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Abstract

The paradigm of an ancient warm, wet, and dynamically active Mars, which transitioned into a cold, dry, and internally dead planet,

has persisted up until recently despite published Viking-based geologic maps that indicate geologic and hydrologic activity extending into

the Late Amazonian epoch. This paradigm is shifting to a water-enriched planet, which may still exhibit internal activity, based on a

collection of geologic, hydrologic, topographic, chemical, and elemental evidences obtained by the Viking, Mars Global Surveyor

(MGS), Mars Odyssey (MO), Mars Exploration Rovers (MER), and Mars Express (MEx) missions. The evidence includes:

(1) stratigraphically young rock materials such as pristine lava flows with few, if any, superposed impact craters; (2) tectonic features that

cut stratigraphically young materials; (3) features with possible aqueous origin such as structurally controlled channels that dissect

stratigraphically young materials and anastomosing-patterned slope streaks on hillslopes; (4) spatially varying elemental abundances for

such elements as hydrogen (H) and chlorine (Cl) recorded in rock materials up to 0.33m depth; and (5) regions of elevated atmospheric

methane. This evidence is pronounced in parts of Tharsis, Elysium, and the region that straddles the two volcanic provinces, collectively

referred to here as the Tharsis/Elysium corridor. Based in part on field investigations of Solfatara Crater, Italy, recommended as a

suitable terrestrial analog, the Tharsis/Elysium corridor should be considered a prime target for Mars Reconnaissance Orbiter (MRO)
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investigations and future science-driven exploration to investigate whether Mars is internally and hydrologically active at the present

time, and whether the persistence of this activity has resulted in biologic activity.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The small size of Mars (�53% of Earth’s diameter) and
other geophysical constraints have led to the theory that
Mars experienced an early rapid loss of internal heat
energy with subsequent steady-state decline (Spohn, 1991;
Schubert et al., 1992; McGovern et al., 2002). This
contributed to the Viking-era paradigm of an ancient
warm, wet, and dynamically active planet, which transi-
tioned into a cold, dry, and internally dead world (e.g.,
Pollack et al., 1987; Carr, 1996). This paradigm persisted in
spite of being contradicted by Viking-based geologic
mapping on global to local scales that indicated a water-
enriched, geologically and hydrologically active planet as
recent as the Late Amazonian epoch (e.g., Scott and
Tanaka, 1986; Greeley and Guest, 1987); equivalent to an
estimated absolute age of �300 million years, based on the
Mars cratering chronology of Hartmann and Neukum
(2001). New Mars Global Surveyor (MGS)-, Mars Odyssey
(MO)-, and Mars Express (MEx)-based information
collectively point to a planet which has been geologically
active up to the present day, particularly in parts of the
Fig. 1. MOLA map highlighting (gray tone) Tharsis/Elysium corridor region, w
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Tharsis and Elysium volcanic provinces and the region that
straddles both volcanic provinces. Throughout the rest of
this paper, we will refer to this region as the Tharsis/
Elysium corridor (Fig. 1).
The corridor was first identified as a region of protracted

geologic and hydrologic activity from stratigraphic, paleo-
tectonic, topographic, impact crater, hydrologic, geo-
morphic, and geophysical information obtained through
Viking and MGS analyses (Figs. 1 and 2). We have extended
our initial studies by incorporating data from MO and
MEx, particularly MO’s Thermal Emission Imaging System
(THEMIS) visible (VIS) and daytime infrared (IR) imagery
and the newly released elemental data (especially H and Cl)
from GRS. The presented work is a synthesis of both old
and new information that reveals a diverse and far-reaching
(Table 1) geologic history with important implications for
the geodynamic evolution of Mars.
We have compiled many unique characteristics of the

Tharsis/Elysium corridor. Each can be interpreted in
several different ways, but a single consistent history is
revealed when one considers the entirety of geologic and
composition data which are now available. In this paper,
hich includes parts of Tharsis and Elysium volcanic provinces (dashed line

ndaries. Features discussed in the text include the Tharsis Montes shield

lympus Mons (OM), Northwestern Slope Valleys (NSVs), Mangala Valles

ris Paterae (AlP and AP, respectively), Elysium Mons (EM), and general

dary is only roughly defined and schematically shown here. The boundary

Mars. For example, Alba Patera (AlP) and other parts of Tharsis might be

mark the martian surface near the southeast margin of the shield volcano
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Fig. 2. MOLA shaded relief image showing general locations of anomalous concentrations of dark slope streaks indicated by hachured patterns (adapted

from Rifkin and Mustard, 2001). In addition to the proposal of dust avalanching (Sullivan et al., 2001), water may have also contributed to their

formation (Schorghofer et al., 2002), especially since they occur in regions that record long-lived magmatic and hydrologic activity (Ferris et al., 2002) and

several display anastomosing patterns. Potential regions of elevated heat flow initially identified for THEMIS investigation (red boxes) based on

stratigraphic, tectonic, paleohydrologic, geomorphologic, impact crater, and geophysical information. Subsequent evaluation of the GRS-based Cl

information mapped to the previously identified Corridor region (yellow box).
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we present evidence that the Tharsis/Elysium corridor is a
region that records diverse and far-reaching magmatic,
tectonic, and fluvial activity, continuing at least until
geologically recent time, well into the Late Amazonian
(Table 1). The evidence includes:
�
 Pristine lava flows of Tharsis Montes with few if any
superposed impact craters (Hartmann et al., 1999;
Neukum et al., 2004).

�
 Structurally controlled releases of water and other

possible volatiles from Cerberus Fossae (e.g., Burr
et al., 2002; Mitchell and Wilson, 2003), as well as
structurally controlled channels that dissect Amazonian
lavas of Tharsis Montes and Medusae Fossae Forma-
tion materials (Mouginis-Mark, 1990; Scott et al., 1993,
1995; Dohm et al., 2004).

�
 The occurrence of anastomosing dark slope streaks in

Mangala Valles and the northwestern slope valleys
(NSVs) regions, which may be indicative of aqueous
activity (Ferris et al., 2002; Miyamoto et al., 2004).
These regions have recorded magmatic, tectonic, and
hydrologic activity since the Noachian Period (Dohm
et al., 2001a, b, 2004).

�
 Tectonic features such as fractures, faults, graben, and

structurally controlled pit crater chains that cut strati-
graphically young rock materials, including the flanks
and aureole deposits of the Tharsis Montes shield
volcanoes, plains-forming materials in the corridor
region, and Elysium rise-forming materials (Scott and
Zimbelman, 1995; Scott et al., 1998; Anderson et al.,
2001; Wyrick et al., 2004; Ferrill et al., 2004; Márquez
et al., 2004).

�
 Geologic terrains that display few if any superposed

impact craters (Hartmann et al., 1999; Neukum et al.,
2004), such as the Ceberus Fossae region where impact
crater counts of the adjacent fluvially dissected plains
range from 10 to 100Myr (Burr et al., 2002; Berman and
Hartmann, 2002).

�
 MO Gamma Ray Spectrometer (GRS)-based elevated

hydrogen (H) and chlorine (Cl) recorded in rock
materials up to 0.33m depth in the NSVs region and
other regions along the highland-lowland boundary
west of the Tharsis Montes shield volcanoes (Boynton
et al., 2002, 2007, in press; Feldman et al., 2002; Keller
et al., 2006). This broad region records magmatic,
tectonic, and hydrologic activity extending from the
Noachian to the Late Amazonian (Scott and Tanaka,
1986; Greeley and Guest, 1987), indicating possible
hydrothermal environments for parts of the region
(Dohm et al., 2004; Schulze-Makuch et al., 2007).

�
 Regions with elevated elemental abundances of methane

(CH4), detected by the Planetary Fourier Spectrometer
instrument on MEx (Formisano et al., 2004) and Earth-
based observations (Mumma et al., 2004; Krasnopolshy
et al., 2004). Magmatism, hydrothermal activity, and
biological release are a few of the possible explanations
for the CH4 (Formisano et al., 2004; Prieto-Ballesteros
et al., 2006; Krasnopolsky, 2006; Onstott et al., 2006).

Most thermal models suggest that Mars reached a
stagnant-lid regime early in its history, leading to litho-
spheric conduction as the primary mechanism for removal
of internal heat (Sleep, 2000; Breuer and Spohn, 2003).
In addition to lithospheric conduction, plumes during
the stagnant-lid regime, ranging from superplumes
(Dohm et al., 2001a, 2002b, 2007a, b; Baker et al., 2007) to
mantle plumes (Mège and Ernst, 2001), have produced
regional to local enhanced magmatic and tectonic activity.
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Table 1

Geology, tectonism, hydrology, and geochemical activity of the Tharsis, Elysium, and Tharsis/Elysium corridor regions through time (Early Noachian—EN, Middle Noachian—MN, Late Noachian—

LN, Early Hesperian—EH, Late Hesperian—LH, Early Amazonian—EA, Middle Amazonian—MA, Late Amazonian—LA). Note that the commencement and/or end of activity of the all listed

features are not absolutely constrained and only those features in the corridor region shown in bold

EN MN LN EH LH EA MA LA

Pre-Tharsis development of the Thaumasia highlands mountain range (Dohm et al., 2001a, c); *possible

reactivation of ancient basement structures into the Hesperian related the evolution of Tharsis, which includes

the development of a thrust belt (Schultz and Tanaka, 1994) and rift systems (Dohm et al., 2001c; Grott et al.,

2007)

Pre-Tharsis development of the Coprates rise mountain range (Schultz and Tanaka, 1994; Dohm et al.,

2001a, c); *possible reactivation of ancient basement structures into the Hesperian related the evolution of

Tharsis, which includes the development of a thrust belt (Schultz and Tanaka, 1994)

Widespread Tectonism (Scott and Dohm, 1997; Anderson et al., 2001, 2007a; Dohm et al., 2001c) - - -

Magmatic-tectonic activity at Claritas rise, possibly pre-Tharsis (Anderson et al., 2001; Dohm et al., 2001a, c)

Widespread valley formation and relatively high erosion rate (Pieri, 1976; Scott et al., 1995; Carr and Chuang,

1997; Baker et al., 2007)

Clays (e.g., Bibring et al., 2006)

Tharsis development, which includes five major stages of activity (e.g., Dohm et al., 2001, 2007a; Baker et al.,

2007)

Tharsis basin, including diminishing water supply through time (Dohm et al., 2001a)

Sulfates (e.g., Bibring et al., 2006)

Magmatic-tectonic activity in the Ceraunius rise region (Anderson et al., 2001, 2004)

Development of Tempe Terra igneous plateau, which includes magmatic–tectonic activity and volcanism (Scott

and Tanaka, 1986; Scott and Dohm, 1990a, b; Anderson et al., 2001; Moore, 2001)

Magmatic–tectonic activity in the Uranius Patera region (Anderson et al., 2001)

Thaumasia plateau uplift (Dohm and Tanaka, 1999; Dohm et al., 2001c)

Putative ocean that covered �1/3 of the surface area of Mars, possibly associated with the incipient development of

the Tharsis superplume (Parker et al., 1993; Clifford and Parker, 2001; Fairén et al., 2003; Baker et al., 2007;

Dohm et al., 2007a), which includes endogenic-driven acidic conditions (Fairén et al., 2004)

