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Abstract

We combine experimentally vedd constraints on brine thermodynamics along with a global circulation model to
develop a new extensive framework of brine stability on the surface and subsurface of Mars. Our work considers
all major phase changé<., evaporation, freezing, and boiljrand is consistent, regardless of brine composition,

so it is applicable to any brine relevant to Mars. Wl that equatorial regions typically have temperatures too

high for stable brines, while high latitudes are susceptible to permanent freezing. In the subsurface, this trend is
reversed, and equatorial regions are more favorable to brine stability, but only for the lowest water éanidities
lowest eutectic temperatujes\t locations where brines may be stable, wed that their lifetimes can be
characterized by two regimes. Above a water activity @, brine duration is dominated by evaporation, lasting

at most a few minutes per sol. Below a water activity of 0.6, brine duration is bound by freezing or boiling; such
brines are potentially stable for up to several consecutive hours per sol. Our work suggests that brines should not be
expected near or on the Martian surface, except for low eutectic water activity salts such as calcium or magnesium
perchlorate or chlorate, and th@iretgstability on the surface would require contact with atmospheric water vapor

or local ice deposits.

Uni ed Astronomy Thesaurus concepikars (1007); Astrobiology (74)

1. Introduction (Ban eld et al.2020. Several observations have suggested the

Early work considering the formation and stability of liquid possibility of brine-driven or induced geomorphological

y . ; features on the surface of Mars, such as recurring slope lineae
water on present-day Mars against atmospheric pressure anéSL) or gullies(Malin et al 2006 McEwen et al2011, 2014).

temperature suggested that brines would be the most probabl
stable aqueous phase, given their lower saturation vapor pressu
and freezing temperatungersoll1970. Later efforts using a
validated general circulation modéGCM) suggested pure
liquid water could be sparingly stable over some 30% of the
Martian surface; however, this work also primarily considered
air temperature and atmospheric pres@ideberle et al2001);
liquid stability against a hyperarid atmosphere was considere
but not investigated. Applying their experimental constraints on
the stability of ferric sulfate solutions, Chevrier & Altheide

(2009 studied the potential global stability of brines against shallow regolith. Recently, Rivera-Valentin et(@020 used

freezin ilin nd evaporation in m i : : ;

a5656umi§]r;gbr$ o a?ﬁgsghgrigp\)/sa?é? vap;?inz (rjnrgx?r;u(r)r?%?aece experimental constraints on the deliquescence of Mars-relevant

temperature constraints from a GCM. However, these constraint§alts a'°f?9 with a G(.:.M to investigate the_properneemﬂta)

did not account for diurnal or seasonal variations of surfaceStable bnnes. at eq“"'b”“'.“ with the ambient atmosphere and

conditions (e.g., temperature, humidity, air pres3uladeed found that brines could exist over 40% of the surface for up to

. b 1 1 L 0 -

in situ environmental measurements by the Phoenix |{ddat 2% &g:;hv?/eMa(er:::paI);zG}:;he work in Rivera-Valentin et26120

et al.201Q Fischer et al019 and the Mars Science Laboratory ' 9 : i . .

(Harri et al.2014 have now revealed that atmospheric water to present a new model of.brlne stab!llty that combmes freezing,
oiling, and evaporation without restriction on the speniature

vapor pressure does not surpass some 2Pa, and vari of the brine. We do not limit the model to a single value of water

signi cantly throughout the day. To date, work on synthesizing ctivity, but rather investigate a range of water activities from
both experimental constraints of brine stability and near-surfacé Y, = 9 ge ¢ o
pure wate(an,o = 1) to the lowest eutectic water activity value

Martian environmental conditions into a cohesive global frame- relevant to Margay,o = 0.5, slightly below the water activity of

work of potential aqueous activity has remained limited. caleium oerchlorate. e Figuid. Any known salt eutectic
Addressing the presence and stability of liquid brines on the P » €.9., Figulg. Any
surface of Mars remains a priority for the Mars community relevant to Mars falls between these two values. Several salts can
reach lower water activities, but always at higher temperatures

Original content from this work may be used under the terms l()NltJdmg ett al. 2034' Begausle t.Of tne I.nve.rse r\e/laltlor:,shlp

BY of the Creative Commons Attribution 4.0 licendeny further etween emp_era ure ar_]_ _re a '_Ve umldltyvera- alentin
distribution of this work must maintain attribution to the aut§and the title et ?—':2018, which at eqU”'b”_Um is equal to the briﬂeNa_-tefr
of the work, journal citation and DOI. activity, the best brine candidates would have to exhibit low

