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Geologic evidence suggests that the Martian surface and atmospheric conditions underwent major
changes in the late Noachian, with a decline in observable water-related surface features, suggestive
of a transition to a dryer and colder climate. Based on that assumption, we have modeled the
consequences of impacts into a  2–6 km-thick cryosphere. We calculate that medium-sized (few 10 s
of km diameter) impact craters can physically and/or thermally penetrate through this cryosphere,
creating liquid water through the melting of subsurface ice in an otherwise dry and frozen
environment. The interaction of liquid water with the target rock produces alteration phases that
thermochemical modeling predicts will include hydrous silicates (e.g., nontronite, chlorite, serpentine).
Thus, even small impact craters are environments that combine liquid water and the presence of
alteration minerals that make them potential sites for life to proliferate. Expanding on the well-known
effects of large impact craters on target sites, we conclude that craters as small as  5–20 km
(depending on latitude) excavate large volumes of material from the subsurface while delivering
sufﬁcient heat to create liquid water (through the melting of ground ice) and drive hydrothermal
activity. This connection between the surface and subsurface made by the formation of these small, and
thus more frequent, impact craters may also represent the most favorable sites to test the hypothesis of
life on early Mars.
& 2012 Elsevier B.V. All rights reserved.
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Our current understanding of what makes an environment
habitable includes the availability of a ubiquitous liquid phase
which, within the temperature range of life as-we-know-it, is
restricted to water (Bennett and Shostak, 2007). Therefore, questions about the former availability of water in the surface and
subsurface are key considerations in understanding the potential
habitability of Mars and the possibility of ﬁnding evidence of
fossil or extant life (Tosca et al., 2008; Squyres, 2011). Despite the
potential opportunities for the development of life on Mars during
the Noachian, physical or chemical evidence of life may be
difﬁcult to ﬁnd. Even the discovery of potential habitable environments does not mean that they were ever actually inhabited
(Cockell et al., 2012). Thus, there has been considerable
debate concerning the best places to conduct rover-based investigations of possible past or present habitats since these require
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both: (1) evidence of a long term-history of aqueous processes,
and (2) a way to access the potential habitat by the rover. These
considerations suggest that the best opportunity for a rover
mission to investigate the subsurface will be in areas where
impacts have excavated deep below the surface. In recognition
of this, all planned and studied rover missions to the Noachian
terrains include the sampling of crater interiors or ejecta. In this
study, we investigate how impact craters can penetrate the
cryosphere, enabling communication between the surface and
subsurface, based on assumptions about the nature of the early
Martian climate, calculations of the likely thickness of the cryosphere, models of the minimum sized crater necessary to puncture the cryosphere, and an assessment of the likely mineralogy
and ﬂuid composition resulting from such an event. We then
consider the implications of these results for enhancing communication between environments above and beneath a cryosphere
during the Late Noachian.
1.1. Thermal and hydraulic evolution of the Noachian hydrosphere
Although liquid water is unstable on the Martian surface
today, there is abundant geologic evidence that suggests it ﬂowed
on the surface in the past. Speciﬁcally, the dissection of the
planet’s Noachian terrains by integrated networks of small valleys
is often cited as evidence that early Mars possessed a warmer,
wetter greenhouse climate—where rainfall, inﬁltration and surface runoff were widespread (Masursky et al., 1977; Pollack et al.,
1987; Craddock and Maxwell, 1993; Carr, 1999, 2006). VNIR
(visible and near infrared) reﬂectance studies have revealed
signatures of chlorides, hydrous silicates and salt hydrates (e.g.,
Bibring et al., 2005; Carter et al., 2010; Ehlmann et al., 2008a, b,
2009, 2010; Marzo et al., 2010; Milliken and Bish, 2010; Milliken
et al., 2010; Murchie et al., 2009a,b; Mustard et al., 2008; Osterloo
et al., 2008; Poulet et al., 2005, 2007). Hydrous silicates, such as
clays, have been detected from orbit by OMEGA (Observatoire
pour la Minéralogie, l’Eau, les Glaces et l’Activité on Mars Express;
Bibring et al., 2006) and CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars on the Mars Reconnaissance Orbiter;
Mustard et al., 2008), while hydrous sulfates have been detected
by NASA’s two Mars Exploration Rovers (MER) (Arvidson et al.,
2007). The combination of this morphological, geochemical and
mineralogical evidence makes it clear that liquid water was far
more abundant on Mars’ surface during the Noachian than at any
time since. If so, it suggests that the hydrology of early Mars may
have been similar to that of arid environments on present-day
Earth, where precipitation, surface runoff and inﬁltration led to
the existence of standing bodies of water and an underlying
groundwater system fed by atmospheric recharge.
1.2. Noachian cryosphere
While early Mars may have been warm and wet, the less
degraded nature of post-Noachian terrains suggests a geologically
rapid transition to less erosive conditions, similar to those that
exist on Mars today (Carr, 1999). With the transition to a colder
climate, a freezing front developed in the planet’s crust, creating a
growing cold-trap for both atmospheric and subsurface H2O—a
region known as the cryosphere. The downward propagation of
this freezing front, in response to the planet’s long-term decline in
geothermal heat ﬂux, had two important consequences for the
nature of the planet’s hydrologic cycle and the state and distribution of subsurface water.
First, as ice condensed within the near-surface regolith it
would have signiﬁcantly reduced communication between any
groundwater and the atmosphere and resulted in a distribution of
ground ice governed by the thermal structure of the crust, which

