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ABSTRACT

Salt solutions on Mars can stabilize liquid water at low temperatures by lowering the freezing point of
water. The maximum equilibrium freezing-point depression possible, known as the eutectic temperature,
suggests a lower temperature limit for liquid water on Mars; however, salt solutions can supercool below
their eutectic before crystallization occurs. To investigate the magnitude of supercooling and its variation
with salt composition and concentration, we performed slow cooling and warming experiments on pure
salt solutions and saturated soil-solutions of MgS0O4, MgCl,, NaCl, NaClO4, Mg(ClO4),, and Ca(ClOy4),. By
monitoring solution temperatures, we identified exothermic crystallization events and determined the
composition of precipitated phases from the eutectic melting temperature. Our results indicate that
supercooling is pervasive. In general, supercooling is greater in more concentrated solutions and with
salts of Ca and Mg. Slowly cooled MgS0O4, MgCl,, NaCl, and NaClO, solutions investigated in this study
typically supercool 5-15 °C below their eutectic temperature before crystallizing. The addition of soil
to these salt solutions has a variable effect on supercooling. Relative to the pure salt solutions, superco-
oling decreases in MgS0O, soil-solutions, increases in MgCl, soil-solutions, and is similar in NaCl and
NaClO4 soil-solutions. Supercooling in MgS0O4, MgCl,, NaCl, and NaClO4 solutions could marginally extend
the duration of liquid water during relatively warm daytime temperatures in the martian summer. In
contrast, we find that Mg(ClO4), and Ca(ClO4), solutions do not crystallize during slow cooling, but
remain in a supercooled, liquid state until forming an amorphous glass near —120 °C. Even if soil is added
to the solutions, a glass still forms during cooling. The large supercooling effect in Mg(ClO4), and
Ca(Cl0Oy), solutions has the potential to prevent water from freezing over diurnal and possibly annual
cycles on Mars. Glasses are also potentially important for astrobiology because of their ability to preserve
pristine cellular structures intact compared to solutions that crystallize.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

2009) have been detected on Mars. Chloride, perchlorate, and some
sulfate salts are highly soluble, even at low temperatures, and will

Liquid water on Mars is important for habitability, weathering
of the regolith, and H,0/CO, cycling in the atmosphere; however,
pure liquid water is not stable due to the low temperature, relative
humidity, and pressure conditions on the surface of Mars (Haberle
et al,, 2001; Ingersoll, 1970). A way in which water could be stabi-
lized is by the addition of dissolved salts. Salts are common in arid
environments, and carbonates (Bandfield et al., 2003; Ehlmann
et al., 2008; Morris et al., 2010), sulfates (Kounaves et al., 2010b;
Langevin et al., 2005; Murchie et al., 2009), chlorides (Osterloo
et al.,, 2010; Ruesch et al., 2012), and perchlorates (Hecht et al.,
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lower the activity of water when dissolved at high concentrations.
Lower water activities make it possible for liquid water to exist on
the surface of Mars due to freezing-point depression (Brass, 1980;
Fairén et al., 2009; Kuz'min and Zabalueva, 1998; Marion et al.,
2010), deliquescence (Davila et al., 2010; Gough et al., 2011; Zorzano
et al., 2009), and lower rates of evaporation (Altheide et al., 2009;
Chevrier et al., 2009a; Sears and Chittenden, 2005). On present-day
Mars, the presence of liquid water is supported by the distribution
of perchlorate in Phoenix soils (Cull et al., 2010), observations of
Recurring Slope Lineae (RSL) (Chevrier and Rivera-Valentin, 2012;
Martinez and Renno, 2013; McEwen et al., 2011), and observations
(albeit controversial) of hygroscopic brine globules on the Phoenix
Lander struts (Rennd et al., 2009).
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Table 1
Salt systems and concentrations selected for this study. Eutectic temperatures were
determined in FREZCHEM, except where otherwise noted.

Salt system  Eutectic temperature (°C) Initial concentrations used (molal)
MgSO4 -3.6 1.65, 2.15, 2.8

MgCl, -33.0 2.8,4.8,5.45,5.75

Mg(ClOy4), -57¢ 34,42

Nacl -213 56

NaClO4 —34.1° 85,12, 16

Ca(Cl0y4), ~74.4 4,7

@ Stillman and Grimm (2011).
b Hennings et al. (2013a,b).

The stability of aqueous salt solutions at varying temperatures
on Mars has been investigated through equilibrium models (e.g.
Chevrier et al., 2009a; Marion et al., 2010). Equilibrium models
predict that the lowest temperature a salt solution will remain li-
quid is the eutectic temperature, at which point a salt solution will
solidify to a mixture of ice and salt. Of the common carbonate and
sulfate salts of Ca, Mg, Na, and K, eutectic temperatures are
relatively high, indicating that these salts will not form low-
temperature liquid water on Mars. A notable exception is ferric sul-
fate (Fey(S04)3), found in abundance at Gusev crater (Johnson et al.,
2007; Lane et al., 2008), which is estimated to have a eutectic tem-
perature of —26.8 °C (Hennings et al., 2013a). Previously, Chevrier
and Altheide (2008) had suggested a much lower eutectic for Fe,
(SO4)3, near —68 °C; however, the phase change they measured
was probably the glass transition and not the eutectic (Hennings
et al., 2013a). CaCl, and Ca(ClO4), salts have extremely low eutec-
tic temperatures at —49.4 °C and —74.4 °C respectively. Although it
is unlikely that these salts are present on the surface of Mars be-
cause Ca®" precipitates strongly with HCO; and SO%~ (Marion
et al., 2009; Toner et al., in preparation), a recent study by Toner
and Sletten (2013) in the Dry Valleys of Antarctica found that
Ca-Mg-Cl-rich brines can form in the subsurface of frozen soils
through cation exchange reactions, and similar processes may oc-
cur in martian soils. Furthermore, a recent reanalysis of data from
the Wet Chemistry Laboratory (WCL) on the Mars Phoenix Lander
suggests that Ca(ClO,4), is the dominate perchlorate salt in the soil
(Kounaves et al., 2014). Other chloride and perchlorate salts with
low eutectic temperatures that have been inferred for martian soils
include MgCl, (—33 °C), Mg(ClO4), (—57 °C), NaCl (—21.3 °C), and
NaClO4 (—34.3 °C) (Marion et al., 2010; Toner et al., in preparation).

Eutectic temperatures have generally been interpreted as the
lower temperature limits for liquid water on Mars (Brass, 1980;
Mohlmann and Thomsen, 2011), but it is well-known that salt
solutions can supercool below temperatures where equilibrium
models indicate crystallization of salt or ice (Angell and Sare,
1970; Mullin, 2004; Reischel and Vali, 1975). The reason for this
supercooling effect is that the nucleation of a crystal from solution
requires the energetic formation of a new interface between the
crystal surface and the surrounding liquid. The energy requirement
for this new interface is supplied by supersaturating the solution
until the free energy of crystallization is greater than interfacial
surface tension preventing the nucleation of stable crystal nuclei.
Once stable crystal nuclei form, the new crystal interfaces serve
as a template for further crystallization and crystallization pro-
ceeds rapidly towards equilibrium. Supersaturation is often
achieved by cooling a solution below its equilibrium freezing point,
forming a supercooled solution.

