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PLANETARY SCIENCE

Freeze-thaw cycles drove chemical weathering
and enriched sulfates in the Burns formation at

Meridiani, Mars

Jiacheng Liu"?, Joseph R. Michalski'**, Wenyuan Gao®, Christian Schroder*, Yi-Liang Li’

Sulfate-rich sedimentary rocks explored by the Opportunity rover during its 14-year surface mission at Meridiani
Planum provide an invaluable window into the thousands of sulfate deposits detected on Mars via remote sensing.
Existing models explaining the formation of martian sulfates can be generally described as either bottom-up,
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groundwater-driven playa settings or top-down icy chemical weathering environments. Here, we propose a
hybrid model involving both bottom-up and top-down processes driven by freeze-thaw cycles. Freezing leads to
cryo-concentration of acidic fluids from precipitations at the surface, facilitating rapid chemical weathering
despite low temperatures. Cryosuction causes the upward migration of vadose water and even groundwater with
dissolved ions, resulting in the accumulation of ions in near-surface environments. Evaporation precipitates salts,
but leaching separates chlorides from sulfates during the thawing period. Freeze-thaw cycles, therefore, can
enrich sulfates at the surface. While freeze-thaw is more commonly understood as a mechanism of physical weathering,
we suggest that it is a fundamental aspect of chemical weathering on Mars.

INTRODUCTION

The mechanism by which widespread sulfates formed during the
Hesperian (~3 to 3.7 billion years ago) remains an unresolved aspect
of Mars’ geologic history with great implications for past climate,
fundamental sedimentary processes, and astrobiology (1-8). Although
sulfates on Earth are often found in evaporitic lacustrine or marine
settings, very few candidate lacustrine basins on Mars are associated
with sulfates (9-11). Martian sulfates detected via infrared remote
sensing are found in a range of environments and elevations from
dunes in the high northern latitudes to several kilometer-high
sedimentary mounds within craters or parts of the Valles Marineris
canyon system (1-8, 12), but most of the deposits occur in near-
equatorial layered deposits of enigmatic origins (13-15), especially
at Meridiani Planum.

The Opportunity rover was sent to Meridiani Planum to investi-
gate a remotely sensed infrared signature of hematite (16, 17). Rover
data revealed that the Fe oxides co-occur with sulfate in layered
sedimentary rocks (18). Mineralogical, geochemical, textural, and
stratigraphic data returned from the rover over 45 km of horizontal
space, and tens of meters of stratigraphic section provided a wealth
of geological information about the sedimentary rocks at Meridiani
and provided fundamental ground truth about remotely detected
martian sulfates applicable to the rest of Mars. The rich datasets re-
turned from Opportunity, especially collected from the Burns for-
mation, led to proposals of multiple models to explain the formation
of sulfates in that setting, and these models can be grouped into
groundwater upwelling/playa hypotheses (19-24) and icy weather-
ing/top-down concepts (5, 8, 25), although several other ideas have
also been suggested (18, 26-28). The playa/upwelling versus icy
weathering/top-down models have very different implications for
the ancient martian climate. For the formation of the regional
layered sulfate-rich sediments (29), a playa environment suggests a
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long-lived global groundwater system (22, 23). It indicates a long-term
warm climate with a large total water inventory on early Mars (22).
In contrast, the icy weathering model proposes that the Meridiani
sedimentary deposits are the result of eolian/impact-driven reworking
of the sublimation residue from a large-scale eolian dust and ice
deposit (5, 8). It implies that icy and dry environments may have
been typical on early Mars (30).

The groundwater upwelling scenario is largely embraced because
modeling of martian global hydrology suggests that Meridiani Planum
is among the regions with the shallowest predicted water table on
Mars (23). Liquid water to facilitate weathering is a critical con-
straint on any model, and groundwater predictions provide a mech-
anism to deliver liquid water to perform alteration, at least in some
of the physiographic or topographic settings. The upward transport
of groundwater during diagenesis can also potentially explain a pro-
gressive enrichment of sulfates higher in the Burns formation (24,
29, 31, 32). A problem with this model is that it predicts that upwelling
should occur in many locations where sulfates or comparable sedi-
mentary geology is not observed (9-11, 23). Another potential challenge
is that it is not clear how the standard model of groundwater upwell-
ing in playas could explain the low water/rock ratios indicated by
the ubiquitous jarosite in the Burns formation at Meridiani Planum
(8). Last, the scenario needs to address the issue of the amount of
CO; sequestration by the subsurface formation of carbonate during
global groundwater circulation (33).