would have mirrored the ﬁrst order variations in topography
(Clifford, 1993). Assuming reasonable values of crustal permeability (i.e., column averaged values of 10–15 m2 within the top
10 km, Clifford, 1993, Manning and Ingbritsen, 1999), the elimination of atmospheric recharge would have led to the decay of
any precipitation-driven inﬂuence on the shape of the global
water table in  106–108 years. In the absence of major seismic or
thermal disturbances of the crust (such as those caused by large
impacts, earthquakes and volcanic activity), this would have
resulted in an aquifer in effective hydrostatic equilibrium, saturating the lowermost porous regions of the crust. The vertical
distance between the base of the cryosphere and the groundwater
table may have varied considerably, creating an intervening
unsaturated zone whose thickness was maximized in regions of
high elevation and minimized (or absent) at low elevation.
Second, as the cryosphere deepened with time, the condensation of ice behind the advancing freezing-front would have
created a growing sink for the planet’s inventory of groundwater.
Where the cryosphere and water table were in direct contact, the
groundwater would have frozen to the base of the cryosphere as
the freezing front propagated downward with time. However, in
many locations throughout the highlands, the vertical distances
separating the base of the cryosphere from the water table may
have been several kilometers or more. Under such conditions, the
depletion of groundwater is expected to have occurred via the
thermally induced diffusion of vapor from warmer depths to the
colder pores behind the advancing freezing-front (Clifford, 1991,
1993).

2. Cryosphere evolution, impact crater formation and mineral
alteration
2.1. Potential extent of the Late Noachian cryosphere
We have used a one-dimensional ﬁnite difference thermal
model of the subsurface to calculate Martian mean annual surface
temperatures and their impact on the depth of the Late Noachian
cryosphere. The calculations assume that: (1) the thermal conductivity of ice-saturated basalt varies with temperature following a simple inverse law (Hobbs, 1974; Clifford et al., 2010);
(2) the mean value of Late Noachian geothermal heat ﬂux can be
deduced from estimates of the rheologic properties of the Martian
lithosphere necessary to support the relief of the Noachian
topography (McGovern et al., 2004); and (3) the variations in
Martian obliquity and orbital eccentricity were comparable to
those of today (an assumption whose validity is largely dependent on the developmental state of Tharsis at that time; Ward,
1979).
Fig. 1 illustrates the variation in the depth of the cryosphere as
a function of latitude based on the average and extreme obliquity
and orbital eccentricity values of Laskar et al. (2004), combined
with an assumed Noachian geothermal heat ﬂux of 60 mW m  2
(McGovern et al., 2004), and three groundwater freezing
temperatures—corresponding to pure water (273 K), a eutectic
solution of sodium chloride (252 K) and a eutectic solution of
magnesium perchlorate (203 K).
In the absence of dilution associated with the inﬁltration of
rainfall or meltwater, Martian groundwater is expected to be
highly saline—a natural consequence of the leaching of soluble
minerals from the host rock by groundwater over the hundreds of
million years the two have been in intimate contact. Thus, the
252 K and 203 K eutectics were chosen to represent the plausible
range of salt-induced freezing point depression on Mars. For
example, sodium chloride is the main constituent of seawater
on Earth and its eutectic of 252 K could be easily reached as an
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groundwater freezing point of 273 K. At the poles, we calculate a
mean surface temperature of 157 K which (assuming the same
values of geothermal heat ﬂow and freeing point) yields a
maximum predicted thickness of the polar cryosphere of  5–
6 km.
2.2. Water content in the Noachian cryosphere

Fig. 1. Depth of the Martian cryosphere as a function of latitude based on the
assumption that the crust has a temperature-dependent thermal conductivity
equivalent to that of water ice, a geothermal heat ﬂux of 60 mW m  2 and
obliquity and orbital eccentricity characteristics given by the probability distribution functions of Laskar et al. (2004). Solid lines represent cryosphere depths
calculated from the average values of obliquity and orbital eccentricity, while the
shaded region around each correspond to the maximum and minimum depths
calculated based on the 1s high and low extremes of obliquity and orbital
eccentricity. The three isotherms depicted correspond to the freezing points of
pure water (273 K in red), a eutectic solution of sodium chloride (252 K in green)
and a eutectic solution of magnesium perchlorate (203 K in blue).

