Extraterrestrial hydrogeology
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Abstract Subsurface water processes are common for
planetary bodies in the solar system and are highly
probable for exoplanets (planets outside the solar system).
For many solar system objects, the subsurface water exists
as ice. For Earth and Mars, subsurface saturated zones
have occurred throughout their planetary histories. Earth
is mostly clement with the recharge of most groundwater
reservoirs from ample precipitation during transient ice-
and hot-house conditions, as recorded through the geo-
logic and fossilized records. On the other hand, Mars is
mostly in an ice-house stage, which is interrupted by
endogenic-driven activity. This activity catastrophically
drives short-lived hydrological cycling and associated
climatic perturbations. Regional aquifers in the Martian
highlands that developed during past, more Earth-like
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conditions delivered water to the northern plains. Water
was also cycled to the South Polar Region during changes
in climate induced by endogenic activity and/or by
changes in Mars’ orbital parameters. Venus very likely
had a warm hydrosphere for hundreds of millions of
years, before the development of its current extremely hot
atmosphere and surface. Subsequently, Venus lost its
hydrosphere as solar luminosity increased and a run-away
moist greenhouse took effect. Subsurface oceans of water
or ammonia-water composition, induced by tidal forces
and radiogenic heating, probably occur on the larger
satellites Europa, Ganymede, Callisto, Titan, and Triton.
Tidal forces operating between some of the small bodies
of the outer solar system could also promote the fusion of
ice and the stability of inner liquid-water oceans.

Résumé Les processus de subsurface impliquant 1’eau
sont communs pour les corps planétaires du systeéme so-
laire et sont tres probables sur les exoplanetes (planetes en
dehors du systeme solaire). Pour plusieurs objets du sys-
temes solaire, I’eau de subsurface est présente sous forme
de glace. Pour la Terre et Mars, les zones saturées de
subsurface apparaissent a travers toute leur histoire pla-
nétaire. La Terre est particulierement clémente avec la
recharge des réservoirs, avec de amples précipitations, des
conditions glaciaires et de fortes chaleurs, comme 1’at-
teste les enregistrements géologiques et paléontologiques.
D’un autre c6té, Mars se trouve dans une phase essen-
tiellement glaciaire, qui est interrompue par des activités
contraintes par les phénomenes endogéniques. Cette ac-
tivité conduit de maniere catastrophique a des cycles
hydrologiques et a des perturbations climatiques brutaux.
Les aquiferes régionaux dans les haute terres martiennes
qui se sont formés dans des conditions similaires aux
conditions terrestres, alimentent les plaines du Nord.
L’eau a également été déplacée vers le Pdle Sud martien
durant des changements marqués par une forte activité
endogénique et une modification des parametres de 1’or-
bite de Mars. Venus possedait vraisemblablement une
hydrosphere chaude durant des millions d’année, avant le
développement de son atmosphere et sa surface particu-
lierement chaude. Par aprés Venus a perdit son hydro-
sphere alors que la luminosité solaire augmentait et
qu’une humidité liée a un effet de serre s’installait. Les
océans de subsurface d’eau ou d’eau ammoniacale, in-
duits par les forces de marée et le chauffage radiogénique,
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Fig. 1 (Right) View of the solar
system. Courtesy of the U.S.
National Aeronautics and Space
Administration/Jet Propulsion
Laboratory-California Institute
of Technology; revised from
http://photojournal.wr.usgs.gov/
. (Left) Composite of images
and airbrush shaded-relief maps
of the larger bodies of the solar
system. Courtesy of Rich Kozak
and U.S. National Aeronautics
and Space Administration

apparaissent probablement sur les satellites les plus im-
portants (Europa, Ganymede, Callisto, Titan, Triton). Les
forces de marée entre les petits corps externes du systeme
solaire peuvent également occasionner la fusion de glace
et la stabilité des océans internes d’eau liquide.

Resumen Los procesos hidricos subsuperficiales son
comunes en cuerpos planetarios del sistema solar y son
altamente probables para exoplanetas (planetas fuera del
sistema solar). Para muchos cuerpos del sistema solar, el
agua subsuperficial existe como hielo. Para la Tierra y
Marte han ocurrido zonas saturadas subsuperficiales a
través de sus historias planetarias. La Tierra es princi-
palmente generosa con la recarga de la mayoria de re-
servorios de aguas subterrdneas a partir de amplia preci-
pitacion reconocida en condiciones transitorias calientes y
heladas, tal y como aparece en los registros fosiles y
geoldgicos. Por otro lado, Marte se encuentra principal-
mente en una etapa de cdmara de hielo la cual es in-
terrumpida por actividad de tipo endogénico. Esta acti-
vidad pone en funcionamiento catastréficamente ciclos
hidrolégicos de vida corta y perturbaciones climdticas
asociadas. Acuiferos regionales en las montafias de Marte
que se desarrollaron en el pasado en condiciones similares
a la Tierra distribuyen agua a las planicies del norte. El
agua ha sido transportada hacia el sur de la regioén polar
durante cambios en el clima inducidos por actividad en-
dogénica y/o cambios en los pardmetros orbitales de
Marte. Venus muy probablemente tuvo una hidrésfera
caliente durante cientos de millones de afios, antes de que
se desarrollara su atmdsfera y superficie actual extrema-
damente caliente. Subsecuentemente, Venus perdié su
hidrésfera a medida que la luminosidad solar aumentd y
un efecto de invernadero himedo escapatorio se llevé a
cabo. Océanos subsuperficiales de composicién agua o
amoniaco-agua, inducidos por fuerzas de marea y calen-
tamiento radiogénico, probablemente ocurren en los sa-
télites mds grandes como Europa, Ganimeda, Callisto,
Titan y Triton. Las fuerzas de marea que operan entre los
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cuerpos pequefios del sistema solar externo podrian
también promover la fusiéon de hielo y la estabilidad de
liquido interno-aguas de los océanos.

Keywords Hydrogeology - Planets - Mars

Introduction

Recent space missions have revealed that Earth is not
alone in having had, or is currently having, a hydrological
cycle. Moreover, there are manifestations of surprisingly
earth-like hydrological cycling on one planet: Mars.
While near-surface indications of water movement are
evident, subsurface hydrologic processes have not been
directly imaged by many of the orbital sensors used in
planetary exploration. Despite this lack of direct obser-
vation of subsurface hydrologic processes, the field of
extraterrestrial hydrogeology is experiencing rapid
growth. As this field begins to emerge from its infancy, it
is appropriate to provide a brief review of the current
concepts of the existence, both past and present, of water
on and beneath the surface of extraterrestrial bodies. The
nascent science of extraterrestrial hydrogeology will face
many challenges in testing and expanding our concepts of
subsurface water distributions on distant bodies. It is
likely that in meeting these challenges, advances will be
made in our understanding of the Solar System (Fig. 1)
while honing our abilities to describe and predict hydro-
logic processes on Earth.

Mars

Present-day Mars has a mean atmospheric pressure at its
surface of 600 Pa (6 mb). The atmosphere is composed of
95.3% carbon dioxide, 2.7% nitrogen, and 1.6% argon.
There are traces of other gases, notably water vapor.
During the summer, water content in a vertical column of
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Fig. 2 Mars Orbiter Laser Altimeter map (MOLA) showing
Tharsis and associated outflow channel systems, Circum-Chryse
and northwestern slope valleys (NSVs), the northeast and northwest
watersheds, respectively, and Valles Marineris, a canyon that would
span the United Sates from roughly its western end to its eastern
end. Courtesy of the MOLA Science Team

the atmosphere can reach 100 precipitable microns (pr
um) over the water ice exposed at the north polar cap, but
the surface average is about 20 pr um (Smith 2002).
Despite the incredibly low absolute value, about 1,000
times less than that of Earth, the very thin Martian at-
mosphere is nearly always close to saturation, and the tiny
amounts of water regularly form clouds that strongly in-
fluence the energy balance at the planet’s surface. Ele-
mental information obtained through the gamma ray
spectrometer (GRS) instrument onboard the Mars space-
craft Odyssey (Boynton et al. 2002; Feldman et al. 2002)
supports the conclusion that there is a dynamic climate
system operating on seasonal time scales with water vapor
diffusing into and out of the surface. The efforts of the
GRS Team have led to the recent discovery of large
quantities of near-surface water ice, corroborating pub-
lished geologic, geomorphic, and paleohydrologic infor-
mation that had indicated a water-enriched planet
sculpted by water/water-ice (Baker et al. 1991; Kargel
and Strom 1992; Baker 1993; Parker et al. 1993; Scott et
al. 1995; Dohm et al. 2001a) (e.g., Fig. 2).

