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Abstract

Based on various lines of geologic, geomorphic, topographic, geophysical, spectral, and elemental evidence, we conclude that hydrothermal
environments have certainly existed on Mars and are likely to still exist. Here, we present candidate targets of endogenic- and exogenic-driven
hydrothermal environments on Mars based on a set of selection criteria and suggest strategies for the detection of such targets. This includes
a re-evaluation of potential targets using both existing and yet-to-be-released remote information provided by the instruments onboard the Mars
orbiters and rovers. We also provide terrestrial analogs for possible martian hydrothermal environments to highlight the implications of these
targets for potential martian life. This compilation and synthesis of data from martian localities indicating hydrothermal activity is timely and
a first step towards prioritizing candidate targets for further investigation, which will likely add more targets to this list. Future in situ exploration
will have to focus on the most promising of the hydrothermal targets and investigate them utilizing a novel integrated multi-tier, multi-agent

reconnaissance mission architecture.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Geomorphic features, such as valley networks, large out-
flow channels, sapping channels, valleys and associated alluvial
fans, and other valley forms of diverse geometric shapes and
varying ages indicate that water-related processes have played
a significant role in the modification of the martian surface dur-
ing the geologic past. Past and present water enrichment for
parts of Mars is further supported by spectral (e.g., Christensen
et al., 2001; Rieder et al., 2004; Herkenhoff et al., 2004;
Bibring et al.,, 2006) and elemental (Boynton et al., 2002;
Feldman et al., 2002) information. Hydrothermal activity was

* Corresponding author.
E-mail address: dirksm@wsu.edu (D. Schulze-Makuch).

0019-1035/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2007.02.007

likely more common and widespread during the early geologic
history of Mars, as indicated by: (1) the extensive Noachian
terrains, interpreted in many cases to be igneous in compo-
sition (Scott and Tanaka, 1986; Greeley and Guest, 1987;
Tanaka, 1986); (2) evidence for a significant volatile inven-
tory during the Noachian (e.g., Clifford and Parker, 2001;
Fairén et al., 2003); and (3) the large amounts of heat released
by both endogenic activity during the embryonic stages of plan-
etary evolution (Schubert et al., 1992) and cosmic impacts (ex-
ogenic activity) during a hypothesized spiked period of impact
catastrophism (Strom et al., 2005).

If life developed on Mars, it may have left behind a fossil
record at hydrothermal environments due to suitable preser-
vation conditions combined with an abundance of long-term
energy sources and water. Alternatively, extant life may still be
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present at moderate depths in the subsurface. Small, single-cell
prokaryotes were vitally important in the evolution of Earth and
these microorganisms are exquisitely adapted to environmen-
tal extremes of pH, temperature, salinity, and anoxic conditions
(e.g., Schulze-Makuch and Irwin, 2004). The identification of
hydrothermal environments at local to regional scales on Mars
has been researched by many authors, including Carr (1979),
Newsom (1980), Mouginis-Mark (1985, 1990), Brakenridge
et al. (1985), Squyres et al. (1987), McKay and Stoker (1989),
Gulick and Baker (1990), MacKinnon and Tanaka (1989),
Gulick (1993), Clifford (1993), Greeley and Thomas (1994),
Carr (1995), Gulick et al. (1997), Wilson and Head (1997),
Tanaka et al. (1998), and Dohm et al. (1998a, 2000, 2001a,
2001b, 2001c, 2004). These environments will likely remain
a research focus in the future, since many are (1) favorable tar-
gets for the development and sustenance of extant life, (2) may
comprise a large variety of exotic mineral assemblages, and
(3) could potentially contain water reservoirs for future Mars-
related human activities.

2. Martian hydrothermal environments

Recorded geologic activity coupled with extensive evidence
of past and present-day water/ice, above and below the mar-
tian surface, indicate that hydrothermal environments certainly
existed in the past and may still exist today. Confidence in iden-
tifying such environments at the martian surface is based on
distinct geologic, paleohydrologic, paleotectonic, topographic,
geophysical, spectral, and elemental signatures. The presented
list of targeted environments of endogenic- and exogenic-driven
hydrothermal activity is not a final list, but rather a first attempt
of compiling candidate hydrothermal targets, which appear es-
pecially promising based on a set of selection criteria. The
selection criteria include: (1) geomorphologic evidence of the
action of liquid water; (2) stratigraphic and geomorphologic ev-
idence of volcanic constructs and/or lava flows; (3) stratigraphic
and paleotectonic evidence for a center of magmatic-driven
tectonism (e.g., see Anderson et al., 2001, 2004); (4) topo-
graphic depressions and/or valleys hypothesized to be the result
of structurally controlled collapse and/or rifting, respectively,
based on stratigraphic, geomorphic, topographic, and paleotec-
tonic evidence; (5) geomorphologic evidence of impact craters
in ice-rich regions; (6) identification of deposits usually asso-
ciated with hydrothermal activity, such as carbonates, sulfates
and sulfides, and metal hydroxides/oxides; (7) identification of
deposits indicative of water alterations such as hydrated phyl-
losilicates, the minerals jarosite and hematite, or Gamma Ray
Spectrometer (GRS)-based elevated elements such as chlorine;
and (8) geological similarities to hydrothermal analog environ-
ments on Earth. These selection criteria are based on current
knowledge and instrumental abilities. As more spacecrafts ar-
rive at Mars with more sophisticated instrumentation other se-
lection criteria should be added. An example would be (9) spec-
troscopic evidence for increased heat flow, especially in ice-rich
regions. However, this capability and the required resolution
may not be currently available, as there has yet to be identi-
fication of such environments through thermal IR or otherwise.

Also, it should be pointed out that we likely missed many of
the selection criteria at prospective locations due to obscuration
by factors including atmospheric conditions at the time of data
acquisition, wind-, water-, and gravity-driven processes (e.g.,
mantling of evidence by eolian, fluvial, alluvial, and colluvial
deposits), and spatial association with respect to the surface
(e.g., subterranean caves may exist but go unnoticed without
the aid of geophysical data and/or surface expression such as
noted in Rodriguez et al., 2005a, 2005b). Thus, a lack of detec-
tion at the present time does not necessarily imply that it does
not exist. Several prominent candidate targets of endogenic- and
exogenic-associated hydrothermal activity are discussed below
and shown in Figs. 1 and 2 and corresponding Tables 1 and 2.

2.1. Endogenic-driven activity and associated candidate
hydrothermal environments

Endogenic activity on Mars has been manifested as large-
scale, tectono-magmatic complexes, Tharsis and Elysium (Ko-
matsu et al., 2004a, 2004b), and to a lesser extent, as volcanic
provinces that have formed along impact-induced basement
structures. These include the southern (Malea Planum; e.g.,
Tanaka and Scott, 1987; Tanaka et al., 1992) and northeast-
ern (Tyrrehena and Hadriaca Paterae; e.g., Crown et al., 1992)
margins of the primary Hellas basin, and the western mar-
gin of the Isidis impact basin (Syrtis Major; e.g., Greeley and
Guest, 1987). Similar to parts of Tharsis, which record magma—
water interactions (e.g., Mouginis-Mark, 1990; Tanaka et al.,
1998), the geologic, geomorphic, topographic, and elemental
evidence indicate that Malea Planum and surrounding regions
may also reflect such activity, including windblown deposition
of the resulting altered rock materials at regional scales (Scott
et al., 1995; Moore and Wilhems, 2001; Tanaka et al., 2002;
Taylor et al., 20006).

