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Abstract we present a comprehensive global catalog of the geomorphological features with clear or
potential relevance to subsurface ice identified during the Dawn spacecraft’s primary and first extended
missions at Ceres. We define eight broad feature classes and describe analyses supporting their genetic links to
subsurface ice. These classes include relaxed craters; central pit craters; large domes; small mounds; lobate
landslides and ejecta; pitted materials; depressions and scarps; and fractures, grooves, and channels. Features in
all classes are widely distributed on the dwarf planet, consistent with multiple lines of observational
evidence that ice is a key component of Ceres’ crust. Independent analyses of multiple feature types suggest
rheological and compositional layering may be common in the upper ~10 km of the crust. Clustering of
features indicates that ice concentration is heterogeneous on nearly all length scales, from ~1 km to hundreds
of kilometers. Impacts are likely the key driver of heterogeneity, causing progressive devolatilization of the
low latitude and midlatitude crust on billion-year timescales but also producing localized enhancements in
near surface ice content via excavation of deep ice-rich material and possible facilitation of cryomagmatic
and cryovolcanic activity. Impacts and landslides may be the dominant mechanism for ice loss on modern
Ceres. Our analysis suggests specific locations where future high-resolution imaging can be used to probe (1)
current volatile loss rates and (2) the history of putative cryomagmatic and cryovolcanic features. The Cerean
cryosphere and its unique morphology promise to be a rich subject of ongoing research for years to come.

Plain language Summary Planetary scientists are interested in understanding where ice is
located in the solar system for two reasons. First, water is necessary to sustain life as we know it, so
extraterrestrial ice may provide habitats for past or present life. Second, water ice can be used to produce
rocket fuel; in the future, ice may be mined from asteroids, moons, and planets to fuel spacecraft carrying
humans. Ceres has been predicted to contain large amounts of ice for decades. When the Dawn spacecraft
arrived at Ceres, a major goal for the science team was confirming the presence of ice and understanding
how it is distributed beneath the surface. One aspect of that investigation was identifying landforms (features
like mountains or craters on the surface) whose appearance indicates the presence of ice. In this study, we
compiled a catalog and global maps of all of the “icy” landforms identified during Dawn’s primary mission at
Ceres. We used these maps, together with detailed analysis of each type of landform, to develop a global
picture of how ice is distributed in Ceres’ crust. We found that the concentration of ice was spatially variable
and that layering of icy and less icy materials may be common. We also identified specific areas of Ceres that
may be particularly ice-rich, so that future missions can target these areas for more analysis.
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1. Introduction

Understanding the geographic distribution, burial depth, concentration, and mobility of subsurface water
ice on inner solar system worlds is of great interest from the standpoints of cosmochemistry, astrobiology,
and future in situ resource utilization. Dwarf planet Ceres is the most water rich large body in the inner solar
system in terms of relative mass fraction (~25 wt. %). Data sets collected by the Dawn spacecraft during its
primary mission at Ceres have confirmed the presence of substantial subsurface ice and revealed a more
complex distribution of ice than was previously predicted (Bland et al., 2016; Combe et al., 2018; Fu et al.,
2017; Prettyman et al., 2017). The inventory of ice in localized surface exposures on Ceres has been
quantified by the Visible and InfraRed Mapping Spectrometer (VIR; Combe et al., 2016, 2018; Platz et al.,
2016). The ice content of the uppermost meter of Ceres’ regolith is well characterized by data from
Dawn’s Gamma Ray and Neutron Detector (GRaND; Prettyman et al.,, 2017) and by thermal stability
simulations (Schorghofer, 2016). The ice content of the deep interior (length scales of tens of kilometers)
is constrained by gravity and global topography data (Ermakov, Fu, et al.,, 2017; Fu et al., 2017). At
intermediate depth ranges (tens of meters to kilometers), analysis of surface morphology has been critical
to investigating the concentration of ice and other volatiles (Bland et al., 2016; Schenk et al., 2015;
Schmidt et al., 2017; Sizemore et al., 2017). Here we present a comprehensive catalog of morphological
features relevant to the presence and concentration of subsurface ice and water-rich phases on Ceres, along
with updated global maps of features that have been previously studied. We discuss the implications for local
and regional variations in subsurface ice content and the long-term evolution of the Cerean cryosphere.

2. Background and Methods

2.1. Pre-Dawn Expectations and Search Criteria Development

Theoretical predictions of Ceres’ interior layer structure (Castillo-Rogez & McCord, 2010; McCord & Sotin,
2005) and of the burial depth of shallow ice (Fanale & Salvail, 1989; Schorghofer, 2008) were in place at the
outset of the Dawn mission. Based on these predictions, we expected Ceres’ surface morphology to have
characteristics in common with Mars, solid airless bodies (Mercury and the Moon), and the icy satellites
of the outer solar system. We compiled lists of features observed on specific solar system bodies that might
be relevant to subsurface ice on Ceres, then we developed broad search criteria for identifying similar classes
of features during the active mission. We describe the framework in which we made predictions in this
section, and we discuss the development of search criteria in sections 2.1.1 through 2.1.4.

In the very shallow subsurface (<1 km), the distribution of ice burial depths on Ceres was predicted to be
directly analogous to the Martian cryosphere. On Mars, under current climate conditions, ground ice is
thermally stable at depths of a meter or less at latitudes higher than ~50° in both hemispheres, with burial
depth decreasing toward the poles, where surface ice becomes stable (e.g., Boynton et al., 2002; Mellon et al.,
2008; Prettyman et al., 2004). Similarly, on Ceres, ice was predicted to be present at depths of tens to
hundreds of meters at the equator, with burial depths decreasing toward the poles, where ice could be
protected from sublimation by only centimeters or millimeters of dry silicate regolith and localized
exposures of metastable ice might be possible. On Ceres as on Mars, ice-cemented materials were expected
to be sharply delineated from a dry protective layer by a boundary termed the “ice table.” Importantly,
ground ice is also observed at depths <1 m on Mars at some locations where it is not thermally stable
(e.g., Byrne et al., 2009); similar low-latitude, thermally unstable ice was anticipated to occur on Ceres at
locations where recent geologic activity delivered materials to the near surface from depth.

Similarities with Mars, particularly the intimate mixing of ice and silicates in the upper hundreds of meters,
led us to anticipate several specific types of features that might be observed on Ceres. These features
included (1) layered ejecta, (2) lobate landslide features with characteristics of rock glaciers, (3) pits, scarps,
and dissected terrains indicative of sublimation, (4) polygonal terrains associated with thermal contraction,
and (5) pingos. The lack of a substantial atmosphere on Ceres also led to important differences predicted for
Ceres, such as the absence of extensive surface polar ice deposits and the absence of landforms related to
CO, ice.
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Based on simulations of Ceres’ thermal evolution, Castillo-Rogez and McCord (2010) predicted that the
dwarf planet’s deep interior (kilometer to ~100 km) was similar to small icy satellites, with an icy crust over-
lying a rocky mantle and the possibility of a relict brine layer (or brine pockets) persisting into the geologi-
cally recent past. Neveu and Desch (2015) separately predicted that Ceres might contain a remnant muddy
layer at the interface between the icy crust and mantle. Both of these studies suggested that diapirism or
cryovolanism may have occurred on Ceres, leading us to predict that the occurrence of domical or conical
mountains could provide morphological evidence of interior activity at the surface. The detection of water
vapor outgassing from Ceres while Dawn was en route lent some support to our prediction, as cryovolcanism
was one of the mechanisms hypothesized to explain active outgassing (Kiippers et al., 2014). (Small impacts
and an enhanced sublimation process were also hypothesized.) Predicted similarities between Ceres and the
icy satellites also suggested to us that large-scale crater morphology could be an indicator of subsurface ice
content at multikilometer length scales (Bland, 2013).

2.1.1. Search Criteria: Characteristics of Craters

Pre-Dawn-arrival analysis of impact cratering on Ceres (Schenk et al., 2016) predicted that craters in the 10-
to 300-km size range would have large conical central peaks, based on the prevalent crater morphology
observed on similarly sized ice-rich Dione and Tethys (e.g., White et al., 2013, 2017). Transition diameters
from simple to complex craters scale inversely with surface gravity of the host planetary body throughout
the solar system. Pre-Dawn-arrival analysis suggested that the simple-to-complex transition diameter on
Ceres would follow the same trend as other icy bodies (i.e., the Galilean and Saturnian satellites) and be
clearly distinct from the trend for rocky bodies (the Moon, Mars, Mercury, and Vesta).

The expectation that Ceres’ crust would consist of a mixture of ice and silicates in unknown proportions sug-
gested a range of possible crater morphologies. In particular, Dombard and Schenk (2013) and Bland (2013)
both used finite element simulations of crater relaxation to predict that a Cerean crust volumetrically domi-
nated by ice to depths of a kilometer to tens of kilometers would cause rapid crater relaxation near Ceres’
equator and produce strong latitudinal trends in crater density. Bland (2013) also predicted that a silicate-
dominated shell would produce negligible crater relaxation. This analysis suggested details of subsurface
stratigraphy could be inferred from comparisons of large-scale crater morphology to relaxation models,
and that more generally, very shallow impact structures and regional deficits in crater density would be indi-
cators of high ice content.

The expectation of a mixed ice-silicate target material also led us to predict the production of craters with
layered ejecta, analogous to craters observed on Mars and Ganymede with distinctive, high-standing lobate
margins and evidence of postdepositional flow (Barlow et al., 2000). Similarly, analogies with Mars sug-
gested mass wasting features with characteristics of terrestrial and Martian rock glaciers (i.e., steep-toed,
lobate margins, and streamlined furrows) might occur at locations where impact heating produced tempera-
tures high enough to allow for ductile creep. Thus, we searched for lobate features with evidence for flow or
creep, inside and outside of craters, as well as abnormally shallow impact structures.

2.1.2. Search Criteria: Mountains and Hills

Prior to Dawn’s arrival at Ceres, two lines of reasoning suggested that Ceres might host distinct domical to
conical hills and mountains linked to upwelling of ice-rich material. First, the predictions of an icy outer
shell and possible persistent brine layers or inclusions (Castillo-Rogez & McCord, 2010) suggested analogies
with icy outer solar system worlds and the possibility of cryovolcanism (Kargel, 1991). On Europa, a variety
of multikilometer scale domes have been observed and attributed variously to melting, intrusion, diapirism,
and cryovolcanic extrusion (Culha & Manga, 2016; Fagents, 2003; Pappalardo et al., 1999; Pappalardo &
Barr, 2004; Quick et al., 2017; Schmidt et al., 2011). Similarly, hills and mounds in the Sotra region of
Titan have been hypothesized to be cryovolcanic (Lopes et al., 2013) or arise from other endogenic activity.
The Europan and Titanian features suggested that the occurrence of domes, mounds, or cones with dia-
meters of kilometer to tens of kilometers and relief of hundreds of meters to kilometers might indicate endo-
genic processes if observed on Ceres.

Second, the expectation that Ceres’ outermost shell would consist of an intimate mixture of ice and silicates
suggested to us that periglacial morphology observed on Earth and Mars might occur on Ceres, particularly
in regions where impacts had produced transient melt and refreezing. The type of periglacial feature we
thought most likely to be resolved in Framing Camera (FC) images (anticipated pixel scales >35 m per pixel)
was pingos. Pingos are ice-cored hills tens to hundreds of meters in diameter that develop via cryosuction
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during the progressive freezing of surface lakes or shallow-subsurface water reservoirs. Pingos are observed
extensively in terrestrial permafrost regions, and candidates have been identified and vetted at a variety of
locations on Mars (Dundas & McEwen, 2010).

The domes of Europa and Titan, as well as terrestrial and Martian pingos, are sometimes associated with pits
or depressions of comparable scale (e.g., Dundas & McEwen, 2010; Pappalardo et al., 1998). The domes in
Titan’s Sotra region are associated with both craters and flows (Lopes et al., 2013). Because pits and depres-
sions can be produced by a variety of geophysical processes (including impacts and sublimation), we consid-
ered domes to be less ambiguous markers of endogenic activity. Thus, we searched for distinct, isolated,
positive topography features in the diameter range < 1 km to tens of kilometers on Ceres. We searched pre-
ferentially for features that were round in planform, with domical or conical elevation profiles. We did not
establish a priori criteria for the presence of pits, flows, embayment relationships, or fractures in our identi-
fication of positive topography features.

2.1.3. Search Criteria: Sublimation Terrains

Sublimation of surface and subsurface ices is a solar system wide process that influences the morphology of
multiple planetary bodies (Mangold, 2011; Moore et al., 1996), including Mercury, Earth, Mars, Callisto,
Ganymede, Europa, Iapetus, and Pluto (Blewett et al., 2011; Giese et al., 2008; Marchant et al., 2002;
Milliken & Mustard, 2003; Moore et al., 2016; Soderblom, Kreidler, & Masursky, 1973). Ceres was expected
to exhibit morphology linked to sublimation, based on observations of pits, depressions, and scarps on a vari-
ety of airless solar system bodies and Mars. On airless bodies, morphology linked to sublimation can occur at
local (Mercury), regional (Ganymede), and near-global scales (Callisto). Early simulations of ice sublimation
in the asteroid belt (Fanale & Salvail, 1989; Schorghofer, 2008) predicted that the distribution of ice burial
depths on Ceres would be analogous to Mars and further predicted that thin transient surface ice deposits
might occur near Ceres’ poles. Together, these predictions suggested to us that pitted and dissected terrains
might occur extensively on Ceres and, moreover, that the scale and morphology of pits and scarps might
depend strongly on latitude. On Mars, sublimation pits and scarps occur at spatial scales ranging from hun-
dreds of kilometers (Soderblom, Kreidler, & Masursky, 1973) to meters (Schon et al., 2009; Searls et al., 2007).
Martian polar landscapes dominated by ice loss were first recognized in Mariner 7 and Mariner 9 images
(Cutts et al., 1971; Sharp et al., 1971; Soderblom, Malin, et al., 1973). Subsequent higher-resolution imaging
by the Viking Orbiters, Mars Global Surveyor, Mars Odyssey, Mars Reconnaissance Orbiter, and Mars
Express has revealed sublimation morphology at progressively smaller spatial scales at all latitudes (e.g.,
Byrne & Ingersoll, 2003). By analogy, we expected the occurrence, size, style, and spatial concentration of pits
and scarps to serve as potential indicators of ice concentration and burial depth on Ceres, with regional var-
iations potentially indicating areas of enhanced or depleted ice concentration and/or resurfacing processes.