Modern Mars is extremely cold. The planet is 1.5 times
farther from the sun than Earth, and its current atmo-
sphere affords little greenhouse warming. The mean sur-
face temperature at the equator is about —50°C, but there
is a huge range from about —100°C at night to a peak of
about 0°C in daytime. Polar latitudes are often much
colder. Areas of stability for water ice under modern
conditions in the Martian subsurface are estimated from
generalized physical principles by Farmer and Doms
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Fig. 3 Phase diagram for water. Stability fields for the solid, liquid,
and gas phases as shown. All the different solid phases of ice
involve hydrogen bonding of water molecules to four neighboring
water molecules (from Chaplin 2003). Notice that the triple point is
located very close to Earth’s average temperature allowing all three
phases to coexist under a wide variety of climatic conditions. Un-
ique properties of water include: (/) very common compound in the
universe with a molecular weight of 18.015 g/mol, (2) large range
of liquidity (0-100°C at 1 bar) with a critical temperature of 375°C
and a critical pressure of 215 bar extending the range of liquidity
and temperatures at which organisms can survive in water, (3)
highest density of water is at a temperature of 4°C, which prevents
bottom to top freezing of surface water bodies, (4) a good thermal
insulator due to its high heat capacity (enthalpy of fusion 6.0 kJ/
mol, enthalpy of vaporation 40.7 kJ/mol), (5) good insulator (di-
electric constant: 80.1), (6) a good solvent for ionic and polar
compounds, also formation of hydrogen bonds (dipole moment:
1.85 D), (7) high surface water tension promoting surface chem-
istry, (8) a good shield for protecting organisms from UV radiation,
and (9) a good environmental buffer as it dissociates into H" and
OH™ and allows for effective carbonate buffering (Schulze-Makuch
and Irwin 2004)

(1979), Paige (1992), and Mellon and Jakosky (1995)
(e.g., Fig. 3). Despite differences in detail, all these au-
thors find zones at high latitudes where ice is stable
throughout the year at depths within about a meter of the
surface. Equatorial latitudes do not permit ice stability at
depth because ice will tend to sublime and be lost to the
atmosphere. However, these results apply only for long
time scales, relatively rapid diffusion from buried ice to
the atmosphere, and modern obliquity (about 25°). At
higher obliquities, above about 32°, ice becomes stable
everywhere at shallow depths (Mellon and Jakosky 1995).

Under present surface temperatures, all near-surface
zones of Mars are perennially below 0°C below the upper
meter or so of annual temperature change. That is, there is
a planet-wide permafrost zone. Where water occurs in this
zone it will constitute ground ice, comprising the Martian
cryosphere. The thickness of the cryosphere is controlled
at depth by the geothermal heat flux. Below some depth,
subsurface temperatures rise above the melting point of
water ice and ground water can occur as a liquid. The
depth to this transition depends on the local geothermal
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gradient and the hydraulic conductivity of the cryosphere.
For various presumed values of these parameters, Clifford
(1993) estimated nominal cryosphere thicknesses of 2—
5 km at equatorial latitudes, 3—6 km at mid latitudes, and
7-12 km at polar latitudes. Local occurrences of brines,
hydrothermal activity, or gas hydrates may reduce these
thickness estimates (Clifford and Parker 2001). The po-
tential impacts of gas hydrate deposits are particularly
interesting because of the possible trapping of CO,, CHy,
or other gases in crystalline lattices of water (Kargel and
Lunine 1998), which greatly lowers the thermal conduc-
tivity of ground ice. Although a thick ice-rich cryosphere
has not been measured directly, its presence is inferred
from a variety of geological indicators (Carr 1996; Baker
2001). MARSIS, a radar sounding instrument on the Mars
Express spacecraft, will attempt to characterize the
cryosphere and underlying unfrozen ground water.

Subsurface water

Until relatively recently, the prevailing view of the
Martian crust employed a model of subsurface porosity
that presumed an ubiquitous megaregolith produced by
impact processes, overlain by relatively thin volcanic
flows and other materials (Clifford 1993; Carr 1996). This
model was developed by analogy to the Moon, where
there is direct geological and geophysical evidence of a
crust that was highly brecciated and fractured to depths of
several kilometers because of the intensity of impacting
processes during the early history of the solar system. The
porosity of this megaregolith was presumed to decrease
with depth by self compaction. However, recent discov-
eries show that layered deposits are exposed in the cra-
tered highlands, such as in the Arabia Terra region, ex-
hibiting exhumed impact craters, ancient channels, and
fluvial and alluvial fans (Malin and Edgett 2000a). Col-
lectively, these features indicate relatively high erosion
rates during ancient periods on Mars (Baker et al. 2002).
Paleotopographic reconstructions based on a synthesis of
geologic information indicate that the layered materials
may mark ancient basins and regional aquifer systems in
the Tharsis and Arabia Terra regions that sourced large
outflow channel systems (Dohm et al. 2001a, 2004). This
brings into question the interpretation of ground water
occurrence based on the presumed structure of the Mar-
tian crust. Recent discovery of spherical granules (re-
ferred to as blueberries) in the Meridiani Planum region
of Mars revealed through the Mars exploration rover,
Opportunity (Squyres et al. 2004), may represent field-
based evidence of ground water activity (Chan et al.
2004). This region of Mars may have been the site of an
extensive ancient ocean (covering approximately 1/3 of
the surface of the planet; see Fairén et al. 2003), possibly
acidic (Fairén et al. 2004), which may have contributed to
the formation of the spherical granules.

The current model of the Martian crust suggests that
porosities and permeabilities may be highly variable. For
example, lowland materials are interpreted to have been
emplaced by both subaerial and subaqueous processes,
which include eolian, volcanic, fluvial, mass-wasting,
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lacustrine, and marine processes of mainly Hesperian and
Amazonian age (e.g., Scott and Tanaka 1986; Parker et al.
1993; Scott et al. 1995). On the other hand, the highland
materials are interpreted to consist of mountain-building
materials, such as the basement complex within the
Thaumasia highlands and Coprates rise mountain ranges,
as well as volcanic and intrusive materials and sedimen-
tary deposits of possible eolian, fluvial, marine, glacial,
and colluvial origin (e.g., Scott and Tanaka 1986; Tanaka
1986; Greeley and Guest 1987; Kargel et al. 1995; Dohm
et al. 2001b; Williams et al. 2003). In addition, there was
ancient, enhanced hydrogeologic activity related to
magma/water-ice interactions among endogenic- and
impact-induced basement fabrics in and surrounding the
Tharsis and Elysium regions Mouginis-Mark (1985, 1990;
Scott and Tanaka 1986; Greeley and Guest 1987; Dohm et
al. 2001a, 2001b; Komatsu et al. 2004). These interactions
were particularly important in the source regions of the
Circum-Chryse outflow channel systems, where chaotic
terrain and a diversity of collapse features are interpreted
to mark large underground cavernous systems and strati-
fied buried impact craters and associated fracture systems
(Rodriguez et al. 2004a, 2004b). Application of current
subsurface hydrologic analyses and methods of subsur-
face hydrologic characterization will play an important
role in coupling geologic interpretations of the subsurface
conditions and observations of hydrologically-controlled
surface structures.

