
	
 

Figure 1. Overview of morphological features related to subsurface ice on Ceres. 
Examples of type 1 (A) and type 2 (B) landslides, fluidized or lobate ejecta (C), 
pitted materials (D), circumferential fractures (E), crater floor fractures (F), 
large domes (G), and small mounds (H) are shown in the upper panels, along 
with their respective map symbols. Panel I shows the global distribution of these 
features.  

A GLOBAL INVENTORY OF ICE-RELATED MORPHOLOGICAL FEATURES ON DWARF PLANET 
CERES. H. G. Sizemore1, H. T. Chilton2, K. H. G. Hughson3, M. M. Sori4, D. L. Buczkowski5, M. T. Bland6, L. C. Quick7, J. E. C. Scully8, B. 
E. Schmidt2, K. Durarte2, T. Platz1, D. C. Berman1, D. A. Crown1, S. C. Mest1, K. A. Otto9, S. Marchi10, A. Nass9, G. Thangjam11, A. Nathues11, 
C. Ahrens12, N. Schorghofer1, M. E. Landis4, T. H. Prettyman1, M. C. De Sanctis13, C. A. Raymond8, C. T. Russell3, 1Planetary Science Institute, 
Tucson, AZ, USA (sizemore@psi.edu), 2 Georgia Institute of Technology, Atlanta, GA, USA, 3University of California Los Angeles, Los Ange-
les, CA, USA, 4University of Arizona, Tucson, AZ, USA, 5JHU-APL, Laurel, MD, USA, 6USGS Astrogeology, Flagstaff AZ, USA, 7Center for 
Earth and Planetary Studies, Smithsonian Institution, Washington DC, USA, 8Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, CA, USA, 9German Aerospace Center (DLR), Institute of Planetary Research, Berlin, Germany, 10Southwest Research Institute, Boul-
der, CO, USA, 11MPI for Solar System Research, Göttingen, Germany, 12Arkansas Center for Space and Planetary Science, University of Arkan-
sas, Fayetteville, AR, USA, 13Istituto di Astrofisica e Planetologia Spaziali, INAF, Rome, Italy. 

 
Introduction: Data sets collected by Dawn during 

its primary mission at Ceres have confirmed the pres-
ence of substantial subsurface ice, and revealed a more 
complex distribution of ice than was previously pre-
dicted [1–3]. Understanding the burial depth, concen-
tration, and mobility of subsurface ice on inner solar 
system worlds is of great interest from the standpoints 
of cosmoschemistry, astrobiology, and future in situ 
resource utilization. 

The inventory of ice in localized surface exposures 
on Ceres has been quantified by the Visible and Infra-
Red Mapping Spectrometer (VIR-MS) 
[4]. The ice content of the uppermost 
meter of Ceres’ regolith is well charac-
terized by data from Dawn’s Gamma 
Ray and Neutron Detector (GRaND) 
[3] and by thermal stability simula-
tions [5]. The ice content of the deep 
interior (length scales of 10s of km) is 
constrained by gravity and global to-
pography data [2, 6]. At intermediate 
depth ranges (10s of meters to kilome-
ters), analysis of surface morphology 
has been critical to investigating the 
concentration of ice and other volatiles 
[1, 7–9]. Here, we present a new com-
prehensive catalog of morphological 
features relevant to the presence and 
concentration of subsurface ice and 
other volatiles, 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. 

Methods: We carried out iterative 
global searches for features of interest 
in Framing Camera (FC) images and 
mosaics during each of Dawn’s map-
ping orbits at Ceres, beginning with 
Rotational Characterization 3 (RC3; 

1.3 km/px), and continuing through Survey (410 
m/px), High Altitude Mapping Orbit (HAMO; 140 
m/px), and Low Altitude Mapping Orbit (LAMO; 35 
m/px). As each global data set became available it was 
searched independently, then features identified in 
previous, lower resolution data sets were re-evaluated 
and interpreted based on the highest resolution images, 
digital terrain models (DTMs), and numerical model-
ing, as appropriate. Our final catalog and maps include 
both (1) features for which there is substantial evi-
dence that ice played a key role in landscape develop-
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ment, and (2) features for which there is a circumstan-
tial case for ice or volatile involvement and which mer-
it further scrutiny in the event of a future Ceres mis-
sion. 

