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PLANETARY SCIENCE

Martian subsurface cryosalt expansion and collapse

as trigger for landslides

J. L. Bishop''?*, M. Yesilbas'3, N. W. Hinman®, Z. F. M. Burton®, P. A. J. Englert®, J. D. Toner’,

A.S. McEwen?, V. C. Gulick'?, E. K. Gibson®, C. Koeber!'®

On Mars, seasonal martian flow features known as recurring slope lineae (RSL) are prevalent on sun-facing slopes
and are associated with salts. On Earth, subsurface interactions of gypsum with chlorides and oxychlorine salts
wreak havoc: instigating sinkholes, cave collapse, debris flows, and upheave. Here, we illustrate (i) the disruptive
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potential of sulfate-chloride reactions in laboratory soil crust experiments, (ii) the formation of thin films of mixed
ice-liquid water “slush” at —40° to —20°C on salty Mars analog grains, (iii) how mixtures of sulfates and chlorine
salts affect their solubilities in low-temperature environments, and (iv) how these salt brines could be contributing
to RSL formation on Mars. Our results demonstrate that interactions of sulfates and chlorine salts in fine-grained
soils on Mars could absorb water, expand, deliquesce, cause subsidence, form crusts, disrupt surfaces, and ulti-
mately produce landslides after dust loading on these unstable surfaces.

INTRODUCTION

Chemical alteration on Mars has largely taken place through reac-
tions in liquid water. Although geologic features and mineralogy
required liquid water on the martian surface, it may have been
short-lived (1). Liquid water is not currently stable on the surface of
Mars (2), and long-term liquid water is inconsistent with climate
modeling (3). However, H,O ice is present just below the surface at
the Phoenix landing site (4) and at several other mid-latitude sites
identified from orbit either in High-Resolution Imaging Science Experi-
ment (HiRISE) images (5), or through analyses of Gamma Ray Spec-
trometer (GRS) data (6). Seasonal frost coatings on ice at scarps (Fig. 1,
A and B) (5) confirm interactions of surface and atmospheric H,O,
and the recent slope failures and landslides in inverted terrains are
consistent with terrestrial permafrost features, suggesting a sub-
stantial water ice component in some clay-rich sediments today (7).
Recurring slope lineae (RSL) features are well documented across
the equatorial regions and mid-latitudes of Mars (8), and multiple
“wet” or “dry” formation processes have been proposed to explain
these seasonally reappearing flows (9, 10), although none of these
mechanisms are fully consistent with the observed RSL. We propose
a hybrid model that includes both wet and dry components of salty
soils on Mars based on field observations, laboratory experiments,
and modeling of brines.

Subsurface liquid water and salt in Antarctica

The McMurdo Dry Valleys (MDV) have long been investigated as
analogs for Mars due to the cold and arid climate and scarcity of life
(11). Permafrost depth here responds to climatic variability, producing
salts and other minerals at multiple depths in the Antarctic sediments
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(12). Early work in the MDV demonstrated the presence of thin films
of liquid water coating mineral grains in frozen soils (13). Despite
limited liquid water availability and freezing conditions, migration
of salts and water-soluble ions in the MDV has been documented
(14). Investigation of multiple soil and sediment samples from Wright
Valley confirmed concentration of salts and chemical weathering
below the surface (15). Consistent with previous studies, we docu-
mented soil pits in Wright Valley, Antarctica containing (i) aeolian
material in the upper 1 to 2 cm, (ii) a near-surface zone dominated
by chemical alteration where sulfates and chlorides are concentrated
and where thin films of liquid water can form, and (iii) a deeper,
permanently frozen zone that contains stable ice and permafrost
with little to no change in the concentrations of dissolved species.
Chlorides and Ca sulfates are abundant in near-surface MDYV soils
and sediments that are above the permanently frozen line but con-
tain ice during cold seasons [e.g., (15, 16, 17)] and could be contrib-
uting to the chemical activity of soils through the formation of thin
films of brine water. Near-surface layers of bright materials are
frequently dominated by halite (NaCl), CaCl,, and/or gypsum
(CaSO4-2H,0) (Fig. 1, C to E). These salt-enriched layers contain a
few weight % (wt %) chloride and gypsum or anhydrite and tend to
be present 3 to 7 cm below the surface in evaporative settings in-
cluding the margins of Don Juan Pond and Don Quixote Pond in
Wright Valley. Despite this evidence of chemical alteration below
the surface, alteration of surface materials in the MDV is dominated
by physical alteration (18).

Notable physical alteration has occurred on Mars as well through
impacts, wind abrasion, and other aeolian processes (19) over
millions to billions of years, producing a substantial portion of sur-
face fines <40 um in diameter that are transported and deposited
across the surface (20). Analyses of modern surface regolith by the
Chemistry and Mineralogy (CheMin) X-ray diffraction (XRD) in-
strument on the Curiosity rover indicate that ~30 wt % of modern
aeolian sediments contain nanophase, poorly crystalline, or
amorphous phases (21). This abundant poorly crystalline and fine-
grained material on Mars is likely highly susceptible to alteration
by salty brines compared to crystalline, igneous components in the
martian regolith. Because of the ultraxerous conditions (i.e., extremely
dry and cold conditions, resulting in soils with very low moisture
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Fig. 1. Near-surface salts and ice. (A) Seasonal frost coating over ice at a scarp southeast of Hellas Planitia in early spring (5) from HiRISE image ESP_047338_1230 (56.6°S,
114.1°E). Image credit: NASA/JPL/University of Arizona. (B) View of (A) with an enhanced color stretch to emphasize the ice (blue shading). Image credit: NASA/JPL/University
of Arizona. (C) Sediment core from the southern margin of Don Juan Pond, Wright Valley, Antarctica. Photo credit: Everett K. Gibson, NASA-JSC. (D and E) View of reddish,
altered material below surface pebbles at soil pits on the southern margin of Don Juan Pond. Note the light-toned layers that are ~1 cm thick (cyan arrows) a few centimeters
below the surface and occasionally also at deeper horizons. Photo credit: Everett K. Gibson, NASA-JSC.

content and high concentrations of soluble salts) on the surface of
Mars, where surface temperatures rarely exceed 0°C, thin films of
water, when available in near-surface environments, could be read-
ily adsorbed by these short-range ordered phases.