Episodic hydrological change

A genetic model (Baker et al. 1991) explains both long-
term and short-term components of the ancient Mars
hydrologic cycle. The episodic formation of Oceanus
Borealis on the northern plains is one component of the
short-term portion of this cycle. The hypothesis explains
the phenomenally long epochs of post-heavy-bombard-
ment time during which the Mars surface clearly had
extremely cold and dry conditions, similar to those pre-
vailing today. These long periods of quiescence and ex-
tremely slow surficial erosion were punctuated by short-
duration (~10* to 10° year) episodes of quasi-stable
conditions, considerably wetter and somewhat warmer
than those prevailing today at the planet’s surface. Tran-
sition from a long-persistent cold-dry state is induced by
magmatic-driven activity at Tharsis and to a lesser extent
at Elysium, triggering cataclysmic outbursts of huge flood
flows that carved the Martian outflow channels and
ponded in the northern plains, forming water bodies
ranging through time from oceans to lakes (Fairén et al.
2003).

The energy required to form the immense outflow
channel floods was supplied by the thermotectonic effects
of immense mantle plumes. Gas that accumulated beneath
and in the ice-rich permafrost could have propelled the
outbursts (Komatsu et al. 2000; Max and Clifford 2001).
The release of radiatively active gases could have gen-
erated a transient greenhouse that coincided with the
immense pondings of water that were produced by the
outburst floods. The evidence for very recent outburst
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floods (Burr et al. 2002) suggests that a relatively small
outburst episode occurred recently on Mars. Evidence for
extensive sulfate salts on the Martian surface (Moore
2004) is also consistent with this model, in that the SO,
and water generated from the volcanism and flood out-
burst would have produced the acidic conditions to gen-
erate extensive sulfate salt emplacement on the Mars
surface. The recent episode may also have been a trigger
for water migration, leading to ice emplacement (Baker
2001) in latitudinal zonation for which orbital variations
likely acted as the pacemaker (Head et al. 2003).

Triggering of hydroclimatic change

Episodic cold-dry/warmer-wet transitions can be ascribed
to the cataclysmic outburst flooding of the outflow
channels (Baker and Milton 1974; Baker 1982; Komatsu
and Baker 1997). Peak outflow discharges of 10® to
10° m® s7' (Baker et al. 1991) collectively imply total
released reservoir volumes of 10° to 107 km> of water,
using scaling relationships for terrestrial superfloods
(Baker et al. 1992a). The higher volumes from these
preliminary calculations match the volume of Oceanus
Borealis estimated from inferred extent and MOLA to-
pography (Head et al. 1999).

The immense peak discharges implied by the size and
morphology of the outflow channels (Baker et al. 1992a)
were not explained adequately by previous models. A
mechanism whereby gas hydrate in the Martian per-
mafrost zone is destabilized by episodes of very high heat
flow (and associated volcanism), thereby releasing ra-
diatively active gas from the lower permafrost zone (2—
3 km depths), may help explain these enormous dis-
charges. This process could involve carbon dioxide or
methane (Kargel et al. 2000; Max and Clifford 2001). The
dissolved gas from the underlying groundwater and the
gas released from ice in the permafrost zone would con-
tribute to explosively pressurized slurries of water and
sediments in massive outbursts (Komatsu et al. 2000).

Outflow channel processes

The discharges of the outflow channels are key to deter-
mining the overall water balance that would be associated
with the above scenario. Sediment-charged Martian
floods from outflow channels (Baker 1982) would have
entered the ponded water body on the northern plains as
powerful turbidity currents. This is the reason for the lack
of obvious delta-like depositional areas at the mouths of
the outflow channels. High-velocity floods, combined
with the effect of the reduced Martian gravity (lowering
the settling velocities for entrained sediment) promote
unusually coarse-grained washload (Komar 1980), per-
mitting the turbidity currents to sweep over the entire
northern plains. The latter are mantled by a vast deposit,
the Vastitas Borealis formation, which covers almost
3x10” km?, or approximately one-sixth of the planet’s
area. This sediment is contemporaneous with the post-
Noachian outflow channels, and it was likely emplaced as
the sediment-laden outflow channel discharges became
hyperpycnal flows upon entering ponded water on the
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plains (Ivanov and Head 2001). In another scenario,
Clifford and Parker (2001) envision a Noachian “ocean,”
contemporaneous with the highlands valley networks, and
fed by a great fluvial system extending from the south
polar cap, through Argyre and the Chryse Trough, to the
northern plains.

The immense floods that initially fed Oceanus Borealis
seem to have been the triggers for hydroclimatic change
through the release of radiatively active gases, including
CO, and water vapor (Gulick 1998). During the short-
duration thermal episodes of cataclysmic outflow, a
temporary cool-wet climate prevailed. Water that evapo-
rated off Oceanus Borealis was transferred to uplands,
including the Tharsis volcanoes and portions of the
southern highlands, where precipitation as snow promoted
the growth of glaciers, and rain contributed to valley
development and lakes. However, this cool-wet climate
was inherently unstable. Water from the evaporating
surface-water bodies was lost to storage (1) in the high-
land glaciers, and (2) as infiltration into the porous
lithologies of the Martian surface. This latter effect, more
than any lack of precipitation, is the likely cause of the
limited upland dissection on Mars (Baker and Partridge
1986). However, recent high-resolution data show that
previous notions of limited upland dissection (e.g., Carr
1996) were misinterpretations due to the lower resolution
imagery available at the time.

Progressive loss of carbon dioxide from the quasi-
stable atmospheres of outflow episodes was probably fa-
cilitated by dissolved gas in infiltrating acidic water.
Also, silicate weathering producing bicarbonate may have
been carried into the subsurface by infiltration. However,
paleoenvironmental surface and near-surface conditions
were most likely acidic, thus carbonate precipitation
would not be expected to occur as a widespread global
phenomena. This is also supported by the Mars orbiters
and rovers, which have not detected any carbonate rocks.
The developing permafrost from a cooling climate would
have trapped this gas in the subsurface. The permafrost
zone would have developed as the surface greenhouse
effect, promoted by an outflow episode, went into decline
because of the progressive loss of its gases to the sub-
surface by solution in infiltrating waters. As the per-
mafrost extended downward into the stability field for
CO, clathrate, this gas hydrate would then accumulate
above the gas-charged groundwater. Thus, the long-term
reservoir for carbon on Mars is a sequestering under-
ground in the forms of (1) clathrate (gas hydrate), (2) gas-
charged ground water, and (3) possible carbonate cements
in crustal rocks. During the post-heavy bombardment
time carbon was transferred to the atmosphere only oc-
casionally and for relatively short durations as green-
house-promoting carbon dioxide during the cataclysmic
ocean-forming episodes. The volcanism and water vapor
associated with outflow events generate an acidic atmo-
sphere (water, sulfur dioxide, carbon dioxide) that pro-
motes the formation of salt crusts over the entire surface.
These ideas seem to explain the lack of observed car-
bonates in spectra from the Thermal Emission Spec-
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trometer instrument on Mars Global Surveyor (Fairén et
al. 2004). The short duration of the post-Noachian ocean-
forming phases is also consistent with the very low deg-
radation rates (Golombek and Bridges 2000) for the
Martian surface during the long period after heavy bom-
bardment.

The recent discovery of small amounts of methane in
the Martian atmosphere (Kerr 2004) opens up an even
more intriguing scenario for hypothesized outflow events.
The methane could be derived from a deep biosphere of
microbes using a methanogenic metabolic pathway in the
Martian groundwater. Isolated below the ice-rich per-
mafrost, this biosphere would produce the more effective
greenhouse gas methane, which would be stored in the
ground ice as gas hydrate. Release of methane by outflow
episodes (one of which seems to have occurred in very
recent geological time) would then have effectively
helped to produce a more quasi-stable atmospheric
warming in addition to that triggered by carbon dioxide
itself.

