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Abstract: The planet Mars is the most probable among the terrestrial planets in our solar system to
support human settlement or colonization in the future. The detection of water ice or liquid water
on the shallow subsurface of Mars is a crucial scientific objective for both the Chinese Tianwen-1
and United States Mars 2020 missions, which were launched in 2020. Both missions were equipped
with Rover-mounted ground-penetrating radar (GPR) instruments, specifically the RoPeR on the
Zhurong rover and the RIMFAX radar on the Perseverance rover. The in situ radar provides un-
precedented opportunities to study the distribution of shallow subsurface water ice on Mars with
its unique penetrating capability. The presence of water ice on the shallow surface layers of Mars is
one of the most significant indicators of habitability on the extraterrestrial planet. A considerable
amount of evidence pointing to the existence of water ice on Mars has been gathered by previous
researchers through remote sensing photography, radar, measurements by gamma ray spectroscopy
and neutron spectrometers, soil analysis, etc. This paper aims to review the various approaches
utilized in detecting shallow subsurface water ice on Mars to date and to sort out the past and current
evidence for its presence. This paper also provides a comprehensive overview of the possible clues
of shallow subsurface water ice in the landing area of the Perseverance rover, serving as a reference
for the RIMFAX radar to detect water ice on Mars in the future. Finally, this paper proposes the
future emphasis and direction of rover-mounted radar for water ice exploration on the Martian
shallow subsurface.

Keywords: Mars; water ice; shallow subsurface; Martian-based ground-penetrating radars; RoPeR
radar; RIMFAX radar

1. Introduction

The search for extraterrestrial water resources has been a key scientific objective in
the human exploration of the solar system, with Mars being the second closest terrestrial
planet and the most likely candidate to have water resources. Scientists have been ex-
ploring Mars with space probes since 1960 (Masursky [1], Zheng [2], Li et al. [3]), and
after more than sixty years of exploration, the red planet is slowly revealing its secrets
to mankind.

In 2002, the Mars Odyssey spacecraft discovered possible frozen water on the surface
layer of Mars (Boynton et al. [4]). Back in the 1960s, it was thought that the two polar caps
consisted mainly of frozen carbon dioxide and a small amount of water ice (McDougal
et al. [5]). In the late 1970s, it was shown that there was water ice underneath the carbon
dioxide ice covering of the north polar cap according to the observation of the Viking
orbiters. However, experts continued to believe that the southern polar cap was made of
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carbon dioxide ice (Kieffer [6]). In 2003, Byrne and Ingersoll [7] argued, based on high-
resolution images from Mars Global Surveyor and thermal images from Mars Odyssey,
that the Martian polar ice caps are made almost entirely of water ice, with only a thin
layer of carbon dioxide ice on its surface. This was confirmed through direct spectroscopic
observations by Bibring et al. [8]. In 2008, the Phoenix mission confirmed water existed
on Mars by identifying water vapor when heating Martian soil samples (Renn6 et al. [9]).
Remote sensing data suggest that Mars once had large oceans and lakes (Clifford and
Parker [10], McEwen et al. [11], Michalski et al. [12]). Moreover, recurring slope lineae
suggest there may be seasonal flowing liquid water on Mars (McEwen et al. [13]). The
presence of water ice on the surface of Mars can also be inferred by measuring the con-
centration of hydrogen on the shallow subsurface of Mars through neutron detectors
and calculating the abundance of hydrogen. However, these observations are not pene-
trating and only reflect the physical properties of very thin areas of the Martian surface.
The Martian-based ground-penetrating radar is a unique way to explore the presence
of water ice on the shallow surface layer of Mars within a few meters to tens of meters
(Hamran et al. [14], Zhou et al. [15], Chen et al. [16], Zhang et al. [17]).

Martian orbiter-based radars are mainly focused on the observation of water ice over
the entirety of Mars, which includes the Mars Advanced Radar for Subsurface and Iono-
sphere Sounding (MARSIS) on the Mars Express spacecraft, Shallow Radar (SHARAD) on
the Mars Reconnaissance Orbiter (MRO) and The Mars orbiter subsurface investigation
radar (MOSIR) on China’s Tianwen-1 mission (Picardi et al. [18,19]). But orbiter-based
radars are not sensitive to the detection of water ice at depths of several meters due to
their limited vertical resolution (Li et al. [3], Seu et al. [20,21], Hong et al. [22,23], Qiu
and Ding [24]). In 2020, China and the United States launched the Tianwen-1 and Mars
2020 missions, respectively. China’s Tianwen-1 mission landed on the Utopian Planitia
(109°55’30"E, 25°3/58""N) (Li et al. [3]), and the Perseverance rover landed on the Jezero
crater (77°27'3"E, 18°26/4”’N) (Hamran et al. [25]). These missions carry advanced detection
instruments, such as in situ spectrometers and highly accurate ground-penetrating radars.
The Rover-mounted Subsurface Penetrating Radar (RoPeR) is onboard the Zhurong Rover
(Zhou et al. [15], Chen et al. [16], Li et al. [26]), while the Radar Imager for Mars’ Sub-
surface Experiment (RIMFAX) is onboard the Perseverance rover (Hamran et al. [14],
Casademont et al. [27]). Both of the Martian-based ground-penetrating radars can de-
tect water ice within a few meters or tens of meters of the shallow surface of Mars
(Hamran et al. [14], Zhou et al. [15]). In addition, the European Space Agency (ESA) plans
to launch the Exomars Mars exploration mission in 2028, which also will carry WISDOM
(the Water Ice Subsurface Deposit Observation on Mars), a ground penetrating radar, on-
board the rover (Herve et al. [28]). These Martian-based ground-penetrating radars will be
used primarily to reveal the geologic framework of the subsurface layers of Mars and the
evolutionary history of its surface processes, and to detect water ice, or even liquid water,
on the shallow subsurface of Mars.

This paper reviews the evidence for water ice on Mars obtained from previous studies
using various observations, which are discussed in Section 2, including remote sensing
photography (see Section 2.1), radar observation (see Section 2.2), measurements by gamma-
ray spectroscopy and neutron spectrometers (see Section 2.3), soil analysis (see Section 2.4),
and other observation methods (see Section 2.5); Section 3 reviews the evidence of water ice
on the shallow surface layers of Mars in the old days, including canyon network features
(see Section 3.1), paleolake features (see Section 3.2), marine remains (see Section 3.3),
rampart craters and polygonal terrain (see Section 3.4), and other surface geological features
(see Section 3.5); Section 4 provides an overview of the current evidence of water ice in
the shallow subsurface of Mars, including results from in situ spectroscopic observation
(see Section 4.1) and radar detection (see Section 4.2); Section 5 summarizes the findings
derived from the ground-penetrating radar in the landing area of the Perseverance rover;
Section 6 discusses the limitations and breakthroughs in ground-penetrating radar to detect
water ice on the Martian shallow subsurface. Finally, the advantages and development
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trends of in situ ground-penetrating radar for detecting water ice in the shallow surface
layer of Mars are presented (see Section 7). Assessing the feasibility of human colonization
on Mars greatly depends on comprehending the spatial distribution of water ice and liquid
water within the shallow subsurface layer of Mars, alongside the evolutionary patterns of
water ice resources.

2. Detection Techniques of Shallow Surface Water Ice

Since 1961, more than forty Mars exploration missions have been conducted by hu-
mans. The detection of water ice in the shallow surface layers of Mars has long been a
primary objective of these missions, as it is a crucial factor in the search for signs of life
on the planet Mars. A comprehensive review of the successful missions reveals that the
historical detection of water ice in the shallow surface layers of Mars can be categorized into
several methods, including remote-sensing photography, radar, gamma-ray spectroscopy,
neutron spectrometers, soil analysis, and other ancillary analyses.