Given the large diurnal temperature fluctuations on the surface
of Mars (e.g. Zent et al., 2010), supercooling is likely to occur, and
several studies have found evidence for supercooled brines. Still-
man and Grimm (2011) found possible evidence for supercooling
and eutectic melting of either NaClO, or MgCl, brines at the
Phoenix lander site based on soil dielectric permittivity and

temperature measured by the Thermal and Electrical Conductivity
Probe (TECP). No evidence for Mg(ClO,), precipitation was found,
indicating that this salt was either not present or is capable of
existing in a supercooled state for several hours. As discussed by
Stillman and Grimm (2011), Mg(ClO4), brines are particularly
prone to supercooling, a property that may have compromised
experimentally determined freezing-point depressions in
Mg(ClO,4), solutions measured by Dobrynina et al. (1980) and
Pestova et al. (2005). Gough et al. (2011) investigated metastability
under varying relative humidity conditions and found that NaClO4
and Mg(ClO,4), solutions readily supersaturate without crystalliz-
ing salt. Furthermore, Gough et al. (2011) found that NaClO4
solutions remained liquid down to —50 °C, about 15 °C below the
NaClO, eutectic at —34.1 °C (Hennings et al., 2013b).

To investigate the magnitude of supercooling in aqueous salt
solutions and how supercooling is affected by salt composition,
concentration, and the presence of soil, we monitored solution
temperatures of pure salt solutions and soil-solutions during slow
cooling and warming laboratory experiments. By analyzing the
temperature profiles from these experiments, we quantified the
degree of supercooling that occurs and inferred the composition
of salt precipitates.

2. Methods
2.1. Freezing and warming experiments

Solutions were cooled using walk-in freezers (for temperatures
down to —30 °C), an ECOSPHERE 307 Environmental Chamber (for
temperatures down to —70 °C), and a liquid nitrogen freezing sys-
tem (for temperatures below —70 °C). Solution temperatures dur-
ing freezing and warming were continuously monitored at 10s
intervals to an accuracy of +0.1 °C using LakeShore PT-111 Plati-
num Resistance Thermometers (PRTs) connected to a CR-10X
Campbell Datalogger in a four-wire half-bridge. The PRTs were cal-
ibrated at 0 °C in a crushed-ice bath prior to each run.

For the walk-in freezer and environmental chamber experi-
ments, slow cooling rates were achieved by placing salt solutions
in a 30 x 30 x 30 cm polystyrene insulating block with a central
cavity (approximately 200 cm?) for holding the solutions. During
a typical experiment, 20 g of salt solution was poured into a plastic
bag. The plastic bag holding the solution was then folded over and
taped, creating a pocket for the PRT. This ensured that the PRT was
not exposed to the corrosive salt solution and that the PRT was sur-
rounded by solution on all sides. The bagged solutions were then
placed within the polystyrene insulation, which slowed the rate
of cooling and minimized heat absorption by surrounding materi-
als. After cooling to the freezer temperature, the solutions were al-
lowed to warm slowly by placing the solutions, still surrounded by
polystyrene insulation, into ambient air at room temperature. To
achieve temperatures below —70 °C, we constructed a passive li-
quid nitrogen freezing system (Fig. 1). This system is comprised
of a steel vessel with a smaller aluminum vessel placed inside. A
cylinder of polystyrene foam, with a central cavity for holding solu-
tions, was placed in the interior aluminum vessel. Liquid nitrogen
was poured into the cavity separating the two vessels, which
cooled the interior of the aluminum vessel. The outer steel vessel
was placed in a large plastic tub filled with spray-on insulation.
Solutions cooled in the liquid nitrogen freezing system were al-
lowed to passively warm to room temperature once the liquid
nitrogen had completely evaporated.

Time-dependent temperature profiles indicate when solid
phases either crystallize from solution or dissolve into solution.
As salt solutions are cooled from room temperature, they become
supercooled with respect to either ice or salt below the equilibrium
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Fig. 1. A schematic of the liquid nitrogen freezing system used to cool solutions
below —70 °C.

freezing point. Once supercooling has reached the point where
either ice or salt first nucleates from solution, the precipitation
reaction occurs rapidly because the solid phase acts as a template
for further crystallization. Because precipitation reactions are exo-
thermic, crystallization is indicated by a sudden spike in the tem-
perature profile. Upon warming, a mixture of salt and ice melts
endothermically at the equilibrium melting temperature, which
causes the temperature profile to become constant with time. In
these experiments, we infer the composition of solid phases by
considering the temperature plateau upon warming and the num-
ber of possible solid phases for each salt system. These inferences
are made reasonable by the characteristic nature of the equilib-
rium melting temperature and the limited number of crystalline
phases in binary salt systems (ice + anhydrous/hydrous salts). Fur-
thermore, we differentiate ice precipitation events from salt pre-
cipitation events by considering the relative size of temperature
spikes; in general, enthalpies of crystallization for salts are much
larger than for ice.

2.2. Selected samples

The analysis of water soluble salts by the WCL experiment on
the Phoenix lander indicated that the soil is rich in Mg?*, Na*,
Clo,, and SO3~ (Hecht et al., 2009; Kounaves et al., 2010a,b; Toner
et al., in preparation). Based on the observed predominance of
Mg?* and Na* ions and the inferred composition of salt phases in
Phoenix soils (Toner et al., in preparation), we chose to study
supercooling in six salt systems: MgS0,4, MgCl,, Mg(ClO4),, NaCl,
NaClOy4, and Ca(ClO4); (see Table 1). We include Ca(ClO4), solutions
in our investigation for comparison with Mg(ClO,4), solutions, and
because Ca(ClO4), has been suggested at the Phoenix site by Koun-
aves et al. (2014) based on transient signals in the WCL data.

All salt solutions were prepared from reagent grade chemicals
and deionized water. The concentration of the solution determines
which solids will precipitate and the temperature at which equilib-
rium precipitation first occurs. For example, the equilibrium phase
diagram of MgS0, indicates that a dilute solution will precipitate
ice near 0°C, while a solution with a eutectic concentration of
1.72 m will precipitate both ice and MgS0O4-11H,0 at the —3.6 °C
eutectic. Higher concentration solutions will precipitate salt
(MgS04-7H,0, MgS04-11H,0, etc.) before ice. We base our selec-
tion of solution concentrations for the freezing/warming experi-
ments on the concentrations at which major phase changes occur
in the phase diagram, such as the eutectic temperature and transi-
tions between salt hydrates. All concentrations were chosen to be
slightly lower than these major phase changes. In addition, solu-
tions near saturation at room temperature were also cooled.

On Mars, any concentrated salt solutions that exist will likely be
in contact with soil. Hence, in addition to investigating pure salt

solutions, we also performed cooling and warming experiments
on mixtures of soil and salt solution. The experimental procedure
is the same as for the pure salt solutions, except that 20 g of soil
was added to 20 g of salt solution. We used JSC Mars-1, martian
regolith simulant for these experiments (Allen et al., 1998).