As an alternative, the icy weathering model suggests that the
water-limited, acidic environment can be created by freezing within
large-scale, homogeneous, eolian deposits (5, 30), which can explain
its large distribution area and compositional similarity of the Burns
formation (8). The icy weathering model is further supported by the
elevated weathering rate of olivine under icy temperatures (30, 34)
and a recent discovery of authigenic jarosite in deep Antarctic ice
(35). Top-down, icy weathering can potentially explain the forma-
tion of sulfates as draping sedimentary deposits at any elevation
and in many contexts including mounds (5) and does not suggest
that sulfates should form in topographic basins. Although an icy
weathering model (5, 8, 30) has many advantages, it does not explain
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rock textures (e.g., diagenetic nodules, pore-filling cements, and
secondary porosity) considered a central advantage to the playa-
diagenesis models (32).

Here, we propose a hybrid freeze-thaw cycling scenario, driven
by icy weathering and facilitated by communication with a local or
regional, shallow groundwater source. Freeze-thaw is a fundamental
geologic process on any liquid water-bearing planet with tempera-
tures near 0°C, and we propose that this simple aspect of the
martian geosystem is essential to its geochemical and hydrological
cycling. On Earth, freeze-thaw cycles can cause strong salinization
of soils (36) and the formation of hematite spherules (37, 38). Freezing
of the surface and the near-surface concentrates H,O from surface,
atmospheric sources, and the subsurface, inducing upward migra-
tion of shallow groundwater by cryosuction. Note that even in high-
elevation (~2800 m), cold deserts such as in the Qaidam Basin
(fig. S1) where a global groundwater system is not possible, regional
snowmelt (39) is sufficient to recharge local, shallow groundwater
flow driving freeze-thaw processes (40).

Effects of cryosuction are stronger in fine-grained (e.g., silt-sized)
materials (41) and theoretically higher at lower gravity on Mars.
Here, we propose a seasonal freeze-thaw model that combines the
strengths of both groundwater and icy weathering scenarios and can
thus explain most phenomena and measurements in the Burns for-
mation at Meridiani. Water cycling through capillary action in
freeze-thaw conditions might be a fundamental process affecting all
surface environments on Mars.

RESULTS AND DISCUSSION

Evidence for freeze-thaw cycles

The stratigraphy revealed by impact craters (e.g., Endurance, Victoria,
and Endeavour craters) at Meridiani Planum provides an invaluable
window into geochemical and textural trends in the sulfate-rich
bedrock (24, 29, 42, 43). The lowermost and oldest layers at Meridiani
corresponding to the Noachian Matijevic formation predate the
Endeavour impact (44, 45). This formation is overlain by the Shoe-
maker formation, the Grasberg formation, and the Burns formation
(fig. S2) (44-46). The Grasberg formation has been subdivided into
a lower dark-toned unit and an upper light-toned, polygonally frac-
tured unit (fig. S3) (44, 46). The sediment grains of both subunits of
the Grasberg bedrock are too small to be resolved by the Microscopic
Imager (MI) onboard Opportunity (46) (i.e., <100 pm). The Burns
formation can be divided into three units (Fig. 1, A and B) (24): the
lower cross-laminated sediments interpreted as a dry dune field
(24); the middle horizontally laminated layers rich in 3- to 5-mm
hematite spherules, interpreted as an eolian sand sheet and inter-
dune playa (24); and an upper, high-albedo, brecciated unit, the
bedding of which were substantially disrupted (Fig. 1, A to C). The
sand grains in the Burns formation are aggregates of sulfates and
siliciclastic components (Fig. 1, D and E) (19, 21, 24, 32). The forma-
tion of the eolian sand sheet in the middle unit of the Burns forma-
tion may be related to a high water table (24, 47).

