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PLANETARY SCIENCE

Modern water at low latitudes on Mars: Potential
evidence from dune surfaces

Xiaoguang Qin't*, Xin Ren*t*, Xu Wang't*, Jianjun Liu**, Haibin Wu'-3, Xingguo Zeng?,

Yong Sun*, Zhaopeng Chen?, Shihao Zhang’, Yizhong Zhang?, Wangli Chen?, Bin Liu?, Dawei Liu?,
Lin Guo?, Kangkang Li", Xiangzhao Zeng?, Hai Huang?, Qing Zhang?, Songzheng Yu?, Chunlai Li?,
Zhengtang Guo'

Landforms on the Martian surface are critical to understanding the nature of surface processes in the recent
past. However, modern hydroclimatic conditions on Mars remain enigmatic, as explanations for the formation
of observed landforms are ambiguous. We report crusts, cracks, aggregates, and bright polygonal ridges on the
surfaces of hydrated salt-rich dunes of southern Utopia Planitia (~25°N) from in situ exploration by the Zhurong
rover. These surface features were inferred to form after 1.4 to 0.4 million years ago. Wind and CO, frost pro-
cesses can be ruled out as potential mechanisms. Instead, involvement of saline water from thawed frost/snow is
the most likely cause. This discovery sheds light on more humid conditions of the modern Martian climate and
provides critical clues to future exploration missions searching for signs of extant life, particularly at low lati-
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tudes with comparatively warmer, more amenable surface temperatures.

INTRODUCTION

Does liquid water recently exist on the contemporary surface of
Mars? This question is critical for understanding the recent climatic
evolution of the polar ice caps, the habitable environment, and even
the potential for life on Mars (I). Previous studies show that abun-
dant liquid water existed on early Mars (2-7). However, as the early
atmosphere has disappeared, the climate and environment on Mars
have undergone substantial changes (8), with the resultant temper-
ature and pressure conditions becoming unfavorable for the stabil-
ity of liquid water on Mars today (9, 10).

Nevertheless, the observed liquid drops on the robotic arms of
the Phoenix rover indicate that conditions allowing for the existence
of liquid saline water emerge at high-latitude regions of Mars in
summer because the thermodynamics of freeze-thaw cycles can
lead to the formation of saline solutions with freezing temperatures
lower than current summer ground temperatures (11). In contrast,
indirect evidence for modern hydrological activity above ground in-
cluding recurring slope lineae (12) and gullies (13) remains under
debate. For example, some conflicting scenarios such as dry versus
wet mechanisms have been proposed for their formation (14, 15).
The main argument against the wet hypothesis lies in the inade-
quate amount of water required to trigger such large-scale (i.e., at
least several hundred meters long) slope flows (14). Numerical
modeling (16) suggests that suitable climatic conditions for liquid
water can occur on present-day Mars. If this projection is right, then
there may be small amounts of surface water hidden from view. In
this case, studies on small-scale (i.e., <1 m) surface features on a di-
versity of landscapes are therefore essential to depict a complete
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picture of contemporary hydrological processes on Mars. In partic-
ular, surface morphological features of sand dunes at low latitudes
are rarely investigated, which hampers our understanding of hydro-
climatic variations in the region where the comparatively mild
ground temperatures may support life.

On 15 May 2021, Zhurong rover landed in southern Utopia Pla-
nitia (25.066°N, 109.925°E; —4,099.4 m above the Mars Orbiter
Laser Altimeter geoid) in the northern hemisphere of Mars,
which belongs to the Late Hesperian northern lowlands (17). For
9 months, a comprehensive exploration of the landing site and its
environment has been conducted using the Navigation and Terrain
Camera (NaTeCam), the Multispectral Camera (MSCam), and the
Mars Surface Composition Detector (MarSCoDe) aboard Zhurong
rover (18). By studying the surficial microstructure, morphology,
and chemical compositions of dunes, our investigation provides
critical insights into the possibility of water activity at low latitudes
during the contemporary period on Mars.

RESULTS

Dune landform

Barchan dunes with a crescent shape morphology, as one type of
transverse aeolian ridge (TAR), are sparsely distributed at the
Zhurong landing site (Fig. 1A). They are completely isolated from
each other and exhibit a bright color (high albedo) in high-resolu-
tion image camera (HiRIC) pictures of 0.7-m ground pixel size
taken by the Tianwen-1 orbiter (Fig. 1A). As the rover advanced
southward in the first 4 months, four dunes (designated Dunes 1,
2, 3, and 4) were investigated in situ.

Two types of sands with high and low albedos were discovered
on the ground. The dark sands always overlie the bright dunes
(Fig. 1B), implying two generations of sand dunes. The bright
type is the early barchan dune, 15 to 30 m in length and 3 to 10
m in width (Fig. 1E). The dark type, having a similar color as the
surrounding soils (Fig. 1, B, D, and E), comes in several forms of
a small-sized longitudinal dune, a sand ridge, or sand particles
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Fig. 1. Exploration route of Zhurong rover and cracks on bright sand dunes. (A) Map of the exploration route of Zhurong from May to September 2021. The HiRIC
photo (0.7-m resolution) was taken by the Tianwen-1 orbiter. Dunes 1 to 4, marked by white rectangles, were measured in situ on Sols 45, 64, 92, and 99, respectively. (B)
Panorama mosaics acquired by NaTeCam of longitudinal dunes on barchan Dune 2, with white rectangles indicating positions of the cracks. (C and D) Cracks developed
on the southwestern slope of longitudinal dune on the western wing of Dune 2, with a white arrow pointing to one of the cracks. (E) Panorama mosaics acquired by
NaTeCam of barchan Dune 3, with white rectangles indicating positions of the cracks. (F) Cracks on the northern slope of Dune 3. Credit: CNSA/GRAS.

coated on the surface of bright barchan dunes, of which the north-
westward longitudinal dunes overlying the west flank of the bright
barchan dune are the most typical form (Fig. 1B). Continuous tran-
sitional depositional patterns were observed from sands on surficial
soils to the dark longitudinal dunes (Fig. 1B). The observations
suggest that the dark sand dunes were later than bright barchans
and formed most recently, probably in the modern environment.

