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Water is a requirement for life as we know it'. Indirect
evidence of transient liquid water has been observed from
orbiter on equatorial Mars?, in contrast with expectations
from large-scale climate models. The presence of perchlorate
salts, which have been detected at Gale crater on equatorial
Mars by the Curiosity rover®#, lowers the freezing temperature
of water®. Moreover, perchlorates can form stable hydrated
compounds and liquid solutions by absorbing atmospheric
water vapour through deliquescence®’. Here we analyse
relative humidity, air temperature and ground temperature
data from the Curiosity rover at Gale crater and find that the
observations support the formation of night-time transient
liquid brines in the uppermost 5cm of the subsurface that
then evaporate after sunrise. We also find that changes in
the hydration state of salts within the uppermost 15cm of
the subsurface, as measured by Curiosity, are consistent with
an active exchange of water at the atmosphere-soil interface.
However, the water activity and temperature are probably
too low to support terrestrial organisms®. Perchlorates are
widespread on the surface of Mars® and we expect that
liquid brines are abundant beyond equatorial regions where
atmospheric humidity is higher and temperatures are lower.
At the appropriate range of relative humidity and temperature,
perchlorates (ClO,~) deliquesce into the aqueous phase creating
brines (that is, solutions of salt in water) that are stable in the liquid
state. Deliquescence®” occurs when, simultaneously, the ambient
relative humidity (RH) is above the deliquescent relative humidity
(DRH) of the deliquescent salt and the ambient temperature (T')
is above the eutectic temperature (T.) of the resulting solution.
The stability of transient aqueous salt solutions on Mars was first
postulated in the 1960s', and has been inferred from indirect
observations at polar and near-polar regions”''. The present-day
activity of equatorial recurring slope lineae has been attributed to
seasonal flow of brines® (Supplementary Fig. 1). Nevertheless, on
the basis of the large-scale predictions of global circulation models
(GCMs) and the remote-sensing large-scale observation of RH and
T, it is believed that deliquescence conditions could be theoretically
reached on the surface of Mars only poleward of £60° and only
during the northern spring'"'? (when the water vapour content of
the martian atmosphere peaks'). Transiently stable liquid water in
the form of brines was unexpected at an equatorial region'' such as
Gale (4.6° S, 137.4° E, at 4.5 km below the datum), where the Mars

Science Laboratory (MSL) landed and has been operating since
6 August 2012.

However, here we show that the RH, air temperature (T,)
and ground temperature (T,) observations at Gale by the Rover
Environmental Monitoring Station'* (REMS) on the Curiosity rover
at the MSL mission'® are compatible with the presence of liquid
brines during night time due to the increased RH associated with
night-time lower ambient temperatures. Figure 1a shows the diurnal
variation of the ground relative humidity and temperature (RH, and
T,) for the sols (Martian days) corresponding to the beginning of
each season: Ls =90 (winter), 180 (spring), 270 (summer) and 360
(autumn). When one full martian year is analysed and compared
with the phase diagram of Ca-perchlorate, the diurnal variation
crosses at night time the boundary of liquid stability (REMS
corresponding measurement data set shown in cyan) allowing for
transient liquid stability at the ground surface (see Fig. 1b, and
the diurnal cycle in Supplementary Figs 2 and 3). As shown in
Supplementary Fig. 4, the local diurnal cycle also allows for transient
liquid water stability in the uppermost 5cm of the subsurface
at night time during the full winter season. These conditions
allowing for transient liquid water are not compatible with the
known requirements for replication and metabolism of terrestrial
microorganisms®; see Fig. 1b, where the phase diagram of Ca-
perchlorate® is compared with the evolution of the (night time)
minimum T, and maximum RH, (expressed as water activity (a.w.),
which in equilibrium with the atmosphere is equal to the RH divided
by 100). The diurnal maximum and minimum ground surface
temperatures (T,"" and T,™") measured by REMS throughout the
mission and the diurnal range of modelled subsurface temperatures
at a depth of 15cm (T_;5.,) are shown in Fig. 2a. A fully coupled
heat and mass transfer model assuming a constant thermal inertia
has been used to estimate the diurnal subsurface temperature profile
and water activity'®, based on REMS data. In parallel, a simplified
subsurface model has been used to derive the mean diurnal
T_i5em (as extrapolation of the measured diurnal ground surface
temperatures) accounting for the site-to-site variation of thermal
inertia. At a depth of 15 cm and throughout all of the year and at all
of the sites visited by Curiosity, the subsurface temperature (T_;5,)
is below the known temperature requirements for replication and
metabolism of terrestrial microbial life forms (Fig. 2a).

