The central region of the ellipse has the greatest probability of landing. The
central region is located at the lowest part of Gusev and shows numerous layered deposits of various
albedo, potential rover access to outcrop, and varied landforms. The ellipse is at the distal end of the
Ma’adim Vallis deltaic region. By comparison with terrestrial lake bed analogs, this region is a favorable
location for the preservation of fossil records.
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Neukum [2001] using Viking data and Mars Orbiter Camera
(MOC) images. More recently, Irwin et al. [2002] and
M. Kramer et al. (manuscript in preparation, 2003) have
revisited earlier interpretations using MOC, Mars Orbiter
Altimeter (MOLA) and Mars Orbiter (MO) data. This
previous work, which is reviewed in the following sections,
provides a context for understanding the geologic history of
the Gusev Crater and surrounding terrain.

2.1. Noachian Stratigraphy

[6] The Ma’adim Vallis/Gusev crater system dissects
cratered highland rocks of Middle Noachian age [Greeley
and Guest, 1987] thought to be about 3.9 Ga old [Tanaka,
1986; Hartmann and Neukum, 2001]. This age is based on
the density of craters larger than 16 km in diameter apparent
in Viking images [Tanaka, 1986; Hartmann and Neukum,
2001]. Using MOLA topographic data, Frey et al. [2002]
have recorded a population of large ‘‘quasi-circular depres-
sions’’ (QCD’s) thought to be the expression of buried
impact basins. The QCD’s summed with the surface popu-
lation correspond to an age of Early Noachian that likely
represents materials dating back to solidification of the crust
and heavy bombardment, !4–4.6 billion years ago.
[7] Noachian rocks and surfaces have been modified by

complex active processes at various degrees until recent
times [Tanaka et al., 1988]. Because of the antiquity of
exposure of the surface, impact gardening has churned up
the upper several hundred meters to a couple kilometers of
this material, with more intense grinding and thus finer
material near the surface to form a megaregolith, similar to
that found on the Moon [Hartmann et al., 2001]. Impacts,
magmatism, tectonism, metamorphism (including hydro-
thermal alteration), erosion, weathering, and sedimentation
following crustal solidification have likely served to greatly
complicate the detailed lithologic makeup of the Noachian
crust. Local layering and light-colored rocks exposed in
ancient highland scarps may be indicative of sedimentary
deposits collected within crater floors and intermontane
basins [Malin and Edgett, 2000b]. In the walls of Valles
Marineris, layers tens of meters thick [Malin and Edgett,
2000a] forming sequences of up to several kilometers may
be stacks of mechanically weathered basalt flows [McEwen
et al., 1999] that lie below exposures of Noachian rocks
exposed on the adjacent plateaus [Witbeck et al., 1991].
Other Noachian layered materials may include volcanic ash
deposits [Tanaka, 2000]. Igneous intrusions in the form of
dikes and stocks likely formed locally and may have driven
hydrothermal circulation.
[8] The occurrence of valley networks across Mars during

the Late Noachian (!3.7–3.8 Ga) indicates that atmospheric
precipitation and/or near-surface groundwater discharge
reworked the Noachian surface at that time [e.g., Carr and
Malin, 2000], and fluids may have circulated extensively
through more permeable parts of the crust. As heat flow and
impact bombardment declined and the upper crust generally
remained at subfreezing temperatures, a deepening cryo-
sphere developed, eventually reaching a few kilometers in
depth [Clifford, 1993; Clifford and Parker, 2001]. This
cryosphere likely developed after all or the majority of
Ma’adim Vallis dissection. However, recent gully formation
in middle and high-latitude areas onMars [Malin and Edgett,
2000a] indicates that near-surface water in the crust may

have occurred at least episodically through geologic time
[Mangold et al., 2002;Hartmann et al., 2002]. Alternatively,
the gullies may represent erosion produced by CO2 discharge
[Musselwhite et al., 2001], although Stewart and Nimmo
[2001] argue that CO2 is too unstable to produce the gullies.
Other hypotheses to explain the formation of the gullies have
been presented. They include: avalanches of rocks and debris
or dust [Bulmer et al., 2002], and the melting of ice and
snowpacks [Lee et al., 2002; Christensen, 2003].
[9] The processes operative during the Noachian could

have produced a myriad of primary lithologies, weathering
products, secondary mineralization, structures, and textures.
The exposed Noachian geology in the Ma’adim/Gusev
region provides clues to some of these processes (see next
sections), but much of the Noachian geologic record
remains obscure.
[10] The oldest terrain associated with the Noachian in

the Ma’adim region corresponds to mountainous material
and could consist of impact breccias and ancient volcanic
massifs dating back from to the period of late heavy
bombardment. As they are bounded by cliffs and faults, it
has been proposed by Scott and Tanaka [1986] that these
units were subsequently uplifted by faulting. Early Noachian
units include curvilinear ridges with sharp ridges and
grooves representing degraded impact crater rim material
or possibly ancient volcanic constructs. They are embayed
by younger channels and basin floor materials. The Middle
Noachian degraded rims are buried under these younger
materials and visible only on local exposures due to
exhumation processes. The Late Noachian sees the first
record of sedimentation associated with flooding from the
precursor to Ma’adim Vallis. During this period, water
derived from small valley networks on the eastern and
southern portion of Gusev’s rims may have ponded in Gusev
[Kuzmin et al., 2000], see Figure 2.

2.2. Hesperian Stratigraphy

[11] The Hesperian system in the Ma’adim Vallis/Gusev
region is the richest in terms of the record of units and
associated processes. Eruptions of Apollinaris Patera can be
traced back to the early part of the Hesperian with pyro-
clasts and lava flows deposited north and northwest of
Gusev. This is also when Ma’adim Vallis is carved and
provides sediments to Gusev [Kuzmin et al., 2000]. This
activity continues throughout the Late Hesperian with
potential intravalley lake occurrences in the downstream
region of Ma’adim Vallis [Cabrol et al., 1996].

2.3. Amazonian Stratigraphy

[12] Activity in the Ma’adim Vallis/Gusev crater system
extends to the Early Amazonian where the possible record
of late fluvio-lacustrine episodes are still observed but are
reaching their final stage. The most recent flow deposits are
clearly produced by Ma’adim Vallis. Tongue-like lobe
morphologies with sinuous margins suggest that glaciation
processes occurred at this time in the region. By Middle to
Late Amazonian the fluvial and lacustrine activity seem to
have ceased completely. Glacial to subglacial conditions
were suggested by Grin and Cabrol [1997] from deltaic
morphologies in Gusev that resemble Antarctic subglacial
deltas and an esker-like formation in the upstream section
of Ma’adim [Carr, 1996]. After the Middle Amazonian,
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aeolian processes become dominant in shaping the
landscape.

3. New Data and Observations

[13] MGS and MO have returned high-resolution data
which have led to several new hypotheses for both Gusev
and Ma’adim. They are reviewed below with the exception
of the THEMIS results for Gusev which are discussed by
Milam et al. [2003].

