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Abstract: Mass wasting, as one of the most significant geomorphological processes, contributes
immensely to planetary landscape evolution. The frequency and diversity of mass wasting features
on any planetary body also put engineering constraints on its robotic exploration. Mass wasting on
other Solar System bodies shares similar, although not identical, morphological characteristics with
its terrestrial counterpart, indicating a possible common nature for their formation. Thus, planetary
bodies with contrasting environmental conditions might help reveal the effects of the atmosphere,
subsurface fluids, mass accumulation/precipitation, and seismicity on mass wasting, and vice versa.
Their relative positions within our Solar System and the environmental and geophysical conditions
on the Moon and the dwarf planet Ceres are not only extremely different from Earth’s but from each
other too. Their smaller sizes coupled with the availability of global-scale remote sensing datasets
make them ideal candidates to understand mass wasting processes in widely contrasting planetary
environments. Through this concept article, we highlight several recent advances in and prospects of
using remote sensing datasets to reveal unprecedented details on lunar and Cerean mass wasting
processes. We start with briefly discussing several recent studies on mass wasting using Lunar
Reconnaissance Orbiter Camera (LROC) data for the Moon and Dawn spacecraft data for Ceres.
We further identify the prospects of available remote sensing data in advancing our understanding
of mass wasting processes under reduced gravity and in a scant (or absent) atmosphere, and we
conclude the article by suggesting future research directions.

Keywords: planetary remote sensing; mass wasting; mass movement; the Moon; Luna; Ceres;
landslides; landscape evolution; Lunar Reconnaissance Orbiter Camera (LROC); Dawn spacecraft

1. Introduction

Mass wasting or mass movement is bulk downslope movement of rock debris and/or
regolith under the influence of gravity [1,2]. Mass wasting contributes immensely to
landscape evolution of a planetary body not only through subaerial modifications, but even
through subsurface and underwater modulations (e.g., [3–9]). In fact, mass movements
are one of the most significant geomorphological processes molding the surface of our
planet [10–13]. Interestingly, widely varying mass wasting features have also been identified
on other planetary bodies such as the Moon (e.g., [14]), Mercury (e.g., [15]), Venus (e.g., [16]),
Mars (e.g., [17–21]), and some outer Solar System satellites (e.g., [22]). Planned instruments
to fly to Venus such as the Venus Interferometric Synthetic Aperture Radar (VISAR) onboard
VERITAS and the high-resolution imaging capabilities of EnVision are particularly aimed
at studying topography and mass movements on Venus [23]. In a terrestrial context,
classification schemes for mass wasting usually consider different parameters, such as type
of movement (fall, topple, creep, slide, and flow), material involved (rock, regolith, ice,
snow, and mixed debris), rate of movement (rapid or slow), and proportion of water, air,
rock, and ice in wasted material [24,25]. Thus, mass wasting represents a resultant of all
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the interactions among various geomorphological agents and processes, which act with
varied intensities on all types of slopes to modify the topography [24,26].

Although gravity is a major requirement for driving mass movement, its isolated effect
on the scales and dynamics of mass wasting is hard to investigate by studying terrestrial
landslides only, due to the presence of several other ambient factors on Earth, including a
dense atmosphere, precipitation, and seismicity. Mass movements on other Solar System
bodies share similar, although not identical, morphological characteristics with terrestrial
landslides, indicating a possible common nature for their formation. Thus, planetary studies
with variable environmental conditions might help reveal the effects of the atmosphere,
subsurface fluids, precipitation, and seismicity on mass wasting, and could foster an
understanding of triggering and propagation mechanisms. This argument forms the
motivation and premise for this concept article. Characterization and comparison of mass
wasting features, based on the mass movement type and size, and their global distribution
on a planetary body can help us understand the local physical and environmental conditions
on surface/subsurface [15]. Figure 1 shows one such example of distribution of several
mass wasting features on the Moon.
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Figure 1. Spatial distribution of lunar mass wasting processes with respect to lunar geology. This map was
created using data from various sources. The tabulated data on a variety of lunar mass wasting features
from the Supplementary Material of Xiao et al. [2] were plotted in Geographic Information System (GIS).
The data on several characterized lunar rockfalls [27] were downloaded from ETH Zurich’s Research Coll-
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ection [28] and plotted in GIS. The latest data of the Unified Geologic Map of the Moon were obtained
from the United States Geological Survey’s webpage [29,30]. The landing sites of several lunar
missions have been included in the white text to provide the contextual information.