3. Results

The results of the cooling/warming experiments are plotted
next to phase diagrams created using FREZCHEM (Marion and
Kargel, 2008). Any metastable pathways that occur during cooling
are indicated by dashed lines in the phase diagrams. These are cre-
ated by preventing a phase, such as ice, from precipitating in FREZ-
CHEM. In general, the temperature profiles upon cooling are
characterized by three main phases: (1) initial rapid cooling, (2)
a sequence of one or more spikes in temperature followed by
slower cooling rates or a plateau in temperature, and (3) a final ra-
pid temperature decrease. Upon warming, the temperature in-
creases rapidly, followed by a plateau that lasts for several hours,
before again increasing rapidly. This sequence of events is similar
for all of the salt solutions studied here, except for Mg(ClO,4), and
Ca(ClOy); solutions, which are discussed later.

3.1. MgS0, and MgCl, solutions

3.1.1. MgS04

As solutions of MgSO,4 cool, no precipitation events occur until
the temperature drops 4-6 °C below the —3.6 °C eutectic (Fig. 2A
and B). After this, two temperature spikes in the 1.65 and 2.15 m
MgS0O, solutions indicate two precipitation events, which increase
the temperature by about 5 °C and 15 °C respectively. In contrast,
only one precipitation event occurs in the 2.8 m MgSO,4 solution,
increasing the temperature by 2.5°C. After each precipitation
event, the rate of cooling either slows dramatically or plateaus.
These lower rates of cooling indicate that heat is being released
as ice or salt continuously crystallizes, which slows the cooling of
the salt solution. In the 1.65 and 2.15 m MgSO, solutions, the tem-
perature increase following the second precipitation event
abruptly plateaus at the MgS0O, eutectic (—3.6 °C). We infer that
the solution at this plateau has a eutectic composition, and that
the temperature is stable because heat from exothermic crystalli-
zation balances endothermic melting of eutectic solids and thermal
diffusion from the system. Finally, once the salt solution has com-
pletely solidified, heat is no longer released by crystallization and
the ice-salt mixture cools rapidly. The temperature just prior to
the last precipitation event is the lowest temperature at which li-
quid solution remains. In the 1.65 and 2.15 m MgSO,4 solutions,
the solution remains in a supercooled, liquid state for about 12 h
and cools to a maximum of 15.4-15.8 °C below the eutectic tem-
perature before finally solidifying. The 2.8 m MgSO,4 solution is
much less metastable and cools only 4.2 °C below the eutectic be-
fore solidifying.

Upon warming, the MgS0O,4 solutions melt, which is indicated by
a long period of constant temperature due to endothermic melting
of the ice-salt mixture. The temperature of this plateau can be
used to infer the composition of the precipitated salts. For the
1.65 and 2.15 m MgSO4 solutions, the temperature plateau occurs
at —3.6 °C, which is the eutectic temperature of a mixture of ice
and meridianiite (MgSO4-11H,0). This indicates that the two pre-
cipitation events during cooling were due to ice, followed by
MgS0O4-11H,0. The melting temperature of the 2.8 m MgSO, solu-
tion is —4.8 °C, which is near the metastable eutectic of —5 °C for a
mixture of ice and epsomite (MgSO4-7H,0) (Hogenboom et al.,
1995). Because only one precipitation event occurred during



J.D. Toner et al./Icarus 233 (2014) 36-47 39

A Cooling Warming
20 1 1
. 15 4 B
& 101 MgSO, 11H,0 r
o 51\ ice+MgSO,7H,0 F
-
a 0 ) TCU [
-10 r
5 s | ——165m
= .
ice 2.15m
-20 5%
25 , , —=cm
0 10 20 30 40
Time (hours)
C Cooling Warming
20 1 1 1
10 9\ ice+MgCL,-8H,0+MgCl,- 12H,0| r
S 0- :
‘é’ -10 A MgCl, 12H,0 r
2 501\ [/
£ 30 A Teur
E‘ -40 A —28m |
S 50 A —48m [
= ——545
-60 A ice 5.75m F
-70 ; ; —=.0om
0 5 10 15 20 25

Time (hours)

B

20 1 1

—_ =
S W
-
]
T

S W
1

ice | 2o

'
W
1

Temperature (°C)
55

N
S
.

Y
93

1 2 3
MgSO, (molal)

=
8

.
S oo
) I
-
&
O
()
&0
T T

)
(=}
1

e \1\&0 i

en r

Temperature (°C)
EN
[l
1 1
H
[
T

MgCl, (molal)

Fig. 2. (A) The temperature of initially 1.65 (red line), 2.15 (blue line), and 2.8 m (green line) MgSO, solutions during cooling and warming experiments, showing inferred
crystallization events. (B) The freezing pathway during cooling of solutions inferred from the sequence of salt precipitation and the degree of supercooling indicated in (A).
The dashed lines indicate pathways followed by solutions in equilibrium with one phase, such as ice, but metastable with respect to another, such as salt. Large dots indicate
the point just prior to the last precipitation event, which is the lowest temperature at which liquid solution remains; thus, following the metastable lines until the final phase
is precipitated. (C) An analogous plot to (A) for initially 2.8 (red line), 4.8 (blue line), 5.45 (green line), and 5.75 m (purple line) MgCl, solutions, showing inferred
crystallization events and the two MgCl, eutectics at —33 °C and —16.8 °C. (D) Analogous to (B) for the MgCl, solutions. (For interpretation of the references to colors in this

figure legend, the reader is referred to the web version of this paper.)

cooling in the 2.8 m MgSO, solution, both ice and MgS0,4-7H,0
must have precipitated simultaneously.

3.1.2. MgCl,

The results of the cooling and warming experiments for MgCl,
are similar to the MgS0O,4 experiments (Fig. 2C and D). The 2.8 m
MgCl, solution is characterized by two precipitation events during
cooling; the first event increases the temperature by 1.2 °C, while
the second is much more exothermic and increases the tempera-
ture by 13.5 °C. In contrast, the 4.8, 5.45, and 5.75 m MgCl, solu-
tions all have a single, highly exothermic precipitation event
during cooling, causing the temperature to spike by 25-30 °C. Dur-
ing warming, the temperature in the 2.8 m MgCl, solution plateaus
at the —33 °C eutectic of ice-MgCl,-12H,0. In the 4.8, 5.45, and
5.75 m MgCl, solutions, temperatures plateau at the —16.8 °C peri-
tectic of the MgCl, system for ice-MgCl,-8H,0-MgCl,-12H,0
(Spencer et al., 1990). We infer that in the 2.8 m MgCl, solution,
ice crystallizes first, followed by MgCl,-12H,0. In contrast, ice,
MgCly-8H,0, and MgCl,-12H,0 crystallize simultaneously in the
4.8, 5.45, and 5.75 m MgCl, solutions.