In particular, the Tharsis complex is comprised of a diverse
suite of characteristics including: (1) ancient mountain ranges;
(2) distinct episodes of intensive early magmatic/tectonic ac-
tivity that declines with time and related hydrologic activity;
(3) a Europe-sized (~10’ km?) drainage basin in the east-
ern part of the complex; (4) local and regional centers of
magmatic-driven uplift and associated tectonism, dike emplace-
ment, volcanism, and possible fluvial and hydrothermal activ-
ity; (5) large igneous plateaus; (6) gigantic outflow channel
systems, all of which source from chaotic terrain or fracture
systems; (7) circumferential systems of wrinkle ridges and fold
belts; (8) volcanic constructs of diverse sizes and shapes and
extensive lava flow fields; (9) putative ash-flow and air-fall de-
posits; (10) valley forms of diverse geometric shapes, origins,
and relative age of formation; and (11) fracture, fault, rift, pit
crater chain, and canyon systems of varying extent and rela-
tive age of formation (Dohm et al., 2001a, 2002a). Twenty of
the listed candidate targets in Tables 1 and 2 are associated
with the Tharsis tectono-magmatic complex and thus under-
line the importance of this region. A point to be addressed for
Tharsis and other locations is the distinction between purely
tectonically driven resurfacing and resurfacing driven by mag-
matic heat release, a distinction which is difficult to make given
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Fig. 1. MOLA- and MOC-based map of Mars showing the location of candidate targets of endogenic-driven hydrothermal activity. Numbers 1-29 correspond to
those in Tables 1 and 2. Note that the locations of Gusev (A), Gale (B), Boeddicker (C), Lowell (D), Lampland (E), Voeykov (F), Hale (G), and Bond (H) impact
craters are also shown (Image credit: National Geographic Society, MOLA Science Team, MSS, JPL, NASA.)

the current data. With this point in mind, several of the can-
didate targets of hydrothermal activity have been identified as
centers of tectonism through the compilation of a paleotec-
tonic map of the western equatorial region of Mars and by
performing analysis of the spatial and temporal tectonic data
through the Vector Analysis (VA) method (Anderson et al.,
2001). These centers, which were later determined to be distinct
topographic highs through subsequent Mars Orbiter Laser Al-
timeter (MOLA) data, were interpreted to be manifestations of
magmatic-driven activity, including uplift, dike emplacement,
volcanism, and possible hydrothermal activity (Anderson et al.,
2001; Dohm et al., 2001a). A prime example is the central part
of Valles Marineris where magmatic-driven uplift was hypoth-
esized to explain the strain history documented using Viking
data, later identified to be a distinct topographic rise in the
MOLA data (Dohm et al., 1998b, 2001a, 2001b, 2001c¢). Other
evidence for magmatism associated with the geologic history
of Valles Marineris are presented in numerous works (e.g.,
Lucchitta et al., 1992; Chapman and Tanaka, 2001; Komatsu
et al., 2004a, 2004b).

Plumes are an integral part of the internal dynamics of
terrestrial planets, having profound influences on surface and
subsurface geology and hydrology over long time scales (Ko-
matsu et al., 2004a, 2004b). They can significantly alter large-
scale topography, drainages, landscapes, sedimentation, climate
(Baker et al., 1991; Maruyama, 1994), and even break up a con-
tinent (Li et al., 2003). In the case of Tharsis, which is estimated
to have evolved for more than 3.5 Ga, catastrophic release of en-
dogenic activity is observed for at least five pronounced stages
based on a synthesis of geologic information (Dohm et al.,
1998a, 2001a, 2001b, 2001c). Several processes have been in-
volved: (1) magmatism, tectonism, and hydrogeologic activity,
which includes emplacement of lava flows; (2) the triggering of

tremendous outburst flooding that contributed to the formation
of the circum-Chryse outflow channels and associated chaotic
terrain that mark the channels’ source regions and the North-
western Slope Valleys (NSVs); (3) ponding of floodwaters in
the northern plains to form at least transient bodies of water
ranging from lakes to oceans; (4) climatic perturbations; and (5)
a transient dynamic unvegetated martian landscape (e.g., Fairén
et al., 2003). Assuming the availability of water in the region
where the magmatic—tectonic activity is occurring, hydrother-
mal activity is expected to be pronounced during the distinct
heightened stages of endogenic-induced activity. Also, spring-
fed fluvial activity along breaks in slopes such as along the
highland—lowland boundary support this notion (Tanaka et al.,
2003, 2005).

A hypothesized major water source for the NSVs and the
circum-Chryse outflow channel systems is a Noachian Europe-
sized drainage basin/aquifer system that has been unfolded
through paleotopographic reconstructions of the major stages
of Tharsis evolution (Dohm et al., 2001a, 2001c). This system
has Valles Marineris as its central part and ancient Thaumasia
highlands and Coprates rise mountain ranges, highly degraded
Chryse impact basin, Tempe igneous plateau, and Ceraunius
and Claritas rises as its southern, eastern, northeastern, north-
western, and southwestern margins, respectively. Coupled with
the ancient mountain ranges, a circumferential system of fold
belts centered about Syria Planum (Schultz and Tanaka, 1994)
may have formed aquitards for the movement of groundwater to
the south away from the basin/aquifer system, except along ex-
tended terrains such as the complex rift system, which sources
a system of networking troughs that occur along the southeast-
ern margin of the Thaumasia plateau (Dohm et al., 2001b). Sub-
terranean cavernous systems, including buried impact craters
and fracture networks, are hypothesized to have increased hy-



Exploration of hydrothermal targets on Mars 311

Fig. 2. MOLA-based images of candidate hydrothermal targets; (1) Apollinaris Patera (a.p.) is a seemingly isolated prominent shield volcano spanning about
180 km across at its base. Parts of the shield volcano broke away to contribute to the formation of the chaotic terrain (broad arrows) and a system of channels
that source at the southern margin of a late Hesperian lava flow (narrow arrow); (2) Elysium Mons (e.m.) of the Elysium rise volcanic province and a structural
feature of Elysium Fossae may point to magmatic/tectonic/aqueous interactions (arrow); the prominent summit caldera is nearly 17 km in diameter; (3) Nili
Fossae, a structurally-controlled center of magmatic-driven activity with a central graben nearly 37 km wide; (4) structurally-controlled Hadriaca/Tyrrhena volcanic
province, located on the northeast margin of the Hellas impact basin (hb), includes shield volcanoes, Tyrrhena (t) and Hadriaca (h) Paterae, lava flow fields, and
outflow channels such as Niger Vallis (n.v.); a valley of Niger Vallis is nearly 50 km wide (arrow); (5) Northwestern Slope Valleys (NSVs) with Olympus Mons
(0.m.), the distinct outflow channel system, Mangala Valles (m.v.), the 3 gargantuan valleys (broad arrows) of the NSVs system, each of which are over 200 km wide,
and an erosional scarp inset within the southwestern-most valley, indicating aqueous activity (narrow arrow); (6) an east-trending trough of the Valles Marineris
canyon system, Candor Chasma (c.c.), comprising canyons, grabens, pit craters, and channels. The canyon is as wide as 130 km in places; (7) the central part of
Valles Marineris including Melas Chasma (m.c.), which is more than 280 km across; (8) Cerberus Fossae (narrow arrow) and genetically linked Athabasca Valles
(broad arrow). Albor Tholus (a.t.) and Elysium Mons (e.m.) in the background with Albor Tholus nearly 150 km across; (9) Warrego rise within the Noachian
Thaumasia highlands mountain range, as much as 130 km across; (10) volcanic province, Malea Planum, partly infills an ancient paleovalley over 1300 km wide,
which includes shield volcanoes such as Amphitrites Patera (am.p.), lava flow fields, and valleys. The impact crater Barnard (arrow) is nearly 130 km across.

draulic conductivity and contributed to outflow channel forma-
tion (Rodriguez et al., 2005a, 2005b).

Mars may be similar to Earth, where crustal basement struc-
tures act as conduits for the lateral and vertical migration of
groundwater and other volatiles in the subsurface, and the re-
lease of water onto the surface. Such hydrogeologic activity
may be enhanced by endogenic heating, for example, by an
elevated geothermal gradient or a magma body. On Mars, the
spatial and temporal associations among volcanoes, rifts, and
channels may indicate the presence of shallow crustal intrusions
that could lead to local hydrothermal circulation, melting of
ground ice and snow, and groundwater sapping (e.g., southern

margin of the Thaumasia plateau; Tanaka et al., 1998). Gulick
(1998) demonstrated that systems associated with magmatic
intrusions greater than several hundred km? in volume can pro-
vide sufficient groundwater outflow to form the observed fluvial
valleys.