Multiresolution and multisensory remote sensing datasets for planetary bodies are
constantly improving our understanding of the Solar System [20]. While terrestrial planets,
i.e., Mercury, Venus, Earth, and Mars, have considerable gravity (i.e., ~3.7 m/s2) to support
widespread mass wasting, over the past decade mass wasting features have been observed
even in remote sensing images of smaller planetary bodies such as the Moon and Ceres,
with considerably lower gravity (i.e., 1.62 m/s2 for the Moon and 0.27 m/s2 for Ceres).
The Moon is also unique in the Solar System as the only body, other than the Earth, for
which we have dated rock samples with an established geological context. Therefore, the
landscape evolution through lunar mass wasting can be directly correlated to respective
geological ages. The scarce atmosphere and the lesser control of external triggering factors
on the Moon and Ceres make them ideal testbeds to study mass wasting under gravity
and environmental scenarios that are extremely different from the terrestrial planets. The
smaller sizes of both these planetary bodies have also ensured a better availability of repeat
medium-to-high resolution remote sensing images [31], allowing us to infer spatiotemporal
diversity in mass wasting. However, more importantly, Ceres and the Moon are not only
distinct from the terrestrial planets but are also very different from each other in several
physical and geological aspects, thus acting as analogues for several other small planetary
bodies with contrasting environments. The dwarf planet Ceres is the largest object in
the asteroid belt between Mars and Jupiter. It is the only dwarf planet located in the
inner solar system, far from not only the Sun but also the Moon. Ceres has a distinct
shape of a flattened sphere, and its volume is only ~27% that of the Moon. Ceres rotates
fully around its axis every 9 h, compared with the ~27 days taken by the Moon. While
in addition to moonquakes, a scant presence of gases surrounding the Moon has been
confirmed, there is still no definite evidence of an atmosphere or seismicity on Ceres.
In addition to all the aforementioned reasons for considering the Moon and Ceres as
ideal cases to understand mass wasting in contrasting planetary environments, a renewed
interest in Moon exploration [32] and an interest in considering Ceres as an analogue for
icy dwarf planets/asteroids/moons based on several recent findings [33] further warrant
understanding their surface processes and landscape evolution.

2. Lunar Mass Wasting Processes: Status and Prospects

Since the era of Apollo missions, mass wasting has been identified as a widespread and
predominant geomorphological process on the Moon (e.g., [34,35]). However, the research
on this topic was not very holistic in the previous decades owing to the unavailability
of high-resolution global-scale remote sensing datasets. This is the reason why, even
today, we are uncertain of the relative significance of mass wasting compared with other
lunar surface processes, or of their combined effect, on the landscape evolution of the
Moon [2]. The focus shifted to exploring the lunar mass wasting processes after the
launch of the Lunar Reconnaissance Orbiter Camera (LROC) in 2009. The LROC has two
Narrow-Angle Cameras (NACs), designed to provide as high as 0.5 m/pixel panchromatic
images over a 5 km swath, and, by now, a major part of the lunar terrain has been imaged
by NACs [31]. Free-of-cost and user-friendly planetary data visualisation tools, such as
the Java Mission-planning and Analysis for Remote Sensing (JMARS) tool developed by
Arizona State University [36], have also been extremely helpful in encouraging quick and
efficient geomorphological analyses.