The MgCl, solutions supercool 9-14 °C below the —33 °C eutec-
tic before crystallizing salt, which is generally less than supercool-
ing in the MgSO,4 solutions. However, compared to the —16.8 °C
metastable eutectic, the 4.8, 5.45, and 5.75 m MgCl, solutions
supercool by 25-30 °C. When salt finally crystallizes during cool-
ing, the greater degree of supercooling in the 4.8, 5.45, and
5.75 m MgCl, solutions relative to the peritectic causes tempera-
tures to increase much more rapidly (50 °C min~!) than in the
2.8 m MgCl, solution (4 °C min~').

3.2. NaCl and NaClO4 solutions

The 5 and 6 m NaCl solutions crystallized into ice and hydroha-
lite (NaCl-2H,0), as indicated by the plateau in temperature at the

—21.3 °C NaCl eutectic upon warming (Fig. 3A and B). In the 5 m
Nacl solution both ice and NaCl-2H,0 appear to crystallize simul-
taneously, whereas in the 6 m NaCl solution ice crystallizes first,
followed shortly thereafter by NaCl-2H,0. We infer that ice crystal-
lized first because the first temperature spike is much smaller than
the second temperature spike and the first precipitation event oc-
curred within the stability region for ice. NaCl solutions supercool
between 6.6 and 8.3 °C below the eutectic before forming a eutec-
tic mixture.

The 8.5, 12, and 16 m NaClO4 solutions all crystallize ice and
NaClO4-2H;0, as indicated by the plateau in temperature at the
NaClO, eutectic (—34.3 °C) upon warming (Fig. 3C and D). In
the 8.5 m NaClO4 solution, ice crystallization occurs first and
NaClO4-2H,0 crystallization occurs several hours afterward. In
contrast, the first precipitation event in the 12 and 16 m NaClO4
solutions occurs far above the temperature where ice should crys-
tallize, indicating that these solutions first crystallize NaClO4-2H,0
and then ice. NaClO,4 solutions supercool between 5.4 and 11.5 °C
before forming a eutectic mixture, with supercooling in the 8.5 m
NaClO, solution being the greatest.

3.3. Mg(ClO,4), and Ca(ClO,4), solutions

The results of cooling Mg(ClO,4), and Ca(ClO4), solutions differ
from previous results for salts of Mg and Na (Fig. 4). During cooling
and warming of the 3.4 and 4.2 m Mg(ClO,4); solutions (using 20 g
of solution), no spikes in temperature occur, despite cooling down
to —170°C. This suggests that crystallization did not occur. To
determine if the solution would crystallize under a slower cooling
rate, we reduced the rate of cooling by using 50 g of solution in-
stead of 20 g. During these slower cooling experiments, again no
temperatures spikes were measured; however, during warming,
an abrupt temperature increase occurs in the 4.2 m Mg(ClO,),
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point depressions are from Nicholson and Felsing (1950), Pestova et al. (2005), and Dobrynina et al. (1984). Glass transition temperatures (T,) for Ca(ClO4), solutions are from
Angell and Sare (1970).
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solution starting near —80 °C. This temperature increase termi-
nates near the —57 °C eutectic for Mg(ClO4), measured by Stillman
and Grimm (2011). Above —57 °C, the rate of cooling slows, sug-
gesting that the previously crystallized salt phase began melting
above the eutectic.

No crystallization events occur in the 4 m Ca(ClO,4), solution; in
contrast, there are four distinct precipitation/dissolution events in
the 7 m Ca(ClO,), solution. During cooling of the 7 m Ca(ClO,4),
solution, a very small spike in temperature occurs at —10.8 °C, indi-
cating crystallization. Evidently, the solution did not completely
solidify at this point because a large precipitation event occurs dur-
ing warming starting at about —93 °C and plateauing at —76.5 °C.
After this, two more small plateaus in temperature occur at
—19.5 °C and —2.3 °C, indicating dissolution events. None of these
temperature excursions correlate well with phase changes indi-
cated by Ca(ClO4), phase diagrams, except that the plateau at
—76.5 °C is near the —74.6 °C eutectic. We note that there is some
disagreement on the Ca(ClO,4), phase diagram between Dobrynina
et al. (1984) and Pestova et al. (2005). Pestova et al. (2005) mea-
sured the Ca(ClO,4), eutectic at —74.6°C, but Dobrynina et al.
(1984) measured the Ca(ClO4), eutectic at —60.5 °C and indicate
that —75.5°C is a metastable eutectic. Furthermore, Dobrynina
et al. (1984) suggest that Ca(ClO4),-8H,0, Ca(Cl0,4),-4H,0, and
anhydrous Ca(ClO4), can occur down to —115°C in both stable
and metastable states, whereas Pestova et al. (2005) indicate that
only Ca(ClO4),-8H,0 forms. Clearly, the Ca(ClO4), phase diagram
needs to be revisited.

The general absence of temperature plateaus or spikes in the
Mg(ClO4), and Ca(ClO4), cooling experiments suggests that these
salt solutions remained liquid at extremely low temperatures. To
further investigate these solutions, we slowly cooled some of them
down to —150 °C and then removed the samples from the liquid
nitrogen freezing system and observed the samples as they
warmed in ambient air. Initially, the samples appeared clear and
translucent, but were solid, not liquid; this is distinct from the
white, opaque appearance of samples that crystallize (Fig. 5). Upon
warming to near —120 °C, the samples softened, becoming gel-like
in consistency and remaining translucent. Further warming caused
the samples to gradually transition to a liquid. These observations
and the absence of crystallization events in the Mg(ClO,4), and
Ca(ClOy4); solutions are consistent with vitrification i.e. the transi-

Fig. 5. (A) A solution of 1.65 MgS04 cooled to a eutectic solid. The solid appears as a
white, opaque mass. (B) A clear, vitrified solution of 4 m Ca(ClO,4),. The solution is
turned on its side to show that it does not flow.

tion from a liquid to an amorphous glass during cooling. Vitrifica-
tion has been studied extensively and is common when electrolyte
solutions are cooled rapidly (Angell, 2002; Ediger et al., 1996;
Franks, 1993; MacFarlane, 1987), but is rarer during slow cooling.
What is remarkable about the Mg(ClO,4), and Ca(ClO,4), solutions
studied here is that these solutions transition to glass in spite of
slow cooling rates of <1 °C min~".

Vitrification occurs when the viscosity of a cooled solution in-
creases to ~10'? Pa s, at which point any crystallization or dissolu-
tion reactions become kinetically inhibited and the liquid structure
becomes ‘frozen’ in-place. The temperature at which a liquid be-
comes a glass is known as the glass transition temperature (T)
and is measured experimentally by identifying a sudden decrease
in heat capacity that occurs as temperatures decrease below T,
(Angell and Sare, 1970; Angell and Tucker, 1980), although there
are a number of other thermodynamic properties that also change
at the glass transition (Angell and Sichina, 1976). In Fig. 4, the
occurrence of a glass transition for both Mg(ClO4), and Ca(ClO,4),
solutions is confirmed by a slight change in the cooling/warming
rate near —120 °C. This change in the cooling rate is caused by
the sudden decrease in heat capacity below T,.