Magma/water interactions have also been documented for
both Hadriaca and Tyrrehena Paterae; these two prominent
shield volcanoes located near the northeastern margin of the
Hellas impact basin were episodically constructed at least dur-
ing the Noachian and Hesperian periods, and possibly into the
Early Amazonian epoch (e.g., Crown et al., 1992; Crown and
Greeley, 1993). As such, hydrothermal activity is suspected
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Top ten candidate targets of endogenic-driven hydrothermal activity on Mars based on total number of selection criteria listed in Section 2

# Name (for location, Relative age and Description/interpretation
see Fig. 1, MOLA- selection
based images shown criteria based on
in Fig. 2) current knowledge

1 Apollinaris Patera Late Noachian—early Shield volcano, chaotic terrain, valleys, channels, and elevated chlorine (Dohm et al., 2006).

Amazonian, and Prominent and long-lived (episodic at least during the Noachian and Hesperian) shield volcano

possibly younger that developed in a water-enriched region of Mars (Scott et al., 1993, 1995). Interpretation:

activity Magma-water interaction evidence includes parts of the shield volcano that broke away to

{1,2,3,4,5,7,8} contribute to the formation of the chaotic terrain, a system of channels that source at the south-
ern margin of a late Hesperian lava flow, channels that dissect plains-forming materials, and
a basal scarp similar to the scarp located at the base of Olympus Mons. Valley networks that
dissect the upper reaches of the volcano may have formed by both endogenic- and climate-
induced activity. Such long-lived magma and water interactions point towards a pronounced
hydrothermal environment in the geologic and paleohydrologic records.

2 Elysium rise volcanic Hesperian — Shield volcanoes, lava fields, faults, channel systems, and depressions (Greeley and Guest,
province Amazonian 1987; Tanaka et al., 2005). Interpretation: Magmatic complex that has evolved in a water-

{1,2,3,4,5,7,8} enriched region of Mars (e.g., Mouginis-Mark et al., 1984; Mouginis-Mark, 1985), similar in
many respects to Tharsis, but smaller, much less complex and long-lived.

3 Nili Fossae Noachian Detection of hydrated phyllosilicates by OMEGA visible-infrared spectroscopy and detection

{1,2,3,4,5,7,8} of olivine by TES. Thin unaltered mafic units rest directly on phyllosilicate-bearing outcrops
(Bibring et al., 2006). Interpretation: Complex of grabens and fractures related to the forma-
tion of the Isidis impact basin (Hoefen et al., 2003), but basalt floors of Nili Fossae made up
from lava by Syrtis Major volcanic complex. Phyllosilicates indicate long-duration exposure
to water and weathering in the shallow subsurface due to low grade hydrothermal alteration
(Mustard et al., 2006).

4 Hadriaca/Tyrrhena Late Noachian—early Volcanic province, which includes volcanoes, lava flow fields, systems of wrinkle ridges, flows
volcanic province Amazonian, and of diverse origins, and outflow channels (e.g., Greeley and Guest, 1987; Crown et al., 1992).

possibly younger Interpretation: Site of magma and water interactions, as well as climate-induced phenomena.

activity {1,2,3,4,5,8}

5 Northwestern Noachian-late Lava flows, faults, valleys, Mangala Valles outflow channel system, sapping channels, dark
Slope Valleys Amazonian slope streaks, elevated chlorine, magnetic and gravity anomalies. Interpretation: Prime can-
(NSVs)/Mangala {1,2,4,5,7,8} didate site for the future exploration based on multiple layers of geologic, topographic, geo-
Valles physical, and elemental information including the highest concentration of chlorine recorded

on the planet (Boynton et al., 2004; Dohm et al., 2006).

6 West Candor Chasma, Noachian to late Candor Chasma is an east-trending trough of the Valles Marineris canyon system comprised of

Valles Marineris Amazonian canyons, grabens, pit craters, and channels. Hydrated sulfates have been identified near layered

{1,2,3,4,6,8} materials interpreted to be volcanic by the Omega instrument on Mars Express (Gendrin et
al., 2005). Interpretation: The detection of kieserite, gypsum, and epsomite or more complex
sulfate molecules (e.g., Gendrin et al., 2005) indicate eolian and/or volcanic deposition of
materials into aqueous environments, which is consistent with Viking-based interpretations
(e.g., Lucchitta, 1987).

7 Tharsis: Central Late Noachian—early Topographic rise marked by faults that are radial and concentric about the central part of Thar-
Valles Marineris rise Hesperian and sis (e.g., Dohm et al., 2001a, 2001b, 2001c), canyons (e.g., Witbeck et al., 1991), valleys in

possibly younger places (e.g., Mangold et al., 2004). Interpretation: Plume-driven uplift along a major crustal

activity {1,2,3,4,7,8} zone of weakness in the central part of an ancient, Noachian basin/aquifer system (Dohm et
al., 2001a), as part of the growth of a tectono-magmatic complex, similar in many respects to
those identified on Earth (Komatsu et al., 2004a).

8 Cerberus Late Hesperian— Lava plains cut by faults, which includes Cerberus Fossae; valley systems such as Athabasca
plains/Marte Vallis Amazonian Valles that sources from Cerberus Fossae (Burr et al., 2002), as well as Marte Valles that

{1,2,3,4,52,8} connects Elysium and Utopia basins (Scott et al., 1995); topographic highs, some of which

display summit pits. Interpretation: Site of geologically recent magma/tectonic/water activity,
evidence of which includes structurally controlled release of water to form Athabasca Valles,
floodwaters to incise Marte Valles, as a putative spillway between Elysium and Utopia paleo-
lakes (Scott et al., 1995), and phreatomagmatic explosions due to the emplacement of lava flow
materials over a volatile-rich substrate to form rootless cones, among other possibilities (e.g.,
crater statistics of some of these lava surfaces in this region exhibit model ages of less than
10 Ma; Lanagan et al., 2001). The Cerberus Plains are covered by some of the recent flood lava
(Keszthelyi et al., 2000), and the “Cerberus Fossae” were identified as likely vents for some or
all of the lava flows. In addition to lava—water interactions (Plescia, 1990, 2003), other inves-
tigators pointed out other manifestations including permafrost mounds (pingos) (e.g., Murray
et al., 2005; Page and Murray, 2006).
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Table 1 (continued)

9 Tharsis: Warrego rise Late Noachian—early
Hesperian, and
possibly younger
activity {1,2,3,4,5?7,8}

10 Malea Planum Late Noachian—early

volcanic province Hesperian, and
possibly younger

activity {1,2,3,4,5?7,8}

Highest promontory within the Noachian Thaumasia highlands mountain range that records
complex structure and magnetic signatures; well-developed valley networks of Warrego Valles;
similar trending pit crater chains and complex rift systems and elongated depressions at the
source region of Warrego Valles; impact craters, ridges, fractures, and fault systems of vary-
ing trends and erosional/deformational states. Interpretation: Concentration of plume-driven
magmatic/tectonic activity and associated valley development, which includes possible local
precipitation (e.g., Gulick et al., 1997; Dohm and Tanaka, 1999; Anderson et al., 2001; Ansan
and Mangold, 2006). Warrego Valles appeared to have formed concurrently with nearby fault
and rift systems and collapse pits and depressions, and faults appear deflected about the source
region (Scott and Dohm, 1990).