Hydrogeological implications

of “young” Martian landforms

Recent discoveries from MOC images show that Mars
displays a diverse suite of exceptionally young, globally
distributed water-related landforms. If observed on Earth,
these landforms would all be well understood to have
aqueous origins that occurred over relatively short time
scales (100s to 1,000s of years) in a much warmer, wetter,
and denser atmosphere than occurs on Mars today (Baker
2001). These features were first demonstrated by MOC
images from the MGS orbiter showing numerous small
gullies generated by surface runoff on hillslopes (Malin
and Edgett 2000b). The gullies are most likely formed by
debris-flow processes and the melting of near-surface
ground ice (Costard et al. 2002; Miyamoto et al. 2004a).
Melting can be induced at the appropriate latitude by
changes in the solar insolation that would be induced by
the immense shifts in Martian obliquity that are retrod-
icted to have occurred during the past few million years
(Head et al. 2003). The gullies are uncratered, and their
associated debris-flow fan deposits are superimposed on
both eolian bedforms (dunes or wind ripples) and on
polygonally patterned ground, all of which cover exten-
sive areas that are also uncratered (Malin and Edgett
2000b). The patterned ground is itself a very strong in-
dicator of near-surface, ice-related processes in the active
(seasonally thawed) layer above the Martian permafrost
zone (Seibert and Kargel 2001).

Exceptionally young outflow channels and associated
volcanism occur in both the Cerberus Plains and the
Tharsis regions of Mars (Hartmann and Berman 2000;
Mouginis-Mark 1990). Data from MGS show that local-
ized water releases, interspersed with lava flows, occurred
within the last 10 million years (Berman and Hartmann
2002; Burr et al. 2002). The huge discharges associated
with these floods and the temporally related volcanism
should have introduced considerable water into active
hydrological circulation on Mars. It is tempting to hy-
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Fig. 4 Ultraviolet image of Venus’ clouds as seen by the Pioneer
Venus Orbiter (Feb. 5, 1979). Venus appears in reflected UV light.
Dark areas trace cloud top winds and are produced by absorption of
solar UV below by SO, and most likely various allotropes of sul-
phur. Source: NSSDC, http://nssdc.gsfc.nasa.gov/photo_gallery/
photogallery-venus.html, image pvo_uv_790205

pothesize that the young outflow processes and volcanism
are genetically related to other very young water-related
landforms. The latter include the gullies, a thin ice-rich
mantling layer covering about 23% of Mars (Kreslavsky
and Head 2002), and perhaps some of the dark slope
streaks on Martian hillslopes, at which shallow water is
possibly being mobilized (Ferris et al. 2002; Miyamoto et
al. 2004b). The genetic connection for all these phe-
nomena might well be climate change, induced by the
water vapor and gases introduced to the atmosphere by
both flooding and volcanism. This would explain the re-
cent detection by neutron and gamma-ray instruments of a
near-surface zone of water-ice abundance at high Mars
latitudes (Boynton et al. 2002). That water may reflect
very recent emplacement during the same aqueous epi-
sode. However, it is also important to note that orbital
parameters, such as change in obliquity, may help explain
glaciation reportedly to have occurred within approxi-
mately the last 2.1 million years of the history of Mars
(Head et al. 2003).

Venus

The present climate of Venus does not have a hydrolog-
ical cycle. The climate is controlled by a carbon-dioxide-
water greenhouse effect and the radiative properties of its
global cloud cover (Bullock and Grinspoon 2001; Fig. 4).
The Venusian surface is extremely desiccated with water
existing neither in vapor form nor in the liquid state,
because ambient surface temperatures are about 460°C
(Fig. 5). Channels and valleys have been documented for
Venus (e.g., Baker et al. 1992b; Komatsu et al. 1993,
2001), and hypothesized to have a volcanic origin in
general, though some channels (canali) have been argued
by others to be water-related (e.g., Jones and Pickering
2003). Liquid water may exist, however, in the subsurface
of Venus under supercritical conditions. Although there is
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Fig. 5 Venusian surface. Maat Mons is displayed in this three-
dimensional perspective view of the surface of Venus. The view-
point is located 560 km north of Maat Mons at an elevation of
1.7 km above the terrain. Lava flows extend for hundreds of kilo-
meters across the fractured plains (foreground) to the base of Maat
Mons. The view is to the south towards Maat Mons (background),
an 8-km-high volcano, which is located at approximately 0.9° north
latitude, 194.5° east longitude. Magellan synthetic aperture radar
data is combined with radar altimetry to develop a three-dimen-
sional map of the surface. Rays cast in a computer intersect the
surface to create a three-dimensional perspective view. Simulated
color and a digital elevation map, developed by the U.S. Geological
Survey, are used to enhance small-scale structures. The simulated
hues are based on color images recorded by the Soviet Venera 13
and 14 spacecraft. The image was produced at the U.S. National
Aeronautics and Space Administration/Jet Propulsion Laboratory
Multimission Image Processing Laboratory. Source: National
Space Science Data Center, http://nsdc.gsfc.nasa.gov/image/plane-
tary/venus/mgn_maat_mons.jpg

no hydrological cycle on Venus today, a hydrological
cycle may have existed in the past. Based on the high
deuterium/hydrogen ratio of the lower atmosphere
(Volkov et al. 1986), the evolution of H,O-CO, atmo-
spheres (Abe and Matsui 1988), and the amount of *°Ar
present in the atmosphere (Matsui and Tajika 1991), it is
likely that a proto-ocean and a hydrological cycle existed
on early Venus. A warm ocean may have existed for
several hundred million years or longer until it evaporated
away due to a run-away moist greenhouse effect and an
increase in solar luminosity (Kasting 1988). The reduc-
tion in surface water would have prevented the formation
of carbonates, allowing CO, partial pressures to increase
by volcanic outgassing, further increasing the greenhouse
effect (Cockell 1999). Eventually, the evaporated water
dissociated in the atmosphere under the influence of ra-
diation. The hydrogen was lost to space and the oxygen
formed sulfur oxides in the atmosphere and various ox-
ides with surface rocks. Today, Venus is enveloped by a
92 bar thick carbon dioxide-nitrogen atmosphere with
little remaining water. All the water left at Venus is
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present in minute amounts in the atmosphere and possibly
in liquid form (supercritical) in the subsurface.

Water vapor concentrations measured by various
probes have been inconsistent, but concentrations appear
to be highest in the lower cloud layer at an altitude of
50 km with a concentration of a few hundred parts per
million (Florensky et al. 1978; Krasnopolsky 1986; Feg-
ley and Treiman 1992). Most of the available water in the
atmosphere is likely bound to sulfur compounds in a form
such as [H,SO4xn(H,0)]. A large number of particulates
occur in the Venusian global cloud layers, most remark-
able being the several- micrometer-large particles in the
lower cloud layer, which have been proposed to possibly
represent microbial cells enveloped in a sulfur coating
(Grinspoon 1997; Schulze-Makuch and Irwin 2002a,
2004; Schulze-Makuch et al. 2004). The chemistry of the
atmospheric water is unclear at this point. The water va-
por should be quite acidic with a pH of about 0 with
sulfate being the most common anion. HCI and HF have
been detected as trace compounds. Cockell (1999)
pointed out that the water vapor should also contain sig-
nificant amounts of carbon, nitrogen and phosphorus.
Perturbations in the abundance of atmospheric water va-
por and the sulfur gases (e.g. SO,, COS, H,S) affect
greatly the greenhouse effect and the Venusian clouds,
and ultimately result in climatic changes (Bullock and
Grinspoon 2001).

The presence of liquid supercritical water in the sub-
surface of Venus has been speculated upon (Schulze-
Makuch and Irwin 2002a). This speculation is based on
liquidus curves of water that indicate that pressures only
slightly higher than those currently present on the
Venusian surface would be needed to obtain water in
liquid form. This postulation is further supported by the
observation that water is a major constituent of magmatic
volatiles. Observed deposits of explosive eruptions on the
Venusian surface (e.g. the Sapho Patera region) in a
dense, hot atmosphere would require high abundances of
magmatic volatiles to overcome the atmospheric pressure.
However, rocks on the surface are extremely desiccated,
and if they contained water, they must have lost it in short
time periods. If liquid water were present in the subsur-
face of Venus it would be in a supercritical state with
properties quite different from thermodynamically stable
water.