T, has been measured in varying concentration Ca(ClO4), solu-
tions (Angell and Sare, 1970), and for a 4 m Ca(ClO,4), solution, T,
is —120°C (values from Angell and Sare (1970) are shown in
Fig. 4D). This correlates well with the temperature at which the
rate of cooling and warming changed in our 4 m Ca(ClO4), solution.
By extrapolating the relationship between T, and molality in Angell
and Sare (1970) linearly, we infer that the 7 m Ca(ClO,4), solution
should vitrify at —105 °C; however, the change in cooling rate oc-
curs at about —120 °C instead. This lower than expected value for
T, is consistent with the precipitation of salt at higher tempera-
tures, which would have lowered the concentration of the initially
7 m Ca(ClOy4); solution. It is interesting that vitrification still occurs
in the 7 m Ca(ClO4), solution, even though a solid phase (salt in
this case) crystallized at higher temperatures, evidently forming
a mixed glassy-crystalline solid. Alternatively, MacFarlane (1987)
notes that it is possible for ice to crystallize from solution, contin-
uously concentrating the remaining solution, until the remaining
liquid solution transitions to glass, forming an ice-glass mixture.
Hence, it is possible to form either a pure glass, or a mixture of
glass and crystalline solid. With respect to the Mg(Cl0,), solutions,
there are no literature values for Tg, but our data suggests that T,
occurs at —123 °C, similar to the Ca(ClO,4), solutions.

In the cases where crystallization does occur upon warming, in
the 4.2 m Mg(ClO4), solution and the 7 m Ca(ClO4), solution, crys-
tallization is initiated only when the solution is 30-40 °C above T,.
This is curious because the high degree of supersaturation just
above T, should provide a strong driving force for crystal nucle-
ation. In investigating supercooled aqueous solutions of citric acid,
Mullin and Leci (1969) found that below a critical supercooling
temperature, the rate of crystal nucleation decreased due to the
increasing viscosity of the solution with decreasing temperature.
This suggests that there is a temperature range above T, where
highly viscous solutions will remain liquid due to the slow kinetics
of crystallization in this region. The upper temperature limit of this
viscous state is known as the devitrification temperature (T,)
(MacFarlane, 1986). T4 is measured experimentally by warming a
glass slowly and recording the temperature at which crystalliza-
tion first occurs.

3.4. Saturated soil-solutions

The slow cooling and warming experiments discussed above
were done with pure salt solutions; however, on Mars, any salt
solutions that exist will be in contact with soil or rock surfaces.
In the absence of standing bodies of water, the maximum brine
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content in soils will be at saturation. Initially, we expected that
addition of soil to salt solutions would greatly lower the amount
of supercooling because mineral surfaces can act as catalysts for
crystal nucleation, an effect known as heterogeneous nucleation
(Mullin, 2004). However, contrary to our expectations, the addition
of soil to the salt solutions did not strongly reduce the magnitude
of supercooling, and for MgCl, solutions the supercooling was
greater (Fig. 6). Only in the 1.65 m MgSO, soil-solution was super-
cooling reduced relative to the pure salt solution; the 1.65m
MgS0, soil-solutions supercooled 6.6 °C below the eutectic,
whereas the pure salt solution supercooled 15.5 °C below the eu-
tectic. In the NaCl and NaClOQy, soil-solutions, the degree of superco-
oling below the eutectic was similar to the pure salt solutions
within #1 °C, indicating that the addition of soil has little effect
on supercooling. The 2.8 m MgCl, soil-solution supercooled 17 °C
below the —33 °C eutectic, which is greater than the 13.8 °C super-
cooling measured in the pure salt solution. In contrast to the
MgS0O4, MgCl,, NaCl, and NaClO,4 soil-solutions, Mg(ClO4), and
Ca(ClOy); soil-solutions did not crystallize during cooling, but tran-
sitioned to a glass. During warming, the 3.4 m Mg(ClO,4), soil-
solution does crystallize, unlike in the pure 3.4 Mg(ClO4), solution.
This crystallization event is characterized by a sudden spike in
warming starting at —90°C, followed by a several-hours-long
plateau near the —57°C eutectic (Stillman and Grimm, 2011).
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Remarkably, the 4 m Ca(ClO,4), soil-solution does not crystallize
during either warming or cooling.

4. Discussion
4.1. Supercooling in salty solutions

The results of this study, summarized in Table 2, indicate that
the degree of supercooling is highly variable, and depends on the
salt composition, concentration, the phase (ice or salt) that is pre-
cipitated, and the presence of soil. There are several different ways
in which the degree of supercooling can be quantified: (1) the
amount of supercooling below the eutectic temperature (AT,,) or
(2) the temperature difference between when ice or salt precipi-
tated (T; and T; respectively) and when ice or salt should have pre-
cipitated according to equilibrium models, such as FREZCHEM (the
difference being AT; and AT; respectively). AT, ranges between
0.6 and 15.5 °C and does not show any consistent trends with salt
composition or concentration. In the MgSO, and NaClO, solutions,
AT, decreases with concentration, while in the MgCl, and NaCl
solutions, AT, increases with concentration. Both AT; and AT,
are strongly dependent on concentration. AT; ranges from 3.3 to
13.8°C and generally increases with concentration, except for
MgS0,4 solutions, where it decreases. AT ranges from 6.3 to
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Table 2

A summary of supercooling results for various concentrations from the non-glass-forming solutions investigated in this study. The eutectic temperature for each salt system is
given with the concentration at the eutectic in parentheses. AT, is the amount of supercooling below the eutectic. T; and T are the crystallization temperatures of ice and salt. AT;
and ATy are the differences between T; and T and the predictions from the FREZCHEM model.

Salt system Conc. (m) Eutectic (°C) AT, (°C) T; (°C) AT; (°C) T (°C) AT; (°C)
MgSO, 1.65 —3.6 (1.72 m) 15.5 -9.8 6.4 -19.1 15.5
2.15 15.1 -85 49 -18.7 18.9
2.8 4.1 -7.7 4.1 -7.7 26.4
MgCl, 2.8 —33(2.84m) 13.8 -35.5 33 —46.8 13.8
4.8 9.0 —42 9.0 —42.0 25.2
5.45 10.6 -43.6 10.6 —43.6 39.2
5.75 13.8 -46.8 13.8 -46.8 67.0
NaCl 5 —21.3(5.17 m) 6.3 -27.6 7.2 -27.6 6.3
6 8.4 -29.3 8.0 -29.7 27.5
NaClO4 8.5 —34.3(9.2m) 115 -36 5.7 —45.8 11.5
12 9.0 -38.3 4.0 -433 27.5
16 0.6 -39.7 5.4 -34.9 53.1

67 °C and always increases with concentration. ATs is typically
much greater than AT;, indicating that salt crystallization is much
more prone to metastability than ice crystallization. With respect
to solution composition, both AT; and AT; are greater in the Mg
solutions than in the Na solutions at similar concentrations. In
the Mg(ClO4); and Ca(ClO,4), solutions, AT,,, AT;, and AT could
not be evaluated because salt precipitation did not occur at any
concentration during cooling because glassy and viscous liquid
states formed.