Emplacement of older ridged plains materials in the Thaumasia Planum region (Dohm and Tanaka, 1999;

Dohm et al., 2001c)

Patera-forming at Apollinaris (Scott et al., 1993; Robinson et al., 1993)

Patera-forming at Tempe (Scott and Tanaka, 1986; Scott and Dohm, 1990a, b)

Construction of isolated volcanoes in the Thaumasia highlands and Coprates rise region (Dohm et al., 2001c)

Magmatic–tectonic activity, which includes uplift at the central part of Valles Marineris (Dohm et al., 1998,

2001a, b, 2007a; Anderson et al, 2001)
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Magmatic-tectonic activity, which includes uplift at Warrego rise (Gulick, 1998; Dohm et al., 1998, 2001a, c;

Anderson et al., 2001)

Development of Syria Planum, a corona-like feature (Wise et al., 1979; Plescia and Saunders, 1982; Tanaka and

Davis, 1988; Golombek, 1989; Dohm et al., 1998, 2001a, c; Anderson et al., 2001, 2004)

Valles Marineris development, which includes magmatic-driven uplift and tectonism, volcanism, sapping,

collapse, outflow channel activity, and formation of sulfate deposits (Lucchitta et al., 1992; Banerdt et al., 1992;

Tanaka et al., 1991; Dohm and Tanaka, 1999, 2001a–c, 2007a, b; Komatsu et al., 2004; Bibring et al., 2006)

Early circum-Chryse and northwestern slope valleys (NSVs) outflow channel development (Rotto and Tanaka,

1995; Nelson and Greeley, 1999; Dohm et al., 2001a, b)

Valley network development not as widespread when compared to the Noachian Period (Gulick, 1993; Scott et al.,

1995; Carr and Chuang, 1997; Tanaka et al., 1998; Dohm and Tanaka, 1999; Dohm et al., 2001c)

Episodic outflow channel development of Ma’adim Valles (Greeley and Guest, 1987; Scott et al., 1993; Cabrol et

al., 1998; Kuzmin et al., 2004), though a single catastrophic flood event has also been reported (Irwin et al., 2002)

Elysium rise development (Greeley and Guest, 1987; Tanaka et al., 1992; Tanaka et al., 2005)

Emplacement of younger ridged plains (unit Hr; Scott and Tanaka, 1986; Greeley and Guest, 1987)

Magmatic-tectonic activity in a region northeast of Pavonis (pre-Tharsis Montes; Plescia et al., 1980; Anderson et

al., 2001)

Magmatic-tectonic activity in the southwest part of Tempe Terra (Anderson et al., 2001)

Magmatic–tectonic activity in the Ulysses Fossae region (pre-Tharsis Montes?; Anderson et al., 2001)

Widespread but less tectonism when compared to the Noachian Period (Scott and Dohm, 1997; Dohm and Tanaka,

1999; Dohm et al., 2001a, c; Anderson et al., 2001)

-

Early development of Mangala Valles (Chapman and Tanaka, 1993; Zimbelman et al., 1994; Craddock and

Greeley, 1994)

Incipient Tharsis Montes and Olympus Mons development (Scott and Tanaka, 1986; Scott and Zimbelman, 1995;

Scott et al., 1995, 1998; Anderson et al., 2001)

Emplacement of lavas centered at Tharsis Montes (Scott and Tanaka, 1986; Scott et al., 1995, 1998), Alba Patera

(Scott and Tanaka, 1986), and Syria Planum (Scott and Tanaka, 1986; Dohm and Tanaka, 1999; Dohm et al.,

2001c)

Emplacement of lavas centered at Elysium rise (Greeley and Guest, 1987; Tanaka et al., 1992, 2005) and on the

southern flank of Apollinaris Patera (Scott et al., 1993; Robinson et al., 1993)

Magmatic-tectonic activity at Alba Patera (Anderson et al., 2001)

Change from widespread Tharsis magmatic-tectonic activity to centralized volcanism to forge the giant shield

volcanoes of Tharsis Montes, Olympus Mons, and Alba Patera (Dohm et al., 1999, 2001c)

Significant waning of tectonism in the western hemisphere except at Alba Patera (Scott and Tanaka, 1986; Dohm

and Tanaka, 1999, 2001c; Anderson et al, 2001)

- -

Significant outflow channel development, which includes Mangala Valles (Chapman and Tanaka, 1993; Zimbelman

et al., 1994; Craddock and Greeley, 1994)
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Table 1 (continued )

EN MN LN EH LH EA MA LA

Significant outflow channel development of the circum-Chryse outflow channel system (Scott and Tanaka,

1986; Chapman et al., 1991; DeHon, 1992; Scott, 1993; Rotto and Tanaka, 1995; Rice and DeHon, 1996;

Chapman and Tanaka, 1996; Nelson and Greeley, 1999; Tanaka et al., 2005)

Putative ocean (Jöns, 1986; Lucchitta et al., 1986; Parker et al., 1987, 1993; McGill, 1985; Baker et al., 1991;

Kargel et al., 1995; Head et al., 1999; Clifford and Parker, 2001; Baker et al., 2007; Dohm et al., 2007a) and/or

paleolakes (Scott et al., 1995), possibly related to Tharsis and to a lesser extent, Elysium rise activity (Fairén et al.,

2003)

Anhydrous ferric oxides (Bibring et al., 2006)

Continued construction of Olympus Mons (Scott and Tanaka, 1986; Morris et al., 1991; Morris and Tanaka, 1994;

Neukum et al., 2004)

Late-stage volcanic activity at Elysium rise (Greeley and Guest, 1987; Tanaka et al., 1992; DeHon et al., 1999;

Tanaka et al., 2005)

Late-stage volcanic activity at Tharsis Montes, which includes emplacement of the aureole deposits (Scott and

Tanaka, 1986; Scott et al., 1995; Scott et al., 1998)

Emplacement of the Medusae Fossae materials (Malin, 1979; Scott and Tanaka, 1986; Greeley and Guest, 1987;

Tanaka et al., 2005); *though denoted in red, materials could be ash-flow tuffs (Malin, 1979; Scott and Tanaka,

1982, 1986), ancient polar deposits (Schultz and Lutz, 1988), or pyroclastic and eolian materials (Greeley and

Guest, 1987)

Magmatic–tectonic activity in a region south of Ascraeus (Anderson et al., 2001)

Local tectonism associated with some of the large shield volcanoes including Tharsis Montes (Scott and Dohm,

1997; Anderson et al., 2001)

- - -

Valley formation on the northwest flank of Elysium rise (Tanaka et al., 1992; Scott et al., 1995; DeHon et al.,

1999)

Valley formation between Utopia Planitia and the eastern part of Elysium Planitia (Marte Vallis interpreted to be

a spillway; Scott et al., 1995)

Valley formation on the northern flank of Alba Patera (Scott et al., 1995; Gulick, 1998)

Valley formation in parts of the northern plains (Scott et al., 1995)

Emplacement of the aureole deposits, interpreted to be the result of late-stage glaciation and interaction between ice

and lavas (Scott et al., 1995; Scott and Zimbelman, 1995; Shean et al., 2005)
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The evidence presented in this paper point to the Tharsis/
Elysium corridor as a primary region where the internal
heat of the planet may be focused through magmatism,
tectonism, and hydrologic/hydrogeologic activity. In the
following sections, we compile evidence that points to a
geologically, hydrogeologically, and possibly a biologically
active Tharsis/Elysium corridor region. We argue that the
Solfatara volcanic complex in Italy may be an appropriate
terrestrial analog to the Tharsis–Elysium corridor. We also
present an explanation for why the corridor region may not
be thermally distinct in THEMIS observations and why it
should be considered a prime target for Mars Express,
MRO, and future science-driven exploration. An internally
active Mars has tremendous implications for present and
future subsurface heat flow and hydrogeology, as well as
the potential for extant life.

2. Geologic evidence for an internally active Mars

To address the query of whether Mars is internally
active, we have conducted a comparative analysis of the
geological, paleohydrological, topographic, geophysical,
spectral, and elemental information for Mars. Viking-,
MGS-, MO-, and MEx-based information collectively
suggest that the Tharsis/Elysium corridor reflects far-
reaching, episodic internal activity, and that such activity
may continue well into the future.

2.1. Geologic and physiographic setting of the Tharsis/

Elysium corridor

The Tharsis/Elysium corridor (Fig. 1) includes parts of
the Tharsis (Scott and Tanaka, 1986) and Elysium (Greeley
and Guest, 1987) magmatic complexes and the region that
straddles the two complexes. The corridor also includes the
NSVs region located on the western margin of Tharsis
(Dohm et al., 2004), a west-trending swath of Medussae
Fossae Formation materials that occurs along the high-
land–lowland boundary to the west of the Tharsis Montes
shield volcanoes (Scott and Tanaka, 1986; Greeley and
Guest, 1987), and the large isolated shield volcano
Apollinaris Patera (Scott et al., 1993). The corridor
includes the large basins of Elysium and Amazonis
Planitiae, which may have been occupied by water bodies
(Parker et al., 1987; Scott et al., 1995). These basins are
primarily blanketed by stratigraphically young lava flows
(e.g., Tanaka et al., 2003, 2005).

The diverse geologic record in the Tharsis/Elysium
corridor is dominated by magmatic and tectonic activity
and the interaction of magma, basement structures (e.g.,
joints, fractures, and faults), and liquid water and/or ice,
largely linked to the evolution of the Tharsis (Dohm et al.,
2001a; Komatsu et al., 2004) and Elysium (Tanaka et al.,
1992, 2003, 2005) magmatic complexes. The two complexes
are prominent surface expressions related to the concen-
trated release of internal heat energy during the hypothe-
sized stagnant-lid phase of Mars’ evolution (Baker et al.,
2007). Incipient development of Tharsis is recorded as far
back as the Noachian (Anderson et al., 2001; Dohm et al.,
2001a; Solomon et al., 2005), whereas Elysium began to
form during the Early Hesperian (Tanaka et al., 2005).
Episodic activity has continued for both complexes at least
until geologically recent time, well into the Late Amazo-
nian (e.g. Dohm et al., 2001a; Anderson et al., 2001, 2004;
Tanaka et al., 2003, 2005).