2.1. Status of Our Understanding

Lunar avalanches are believed to involve only dry granular movement, and therefore
can reveal the predominant mass wasting processes and flow-deposit morphologies in
the absence of liquid and gas [14]. Based on several sample-based studies focusing on
selected craters (e.g., [14]) or depending on the availability of high-resolution images
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(e.g., [2]), the main types of reported lunar mass movements include debris falls/rockfalls,
dense frictional debris flows, slides, slumps, and creep. In the earlier years of lunar
exploration, it was believed that mass wasting on the Moon, in the absence of liquid water
or atmospheric gas, is predominant on crater slopes and involves some proportion of
fine-grained regolith [35,37]. In recent years, several high-resolution remote-sensing-based
studies (e.g., [2,14,27]) have confirmed these beliefs and have provided useful insights into
the process and distribution of lunar mass wasting. In fact, by sourcing supplementary
information from these papers, we have generated a lunar mass wasting distribution map
(Figure 1) with various characterized events overlaid on the latest global geology [30].
Moreover, experiments and simulations suggest that dry granular mass wasting is possible
even under low lunar gravity (~0.16 g) as the lunar gravity decreases the dynamic angle of
repose too [38]. Thus, there is a significant scope in studying a large population of lunar
mass movements to better understand the involved processes and landscape evolution
under reduced gravity and limited geomorphic agents.

As the first of such global-scale studies within the past decade, Xiao et al. [2] sam-
pled over 300 lunar mass wasting features to study their morphological, evolutionary,
formational, distributional, and erosional characteristics. They adopted a comparative plan-
etology approach and interpreted lunar mass wasting in view of its terrestrial or Martian
counterparts. A schematic representation of the mass wasting commonly observed on the
Moon is given in Figure 2, while Figure 3 shows several examples of the lunar mass wasting
in high-resolution LROC-NAC images. Using pre-LROC era geological interpretations by
Losiak et al. [39] and Wilhelms et al. [40], Xiao et al. [2] also provided some qualitative
inferences on the stratigraphic ages of the host terrains of the mass wasting features. For
example, they observed that unlike other mass movements, creeps were present on terrains
of all the ages, and more profoundly on older terrains that are covered by relatively thick
regolith. Here, we used the latest and highest-resolution global geologic data of the Moon,
provided by the United States Geological Survey (USGS) [30], to quantify the prevalence of
various mass wasting features [2] in different geologic units (Figure 4). We observed that
~41% of creeping features were observed on Imbrian terrain followed by Eratosthenian
(~28%) and Nectarian (~18%). Xiao et al. [2] further reported that they could not observe
rockslides, sweeping flows, or channeled flows on terrain older than Eratosthenian. Xiao
et al. [2] attributed this observation to the association of slide and flow source material with
impact melt, which is less prevalent on terrains older than Eratosthenian. Xiao et al. [2] also
asserted that surfaces older than Eratosthenian may no longer have steep enough slopes to
form slides and flows due to continuous mass wasting of the older terrain. However, using
the updated geologic data [30], we observed that while over ~90% of slides and sweeping
flows and ~68% of channeled flows are found on Copernican and Eratosthenian, the re-
mainder of these features are also present on older terrain. For example, ~30% of channeled
flows and a majority of the remaining rockslides and sweeping flows can be observed
on Imbrian terrain, mostly in the geologic units represented by smooth and fine-textured
regolith (e.g., the Upper Mare Unit, the Plains Unit, and the Terra Unit), consistent with
the textural property of slides and flows [2]. Similarly, Xiao et al. [2] also mentioned that
falls, debris slides, and slumps were prevalent in Copernican and Eratosthenian craters.
We quantify that ~70% of falls, ~81% of debris slides, and ~85% of slumps are present in
Copernican and Eratosthenian craters. However, we made an interesting observation re-
garding the geologic units prevalent in mass wasting features. While the steep Copernican
Crater Unit and the Eratosthenian Crater Unit had a majority of the mass wasting features,
the only other geologic unit showing all types of mass wasting features was the relatively
gently sloped Imbrian Upper Mare Unit, probably because this unit is full of numerous
small ridges [30], thus showing the control of local topography on lunar mass wasting. This
also confirms the notion of Xiao et al. [2] that with the availability of more detailed remote
sensing datasets, the known age distribution for lunar mass wasting features might be
updated. Xiao et al. [2] further attributed meteor impacts and moonquakes as the reasons
behind the formation of the majority of the lunar mass wasting features.
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Figure 3. Examples of mass wasting on the Moon (north is up for all the images): (a) evidence of
rockfalls on the northern wall of the Giordano Bruno Crater (LROC NAC ID: M106209806R, centered
at 36◦ N/103◦ E). The red rectangle highlights the zoomed-in view of boulder tracks with one lodged
boulder; (b) rock/debris slides (yellow rectangle) with extensive talus deposits on the western wall
of the Aristarchus Crater (LROC NAC ID: M107192593L, centered at 23.7 ◦ N/312.6◦ E); (c) a well-
developed slump (orange ellipse) on the northern wall of the Giordano Bruno Crater (LROC NAC ID:
M106209806R, centered at 36◦ N/103◦ E); (d) an example of channeled flows on the northern wall of
the Gambart Crater (LROC NAC ID: M127009259R, centered at 3.4◦ N/348.21◦ E). The red ellipse
marks the alcove while the yellow ellipse shows the talus apron; (e) examples of sweeping flow
(dark albedo lineation) on the north-western wall of Dawes Crater (LROC NAC ID: M113785646L,
centered at 17.2◦ N/26.4◦ E); (f) regolith creeping producing rippled topography (red ellipse) on the
central peak of Eratosthenes Crater (LROC NAC ID: M117569408R, centered at 14.5◦ N/348.7◦ E).
The yellow arrows point to several small craters with straightened western walls, deformed as a
result of regolith creeping. The maps were generated using the JMARS tool developed by Arizona
State University [36].