3.1. Fluvial-Lacustrine Context of Gusev

[14] Gusev Crater was selected because of evidence that
water once ponded within the crater and partly filled the
crater with sediments. Over thirty years ago, it was recog-
nized that the heavily cratered highlands of Mars are
dissected by branching valley networks, probably as a result
of slow erosion by running water [Masursky, 1973]. Other
much larger channels were attributed to large floods [Baker
and Milton, 1974] and termed outflow channels [Sharp and
Malin, 1975]. Subsequent detailed mapping showed that
while almost all regions of the cratered highlands are
dissected by valley networks, large integrated drainage
systems are rare. Most of the drainage is into local lows
so that for over ninety percent of the networks the longest
path through the system is under 200 km [Carr and Clow,
1981; Carr, 1995]. Commonly, these networks are separated
by areas where no dissection can be discerned. This appears
to be an intrinsic property of the drainage system although
in some places the absence of obvious dissection may
result in part from resolution, as suggested by early results

from THEMIS (P. R. Christensen, personal communication,
2002), or from degradation as a consequence of the net-
works’ old age. Major exceptions to this local pattern of
dissection are the Loire-Parana system in Margaritifer Terra,
Reull Vallis that drains into Hellas and Ma’adim Vallis that
feeds into Gusev crater.
[15] The disjointed drainage system is in part a reflection

of the surface topography. Most regional slopes in the
cratered highlands are down toward the northern plains, or
into Argyre and Hellas [Carr, 1995; DeHon, 2001] and the
regional drainage pattern is consistent with these slopes.
However, superimposed on these gentle regional slopes are
numerous closed basins so that through-going valleys that
extend large distances down the regional slopes are rare.
The superimposed closed basins occur on all scales from the
2000 km diameter impact basin Hellas down to small
impact crater. In addition to the obvious impact craters,
there are quasi-circular depressions that appear to be ancient
degraded impact basins [Frey and Schultz, 1988] and
degraded-shaped depressions that result from volcanic and
tectonic activity.
[16] The cratered uplands to the south of Ma’adim Vallis

have many of the attributes just described. Figure 3 outlines
several geomorphic elements of the terrain to the south of
Ma’adim Vallis that might have affected the origin and
evolution of the valley and hence the crater Gusev. Irwin et
al. [2002], using MOLA data, outlined a possible drainage
basin that drains through Ma’adim. Precipitation falling
anywhere within this basin would drain through Ma’adim
Vallis into Gusev Crater, provided that all closed basins
along the drainage pathways are filled (i.e., lakes were

Figure 2. Ma’adim Vallis watershed as reconstructed using the MOLA data. Its size is comparable to
the largest terrestrial watersheds (e.g., Amazon basin). A series of basins connect to the main
hydrographic system, which empties in Gusev. The topography and morphology seem to indicate that
they were a series of closed basins rather than a giant one and that ice/snow played a substantial role in
their activation.
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present within the inner basins). Southwest of the Ma’adim
drainage basin, flow is northwest into the Hellas basin, and
northeast flow is into the northern plains most through small
valleys such as Al Qahira. To the east, flow is through
Mangala Valles. The distribution and/or occurrence of
precipitation at the time of the formation of Ma’adim Vallis
are both unknown, the implication of a surface drainage
divides for groundwater flow is uncertain. (For example, if
the source of groundwater is from basal melting of the polar
caps, as suggested by Clifford [1987], then the local
topography would have exercised little control over the
directions of groundwater flow.)
[17] A crucial issue with respect to the origin ofMa’adim is

whether the local basins within the larger Ma’adim drainage
basin did in fact contain lakes so that Ma’adim was fed by a
significant fraction of the outlined basin. Irwin et al. [2002]

present evidence that a large paleolake was present upstream
at the time of or just prior to the formation of Ma’adim Vallis.
The lake was dammed behind a 1100 m high ridge that is part
of the rim of a large, degraded impact crater (Figure 4). They
suggest that the lake spilled over the ridge at 38!S/177!E,
rapidly lowering the lake level from 1100 to 950 m, the
elevation of the present outlet. This release over 100,000 km3

of water which cut Ma’adim Vallis and deposited part of the
resulting erosional debris in Gusev Crater. As the lake level
lowered, the smaller subsidiary basin shown in Figure 3
would have become isolated, and in the final stages of
outflow only the 950 m basin would have drained through
the gap at 38!S/177!E into Ma’adim Vallis. As supporting
evidence for the former presence of the lake, Irwin et
al. [2002] list (1) breaks in slope at the 1100 m level,
(2) widening of the valley that drains into the depression at

Figure 3. Drainage features in the cratered uplands south of the Gusev crater. The dashed white lines
are major drainage divides. Solid white lines outline closed basins. The black lines are the valley
networks.
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the 1100 m level, (3) absence of valleys below the 950 m
level, (4) terraces within some basins, as at 38S/185E,
(5) clusters of low hills, such as the Gorgonum and Atlantis
Chaos in the deepest parts of some basins, and (6) the bowl-
shaped nature of the subsidiary basins, in contrast to the
normally flat floors of most highlands craters, (an attribute
that they suggest results from lacustrine rather than fluvial
sedimentation). The floor of the proposed lake and the floors
of Gusev Crater andMa’adimVallis all appear to be of similar
age (Late Noachian), consistent with a common origin. The
general scarcity of valleys within the area of the proposed
lake is evident from Figure 3. The only place where there are
a significant number of valleys within the lake area is around
42!S/146!E and these terminate at the 950 m level.
[18] While there is good evidence in support of the former

lake and its drainage through Ma’adim, many issues remain

uncertain. These include: was the draining of the lake to the
950 m level gradual or catastrophic? How long the lake was
in existence and what climatic conditions prevailed after the
level fell to the present outlet level? Where the water came
from? The absence of bed forms on the floor of Ma’adim
and Gusev (longitudinal scour, cataracts, streamlined
islands, etc.) suggests that Ma’adim was not cut catastroph-
ically by a stream with dimensions comparable to the
present valley bed-like a typical outflow channel but was
instead cut slowly by a stream with dimensions much
smaller than the present channel. This is consistent
with the lake hypothesis in that the outlet to the lake at
38!S/177!E has a much smaller cross section than the lower
reaches of Ma’adim. Cabrol et al. [1998b]. The outlet itself
is unlikely to have ever been filled with water since the
water level would have dropped as the outlet was eroded

Figure 4. Same as in Figure 3, except that the dashed white line outlines the 1100 m shoreline of the
lake hypothesized by Irwin et al. [2002]. Solid white lines outline closed basins, each with an outlet
elevation, as indicated.

ROV 17 - 6 CABROL ET AL.: EXPLORING GUSEV CRATER WITH SPIRIT



deeper. Slow erosion of Ma’adim is also consistent with the
presence of numerous tributaries that were not supplied by
the postulated lake. Cabrol et al. [1998b] and Kuzmin et al.
[2000], on the basis of terraces at different levels on the
walls of Ma’adim and their dissection by tributaries, argued
for an episodic formation of Ma’adim, with episodes of
slow erosion being spread over an extended period of time
(from late Noachian to early Amazonian).
[19] The lake hypothesis provides little insight into the

prevailing climatic conditions or the source of the water.
McKay et al. [1985] have shown that, even under present
climatic conditions, ice covered lakes could survive on Mars
for extended periods of time provided that losses by
sublimation from the ice surface are replaced. In the absence
of precipitation, sublimation losses could be replaced by
groundwater seepage, thereby maintaining a lake level
consistent with the surrounding groundwater table. Even if
tributary bed forms below the range of the typical resolu-
tions of 1.5–12 m/pixel could not be seen, the scarcity of
valleys, at the resolution of MOC, MGS and/or MO data
sets, feeding into the lakes (Figures 3 and 4) supports the
supposition that the lakes were fed mainly by groundwater.
Groundwater seepage cannot, however explain all the
features of the Ma’adim drainage basin. Many of the valley
networks portrayed in Figure 3 are at elevations in excess of
2000 m. In the absence of precipitation, the only plausible
way to sustain groundwater at high elevation level drainage
northward down the regional slope is by introduction of
water into the ground by basal melting at the poles [Clifford,
1987; Clifford and Parker, 2001]. Yet, Carr [2002] shows
that only a small fraction of the cratered terrain beneath the
south polar deposits reaches an elevation of 2000 m. Valley
networks at elevations in excess of 2000 m are thus very
unlikely to have formed by groundwater seepage. Some
form of precipitation was likely involved. If the low
drainage density evident from Figure 3 is a primary drain-
age feature, and not due to obscuration of valleys by later
burial and erosion, then it is unlikely that the area experi-
enced precipitation over extended periods of time. Given
that precipitation was needed to cut at least the valleys over
2000 m in elevation, the precipitation may have resulted
from rare episodes, as at high obliquities [Jakosky and Carr,
1985] or following formation of large outflow channels
[Baker, 2001]. The lower elevation valleys and the postu-
lated lakes all could have been fed largely by groundwater,
as a consequence of polar basal melting.
[20] There are, however, several observations showing that