Mercury

Mercury’s conditions are extremely harsh. The planet is
closer to the Sun, and thus during its embryonic stage of
formation is expected to have received smaller amounts
of volatile compounds than the rest of the terrestrial
planets. Near its poles, frozen water ice has been dis-
covered within permanently shadowed impact craters
(Slade et al. 1992), where volatiles are stable for long
periods of time at temperatures of about 112° K. The area
covered bg the ice deposits is estimated to be about
3%x10'* cm?. For a 2-20 m thick deposit this would be 40—
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800 km®. Though the ice probably originated from rela-
tively recent comet impacts, it may be possible that the
remnant waters could archive early solar system infor-
mation if the impacts and partial water infilling occurred
relatively early in the development of Mercury (i.e.,
shortly after the formation and hardening of the crust).
Considering the latter case, this water ice may contain
some clues about the materials that protected and cat-
alyzed the first biological synthesis on Earth.

The Moon

The Moon is thought to have formed 4.5 billion years ago
by a gigantic impact of a Mars-sized body with the Earth
(Cameron and Benz 1991). This model explains the high
spin of the Earth-Moon system, the inclined lunar orbit,
the moon’s low density compared to that of the Earth, and
the very low volatile and high refractory elemental
abundances. Because of the Moon’s origin, lunar rocks
have essentially no water, bound or otherwise. The
physical processes, which produce the extremely thin
lunar atmosphere (only 10" molecules/m? for the surface
number density of atoms in the daytime), include sput-
tering by solar wind ions, vaporization of lunar surface
materials due to such as meteoroid impact, and outgassing
from the surface, as on Mercury. Thus, the Moon never
had oceans or lakes on its surface, and it never had sub-
surface water. Any water in the original rocks that formed
the Moon was lost in the impact process. Like Mercury,
the Moon has polar ice deposits in the permanently
shadowed areas of craters in the polar regions (Feldman et
al. 2001). However, the deposits are considerably smaller
than Mercury’s, with an ice concentration of only about
1.5% weight fraction. As on Mercury, the water is prob-
ably derived from comet impacts.

Outer solar system planetary bodies

The possibility of a subsurface ocean

on Jupiter’s moon Europa

The presence of an ocean beneath Europa’s icy crust can
be inferred from the observations of (1) magnetic fields
induced by eddy currents in a mobile conducting medium
within the body of the satellite (Khurana et al. 1998), (2)
asynchronous rotation of Europa that implies a friction
generated subsurface material (Geissler et al. 1998), and
(3) a diverse array of evidence, including fractures that
are interpreted to result from mobile icebergs driven by
subsurface liquid (Carr et al. 1998; Hoppa et al. 1999),
surfaces that are geologically young (Moore et al. 1998a),
chaotic terrain that comprise small rotated and tilted
blocks interpreted to result from the deformation of an ice
crust (Head and Pappalardo 1999), and bands interpreted
to result from extensional processes (Pappalardo et al.
1999; e.g., Figs. 6 and 7). The presence of an ocean below
an icy crust is also consistent with models for the origin of
the larger outer satellites of Jupiter (Consolmagno and
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Lewis 1976). Furthermore, Doppler tracking of the Gali-
leo spacecraft suggests that Europa has a differentiated
internal structure, which includes a dense core of metal or
metal sulfides, a rocky mantle, and a low-density ice crust
or ice-crusted ocean with a thickness of 80-170 km
(Anderson et al. 1998). Europa’s metallic core can be
assumed to provide internal heat through radioactive de-
cay, subjecting the ocean floor to volcanic eruptions
(Schulze-Makuch and Irwin 2002b).

The deep ocean environment on Europa may resemble
that on Earth where hydrothermal discharge areas on the
aphotic ocean bottom support hydrothermal vent com-
munities (Vinogradov et al. 1996; Amend and Shock
1998). Given the great depth of the ocean, considerable
ionic and osmotic gradients could extend from the ocean
floor upward. Near the surface, the interface between ice
and liquid on the underside of the ice sheet, as well as
liquid inclusions within the ice itself, could generate steep
local osmotic and ionic gradients (Schulze-Makuch and
Irwin 2002b). Endogenic heat flow to the icy surface is
indicated by the observation of systematic post-sunset
temperature variations with latitudes: northern latitudes
are warmer than equivalent southern latitudes and there is
a temperature minimum along the equator (Spencer et al.
1999). Though it is relatively small (a radius of
1,569 km), dominantly tidal friction and possible endo-
genic heating related to radioactive decay provide suffi-
cient internal heat to keep the ocean liquid, as well as
allowing crustal melt to occur and crustal thickness to
vary.

The chaotic terrain is one of the major types of geo-
logic terrains on Europa (Fig. 7). Typically it has been
thermally disrupted, leaving a lumpy matrix with some-
what displaced rafts (Greenberg and Geissler 2002).
Chaotic terrain is very common. Based on the limited
portion (~10%) of the surface image, Riley et al. (2000)
found that nearly half of Europa’s surface is chaotic ter-
rain, while the other half is covered by tectonic terrain.
The chaotic terrain on the surface of Europa is interpreted
by McKinnon (1999) to result from convection. Thus,
large convection cells can be inferred to exist in Europa’s
ocean that could circulate water from the warm bottom
areas of the ocean to just beneath Europa’s icy crust,
which is in contact with space. These convection currents
would be generated from the thermal differentials be-
tween the ice-covered surface and the geothermally
heated ocean floor. Currents may also be generated within
tidal channels either on the ocean floor or in the ice
ceiling due to Jupiter’s strong gravitational attraction,
which is in alternating synchrony or opposition to the
other Jovian satellites.

The saline content of Europa’s ocean is unknown, but
both surface coloration on the ice and results from mod-
eling the lunar evolution of Europa suggest that it could
be high. Several systems were advanced such as a Na-
Mg-Ca-SO4-ClI-H,O with a neutral pH (Kargel et al.
2000), a Na-K-Cl-SO4-CO3-H,0 system with an alkaline
pH (Marion 2001), and a Na-H-Mg-SO4-H,O system with
an acidic pH (Marion 2002). These models all have sul-

DOI 10.1007/s10040-004-0433-2



59

Fig. 6 A Triton’s surface as seen from Voyager 2. Source: http://
www.ias.fr/cdp/site_aurores/surface_Triton.jpg. (B) Europa’s sur-
face. False color has been used here to enhance the visibility of
certain features in this composite of three images of the Minos
Linea region on Jupiter’s moon Europa taken on 28 June 1996
Universal Time by the solid state imaging camera on NASA’s
Galileo spacecraft. Triple bands, lineae and mottled terrains appear
in brown and reddish hues, indicating the presence of contaminants
in the ice. The icy plains, shown here in bluish hues, subdivide into

Fig. 7 Shown is an example of chaotic terrain, Conamara Chaos,
located at 8° N, 274° W on Europa (scale bar equals 20 km; Images
from orbit E6, 383713713, 383713726, and 383713765)
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units with different albedos at infrared wavelengths probably be-
cause of differences in the grain size of the ice. The composite was
produced using images with effective wavelengths at 989, 757, and
559 nanometers. The spatial resolution in the individual images
ranges from 1.6 to 3.3 km per pixel. The image is centered at 45° N,
221° W, and it measures approximately 1,260 km across. Source:
National Space Science Data Center, http://nssdc.gsfc.nasa.gov/
image/planetary/jupiter/gal_eul_47906.jpg

fate as the most common anion. Remote sensing of the
surface of Europa with near-infrared instruments revealed
the presence of hydrated materials, including sulfate salts
(Dalton 2003), which appears to support this notion.
However, the sulfates could have originated from other
sulfur compounds that were later oxidized by radiation.
For example, McKinnon and Zolensky (2003) point out
that Europa’s primordial ocean was most likely sulfidic.
A reducing ocean bottom on Europa is likely, although
enough oxygen for a significant redox-gradient in Eu-
ropa’s ocean may be provided by the natural dissociation
of water and by the seeping of oxidants through Europa’s
icy crust.