Mass wasting, being largely a slope phenomenon (~10◦–40◦ slope range for the Moon),
causes higher erosion rates leading to larger regolith production on lunar slopes, thus
modulating crater densities on slopes and affecting the accuracy of the planetary surface
chronology derived through crater counting techniques [2]. Therefore, understanding
lunar mass wasting processes is vital for planetary dating, giving us another reason to
investigate them further. A spatially more focused study by Kokelaar et al. [14] used
LROC-NAC images to interpret scars and deposits formed by mass wasting within seven
craters in equatorial (non-polar) latitudes. Kokelaar et al. [14] observed and inferred
previously undocumented mass wasting phenomena such as remobilization of stable
coarse talus by inundation with fine-grained debris, accumulation of veils of this fine-
grained debris around the coarse-grained flow deposits, and the occurrence of long-runout
erosion-deposition waves. These findings further highlight the scope of research on lunar
mass wasting processes. Identifying other phenomena and subtypes of lunar mass wasting
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processes through global-scale inventories can significantly enhance our understanding of
planetary landscape evolution under reduced gravity and a scant atmosphere.
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mass wasting data from the Supplementary Material of Xiao et al. [2] and the latest data of lunar
geology from the United States Geological Survey [30]. The description of the geologic units can be
downloaded from the USGS [41].

2.2. Prospects

In the past couple of years, the focus of various space agencies (e.g., [32,42]) and
companies has (re)shifted to lunar research, and the possibility of a permanent lunar base
station [43] has further added to the exploratory value of our Moon. The plan seems to be
to return to the Moon in 2024, followed by developing a sustained, strategic presence at
the lunar South Pole called the Artemis Base Camp. Planned activities at the Artemis Base
Camp over the next decade will pave the way to long-term economic and scientific activity
at the Moon as well as possible human missions to Mars in subsequent decades. The
excess distribution of regolith and boulders on the Moon has largely been defined by mass
wasting processes and has long been a concern for engineering [44]. Thus, the motivation to
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re-explore the Moon is actually driven not only by the need to improve our understanding
of the lunar surface processes through new high-resolution remote sensing datasets, but
also by the need to facilitate the exploration of the Solar System beyond the Moon.