the hypothesis of one giant paleolake is only one among
several possible scenarios that could explain the configura-
tion of the upstream region. The first observation comes from
the ages that are provided by Irwin et al. [2002] for the floor
of Gusev, Ma’adim, and the basin in the Ma’adim upstream
region. Cabrol et al. [1998b] and Kuzmin et al. [2000] in two
separate studies came to converging ages of Late Hesperian
to Early Amazonian for the most recent fluvio-lacustrine
deposits in Gusev based on N(2), N(5), and N(16) diameter
populations of superimposed impact craters. Those deposits
could be divided into three stages ranging in age from Early
Hesperian to Early Amazonian. The formation of Gusev
Crater itself is Early Noachian as suggested by crater count
[Tanaka, 1986; Hartmann and Neukum, 2001]. The floor of
Ma’adim Vallis shows the same crater density values as the

most recent fluvio-lacustrine deposits in Gusev (i.e., Late
Hesperian to Early Amazonian). The results by Cabrol et al.
[1998b] and Kuzmin et al. [2000] argue against the theory of
only one episode of a giant Noachian lake and MOLA is
clearly showing that there are basins upstream of Ma’adim as
suggested by Irwin et al. [2002]. Understanding their extent,
origin (e.g., water, ice, or other), physiography (connected
versus closed) and their activity through time (one unique
episode versus a series of active episodes following cycles) is
critical for the formulation of geological hypotheses that can
be tested by the MER payload.
[21] The highlands region potentially could have deliv-

ered substantial quantities of water/ice and sediments
through the upstream paleolake(s).The total size of the
highlands area draining into Gusev Crater is 7M Km2,
which is as big as the largest terrestrial drainage basins in
the Amazon and Congo Basins. Possible sources of water
for surface water/ice flow activity in the highlands include
glacial/ice sheet, subsurface aquifers, hydrothermal activity
and precipitation. If material was ever delivered into Gusev
from the surrounding highlands via surface flow, the dura-
tion that these water/ice flows (and associated movement of
sediments) were active and surface area over which they
occurred remain unclear. M. Kramer et al. (manuscript in
preparation, 2003) are evaluating four possible surface
water and ice flow scenarios across the highlands region
near Gusev. In two of these scenarios, potential water bodies
ranging in size from the equivalent of the Mediterranean sea
[Irwin et al., 2002] up to 1.5 M Km2 may be prevalent. In
another scenario, 58,000 Km2 (Great Lakes-sized water
bodies, Michigan, USA) closed basins with ice/glacial
activity may have persisted. Closed basins in the highlands
region may have provided a source of groundwater to the
Gusev region. An alternative scenario that ground water/
subsurface water dynamics have dominated the history of
the highlands is also considered. The presence of periglacial
features (polygonal ground, collapse features and possibly
pingos) in the deepest portions of several large highlands
depressions suggests that ice may be implicated in the
history of surface water flows in this region. The many
incised stream features draining into these depressions also
suggest surface water flow.

3.2. Single-Layered Ejecta and Pedestal Craters

[22] MOC images within Gusev Crater, the landing
ellipse, and the Ma’adim Vallis region point toward the
possible presence of an exceptionally volatile-rich layer
near the surface which may exist to the present time
[Barlow, 2003]. The landing ellipse within Gusev contains
large numbers of small (10s of meters diameter) craters.
Most of these craters have been modified by aeolian
processes, as indicated by the abundance of sand dunes
on the infilled floors. As a result, few of the characteristics
of pristine craters can be discerned within the landing
ellipse. Spirit may not land within roving distance of a
fresh ejecta blanket where it could sample material exca-
vated from depth within the Gusev deposits. However, if
such ejecta deposits can be accessed, or if weathered
products from older eroded ejecta blankets can be identified
within the sampled material, information about the near-
surface material (within a few tens to hundreds of meters
depth) could be obtained.
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[23] The layered (formerly called ‘‘fluidized,’’ ‘‘lobate,’’
or ‘‘rampart’’ [see Barlow et al., 2000] ejecta morphologies
displayed within the landing ellipse are dominated by the
single layer ejecta (SLE) morphology, in which one ejecta
layer surrounds the crater (Figure 5). Previous studies based
on Viking imagery suggested that the smallest craters
displaying a SLE morphology in this region were about
4 km in diameter [Kuzmin et al., 1988]. On the basis of
analysis of narrow-angle MOC imagery, the smallest craters
with an unambiguous SLE morphology within Gusev are
about 50 m in diameter. Many studies have argued that the
SLE morphology is the result of impact into ice-rich
materials [Mouginis-Mark, 1979, 1981; Costard, 1989;
Barlow and Bradley, 1990; Baratoux et al., 2002] (S. T.
Stewart et al., Impact processing and redistribution of
near-surface water on Mars, submitted to Nature, 2002,
hereinafter referred to as Stewart et al., submitted manu-
script, 2002). Garvin and Frawley [1998] have determined
that the depth (d) of minimally degraded simple craters
(<7–8 km diameter) as a function of diameter (D) is given
by d = 0.14D0.90. Using this relationship, the smallest SLE
craters in Gusev excavated to depths of approximately 10 m.
This value should be considered an average estimate for the
depth of the ice-rich layer creating the SLE morphology. If
the craters measured by Garvin and Frawley [1998] have
been infilled even slightly, the depths will be underestimates
of the true excavation depth of the crater, indicating that the
ice could lie at greater depths (but no deeper than the current

diameter of the crater, which is about 50 m). Alternately,
computer simulations by Baratoux et al. [2002] and Stewart
et al. (submitted manuscript, 2002) suggest that a certain
concentration (around 20%) of volatiles is necessary in the
soil before the SLE morphology is produced. Therefore ice
might exist closer to the surface but the necessary concen-
trations are not reached until one approaches the 10 m depth.
In any case, the small diameters associated with SLE craters
suggest that Gusev deposits are ice-rich even close to the
surface. If Spirit is able to access fresh ejecta deposits, it
could test this hypothesis by searching for evidence of
hydrated minerals.
[24] Another indicator that the material within Gusev

could be ice-rich comes from the number of pedestal craters
found in this region. Pedestal (Pd) craters are craters with
ejecta blankets which are perched above the level of the
surrounding terrain (Figure 5). McCauley [1973] and
Arvidson et al. [1976] proposed that the pedestal morphol-
ogy results from the ejecta acting like an armor, preventing
the underlying material from being removed during periods
of aeolian deflation. The pedestal craters seen within Gusev
tend to be distributed within regions where other evidence of
wide-scale deflation is seen, such as isolated buttes and the
eroded edges of the central deposit. Studies of the latitudinal
distribution of Pd craters from Viking imagery suggest that
these craters are more common within high-latitude regions
which display other indicators of ice-rich deposits [Costard,
1989; Ramstad, 2001]. Ramstad [2001] measured the ejecta