Although the Grasberg and Burns formations differ in terms of
their grain size and textures (Fig. 1A and fig. S3), their uppermost
parts are similar with regard to their brecciation and albedo (fig. S2,
B to D). In addition, the coupling of a lower dark zone to an upper
bleached and brecciated zone seen in Endurance (Fig. 1B) is notably
similar to the coupled units observed later in the mission in Victoria
crater (Fig. 1C) (25). The brecciation and the albedo sequences
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appear in different locations, elevations, and stratigraphic positions
(25), so it is likely that these trends are linked to the topographic
surface not the stratigraphy itself. Although brecciation observed in
cross sections within and around impact craters could have been
caused by the impact events themselves (19, 20, 48), the brecciation
is also observed in surface rocks throughout the region beyond
those exposed in the craters (49). In addition, the albedo positively
correlates with the degree of brecciation and expansion, both of
which decrease quickly from the upper units to the middle/lower
units (Fig. 1, A to C). It suggests that the high albedo and brecciation
are geologically linked. Acidic bleaching has been suggested to
account for the high albedo in the Burns formation (50). We suggest
that seasonal freeze-thaw cycles, which can happen cyclically on the
surface, can account for the coupled existence of brecciation and
bleaching. The brecciation and the disruption of bedding may be the
result of cryogenic expansion, and the bleaching was caused by
icy acidic leaching. The horizontal boundary between the upper
bleached unit and the lower dark unit (Fig. 1, A to C) suggests the
location of the ancient frozen front.

The porosity in the Burns formation is high (32). The high porosity
does not stem from fine voids but mainly from two types of large
voids (centimeter long) in sediments: vugs with tapered edges
(Fig. 1D) (19, 32) and sheet-like vugs (Fig. 1E) (32). Vugs with ta-
pered edges (Fig. 1D), observed over about 5% of the outcrop at
Meridiani Planum (19, 32), are interpreted as crystal molds, which are
similar in shape to the crystal habit of meridianiite (MgSO,4-11H,0)
(51). Meridianiite is stable below 2°C and generally exists in ice or a
frozen zone (52). When the temperature rises above 2°C, meridiani-
ite decomposes into epsomite (MgSO47H,0) and water (51, 52). The
widespread euhedral meridianiite crystal-like molds, therefore, imply
temperature fluctuation around 2°C happened in the Burns formation.

The Burns formation also exhibits sheet-like vugs that are sepa-
rated by sediment aggregates resembling stacks of wavy plates
(Fig. 1E). The platy structure with large planar voids but few fine
voids can be attributed to freeze-thaw cycles (53-55). During the
freezing stage, water accumulated in voids expands volumetrically
and enlarges the voids. As growing ice crystals exert pressure on the
matrix surfaces, the freeze-thaw cycles can increase the number of
coarse voids but result in a marked reduction in the number of fine
voids (56). This process leads to condensation and aggregation of
sediments (57). The horizontal development of ice crystal and ice
lenses during freeze-thaw cycles elongates the sediment aggregates
horizontally (54), which explains the observed platy structure in the
Burns formation (Fig. 1E).

The large voids can provide space for the crystallization of sul-
fates, such as meridianiite, which can shape the void further owing
to the growth and expansion of salt crystals. Meridianiite can form
and decompose in each single freeze-thaw cycle as a result of tem-
perature fluctuations. Therefore, the size of the void and the size of
the meridianiite crystals can increase with number of freeze-thaw
cycles. When there is sufficient space for salt crystallization, the size
of meridianiite crystals can reach centimeter scale (52).