2.1. Remote Sensing Photography

Remote sensing photography utilizes high-resolution imaging cameras onboard or-
biters or rovers to capture images of the surface of Mars. This method enables direct
observation of the presence or absence of landforms formed by liquid water on the planet’s
surface. Several typical Mars imaging cameras include the Mars Orbiting Camera (MOC)
carried by the Mars Global Surveyor (MGS), which can capture images with high resolution,
e.g., the captured images have a resolution of 1.5-12 m/pixel (Malin et al. [29]). MRO is
equipped with several cameras, e.g., the Mars Color Imager (MARCI), the High-Resolution
Imaging Science Equipment (HiRISE), and the Context Camera (CTX). The SuperCam
onboard the Perseverance rover is equipped with the remote micro-imager (RMI); the RMI
can distinguish the grains as small as 160 um at a distance of 2 m from the instrument
with a resolution < 80 urad (Wiens et al. [30]). The Colour and Stereo Surface Imaging
System (CaSSIS) onboard ESA’s Exomars Trace Gas Orbiter (TGO) can acquire surface
images at a resolution of ~4.6 m/pixel, including stereo imaging and color information
(Thomas et al. [31]).

Extensive remote sensing photography has enabled the acquisition of imagery of
the Martian surface, such as Figure 1a, which depicts the Acidalia mesas captured by
HiRISE. The interpretation of this image suggests similarities to the Tuya landscape on
Earth, indicating the possible existence of volcano—ice interaction terrain on Mars (Martinez-
Alonso et al. [32]). This observation provides evidence that the mysterious landforms on
Mars have been influenced by water and ice (Martinez-Alonso et al. [32]). The Galax-
ias Fossae region photographed by CTX (Figure 1b) is interpreted as exhibiting possible
ice-fall-like and ice-flow morphologies (Pedersen et al. [33]). Furthermore, by compari-
son of recurring slope lineae (RSL) images captured by HiRISE with surface temperature
and water vapor images at the same time at Martian solar longitude (Ls) 142.7° and Ls
348.7° (Figure 2), the temperature increases from 158 K to 261 K, while the water vapor in-
creases from 0.0013 kg/m? to 0.0097 kg/m?. It reinforces the possibility that the triggering
mechanism of RSL requires sufficient water and temperature (Howari et al. [34]). Addi-
tionally, the orbiter of the Chinese Tianwen-1 mission is equipped with medium- and high-
resolution cameras (0.5 m@265 km) for imaging of key areas where water may be present
(Li et al. [3]).
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Figure 1. (a) The Acidalia mesas are considered to be flat-topped mountains (adapted from Martinez-
Alonso et al. [32]); (b) an example from Galaxias Fossae (adapted from Pedersen and Head [35]).
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Figure 2. (a,b) display HiRISE data for Asimov crater (47°S, 5°E) at Ls 142.7° and Ls 348.7°, respec-
tively, showcasing variations in recurring slope lineae (red circles) in the images. (c,d) depict relevant
atmospheric parameters that were captured at the same time as the HiRISE data acquisition on the
Martian surface (adapted from Howari et al. [34]).

2.2. Radar Observation

The detection of shallow surface water ice on Mars is primarily accomplished through the
use of radar equipment on orbiters or Mars rovers (Zhou et al. [15], Picardi et al. [18,19], Seu
etal. [20,21], Zhou et al. [36]). The working principle of the Martian-based ground-penetrating
radar can be summarized as follows (Zhou et al. [15], Qiu and Ding [24]): The radar antenna
emits radar pulses towards the subsurface of Mars. When the radar electromagnetic waves
encounter differences in impedance from subsurface materials, reflections and scattering of
the electromagnetic waves occur at the interfaces between different materials. These echo
signals are then captured by the radar antenna. The data received by the radar are then
analyzed to calculate the subsurface stratification and thickness of the soil on Mars (Chen
et al. [16]), as well as the dielectric properties of the subsurface material, such as the value of
dielectric loss and relative permittivity. By determining the polarization of the radar signal,
it is potentially feasible to ascertain the presence of water ice in the superficial layers of the
detection area (Zhou et al. [36], Dong et al. [37], Liu et al. [38]). By processing these echo
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signals, the subsurface structure of Mars’ surface and the composition of the subsurface
materials can also be revealed (Grima et al. [39], Nouvel et al. [40]).

Orbiter-based radars such as MARSIS, SHARAD, and MOSIR are used to detect
the global scale of Mars, with the advantage of a wide detection range. In situ ground-
penetrating radars, such as RoPeR and the RIMFAX, are used for localized detection in
the landing areas and have the advantage of higher precision to examine the localized
subsurface structure with an unprecedented resolution compared to those of orbiter-based
ground-penetrating radar.

Installed on the ESA’s Mars Express space probe, the Mars Advanced Radar for
Subsurface and Ionosphere Sounding (MARSIS) operates at central frequencies of 1.8, 3,
4, and 5 MHz (Picardi et al. [18,19]). With a theoretical penetration depth of 0.5-5 km,
the radar is primarily used to detect the distribution of water ice beneath the Martian
subsurface, local geological stratigraphy, and subsurface aquifers (Jordan et al. [41]).

Similarly, the Mars Reconnaissance Orbiter (MRO) carries shallow radar (SHARAD) with
a central frequency of 20 MHz and a theoretical penetration depth of 0.1-1 km (Seu et al. [21]).
SHARAD is capable of detecting stratified structures up to one kilometer below the Martian
surface and is primarily used for detecting water ice, geological subsurface structure, and
subsurface aquifers below the subsurface of Mars (Seu et al. [20], Xiong et al. [42]).

For instance, Bramson et al. [43] compared the time delay between surface and subsurface
radar reflector from SHARAD (Figure 3c) with the terrace depth (Figure 3b) of terrace-type
crater within the Arcadia Planitia determined by digital terrain models (DTMs) from HiRISE
(Figure 3a), to work out the dielectric constant and constrain the materials” composition, and
finally suggested that much of the upper region of the area is likely to be water ice. Anomalously
bright subsurface reflections were identified in MARSIS radar observations collected from May
2012 to December 2015 over Planum Australe (Figure 4), which were construed as due to the
presence of liquid water at the bottom of the SPLDs (Orosei et al. [44]).
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Figure 3. (a) DTM of the double terrace crater. (b) Crater profile with planes close to the surroundings
and the elevation of each terrace. (¢) SHARAD radar observations through Badger Crater. (Adapted
from Bramson et al. [43]).

China’s Tianwen-1 spacecraft with MOSIR subsurface detection radar is currently ex-
ploring Mars, but the relevant detection data and research results have not yet been officially
released (Li et al. [3], Fan et al. [45]). Its high-frequency mode operates at a center frequency
ranging from 30 to 50 MHz, while its low-frequency mode operates at a center frequency of
10-15 MHz and 15-20 MHz (Fan et al. [45]). It has a subsurface structure penetration depth
of about 100 m and an ice penetration depth of about 1000 m (Fan et al. [45]). Its thickness
resolution capability is at the meter level, and it is primarily utilized for detecting water ice
and subsurface structure on Mars (Li et al. [3], Hong et al. [22], Fan et al. [45]).
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Figure 4. Radar data collected by MARSIS radar for the Planum Australe region on the southern pole
of Mars. (a) Radargram for MARSIS orbit 10737. the bottom reflector corresponds to the South Polar
Layered Deposits (SPLDs)/basal material interface. (b) Plot of surface and basal echo power for the
radargram in (a) (adapted from Orosei et al. [44]).

Martian-based ground-penetrating radars are also beginning to be deployed on the
surface of Mars to reveal the secrets beneath its surface (Hamran et al. [25], Li et al. [26]). For
instance, the Zhurong rover carries an in situ detection radar, RoPeR, which is a Martian-based
ground-penetrating radar (Zhou et al. [15]). It operates at 15-95 MHz for the low-frequency
channel and 450-2150 MHz for the high-frequency channel (Table 1), with thickness resolution
at the meter and centimeter levels, respectively. It can be used to detect the regions with depths
of tens of meters below the Martian surface (Zhou et al. [15], Chen et al. [16], Li et al. [26]). The
Perseverance rover also carries a Martian-based ground-penetrating radar, RIMFAX, primarily
used to detect shallow surface geological structures and water ice on Mars [46]. Additionally,
the ESA plans to carry a Martian-based ground-penetrating radar named WISDOM on board
the ExoMars Rover soon (Herve et al. [28]).