2.2. Age constraints

Crater density analysis reveals that Mars displays
geologic terrain units with formation ages ranging
throughout the planet’s history (Tanaka, 1986; Barlow,
1988; Hartmann and Neukum, 2001). While Earth and
Venus only retain very young surface units and Mercury
and the Moon are covered largely by ancient terrain, Mars
displays surface units from throughout its evolutional
history (ancient Noachian to the very recent Amazonian).
Barlow’s (1988) Viking-based analysis of impact craters
larger than 8-km-diameter found that �50% of the planet
dated from the late heavy bombardment period (Noachian
geologic units), �10% formed near the end of the heavy
bombardment period (Early Hesperian terrains), and
�40% formed in the post-heavy bombardment period
(Late Hesperian and Amazonian geologic units). Recent
results on the origin of impacting objects (Strom et al.,
2005) indicates that two populations of impactors, based
on different crater size distributions, are responsible for the
impact crater record in the inner Solar System. The old
population, responsible for the period of Late Heavy
Bombardment, which ended about 3.8Ga ago, originated
from the main asteroid belt. It was the result of a
catastrophic bombardment of all terrestrial planets due to
a sweeping of resonances through the main asteroid belt by
migrations of the outer planets (Kring and Cohen, 2002;
Gomes et al., 2005). The younger population represents the
cratering record from about 3.8Ga to the present (Strom et
al., 2005). This population originated from asteroids that
have been perturbed into the inner Solar System when they
were moved into resonances by the Yarkovsky effect and
then ejected into inner planet-crossing orbits.
In Barlow’s (1988) analysis, the youngest geologic units

were in the Tharsis region, the Valles Marineris floor
deposits, and the polar caps and polar-layered deposits.
Tanaka’s (1986) analysis of craters larger than 2-km-
diameter showed that Tharsis volcanic flows, the polar
regions, portions of Arcadia Planitia, and the Cerberus
Fossae/Marte Valles region were formed within the past
�700Ma, during the Late Amazonian period.
Higher resolution imagery available from MOC and

THEMIS VIS allow extension of crater density studies to
smaller craters and can provide statistically significant
results for more localized regions than was available using
Viking data. In addition, improved observations of the
number of Mars-crossing asteroids and comets have
resulted in stronger constraints on the absolute ages of
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surface units based on crater density analysis (Neukum
et al., 2001; Ivanov, 2001). Hartmann and colleagues have
derived crater isochron curves for Mars and have used such
plots in determining the ages of terrain units (Hartmann
et al., 1999; Hartmann and Berman, 2000; Hartmann and
Neukum, 2001). They find that the youngest lava flows on
Olympus Mons have ages between 10 and 100Ma, while
the youngest lava flows in Amazonis and Elysium Planitiae
are less than 10Ma old (Hartmann and Berman, 2000;
Hartmann and Neukum, 2001). Crater counts in the plains
adjacent to Cerberus Fossae suggest recent fluvial activity,
in the range of 10–100Ma (Burr et al., 2002; Berman and
Hartmann, 2002), although Plescia (2003) argues for much
older ages (144–1700Ma).

Age determination based on analysis of small craters
suffers from a major problem: the contamination of the
cratering record by secondary craters. Absolute ages for
martian terrain units are derived by extrapolation of the
lunar crater chronology, which assumes some ratio of
martian to lunar impact flux (Ivanov, 2001). Hartmann’s
studies generally assume that the secondary crater produc-
tion rate on Mars is equivalent to that on the Moon and
need not be a concern to the resulting age determinations.
However, recent studies of martian impact crater ejecta
fields have led McEwen et al. (2005) and Barlow (2006) to
question this assumption.

The Tharsis–Elysium corridor is an area which has been
affected by secondary craters from the formation of the
10-km-diameter crater Zunil (McEwen et al., 2005) and
thus the use of small craters to obtain surface ages in this
region is suspect. To avoid the contamination from Zunil
secondaries, we have conducted crater count analysis for
craters X5-km-diameter in selected areas of the southern
Amazonis Planitita region (including those that include the
Cerberus Fossae, the Medusae Fossae Formation, and the
NSVs). Secondary craters are expected to be a minor
contributor to the crater record in this diameter range, but
the tradeoff is that we must analyze larger areas to obtain
statistically significant results. Our results give an average
crater density of 5.97� 10�5 craters X5-km-diameter
km�2, which, using the Hartmann isochrons, suggests that
these regions display a maximum age of about 1Ga.
Although these results indicate older average ages than the
smaller crater analysis, it still confirms that the Tharsis/
Elysium corridor contains some of the youngest geologic
units on the planet.

2.3. Geologic history

A diverse suite of geologically young (Amazonian)
volcanic and water-related landforms are recognized in
the Tharsis/Elysium corridor. The stratigraphic positions of
rock units in the Tharsis/Elysium corridor were established
by previous Viking-based regional and global mapping
investigations (e.g., Scott and Chapman, 1991; Morris et al.,
1991; Scott et al., 1993, 1995, 1998; Chapman and Tanaka,
1993; Craddock and Greeley, 1994; Zimbelman et al., 1994;
Morris and Tanaka, 1994; Scott and Zimbelman, 1995;
Tanaka et al., 2003, 2005). The Tharsis/Elysium corridor
contains the largest concentration of stratigraphically
young (Amazonian) rock materials (volcanic and sedimen-
tary) recorded on the planet (Tanaka et al., 2005; Nimmo
and Tanaka, 2005).
Tharsis displays a suite of volcanic landforms of diverse

sizes and shapes, including extensive lava flow fields and
large igneous plateaus in addition to the well-known
constructs. Early volcanic activity in Tharsis included
explosive volcanism, but this transitioned into more
concentrated volcano and fissure-fed low-viscosity erup-
tions during the Late Hesperian (Dohm and Tanaka, 1999;
Dohm et al., 2001c). Although Tharsis records episodic
activity since the Noachian Period (Dohm et al., 2001a),
late-stage development of Tharsis Montes and Olympus
Mons has occurred during the Amazonian Period and
includes the emplacement of associated lavas and aureole
deposits (Morris et al., 1991; Morris and Tanaka, 1994;
Scott and Zimbelman, 1995; Scott et al., 1998; Neukum
et al., 2004). In contrast, Elysium records concentrated
magmatism beginning in the Early Hesperian (Greeley and
Guest, 1987; Tanaka et al., 2003, 2005) that has resulted in
the development of shield volcanoes and the emplacement
of lava flows.
Pristine lava flows are observed in the Elysium and

Amazonis Planitiae basins, originating from both Tharsis
and Elysium volcanic complexes and from fissures (Tanaka
et al., 2005) such as those related to large dislocations tens
to hundreds of kilometers long in the martian crust (e.g.,
Dohm et al., 2002a). An example of these fissures is the
northwest-trending Cerebus Fossae (Greeley and Guest,
1987; Tanaka et al., 2003, 2005). A possible linkage
between Tharsis and Elysium via a complex fabric of
crustal/lithospheric faults and fractures cannot be ruled out
because these young lava flows bury older rock surfaces,
including an ancient basement structural fabric (Tanaka
et al., 2005).
Geological mapping indicates that tectonism in the

Tharsis/Elysium corridor has continued into the Late
Amazonian, albeit to a far lesser and more localized extent
when compared to Noachian and Early Hesperian mag-
matic-driven tectonic activity (Anderson et al., 2001, 2004;
Dohm et al., 2001c). Tectonic structures such as fractures,
faults, and structurally controlled pit crater chains cut
stratigraphically young lava flows and aureole deposits of
the Tharsis Montes shield volcanoes (Figs. 3 and 4) and
Olympus Mons (Scott and Tanaka, 1986; Mouginis-Mark,
1990; Morris et al., 1991; Morris and Tanaka, 1994; Scott
and Zimbelman, 1995; Scott et al., 1998; Wyrick et al.,
2004; Ferrill et al., 2004; Márquez et al., 2004), plains-
forming materials of Elysium and Amazonis Planitiae
(Hartmann et al., 1999; Hartmann and Berman, 2000;
Tanaka et al., 2003), and shield-forming lava flows of
Elysium (e.g., Greeley and Guest, 1987; Tanaka et al.,
1992, 2003, 2005). Thus, tectonism recorded in the Tharsis/
Elysium corridor points to an internally active Mars up to
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Fig. 3. (Top right) MOLA-based 3D map projection looking northeast across the Tharsis magmatic complex, which includes the NSVs region and the

Tharsis Montes shield volcanoes, Arsia Mons (AM), Pavonis Mons (PM), and Ascraeus Mons (AsM). (Top left) Viking context image showing graben,

which cuts stratigraphically young (Middle to Late Amazonian) aureole deposits on the northwest flank of Arsia Mons shield Volcano (Scott and

Zimbelman, 1995); there is about 1875 km that separate the southwest margin of Arsia Mons from the northeast margin of Ascraeus Mons. (Bottom)

MOC image m0904816g showing dark slopes streaks, which occur on the slope of the east-facing fault scarp of the graben (Top left) with few if any

impacts observed on the floor of the graben. Width of image is about 3574m.
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recent times with evidence of fluvial activity associated with
these areas of recent tectonism. This is consistent with
other parts of Mars that appear controlled by the basement
structural fabric (e.g., Tanaka et al., 1998; Dohm et al.,
2001c).

Tectonism in the Tharsis region consists of fault and rift
systems of varying extent and relative formation age. This
includes the vast canyon system of Valles Marineris, which
is interpreted to be the site of a lithospheric zone of
weakness and vertical uplift related to mantle plume
impingement at the base of the lithosphere (Dohm et al.,
2001a). In addition, Tharsis displays a system of radial
faults and circumferential wrinkle ridges and fold belts
(Schultz and Tanaka, 1994), which are centered about local
and regional centers of tectonism, interpreted to be the
result of plume-driven uplift (Anderson et al., 2001a).
Tectonic activity associated with the development of
Elysium is far less extensive in time and space than for
Tharsis (Anderson et al., 2007b, in review).

The Medusae Fossae Formation forms a broad but
discontinuous band of wind-etched materials trending east-
west along the dichotomy boundary (e.g., Scott and
Tanaka, 1986; Greeley and Guest, 1987; Scott and Chap-
man, 1991) which was emplaced during the Middle to Late
Amazonian. On the basis of its morphologic character-
istics, the Medusae Fossae Formation has been interpreted
to consist of ash-flow tuffs (Malin, 1979; Scott and Tanaka,
1982, 1986), ancient polar deposits (Schultz and Lutz,
1988), or pyroclastic and eolian materials (Greeley and
Guest, 1987). Channels and other types of valley forms,
some of which appear to be structurally controlled, dissect
the stratigraphically young materials of the Medussae
Fossae Formation in places (e.g., Scott and Chapman,
1991; Scott et al., 1993, 1995) (Fig. 5), indicating fluvial
activity along the highland–lowland boundary extended
well into the Amazonian Period.
The history of the allocation, transportation, and

deposition of water on Mars is of great importance to
interpreting its geologic history. While Earth is a hydro-
logically active world punctuated by Ice Ages, Mars is a
frozen world punctuated by periods of warming and
hydrologic activity (Baker, 2001; Fairén et al., 2003).
Particlarly, Tharsis is characterized by five major pulses
of magmatic-driven activity that decline in areal and
temporal extent with time and that interact with an ancient
basin and productive aquifer system to form outflow
channel systems (Dohm et al., 2001a, 2007a; Baker et al.,
2007) and possible water inundations in the northern
plains (Fairén et al., 2003). Such long-term interaction of
endogenic-driven activity and water collectively point to



ARTICLE IN PRESS

e1003054h

OM

AlP

N N

N

50 km

Fig. 4. (Top Left) MOLA-based 3D map projection looking across the

northwest flank of Olympus Mons (OM) and Alba Patera (AlP); there is

about 1850km that separate the summit region of Olympus Mons and the

summit region of Alba Patera. (Bottom left) Viking context image

showing both structurally controlled pit crater chains (e.g., Wyrick et al.,

2004), which cut Amazonian lava flows of the large shield complex, Alba

Patera (Anderson et al., 2004), and location of MOC image e1003054h

(right). The MOC image shows pristine collapse structures along faults

with very little infill and few if any impact craters. Again, the boundary of

the corridor is approximately located, and as such, could possibly be

expanded to include Alba Patera. Width of image is about 3064m.
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Tharsis (including Elysium) as a prime target for ancient
and possibly extant hydrothermal environments (Schulze-
Makuch et al., 2007). The Tharsis/Elysium corridor
provides a diverse record of episodic hydrologic events
(also see Table 1), including:
�
 Noachian–Early Hesperian NSVs outflow channel flood-
ing. The NSVs represent the northwest watershed of
Tharsis, whereas the circum-Chryse outflow channel
system is the northeast watershed (Dohm et al., 2001a, b).