As explained above, detailed studies on lunar mass wasting have become possible
only in the post-LROC era within the past decade. Thus, there is still a significant amount of
research that needs to be carried out to fill the existing gaps in our knowledge of lunar mass
wasting processes. Understanding the global distribution of such processes has further
geophysical relevance (e.g., [45]). Although numerous mass wasting features have been
noticed and reported during the past decade using LROC-NAC images, their morphological
and geometrical characteristics, spatial distribution, and age of formation are yet to be
systematically studied at the global scale. An important work [27] in this direction was
concluded recently where a global inventory of at least one type of lunar mass wasting, i.e.,
rockfalls, was compiled. The finding of Bickel et al. [27] further confirms that rockfalls are
primarily driven by impacts, can also potentially reveal regions of recent seismic activity,
and are still present in the oldest, pre-Nectarian topography. These finding signify the
relevance of global-scale research as the limited sampling by Xiao et al. [2] had previously
revealed the absence of rockfall features in pre-Nectarian terrain. However, there are still
other types of reported lunar mass movements, such as debris flows, slides, slumps, and
creep, whose global distribution analysis and population-scale characterization are yet
to be performed. In other words, there is a degree of incompleteness in the compiled
data on the global characterization of all the other lunar mass movement processes. It is
worth guessing how much more useful information regarding the lunar surface/subsurface
we could derive with the global characterization of all these mass wasting processes.
Although mass wasting has affected the surface erosion rate on the Moon and has changed
local topography, the relative importance of mass wasting compared with other surface
processes, or more importantly their combined effect, on the topography evolution of the
Moon is not fully understood at the global scale [2]. Having global datasets for all the
mass wasting features could further improve our understanding of shallow moonquakes
(e.g., [46]) and the bearing capacity of regolith in both polar (e.g., [47]) and non-polar
(e.g., [48]) regions with implications for trafficability and in situ resource utilization (ISRU).
Experimental results (e.g., [49]) have shown that regolith might be looser in the polar
latitudes of the moon compared with previous lunar landing sites (Figure 1) and the study
of mass wasting processes in these polar regions could reveal the trafficability of terrain for
future polar missions.

Three recent and extremely important findings regarding the reported [50,51] and
modeled [52] water on both permanently shadowed [51] and sunlit [50] surfaces of the
Moon have made studying lunar mass wasting processes even more relevant. Lunar mass
movement processes have always been linked to dry-granular flows (e.g., [2]). However,
spectral modeling shows that some ice-bearing pixels may contain as high as ∼30 wt% of
water ice that is intimately mixed with dry regolith [51]. Thus, there is a need to reconsider
the involved driving factors for lunar mass movements in the regions where water ice
has been reported to exist, be mixed with regolith, or be exposed in shadows. Such a
characterization and correlation study could provide us with vital clues regarding the
physical characteristics of contemporary lunar water and its present and past contribution
to lunar landscape evolution.

3. Cerean Periglacial Landforms and Mass Wasting Processes: Status and Prospects

Within the asteroid belt between Mars and Jupiter, the dwarf planet Ceres offered big
surprises when, recently, seven very informative research papers from the Science Team
of NASA’s Dawn spacecraft were published using its end of the mission datasets. More
specifically, the findings implied impact-driven mobilization of deep crustal brines [53],
fresh emplacement of salts from these ascending brines [54], cryo-hydrologic processes [55],
hydrothermal brine effusion [56], cryo-volcanism [57], gravity anomalies [58], and volatile
redistribution [59]. In brief, a generalized conclusion of these papers is that Ceres either is
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geologically active in the present, or at least was in the very recent past, with the presence of
ice volcanoes, active briny and cryo-surface processes, and surviving pockets of an ancient
ocean, all of which make a compelling case to investigate mass wasting features in the
periglacial environment of Ceres.