There are a number of other variables besides composition and
concentration that can influence the degree of supercooling that
were not investigated in this study, including: cooling rate, agita-
tion, pressure, and the presence of ionic impurities (Mullin,
2004). Faster cooling typically results in greater supercooling be-
cause the timescale for crystallization is reduced, whereas slower
cooling results in less supercooling. The relatively slow cooling
rates in this study were chosen to mimic temperature changes that
might occur over diurnal cycles on Mars. Most of the experiments
had maximum cooling and warming rates of ~0.2 °C min~'. The li-
quid nitrogen system cooled 50 g samples at a rate of ~1 °C min~!,
and warmed samples at a rate of ~0.2 °C min~'. Air temperatures
measured by the Phoenix Lander indicate that the rate of temper-
ature change is seldom greater than 0.2 °C min~!, which is similar
to maximum rates of near-surface soil temperature change mea-
sured by the Thermal and Electrical Conductivity Probe (TECP) on
the Phoenix Lander. Hence, near-surface rates of temperature
change are consistent with the rates used in this study; however,
in the subsurface, temperature fluctuations will be damped, caus-
ing rates of temperature change to decrease, particularly if subsur-
face ice is present (Zent et al., 2010). Agitation will increase the
kinetic energy in the solution, which will decrease supercooling;
however, agitation is not likely to be important on Mars, except
possibly at the surface where solutions could be agitated by wind.
Ionic impurities are a factor that could potentially greatly increase
supercooling. This is because the presence of foreign ions can inter-
fere with crystal growth. For example, it is well known that the
growth or nucleation of calcite is kinetically inhibited in solutions
containing Mg?*, leading to solutions supersaturated with respect
to calcite, such as occurs in seawater (Berner, 1975). We did not
study the effects of ionic impurities because we experimented on
pure salt solutions, but given that soil solutions on Mars will con-
tain a variety of ions (Kounaves et al., 2010a), this effect is likely
important and warrants further study.

Foreign surfaces, such as soil particles, typically decrease super-
cooling due to heterogeneous nucleation; however, in our experi-
ments freezing salt solutions mixed with JSC Mars-1 soil, a
consistent decrease in supercooling was not observed. Further-

more, Mg(ClO4); and Ca(ClOy4), solutions still reached the glass
transition during cooling. We speculate that the supercooling mea-
sured in soil-solution mixtures, despite the nucleating tendency of
foreign surfaces, may be due to colloids in the soil suspension. Con-
centrated colloid suspensions facilitate supercooling and the glass
transition by increasing the solution viscosity and slowing diffu-
sion (Hunter and Weeks, 2011). Supercooling in colloidal suspen-
sions may be important on Mars because martian soils are
globally similar and contain colloidal iron-oxide dust (Morris
et al., 2006; Yen et al., 2005), estimated to comprise about 3 wt.%
of the soil (McSween et al., 2010).

To simplify and guide further discussion on supercooled salt
solutions, we construct a ‘supplemented phase diagram’ in Fig. 7
following MacKenzie et al. (1977). A supplemented phase diagram
consists of metastable states superimposed on top of an
equilibrium phase diagram, with metastable regions defined by
experimentally determined transition temperatures. Above the
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Fig. 7. A ‘supplemented phase diagram’ constructed following MacKenzie et al.
(1977). Below the equilibrium melting temperature (T,,), there are a variety of
metastable states that can persist over different timescales during supercooling; we
categorize these states into metastable liquid, unstable liquid, viscous liquid, and
glass states. The boundaries between these states, indicated by dashed lines, are
defined by the homogeneous nucleation temperature (T,), the devitrification
temperature (Ty), and the glass transition temperature (T,). Within the metastable
liquid state, it is possible to have a crystalline phase in equilibrium with a
metastable liquid; these are indicated by the dotted lines.
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equilibrium melting temperature (T,;), an aqueous salt solution
will be stable as a liquid. If such a liquid is cooled rapidly enough
that crystallization does not occur, it will transition into a glass
at T, Although the glassy state is not stable thermodynamically,
it can persist for such long timescales that it can be thought of as
being effectively stable. Between the stable liquid state and the
effectively stable glassy state are several metastable liquid states:
a viscous liquid, a metastable liquid, and an unstable liquid in or-
der of decreasing stability. The high viscosity in the viscous liquid
state greatly reduces the rate of crystal growth and nucleation. Its
upper boundary is given by Ty, the devitrification temperature. The
unstable liquid state is defined by the homogeneous nucleation
temperature (Tp,). T, is the lowest temperature a slowly cooled
solution can reach before crystallizing, and can only be approached
by using very small quantities of high purity solution. Below Tj, a
solution can remain liquid only for short timescales before crystal-
lizing or transitioning to a glass. Above T, and T, lies the metasta-
ble liquid region, representing metastable liquid states that are
typically possible to achieve with slow cooling rates. Within the
metastable liquid state, as in all of the metastable states, there is
a continuum of increasing relative stability. In general, the stability
of metastable liquids will increase as both the temperature and
concentration increase, and near the viscous state. Near Tj, meta-
stable liquids will be highly sensitive to nucleation from kinetic ef-
fects and are not likely to occur in natural bulk fluids. Further
towards the equilibrium melting temperature and at higher con-
centrations are the metastable liquid states that occurred in this
study, which can persist in bulk solutions for at least several hours.

Of the solutions studied here, the chloride, sulfate, and the
NaClO,4 salts all supercooled to some degree, entering into the
metastable liquid state, but did not transition to a glass at the cool-
ing rates we used. For solution concentrations that were initially
slightly lower than the eutectic concentration, a similar metastable
pathway was followed for all solutions; the solution supercooled
until ice crystallized, after which the solution continued supercool-
ing below the eutectic, in equilibrium with ice but metastable with
respect to salt. This evolution pathway corresponds to the dotted
extension of the ice/liquid line below the eutectic in Fig. 7. Finally,
the solution crystallized salt to form a eutectic solid. Potentially,
ice could continue crystallizing out of the metastable liquid until
the glass transition was reached, resulting in a mixture of ice and
glass (MacKenzie et al., 1977); however, this was not observed in
this study. For solution concentrations higher than the eutectic, a
greater degree of supercooling occurred (measured by AT;) and a
variety of metastable pathways were possible, including: precipi-
tation of ice followed by salt, precipitation of salt followed by ice,
and simultaneous precipitation of both salt and ice.