Volcanic province that partly infills an ancient paleovalley, which includes volcanoes, lava flow
fields, and valleys (e.g., Greeley and Guest, 1987). Interpretation: Site of magma and water
interactions (including phreatomagmatic eruptions and hydrothermal alteration) and climate-
induced activity, as well as possible glaciation or volatile-driven catastrophic flooding (Tanaka
et al., 2002) that may have chiseled the terrain. GRS-data is consistent with such interpretation
(Taylor et al., 2006).

to be prevalent in the impact-controlled volcanic provinces
as well. Also, seemingly isolated volcanic constructs such as
Apollinaris Patera (Scott et al., 1993; Robinson et al., 1993)
and promontories in the Chasma Borealis region interpreted to
be volcanic (Dial et al., 1994) may have been involved in the
interaction of magma and water. In the particular case of the
prominent and long-lived (episodic at least during the Noachian
and Hesperian) shield volcano, Apollinaris Patera (Target 1
in Table 1; Fig. 2.1), located between the highland—lowland
boundary to the north of the major vent structure and Gusev
impact crater to the south, evidence for magma and water inter-
actions include parts of the volcano that have broken away to
form chaotic terrain and a network of valleys along the south-
ern margin of the Hesperian lava flow that was emplaced on
the southern flank of the volcano (Scott et al., 1993). In ad-
dition, a prominent scarp that forms the base of the volcano,
similar to the basal scarp for Olympus Mons, has been inter-
preted as a wave-cut platform among other possible hypotheses
(e.g., Scott et al., 1993). This kind of geologic history with
recorded magma—water interactions is consistent with Gamma
Ray Spectrometer-based elemental information that indicates
elevated hydrogen and chlorine when compared to the rest of
the equatorial region of Mars (Boynton et al., 2004; Dohm et al.,
2006; Keller et al., 2006; Taylor et al., 2006). Although the
elevated chlorine signature could also be attributed to the com-
plex lithologic nature of the region (Scott and Tanaka, 1986;
Scott et al., 1993), other processes such as aeolian deposi-
tion of Cl-rich dust, acid-fog reactions associated with volcanic
exhalations, and water transport and evaporite deposition are
viable explanations for the Cl signature (Keller et al., 2006;
Taylor et al., 2006). As such, CI by itself may not be indica-
tive of aqueous environments let alone hydrothermal activity,
but when coupled with other criteria elevate the potential that
such environments exist on Mars. A summary of candidate
hydrothermal targets deriving from endogenic activity is pro-
vided in Tables 1 and 2 (also see corresponding Figs. 1 and 2).
Whereas Table 1 and corresponding Fig. 2 provides the top can-
didate targets based largely on the total number of selection
criteria, those listed in Table 2 remain candidate targets though
with fewer observable selection criteria.

2.2. Exogenic, impact-induced activity and associated
candidate hydrothermal environments

Impact craters of varying sizes, degrees of preservation
(from pristine to highly degraded), and morphologic character-
istics mark an active exogenic-induced history at the martian
surface. The presence of significant amounts of ground ice or
water would cause impact-induced hydrothermal alteration at
martian impact sites and nearby surroundings. Several lines of
evidence point to a dramatic increase in the number of impact
events at ~3.9 Ga (Tera et al., 1974; Cohen et al., 2000), which
coincides with the earliest isotopic evidence of life on Earth at
~ 3.85 Ga (Mojzsis and Harrison, 2000) and opens the possi-
bility that life may have been transferred from Earth to Mars or
vice versa via impact panspermia (Melosh, 1988). This period,
often referred to as the Lunar Cataclysm, lasted 20-200 mil-
lion years (Abramov and Kring, 2005; Strom et al., 2005), dur-
ing which time hydrothermal heat generated by impact events
may have exceeded that generated by volcanic activity (Kring,
2000).

The primary heat source of a hydrothermal system associ-
ated with a complex impact crater is likely shock-emplaced
heat. Physical manifestations of impact craters include the cen-
tral uplift and melt sheet as observed, for example, in Gu-
sev, Gale, and Boeddicker craters (for locations, see Fig. 1).
Newsom et al. (1996) showed that the thermal energy of the
impact melt and the central uplift can keep a lake from com-
pletely freezing under a thick sheet of ice for thousands of
years, even under the current martian climatic conditions. The
estimated life time of impact-induced hydrothermal systems
on early Mars ranges from 67,000 years for a 30 km crater,
380,000 years for a 180 km crater, to nearly 10 Ma for a Hellas-
sized basin, depending strongly on the assumed permeability
of the subsurface (Abramov and Kring, 2005). Both geological
evidence and modeling suggest that the flow of hydrothermal
fluids in large craters will be concentrated at the margins of
the melt sheets in zones of higher permeability, focused along
the crater rims and central uplifts. Hydrothermal modeling con-
ducted by Rathbun and Squyres (2002) indicated that a lake
could form in a large complex impact crater from the associ-
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Additional candidate targets of endogenic-driven hydrothermal activity on Mars based on total number of selection criteria listed in Section 2

# Name (for location, Relative age and Description/interpretation

see Fig. 1) Selection criteria met
based on current
knowledge

11 Chasma Borealis Amazonian and Prominent valley, polar layered deposits, polygonal-patterned ground, dune fields, and isolated
possibly older activity promontories. Interpretation: Promontories may be volcanoes (including table top constructs).
{1,2,3,5,8} Valley may be associated with the release of floodwaters related to magma and water interac-

tions or subglacial flow of water (e.g., Dial et al., 1994).

12 West Olympia Undae Amazonian and Gypsum, bassanite and aluminum oxide are identified in the western part of Olympia Undae
possibly older near 245° E, 85° N (Langevin et al., 2005), as well as isolated promontories. Interpretation:
{1,2,4,5,6} Some of the promontories have been interpreted to be volcanoes using MOLA (e.g., Garvin et

al., 2000) and HRSC data (e.g., Neukum and Gasselt, 2006). The spatial and temporal relations
among the putative volcanoes and the identified minerals collectively point to hydrothermal
activity as a distinct process in the region.

13 Tharsis: Tempe Terra Noachian—Amazonian Irregular topography; highly and moderately fractured materials; volcanoes; elongated depres-
{1,2,3,4,8} sions and pit crater chains, which are aligned with Alba Patera-centered radial fault system;

fractures, fault systems, wrinkle ridges, and broad ridges of varying trends and erosional/defor-
mational states; valleys. Interpretation: Igneous plateau, which includes a region of long-lived
magmatism with tectonic, intrusive, and volcanic activity (e.g., Scott and Dohm, 1990; Dohm
et al., 2001a; Moore, 2001).

14 Xanthe Terra Late Noachian—early Undulating, warped, and densely fractured surfaces of highland regions. Interpretation: Exten-
Amazonian sional surface warping related to ground subsidence, caused when pressurized water confined
{1,2,4,5,8} in the subterranean caverns was released to the surface; activity includes water emanations that

resulted in the formation of crater lakes and excavation of Ares, Tiu, and Simud Valles of the
eastern part of the circum-Chryse outflow channel system. Resurfacing may be linked, in part,
to Tharsis: Central Valles Marineris rise, East Valles Marineris, Northeast Valles Marineris,
and Kasei (Location 17).

15 Tharsis: East Valles Late Hesperian—early Chaotic materials, which include isolated and networking blocks, depressions, and canyons
Marineris Amazonian, but mark a potential source region of outflow channels such as Simud Vallis and Tiu Vallis (Scott
possibly earlier and Tanaka, 1986; Witbeck et al., 1991; Rodriguez et al., 2005a, 2005b). Interpretation:
activity {1,2,3,4,8} Magmatic-driven activity, which includes release of floodwaters, collapse, tectonism, similar
in many respects to the Tharsis Central Valles Marineris rise with pronounced activity during
the late Hesperian and early Amazonian. Possibly linked to activity of Central Valles Marineris

rise, as well as other outflow channels sources.