Figure 5. SLE and pedestal craters in Gusev ellipse and Ma’adim. One of the most promising results
provided byMGS in the Gusev andMa’adim region was the discovery of SLE and pedestal craters of small
diameter that could indicate the presence of volatile-rich material very close to the surface (<10 m). If this is
the case, there could be a unique opportunity in Gusev to study the interaction between near-surface ice and
atmosphere as well as the role of ice in the shaping of the landscape (e.g., cryokarst). (a) 50 m diameter
pedestal crater in Gusev crater (MOC image E1201240); (b) 80 m diameter SLE crater in Gusev, with large
ejecta located 1 km north of central ellipse margin (MOC image E05-03287); (c-e) examples of the
numerous pedestal and SLE impact craters in the region of Ma’adim Vallis (MOC images MO8-03444
(Figures 5c and 5e) and M10-02644 (Figure 5d)). This region appears potentially richer in volatile than
expected for this latitude. Courtesy of NASA/JPL/Malin Space Science Systems.
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mobility ratio (EM = maximum extent of ejecta flow/crater
radius) of Pd and SLE craters and found that while Pd craters
are typically smaller than SLE craters, they also display
greater EM. This is consistent with what we see in Gusev:
Pedestal craters typically range from 30 to 50 m in diameter
and display EM values between 2.0 and 5.5 while SLE
craters are larger than 50 m in diameter and show EM values
between 1.0 and 1.7. The ejecta mobility ratio is commonly
cited as evidence for incorporation of volatile-rich material
within the ejecta and thus suggests that higher EM values are
the result of higher concentrations of volatiles in the target
material [Mouginis-Mark, 1979; Costard, 1989; Barlow and
Pollak, 2002]. On the basis of the distribution and physical
characteristics of Pd craters, this morphology is likely
produced by crater formation in a fine-grained, ice-rich
deposit which is subsequently deflated from the surrounding
terrain. This model could explain the observation by Garvin
et al. [2000] that the volume of material in the pedestal ejecta
blanket is greater than the volume of the crater itself; the
current ‘‘ejecta blanket’’ would contain not only the actual
ejecta but also material from the original deposit which was
armored against the effects of aeolian deflation by the
emplacement of the ejecta blanket.

3.3. Diversity of Deposited and Eroded Layered
Materials in the Landing Ellipse

[25] MOC coverage of Gusev as part of the landing site
selection effort has provided new observations that broaden
the spectrum of hypotheses that could be tested in situ. At
high resolution, the floor of Gusev appears to be intensely
layered (Figures 6 and 7) over a significant portion of the
landing ellipse, especially in the central region where the

rover has the greatest probability of landing. The layers in
Gusev are much thinner than those described by Malin and
Edgett [2000b]. The layering occurs in materials of varied
albedo ranging from very low to very high. These layers are
well exposed in several small hills and also appear, although
more subtly, in flatter regions of the ellipse (Figure 7). The
upper layers are without doubt stratigraphically connected
with Ma’adim’s most recent flow, as indicated by the
direction of the layering. However, for all layers located
below the most superficial levels, it is impossible to
conclude that they are necessarily from the same source.
The difference in albedo could be either an indication of
materials from various sources that could be detected by
THEMIS or represent different levels of weathering and
alteration of the same type of material. For instance,
extremely bright albedo patches in the central region of
the ellipse could either be ash from volcanic events, playas
and evaporites from lacustrine episodes, or aeolian and/or
global air fall deposits from material whose source could be
located far from Gusev or Ma’adim.
[26] The MOLA altimetric profiles and MOC images

seem to be consistent with the hypothesis of a lake in
Gusev, although other interpretations are possible. The
elevation of the most recent floor of Ma’adim Vallis is
concordant with Gusev’s floor. The MOLA profiles of
Ma’adim’s floor are altimetrically concordant with the
MOLA profiles of the topset of the mesas located at
the outlet of the channel as expected in a deltaic setting.
The elevation of the first terrace of Ma’adim is concordant
with the proposed delta’s topset (Figure 8). The morphology
of the mesas also is consistent with a Gilbert-type delta and
formation in a sublacustrine environment [Grin and Cabrol,

Figure 6. Layers and diversity of material in the central region of the Gusev landing ellipse. The white
arrows indicate bright albedo exposures of material that stand out compared to the average local albedo.
They are observed in an environment of very thin layering that can be seen in this image. Their contours
follow that of the layers in many instances. They could have resulted from depositional processes and
indicate materials of different origins and/or various stages of weathering in similar materials. Courtesy of
NASA/JPL/Malin Space Science Systems.
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1997]. This landform is currently the largest presumed
deltaic structure identified on Mars. From image and
altimetry analysis, aeolian processes alone could not had
produced such concordance. However, aeolian processes
have been prominent in modern times on Mars and are
shaping the landscape of Gusev in a spectacular fashion by
exhuming rocks and sedimentary materials in some places
and forming dunes in others.

3.4. Wind Features

[27] The floor of Gusev crater exhibits a variety of wind-
related features, including dune forms, albedo patterns, and
features that could have formed by wind erosion [Greeley et
al., 2003]. Most of the dune forms occur on the floors of
small impact craters (which apparently served as ‘‘traps’’),
while others exhibit morphologies typical of barchan dunes
with ‘‘horns’’ indicating the prevailing direction of the wind
at the time of their formation [Breed et al., 1997]. Dunes are
considered to be composed of sand-sized particles (!60–
2000 mm in diameter), derived locally [Greeley et al., 1992].
[28] Albedo patterns that are considered to be related to

winds include a large dark swath that cuts across the floor of
Gusev more than 100 km from the mouth of Ma’adim
Vallis. This albedo pattern is well seen on Viking Orbiter
images taken in the late 1970s, but shows changes in images
taken by subsequent spacecraft, including Phobos 2, MGS,
and MO. The primary change is a brightening in the middle
of the pattern. Smaller albedo features include both bright
and dark streaks associated with small craters. The orienta-
tions of these features are considered to represent the
direction of formative winds.
[29] Parts of the floor of Gusev Crater include small (few

hundred meters across) knobs that tend to be elongated in
the direction of the wind. These features could represent
wind erosion, although some of the elongation could be due
to accumulation of windblown materials in the immediate
lee of the hills.

[30] Greeley et al. [2003] mapped the orientations of the
various wind related features and compared them with
atmospheric model predictions of global-scale and regional-
scale winds. Results show that the features correlate with
strong, global-scale seasonal winds from the southeast, and as
a function of time of day. The diurnal winds are particularly
important as they relate to topography, with winds flowing
into the crater at nighttime and winds flowing radially out of
the crater as heating builds through the day and into the
afternoon. These winds flow ‘‘upstream’’ at the mouth of
Ma’adimVallis and appear to be responsible for the formation
and orientation of the barchan dunes in this area [Fryberger
et al., 1979].
[31] MER has the potential to address several aspects of

the aeolian regime within Gusev Crater. Although there is no
instrument to measure the wind speed and direction, images
will enable the identification and mapping of wind-related
features within the operations area of MER. Orientations
of features such as dunes, ventifacts, and wind streaks
associated with rocks will enable determination of wind
directions at the time of their formation. Although only the
large dark zone on the crater floor is known to have changed
since the Viking mission, it is possible that at least some
aeolian features would be active during the MER mission.
For example, plans are being made to observe possible
accumulation and removal of dust from surfaces on the
rover deck. Concurrent observations of the MER site from
orbit through the Odyssey and Mars Express missions could
provide insight into the aeolian regime within and around the
crater for correlation with observations from the ground.
Trenches dug by MER in drift deposits and estimates of the
physical properties of the sediments will provide insight into
the nature of windblown materials.

3.5. Impact Crater Hydrothermal Deposits

[32] Impact-generated hydrothermal systems and associ-
ated deposits have been identified as important targets in the