Crusts, agglomerated particles on dune surfaces, and the
composition

Pictures taken by the MSCam and the microscopic camera show
that different forms of cementation exist on dune surfaces, with a
crust developed on the bright dunes (Fig. 2B and fig. S1, B and E)
and agglomerated particles (granules/aggregation) on the dark
dunes (Fig. 2B and fig. S1, C and E). These structures arise from
the cementation of fine and medium sand grains. These agglomer-
ates (~3 to 15 mm) were turned into fine and medium sand grains
(0.1 to 0.3 mm) using the laser-induced breakdown spectrometer
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(LIBS; fig. S2C). By comparing the short-wave infrared passive
spectra (SWIR) data to the standard mineral spectrum database,
we confirm that there are hydrated sulfates, hydrated silica (espe-
cially Opal-CT), trivalent iron oxide minerals (especially ferrihy-
drite), and possibly chlorides in the sands (figs. S3 and S4).
Inorganic cements such as hydrated sulfates and hydrated silica/
ferric substances are therefore the most likely materials for cement-
ing sand grains to form the crusts and agglomerated particles.
Compositional element data obtained using LIBS (fig. S5 and
table S1) show that bright and dark sands are characterized by
high Fe and Mg contents. Silica makes up ~52 to 56% over ~85 to
90% of total silicate oxides, which makes it more abundant than in
any basaltic phases. As seen from the total percentage of oxides
(table S1), undetectable material accounts for ~15 and ~10 wt %
of bright and dark sands, respectively. Previous studies have
shown that components undetectable by LIBS include all volatiles,
i.e., S, Cl, and P from some salts (7) and H or OH™ from hydrated
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Fig. 2. Water traces on bright sand dunes. (A) Topographic contour map of the environs where the trace is located. The coordinate system is east-north-up local
Cartesian coordinate, and the origin is that of the rover coordinate system. The background digital orthophoto map photo was taken by NaTeCam. (B) MSCam
bird's-eye-view photo showing a strip-like trace and a likely water-soaked fragmented soil block. (C) Enlarged photo showing polygonal cracks and bright polygonal
ridges. (D) Enlarged photo showing circular region with the strip-like trace as a part. (E) NaTeCam three-dimensional image of an interdune depression between two dark
longitudinal dunes. (F) A cross section of the dune along the profile of the white dash line in (E). Credit: CNSA/GRAS.
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phases (i.e., ferric hydroxides) and amorphous phases (i.e., more
crystalline hydrated silica).

Cracks on dune surfaces

Polygonal cracks are ubiquitous in Dunes 2 and 3. They are devel-
oped on the surfaces (Fig. 1, D and F) of bright barchan dunes. The
surfaces of dark sands without encrustation are mainly dotted with
agglomerated particles (fig. S1, C and E), therefore cracks are rarely
seen. Statistically, the crack polygons have an average area of 55.2
cm” and an average side length of 4.8 cm (fig. S7), belonging to
the smaller fracture type than the cracks previously observed by
remote sensing (19). Calculated according to a depth-to-width
ratio of a polygonal fracture between 1/3 and 1/4 (20), the thickness
of the crust could be 1.25 to 1.7 cm. The crack polygons form tri-
angular to heptagonal shapes in plan view, with a dominance of
pentagonal shapes. The internal angles of the polygons average
around 110°, and most cracks have Y-shaped intersections.

Other related features

On the interdune depression of Dune 2, MSCam captured a light-
toned strip-like trace >40 cm long and ~1.5 cm wide (i.e., much
brighter than surrounding area; Fig. 2B). The centimeter-scale-res-
olution and three-dimensional reconstructed image of the dune
using NaTeCam stereoscopic images shows that this strip-like
trace lies along the lowest trough line of the depression and
extends along strike of the depression to separate the bright and
dark sands (Fig. 2E). On the right (south) side of the trace, there
is a dark sand—covered slope (angle = 4.3°% length = 0.93 m). On
the left (north) side lies an encrusted bright sand slope
(angle = 7.2° length = 0.42 m) with abundant polygonal cracks,
where there are two faint circular regions (Fig. 2, D and E). The
strip-like trace is the right edge of a circular (diameter, ~30 cmy;
Fig. 2, D and E). This topographic structure would allow water, if
the amount of stably existing water is enough and surficial crust
is hard to penetrate, to collect at the lowest part of depression
from the bright sand crust on the left (Fig. 2F).

In addition, there is a fragmented block of soil on the bright sand
crust beside the strip-like trace (Fig. 2B). The soil block is surround-
ed by a pile of well-distributed fine detritus. In the lowest part of
another interdune depression of Dune 2, some polygonal bright
lines occur in the dark sand thin layer overlying the encrusted
bright sands (Fig. 2C). These bright lines are linear ridges that sep-
arate the dark sands and have the same scale as the polygonal cracks.