RESULTS

Expansion and collapse caused by gypsum-chloride reactions
Chemical reactions of chlorides and Ca sulfates play an important
role in geologic processes on Earth (Fig. 2 and fig. S7). Subsurface
gypsum and halite deposits surrounding the Dead Sea in Israel
are causing instability and sinkholes as they absorb groundwater
(Fig. 2A). Halite hydration initiates deliquescence and then dissolves
gypsum into the Cl brine, causing sediment gaps and subsequent
collapse of overlying materials (22). Dissolution of subsurface gypsum
beds in the halite-bearing Salar de Pajonales region of Chile produces
hollow cavities 1 to 2 m deep (Fig. 2B). Many karst systems contain
sulfates (including gypsum) that become destabilized in the presence
of Cl salts. Disintegration of extensive gypsum deposits can form
large caves, such as those at Carlsbad Caverns in New Mexico (23).
Instability and collapse of caves and karst systems in Spain are
attributed to dissolution of halite, gypsum, and glauberite [Na,Ca
(SO4)2] (24), while collapse features and debris flows on volcanic
edifices are, in some cases, attributed to the presence of gypsum,
for example, where large gypsum veins up to 10 m long are ob-
served on the scarps exposed following edifice collapse (25). Thus,
the interaction of water with gypsum and Cl salts appears to pro-
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mote instability and mobility of surface materials in multiple
natural environments.

In addition to geologic processes, reactions between chlorides
and Ca sulfates produce expansion and collapse near salt mines,
boreholes, and roadways. Gypsum is frequently used to stabilize
roads but can expand and contract in the presence of Cl salts, causing
roads to buckle (Fig. 2C and fig. S3, C and D) (26). Salt experiments
revealed that reaction of gypsum with chlorides and phyllosilicates
drives this process through the formation of oxychlorides that
expand greatly (26).

To investigate hydration of subsurface salts on Mars, as well as
the subsurface and surface distribution of hydrated salts and physical
ramifications of subsurface water-salt interactions, we conducted
laboratory experiments with altered volcanic material, Ca sulfate
(Drierite), and Ca chloride (see Materials and Methods and figs. S2
and S3). These experiments began with the Ca sulfate in a dehydrated
form similar to bassanite (CaSO4-0.5H,0). The volcanic soil analog
included abundant amorphous phases in a matrix of altered glass
and basaltic grains (see Materials and Methods). In these experiments,
soil-mineral mixtures were hydrated from below (Fig. 2D and figs.
S$4 and S5) to mimic activity of subsurface water on Mars. As liquid
water was added to the system, it was adsorbed on the surfaces of
the poorly crystalline aluminosilicates in the soil and absorbed by
the sulfate grains. This was indicated by darkening of the soil from
light brown to darker brown and by changing of the sulfate grain
color from light blue to light pink (figs. S4 and S5). The Ca chloride
grains likely also absorbed water, but this process could not be visually
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Fig. 2. Gypsum-salt expansion and collapse. (A) Sinkhole depressions produced
by Cl salt reactions with gypsum in mud flat sediments at Wadi Ze'elim near the
Dead Sea, Israel [modified from Yechieli et al. (22)]. Photo credit: Gideon Baer, Geo-
logical Survey of Israel. (B) Void space of 35 to 40 cm deep beneath gypsum beds
at Salar de Pajonales, northern Chile. Note the deformation of the in-place gypsum
beds (person for scale). Photo credit: Victor Robles Bravo, Campoalto. (C) Pavement
distress caused by gypsum-salt expansion in lime- and cement-treated subsoils (26).
Photo credit: Les Perrin, US Army Corps of Engineers. (D and E) Crust formation and
soil expansion in Ca sulfate-CaCl, soil laboratory experiment. The Ca sulfate (Drierite)
grains are blue when dry and pink when hydrated. Photo credit: Janice L. Bishop,
SETI Institute.

confirmed in these experiments because Ca chloride remains white
in more hydrated forms. During the experiment, salt solutions grad-
ually migrated upward toward the surface, expanded, and collapsed
to form raised crusts and cavities (Fig. 2E, fig. S5, and movie S1).
Color indicators (see Materials and Methods) showed hydration of
subsurface sulfates, while surface sulfates remained dry. This exper-
iment provides an example of the expansion and collapse processes
active in karst systems, evaporite environments, and roadways in
multiple locations across Earth (e.g., Fig. 2, A to C, and fig. S3). This
laboratory experiment and these natural settings demonstrate the
disruptive ability of sulfates and Cl salts to expand and contract due
to hydration, deliquescence, and dehydration. Although these exam-
ples do not replicate current martian conditions, similar processes
could have occurred on Mars (e.g., in a setting such as Gale crater in
an earlier environment when liquid water was present). In addition,
even today on Mars, related processes could be occurring at a much
slower pace in locations where thin films of liquid water or brine are
present below the surface.