To estimate the volume of H2O that was cold-trapped into the
Noachian cryosphere we calculate the pore volume of the crust
between the Martian surface and the base of the cryosphere. We
assume a surface porosity of 0.20 and a 1/e decay constant of
2.82 km based on the porosity vs. depth relationship of Clifford
(1993). We calculate that a Noachian cryosphere could have coldtrapped the equivalent of  200 m ( 7125 m) GEL (global equivalent layer) of H2O as ground ice. Subtracting this quantity from
Carr’s (1986, 1996)  500–1000 m GEL estimate of the total
planetary inventory of water suggests that, by the end of the
Noachian, 300–800 m GEL of groundwater still survived beneath
the thickening cryosphere.
Geographic variations in geothermal heat ﬂow, as well as the
heat produced by volcanic activity and impacts, could have
signiﬁcantly affected both the extent of the cryosphere and the
energy available to drive the hydrothermal circulation of water
from deep aquifers. Our cryosphere thickness calculations raise
the question of whether the conﬁnement of those aquifers would
have been affected by the thermal disturbances associated with
mid- and larger-sized impacts. We now investigate the minimum
size range of craters necessary to puncture the late Noachian
cryosphere and the potential effects that associated changes in
temperature and water ﬂow would have had on local mineralogy.
2.3. Modeling an impact’s aftermath

initially more dilute reservoir of salt-rich groundwater was
depleted as groundwater was progressively cold-trapped within
the thickening cryosphere. Similar values might also be obtained
by more dilute solutions of magnesium chloride (238 K eutectic)
and calcium chloride (218 K eutectic) or by multi-component
mixtures of these and other salts (Clark and Van Hart, 1981). The
203 K eutectic of magnesium perchlorate was chosen as a limiting
value because it has the greatest freezing point depression
associated with any salt yet found on Mars (Morris et al., 2009;
Hecht et al., 2009).
The resulting calculated maximum depth of the cryosphere
(based on the assumption of a pure water freezing point) varies
from  2.3 km near the equator up to 5.6 km near the poles,
where mean annual temperatures are signiﬁcantly colder due to
the combination of lower insolation and the higher albedo of the
seasonal and perennial polar ice deposits (which are assumed to
have an extent comparable to that of today’s). For a freezing point
appropriate to a saturated solution of magnesium perchlorate
(i.e., 203 K), the extent of the cryosphere is much reduced,
reaching a maximum thickness at the poles of  2.5 km and
diminishes with lower latitudes until it completely disappears at
latitudes of less than 30–351 (where mean annual temperatures
exceed the assumed perchlorate-depressed freezing point of
groundwater).
For the cryosphere calculations, we considered the maximum
estimate of cryosphere thickness at both the equator and poles
and will use our equatorial results for the melt-through calculations (see Section 2.1). Assuming a 20 Myr obliquity history
equivalent to the nominal model of Laskar et al. (2004), we
calculate a 20 Myr mean equatorial surface temperature of
216 K which yields a local cryosphere thickness of  2–2.5 km,
assuming a geothermal heat ﬂow of 60 mW m  2 and a solute-free

2.3.1. Interaction of impact-deposited heat with the cryosphere
An impact can deposit a huge amount of energy into the local
crust that scales with the mass and square of the velocity of the
impactor—much of which is turned into heat. Post-impact temperature distributions can be determined analytically (e.g.,
Abramov and Kring, 2005; Abramov and Mojzsis, 2009). The
initial shock-induced heating is calculated using the Murnaghan
equation of state for speciﬁc waste heat (DEW) (Kieffer and
Simonds, 1980):

" 
1=n #
1
2K 0 V 0
Pn
PV 0 
1
DEw ¼
þ1
2
K0
n
" 
1ð1=nÞ #
K 0V 0
Pn
1
þ
þ1
ð1Þ
K0
nð1nÞ
where P is the peak shock pressure, K0 is the adiabatic bulk
modulus at zero pressure (19.3  109 Pa for basalt), n is the
pressure derivative of the bulk modulus (5.5 for basalt), and V0
is the speciﬁc uncompressed volume (1/r0); all of these parameters are well established for basalt, the assumed target
material. Shock pressure P drops off with distance r from the
impact center, which is at a depth approximately equal to the
impactor radius (Pierazzo and Melosh, 2000), according to the
power law:
 k
r
P¼A
ð2Þ
Rpr
where Rpr is the radius of the projectile, k is the decay exponent, and
A is pressure at r¼Rpr. The decay exponent k varies as a function of
impact angle (Pierazzo and Melosh, 2000) and velocity (Ahrens and
O’Keefe, 1987), and can be estimated as kE 0.625 log(U) 1.25,
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where U is impact velocity in km/s, for the vertical impacts modeled
here (Ahrens and O’Keefe, 1987).
A depends on target and impactor properties, and is estimated
by Collins et al. (2002) as
A¼

rv2i

ð3Þ

4

where r is impactor and target density, both of which are
assumed to be 3000 kg m  3, consistent with a rocky asteroid
striking a basaltic crust, and vi is impact velocity.
To obtain the temperature increase, the speciﬁc waste heat DEw
is divided by the heat capacity of the target rock, which is
800 J kg  1 K  1 for basalt. To obtain the subsurface temperature
distribution, geothermal temperatures are then added to the
impact-deposited heat. Fig. 2 shows a ﬁnal temperature distribution for a 30-km diameter complex crater, which is in good
agreement with hydrocode models of impacts on Mars (Pierazzo
et al., 2005).
Once the subsurface temperature distribution is calculated (see
Section 2.1), the volume of the transient crater, which represents
material vaporized or ejected by the impact, is removed. The
transient crater diameter, as measured at the pre-impact surface,
is calculated using the Pi-scaling laws (e.g., Holsapple and Schmidt,
1982; Schmidt and Housen, 1987):
Dtc ¼ 1:16d