% parallel, there is now a signiant body of literature on the
stability and behavior of brines under Mars-like conditions,
which shows that in addition to resisting freez{Bgass1980),
brines are also more resistant to evaporat{@ears &
Chittenden2005 Chevrier & Altheide2008 Altheide et al.
2009 Chevrier et al.2009. Moreover, deliquescence has
(Provided a possible pathway for the formation of brines on the
surface of MargClark 1978 Gough et al2011;, Nuding et al.
2014 Gough et al.2016 Primm et al.2017, other than
melting, considering the global abundance of salts in the


https://orcid.org/0000-0002-1111-587X
https://orcid.org/0000-0002-1111-587X
https://orcid.org/0000-0002-1111-587X

THE PLANETARY SCIENCE JOURNAL, 1:64 (12pp, 2020 December Cheuvrier et al.

290 4 generalized and globalized planetary version of the National
Cas0, - Center for Atmospheric Research Weather Research and
" AL(SO)s ForecastindWRF) model(Skamarock et aR005 Richardson
Naclo, et al.2007). MarsWRF has been successfully used to study the
Martian atmospheric and climate dynam(Bschardson et al.
Ca(Cl0s), 2007 Soto et al.2015 Newman et al.2017). We used a
Mg(ClO,), standard comguration of MarsWRF(see Richardson et al.
| LEE10s): 2007 for detail, with the addition of the recently developed
N and validated two-moment scheme for microphysical calcula-
56 4 Fell,(SO,)s | tions (Lee et al.2018. This two-moment scheme provides
ca(cloy), improved simulation of the water cycle, including the radiative
170 1 effects of water ice clouds, which improves the overall
simulation of the Martian climatfLee et al.2018. Rivera-
150 : ‘ . . . Valentin et al(2020 used MarsWRF and in situ measurements
100 0-90 0-80 0.70 0.60 0.50 to derive temperatures and water vapor pressures as inputs into
Water activity (auo) deliquescence modeling of brines. We ran MarsWRF for more
Figure 1. Measured eutectic temperatures as a function of water activity for than ve Martian years, using & %y 5° horizontal spatial
various salts relevant to Maf@icluding sulfates, chlorides, perchlorates, and resolution, to ensure that the model was properly spun up and

chloratey The red line corresponds to the theoretical water activity line in limatol h match rvi Martian
determined by the ratio of the saturation pressure over ice divided by thep oducing a_climatology that atches observed artia

saturation pressure over liquiurphy & Koop 2005. The gray zone climatology. Then, the model was run for one year, outputting _
indicates the transition from evaporation dominated stability to freezing and the surface temperature, as well as the near-surface atmospheric
boiling stability on Mars, around,, , = 0.62 (Figure 6). Although ferric temperature, humidity, and pressure among other conditions,
sulfate has a higher eutectic temperature, around 246(B&hnings on an hourly frequency for each grid point in the model. These

et al. 2013, it has been shown that supersaturated brines can easily underg - . s
supercooling and remain liquid down to a glass transition around 205 KorIourly parameters were then provided to the brine stability

(Chevrier & Altheide2008. model.
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temperatures and low water activities. Therefore, eutectic 2.2. Evaporation Model

conditions represent a good compromise between low tempera- The evaporation rate of liquid watefms into the Martian
tures and low relative humidity values. The presented results ca@tmosphere is well described by a diffusion the@ick's

be applied for any brine at any salt concentration since they relyequatioh modi ed for the buoyancy of water molecules into the
only on the water activity, independent of the nature of thespalt heavier C@atmospheréingersoll197Q Sears & Chittende2005

in solution. We use a well-developed and validated global Sears & Moore2005 Chevrier & Altheide2008; however, this
circulation model for Mars: The Mars Weather Research formulation follows three assumptions for simgiition. In the

and ForecastingMarsWRF model (Skamarock et al2005 derivation, Ingersol(197Q assumed an isothermal plane above
Richardson et al2007) to determine hourly surface tempera- the sublimating or evaporating watee., that the temperature at
tures, from which we calculate evaporation rates at the surfaceéne surface is equal to the air temperatuae completely dry

and in the subsurface. We also include phase changes, e.gatmosphere, and did not account for the effects of salts. Here, we

boiling and freezing, based on the water activity of the brine. do not consider these assumptions, resulting in an evaporation rate
Finally, we investigate the effects of atmospheric humidity on given by

the stability and distribution of brines. We mostly focus on the

surface of Mars, where brines could be easily detddiesttly

or indirectly through geomorphological effgctsut we also test E 0.17Dn,0/co,am,
the effects of layers of regolith on top of brines to place a lower sol
boundary on their stability. This model focuses on brine stability where Dyy20/co2Pm,01 co, is the interdiffusion coetient of
and not f_ormation processes, such as delique_sce_nce or_meltingzo(g) and CQ); psatis the saturation density of water vapor
and provides a comprehensive framework of liquid stability on jn equilibrium with pure liquid water, which is modid by the

present-day Mars. brines water activityay,o to obtain the saturation density
_ _ above the brineysy is the density of the solution, which leads
2. Theoretical Background and Modeling E to represent a rate rather than a; Ap/p is the relative