3.1. Status of Our Understanding

Dawn’s data show that Ceres might have several regions where briny liquid is seeping
out onto its surface [54]. There are also mounds and hills that supposedly formed when
ice melted and refroze after an asteroid impact millions of years ago, and their sightings
support the idea of the presence of an asteroid-wide cryo-volcanism [57]. The findings
of exposed water ice on the surface of Ceres [60], and the possibilities that water could
persist on Ceres with vast reserves of water ice, evidenced by the presence of periglacial
landforms and landslides (PLLs) (Figure 5), have generated significant interest among the
planetary science community [33] owing to their implications for not only understanding
the geologic past of our solar system but also for ISRU during future deep space missions.
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Figure 5. Distribution of identified mass movements on Ceres. The data used to plot this map in GIS
were generated by Parkeh et al. [61] and downloaded from Figshare [62]. This map also includes
the previously described mass wasting features by Chilton et al. [63], Duarte et al. [64], and Schmidt
et al. [65], as compiled by Parekh et al. [61]. The scale is true at the equator.

Periglacial landforms on Ceres have been presented as a subclass of various mass wasting
processes observed on the dwarf planet [65]. Furthermore, recent papers (e.g., [63–65]) have
investigated the morphological characteristics of Cerean landslides as a sign of the presence,
location, and abundance of ground ice. Schmidt et al. [65] provided the first analysis of mass
wasting slides on Ceres (Figure 5) and characterized them into three morphological types.
Type 1 slides, located at high latitudes on Ceres, display a furrowed topography with a thick
lobate terminus [65]. They are the most stagnant type of slide on Ceres [65]. The furrowed
and lobate topography gives them an appearance similar to terrestrial rock glaciers and
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icy landslides [65]. The most commonly sighted slides on Ceres, i.e., Type 2 slides, have
intermediate mobility and are longer than Type 1 slides. Their topography is sheet-like with
thin termini [65]. Terrestrial avalanche deposits can be taken as geomorphologic analogues
of Type 2 slide deposits on Ceres. Type 3 slides have the highest mobility, and, hence, a
long runout and a platy lobate morphology [65]. The high mobility and the formation of
Type 3 slides might be attributed to some involvement of transiently melting ice within
the regolith, giving them a mudflow-like morphology [65]. The Tsiolkovskiy long-runout
landslide on the Moon [66] is an appropriate morphological analogue for Type 3 Cerean
slides [65]. These landslides are always associated with large impact craters, and due to
their morphological resemblance to ejected material from craters in the icy regions of Mars
and on Jupiter’s moon Ganymede, they are postulated to have formed when an impact
event melted subsurface ice on Ceres. Based on the lack of clear trends between mobility
and slide volume, and drawing parallels with the findings of Singer et al. [67], Schmidt
et al. [65] argued that ice played an important role in determining the mobility of Cerean
slides. Schmidt et al. [65] also acknowledge the presence of more slides, specifically Type
1 slides, at the polar latitudes of Ceres, and such a spatial distribution coupled with the
morphological inferences indicate a substantial amount of ice in the shallow subsurface.
These conclusions were further investigated and broadly accepted by detailed follow-up
analyses by Chilton et al. [63] and Duarte et al. [64].

A recent paper [61] throws more light on mass wasting processes on Ceres. Parekh
et al.’s global mass movement classification [61] was more holistic in terms of identifying
very diverse mass wasting features (Figure 5) and comparing them with similar features on
Vesta with a different dry regolith. Parekh et al. [61] focused on three common morphology
types: (1) flow-like movements (Figure 6a,b) as either lobate features or as large and thin
sheet-like fans; (2) slides (Figure 6c) showing granular flow behavior; and (3) slumps
(Figure 6d) as collapsed unconsolidated material. Based on the availability of digital terrain
models (DTMs) of a suitable resolution, Parekh et al. [61] also performed a profile analysis
for 34 out of a total of 210 identified mass wasting features on Ceres, and did not observe a
correlation between crater size and abundance of mass wasting features.

Remote Sens. 2022, 14, x FOR PEER REVIEW 11 of 16 
 

 

ice in the shallow subsurface. These conclusions were further investigated and broadly 
accepted by detailed follow-up analyses by Chilton et al. [63] and Duarte et al. [64]. 