16 Tharsis: Northeast Late Hesperian—early Similar to Tharsis: East Valles Marineris, but source region of Maja Valles, which includes

Valles Marineris Amazonian, but promontories. Interpretation: Similar to the Tharsis East Valles Marineris, but promontories
possibly earlier may mark volcanoes.
activity {1,2,3,4,5}

17 Tharsis: Kasei Late Hesperian—early Similar to Tharsis East Valles Marineris, but located near potential source region of Kasei
Amazonian, but Valles. Interpretation: Center of magmatic/tectonic activity (Scott and Dohm, 1990), which
possibly earlier may have contributed to the development of Kasei Valles.
activity {1,2,3,4,5}

18 Tharsis: Alba Patera Late Hesperian—early Construct marked by curvilinear grabens and centrally located depressions; pit crater chains.
Amazonian North flank is dissected by valley networks. Interpretation: Concentration of tectonic activity
{1,2,3,4,8} associated with the development of a large shield volcano (Scott and Tanaka, 1986; Anderson

et al., 2004); valleys possibly associated with development of shield volcano (e.g., Gulick and
Baker, 1990).
19 Tharsis: Aureole Late Hesperian—early Aureole deposits, which include 3 facies; faults and depressions that cut Amazonian lava flows
deposits of Arsia Amazonian (Scott and Zimbelman, 1995). Interpretation: Magmatic, tectonic, and geohydrologic activity,
Mons {1,2,3,4,8} as well as climate-induced resurfacing.
20 Tharsis: Aureole Late Hesperian—early Aureole deposits, which include 3 facies; faults and depressions that cut Amazonian lava flows
deposits of Pavonis Amazonian (Scott and Tanaka, 1986). Interpretation: Magmatic, tectonic, and geohydrologic activity, as
Mons {1,2,3,4,8} well as climate- induced resurfacing (Scott and Zimbelman, 1995; Shean et al., 2005).
21 Tharsis: Aureole Late Hesperian—early Aureole deposits (Scott and Tanaka, 1986; Scott et al., 1995). Interpretation: Magmatic, tec-
deposits of Ascraeus Amazonian tonic, and geohydrologic activity, as well as climate-induced resurfacing (Scott and Tanaka,
mons {1,2,3,4,8} 1986).
22 Tharsis: Aureole Late Hesperian—early Aureole deposits, which include irregular topography, curvilinear ridges, fractures and faults

deposits of Olympus
Mons

Amazonian
{1,2,3,4,8}

(Morris and Tanaka, 1994). Interpretation: Similar to the locales of Arsia Mons, Pavonis Mons,
and Ascraeus Mons.
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23

24

25

26

27

28

29

30

31

32

Tharsis: Acheron
Fossae

Tharsis: West Valles
Marineris

Tharsis: Syria Planum

Tharsis: Central
Thaumasia Highlands

Tharsis: Southwest
Thaumasia Plateau

Meridiani Planum

Tharsis NW

Ceraunius Tholus

Tharsis: Southern
Coprates

Tharsis: West
Thaumasia Plateau

Late Hesperian—early
Amazonian, and
possibly earlier
activity {1,2,3,4,8}

Late Noachian—early
Hesperian and
possibly younger
activity {1,2,3,4,8}

Noachian—late
Hesperian, and
possibly younger
activity {1,2,3,4,8}

Late Noachian—early
Hesperian, and
possibly younger
activity {1,2,3,4,8}

Late Noachian—early
Hesperian, and
possibly younger
activity {1,2,3,4,8}

Noachian and
possibly younger
{1,5,6,7,8}

Late Hesperian—
Amazonian

{1,2,4,8}

Late Hesperian to
Amazonian {1,2,4,8}

Late Noachian—early
Hesperian, and
possibly younger
activity {1,2,4,8}

Late Noachian—early
Hesperian {1,2,4,8}

Irregular topography, faults, channels (Scott and Tanaka, 1986). Interpretation: Magmatic, tec-
tonic, geohydrologic (including mass wasting; e.g., Plescia, 2005) activity, as well as climate-
induced resurfacing.

Western part of the complex canyon system of Valles Marineris, which includes Noctis
Labyrinthus (Scott and Tanaka, 1986; Witbeck et al., 1991). Interpretation: Similar to the Cen-
tral Valles Marineris rise of Tharsis, but concentration of activity pronounced during the late
Hesperian, which includes continued growth of Noctis Labyrinthus.

Raised north rim; concentric and radial grabens (including Noctis and Claritas Fossae), col-
lapse troughs (Noctis Labyrinthus), and pit crater chains; succession of sheet lavas that bury
the feature’s southeast rim and infill the feature’s interior; small shield volcanoes (Head et al.,
2001; Anderson et al., 2004). Interpretation: Shield complex and center of long-lived mag-
matic/tectonic activity (Dohm et al., 2001a, 2001b; Anderson et al., 2001, 2004).

Rift and fractures and fault systems of varying trends; valley networks dissect the flanks of the
promontory and nearby rock outcrops. Interpretation: Concentration of tectonic activity asso-
ciated with the development of the promontory interpreted to be a large volcano (Scott and
Tanaka, 1986; Dohm et al., 2001a). Shield volcano development may have accompanied struc-
tural uplift along a zone of weakness produced by magmatic/tectonic activity and associated
valley development (Tanaka et al., 1998; Dohm and Tanaka, 1999; Dohm et al., 2001b).

Rift and fractures and fault systems of varying trends. Valley networks dissect the southern
flank of the promontory and rock outcrops, which occur downslope of the construct along the
margin of the Thaumasia Plateau. Interpretation: Concentration of tectonic activity associated
with the development of the promontory interpreted to be a large volcano (Scott and Tanaka,
1986; Dohm et al., 2001a). Shield volcano development may have accompanied structural
uplift along a zone of weakness produced by magmatic/tectonic activity and associated valley
development (Dohm and Tanaka, 1999).

Outcrops of sedimentary sequences and mantle-forming materials including sulfate-rich lay-
ered deposits with hematite spherules, faults, and valleys. Interpretation: Regional heating in
the Meridiani Planum is thought to have caused a release of sulfide-rich hydrothermal waters,
leading to formation of pyrite-rich regional deposits. Near-surface aqueous oxidation of pyrite
formed mineral deposition in acidic solutions, leading to the formation of jarosite assemblages,
goethite concretions and, ultimately, coarsed—grained hematite, through an extended diagenetic
history. Alternatively, volcanic lapilli have also been suggested as an origin for the hematite
concretions (Knauth et al., 2005). Other interpretations include rock materials developed in
sabka (Squyres et al., 2004) and hydrothermal (Hynek, 2004) environments.

Modified lava plains, valley system, faults (Mouginis-Mark, 1990). Interpretation: Magmatic-
driven, structurally-controlled release of water.

Construct with summit depression and channels. Interpretation: Volcanic construct and summit
caldera dissected by channels, resulting from several mechanisms including snow melt by
subsurface heating (Jaumann et al., 2006). The lower flanks of the volcano are buried by plains-
forming materials. Valleys cut into the flanks of the volcano and form a delta in the impact
crater located just north of Ceraunius Tholus.

Networks of trough-like valley forms, rift and fault systems, depressions, impact craters of
varying erosional states, and partly eroded wrinkle ridge materials. The depressions and rift
systems are located at the source region of the system of troughs. Interpretation: Concentra-
tion of magmatic/tectonic activity evident from an apparent process linkage (e.g., spatial and
temporal associations) between the troughs, rift systems, and depressions similar in many ways
to that proposed for the Galaxias Fossae region, where magmatic-driven activity included the
formation of tectonic structures, the migration of volatiles such as ice melt along the frac-
ture and fault systems, and structurally controlled release of water and other volatiles to form
channel distributaries (Baker, 1982; Mouginis-Mark, 1985). Also, similar to Warrego rise (Lo-
cation 9).

Promontory among faults of Claritas Fossae and irregular depressions; degraded valley net-
works dissect the flanks of the promontory. Interpretation: Concentration of tectonic activity
associated with the development of promontory, which is likely to be a large volcano (Scott
and Tanaka, 1986; Dohm et al., 2001b) or a relict of an impact event (Craddock and Maxwell,
1993). Shield volcano development may have accompanied structural uplift along a zone of
weakness produced by magmatic/tectonic activity or related to a large impact event.