Our criteria for identification of pits, depressions, and pit clusters relevant to volatiles were the presence of
(1) rimless depressions, with (2) round-to-irregular, elongate, branching, or polygonal margins, and exhibit-
ing (3) overlapping or repeating patterns (Sizemore et al., 2017). We based these criteria primarily on char-
acteristics of the Martian “Swiss Cheese” and dissected mantle terrains (Malin et al., 2001; Milliken &
Mustard, 2003), the morphology of pitted materials inferred to be volatile rich in craters on Vesta, Mars,
and Mercury (Blewett et al., 2011; Denevi et al., 2012; Tornabene et al., 2012), and reviews of ice sublimation
as a geomorphic process (Mangold, 2011; Moore et al., 1996). These criteria explicitly include features pro-
duced by long-term sublimation of ices at local average temperatures, as well as features produced by rapid,
high-temperature outgassing as a result of impact heating.

2.1.4. Search Criteria: Polygonal Patterned Ground

Thermal contraction polygons are a class of small-scale periglacial features that occur on both Earth and
Mars due to repeated seasonal cooling and contraction of ice-cemented soils. Cracks form in ice-rich ground
when tensile stresses caused by dropping temperatures exceed the tensile strength of the ice-rich soil matrix.
Once formed, a crack may fill with surface melt water (on Earth), or soil/regolith (on Earth and Mars), lead-
ing to a progressive widening and deepening of the stress-relieving fracture by an ice or soil wedge. Typically,
many intersecting cracks form, producing a honeycomb network of fractures horizontally spaced at dis-
tances of a few to hundreds of meters and penetrating to depths of several meters (Mangold, 2005; Mellon
etal., 1997). The resulting hummocky patterned ground is often made more distinct by preferential sublima-
tion of ice at troughs associated with cracks and/or by preferential accumulation of boulders in troughs and
trough intersections.
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On Ceres, equatorial temperatures are comparable to temperatures at the Martian poles, and polar tempera-
tures are ~50 K lower. Colder temperatures produce a more brittle ice-silicate matrix, generally favoring
polygon formation (Mellon et al., 1997). However, Ceres’ year is about 2.5 times longer than the Martian
year, and the dwarf planet’s low obliquity produces low amplitude seasonal temperature oscillations
(<20 °C at Ceres’ subsolar point, compared to ~35 °C on Mars), which can allow stresses to dissipate, allow-
ing fractures to occur at wider spacings or preventing their formation entirely. Thus, if polygons form on
Ceres, their characteristic length scale could be larger than on Mars, where the more rapid seasonal buildup
of stresses forces polygons to subdivide.

We considered the detection of polygons on Ceres to be somewhat unlikely, because only the largest Martian
features (~300-m diameter) could be resolved in FC images and because any Cerean polygons should prefer-
entially occur at high latitudes, where ground ice was predicted to be shallowly buried, but lighting condi-
tions are not favorable for detection of marginally resolved features. Nonetheless, we searched for groups
of polygonal features <1 km in diameter and surface textures analogous to Martian “basketball” terrains,
which provided the first indication of extensive polygons in the Martian high latitudes from low resolution
images (Mustard et al., 2001).

2.2. Search Procedures

We carried out systematic global searches for features of interest (section 2.1) in individual FC images and
global and regional mosaics during each of Dawn’s mapping orbits at Ceres, beginning with Rotational
Characterization 3 (RC3; 1.3 km per pixel), and continuing through Survey (410 m per pixel), High
Altitude Mapping Orbit (HAMO; 140 m per pixel), and Low Altitude Mapping Orbit (LAMO; 35 m per pixel).
As each global data set became available, it was searched independently, then features identified in previous,
lower resolution data sets were reevaluated and interpreted based on the highest resolution images and digi-
tal terrain models. Although pre-Dawn-arrival predictions guided our searches, we identified and mapped
some features that had clear relevance to water ice that we had not specifically anticipated. We grouped
identified landforms into descriptive feature classes and evaluated their relevance to ice based on morpho-
logical comparisons to features identified elsewhere in the solar system, geological setting, compositional
constraints from VIR, GRaND, and gravity data, and numerical modeling. This effort took place in parallel
with the LAMO-based quadrangle mapping effort (D. A. Williams et al., 2017) and utilized the ArcGIS soft-
ware package. The final list of included feature classes was informed by collaborative decisions made in the
production of the geologic maps. Our final catalog and feature maps include both (1) features for which there
is substantial evidence that ice played a key role in landscape development and (2) features for which there is
a circumstantial case for ice or volatile involvement and which merit further scrutiny in the event of a future
Ceres mission. Here we describe the defining characteristics, classification, and global distribution of these
features and discuss implications for local and regional variations in subsurface ice content and the evolu-
tion of the Cerean cryosphere. More detailed analysis of individual feature types is presented by Chilton
et al. (2019), Duarte et al. (2019), Hughson et al. (2019), Buczkowski et al. (2018), and Otto et al. (2019).

3. Results

We identified eight broad classes of features with clear or potential relevance to ground ice: relaxed craters
(section 3.1.1), central pit craters (section 3.1.2), large domes (section 3.2.1), small mounds (section 3.2.2),
lobate landslides and ejecta (section 3.3), pitted materials (section 3.4), depressions and scarps (section 3.4),
and fractures, grooves, and channels (section 3.5). Characteristics of these feature classes, evidence linking
their formation to ice, and inferences about ice concentration and distribution that can be drawn from
their analysis are described below. Some features that were predicted to occur on Ceres were not
observed; their nondetection is discussed in section 3.6. Selection biases affecting the interpretation of
the entire data set are discussed in section 4.3.

3.1. Large-Scale Crater Morphology

3.1.1. Relaxed Craters

We identified five large, shallow craters with morphology and depth (d) to diameter (D) ratio (d/D) consistent
with relaxation of a water ice-dominated target material based on comparisons to rheological simulations of
crater relaxation (Bland et al., 2016). These include Coniraya, Kumitoga, Kerwan, Omonga, and Geshtin cra-
ters, as well as an unnamed crater in the southern hemisphere (Table 1 and supporting information S1).
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Table 1 Figure 1 shows a map of the global distribution of large relaxed craters and
Locations, Diameters, and Depths of Relaxed Craters central pit craters (section 3.1.2). Figure 2 shows the topography of
Crater Diameter Apparent  Expected Coniraya, Kumitoga, Geshtin, and Kerwan. A number of smaller, shallow
pame Latitude Longitude  (km)  depth (km) depth(km)  craters were observed but are not cataloged here because it is unclear if
Coniraya 40 66 135 0.5 4-5km they are relaxed or heavily degraded by subsequent impacts. Geshtin crater
Geshtin 57 -101 80 2 2.5-3.5 is included in our inventory as an explicitly marginal case that illustrates
Omonga 58 72 77 2 2.5-35 this ambiguity. On average, the apparent depth of Geshtin (depth mea-
LU -10 179 %6 25 34 sured relative to the surrounding terrain) is ~2 km; apparent depth at some
Unnamed —-29 —167 85 0.5-1 2.5-3.5 K R K X |

Kerwan 11 124 280 <1-5 6-8 floor locations is as high as 3 km. Datan crater overprints Geshtin, and

Note. Expected depths are based on measurements of craters of equivalent
diameter on Ceres and Tethys. All depths are relative to the surrounding

terrain, not crater rims.

Datan ejecta may contribute up to 1 km of material to the Geshtin floor,
making it unclear if relaxation or degradation by subsequent impacts and
landslides (section 3.3) is the dominant factor controlling Geshtin’s mor-
phology. Other members of the feature class are less ambiguously shallow.
Notably, all the identified relaxed craters occur in close proximity to craters of similar age with well-preserved
topography, indicating strong compositional heterogeneities on vertical and lateral length scales of tens of
kilometers. Kerwan crater exhibits distinctive topography in which outer portions are relaxed, but the central
portion is not. Comparisons to numerical simulations of viscous relaxation of heterogeneous subsurfaces sug-
gest this unique topography is most consistent with devolatilization of a plug of material at Kerwan’s center by
the impact itself (Bland, Ermakov, et al., 2018).

The majority of Ceres’ abundant craters are not relaxed. Dramatic crater topography and a globally high cra-
ter density were apparent immediately upon Dawn’s arrival at Ceres (Buczkowski et al., 2016). Comparisons
of d/D for Ceres’ largest craters to finite element simulations of viscous relaxation indicated that most had
experienced negligible relaxation (Bland et al., 2016) and suggested that Ceres was less ice-rich than antici-
pated. At the same time, morphological analysis indicated that the transition from simple to complex craters
on Ceres occurred at a d/D consistent with icy Saturnian satellites and inconsistent with rocky bodies
(Hiesinger et al., 2016). Together, these two lines of analysis indicated that Ceres’ crust (roughly Ceres’ outer
40 km; Fu et al., 2017) is composed of a material that behaved like ice on short timescales/high strain rates
and like rock on long timescales/low strain rates. Bland et al. (2016) concluded that an outer shell composed
of <35 vol. % ice could produce the observed rheology. Later comparisons of global topography and gravity
data (Ermakov, Fu, et al., 2017; Fu et al., 2017) specifically favored a three-component mixture of <25 vol. %
water ice, <29% carbonates and phyllosilicates, and >36 % high strength hydrated phases, for example, clath-
rates and hydrated salts, which are both predicted to be present based on geochemical modeling (Castillo-
Rogez et al., 2018). The unique global-scale rheology, and the likely abundance of high-strength, low-density,
water-bearing phases in the crust introduces unique challenges for interpreting the role of ice in Cerean land-
scape development. In high temperature processes, ice, clathrate, and hydrated salts can all supply water

90*

30°

o . |

-30°

-60

-90°

30" 60" 920" 120° 150° 180° 210° 2407 270° 300° 3307 360°

Figure 1. The global distribution of relaxed craters (horizontal orange hash marks) and central pit craters (vertical blue
hash marks). The base image is the global Low Altitude Mapping Orbit mosaic (35 m per pixel) courtesy of the German
Aerospace Center (DLR).
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Figure 2. Examples of relaxed craters identified via comparison of topographic shape models to simulations of viscous
relaxation. High Altitude Mapping Orbit colorized topography (60 pixel per degree), courtesy of DLR. (a) Coniraya
Crater, (b) Kumitoga Crater, (c) Geshtin Crater, and (d) Kerwan crater.

vapor or liquids that contribute to final observed morphology. At lower temperatures and on longer time-
scales, the behavior of low-density high-strength materials is difficult to distinguish from the behavior of sili-
cates. Thus, small variations in total ice content or temperature can have a dramatic effect on resultant
morphology. Also, at low temperatures, there is a semantic choice to be made concerning whether clathrate
hydrate falls under the broad definition of “ground ice.” On Earth, clathrates are an intrinsic component of
the permafrost (Kargel & Lunine, 1998); thus, an inferred abundance of clathrates on Ceres should not be

Table 2
Central Pit Craters

Diameter Depth  Central
Name Latitude  Longitude (km) (km)  feature
Dantu 24.1 138.8 120.4 4.8 Pit
Chaminuka —59 131 109 4.8 Pit
Kumitoga —10 179 96 Pit
Occator 19.6 239.7 89.8 3.7 Pit
Toharu —48.5 155 82 49 Pit/peak
Gaue 30.3 86 78.2 4.3 Pit
Nawish 18.2 193.8 76 Pit
Unnamed =175 225.4 71.4 Pit/peak
Kaikara 41.8 222.2 68 Pit?
Jarimba —24 21 67 Pit
Unnamed 78 161 28.9 Peak/pit

interpreted as a deficit of ice. We revisit these themes in subsequent sec-
tions and make distinctions between conventional water ice and low-
density water-bearing phases where possible. In the case of the relaxed
craters mapped in Figure 1, these craters indicate locations where conven-
tional water ice comprises >40 vol. % of the crust (Bland et al., 2016).
3.1.2. Central Pit Craters

Contrary to expectations, Cerean craters in the diameter range ~70 to
150 km commonly exhibit central depressions or pits, rather than the
anticipated conical central peaks. In a global survey of well-preserved cra-
ter morphologies, ~11 out of 14 craters between 75 and 200 km across
whose central structures were not obscured by postimpact modification
possess partially rimmed central depressions or pits (Scully, Russell,
etal., 2018). Several more degraded craters also show evidence of a central
depression. We mapped 11 examples in the feature class central pit craters
(Table 2, Figure 1 and supporting information S1). Occator crater is the
youngest and best-preserved example in this class.
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Figure 3. Examples of central pit craters excerpted from the global Low Altitude Mapping Orbit mosaic (35 m per pixel)
overlaid with High Altitude Mapping Orbit color topography, both courtesy of DLR. (a) Gaue crater, (b) Dantu crater,
(c) Nawish crater, and (d) Jarimba.

Figure 3 shows examples of central pits in Gaue, Dantu, Nawish, and Jarimba craters. Our catalog explicity
includes very well preserved, unambiguous central pits (e.g., Gaue, Figure 3a) and more degraded individual
examples that might alternatively be interpreted as small impact craters on the host crater floor (e.g., Jarima,
Figure 3d). In all cataloged examples, the pit rim is asymmetric and usually incomplete (e.g., Figure 3b). The
pit rim is raised above the crater floor, typically consisting of angular massifs or amphitheater enclosures.
Some high-latitude examples (Toharu and Cahminuka) have steeply ramping pit walls that elevate the pit
floor above the level of the crater floor. The Occator central pit is not pictured in Figure 3; it is the only cen-
tral pit crater on Ceres that also possesses an interior central dome (Figure 7a and section 3.2.2). Central
pit/dome complexes are common on Ganymede, so it is unclear if dome formation at Occator was a unique
event on Ceres, or if central domes are fragile and have been destroyed in older Cerean craters.

The observation of central pits on Ceres was surprising, both because of the lack of comparable structures on
the similarly sized Saturnian satellites and because analysis of central pit craters in the ~30-60-km range on
Ganymede and Callisto had suggested that central pits could not develop on lower gravity bodies (Schenk,
1993). Central pit craters with morphologies directly analogous to the Cerean features have been observed
on Ganymede and Callisto since the Voyager era (e.g., Alzate & Barlow, 2011; Passey & Shoemaker, 1982;
Schenk, 1993). They are the dominant crater class in the >25-km range on both bodies, and they fall into
two gradational classes: central pit and central dome craters (Schenk, 1993; Schenk et al., 2004), both of
which are observed on Ceres. The observation of central pit craters on Ceres also establishes an unantici-
pated parallel with Mars, where central pits occur sporadically in a variety of craters (Barlow, 2006).