�
 Noachian–Hesperian (and possibly Amazonian) mag-

ma–water interactions associated with the development
of the prominent shield volcano, Apollinaris Patera
(Scott et al., 1993).

�
 Late Hesperian–Early Amazonian Mangala Valles out-

flow channel flooding (Chapman and Tanaka, 1993;
Craddock and Greeley, 1994; Zimbelman et al., 1994).

�
 Late Hesperian–Amazonian sapping valley formation in

the Mangala Valles/NSVs regions (Dohm et al., 2001b,
2004).

�
 Hesperian/Amazonian magma-driven flooding in and

near Elysium, such as at structurally controlled valley
systems of Galaxis Fossae (Mouginis-Mark, 1985;
Greeley and Guest, 1987; Tanaka et al., 2003).

�
 Amazonian flooding to form Marte Vallis, a reported

spillway that connected the putative Elysium and
Amazonis paleolakes (Scott et al., 1995), as well as sites
of possible earlier oceans (e.g., Parker et al., 1993;
Fairén et al., 2003).
�
 Amazonian structurally controlled flooding located to
the east of Olympus Mons (Mouginis-Mark, 1990)
(Fig. 6).

�
 Amazonian hydrologic activity observed locally along

the highland–lowland boundary west of Tharsis Mon-
tes, such as the stratigraphically young valleys that
dissect Middle to Late Amazonian Medusae Fossae
Formation materials (Scott and Chapman, 1991; Scott
et al., 1993, 1995; Dohm et al., 2004).

�
 Present-day formation of anastomosing dark streaks

that occur on hillslopes of the Mangala Valles/NSVs
region, which may be another indicator of local aqueous
activity (Ferris et al., 2002; Miyamoto et al., 2004),
though dust avalanching is also a viable formation
mechanism for many of the streaks (Sullivan et al.,
2001).
Elysium and Amazonis Planitiae have been hypothe-
sized to have contained bodies of water ranging in

size from oceans (Parker et al., 1993) to lakes (Scott
et al., 1995). These basins are partly covered by strati-
graphically young lava flows that source from
Tharsis, Elysium, and structurally controlled fissures
like Cerebus Fossae (Tanaka et al., 2003) (Fig. 7).
Magmatic-tectonic-water activity at Elysium continued
well into the Amazonian Period, as evidenced from
the lahar-like flows that source from Elysium and extend
into the Utopia basin to the northwest (Mouginis-
Mark, 1985; Tanaka et al., 2003, 2005; Russell and Head,
2003).
Landforms closely resembling glacial, fluvial, lacustrine,

periglacial, and mass-movement features on Earth are
observed in parts of the Tharsis/Elysium corridor. On
Earth, these features are commonly produced by processes
requiring a relatively dense atmosphere and related
transport and precipitation of water (Baker, 2001). The
martian analogs include the aureole deposits occurring
on the northwest flanks of the Tharsis Montes shield
volcanoes and Olympus Mons. The aureole deposits
display at least three different facies (e.g., ridged, knobby,
and smooth), all of which may indicate stratigraphically
recent magma–water interactions and glacial/ice sheet/rock
glacier activity (e.g., Scott and Zimbelman, 1995; Scott
et al., 1998; Head et al., 2003a, 2005, 2006; Shean et al.,
2005; Milkovich et al., 2006). If glacial in origin, the
aureole deposits would require substantial transport of
atmospheric water vapor to sustain a positive net mass
balance through snow accumulation. The period during
which the hypothesized glaciers grew and advanced would
have been followed by the change to present-day condi-
tions, such that ice wasted back to relict rock glaciers and
probable debris-mantled relict ice (Baker, 2001). In
addition to the aureole deposits, evidence of Amazonian
magma–water interactions in the Tharsis/Elysium corridor
include sapping channels, structurally controlled valley
forms, anastomosing dark slope streaks (Fig. 8), erosional
scarps, and lahar-like flows (Mouginis-Mark, 1985, 1990;
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Fig. 5. (Top left) MOLA topographic map showing the NSVs and Mangala Valles regions (based in part on Dohm et al. (2001a, b, 2004). Large arrows

(from south to north) indicate headwaters of Mangala Valles, debouchment region of northeast part of Mangala Valles, and central part of the NSVs, and

the approximate location of MOC m1101809 of Fig. 8 is shown. (Top right) MOLA image showing Medusae Fossae. Note that in addition to wind

erosion along the Medusae Fossae (examples of faults are indicated by thin black lines), possible fault-controlled aqueous activity (e.g., faults as conduits

for the migration of water) may have also contributed to the resurfaced landscape. (Bottom) MOC image e1100310 shows valleys dissecting Medusae

Fossae Formation materials possibly resulting from fluvial activity, tectonism (e.g., white line marks an inferred fault), and/or wind erosion. Width of

image is about 3057m.
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Scott et al., 1995; Ferris et al., 2002; Tanaka et al., 2003;
Dohm et al., 2004).

These landforms are anomalous under the very cold and
dry present-day martian conditions, but may be explained
by one or more short-duration (�103–104 years) episodes
of environmental change occurring since about 107–108

years ago (Head et al., 2003a, 2005, 2006; Milkovich et al.,
2006), possibly triggered by locally extensive volcanism and
associated outburst flooding of groundwater (Baker, 2001).
Variation of martian orbital parameters (e.g., Carr, 1990;
Touma and Wisdom, 1993; Laskar and Robutel, 1993;
Shean et al., 2005) also may have contributed to the
geomorphic expression recorded within the Tharsis/
Elysium corridor. Over the past 10Myr, obliquity values
have varied from as low as 151 to as high as 501 (Touma
and Wisdom, 1993; Laskar and Robutel, 1993), and more
recent work by Laskar et al. (2004) indicates the most
probable obliquity over the past 4Gyr has been 451.
Mischna et al. (2003) modeled the water cycle using a
global circulation model and found that water ice migrates
to the tropics during periods of high obliquity (4401).
More recent work (Abe et al., 2005) indicates that, with wet
surface conditions, the precipitation can concentrate in the
equatorial zone at obliquities greater than 301. Similar
modeling has also shown that, under current surface
pressure and obliquity conditions, there exists the potential
for transient liquid water to form in the Elysium/Tharsis
corridor because of the large diurnal range of surface
temperatures (Richardson and Mischna, 2005).
Touma and Wisdom (1993) proposed that an obliquity

4301 would generate an atmospheric pressure above
25mbar, allowing a total water release to the atmosphere
equivalent to 500 pr mm (equivalent surface thickness as
water) (Jakosky and Carr, 1985). Environmental condi-
tions conducive to the formation of the aureole deposits,
sapping channels, structurally controlled valley forms, dark
slope streaks, erosional scarps, and lahar-like flows would
be enhanced when such obliquity conditions were coupled
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Fig. 6. (Top left) MOLA topographic map of Tharsis magmatic complex highlighting the northeast-trending chain of gigantic shield volcanoes, Tharsis

Montes, and the northeast and northwest watersheds of Tharsis, circum-Chryse and northwestern slope valleys (NSVs), respectively (Dohm et al.,

2001a, b). (Top Right) MOLA image showing structurally controlled fluvial activity among Olympica Fossae located to the east of Olympus Mons (e.g.,

Mouginis-Mark, 1990) dissecting Amazonian lava flow materials (Scott and Tanaka, 1986). (Bottom; north is at top) MOC image e1002900 showing

faulted and flood-carved terrain, which include streamlined bedforms and few impact craters. Width of the image is about 3748m.
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with Tharsis-induced activity. Therefore, obliquity pro-
vides a mechanism for accumulating water ice in the region
and lends additional support to the newly emerging
paradigm of a water-rich Mars, which may be active well
into the future in regions such as the Tharsis/Elysium
corridor.
3. Compositional evidence of a potentially internally

active Mars

An internally active Mars is further supported by
compositional evidence, including martian meteorite and
remote sensing mineralogic analyses.
3.1. Martian meteorites

Martian (SNC) meteorites provide clear evidence for
relatively recent igneous activity on Mars. Isotopic analysis
of shergottites indicates that Mars differentiated rapidly,
forming the core and the mantle source regions of the
SNCs within a few tens of million of years after planetary
accretion (Brandon et al., 2000; Borg et al., 2003). All of
the martian meteorites except ALH84001 crystallized in
lava flows or other shallow magma bodies during
Amazonian times (see Borg et al., 2003). Excluding
ALH84001, the nakhlites are the oldest of the martian
meteorites, with crystallization ages of 1.3Ga, too old to
infer much about the possibilities for very recent activity on
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Fig. 7. (Top left) MOLA-based graphic showing geologically recent floodwaters, which source from faults of Cerberus Fossae near the southeastern

margin of the Elysium rise volcanic province. The floodwaters, hypothesized to result from the interaction of magma, water, and faults, carved Athabasca

Valles perhaps within the last few million years (Burr et al., 2002; Mitchell and Wilson, 2003; Head et al., 2003b), activity of which was followed by the

emplacement of lava flows (Jaeger et al., 2007), possibly subduing evidence of hydrated minerals (graphic based from Mitchell and Wilson, 2003). (Bottom

right) MOLA-based macrostructures (tectonic structures tens to thousand of kilometers long; revised from Dohm et al. (2002a). Most macrostructures are

interpreted to result from pre-Tharsis superplume plate tectonism (e.g., Baker et al., 2002, 2007, Dohm et al., 2002a; Fairén and Dohm, 2004), giant

impacts (e.g., Chryse, Utopia, Argyre, Hellas, Isidis, and possibly Arabia Terra (see Dohm et al., Icarus—(2007)), and the development of Tharsis (Dohm

et al., 2001a, 2002b, 2007b) and Elysium (e.g., Greeley and Guest, 1987; Tanaka et al., 2005), both of which may be linked by basement structures

including Cerberus Fossae (faults and fractures may be buried, in places, by lava flows and sedimentary deposits). Tharsis superplume (Baker et al., 2007;

Dohm et al., 2007a) and Elysium rise (red lines), highland–lowland boundary (orange dashes), structural weakness in crust/lithosphere (white dashes),

extensional, thrust, and/or transform faults (black lines), Tempe and Thaumasia igneous plateaus (orange lines), Thaumasia highlands and Coprates rise

mountain ranges (green patterns), magmatic-driven structural landform complexes of Tharsis superplume (irregular shapes colored in varying shades of

violet—see Dohm et al. (2001a) for relative age of formation), promontories, which are interpreted to be shield volcanoes, silicic-rich lava domes (e.g.,

andesitic domes), highly degraded intrusives, and impact-related massifs (red quasi-circular patterns), outflow channels (blue lines), and Tharsis

superplume basin/aquifer system (dashed blue line).
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Mars. However, all the shergottites have crystallization
ages o500Ma, with eight in the range 165–180Ma, one
having an age of 327Ma, and two displaying ages of about
475Ma (McSween, 2002). These data, although far from a
representative sampling of martian volcanic deposits,
suggest intermittent magmatism during the past 500Ma.
Eruptions more recent than the formation of the youngest
shergottite (165Ma) could have occurred on Mars as well.
Unfortunately, because the SNC meteorites do not provide
a representative sampling of the surface, we cannot use the
age data to infer how magma flux has varied during the
past 1Ga.