Figure 7. Spectacular image of an eroded impact crater. This type of crater is well represented in the
eastern region of the landing ellipse (south of Thyra). Many layers are exposed in what could be an
ancient ejecta deposit, which are likely to have brought to the surface the record of many geological and
climatic episodes. It is likely that a large variety of mineralogies and materials originating from diverse
processes and epochs are exposed at these sites. (MOC image E05-00471 centered at 15!090S and
184!420W (3.44 m/pixel) resolution.) Courtesy of NASA/JPL/Malin Space Science Systems.
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search for ancient habitable environments on Mars and a
preserved record of prebiotic chemistry, or fossil biosigna-
tures [Farmer and Des Marais, 1999; Hagerty and
Newsom, 2001; Newsom et al., 2001]. These comprise
primary objectives of the MER mission. In large craters
the nature and geometry of the heat sources and the zones of
higher permeability control the location of hydrothermal
deposits. The heat sources are the impact melt sheet on the
crater floor, and the uplifted basement [Newsom, 1980;
McCarville and Crossey, 1996; Thorsos et al., 2001].
Recent results by Thorsos et al. [2001] indicate that these
two sources of heat were approximately equal during the
formation of large craters in the southern highlands. Studies
of terrestrial hydrothermal systems and theoretical studies of
Martian systems by Gulick [1998] and Rathbun and Squyres
[2002] show that focusing of hydrothermal fluids occurs at
the edge of planar heat sources. Both geological evidence
and modeling suggest that the flow of hydrothermal fluids
in craters will be concentrated at the edges of the melt sheets
in zones of higher permeability in the crater rim and central
uplift, where hydrothermal deposits are expected [Gutmann,
2002].
[33] The hydrothermal potential for craters can be esti-

mated from the total heat available from impact melt and
uplift. Gusev crater, 150 km in diameter, may have as much
as 10,000 km3 of impact melt, corresponding to a layer 500 m
thick. The total heat available in this crater, assuming equal
amounts from uplift and impact melt is 1.4 " 1023 Joules.
For comparison, this amount of energy is 56 times the
amount of heat released at Yellowstone over a 15,000 year
period (2.5 " 1021 joules) [Fournier, 1989]. However, the
Gusev landing site ellipse is apparently covered with
deposits of diverse origins, making access to the underlying
melt sheets very unlikely. The most likely source of hydro-

thermal deposits in the Gusev landing site is from the 20 km
diameter rim of Thyra Crater, which surrounds the northeast
portion of the landing ellipse (Figure 9). Although orders of
magnitude smaller than Gusev itself, Thyra’s formation may
have resulted in the formation of 10 km3 of impact melt, and
a substantial hydrothermal system. An important question is
whether Thyra also excavated the underlying impact melt
sheet in Gusev or deposits within the basin. On the basis
of the normal depth of excavation in large craters of about
10% of the crater diameter [Melosh, 1989] Thyra is very
unlikely to have excavated the impact melts, but excavation
of deposits that followed is likely. Because the ejecta from
Thyra appears to be buried, only later impacts and possibly
fluvial transport from the rim of Thyra might have delivered
impact melts onto the lake deposits.
[34] Hydrothermally altered material and deposits from

the rim and floor of Gusev also may have been transported
to the landing site by the formation of superimposed craters.
We have identified several craters on the rim of Gusev that
could have delivered material to the ellipse in the form of
ejecta (Table 1). Most of this material is undoubtedly
buried, although some could have been reexcavated by
the formation of Thyra. Craters G6 and G7 (see Figure 9)
are apparently the youngest that could have supplied mate-
rial to the ellipse, but they are quite far from the center of
the ellipse where the mission has the greater probability to
land. G7 could have delivered hydrothermal deposits from
G5 and the rim of Gusev to the landing ellipse. Alternative
mechanisms for delivering material to the floor of Gusev
include fluvial transport (e.g., G2, G3) as well as mass
wasting of the crater rim, which could contribute material
from crater G5 to the southwest portion of the ellipse.
Higher-resolution imaging of the rim of Gusev including
THEMIS data [see Christensen et al., 2003] may help

Figure 8. Comparison of three MOLA altimetric profiles in Ma’adim Vallis to test the fluvio-lacustrine
hypothesis. Profile 1 is mainly crossing the higher section of the valley and the upper terraces. The
smaller section in that profile corresponds to the youngest channel. When compared to the highest
elevation of profile 2, which mostly covers what was suggested to be a deltaic mesas, continuity in
elevation is obvious between the elevation of Ma’adim higher terraces and the suggested deltaic mesa.
This observation is consistent with fluvio-deltaic dynamics. Profile 3 (at the left border of the figure)
shows the lowering in elevation of the mesas as the deposition happened farther away toward the center
of the basin. Courtesy of NASA/JPL/Malin Space Science Systems.
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establish the relative ages of the ejecta blankets of the
superimposed craters and the surficial materials in the
landing site ellipse.

4. Testable Hypotheses for MER

[35] Spirit’s suite of sensors and imaging systems are
anticipated to provide insight into the depositional and soil
formation processes that have occurred in Gusev Crater

[Squyres et al., 2003]. Integrated observations that will be
key for assessing the nature of past and present geological
processes and environments include geochemistry, mineral-
ogy and microtextural information obtained from rocks and
soils. While lacustrine processes may have supplied signif-
icant material to Gusev, volcanic, fluvial [Kuzmin et al.,
2000], aeolian [Greeley et al., 2003], and glacial processes
[Grin and Cabrol, 1997] are likely to have contributed
material too. The basic rock and soil characteristics that may

Figure 9. Locations of superimposed impact craters surrounding the landing site ellipse in Gusev.
Hydrothermally altered impact melt and basement material from the rim of Gusev may have been
transported to the ellipse as ejecta during formation of the superimposed craters or by fluvial processes. In
some cases, such as Thyra, hydrothermal materials produced during the cooling of the superimposed
craters may be present in the ellipse. The length of the ellipse is 90 km.

Table 1. Impact Craters Contributing Material to the Landing Ellipse

Gusev Crater Landing Site Name or Identification Number

Gusev Thyra G1 G2 G3 G4 G5 G6 G7

Crater diameter, km 150 21 37.9 32.7 26.6 32.7 31.1 33.8 19
Distance from center to ellipse center, km 28.5 86.9 65.2 76.9 103.9 91.8 118.6 80
Distance from center to ellipse center
(crater diameter), km

1.36 2.29 2 2.89 3.18 2.95 3.51 4.21

Distance from crater edge to ellipse center, km 18 67.9 48.9 63.6 87.6 76.3 101.7 70.5
Distance from crater edge to ellipse center
(crater diameter), km

0.86 1.79 1.5 2.39 2.68 2.45 3.01 3.71

Latitude, deg #14.64 #14 #15.93 #16.15 #13.47 #14.93 #15.65 #14.4
Longitude, !W 184.34 186.01 184.44 184.52 183.68 186.44 186.75 186.4
Melt volume, km3 10,300 12 124 75 32 75 75 75 10
Heat of Yellowstone equivalents 57 0.1 0.5 0.3 0.2 0.3 0.3 0.3 0.1
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be addressed with the Athena instrument payload in testing
the various depositional hypotheses are reviewed in the
following section.

4.1. Main Hypotheses

[36] Data from the Viking, MGS, and MO missions have
allowed several main hypotheses (Table 2) to emerge that
attempt to explain the spectral and albedo characteristics of
surface material and the geomorphology observed in Gusev.
Each main hypothesis carries a set of subhypotheses that
require in situ measurements for either accepting or reject-
ing the subhypotheses. The variations of each subhypothe-
ses are not mutually exclusive and in some cases overlap
each other.

4.2. Soil Formation and Sedimentary Processes

[37] The main hypotheses can be associated with specific
soil and/or sediment types that may be detected by the
Athena instrument payload which include: (1) global soil;
(2) soils formed in a nonaqueous environment; (3) soils
formed in an aqueous environment; (4) volcanic materials;
(5) lacustrine sediments; (6) fluvial sediments; (7) aeolian
sediments; and (8) glacial sediments. Soil and sediment
profiles may be observed in the form of ejecta blocks from
impact events, outcrops, and aeolian exposures (e.g., yar-
dangs, see Figure 10). Excavation by spinning a rover wheel
while the rover remains stationary is also anticipated to
access soil and sediment 5–10 cm below the surface.
[38] This discussion cannot touch on all possible signa-

tures of all sediment and soil formation processes that could

be detected by the Athena instruments. Moreover, we do not
presume to have identified every possible type of soil or
sediment that could conceivably occur within Gusev. This is
meant as a guide, and attempts to demonstrate what the
Athena instruments may detect and what hypotheses could
be identified if presented with certain evidence of a geologic
or pedogenic process. Table 3 summarizes what results from
the Athena instruments would suggest a particular geologic
or pedogenic process listed above and is supported by the
following discussion.
4.2.1. Global Soil
[39] The Viking and Mars Pathfinder (MPF) sites show

widely similar bulk soil elemental compositions, suggesting
a soil that has been globally distributed by aeolian activity
[Rieder et al., 1997]. The presence of global soil in Gusev
will be indicated by alpha particle X-ray spectrometer
(APXS) bulk chemical analyses reporting elemental con-
centrations similar to the Viking and MPF sites. Further
support for global soil in Gusev may be established if
Pancam multispectral imaging shows spectra similar to what
was obtained by MPF [Bell et al., 2000].
4.2.2. Soil Formation in a Nonaqueous Environment
[40] The APXS data of soils derived from local rocks will

be expected to have total elemental composition similar to
the local rock. Furthermore, Mini-TES and Mössbauer
spectrometer (MB) spectra would show that the rocks and
soils have similar spectral properties. Soils that show no
evidence of secondary mineralogy (e.g., clay minerals, iron-
oxyhydroxides, carbonates, and sulfates) would suggest that
the soils were not affected by postdepositional aqueous