The formation of central pits is poorly understood. Four development models have been proposed, all of
them dependent upon the availability of water or ice. The first model contends that pits are formed via a
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Table 3 vapor explosion resulting from rapid heating of subsurface volatiles
Large Domes (Wood et al., 1978; N. Williams et al., 2014). In the second model, central
Object ID Latitude Longitude IAU* name Figure  pits form via the collapse of a mechanically weak icy central peak (Croft,
1 12.8 4.9 @ 1983; Melosh, 1982). A third model suggests that impacts into layered
2 5.7 27 6a “brittle/ductile” ice-rich targets produce a pit/dome morphology via uplift
3 -12.5 5.2 of the ductile lower layer and displacement of the brittle layer. Finally, a
4 —25.0 5.8 Wangala Tholus 5t fourth model hypothesizes the formation of the central pit via collapse
Z :igg igi sk or draining of a “hot plug” of liquid water from the central uplift (Bray
7 _1 4:0 _139:2 et al., 2012; Croft, 1983; Senft & Steward, 2011). Based on their analysis
8 ~149 —43.9 of Occator crater, Scully, Russell, et al. (2018) concluded that the hot plug
9 —114 —43.6 Ahuna Mons 5a model is most likely to have formed the Cerean central pit craters, but
10 =39 —36.1 5g they emphasized that no model fully explains the observations. Testing
E ;gi :zg; of the proposed models in the Jupiter system has been stymied by the lack
13 32 _395 Hosil Tholus 6h of high-resolution image data from Galileo, although abundant high-
14 4.4 _98.7 resolution data have allowed detailed analysis of Martian central pit cra-
15 —68.3 —124.0 5b ters (Nuhn, 2014). Recent comparative analysis of central pit craters on
16 —19.0 —6.5 . 6e Mars, Ganymede, and Callisto, as well as the Moon and Mercury, suggests
i; 523 7152:; DS 2 Taies 22 the possibility of new formation models while simultaneously challenging
19 41 —79.9 the essential role of volatiles in central pit formation (Barlow &
20 28.4 —24.4 Aymuray Tholi Tornabene, 2018). Ongoing analysis of the Cerean features and compari-
21 41.8 9.7 Cosecha Tholus 5e sons to future high-resolution imaging of the Galilean satellites will likely
22 18.1 —50.1 provide insights into central pit formation as a solar-system-wide process.
23 85.6 —0.6 Yamor Mons
24 —43.2 —78.8 Nar Sulcus 5§ 3.2. Mountains and Hills
26 21.2 113.6 6b 3.2.1. Large Domes
2 —4.9 =351 . ) . We identified two populations of positive topography features and defined
28 >9 —492 Llperéha Mons oL two feature classes based on size and morphology: large domes and small
29 38.4 —66.6 Mikeli Tholus 6g
30 327 338 Kwanzaa Tholus 6d mounds. The large domes feature class consists of 32 domical to conical
32 17.2 —42.7 mountains exhibiting relief of ~1-6 km and diameters of ~30 to 120 km
33 4.4 —66.9

(Table 3 and supporting information S1). The majority of features in this

*International Astronomical Union.

class were apparent in RC3 images, including Ahuna Mons (Ruesch

et al., 2016) and the large named tholi (D. A. Williams et al., 2017). We
defined the feature class and produced the first global distribution map using RC3 and Survey images
(Buczkowski et al., 2016). We expanded the feature class to include low aspect ratio features such as
Liberalia Mons based on HAMO and LAMO data (e.g., Platz et al., 2018).

Figure 4 shows the global distribution of large domes, which occur preferentially in low elevation regions or
planitiae. Three of these low elevation regions have been identified as potential ancient impact basins by
Marchi et al. (2016). Indeed, the majority of features in the large domes class are inside or adjacent to basin
B. All but two of the remaining examples are associated with basins A and C, and younger, better-preserved
impact craters (e.g., Yalode and Duginavi). Ahuna Mons, which is a unique member of the feature class in
terms of its extremely young age (<200 Myr; Ruesch et al., 2016), high aspect ratio, and pristine morphology,
is positioned near the center of basin B and near the rim of an unnamed degraded basin that postdates basin
B and predates Yalode basin to the southwest (Crown et al., 2018; Platz et al., 2018).

The majority of features in the large domes class appear to be ancient. Their surfaces are heavily cratered,
and the large-scale structure of several individual features has been disrupted or modified by large impacts
(e.g., Figure 5). In general, identification of geologic unit boundaries on Ceres is difficult in all but the young-
est regions (e.g., Crown et al., 2018); the surface is heavily cratered at all scales and has a softened, muted
character, typically with gradual transitions between terrain types. The visual homogeneity of the Cerean
surface is particularly apparent in morphologic analysis of the large domes, whose surface materials are typi-
cally not distinguishable from the surrounding flat-lying terrain in terms of texture or albedo. During the
LAMO-based quadrangle mapping effort (D. A. Williams et al., 2017), many of the large domes were mapped
as structures inside regions of cratered terrain. Other, more prominent domes were mapped as tholus mate-
rial in the quadrangle maps (e.g., Hughson et al., 2018; Platz et al., 2018); however, unit boundaries were
mapped as approximate and were based on large-scale topography rather than visual differences between
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Figure 4. Global distribution of features in the large domes class in Mollweide (a) and equidistant (b) projections.
Mountains are indicated by gray polygons; the color basemap indicates elevations derived from the High Altitude
Mapping Orbit shape model (60 pixel per degree), courtesy of DLR. Domes occur preferentially in low-elevation regions
and degraded impact basins (black-dashed lines) identified by Marchi et al. (2016). The majority of the identified domes
are associated with basin B.

materials on and off the dome structures. The exceptional case is Ahuna Mons, which exhibits a pristine,
nearly crater-free, high-albedo surface, sharp visual boundaries, and clear superposition relationships
with the surrounding terrain (e.g., Platz et al., 2018; Ruesch et al., 2016).

Figure 5 shows examples of typical features in the large domes class. Figures 5a-5d highlight sharply peaked,
high aspect ratio features, including Ahuna Mons, Yamor Mons, and two unnamed mountains (features 15
and 18). Three out of four features with this character occur poleward of 55° latitude. Ahuna Mons at 11°
south is, again, the notable exception. Figures 5e-5h highlight more rounded, classically domical features
with slightly lower aspect ratios, which are sometimes disrupted by large impact craters and occur widely
in the middle and low latitudes. Figures 5i-5k show some of the most flattened features in the class, includ-
ing Liberalia Mons, the large dome associated with the fracture system Nar Sulcus inside Yalode basin and
an unnamed dome in the southern hemisphere.

Figure 6 shows examples of the smallest and most atypical members of the large domes feature class. A clus-
ter of small, elongated domes to the west of Haulani crater is particularly noteworthy in this subgroup. These
unnamed features exhibit relief of 1-2 km and diameters <40 km in one of the highest albedo regions on
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Figure 5. Examples of large domes. (a)-(c), (e)—-(g), and (i)-(k) show color topography (High Altitude Mapping Orbit) overlaid on excerpts from the global grayscale
image mosaic (Low Altitude Mapping Orbit), both courtesy of DLR. (d), (h), and (i) show topographic profiles across individual features highlighted in each
row, respectively. In each profile panel, the profiles of Ahuna Mons (red solid line) and Yamore Mons (green solid line; not pictured) are shown for reference.
(a)-(d) highlight sharply peaked mountains, including Ahuna Mons (a), Yamor Mons, and two unnamed features (b and c). (e)-(h) highlight broader, more
rounded features that typify the large domes feature class. (i)-(1) highlight some of the broadest and most gently sloping of the domical features, including Liberalia
Mons (i), and a broad fractured uplift comprising the western portion of the central ring structure in Yalode Basin (j).

Ceres. Bright ejecta material from Haulani crater blankets the domes, and their proximity to the Haulani rim
suggests that the impact may have excavated material involved in dome formation. The Haulani ejecta
materials show both mineralogical and morphological evidence of high volatile content, in the form of
abundant carbonates and pitted materials (section 3.4), respectively (de Sanctis et al., 2016; Sizemore
et al., 2017). Figure 6 also highlights a small number of diffuse features whose inclusion in the large
domes feature class was marginal. Figure 6h shows a particularly ambiguous feature (#14) in the western
half of Kirnis crater, which was flagged as a candidate in separate searches for domes, partially relaxed
craters, and degraded landslides. We ultimately categorized it as a dome for two reasons. First, the intact
western rim of Kirnis does not support a landslide interpretation. The relaxed crater interpretation is
more difficult to discount; however, the northern, eastern, and southern margins of feature 14 are
topographically distinct from their surroundings and round in plan form, suggesting an isolated uplift in a
setting similar to Cosecha Tholus (Figure 5e, feature 21).

The broad similarities in morphology and setting of features in the large domes class suggest that subgroups
of these features, or perhaps the entire class, share a common formation mechanism. Buczkowski et al.
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Figure 6. Examples of small, degraded, and ambiguous domical features. As in Figure 3, panels on the left show color topography (High Altitude Mapping Orbit)
overlaid on excerpts from the global grayscale image mosaic (Low Altitude Mapping Orbit, 35 m per pixel), both courtesy of DLR. Panels in the right-hand
column show topographic profiles across individual features highlighted in each row. In each profile panel, Ahuna Mons is shown in solid red for reference.
(a)~(c) highlight some of the smaller features in the “large dome” feature class with distinct domical shapes, including three clustered features west of Haulani (a).
(d)—(f) highlight two features that exhibit some ambiguity between degraded domical features and impact materials, including Kwanzaa Tholus and a small feature
adjacent to a comparably sized impact crater. (g)-(i) highlight degraded features with subtle topography, including the dome in the western half of Kirnis crater.

(2016) proposed that salt diapirism or cryovolcanism might be responsible for the development of Cosecha
Tholus and similar features. Based on geomorphic analysis and rheological modeling, Ruesch et al. (2016)
interpreted Ahuna Mons to be a young, cryovolcanic edifice. Based on independent rheological modeling,
Sori et al. (2017) speculated that lower aspect ratio features in the large domes class might represent
ancient versions of Ahuna Mons, which viscously relaxed to a flatter domical shape due to moderate-to-
high ice content over timescales of tens of megayears or longer. Clear morphological evidence of an
extrusive cryovolcanic origin is lacking in these 31 older features. They are not associated with evidence
for flow, and none exhibits summit craters that are clearly of nonimpact origin. Bland, Sizemore, et al.
(2018) hypothesized that some of the domes may form via solid state ice diapirism driven by pressure
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gradients in the subsurface resulting from differential topographic loading (e.g., due to crater excavation).
Indeed, both intrusive and extrusive process may contribute to the observed dome population.

We have highlighted the inclusion of marginal members of the large domes class to emphasize that forma-
tion mechanisms unrelated to ice and volatiles are possible for some individual features. In particular, the
history of multiple impacts everywhere on the surface introduces the possibility that individual degraded
members of the large domes class were formed as central peaks or peak rings or by mutual interference of
overlapping crater rims (e.g., McCoy et al., 2008). Distinguishing between features of particular geological
interest and features generated by multiple impacts is a central difficulty in interpreting the morphology
of Ceres or any other heavily cratered body. Despite this ambiguity for the most degraded large domes,
the formation of the majority of features in the class is difficult to explain by impact processes alone.

No origin hypothesis for the unambiguous large domes has emerged that does not involve upward motion of
ice, brines, or ice/brine/silicate slurries in some form. The association of the domes with large impact struc-
tures (~150-650 km in diameter) is qualitatively consistent with a cryovolcanic or cryomagmatic origin,
because the impact could access deep layers of mobile material and/or produce pockets of melt (Bowling
et al., 2016, 2018; Hesse & Castillo-Rogez, 2018). Fractures due to impacts could serve as conduits for mobile
materials. The arrangement of dome features in the basin B region is suggestive of a relict multiring struc-
ture, suggesting fractures associated with the development of the ring structure may have been exploited
by cryomagmas. Similarly, the fractured dome in western Yalode Basin (Nar Sulcus) is part of an inner ring
structure; and a variety of other domes, including Ahuna Mons, occur at or near basin rims. The exposure of
bright material in fresh impact craters (Haulani, Oxo) near domes (feature 21, Cosecha Tholus, and features
1,2, and 17) is also suggestive of the involvement of volatile- and salt-rich material in dome formation. Thus,
the key questions posed by the presence of these features on Ceres are the following: (1) Are individual large
domes intrusive or extrusive constructs or some combination of the two? (2) What is the composition and
source region of the mobile material that contributes to their formation? and (3) How old are they? Work
to answer these questions is ongoing. Sori et al. (2018) compared the aspect ratios of 22 of the 32 identified
domes to rheological simulations of the relaxation of Ahuna-like constructs at a range of latitudes. Their
analysis indicates that the domes’ observed aspect ratios are consistent with formation via extrusion of
material composed of >40 vol % ice, with formation occurring over the last several 100 Myr. Bland,
Sizemore, et al. (2018) have explored the alternative hypothesis that domes develop via solid state diapirism
driven by buoyancy of a low-viscosity, low-density layer combined with differential topographic loading.
Simulations of this process show promise for explaining the geometry of the domes located off-center in
crater floors (e.g., Cosecha Tholus). Notably, these simulations require the presence of a low-viscosity,
low-density material with properties similar to ice at depths of a few to >10 km. In reality, the extrusion
and solid-state diapirism models are likely endmembers, and the observed large dome population may
reflect a continuum of features produced by the upward movement of water-ice rich material from depth.
Future analysis may be able to elucidate details of reservoir depth, cryomagma composition, and ascent
mechanisms for individual features.

3.2.2. Small Mounds

Unlike the relatively homogenous large domes class, the small mounds feature class is composed of morpho-
logically diverse features exhibiting topographic relief of hundreds of meters and diameters <10 km (Table 4
and supporting information S1). Figure 7 illustrates the diversity of the small mounds we identified; Figure 8
shows their global distribution. Based on their varied settings and morphologic diversity, individual features
of the small mounds class likely do not share a single formation mechanism. They are described and cata-
loged here as candidate cryovolcanic or periglacial features for future investigation, although some features
in this class may have been formed by impact processes that do not require a volatile rich target. We note
where individual features and groups of features have greater or lesser likelihood of icy origin.