Table 1. The carried ground-penetrating radars and their basic parameters both in Mars and lunar
exploration missions.

s Center Depth Penetration
Mission GPR Name Frequency Frequency Band Resolution Depth References
China’s Zhurong RoPeR 55 MHz 15-95 MHz A few meters 10-100 m Zhou et al. [15]
oPe
Rover 1300 MHz 450-2150 MHz A few centimeters  3-10 m Zhou et al. [15]
}’{irj::’erance RIMFAX 675 MHz 150-1200 MHz 10-40 cm >10m Hamran et al. [14]
ExoMars WISDOM 1750 MHz 500-3000 MHz ~3 cm 3-10 m Ciarletti et al. [47]
LPR 60 MHz 40-80 MHz meter-scale >100 m Fang et al. [48]
Chang’e-3/-4
LPR 500 MHz 250-750 MHz <30 cm >30 m Fang et al. [48]
Chang’e-5 LRPR 2000 MHz 1000-3000 MHz ~5cm >3 m Xiao et al. [49]

2.3. Measurements by Gamma Ray Spectroscopy and Neutron Spectrometers

The Gamma Ray Spectrometer (GRS) onboard NASA’s Mars Odyssey allows for the
mapping of the chemical makeup on Mars to depths of 10 cm to 1 m below the surface
through the measurement of gamma rays from space and their interactions with vari-
ous surface materials (Evans et al. [50], Saunders et al. [51]). The GRS consists of the
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Gamma Sensor (GS), the Neutron Spectrometer (NS), and the High-Energy Neutron De-
tector (HEND). The neutron detector equipment like NS and HEND measures neutrons
with different energy levels liberated from the near-surface of Mars by cosmic rays. It
analyzes the energy reaction between neutrons and hydrogen nuclei and measures the
gamma rays to obtain the content of hydrogen atoms (water and potential organic mat-
ter) in the soil at different depths, thus inferring water ice does exist on the near-surface
(Saunders et al. [51]). This enables the identification of the number and type of chemical ele-
ments present, as well as the distribution of hydrogen, which can provide evidence of water
ice (Evans et al. [50], Saunders et al. [51]). The GRS is capable of planet-wide mapping of
hydrogen abundance on Mars at a spatial resolution of approximately 600 km, enabling in-
ferences to be made that water ice may exist near the Martian surface (Saunders et al. [51]).

Boynton et al. [4] utilized the GRS observation to create a superthermal neutron
flux map from the neutron energy spectrometer (Figure 5). Through this analysis, two
hydrogen-rich regions near the Martian northern pole and southern pole were identified,
suggesting that the source of this hydrogen in the subsurface may be ice. The globally
distributed superthermal neutron flux map can be used to assist in the interpretation of
whether Martian-based ground-penetrating radar detects regions of water ice.

240 300 0 60 120 » 180
T —————
0.5 2.5 4.5 6.5 8.4 10.4 12.4
Epithermal neutrons (counts/s)

Figure 5. Super thermal neutron flux map created using data from the neutron energy spectrometer
(adapted from Boynton et al. [4]).

The distribution of superthermal neutrons for 55 days at energies ranging from 0.4 eV
to 100 keV plotted by HEND (Figure 6) suggested that the deviation of the mean and
maximum neutron count rates in the northern and southern hemispheres corresponds
to 5% water by weight in the homogeneous subsurface layer, with the higher content
likely related to chemically bound water in the subsurface layer. The low superthermal
neutron flux in the south is due to the higher water ice content within the lower subsurface
layer than the upper subsurface. Under this hypothesis, Mars has large areas at low-
elevation regions of the northern hemisphere and high-elevation regions of the southern
hemisphere that contain the uppermost subsurface hydrogen, which may be bound in
water ice. This hypothesis requires support from the global surface and subsurface water
transport mechanisms on Mars (Mitrofanov et al. [52]).
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Figure 6. Initial plot of HEND measurements of Mars’ superthermal neutron orbit during the first
55 days of mapping at energies ranging from 0.4 eV to 100 keV (adapted from Mitrofanov et al. [52]).

The Fine-Resolution Epithermal Neutron Detector (FREND) onboard TGO is an orbital
neutron telescope, capable of detecting hydrogen on the subsurface of Mars up to 1 m depth
(Mitrofanov et al. [53]). Mitrofanov et al. [54] analyzed FREND data for the Valles Marineris (VM)
region and interpreted the average water-equivalent hydrogen value of Candor Chaos in the cen-
tral region of VM should be 40.3 wt%. The result points to the presence of water ice permafrost
or large amounts of highly hydrated minerals in the subsurface at equatorial latitudes.

The Curiosity rover is equipped with the Dynamic Albedo Detector of Neutrons (DAN),
which enables the rover to characterize the soil composition at depths of 0.5-1 m and search for
ice and water-bearing minerals beneath the Martian surface (Nikiforov et al. [55], Mitrofanov
et al. [56]). This instrument operates by emitting a neutron beam at the surface and then
measuring the speed at which the beam reflects. Water and water-bearing minerals are the
only hydrogen-containing compounds detected on Mars in significant concentration (Busch
and Aharonson [57]). Hydrogen atoms in the subsurface tend to slow down neutrons, and
the magnitude of this slowing can indicate the presence of water or ice. Nikiforov et al. [55]
proposed a method for estimating the hydrogen content equivalent to water using neutron-
sensing data from the DAN instrument on the Curiosity rover and suggested the possible
existence of water-containing material in the shallow subsurface of the Vera Rubin Ridge
(Nikiforov et al. [55]). In situ radar electromagnetic sounding is also sensitive to the water
content of the subsurface, which affects the penetration depth of radar electromagnetic waves.
Therefore, this technique can provide important information for other regions of Mars where
in situ radar sounding is performed to study the Martian subsurface.

2.4. Soil Analysis

The lander and rover missions were able to analyze the water-ice content of the
exploration areas by collecting soil samples or by conducting a direct analysis of soil
composition. For example, the Phoenix lander landed in the permafrost zone of the
Martian surface and subsequently explored the subsurface ice by collecting soil samples
(Smith et al. [58]). Excavations at the landing site revealed the presence of white material
beneath the ground (Figure 7), which provides evidence for the presence of liquid brine on
Mars (Rennoé et al. [9]). The Zhurong rover, equipped with the Mars Surface Composition
Explorer, is expected to discover indications of water ice in the Utopian Plainita by directly
analyzing the composition of materials in the soil (Li et al. [3]).
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Figure 7. (a) Image of the Phoenix lander during the testing phase (adapted from Smith et al. [58]),
and (b) an image showing the Phoenix robotic arm positioned to excavate the Martian surface. The
white area in the image indicates the location of the water ice (adapted from Renné et al. [9]).

2.5. Other Observation Methods

The widespread presence of clay, rounded gravels, salt patches at lower elevations,
and hydrates containing iron compounds, as well as the occurrence of small channels
on Mars, all provide evidence of past water flow on the planet (Bibring et al. [59]). The
specific minerals found in Martian rocks provide insight into the previous environmental
conditions that existed on the planet, including those suitable for life. For instance, the
presence of sulfates and water-bearing carbonates in certain Martian meteorites, known as
basaltic snow crystals, suggests that they were in an environment containing liquid water
before being ejected (Nazari-Sharabian et al. [60]).

The recurring slope lineae (RSL) that form on present-day Mars are characterized by low
albedo and are believed to be the result of transient liquid water flow (Stillman et al. [61]).
Different parts of Mars produce RSL through various mechanisms, and all slopes containing
RSL display evidence of hydrated salts, as shown in Figure 8. Moreover, warm slopes in
the Martian seasons can produce liquid water in contemporary Mars (Ojha et al. [62]). Sub-
sequently, through spectral data obtained from OMEGA (Observatoire pour la Mineralogie,
I’Eau, la Glace et 1’Activite), two forms of water presence on Mars have been identified.
They are extensive water ice deposits in the polar regions of Mars and water-containing
minerals on the Martian surface, respectively (Bibring et al. [59]). Analysis of near-infrared
data from CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) and OMEGA
has revealed a widespread distribution of water-bearing minerals on Mars. Specifically,
hydrous silicates are primarily distributed in the south highlands, while water-bearing
minerals in the northern lowlands exhibit greater compositional diversity and are found in
various geological epochs (Bibring et al. [59]). This indicates that the forms of water present
on Mars are highly diverse and span multiple geological eras.