We investigate two scenarios: the surface and subsurface. Ifensity difference of the gas mixtufeater vapor and C£
both cases, we consider the temporally averaged evaporation ratietween the surface of the liquid and the atmosplgeiethe
over a Martian year. On the surface, we consider stability againsgravitational acceleration; andis the kinematic viscosity of
freezing and boiling. In the subsurface, we consider brineCQ,. The pure water gas density,is de ned as
stability at a depth where the temporal temperature variation
about the average annual surface temperature is negligible Pattyyo )

; : Psa ;
some three times the annual thermal skin depth ‘ RT

O@[M]i (1)

V2

whereMy,o is the molecular weight of wateR, is the ideal gas
2.1. Temperature Model constant, angbs, is the saturation water vapor pressure above
To simulate the subsurface and surface temperatures and teure liquid wate(Murphy & Koop 2003. The buoyancy term
near-surface atmospheric humidity on a global scale, we use\p/p, which accounts for the relative density difference between
the MarsWRF general circulation model. MarsWRF is a the surface gas above the brine, and the surrounding atmosphere

2
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follows
% Patm Psurf
P P, surf
where
P P MCOz
atm R];tm
and
P an,oP, (P anoPy)
psurf R];urf (MHZO 2 sat MCO2 P 2 sat s

whereP is the atmospherisurface pressurég,and Ty, are the
temperature at the surface and atmosphere, respectivel-and

3)

“)

()
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the surfacgChevrier & Altheide2008. Consequently, boiling

is a signi cant constraint for liquids since it is much more
ef cient at removing water from the surface than evaporation.
Brines can avoid boiling because dissolved salts depress the
saturation vapor pressure above the liquid, such that thésrine
saturation vapor pressure dg,op,,, allowing them to avoid
boiling at much lower temperatures.

2.4. Freezing Model

The other process limiting brine stability on the surface of
Mars is freezing, which occurs when the environmental
temperature drops below the freezing temperature of the brine.
This temperature is controlled by the water activity, and
therefore, two brines with the same water activity freeze at the
same temperature, regardless of their respective composition
(Figure 1), as long as they are in equilibrium with water ice

is the molecular weight of carbon dioxide. Note that assuming(which is the case at the eutegti€or this reason, we use water
apgo 1 and Tym= Tsur reducesAp/p to Equatior(3) in

Ingersoll (1970. In addition, the kinetic parameters are also
temperature dependent. The diffusion coeht of water into

gaseous Cgis de ned asgBoynton & Brattain1929

3
T (1
Duosco, 1387 10 5(2731 )(F)’

where hereP is in bar. The kinetic viscosity is empirically

de ned ag(Laesecke & Muzny2017):

L 1as 10 5 KT (240 293.15)( T )3
' Mco,\ 240 T N29315)°

When layers of regolith are covering brine or ice, then the

(6)

)

activity as the most fundamental parameter of the brine. We

model the freezing temperature of the brine as a function of

water activity by nding the temperature such that

1o (Ruice/Partiqua) 0 In Figure 1, we compare this

approach with the known values for Mars-relevant salts and
nd that it well approximates their eutectic temperatures.

3. Liquid Brine Stability on the Surface of Mars

Before describing the results of the model, we want to
highlight that brines described in this model are metastable
since at best they are affected by evaporation. Therefore, any
reference to“stability’ is in fact “metastability. Only
Section6, which studies the effect of atmospheric water vapor,
actually deals with stability in the thermodynamic sense.