Martian salt observations
Elevated S and Cl levels have been identified in the soils on Mars
and appear to be ubiquitous across much of the planet (27-29). S is
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assumed to be primarily present as sulfate on Mars with abundances
typically ranging from 1 to 10 wt % SOj3 (29, 30). Sulfate-enriched
soils with up to 35 wt % SOj3 (including Ca sulfate, Mg sulfate, and
Fe sulfate) were characterized by the Spirit rover at Paso Robles-type
outcrops (31). Numerous hydrated sulfate outcrops have been de-
tected on Mars from orbit using the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) instrument on the Mars
Reconnaissance Orbiter spacecraft (32, 33) including the Ca sulfates
gypsum and bassanite, as well as a variety of monohydrated and
polyhydrated sulfates. These can be distinguished by the shape and
position of the hydration bands near 1.4 to 1.5, 1.9 to 2.0, and 2.4 um
(34-36). Several occurrences of Ca sulfates have been documented
via spectral analyses from orbit: gypsum dunes at Olympia Undae
(37), gypsum-bearing sediments at Noctis Labyrinthus (38), and bas-
sanite at Mawrth Vallis (39).

Gypsum veins were observed at Endeavor crater using Pancam
spectral hydration features near 934 to 1009 nm by Squyres et al.
(40). Bassanite was detected in bright veins (41) in Gale crater sedi-
ments using the Chemistry and Camera (ChemCam) laser-induced
breakdown spectroscopy (LIBS) instrument on the Mars Science
Laboratory rover Curiosity. Sulfates are observed in all samples mea-
sured by CheMin at Gale crater (21, 30), and gypsum, bassanite,
and anhydrite are the most common crystalline sulfate salts observed
there. Rapin et al. (42) report elevated Ca sulfate contents consis-
tent with 30 to 50 wt % of these sulfates spanning 150 m of stratig-
raphy in the Murray formation using ChemCam LIBS data. Near
the transition from the Sutton island member to the Blunts Point
member, they observed a 10-m-thick horizon containing ~30 wt % Mg
sulfates and lower Ca sulfate abundances.

Vaniman et al. (30) observed gypsum, bassanite, and anhydrite
throughout Gale crater using CheMin XRD data. They noted that
warm conditions (~6° to 30°C) inside the CheMin sample chamber
acted to dehydrate gypsum present in the samples, producing
bassanite over a period of sols during the XRD measurements. This
was documented through decreasing gypsum abundance and in-
creasing bassanite abundance over time for different samples, in-
cluding a sample from Oudam, where no bassanite was initially
present and where gypsum gradually decreased until, after 37 sols,
it was absent and totally replaced by bassanite. All five samples con-
taining gypsum experienced this dehydration to bassanite within a
few sols. Vaniman et al. (30) propose that gypsum exposed on the
surface at Gale crater during warmer seasons would have similarly
experienced dehydration to bassanite over time. This is consistent
with ChemCam analyses implying bassanite formation through
diagenesis of gypsum veins (41). Gypsum is typically observed in
samples where Ca sulfates are abundant including portions of the
Murray formation, but only bassanite and anhydrite are observed in
samples with lower sulfate abundance such as the Stimson sandstone
(30). Revised estimates of the bulk Ca sulfate abundances determined
using CheMin data by Rampe et al. (43) indicate the presence of
these sulfates at several sampling locations with anhydrite generally
in highest abundance (up to 21 wt %) and bassanite and gypsum
varying from 1 to 7 wt %. These sulfate contents represent averages
for a scoop of material delivered to CheMin and are lower than the
30 to 50 wt % Ca sulfates detected in point analyses by the ChemCam
instrument (42).

Vaniman et al. (30) argue that some gypsum may have dehydrated
to form anhydrite over time on Mars, but the pervasive anhydrite
observed at Gale crater is more likely to have anhydrated directly
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from solution. Although anhydrite generally forms at higher tem-
peratures than gypsum in dilute fluids, concentrated brines enable
formation of anhydrite at lower temperatures. Marion et al. (44)
modeled anhydrite formation from concentrated sulfate brines at lower
temperatures, even near freezing for high salt contents. Vaniman et al.
(30) suggest that some hydration of anhydrate may have occurred
to produce the mixed anhydrite-bassanite-gypsum occurrences, but
because anhydrite is always present in these samples, Vaniman et al.
(30) support low water/rock ratios and low temperatures hindering
complete reaction to gypsum.

Cl was found to be widely distributed in the upper tens of centi-
meters of the martian regolith across equatorial and mid-latitude
regions, at 0.49 wt % Cl, on average, by the Mars Odyssey GRS (45).
Further, Keller et al. (45) found that Cl is not distributed homoge-
neously and varies by a factor of four with elevated concentrations,
for example, at the Medusae Fossae formation. Chloride salts have
been identified from orbit using spectral and thermophysical
properties at over 600 distinct locations in low-albedo Noachian- and
Hesperian-aged terrains (33, 46, 47) at 10 to 25 wt % abundance on
the surface (48). Deposition in a lacustrine/playa setting or ground-
water upwelling area are the favored formation theories (47, 48).
Chlorides detected at Terra Sirenum were deposited atop the ancient
phyllosilicates and were likely mobilized and emplaced by near-surface
waters (49). Perchlorate and chloride were both detected by the
Phoenix Lander Wet Chemistry Laboratory, with perchlorate abun-
dances at 0.6 to 0.7 wt % ClO4 and lower chloride abundances
(27, 50, 51). Oxychloride salts (likely perchlorate and chlorate) are
present at up to 1.2 wt % Cl abundance in the Cumberland mudstone
at Gale crater (52) with lower abundances of perchlorate and oxy-
chloride salts observed in other locations (27). The predominance
of ClO4 over ClO;™ in martian soils (52) is consistent with postde-
positional processing and could imply limited availability of water
since the emplacement of the oxychloride compounds (53). Cl levels
detected in the soils at the Viking, Pathfinder, Opportunity, Spirit, and
Curiosity landing sites generally vary from ~0.2 to 0.9 wt % CI, with
concentrations elevated by up to 3 to 4 wt % Cl in rare cases (28, 29).