Martian meteorites also inform us about weathering events
during the past several hundred million years. All contain
small quantities of alteration products (McSween and Trei-
man, 1998; Bridges et al., 2001) that formed on Mars.
Samples of smectite-iron oxide mixtures (iddingsite) from the
Lafayette nakhlite give K–Ar ages of between 0 and 650Ma
ago, which might indicate intermittent formation of alteration
products during this time (Swindle et al., 2000). Weathering
products in the shergottites have not been dated, but they
clearly formed after the rocks crystallized in their parent lava
flows, so aqueous alteration must have occurred as recently as
the age of the youngest shergottites, 165Ma. Considering the
limited number of martian meteorites, it seems likely that
aqueous alteration events have occurred more recently than
165Ma.

3.2. Mars Odyssey GRS elemental information

MO’s GRS instrument is providing evidence of sub-
stantial elemental differences across the surface of Mars
(Boynton et al., 2002, 2004, 2007). The GRS instrument is
sensitive to elemental compositions within a few tens of
centimeters below the martian surface and is capable of
cutting through any thin layers of dust that may be present.
GRS data reveals that the surface is far from homogenous,
with distinct elemental signatures across all regions of
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Fig. 8. (Left) MOLA map showing Mangala Valles (also see context image of Fig. 5). (Right) MOC image m11101809 shows numerous darks slope

streaks occuring on the hillslopes of Mangala Valles outflow channel system; slope streaks have been identified in the corridor and Arabia Terra regions

and parts of Tharsis outside of the corridor region through analysis of MOC data (see Fig. 2 adapted from Rifkin and Mustard, 2001, showing

concentrations of streaks). The dark slope streaks often appear to source from geologic contacts. One explanation is dust avalanching (Sullivan et al.,

2001), while water as an agent cannot be ruled out (Ferris et al., 2002), especially for the anastomosing-patterned streaks (Miyamoto et al., 2004). Width of

image is about 2923m.
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Mars (both with respect to variations in a single element
and with respect to establishing correlations or differences
between elements). The presence of dust layers contributes
to the GRS signal, so what the GRS ‘‘sees’’ is the averaged
effect of vertical dust and rock stratigraphy. An important
question that arises, therefore, is whether any elemental
abundance variations are simply due to changes in mobile
dust/rock areal abundance ratios. Based on a multivariate
correlation analyses, Karunatillake et al. (2006) argue that
dust/rock variations are not key factors in the fluctuation
of elemental wt% over the surface. When compared to
other parts of Mars, the Tharsis/Elysium corridor records
elevated elemental abundances including water (GRS
detects H, not H2O or OH; nevertheless, for uniformity
throughout this paper, we report H2O equivalent wt%
computed from H concentrations) and Cl (top and bottom
of Fig. 9, respectively).

The technique for determining elemental abundances
from GRS data is detailed in Boynton et al. (2002, 2004,
2007). GRS data collected between June 2002 and April
2005 are presented in Boynton et al. (2007), summed into
both gridded and regional data products. Gridded data can
be smoothed using various filters in an attempt to improve
signal-to-noise and to better simulate the large footprint
size of the GRS detector, which at the equator is a circle
with a radius that varies as a function of energy between
360 and 480 km. Given the nature of GRS data, it is
important to focus on large-scale differences over large
continuous regions of the planet.

Another means of improving signal-to-noise involves
summing over larger regions. Fig. 10 provides regional
data for various elements summed over the corridor region
and normalized to the remainder of the planet surface
excluding the polar regions (see Boynton et al., 2007, in
press, for more information on regional summing techni-
ques). These values were obtained by taking an equal area
average of concentration values for 51-� -51 grids within
each region. This figure shows that the corridor region is
elevated in both H and Cl and depleted in silicon (Si) and
potassium (K) compared to the rest of Mars.
The composition of the surface varies throughout the

corridor, a clear indication of the complexity of the
geologic processes that shaped it. However, the distribution
of some elements suggests that the composition may have
been affected by recent geologic processes. Cl is particu-
larly enriched in the Medusae Fossae materials (Boynton
et al., 2007; Keller et al., 2006), a major geologic formation
in the Tharsis/Elysium corridor. There are several likely
contributors to this striking enrichment (Keller et al., 2006)
and they may all have operated to a greater or lesser extent.
One possibility is the reaction of the fine-grained volcanic
materials of Medusae Fossae with acid-fog emissions
from either the Tharsis volcanoes or from other local
source vents that may have since been erased or buried.
The elevated H2O contents in this region are consistent
with this mechanism. Cl- and H-rich deposits suggest either
recent volcanic activity or continuous erosion to expose
fresh, Cl-rich hydrated minerals, water/water ice, inter-
stitial brine solutions, –OH radicals (as in jarosite), or a
combination of all. While exposure of previously buried
Cl-rich deposits through aeolian erosion is probable, it is
also possible that a recently active hydrologic system has
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Fig. 9. Anomalous elevated H2O (top) and Cl (bottom) concentrations in the Tharsis/Elysium corridor region (e.g., Boynton et al., 2002, 2004, JGR—

2007; Feldman et al., 2002) may indicate possible aqueous activity related to the interactions of magma with water/water ice and fluvial activity, as well as

other contributors such as acid fog (see Keller et al., 2006). V1, V2, PF, M, and G denote the general locations of the Viking 1, Viking 2, Mars Pathfinder,

Opportunity, and Spirit.

Fig. 10. Elemental enrichment factors for H, Cl, Th, K, Si, and Fe, determined using gamma ray sums for the corridor region. Concentration values have

been normalized to the average concentration of the equatorial regions. Note that both H and Cl are elevated.
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eroded some of the original material of the Medusae
Fossae Formation or remobilized Cl from evaporite
deposits, contributing to the Cl-enrichment seen by GRS.
Remobilization results in transport of some elements to
new locations, producing a positive anomaly in the
deposition zone compared to the depleted zone. Liquid
water is an effective mechanism by which elements can be
laterally transported and concentrated. Thus, the elemental
data are consistent with a combination of volcanic acid–fog
interactions with surface materials, coupled with redis-
tribution by subsequent aeolian and aqueous processes,
possibly including hydrothermal activity. In addition, areas
of lower Cl concentrations in parts of the corridor region
may be explained by the occurrence of Amazonian flow
materials, interpreted to be stratigraphically young basaltic
lavas (e.g., Scott and Tanaka, 1986; Greeley and Guest,
1987; Morris et al., 1991; Morris and Tanaka, 1994;
Tanaka et al., 1992, 2003, 2005; Scott and Zimbelman,
1995; Scott et al., 1998), which are less likely to retain a Cl
signature at the upper horizon of the surface under
aqueous conditions.

3.3. Remote sensing mineralogic evidence

Recent spectroscopic data are revealing Mars to be a
more geologically diverse planet then has been previously
reported, revealing evidence of quartz, sulfates, and clays
in addition to basalt (e.g., Rieder et al., 2004; Poulet et al.,
2005; Christensen et al., 2005; Gendrin et al., 2005; Bibring
et al., 2006). The MEx Omega instrument has detected
clays, sulfates, and anhydrous ferric oxides at the surface of
parts of Mars (Poulet et al., 2005; Bibring et al., 2006),
particularly outside of the corridor region. However, both
the MGS Thermal Emission Spectrometer (TES) and MEx
Omega instruments indicate relatively bland spectral
signatures in the Tharsis/Elysium corridor region, inter-
preted to be mostly a reflection of dust, including Omega-
based non-mafic signatures corresponding to ferric oxide
signatures (Bibring et al., 2006). This orbital-based spectro-
scopic information is contrary to other lines of evidence
presented above that point to a far-reaching record of
magma–water interactions, including potential diverse rock
compositions.

Is such a potentially diverse rock record in the
Tharsis–Elysium corridor region obscured to orbital-based
spectrometers by find-grained materials such as dust or
from aqueous (including hydrothermal) alteration in the
form of mineral precipitates, or both? A clue to this query
may lie near the south-central margin of the corridor
region where field-based analysis in Gusev Crater through
MER Spirit has revealed elevated chlorine consistent with
GRS information (Keller et al., 2006) and a diversity of
rock types including sulfates that could be related to
hydrothermal activity (one of several interpretations; e.g.,
see Wang et al., 2007). Apollinaris Patera and surrounding
regions located to the north of Gusev is also elevated in
chlorine (Keller et al., 2006) and has several features that
point to a long-lived history of magma–water interactions
(Scott et al., 1993; Schulze-Makuch et al., 2007). Such
information coupled with other diverse evidence of ancient
and possibly extant magmatic-driven activity (Table 1)
underscores the significance of continued MRO data
acquisition of the corridor region, including data from
the High Resolution Imaging Science Experiment (HIR-
ISE), which provides detailed images (0.25–1.3m/pixel)
(McEwen et al., 2007), and the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM), which images a
region approximately 10 km� 10 km at full spatial resolu-
tion (15–19m/pixel) and spectral resolution (544 channels
covering 362–3920 nm) (Murchie et al., 2007).

4. Thermal evolution of the Tharsis/Elysium corridor

Both Tharsis and Elysium may result from plumes of
diverse dimensions and origins ranging from superplumes
(e.g., Maruyama, 1994; Dohm et al., 2002b, 2007a, Li
et al., 2003; Baker et al., 2007) to mantle plumes (e.g., Mège
and Ernst, 2001). Plumes are an integral part of the internal
dynamics of terrestrial planets and have profound influ-
ences on surface and subsurface geology and hydrology
over long time scales (Komatsu et al., 2004). They can
significantly alter large-scale topography, drainages, land-
scapes, sedimentation, and even climate (Baker et al., 1991,
2002; Maruyama, 1994; Li et al., 2003; Komatsu et al.,
2004). Both Tharsis and Elysium are extremely significant
in the thermal evolution of Mars, especially during the
purported stagnant-lid phase, which has persisted for more
than 3.5Ga. (Fairén and Dohm, 2004). The geologic,
elemental, and mineralogic evidence presented above
suggests that activity related to the formation of the two
complexes occurred well into the Late Amazonian, possibly
extending to within the last few million years (Hartmann
et al., 1999; Neukum et al., 2004), and collectively point to
the Tharsis/Elysium corridor as a region where elevated
heat flow and related near-surface aquifers may exist at the
present.

