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Abstract Liquid water is a basic ingredient for life as we know it. Therefore, in order to
understand the habitability of other planets we must first understand the behavior of water
on them. Mars is the most Earth-like planet in the solar system and it has large reservoirs
of H2O. Here, we review the current evidence for pure liquid water and brines on Mars,
and discuss their implications for future and current missions such as the Mars Science
Laboratory.

Neither liquid water nor liquid brines are currently stable on the surface of Mars, but they
could be present temporarily in a few areas of the planet. Pure liquid water is unlikely to be
present, even temporarily, on the surface of Mars because evaporation into the extremely
dry atmosphere would inhibit the formation of the liquid phase, where the temperature and
pressure are high enough so that water would neither freeze nor boil. The exception to this
is that monolayers of liquid water, referred to as undercooled liquid interfacial water, could
exist on most of the Martian surface. In a few places liquid brines could exist temporarily
on the surface because they could form at cryogenic temperatures, near ice or frost deposits
where sublimation could be inhibited by the presence of nearly saturated air.

Both liquid water and liquid brines might exist in the shallow subsurface because even a
thin layer of soil forms an effective barrier against sublimation allowing pure liquid water
to form sporadically in a few places, or liquid brines to form over longer periods of time
in large portions of the planet. At greater depths, ice deposits could melt where the soil
conductivity is low enough to blanket the deeper subsurface effectively. This could cause
the formation of aquifers if the deeper soil is sufficiently permeable and an impermeable
layer exists below the source of water.

The fact that liquid brines and groundwater are likely to exist on Mars has important
implications for geochemistry, glaciology, mineralogy, weathering and the habitability of
Mars.
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1 Introduction

The water vapor pressure at the triple point of water is below the present day atmospheric
pressure on the lowest regions of Mars, including the Mars Science Laboratory (MSL)
landing site on Gale Crater. However, the low surface temperature and dry air of these re-
gions inhibit the presence of bulk amounts of liquid water on the surface (Haberle et al.
2001). On the other hand, liquid brines can be present where a source of water exists
(e.g., near-surface ground ice) because salts depress the freezing temperature below the
present day temperatures at the surface of Mars (Farmer 1976; Clark 1978; Brass 1980;
Clark and Van Hart 1981; Moore and Bullock 1999; Bryson et al. 2008; Haberle et al. 2001;
Rao et al. 2005; Chevrier and Altheide 2008; Rennó et al. 2009b). In addition, monolayers
of unfrozen water, referred to as undercooled liquid interfacial (ULI) water, can be present
at the surface and in the shallow subsurface (≤1 m) (Möhlmann 2004), and groundwater can
be present in the deep subsurface (≥100 m) (Goldspiel and Squyres 2011).

The MSL Curiosity Rover is equipped with optical and analytical instruments (Grotzinger
et al. 2012) capable of detecting evidence for liquid water and brines on Gale Crater. These
instruments include: (i) the Rover Environmental Monitoring Station developed to mea-
sure atmospheric pressure, atmospheric humidity, ground and atmospheric temperatures,
and UV radiation fluxes (Gómez-Elvira et al. 2012); (ii) the Sample Analysis at Mars suite
(SAM) developed to analyze the atmospheric composition and volatiles from soil samples,
including water vapor (Mahaffy et al. 2012); (iii) the Dynamic Albedo of Neutrons (DAN)
instrument developed to measure the subsurface hydrogen content down to about one meter
below the surface (Mitrofanov et al. 2012); (iv) the Mast Camera (MastCam) developed to
image the rover’s surroundings in high-resolution stereo and color; (v) the Chemistry and
Camera (ChemCam) instrument developed to vaporize thin layers of material from Martian
rocks and soils with a laser beam to identify the elements excited by it, and a telescope
to capture detailed images of the area analyzed (Maurice et al. 2012); (vi) the Chemistry
and Mineralogy (CheMin) instrument developed to identify and characterize the miner-
alogy of rocks and soils (Blake et al. 2012); (vii) the Alpha Particle X-ray Spectrometer
(APXS) developed to determine the relative abundances of different elements in rocks and
soils (Campbell et al. 2012); (viii) the Mars Hand Lens Imager (MAHLI) developed to take
close-up images of rocks, soils and, if present, water ice and brines (Edgett et al. 2012); and
a few other instruments including engineering cameras (ECAM) (Maki et al. 2012) capable
of detecting evidence for frost and deliquescence if it occurs near the rover.

The detection of hydrogen may indicate the presence of water in the form of ice or bound
to minerals, while the detection of the various elements expected in brine candidates, in
the expected proportion, would provide circumstantial evidence for their existence on Gale
Crater. The detection of high hydrogen content would suggest the existent of water ice or
brines in the shallow subsurface. If circumstantial evidence for brines were found, it could
be investigated in detail with analytical instruments such as SAM, CheMin and APXS, as
well as with cameras such as MAHLI, MastCam and ECAM.

The existence of either liquid water or liquid brines on Mars is important because their
presence would have significant implications for our understanding of the geochemistry,
glaciology, mineralogy, weathering and habitability of the red planet. Indeed, liquid water
is essential for life as we know it and many microorganisms thrive in terrestrial brines in
favorable ranges of water activity, particularly in brines found in subglacial environments
(Mikucki et al. 2009). The presence of bulk amounts of pure water or brines near the sur-
face would also facilitate human missions to Mars. In this article, we study the necessary
conditions for liquid water and liquid brines to exist on Mars and review the observational
evidence for them.
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2 Theoretical Expectations for Liquid Water on Mars

In this section we show that pure liquid water is currently unstable in bulk amounts on the
surface of Mars, but that in a few places it could exist temporarily. We also show that this is
unlikely to occur, with perhaps the exception of a few locations with favorable surface to-
pography and optical properties, under favorable meteorological conditions. However, liq-
uid water could exist: (i) as monolayers of ULI water on the surface, shallow subsurface
(≤1 m), and deep subsurface (≥100 m), (ii) as liquid brines both on the surface and the
shallow and deep subsurface, (iii) as melt water formed by solid-state greenhouse effect in
the shallow subsurface, and (iv) as groundwater or aquifers (possibly of liquid brines) in the
deep subsurface.

2.1 Bulk Pure Liquid Water on the Surface

Bulk pure liquid water is not currently stable on the surface of Mars, but thermodynamics
indicate that it could form temporarily on a substantial portion of the planet if the air were
not as dry as it is today. Here we study the conditions under which bulk amounts of pure
liquid water could exist temporarily on the surface of Mars.