Figure 7a shows the most distinctive feature in this class, the fractured dome (~3-km diameter; ~750 m high)
inside the central pit (~10 km wide; ~1 km deep) of Occator crater, with its overlying bright deposit, Cerealia
Facula. Schenk et al. (2018) analyzed the morphology of this dome in the context of post impact modification
of Occator crater. They proposed that it was uplifted by laccolithic intrusion or formed by volume expansion
due to freezing of a reservoir of brines. Further, they argued that this uplift occurred long after the Occator
forming impact. An open question in the analysis of the Occator central dome and bright deposits (faculae) is
whether the liquids implicated in their formation were produced by the impact and persisted over millions of
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Figure 7. Examples of some of the diverse features included in the small mounds feature class. Red arrows indicate smaller-scale mounds. (a) Central dome at
Cerealia Facula in Occator Crater, (b) south eastern floor of Urvara Crater, (c) eastern floor of Yalode Crater, (d) mounds near central pit at Gaue Crater,
(e) eastern floor of Kerwan Crater, and (f) irregular mounds on southern Occator crater floor.

years (Bowling et al., 2016, 2018), or if the liquids were mobilized by the crystallization of a preexisting
subsurface fluid reservoir (Quick et al., 2018), or if both mechanisms have been at play.

Figure 5b shows an irregular dome inside a surrounding moat in the southeastern floor of Urvara crater (dia-
meter ~8-9 km). Figure 7c shows three conical hills with summit depressions on the eastern floor of Yalode
crater (diameter of ~2-5 km). Notably, these features are superposed on the central ring structure of Yalode,
~180° from Nar Sulcus and its associated large dome. Figure 7d shows three small hills near the central pit of
Gaue crater, one of which is disrupted by radial fractures (diameters ~1-2 km). Figure 7e shows an isolated
conical hill interior to the eastern rim of Kerwan crater (diameter ~6 km; height ~1.2 km). Figure 7f shows a
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Figure 8. Global distribution of small mounds (white crosses) on the global Low Altitude Mapping Orbit mosaic (35 m per
pixel) courtesy of DLR. See also Table 3.

cluster of rounded hummocks on the floor of Occator crater. Three of the Occator features (diameters ~0.75-
1.6 km) are included in our catalog as explicitly marginal pingo candidates. A similar hummocky feature on
the floor of Urvara (not pictured) is also included in the catalog (see below).

The Occator dome is by far the best candidate pingo or cryovolcanic feature in the small mounds class, based
on its domical morphology, surface fracturing, and association with bright carbonate materials (facula). We
also considered the small mounds identified in Yalode and Kerwan basins to be candidate cryovolcanoes
based on their conical shape and their settings at large basin rims and central rings, which parallel the set-
tings of many large domes. All other small domes we mapped are included in our catalog due to their occur-
rence in smooth crater material that has been widely interpreted as an impact melt consisting of a slurry of
water, soluble salts, and boulders of silicates, insoluble salts, and perhaps ice (sections 3.4 and 3.5; e.g.,
Scully, Buczkowski, et al., 2018). This material would be well suited for pingo development on refreezing
if H,0 volume fractions exceeded ~30-40%. The features on the floor of Gaue crater have the highest poten-
tial relevance to pingos, because one of them exhibits radial fractures analogous to fracturing observed in
terrestrial and Martian permafrost settings, and similar to the Cerealia Facula dome (e.g., Dundas &
McEwen, 2010). Their setting in a central pit crater also independently suggests an ice/volatile rich substrate
(Hiesinger et al., 2016).

Mounds and hummocks on the Urvara and Occator crater floors are less promising pingo candidates, as
their morphology is not distinct from features in the impact melt sheets of lunar craters (Hiesinger et al.,
2016). Scully, Russell, et al. (2018) and Buczkowski et al. (2016) interpreted them as uplifted megablocks
or impact debris entrained in crater floor material. We have retained them in our catalog because hydrocode
simulations of Cerean impacts and thermal arguments preclude the production of silicate melt, requiring the
presence of water for ejecta fluidization (Bowling et al., 2018, 2016). Pitted materials (section 3.3) and frac-
tures, grooves, and channels (section 3.4) associated with these two host craters also indicate the presence of
water (ice or low-density phases) in the target material and resultant ejecta deposits. Future high-resolution
comparisons between, for example, the Occator hummocky mounds and mounds in Gaue may yield insights
into the concentration, continuity, and phase partitioning of H,O in Ceres’ ejecta deposits.

3.3. Lobate Landslides and Ejecta

We identified a variety of distinctive flow features associated with craters in early HAMO images. These fea-
tures were categorized into three morphological types, based on their setting, thickness, runout length, and
texture (Buczkowski et al., 2016; Schmidt et al., 2017). Type 1 features (Figure 9a) typically emanate into a
large crater and originate from a smaller impact structure near the large crater rim (cf. Boyce et al., 2016,
and references therein). They are characterized by their vertical thickness (hundreds of meters), distinct
lobate toes, surface furrows, and occurrence on steep slopes. They are interpreted as impact-triggered
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Figure 9. Examples of landslide and ejecta features discussed by Buczkowski et al. (2016), Schmidt et al. (2017), Chilton et al. (2019), Duarte et al. (2019), and
Hughson et al. (2019). (a) and (b) show feature types 1 and 2, respectively, as defined by Buczkowski et al. (2016). (c) shows an intermediate type (1-2) feature
as analyzed by Duarte et al. (d)—(f) show type 3 features as defined by Buczkowski et al. (2016) and the range of low (e) and high (f) mobility fluidized appearing
ejecta as defined by Hughson et al. (2019).

landslides resulting from deep brittle failure and ductile creep of ice-rich material; they typically occur at
latitudes poleward of 70° (Chilton et al., 2019; Schmidt et al., 2017). Type 2 features (Figure 9b) are
characterized by their thinner vertical profiles, spatulate morphology, and long run-out distances on
shallow slopes. They commonly originate interior or exterior to crater rims that exhibit distinctive alcoves
or scars. They are interpreted as landslides with shallow failure and partial fluidization. Type 3 features
(Figure 9c) are characterized by cuspate, layered morphology, or “platy” texture and are interpreted as
fluidized ejecta. Type 2 and 3 features preferentially occur equatorward of 60° in both hemispheres. These
landslide and ejecta features are identified in both well-preserved and degraded states, suggesting that
they form commonly in association with Cerean impacts and are degraded rapidly on geologic timescales
(Table 4).

Mapping and analysis of lobate landslides and ejecta in LAMO data sets has broadly supported HAMO inter-
pretations, while drawing more nuanced morphological distinctions and offering additional constraints on
ice content in the depth range ~100 m to ~5 km. Identification of surface ice exposures on and near a subset
of type 1 and 2 features has also strengthened the morphological case for high ice content (Combe et al.,
2016, 2018). Duarte et al. (2019) described the continuum of lobate landslide morphologies observed on
Ceres, highlighting landforms that exhibit combined characteristics of both the type 1 and 2 landslides,
small-scale landslide features that suggest very localized enhancements in ice content, and ambiguities in
the distinction between some type 2 and 3 features and their interpretation as strictly “landslides” or
“ejecta.” Table 5 lists the locations and interpretations of all landslide and ejecta features in this class, includ-
ing intermediate landforms.

Figure 10a shows the global distribution of landslides of all types; Figure 10b shows landslide locations rela-
tive to surface ice exposures. Chilton et al. (2019) quantified geomorphic parameters for 42 of the archetypal
landslide features (13 type 1; 29 type 2), including height and runout length ratios and relationships between
scar area and deposit volume. Based on these parameterizations, they estimated coefficients of internal

SIZEMORE ET AL. 1665



Journal of Geophysical Research: Planets 10.1029/2018JE005699

Table 4

Locations and Descriptions of Small Mounds

Object ID Latitude Longitude Description Figure
1 29.0 84.0 Gaue floor: dome or landslide remnant 7d
2 28.9 85.8 Gaue floor: dome or landslide remnant 7d
3 30.5 84.7 Gaue floor: fractured dome/part of peak/pit complex 7d
4 20.1 139.01 Dantu floor: oblong rise at fracture intersection

5 19.6 —120.4 Occator: fractured dome in central pit 7a
6 17.9 —119.3 Occator: dome/knob on floor materials

7 17.8 —120.3 Occator: knob on floor materials 7f
8 17.9 —120.7 Occator: knob on floor materials 7f
9 —10.0 138.9 Kerwan: isolated conical rise on shelf inside rim 7e
10 —51.3 —107.1 Urvara floor: dome in flooded/buried crater 7b
11 —51.4 —112.1 Urvara: knob on floor material

12 —45.5 —64.2 Yalode: isolated conical rise, crater at summit 7c
13 —48 —59.9 Yalode: knob with summit crater, near fresh ejecta 7c
14 —49.5 —72.6 Yalode: knob, summit crater, on inner ring 7c
15 —35.1 —25.8 Isolated rise, similar to 9

16 —49.7 —60.6 Yalode: conical rise with summit crater

friction and made estimates of failure depth and ice content in the landslide materials. Estimated coefficients
of friction for both landslide types were ~0.2, consistent with the properties of cold ice (T < 250 K) or a
variety of wet minerals. Measurements of landslide scars indicated that material failure scales with
landslide size and can occur at greater depths for type 1 features (~1 km), while failure is always limited
to a shallower depth range for type 2 features (hundreds of kilometers), suggesting differences in the
cohesive strength of surface materials at high and low latitudes. Chilton et al. (2019) hypothesized that
these differences arise due to latitudinal trends in ice concentration, although temperature could also play
aroll.

Figure 11 shows the global distribution of type 3 or fluidized appearing ejecta (FAE) features. Hughson et al.
(2019) expanded the identification criteria for type 3 features beyond the smooth surface textures, broad thin
appearance, and layered sets of acute cuspate terminal lobes used by Schmidt et al. (2017). The new identi-
fication criteria include abruptly terminating layers, continuous and broken distal mass concentrations,
superimposed layers/landslides, and channelized deposits. A notable characteristic of the ejecta features
mapped in Figure 11 is that they are preferentially observed around geologically young appearing impact
craters—that is, they are either a recent phenomenon or degrade quickly on the surface of Ceres. The indi-
vidual features categorized as FAE often represent specific facies of larger ballistically emplaced ejecta blan-
kets that display morphological heterogeneity but also commonly show other evidence of high volatile
content and/or post depositional flow (see sections 3.4 and 3.5). Layered and fluidized ejecta are associated
with craters 4.5 to >100 km in diameter. Hughson et al. (2019) modeled the emplacement of layered ejecta
for all 30 identified FAE. Their results indicate that development of the lobate ejecta requires a weakly cohe-
sive target whose material strength under impact generated strain rates is equivalent to, or less than, that ofa
mixture of roughly 50 vol. % water-dominated phases (ice or clathrate hydrate) and 50 vol. % strong silicate
phases. Additionally, they find that the mobility of the observed FAE require a moderately low friction sur-
face consistent with abundant ground ice starting at depths of only a few meters. The abundance of FAE cra-
ters and the variability of their mobilities suggest heterogeneities in subsurface ice content over lateral
distances of a few to tens of kilometers. The depth range for which this constraint applies varies from a
few to ~10 km, depending on crater diameter and presumed excavation depth.

Broadly, type 1 and 2 landslides are more common in the northern hemisphere than the southern hemi-
sphere. FAE are slightly more prevalent in the south than the north but generally observed at all absolute
latitudes less than 70°. Intermediate landslides are more uniformly distributed with latitude. Seasonal light-
ing differences could play a role in the apparent hemispheric asymmetry of the landslide distribution. The
FAE occur at a broad enough range of latitudes that lighting is unlikely to have biased their identification.
The modest affinity of FAE to the southern hemisphere may be linked to the slight N/S asymmetry in near-
surface ice content inferred from GRaND data (Prettyman et al., 2017).
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Table 5

Locations and Subtype Designations for Lobate Landslides and Ejecta

Feature subtype Latitude Longitude Additional descriptors

T1 80.2 —6.5

T1 79.4 —121.3

Tl 79.0 —34

T1 78.53 38.8

T1 76.0 —100.0

T1 73.7 30.5

T1 51.3 —43.9

T1 50.8 27.3

T1 —73.8 —108.6

T1 -77.1 161.8

T1 —77.4 163.8

T1 —77.4 165.0

T1 —77.8 166.3

T2 79.6 39.1

T2 65.1 —78.5

T2 64.3 —101.2

T2 63.7 130.3

T2 58.6 —30.2

T2 54.6 —104.0

T2 53.9 126.7

T2 52.4 129.0

T2 51.0 26.1

T2 50.1 —124.3

T2 49.5 —90.6

T2 48.9 —119.4

T2 48.9 —90.9

T2 46.5 —69.7

T2 42.7 —74.2

T2 35.5 147.6

T2 234 17.5

T2 22.3 17.5

T2 21.8 18.7

T2 21.4 95.1

T2 19.7 97.6

T2 17.3 —16.4

T2 16.0 —155.6

T2 12.5 —116.1

T2 9.6 —64.2

T2 —-1.7 10.9

T2 —3.5 10.1

T2 —14.8 5.0

T2 —48.7 4.4

T2 —52.7 —24.8

T2 —54.0 150.6

T2 —55.4 125.0

FAE 69.0104752 28.0836048 Channelized ejecta

T3/FAE 63.09186 —107.8788 Channelized ejecta

FAE 59.21844 —107.6419 Cuspate/lobate ejecta,
possible longitudinal grooves

T3/FAE 45.3749542 —72.720505 Cuspate/lobate ejecta

FAE 42.0127106 —0.2401726 Channelized ejecta

FAE 33.7520332 45.6192055 Channelized ejecta

FAE 23.4317112 97.6586151 Cuspate/lobate ejecta

T3/FAE 19.8079586 —120.67281 Channelized ejecta
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Table 5 (continued)