Table 2. Main and Subhypotheses on the Origin of the Sediments and Material in Gusev Landing Ellipsea

Main Hypotheses for Sediments Origin Subhypotheses Origin

1. Lacustrine 1.1. perennial lake
1.2. episodic lake

1.1.1/1.2.1. precipitation
1.1.2/1.2.2. groundwater
1.1.3/1.2.3. hydrothermal water
1.1.4/1.2.4. glacial meltwater
1.1.5/1.2.5. combination of two or more of the above sources due to
changing conditions through time

2. Fluvial 2.1. runoff
2.2. outflow from intravalley
lake

2.1.1/2.2.1. precipitation
2.1.2/2.2.2. groundwater
2.1.3/2.2.3. hydrothermal water
2.1.4/2.2.4. glacial meltwater
2.1.5/2.2.5. combination of two or more of the above sources due to
changing conditions through time

3. Glacial 3.1. glacier 3.1.1. local snow and ice packs
3.1.2. regional glaciation

3.2. ice-covered stream 3.2.1. free water underneath the ice until the water supply ceased
3.2.2. progressive complete freezing down of the water

4. Volcanic 4.1. plastic flowb 4.1.1. hyperfluid lava
4.1.2. viscuous lava
4.1.3. pyroclasts and ashes are filling Gusev basin

5. ‘‘Exotic’’ fluid 5.1. CO2 flow
c 5.1.1. liquid CO2 reservoir

5.2. clathrate flowc 5.2.1. clathrate reservoir
6. Aeolian 6.1. regional to local windsd 6.1.1. wind regimes

6.2. global air falle 6.2.1. global atmosphere circulation.
7. Subsurface hydrothermal 7.1. hydrothermal minerals 7.1.1. impact-generated

7.1.2. crustal magma sources
aThe subhypotheses shown reflect discussions about processes that have been presented in the literature over the years, either for the formation of the

Ma’adim Vallis/Gusev crater system or for channels in general on Mars.
bHyperfluid lava carved Ma’adim Vallis and deposited material in Gusev. Viscuous lava generated a landform that mimics a delta at the outlet of

Ma’adim. Pyroclasts and ashes are filling Gusev basin.
cObliquity changes provided temperature conditions for CO2 or clathrates release at the latitude of Ma’adim and Gusev. The surface pressure is still

problematic.
dWind regimes following climate changes have driven the deposition and exhumation of material in Gusev.
eSediments in Gusev are made of material extracted over the planet and deposited in the basin by global atmosphere circulation.
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activity. The Microscopic Imager (MI) data may show soil
particles with angular morphology suggesting that they
were derived locally.
4.2.3. Volcanic Ash//Maar Base Surge Deposits
[41] Apollinaris Patera is 250 km north [Robinson et al.,

1993] and may have deposited volcanic ash and pyroclasts
in Gusev [Kuzmin et al., 2000]. The detection of blocky,
platy, and/or cupsate glass shards by MI will support the
idea that volcanic ash is component of the soil [Orton,
1996]. Mini-TES spectra of an ash deposit may show a
basaltic or andesitic signature if the ash has significant lithic
component. Ash deposits with a significant vitric compo-
nent would tend to show a poorly crystalline Mini-TES
spectra. If the volcanic ash is not altered by water, the MB
may detect Fe phases such as ilmenite, titanomagnetite,
titanomaghemite, and magnetite and Fe containing pyrox-
ene [Fischer and Schmincke, 1984; Gunnlaugsson et al.,
2002].
[42] While craters in Gusev are presumed to be of impact

origin, it is conceivable that some craters could be maars or
tuff rings (Figure 11). Maar or tuff ring volcanoes can
produce base surge deposits that resemble fluvial deposits
(e.g., planar to wavy layering) as shown in Figure 12.
However, unlike fluvial deposits, base surge deposits may
contain soft sediment deformations (i.e., folded layering
between undeformed layer), vesicles (gas bubbles) and
bedding sags that may be observable with Pancam [Cas
and Wright, 1987; Fischer and Schmincke, 1984].
4.2.4. Soil Formation in Aqueous Environment
[43] The observation of platy, blocky, prismatic, and/or

columnar, soil structures in an exposed soil profile by the
Pancam would suggest that the soil may have been affected
by water. Extensive leeching of base cations from the soil
profile would have occurred regardless of whether Mars had
a reducing or an oxidizing environment. Soil levels of Ca,
Mg, K, and Na as detected by the APXS may be lower
relative to local rocks. Mini-TES may detect clay minerals
(e.g., kaolinite, vermiculite, chlorite, and smectite), gibbsite,
Fe-oxyhydroxides [e.g., ferrihydrite (5Fe2O3$9H2O), goe-
thite (FeOOH), or hematite (Fe2O3)], and calcite (CaCO3).
MB could detect the presence of any Fe-oxyhydroxides.

[44] Arid soils experiencing low or episodic water activ-
ity can develop structure as discussed above. Vesicular
porosity is prevalent near the soil surface in arid soils
[Dunkerley and Brown, 1997] and may be observable by
the Pancam and MI. Arid aqueous activity would be
indicated by the APXS detecting elevated levels of Ca,
Mg, K, Na, S, Cl, and/or N in the soil relative to local rock.
Mini-TES may detect calcite (CaCO3), gypsum (CaSO4$
2H2O), annhydrite (CaSO4), and possibly nitratite (NaNO3)
[Eriksen, 1981; Clark et al., 1982; Amit and Yaalon, 1996;
Li et al., 1996; Böhlke et al., 1997]. Smectite is usually the
prevalent clay mineral formed in arid environments [Allen
and Hajek, 1992] and could be detected by Mini-TES.
[45] The above discussion of aqueous weathering

assumed Earth oxidizing conditions. Reducing conditions
could well have prevailed during aqueous mineral weather-
ing on early Mars [Catling, 1999]. Siderite (FeCO3) may
have formed in greater abundance than calcite [Catling,
1999]. Under reducing conditions magnetite (Fe3O4), sid-
erite, and pyrite (FeS2) would have the potential to precip-
itate rather than goethite, ferrihydrite, or hematite. The
prevalence of the apparent oxidizing conditions on Mars
today may obscure any evidence of reducing mineralogy.
The abrasion of a sedimentary rock or indurated soil blocks
with the RAT to analyze material not directly exposed to the
past and/or present Martian oxidizing conditions should
allow MB and Mini-TES to test the existence of reducing
mineralogy.
4.2.5. Lacustrine Sediments
[46] Pancam could detect soil profiles of a lake deposit

showing alternating layers of light colored salts and darker
colored clay/silt layers [Li et al., 1996]. However, complex
mixtures of evaporites and clay mineralogies can occur in
lacustrine soils and may not be discernable by Pancam. Soil
structure in lacustrine soils may also be observable by the
Pancam. Evaporite and clay minerals may also be detected
by Mini-TES. The APXS may show elevated levels of Ca,
Mg, K, Na, S, Cl and possible N relative to local rock.
Pancam and MI could detect a lake’s margin because of the
presence of beach sands and gravels relative to clays and
silts that occur toward the center of the lake. Some of the