The highly similar chemical composition for the Grasberg and
Burns formations suggests that the sands in the Burns formation
may originate from Grasberg-like precursor (46, 58). The freeze-
thaw cycles and/or icy weathering can cause the initial formation of
sulfate minerals (8) in the Grasberg formation, which indurated its
fine-grained materials. Through aeolian processes, the erosion and
rework of the upper part of the indurated deposits, consisting of a
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Fig. 1. Geological features in the Burns formation that may reflect freeze-thaw cycles. (A) Intensive brecciation and expansion of sedimentary blocks of the upper
unit of the Burns formation at Endurance crater (PIA07110). (B and C) Sequences with upper bleaching and brecciated zone and lower darker and less brecciated zone at
Endurance crater (P2406) (B) and Victoria crater (P2419) (C), respectively. (D) The plate-shaped voids with tapered edges that are similar to the crystal morphology of
Meridianiite. The image is part of the Ml mosaic of outcrop surface (McKittrick). (E) Stacks of wavy plates separated by planar voids. The image is part of a mosaic of
abraded outcrop surface (Cobble Hill). The size of the APXS spot represented by white circles is 38 mm in diameter. Image credit: NASA/JPL-Caltech.

mixture of sulfate minerals and fine-grained siliciclastics, can provide
the source for the deposition of the Burns formation and explain the
regional homogeneity of sediments in Burns formation. The deepest
materials remained in place and eventually became the Grasberg
formation. In the Burns formation, further freeze-thaw cycles can
lead to the condensation and aggregation (54) of the mixture of sul-
fate minerals and fine-grained siliciclastics (Fig. 1D and E).

To conclude, the freeze-thaw scenario can effectively account for
both macroscopic and microscopic textures of the Burns formation
(Table 1), as well as the stratigraphic relationship between the
Grasberg and Burns formations. Temperature fluctuations and seasonal
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freeze-thaw cycles near the equator were likely achievable when
obliquity and eccentricity are high and when perihelion occurs near
the equinox (13).

The sources of sulfur for the formation of sulfate-rich
sediments at Meridiani

For the rock samples without veins or spherules from the Burns and
Grasberg formations (152 measurements), there are good correla-
tions between Al and Si (R* = 0.84; Fig. 2A) and between Al and Ti
(R* = 0.56; Fig. 2B) based on chemical results from the alpha-particle
x-ray spectrometer (APXS). The high porosity of the Burns sediments
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Table 1. Characteristics of sedimentary deposits of the Burns formation at Meridiani and their explanation by a seasonal freeze-thaw model.

Characteristics

Processes during freeze-thaw cycles

Regional compositional similarity

Freeze-thaw cycles and aeolian activities are regional processes.

Sulfate-cemented siliciclastic nature of the sand grains

Bedding features of the Burns rocks

Freeze-thaw cycles produced sulfates that indurated the fine-grained dust

" deposits, which were eroded into sand-sized particles, that were reworked

and redeposited by aeolian processes to form the sediments of the Burns
formation with bedding feature.

Trace olivine in rock samples

Alteration of olivine by icy acidic weathering during the freezing period.

Abundant secondary silica

Alteration of olivine can release abundant silica, the solubility of which is low
in saline fluid film during freezing.

Formation of jarosite

Oxidizing and acidic conditions near the surface during the freezing period.

Stability of jarosite

Low water-rock ratios during any single freeze-thaw cycle.

High abundance of sulfates (~20%)

Salinization of sediments by 10* to 10° years of seasonal freeze-thaw cycles.

Hematite spherules

Cyclical interaction between oxidizing surface water and reducing ground-
water in sediments with high porosity.

Intense brecciation in place

Cryogenic brecciation and expansion.

Bleached zone

Dissolution of nano-sized Fe(lll) oxides by very acidic water generated
through freezing.

Meridianiite

Freezing concentrates Mg and S04%~ under subzero temperatures.

Vugs with crystal mold

Dissolution of meridianiite during the thawing stage.

The high porosity of sediments

Cyclical ice expansion and leaching of some salts.

Upward enrichment of S, Br, and Mg

Upward migration of groundwater during freezing and precipitation of
sulfates by evaporation during thawing.

Upward enrichment of Fe

Oxidation of upward migration of groundwater by near-surface oxidants (e.g.,
chlorates).

Upward decrease in Cl

Preferential leaching of chlorides over sulfates during thawing.

Anomalously high Br/Cl ratios
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Fig. 2. The immobility of Al, Si, and Ti during alteration in the Burns and Grasberg formations. A strong correlation between Al and Si (A), as well as a good correla-
tion between Al and Ti (B), indicating that Al, Si, and Ti are immobile in rock samples from the Burns and Grasberg formations. Soils and samples containing veins or
spherules are excluded from the dataset. The error bars are smaller than or similar to the size of the data points.