Sequence and timing of events
On the basis of the contact between the bright and dark sand dunes
and the localities of surficial structures (Figs. 1 and 2), we estab-
lished the chronological order for the occurrence of the surficial
geological processes observed. The bright barchan dunes were
first formed during dry windblown events and then encrusted
with sulfates/possibly chlorides as potential cementing agents in a
more humid environment.

To constrain the ages of the bright barchan dunes, we identified
43 qualified craters (diameter, 2 to 9 m) on bright barchans based on
the high-resolution remote sensing images (Materials and
Methods). An age range of 1.4 to 0.4 million years (Ma; fig. S9)
was acquired for the bright barchans using the chronology function
(CF) model (21) and the impact crater production function (PF)
(22). The ages determined for the bright barchans are within the
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range of ages (i.e.,, 3.0 to 0.1 Ma ago) for TARs from various
regions from low to high latitudes (23).

Subsequently, cracks occurred on the surficial crusts of the
bright dunes because of desiccation or freezing process. After
that, the dark longitudinal dunes developed because of the late
windblown event(s), followed by the formation of agglomerated
particles on the surface of the dark sands. As a part of a circular
region and a boundary between the bright and dark sands (Fig. 2,
B and D), the bright strip-like trace may have formed later than the
bright sands and even after the dark sands, probably synchronous
with the formation of the agglomerated particles of the dark sands.
The same is true for the chronological order of fragmented soil
block and polygonal ridge (Fig. 2C) occurrences.

The sequence of events can be ordered (from old to young) as
bright barchan dune formation; encrustation; cracking; dark sand
deposition; and then lastly the latest events related to features in-
cluding the agglomerated particles, the strip-like trace, the polygo-
nal ridges, and the fragmented soil block. Superposition
relationships show that all the observed surficial encrustation fea-
tures are at most 1.4 Ma old and they might even be younger than
0.4 Ma old. Therefore, the stage when agglomerated particles, the
polygonal ridges, the strip-like trace, and the fragmented soil
block occurred was closest to the present.

DISCUSSION

Surficial cementation of soils forming so-called duricrusts has been
widely observed at landing sites on Mars such as those of Spirit (24),
Opportunity (25), and Curiosity (26). The duricrusts have thick-
nesses from a few millimeters up to 2 cm (27). Our inferred thick-
ness of the bright sand crusts (i.e., 1.25 to 1.7 cm) at the Zhurong
landing area is around the upper end of this range.

Sand surficial encrustation is not only a sign of the cessation of
sand dune activity but also a precondition to forming cracks. This
encrustation of dune surface can be attributed to the pore space
between surficial sand grains being filled with cementing materials
and agglutinating to form a whole body.

Possible cementing materials should be capable of transforming
from gas/liquid to solid and filling pore spaces between sand grains.
On the surface of Mars, candidate materials include dry ice, water
ice, clays, salts, and other hydrated cementations (20, 28). On the
basis of the properties of CO, and water (29) and the atmospheric
conditions (30) at the Zhurong landing site, dry ice and water ice
can be ruled out as cementing materials (Materials and Methods),
at least on present-day Mars because both are not detected by LIBS.
As mentioned, the SWIR data showed hydrous sulfates, opaline
silica, ferric oxides, and probably chlorides in the sands (figs. S3
and S4). Therefore, sulfate-mixed salts and/or other hydrated ce-
mentations (i.e., opaline silica and ferric oxides), are the most
likely materials for cementing the sand grains, although water ice
may also have partially contributed to cementations. As recognized
in previous studies, soil and soil crusts also have been thought to
contain hydrated sulfate and opaline silica as cementing materials
(31-33).

With salts and these hydrated materials as a cementing agent, the
involvement of water is required. Water could originate from
groundwater, thawed ice (snow or frost), or rainwater. Formation
of an encrustation by evaporation of capillary water from ground-
water is unlikely on a high-lying dune surface, whereas nearby low-
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lying ground surfaces do not exhibit such cracks (fig. SID). On the
other hand, water can form on or fall to the ground in the form of
either frost or rainwater/snow, respectively. Which mechanism is
more likely depends on atmospheric temperature and vapor
partial pressure on Mars.

As saturated vapor pressure is not related to atmospheric pres-
sure but to temperature, which must reach 0°C (273 K) for vapor to
condense into rainwater. Martian saturated water vapor pressure at
0°C is 611 Pa, accounting for ~72% of the observed atmospheric
pressure (i.e., 786 to 834 Pa as determined by the Zhurong barom-
eter). Such a percentage of water is impossible to attain considering
that 95% of the modern atmosphere is CO, (34). Thus, rain on the
present-day Mars is impossible.

On the basis of the atmospheric conditions determined by
Zhurong, in combination with other ground-based observational
data from Perseverance, InSight, and Curiosity, the inferred
annual atmospheric temperature, pressure, and vapor partial pres-
sure in the landing areas on Mars are between —105° and —5°C,
from 683 to 849 Pa and 0.27 Pa, respectively (table S3 and fig.
S10). At such conditions, the frost point is —74°C (199 K) (30).
Therefore, water vapor can form as frost or snow in the landing
area (Fig. 3), and frost/snow has been regarded as a common
form of precipitation on Mars (35, 36).