0:78 0:44 0:22
vi g

ð4Þ

where d is the impactor diameter, vi is the impact velocity, and g is
the acceleration of gravity, which on Mars is 38% of that on Earth.
The above expression is valid only if the impactor and target
density are assumed to be the same (here, 3000 kg/m3). The rimto-rim diameter of the transient crater is above the pre-impact
surface and  1.2 times larger than Dtc (Melosh 1989). The depth of
the transient crater is estimated by multiplying the rim-to-rim
diameter of the transient crater by 0.25 (Melosh, 1989).
The rim-to-rim diameter of the ﬁnal crater is calculated using
the following relationship (Abramov and Kring, 2005):
D ¼ 0:91

D1:125
tr
D0:09
Q

ð5Þ

where D is the rim-to-rim diameter of the ﬁnal crater, Dtr
is the rim-to-rim diameter of the transient crater, and DQ is the

Fig. 2. Post-impact temperature distribution in a 29-km crater on Mars immediately after an asteroid impact, calculated using the Murnaghan equation of state.
Black lines are isotherms, labeled in degrees Celsius. Yellow colors indicate
temperatures below 30 1C, orange colors between 30 and 100 1C and red colors
correspond to temperatures above 100 1C. In addition to shock-deposited heat,
heat from the central uplift and the geothermal gradient is included. From
Abramov (2006).

simple-to-complex transition diameter,  8.4 km for Mars (see
Abramov and Kring, 2005 for details). Using a smaller DQ of
þ 3:1
5:11:9
km for Mars (Pike, 1988) does not signiﬁcantly change the
minimum size of the transient crater that punctures the cryosphere. It does change the size of the ﬁnal crater resulting from
relaxation of the transient cavity. We chose to use 8.4 km, which
results in a slightly larger crater, but is also consistent with the
Pike (1988) value for crystalline target material.
Two cryospheric thicknesses are modeled using the thermal
penetration model described above: 2 km, which represents the
approximate depth of the equatorial cryosphere, and 6 km, which
represents the approximate depth of the polar cryosphere. In
addition, a 6-km thick cryosphere may have been possible in the
equatorial regions if the heat ﬂow was signiﬁcantly lower than
the 60 mW m  2 estimated by McGovern et al. (2004), as has
recently been suggested by Hahn et al. (2011). For each of the two
cryosphere thicknesses, two modeling scenarios are presented: (i)
a case with the subsurface being composed of 100% basalt and no
water ice, allowing Eq. (1) to be applied explicitly, yielding the
minimum crater sizes and projectile diameters needed to thermally penetrate the cryosphere, and (ii) a case with a cryosphere
containing 80% basalt and 20% water ice by volume. Because no
equation of state is currently available for a two-component icerock mixture, we calculate the energy deposited by the impact
using shock parameters for basalt, but take into account the heat
capacity and latent heat of melting of the water ice component
when calculating the ﬁnal temperature distribution.
We calculate that a 6 km-thick target (100% basalt, no ice) can
be thermally penetrated, or brought above the melting temperature of water ice, by an impactor as small as 0.89 km in diameter.
The rim-to-rim diameter of the resulting transient crater is
10.8 km; the rim-to-rim diameter of the ﬁnal crater is 14.0 km
(Fig. 3). For comparison, a 2 km-thick basalt layer at the same low
surface temperature can be thermally penetrated by an impactor
of only 0.30 km diameter. The transient crater diameter in this
case is 4.6 km, resulting in a ﬁnal crater diameter of 5.3 km. In
this example, there is no ice, which further decreases the minimum impactor size needed to ‘‘thermally penetrate’’ this layer.
In addition, we estimate the minimum impactor size needed to
thermally penetrate a 6-km thick, ice-rich cryosphere containing
80% basalt and 20% water ice by volume. The energy consumed by
the latent heat of melting of the ice, as well as increased heat
capacity, requires a larger impactor to thermally penetrate the