Figure 8. Recurring slope lineae in Palikir Crater (adapted from Ojha et al. [62]). (a) Infrared images
of RSL on the slope of Palikir Crater. Colored boxes indicate the uncertainty of CRISM pixel locations;
(b) synchronized CRISM observations.
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In mineralogical surveys, it has been found that water-bearing minerals on Mars are
mainly composed of Fe/Mg smectites, chlorite, and hydrated silica (Carter et al. [63]). Most
of these water-bearing minerals formed before the middle of the Noachian, with a smaller
portion continuing to form into the Hesperian and early Amazonian. Subsequent analysis,
through crater age dating, has revealed that water-bearing minerals predominantly formed
during the Noachian and the early period of Hesperian. The formation of these minerals
decreased during the late Hesperian and Amazonian. Analysis of water-bearing minerals
within impact melt materials inside craters has confirmed the presence of groundwater or
previously existing hydrated minerals, subsurface ice, and impactor ice throughout Mars’
history (Sun and Milliken [64], Wernicke and Jakosky [65]).

Based on estimations of the global water content on Mars, the water stored in and
required for the formation of water-bearing minerals is estimated to range from 130-260 m
of Global Equivalent Layer (GEL), with a theoretical range of 70-860 m GEL (Wernicke and
Jakosky [65]). The estimated global water equivalent on Mars falls between 173-317 GEL,
with a potential range of 110-1114 m GEL (Wernicke and Jakosky [65]). This underscores
the significance of water-bearing minerals as a crucial reservoir of water on Mars, providing
valuable insights for future endeavors in detecting water ice reserves and extracting water
resources on the planet Mars.

3. Evidence for the Past Presence of Water Ice in the Shallow Surface

The past existence of water in the shallow surface layers of Mars is strongly supported
by the existence of various geological formations, including canyons, outflow channels,
oceans, washes, riverbeds, and lake basins. (McEwen et al. [11]). The analysis of these
features sheds light on the planet’s geological evolution, providing insights into past crustal
activity and the climatic environment of Mars. Currently, remote sensing photography,
terrain exploration, and mineral analysis are the primary methods for identifying and
analyzing geological features on Mars. The Martian surface is primarily composed of basalt,
a type of fine-grained magmatic rock comprising plagioclase, pyroxene, and the basal
silicate mineral olivine, which can combine with water to form crystalline structures during
chemical weathering (Ehlmann and Edwards [66], Yen et al. [67], Chevrier and Mathé [68]).
The formation of secondary minerals requires water, and although they generally do not
contain water themselves, they can serve as evidence to determine the past presence of
water in the shallow surface layers (Craddock and Howard [69]).

3.1. Canyon Network Features

Branching channel systems, also called canyon networks, on Mars have been consid-
ered some of the strongest evidence for past water flow on the surface of Mars (Carr and
Chuang [70]). These valleys bear similarities to river valleys found on Earth. To understand
the origins of the river channels on Mars, scientists compared the density of craters on
Earth and Mars with the density of the Martian river network. They concluded that valley
formation on Mars likely involved slow erosion by flowing water over a short duration.
The rock structure of Mars differs significantly from that of Earth (Carr and Chuang [70]).
Viking observations suggest that during the Noachian period, upland grading was a long-
term, slow process with possible brief periods of strong erosional fluvial activity from the
late Noachian to early Hesperian, which resulted in an immature valley network. Martian
global river valley drainage age densities were mapped using Mars Odyssey spectral
data with Viking Mars images (Figure 9), and a high correlation was found between high
drainage densities and river sediments (Hynek et al. [71]). The widespread distribution
of hypothetical ancient lakes, fan delta sediments, and chlorides detected by THEMIS
data indicates that most of Martian valleys and associated sediments were attributed to
prolonged surface precipitation runoff.



Remote Sens. 2024, 16, 824

11 of 31

90°

0°

60°

150°

180°

60° 1

Drainage
Density
(km’")

D'?;

0 -

1

a0

-180°

-150°

-90°

-60°

-30°

0°

T
60°

T
90°

T
120° 150°

180°

Figure 9. Map of the density distribution of full Martian river valleys, along with the distribution
of river valleys on Mars that are believed to have ancient lake deposits (indicated by green circles,
(adapted from Fassett and Head III [72]), fan deltas (shown as dark red circles, (adapted from
Di Achille and Hynek [73,74]), and chlorine deposition (represented by pink circles).

Additionally, a climate model for ancient Mars, a 3D simulation of climate for the
late Noachian and early Hesperian periods, and a river transport model were developed
(Kamada et al. [75]). These models revealed that a CO, atmosphere, with a small amount of
hydrogen at surface pressures exceeding two bar, could generate an environment conducive
to the presence of stable liquid water on the surface. This would explain the observed
distribution of certain valley networks, which can be attributed to river runoff. It suggests
that the Martian valley networks may also be due to seasonal or transient snowmelt
(Kamada et al. [75]).

3.2. Paleolake Features

Both on Earth and Mars, lakes are areas of high atmospheric activity and energy
flow at the intersection of the hydrosphere, lithosphere, and cryosphere, making ancient
Martian lakes a key target for Mars exploration. In recent years, the Spirit, Curiosity,
and Perseverance rovers have landed in Gusev Crater, Gale Crater, and Jezero Crater,
respectively, all of which have been identified as, or are believed to be, sites of paleolake
(Farley et al. [46], Golombek et al. [76], Grotzinger et al. [77]). Over 400 paleolake basins
have been identified on Mars using remote sensing techniques and can be divided into
three categories: valley network-fed closed-basin lakes (Figure 10a), isolated inlet valley
closed-basin lakes (Figure 10b), and valley network-fed open-basin lakes (Figure 10c).
These findings suggest that the early Martian paleolake basins required a significant inflow
of water to become filled and submerged (Goudge et al. [78]). To date, there is sufficient
evidence confirming the presence of approximately 500 ancient lakes on Mars, as observed
through visible imaging, infrared imaging, multispectral hyperspectral analysis, and stereo
imaging (Figure 11) (Michalski et al. [12]).
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Figure 10. Examples of paleolakes on Mars (adapted from Goudge et al. [78]). White arrows indicate

inlet valleys and green arrows indicate outlet valleys. (a) Valley network-fed closed-basin lake at
—11.3°N, 131.4°E. (b) Isolated inlet valley closed-basin lake at 21.4°N, 58.1°E. (c) Valley network-fed
open-basin lake at —10.6°N, 2.8°E.

Noachian Hesperian Amazonian ~ Closed-basin - Open-basin Thermokarst
lakes lakes lakes
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Figure 11. Global distribution of lake basins on Mars (adapted from Michalski et al. [12]).

The detection of paleolakes in the diverse landscapes of Mars has been of great
significance in the present time. To examine the hypothesis of the presence of paleolakes,
sediment analysis was conducted on the crater interiors of five craters (Figure 12) larger
than 10 km in diameter situated in the westernmost lobes of the Medusae Fossae Formation
(Aeolis and Zephyria Planum), approximately 800 km east of Gale Crater (Burr et al. [79]).
A sedimentary unit with wind-formed paleoenvironment and fluvial paleoenvironment as
the main supporting features were eventually identified, with another possible lacustrine
sedimentary paleoenvironment (Peel and Burr [80]), providing a basis for later verification
of the paleolakes. Moreover, the Jezero crater is also believed to be a paleolake at the
Perseverance landing site (Farley et al. [46]). The RIMFAX radar carried on its Mars rover
is expected to detect direct evidence of water ice in the area of the paleolake.
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Figure 12. Part of the Medusae Fossae Formation region spanning the western Tharsis and eastern
Gale crater, with black circles indicating impact crater lakes, adopted from Peel and Burr [80].
(a) MFF region of Mars, spanning the dichotomy boundary west of Tharsis and east of Gale crater
(white star) and showing the locations of catalogued crater lakes that overflowed, forming an outlet
channel (circles) and those that did not (black stars) on MOLA grayscale. Figure 1B in original paper
represent Figure 12b in this paper. (b) Aeolis Dorsa region of Mars shown in CTX images with MOLA
colorshade overlay. The craters mapped in this project are outlined with black circles and labeled by
roman numerals and formal and xinformal names. Figure 1C in original paper represent Figure 12¢
in this paper. (c) portion morphology of Kalba crater.