In situ analyses of regions thought to be rich in Cl and § salts on
Mars could also provide clues to potential near-surface frozen or
liquid brines because these salts can only be detected via orbital re-
mote sensing if they occur at the surface. Stillman et al. (10) suggest
that a layer of unconsolidated regolith is forming materials similar
to caliche and is masking salt crusts, thus preventing their detection
from orbit.

Solubility of Cl salts and brines

Characterization of the eutectic temperatures of Ca, Mg, and Na
chlorides, chlorates, and perchlorates has shown that these Cl salts
form brines well below 0°C (table S1). These eutectic temperatures
indicate that brines could be occurring in subsurface environments
on Mars where temperatures are —50° to —20°C or warmer. Thus,
we investigated mixtures of Cl salts in an altered volcanic soil matrix
to explain the capability of a salty Mars analog to form transient
briny water in cold environments (Fig. 3). Low-temperature attenu-
ated total reflectance (ATR) Fourier transform infrared (FTIR)
spectroscopy experiments in the mid-IR region performed on our
CaCl,-basaltic soil matrix demonstrate changes in the H,O stretching
vibrations, a sensitive region for H—O—H bond length variations used
to monitor H,O ice, cryosalts, and their liquid phases in these sam-
ples. The basaltic Mars analog soil MK 91-16 used in these experiments
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contains primarily poorly crystalline and palagonitized basaltic glass
(see Materials and Methods). At —90°C, where the sample is in a per-
mafrost state (a), spectral bands are observed at 3380 and 3430 cm™},
similar to those observed for flash-frozen CaCl, and H,O ice solutions
and mixtures, as well as bands and shoulder features near 3100 to
3250 cm™!, where H,O ice bands occur (Fig. 3A and fig. S1), as ex-
pected according to the CaCl, phase diagram shown in Fig. 3B.
At —50° to —40°C, a partially liquid “slush” phase (b) formed follow-
ing the eutectic temperature of CaCl, at about —51°C, where
H—O—H vibrations due to H,O ice and CaCl,/H,0 ice bands are
progressively eliminated. The spectra in Fig. 3A show decreases in
the bands at 3430 and 3380 cm™! and a shift in the H,O ice bands
near 3225 and 3140 cm™' toward higher wavenumbers. Further
heating to —20°C (spectrum c) resulted in loss of these H,O ice bands
at 3225 and 3140 cm ™. The spectral bands for the salty soil shift to
a primary band at 3360 cm™" with a weak shoulder near 3180 cm™’,
revealing deficiencies in the H-bonding network compared to the
spectrum of either ice or liquid H,O plus CaCl, and exhibiting
strong similarities to the spectral properties of thin films of H,O
formed on micron-sized minerals at 25°C (54), and additional weak
bands at 3490 and 3430 cm™! (c). Molecular H,0 adsorbed on the
surfaces of the poorly crystalline altered volcanic soil likely formed
tiny pockets of H,O ice in the flash-frozen sample that gradually be-
gan forming a liquid-like phase as the temperature rose to the
eutectic point of CaCl, near —51°C. As the temperature contin-
ued to rise, these pockets of slush water/brine formed thin layers of
water/brine along the surfaces of the poorly crystalline aluminosili-
cates in the altered volcanic soil matrix.

As the sample was heated to 20°C (d), spectral features shifted to
3490, 3450, and 3380 cm ™', characteristic of water in a volcanic soil
sample and CaCl, salts. In a separate experiment, we dried a portion
of the CaCl,-volcanic soil mixture at 25°C. After drying the sample
for 172 min, the major spectral features observed were a doublet at
3490 and 3450 cm ™, due to H—O—H stretching vibrations, and a
doublet at 1628 and 1614 cm ™, due to H—O—H bending vibrations
that correspond to bound water in the sample. This is consistent
with evaporation of excess adsorbed water by N,(g) during the ex-
periment, producing a desiccated CaCl,-volcanic soil mixture
(Fig. 3A) at 25°C. Related experiments demonstrate reaction of
hydrated perchlorates with H,O ice, whereby ice destabilization and
weakening occur with as little as 10 volume % perchlorate (55). This
diurnal cycling of Cl brines and reaction with H,O ice could be con-
tributing to interactions with sulfates and soil particles, as well as
formation of crusts. Schematics of soil grains with ice and briny
water for the (a) to (d) situations (Fig. 3C) depict the thin films of
ice, liquid slush, or thin films of liquid water present in salty soils at
these temperatures.

Phase diagrams (Fig. 3B) for CaCl, and Ca perchlorate mixtures
(56) illustrate transitions from frozen H,O ice and hydrated salts
below about —51°C for CaCl, and below about —75°C for Ca(ClOy),
to hydrated salts plus ice and/or solution, depending on the salt
concentration. Ca oxychloride [e.g., chlorate (ClO3~) and perchlorate
(ClO4")] mixtures include liquids above the eutectic point for lower
salt concentrations, while CaCl, mixtures include liquids above the
eutectic for higher salt concentrations (fig. S6). Solubility calcula-
tions for low-temperature Ca-CI-SOy systems (Fig. 4) indicate that
antarcticite (CaCl,-6H,0) is favored up to 0°C for high CaCl, con-
centrations, while ice (H,O or frozen brine) and gypsum are favored
at lower CaCl, concentrations.
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A Low-temperature spectra of
cryosalt mixtures