Water frost/snow, if mixed with salts thereby lowering its
melting point [i.e., from 205 to 271 K for sulfate-bearing salt

mixture (table S4)], could thaw to become liquid saline water
(table S4) (37, 38). As diurnal/seasonal temperature increases,
frost/snow on the salt-bearing dune surfaces can start to sublimate
because of reduced relative humidity (Fig. 3). If there is remanent
frost/snow when temperature surpasses the saline water freezing
point (i.e., eutectic temperature), then the frost/snow would thaw
to form saline water. If temperature continues to rise, then saline
water starts to vaporize and salts begins to precipitate to cement
sand grains; thus, agglomerated particles could form, and crusts
could eventually occur (Materials and Methods).

In the morning on Mars, atmospheric temperature experiences a
rapid rise around 5:00 to 6:00 local true solar time (fig. S10D), which
is conducive to the conversion of water from solid to liquid before
all the frost/snow sublimates. Measured meteorological data (fig.
S10, A and D) indicate that the temperature conditions for this con-
version to occur can be met on both seasonal and diurnal time
scales. The number of days for the annual occurrence of liquid
water on Mars calculated according to the Ensemble Mars Atmo-
sphere Reanalysis System (EMARS) dataset also supports the
notion that liquid water could occur at the Zhurong landing area
(fig. S11).

Orbital obliquity of Mars similar to or larger than the present-
day angle has occurred repeatedly over the past 1.4 Ma (39), suggest-
ing recurrence of comparable or more humid climatic and meteo-
rological conditions than this modern period (40). Therefore, the
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contemporary or even more humid climate permits the frequent oc-
currence of saline water at low latitudes on Mars.

In addition, acid ions in saline water in such aqueous process
might favor extracting more Si from silicate minerals to form par-
tially hydrated silica (especially Opal-CT) and other hydrated min-
erals, such as hydrated sulfate (bassanite and gypsum) and ferric
oxides (especially ferrihydrite). Therefore, these geochemical
weathering effects with aqueous process would improve the forma-
tion of agglomeration and encrustation on dune surface at the
Zhurong landing site.

Surficial cracks usually occur because of the stress exerted on
sediments during shrinkage due to desiccation or thermal contrac-
tion. When the associated stress becomes higher than the tensile
strength of the sediments, fractures develop perpendicular to the di-
rection of maximum tensile stress to produce polygonal cracks (41).

Polygonal cracks are also very common on Mars (19). However,
there are only two categories of cracks associated with water. One
type representing thermal contraction polygons are attributed to
freeze-thaw cycles on Mars (19, 42—46). The other type represents
polygonal cracks formed by desiccation (4, 7, 20). All reported
water-associated cracks are either preserved in sedimentary hori-
zons of early Mars (3, 4) or present on ground surfaces that are con-
fined to mid-to-high latitudes and in the form of large-scale (>1 m)
cracks (42—46) due to detecting techniques.

This study presents the first small-scale (centimeter scale) cracks
formed on the salt-bearing encrustation of sand dunes at low lati-
tudes. The cracks on the dune surfaces are most likely polygonal
fractures caused by desiccation but not excluded to form by
thermal contractions (table S2) when the rapid temperature
change causes the saline water to freeze and shrink (8). Salt-cement-
ed dune surfaces would become encrusted; then, during shrinkage,
cracks could form under tensile stress.

The statistical morphological characteristics of cracks are in ac-
cordance with the parameters for desiccation polygonal cracks
(table S2) with a centimeter-size scale rapidly formed when very ho-
mogeneous phyllosilicate- or salt-bearing materials experience in-
tensive evaporation or diurnal thermal fluctuations (20). This
comparison indicates that the even-textured salt-cementing bright
sand surfaces could prompt cracks in the thin crust to develop
because of rapid evaporation and/or seasonal/diurnal temperature
variation.

At the interdune depression, we observe the strip-like trace, frag-
mented-soil block, and bright polygonal ridges on the surfaces of
the sand dunes. These geomorphological phenomena could be
related to meteorite impact, CO, frost processes, windblown pro-
cesses, and water activity on the Martian surface.

Obviously, the strip-like trace and bright polygonal ridges are
not related to meteorite impact. CO, frost processes have been pro-
posed as a dry scenario to explain the formation of some slope fea-
tures including recurring slope lineae and slope streaks (14, 47).
However, they cannot account for any geomorphological features
observed here because meteorological conditions exclude the pres-
ence of CO, frost at low latitudes (Materials and Methods).

As a part of the edge of a circular region, this bright strip-like
trace at the bottom of an interdune depression has a round and
smooth boundary (Fig. 2B), different in morphology and stretching
characteristics from sand ripples on the bright barchan dunes
(Fig. 1D). Moreover, no similar trace was observed on the surface
of dark sands (Fig. 2B). These observations suggest that the strip-
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like trace may not be derived from wind activity but was a possible
trace from aqueous process, such as thawed accumulative
frost/snow.

In addition, the encrusted smooth bright sand surface, which has
a higher reflectance factor (fig. S12) and mirror effect to reflect more
heat back than dark sands, thus could serve as a cold trap to form
much thicker, patchy, later frost/snow by recondensing water vapor
from thin early frost/snow, which is similar to the cold trapping
effect created by shadowing from small-scale surface roughness
and troughs at the Viking 2 site (48). Therefore, a plausible scenario
is accumulated frost/snow-thawed water on the circular bright sand
crust of the left inclined region, leaving a dried trace of saline water
in the circular slope region (Fig. 2F).