3.3. Marine Remains

Besides paleolakes, the presence of primitive oceans covering over 30% of the Martian
surface can be inferred by exploring the hydraulic and thermal characteristics in the source
areas of the Late Hesperian outflow channels and comparing them with the topographic
and geomorphological evidence. It is suggested that these oceans once occupied the present
northern plains of Mars (Clifford and Parker [10]). Measurements of the dielectric constant
of the Vastitas Borealis Formation (VBF) within the shoreline of the paleo-ocean by MARSIS
radar, which reveal that the VBF has a low dielectric constant (Figure 13), indicating that
it is sediment or sediment mixed with significant amounts of ice deposited from water,
supporting the claim of the existence of the northern paleo-ocean (Mouginot et al. [81]).

The Zhurong rover’s Surface Composition Explorer has examined the VBF soil compo-
sition of the Utopia Plain. Through the utilization of laser-induced breakdown spectrometry
(LIBS) and shortwave infrared spectroscopy (SWIR) to compare the spectra of opal, allo-
phane, imogolite, and pyroxene from the RELAB database with the spectra of six selected
VBF target layers (see Figure 14), it has been determined that the soils at the Zhurong rover
landing site are a mixture of igneous minerals containing allophane and imogolite/opal,
which have undergone minimal chemical alteration. These sediments are believed to have
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formed due to extensive erosion of volcanic clastic soils in a cold environment with short-
lived water (Liu et al. [82]). Xiao et al. [83] reported the first in situ observations of VBF and
interpreted the layered features as sedimentary structures typical of marine environments
detected by the Zhurong rover.
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Figure 13. Distribution values of dielectric constants on the surface of Mars from MARSIS radar
inversions (adapted from Mouginot et al. [81]).
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Figure 14. SWIR absolute spectra and mineral identification maps (adapted from Liu et al. [82]).
(a) selected VBF rocks; (b) selected VBF soils (reflectance CR is the spectrum after removal of the
continuum, the dashed lines indicate the absorption centers of these phases and the grey areas
indicate the absorption features of the Martian atmosphere).
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3.4. Rampart Craters and Polygonal Terrain

There is a unique type of impact crater known as the rampart crater on Mars. These
craters exhibit multiple layers of continuous ejecta deposits (Carr et al. [84], Osinski [85],
Mantegazza et al. [86]). The surface of the ejecta deposits features closely spaced radial
stripes, discontinuous concentric ridges, and steep troughs. What makes them particularly
distinctive is that each layer of ejecta is bordered by a low ridge or cliff extending from
the crater’s rim to a distance equal to twice the crater’s diameter. This layered arrange-
ment resembles successive barriers encircling the crater, hence the name rampart crater
(Carr et al. [84], McCauley [87], Wulf et al. [88]). The formation of these rampart craters
is explained by the presence of permafrost or subsurface water in the impacted region,
which imparts fluidity to the ejected material (Carr et al. [84,89]). By simulating impacts
on mixtures of ice and rock, it has been observed that the resulting craters display ele-
vated ejection angles, fluidized ejecta blankets, and increased crater uplifts. This serves
as further evidence supporting the role of water ice in the creation of rampart craters
(Stewart et al. [90]). In the northern plains region of Mars, there are extensive polygonal
terrains, which are cut by complex grooves and fissures ([89,91]), these polygonal terrains
are primarily found in low-lying areas where evident deposits exist on Mars. Several
hypotheses have been proposed for the formation mechanism of these polygonal terrains,
e.g., the disappearance of water body loads leading to ground uplift and deformation,
infiltration of surface water into frozen soil fissures resulting in the formation of ice wedges
combined with the drying process, and the shrinkage of dry sediments and the cooling of
volcanic rocks (Helfenstein and Mouginis-Mark [92], Hiesinger and Head III [93], McGill
and Hills [94], Pechmann [95], Seibert and Kargel [96], Wenrich and Christensen [97]). On
a smaller scale, the likelihood of mud-dry crack formations, contraction from cooling lava,
or thermal contraction cracks is higher, and this cracking mechanism is closely related to
fine-grained materials rich in water ice, indicating the presence of seasonal liquid water
traces on the Martian surface (Seibert and Kargel [96], Mellon [98]). It is worth noting
that impact craters on the polygonal terrains exhibit the morphology of rampart ejecta
(Hiesinger and Head III [93]).

According to the radar data of Zhurong, it was found that there existed a wide distri-
bution of buried polygonal terrain under Utopia Planitia. These polygons are interpreted
as being produced by freeze-thaw cycles, where thermal contraction cracks first, and then
water or soil material fills the cracks (Zhang et al. [17]). Wang et al. [99] investigated the
transverse aeolian ridges (TARs) in the Zhurong landing region and identified polygonal
features with hydrated minerals. They proposed the possible formation mechanisms of the
polygons were contractional cracks formed during groundwater evaporation or fracture of
indurated sand crust and the latter is the most possible mechanism. Either way, it may be
related to recent water activity and atmosphere—surface water exchange on Mars.

Therefore, based on speculation regarding the formation mechanism of the rampart
craters and the polygonal terrains, they can be considered significant evidence of the past pres-
ence of liquid water, interstitial water, or water ice on the Martian surface. These landforms,
widely found in Utopia Planitia and Argyre Planitia, are also preferred landing areas for vari-
ous countries” Mars exploration missions to investigate water ice (Seibert and Kargel [96], Liu
et al. [100]). It is expected that the ground-penetrating radar carried by the Zhurong rover
will detect such impact craters along its traverse route and conduct more in situ investigations
of the distribution and properties of water ice beneath the Martian surface.

3.5. Other Surface Geological Features

Several distinctive characteristics can be also indicative of past water presence on Mars.
The widespread occurrence of rootless volcanic cones and cratered terrain in the Tartarus colles
region suggests the existence of a significant fossil hydrothermal system. The evolution process
of this lava—ice interaction is as follows: At the beginning, the Tartarus colles lava flow is
situated above a basement containing ice. The concentrated flow of lava towards the central
path resulted in a thickness of approximately 60 m in the central location, while the edges of the
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lateral flow remained around 30 m thick. (Hamilton et al. [101]). The heat of the lava melted
the ice in the basement, causing the lava to sink and form a deformable base. Heat transfer
from the lava to the basement allowed water to gradually escape and form a space beneath the
lava. Eventually, the lava collapsed into the basement, along with fragments of the rootless cone,
creating the observed features (Hamilton et al. [101]). This hydrothermal system was formed
through interactions between lava and surface ice during the late to mid-Amazonian period,
indicating the presence of water ice on Mars during this period (Hamilton et al. [101]). The
use of ground-penetrating radar, especially the Mars in situ detection equipment, enables the
detection of water ice beneath the surface of this geological feature.

In 2022, hydrated sulfate/silica material was identified in the Amazonian strata at the
landing site through short-wave infrared spectroscopic data collected by the Zhurong rover
in southern Utopia Planitia. These materials were interpreted as crusts that formed in situ
and suggested that strata containing large amounts of liquid water formed as a result of
groundwater uplift or melting. Evidence at the Zhurong rover landing site also suggests that
the Amazonian hydrosphere on Mars is more active than previously thought (Liu et al. [102]).

The radar data from the RoPeR has unveiled subsurface layering in the Utopia basin
of Mars, pointing to sedimentation resulting from intermittent hydraulic flooding. This
is interpreted as representing the infilling of Utopia Planitia during the Late Hesperian to
Amazonian periods (Li et al. [26]).

A recent work using LIBS onboard the Zhurong rover is analyzing the surface targets
of the landing zone. The lithified duricrusts were detected to have a high water content. The
cemented duricrusts may be formed through water vapor-frost cycling at the atmosphere—
soil interface, and soils and sands contain hydrated magnesium salts and adsorbed water.
Those evidences indicate potential Amazonian brine (Zhao et al. [103]).

Zhurong rover also observed some surface features inferred to have formed 1.4 to
0.4 million years ago in the southern Utopia Planitia, which includes cracks, aggregates,
bright polygonal ridges, and crusts. These geological features are most likely caused by
saline water from thawed frost/snow (Qin et al. [104]).