B Phase diagrams for Ca chloride and Ca perchlorate mixtures
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Fig. 3. Brine dissolution chemistry. (A) Low-temperature mid-IR ATR spectra of cryosalt mixtures where changes in the H,O stretching vibration elucidate the nature of
water in the system; (a) to (d) mark key shifts in this band associated with phase transformations in the frozen H,O-CaCl; soil mixture. (B) Phase diagrams for CaCl, and
Ca(ClOg4), mixtures [after Marion et al. (56)] illustrating the path from (a) to (d); green marks 40 wt % CaCl, in the laboratory experiments, and red marks 1 to 4 wt % CaCl,,
which is more likely on Mars (28, 29). (C) Schematics of cryosalt mixtures at four representative temperatures associated with different sample conditions: (a) “permafrost”

where most of the water is frozen below about —60°C, (b) slush including a combinati

on of frozen and liquid brine phases at about —50° to —40°C, (c) and (d) “thin films”

of liquid H,O/brine bound in interstitial sites between mineral grains observed near —30° to 20°C, and last, the case for a desiccated martian environment containing only

limited water on grain surfaces.

Solubility calculations for gypsum in the presence of chlorides and
perchlorates illustrate how interconnected these salts are (Fig. 5A).
Gypsum solubility increases with increasing concentrations of Na
and Mg chlorides and oxychlorides at typical Mars salt concentra-
tions (57) but then salts out for high salt concentrations, resulting in
lower gypsum solubility. In contrast, gypsum solubility decreases
slightly with increasing Ca salt concentration, likely due to the com-
mon ion effect where competition for Ca is influencing gypsum and
CaCl, or Ca(ClOy); solubility. Further, these solubility calculations
demonstrate that CaCl, is more soluble than NaCl, NaClO4, MgCl,,
or Mg(ClOy); in the presence of gypsum (Fig. 5A). While gypsum is
mostly insoluble in the presence of CaCl,, its solubility does vary
with CaCl, abundance, and gypsum can release HO to form bassanite
or anhydrite at low CaCl, concentrations (57). Fora 1 to 4 wt % CaCl,
solution (~0.09 to 0.36 M CaCl,) on Mars, dissolution of ~0.01 mol/kg
gypsum is predicted from Fig. 5. The presence of sulfates together
with Cl salts would increase the number of hydrophilic sites, would
enable more bonding of H,O molecules on grain surfaces, and could
help the entire system hold more water than with Cl salts alone. The
temperature ranges of metastable partially liquid Cl salts are com-
pared to the mean annual temperature of Mars in Fig. 5B. Only Mg
and Ca perchlorates would be partially liquid all year round on
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Fig. 4. Gypsum stability in CaCl, salt brines. Stability fields for gypsum, anhydrite,
and antarcticite depending on both temperature and concentrations of CaCl, and
SOy, illustrating that phase diagrams for CaCl, systems become more complex in
the presence of sulfates.

Mars (58), but all of these salts would be partially liquid for part of
each day in summer. Previous modeling of sulfate-chloride systems
suggests that resupply of water from deeper in the regolith could main-
tain a brine tens of centimeters below the surface for 107 years (59).
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arrows) compared to the mean annual temperature of Mars, the mean diurnal temperature, and the maximum and minimum diurnal temperatures, which are warmest
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Repeated dehydration and hydration of Ca sulfates can result in
microcrystalline gypsum coatings, bassanite or anhydrite inclusions
within gypsum crystals, unusually shaped gypsum crystals, disrup-
tion of grains in confined spaces, breakage of the crystals, and devel-
opment of fine-grained gypsum deposits (60). Laboratory experiments
by Sievert et al. (61) showed that fine-grained anhydrite is less resist-
ant to hydration than coarse grains. Their experiments demonstrate
that after 50 hours of grinding in a ball mill apparatus, anhydrite
grains were 85% altered to gypsum. Further, they observed that
hydration of anhydrite is facilitated by the presence of Mg sulfate.
Sievert et al. (61) propose a mechanism for conversion of anhydrite
to gypsum during hydration through grinding. Processes proposed
in this model could be occurring on Mars as well and are outlined in
Fig. 6. According to this model, the outer parts of the anhydrite
grains dissolve in the presence of water, creating a solution saturated
with Ca?" and SO, ions. These hydrated ions readsorb on the an-
hydrite grain surfaces, increasing the surface area of the grains and
producing an outer layer of hydrated salts. Water molecules react
preferentially with anhydrite rather than the adsorbed layer of
hydrated CaSO4 molecules, intensifying this cycle and increasing
the thickness of the adsorbed hydrated salt layer. As the thickness of
this adsorbed layer increases, cracks are formed from the surface
toward the increasingly smaller anhydrite grain in the center.
Sievert et al. (61) increased the rate of this cracking process through
grinding. On Mars, this process could be facilitated by freeze-thaw
cycling in a cold environment. Water molecules would then pene-
trate the cracks and more rapidly hydrate the remaining unaltered
anhydrite. As the amount of hydrated CaSO4 molecules increases,
multiple tiny gypsum nuclei begin to form. These gypsum nucleation
sites facilitate formation of gypsum, resulting in a nucleus with a
gypsum crystal that rapidly grows from the layer of hydrated CaSO,
molecules. Whether this process or another ultimately proceeds, it
is difficult to retain fine-grained anhydrite in an “anhydrous” state
under ambient conditions on Earth, and hydration of fine-grained
anhydrite would also be likely in an aqueous environment on Mars.