4.1. Thermal signatures

If the Tharsis/Elysium corridor is a region of geothermal
activity at the present time, why has THEMIS not detected
a thermal anomaly in this region? Detection of thermal
emission resulting from volcanic or geothermal activity on
Mars would be one of the greatest discoveries of planetary
exploration. To determine if such a detection is likely to be
made, we consider two possible manifestations of volcanic
activity on the martian surface that may be detected by
instruments on remote sensing platforms. The first results
from the emplacement of high-temperature silicates, such
as basalt, which typically erupts at temperatures in excess
of 1400K. Effusive volcanic activity will result in hydro-
thermal activity through interaction with the martian
cryosphere. The second process is hydrothermal activity
where water in the cryosphere is mobilized by intrusive
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Fig. 11. Thermal emission as a function of wavelengths for different volcanic scenarios on Mars. Each case represents a square kilometer of the martian

surface. An emissivity of 0.8 is used except for active silicates, where an emissivity of 0.9 is used. Curves are as follows: (1) solid line ¼ average Mars

background at 213K; (2) short dashed line ¼ polar region at 123K; (3) dot-dot line ¼ hydrothermal scenario with 0.75 of the area at 213K and 0.25 at

313K; (4) dash-dot-dash line ¼ 0.9999 of area at 213K (background temperature), plus 0.0001 of the area at 900K (a small area of active silicate

volcanism); (5) dash-dot-dot-dash line ¼ recently active silicate area at 400K; and (6) long dashed line ¼ extensive current silicate activity with 0.99 of the

area at 500K and 0.01 at 1000K. Vertical lines are the five THEMIS VIS bands (0.425–0.860mm) and seven IR bands (6.78–12.57mm).

Fig. 12. Thermal emission curves as a function of wavelength normalized

to Mars average background emission. (1) Small-dashed line ¼ hydrother-

mal scenario with 0.75 of the area at 213K and 0.25 at 313K; (2) dash-

dot-dot-dash line ¼ recently active silicate area at 400K; (3) long-dashed

line ¼ extensive silicate activity with 0.99 of the area at 500K and 0.01 at

1000K. THEMIS IR bands from 6.78 to 12.57mm are shown (vertical

lines).
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magmatic activity. Mars’s atmospheric pressure is �1%
that of Earth, and water boils at �313K at the surface as a
consequence of the low water vapor partial pressure (Carr,
1996). If heated to greater temperatures, water will
generate steam explosions at the surface.

The chances of detecting either silicate or hydrothermal
activity from their thermal emission depend on the
temperature and areal distribution of the geothermal
source and the wavelength and sensitivity of the instru-
ments on remote platforms. THEMIS (Christensen et al.,
2004), the imaging spectrometer on Mars Odyssey, obtains
data at five visible bands from 0.425 to 0.860 microns (mm)
and ten infrared bands from 6.78 to 14.88 mm. The martian
atmosphere is opaque to infrared radiation at 14.88 mm, so
this band is not used here. The VIS subsystem has a
resolution of 19m/pixel while the IR subsystem has a
resolution of 100m/pixel. Spectral coverage and spatial
resolution is sufficient to detect thermal anomalies on the
surface of Mars if the area is great enough and the resulting
pixel brightness temperature is high enough.

Fig. 11 shows Planck black-body plots for different
scenarios of possible active silicate volcanism and hydro-
thermal activity. Thermal emission curves are plotted for
martian background (thermally non-active) pixels and for
low-temperature (hydrovolcanic) and high-temperature
(basaltic volcanism) cases, with different areas of a
THEMIS pixel containing various combinations of areas
at different temperatures. Fig. 12 shows the thermal
emission for a hydrothermal scenario (line 1) and a silicate
scenario (lines 2 and 3) normalized to the martian
background. Ratios are shown in Table 2. If active silicate
volcanism occurs on a scale greater than a few hundred
square meters (for example, coverage by pahoehoe or aa
flows), thermal emission is seen across all wavelengths at
intensities that are orders of magnitude greater than the
martian background. The difference between non-active
background and a thermal anomaly is greater than 10 at
most wavelengths and may exceed 300 for active volcanism
filling most of a pixel (observed at 6.78 mm).
As shown in Figs. 11 and 12, thermal emission from

high-temperature silicate volcanic activity would be de-
tected by THEMIS-like instruments, if such activity is
taking place and the instrument is fortunate enough to
observe this particular location at the right time (at night
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Table 2

Ratios of thermal emission normalized to Mars background for different

volcanic scenarios (from Fig. 12)

Wavelength

(mm)

Hydrothermal

activity (1)

Warm silicates

(2)

Active silicates

(3)

6.78 6.73 117.54 370.20

7.93 4.47 58.92 156.13

8.65 3.75 43.09 105.88

9.35 3.25 33.07 76.31

10.21 2.80 24.86 53.71

11.04 2.52 20.09 41.36

12.57 2.17 14.57 27.90

The relative areas of the ‘‘hydrothermal’’ and ‘‘silicate’’ areas are

described in the caption of Fig. 12. Numbers in brackets refer to the

scenarios described in the Fig. 12 caption. ‘‘Warm’’ silicates refer to

recently erupted lava which exhibits cooled crust. ‘‘Active’’ silicates are

lava in the process of being erupted, where areas close to magma eruption

temperature are present.
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or preferably just before dawn). In the case of hydro-
thermal activity, no purely thermal detection can be made
at visible wavelengths. The thermal emission from a boiling
lake would not be distinguishable from background,
although visual identification of a plume would suffice
for detection in daytime observations. Detection of
hydrothermal activity using thermal IR is very difficult
due to the relatively low temperatures (Table 2). Hydro-
thermal activity within a THEMIS pixel, with 0.25 of the
pixel area at 313K emits over 6 times the thermal emission
from a non-active pixel at 6.8 mm, but only 2.1 times the
non-thermal emission at 12.6 mm. If an entire 100� 100m
THEMIS pixel is at 313K, these differences increase by
roughly a factor of 4.

These thermal emission curves have to be modified to
account for absorption effects by the martian atmosphere.
Quantifying this process is non-trivial as the degree of
modification depends on the water ice and dust content of
the atmosphere, which are functions of both time of year
and latitude/longitude (Smith et al., 2003). One method is
to take pre-determined profiles of the atmosphere for dust
and water ice derived from daytime data of non-thermally
active pixels and apply the derived atmospheric profiles to
the anomalous pixel spectra. After accounting for the
atmospheric absorptions, silicate activity is again easily
spotted at IR wavelengths, with thermal emission at least a
hundred times greater than Mars background at 7 mm,
dropping to a factor of �14 at 13 mm (Table 2). With
hydrothermal activity, the difference between background
and recently frozen water is considerably less than that
from silicate activity. The difference is less than a factor of
six around 7 mm, but should be detectable if the thermal
anomaly is extensive enough.

Thus the lack of detection of a thermal anomaly by
THEMIS in the Tharsis/Elysium corridor does not
completely eliminate the possibility that this region could
still be geothermally active. We can rule out the presence of
extensive high-temperature silicate volcanism occurring on
the surface today, but low-level hydrothermal activity or
episodic silicate volcanism, which is not active at present
cannot be ruled out. In addition, the lack of reported
thermal anomaly since the acquisition of the THEMIS
images may constrain the upper limit of volcanic/hydro-
thermal activity in this region. The region is unlikely to
be as active as most of the Holocene volcanic zones on
Earth. Thus, ‘‘active’’ does not necessarily refer to present-
day activity, but rather a planetary body that has not
reached its cooling threshold, and thus has the potential to
release endogenic activity in the future such as in the
corridor region. Higher resolution data acquired by other
missions, such as MRO will be necessary to further test this
hypothesis.

4.2. Geophysical modeling

Early studies of the thermal evolution of Mars were
performed using one-dimensional parameterized convec-
tion models, which gave solutions for the average
temperature as a function of depth (e.g., Spohn, 1991;
Schubert et al., 1992). From these models, the general
thermal evolution of Mars, from earliest times to most
recent, was described by the following steps. The interior of
Mars at the end of accretion was very hot, resulting in
differentiation within a few hundred Ma. Magmatism and
volcanism removed the heat-producing radiogenic elements
from the mantle and concentrated them in the crust. This
activity caused a significant depletion of heat sources in the
mantle, which allowed the mantle to cool more rapidly and
increased the lithosphere thickness. A stagnant-lid regime
was established early in martian history. The remaining
thermal history of Mars has seen a steady decline of mantle
temperature and a thickening of the lithosphere to present
values (Jackson and Pollack, 1984). Once stagnant-lid
convection had been established, all of the heat lost from
this system had to be transported by conduction across the
rigid lid. Thus, volcanism is not assumed to occur in the
later stage of the martian history based on this premise.
However, this contradicts the geologic and martian
meteorite evidence cited above, which indicates volcanic
activity within the last 100–200Ma (Nyquist et al., 2001;
Neukum et al., 2004).
Parameterized convection models, which are used in

most thermal evolution studies, calculate one-dimensional
temperatures as a function of depth. Volcanic events are
usually expressed by arbitrary assumptions about the melt
efficiency. Although this approach is appropriate to
investigate the long-term overall melt productivity, it is
likely oversimplified with regards to volcanic activity.
Tharsis, for example, has been modeled as a region of
volcanically thickened crust (Solomon and Head, 1982),
but a hot underlying mantle would also contribute to the
observed topographic uplift. Recent thermal models have
assumed a stagnant-lid regime for Mars with localized
volcanism resulting from mantle plume activity. Plumes
have warmer temperatures than the average mantle, and
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therefore can result in local decompression melting and
lithospheric thinning above the upwelling convective flow
even in the recent history of Mars (Kiefer, 2003).
Furthermore, the mantle-derived magma supply for shield
volcanoes should be episodic rather than continuous
(Mitchell and Wilson, 2003), consistent with mantle models
(Schott et al., 2001) and with the evolutional history of
Tharsis, which shows evidence of an episodic magmatic
complex/superplume (Dohm et al., 2001a, 2007a). Thus,
the thermal evolution of the Tharsis/Elysium corridor is
more complicated than suggested by simple static cooling
via conduction across the stagnant lid.

Recent thermal evolutionary models of Mars highlight
three additional points: (1) the importance of estimating
the concentrations of the primary heat-producing elements
of potassium (K), uranium (U), and thorium (Th), which
vary considerably between models (McLennan, 2001;
Hauck and Phillips, 2002); (2) the amount of melt
production, which is potentially significant for crustal
evolution, in terms of partial melting of the mantle caused
by decompression of mantle material within convective
upwellings (Hauck and Phillips, 2002); and (3) the
differentiation of heat-producing elements into the crust
(McLennan, 2001; Hauck and Phillips, 2002). Schott et al.
(2001) performed two-dimensional numerical simulations
of thermochemical evolutions of Mars and showed that
sublithospheric hot spots could survive over time scales of
several hundred Ma. These hot spots trigger future hot
upwellings, which could partly explain the persistent
episodic and focused volcanism in the Tharsis region.
Kiefer’s (2003) model, by changing the total radioactive
heating rate and partitioning of radioactive elements
between the mantle and crust, was able to generate at
least some mantle melting in the present epoch. These
numerical simulations suggest that if the martian mantle
has retained 50%710% of the bulk planet radioactive
abundance inferred by Wänke and Dreibus (1994), Mars
could still be volcanically active at present. This degree of
partitioning of radioactivity between the mantle and crust
is geochemically plausible, considering the mean crustal
thickness on Mars is estimated to be between 50 and
100 km (Zuber et al., 2000; Nimmo and Stevenson, 2001).