Feature subtype Latitude Longitude Additional descriptors
T3/FAE 18.3106499 124.491585 Cuspate/lobate ejecta,
possible longitudinal grooves
FAE 7.742981 —154.55733 Cuspate/lobate ejecta
FAE 5.7269235 10.821126 Channelized ejecta
FAE 0.6683206 —49.397076 Channelized ejecta
FAE —6.5355973 —131.05893 Cuspate/lobate ejecta
FAE —6.705123 —141.6405 Channelized ejecta
FAE —9.999365 21.07276 Cuspate/lobate ejecta
FAE —11.39157 —160.9316 Channelized ejecta
FAE —19.267677 17.286047 Cuspate/lobate ejecta
FAE —32.37339 88.3822937 Channelized ejecta
FAE —34.284657 —93.931206 Cuspate/lobate ejecta
FAE —34.762623 —81.574097 Cuspate/lobate ejecta
FAE —35.884266 168.439301 Channelized ejecta
FAE —39.293339 110.824875 Cuspate/lobate ejecta
FAE —39.389103 173.187408 Channelized ejecta
FAE —42.349838 —59.80312 Cuspate/lobate ejecta
FAE —47.937618 46.036087 Cuspate/lobate ejecta
FAE —54.059856 —87.681923 Cuspate/lobate ejecta,
possible longitudinal grooves
FAE —54.394661 —158.40791 Cuspate/lobate ejecta
FAE —66.365273 —104.22423 Cuspate/lobate ejecta
FAE —67.293991 77.4937592 Cuspate/lobate ejecta
FAE —69.227928 2.3116858 Cuspate/lobate ejecta,
some longitudinal grooves
Intermediate 57.8 86.1 Contact craters
Intermediate 34.4 37.8 Rim failure
Intermediate 67.0 26.3 Small flow
Intermediate 66.7 25.5 Small flow
Intermediate 67.1 25.6 Collapsed rim
Intermediate 69.9 24.8 Talus
Intermediate 68.4 26.4 Rim failure
Intermediate 61.9 52.2 Rim failure
Intermediate 58.2 56.3 Contact craters
Intermediate 50.1 —124.3 Contact craters
Intermediate —50.6 3.8 T2/T3
Intermediate 62.1 —105.5 Contact craters (?)
Intermediate 26.3 14.7 Rim failure
Intermediate 35.3 48.5 Rim failure, T2
Intermediate 324 47.6 Talus
Intermediate —6.1 115.7 Contact craters
Intermediate 49.2 169.7 Small flow, T1
Intermediate 60.0 158.1 Contact craters
Intermediate 52.9 146.6 Contact craters
Intermediate —57.3 —155.1 T2/T3
Intermediate —38.3 173.1 No failure, T3
Intermediate —40.7 168.4 T3 w T1 toe
Intermediate —35.3 168.0 Juling crater
Intermediate —39.7 176.9 No failure
Intermediate 59.6 —26.9 Multiple flows
Intermediate 59.2 —254 Contact craters (?)
Intermediate 294 —51.8 Contact craters
Intermediate 9.6 —64.2 Contact craters
Intermediate 36.5 —60.6 Contact craters (?)
Intermediate 6.3 —13.5 Contact craters
Intermediate 35.1 —7.2 Small flows
Intermediate 459 —76.1 Contact craters
Intermediate 12.7 —24.9 T2/T1
Intermediate 26.2 —25.8 Degraded rim failure
Intermediate 51.7 —44.7 Contact craters (?)
Intermediate 35.4 —55.1 Contact craters (?)
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Table 5 (continued)

Feature subtype Latitude Longitude Additional descriptors
Intermediate 6.6 —0.6 Protalus flow
Intermediate 26.8 —60.7 Multiple lobes
Intermediate 60.8 —111.0 Multiple lobes
Intermediate 63.3 —109.4 T2/T3

Intermediate 62.8 —109.6 Small flow
Intermediate 62.8 —109.9 T2/T3

Intermediate 18.7 —125.6 Small flow, T1
Intermediate 32.6 —-135.1 Contact craters (?)
Intermediate 30.1 —138.9 Protalus flow
Intermediate 18.3 —144.4 Small flow, T1
Intermediate 48.9 —131.3 Multiple lobes
Intermediate 44.2 —74.8 No distinct toe, T2
Intermediate 1.3 —100.9 Small flow, T1/T3
Intermediate 62.0 —138.3 T2/T3

Intermediate 51.4 —79.9 Multiple lobes, small
Intermediate 30.2 —91.0 Multiple lobes, small
Intermediate —0.1 —107.6 T2/T3 w scar
Intermediate 1.8 —108.7 T2/T3 w scar
Intermediate 64.7 —77.4 T2/T3 w scar
Intermediate 65.5 —81.7 Contact craters
Intermediate 25.7 —106.4 Small flow
Intermediate 12.5 —116.1 Plains flow, T2/T3
Intermediate 5.6 —117.0 T3

Intermediate 5.5 —-119.0 Small flow, contact craters
Intermediate 4.8 —121.9 Multiple lobes, T2
Intermediate 3.5 —123.9 Protalus flow
Intermediate 7.4 —121.3 Degraded, T2
Intermediate 47.0 —120.5 T1/T2

Intermediate 34.0 —128.0 Contact craters
Intermediate 3.1 —144.9 Contact craters (?), T1/T2
Intermediate 3.2 —144.7 Protalus flow (?)
Intermediate 9.5 —160.8 Juling crater
Intermediate 31.4 —97.6 Small flow, T2/T3
Intermediate 20.8 7.9 Contact craters (?)
Intermediate 29.9 0.4 Small flow, contact craters
Intermediate —47.7 19.1 Small flow
Intermediate —38.6 48.5 Small flow
Intermediate 14.3 79.9 T1/T2

Intermediate 20.7 1014 Contact craters
Intermediate 6.7 88.9 Degraded, T2
Intermediate —70.2 2.9 Multiple flows (?), T2
Intermediate —35.5 167.6 Contact craters (?), T2/T3
Intermediate 26.8 131.1 Protalus flow
Intermediate —34 144.2 Contact craters
Intermediate —24.6 137.0 Failed ridge wall
Intermediate 22.3 160.5 Failed ridge wall
Intermediate 20.2 159.7 Failed ridge wall
Intermediate 20.0 159.7 Failed ridge wall
Intermediate 6.9 150.0 Failed ridge wall
Intermediate —233 57.2 Failed ridge wall
Intermediate —42.8 45.8 Small flow
Intermediate 33.8 95.7 T2/T3

Intermediate 37.9 86.3 T2/T3

Intermediate 24.2 19.1 T2/T3

Intermediate —30.3 —156.2 Contact craters (?)
Intermediate —38.5 -93.6 Multiple flows (?)
Intermediate —39.0 —94.1 T2/T3

Intermediate —40.0 —94.9 Multiple lobes
Intermediate —40.3 —95.3 Contact craters
Intermediate —40.9 —95.8 T2/T1

Intermediate —41.1 —96.3 Contact craters
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Table 5 (continued)

Feature subtype Latitude Longitude Additional descriptors
Intermediate 31.4 —69.9 T2/T1

Intermediate —37.3 177.2 Multiple lobes, T1/T2
Intermediate —38.6 178.2 T2/T3

Intermediate —37.6 178.7 Rim failure, T1/protalus
Intermediate 21.7 —168.0 T2/T3

Intermediate —44.6 153.3 Multiple lobes, T1
Intermediate —40.9 112.0 Contact craters
Intermediate 54.9 73.6 T2/T3

Intermediate —77.4 165.0 Small flow

Intermediate —43.0 38.0 Small flow

Intermediate —34.0 90.9 Contact craters (?)
Intermediate 54.4 95.1 Protalus flow
Intermediate 68.0 —-97.2 Rim failure, T1/T2
Intermediate —53.6 —84.3 Rim failure, multiple lobes
Intermediate —54.9 —84.6 Contact craters
Intermediate —7.6 —139.5 Contact craters
Intermediate —-33.7 —95.6 Degraded, T2/T3
Intermediate 58.5 —96.8 Contact craters (?)

Note. See Chilton et al. (2019), Hughson et al. (2019), and Duarte et al. (2019) for discussion of high mobility and low
mobility ejecta and intermediate landslide subtypes. FAE = fluidized appearing ejecta; T1, T2, T3 = type 1, type 2,

type 3.

3.4. Pits, Depressions, and Scarps

Our search for morphology linked to sublimation focused on identification of pits, depressions, and scarps
and took advantage of the progressive improvement in spatial resolution that occurred over the course of
the primary mission at Ceres. As early as RC3, it was apparent that Ceres’ surface morphology is dominated
by impact structures. Thus, distinguishing between features produced by gas-phase volatile loss and features
produced by primary and secondary impacts was an ongoing consideration in our search.

Notably, our searches of RC3, Survey, and HAMO data showed no evidence of pits or depressions meeting
our search criteria (section 2.1.3). This null result was consistent with predictions that surface ice deposits
would be localized, rare, and transient on Ceres. It also suggested a lack of extended shallow (upper
1-100 m) subsurface deposits of highly concentrated “clean” ice and/or slower rates of ice loss than had been
predicted prior to Dawn’s arrival at Ceres. This result was consistent with other, contemporaneous evidence
that ice comprised <30-40 vol. % of the upper meters to kilometers of Ceres subsurface (Bland et al., 2016;
Prettyman et al., 2017).

We ultimately observed pitting in LAMO images (35 m per pixel), which revealed localized clusters of round-
to-irregular, apparently rimless pits incised in smooth impact materials associated with seven young
complex craters (Table 6 and supporting information S1; Sizemore et al., 2017). These pitted regions are
mapped in the feature class pitted materials (Figure 12). Their settings and morphology exhibit striking simi-
larities to pitted materials previously discovered by Dawn at Vesta (where the presence of ice is debated;
Denevi et al., 2012; Scully et al., 2015), and pitted materials identified in low latitude and midlatitude
Martian craters (where ice is implicated in pit development; Boyce et al., 2012; Tornabene et al., 2012).
Sizemore et al. (2017) interpreted the Cerean pitted materials to result from rapid outgassing of H,O and
OH from a thin layer (tens to hundreds of meters) of hot (>300 K) brecciated material. This interpretation
hinged on two arguments. First, the Cerean pits are morphologically distinct from pits and depressions
thought to result from long-term sublimation elsewhere in the solar system. The Cerean pits typically exhibit
round-to-irregular margins and sloping walls, rather than elongated branching shapes and flat floors, and pit
size is correlated with host crater diameter. Second, recently modeled H,O sublimation rates for Ceres
(meters per gigayear; Landis et al., 2017; Schorghofer, 2016; Sizemore et al., 2017) are too slow to produce
the observed pit relief (>100 m) during the short time since the formation of the host craters (typically
<100 Myr). Sizemore et al. (2017) concluded that although impact heating was necessary for pit formation
on Ceres, H,O sourced from ground ice was the dominant volatile lost in the process. This conclusion was
based on thermal arguments and extensive observational evidence for modest quantities (20 to <40 vol %)
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Figure 10. Global distribution of lobate landslides. (a) Type 1 landslides are cyan squares; type 2 are dark blue squares;
intermediate type landslides are light blue squares. (b) Landslide features are denoted as top panel; permanently sha-
dowed region bright spots (Platz et al., 2016) are shown as white stars; Visible and InfraRed Mapping Spectrometer surface
ice detections are shown as yellow stars (Combe et al., 2018). The base image in both panels is the global Low Altitude
Mapping Orbit mosaic (35 m per pixel) courtesy of DLR.
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Figure 11. Global distribution of fluidized appearing ejecta. Crater centers are indicated by tan circles. The base image is
the global Low Altitude Mapping Orbit mosaic (35 m per pixel) courtesy of DLR.
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Table 6
Summary of Midlatitude Craters Hosting Pitted Materials and Fractures, Grooves, and Channels
Pitted Circumferential Large floor FFC
Crater Diameter Latitude Longitude materials fractures fractures or faults  designation Channels Central feature
Yalode 260 —42.58 292.48 Yes Yes Yes Ring/depression
Urvara 170 —45.66 249.24 Degraded Yes Yes Yes Peak/ridge
Dantu 126 24.30 138.23 Yes Yes Yes Class 1 Yes Ring
Ezinu 116 43.24 195.70 No Yes Class 1 None
Occator 92 19.82 239.33 Possible, Yes Yes Class 1 Yes Pit (with interior dome)
degraded
Gaue 80 30.81 86.16 No Yes Class 1 Pit/ring
Kaikara 72 42.82 22243 No No Pit/ring
Jarimba 69 —24.08 21.25 Yes No Peak and/or pit,
degraded
Rongo 68 3.21 348.71 Possible No Class 4 Peak, hummocky
Fejokoo 68 29.15 312.11 No No Peak, hummocky
Consus 64 —20.7 200.5 Yes No Hummocky, ring?
Ikapati 50 33.84 45.61 Yes Yes Yes Class 1 Peak
Azacca 50 —6.66 218.40 Possible, Yes Yes Class 1 Peak/ridge
degraded
Kondos 44 —19.34 17.31 Yes No Class 4 Peak, hummocky
Messor 40 49.93 233.73 No No Class 4 Peak/ridge, hummocky
Ninsar 40 30.3 263.26 No No Class 4 Peak, hummocky
Lociyo 37.8 —6.53 228.83 Yes No Class 4 Peak, hummocky
Tupo 36 —32.35 88.38 Yes No Class 4 Peak, hummocky
Aristaeus 36 23.43 97.68 Yes No Peak, hummocky
Haulani 34 5.80 10.77 Yes Yes Yes Class 1 Peak/ridge
Kokopelli 34 18.30 124.50 No No Class 4 Peak, hummocky
Nepen 26.4 6.19 220.54 No No Class 4 Peak, hummocky
Kupalo 26 —39.44 173.20 Yes Yes Yes Class 1 Yes Peak/ridge
Cozobi 24 45.33 287.31 Yes No None/hummocky
Unnamed 20.8 50.04 238.5 No No Class 4 Peak, hummocky
Juling 20 —35.90 168.48 Yes Yes Class 4 None/ hummocky
Unnamed 18.9 —8.5 315.37 No No Class 4 None/hummocky
Unnamed 15 —23.00 279.00 Possible No Class 4 None
Unnamed 13.6 43.52 202.48 No No Class 4 None/hummocky
Unnamed 10.8 —8.34 312.6 No No Class 4 None/hummocky

Note. Craters with a class 4 FFC designation are also noted. FFC = Floor Fractured Crater.

of surface and subsurface ice on Ceres (Bland et al., 2016; Combe et al., 2016; Prettyman et al., 2017; Schmidt
et al., 2017). However, abundant clathrates and hydrated salts could reduce the dominance of conventional
water ice (Bland et al., 2016; Fu et al., 2017).