Implications for martian surface and subsurface

Shallow water ice found across many mid-latitude (5, 6) regions of
Mars (Fig. 1, A and B) and water frost at several low-latitude pole-
facing slopes in the southern hemisphere (62) could be supplying thin
films of H,O for salt reactions in the martian subsurface. Diurnal
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melting of thin layers of near-surface ice could provide liquid water
(or slush) molecules that are gradually absorbed by Cl salts in the
soil until a saturation point is reached and deliquescence occurs.
Freeze-thaw cycles likely proceed on Mars as in MDYV soils, where ant-
arcticite forms below —51°C, coexists with H,O ice at up to 50 wt %
CaCl,, and coexists with CaCl,-4H,0 when CaCl, abundance exceeds
50 wt %. As the temperature rises, antarcticite would deliquesce on
Mars as in the MDV. This Cl brine could then further dissolve Ca
sulfates in the regolith, producing sinkholes as in the Dead Sea in
Israel (Fig. 2A), void spaces as in Atacama salars (Fig. 2B), collapsing
karst systems as in Spain (fig. S7A), and gaps in soil crusts as ob-
served in laboratory experiments (Fig. 2E). This process would likely
have required 100 to 300 ml of brine to dissolve 1 g of gypsum; thus,
long-term, gradual melting of ice at a microscale on grain surfaces
would be required to produce sufficient near-surface brine in the
martian regolith for this process to change surface morphology. In
addition, freeze-thaw cycles could facilitate reaction of the sulfates
and Cl salts to form oxychlorides and complex hydrated Ca-Cl-SO4
minerals that expand with great force and push up soil grains,
creating surface crusts.

Seasonal flow features on Mars known as RSL have been observed
across much of the planet (8), but RSL formation mechanisms re-
main enigmatic (9, 10). These martian landslides are prevalent on
sun-facing slopes (8) and are well documented across the equatorial
regions and mid-latitudes of Mars (8) (Fig. 7); however, there is no
consensus regarding wet or dry formation processes of these season-
ally reappearing flows (9, 10). Although mechanisms involving CO,
frost (9) could be taking place at higher latitudes, equatorial RSL
environments are too warm for this process. Furthermore, RSL form
across bright bedrock, extend down over darker fan material at
Coprates Chasma (Fig. 7B), and occur within and below gullies at
Juventae Chasma (Fig. 7C and fig. S8) (8), where temperatures are
consistently too warm for CO; frost to produce these features. RSL
features also appear to be associated with Cl salts (10, 63, 64), although
surface brines are not stable long term under current martian con-
ditions and recharging Cl brines is problematic (65). Chlorides have
been observed in numerous outcrops from orbit (46) at 10 to 25 wt %
(48), and Cl salts have been identified in martian soils by every rover
at ~0.5 to 1.5 wt % Cl (27), equivalent to ~1 to 4 wt % halite or CaCl,.
Recent characterization of equatorial mass wasting indicates that it is
most common in sulfate-rich sediments (66), suggesting that these
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Fig. 6. Diagram of anhydrite hydration. Grains of anhydrite exposed to thin layers
of liquid H,0 on their surfaces would gradually dissolve, and liberated Ca** and
S04 ions would hydrate and adsorb on the grain surfaces. Gradually, this adsorbed
hydrated salt layer thickens, and then cracks penetrate through this salt layer,
enabling flow of water and ions deeper into the remaining anhydrite grain. Last,
gypsum nuclei crystallize along the residual anhydrite grain, and a gypsum crystal
forms [after diagram by Sievert et al. (67)].

outcrops are less stable. In addition, a high density of relatively long RSL
is observed in bright layered deposits in Valles Marineris where sulfate
abundance is high (10). Multiple hydrated sulfates have been detected
from orbit (33) including Ca sulfates at Mawrth Vallis (39) and the Valles
Marineris region (38), and instruments on the Curiosity rover have
detected anhydrite, bassanite, and gypsum at Gale crater (21, 30, 41).

Another complexity to martian RSL formation is their increased
activity following dust storms (67). For this study, we considered
the association of RSL with sulfates, Cl salts, and dust storms and
developed a model whereby dust loading on fragile surface crusts
(that formed via the action of thin water films on salty soils) leads to
slumping of surface material and landslides on sloped surfaces.
Figure 8 illustrates how these salts could react in the martian sub-
surface and how progressive expansion and collapse could produce
a fragile network of crusted material at the surface. Repeated freeze-
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thaw cycling and expansion/contraction of salty near-surface soils
on Mars would produce small-scale depressions and raised surface
crusts. These projections of crusted soil particles would be vulnerable
to physical alteration from impact gardening, wind abrasion, and
dust storms on Mars and become unstable, loosely bound networks
of formerly crusted material at sites where salts are present just below
the surface. Because the number of RSL features increases following
dust storms (67), there appears to be a link between dust deposition
and RSL activity. Dust loading on these fragile crusts during dust
storms could induce collapse of the surface features and tumbling of
particles downslope. According to our model, as this process pro-
ceeds, loose, fractured surface material slides downward producing
landslides and leaving RSL tracks marking locations of former salt
crusts. Some gullies may also be related to near-surface brines and
salt crusts, and the larger scale of debris flows observed for gullies
could be initiated through this process as well. Our model benefits
from subsurface recycling of the Cl-rich salt to brine to salt system,
where liquid water is not released on the surface. Most of the activity
of the Cl salts and sulfates occurs below the surface and would not
be detectable from orbit; however, regions that do contain elevated
sulfate abundances on the surface (including Valles Marineris) would
be expected to contain sulfates below the surface as well. Subsurface
Cl salts in these sulfate-rich regions could trigger brine flow and
drive the processes leading to landslides and RSL.

Tracking of RSL features using morning images from the Colour
and Stereo Surface Imaging System on European Space Agency (ESA’s)
ExoMars Trace Gas Orbiter and afternoon images from HiRISE re-
vealed RSL activity on steep slopes in Hale crater where local tempera-
tures are sufficiently warm for melting of water ice and deliquescence
of Cl salts (68). Thermal modeling and remote sensing observations
support a hybrid model for RSL formation at Hale crater whereby
subsurface deliquescence of salts produces liquid H,O, but dry flows
on the surface are responsible for the RSL (68, 69).