In the transitional area between Elysium and Utopia Planitia, significant deposits of
material with a relatively high albedo have been observed. This material is located in extensive
deposits around terraces, in cratons, and valley systems. It is believed that these deposits
consist of modified ice-rich material, lineated valley fills, lobate debris aprons and degraded
deposits of concentric crater fill. The presence of degraded ice-rich sediments at all elevations
and latitudes in the study area suggests that ice-mantle material was originally deposited over
a wide area and remained stable for a long period. Long-term sediment interaction processes
are hypothesized to have ultimately played a part in forming the transition zone between
Elysium and Utopia Planitia (Pedersen et al. [33], Pedersen and Head [35]).

The glacial and periglacial landforms on Mars are also a form of water storage. Rock
glaciers (lobate-shaped landforms of unconsolidated sediment and rock debris) may have
evolved from glaciers. Williams et al. [105] compiled morphometric data from the lobate
feature on Mount Sharp (the northern slopes of Aeolis Mons), using orbitally derived
imagery of HiRISE and CTX. These lobate features are evaluated as terrestrial rock glacier
analogs. The periglacial features on Mount Sharp suggest the existence of water for the
production of ice in the past equatorial region (Williams et al. [105]).

4. Evidence for the Current Presence of Water Ice in the Shallow Surface

The current presence of water ice has significant implications for studying the Martian
climate’s evolution and habitability for human exploration. Mellon predicted the distribution of
water ice on Mars based on thermal inertia, albedo, and insolation calculations, which led to the
conclusion that subsurface ice is stable in the high inclination range but not stable in the low
inclination range (between 460°) (Mellon and Jakosky [106]). As Mars exploration missions
have progressed, NASA’s Mars Odyssey, Curiosity, Perseverance, and China’s Tianwen-1 have
deployed advanced equipment such as spectrometers and radar. Recent Mars exploration
missions will provide more evidence to find water ice in the shallow subsurface of Mars.
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4.1. In Situ Spectrometer Detection

Since hydrogen atoms block high-energy cosmic rays, the absence of high-energy neu-
trons produced by cosmic rays on Mars indicates a widespread subsurface distribution of
hydrogen elements, presumably present in water ice (Mitrofanov et al. [52]). Subsequently,
the Thermal Emission Imaging System (THEMIS) onboard Mars Odyssey made a notewor-
thy finding of water ice, which was distributed near the periphery of the southern perennial
polar cap of Mars. Daily and seasonal temperature trends on Mars based on observations
from THEMIS suggest the presence of water ice on the Martian surface. Combined with
Viking observations and a small number of other relevant observations from THEMIS,
water ice on the Martian surface may be widely distributed around and beneath a perennial
carbon dioxide ice cap (Titus et al. [107]). This result coincides with HEND’s detection of
large amounts of hydrogen in the southern polar subsurface (Mitrofanov et al. [52]).

Possible signs of liquid water on the Martian surface include recurring slope lineae
observed on sloping terrain. These recurring slope lines (RSLs) (Figure 15) appear and
gradually lengthen on low albedo surfaces during the warm season, which is observed
as a narrow, dark mark on steep slopes (Stillman et al. [61]). RSL fades out during the
cold season and occurs repeatedly in multiple Martian years (the statistical period ranges
from Mars year 28 to 32). Data analysis from MRO has revealed the extensive occurrence
of RSLs in the equatorial regions of Mars, particularly in the deep valleys of VM. RSLs
are most active during seasons when the slopes are often facing the Sun. The abundance
of RSLs in VM indicates a higher concentration of liquid water close to the surface in the
equatorial region, surpassing the predictions of equilibrium models. This assumption is
based on the association of RSL abundance in VM with the presence of flowing water
(McEwen et al. [13]). This finding suggests that the high value of mean water equivalent
hydrogen detected by FREND (Mitrofanov et al. [54]) is probably caused by the abundance
of RSLs. Containing huge volumes of fossil ice from ancient glaciers, VM also has fossil
glacial land systems, probably contributed by accumulated ice of chasma floors and valley
walls at low elevations. And wet-based glaciers can flow and slide over the bed of the
glacial system (Gourronc et al. [108]).

Longitude (°E)

Figure 15. Locations of confirmed recurring slope lineae (RSLs) (adapted from McEwen et al. [13]).
(a) Locations of confirmed RSLs as black diamonds; (b) the same set of RSLs on the Thermal Emission
Spectrometer global radiative heat albedo map as yellow diamonds.
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In 2020, discoveries of water ice on steep walls within two craters in the northern
mid-latitudes of Mars were reported based on high-resolution images and spectral data
from the Mars Reconnaissance Orbiter (Figure 16) (Vijayan et al. [109]). The exposed water
ice deposits were shallow, with absorption bands at 1.5 pm and 2 pm, and the exposed ice
remained stable after a 1-week interval in one location. It complements earlier research
indicating the wide distribution of shallow water ice on Mars and aligns with the detection
of subsurface water ice by the Neutron Star Spectrometer. The final interpretation is
that the presence of shallow surface water ice in the origin deposits of polar-facing and
equatorial-facing Martian rock walls in mid-latitude craters in the Northern Hemisphere
implies the potential abundance of water ice resources in the shallow surface layers of Mars
(Vijayan et al. [109]). Butcher [110] further summarized water ice at mid-latitudes on Mars:
water ice is present as regolith and deposits of excess ice with bigger volume; most of the
known excess ice deposits were probably formed under climatic conditions within the last
few million to 1 billion years.

Currently, in situ spectrometers on Mars are more oriented towards detecting the
abundance of water vapor in the Martian atmosphere and analyzing the distribution
of water in the Martian atmosphere and climate change. For example, the “Nadir and
Occultation for Mars Discovery” spectrometer suite (NOMAD) is designed to investigate
the composition of Mar’s atmosphere (Vandaele et al. [111]); CRISM is designed to measure
spatial and seasonal variations in the atmosphere (Murchie et al. [112]). Spectrographic
analysis remains the most convincing evidence for water ice and water-bearing minerals
exposed outside or near the surface of Mars.

Figure 16. Two unnamed craters in the northern lowlands of Mars, referred to as UC1 and UC2
(adapted from Vijayan et al. [109]). (a) Crater UC1 with steep slopes on the polar face wall. Picture
3a/b/c/d/e/f are relative to original paper (Vijayan et al. [109]). (b) UC2 crater with steep slopes on
the floor.

4.2. Radar Observation

The primary types of radar currently available for observing Mars are Mars-orbiting
penetrating radar and the in-situ ground penetrating radar (Zhou et al. [15], Seu et al. [21],
Hamran et al. [25]). Those two kinds of radars can detect the thickness and stratification of the
Martian soil beneath the surface, as well as the distribution of water ice. MARSIS, SHARAD,
and MOSIR are orbiter penetrating radars currently in operation on Mars, and the rovers
Perseverance and Zhurong carry the in situ ground-penetrating radars.

MARSIS recently detected bright reflections at the base of SPLDs. Orosei et al. [44]
suggested these indicate liquid water due to lowered freezing points from high brine
concentrations. Lauro et al. [113] then identified multiple reflections, proposing the pres-
ence of multiple liquid water bodies. However, some researchers dispute this, citing
temperature and heat flux limitations, suggesting the different dielectric properties of
minerals or clay as potential causes (Ojha et al. [114], Bierson et al. [115], Smith et al. [116]).
Layered interference within the SPLDs and high-density igneous material with metallic
inclusions are also thought to cause (Lalich et al. [117], Grima et al. [118]). Laboratory
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experiments have been conducted to measure the dielectric properties of relevant materials
under similar conditions, and materials like clay cannot produce such bright reflections
(Mattei et al. [119], Cosciotti et al. [120]).

To determine resources available for human exploration of Mars, NASA is promot-
ing the Mapping Project (SWIM), which aims to map the water ice resources on Mars
(Bain et al. [121]). The ice resources of the Deuteronilus Mensae region were mapped
through SHARAD's radar analysis of glacial and mantle sediments. The results show an
average dielectric constant of 3.4 & 0.5 for ice and 4.0 & 1.0 for mantle sediments in the
region. A newly developed radar surface analysis technique was used to compare the
mantle and glacier units. It was found that the radar surface analysis on the mantle unit
(see Figure 17) resulted in higher return power than on the glacier (Morgan et al. [122]).
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Figure 17. Radar analysis of glacial and mantle deposits within the Deuteronilus Mensae region
(adapted from Morgan et al. [122]). (a) Depth of glacial sediment and mantle unit to the basement.
(b) Regional correspondence radar surface analysis. Notably, the low power returns, which are
consistent with the presence of ice above 5 m, are associated with the glacier surface.