In contrast to the chloride, sulfate, and the NaClO,4 solutions, the
Mg(ClO4), and Ca(ClOy4), solutions reached the glass transition at
slow cooling rates, even in soil-solution mixtures. One possible
reason for the glass-forming capabilities of Mg(ClO4), and
Ca(ClOy,4); solutions is that the eutectic temperatures of these solu-
tions are relatively low, so that less supercooling is needed to reach
the viscous or glass states. Another possible contributing factor to-
ward the glass-forming capabilities of Mg(ClO4), and Ca(ClOy4),
solutions is that these salts are composed of the divalent cations
Mg?* and Ca?*. More highly charged polyvalent ions with smaller
ionic radii tend to increase electrostatic interactions in solution,
which leads to greater solution viscosity (Kaminsky, 1957; Robinson
and Stokes, 1965). However, the contribution of Mg?* and Ca®* ions
to the viscosity will be counteracted by the ClO, ion. Perchlorate is
considered to be a powerful ‘structure-breaking’ ion due to its low
ionic potential, which disrupts the structure of water (Walrafen,
1970) and acts to lower the solution viscosity (Kaminsky, 1957).
The ‘structure-breaking’ ability of anions is given by the
Hofmeister series in the order SO~ < ClI” < NO; < ClO5 < ClOy,

for anions relevant to Mars. As a final possibility, we suggest that
an ion-specific effect may occur, in which the ClO, ion directly
interferes with crystallization. ‘Structure-breaking’ ions tend to in-
hibit ice nucleation, as evidenced by lower homogeneous nucle-
ation temperatures for ice (Miyata et al., 2002), and may inhibit
the nucleation of salt crystals as well. This is supported by recent
research into the Hofmeister series indicating that weakly
hydrated ‘structure-breaking’ anions are strongly attracted to par-
ticle surfaces (Flores et al., 2012) and disrupt some crystallization
processes (Collins, 2004; Lee et al., 2010).

Based on the previous discussion, we predict that other low eu-
tectic temperature salts of polyvalent cations and large, ‘structure
breaking’ anions would also easily transition into the viscous and
glass states. Chlorate and nitrate ions have low ionic potentials
and are predicted to occur on Mars based on atmospheric chemical
modeling (Catling et al., 2010; Smith et al., 2014) and their associ-
ation with each other and perchlorate in deserts on Earth (Rao
et al., 2010), although they have not been detected. Ca and Mg salts
of chlorate and nitrate have low eutectic temperatures; in particu-
lar, Mg(ClOs), is estimated to have a eutectic at —69 °C (Hanley
et al,, 2012), even lower than Mg(ClO,),, and may easily transition
to a glass. Another salt that is likely to be a good glass-former is
ferric sulfate (Fe;(SO4)3). The viscosity of ferric sulfate solutions
is much greater than chloride salts due to the high ionic charge
of both Fe** and SOf{ in solution (Chevrier et al., 2009b). Because
T, occurs when the viscosity increases to ~10'2 Pa s, the relatively
high viscosity of ferric sulfate solutions suggests that T will occur
at a higher temperature, even closer to the eutectic, compared to
perchlorate solutions. Indeed, it is believed that the —68 °C ‘eutec-
tic’ for ferric sulfate measured by Chevrier and Altheide (2008) is
actually a glass transition temperature (Hennings et al., 2013a).

4.2. Implications for liquid water on Mars

The supercooling effects measured in this study indicate that
salt solutions on Mars will remain liquid below their eutectic tem-
perature for some time. In Fig. 8, the eutectic temperature of salts
and their maximum supercooling measured in this study are
compared with surface temperatures at the Mars Phoenix site cal-
culated from the Mars Climate Database (MCD). For the non-glass-
forming MgS0O,4, NaCl, MgCl,, and NaClO4 solutions, minimum
surface temperatures on Mars are always far lower than either
the eutectic temperature or the supercooling measured in this
study, indicating that these solutions will not remain continuously
liquid over diurnal cycles. MgSO, solutions will always remain
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Fig. 8. Mean annual, mean diurnal, and diurnal maximum/minimum temperatures
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maximum degree of supercooling found in this study indicated by arrows.
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frozen because maximum temperatures never exceed the eutectic
at —3.6 °C. In contrast, the eutectic temperatures of NaCl, MgCl,,
and NaClO4 solutions are lower than warm daytime temperatures
in the martian spring and summer. As a result, these salts could
intermittently thaw ice to form brine during the daytime before
freezing again at night.

At greater depths in the soil, the amplitude of diurnal tempera-
ture oscillations will decrease due to thermal damping. Because
the thermal conductivity of dry martian soil at the Phoenix site is
low, temperatures are rapidly damped to the mean diurnal tem-
perature at a skin depth of ~5 cm (Zent et al., 2010). At even great-
er depths, on the order of ~1m, the soil temperatures will
approximate the mean annual temperature, which ranges from
—114°C at the poles to —69 °C at the equator (Mellon et al.,
2004), and is estimated to be —93 °C at the Phoenix site based on
the MCD. Mean diurnal and annual temperatures at the Phoenix
site never exceed either the eutectic or the maximum supercooling
measured in NaCl, MgCl,, and NaClO,4 solutions. Hence, these solu-
tions will be perennially frozen at depth and can only be liquid
very near the soil surface at the Phoenix site. At lower latitudes
than the Phoenix site, mean diurnal temperatures may exceed
the eutectics of MgCl, and NaClO, solutions, allowing for the pos-
sibility of liquid solutions down to ~10cm; however, below
~10 cm, where temperatures are damped to the annual mean,
MgCl, and NaClO, solutions cannot exist as a bulk liquid because
mean annual temperatures across Mars are too low.

In contrast to the non-glass-forming solutions, the glass-
forming Mg(ClO4), and Ca(ClO4), solutions have the potential to
stabilize liquid water on Mars over diurnal cycles, if not longer.
During the martian summer, when nighttime temperatures de-
crease below the Mg(ClO4), and Ca(ClO,4), eutectics, these salt
solutions could remain in a supercooled liquid state until daytime
temperatures increase above their eutectics. During the martian
winter, maximum temperatures never exceed the eutectic
temperatures of Mg(ClO4), and Ca(ClO4), solutions. Given that
the Mg(ClO4), solutions we studied eventually crystallized (devit-
rified) during warming, Mg(ClO,4), solutions probably undergo eu-
tectic crystallization during the long martian winter. However, the
4 m Ca(ClOy4), solutions never crystallized in this study, even when
mixed with sediment, which suggests that Ca(ClO4), solutions
could exist in a viscous or glassy state during the martian winter.
Measured values for Tg in Ca(ClO4); solutions vary with concentra-
tion and range from —125°C (2.9 m) to —112 °C (5.5 m) (Fig. 4).
These glass transition temperatures are possible during the
martian winter, but are close to minimum temperatures on Mars,
which are limited by CO, condensation at —125 °C. Even if the
glassy state is not common on Mars because T, often lies close
to minimum temperatures, the viscous state above T, is well
within possible temperatures on Mars.

The supercooling observed in Mg(ClO4), and Ca(ClO,4); solutions
suggests the possibility that liquid water may be stable on Mars for
the duration of the martian spring/summer (a period of about 180
sols), and then as a viscous liquid or glass during the martian win-
ter. Conceptually, the glassy state can be thought of as a ‘liquid’ be-
cause it has all of the structural characteristics of liquids, only fluid
flow occurs over very long timescales due to the high viscosity
(Angell, 1995). Under this consideration, concentrated perchlorate
solutions may stabilize liquid water on Mars perennially, with ‘li-
quid’ water existing in states of high and low viscosity controlled
by diurnal and annual temperature oscillations. To better under-
stand the potential for such perennial ‘liquids’ on Mars, and possi-
bly other icy bodies such as Europa and Enceladus, further research
is needed into how long the metastable and viscous states can per-
sist before crystallization occurs, the effect of ionic impurities on
supercooling, and the potential for other salts to form glasses
(e.g. chlorates, nitrates, and ferric sulfate).