DISCUSSION

This study illustrates the disruptive potential of sulfate-chloride re-
actions in laboratory experiments and in the field and depicts
how these salt brines could be contributing to RSL formation. Low-
temperature spectroscopy experiments demonstrate formation of
thin films of liquid water or slush water in a cold, partly liquid
system at —40° to —20°C on mineral grains mixed with CaCl, in the
laboratory, consistent with observations of subsurface liquid water
in gypsum- and halite-bearing Antarctic sediments. Similarly, near-
surface salts would enable subsurface mobility of thin films of liquid
water around grain surfaces on Mars. Experiments and modeling of
Cl salts and sulfates indicate that integrating these salt components
provides more complex hydration behavior and facilitates formation
of low-temperature brines. Although we tested CaCl, and Ca sulfates
in our experiment with volcanic ash, reaction of Mg sulfates with
altered volcanic material by Vaniman and Chipera (70) demonstrated
extraction of Ca from palagonitized material and formation of gyp-
sum. This suggests that fine-grained gypsum and other Ca sul-
fates may be formed on Mars in poorly crystalline or palagonitized
materials in the regolith where other sulfates are present. Sievert et al.
(61) also noted increasing gypsum formation from anhydrite in the
presence of Mg sulfate. Our laboratory wet/dry cycling experiments
with Ca sulfate and CaCl, salt horizons in volcanic soil reveal
mobility of salts through the strata, crust formation, surface uplift,
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Fig. 7. Mobilization of surface material by RSL. (A) Enhanced color views demonstrating RSL development (white arrows) over time at Palikir crater (inside Newton
Basin) (79) for Mars years 29 to 30; HiRISE images ESP_011428_1380, ESP_022267_1380, ESP_022689_1380, and ESP_022834_1380. (B) RSL flowing first over bright bed-
rock (red arrows) and then over the darker fan (white arrows) in Coprates Chasma (8); HiRISE image ESP_050021_1670. (C) RSL (white arrows) within and below gullies
(blue arrows) on a hillside within Juventae Chasma (8); enhanced color view from HiRISE ESP_ 032496_1755. Image credit: NASA/JPL/University of Arizona.
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Fig. 8. Model of near-surface martian cryosalt modification. Potential brine-crust processes taking place in the near-surface region on Mars as ice melts and brine
circulates, causing hydration, expansion, deliquescence, slumping and dust loading on fragile surfaces, collapse, and landslides.

and collapse features, mimicking formation of sinkholes, cave col-
lapse, debris flows, and surface upheave in several environments on
Earth. These observations support our hypothesis of microscale liquid
brines arising from freeze/thaw cycling, salt deliquescence, and
slush water formation, with no visible liquid water or brine on the
surface. These brine expansion and contraction events occurred in
environments much more hydrated than Mars, although these events
have been observed in multiple moisture environments including the
arid regions of the Atacama Desert. On geologic time scales, these
microscale expansion and contraction events would likely occur on
Mars at a slow but continual pace to accumulate disrupted surfaces.
Our model proposes that slow brine events over long time periods
interact with altered, fine-grained basaltic grains to produce fragile
surfaces that become dehydrated and sand blasted in the harsh
martian surface environment. We hypothesize that these fragile sur-
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faces collapse following dust loading, producing landslide features
visible from orbit. This model provides a link between dust storms
and the increase in RSL observations following these storms but
needs to be tested further.

This model describes a hybrid mechanism for RSL formation,
whereby both wet and dry actions contribute to these landslide fea-
tures. Our model requires near-surface liquid brines at the molecular
level to provide salt mobility that disrupts the surface materials,
preparing a vulnerable surface. These fragile surfaces could be pre-
pared over thousands or millions of years in regions where near-surface
ice and salts are present. Repeated dust loading at the same or nearby
sites in subsequent seasons could produce additional instability and
new or lengthening flow features. Our model suggests a source of near-
surface water ice, Cl salts, and sulfates below the top of the RSL features.
This is consistent with observations of sulfates from orbit in some
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regions where RSL are observed, but unfortunately, subsurface minerals
cannot be detected via orbital remote sensing. This model can be
tested once we send a surface mission to a site exhibiting RSL activity.

MATERIALS AND METHODS

Experimental design

This study includes low-temperature spectra of cryosalt mixtures as
Mars analogs to investigate changes in the spectral properties of salty
permafrost as it liquefies. Solubility calculations were performed to
determine relationships among Cl salts and sulfates in the Mars
analog samples considered. Soil-salt crust experiments were per-
formed to monitor changes in a Mars analog regolith through wet/
dry cycling and adsorption of water by the Ca chloride and Ca sul-
fate in the analog regolith.