Regarding the exploration of water ice on Mars, investigations in the polar regions of Mars
have revealed extensive ice caps, similar to those at Earth’s poles, with thicknesses reaching
up to several kilometers (Farrell et al. [123], Grima et al. [124], Levrard et al. [125], Zhou
et al. [126], Garvin et al. [127], Putzig et al. [128]). In the southern polar region, due to
the thick ice layer, deep reflection signals could not be detected by SHARAD. However,
in the region spanning from 310° E to 0° E, MARSIS detected a reflection layer with a
thickness of approximately 3.7 km. This layer is interpreted as the boundary between ice-rich
south-polar layered deposit materials and the bedrock (Plaut et al. [129]). In the northern
polar region, both MARSIS and SHARAD radars detected reflection signals indicating the
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boundary between the ice layer and the substrate (Picardi et al. [19], Phillips et al. [130], Putzig
et al. [131]). In the mid-latitude regions of Mars, as temperatures rise, surface water ice
sublimates, revealing various forms of water ice in different areas, such as glacier deposits in
the eastern part of the Hellas basin, abundant water ice in the Deuteronilus Mensae region,
and extensive subsurface ice water in the Utopia Planitia (Bramson et al. [43], Stuurman
et al. [132], Plaut et al. [133]). Dundas et al. [134] through comparative analysis of high-
resolution images combined with radar data analysis, discovered substantial water ice at eight
different cliff locations in mid-latitude regions of Mars, extending from depths of 1 to 2 m
to over 100 m thick. However, the question of whether water ice exists in lower latitude or
equatorial regions of Mars has long intrigued scientists. The Medusae Fossae Formation is
a unique, young deposit spanning thousands of kilometers along the equator of Mars, the
structural origin of which remains unclear. Both MARSIS and SHARAD radars have probed
this region, with Watters et al. [135] calculating an electromagnetic attenuation coefficient
of ~0.0048 + 0.0024 dB/m and a dielectric constant of ~2.9 + 0.4 using MARSIS data orbit
02896, suggesting that the dielectric properties of this region are similar to pure water ice,
although the possibility of dry, low-density materials such as volcanic ash cannot be ruled out.
Carter et al. [136] calculated electromagnetic attenuation and dielectric property parameters
using SHARAD radar data in this region, essentially obtaining research results similar to those
of Watters et al. [135]. Recent studies have reported a significant presence of underground
water ice in the Medusae Fossae Formation on Mars Campbell et al. [137], Watters et al. [138],
although further research is still needed.

5. Shallow Subsurface of the Perseverance Landing Site

Perseverance is the centerpiece of NASA’s 2020 Mars mission (Figure 18), carrying a
set of scientific instruments to interpret the geology of the landing site, detect potential
biological features, collect and record Martian rock and soil samples, and map the near-
surface Martian environment (Farley et al. [46]).

Figure 18. Martian-based ground-penetrating radar, RIMFAX onboard Perseverance rover. Credit
from NASA /JPL-Caltech/FFI.

Of these instruments, RIMFAX is a ground-penetrating radar that operates within
the frequency range of 150 MHz to 1200 MHz, utilizing frequency-modulated continuous
wave technology. It possesses the capability to observe at different depths over a dynamic
range of approximately 100 dB (Hamran et al. [14]). Shallow imaging with full bandwidth
(effective center frequency of 675 MHz) is used to image the subsurface to a depth of a few
meters, while deeper imaging with lower bandwidth (center frequency of 375 MHz) is used
for deeper ranges. RIMFAX is designed to study the stratigraphic structure and dielectric
properties of the subsurface layers in the landing zone, and the depositional sequences
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observed by the radar will provide information for the study of the subsurface stratigraphy
of the landing area (Hamran et al. [14,25], Farley et al. [46]).

On 18 February 2021, the Perseverance rover successfully landed in the Jezero crater,
which is located in the Nili Fossae region of Mars (Hamran et al. [25]). The Jezero crater,
formed in the mid to late Noachian period, has a diameter of about 45 km (Goudge et al. [139]).
Orbiter observation identified two river valley networks forming an alluvial fan to the
west and one to the north in the Nili Fossae region (Figure 19). They suggested that the
climatic conditions in the Noachian Nili Fossae region could have supported the flow and
accumulation of liquid water on the surface (Fassett and Head III [140]). This is one of the
reasons why Perseverance chose the Jezero crater as its landing site. After the Perseverance
rover landed, images of the western sedimentary fan (Figure 20) were obtained using
remote microimaging with the Mastcam-Z camera and SuperCam instrument. These
images revealed the presence of hills (Kodiak) on the sedimentary fan that was invisible
from orbit. The hills were interpreted as erosional remains of an originally more extensive
fan deposit, with overall stratigraphic features suggesting an incoming western deltaic
system and a long-term retreat of the lake level (Mangold et al. [141]). The presence of
inclined strata in the hills can thus be interpreted as evidence that the sedimentary fans
here are lacustrine deltas (Mangold et al. [141]).

Breach in Eastern
Crater Rim 1

0 75 15 i
! IKm -2395 m contour

Figure 19. (a) Image of the Jezero crater and its alluvial fan, and (b) the two inlet valley networks and
one outlet valley network of the crater, as identified in a previous study (adapted from Fassett and
Head III [140]).

There is an interesting observation regarding the uppermost fan stratigraphy at the
Jezero crater, which is composed of boulder conglomerates indicating intermittent high-
energy floods. This suggests a shift from continuous hydrological activity in a persis-
tent lacustrine environment to a high-energy, short-duration fluvial flow. Furthermore,
Mastcam-Z images and multispectral data of the rocks at the floor of the Jezero crater
revealed their morphology, lithology, and mineralogy to be consistent with lightly aqueous
altered igneous rocks that have undergone varying degrees of local impact damage. Wind
metamorphism has then formed superficial fine-grained soil material containing evidence
of pyroxene, olivine, and crystalline hematite (Bell III et al. [142]).

After the Perseverance rover’s initial exploration of the Martian subsurface, electro-
magnetic properties, and bedrock stratigraphy were obtained at a depth of 15 m below the
surface of Jezero Crater (Hamran et al. [25]). The radargram was segmented by defining
286 marker points during the nearly 3-kilometer journey of the rover. The travel path
(Figure 21a), the radargram (Figure 21b), and the cross-sectional interpretation (Figure 21c)
correspond to the journey from sol 201 to 202 (Hamran et al. [25]). Strongly reflective layers
that dip from the surface to a depth of about 15 m are associated with erosion-resistant
rock outcrops parallel to the Artuby Ridge, and these reflective layers, along with the dip
layer represented by the surface ridge, are the Séitah Formation’s outermost layer. A zone
of lower reflectivity exists between the strongly reflective layers, which is interpreted as a
zone of sediment from the dust weathering layer (Hamran et al. [25]).
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Octavia E. Butler

Kodiak Landing Site

Figure 20. The topography of Jezero Crater as observed by the Perseverance rover (adapted from
Mangold et al. [141]). (a) The High-Resolution Imaging Science Experiment (HiRISE) data, which
display the western fan and the landing site located in the interior of Jezero Crater, are referred to as
Octavia E. Butler (indicated by the red dot). Figure 1B and 1C are relative to original paper (Mangold
et al. [141]). (b) Mastcam-Z photograph of the hills of Kodiak. (c¢) Mastcam-Z image of the landing
area delta. Panels (d—-g) show different steep slopes in the landing area. Yellow arrows indicate the
location of boulder-rich material. The black arrow indicates an exposure with dipping strata.
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Figure 21. RIMFAX radar image of Perseverance and its geological interpretation (adapted from
Hamran et al. [25]). (a) Route map of the Mars rover (green line) between sol 201 and 202. (b) RIMFAX
radar observation image. (c) Geological interpretation.
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The geological layering detected in the radargram is interpreted as igneous structures
associated with the in situ laminated magma bodies (Hamran et al. [25]). At the highest
resolution, there are multiple lenticular reflective surfaces with S-shaped profiles between
the inclined high-reflectivity layers (Figure 21c), which are interpreted as magmatic flows
and shear structures or as cyclic step structures. Radar images show the prevalence of
strongly reflective sequences (intrusive strata), which are interpreted as sedimentary layers
formed by igneous activity and multiple aqueous depositions, further validating the claim
of a paleolake at Jezero Crater. However, the Perseverance radar currently does not find
evidence of water ice at the landing zone. Nevertheless, it is anticipated that the rover,
traveling longer distances, is expected to find evidence of water ice on the shallow surface
layers of Mars (Hamran et al. [25]).