Chyba (2000) proposed that disequilibrium chemistry
in Europa’s ice cover could produce enough organic and
oxidant molecules to fuel a Europan biosphere. Highly
oxidized compounds such as H,O, have been identified
on the ice crust (Carlson et al. 1999). If these oxidants
seep into the ocean, then a significant redox-gradient,
ranging from a very reducing milieu near the ocean floor
to a slightly oxidizing milieu near the ocean’s interface
with the ice crust, could be created. If a redox-gradient is
present, the prospects for life are raised substantially be-
cause of the potential for stable chemical cycles. By using
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reasonable assumptions about the environmental condi-
tions, nutrient cycling, and available energy sources in
Europa’s ocean, Chyba and Philipps (2002), Zolotov and
Shock (2003), and Irwin and Schulze-Makuch (2003)
showed that the ocean could in principle support a sig-
nificant amount of biomass. Each of these modeling
studies used different energy sources for biosystem sup-
port such as oxidative metabolism driven by the radiolytic
production of oxygen; biogenic sulfate reduction, and
methanogenesis driven by the outgassing of hydrogen,
respectively.

The possibility of a biosphere in fracture zones within
the ice crust has drawn much less attention, although this
remains a possibility. Brines are enriched in salt content
during differential freezing, and Earth organisms are
known to be able to survive and reproduce in extremely
saline environments. Brines can substantially lower the
temperature at which the ice freezes and some ammonia
mixed into the water would lower the freezing tempera-
ture further, although it is unclear whether this would be
sufficient for Europan conditions. Another potential lim-
iting factor is radiation. Europa lies deep within the
magnetosphere of Jupiter and is continuously bombarded
with magnetically trapped, ionizing radiation (Baumstark-
Khan and Facius 2002; Marion et al. 2003). Possible life
forms and organic compounds are adversely affected by
the surface radiation (Greenberg et al. 2002). However,
the ice would be a favorable medium for preserving life
and organic compounds if suitable microenvironments
occur far enough below the surface ice. In this case, the
ice could provide some protection for active life in brine
entrapments, yet some organisms might benefit from
photosynthesis (Greenberg and Geissler 2002).

Subsurface oceans in Ganymede and Callisto
Aside from Europa, the two other big icy satellites of
Jupiter, Ganymede and Callisto (Fig. 8), may also hold
subsurface oceans. Their mean densities are, respectively,
1.94 and 1.84 g/cm’, and increase with increasing depth,
suggesting that they are composed of silicates and water
in the same proportion, and more or less differentiated
into inner cores, convecting mantles and outer rigid crusts
(Showman and Malhotra 1999). The crusts of Ganymede
and Callisto can be resistant to internal heat loss by
convection (Ruiz 2001), thus maintaining the heat gen-
erated by the decay of radioactive elements in the core,
and keeping an ancient liquid-water ocean from freezing
in the interior. The addition of antifreeze substances that
reduce the freezing point of water ice (e.g., ammonia
hydrates and/or salts, see Cassen et al. 1982; Stevenson
1998, Kargel et al. 2000) would also help to maintain the
inner oceans.

Ganymede is the Solar System’s largest satellite,
comparable in size to Mercury, with a complex geologic
history reflected on its surface. The rocky core is probably
as big as half of the total diameter of the moon, and it is
probably differentiated, with an inner metallic core. The
surface shows a dark ancient terrain, comprising about
34% of its surface, composed of ice and silicates, and
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Fig. 8 Callisto’s Valhalla impact basin (A) and its antipodal area
(B), where neither grooved nor hilly terrain are noted, supporting
the hypothesis of a subsurface ocean that dissipated the seismic
waves caused by the impact. (A) Voyager 1 image processed by
C.J. Hamilton. (B) Galileo image PIA-02593; NASA/JPL/ASU

densely cratered. The opposite face is a much younger
bright terrain, probably reshaped by tectonic and volcanic
activity (Smith et al. 1979), and flooded by low-viscosity
aqueous lavas, which are subsequently frozen (Schenk et
al. 2001). In any case, the surface is covered with water
ice in a proportion of up to 90% ice by mass (McKinnon
and Parmentier 1986), with the addition of hydrated salt
minerals, mostly MgSO,, derived from a subsurface
brine-laden ocean (McCord et al. 2001).

In addition to antifreeze substances, the tidal heating
induced by the proximity of Jupiter may also contribute to
the stability of Ganymede’s inner ocean by reducing ice
viscosity (McKinnon 1999), and may be a compelling
explanation for the young appearance of the brighter
terrains. The internal ocean, however, would have re-
mained stable although the tidal stress could have allowed
the onset of convection, as tidal heating in the outer shell
of Ganymede can stabilize an ice shell 20-90 km thick
(Ruiz and Fairén 2002; Fairén and Ruiz 2003). In addi-
tion, data from Galileo spacecraft strongly argues for the
ocean to exist: magnetometer data confirmed the presence
of a magnetic field in Ganymede (Kivelson et al. 1998),
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indicating that the heat released from the moon’s interior
is large enough to create an inner molten core sustaining a
core dynamo, and thus the heat can also melt part of the
ice inside Ganymede. Alternatively, the magnetic field
may be generated by dynamo action on the salty ocean.

Callisto is only slightly smaller than Ganymede and
has a similar mean density (1.83 kg/m®); however, its
internal structure is very different from that of Ganymede
due to the significant difference in the nomalized axial
moment of inertia. The central silicate core of Callisto
may occupy up to 50% of the moon’s radius (Anderson et
al. 2001). Its surface contains an average of 50% ice,
including low albedo features that imply contamination
by darker materials (Showman and Malhotra 1999). The
population of small craters is lower than that in Gany-
mede, but the population of larger craters is higher, so
some kind of erosional process is occurring on the smaller
craters, perhaps driven by sublimation of CO, or ammo-
nia (Moore et al. 1998b).

The case for an ocean within Callisto has been sup-
ported strongly both by models of heat convection im-
peding heat flow (Ruiz 2001) and magnetometric data
explained by a dynamo effect stemming from electronic
conductivity of salty water (Khurana et al. 1998). There is
also indirect geological evidence for the ocean: Voyager
and Galileo mission image analyses demonstrated that
Callisto is the most densely cratered object in the Solar
System, with no volcanic or tectonic landforms, and with
a crust age dating back as far as 4 Gyr. The antipodal zone
of the greatest impact crater, Valhalla, is indistinguishable
from the rest of the surface, whereas in similar-sized
bodies such as Mercury or the Moon impacts of compa-
rable magnitude always create important tectonic defor-
mations and hummocky terrains in the surface crust of the
crater antipode, suggesting that the subsurface ocean ab-
sorbed the impact energy and then dissipated the seismic
waves (Watts et al. 1991; Williams et al. 2001). Possibly,
the ocean is generated by the decay of radioactive ele-
ments, is some 20 km thick, and stays hidden 100 km
below the surface, comprised between two great ice layers
(two solid convecting regions, Khurana et al. 1998) that
preclude heat circulation. Nevertheless, heat plumes from
the silicate interior could reach the ocean through the
inner ice layer, chemically enriching Callisto’s inner
liquid water.

Titan—a hydrological cycle without water?

Titan is the largest moon of Saturn’s many satellites and
the only moon in the solar system with a thick atmo-
sphere. Titan’s atmosphere is 1.5 bar thicker than Earth’s
atmosphere, but surface temperatures reach only about
95° K. The reducing atmospheric consisting primarily of
nitrogen and methane is similar to the one which is be-
lieved to have existed on early Earth. Thus, conditions on
an earlier and expectedly warmer Titan shortly after its
formation may have been much more benign resembling
conditions of Earth at that time. Though polymeric
chemistry has not been confirmed yet for Titan, it is most
likely present given the complex carbon chemistry in
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Titan’s atmosphere and on its surface (Khare et al. 1986;
Sagan et al. 1992, 1993). An abundant energy source is
present at least in the form of UV radiation and photo-
chemistry. The question of volcanic activity has not been
resolved yet. Titan has an overall low density of 1.88,
which would imply that solid substrate is quite rare at the
surface. The relative lack of heavy elements may cause
less radioactivity and with it less volcanism and less heat.
Nevertheless, the geothermal heat flow on Titan has been
estimated as 4 m Wm™ (Lorenz and Shandera 2001),
which would suggest the presence of some volcanic ac-
tivity. If significant, it would increase the chances for
liquid water and life on Titan by providing potentially
habitable geothermal areas (Schulze-Makuch and Abbas,
2004).