Pure liquid water can exist only where the water temperature and the atmospheric pres-
sure are above those of the triple point of water (273.16 K, 611.73 Pa) (Fig. 1). In addition,
in order for pure liquid water to exist for significant periods of time, it must be stable against
freezing, boiling, and evaporation. Pure liquid water is stable against freezing at tempera-
tures above 273.16 K, regardless of the atmospheric pressure (Fig. 1). Similarly, pure liquid
water is stable against boiling if the atmospheric pressure is above the saturation vapor pres-
sure at the temperature of the water. For example, at 275 K the atmospheric pressure has to
exceed 698 Pa for boiling to be prevented and pure liquid water to be stable.

If only stability against freezing and boiling are considered, pure liquid water can ex-
ist over about 29 % of the surface of Mars, and can last up to 37 Sols in a few places
(Haberle et al. 2001). The conditions for pure liquid water to exist, indicated in Fig. 1, are
met temporarily on Arabia Terra, Amazonis Planitia, and Elysium Planitia in the northern
latitude belt extending from 0◦ to 30◦ N, and at Hellas and Argyre Planitia in the southern
hemisphere, extending down to 50◦ S. However, pure liquid water is not stable against evap-
oration in these regions. Thus, bulk pure liquid water is unlikely to be found on the surface
of Mars because it would quickly evaporate when exposed to the dry atmosphere in the most
favorable regions where it neither freezes nor boils.

In order for pure liquid water to be stable against evaporation, the partial pressure of
water vapor must be higher than the saturation water vapor pressure at the temperature of
the water. In the current climate, this condition is never satisfied on the surface of Mars.
Indeed, in the current climate the partial pressure of water vapor at the surface of Mars is
below ∼1 Pa (Zent et al. 2010; Jones and Lineweaver 2012; Savijärvi and Määttänen 2010).
This value is two orders of magnitude lower than the saturation water vapor pressure at the
triple point (611.73 Pa). Thus, only the buffering of this difference in water vapor pressure
could allow pure liquid water to be stable on the surface. Currently, there is no evidence for
processes that could produce such buffers on the surface of Mars and therefore liquid water
is unlikely to occur at the surface.

Given that pure liquid water is not stable on the surface of Mars, can it at least form
temporarily? For this to occur, the condensation of atmospheric water vapor at rates larger
than the evaporation rate, or the melting of ice at rates larger than the evaporation rate must
occur. Condensation can be ruled out because the partial pressure of water vapor on Mars is



32 G.M. Martínez, N.O. Renno

Fig. 1 Phase diagram of pure water substance indicating the current atmospheric pressure range on the
surface of Mars. The liquid phase can exist on Mars only at temperatures above the triple point, but below
an upper limit determined by the local atmospheric pressure, otherwise it would boil. This condition is met
temporarily over about 29 % of the surface of Mars (Haberle et al. 2001). Pure liquid water is stable against
freezing and boiling in this area, but not against evaporation. Indeed, pure liquid water is unstable on the
surface of Mars because even in this area it would quickly evaporate when exposed to the dry atmosphere.
Thus, only transient events such the melting of ice can produce pure liquid water temporarily on the surface
of Mars. We show that these events are unlikely to occur, with perhaps the exception of a few locations with
favorable surface topography and optical properties, under favorable meteorological conditions

at least two orders of magnitude lower than the saturation water vapor pressure at the triple
point. The melting of ice, although thermodynamically possible, is unlikely to occur unless
favorable meteorological conditions occur at locations with extremely favorable surface to-
pography and optical properties. For ice to melt, two conditions must be satisfied. First, ice
must be present on the surface or in the shallow subsurface of the five candidate regions that
meet the range of conditions indicated in Fig. 1. This is a problem because ice is not stable
on the three northern near-equatorial regions, and likely also not stable at the two southern
higher-latitude regions (Mellon et al. 2004) that meet these conditions temporarily. Second,
the peak solar heating must overcome the sum of the heat-losses processes of the ice. Un-
der the typical Martian conditions indicated in Table I of Hecht (2002), the evaporative,
radiative, and conductive losses can independently exceed the solar heating and thus prevent
ice from melting. However, Hecht (2002) shows that the melting of ice might be possible
on slopes facing the sun, under clear sky and calm wind conditions, at locations with low
surface albedo and low soil conductivity.

2.2 Monolayers of Liquid Water, Brines, and the Subsurface

The conditions for the existence of liquid water on Mars are relaxed if the subsurface and
other forms of water are considered. Here we present a comprehensive description of the
different forms of liquid water likely to exist on Mars: ULI water, subsurface melt water,
liquid brines, and groundwater. We define each of them, discuss their importance, give evi-
dence for their presence, explain the physics governing their formation, and finally discuss
the locations on Mars where they are most likely to exist today.
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2.2.1 Undercooled Liquid Interfacial Water

ULI water refers to physisorbed water in a liquid-like state, at temperatures below the freez-
ing point. Physisorbed and chemisorbed waters refer to water with molecules attached to
another substance, that is sorption water. Physisorbed water does not involve chemical re-
actions on the surface of the substance to which the water molecules are attached, but
chemisorbed water does involve chemical reactions. ULI water can trigger chemical pro-
cesses such as OH-driven oxidation of organics and the covering of carbonates by sulfates
(Möhlmann 2005). This form of liquid water is relevant to habitability because microorgan-
isms could survive by utilizing adsorbed water (Rivkina et al. 2000).

Sorption water, either physisorbed or chemisorbed, has been detected at Mars’ low
and midlatitudes by the Neutron Spectrometer (NS) (Feldman et al. 2004) and the High-
Energy Neutron Detector (HEND) (Mitrofanov et al. 2004). Both instruments are part of the
Gamma-Ray Spectrometer onboard the 2001 Mars Odyssey spacecraft. The data collected
by these two instruments was used to estimate the water content am = MH2O/mdry of the top
1–2 m of the Martian regolith based on measurements of its hydrogen content, where MH2O

and mdry refer to the masses of water molecules and dry material. Since at these latitudes
liquid water and water ice are unstable (Mellon et al. 2004), besides brines, only sorption
water can account for the estimated soil water contents.

Van der Waals forces between mineral surfaces and water ice molecules cause a freezing
point depression that allows physisorbed water to be liquid-like at temperatures well below
273.16 K. This freezing point depression is caused by the sandwiching of a layer of ULI
water of thickness d , between the mineral surface and external layers of ice (Möhlmann
2008). The freezing point depression of this layer of water is

�T = ATm

6πρiceqd3
, (1)

where A is the Hamaker constant, ρice is the density of ice, Tm = 273.16 K is the freezing
temperature of bulk water, and q = 3.33 × 105 J kg−1 is the latent heat of freezing per unit
mass. For typical values of A = 10−19 J and ρice = 916.8 kg m−3 (Möhlmann 2011b), the
freezing point depression is 110 K for d = 0.35 nm. This thickness corresponds to that of
a single monolayer of physisorbed water, and lies within the range where Van der Waals
forces are most effective. Thus, liquid-like physisorbed water can be present at temperatures
as low as 163 K.