Low-temperature ATR-FTIR experiments

Mixtures of Cl salts and Mars analog soils were prepared for earlier
studies to characterize the visible/near-IR spectral properties of CaCl,
and Mg and Fe perchlorates in a volcanic soil matrix (71). The
low-temperature ATR spectra covering the H—O—H stretching
spectral region shown in Fig. 3A and fig. S1 were measured with a
Bruker Vertex 70/V FTIR spectrometer equipped with a Deuterated
L-Alanine Doped Triglycine Sulfate (DLaTGS) detector. Measurements
were performed over the spectral range of 600 to 4000 cm ™" with a
spectral resolution of 4 cm ™" using a 10-Hz forward/reverse scanning
rate. The Blackman-Harris three-term apodization function at
16 cm ™! phase resolution was used with the Mertz phase correction
algorithm. These spectral parameters were developed for previ-
ous experiments exploring thin films of water on fine-grained min-
eral surfaces (72) to obtain a better signal/noise ratio. A 10-ul droplet
of aqueous solutions (H,O and CaCl,) and aliquots of wet pastes of
volcanic soil-salt mixtures were applied directly onto the precooled ATR
thermal stage (Golden Gate, serial number N29328 by Specac) at —90°C.
The temperature was retained at —90°C for 15 min to confirm the
formation of a stable frozen volcanic soil-brine mixture. The volcanic
soil sample used here is MK 91-16 described in more detail for the
crust experiments below. These spectra collected of flash-frozen droplets
of H,O ice, CaCl,, and volcanic soil mixtures containing 40% CaCl,
were taken at —90°C by averaging 100 scans for each spectrum over
a period of 89 s. The temperature was then raised gradually to 25°C
using a heating rate of 10°C/min while recording a spectrum every 3 s to
monitor instantaneous changes as a function of temperature.

For the last part of this experiment, we dried the volcanic soil plus 40%
CaCl, mixture under purified air at 25°C for 172 min using the same
instrument with identical spectral resolution and parameters for the
first part of the experiment. We coadded 100 scans, producing an aver-
age spectrum every 89 s.

All spectral data were offset at 4000 cm ™" and treated using a
model-free chemometric analysis technique called multivariate curve
resolution alternating least square (MCR-ALS) analysis (73). MCR-
ALS enables treatment of the spectral data with the single value de-
composition method to reduce noise in the collected spectra (54).
All of the spectral data analysis and chemometrics were performed
using the MATLAB (9.6.0) environment.

Solubility and salt mobility determinations
The solubility determinations for gypsum and Cl salts were calcu-
lated using the model developed by Toner et al. (57). Studies of salts
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in MDYV sediments have estimated that brines migrate in frozen soils
there at rates of ~10~° cm/s (74). Assuming a slower rate for Mars
due to colder conditions, ~10™"" cm/s was estimated. Using a nominal
salt concentration of 0.01 g/cm’ soil based on the Phoenix Lander
Wet Chemistry Laboratory experiments (75, 76), a salt flux of ~107 g
of salt/s per cubic centimeter soil was used. This estimate of salt con-
centration is likely lower than Cl salts present in equatorial locations
on Mars based on Cl detections by GRS in the upper tens of centi-
meters of the regolith (45), and it is substantially lower than the 10 to
25 wt % chloride predicted (48) in regions where chlorides are ob-
served from orbit (33). This translates to a deflation rate of 5 x 1072%
pers, 0.00002-mm deflation per year, or 2-cm deflation in 1 million
years, which was assumed to be a lower limit.

Crust experiments

The soil-salt crust experiments were performed at the SETI Institute
to test hydration, reaction, and mobility of sulfates and Cl salts (77).
For these experiments, an altered volcanic ash from Mauna Kea
(MK 91-16) composed of ~85 wt % X-ray amorphous material in-
cluding poorly crystalline aluminosilicates, altered glass, and altered
mafic grains with basaltic composition (78) was used as an analog
Mars regolith. The ash sample was dry sieved to <2 mm to remove
larger fragments but was dominated by fine-grained material as
illustrated by scanning electron microscopy images of this sample
(fig. S2). Drierite [Ca sulfate spiked with Co(II) chloride as a color
indicator] was used as the sulfate in these experiments due to its
changing color with hydration state (fig. S3). A 1-cm-thick layer of
the <2-mm fraction of Mauna Kea soil was placed in a glass dish and
covered with ground (<500 um) dried Drierite, dried Drierite pellets
(~3 to 5 mm in diameter), and ground (<500 um) CaCl,-2H,0, and
then another 1.5-cm-thick layer of Mauna Kea soil was placed on
top (figs. S4 and S5). Water was added to the system via a straw in-
serted through the material to the bottom of the glass dish. The dry
soil and salts absorbed the H,O within a few seconds (Fig. 2D and
movie S1). With the addition of water (10 ml at a time at 10- to 15-min
intervals for a total of 70 ml), a hole in the center of the soil/salt
system formed, and water spread across the bottom of the glass dish.
Gradually, the salt layer at the bottom turned pink as it hydrated,
cracks formed in the soil (perhaps due to dissolution of the salts),
and the salts migrated both up and down through the layers as water
was absorbed by the salts (see figs. S3 to S5). Fine-grained anhydrite
could have been used instead of the bassanite-like dried Drierite,
but anhydrite may have taken longer to hydrate than bassanite, and
using Drierite was convenient for monitoring hydration changes
through changes in color.

This experiment was conducted under ambient laboratory con-
ditions to complete the reactions in a feasible time frame. Our low-
temperature IR experiments on CaCl, mixed with this martian soil
analog, largely composed of poorly crystalline materials, illustrated
that liquid water/brine is present in this system under cold tem-
peratures, down to about —30°C, providing confidence that similar
reactions could have occurred under colder temperatures such as
those present on Mars, albeit at a slower pace. Following absorption
of the water by the soil-salt mixture, the crust material was air-dried
in the laboratory for 1 hour and then heated to facilitate dehydration
of the crust sample. After heating the crust at intervals of 15 min at
100°C for 1 hour and then air-drying the crust in the laboratory for
a day, the surface material became dry (blue Drierite representing
bassanite) and very hard, while subsurface material stayed slightly
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hydrated (pink Drierite representing gypsum) (Fig. 2E, fig. S5, and
movie S1) (77). We acknowledge that future experiments performed
under Mars-like conditions over longer time periods could provide
additional scope to these kinds of reactions taking place in near-surface
martian environments (59).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/6/eabe4459/DC1
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