(32) implies that the positive correlation between Al and Si is not a
result of their synchronous addition. Instead, these good correlations
indicate the immobility of Al and Si. The immobility of Al and Si has
previously been suggested by the limited variation in the ratios of Al
and Si to Ti as a function of relative stratigraphic depth (25, 43, 58).
Similar immobility of Al and Si is also observed in Gale crater (59).
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The immobility of Al in the Burns and Grasberg formations
allows the ratios of other elements to Al to be used to identify the
chemical behaviors of other elements during alteration. Two funda-
mental chemical processes are suggested in the plot of molar S/Al to
molar (Mg + Ca + Fe)/Al (Fig. 3), which can identify whether sulfur
was added with cations or not during alteration (60, 61). From the
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Fig. 3. The sources of the sulfur in the Burns and Grasberg formations. Arrow
A, with a slope of 1, indicates the addition of sulfur along with cations with a molar
ratio of S:cations equal to 1. The intersection of arrow A and with the x axis represents
the contribution of Mg, Fe, and Ca from hematite, pyroxene, and plagioclase. Arrow
B, parallel to the y axis, indicates the direct addition of sulfur without cations, resulting
from the interaction between sulfuric acid and olivine. The trend observed in samples
with low molar S/Al ratios transitioning to those with middle ratios lie between
arrow A and arrow B, suggesting an additional sulfur contribution beyond the
(Mg-Fe-Ca)-SO, addition during the initial stage of rock alteration. However, samples
with middle and high molar S/Al ratios predominantly align with arrow A, indicating
that the addition of (Mg-Fe-Ca)-SO, is the primary process during the intense stage
of alteration of rock samples. Soils and samples with veins or spherules are excluded
from the dataset. Error bars are smaller than or comparable to the size of the
data points.

Grasberg rocks to the Burns rocks with low molar S/Al ratios, the
increased values of molar S/Al are larger than the increased values of
molar (Mg + Ca + Fe)/Al (Fig. 3). This suggests that additional
sulfur has been enriched (arrow B), except for direct addition of sulfate
with cations (arrow A). The two chemical weathering processes are
consistent with the hybrid scenarios during diagenesis proposed by
McCollom and Hynek (58). Their modeling work shows that the
transformation from the Grasberg rocks to the Burns rocks requires
a MgO:SO; ratio equal to 0.65 (2023), suggesting that ~35% sulfur
was added to the Burns formation without Mg. Most of the addi-
tional sulfur may have been enriched through acidic alteration of
olivine by a sulfuric acid-rich, low-pH fluid (62), as indicated by the
widespread existence of jarosite and trace olivine in rock samples at
Meridiani Planum (32, 63).

Both of the two processes are suggested from the Burns rocks
with low molar S/Al ratios to those with middle ratios (Fig. 3). This
suggests that direct addition of sulfur and acidic weathering of silicates
still exert a notable control on the chemical composition during the
initial-stage alteration of the Burns rocks. For the sediments with
middle and high molar S/Al ratios, their spots are nearly along the
MgSO4-CaSO4-FeSOy sulfates line (slope K = 1) (Fig. 3). The trend
implies a direct addition of sulfate with cations to the Burns rocks.

With the gradual consumption of the easily altered silicates by
sulfuric acid during freeze-thaw cycles, the efficiency of the reaction
between the sulfuric acid and the sediments decreases gradually. In
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the intensive alteration stage of the Burns rocks, sulfur is dominantly
sourced with cations from groundwater (Fig. 3). The observations
suggest that most sulfur in the Burns rocks was enriched with cations,
although there is an important contribution from the sulfuric acid-
rich, low-pH fluid in the initial stage of chemical alteration.