(continued on next page)
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Table 2 (continued)

33 Tharsis: Claritas rise Noachian {1,3,4,8}

34 White Rock Noachian and
possibly younger

{1.8}

Elongated topographic rise; irregular rugged topography, which includes large promontories
comprising highly- and moderately-fractured materials; impact craters, ridges, fractures, fault
and rift systems of varying trends and erosional/deformational states; outcrops of dissected
materials in places. Interpretation: Basement complex and other highly deformed rock mate-
rials (possibly including mantled granite/grano-diorite), which is also a prominent magnetic
anomaly (Mitchell et al., 2007); primary center of tectonic activity related to magmatic-driven
uplift along a zone of weakness and associated tectonic and hydrothermal activity (Dohm et
al., 2001a; Anderson et al., 2001).

White rock materials within an impact crater. Interpretation: Aqueous or aeolian interpre-
tations; White Rock may be a lacustrine sedimentary sequence (Williams and Zimbelman,
1994), precipitation of a lens of magnesium carbonate where ground water seeped into an an-
cient evaporating lake (Russel et al., 1999), or an eroded accumulation or weakly cemented
aeolian sediment (Ruff et al., 2001). Magmatic activity may have also contributed to its occur-

rence. Possible concurrence of volcanic features and evaporites make it an intriguing target.

ated heat of the impact, even under current martian atmospheric
conditions.

Impact craters may have played an important role in aque-
ous and geochemical processes in the surface/near-surface en-
vironment of Mars, including geomorphic expression, chemi-
cal transport, and soil formation. Exogenic impact-driven hy-
drologic activity may include valley formation (e.g., Carr and
Head, 2003) within a freezing dry climate (Shuster and Weiss,
2005), and ground-water sapping, runoff, mass wasting, and/or
episodic flooding (Pieri, 1976; Baker and Partridge, 1986; Carr,
1995) largely due to hydrothermal circulation (e.g., Newsom,
1980; Brakenridge et al., 1985; Tanaka et al., 1998; Segura
et al.,, 2002). A major amount of ice could be melted by
shock heating during the impact event, forming fluvial valleys
(Gulick, 1998). Outbursts of groundwater on Mars appear to
be associated in time and space with impact-induced fractur-
ing and lateral and perhaps minor upward transport of water
due to seismic pumping such as in the case of the 200-km-
diameter Lowell impact crater where seismic energy related to
the impact event may have pumped groundwater and perhaps
fluidized slurry to the surface from beneath the cryosphere to
form valleys and a flow deposit (Tanaka et al., 1998). Large im-
pacts could have generated sufficient seismic activity, liquefy-
ing poorly consolidated aquifers at depth and pumping water or
slurry to the surface through impact fractures (MacKinnon and
Tanaka, 1989; Clifford, 1993). Lampland and Voeykov craters,
which formed along the southern margin of the Thaumasia
plateau (Dohm et al., 2001b; also see Fig. 1 for locations), may
exemplify impact-induced valley formation only where favor-
able hydraulic conditions governed by topography and structure
existed (Tanaka et al., 1998).

The formation of large craters on Mars may also have re-
sulted in the mobilization of salts onto the surface of Mars.
Recent fieldwork at terrestrial craters and examination of drill
core material from the ejecta blankets suggest that the blanket
is far more important for geochemical transport and hydrother-
mal alteration in small craters than had previously been realized
(Newsom et al., 2003). In addition, the central uplift in large
craters on Mars can provide a substantial source of heat, equiva-
lent to the heat produced by the impact melt sheet (e.g., Thorsos
et al., 2001). Therefore, large impact craters on Mars should
have contained sufficient residual heat after their formation to

power extensive hydrothermal systems. Subsequent erosion or
cratering may have excavated the hydrothermal deposits, mak-
ing them now available for robotic sampling.

Some of the walls and central peaks of impact craters (e.g.,
Hale crater) are dissected by gullies. Gullies on Mars indicate
liquid water in the recent past and even perhaps under current
martian conditions (Heldmann et al., 2005; Malin et al., 2006).
In some regions, a crater may display gullies while nearby
craters are void of gullies. An example is Hale (gullies) and
Bond (no gullies; see Fig. 1 for locations) craters, respectively.
The gullied regions in Hale crater show low nighttime temper-
atures (interpreted to be caused by unconsolidated material),
while higher temperature slope-forming materials (interpreted
to be consolidated material) occur in the Bond crater (Reiss
et al., 2004). These observations and interpretations are consis-
tent with the morphology observed using Mars Orbiter Camera
(MOC) images (Reiss and Jaumann, 2002).

The best-studied impact crater is probably Gusev crater. The
crater appears to be an old crater-lake bed, filled with rock ma-
terials up to 1 km thick. Some exposed outcrops also indicate
faint layering. The channel system, Ma’adim Vallis, drains into
Gusev crater (Cabrol et al., 1998; Kuzmin et al., 2004), possi-
bly contributing to the formation of a lake (Cabrol and Grin,
2001), though evidence may be obscured by impact cratering
and wind-related activity, among other processes (Cabrol et al.,
2006). Spirit, one of NASA’s two Mars Exploration Rovers
(MER), landed in Gusev crater and has been collecting new
information, which includes possible hydrothermal alteration
and transport of mobile elements (Gellert et al., 2004). Gu-
sev crater certainly meets selection criteria 1, 6, and 8, but
we deem the available information for most craters (including
Gusev) to uncertain to assign selection criteria at the present
time. Furthermore, impact craters are notoriously covered up
by other sediments or have been significantly altered by geo-
logical processes.

3. Terrestrial analog environments of endogenic-induced
hydrothermal activity

Hydrothermal activity is present within Earth’s crust wher-
ever heat and water coexist, involving heated aqueous solu-
tions created under a range of conditions including geysers,



Exploration of hydrothermal targets on Mars 317

fumaroles, and hot springs. Heat sources may be diverse and
derive from any type of igneous activity, large-scale tecton-
ism, or the geothermal gradient (Gardner et al., 1995), all of
which may be associated with endogenic activity. Hydrother-
mal activity could also be induced by impact cratering events if
any phase of water exists in the subsurface (e.g., Abramov and
Kring, 2005).

Given the abundant and diverse records of hydrothermal ac-
tivity on Earth that appear to have similar identifiers to those
of candidate targets on Mars described above, terrestrial hy-
drothermal environments (ancient and extant) form the prov-
ing grounds for developing the means to optimally identify,
map, home in on, and sample these environments. For exam-
ple, the deposits of gray hematite found at Sinus Meridiani on
Mars are also identified in geologic terrains on Earth where
there has been standing water, particularly in hot springs en-
riched in minerals. Examples include: (1) the Yellowstone re-
gion (Hellman and Ramsey, 2004); (2) the Tinto River region
that sources in the Iberian Pyritic Belt and produces one of
the largest hydrothermally-induced deposits of metallic sulfides
in the world (e.g., Boulter, 1996; Leistel et al., 1998); and
(3) the Colorado Plateau where ‘blueberries’ are interpreted to
be the result of variable redox conditions in underground flu-
ids (Chan et al., 2004). Extensive surficial deposits, however,
can also form in environments with modern endogenic-derived
cold springs (Crossey et al., 2006). The Yellowstone Caldera
is the world’s largest hydrothermal system that is fed by a hot
spot located beneath the continental crust. From the numer-
ous and widespread ancient and extant hydrothermal environ-
ments on Earth that could be considered as potential martian
analogs, we describe Valles Caldera and the White Sands re-
gions in detail below, as they both record endogenic-driven hy-
drothermal activity, acidic aqueous conditions, and brines con-
sistent with recent findings based on the Mars Global Surveyor
(MGS), MER, and Mars Express missions (Hynek et al., 2002;
Rieder et al., 2004; Gendrin et al., 2005).