Fig. 3. Post-impact temperature distribution around the transient cavity of a
relatively small (10.8 km transient diameter; 14.0 km ﬁnal diameter) km crater on
Mars immediately after the impact. The impactor modeled was a 0.89 km
diameter asteroid. Black lines are isotherms, labeled in degrees Celsius. Blue
colors indicate temperatures below freezing, yellow colors correspond to temperatures between 0 and 50 1C, and higher temperatures are indicated by red
colors. Note the connection between the liquid water caused by the impact with
the deep, ﬂuid aquifer indicated by the gap between the zero degree isotherm and
the center of the crater.
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target. The minimum projectile diameter required is 1.8 km,
resulting in a transient crater with a diameter of 19.1 km and
producing a ﬁnal crater with a rim-to-rim diameter of 26.6 km.
For a 2-km thick, 80% basalt, 20% water ice cryosphere, the
minimum projectile diameter required is 0.60 km, resulting in a
transient crater with a diameter of 8.0 km and producing a ﬁnal
crater with a rim-to-rim diameter of 9.9 km. It should be noted
that for a crater this small, the resulting subsurface heating is
insufﬁcient to melt the ice, and the thermal penetration depth is
equivalent to the depth of the transient crater.
Within an area of 9  106 km2 of the Martian highlands,
Strom et al. (2005) counted  850 craters with diameters of
10 km, as well as numerous larger impacts. Overall, there are
3850 impacts with diameters equal to or larger than 10 km
(Barlow, 1990), the majority of which are believed to have formed
between 4.2 and 3.9 Ga (Kring and Cohen, 2002; Norman and
Nemchin, 2012). The effects of much larger impacts into ice
bearing target have been modeled before and result in hydrothermal systems, which might be restricted to the central area of
the crater (Barnhart et al., 2010; Ivanov and Pierazzo, 2011). Our
results, however, indicate that, even for the maximum polar
cryosphere thickness of 6-km, relatively small impactors can
result in the frequent melt-through for a predominantly basaltic
crust. A thinner cryosphere, such as the one that may have existed
earlier in Martian geologic history (i.e., in the absence of a
massive early greenhouse), would be penetrated even ‘more
easily’. The effects of such impacts on the cryosphere include
the melting of ice and fracturing of rock—resulting in the
production of liquid water and the exposure of more fresh surface
area that would be susceptible to formation of alteration
minerals.
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meteorite LEW88516 (Table 1). The ﬂuid for our calculations is a
dilute brine that we have previously used the calculate Martian
alteration assemblages (e.g., Schwenzer and Kring, 2009a, b;
Filiberto and Schwenzer, 2011; Bridges and Schwenzer, 2011;
Schwenzer and Bridges, 2011). This allows us to compare and
contrast our results to our previous models: the alteration of
LEW88516 at higher T (150 1C) (Schwenzer and Kring, 2009a), and
the alteration of the Lafayette martian meteorite (intermediate T
between 100 and 70 1C; Bridges and Schwenzer, 2011; Schwenzer
and Bridges, 2011). We also modeled pure olivine from
LEW88516 (Table 1, Fig. 4). We discuss below the results of the
models following the chronology of a post-impact scenario,
starting from fresh fractures and proceeding through an evolving
alteration system.
The impact leaves the target site fractured and with many
fresh, unaltered surfaces. Melting of ice (Fig. 3) will cause water
ﬂow into these new sites. Reaction kinetics at low temperature
are slow; thus it is assumed that the inﬂowing water reacts with
the freshly exposed surfaces only, which will keep effective water
to rock ratio (W/R) at high levels. Under these effectively high
W/R conditions (W/R of 10,000 and 1000, Fig. 4) di-octahedral
smectite, Mg-nontronite (e.g., Mg0.33Fe4(Al2Si6O20)(OH)4.nH2O),
may form on surfaces and in cracks along with goethite and
pyrite. Formation of this assemblage is independent of the
oxidation state of the host rock, as can be demonstrated by
comparing alteration of a rock with all Fe as FeO to alteration of
a rock with 10% of Fe as Fe2O3 (Fig. 4). With W/R ratios of 10,000–
1000, differences between models with varying oxidation state
are minor. With time, more host rock is expected to dissolve into

2.3.2. Alteration mineralogy of low temperature hydrous alteration
Based on the temperatures and pressure of impact-craterdriven water circulation, we use CHILLER to calculate the alteration caused by low temperature ﬂuids in contact with Martian
rock compositions. CHILLER (Reed and Spycher, 2006) calculates
solids, solutions, and gaseous phases in equilibrium with each
other at given pressure and temperature. The input data for our
calculations are a dilute ﬂuid (mole kg  1 of species; Table 1),
temperature (1–20 1C here) and unaltered Martian rock composition. Since even modest sized craters can reach deep into the
Martian subsurface (Figs. 2 and 3) we assumed a plutonic rock,
i.e., a lherzolithic shergottite as our target composition—Martian
Table 1
Input chemistry for LEW88516, which is a weighted mean of the analyses of
Dreibus et al. (1992), Warren and Kallemeyn (1996), and two analyses by Gleason
et al. (1997). Olivine composition is from Gleason et al. (1997). Water chemistry is
derived by taking the Ca-concentrations of thermal water venting the Deccan trap
basalts (Minissale et al., 2000) and adjusting Fe and Mg according to their ratios in
LEW 88516. HCO3 is derived by equilibrating today’s Martian atmosphere with
the ﬂuid, SO24  is adjusted to the S concentration in LEW 88516, and Cl  is used
for charge balance.
Oxide

LEW 88516
(wt%)