The weight ratio of elements to Al in the Burns formation
suggests an upward enrichment of Mg, S, and Br but a downward
enrichment of Cl in the Burns formation (Fig. 4). These trends have
been previously noted (25, 29, 43), and the concurrent upward
enrichment of Mg and S has been explained by groundwater upwelling
scenarios involving diagenesis and evaporation (24, 32, 43). In addi-
tion, the upward accumulation of water-soluble cations (Na*, K™,
and Ca**) and anions (CI", SO4*~, and NO;") has also been observed
in permafrost environments such as in Wright Valley, Antarctica
(64). However, there is no leaching trend of Cl or upward enrichment
of Mg (64), which is different from the observations in the Burns
formation. The lack of a leaching trend is because the existence of
the permanently frozen zone leads to a lack of communication
between the surface water and groundwater.

On the other hand, the upward depletion of CI with upward
enrichment of sulfur has been observed in hyperarid Atacama Desert
soils of northern Chile (25, 65). The trends have been explained by
the surficial addition of S, Cl, and Br, followed by the leaching of
more soluble chlorides through precipitation and the retention of
less soluble sulfates. However, the hyperarid desert scenario struggles
to explain the upward enrichment of Mg alongside S, the precipita-
tion and decomposition of meridianiite, (19, 32), and the formation
of hematite spherules. In summary, while some chemical observa-
tions from the Burns formation can be explained by permafrost and
hyperarid desert environments on Earth, there are still differences
that highlight the unique conditions and processes that took place at
Meridiani, Mars.

A seasonal freeze-thaw model at Meridiani
Acidic weathering and upward movement of groundwater
by cryosuction
The acidity of surface water (66-68) on early Mars was driven by the
atmospheric deposition of volcanogenic sulfuric/hydrochloric acid (5)
and the hydrolysis and oxidation of aqueous Fe** by photochemistry
(69). Photochemistry (70) and electrochemistry during sand/dust
storms (71) could have formed some oxyhalogens (72) (e.g., chlo-
rate) on early Mars. The oxyhalogens formed in the atmosphere can be
transported to the surface by their adsorption on fine-grained par-
ticles and later air-fall sedimentation of these particles (Fig. 5A) (70).
Although only a smaller portion of S and Cl in the Burns forma-
tion originates from the atmosphere, the atmospheric S and Cl play
an important role in the acidic and oxidizing alteration in the near
surface. As the oxyhalogens dissolve rapidly in aqueous fluids, the
rainwater precipitated at the surface becomes oxidizing (73). Freezing
can counterintuitively increase the kinetics of chemical weathering
because it raises the acidity and salinity of residual water (30). The
acidic weathering also leads to the alteration of olivine to form Fe-Mg
sulfates (30). The released Fe*' can be oxidized and combined with
sulfate to form jarosite (74) under such a cold, acidic, and oxidizing
environment (75). The jarosite can host Br and Cl with high Br/Cl
ratios (76). The released Si from the alteration of olivine can be pre-
cipitated as secondary silica efficiently because the solubility of Si is
low in low-temperature (77) and saline fluids (78). The precipitation
mechanism of silica explains the immobility of Si (Fig. 2A) and the
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Fig. 4. Geochemical evidence for upward migration of water and sudden leaching during freeze-thaw cycles in the Burns formation. Upward enrichment in S, Mg,
and Br but downward leaching of Cl indicated by their weight ratios to immobile Al. All of these ratios exceed those of their crustal averages (87). Sample depths are not
to scale but relative and plotted at intervals defined by McCollom (43). The size of the APXS spot, represented by white circles, is 38 mm in diameter. The error bars shown
for the ratios were calculated based on the method recommended by Dunlap and Silver (88).
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Fig. 5. A freeze-thaw model for the alteration in the Burns formation at Meridiani. (A) Precipitation of sulfur-bearing, acidic water, and deposition of oxyhalogen-
coated sands at the surface. (B) As the temperature decreases, acidity concentrates during freezing of surface water, and cryosuction drives the upward movement of
water and its solutes from the unsaturated and/or saturated zones. (C) With further temperature reduction, more groundwater and salts migrate upward to form a thick
frozen zone with icy weathering of olivine and the formation of sulfates (e.g., meridianiite and jarosite). (D) During the thawing stage, meridianiite dissociates but other

sulfates precipitate owing to evaporation. (E) Infiltration of unfrozen water rich in Cl occurs after the blocked pores reconnected with the thawing of ice layer. (F) Cycles of
freeze-thaw lead to the enrichment of sulfates, formation of hematite spherules, and bleaching and fragmentation of the near-surface sediments.
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high abundance of secondary silica in the rocks of the Burns forma-
tion (32).