3.1. Valles Caldera region

The geologic setting of the Valles Caldera region includes
volcanic rocks, which overlie Precambrian granite, gneiss, and
schist, as well as sedimentary rocks including evaporites of the
Colorado Plateau. The basement rocks are faulted and progres-
sively dip eastward toward the Rio Grande rift, where Tertiary
sediments of different stages of induration overlie the fault
blocks. The caldera formed during the Quaternary eruption of
the Bandelier Tuff, producing a series of concentric fractures
and faults; the caldera’s interior is filled with rhyolite domes,
lava flows, and tuffs (Doell et al., 1968; Goff and Grigsby,
1982). The caldera is located at the intersection of regional
lineaments where carbonate-rich water, high in total dissolved
solids, is percolating up through the fracture zones at various lo-
cations (e.g., Jemez Springs, Soda Dam Spring), similar to the
hydrogeologic activity described for Mars (e.g., Dohm et al.,
1998a, 1998b; Tanaka et al., 1998).

The Valles Caldera region hosts high-temperature (<300 °C)
hydrothermal systems with several geothermal springs that dis-

charge waters of different chemical composition (Goff and
Gardner, 1994; Truesdell and Janik, 1986; Sass and Morgan,
1988). Water samples of the Sulfur Springs area, for exam-
ple, have shown acidity with pH values ranging from 1.40 to
1.98 and very high concentrations of sulfate ions (Rzonca and
Schulze-Makuch, 2003). These kinds of fluids originate from
the condensation of steam and the oxidation of H>S forming
natural sulfuric acid (Goff and Gardner, 1994). There are hy-
drothermal waters of other chemical compositions at the Valles
Caldera as well as carbonate-rich waters. Bacterial analyses
revealed large contents of biomass in the Sulfur Springs sam-
ples, significantly higher than in any other springs of the Valles
Caldera (Rzonca and Schulze-Makuch, 2003), indicating that
acidic environments such as the Sulfur Springs area provide
suitable microbial habitats.

The Valles Caldera region displays many of the identifiers
reported for the candidate hydrothermal targets of Mars pro-
vided in Tables 1 and 2. Analogous putative hydrothermal lo-
cales on Mars are central Valles Marineris and the Warrego rise
(Locations 7 and 9 in Table 1, respectively). Detailed map-
ping shows faults radial and concentric about central Valles
Marineris, interpreted to be the result of plume-driven tecton-
ism and associated uplift, dike intrusion, volcanism, and hy-
drothermal activity (Dohm et al., 1998a, 1998b; 2001a, 2001b,
2001c; Anderson et al., 2001). The Valles Caldera is related to
a rift process that at present time appears to be inactive (Rio
Grande Rift). Water migrates upwards through deep fracture
zones at regional scale and locally heated from a magma cham-
ber below. This mechanism has been proposed for several of
the putative magmatic-driven locations on Mars shown in Ta-
bles 1 and 2.

3.2. White Sands region

The White Sands analog site in southern New Mexico is of
special relevance, because of the recent discovery of hydrother-
mal fluids that discharge into a sulfate-rich playa. White Sands
National Monument is best known as the largest field of gypsum
dunes in the world (McKee, 1966; McKee and Moiola, 1975;
Schenk and Fryberger, 1988). Lake Lucero, a highly saline
playa within White Sands National Monument, is covered by
water about 10% of the year. The playa with its associated dune
fields is very diverse in its composition, texture, and ecosys-
tem. Lake Lucero, situated in the Tularosa basin of southern
New Mexico, is a Holocene feature, and its hydrothermally em-
placed sediments are incised into older Pleistocene lacustrine
sediments of Lake Otero. During its final phase, thick beds
of coarse-grained gypsum were deposited along with the la-
custrine clay, beach sands, and deltaic sediments. The White
Sands area is underlain by intrusive and extrusive rocks associ-
ated with the Rio Grande Rift. The Rio Grande rift formed by
extensional tectonism, which occurred during the last 35 Ma.
(Chapin and Cather, 1994). There are several major faults
within the rift zone, which penetrate deep within the Earth’s
crust (Mailloux et al., 1999), acting as conduits for the per-
colation of deep hydrothermal fluids and gases to the surface
(Newell et al., 2005). Recent investigations showed the dis-
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charge of previously unknown hydrothermal water to the Lake
Lucero area, a discovery supported by (1) the detection of
the microbe Methanosaeta thermoacetophila in water obtained
from a piezometer screened into Lake Lucero, (2) the presence
of hydrothermal minerals in the soil, (3) elevated ground-water
temperatures, and (4) a high '30 isotope fractionation incon-
sistent with salinity effects alone (Schulze-Makuch, 2002). Not
only does the White Sands region provide the eolian, evaporite-
rich desert setting similar to past and present environments
on Mars, but also the acidic aqueous conditions hypothesized
(Fairén et al., 2004) and later corroborated for Mars through
MER-based investigations (Catling, 2004). White Sands has
been compared to White Rock on Mars in the past, which has
been interpreted as an eroded remnant of a lacustrine deposit
(Williams and Zimbelman, 1994). However, recent spectra of
the White Rock area indicating the lack of hydrates, sulfates,
carbonates, and hydroxides at White Rock raise doubts about
that analogy.

4. Terrestrial analog environments of exogenic-induced
hydrothermal activity

Hydrothermal activity on Earth induced by impacts has
been well studied. These exogenic-induced environments are
potential martian analogs (e.g., Farrow and Watkinson, 1992;
Naumov, 2002; Ames et al., 1998, 2004; Hecht et al., 2004,
Zurcher and Kring, 2004). The post-impact hydrothermal activ-
ity is well documented at terrestrial craters with alteration min-
eral assemblages from various impact craters (e.g., McCarville
and Crossey, 1996; Naumov, 2002), though no active impact-
induced hydrothermal site has been reported to date. Kring
(2000) pointed out several impact craters that show evidence
of hydrothermally altered secondary minerals and saline fluid
inclusions in minerals. Examples are the Chicxulub, Manson,
Puchezh—Katunki, Saint Martin, Siljan, and Sudbury impact
craters. Large hydrothermal systems were created in and around
the central uplifts of complex craters reaching in some cases the
crater rim (e.g., Siljan). The hydrothermal system of Puchezh—
Katunki extended to a depth of at least 5 km in the uplifted peak
(Pevzner et al., 1992). The impact crater has a diameter of about
40 km and the melt sheet is about 65 m thick about 11 km from
the center of the crater (Simonds and McGee, 1979). Even in
small craters such as Lonar crater (1.8 km in diameter), sub-
stantial hydrothermal alteration has occurred, probably due to
the thermal effects of the impact event (Hagerty and Newsom,
2003).

An especially suited analog crater on Earth is Haughton
crater. The polar desert environment is comparable to prevail-
ing martian environmental conditions, which includes cold, dry,
windy, rocky, dusty, and almost unvegetated conditions with el-
evated ultraviolet light (Lee, 2002). The impact crater, which
has a diameter of about 20 km, is studied by investigators of
the NASA Haughton-Mars Project. The team of investigators
discovered remnant signatures of ancient hydrothermal activity
such as hot springs and lakes, as well as post-impact hydrother-
mal deposits along the crater rim (Osinski et al. 2001, 2005).
These hot spring features originated from the transmittal of

impact-induced heat into the surrounding rocks. Networks of
channels located outside of Haughton crater bear similarities
to the small martian valley networks (Lee, 2002), implying
that the valley networks around the martian craters may also
be related to both impact-induced activity and subsequent wa-
ter/mudflows.

5. Exploration strategies

The notion of Mars as a water-enriched, still possibly in-
ternally active planet is supported by the recent acquisition of
geologic, hydrologic, topographic, chemical, and elemental in-
formation obtained by the Mars Global Surveyor (MGS), Mars
Odyssey, Mars Express, and Mars Exploration Rovers (MER).
The availability of water throughout martian history and its
possible existence up to the present time, as well as the dy-
namic interactions among water and endogenic and exogenic
events, render Mars a prime target for astrobiological investi-
gations. Once life would have gained a foothold on Mars, it
would be expected to adapt to the changing conditions on the
planet (e.g., Schulze-Makuch et al., 2005a; Fairén et al., 2005;
Houtkooper and Schulze-Makuch, 2007). In this case, we could
expect to find life in microscopic form in subterranean environ-
ments such as in ground-water or in caves, and most likely in
environments that are currently hydrothermally active (if they
exist). Given this potential, how can we best home in on such
prime candidate targets of elevated life-containing potential?