Figure 10. Yardangs of lake bed deposits in the Farafra depression, Egypt. The height of the dome is
about 10 m. Reproduced with permission from John Wiley & Sons Limited [Breed et al., 1997].
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precipitation sequence of (carbonates ! sulfate) ! halite
could be detected as Mini-TES and APXS sample from the
outer reaches of the lake and moves toward the center of the
lake [Eugster and Kelts, 1983; Shaw and Thomas, 1997].
Within a 600 m traverse, the spectrometers and cameras
onboard the rover are likely to observe chemical transition.
Soils with abundant evaporite minerals could be indurated,
and clay mineral deposits may become shale-like. Any
shale-like material with planer layering or indurated evap-
orites may occur as ejecta blocks large enough to be
examined with the Athena instruments.
4.2.6. Fluvial Sediments
[47] Evidence of past fluvial activity in Gusev crater may

occur as ejecta blocks or outcrops of conglomerate, sand-
stone, or shale at the surface. Any material exhibiting
layered morphology (e.g., cross bedding, ripple bedding
and trough cross bedding) [Collinson, 1996] observed by
Pancam are candidates for fluvial deposition. Rounded soil
grains observed by MI would suggest fluvial activity. Mini-
TES would detect the primary mineralogy of the sand or
conglomerate particles and may detect their cementing
agents (e.g., silica, carbonate, clay, iron oxyhydroxides)
[Klein and Hurlbut, 1993]. The color of the sandstone
may reflect the cementing agent with silica and carbonate
agents producing a light color and the iron oxyhydroxides
producing a red to reddish brown color. If an iron-oxy-
hydroxide or siderite is the primary cementing agent, then
MB may indicate the iron mineralogy of the cementing
agent. PanCam images of a rock or outcrop material
showing planar layering with no MI identifiable sand-sized
grains would suggest shale-like material. Mini-TES would
produce spectra with primary mineralogies and clay miner-
alogies. Shale-like material containing a significant vitric
component derived from volcanic ash would tend to pro-
duce poorly crystalline Mini-TES spectra.
4.2.7. Aeolian Sediments
[48] Detection of the global soil would suggest aeolian

deposition of soil. MI will detect aeolian sedimentary
deposits that show planar cross bedding and rippled bedding
if the aeolian grains are large (>30 mm. However, trough
cross bedding that occurs in fluvial environments typically
does not occur in aeolian environments. Furthermore, layer-
ing of materials coarser than 4mm would suggest only
fluvial and not aeolian activity [Greeley et al., 1992].
[49] Loess deposits on Earth tend to be 20–30 m thick but

have been known to be as thick as 60 m and usually are
derived from fluvial and glacial sediments [Pye, 1987;
Dunkerley and Brown, 1997]. Loess particle sizes range from
10 to 50 mm and are usually deposited in weakly stratified
accumulations. Any Pancam andMI observations of deposits
that appear to have little or no stratification with particle sizes
barely or not visible by the MI may indicate loess.
4.2.8. Glacial Sediments
[50] Soil profiles or outcrops containing glacial till or

material deposited at the terminus (moraine material) of a
glacier will be poorly sorted and contain all grain sizes
ranging from clay-sized grains to meter-sized boulders. The
layering observed with glacially deposited material could
look similar to fluvial material. However, closer examina-
tion of rock fragments (>2 mm) in glacial till could show
indications of striations resulting from the abrasion of the
rock, which is characteristic of the grinding action of glaciersT
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ö
ss
b
au
er

S
p
ec
tr
o
m
et
er

G
la
ci
al

d
ep
o
si
t
(g
la
ci
al

ti
ll
/m

o
ra
in
e)

P
oo
rl
y
so
rt
ed

m
a
te
ri
a
l;
cm

to
la
rg
e
b
o
u
ld
er
s,
st
ri
a
te
d

ro
ck
s,
g
ra
v
el
,
b
o
u
ld
er
s.

F
la
tt
en
ed

ro
ck
s
a
n
d
g
ra
v
el
.

S
tr
ia
te
d
ro
ck
s
a
n
d

g
ra
v
el
s.

N
o
u
n
iq
u
el
y
id
en
ti
fi
ab
le

ch
ar
ac
te
ri
st
ic
s.

P
ri
m
ar
y
m
in
er
al
s.

P
ri
m
ar
y
F
e
m
in
er
al
s.

G
la
ci
a
l
la
k
e

V
a
rv
es
,
ra
in
-o
u
t
d
eb
ri
s
in

p
la
n
a
r
la
y
er
ed

se
d
im

en
ts
.

N
o
v
is
ib
le

g
ra
in
s.

H
ig
h
le
v
el
s
o
f
C
a,

M
g
,
K
,

N
a,

S
,
C
l,
N

P
h
y
ll
o
si
ca
te
s.

P
o
ss
ib
le

si
d
er
it
e
(F
eC

O
3
)

F
e2

+
-s
m
ec
ti
te

if
o
u
te
r
o
x
id
iz
ed

la
y
er

o
n
se
d
im

en
ta
ry

ro
ck

is
re
m
o
v
ed

b
y
th
e
R
A
T
.

a B
ol
d
te
x
t
o
f
in
st
ru
m
en
t
an
al
y
ti
ca
l
re
su
lt
s
su
g
ge
st
a
p
o
si
ti
ve

id
en
ti
fi
ca
ti
o
n
o
f
an

in
d
iv
id
u
al

h
y
p
o
th
es
is
.

ROV 17 - 16 CABROL ET AL.: EXPLORING GUSEV CRATER WITH SPIRIT



on rock against another rock or bedrock surface. Some
striated pebbles or rock may be elongated or flattened and
would lie in the direction of glacial movement. ‘‘Rain-out’’
debris from rafted ice that is deposited in the lake’s sediment
may indicate a glacial lake [Bennett and Glasser, 1996].
Varves are usually indicative of glacial activity and, if so,
consist of alternating layers of clay and silt/sand in the lake’s
sediment. Varving also occurs in temperate climates with
seasonal fluctuation in precipitation. All of the above indi-
cators of glacial activitymay be observedwith Pancam orMI.
[51] It is important to note that the key indicators for each

of the described hypotheses could all be identified in situ
within the range of the rover traverse as they are strongly
based on the mineralogy of sedimentary exposures and
grains and their morphology. In situ observations from the
rover will be then complemented by larger-scale orbital data
surveys (MGS and MO) during the mission in order to fully
understand the significance of the observation and the
results of the measurements.

5. Gusev and the Habitability Potential of Mars

[52] The terrestrial fossil record of microbial life encom-
passes a wide range of mesoscale biosedimentary structures
(centimeter scale to meter scale), microscale biofabrics
(millimeter scale), cellular structures (micron scale) and
associated biogeochemical signatures. Studies of the
processes of microbial fossilization in modern terrestrial
environments are considered good analogs for the early
Earth and Mars and have revealed patterns that are consis-
tent with the Precambrian fossil record [Farmer and Des
Marais, 1999]. This has allowed the identification of
factors important in determining the long-term preservation
potential of microbial biosignatures. Important factors

include: (1) intrinsic properties of the organisms (e.g., the
presence of recalcitrant cellular of extracellular structures)
and (2) extrinsic environmental factors, such as the redox
environment and the chemical stability of the entombing
minerals during diagenesis. While it is challenging to
speculate about the nature of intrinsic factors that might
have influenced a putative Martian fossil biota, MER has
tools useful for the assessment of the extrinsic factors of
past Martian environments important for assessing preser-
vation potential.
[53] Terrestrial studies have shown that the long-term

preservation of microbial biosignatures is most favored

Figure 11. Remnant of the maar volcano, Crater Elegnate in the Pinacate volcanic field, Sonora,
Mexico. The diameter of the crater is about 5 km. Reprinted from Gutmann [2002], with permission from
Elsevier.