Olivine
(wt%)

Ion

Starting brine
(mole kg  1)

SiO2
TiO2
Al2O3
Cr2O3
FeO
MnO
MgO
CaO
Na2O
K2O
P2O5

44.79
0.40
3.29
0.88
19.92
0.49
25.01
4.22
0.54
0.03
0.39

36.47
0.02
0.02

Fe3 þ
Mg2 þ
Ca2 þ
HCO3
SO24 
Cl 

9.19E  3
20.53E  3
2.5E  3
1.68E  5
2.85E  3
6.80E  1

31.76
0.64
31.60
0.01
0.01
0.01

Fig. 4. Alteration mineral abundances related to water to rock ratio (W/R). Shown
are four W/R ratios: 10, 100, 1000, and 100,000. CHILLER calculations for 1 1C and
1 bar. Note the difference between the low and high W/R ratios.
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the brine, which causes the activity of dissolved species to
increase.
At W/R of 100, serpentine is the most abundant phase, but
goethite still makes up 20% of the alteration assemblage. Chlorite
[clinochlore, e.g., Mg9.98Al2.00Fe0.02)12(Al2Si6O20)(OH)16] is the
third most abundant phase. The relative abundances of chlorite,
smectite and serpentine vary with the variation of temperature
and other parameters such as oxidation state. For example, the
nontronite–serpentine assemblage found in the nakhlites
(Changela and Bridges, 2010) has formed under oxidizing, intermediate-temperature (  70 1C) conditions after an initial stage of
higher-T (  100 1C) carbonate formation (Bridges and Schwenzer,
2011, Schwenzer and Bridges, 2011). Moreover, the availability of
critical species (e.g., Al for smectite formation) varies with varying
target composition and controls the precipitated alteration
assemblage (comp. Fig. 4).
At W/R of 10, serpentine and chlorite together make up about
70% of the alteration assemblage with amphibole as the third most
abundant phase. At this point, noticeable differences between
different oxidation states do occur. In the more reducing case, no
talc is formed, but amphibole abundances are increased. With the
low temperatures reached after small impacts, we do not expect
the system to form amphiboles, but serpentinization can occur.
Since the serpentinization reaction is exothermic, the formation of
serpentine can add heat to the system (Piranjo, 2009), potentially
extending the lifetime of warm conditions. Overall, smectites and
oxides dominate the alteration products. This is in accordance with
laboratory experiments (Harder, 1976; Grauby et al., 1994), terrestrial nontronite formation (e.g., Dekov et al., 2007), and observations in the nakhlite Martian meteorites, which have recently
been suggested to be altered by an impact-generated hydrothermal
system (Changela and Bridges, 2010). The model ﬂuid for the above
models did not contain sufﬁcient amounts of dissolved CO2 to
produce an initial carbonate-forming phase. However, from models
on ALH84001 in contact with a ﬂuid with 0.5 mol L  1 dissolved
CO2 (Schwenzer and Kring, 2009b) and the Lafayette composition
(Bridges and Schwenzer, 2011, Schwenzer and Bridges, 2011) we
expect siderite, Mg-siderite, and Mg-Ca-siderite to form in the
presence of dissolved CO2.
To explore the alteration parameter space further, we assume
only olivine dissolution, since olivine-rich lithologies (10–20 vol %)
have been reported on the surface of Mars (e.g., Koeppen and
Hamilton, 2008; Edwards et al., 2008) and meteorite LEW88516
contains 57% olivine while NWA 2737 and Chassigny are 490%
olivine (Floran et al., 1978). The alteration products of an olivinerich substrate would be signiﬁcantly different from alteration of a
basaltic rock. At high W/R oxides, silica and pyrite are formed
almost exclusively:  70% goethite is accompanied by 20% quartz
and lesser but signiﬁcant percentages of pyrite. At lower W/R
chlorite and magnetite with some trace phases such as graphite
(from  0.3  10  4 mol L  1H2CO3 in the starting solution) precipitate (Fig. 4). Note that olivine contains no Al; therefore the
chlorite is Al-poor: (Mg11.98Al0.006Fe0.014Mntr)12(Si8O20)(OH)16. The
dissolution of pure olivine produces a gas phase that contains H2.
At a W/R of 100, 0.1 mol H2 is produced per kg dissolved rock and
at W/R of 10 this increases to 1.3 mol per kg of dissolved rock. In
the presence of CO2 and magnetite (Zolotov and Shock, 1999)
methane might form (Oze and Sharma, 2005; Schwenzer, 2011).