Although the Phoenix lander provided data for late spring and
early to mid summer'”'®, REMS measured for the first time the RH
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Figure 1| Ground relative humidity, water activity and temperature at
Gale crater and aqueous Ca(ClO4); stability conditions. a, Measured
diurnal variation of RHg and Ty at Ls =90 (inset, LMST is indicated in
colour scale), compared with a GCM simulation at 5m (cyan curves in
inset), and Ls =180, 270 and 360 measurements. Error bars indicate either
instrument error or derived magnitude error (see Supplementary
Information). b, Phase diagram of Ca-perchlorate indicating the conditions
where liquid brines, -8H,0, -4H,0 and dehydrated (close to a.w. = 0 axis)
states are formed. Annual measured variation of daily a.w.;™* (and Tgmi”;
Ls is indicated in colour coding) and measured environmental conditions
that match stability liquid conditions (dots in cyan) are shown. The dotted
red line indicates the transition between different hydration states.

near the surface (1.6 m above the surface) for a full martian year,
providing for the first time in situ characterization of the full diurnal
(Supplementary Fig. 2 and Fig. 1a) and seasonal (Figs 1b and 2b
and Supplementary Fig. 5) cycles of water on the martian surface®.
The Curiosity rover of the MSL mission landed at 15:03 local mean
solar time (LMST) on Mars (6 August 2012, 05:18 UTC spacecraft
event time), at the end of the local winter (Ls = 150.7), and after 2
Earth years of operation a new winter season has started at Gale.
Figure 1la shows a repetitive diurnal cadence in RH and T, and
Supplementary Fig. 5 shows its evolution through seasons. It is in
agreement with past mission models'' and with the profile expected
by GCM simulations for the lowest boundary-layer height of the
models (at 5m; ref. 20; see Fig. 1a inset). On a seasonal scale, these
curves vary according to the planetary circulation of atmospheric
water vapour with minimum RH in summer and maxima in winter
(Supplementary Fig. 5). The sudden local water volume mixing
ratio (VMR) decrement when the rover crosses a sand-covered area
indicates a variation in the amount of water in the near surface that
depends on the properties of the soil (see Fig. 2b).

Below 15 cm, the subsurface conditions are compatible with the
existence of permanently hydrated perchlorates (Fig. 3a), which,
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Figure 2 | Surface and subsurface temperatures, night-time H,O VMR and
air temperature. a, During a few hours every day, the surface is above the
thermal threshold for microbial replication; however, at these hours the RHg
(and a.w.g) is 0. T_15¢m is so low that it goes below the threshold of
replication and even of metabolism of known terrestrial microorganisms®.
Tl, thermal inertia. b, The sudden increase in H,O VMR as the rover leaves
the sand areas, shaded in grey, is consistent with the existence of a local
exchange of H,O between the soil and atmosphere. Dashed lines indicate
the transition between seasons.

owing to the low mean temperatures and the small diurnal and
seasonal variations, are stable throughout the day and during all of
the seasons at Gale crater. An analysis of the time stamp (in LMST
and Ls) of the coexisting (T, RH) conditions that match the liquid
state of Ca-perchlorate, at the surface (0 cm) and at 5 cm below the
surface (—5cm) respectively, indicates that liquid Ca-perchlorate
brines are stable in the uppermost 5 cm during winter from sunset to
sunrise and during the rest of the year for shorter windows of time,
showing the expected Ls-time dependences (Fig. 3b). The upper
layers of the regolith show such a large diurnal and seasonal thermal
variation (and correspondingly a large RH variation) that the a.w.
and T conditions cross several boundaries of Ca-perchlorate hydra-
tion states allowing for an active soil-atmosphere water exchange
process on diurnal and seasonal timescales. Supplementary Fig. 6
shows that the daytime conditions are so dry at the uppermost
centimetre of the subsurface that perchlorates and other salts or
hydrated phases within these depths shall lose the water absorbed
at night time. We therefore expect the upper layer of the ground to
be drier in the daytime than the perennially hydrated lower layer.
Measurements from the Dynamic Albedo of Neutrons* (DAN),
an independent instrument on Curiosity, are consistent with a local
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Figure 3 | Perennial hydration of subsurface Ca-perchlorate as -4H,0
(and -5H;0 for Mg-perchlorate, not shown), and moments of liquid
surface stability. a, Diurnally averaged mean a.w._15¢m (assuming
equilibrium) and T_15¢m during the first martian year of the MSL

mission superimposed on the phase diagram of Ca-perchlorate. Red and
green dotted lines indicate the transition between different hydration
states. b, Ls and LMST intervals when the surface environmental conditions
permit the existence of Ca-perchlorate brines within the uppermost 5 cm of
the subsurface. The points are (RH, T) values matching the conditions for
the formation of liquid Ca-perchlorate at the ground and —5cm. The
sunrise and sunset times are included in red. The black line frames the
period of time when liquid water is transiently stable.