On Titan, unlike Earth, the requirement for the pres-
ence of a liquid solvent is not restricted to water. The
functions of a solvent include (1) to provide an environ-
ment that allows for the stability of some chemical bonds
to maintain macromolecular structure, while (2) promot-
ing the dissolution of other chemical bonds with sufficient
ease to enable frequent chemical interchange and energy
transformations from one molecular state to another; (3)
the ability to dissolve many solutes while enabling some
macromolecules to resist dissolution, thereby providing
boundaries, surfaces, interfaces, and stereochemical sta-
bility; (4) a density sufficient to maintain critical con-
centrations of reactants and constrain their dispersal; (5) a
medium that provides both an upper and lower limit to the
temperatures and pressures at which biochemical reac-
tions operate, thereby funneling the evolution of meta-
bolic pathways into a narrower range optimized for
multiple interactions; and (6) to function as a buffer
against environmental fluctuations (Schulze-Makuch and
Irwin 2004). Fortes (2000) suggested that a subsurface
ocean may exist on Titan consisting of an ammonia-water
mixture. Ammonia mixed with water in the subsurface
would act as “antifreeze”, thus allowing a putative ocean
to stay liquid at much lower temperatures. Implications
for possible life would be similar to the putative subsur-
face oceans on Europa, Ganymede, and Callisto, as dis-
cussed above.

While a polar ammonia-water mixture may be present
as a solvent in Titan’s subsurface, ethane and methane are
available as non-polar solvents on Titan’s surface. A
methane cycle may exist on Titan with some similarities
to the hydrological cycle on Earth. Methane clouds have
been detected at Titan recently (Roe et al. 2002), and
methane rain is consistent with modeling results (Tokano
et al. 2001; Chanover et al. 2003). Jakosky (1998) sug-
gested that the predicted surface reservoirs or oceans are
composed mainly of an ethane-methane mixture and trace
dissolved N,. Due to its higher specific gravity, solid
acetylene would be present on the bottom of these
reservoirs and usable as an energy source for various
chemical reactions involving a multitude of organic
compounds. Regions of geothermal activity have been
suggested to exist on Titan (e.g. Lorenz 2002), and if
existent, could provide the necessary energy to accelerate
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Fig. 9 General environment of
Titan; schematic modified from
Schulze-Makuch and Abbas
(2004)
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reactions to a reasonable pace. The most likely energy
sources providing heat to the surface would be aqueous
volcanism or meteorite impacts. Both mechanisms may
have created episodes of aqueous chemistry in lakes on
Titan’s surface, perhaps lasting thousands of years before
freezing over (Lorenz et al. 2000). An especially
promising environment for life would thus be a hot spring
or geothermal area at the bottom of a hydrocarbon res-
ervoir (Fig. 9). This environment would not only provide
a versatile suite of raw material for organic synthesis and
some amount of liquid water and ammonia for organic
reactions, but also high enough temperatures for reactions
to occur rapidly (Schulze-Makuch and Abbas, 2004). If
this site would include microenvironments with fluid/
solid interfaces, zones of fluid accumulation or entrap-
ment, and areas enriched with material that could act as a
catalyst (e.g. zeolites, clay), it would be especially fa-
vorable for biology (Khare et al. 1986; Sagan et al. 1992,
1993; Dermott and Sagan 1995).

Triton and the Neptunian system

Orbiting Neptune is Triton, the only big satellite in the
Solar System rotating retrograde (Fig. 6). Its density is
much higher that those of the rest of the icy satellites of
Saturn and Uranus (>2 g/cm’), suggesting a big rocky
nucleus. Together, these two characteristics suggest that
Triton was an independent heliocentric body, probably
from the family of the Edgeworth-Kuiper Belt Objects,
gravitationally captured by Neptune thousands of millions
of years ago (see McKinnon et al. 1995, for a compre-
hensive review of this topic). On its surface of nitrogen
ice with traces of methane, carbon monoxide, and carbon
dioxide (Cruikshank et al. 1993), craterization rates sug-
gest very recent crustal recycling processes. In addition,
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long-lasting active geysers on the surface resulting in gas
decompression belch out liquid nitrogen and dust particles
(methane, organic polymers, hydrocarbons) to the very
tenuous N, atmosphere (16 bar), which incorporates thin
clouds of nitrogen ice crystals (Soderblom et al. 1990).
Thomson and Sagan (1990) described that during the
local cold season (lasting about 80 Earth-years), nitrogen,
methane, and other simple hydrocarbon species snows are
radiated by the particles captured in Neptune’s magnetic
field and are then colored in a pale yellow to peach
contrasting with the bright white of the surface. The UV
radiation, moreover, drives chemical reactions trans-
forming the snow in complex organic molecules, mainly
nitriles and hydrocarbons resulting from the dissociation
of N, and CH,, respectively, and producing chro-
mophores. These are deposited on the surface during the
milder season, while the snows migrate to the opposite
hemisphere. Over the lifetime of Triton, a 6-m-thick layer
of sediments of hydrocarbons (Cruikshank et al. 1993)
may have been formed by the accumulation of the same
kind of molecules that participated in the origin of life in
the Earth more than 4 Gyr ago. Triton is the coldest body
in the Solar System, with a mean temperature of 38° K,
maintained constant by the sublimation and condensation
of nitrogen (Elliot et al. 1998). Nevertheless, it may
harbour an inner ocean, hidden at a depth of about 100 km
under the nitrogen-ice surface. The surface layer has a
very low thermal conductivity, acting as a thermal insu-
lator (McKinnon et al. 1995) due to its composition of
water ice and nitrogen-, carbon monoxide-, carbon diox-
ide- and methane-ices, which have a thermal conductivity
lower than water ice (Ross and Kargel 1998). The
maintaining of the inner heat favors the existence of an
inner ocean, probably not deeper than 350-400 km (Smith
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Fig. 10 Situation of the Edgeworth-Kuiper Belt and the Oort cloud
surrounding the Sun’s planetary system (Donald K. Yeoman, JPL)

et al. 1989; McKinnon et al. 1995) or 200-300 km (Ruiz
and Fairén 2002; Fairén and Ruiz 2003). But the stability
of the inner ocean may be reached at depths no greater
than 30—40 km if the ice contains ammonia: the possible
inner ocean of Triton, as argued for Ganymede and Cal-
listo, would also need the incorporation of antifreeze
substances to maintain its stability, as ammonia lowers
the water ice fusion point to 176° K.

Incomparably wider may be the ocean of Neptune
(Hubbard 1984; Miner and Wessen 2002): over the rocky
nucleus, almost the size of the Earth, may be an immense
liquid-water ocean mixed with silicates, methane, and
ammonia, extending up to the atmosphere of hydrogen,
helium, and methane. The ocean must be extremely hot,
about 5,000° K, remaining liquid as a consequence of the
high pressure.