6. Prospect of In Situ Ground-Penetrating Radar on Mars: Detection of Water Ice

The main parameters of the ground-penetrating radar (GPR) radargram for distin-
guishing subsurface materials are relative permittivity and dielectric loss. The permittivity
is complex, where the real part represents the relative permittivity and can be estimated
by calculating the propagation velocity of the radar electromagnetic waves in the subsur-
face materials. The imaginary part represents the loss of electromagnetic waves in the
medium, and the dielectric loss tangent is the ratio of the imaginary part to the real part
of the complex permittivity. By calculating the values of the relative permittivity and the
dielectric loss tangent from the radar echoes, it is possible to infer the subsurface structure
and composition on Mars and potentially obtain evidence of the presence of water ice.
However, when detecting water ice with radar, it is not possible to determine the unique-
ness of the detected substance solely based on the relative permittivity and the dielectric
loss of the medium. For instance, water ice typically exhibits a relative permittivity of ~3,
with a dielectric loss of less than 10~3 (Grima et al. [124], Orosei et al. [143], Nerozzi and
Holt [144]), while low-density porous materials (e.g., Martian soil or volcanic ash) have
similar those of values to water ice (Watters et al. [135], Carter et al. [136]). Therefore, it is
insufficient to determine whether the detected material is water ice or low-density material
based solely on these two parameters. It is necessary to approach the identification of
water ice from multiple perspectives. This paper suggests several approaches to determine
whether subsurface water ice is observed by the ground-penetrating radar:

1. Calculating the relative permittivity and the dielectric loss of the subsurface material
based on the radar observations. If the calculated relative permittivity is greater than 4
and the value of the dielectric loss tangent is higher than 1072, it can be concluded that
the detected region almost certainly does not contain water ice but possibly consists
of volcanic basalt or other dense deposits.

2. Observing the echo features of the GPR radargram. Typically, water ice has an isotropic
composition, which should result in fewer interior echoes and clean echoes with
distinct interfaces between the water ice and the underlying layer in the radargram.
However, Martian soil is primarily formed by impact cratering and space weathering,
and its internal uniformity depends on the duration of weathering. It inevitably
contains fragmented rocks internally, which can cause multiple reflections within the
radar echoes.

3. Using multi-frequency radar observations. Laboratory studies have shown that the
electromagnetic attenuation characteristics differ for different frequencies in basalt
sand, pure water ice, and mixtures of water ice with different ratios (Mattei et al. [145]).
The attenuation coefficient of electromagnetic waves in basalt sand is directly pro-
portional to frequency, while the attenuation coefficient of water ice is independent
of frequency.

In 2013, the Chinese Chang’e-3 mission carried the Moon-based GPR observing the
geological stratigraphy of the Mare Imbrium on the nearside of the Moon (Fang et al. [48]).
The subsequent Chang’e-4 and Chang’e-5 missions also carried the GPR instruments
(Xiao et al. [49], Ding et al. [146,147], Su et al. [148]). Detailed parameters can be found
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in Table 1. Currently, two deployed GPRs are operating on Mars: the RoPeR radar
on the Zhurong rover (Zhou et al. [15]) and the RIMFAX radar on the Perseverance
rover (Hamran et al. [14]). Table 1 contains the detailed parameters of those two radars.
The RoPeR radar consists of a high-frequency channel and a low-frequency channel
(Zhou et al. [15], Chen et al. [16], Li et al. [26]). The low-frequency channel’s center fre-
quency is 55 MHz, with a depth resolution of meters, theoretically capable of penetrat-
ing several tens of meters beneath the Martian surface (Zhou et al. [15], Li et al. [26]).
The high-frequency channel operates at a center frequency of 1.30 GHz, with a depth
resolution in the centimeter, capable of penetrating several meters below the Martian
surface (Zhou et al. [15], Chen et al. [16]). RIMFAX has only one channel with a center
frequency of 675 MHz and a depth resolution of 10-40 cm, capable of penetrating depths
greater than 10 m beneath the Martian surface (Hamran et al. [14]). Additionally, the future
ExoMars mission will also carry the WISDOM radar to detect the Martian surface. The
center frequency of this radar is 1.75 GHz, with a depth resolution of ~3 cm, capable of
penetrating several meters beneath the Martian surface (Ciarletti et al. [47]). It is foreseeable
that GPRs will play an important role in current and future surface exploration missions on
Mars. This provides opportunities for the detection of subsurface water ice but also poses
challenges in distinguishing low-density materials and water ice. Currently, none of the
deployed Martian-based GPRs have more than two channels (Table 1). Therefore, to effec-
tively detect shallow subsurface water ice on Mars, our paper suggests that future Martian
surface exploration missions can consider GPR systems with more than two frequency
channels. Analyzing the radar electromagnetic wave attenuation at different frequencies
will be a key breakthrough in proving the presence of water ice detected by the in situ GPR.

7. Conclusions and Perspectives

Detecting water ice on Mars has been a crucial aspect of the Mars exploration project
as it directly influences the planet’s habitability and the potential for extraterrestrial life.
The current approach to detecting Mars water ice is becoming more diverse, incorporating
remote sensing photography, radar, measurements by gamma ray spectroscopy and neutron
spectrometers, soil analysis, and the recent SWIM mapping project, which is a collaborative
effort involving multiple devices. This expansion of detection methods is expected to
provide more compelling evidence of Martian water ice soon.

The existence that there could have been liquid water on Mars in the past is be-
coming an increasingly robust argument, supported by the study of features such as
the network of canyons, ancient lakes, oceanic remains, and the presence of hydrated
minerals at various locations. Regarding the present presence of water ice on Mars, the
widespread detection of hydrogen by spectroscopy suggests the possible abundance of
water on the planet. Additionally, recurring slope lines (RSL) that have been observed
in recent years are evidence of the current flow of liquid water on the Martian surface.
Furthermore, bodies of liquid water have been observed below the ice caps in Mars’ po-
lar regions, making it one of the current research hotspots for Mars radar observations
(Lauro et al. [113], Orosei et al. [149], Diez [150]).

Currently, Mars exploration primarily targets areas with remnants of paleolakes or
oceans. These regions are ideal for investigating the geological evolution of Mars and the
distribution of water ice. For instance, the Chryse Planitia, Utopia Plain, and Isidis Plain
have numerous clues to the presence of subsurface water ice. The implementation of the
SWIM mapping project has also revealed that future Mars radar exploration will likely rely
on subsurface radar-based and multi-equipment collaboration.

The Jezero crater, where the Perseverance rover has recently landed, contains allu-
vial fans indicating paleolakes and strata formed by aqueous deposition. Although the
short time available to Perseverance has prevented it from finding evidence of current
water ice presence, the area remains ideal for exploring the geological evolution of Mars
and the distribution of water ice hidden below the surface. Although Martian-based
ground-penetrating radar is set to be deployed on the surface of Mars in 2020, ground-
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penetrating radar technology was previously deployed on the nearside of the Moon in
2013 (Xiao et al. [151], Ding et al. [152]). Researchers can adapt from the experience gained
through the Moon-based ground-penetrating radar for data processing (Ding et al. [152], Su
et al. [153]), the inversion of the subsurface medium’s dielectric property parameters
(Feng et al. [154], Ding et al. [155], Li et al. [156]), and the construction of numerical models
for the subsurface layers of Mars (Ding et al. [157,158]). We believe that with long-term and
continuous observation of the Perseverance rover’s ground-penetrating radar, as well as
advanced data-processing methods and modeling simulations, it is possible to detect the
existence of subsurface water ice or liquid water on Mars.
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