active water cycle affecting soil moisture and a stratification of
the hydration levels in the shallow subsurface: DAN has detected
a significant level of subsurface water equivalent hydrogen whose
wt% is correlated with the atmosphere RH% observations of REMS
(Fig. 4a); and the results from the first year of DAN active
measurements show that a best fit of the data is a two-layer regolith
model, with a drier upper layer several centimetres deep with a
wetter layer beneath® (Fig. 4b). REMS has also observed lower
night-time atmospheric water vapour content over sand suggesting
an enhanced local atmosphere-soil water cycle within sandy soil
(Fig. 2b). H,0 molecules can also be bound to hydroxyl functional
groups such as Si-OH and Al-OH-Al, and in these phases the wt%
absorbed also increases with RH% (ref. 23).

Hydrated salts can be stable at conditions prevailing in the sub-
surface allowing water to be retained by the regolith throughout
the diurnal cycle**. Beyond a certain depth (—15 cm) the subsurface
temperature has negligible diurnal and seasonal variation, and the
corresponding RH_ _ 5, is also stable and never reaches zero, allow-
ing for the permanent stability of subsurface perchlorate or other
salt hydrates*, which only dehydrate at RH very close to 0. Daytime
DAN measurements of the subsurface hydration vary with season
(maximizing in the early winter) rather than with rover location at
Gale crater (Fig. 4a,b) and the average depth of the transition from
dry to wet layer is 17.1 cm =£ 0.5 cm, which is at the depth where
REMS observations combined with subsurface models predict the
permanent hydration of salts. The subsurface water content (in the
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Figure 4 | Bottom-layer water content in correlation with the RH™#*% and
top-layer daytime dryness. a, DAN and Sample Analysis at Mars (SAM)
H> 0O wt% retrievals from daytime active measurements of subsurface
bottom-layer water wt% and corresponding cutoff depth between the top
drier layer and wetter bottom layer (indicated in colour coding). The
correlation REMS/RH,™M#* suggests an equatorial seasonal cycle of
hydration/dehydration of the subsurface materials caused by the
interchange of water between atmosphere and regolith. Error bars indicate
retrieval uncertainty (ref. 22). b, DAN-derived H,O wt% for the bottom
layer (colour coding indicates Ls) and corresponding drier upper-layer
values (in black) as a function of Curiosity traverse.

uppermost 60 cm) estimated from DAN measurements along the
rover traverse is consistent with the existence of water bound to
perchlorates (see Supplementary Fig. 7), which suggests that the
widespread distribution of subsurface Cl signal, if in the form of
perchlorates, may account for 1.2 wt% of the water signal as perenni-
ally stable perchlorate hydrates. The plausible perennially hydrated
subsurface perchlorates may have implications for the analysis of
the Cl wt% and H,O wt% correlation measured from the Gamma
Ray Spectrometer on board the Mars Odyssey”. The comparison of
DAN and REMS data indicates that the subsurface water content
and depth shows correlation with the diurnal temperature variation
of the ground explored and is consistent with the stability depth of
perchlorate hydrates (Supplementary Fig. 8).

Deliquescence provides a mechanism for the formation of thin
films of liquid brines where large amounts of liquid are not available,
with possible dissolution and precipitation of salts. Other possible
pieces of evidence for this on Mars are: the Spirit rover finding
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of soluble ferric sulphates concentrated in a shallow subsurface
soil layer, where they were apparently transported by a downward-
migrating fluid®®; the Opportunity rover finding of higher Cl
concentrations in deeper strata relative to the modern Meridiani
plains surface”’; and the non-detection of hydrous salts in recurring
slope lineae streaks®. Such brines could potentially mobilize other
water-soluble salts from the surface to the subsurface leading to a
vertical stratification of nitrates. The possible presence of nitrates in
Gale crater has been inferred from the release of nitric oxide by the
Sample Analysis at Mars instrument on Curiosity®.

This detection at the equator (the driest and warmest region
of the planet) of environmental conditions that can allow for
transiently stable liquid brines defines a threshold condition for
their presence. As perchlorates are widely distributed on the surface
of Mars, this discovery implies that the rest of the planet should
possess even more abundant brines owing to the expected greater
atmospheric water content and lower temperatures. These findings
have implications for Planetary Protection policies for future landed
spacecraft®. Cl-bearing brines are very corrosive® and this may
have implications on spacecraft design and surface operation (see
Supplementary Fig. 9).