Below the frozen zone, there is a vadose zone overlaying a satu-
rated zone (Fig. 5B). As the frozen zone grows, freezing decreases
available liquid water at the freezing front and creates negative pres-
sure in the unsaturated zone (79). This leads to cryosuction, which
results in capillary migration of vadose water upward from the
groundwater source (Fig. 5B). When the initial water table is shallow,
freezing-induced groundwater migration from the saturated zone
could be substantial (79). In such case, the effect of the upward
migration of water may be comparable to that of groundwater up-
welling while being a fundamentally different geologic process.

Tons, including $O4*~, CI7, and Mg**, move upward with the
migration of groundwater, which accumulates just below the frozen
zone (Fig. 5B). The increasing salinity just below the frozen zone
lowers the freezing point of the aqueous fluid up to 40°C (30). Gradual
seasonal cooling leads to the formation of an interlayer liquid water
zone. The further freezing of the salty water in the interlayer water
zone or between grains leads to the precipitation of sulfates, such as
meridianiite (Fig. 5C). Considering the high average S/Cl ratio (>3)
(80) of martian crust and therefore groundwater, more sulfur than
chlorine can migrate toward the surface.

Enrichment of sulfates but leaching of chloride

In the spring season, the increasing temperature (>0°C) leads to the
gradual thaw of surface snow and the near-surface frozen zone and
the decomposition and dissolution of salts precipitated during freez-
ing, such as meridianiite. The meltwater is enough to dissolve the
salts precipitated during the freezing period and the salts formed by
the decomposition of meridianiite. The vugs with tapered edges
similar to meridianiite crystal can form and are not filled.

As the frozen layer melts from top to down, any meltwater would
presumably pond on top of the frozen layer. However, without the
protection of the top frozen layer during the thawing period, surface
evaporation becomes very efficient in a low-pressure (low humidity)
martian environment. This promotes salt precipitation again in the
upper part of sediment sequences (Fig. 5D). Before complete evapora-
tion of surface water and precipitation of all ions as salts, the increas-
ing temperature from spring to summer can lead to the complete thaw
of the frozen zone. The blocked pores are connected again, allowing
for the infiltration of the meltwater (Fig. 5E). Because of the ~37%
higher solubility of NaCl compared to MgSOy at 0°C, more chlorides
can dissolve and migrate downward with meltwater during the
thawing periods. The freeze-thaw cycles can therefore explain the
upward enrichment of Mg and S (25, 29, 43, 46) but the sudden
depletion of Cl higher in the sequence (Fig. 4) (29).

The average 20 wt % SOs3 of the Burns formation corresponds to
480 kg of SO5in 1 m? of sediments (81). For simplicity of calcula-
tion, we assume that the groundwater has 1 g/liter of SO3, surface
water also has 1 g/liter of SO; (pH is around 3 if all S is from sulfuric
acid), and the porosity of the sediments is 35% (82) at Meridiani.
If the voids of the sediments are occupied by water and water ice,
350 liters of fluid with 1 g/liter of SO3 can precipitate 0.35 kg of SO5
at most in 1 m’ of sediments for each freeze-thaw cycle. Therefore,
to accumulate 20 wt % SO; (4.8 X 102 kg of SO3/m®) within the sea-
sonal frozen zone, it requires ~1.37 X 10* to 10° (= 4.8 x 10%/0.35)
seasonal freeze-thaw cycles. The estimate is the least value because
the porosity of the sediments increases gradually to 35% with freeze-
thaw cycles, and some sulfur can be leached downward during the
thawing stage.