Next we demonstrate that part of the soil water content estimated from measurements by
HEND and NS correspond loosely to that of physisorbed water being exchanged diurnally
between the atmosphere and the surface. At low and midlatitudes, the measured water con-
tent is ∼2 % in a layer extending from the surface down to around 0.07–0.2 m below it, and
∼10 % in an underlying layer extending down to 1–2 m below the surface (Mitrofanov et al.
2004). The depth of the near surface layer corresponds to a soil column of 10–30 g/cm2

and density 1500 kg m−3, while the bottom of the underlying layer corresponds to the pen-
etration depth of the HEND and NS measurements. Next we show that water physisorbed
from the atmosphere can account for the amount of water estimated to be present in the
upper 0.07–0.2 m of the regolith, but could not account for the water estimated to be present
deeper in the soil. Assuming a typical atmospheric water content of 10 pr µm and a soil with
typical specific surface of SM = 5.4 × 104 m2 kg−1, the thickness of the wetted soil in di-
rect adsorptive diurnal exchange with the atmosphere would be of the order of a millimeter
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(Möhlmann 2004). The number of monolayers of physisorbed water that can form during a
diurnal cycle is then

n =
(

(A/6π)δ−3

(ρH2O/mH2O)kT | ln(aw)|
)1/3

, (2)

where δ = 3.5 × 10−10 m is the thickness of a monolayer of physisorbed water, ρH2O =
103 kg m−3 is the density of liquid water, mH2O = 3 × 10−26 kg is the mass of a wa-
ter molecule, and k = 1.38 × 10−23 m2 kg s−2 K−1 is the Boltzmann constant. Taking the
Hamaker constant to be A = 10−19 J, it follows from Eq. (2) that the maximum number of
monolayers that form at night, when the temperature is low and the relative humidity is high,
can be as large as n = 5 for typical nighttime conditions (T = 180 K and aw = 0.99). The
minimum number of monolayers that form during the day, when the temperature is high and
the humidity is low, can be as low as n = 1 for typical daytime conditions (T = 250 K and
aw = 0.15). Since the soil water content can be expressed as a function of the number of
monolayers as

am = SMρH2Onδ, (3)

calculations suggest that the possible range of monolayers can account for the am ∼ 2 %
measured in the top 0.07–0.2 m of the soil. In fact, it follows from Eq. (3) that one mono-
layer (n = 1) around the particles of the regolith accounts for am = 2 % of the soil water
content, while n = 5 accounts for am = 10 % of the soil water content. Thus, the 2 % value
estimated for the top regolith using HEND and NS measurements is consistent with the
values calculated assuming that the water is physisorbed.

However, Möhlmann (2005) shows that no more than two monolayers of water adsorbed
from the atmosphere can form at depths greater than 0.2 m in the current climate. Based
on Eq. (3), two monolayers fails to explain the soil water content value am ∼ 10 % in-
ferred from measurements at those depths. Therefore, liquid brines, or perhaps either ph-
ysisorbed or chemisorbed water formed in an ancient and wetter climate must account for
it. Möhlmann (2004) shows that physisorbed water, and in particular chemisorbed water,
has stronger bond energies than liquid water or ice, and could survive at those depths over
geological timescales. This supports the water sorption idea.

2.2.2 Subsurface Melt Water

Water ice can melt in the upper subsurface of snow/ice packs despite the surface being frozen
at temperatures below 273.16 K. This melting is caused by a solid-state greenhouse effect
(Kaufmann et al. 2006). Snow-ice packs are optically thin in the visible spectral band and
opaque in the thermal infrared band. Thus, incoming solar irradiance is efficiently trans-
mitted across the snow/ice surface and absorbed in their subsurface. The warming of the
subsurface caused by the absorption of solar radiation can be counteracted only by heat
conduction and by the slow sublimation of water molecules removed by diffusion. The re-
maining net energy can be used to melt water. At the surface, water is less likely to melt
because sublimation, the emission of IR radiation and convection also remove heat.

Subsurface melt water has not been detected unambiguously on Mars yet. However, as
explained in Sect. 3 there are speculations that flow-like features observed in the polar region
are caused by subsurface melt water (Möhlmann 2010).

The melting of ice in the subsurface is governed by the heat conduction equation

ρicecice

∂T (z, t)

∂t
− ∂

∂z

(
λice

∂T (z, t)

∂z

)
= −dE(z, t)

dz
, (4)
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where cice and λice are the heat capacity and thermal conductivity of water ice. The term on
the right is the heat source, and can be obtained from

E(z, t) = E0(1 − αice)e
−z/Labs , (5)

where E(z, t) is the solar irradiance reaching a depth z of a partially translucent layer of
snow or ice, Eo is the solar irradiance reaching the surface, αice is the surface albedo, and
Labs is the absorption depth (flux extinction depth). The cooling by sublimation balancing
the diffusion of water molecules is not included in Eq. (4) because this effect is inhibited by
the refreezing of water molecules at colder areas nearby (Grün et al. 1993). The latent heat
term has not been considered either, and thus the temperatures predicted by Eq. (4) are valid
only up to 273.16 K.

Two boundary conditions are necessary for solving Eq. (4). One plausible boundary con-
dition is to set the heat flow to zero at the bottom of the snow/ice layer being considered. The
other boundary condition is set at the surface. Assuming heat balance between the snow/ice
surface and the atmosphere, we get another plausible boundary condition

εσ
(
T0(t)

4 − T 4
sky

) + HZ(t) + AL − λice

∂T (z = 0, t)

∂z
= E0(1 − αice), (6)

where T0(t) is the surface temperature, ε is the IR-emissivity, σ = 5.67051 ×
10−8 W m−2 K−4 is the Boltzmann constant, Tsky is the IR-sky temperature, H = 8.4675 ×
10−20 J is the enthalpy of sublimation per water molecule and Z is the number of
sublimation-released water molecules into the atmosphere per square meter and per second.
Eq. (6) states that, at equilibrium, the solar heating is balanced by radiative, evaporative,
convective (AL) and conductive loses of energy. Hecht (2002) studies each term of Eq. (6)
in detail and shows that, unlike on Earth, on Mars atmospheric pressure is as important
as atmospheric temperature in determining the thermal balance at the surface-atmosphere
interface. He argues that because only a few molecules contribute to heat transfer between
the surface and the rarified air near the surface of Mars, evaporative cooling is much larger
than sensible heat and therefore is the largest of these two terms of the heat exchange with
the atmosphere.