In addition to the pitted materials analyzed by Sizemore et al. (2017), we identified a small number of
isolated irregular depressions and scarps and defined a feature class of the same name (Figure 13). The
depressions and scarps feature class includes two elongate, flat-floored depressions in the smooth materials
interior to Azacca and Occator craters, an elongated branching depression with rounded margins on the
Yalode floor, and a small complex of angular scarps on the Occator ejecta. Like the pitted materials, these
features occur in smooth ejecta deposits associated with young complex craters. The morphology of the
two flat-floored depressions in Azacca and Occator is clearly distinct from the clustered pits and potentially
more consistent with long-term sublimation than with rapid high-temperature outgassing. However, the
same dynamical arguments that constrain the process of pit development apply to the flat-floored
depressions; enhanced temperature and/or locally enhanced ice concentration are required to invoke gas
phase ice loss as the mechanism that produced the observed topography over the age of the host crater.
Alternatively, the flat-floored depressions could have developed due to post depositional flow of the smooth
ejecta material in which they occur. Both scenarios indicate rapid postimpact feature development and some
availability of water or ice. The unique depressions and scarps on the Occator ejecta (Figure 13c) and the
elongate branching depression on the Yalode floor may reflect modification of fractures (section 3.5) in
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Figure 12. Ceres’ pitted materials. Examples of pits (a) on smooth material with evidence of flow (surface lineations,
embayment relationships, and lobate margins) and (b) near fractures, both on the floor of Haulani crater. (c) Global dis-
tribution of craters hosting pitted materials. Green diamonds indicate well-preserved pitted materials; red diamonds
indicate degraded examples. The base image in (c) is the global Low Altitude Mapping Orbit mosaic (35 m per pixel)
courtesy of DLR.

smooth ejecta, perhaps via sublimation of volumetrically abundant ice. We emphasize that these unique
features may have been created by processes unrelated to ice or volatiles (e.g., Bray et al., 2010); their
morphology and setting are merely suggestive.

From a global perspective, morphological evidence for gas-phase ice loss on Ceres is localized, and the
quantitative inferences about subsurface ice content that can be drawn from these features are limited.
The pitted materials are confined to 5-7 young (<700 Myr) impact craters in the mid- and low latitudes.
The observation of progressively more degraded pits in the “older” host craters suggests that pits are
destroyed rapidly on geologic timescales, and they may form commonly in Cerean impacts. Based on impact
temperatures predicted by hydrocode simulations (Marchi et al., 2013) and comparisons between Martian
and Cerean pitted materials, pitted materials were likely produced at locations where peak temperatures
exceeded 300 K (Sizemore et al., 2017) and H,O-dominated phases (ice and clathrates) comprised <50 vol.
% of the brecciated/fluidized layer in which the pits formed. Thus, the occurrence of pitted materials
throughout the low latitude and midlatitudes is consistent with other evidence that conventional ice
and/or H,O bearing phases have been excavated from depths of a few to >10 km and that some of this water
is retained as ice in shallow (tens to hundreds of meters thick) ejecta deposits today. This result applies
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Figure 13. Features in the depressions and scarps feature class, which include (1) flat-floored depressions on the floors of
Azacca (a) and Occator (b) craters, (2) angular scarp-bounded depressions on the Occator ejecta blanket (c), and an
elongate rounded depression on the Yalode floor (d). Unlike the pitted materials feature class, the identified depressions
and scarps are diverse and are not linked to a common development process. (e) shows their global distribution; base
image is the global Low Altitude Mapping Orbit mosaic (35 m per pixel) courtesy of DLR.

specifically to middle and low latitude regions where ice is buried too deeply (>1 m) for detection by
GRaND. The absence of pitted materials and their characteristically flat-floored host craters at high
latitudes also suggests that a temperature threshold must be reached for these features and their host
ejecta facies to develop.
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3.5. Fractures, Grooves, and Channels

In direct analogy to Mars, Ceres’ pitted materials occur in smooth, ponded ejecta material, proximal to exten-
sive evidence of post depositional flow of the ejecta (including curvilinear to sinuous streamlines, embay-
ment of high standing topography, teardrop shaped “islands,” and lobate margins). Also, in direct analogy
to Mars, Ceres’ pitted materials are commonly associated with linear grooves and fractures in the host crater
floor (Sizemore et al., 2017; Tornabene et al., 2012). In the Cerean craters that contain pitted material,
grooves and fractures also occur on smooth ejecta external to the crater rim and on interior terraces.

Based on the common association of fractures and grooves with pitted materials and other indicators of high
volatile content, we carried out a global mapping of small-scale linear features (lengths of 500 m to tens of
kilometers; widths <3 km). The resultant feature class, fractures, grooves, and channels, includes four dis-
tinctive subgroups of features that commonly occur together and grade into one another at some locations;
“floor fractures,” “circumferential fractures,” “troughs,” and “channels.” Figure 14 shows a global mapping
of all fractures, grooves, and channels, along with examples of the subtypes. Figures 12b and 12c show the
large-scale pattern of fractures at Occator and Ikapati craters, respectively. In both cases, the crater floors
host linear features (tens of kilometers long, hundreds of meters up to >2 km wide, and tens to ~100 m deep,
with a characteristic v-shaped depth profile) that grade into smaller grooves and pit chains that align with
and crosscut the larger features. We refer to these large features as floor fractures and their host craters as
“Floor Fractured Craters” or “FFCs,” based on a proposed analogy with similar features observed in lunar
and Martian craters (Schultz, 1976; Buczkowski et al., 2018). We refer to the smaller adjacent features
(<200 m wide; tens of meters deep or less) generically as grooves or fractures. Figures 12b and 12c also show
populations of circumferential fractures on the terraces, rims, and ejecta blankets of the two craters.
Circumferential fractures are typically, but not always, smaller than floor fractures (<500 m wide; tens of
meters deep or less). Like the small-scale fractures on the crater floors, they typically appear as grooves or
pit chains incised in the surrounding smooth material and are distinguished from generic grooves or frac-
tures only by their setting and orientation with respect to the host crater.

9

Figure 14d shows the largest linear features included in our mapping, the system of troughs and ridges desig-
nated as Nar Sulcus, which is colocated with a large dome inside Yalode basin. Individual troughs compris-
ing Nar Sulcus are >50 km long and exhibit topographic maximum topographic relief >300 m. At its western
end, Nar Sulcus grades into smaller-scale, straight grooves or fractures (typically <300 m wide; ~100 m to
kilometer long; tens of meters deep or less). Figure 14d also shows a population of small-scale grooves
and channels oriented down slope from and nearly perpendicular to Nar Sulcus. Features designated as
channels are visually similar to generic grooves and fractures but are distinguished by their tendency to
be narrower, shallower, and to be curvilinear to sinuous. Channels sometimes exhibit junctions, forming
immature or proto-networks that follow the local slope direction (Crown et al., 2018). Figure 14e shows
another example of channels in the Urvara basin, likewise associated with a prominent trough/ridge system
in the basin floor. Other examples of channels occur at Occator and Ikapati craters, where small-scale linear
features grade into areas of apparent bulk flow of smooth ejecta (Crown et al., 2018).

In the global view (Figure 14a), fractures, grooves, and channels serve as markers of the smooth, apparently
fluidized materials associated with the youngest complex craters and a small number of simple craters on
Ceres. They are confined to mid- and low latitudes, suggesting again that a temperature threshold must
be met for the production of the smooth material in which they occur. Several lines of reasoning indicate that
fractures, grooves, and channels develop because both the impact target material and the resultant ejecta are
water rich. In their initial global assessment of Ceres’ geomorphology, Buczkowski et al. (2016) identified
eight large craters with prominent floor fractures and 13 smaller craters with hummocky floors and interior
moats suggestive of floor uplift but lacking floor fractures. They designated these craters as class 1 and class 4
FFCs respectively, based on morphological analogies with the Moon. Buczkowski et al. (2018) later extended
this analogy to hypothesize that the Cerean FFCs form via cryomagmatic intrusion or diapirism beneath the
crater floor. They specifically argued that the presence of interior moats in the class 4 FFCs precluded crater
relaxation and required subsurface inflation (Dombard & Gillis, 2001). Buczkowski et al. (2018) did not
include Urvara and Yalode craters in their list of designated class 1 FFCs, because the large systems of par-
allel fractures associated with localized uplift in the Urvara and Yalode floors (termed troughs in our discus-
sion for clarity) are morphologically distinct from the floor fractures in, for example, Occator and Dantu. In
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Figure 14. (a) Global map of all fractures, grooves, and channels (red lines); dark purple triangles indicate designated class
1; light purple triangles indicate and class 4 Floor Fractured Craters; (b) floor fractures and circumferential fractures at
Occator Crater; (c) floor fractures and circumferential fractures at Ikapati Crater; (d) example of toughs (top of panel
running left to right) and channels (middle of panel) in Yalode crater, (e) example of channels in Urvara crater.

our mapping, we treated the troughs as part of a continuum of fracture, groove, and channel subtypes that
grade into one another, are sometimes difficult to distinguish visually without regional context, and may
arise via common processes. Our analysis indicates that Urvara and Yalode, all the identified class 1
FFCs, and roughly half of identified class 4 FFCs also exhibit circumferential fractures.

Otto et al. (2019) conducted a detailed mapping of circumferential fractures at three craters (Azacca, Ikapati,
and Occator) and used numerical models of postimpact relaxation to compare model stress fields to observed
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fracture geometry at Azacca. They concluded that circumferential fractures likely result from the relaxation
of a crater in a layered subsurface. Model scenarios that produced the observed fracturing included a layer of
low-viscosity material (10%° Pa s) 2-9 km thick, underneath 1 km of rigid overburden (10%° Pas). The ductile
behavior of the lower layer is best explained by a relatively high abundance of buried ice (Otto et al., 2019),
although impact heating may play a role. The viscosity requirements imposed by Otto et al. (2019) are not
unique to ice, but simulations of Ceres’ thermal evolution suggest that salts are not available in sufficient
abundance to drive the mechanical behavior of the crust, although they could be locally concentrated in
lenses (see section 4.3). Although Otto et al. (2019) invoked relaxation of the low viscosity layer to explain
the development of circumferential fractures, they observed that craters exhibiting these fractures were
not shallower than Ceres’ average as a group. This observation is consistent with the assertion by
Buczkowski et al. (2018) that a mechanism other than relaxation is required to explain the low d/D of
FFCs as a group. However, it also points to a need for further self-consistent analysis and modeling of these
overlapping crater populations. Until that analysis is more mature, FFC is best used as a descriptive term
at Ceres.

The apparent fluidization of the ejecta facies in which small-scale fractures, grooves, and channels are
incised is itself suggestive of volatile involvement and initially motivated the inclusion of these features in
our catalog. Crown et al. (2018) speculated that channels in the Urvara and Yalode floors developed via a
sequential process of fracture, collapse, and localized sapping and flow. This interpretation implies at least
localized saturation of the ejecta material by fluids, which are likely preserved as ice today. Similarly, the
irregular depression on the Occator ejecta (Figure 13c) and the elongate branching depression in the
Yalode floor (Figure 13d) described in section 3.4 are closely associated with fracture and channels; they
may represent instances of modification of small fractures via sublimation of pore saturating or volumetri-
cally excess ice.

3.6. Features Not Identified

Systematic searches for polygonal patterned ground and Martian-style “basketball terrains” did not yield any
identifications. This null result does not strictly rule out the occurrence of thermal contraction polygons on
Ceres. Polygons smaller than ~200 m would not be resolved in LAMO images (~35 m per pixel), and as
anticipated, lighting conditions presented a challenge to high-latitude feature searches. However, two lines
of evidence suggest thermal contraction polygons may not develop commonly on Ceres. First, analysis of
GRaND data indicates ice volume fractions in the upper meter of the high latitude regolith are ~20 vol. %
(Prettyman et al., 2017), significantly less than the pore volume of most soils and regolith simulants, which
commonly fall in the range ~30% to 65% (Sizemore & Mellon, 2008). Undersaturation of the pore space by ice
implies that the tensile strength of Ceres’ upper 1-5 m is low compared to the ice-saturated and/or ice-
dominated materials common on Mars. Sufficient stress may never develop for fracturing to occur due to
thermal contraction. Second, our search for morphological evidence of sublimation yielded a limited set
of identified features (section 3.4) and indicated that impact craters dominate surface textures down to the
limit of resolution on all but the youngest terrains. On Mars, polygon development rapidly erases small cra-
ters. The opposite may be true on Ceres.

3.7. Features Not Mapped

In the currently available data sets, four types of distinctive morphological features are commonly associated
with Ceres’ young, complex, midlatitude craters. These include lobate and layered ejecta facies (lobate land-
slides and ejecta, type 3), pitted materials, scarps and depressions, and fractures, grooves, and channels
described in sections 3.3, 3.4, and 3.5. In addition, a variety of gully-like mass-wasting features occurs in mid-
latitude crater walls near pitted materials. These mass-wasting features may have relevance to ice and water
by analogy with Mars, where floor fractures and gullies are also commonly associated with pitted materials
(Boyce et al., 2012; Tornabene et al., 2012). Specific gully morphologies associated with pitted terrains on
Vesta have been attributed to debris-flow motion of materials mobilized by relatively small amounts of
liquid water sourced from ice in the Vestan target material (Scully et al., 2015). Similar arguments may apply
to the Cerean features, but candidate gullies are not mapped or discussed here. Evidence for ice and transient
liquid water on Vesta is debated (Denevi et al., 2012), and nearly 20 years of research dedicated to classifying
Martian gully morphology and understanding the role of water in gully formation has been inconclusive
(e.g., Dickson et al., 2007; Diniega et al., 2013; Dundas et al., 2010; Malin & Edgett, 2000; Mellon &
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Figure 15. Global view of all cataloged features. Polygons with horizontal orange hash marks indicate relaxed craters. Polygons with vertical blue hash marks indi-
cate central pit craters. Light blue squares represent all landslide features (types 1, 2, and intermediate). Light brown circles indicate fluidized appearing ejecta.
Green diamonds indicate craters hosting pitted materials. Brown diamonds represent depressions and scarps. Green polylines indicate the extent of fractures,
grooves, and channels. Purple triangles indicate Floor Fractured Craters (classes 1 and 4). Magenta pentagons represent craters with circumferential fractures.
White crosses represent small mounds. Black crosses represent large mounds. The base image is the global Low Altitude Mapping Orbit mosaic (35 m per pixel)

courtesy of DLR.