An ever-expanding list of candidate hydrothermal targets
should be compiled for which this paper would lay the founda-
tion. Both fossil and extant hydrothermal environments should
be listed based on rigorous selection criteria incorporating the
latest results from Mars missions. Prime targets could be se-
lected now by evaluating the candidate targets described here
using existing and yet-to-be-released remote stratigraphic, ge-
omorphic, topographic, spectral, geophysical, and elemental
information provided by the instruments onboard the Mars or-
biters and the Sojourner and Mars Exploration rovers. The Mars
Reconnaissance Orbiter (MRO) has just been inserted into or-
bit as of this writing. The MRO instrument suite includes the
High Resolution Imaging Science Experiment (HIRISE) with
a pixel resolution of 30-60 cm and the Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM) with a visi-
ble/near infrared hyperspectral capability to spatial resolutions
of 18 m. Both may provide geological context for the proposed
hydrothermal locations, including the possible identification of
local zones of hydrothermal-related mineralization through the
CRISM instrument. CRISM will improve the quality of near-
infrared spectral data sets currently collected by the OMEGA
instrument on Mars Express, which are useful to understanding
the extent of engodenic activity—water interactions. The Shal-
low Subsurface Radar (SHARAD) will probe the subsurface
using radar waves using a 15-25 MHz frequency band in or-
der to get the desired high depth resolution (compared to 1.3
to 5.5 MHz range of MARSIS). The radar wave return, which
is captured by the SHARAD antenna, is sensitive to changes in
the electrical reflection characteristics of the coarse- and fine-
grain materials such as rock and sand, respectively, and any
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water present in the surface and subsurface. Similar to high-
density rock, water is an excellent conductor, and thus will have
a strong radar return. Changes in the reflection characteristics of
the subsurface, such as layered deposits, should also be visible.

Further capabilities that should be highlighted include Mars
Orbiting Laser Altimeter (MOLA) topography, geophysical in-
formation such as MGS-based gravity and magnetic data, spec-
tral data including the Neutron Spectrometer, and subsurface
sounding radar (Mars Advanced Radar For Subsurface and
Tonosphere Sounding) provided by Mars Express. Mars Orbiter
Camera (MOC) imagery is available to supplement existing
geologic information. MOC imagery may provide significant
clues concerning the geologic histories of the locations of spe-
cial interest. The application of gravity, magnetic, and thermal
information (including those data sets that recently have been
acquired by MGS) together with MOLA data may help identify
intrusive centers and areas of crustal extension not readily visi-
ble at the martian surface. Although the spatial resolution is on
the order of 500 km, the Gamma Ray Spectrometer (GRS) on
Odyssey is a great asset because it is suited to detect elements
such as hydrogen, chlorine, calcium, iron, and magnesium, all
of which can be used to examine whether hydrothermal ac-
tivity may have occurred at the candidate target of sufficient
spatial extent such as the Northwestern Slope Valleys location
and surrounding region (Location 5 in Table 1), and it is capable
of sampling both dust and the underlying rock materials up to
~1/3 m depth (e.g., Boynton et al., 2004). Thermal Emission
Spectrometer (TES) data also have a large pixel size (3 km by
6 km) and thus may not capture distinct signatures from small
hydrothermal environments, but some environments (such as
the Meridiani hematite region mapped by TES; Lane et al.,
1999), may be large enough in their spatial extent for TES-
based identification.

A comparison of candidate hydrothermal targets on Mars
and well-investigated hydrothermal environments on Earth is
an obvious exercise. Many environments on Earth exist that
have similar identifiers and probably also similar dynamics, his-
tory, chemistry, and possibly biological implications. For exam-
ple, an exhaustive database was established for both the Valles
Caldera and White Sands, including chemical data and physical
data (Schulze-Makuch, unpublished data). A thorough biolog-
ical characterization was also completed included Denaturing
Gradient Gel Electrophoresis (DGGE) and Phospholipid Fatty
Acid (PLFA) analyses (Rzonca and Schulze-Makuch, 2003).
Large databases on the Haughton crater and other confirmed
impact structures are currently being established such as the
“Earth Impact Database,” created and managed by the Planetary
and Space Science Centre at the University of New Brunswick,
Canada.

The above suggested exploration strategy will only yield
limited access in the absence of missions that are capable of
investigating identified candidate hydrothermal targets. New
mission strategies are needed to explore these sites, which may
be located in difficult and hazardous terrain such as canyons,
caves, mountain regions with rocky terrain and steep slopes, in-
side craters, and may only produce signatures that are either too
faint for remote sensing (via orbiters), or too wide-spread to be

explored by single rovers or landers. One of the new promis-
ing mission strategies, recently devised by Fink et al. (2005a),
appears to be ideally suited for the exploration of hydrother-
mal target locales. They propose a “tier-scalable reconnais-
sance” mission concept, which integrates multi-tier (orbit <
atmosphere < surface/subsurface) and multi-agent (orbiter <
aerial platforms < rovers, landers, drill rigs, sensor grids) hi-
erarchical mission architectures, not only introducing mission
redundancy and safety, but enabling and optimizing intelligent,
less constrained, and distributed science-driven exploration of
prime locations on Mars and elsewhere, allowing for increased
science return, and paving the way towards fully autonomous
robotic reconnaissance missions (Fig. 3). A multi-tier, multi-
agent hierarchical mission architecture would overcome the
inherent challenge of geologic planetary surface exploration:
airborne agents (orbiters and blimps/airships) possess overhead
perspectives at different length scales/resolutions, which allow
for global to local reconnaissance and could provide guidance
to ground-based agents (e.g., mobile rover units) for in situ ex-
ploration and sampling.

Tier-scalable mission architectures are necessary to opti-
mally perform reconnaissance of hard-to-get-to locales of spe-
cial scientific interest such as Melas Chasma, the central part
of Valles Marineris. For such a location the following de-
ployment and reconnaissance sequence is envisioned [see Fink
et al. (2005a, 2006), or Schulze-Makuch et al. (2005b) for
further details]: Orbiter(s) scout areas of scientific interest at
a global to regional scale and subsequently insert airborne
agents such as balloons, blimps, or airships, which deploy in
mid-air above the canyon system for further scouting and test-
ing of hypothesized conditions. If one (or more) of the airborne
agents were to detect scientifically interesting features, such as
a volatile release (methane plume or water vapor) or elevated
heat flow, this airborne agent(s) would then map out, for exam-
ple, methane concentration profiles and acquire terrain images
of the locales of extant hydrothermal activity. The informa-
tion so obtained from the airborne vantage would subsequently
be processed through automated feature-extraction algorithms
(e.g., Fink et al., 2005b) and analyzed by science prioritization
algorithms while en route (e.g., Fink, 2006; Fink et al., 2005b;
Furfaro et al., 2006) to choose prime targets for in situ inves-
tigation and sampling by subsequently deployed ground-based
agents (small rovers, networks of sensors, etc.). At the respec-
tive targets, the rovers would conduct in situ science exper-
iments and thereby gather data that complement the remote
sensing data obtained by the airborne agents (e.g., blimps and
orbiters).

6. Conclusions

We presented a list of candidate locations for endogenic-
and exogenic-driven hydrothermal environments on Mars based
on a set of selection criteria as a first step to narrow down
potential hydrothermal targets for future exploration. We en-
courage further evaluation of candidate targets (including those
not included in the preliminary list) using existing and yet-to-
be-released remote information provided by the instruments on-
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Fig. 3. Tri-level hierarchical multi-agent architecture for autonomous remote planetary exploration of Mars (from Fink et al., 2005a).

board the Mars orbiters and rovers, and suggest future missions
based on a novel integrated multi-tier, multi-agent reconnais-
sance mission concept.
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