Möhlmann (2010) shows via Eqs. (4), (5), and (6) that melt water can form in the shallow
subsurface. Specifically, he shows that subsurface temperatures can exceed the melting point
temperature at depths ranging from 5 to 10 cm when typical values ρice = 600 kg m−3,
cice = 1960 J kg−1 K−1, λice = 0.019–0.17 W m−1 K−1, αice = 0.2–0.8, Labs = 10 cm, ε =
0.96, Tsky = 130 K, AL = 20 W m−2, and Z given in Table 2 of Taylor et al. (2006) are
considered.

Having temperatures above the freezing point value is a necessary condition for ice
to melt. Additionally, specific energy large enough to balance the latent heat of fusion
(q = 3.335 × 105 J kg−1) must be supplied for the phase transition to occur. For melting
of a layer of water ice of height h, at a depth z, and in a time interval �t , subject to an
amount of insolation E(z, t) given by Eq. (5), the relationship ρiceqh = E0(1 − αice)�t

must be satisfied for ice to melt. The irradiance reaching the surface is typically around
E0 = 300 W m−2 at polar latitudes (−72◦) during spring (Ls = 210◦). Thus, under these
conditions, even in a bright surface of α = 0.8 a layer of liquid water of thickness of the
order of h = 1 mm can form in �t = 90 min, at z = 5 cm below the surface.

The preferred locations for subsurface water ice to melt are the polar regions because in
these regions surface ice and snow can be stable in the current climate (Mellon et al. 2004).
In the polar summer, melt water can persist close to the surface even at night (Möhlmann
2011b).
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2.2.3 Groundwater

Aquifers as shallow as ∼100 m below the surface might exist on Mars (Goldspiel and
Squyres 2011). Possible combinations of the typical geothermal heat flux with a thick, low-
conductivity and sufficiently permeable regolith, result in the melting of ice this shallow,
allowing the formation of aquifers (Mellon and Phillips 2001). This is extremely important
because aquifers could support biological activity (Gaidos 2001). Groundwater has not been
detected unambiguously on Mars yet, but rheological features such as gullies have been hy-
pothesized to form by the discharge of shallow aquifers (Malin and Edgett 2000). These
features and their possible formation mechanism are discussed in Sect. 3.

The formation of groundwater is described simply by the heat equation applied to the
subsurface, coupled with an equation describing the growth of ice in an aquifer, but orbitally
induced variations in the mean annual surface temperature are necessary to estimate the
discharge of groundwater onto the surface. These orbital variations can cause freeze/thaw
cycles in aquifers, eventually generating pressures high enough to fracture ice-cemented
ground and allow water to escape to the surface (Mellon and Phillips 2001).

The preferred location for groundwater to form is at midlatitudes in both hemispheres.
Surface temperatures are regularly higher (Forget et al. 1999) and ground ice is more preva-
lent at midlatitudes than near the equator (Heldmann et al. 2007). Groundwater formation
at these latitudes is a possible explanation for the larger occurrence of gullies between 32◦
and 48◦ S than at other latitudes. The presence of salts in the soil would relax the neces-
sary conditions for the formation of groundwater (Goldspiel and Squyres 2011), allowing
underground reservoirs of salty groundwater to form in larger portions of the planet.

2.2.4 Liquid Brines

Liquid brines are concentrated aqueous saline solutions. Salts in contact with water reduce
both the freezing point temperature and the saturation water vapor pressure. Salts absorb
water when exposed to moist air and form liquid aqueous solutions when the relative hu-
midity is above a threshold value known as the deliquescence relative humidity, DRH (e.g.,
Seinfeld and Pandis 2006). However, the solutions usually remain liquid until the relative
humidity falls below a much lower value known as the efflorescence relative humidity, ERH
(e.g., Seinfeld and Pandis 2006). Liquid brines can form at temperatures well below 273 K
and in extremely dry environments. For example the saturation vapor pressure at the triple
point of water is approximately 611 Pa, but the saturation pressure of liquid brines at 210 K
can be lower than 0.1–0.2 Pa, of the order of the partial pressure of water vapor on Mars
equatorial region (Haberle et al. 2012). The minimum temperature at which the brine of a
given salt can be liquid is known as the solution eutectic temperature Te , and the salt con-
centration at this temperature is known as the eutectic concentration χeut . As indicated in
Table 1, various brines that might exist on Mars have eutectic temperature lower than 210 K.

The idea that liquid brines exist on Mars is exciting because many microorganisms thrive
in terrestrial brines, particularly in brines found in subglacial environments (Mikucki et al.
2009). Rennó et al. (2009b) showed physical and thermodynamical evidence that liquid
brines exist at the Phoenix landing site. Material splashed on a strut of the Phoenix spacecraft
during its landing on Mars darkened, grew in proportion to their initial volume as predicted
by Raoult’s law, and the spheroid that grew most appears to have dripped off as predicted
by a stability analysis of droplets of liquid brines (Rennó et al. 2009b). The “smoking gun”
that at least one spheroid dripped off and therefore must have been liquid was the fact that
it darkened just before disappearing, suggesting complete liquefaction, and that growth was
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Table 1 Eutectic points of salts likely to be present on Mars (Möhlmann and Thomsen 2011). The eutectic
temperatures of these salts are exceeded at low and midlatitudes over the entire year, and at polar regions
during spring and summer. The threshold relative humidity DRH for these salts to deliquesce is theoretically
reached on the surface only poleward of ±60◦ and during the spring (Möhlmann 2011a), when the water
vapor content of the Martian atmosphere peaks (Smith 2004)

Salt Te (K) DRH (%) χeut (wt%)

H3PO4 203 41 60

LiCl 206 48 24

Mg(ClO4)2 206 53 44

KOH 210 50 32

AlCl3 214 53 25

ZnCl2 221 58 52

CaCl2 226 60 30

NiCl2 230 64 30

NaClO4 236 52 68

subsequently suppressed only on its original location, suggesting that salts splashed there
during landing were removed (Rennó et al. 2009b).

In addition to the evidence for liquid brines in areas disturbed by the Phoenix lander,
Rennó et al. (2009b) showed evidence that soft ice found in trenches excavated by the
Phoenix’s robotic arm was frozen brine. This is significant because it suggests that liquid
brines may also exist in undisturbed areas of Mars. The idea that Phoenix found liquid brines
is supported by the detection of perchlorate salts (in particular, Mg(ClO4)2 and NaClO4) at
its landing site (Hecht et al. 2009). These salts have eutectic temperatures between about
205 K and 235 K and deliquesce at the environmental conditions of the Phoenix landing site
(Chevrier et al. 2009; Zorzano et al. 2009).