4.3. The habitability of supercooled brines and potential of glasses for
biological preservation

The occurrence of liquid water near the martian surface is of
astrobiological interest because this suggests that present-day soils
on Mars may be habitable. With respect to the MgS0O,4, NaCl, MgCl,,
and NaClO, solutions studied here, even though it is possible for
these solutions to be liquid during warm daytime conditions in
the martian summer, the constant diurnal freeze-thaw cycle
would make it difficult for life to survive. This is because eutectic
crystallization is highly damaging to cell structures (Han and Bisc-
hof, 2004). Mg(ClO,4), and Ca(ClO4), solutions could avoid crystal-
lization by supercooling over diurnal cycles in the martian summer
and possibly vitrifying in the martian winter. Vitrification is poten-
tially advantageous for putative life because vitrification can pre-
serve biological organisms, such that organisms remain viable
after rewarming, and is commonly used for cryopreservation of
cells (MacKenzie et al., 1977). Some organisms on Earth in cold
and dry environments are known to use vitrification to enter into
stasis during unfavorable conditions, thus avoiding damages from
crystallization (Storey and Storey, 2004). Putative organisms on
Mars could employ a similar survival strategy, using glass-forming
salt solutions or organic exopolymers (Junge et al., 2006) to survive
harsh conditions until more favorable conditions resumed, allow-
ing for growth.

A central problem with the habitability of aqueous salt solu-
tions is that high concentrations of salt will lower the activity of
water, often below the limits of what is known to support growth.
On Earth, the mold Xeromyces bisporus can grow at a water activity
of 0.61, but this is an unusual case and the lower limit of water
activity for growth is more commonly near 0.75 (Grant, 2004). Sat-
urated solutions of Mg(ClO,4), and Ca(ClO4), have water activities
of 0.39 and 0.29 respectively at 25 °C, far lower than what life is
known to tolerate. As temperatures decrease, the activity of water
in a saturated solution will increase due to the removal of ions
from solution by salt precipitation; however, at the eutectic tem-
perature of Mg(ClO4), and Ca(ClO,4), (using the eutectic in FREZ-
CHEM), water activities only increase to 0.54 and 0.51
respectively, still too low for terrestrial life. A way in which water
activity could increase even further is if a salt solution is warmed
in equilibrium with ice. As temperatures rise above the eutectic,
ice will continuously melt, diluting the salt solution and increasing
the water activity; in the limit that temperatures approach 0 °C,
water activity will approach one. Conversely, ice will crystallize
during cooling, concentrating the remaining solution along the
ice/liquid equilibrium line in Fig. 7 and extending down along
the metastable line if supercooling occurs. Partial crystallization
is not necessarily harmful to life because single-celled organisms
can survive partial crystallization of >80% of the liquid water
(Fahy et al., 1987). Equilibrium with ice is probable at the Phoenix
site because ground-ice is present only ~5 cm below the soil sur-
face (Smith et al., 2009). For any salt solution in equilibrium with
ice, a habitable water activity of 0.6 is reached at —53.5 °C, and
0.75 at —29.6 °C. In Fig. 8, maximum daytime surface temperatures
surpass —29.6 °C for a period of about 100 sols in the martian sum-
mer, and mean diurnal surface temperatures are greater than
—53.5 °C for a period of about 100 sols. This suggests that liquid
water with water activity suitable for growth is possible in near-
surface soils at the Phoenix site for significant portions of the mar-
tian spring and summer.

Finally, we briefly consider the challenges of low relative
humidity and temperature for life at the Phoenix site. Arid condi-
tions could dehydrate salt solutions and lead to low water activi-
ties; however, the stability of near-surface ground-ice at the
Phoenix site suggests that vapor transport in the soil is in equilib-
rium with atmospheric water vapor (Mellon et al., 2009). Given
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that the equilibrium vapor pressure of ice is only slightly less than
pure water, salt solutions in the soil should also be stable. With re-
spect to temperature, life on Earth has been found growing at tem-
peratures down to about —20°C (Junge et al.,, 2004; Price and
Sowers, 2004; Rivkina et al., 2000), although laboratory experi-
ments suggest that metabolism may occur at much lower temper-
atures (Junge et al., 2006). Recent studies have found that low ionic
potential ions like perchlorate (known as ‘chaotropes’) will pro-
mote metabolic processes at low temperatures by disrupting ionic
interactions between macromolecules, which ordinarily slow
down metabolism by inhibiting protein functions at low tempera-
tures (Chin et al., 2010; Cray et al., 2013). Hence, there is a growing
body of evidence suggesting that perchlorate solutions have prop-
erties that are uniquely advantageous for low-temperature life;
including, freezing-point depression, supercooling, vitrification,
high oxidation potential for use in metabolic processes (Coates
and Achenbach, 2004), and low-temperature stabilization of
macromolecules.

5. Conclusions

Supercooled salt solutions allow liquid water to exist below eu-
tectic temperatures, which has implications for the stability of li-
quid water on Mars and the habitability of present-day soils. To
explore the magnitude of supercooling and its dependence of salt
composition, concentration, and the presence of soil, we performed
slow cooling and warming experiments on MgS0O,4, MgCl,, NaCl,
NaClO4, Mg(ClO4),, and Ca(ClO4), solutions. The results suggest
the following conclusions:

e Temperature profiles measured during these experiments indi-
cate that MgSO,4, MgCl,, NaCl, and NaClO,4 solutions supercool
about 5-15 °C below their eutectic temperature and can persist
in a supercooled state for several hours. Addition of soil has a
variable effect on supercooling, which is surprising given that
nucleation theory suggests that soil will strongly decrease
supercooling due to heterogeneous nucleation on particle
surfaces.

Given the laboratory results, we suggest that during the mar-
tian summer at the Phoenix site, supercooling in MgCl,, NaCl,
and NaClO4 solutions may increase the duration of liquid
water in the daytime, but nighttime temperatures always fall
below the maximum supercooling measured, indicating that
these solutions will intermittently freeze and thaw. Hence,
supercooled MgCl,, NaCl, and NaClO4 solutions will only
marginally affect the stability of liquid water at the Phoenix
site.

Mg(ClO4), and Ca(ClO4), solutions supercool to a remarkable
degree, down to about —120 °C, at which point they vitrify.
Upon warming, some of the Mg(ClO,4), and Ca(ClO,4), solutions
undergo devitrification, forming a eutectic mixture; however,
4 m Ca(Cl0O,4), solutions, were not observed to crystallize during
this study, even when mixed with soil.

e The laboratory results imply that concentrated Mg(ClO,4), and
Ca(ClOy4), solutions could stabilize liquid water on Mars at
low temperatures in viscous and glassy states over diurnal,
and possibly perennial, timescales.

The glassy state is known to be beneficial to life and protect
microorganisms against damaging eutectic crystallization.
Effectively, microbes can enter a state of suspended animation
and be revitalized upon warming to the liquid state. Conse-
quently, perchlorate glasses might preserve pristine cellular
structures on Mars. By extension, glasses formed from brines
might also be important elsewhere on other icy bodies, such
as Ceres, Europa, Enceladus or Kuiper Belt Objects.
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