The fragmented-soil block may represent wind-eroded bedrock
residues or ejecta resulting from meteorite impacts. However, the
soil detritus only concentrates around the soil block, and no
sands are found immediately outside the detritus pile. This obser-
vation is quite different in morphology from aeolian sands around
rocks, which show continuous settlement from the surrounding
sands on the ground (fig. S13). Thus, soil detritus around the soil
block may not be related to meteorite impact or windblown depo-
sition but to water-related fragmentation of the soil block, i.e., des-
iccation fracturing of the soil block after soaking in water. Because
the soil detritus was naturally accumulated and not eroded by wind,
they may have formed quite recently.

The bright polygonal ridges in another depression (Fig. 2C) also
cannot be interpreted in terms of wind activity. They may represent
salt deposition from saline water along polygonal cracks at the
bottom of the depression, similar to that reported by a previous
study (49), because of their similarity to polygonal cracks in mor-
phology and scale and their positioning at the bottom of the inter-
dune depression. As the bright polygonal ridges have influenced the
dark sand distribution, they may have developed after dark sand
deposition.

Collectively, these lines of evidence suggest that the cracks;
crusts; agglomerated particles on dune surfaces; and the strip-like
trace, fragmented soil block, polygonal ridges lying in the lowest
part of the interdune depression were most likely associated with
the activity of saline water, indicating the existence of water
process on the low-latitude region of Mars. However, we should
admit that some surficial morphological features (i.e., the polygonal
ridges, the strip-like trace, and the fragmented soil block) are not
very clear because of the limited image resolution. There may be
other unexpected processes causing these features. It is necessary
to perform careful observation during subsequent exploration.

In summary, we propose a hypothetical model for generating the
crusts and cracks on the dune surfaces during the contemporary
period (i.e., after 1.4 to 0.4 Ma ago). First, water vapor condensed
as frost/snow on the dune surfaces when the temperature dropped
below the frost point. Then, the frost/snow on salts in between the
sand grains would thaw to eventually form saline water after the eu-
tectic temperature was attained, and the saline water might acceler-
ate the formation of hydrated silica and ferric oxides. Subsequently,
the saline water would vaporize, and salts precipitate to cement sand
grains as temperature reached above boiling point or low—water
vapor content air flowed, thus agglomerating particles and
forming crust. Then, continued drying or freezing would develop
cracks within the crust. Last, repeated frost precipitation-thawing
cycles could leave other traces related to water activity in the
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interdune depression. Therefore, these crusts, cracks, and aggre-
gates observed on the dune surfaces in Zhurong landing area pro-
vided the plausible evidence that saline water existed
contemporarily at low latitudes on Mars.

If our water hypothesis is true, then the amount of water re-
quired to form crusts on dune surfaces and leave a trace of saline
water is substantially higher than what has been discussed in
terms of transient liquid water (i.e., thin films of water) in previous
studies (50, 51). As reported, surface coatings on rocks and soil
crusts on Mars were generated via acidic weathering of rocks with
relatively limited water involvement (i.e., low water/rock ratio) and
the geochemical effects of aqueous alteration involved in the forma-
tion of duricrusts; thus, rock surface coatings could accumulate over
geologic time scales (52, 53). In contrast, aqueous activity account-
ing for surficial encrustation of sand dunes must have occurred in a
short amount of time because relatively loose sand grains that have
high mobility are unlikely to be cemented during a geologically slow
process. In this case, more water seems to be required for cementing
sand grains to form crusts, as compared with the duricrusts and
rock surface coatings. This would imply that conditions more
humid than expected in the past (and at high water vapor pressures)
once existed after 1.4 to 0.4 Ma ago.

This theoretical feasibility of saline water in contemporary trop-
ical latitudes on Mars is not unreasonable given the suspected large
change in planetary obliquity since ca. 5 Ma ago (39). The scenario
of changing axial tilt, establishing Mars current low-obliquity con-
figuration only ca. 3 Ma ago, can explain the increased thickness of
the polar ice caps in recent geological history as ice once abundant
at lower latitudes during the past high-obliquity orbital configura-
tion has been transferred to high latitudes under the current low-
obliquity configuration (54). Our observation of water-related
surface features may be associated with water vapor exchange
between high and low latitudes over the past 1.4 Ma. Previous
general circulation model (GCM) results also lend support to our
water hypothesis by that there was enough liquid water at high
obliquity excursions as erosive agent for gully formation (55).
Thus, the discovery of vestigial saline water at low latitudes is con-
sistent with models of recent Mars rotation (54, 56) and current un-
derstanding of the palaeoclimatic evolution of the polar ice
caps (54).

Our findings provide useful clues for designing future explora-
tion strategies for Mars rovers. Special attention should be paid to
small depressions and encrusted soil surfaces, with the objective to
look for more evidence of saline water to better understand contem-
porary climate changes at low latitudes on Mars. As saline water
once existed at various latitudes on the surface of Mars, priority
should be given to salt-tolerant microbes in future missions search-
ing for extant life on Mars.