There is no question that theoretically liquid brines can form at the surface and in the
shallow and deep subsurface of Mars, even in the present climate. Indeed, liquid brines can
form by deliquescence at the surface and in the shallow subsurface (≤1 m). At the shallow
subsurface it can also form by direct contact of salts with physisorbed water and melt water.
In the deep subsurface (≥100 m) it can form by direct contact of salts with aquifers.

The phase diagrams of aqueous solutions are usually constructed by plotting temperature
as a function of salt concentration, or temperature as a function of relative humidity (RH).
The two versions are equivalent because the salt concentration depends on both the tempera-
ture and the water vapor partial pressure, and therefore the relative humidity. As an example,
Fig. 2 shows the phase diagram of Mg(ClO4)2, a salt found in large quantities at the Phoenix
landing site. It is shown that salts deliquesce when the RH exceeds the deliquescence rela-
tive humidity (DRH). However, the reverse process (efflorescence, crystallization of a salt
solution), generally occurs at lower relative humidity (open circles in Fig. 2). Thus, phase
diagrams show a hysteresis effect, which relaxes the conditions for brines to exist, and thus
extends their “lifetime” in the liquid state. Gough et al. (2011) showed experimentally that,
under the environmental conditions of the Phoenix landing site, Mg(ClO4)2 brines could
have formed on the strut of the Phoenix lander.

Polar latitudes are the preferred locations for liquid brines to form, although they might
also form in low and midlatitudes. Three conditions must be met for liquid brines to form:
(i) the presence of salts, (ii) temperatures above Te , and (iii) relative humidity above the deli-
quescence value RH > DRH. The presence of liquid water—either physisorbed, melt water,
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Fig. 2 Phase diagram of Mg(ClO4)2 as a function of temperature and relative humidity. The solid curves
are based on theoretical calculations, while the symbols represent values determined experimentally. The
eutectic point is at 206 K and 44 wt%. The gray curve indicates the transition between the pentahydrate and
hexahydrate hydration states. The deliquescence relative humidity (closed circles) increases with decreases
in temperature from 42 % at 273 K to 54 % at 223 K. However, the efflorescence relative humidity (open
circles) is constant at around ∼19.3 % and therefore is independent of temperature. Gough et al. (2011) show
that, based on the diagrams above and our knowledge of the environmental conditions at the Phoenix landing
site, the droplets shown in Fig. 3 are likely brines of Mg(ClO4)2. The red lines represent the variations of
temperature and relative humidity during a diurnal cycle at the Viking 1 landing site. From Gough et al.
(2011). Reprinted with permission from Elsevier

or groundwater—can provide moisture to cause the humidity to increase above the deliques-
cence value at the surface and in the subsurface in salt particles near them or in direct con-
tact with them. We show next that the three conditions for the formation of brines described
above are most likely to be met simultaneously at Mars polar regions. First, perchlorates,
chlorides, sulfates, and carbonates have been detected scattered around many areas of Mars,
extending from the polar to the equatorial regions (Möhlmann and Thomsen 2011). Second,
the eutectic temperatures of many salts involving these substances and likely to be present
on Mars (see Table 1) are exceeded at low and midlatitudes over the entire year, and at polar
latitudes during spring and summer. Third, the threshold DRH for the salts listed in Table 1
to deliquesce is theoretically reached on the surface only poleward of ±60◦ and only dur-
ing the spring (Möhlmann 2011a), when the water vapor content of the Martian atmosphere
peaks (Smith 2004). The water vapor content is the most limiting factor, and this explains
why the north and south polar regions are the most favorable for the formation of brines
at the surface. However, ULI water and groundwater could form in the subsurface at low
and midlatitudes. The direct contact of ULI water and groundwater with salts could provide
the moisture to cause the humidity increase above the DRH value even in midlatitude and
equatorial regions.

3 Observational Evidence for Liquid Brines on Mars

In this section, we show evidence that liquid brines currently exist temporarily on the surface
and in the subsurface of Mars. As discussed in previous sections, for water substance to exist
as liquid on the surface and in the subsurface of Mars in the current climate, it must be in the
form of ULI water, melt water, liquid brines or groundwater. Landforms suggesting water
activity in the distant past such as fluid-eroded channels, valleys networks, or glacial and
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Table 2 List of possible wet features observed on Mars north and south polar regions. DDS stands for dune
dark spots and FLF for flow-like features

Spheroids & Soft ice DDS & FLF

Latitude 68.22◦ N (Phoenix
landing site)

≥54◦ S
≥77◦ N

Formation time Late Spring Late Winter (Spring growth)

Terrain Polar plains Polar dunes

Orientation – No pattern

“Wet” mechanism Brines grown by
deliquescence

– Liquid Brines
– ULI water
– Subsurface melt water

“Dry” mechanism Contamination products Sand and CO2 ice cascading

Table 3 Same as Table 2, but in low and midlatitudes. RSL stands for recurring slope lineae

Gullies RSL Slope streaks

Latitude Scattered (Mostly at 30◦–
45◦ S)

32◦– 48◦ S ≤40◦ (Both hemispheres)

Formation time Winter (Not certain) Spring No pattern

Terrain No pattern – Dark regions
– Moderate thermal inertia
– Low dust index

– High albedo
– Low thermal inertia
– High dust index

Orientation No pattern Equator-facing slopes No pattern

“Wet” mechanism – Near-surface ice melting
– Snowpacks melting
– Groundwater discharge

Briny flows from:
– Groundwater discharge
– Deliquescence

Chloride and perchlorate
brines flow

“Dry” mechanism – Lubricated CO2 gas
– Granular frosted CO2
– Eolian material
(dust&silt)

Not given Dust avalanches

periglacial surface features, are not reviewed in this article. The reader is referred to Masson
et al. (2001) for an excellent review of this subject.

The various wet-like features observed on Mars can be classified based on the latitude
zones in which they form. We refer to the spheroids observed on a strut of the Phoenix
lander, the soft ice found in trenches dug by Phoenix, and the dark spots and the flow-like
features (FLF) observed in polar dunes as brine-like features occurring in the polar region
(Table 2). Gullies, Recurring Slope Lineae (RSL), and slope streaks occurring in low and
midlatitudes complete the set of possible wet features observed on Mars (Table 3).

Next we describe the features summarized above, study their formation, and discuss the
“wet” and “dry” mechanisms that have been proposed to explain them.