Figure 12. Planar layers of a base surge deposit from the
Quill, St. Eustatius, Lesser Antilles [from Cas and Wright,
1987]. The height of the figure is about 2 m.
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when microorganisms, or their by-products are rapidly
entombed by fine-grained detrital sediments, or chemical
precipitates of stable mineralogy and low permeability. Such
factors conspire to create a closed chemical system that
protects against the loss of organic materials and micro-
textural information during diagenesis. Chemical sediments
composed of silica, phosphate, and carbonate minerals, and
fine-grained, clay-rich detrital sediments, or water-deposited
volcanic ash are examples of lithologies that are favorable for
long-term preservation. In fact, most of the microbial fossil
record on Earth is preserved in such lithologies. These
extrinsic factors of preservation are based on basic physical
and chemical laws that would appear to have universal
application. Hence they play a central role in Martian
exopaleontology and are the prevailing strategies for explo-
ration of a Martian fossil record [Farmer, 2000a, 2000b].
[54] Terminal lake basins, such as that postulated for the

Gusev Crater, provide especially favorable depositional
settings for capturing and preserving fossil biosignatures
[Farmer and Des Marais, 1999, and references therein].
Such paleoenvironments have high potential for having
accumulated fine-grained, clay-rich sediments and/or wa-
ter-lain volcanic ash deposits in deeper basin areas and/or
chemical precipitates (e.g., evaporates) along shallow basin
margins, or on basin floor playas. In addition to the high
preservation potential of these low-temperature aqueous
sedimentary deposits, the precipitates of hydrothermal sys-
tems have also been shown to be important repositories for a
variety of microbial biosignatures [Farmer, 2000a, 2000b].
Large impact structures like Gusev are expected to have
generated melt sheets and central uplifts capable of driving
prolonged hydrothermal systems [Newsom et al., 2001].
Such systems typically leave behind a variety of surface and
subsurface mineral deposits [Farmer, 1996; Hofmann and
Farmer, 2000] that could have been later recycled and
deposited as detrital sediments on the Gusev Crater floor.
[55] The MER rovers will each be equipped with high-

resolution visible range wavelength cameras (PanCam), a
mid-IR spectrometer (Mini-Thermal Emission Spectrome-
ter) and a variety of contact sensors for determining the
geochemistry (Alpha Proton X-ray Spectrometer), mineral-
ogy (Moessbauer spectrometer) and microstructure of rocks
and soils (Microscopic Imager). In addition, the Rock
Abrasion Tool (RAT) will provide access to fresh rock
interiors. Collectively, these instruments will provide a
powerful analytical package for assessing the composition
and microstructure of surface materials. This will mark the
first step toward an in situ evaluation of the nature of
paleoenvironments, their potential habitability and preser-
vation potential.
[56] However, MER also has the potential to detect

biosignatures within rocks over a range of spatial scales.
Studies of microbial fossilization processes in terrestrial
environments that are considered good analogs for the early
Earth and Mars have shown that mesoscale biosedimentary
structures (e.g., stromatolites of other biolaminated sedi-
ments) and their associated microstructures tend to be
favored in long-term preservation over cellular-scale struc-
tures [Farmer, 1999]. PanCam and MI will provide obser-
vations over the range of spatial scales typically observed
for these types of terrestrial features. However, taken alone,
such mesoscale and microscale structures can present an

interpretive challenge as they are often undiagnostic with
regard to biogenicity.
[57] The degradation of cellular materials typically pro-

duces a variety of stable organic compounds and kerogen
that is often abundantly preserved in fine-grained (low
permeability), clay-rich detrital sediments (shales) and
water-laid volcanic ash deposits. The detection of carbon-
bearing compounds within suspected laminated sediments
of this nature could be highly suggestive of a biological
origin. This indicates the importance of combining obser-
vations from all of the MER instruments to adequately
constrain interpretations and to test hypotheses, whether for
assessing paleoenvironmental conditions and potential
habitability, the preservation potential, or suspect fossil
biosignatures.

6. Conclusion

[58] Gusev Crater is a site that has the potential to address
the science objectives of the MER missions. These ques-
tions and the ways in which investigations in Gusev can
address them are summarized here.
[59] 1. As concerns the question of water, among the

main hypotheses, fluvial and lacustrine have a leading role
with the input of the new MGS and MO data. Gusev shows
evidence consistent with the role of past water, fluvial and
lacustrine activity, and the concentration of a flow in a
basin. If the fluid that carved Ma’adim and deposited
sediments in Gusev is not water but an ‘‘exotic’’ fluid such
as CO2 [Hoffman, 2000] or clathrates, it would make the
landing in Gusev equally critical. Ponding of such a fluid
for extended periods of time in a basin would provide a
unique opportunity to discover its composition, chemistry,
and the associated sedimentation processes and mineralogy.
As the morphologies created by such flow strongly mimics
those of fluvio-lacustrine processes, it would be essential to
understand what has biased our interpretation for so many
years and what it implies for other channels, valleys, ponds
and lakes on Mars. It could be a complete revolution in our
perception of the Martian environment and its possibility as
an abode of life.
[60] 2. As concerns the question of geological history,

basins are notorious for collecting the record of climatic
changes. Whether the materials in Gusev are aqueous,
glacial, lacustrine, volcanic, aeolian, ‘‘exotic,’’ or all of
the above, the basin has maintained a record of the con-
ditions under which these material have been deposited and
formed. MOC has clearly shown that the central hills and
other exposures on the floor of Gusev are layered. Lami-
nations and possibly rhythmites and varves located near the
center of the ellipse hold the keys to the geological diversity
of Mars. As no hypotheses exclude the other, we might have
aqueous, lacustrine, volcanic, impact, and aeolian material
exposed in accessible layers at the landing site
[61] 3. As concerns the question of climate, the same

layers, together with the morphology of the deposits and,
the microscopic study of the sedimentary grains and their
mineralogy will provide indicators to infer climatic con-
ditions. For instance, convoluted varves will indicate that a
body of ice was resting and putting pressure on the sedi-
ments. Minerals that form in specific temperatures and
pressures ranges could also be an indication of climatic
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conditions. By gathering converging evidence, plausible
climate conditions might be inferred.
[62] 4. As concerns the question of life, finding fossils is

a difficult endeavor even on Earth unless they are extremely
abundant and/or one knows well the geological formations
and their succession. This is not yet the case on Mars. The
primary role of MER will be to explore an ancient envi-
ronment that could have been suitable for life. In short, it
will test the habitability potential of Mars at the two landing
sites. If the fluvio-lacustrine hypothesis is confirmed, Gusev
Crater is probably one of the most favorable places on Mars
to land and test the habitability hypothesis. It shows
evidence consistent with a long-term fluvio-lacustrine his-
tory in a confined basin. Such conditions usually favor
chemical and biological processes, at least in terrestrial
analog environments. As noted earlier, fossilization pro-
cesses are especially favored in such terminal lacustrine
settings. The landing ellipse, and its central region in
particular, are located at the distal end and deepest point
of the proposed paleolake. This central location is optimal
in exploring for deep basin shales or volcanic ash deposits
that could harbor a fossil record [Farmer, 1995]. The
mobility of MER will be a critical element as such an
investigation requires coverage of large amount of ground
area in order to increase the statistical chance of finding
evidence of biological processes.
[63] Gusev Crater also is an excellent site from an

education and public outreach perspective. Students and
the general public will be drawn to the visual accessibility
of the site. Previous Mars lander missions have never
explored a place similar to Gusev Crater. Coupling the
novelty of the site with the ease of explaining how it fits
within NASA’s Mars exploration goals to a nontechnical
multi-aged audience gives Gusev extraordinary potential to
capture the public’s imagination. The exploration of Gusev
Crater can be used to infuse excitement into lessons on
geology, biology, astronomy/space science, and environ-
mental science taught in precollege classrooms across the
globe, and to inspire the next generation of scientists and
engineers.

[64] Acknowledgments. The authors thank the two anonymous
reviewers for their constructive comments.
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