MATERIALS AND METHODS

Analysis of aggregates and crust at dune surface

The spatial resolution levels of the MSCam and the Micro-Imager
(MI) onboard the Zhurong Mars rover are able to reach submillim-
eter and micrometer scales, allowing for observations of detailed
morphological features of dune surfaces. The images from
MSCam show that the coarse-grained aggregates (3 to 15 mm in
diameter) are concentrated in the dark sand regions (figs. S1, C
and E, and S2, B and C), forming a rough surface on the dune. By
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comparing the changes of dune surface material before and after
LIBS hitting from MI images (fig. S2, B and C), we found that a
lot of fine-grained material was produced in the pit of LIBS laser
shot (LIBS crater). These fine-grained materials should have been
created when the coarse grains or dune surface were crushed by
the laser shock wave. These fine-grained materials vary in size
from 0.1 to 0.3 mm, corresponding to fine sand (from 0.0125 to
0.25 mm), up to medium sand (from 0.25 to 0.5 mm) (57). There-
fore, these coarse grains could represent aggregates of fine and
medium sand grains not solid pebbles. There are less aggregates
in bright sand regions, whose surfaces show layered and relatively
smoothed crust structure (fig. S1, B and E). A similar scattering of
fine and medium sand particles was also observed around the hole-
like crater hit by the LIBS laser in the layered crust of a bright sand
region (fig. S2F). For comparison, circular craters with a diameter of
0.3 mm were etched on the surface of quartzite (fig. S2, G to I) and
on an onboard calibration target after ablation by LIBS, thus indi-
cating that the crust surface where a larger hole-like crater formed is
not completely solid but more likely cemented.

Evidence for cementing materials

Because the Zhurong landing site lies at 25°N, far from the northern
polar ice cap, the temperature and pressure measured by the rover
(table S3) could not allow CO, to be condensed to dry ice, where the
necessary temperature is —148 K (29), at Martian atmospheric con-
ditions. In addition, orbital observations at Mars (30) indicate that
there is no visible CO, frost mantling at the landing site (fig. SIOE).
Therefore, dry ice is excluded from being the cementing material.

The atmospheric conditions during daytime when the rover was
exploring sand dunes would not be expected to preserve water ice
because the relatively high temperature would cause it to sublimate
(Fig. 3). In this case, water ice could not be the main cementing
material.

Observations on dark and bright sands were carried out using
the MarSCoDe on Zhurong rover for Dunes 1, 2, and 3 by selecting
two targets for each dune. MarSCoDe consists of a LIBS spectrom-
eter (240 to 850 nm; resolution, >0.3 nm/pixel), SWIR spectrometer
(850 to 2400 nm; resolution, >12 nm/pixel), and a micro-imager
(58). The MarSCoDe suite was always calibrated by probing its
onboard calibration targets before making scientific observations.

Surface reflectance spectra for Dunes 1 to 3 were obtained from
corresponding SWIR level 2B data. For each observation, wave-
length recalibration was first performed (59), original radiance
was divided by the radiance of the onboard calibration targets cap-
tured during a temporally adjacent calibration and subsequently
multiplied by a standard reflectance spectrum of the calibration
targets analyzed in the laboratory on Earth to derive the reflectance
spectrum from 850 to 2400 nm. The data were further smoothed by
a sliding 15-pixel average filter and compared to the standard
mineral spectrum in NASA Reflectance Experiment Laboratory
Spectrum Library (60).

On fig. S3, it was noticed that the spectral features of the bright
and dark sands among all the dunes exhibited a deep and broad ab-
sorption feature around 0.93 pm, which is mainly related to ferrous
or ferric-rich minerals. Three distinct absorption features of hydrat-
ed minerals at ~1.46, ~1.95, and ~2.22 pm are shown in the SWIR
spectra of dunes. The relatively weak absorption at ~1.46 pum is
mainly caused by O—H stretching overtones and combinations
(61), and the broad feature at ~1.95 pm resulted from combinations
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of H—O—H bending and O—H stretching (61). The broad feature at
~2.22 pym is diagnostic of O—H stretching in hydrated silica (such as
opal), aluminum clay (e.g., smectite), or hydrated sulfate (e.g., bas-
sanite and gypsum) (62-64).

As shown in fig. 4, the absorption features of the hydrated silica
(especially Opal-CT) and hydrated sulfate (especially bassanite,
gypsum, hydroxylated Fe-sulfate, and starkeyite) are similar to
those of dunes, with broad absorptions near ~1.95 and ~2.22 pm,
and a good match of absorption near ~1.46 pm, indicating a high
probability of containing these minerals in dunes. The Al-rich clay
minerals also have an absorption feature near ~2.22 um, but this
absorption feature is narrower compared to that of dunes, and the
absorption characteristics of Al-rich clay minerals at ~1.46 and
~1.95 um are shifted to short wavelengths. In addition, the perchlo-
rates and chlorides have significant absorption features at ~1.46 and
~1.95 um, but the absorption feature at ~2.22 pm is not significant
or absent in fig. S4 (H and I), suggesting that the presence of Al-rich
clay, perchlorates, and chlorides on the dunes is uncertain.

For the absorption features of dunes at ~0.93 um, we compared
the features with that of the ferric oxides (e.g., hematite, ferrihydrite,
goethite, and akaganeite). The features are similar to those of triva-
lent iron oxide minerals (especially ferrihydrite) at ~930 nm, and
the absorption features of ferrihydrite at ~1.46 and ~1.95 um are
also in good agreement with that of the dunes.