3.1 Polar Regions

3.1.1 Spheroids and Soft Ice at the Phoenix Landing Site

Rennó et al. (2009b) showed observational and theoretical evidence for liquid brines both
in disturbed and in undisturbed areas at the Phoenix landing site. The impingement of the
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Fig. 3 Phoenix Robotic Arm Camera (Keller et al. 2008) images of a strut on Sols 8, 31, and 44. The
“smoking gun” that spheroids like that encircled in red must have been liquid, is the fact that they grew in
proportion to their initial volume as predict by Raoult’s Law, that they darkened just before disappearing
(likely dripping off as predicted by stability analysis), and that growth was subsequently suppressed only
over the material that appear to have dripped off, carrying the deliquescent salts with them. The thinner part
of the strut is 3.05 cm in diameter. From Rennó et al. (2009b). Reproduced by permission of the American
Geophysical Union

Phoenix thruster plumes on the surface of Mars removed topsoil (Mehta et al. 2011), and
splashed soil mixed with melted ice into struts of its leg. Some of the material splashed
adhered to the struts. There is evidence that the material splashed on the struts grew by
deliquescence as predicted by Raoult’s law and formed spheroids, as shown in Fig. 3. In
undisturbed areas, soft water ice was found in a trench and removed without effort (Fig. 4).
This is expected from a soft frozen brine but not from pure water ice (Rennó et al. 2009a).
Mellon et al. (2009) suggested that the soft ice found in this trench could be soft because
it was a low density pure water ice. However, this pure water ice would not leave whitish
material behind after sublimating as observed in the Phoenix trench. Rennó et al. (2009b)
suggested that the white material was salt crystals left behind after the sublimation of the
brine. The discovery of perchlorate salts at the Phoenix landing site (Hecht et al. 2009)
support the idea that brines were present in both disturbed and undisturbed areas.

Rennó et al. (2009b) reported multiple physical and thermodynamical evidence that the
spheroids that formed on struts of the Phoenix landing leg were liquid brines that grew via
deliquescence. The physical evidence that they were liquid brines is that spheroids grew in
proportion to their initial volume, dripped, and merged, as shown in Fig. 3. Darkening is ex-
pectable from liquefaction (Perovich 1994) because liquid water scatters less light than ice.
The thermodynamic evidence that the spheroids grew by deliquescence is the fact that their
temperature was above the eutectic temperature of salts discovered by Phoenix (Möhlmann
and Thomsen 2011), the atmospheric humidity was above the deliquescence relative hu-
midity value for some of these salts (Möhlmann 2011a), and that the spheroids disappeared
toward the end of the mission when the temperature decreased below the eutectic value,
probably causing them to freeze and sublimate. Finally, laboratory experiments with per-
chlorate salts under the environmental conditions of the Phoenix landing site support the idea
that perchlorate salts grow by deliquescence there (Gough et al. 2011; Chevrier et al. 2009;
Zorzano et al. 2009).

Alternative explanations for the formation of the Phoenix spheroids are that they were
either ice particles nucleated by the dark material splashed on the strut, or that they grew by
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Fig. 4 Image of the first trench
dug by the Phoenix robotic arm
taken by the Surface Stereo
Imager (SSI) on Sol 19. Ice was
exposed and removed with little
effort, suggesting that it was
either saline ice or layered ice
formed in the presence of brines
(much softer than freshwater ice).
Ice exposed in a second trench
was extremely hard and could be
removed only with great effort
and the use of a special drill,
suggesting that it was not soft
frozen brine. From Rennó et al.
(2009b). Reproduced by
permission of American
Geophysical Union

deliquescence, but on contamination products of the thruster engines. Rennó et al. (2009b)
show that these are unlikely explanations.

3.1.2 Dune Dark Spots and Flow-like Features

Dark spots are distinctly dark albedo features that form on polar dunes, both in the south-
ern and northern hemisphere. FLF emanate from some dark spots located on dune ridges
and flow downward. Both dark spots and FLF form in late winter, before the CO2 ice cover
sublimates. The widely accepted mechanism for the formation of dark spots and FLF is
“gas venting” from the shallow subsurface (Kieffer 2007). This mechanism does not involve
liquid water of any type. The proposed mechanism hypothesizes that solar radiation is effi-
ciently transmitted through the translucent CO2 ice layer (Hansen 1999), and is absorbed at
the soil-ice interface. Then, the CO2 ice sublimates creating high pressure pockets of CO2

gas at the interface of the ice layer with the dusty soil. Eventually the pressure becomes
sufficiently high to break the ice layer and eject CO2 gas and loose material into the Martian
air.

There is mounting evidence that while dark spots and FLF form by “dry” gas venting,
liquid brines form temporarily on them. Next we describe dark spots and FLF in both the
north and south polar regions, explain the proposed “wet” mechanisms associated with their
temporal evolution, and describe the alternative “dry” explanations for their temporal evo-
lution.

South Polar Region Two types of dark spots have been observed on southern polar
(|φ| > 54◦) dunes: large dark spots, typically >20 m in diameter, which form on flat surfaces
between dunes, and smaller dark spots that form on dune ridges (Kereszturi et al. 2011). FLF
2–10 m wide may emanate downward on 5◦–20◦ steep slopes from the smaller dark spots.

Martinez et al. (2012) give thermodynamical evidence for the formation of liquid brine
on large dark spots (Fig. 5). They present a comprehensive methodology to remove atmo-
spheric effects from High Resolution Imaging Science Experiment (HiRISE) data in order



42 G.M. Martínez, N.O. Renno

Fig. 5 Sequence of color HiRISE images PSP-002397-1080, PSP-002885-1080, PSP-003175-1080,
PSP-003742-1080, PSP-003953-1080, PSP-005298-1080 of Richardson Crater (72.4◦ S, 179.6◦ E) taken
at solar longitudes of 175.2◦ , 197◦ , 210.6◦ , 238.1◦ , 248.5◦ , and 313◦ . The first image shows the formation
of a large dark spot. The formation process is consistent with the ejection of CO2 gas and accompanying
granular material up to a distance of about 50 m, as predicted by the gas venting model (Kieffer 2007). Mar-
tinez et al. (2012) give thermodynamical evidence that after dark spots form, liquid brine forms on the dark
material ejected by them once the solar longitudes reach the range 197◦–210.6◦ (second, third, and fourth
figures)

to calculate the albedo of the Martian surface. They use this methodology to study the time
evolution of the surface albedo of large dark spots. They hypothesize that an unexpected de-
crease and subsequent increase in albedo while the surface temperature rises continuously
is caused by brine formation and their subsequent freezing. Alternative explanations involv-
ing dry processes, such as a second ejection of dark material or dust deposition, could also
cause the observed behavior. However, Martinez et al. (2012) show that these explanations
are unlikely.