Phillips, 2001; Pilorget & Forget, 2016). Detailed comparison of gully morphology associated with pitted
materials on all three bodies may yield insights into the role of specific volatiles in gully development in
the future, but this comparison is beyond the scope of our current work.

4. Discussion

Figure 15 shows the global distribution of all features included in our catalog with additional notation for all
surface ice exposures identified to date, including permanently shadowed region (PSR) bright deposits with
and without spectral confirmation of water ice (Combe et al., 2016, 2018; Ermakov, Mazarico, et al., 2017;
Platz et al., 2016). Figure 16 shows the global feature map against the HAMO-based global geologic map
developed by Mest et al. (2017). In the global view, features with clear or potential relevance to ice are nearly
ubiquitous, consistent with evidence from neutron spectroscopy, ice stability modeling, and gravity and
topography analysis, which all indicate that ice is a key constituent of the dwarf planet’s crust. Nearly all
midlatitude surface ice exposures are proximal to morphological features in our catalog. The abundance
of mid- and low-latitude catalog features is notable, as they suggest that subsurface ice is present at latitudes
where thermally stable ice is buried too deeply for detection by GRaND (>1 m). Indeed, features in our cat-
alog give us particular insight into low latitude and midlatitude regions, in the depth range of ~100 m to
~20 km where GRaND data and gravity analysis can only provide bulk constraints on composition.

4.1. Evidence for Lateral Heterogeneity

Two global-scale trends are apparent in Figures 15 and 16. The first trend is latitudinal: Type 1 landslides are
confined to high latitudes (>70°). Type 2 and intermediate type landslides occur below 70° and throughout
the middle and low latitudes. Craters with small-scale features linked to ice (layered and fluidized ejecta,
pitted materials, and fractures, grooves, and channels) are also confined to middle and low latitudes. Note
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Figure 16. Global view of all cataloged features superposed on the High Altitude Mapping Orbit-based geologic map of Mest et al. (2017). Polygons with horizontal
hash marks indicate relaxed craters. Polygons with vertical hash marks indicate central pit craters. Black squares represent all landslide features (types 1, 2, and
intermediate). Black circles indicate fluidized appearing ejecta. Large black diamonds indicate craters hosting pitted materials. Small black diamonds represent
depressions and scarps. Black polylines indicate the extent of fractures, grooves, and channels. Black triangles indicate Floor Fractured Craters (classes 1 and 4).
Black pentagons represent craters with circumferential fractures. Small black crosses represent small mounds. Large black crosses represent large mounds. Yellow
stars show surface ice exposures, including Visible and InfraRed Mapping Spectrometer water ice detections (Combe et al., 2018) and permanently shadowed region
bright deposits (Platz et al., 2016).

that it is not clear whether the confinement of “interesting” ejecta materials is due to selection bias—that is,
the young crater materials on which these features are preserved and can be identified happen to have
formed at mid- and low latitudes—or if it is a thermal and/or compositional effect. (See below and
section 4.3.) The second trend apparent in Figure 15 is longitudinal. Large domes are primarily confined
to the “basin B” region of Ceres’ eastern hemisphere, while a notable dearth of mapped features is
apparent to the west of Kerwan crater in the opposite hemisphere. The deficit of morphological evidence
for ice over a region of roughly 230,000 km?* near Kerwan, along with the clustering of large domes,
suggests a first-order hemisphere-scale variation in ice content that may have been driven by ancient
impacts, including those that contributed to the formation of Vendimia Planitia and Basins A-C (Marchi
et al., 2013). The region lacking in icy features west of Kerwan is itself confined to a latitude range of
roughly —30° to 30°, is extensively covered by a smooth geologic unit associate with Kerwan, and hosts a
set of degraded parallel grooves or troughs similar to the troughs observed on the floors of Yalode and
Urvara craters at its western end.

On shorter length scales, heterogeneity is also apparent. The juxtaposition of large relaxed craters with
impact structures of comparable age that exhibit well-preserved topography (e.g., Coniraya and Vinotonus;
Figure 2a; Bland et al., 2016) indicates variations in volumetric ice content in the upper 10-30 km from >40
vol. % (ice-dominated rheology) to <35 vol. % (silicate/salt/clathrate dominated rheology) over horizontal
distances of tens to hundreds of kilometers. The unique topography of Kerwan crater suggests impacts them-
selves are a key driver of compositional heterogeneity, with repeat impact heating causing progressive devo-
latilization of some areas at some depths (Figure 17; Bland, Ermakov, et al., 2018). Impacts also likely play a
role in locally enriching shallow ice content, by excavating deep, ice-rich material and depositing it on the
surface. Two of the layered-ejecta deposits cataloged in section 3.3 and analyzed by Hughson et al. (2019)
occur on the Urvara ejecta blanket. The ejecta materials associated with these two small craters are
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Figure 17. Schematic representation of types of crustal heterogeneity inferred to exist in Ceres’ midlatitudes based on ana-
lysis of relaxed craters, large domes, and subtypes of fractures, grooves, and channels (Bland, Sizemore, et al., 2018; Bland
et al., 2016; Buczkowski et al., 2018; Otto et al., 2019). Note that the bulk crustal density and the decrease in viscosity with
depth were derived by Ermakov, Fu, et al. (2017) based on analysis of global topography. A similar verticle decrease in
viscosity was assumed by Bland et al. (2016), Bland, Sizemore, et al. (2018), and by Otto et al. (2019). In their study of
diapirism, Bland, Sizemore, et al. (2018) considered by both viscosity and density contrasts with the bulk properties
derived by Ermakov, Fu, et al. (2017). Otto et al. (2019) only considered viscosity contrasts.

distinctly asymmetric, with the layered/lobate portions pointing radially toward Urvara. The directionality
of these small superposed deposits suggests there may be radial variation in the ice content of the Urvara
ejecta blanket, analogous to radial variations in the ice concentration of Martian double-layered crater
ejecta inferred from expanded secondaries (Viola et al., 2015).

In their geological mapping of quadrangles Ac-H 13 and Ac-H 14, Crown et al. (2018) noted that the ejecta of
Urvara itself exhibits a distinct morphological dichotomy, in which ejecta materials north of approxi-
mately —40° are smooth and show extensive evidence of fluidization, while materials south of approxi-
mately —40° are rough or hummocky and generally lack evidence of flow. It is unclear if this
morphological dichotomy arose due to a preexisting compositional heterogeneity, or if it arose due to differ-
ences in average temperature of the preimpact target material and peak temperatures of the resultant ejecta.
In either case, the Urvara region exhibits many of the trends of Ceres as a whole in terms of ice-related mor-
phology. Heterogeneity is apparent at length scales ranging from ~1 to hundreds of kilometers, and there is
an element of latitudinal control poleward of 40-50°.

To assess whether these trends are quantitatively significant, we analyzed the distribution of features in our
catalog on Ceres’ surface using the nearest neighbor statistics. This analysis can assist in geologic interpreta-
tion by determining whether a class of features on a sphere is more clustered or more uniformly spaced rela-
tive to a random distribution or consistent with a random distribution (Hamilton et al., 2013). For n features,
we calculated the distance r from each feature to each other feature. For a particular feature, the smallest
value of r is called r,,, which is the “nearest neighbor distance.” The mean of the nearest neighbor distances
across all n features is 74,

To understand if a set of n features is significantly clustered, uniformly spaced, or neither, we must also cal-
culate r,, the expected average nearest neighbor distance under the null hypothesis that the features are ran-
domly distributed. We calculated r, using a Monte Carlo approach. We emplaced n features at random
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locations on the Cerean surface and calculated the average nearest neighbor distance. This process was
repeated 10,000 times, and the resulting values of r,,, were averaged to obtain an estimate for r,. For example,
for n = 63, we calculated a value of r, = 106.4 km. If r,, < r,, the features are relatively clustered, but a sta-
tistic is required to test the significance of this result.

The quantity used to test for statistically significant clustering of n features is ¢ (Clark & Evans, 1954),

defined as
c:,/”f(r"”_’e) (1)
A\0.26136/’

where A is the surface area of Ceres; ¢ quantifies the number of standard deviations difference (based on a
Poisson random distribution) between r,, and r,. If ¢ < —2, we inferred that the distribution of features is
significantly more clustered relative to a random distribution. If ¢ > 2, we inferred that the distribution of
features is significantly more uniform relative to a random distribution. For any other value of c, we inter-
preted the set of features as not distinguishable from a random distribution with confidence.

We considered the catalog of large domes, relaxed craters, type 1 landslides, and craters with pits, fractures,
and grooves. We found a value of ¢ = —2.42, indicating that the features are unlikely to be consistent with a
random distribution and are more clustered than expected. Caution must be exercised in interpreting this
result because the different classes of features are sensitive to ice at different depths and temperatures, but
some geological interpretations are suggested. The clustered structure is likely a result of type 1 landslides
occurring at high latitudes (Schmidt et al., 2017) but also may be contributed to by a relative dearth of ice
near Kerwan or more generally by lateral heterogeneity in ice content.

We note that the pervasive heterogeneity that we infer from morphological analysis occurs at depths greater
than tens of meters. Analysis of GRaND data indicates ice concentration is not longitudinally variable in the
upper decimeters of the surface, perhaps because impact gardening and vapor diffusion act together to
homogenize the distribution of ice at very shallow depths. The large footprint of the GRaND instrument also
limits the ability to detect variations at lateral length scales less than hundreds of kilometers.

4.2. Evidence for Stratigraphy (Vertical/Radial Heterogeneity)

Three independent lines of evidence suggest there may be pervasive shallow stratigraphy or vertical varia-
tions in ice content in the upper few to <20 km of Ceres’ crust in the latitude band +60°. First, morphological
analysis and derivation of flow parameters in type 1 and 2 landslides suggest type 1 landslides occur due to
deep failure in a vertically homogeneous substrate (poleward of 70°), while type 2 features arise due to shal-
low failure in a vertically heterogeneous substrate at lower latitudes. Chilton et al. (2019) argue that this dif-
ference reflects the presence of an ice-depleted layer between the ice table (the depth of thermal ice stability;
Schorghofer, 2016) and deeper regions of more concentrated ice. They further hypothesize that this ice-
depleted layer was produced by successive impacts, that it contains localized lenses of concentrated ice,
and that its thickness increases with decreasing latitude.

The second line of evidence for shallow stratigraphy comes from the solid state diapirism hypothesis for
large dome formation. Numerical models of the buoyant rise of ice spheres in Ceres’ crust show that ice dia-
pirs cannot reach depths shallower than 20 km via buoyancy alone (Bland, Sizemore, et al., 2018). Models
that produce uplift comparable to observed dome topography require the presence of a low-density, low-
viscosity layer with properties similar to ice at depths of ~5-20 km, along with differential loading caused
by crater excavation (Bland, Sizemore, et al., 2018). The same model has been proposed to explain fracture
patterns in floor fracture craters (Buczkowski et al., 2018). If the diapirism hypothesis remains viable for
both types of features (large domes and FFCs), our maps indicate that shallow layering may be pervasive,
though patchy over much of the midlatitude and low latitudes of Ceres.

The third independent line of evidence for ice stratigraphy comes from numerical modeling of the stresses
responsible for the formation of circumferential fractures (Otto et al., 2019). Modeled stresses are only con-
sistent with the observed fractures if the subsurface contains a low-viscosity (10?° Pa s) layer at depths
<10 km. The geographic extent of craters with circumferential fractures again suggests that shallow strati-
graphy is common throughout the middle and low latitudes, although it is unclear if this stratigraphy is
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primarily compositional or arises due to impact heating or both. In all three scenarios, layering is likely to be
laterally discontinuous.

Figure 17 shows a schematic summary of vertical variations of material properties that have been inferred
from the presence of circumferential fractures, floor fractures, and large domes. The extrusive cryovolcanism
hypothesis for large dome development may provide a fourth line of evidence for stratigraphy in Ceres’ crust.
It is unclear if the liquid brines proposed to have formed Ahuna Mons (Ruesch et al., 2016) and other large
domes (Sori et al., 2018) must be sourced from a brine saturated layer in the upper mantle at depths >40 km
(Fu et al., 2017), or if they could be sourced from shallower inclusions of melt in the crust at depths more
consistent with the diapir model (<20 km). Based on thermal modeling, the second scenario is less plausible.
However, silicate diapirism, magmatism, and volcanism commonly occur together on terrestrial worlds. It is
not unreasonable to assume the same is true on Ceres, and that ice diapirs and cryomagmas may arise from
common or connected reservoirs in the crust and upper mantle. The presence of a large population of domes
in the basin B region indicates that the average water content of the crust is enhanced at depths shallower
than the ~40-km crust/mantle boundary in this region.

4.3. Selection Biases and the Ambiguity of Low Density Phases

There are two key biases in our searches for ice-related morphological features. First, throughout the pri-
mary mission, lighting conditions at polar latitudes (>70°) were substantially more favorable to feature iden-
tification in the northern hemisphere than in the south. Further, Ceres’ low obliquity ensures that
identification of small features will always be challenging at high latitude due to shadowing, regardless of
season. Second, the majority of small features we identified on Ceres occur on the freshest, smoothest crater
materials (Figure 16). Pervasive cratering at all length scales prevents identification of small features over
large portions of the surface and appears to degrade pitted materials; fractures, grooves, and channels; lobate
landslides and ejecta; and small mounds on short timescales.

Lighting conditions had a major effect on independent searches for surface ice exposures in permanently
shadowed regions (Ermakov, Mazarico, et al., 2017; Platz et al., 2016). Only two southern hemisphere can-
didates have been identified; searches for southern examples will begin during Dawn’s second extended mis-
sion at Ceres. In contrast, any north/south bias arising from lighting conditions in our catalog of
morphological features is probably minor. Lighting differences may have caused us to slightly underrepre-
sent type 1 landslides poleward of —60°. Hemispheric differences in the distribution of lobate landslides ver-
sus lobate ejecta occur equatorward of 60°, where detections were not strongly affected by shadows.
Similarly, lighting conditions posed challenges to detection of small-scale features such as pitted materials
and fractures, grooves, and channels at high latitude but did not obscure the large-scale morphology of cra-
ters. The characteristically flat-floored craters that host the pitted materials and fractures, grooves, and chan-
nels are absent poleward of 60-70°. Finally, if lighting played a role in the nondetection of polygonal
patterned ground (section 3.6), both hemispheres were affected equally.