Edgeworth-Kuiper Belt objects

Orbiting 4,600 km away from the Sun, Pluto is a great
object from the Edgeworth-Kuiper Belt (EKBOs; see
Edgeworth 1943, 1949; Kuiper 1951; Jewitt and Luu
1993), a population of objects stored at 30-60 K, in-
cluding >10" larger than 10 km in diameter (Cochran et
al. 1995), beyond the orbit of Neptune (Fig. 10). Pluto’s
mean density, 1.85 g/cm?, is similar to that of Ganymede
and Callisto, thus suggesting that water is also an im-
portant component. In fact, the presence of amorphous
water ice in some small bodies of the outer Solar System
has been detected, as for example in the Centaurs Pholus
and 1997 CU26 (Brown et al. 1998). Centaurs are as-
sumed to have originated in the Edgeworth-Kuiper Belt
(Edgeworth 1949; Kuiper 1951; Irwin et al. 1995); so, if a
similar composition is assumed for the rest of the EKBOs,
tidal forces operating between some of them could pro-
mote the fusion of ice and the stability of inner liquid-
water oceans. This possibility is enhanced in the Pluto-
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Charon system, as they are orbiting very close. Further-
more, the same tidal forces can induce volcanic phe-
nomena on their rocky nucleus, similar to those in o,
creating environments as interesting from a biological
point of view as the bottom of the Earth’s oceans.

As said for other objects, the addition of ammonia
could also help to maintain water in the liquid state.
Furthermore, the detection of CH, (both free and dis-
solved in molecular nitrogen) and N, has been possible in
Pluto and Triton, and in object 1993 SC; as well as other
simple hydrocarbons such as C,H,, C,Hy, or C,Hg, and
complex hydrocarbons (Brown et al. 1997). Furthermore,
Pholus may also hold some light organic material such as
ethanol (Brown et al. 1998). The distinct substance
dominating the spectrum in Pluto, Pholus, object 1997
CU26, or object 1993 SC, may be a sign of their different
compositions and thermal evolutions: neither the EKBOs
nor the Oort cloud comets can be considered wholly
pristine, but slightly geologically evolved (Stern 2003).
NASA is now projecting the mission “New Horizons” to
study the far Solar System in 2020, including flybys over
Pluto, Charon and other EKBOs.

Comets and the origin of water in the planets

of the solar system

Cometary ices consist basically of H,O ice, with minor
amounts of CO,, CO, H,S, CH;0H, H,CO, NH;, HCN,
CH,, and S,, and most of them derive from a spherical
shell surrounding the Solar System at a distance from the
Sun of 10*-10° A.U., named the Oort cloud (Oort 1950),
where up to 10'? cometary nuclei may be stored
(Weissman 1996). Also, a minor but significant propor-
tion of comets exist in the Edgeworth-Kuiper Belt.

The majority of the long-period comets (periods >200
years) currently crossing the Solar System come from
stable orbits originated in the Oort cloud, such as Halley,
Hyakutake, and Hale-Bopp. They are extremely cold
bodies, preserved at ambient temperature of 5°-6° K,
which are destroyed in a proportion up to 99% before
completing half a dozen orbits, due to the big thermal
shock caused in their movementto the inner and warmer
regions of the Solar System (Levison et al. 2002). Com-
positions include water chemically distinguishable from
that of the Earth’s oceans. This has been argued to put
into question the role of such comets as conveyors of
water to the planetary surfaces, as advanced by Or6
(1961), who proposed that the primitive oceans on Earth
were formed from cometary water.

But it is possible that there was another big population
of comets in the early times of the Solar System history.
The analysis of the ice of the C/1999 S4 LINEAR comet
has revealed a deuterium/hydrogen proportion virtually
identical to that in the terrestrial oceans (Mumma et al.
2001). Thus, it has been proposed that the origin of
LINEAR was close to the orbit of Jupiter, a region where
the majority of the comets may have formed 4.5 Gyr. ago,
as there was then concentrated the majority of the pro-
toplanetary material. With time, Jupiter’s gravity expelled
almost every comet far away from its orbit, and some fell
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over the rocky worlds, and the rest escaped to the inter-
stellar space. In its nucleus, LINEAR holds near 3.5
million tons of water (Mikinen et al. 2001). When LIN-
EAR entered the inner Solar System, the thermal shock
was limited; but the heat may have activated a number of
chemical reactions, and so LINEAR incorporates a great
quantity of complex organic molecules, much more than
in the Oort’s comets. It is very likely that bodies similar to
LINEAR seeded the inner planets with water and organics
during the Heavy Bombardment phase of solar system
evolution (prior to about 3.9 billion years ago).

Exoplanets

The putative hydrological cycle seems to have been quite
different for each of the rocky planets and the many
satellites of the Solar System. Theoretically, a similar
degree of variability is expected to be discovered in the
future exploration of extra-solar systems. Although today
the direct exploration of exoplanets is well beyond the
capabilities of science, their existence has been confirmed
recently (i.e., Mayor and Queloz 1995; Lissauer 1999;
Throop et al. 2001; Ford et al. 2001; Konacki et al. 2003).

As a consequence of the inherent limitations to a na-
scent technique, the exoplanets described so far are those
which highly alter the orbital parameters of their stars,
i.e., they are gas giants with a mass ranging from 0.1 to 10
Jupiter masses, and with highly elliptical orbits very close
to their parent stars (Irion 2004). Probably, most extra-
solar systems also have ‘“standard” Jupiters. These are
hydrologically significant in that they may harbour im-
mense inner oceans, such as those in Neptune (Hubbard
1984; Miner and Wessen 2002). They will probably have
different-sized satellites, some of them with liquid water,
as in the case of Europa.

In the near future, technology will probably lead to the
detection of extra-solar, Earth-like planets, some of them
perhaps with surface and/or subsurface liquid water in
different amounts, as indicated by dynamical simulations
(Raymond et al. 2004). Importantly, some of these extra-
solar “Earths” may have evolved to real “waterworlds”. In
the early evolution of the giant planets, resonant inter-
actions with planetesimals during the initial stages of
accretion may drive them to migrate to orbits typically
four to ten times closer to their central star than Mercury’s
(Murray et al. 1998). If the migration also occurs in ter-
restrial planets (1-8 Earth masses) formed in ice-rich,
cold regions of the protoplanetary disk, water-ice rich
worlds would then come closer to their star, thereby
melting substantial amounts of ice and thus creating
planetary surfaces entirely blanketed by oceans, up to 25
times deeper than those on Earth (Léger et al. 2004).

Conclusions

The nascent field of extraterrestrial hydrogeology is
rapidly coming into its own. Recent missions to Mars
have confirmed the existence of water and related fluvial
processes that imply the existence of an Earth-like hy-
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drological cycle in the geologic past. Present-day Mars
still cycles appreciable amounts of water, and beneath its
subsurface cryosphere may exist groundwater processes
similar to those on to Earth. There is evidence that Venus
may have also once had an Earth-like hydrological cycle,
causing suppositions that water may still be beneath the
surface today, albeit in a supercritical liquid phase.
Mercury and the Moon have ice at their poles, most likely
accumulated from cometary impacts. In the outer solar
system, the Galilean satellites of Jupiter are water abun-
dant, the most intriguing of which, Europa, may possess a
vast ocean beneath its icy crust. Saturn’s moon, Titan,
reveals the intriguing possibility of a hydrological cycle
without water, instead involving methane and other hy-
drocarbons. Neptune’s satellite, Triton, may also cycle
hydrocarbons, although with less available energy than
Titan. Pluto, comets, and other icy bodies are shedding
light on the origins of water in the solar system, and
recent data on extrasolar planets raise the possibility of
other planets similar to Earth, waterworlds covered in
immensely deep oceans, or gas giants with inner, hyper-
pressurized oceans.

The variance of hydrological cycles in the solar system
is great, involving variations on the processes familiar to
Earth (i.e., Mars), including other chemicals in a pseudo-
hydrological cycle (i.e., Titan), or having water exist in a
manner utterly alien to our planet (i.e., Neptune). Many of
these variations have been proposed to be conducive to
the evolution of life. It is an exciting opportunity for
hydrogeology; studying and understanding all the varia-
tions possible for a planetary hydrosphere, ultimately
improves our own understanding of the water-related
processes here on Earth. This is likely to be manifest in all
aspects of hydrologic science, ranging from improved
measurement methods, to advanced conceptual models of
fluid flow under widely varying geologic and atmospheric
conditions, to opportunities to test geostatistical concepts
applied to hydrogeology.
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