A recent paper [61] throws more light on mass wasting processes on Ceres. Parekh 
et al.’s global mass movement classification [61] was more holistic in terms of identifying 
very diverse mass wasting features (Figure 5) and comparing them with similar features 
on Vesta with a different dry regolith. Parekh et al. [61] focused on three common mor-
phology types: (1) flow-like movements (Figure 6a,b) as either lobate features or as large 
and thin sheet-like fans; (2) slides (Figure 6c) showing granular flow behavior; and (3) 
slumps (Figure 6d) as collapsed unconsolidated material. Based on the availability of dig-
ital terrain models (DTMs) of a suitable resolution, Parekh et al. [61] also performed a 
profile analysis for 34 out of a total of 210 identified mass wasting features on Ceres, and 
did not observe a correlation between crater size and abundance of mass wasting features. 

 

Figure 6. Cont.



Remote Sens. 2022, 14, 1049 11 of 15

Remote Sens. 2022, 14, x FOR PEER REVIEW 11 of 16 
 

 

ice in the shallow subsurface. These conclusions were further investigated and broadly 
accepted by detailed follow-up analyses by Chilton et al. [63] and Duarte et al. [64]. 

A recent paper [61] throws more light on mass wasting processes on Ceres. Parekh 
et al.’s global mass movement classification [61] was more holistic in terms of identifying 
very diverse mass wasting features (Figure 5) and comparing them with similar features 
on Vesta with a different dry regolith. Parekh et al. [61] focused on three common mor-
phology types: (1) flow-like movements (Figure 6a,b) as either lobate features or as large 
and thin sheet-like fans; (2) slides (Figure 6c) showing granular flow behavior; and (3) 
slumps (Figure 6d) as collapsed unconsolidated material. Based on the availability of dig-
ital terrain models (DTMs) of a suitable resolution, Parekh et al. [61] also performed a 
profile analysis for 34 out of a total of 210 identified mass wasting features on Ceres, and 
did not observe a correlation between crater size and abundance of mass wasting features. 

 

Figure 6. Examples of mass wasting features of Ceres (north is up for all the images): (a) a flow
feature with a well-developed debris fan on the western wall of Dantu Crater (26.375◦ N, 137.281◦ E);
(b) a flow feature (red ellipse) on the western wall of Dantu Crater and an undocumented possible
flow candidate (yellow ellipse) on the north-western wall of Axomama Crater; (c) slide deposits on
the floor of an unnamed crater (−25.828◦ N, 191.58◦ E); (d) a slump feature on the western wall of
Dantu Crater. The yellow curved arrow shows the topographic displacement downwards. The maps
were generated using the JMARS tool developed by Arizona State University [36].

3.2. Prospects

The new observations of hydrological, periglacial, and mass wasting processes on
Ceres that resemble those on Earth, Mars, and the Moon have been influenced by the
crustal composition of Ceres [59]. These processes are also expected to act on icy satel-
lites [59]. Hence, these Dawn observations of Cerean PLLs warrant detailed exploration in
order to establish Ceres as a “cryo-analogue” for icy moons and asteroids. This could also
help prepare for the interpretation of future observations of icy moons from the missions
planned for the coming decade [33], in particular for Europa (the Europa Clipper mission)
and Ganymede (the Jupiter Icy moons explorer (JUICE)). Recently, a 130-km-long lobate
feature on the Uranian satellite Ariel was extensively explored using Voyager 2’s Imaging
Science System (ISS) images and DTM, and a cryo-volcanic origin was suggested [68].
More importantly, this result suggests the possibility that Ariel is, or was, also an ocean
world [68]. In the planet-wide icy environment of Pluto, sublimation has been suggested to
be a landform-shaping process driving various types of mass wasting [69]. Understanding
heat and material transfer in a brine–rock mixture and in a fractured crust under reduced
gravity conditions is crucial to exploring the geomorphology and habitability of mid-sized
ocean worlds and the PLL features on Ceres may act as viable analogues to develop needed
theoretical frameworks [33]. Drawing inferences from detailed global-scale geomorphome-
try of mass wasting features on Ceres could be useful in understanding the dynamics of
ice–debris complexes on such icy dwarf planets, asteroids, and moons.