Figure2 shows the stability of liquid brines for various water

sublimation/evaporation rate is calculated as diffusion through a activities representative of different salt solutions. Evaporation

porous medium following the semiempirical equatiBhevrier

et al.2008

DMy,0aH,0P,,
LRTpsol

where E is the evaporation rate in the atmosphdréds the
thickness of the regolith layer; afdis the diffusion coefcient

®)

rates were calculated hourly and then averaged over an entire
Martian year, rather than using the average temperature.
Because the evaporation rate is close to an exponential function
dependent on temperature, calculating the evaporation rate with
the average annual temperature does not result in the average
evaporation rate. Moreover, we present annual average values
because evaporation is typically considered to be a relatively
“slow” process compared with freezing and boiling; however,

in some cases, even this approximation is not védiee

of water vapor in the porous regolith. We used an average valug&gctions for more details Boiling and freezing were also

of 5 x 10°* m?s>%, following previous experimental results
(Chevrier et al2007, 2008 Hudson et al2007 Savijarvi et al.

mapped against the maximum yearly temperature, to provide
an upper limit to the stability of brines. Therefore, this

2020. Here we study the evaporation rate at the depth where theepresents a best-case scenario for brine stability on Mars. In
annual thermal amplitude is well attenuated and thus theFigure2, the 5 x 5° resolution of the MarsWRF output has
seasonal cycle becomes negligible. This occurs when the deptheen interpolated and evaporation is represented as a color zone
is equal to about 3 times the annual skin depth, which ismostly in the mid-to high- latitudes, while boiling appears as a
calculated for every location modeled in the GCM using the baseShaded zone in the equatorial regions and southern latitudes

thermal inertia map. Therefore, at this depth we use a consta

temperature given by the mean annual temperature.

2.3. Boiling Effect on Brine Stability

.g., where temperatures dhegh”), and freezing appears as a
gray zone, mostly in the high northern latitudesigh = 1
(e.g., where the temperatures are)low

For high water activities close t@y,o = 1, (i.e., liquid
brines with a low amount of dissolved salts, or poorly soluble

Boiling occurs when the saturation pressure above the brindonic compounds such as Cag@ KCIO,; see Figurel), the
exceeds the total atmospheric pressure. As the average surfacerthern latitudegabove 48) are permanently frozefgray

pressure on Mars is6 mbar and the triple point of pure liquid

zone on Figure at ay,o = 1). This means that even at the

water is 273.16 K at 6.11 mbar, every time the temperature ishighest temperatures achievable at these locations, stable high
above 273 K the water saturation pressure for pure liquid watemwater activity liquids could not form. In the equatorial regions,
exceeds the total atmospheric pressure, and thus liquid boils ofdnd especially in the southern latitudes, brines can form, but
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Figure 8. Maps of continuous hours of brine metastability as a function of water activity, projected on a MOLA shaded relief map. These maps are simifar to Figure
but presenting the duration per sol, so a brine extending to 24 hr is stable over an entire Martian day. ContranptéHeignildmum evaporation raf€igure6) is

used to determine an upper boundary for the lifetime of the {@ige best-case scenarid/ater activities above 0.8 are ignored as they present a negligible timescale

in the order of a few seconds.

(Rivera-Valentin et aR018 2020. However, this mechanism
plays a minor role on Mars, as the best estimates show that it
would occur for at most 2% of the year and up to a maximum
of 6 consecutive hours(Rivera-Valentin et al.2020.
Subsequent fast evaporation at high temperatfigsire 11)

or boiling could quickly remove the brine from the surface,
probably at the scale of a few houShevrier et al.2009,
especially since deliquescence is limited by the amount of salt
in the regolith(typically around 1% perchlorate or lgssid the
amount of water vapor in the atmosphdie the 10s of
precipitableum). Alternatively, if evaporation is slow enough
(Figures5 and 6), then brines could survive longer enabling
them to recharge.

If deliquescence has a limited action, melting could
potentially generate more abundant brines, as long as the salt
is mixed within the ice matrix or directly in contact with it
(Chevrier & Rivera-Valentir2012. Ice has been observed at
mid-latitudes by various direct and indirect meth¢@nd eld
2007 Byrne et al2009 Dundas et al018. If this ice came in

Figure 9. Percentage of the Martian surface where evaporation dominated overC ontact with salt depOSitS’ for example during seasonal frost
boiling or freezing during the lifetime of a brifleased on Figurg). On this plot, deposmon, then meltlng could be eaS"y IndudéBCher etal.

the percent found for a given water aitgivs shown as a cyan circle and the solid ~ 2016. This mechanism would also be likely to occur in periods
black line is illustrating the trend as anfttion of water activity. For high water ~ of obliquity change, when the ice is redistributed at lower

activity brines(i.e., ay;,, > 0.7), evaporation is faster than the hourly changing |atitudes and temperatures are medi at mid-latitudes

conditions across all of the surface ahdst dominates thifetime of a brine.

Conversely, fOEm20 < 0.58, evaporation is much slower compared to the hourly (COStard_ et E_:l|2003. L. . .
changing conditions, and so boiling dodfreezing regulate the lifetime of a brine Even _|f brines are '||m|ted today in terms of stability, they
across the surface of Mars, yet are more stable over time. could still have a signicant effect when accumulated over long