An important consideration in thermal evolutionary
models is how much of the planet’s bulk K, Th, and U was
partitioned into the crust versus remaining in the mantle.
Using GRS-elemental concentrations, Taylor et al. (2006)
derived an average Th concentration of 0.6 ppm. The
thickness of the crust is estimated on geophysical grounds
to be somewhere between 29 and 115 km, with a reasonable
range of 33–81 km and a nominal value of 57 km
(Wieczorek and Zuber, 2004). Assuming a bulk Th
concentration throughout Mars of 0.056 ppm (Wänke
and Dreibus, 1994), Taylor et al. (2006) calculate that
50% of the Th and K are in the crust. The consequence of
sequestering half of the heat-producing elements into the
crust early in martian history is that the rate of crustal
production becomes very small after about 4Ga (Hauck
and Phillips, 2002), assuming mantle rheology consistent
with the presence of water. However, a small rate of crustal
production does not imply that there is no recent
magmatism. Kiefer (2003) calculated that there could be
present-day volcanic eruptions if 43–50% of the radio-
active elements remained in the mantle. Thus, the global
GRS data for K and Th, as well as the geologic evidence
described previously for the Tharsis/Elysium corridor, are
consistent with Mars being internally active.
Amazonian tectonism in the corridor region (e.g.,

Anderson et al., 2001, 2004; Wyrick et al., 2004; Ferrill
et al., 2004; Márquez et al., 2004) suggests that Mars
as a whole should be more seismically active than the
Moon but less active than the Earth (Solomon et al., 1991).
In addition, theoretical calculations suggest that stresses
associated with cooling of the martian lithosphere should
result in seismicity (Golombek et al., 1992), exceeding the
rate of non-impact-produced shallow lunar seismicity (28
events in 8 years) (Nakamura, 1980). The future deploy-
ment of seismometers in regions such as the Tharsis/
Elysium corridor combined with sample return missions
that allow absolute dating of materials from known
locations will greatly enhance our understanding of Mars’
internal evolution (Stevenson, 2001; Zuber, 2001). Such a
seismic network will provide insights not only in determin-
ing whether Mars is seismically active, but also can help
determine whether magma reservoirs occur at depth in the
corridor region.

5. Tharsis/Elysium corridor as a prime site for future

exploration

Existing geological, geomorphic, geophysical, topo-
graphic, impact cratering, spectral, and elemental informa-
tion collectively suggest that future exploration in the
Tharsis/Corridor region (see Fig. 1) could yield significant
geologic (including whether Mars is still active), paleocli-
matic, paleohydrologic, and possibly biologic information
such has been proposed for the NSVs region (Dohm et al.,
2004). In the following, we present a possible terrestrial
analog to the Tharsis–Elysium corridor and then discuss
the astrobiologic relevance of Mars, and in particular, the
Tharsis/Elysium corridor.

5.1. Solfatara Crater, Italy, as a terrestrial analog

5.1.1. Introduction

Terrestrial analogs are locations on Earth that are
believed to bear some resemblance to past or present
geologic and environmental conditions hypothesized for
another planet. For example, lessons learned from studies
in the Channeled Scablands of eastern Washington were
successfully used to predict the environment later encoun-
tered by Mars Pathfinder in Ares Valles (Golombek et al.,
1999). However, we must remember that no terrestrial site
can exactly replicate what is likely to be found at its
martian analog due to the very complex geologic histories,
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Fig. 13. (A) Sketch map of the Campi Flegrei volcanic area (modified from Di Vito et al., 1999). (B) Fumaroles close to northeastern wall of the Solfatara

crater. Also visible are the highly weathered crater floor (foreground) and the pyroclastic material, which forms the wall (background). (C) A hot mud pool

with continuous release of bubbling gases in the central pazrt of the Solfatara crater. (D) Hydrothermal mineralized crusts containing iron oxides develop

close to the fumarolic active area.
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different environments, and histories either obscured or
destroyed by erosion or burial. New data also often
changes our perspectives of what constitutes a good
terrestrial analog site. For example, Yellowstone has been
extensively used as an analog to hypothesized hydrother-
mal systems on Mars, especially because it is considered to
be a supervolcano with a caldera more than 100 km across
(similar to some of the constructs of Tharsis), which
includes basaltic compositions (e.g., Schulze-Makuch et al.,
2005a). However, recent spectroscopic data are revealing
Mars to be a more geologically diverse planet than has
been previously reported, revealing evidence of quartz,
sulfates, and clays in addition to basalt (e.g., Rieder et al.,
2004; Christensen et al., 2005; Gendrin et al., 2005; Bibring
et al., 2006). Thus, we must identify additional terrestrial
analog sites that include silicic volcanic centers associated
with plume activity. Volcanism occurring along tectoni-
cally active regions also should be considered since plate
tectonics (Sleep, 1994) cannot be ruled out during ancient
Mars (e.g., Baker et al., 2002; Fairén and Dohm, 2004;
Márquez et al., 2004; Connerney et al., 2005). Based on a
synthesis of the information presented above, we suggest
Solfatara Crater as a suitable terrestrial analog representa-
tive of the Tharsis–Elysium corridor.
5.1.2. Geological background

Similar to hydrothermal-recording Solfatara Crater, the
corridor is expected to record pervasive ancient and possibly
extant hydrothermal activity. In addition, though orbital data
such as acquired through the MEx Omega and MGS TES
instruments are showing mostly spectral signatures inter-
preted to be dust as described in Section 3.3, the presented
diverse information underscores the need for acquiring
HiRISE and CRISM data and continued investigation.
Therefore, though the potential diversity of rock types may
be obscured by fine-grained materials such as dust or possibly
aqueous alteration, or both, we deem the Solfatara Crater to
be an appropriate analog, providing significant compositional
information that may be encountered in the corridor region.
Solfatara Crater is a flat-bottomed volcanic crater with

steep-sided walls 80–85m high, located in southern Italy
(Fig. 13A). The caldera is elliptical with a major axis of
770m and a minor axis of 580m. Solfatara crater is part of
the Campi Flegrei volcanic district, represented by a nested
12-km-wide structure of calderas and small volcanic
edifices (Fig. 13A). Campi Flegrei has been active during
the Quaternary (at least since 47,000 years ago) and is
linked to the extensional tectonics of the Tyrrhenian
margin. This district is connected with the Somma–Vesuvio
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volcanic complex to the southwest, but there is no
interdependency on the volcanic activity of these two
provinces. Campi Flegrei has been characterized by two
major eruptive sequences, the Campanian Ignimbrite
(�37,000 ago) and the Neapolitan Yellow Tuff (�12,000
years ago), which led to two main caldera collapses
(Fig. 13A). The composition of the eruptive products
ranges from trachyte to latite (Orsi et al., 1996) with a
marked phreatomagmatic characteristic for the Neapolitan
Yellow Tuff (Wohletz et al., 1995). The variations in
eruptive dynamics within the Campi Flegrei district are
caused by the magma flowing underground from one
caldera to another. This mechanism is also responsible for
a still active bradisism process, which causes the slow
inflation and deflation of the surface.

The volcanic activity of Solfatara started about 4000
years ago. The volcanic history is characterized by both
explosive and effusive eruptions, which occurred within
short-time intervals, similar to the episodic activity
proposed for the Tharsis/Elysium corridor. Pyroclastic
deposits are trachytic in composition, whereas older lava
domes are made of K-phonolites (Rosi and Sbrana, 1987).

Solfatara shows continuous fumarolic activity (Fig. 13B)
on the northeastern side and emissions of sputtering mud
(Fig. 13C) in the central sector of the crater. This latter
activity forms several mud pools, a few meters wide and
1–2m deep (Fig. 13C). The depth of water in the pools is
basically controlled by the groundwater table. During the
rainy season, the water may rise to overbanking stage,
flooding a large portion of the crater floor. The hydro-
thermal system is vapor dominated and fed by a 1.5-km
deep, low-permeability, geothermal aquifer of mixed
magmatic–meteoric origin (Chioni et al., 1984). The fluids
record temperatures ranging from �160 1C for the hottest
fumarole to 40–50 1C for areas around the major emission
points and pH of approximately 1.7.

The shape and activity of Solfatara crater is strongly
controlled by NE-trending fractures. Both fumaroles and
mud pools are linked to this fracture system, but some of
the features connected to the mud pools are apparently
more active. Between 1982 and 1984, fracture movements
occurred in association with a slow uplift of the crater floor
(in excess of 2m). During this event, many mud pools that
existed in the central part of the crater were totally drained.

5.1.3. Hydrothermal activity and related alteration

Hydrothermal fluids migrating through the deposits are
rich in H2S, CO2 and, secondarily, HCl, CH4, and H2,
(Valentino et al., 1999), producing chemical conditions
which are predominantly anoxic and reducing. Oxic/anoxic
transition zones exist on limited surface areas and within
rock fractures. The hydrothermal deposits of Solfatara
(Fig. 13D) include sulfur, sulfates (gypsum, barite),
hydrous sulfates (alunite), and pyrite. Minor occurrences
of likely abiotic magnetite have been observed in the
mineralized crusts (Rosi and Sbrana, 1987; Glamoclija
et al., 2004).
Sulfur is one of the major chemical components that
have been detected in martian surface materials. Viking
and Pathfinder chemical analysis revealed SO3 concentra-
tions for soil and dust in the range of 4–7wt% (Clark et al.,
1982; Wänke et al., 2001). MEx’s OMEGA instrument
has recently detected the presence of various sulfate phases
on the martian surface, including gypsum, alunite, kieser-
ite, and Mg/Ca sulfates (Clark et al., 1982, 2005; Banin
et al., 1997; Bishop et al., 2002; Gendrin et al., 2005;
Langevin et al., 2005). The Mars Exploration Rovers have
detected at least 30–40wt% of magnesium sulfates at both
Endurance Crater (Meridiani Planum) and Husband Hill
(Columbia Hills, in Gusev Crater) (Squyres et al., 2004).
A variety of Fe-bearing sulfates (jarosite, natrojarosite)
have been suggested to form as possible phases under
oxidative, acidic weathering conditions at the surface of
Mars (Burns and Fisher, 1990; Bell, 1996), possibly
inhibiting the formation of carbonates at the surface
(Fairén et al., 2004), and have been observed in the
outcrops in Meridiani Planum (Klingelhöfer et al., 2004).
Additionally, small amounts of Ca and Mg sulfates and
sulfides (pyrrhotite, pyrite) have been identified in the SNC
meteorites (McSween, 1994).
Multiple alteration processes such as palagonitic, pedo-

genic, or solfataric related to volcanic tephra, ash, or lava
have been used to model martian surface processes forming
sulfates and iron mineral phases (Bell et al., 1993; Banin
et al., 1997; Tosca et al., 2004; Hurowitz et al., 2006;
Chevrier and Mathé, 2007). Laboratory simulations
indicate that the sulfates and (oxy)hydroxides observed
on the surface of Mars can form through weathering
processes in conditions similar to present-day and past
martian conditions, as well as in the Solfatara Crater
(Bishop et al., 2002; Golden et al., 2004; Chevrier et al.,
2004, 2006). Hydrothermal alteration and meteoritic
weathering of Solfatara tephra results in the formation of
sulfate (gypsum, alunite), sulfide (pyrite), and iron oxy/
hydroxide mineral phases, and thus making the Solfatara
Crater a relevant analog of the volcanic regions of Mars,
and in particular, the Tharsis/Elysium corridor.
One of the regions reported to exhibit enhanced

concentrations of atmospheric methane is the Tharsis/
Elysium corridor (Krasnopolshy et al., 2004; Formisano
et al., 2004). These small amounts of CH4 are significant
since they may be derived from recent volcanism, hydro-
thermal/hydrologic activity, and/or biologic release. The
residence time for CH4 in the martian atmosphere is on
the order of 102 years, indicating that the methane must
be constantly replenished (e.g., Formisano et al., 2004).
The emission of methane from Solfatara Crater enhances
its appropriateness as a terrestrial analog for the Tharsis/
Elysium corridor.