Methods

All of the Curiosity data that we have used are available at the NASA (National
Aeronautics and Space Administration) Planetary Data System
(http://atmos.nmsu.edu/PDS/data).

REMS measures three relevant variables: the air relative humidity (RH,) and
the air temperature (T,), both at 1.6 m above the surface, and the ground surface
(at 0m) temperature (Ty). For a given acquisition, the corresponding ground
surface relative humidity (RHy), that is, relative humidity at 0 m, is calculated
from T, and T, using the standard assumption that the H,O measured at 1.6 m is
the same as at the surface (that is, uniform mixing). Thus, any reported ground
surface value is directly measured/calculated from REMS observations.

The diurnal subsurface temperature profile and water activity have been
calculated using a fully coupled heat and mass transfer model assuming a
constant thermal inertia, and using REMS measurements at the surface (0 m) and
1.6 m as inputs to the model. For simplicity, the subsurface data are modelled
with only one data point per hour of acquisition (instead of the full data set of
REMS measurements and ignoring the extended acquisitions). In parallel, a
simplified subsurface model has been used to derive the mean diurnal
temperature at —15 cm (as extrapolation of the measured diurnal ground surface
temperatures) accounting for the site-to-site variation of thermal inertia. The heat
and mass transfer model computes the subsurface profile and its diurnal
evolution, and it is solved in such a way that the boundary condition at the
surface is compliant with REMS measurements. It models the corresponding time
evolution of RH, at the subsurface depth z, and, in particular, it provides
information about the environmental values at z=—5cm and z=—15cm of
RH_s., and RH_;s., as well as the corresponding (that is, time-correlated)
temperature T 5., or T_;5.,. When the RH values are superimposed on the phase
diagram of Ca-perchlorate, it is represented as water activity a.w. = RH/100.

Throughout the article, when pairs of T versus RH (or a.w. or H,O VMR)
data are plotted they are time correlated; that is, these two physical quantities
coexist in time and are either directly measured by REMS, calculated in a
straightforward manner (RH, for the surface through the measured T, T, and
RH,), or modelled (for the subsurface at a depth z) using REMS data as
explained above. The measured maximum RH and a.w. values are reached when
the measured temperature is minimal, so when these values are shown they are
coexisting pairs. Mean or averaged values are daily means of the diurnal hourly
measurements or of the diurnal hourly modelled values.

Detection of liquid-state points. All of the measured REMS data, over one full
Martian year, have been screened for simultaneous pairs of (RHy, T,) that fall
within the area of liquid-state stability of Ca-perchlorate (see Supplementary

Fig. 4). When the environmental conditions (RH,, T,) were such that liquid
conditions are plausible, the time stamp and the pair of corresponding values
were stored. The values found through this liquid-phase screening are presented
in Fig. 1b and Supplementary Fig. 4 (in cyan) and the time stamp in Fig. 3b. The
liquid stability conditions are not maintained throughout the day; thus, we refer
to ‘transient’ stability to account for the temporal character of this stability. A
similar procedure is applied to the subsurface-modelled T, and RH,.

Subsurface thermal/a.w. model. Subsurface temperatures are calculated by
solving the one-dimensional thermal diffusion equation using a forward Euler

360

finite-element procedure with an element size of 0.05cm and a time step of 100s.
The lower boundary condition includes a modest geothermal heat flux of

0.03 W m™*. The surface boundary condition is radiative and includes the direct
illumination, along with scattering and thermal emission. Temperature diffusion
is modelled to a depth of 4 m, which is well below the annual skin depth,
assuming a constant thermal inertia throughout the mission of 300 J m=> K~ s7'/2,
albedo of 0.2, and emissivity of 0.9. Water vapour diffusion through the regolith is
modelled as Fickian following diffusion advection and a temperature-dependent
diffusivity. At the surface—atmosphere interface, a mass conservation boundary
condition is applied and the surface boundary is set to REMS measurements.

The 2-layer model that it is used to interpret DAN daytime active mode
measurements data corresponds to 2 layers with different contents of hydrogen.
There are three free parameters of this model: H,O wt% in the top layer,
thickness or cutoff depth where transition between the top and bottom layer
takes place, and H,O wt% in the bottom layer. These three values are obtained by
optimization of the retrieval for each particular site that is investigated with
active DAN measurements along 9 km of traverse.
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