The bias toward feature identification on young terrains is significant in our data set, and it raises interesting
questions. First, are small-scale features that are easily degraded (pits, fractures, lobate ejecta, and land-
slides) produced in nearly all impacts and destroyed, or do some or all of these features develop only under
conditions that are spatially and/or temporally constrained? All of the features in our catalog occur in a
range of preservation states, suggesting older examples once existed. However, we also observe substantial
lateral heterogeneity in the occurrence of lobate and fluidized ejecta, pitted material, landslides, and frac-
tures associated with individual, well-preserved craters (e.g., Ikapati) and morphological differences in cra-
ters of comparable size and age (e.g., Ezinu and Gaue). So target heterogeneity has played an important role
in the morphology of young craters. The same was likely true in the more distant past, but was similar mor-
phology produced? Complex craters hosting large floor fractures (Class 1 FFCs) and simple craters with
interior moats (Class 4 FFCs) appear to be systematically shallower than the general population of Ceres’
craters, independent of degradation state (Buczkowski et al., 2016, 2018), suggesting that these craters
may have characteristics unique to Ceres’ recent geologic history (<1 Ga?). In contrast, craters with circum-
ferential fractures (of which the class 1 and 4 FFCs are a subset) are not systematically shallow as a group,
although they are systematically young. (At <600 Ma, Yalode is the oldest crater in the group.) Crown et al.
(2018) and Otto et al. (2019) have both suggested that Cerean craters may exhibit a unique form of degrada-
tion that involves fracturing and collapse of crater rims. These processes combined with floor uplift could
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preferentially erase older FFCs, consistent with the observed deficit of large craters on Ceres (Marchi et al.,
2016) and the observation of a shallow, heavily degraded Yalode-sized crater at the boundary between the
Yalode and Rongo quadrangles (Crown et al., 2018; Platz et al., 2018). Thus, it is unlikely that the FFCs
are a unique feature of the epoch in which we are observing Ceres—though it is possible.

The second question raised by the bias toward identification of young features in our catalog concerns the
apparent “gap” west of Kerwan: Is the lack of identified features in this region due to a relative deficit of sub-
surface ice, or a deficit of young craters with well-preserved ejecta? The statistical analysis presented in
section 4.1 suggests the observed distribution of features is more clustered than a random distribution,
and the presence of the gap may contribute to this result. On morphological grounds, there is reason to
believe the subsurface may be abnormally ice-depleted in this region. The gap occurs on part of the extended
Kerwan smooth material, one of the oldest and most heavily cratered geologic units on Ceres. One of the few
features mapped in this region is a set of degraded Nar-Sulcus-like troughs and grooves, suggesting that the
region west of Kerwan may be the floor of an ancient, degraded impact basin. Kerwan itself is thought to
have substantially depleted the subsurface of water at depths >15 km (Bland, Ermakov, et al., 2018). Our
hypothesized earlier impact to the west could have similarly depleted the deep portions of the crust, while
the high temperatures achieved in the ejecta of these two large, equatorial impacts (Marchi et al., 2013)
may have led to the deposition of substantially devolatilized material at the surface. Subsequent bombard-
ment by smaller impactors would enhance the regional deficit once it was established.

Our interpretation of the features in our catalog as having a genetic relationship with ice—along with our
proposed scenario of early impacts driving large-scale heterogeneities in the modern cryosphere—
demands some discussion of the relative abundance and differing stability conditions of water-bearing
phases in the crust. As noted in section 3.1, Ceres’ bulk crust likely consists of a three-component mixture
of <25 vol. % water ice, < 29% carbonates and phyllosilicates, and > 36% high strength hydrated phases,
for example, clathrates and hydrated salts (Ermakov, Fu, et al., 2017; Fu et al., 2017). Based on thermal
modeling, Castillo-Rogez et al. (2018) argued that the crust should contain less than 20 vol. % salts, about
two thirds of which is hydrohalite (NaCl 2H,0). The rest is a mixture of anhydrous salts, in particular
chlorides, such as the ammonium chloride detected in a few locations on Ceres (Raponi, de Sanctis,
Carrozzo, et al., 2018). Hydrated salts are generally more viscous than ice at the same temperature due
to the complex structure they develop when crystallizing at the solution eutectic (e.g., McCarthy et al.,
2007). They are also denser than ice by up to a factor of 2.5. Thus, at typical subsurface temperatures,
hydrated salt lenses are not good candidates for the low viscosity materials invoked in the production of
circumferential fractures (Otto et al., 2019) or the low-density materials invoked to explain the formation
of large domes by solid state diapirism (Bland, Sizemore, et al., 2018). On the other hand, anhydrous chlor-
ides soften ice at low temperature and can promote significant melting in response to impact induced
heating, so the combination of impact heat, salts, and ice is likely critical to the production of many
observed morphological features.

The presence of clathrate hydrates adds an additional layer of ambiguity in the composition of the upper
kilometers of the crust. At <200 K, CO, and CH, clathrates are stable at <0.1 MPa (Yasuda & Ohmura,
2008) or roughly 3 km below Ceres’ surface assuming a bulk crustal density of 1,287 kg/m?>. Clathrates are
destabilized upon impact; they release their trapped gases, and their constituent H,O is converted to liquid,
vapor, or ice dependent upon local temperature and pressure conditions. Clathrates melt at the same tem-
perature as conventional ice. When entrained in ejecta or destabilized at shallow depth, clathrates will
not reform upon refreezing even if there is gas in the system, because pressures are too low (Mousis et al.,
2015). Indeed, at elevated temperatures (>200 K), the pressure requirement for clathrate formation
increases to ~1 MPa or greater (equivalent to depths >200 km). Thus, destabilization of clathrates on impact
could play an important role in the production of many of the ejecta characteristics we have attributed
broadly to “ice” (e.g., post depositional flow, lobate margins, pitting); shallow clathrates could also provide
another path for the heat pulse from an impact to produce the low viscosity layer implicated in the develop-
ment of circumferential fractures. In general, conventional ice and/or clathrates are the best candidate mate-
rials for the low-viscosity and/or low-density layers invoked to explain fracturing and doming in craters.
Further, repeat impacts have likely driven a progressive conversion of shallow clathrate hydrate to conven-
tional ice in parallel with a progressive loss of H,O to space from both sources.

SIZEMORE ET AL.

1683



Journal of Geophysical Research: Planets 10.1029/2018JE005699

Circurnferential fractures

b Type 1or2 Landslide
\ 10°* Pa s (Otto et al.
b ~20vol. % ice ? a5 {Ottoetal)
2 e S B R R J ____________ I P
Pitted material
< 50 vol, % ice = : i
N o desicoated p = 10% Pa s (circumferential fractures)
=2 {Otto et al.)
T
5 2km
5 Floor fractures p =920 kg/m® ([domes, floor fractures)
2 (Bland et al; Buczkowski et al)
g
s
& THE o o i sy o o e, il B B A R e ) i i e i e i N B R
o
=
f=1
o
v
i
i 4 km
=
"
]
8
5} - — — - - - - - - - - — - - - — — — — — — — — — — =
6km

Figure 18. Schematic representation of relative locations of lobate landslides and ejecta, pitted materials, circumferential
fractures and floor fractures, and derived constraints on their material properties and composition. High-resolution
imaging of these features could improve our understanding of the ice content of the upper 100 m to 2 km. See discussion in
text. FAE = fluidized appearing ejecta.

4.4. Evolution of the Cryosphere and Future Morphological Observations

Our discussion of lateral and vertical heterogeneity in the cryosphere hinges on the role of impacts in the
devolatilization of Ceres’ crust and the excavation and delivery of ice-rich materials from depth to the near
surface. In the broad picture we have painted, Ceres’ crust is initially ice rich and globally uniform in com-
position. Early large impacts remove material and establish large-scale compositional heterogeneity.
Subsequent impacts (1) contribute to the depletion of ice in the upper several kilometers, (2) excavate
water-rich ejecta from depth, laying down shallow ice-rich layers, and may (3) facilitate cryomagmatic
and/or cryovolcanic activity via fracturing, transient melt production, and differential loading of the subsur-
face due to cavity excavation. Average temperature differences between the equator and the poles cause H,O
loss to occur preferentially at low latitude and midlatitudes, while high latitude ice is more protected, produ-
cing a relatively ice-depleted upper layer equatorward of ~60-70°.

Against this backdrop, two key questions emerge: First, are impacts the primary driver of H,O loss in the
current epoch? Second, how much of a role has deep endogenic activity played in the production of putative
cryomagmatic and cryvolcanic features? We briefly discuss how future morphological observations might
address these questions below.

Interest in contemporary H,O loss mechanisms from Ceres was piqued by detections of water vapor outgas-
sing by the Herschel Space Observatory when the Dawn spacecraft was still en route from Vesta (Kiippers
et al., 2014). Explaining the H,O production rates derived from the Herschel observations was a significant
challenge throughout Dawn’s mission at Ceres. Theoretical studies of sublimation of ice from the buried ice
table (Schorghofer, 2016), of sublimation of ice from surface exposures (Landis et al., 2017), and of sputtering
from solar energetic particle events (Villarreal et al., 2017) all failed to produce the Kiippers et al. (2014) pro-
duction rates by orders of magnitude. Reevaluation of the Herschel data may soon bring theoretical and
observational production rates into better agreement. At the same time, small impacts and landslides that
are not resolved in FC images hold promise to increase theoretical estimates of H,O production, if they
can expose volumetrically dominant ice. High-resolution morphological analysis (during Dawn’s second
extended mission at Ceres or by future missions) could give important insights into the ice content of the
upper ~5 m of the regolith, as well as the viability and relative importance of proposed vapor production
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mechanisms. Specifically, high resolution images could be used to search
for very young ice-exposing craters (diameters <20 m, similar to those
exposed in the Martian midlatitudes; Byrne et al., 2009) and make
improved estimates of surface sublimation rates based on total number
of fresh craters and inferences about the concentration of exposed ice.
Identifying locations where near-surface ice might be pore filling or even
exceed the pore volume of the regolith would be of particular interest for
modeling outgassing rates where ice is exposed by small impacts
or landslides.

High-resolution images would also allow for systematic searches for ther-
mal contraction polygons, pits/scarps/dissection, and other small-scale
features not resolved in current data sets. These searches could be targeted
specifically on locations of identified lobate landslides and ejecta and

Figure 19. Detail of the Nar sulcus region showing large “troughs” or faults pitted materials and might better constrain the relative abundance of ice
associated with a large dome on the western floor of Yalode crater. Grooves  in these features (Figure 18). Identification of small-scale textures on type
and channels are indicated by white arrows. 1 and 2 landslides in the northern hemisphere and intermediate land-

slides at Juling crater would be particularly valuable for establishing links
between volumetric ice content of the shallow subsurface and the occurrence of surface ice exposures
(Combe et al., 2016, 2018; Platz et al., 2016; Raponi, de Sanctis, Frigeri, et al., 2018). High-resolution imaging
might also give insights into what mechanism is most responsible for the pervasive “blurring” of Ceres’ geo-
logic unit boundaries (Crown et al., 2018). Small-scale pits and scarps (<10 m) produced by sublimation or
small-scale thermal contraction polygons on Ceres’ smooth materials could explain the generally muted
character of the surface. Alternatively and more likely, the dominance of small impact craters may continue
to very small spatial scales, with associated heating, transient enhanced sublimation, and turbulent mixing
producing the observed muting. Identifying the small-scale textures that give rise to large-scale muting
would also test the hypothesis that impact induced mixing, rather than a uniquely low regolith porosity,
may account for the shallowness and overall low volumetric concentration of ice detected by GRaND at high
latitudes (Prettyman et al., 2017).

High-resolution imaging of targeted locations may also provide insights into the origin of putative cryomag-
matic and cryvolcanic features. At Ahuna Mons and Occator crater, high-resolution images could reveal sur-
face textures and/or superposition relationships and constrain ice/brine content of putative cryolavas as well
as the timing of their emplacement. Throughout the basin B region, high-resolution imaging would allow for
the estimation of ages for different large domes via crater counting. Establishment of relative ages for the indi-
vidual large domes would allow for direct testing of the hypothesis that the domes form via extrusion and relax
on timescales of hundreds of megayears thereafter. Establishment of absolute ages for the individual large
domes would allow the timing of their formation (or most recent extrusive event) to be compared directly
to global models of thermal evolution. High-resolution images of large domes and craters exhibiting all sub-
types of fractures, grooves, and channels might also reveal previously undetected morphological indicators
of extrusion. The Nar Sulcus region of Yalode crater is a particularly promising region for this type of analysis,
as all three subtypes of fractures, grooves, and channels are colocated there with a large dome (Figure 19).
Likewise, the Urvara crater floor contains a local topographic high (not included in our large domes feature
class) proximal to all subtypes of fractures, grooves, and channels, one of the better pingo candidates in the
small domes feature class, and two regions of smooth material with distinct ages (Crown et al., 2018).

Although more detailed imaging of any or all of the features in our catalog would provide new insights into
Ceres’ enigmatic subsurface, we emphasize that future morphological studies would be strongly comple-
mented by the availability of ground penetrating radar and a high-resolution visible and near-infrared spec-
trometer. Modeling and interpretation of all identified features in our catalog would be improved by more
quantitative data relevant to ice content at depths >1 m.

5. Conclusions

We have developed a comprehensive global catalog and maps of the morphological features that have clear
or potential relevance to subsurface ice using data acquired during the Dawn spacecraft’s primary and first
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extended missions at Ceres. Morphological features linked to ice are nearly ubiquitous on the dwarf planet,
consistent with multiple lines of observational evidence that ice is a key component of Ceres’ crust. Regional
deficits and clusters of features indicate that ice concentration is heterogeneous on nearly all length scales,
from hundreds of kilometers to <1 km. Impacts are likely the key driver of heterogeneity, causing progres-
sive devolatilization of the low latitude and midlatitude crust on billion-year timescales but also producing
localized enhancements in near-surface ice content via excavation of deep ice-rich material and facilitation
of cryomagmatic and cryovolcanic activity. Our analysis indicates that pervasive stratigraphy associated with
ice-rich layers is present in the crust today. Impacts may be the dominant mechanism for ice loss on modern
Ceres. Our analysis also suggests specific locations where future high-resolution imaging can be used to
probe (1) the role of small impacts in driving volatile loss and better constrain current loss rates and (2)
the history of putative cryomagmatic and cryovolcanic features. The Cerean cryosphere and its unique mor-
phology promise to be a rich subject of ongoing research for years to come.
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