The MarSCoDe LIBS Level 2B data were processed into contin-
uous atomic spectra by ChemCam-style wavelet denoising (65),
asymmetric least square (62), baseline extraction and removal,
channels merging, and radiometric normalization. LIBS data also
provided hints for the existence of hydrated sulfate and chloride
salts. The major element compositions of bright and dark sand
targets from Dune 1 were inferred from LIBS spectra through
natural gradient boosting probabilistic prediction models
(NGBoost) (63) trained from laboratory data. These predictions
for major oxide concentrations are shown in table S1. The predicted
total major oxide sums turned out to be far below 100%. The resid-
ual may be related to S, H, and Cl from all volatiles, including those
from salts, some hydrated phases (i.e., ferric hydroxides), and amor-
phous phases that were not quantified by the model. Cl and S signal
in these LIBS observations were unidentifiable, presumably because
of their weak emissions below the noise level of the LIBS signals.

Under the present atmospheric conditions of Mars, sulfate min-
erals are able to absorb moisture from the atmosphere, leading to
salt deliquescence, or they dissolve when meeting liquid water or
ice. The resulting brines can act as adhesive agents that cement
sand grains (64). Table S4 provides the eutectic temperatures of pos-
sible binary and ternary cryobrines on Mars, which range from 201
to 271 K. The eutectic temperature of the brine proposed in Fig. 3
falls into this range. According to the global distribution of a ce-
mented sulfate endmember derived from Thermal Emission Spec-
trometer (TES) observations from Mars Global Surveyor (MGS)
orbiter (fig. S6) (66), the landing site of Zhurong rover is located
on the boundary between cemented and noncemented sulfates,
which indicates the possible existence of cemented sulfate at the
landing site. These considerations thus support the presence of
sulfate-cemented agglomerates and crust on the dunes from addi-
tional perspectives.
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Statistical analysis of crack parameters

On the basis of stereo image pairs obtained by the NaTeCam, the
digital orthophoto map and digital elevation model for Dunes 2
and 3 are made using ContextCapture master (67). In the software,
bundle adjustment was used to capture the optimized position and
altitude of each NaTeCam image, and image-matching technique
was applied to create a dense model for each stereo image pair.
The root mean square error of the reprojection error for all the tie
points is better than 0.3 pixels, which represent the accuracy of the
terrain reconstruction of NaTeCam. The coordinate systems of
these two data are east-north-up local Cartesian coordinates, and
the origins are the same as the corresponding origins of the rover
coordinate system. The readily identifiable cracks are manually
drawn using vector editing tools of ArcMap (fig. S7, B to D and
F). Parameters analyzed related to polygon properties include
edge length, inner angle, edge number, and area. The edge length
range and the area range of crack polygons are 0.3 to 13.5 cm
(average = 4.8 cm) and 1.8 to 233.2 cm? (average = 55.2 cm?), re-
spectively (fig. S7, H and J). Such values represent the properties
of small-scale fractures. These crack polygons mainly contain
three to seven edges (fig. S7I), with inner angles ranging from 20°
to 190° (average = 110° fig. S7G), where Y-junctions are common.
El-Maarry et al. (20) point out that if either rapid evaporation or
appreciable diurnal heat fluctuation occurs at a homogenous
surface, the joint points of fissures tend to become “Y" connected,
where the angles around the joint would approach 120° rather than
90°, and the resulting shape of the polygons would typically be pen-
tagonal or hexagonal with their edges less than 1 m in length. In
addition, the cycle of crack formation and closure could be seasonal.
Our statistical analysis of the cracks observed in Dunes 2 and 3 are
consistent with such a scenario (20), where the cracks resulted from
the subsequent desiccation of a thin and previously hydrated
material.

Age dating of bright barchans

The crater size-frequency distribution method was used to acquire
the absolute model ages of bright barchans within Zhurong landing
site. On the basis of the derived 2262 dunes with a total area of ~0.45
km? in the 7 km-by—5 km dune statistical region, the CraterTools
(68) on the ArcGIS platform was used to correctly extract craters
superimposed on the dunes (fig. S8). During mapping craters, we
tried to avoid the obvious secondary craters or crater chains and
exclude the craters mantled by dunes. With the resolution improve-
ment of remote sensing images, craters with diameters <10 m were
used for dune dating (23). In this study, 43 effective craters (with
diameters of 2 to 9 m) were identified and plotted in fig. S9. All
the crater diameters are less than ~10 m, which is below the valid
range of the CF model (21) and the impact crater PF model (22) on
Mars. Therefore, we have drawn a series of isochrones of age using
the CF model and PF model to analyze the upper and lower age
limits of bright barchans, with reference to the age-limited
method using isochrons by Reiss et al. (69). The frequency distribu-
tion of crater size with diameters less than ~2.7 m deviates from the
isochrony. It may imply the last ending time of bright dunes being
later than ~10 ka. Another possible reason is due to the limitation of
the image resolution. Few craters with diameters less than ~2.7 m
were observed, and the corresponding data points deviate from the
overall trend. Thus, if they were excluded during the data analysis,
the vast majority of the rest fall between 0.4- and 1.4-Ma isochrons,
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suggesting that the best-fit model ages of bright barchans within
Zhurong landing site ranges from ~0.4 to 1.4 Ma.

Atmospheric temperature, pressure, and humidity at the
Zhurong landing site

The Mars Climate Station (MCS) installed on Zhurong can measure
the temperature and pressure of the near-surface Martian atmo-
sphere. During the first 9 months (Sols 10 to 256) of exploration,
MCS was operational during each Martian solar day (sols) for only
about 2 hours around noon, during which it acquired environmen-
tal data every 5 min. To analyze the maximum and minimum values
of these discrete measurement data, the atmospheric temperature,
pressure, and humidity results of Perseverance, InSight, and Curi-
osity were analyzed and compared (table S3).