3. Implications for habitability
Freezing, formation of a cryosphere, and impact-related processes can change the habitability of a site considerably. We now
discuss these effects starting with the smallest scale, i.e., mesoscopic mineralogic changes, and expand to crater-, regional- and

planet-wide effects that might affect the habitability of sites, e.g.,
pathways for the transport of metabolizing or dormant species
between habitats, mineralogical inventory, the occurrence and
availability of biologically important elements, and how such
regions would be best explored.
3.1. The smallest scale: mineralogical changes
The impact-generated temperature increase and subsequent
water ﬂow cause several important changes in the mineralogy of
the site. Above we assumed that the target contained mainly
‘magmatic’ minerals such as olivine and pyroxene with no ionexchange, water storage capabilities, or structurally bound water;
however, the impact-generated alteration changes the mineralogy to include minerals with both exchange capabilities and
structurally bound water. If LEW88516 is altered at W/R of
1000, this will cause the following assemblage to form (Fig. 4):
Mg-nontronite (53.84 wt%; Mg0.33Fe4(Al2Si6O20)(OH)4.nH2O),
goethite (39.01 wt%), pyrite (5.57 wt%), quartz (0.96 wt%), and
Cl-apatite (0.62 wt%; Ca5(PO4)3Cl). Nontronite and goethite
together introduce 12 wt% structurally bound ‘water’ in the
form of OH-groups, which can be released in dehydration reactions (Deer et al., 1992) but are stable against freezing, transport
or evaporation. Nontronite can take up water (swelling) and
cations (ion exchange capability) in its interlayers (Deer et al.,
1992; Stucki, 2006). Thus, smectites provide water storage capabilities protecting the site from rapid desiccation and may
contain cations available for exchange by subsequent processes.
In addition, the alteration process changes redox conditions
(Bridges and Schwenzer, 2012) and the chemical speciation of
biologically essential elements such as sulfur and phosphorus.
An important issue for the geologic distribution of impact
generated hydrothermal mineral assemblages in large craters on
Mars is the dependence of their formation on the water/rock ratio.
The water/rock ratio is expected to vary to a much larger extent
than the ﬁnal thermal environment due to natural variations in
porosity, transmission of water along faults, and other structural
features associated with real geological structures. Alteration
minerals can also be physically transported by numerous masstransport processes (e.g., landslides, water and eolian transport)
during their formation and throughout the later history of a
crater. Therefore, theoretical modeling of the formation of alteration minerals is unlikely to predict the natural distribution of
alteration minerals around actual Martian craters.
If life was present, the described mineralogical changes could
have worked in its favor by liberating ions, but also by the H2
formed, pyrite, and – more generally – speciﬁc redox series, e.g.,
Fe2 þ /Fe3 þ , that could have been involved in electron donor/
acceptor reactions as potential sources of energy for organisms
(Varnes et al., 2003). The liquid phase in equilibrium with the
alteration assemblage at W/R ¼1000 is a diluted brine (pH 6.6)
that contains ions relevant for biologic activity, for example
Ca2 þ (0.32  10  2 mol L  1), Mg2 þ (0.26  10  1 mol L  1), K þ
(0.64  10  5 mol L  1), and Na þ (0.17  10  3 mol L  1). Therefore,
the post-impact site contains a ﬂuid system that could deliver
essential elements for life.
3.2. Local scale: craters as special sites for the search for traces of
fossil or recent life
Impacts have been proposed as a natural excavation process in
the search for the evidence of life (Newsom et al., 2001; Cockell
and Barlow, 2002). On Mars,  40 impact basins with diameters
41000 km are thought to have been produced prior to  3.9 Ga
(Horner et al., 2009), many of which might have formed between
4.2 and 3.9 Ga (Kring and Cohen, 2002; Norman and Nemchin,
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2012). Given a water-rich Mars, such large impacts are expected
to have excavated deep into the crust and produced hydrothermal
systems with lifetimes up to 10 Ma (Abramov and Kring, 2005).
Smaller craters created transient increases in temperature for
much shorter timescales and any hydrothermal or mineralogical
effects associated with them were far smaller. But smaller craters
are much more numerous than larger ones, both in the Noachian
and later in the planet’s history, and can provide connections
between a subsurface habitat and the surface—or, through heating of local target rocks, revive habitable sites by producing liquid
water. Looking for evidence of life in small- to mid-sized craters is
therefore promising because of their former potential to support
life (through the production of meltwater, increased availability
of biologically important ions, and prolonged heating of the
crust), the possible connections they may have created between
the surface and subsurface aquifers/habitats, and for the window
they provide into subsurface geology, geochemistry, and the
cryosphere.
3.3. Regional scale: cryosphere
The interaction of the Martian cryosphere with impact crater
formation processes has been considered for the case of ﬂuidized
ejecta blankets (Barlow 2005, 2006; Reiss et al., 2006; Osinski,
2006) and very recent impacts (Byrne et al., 2009). Small, metersized craters have formed on Mars throughout its history up to
the present. In recent craters, ice has been observed but sublimates rapidly when directly exposed to the Martian atmosphere
(Byrne et al., 2009). However, craters surrounded by lobate ejecta
blankets occur in association with impacts 41 km in diameter
and are present in all terrains, spanning Martian geologic time
(Allen, 1979; Barlow, 2005, 2006; Osinski, 2006). In detail, the
smallest craters with lobate ejecta blankets are observed to be
about 3 km at the equator and o1 km at the poles (Barlow,
2006). As volatiles are apparently linked to their formation, they
have been used to track the deepening of the top of the ice-table
in the Hesperian (Reiss et al., 2006). We calculate 5.3 km and
14 km crater diameters can thermally penetrate the cryosphere at
the equator and poles, respectively. However, penetration of the
cryosphere is not required to mobilize volatiles in an ejecta
blanket. At the end of the Noachian, with the ice-table close to
the surface, even small impacts were capable of melting ice and
larger ones could have initiated long-lived hydrothermal systems
(Section 2.2). While the growth of the cryosphere over time
would have resulted in the further isolation of the potentially
habitable subsurface from the dry and hostile environment at the
surface, impact craters should have punctured or melted through
this barrier quite frequently, providing pathways for two-way
(and potentially long-enduring) exchange.
For impacts that occur at lower elevations, where the hydraulic head of the subpermafrost aquifer lies higher than the local
surface elevation, the thermal penetration of the cryosphere may
result in artesian discharge of a signiﬁcant volume of groundwater, depending on the local value of crustal permeability, the
salinity of the groundwater, and the potential for advective heat
transport by groundwater originating from warmer regions
within the aquifer. However, at elevations where the local
hydraulic head lies below the local surface elevation, the potential
for groundwater discharge rests solely on the vigor of local
hydrothermal convection—in response to the interaction of
impact melt with the surrounding water-rich crust.
Of course, if Martian groundwater at this time consisted of a
eutectic solution of magnesium perchlorate, then it would have
had a freezing point lower than the mean annual temperature of
the entire equatorial region, lying between 7301 latitude. Under
these conditions, the local aquifer would be unconﬁned—allowing
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water to discharge and pond on the surface until local hydraulic
equilibrium was achieved. Under these conditions, impact-generated thermal disturbances – sufﬁcient to drive the hydrothermal
convection of groundwater – could potentially occur in association
with much smaller craters than the  5 km diameter necessary to
penetrate the maximum estimated thickness of the equatorial
Noachian cryosphere.
Later in the planet’s history, the thermodynamic instability of
near-surface ground ice at equatorial latitudes would have led to
the progressive desiccation of this region – from as little as a few
meters potentially down to km-depths—a conclusion supported
by the geologic evidence (e.g., Craddock and Howard, 2002).
Under these conditions, the thermal disturbance associated with
a small impact may have been conﬁned to the desiccated nearsurface—yielding little or no meltwater to create a transiently
habitable environment, unless the disturbance was sufﬁcient to
liberate water from previously formed hydrated minerals.
The occurrence of large impacts early in Mars history would
have caused areally extensive fracturing of the crust – and to
great depths – enhancing the likelihood of hydraulic communication between deep subpermafrost aquifers (Clifford, 1993), which
would have enabled the transport of both biota and mineralderived soluble nutrients from one habitable environment to
another. Terrestrial fracture networks, within and beneath artic
permafrost, serve an analogous function—harboring sulfate-reducing microorganisms and other anaerobic taxa that can grow
within the cold, saline conditions of the permafrost (Onstott et al.,
2009).