Kereszturi et al. (2009) suggest that ULI water may cause the growth of FLF shown in
Fig. 6. Supporting this idea, Möhlmann and Kereszturi (2010) argue that ULI water accu-
mulates at the bottom of a translucent water-ice layer on top of a dark surface, and drive
FLF downward. They suggest that the formation of brines must follow from the presence
of ULI water in contact with salt particles and develop a numerical model to calculate the
growth of FLF. They show that growth at rates as large as 1.4 m/sol are consistent with the
flow of liquid brines at the soil below an ice layer at the surface. Möhlmann (2010) suggests
that subsurface melt water could also explain the growth of FLF. He develops a model to
calculate the subsurface temperature below a layer of water ice/snow, and shows that the
subsurface temperature can exceed 273.16 K.

North Polar Region Dune dark spots can also be found in areas poleward of 77◦ N. Large
dark spots, typically 4–25 m in diameter, form near the top of steep slopes, and smaller dark
spots ≤4 m in diameter, form on the top of dunes and on the flat surfaces between dunes
(Kereszturi et al. 2010). FLF about 25–100 m long and 2–10 m wide emanate from steep
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Fig. 6 Sequence of HiRISE images PSP-003175-1078, 003386-1080, 003597-1080, 003742-1080, and
003953-1080 of Richardson Crater (72.4◦ S, 179.6◦ E) taken at solar longitudes of 210.6◦ , 220.7◦ , 230.9◦ ,
238.1◦ , and 248.5◦ . These images show the evolution of flow-like features on slopes tilted toward the upper
right corner of the images. ULI water, brines, and subsurface melt water, acting alone or together, could be re-
sponsible for the growth of these features. From Möhlmann and Kereszturi (2010). Reprinted with permission
from Elsevier

Fig. 7 Sequence of HiRISE images PSP-007468-2575, 007758-2575 and 007903-2575 of northern polar
dunes (77.5◦ N, 300.1◦ E) taken at solar longitudes of 38.6◦ , 48.7◦, and 63.0◦ . They show the growth of
flow-like features as the season progresses from spring toward summer. The time interval between the images
is 22 and 12 Sols. Arrows indicate flow-like features that grow at a rate of about 5 m/day (60 m in 12 Sols).
From Kereszturi et al. (2010). Reprinted with permission from Elsevier

slopes containing large dark spots. The length of FLF grows from spring to summer, on
average at rates between 0.3 and 7 m/day (Fig. 7).

Kereszturi et al. (2010) suggest that FLF are the result of ephemeral water migration in
the form of ULI water and liquid brines. Möhlmann (2010) argues that subsurface melt water
could also explain the growth of FLF, since in this case liquid brines from salts in contact
with subsurface water could also form. As an alternative “dry” mechanism, Hansen et al.
(2011) suggest that sand and CO2 ice cascading down the slipfaces of sand dunes produce
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FLF such as those shown in Fig. 7. They argue that brines cannot form under the low surface
temperatures (∼180 K) measured by TES and THEMIS at the time of the year that FLF are
observed. We show next that the formation of brines can indeed be reconciled with these
low surface temperatures.

Reconciling Brine Formation with Low Temperatures Martinez et al. (2012) show that the
formation of brines is consistent with the low temperatures measured by TES and THEMIS
when they form (≤180 K), if the spatial resolution and optical properties of the translucent
CO2 ice layer are considered. The resolution of TES is much coarser than the dimensions
of the dark spots and FLF. In addition, TES and THEMIS measurements of the surface tem-
perature are in the thermal infrared band, where CO2 ice is opaque. Since the fractional area
covered by dark spots and FLF (composed of dark material above the CO2 ice layer), is
much smaller than that covered by CO2 ice in TES and THEMIS pixels, they predominantly
measure the low brightness temperature associated with the CO2 ice layer, not the temper-
ature of the dark spots and FLF. As postulated by the gas venting model, shortwave solar
radiation can efficiently penetrate the translucent CO2 ice layer. Thus, both the underlying
surface and the dark ejecta can reach temperatures much higher than those measured by TES
and THEMIS (Martinez et al. 2012). Also, subsurface melt water and ULI water can form
in the shallow subsurface at temperatures as low as 180 K (see Sect. 2). Salts in contact with
these types of liquid water could form liquid brines, and thus help explain the evolution of
dune dark spots and FLF.

3.2 Low and Midlatitudes

3.2.1 Gullies

Gullies are complex structures that encompass headward alcoves, distal aprons, and the
channels that connect them (Malin and Edgett 2000) (Fig. 8). Typically, gully channels are
1–2 km long, while alcoves are about 100 m wide. The heads of the gully alcoves usually
lie within the upper one-third of the slope into which the gully is eroded, and have depths of
less than 200 m from the overlying ridge.

Gullies are found scattered across nearly the entire surface of Mars, although they pre-
dominantly form in the southern hemisphere at latitudes ≥27◦ on south-facing 20◦–30◦

steep slopes (Malin et al. 2006). Gullies form on any type of terrain, on terrains of any age,
and can occur on slopes of any orientation (Treiman 2003). Gullies appear to form during
the winter (Dundas et al. 2010), but this is not certain.

The rationale for liquid water to be responsible for the formation of gullies lies in their
geomorphic expressions (Malin et al. 2006; Malin and Edgett 2000). Their geomorphology
suggests movement of a fluid with properties similar to that of liquid water produced by:
(i) melting of near surface ground ice (Costard et al. 2002), (ii) melting of snowpacks at
high obliquities (Christensen 2003; Williams et al. 2009), or (iii) groundwater, possibly
hosting liquid brines, released from aquifers (Mellon and Phillips 2001; Hartmann 2001;
Gaidos 2001).

Three widely accepted alternative dry mechanisms have been proposed to explain the
formation of gullies: (i) flow of dry material lubricated by gas released during sublimation
of CO2 ice (Hoffman 2002), (ii) flow of CO2 ice triggered by rock falls (Hugenholtz 2008;
Dundas et al. 2010), and (iii) dry flows of dust and silt deposited by eolian processes, similar
to climax snow avalanches on Earth (Treiman 2003).
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Fig. 8 Subframe of Mars Orbiter
Camera image M03-00537 of an
area around 54.8◦ S, 342.5◦ W. It
shows the landforms that
comprise the Martian gullies. The
three main geomorphic elements
of these features are a theater
shaped alcove, triangular aprons
that broaden downslope, and one
or more major or secondary
channels that connect the alcove
to the distal apron. From Malin
and Edgett (2000). Reprinted
with permission from AAAS

Heldmann et al. (2007) provide a comprehensive review of the strengths and weaknesses
of each mechanism proposed to explain the formation of gullies. They suggest that ground-
water seepage from deep aquifers is the most likely explanation (Goldspiel and Squyres
2011).