During the 9-month exploration, the temperatures around noon
at the Zhurong landing site ranged between —5° and —64°C. The
measured sols covered those of the highest solar elevation at the
landing site during a Martian year (fig. SI0A). Therefore, it is esti-
mated that the highest annual temperature at the landing site is
about —5°C. Zhurong rover is located farther north than the
InSight lander, which also landed in the northern hemisphere, so
the lowest annual temperature at the Zhurong landing site is pre-
sumably lower than that of InSight (—105°C; fig. S10A).

The pressures around noon at the Zhurong landing site were
between 675 and 853 Pa. According to the annual trends in mete-
orological data measured by Curiosity and InSight, a sine function is
used to fit the annual variation of pressure (fig. S10B). Consequent-
ly, the annual variation range of pressure in the Zhurong landing
area is about 683 to 849 Pa. The pressure model is given by following
formula, which was established according to pressure values mea-
sured by MCS

P = 82.917 x sin(—2.959 x 1072 x Ls + 27.939) + 766.170 (1)

where Ls is solar longitude at Zhurong landing site and P is pressure
value corresponding to Ls.

The maximum relative humidity measured by Curiosity during a
Martian year was about 69%; thus, the maximum relative humidity
at the Zhurong landing site could be higher considering its higher
latitude. From the diurnal trends in temperature and humidity mea-
sured by Perseverance, InSight, and Curiosity (fig. S10D), the
maximum relative humidity occurred when the temperatures
became the lowest before dawn, around 5:00 to 6:00 in local true
solar time. As the sun rose, the temperature would increase
rapidly and could reach its maximum of the sol within a few
Martian hours, resulting in the relative humidity in the near-
surface atmosphere to decrease to a minimum.

Therefore, we take the annual temperature and air pressure
ranges at the Zhurong landing site as ranging between —105° and
—5°C and from 683 to 849 Pa, respectively, and the relative humidity
should range from zero to greater than 69%. In addition, Khuller
et al. (30) have calculated the global seasonal average water vapor
abundance data and created a Martian global distribution map of
average frost points of carbon dioxide and water (fig. S10, E and
F). Figure S10F depicts the H,O frost point at the Zhurong
landing site, where the average water frost point is about —74°C
(199 K). The average saturated water vapor partial pressure at the
landing site is estimated as ~0.27 Pa using the modified Tetens
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formula

E =6.112 x ¢75%mms (2)

where t = T — 273.15 in °C, T is absolute temperature in K, and E is
saturated water vapor partial pressure in hPa. The range of atmo-
spheric temperature and pressure, as well as the estimated saturated
water vapor partial pressure and frost point, at the landing site are
summarized in table S3. We use the latest EMARS dataset contain-
ing gridded hourly atmospheric variables (70) to calculate the
number of days during the Martian year that liquid water is likely
to exist. Such days require two conditions: (i) a daily maximum
surface temperature (Ty,,,) exceeding 0°C and (ii) surface temper-
ature and surface pressure above the triple point of water but below
the boiling point. The Zhurong landing site is just located within the
region where temperature and pressure are above the triple point,
but below the boiling point, of H,O (fig. S11). This further confirms
the plausibility of the transient presence of liquid water in the
Zhurong landing area during the contemporary period.

Reflectance factors of bright and dark sands

Raw MSCam images are processed through dark current removal,
flat field correction, and radiometric calibration to convert observed
digital number into physical radiance. Then, using near-in-time
images of the MSCam calibration target, the solar irradiance reach-
ing the Martian surface can be estimated, and thus, the reflectance
factor of the images can be derived. The reflectance data as deter-
mined in eight wave bands of MSCam for bright sands are, by
average, 12.5% higher than those of their adjacent dark sands (fig.
S$12). This discrepancy may be related to different composition and
surface roughness. The relative high reflectance factor could make
bright sands serve as a cold trap, which would recondense and re-
distribute the water vapor from thin early frost on surrounding dark
sands and soils to form thicker, patchy, later frost on the surface of
the bright sands.

Water phase changes on sand dune surfaces

On the basis of the estimated ranges of meteorological parameters at
the Zhurong landing site, several stages of water phase transitions
and their constraints could be determined (Fig. 3).
Cooling-frost/snow occurring stage

When the temperature drops below the frost point of water at the
Zhurong landing site (—74°C or 199 K), water vapor becomes sat-
urated so that frost/snow starts to form on the Martian surface.
Frost/snow can form continuously within the range between
—105° and —74°C.

Warming-sublimating stage

When the temperature increases and exceeds —74°C (199 K), the
saturated vapor pressure of water increases, causing the relative hu-
midity to decrease. During this time, frost/snow directly sublimates
into water vapor, and sublimation continues until the temperature
rises to the eutectic temperature (also the triple point of brine) of a
mixture of ice and salts in the dunes.

Warming-melting stage

After the temperature exceeds the eutectic temperature of the
mixture of ice and salts in the dune materials, at current Martian
atmospheric pressure, the remaining frost/snow melts into saline
water in the presence of salts in dune material. Liquid brine keeps
forming until temperature rises to ~4°C or the ice is exhausted.
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Warming-evaporating stage
While temperature rises above ~4°C, which is the gas-liquid
equilibrium point of water under current Martian atmospheric

pressure, continued warming would lower the partial pressure of

water vapor to below the saturated vapor pressure, so that saline
water begins to evaporate and transform into vapor and lastly
disappears completely. The above water phase transition process
would repeat again after entering the next cooling cycle.
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