4. Conclusions
Whether the Noachian climate was warm or cold, the formation of impact craters on a water-rich Mars is expected to have
resulted in the development of widespread hydrous and hydrothermal activity. By the end of the Noachian, the Martian climate
appears to have undergone a geologically rapid transition to its
present cold and arid state. Even under these deep frozen surface
conditions, large impacts are capable of producing hydrothermal
activity and thus keeping water a liquid for durations up to 10 Ma.
Thermal disturbances arising from small impacts may also result
in the production of meltwater, although their smaller volume
and temperature rise (some tens of degrees) may yield substantially smaller volumes and liquid lifetimes. While changes to the
local hydrologic regime can cause alteration in both cases, the
resulting mineralogy will differ due to the different temperature
and pressure conditions surrounding the impact site. The transient occurrence of liquid water associated with the large number
of Noachian craters created a broad range of potentially habitable
environments. Even if climatic conditions at the end of the
Noachian were as cold as they are today, the resulting  2–
6 km-thick cryosphere would have been readily and frequently
penetrated by impactors, providing hydraulic links between the
impact-generated hydrothermal systems and any underlying
regional or global aquifer. Alteration models, starting with barren
basaltic compositions, produce hydrous minerals that on Earth
are characteristic of and important to terrestrial habitable environments. The cumulative result of many impacts into the martian
cryosphere will be an increase in abundance of these minerals.
In this way, impacts may have played a biologically important
role on Mars by providing potential sites for the growth and longterm survival of life, including protection from the potentially
detrimental environmental consequences of a progressively
colder climate, high UV irradiation, atmospheric oxidants, and
large surface-sterilizing impacts. Hypothetically, the survival of
life would have been greatly aided by its ability to spread from
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one habitable hydrous environment to another via the migratory
pathways provided by the presence of sub-permafrost aquifers.
The biological potential of these environments makes impact
craters, especially those formed in the Noachian and Hesperian,
good locations to search for physical and biogeochemical evidence of early Martian life.
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Minéralogie, l’Eau, les Glaces et l’Activité on board the Mars Express spacecraft
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