3.2.2 Recurring Slope Lineae

RSL are distinct albedo features up to ∼40 % darker than their surroundings (McEwen
et al. 2011). They form at low and midlatitudes, typically between 32◦ S and 48◦ S, on
25◦–40◦ steep equator-facing slopes. RSL form on dark regions with low dust index and with
moderate thermal inertia. They are 0.5 to 5 m wide and can be hundreds of meters long, as
shown in Fig. 9. These features are recurrent, forming and growing in late southern spring
and summer when peak surface temperatures are between 250 and 300 K, and vanishing
during the colder seasons. The growth rate of RSL is as high as 20 m/day.

McEwen et al. (2011) suggest that brine flows likely cause the formation of RSL. Surface
temperatures in the range 250–300 K when RSL form, allow the formation of brines of a
variety of salts (see Table 1) via deliquescence if the humidity is high enough to prevent
evaporation, or via direct contact with ULI water or groundwater if they are present in the
shallow subsurface (melt water is unlikely to form there). Since at these latitudes the relative
humidity is unlikely to exceed the DRH values of likely salts candidates (Möhlmann 2011a),
brine seep flows either from ULI water or groundwater are the most plausible “wet” explana-
tion for the formation of RSL. In the presence of salts, groundwater discharge requires only
modest amounts of water and does not require geothermal heating at the latitudes where
RSL form (Goldspiel and Squyres 2011).

MRO’s Compact Reconnaissance Imaging Spectrometer (CRISM) (Murchie et al. 2007)
has not identified specific absorption features expected from liquid water in RSL. However,
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Fig. 9 Impact crater in Newton Basin at 41.6◦ S, 202.3◦ E. Sequence of HiRISE images PSP-005943-1380
(A–B), ESP-011428-1380 (C), ESP-021911-1380 (D), ESP-022267-1380 (E) taken at solar longitudes of
341◦ MY 28, 184◦ MY 29, 265◦ MY 30, and 282◦ MY 30. (A) Full HiRISE PSP-005943-1380 image with
arrows pointing toward concentrations of RSL, and black box displaying orthorectified images showing RSL
(dark lines) in the late summer of MY 28 (B), RSL faded by early spring of the MY 29 (C), then RSL
gradually darkening while forming again in the spring (D) and summer (E) of MY 30. From McEwen et al.
(2011). Reprinted with permission from AAAS

RSL dimensions are below the CRISM resolution (18 m/pixel), and the perchlorates and
chlorides expected in various brines on Mars lack distinctive absorption features (Osterloo
et al. 2008; Hecht et al. 2009). Alternative dry mechanisms capable of explaining RSL have
not been discussed in the literature yet. However, their formation on steep slopes subject
to soil avalanches and the high humidity values necessary to prevent brine evaporation at
250–300 K is a concern.

3.2.3 Slope Streaks

Slope streaks are low latitude features that predominantly have albedo darker than that of
their surroundings, typically with a difference of up to 10 % (Kreslavsky and Head 2009).
They elongate along topographic gradients as steep as 7◦–25◦ of any orientation, and present
sharp edges (see Fig. 10). The areas on which slope streaks form typically have low thermal
inertia, high albedo, and the spectral signature of fine dust. Slope streaks are as long as
∼1000 m and as wide as ∼100 m, while the smallest slope streaks can be meter-scale. The
formation of slope streaks is highly inhomogeneous, both in time and in space (King et al.
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Fig. 10 Subframe of MOC
image M04-02746 taken at
Ls = 193.23◦ showing four
prominent dark slope streaks on
slope terrain at 20.90◦ N,
329.74◦ W. These four dark
slope streaks show some
characteristics typical of these
features, like sharp margins
showing no relief, digitate
downslope ends, albedo darker
than that of their surroundings,
and variation of overall albedo
between individual features.
From Sullivan et al. (2001).
Reproduced by permission of
American Geophysical Union

2010). Their fading timescale is as long as decades, and according to CRISM data they show
no evidence of hydration.

Kreslavsky and Head (2009) hypothesize that the flow of chloride brines could explain
the formation of slope streaks. Chloride and perchlorate brines could form in the upper
subsurface during the warm seasons. These brines would percolate downward to depths of
decimeters, refreeze, and produce an impermeable layer. Eventually, a run-away percola-
tion front would form on an impermeable layer causing the observed flow. Groundwater
discharge has been proposed as an alternative explanation for these features (Ferris et al.
2002).

The most widely accepted explanations for slope streaks involve dry mechanisms. Sul-
livan et al. (2001) suggest that slope streaks are scars from dust avalanches following over-
stepping of air fall deposits. King et al. (2010) support this idea by pointing at the lack of
seasonality in the formation of slope streaks.

4 Implications for MSL

The MSL rover Curiosity landed on Gale Crater, at 4.5◦ S and 137.4◦ E and at an elevation
of −4500 m (Grotzinger et al. 2012). The surface pressure at the landing site is around
7–8 hPa and a thin layer of frost is expected to form early in the morning, at least during the
cold seasons (Haberle et al. 2012). Gale Crater was chosen as a landing site for Curiosity
because of its habitability potential. In particular, there is evidence that Gale Crater has
salts such as sulfates, had water activity in the past, and have clays (Pelkey et al. 2004;
Milliken et al. 2010).

The MSL Curiosity Rover is equipped with optical and analytical instruments (Grotzinger
et al. 2012) capable of detecting water and brines in Gale Crater. The DAN instrument is
capable of detecting hydrogen which may indicate the presence of water free or bound to
minerals (Mitrofanov et al. 2012). The detection of high hydrogen content might suggest the
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existence of water ice or brines in the shallow subsurface. If evidence for brines is found,
they could be investigated in detail with analytical instruments such as SAM (Mahaffy et al.
2012), ChemCam (Maurice et al. 2012), CheMin (Blake et al. 2012), APXS (Campbell et al.
2012), as well as with cameras such as MAHLI (Edgett et al. 2012), MastCam and ECAM
(Maki et al. 2012). SAM is capable of measuring the amount and composition of volatiles
released by a small soil sample as a function of temperature as the sample is heated. There-
fore, SAM can provide evidence for the existence of brines in Gale Crater by detecting
volatiles and phase transitions.

The discovery of either liquid water or liquid brines would be important because they
have significant implications for geochemistry, glaciology, mineralogy, weathering and hab-
itability. Since liquid water is essential for life as we know it, the possible discovery of liquid
brines would be extremely important for our understanding of the habitability of Mars. In-
deed, many microorganisms thrive in terrestrial brines in favorable ranges of water activity,
and in particular in brines found in subglacial environments (Mikucki et al. 2009).
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