Results:  We identified six broad classes of fea-
tures with clear or potential relevance to ground ice: 
landslides and ejecta (types 1–3, Fig. 1 a–c), pitted 
materials (Fig. 1 d), depressions and scarps (not pic-
tured), large domes (Fig. 1 g), small mounds (Fig. 1 h), 
and fractures, grooves and channels (Fig. 1 e–f).  

Landslides and lobate ejecta were some of the 
first features recognized on Ceres to have relevance to 
ice [8, 10]. Analysis of Ceres’ layered ejecta (feature 
type 3) is consistent with a crustal composition of < 29 
vol.% carbonates, <25 vol. % water ice, and > 36 vol. 
% high strength hydrated phases (plus 10 vol. % void 
space) [11]. Latitudinal variations in landslide mor-
phology (feature types 1 and 2) are suggestive of lati-
tudinal variations in temperature and possibly the con-
centration of ground ice in the upper kilometers of 
Ceres’ crust [12].  

Pitted materials are likely produced by the rapid 
outgassing of volatiles from heated ejecta and are ob-
served only at mid and low latitudes on Ceres. Analy-
sis suggests H2O is the dominant gas species, and is 
sourced from ice and hydrated mineral phases. Occur-
rence of these features is likely consistent with < 50 
vol. % ice in the ejecta layer (~100s m) [9]. A small 
number of irregular depressions and scarps are not 
clearly linked to ice or volatiles, but have been retained 
in the catalog due to their proximity and common set-
ting with pitted materials, and their morphological sim-
ilarity to features produced by ice sublimation else-
where in the solar system. 

A variety of large domes (10s of km in diameter, 
km high) were evident in the earliest RC3 images of 
Ceres [10]. We identified 33 of these features globally. 
One, Ahuna Mons, has been interpreted to be a young 
cryovolcanic construct [13], and the others have been 
hypothesized to be similar, viscously relaxed con-
structs [14] or evidence of solid state ice diapirism 
[15]. The preferential occurrence of these features in 
ancient basins and their morphology support cryom-
agmatic and/or cryovolcanic origin. Small mounds 
(<1–5 km in diameter, 100s of m high) are a diverse 
group of features that have potential relevance to 
small-scale cryovolcanism or pingo development [16, 
17], but interpretation of these features is limited by 
image resolution. 

Fractures, grooves, and channels is an umbrella 
feature class that includes three distinctive subgroups 
of features that commonly occur together and grade 
into one another at some locations. Floor fracture cra-
ters (FFCs; Fig. 1 F) are craters with distinctive large-
scale floor fractures and/or circumferential moats, hy-
pothesized to develop as the result of cryomagmatic 
intrusion beneath the crater by analogy with the Moon 
[10, 18]. Circumferential fractures in smooth ejecta 
external to crater rims may result from the relaxation 
of a crater on top of a soft subsurface layer. The ductile 
behavior of such a layer may be generated by a rela-
tively high abundance of buried ice [19]. Small-scale 
grooves and channels in the smooth floor materials of 
large impact craters have been suggested to result from 
mobilization of volatiles in the heated ejecta layer [20]. 

Discussion: Broadly, the distribution of morpho-
logical features linked to ice is consistent with infer-
ences from neutron spectroscopy, and gravity and to-
pography analysis, which indicate that the dwarf plan-
et’s crust (outer ~50 km) is comprised of a mixture of 
phyllosilicates and carbonates, ice, and hydrated salts 
and/or clathrates. The global distribution of our 
mapped features suggest that subsurface ice is present 
globally on Ceres, that silicates and high strength water 
bearing phases (hydrated salts, clathrates) are the vol-
umetrically dominant regolith material in the crust. 
Further, the asymmetry of fluidized and lobate ejecta 
deposits and the geographic clustering of some features 
– especially potential cryomagmatic or cryovolcanic 
features – suggests that there are substantial vertical 
and lateral heterogeneities in the volume fraction of ice 
at a variety of length scales. The Cerean cryosphere 
and its unique morphology and composition promise to 
be a rich subject of ongoing research. 
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