5.1.4. Biology and astrobiology relevance

Chemical reactions of hydrothermal weathering, which
dominate Solfatara’s environment, have been proposed as
one of the possible pathways for martian surface alteration
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processes. Acidic, hot environments of mud pools and
fumaroles such as seen at Solfatara are examples of
extreme terrestrial environments that are inhabited by
thermoacidophilic and chemosynthetic microbial commu-
nities (Glamoclija et al., 2004). The habitat characteristics
control the development of different types of microbial–
metabolic pathways, in accordance with the available
chemical compounds. Reduced constituents derived from
hydrothermal fluids are generally far from equilibrium with
their oxidized counterparts, making possible the coex-
istence of sulfide oxidizers and sulfur disproportionating
bacteria to iron-oxidizing and methanotrophic life forms.
Mineral biosignatures have been identified in the miner-
alized crusts of Solfatara and are mostly related to
elemental sulfur (S0), pyrite (Fe2S), and barite (BaSO4)
crystals, which were in some cases associated with iron oxy/
hydroxide permineralized extracellular polymers (EPS)
structures (Glamoclija et al., 2004). Though the precipita-
tion of Ba and SO4 is clearly an abiotic reaction, bacteria
sulfide oxidizers or sulfur disproportionating bacteria may
have contributed to an increase in the local SO4 concentra-
tion. Iron oxy/hydroxide (goethite-like) mineralization has
also been identified and interpreted as related to bacterial
activity (Glamoclija et al., 2004). At Solfatara, alunite
(KAl3(SO4)2(OH)6) crystals from the jarosite mineral
group have been suggested as a probable inorganic
biosignature. Although alunite is abiotically formed,
sulfide oxidizers might contribute to increase local
H2SO4, thus triggering the formation of this mineral
(Glamoclija et al., 2004).

Solfatara Crater clearly displays the interaction between
magmatic, tectonic, and fluvial activity, which is also
suggested in the Tharsis/Elysium corridor. Furthermore,
Solfatara genomes, their physiology, and preferential ways
of permineralization during the fossilization process and
related biosignatures represent a contemporary model
system, which may help in interpreting ancient putative
biogenic traces on Earth and, eventually, their possible
martian counterparts. We therefore consider it to be a
prime ground-truthing site for mission design, develop-
ment, and testing that will lead to optimal remote
reconnaissance of the Tharsis/Elysium corridor. The
significant geologic, hydrologic, geochemical, geophysical,
and biological information which results from detailed
studies of Solfatara will provide important insights into
what we could potentially encounter in the Tharsis/
Elysium corridor.

5.2. Life potential on Mars through the Tharsis/Elysium

corridor

The availability of water throughout martian history and
its possible presence up to the present time point to Mars as
a prime target for astrobiological investigations. The
previous discussion strongly suggests a planet that has
been internally active at least until geologically recent time,
well into the Late Amazonian. These conditions of liquid
water and energy sources, as particularly highlighted in the
Tharsis/Elysium corridor, make it reasonable to infer that
life could have originated independently on Mars, espe-
cially since extremely ancient environmental conditions
were likely very similar to those on Earth 4.5 to 4.0Gyr ago
(Fairén and Dohm, 2004). These conditions include
inferred ancient long-term liquid water stability on the
surface, a thick atmosphere, a magnetic field, plate
tectonism, and elevated geothermal activity (Baker et al.,
2002, 2007; Watson and Harrison, 2005). Alternatively, life
might have been transferred to Mars by impact panspermia
from Earth (Melosh, 1988; Davies, 1996). However, impact
transpermia from Mars to Earth would be more likely due
to the Sun’s gravity sink in the center of the solar system
(Schulze-Makuch et al., 2005a).
Once life gained a foothold on Mars, it would adapt to

the planet’s changing climatic conditions. In a constant
environment, evolutionary options narrow to stable forms
that persist with little change through time (stabilizing
selection), while in a changing environment, evolution
favors selection of new forms and function (directional
selection, Schulze-Makuch and Irwin, 2004). Mars appears
to have been cold and dry for most of its history, but has
been subject to periodic global flooding triggered by
episodic volcanism and meteorite bombardment, and
localized flow from snowmelt or groundwater eruptions
(Carr, 1990; Malin and Edgett, 2000; Berman and
Hartmann, 2002; Segura et al., 2002; Christensen et al.,
2003). These conditions suggest that the first life forms
could have been either chemoautotrophs or heterotrophs
and that phototrophic microbes could have originated as
well. The rapidly changing conditions suggest a strong
directional selection for enhancing chemoautotrophy and
the development of alternative energy sources. Strong
directional selection for life cycles alternating between
dormant and proliferative forms would likely have
occurred (Schulze-Makuch et al., 2005a, b). The conditions
would be conducive to the transferal of life from the
subsurface to the surface, especially during magmatic-
induced flooding and associated water bodies ranging from
oceans to lakes (Dohm et al., 2001a, b; Fairén et al., 2003)
and transient climate change (Baker et al., 1991). The
persistence of some chemotrophs and organisms that might
use alternative energy sources (such as thermal energy;
Schulze-Makuch and Irwin, 2002) below the surface would
be possible at the present time. This would lead to
microscopic life forms existing in subterranean environ-
ments including groundwater aquifers or caves with
putative hydrothermal sites.
The small amounts of methane detected in the martian

atmosphere could be biologically produced (Krasnopolshy
et al., 2004). The CH4 could be derived from the
destabilization of methane hydrates formed by chemoau-
totrophic bacterial communities on a Noachian seafloor,
from a contemporary deep biosphere of methanogens in
martian groundwater isolated below the ice-rich perma-
frost (Chapelle et al., 2002; Chastain and Chevrier, 2007),
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Fig. 14. Schematic diagram showing the Mars Episodic Glacial Atmo-

spheric Oceanic Upwelling by Thermotectonic FLood Outbursts (MEGA-

OUTFLO) hypothesis of Baker et al. (1991, 2000). This genetic model

ascribes the episodic formation of Oceanus Borealis to cataclysmic

outburst flooding of the outflow channels. Baker et al. (2000) suggests a

mechanism whereby CO2 clathrate in the martian permafrost zone is

destabilized by episodes of very high heat flow, such that released CO2

from the lower permafrost zone (2–3 km depth) and dissolved CO2 from

the underlying groundwater explosively forces out pressurized slurries of

water and fractured rock fragments in massive outbursts. The huge floods

form Oceanus Borealis as the atmosphere is being transformed by released

CO2 to a transient greenhouse condition. Subsequent sediment-charged

water enters the ocean as hyperpycnal flows, generating density flows that

extend deposits across the northern plains. This hypothesis explains the

long epochs (�108+ years), during which the Mars surface had extremely

cold, dry conditions similar to those prevailing today, terminated by short-

duration (�104–105 years) episodes of much warmer, wetter conditions

associated with a transient greenhouse climate.
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or from inorganic processes including hydrothermal
activity and clathrate destabilization (Prieto-Ballesteros
et al., 2006). Martian life may have evolved alternating
cycles between active and dormant forms, in which case
microbes could be present in dormant forms close to the
surface and in active forms in protected environments.
Periodic liquid water on Mars could have provided
opportunities for biologic activity (Cabrol et al., 2001;
Fairén et al., 2005), as well as evolutionary progress. This
would be especially true at the surface during the
hypothesized Tharsis-induced flooding episodes and asso-
ciated ponding, resulting in transient climatic perturbations
(Baker et al., 1991; Dohm et al., 2001a; Fairén et al., 2003;
Schulze-Makuch et al., 2005a, b). In this case, organic
macromolecules, fossil fragments, and possibly dormant
microbial forms could be found close to the martian
surface, as in the possible case of the Tharsis/Elysium
corridor region.

6. Conclusions

We have presented a synthesis of the geologic and
compositional evidence indicating that the Tharsis/Elysium
corridor records a long-lived history of magmatic–tectonic-
water interactions which have continued into recent times
and may still be active today. The once persistent paradigm
of a mostly basaltic, early warm and wet Mars that later
became a geologically dead and dry desert planet is being
transformed by new mission data. First, the idea of a cold
dry planet has required re-examination as a result of recent
OMEGA mineralogical results suggest that the global
martian environment has transitioned from a water-rich
planet early in its history through a period of highly acidic
conditions to the current relatively dry environment
(Bibring et al., 2006), although localized regions of more
recent aqueous activity cannot be ruled out. MGS, MO,
and MER have discovered evidence of localized water-
enriched regions occurring throughout martian history
(Malin and Edgett, 2000; Squyres et al., 2004). GRS
findings show that the polar regions and selected equatorial
areas display elevated H signatures that may signify
hydrated minerals, water/water ice, interstitial brine solu-
tions, �OH radicals, or a combination of these (Boynton
et al., 2002; Feldman et al., 2002). The new data reveal
evidence of geologically recent climatic change (e.g., Scott
and Zimbelman, 1995; Scott et al., 1998; Head et al., 2003a;
Márquez, et al., 2004), consistent with geologic and
paleohydrologic information. Second, the idea of a mostly
basaltic Mars is also being transformed due to the MGS,
MO, MEx, and MER data, which are showing a more
geologically diverse planet with exposures of hematite,
quartz, andesite, sulfates, and layered sedimentary depos-
its, etc. (e.g., Malin and Edgett, 2000; Bandfield et al., 2000,
2004; Christensen et al., 2000, 2001a, b, 2005; Rieder et al.,
2004; Gendrin et al., 2005; Bibring et al., 2006).

Finally, the idea that Mars is geologically dead at the
present time is called into question by various lines of
evidence that have been revealed in the Tharsis/Elysium
corridor, including geologic, geomorphic, paleohydrologic,
paleotectonic, and elemental expressions of the martian
surface.
An internally active Mars has tremendous implications,

including: (1) a potential for continuing magmatic-driven
activity, including volcanism, tectonism, hydrothermal
activity, and related climatic response (Fig. 14); (2) regions
of elevated heat flow that may interact with near-surface
groundwater to produce active hydrothermal systems; and
(3) possible near-surface life. We suggest that further
investigations of terrestrial analogs such as Solfatara
Crater, Italy, will help us better prepare to unfold the
exciting possibilities that await discovery by future science-
driven robotic (through designs such as proposed by Fink
et al. (2005)) and piloted missions in the Tharsis/Elysium
corridor.
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