Thanks to all these excellent results published in recent years using Dawn data, our
understanding of the surface–subsurface processes on Ceres has considerably improved.
However, in terms of studying mass wasting on Ceres, there remain ample opportunities.

First, Parekh et al.’s results [61] highlight that with dedicated geomorphology obser-
vations, there is a possibility to identify and add more mass wasting features to the existing
inventories (e.g., [61,63–65]). Parekh et al. [61] do not claim that their inventory of Cerean
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mass wasting features is globally complete as they were more inclined to identify broad
mass wasting categories that were comparable between Ceres and Vesta. Indeed, the yellow
ellipse in Figure 6b shows a yet-to-be-documented potential flow feature in the 5-km-wide
Axomama Crater. Therefore, identifying more distinct subclasses of characterized mass
wasting features on Ceres is still possible and could reveal further details on mass wasting
processes under reduced gravity conditions and in periglacial environments.

Second, all the available mass wasting inventories for Ceres compile drop height and
runout length as the primary terrain parameters. On the other hand, in terrestrial contexts,
outlines, cross-sectional widths, and estimated areas of these features are considered to
be equally important parameters to take into account while studying their formation and
rheology [70]. Further efforts in incorporating these additional parameters into existing
inventories could help build a holistic database for the community.

Third, a recent study [71] has argued that landslide morphology cannot be used to
draw conclusions about local ice content and composition, and terrain and topography play
a bigger role in defining the characteristics of periglacial features and landslides on Ceres.
A similar conclusion was recently published [72] for Martian landslides with a focus on
studying and understanding the local topography. Another recent study [73] in a terrestrial
context has also highlighted the importance of geomorphometric analyses for mass wasting
features in understanding their genesis. Such morphometric analyses for Cerean landslides,
including estimation of parameters such as slope, aspect, curvature, and roughness, should
also be performed and included in the global inventory.

Fourth, another recent study [74] very interestingly provided evidence of variations in
the amount of water ice on Ceres’ surface, suggesting a seasonal water cycle. This seasonal
increase in water ice covers up to ~2 km2 more of the area in a mid-latitude crater. The
observed increase, coupled with Ceres’ orbital parameters, points to an ongoing process that
seems to be correlated with solar flux [74]. We believe that such a seasonal enrichment of
regolith with water ice is equivalent to the seasonal water enrichment within terrestrial rock
glaciers [75], which eventually controls their flow/dynamics. Therefore, feature tracking
analysis (e.g., [76,77]) using the available repeat images for larger mass wasting features,
particularly slides, could tell us about any contemporary seasonal dynamics in them.

4. Conclusions

In this concept article, we have briefly reviewed the status of mass wasting research
on the Moon and Ceres. We have identified key advances made in this direction. We have
further highlighted some areas of prospective research that could further enhance our
understanding of mass wasting processes under reduced gravity and a scant atmosphere.
The next couple of decades are bound to witness unforeseen advances in the exploration
of our Solar System, and both the Moon and Ceres hold unique significance in facilitating
that exploration. While the Moon can offer ISRU opportunities for exploring inner Solar
System bodies, Ceres, as the main base and transit hub for asteroid mining, can serve a
similar purpose for future deep space exploration. As explained in this article, a better
understanding of mass wasting features and related geomorphologies could help us assess
rover trafficability and the bearing capacity of regolith, understand physical characteristics
of contemporary lunar water and ice content in Cerean regolith, and assess seasonal
dynamics in Cerean PLLs. The available remote sensing data for the Moon and Ceres should
be sufficient to explore all the prospective themes within this article, and the results should
be able to better inform the space agencies on needed future remote sensing missions.
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