Liu et al., Sci. Adv. 10, eadi1805 (2024) 17 January 2024

Formation of ferric concretions

Nano-sized Fe oxides coated on sand particles can be partly dissolved
by low-pH water, which accounts for the bleaching (89) of the upper
units of the Burns and Grasberg formations. Freezing can further
induce aggregation of Fe oxides to form coarse specular grains (38,
54, 83), the thermal emission spectra of which are consistent with
those of the average thermal emission spectrometry (TES) spectrum
and mini-TES spectrum from Meridiani Planum (38). The oxida-
tion of the ferrous iron in the upward migrating groundwater by the
oxidants (e.g., chlorate) dissolved in surface water can promote the
formation of hematite. Fe oxides tend to be enriched just below
the bleaching zone (Fig. 1A), possibly because hematite precipitation
is favored under a slightly acidic environment compared to jarosite
and groundwater accumulated just below the frozen front can dilute
acidity enhanced by surface freezing. Some hematite can also be
formed by the decomposition of jarosite formed during the freezing
period owing to the change in pH and salinity of fluids (32, 84) during
the thawing period. The hematite spherules have been hypothesized
to form owing to the cycling of upward-migrating groundwater and
oxidation of aqueous Fe?* during seasonal freeze-thaw (Fig. 5F) (37).
The well-drained environment of martian sediments with high po-
rosity can account for the spherical shape of the Fe concretions (85).

Freeze-thaw and cryosuction as a fundamental

process on Mars

On Hesperian Mars, the intersecting regions with high surface
temperature and shallow water table, which allow for seasonal freeze-
thaw resulting in upward migration of groundwater via cryosuction,
provide a viable mechanism for the formation of layered sulfate-rich
sediments. The higher temperatures at low latitudes during the
Hesperian allowing cyclical thawing may explain why most of the
hydrated sulfates on Mars are concentrated in the interior layered
deposits of Valles Marineris chasmata systems and layered rocks in
Aram Chaos, Arabia Terra, and Meridiani Planum (14, 15).

A global groundwater table/upwelling scenario is not necessarily
required in the cryosuction/freeze-thaw model. Local sources of
snowmelt can be wicked up into mounds of eolian deposits (5),
which could explain the occurrence of sulfate settings such as the
interior layered deposits (14, 15). It is possible that some of the
sulfate-rich layered deposits in Gale crater also could have been
formed by the freeze-thaw cycles. As Curiosity ascends through the
layered mound sediments in the coming years, these hypotheses
are testable with mineralogical, chemical, and textural observations
(e.g., high porosity, the platy structure with abundant coarse planar
voids but little fine voids, and the upper bleaching and brecciated
zone and lower darker and less brecciated zone with sudden horizontal
boundary in a meter-scale section) from the rover.

Although most layered sulfates appear in low-elevation regions
(13), the layered sulfates are distributed over a range of elevations
and contexts (5). The concept of a global groundwater table and pre-
dicted upwelling regions might not well explain the layered sulfates
that occur in areas with high elevations. However, observations
from the Qaidam Basin, a high-elevation desert in western China
(fig. S1), illustrate the importance of local and regional glacier melt
in recharging shallow groundwater (39). On Mars, it should be
expected that similar, disconnected shallow groundwater settings
fed by local and regional recharge should have been common. Melt-
water of snow in higher elevations could have efficiently recharged
the local or regional shallow groundwater.
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The average temperature during the formation of the sulfate-rich
deposits should have been at or just below the freezing point of liquid
water in the equatorial region. It suggests a cold climate with a global
average temperature below 0°C during the Hesperian. The model
provides an unearthly but simple mechanism through which vast,
thick, intensely altered but largely homogeneous sulfate-rich rocks
could have formed on Mars, and it highlights the possible importance
of freeze-thaw as a mechanism of chemical weathering on the
red planet.

MATERIALS AND METHODS

The concentrations of element oxides were obtained with the APXS
on board the Opportunity rover. A description of the instrument,
calibration methods, and data quantification can be found in the
study of Gellert et al. (86). Data were downloaded via the PDS
Geosciences node (see Data and materials availability below). The
APXS is a contact instrument that uses curium-244 sources to induce
particle-induced x-ray emission and x-ray fluorescence. The APXS
spectra represent the average composition over the sampled area,
which is 38 mm in diameter when the instrument is in contact with
the sample.

Supplementary Materials
This PDF file includes:
Figs.S1to S3
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