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Introduction:  Prior to the arrival of the Dawn 

spacecraft at Ceres it was anticipated that the dwarf 
planet’s outer shell might be water ice rich [e.g., 1]. 
Using Dawn Framing Camera (FC) images, we have 
carried out global searches for morphological features 
that are potentially diagnostic of the presence of sub-
surface ice based on analogies with a variety of solar 
system objects [e.g., 2, 3].   

 

 
Fig. 1. Pit clusters, flows, and fractures on the floor of 

Haulani crater. 
 
We have identified distinct pitted terrains in the 

FC Low Altitude Mapping Orbit (LAMO) dataset (35 
m/px). We describe the morphology, setting, and geo-
graphic distribution of these terrains, which exhibit 
striking similarities to pitted materials previously dis-
covered by Dawn at Vesta [4], and to pitted materials 
identified in low-and mid-latitude martian craters [5]. 
We discuss spatial relationships between pitted terrains 
and other morphological features of interest on Ceres, 
including fluidized and lobate ejecta, lobate mass wast-
ing features [2, 6], crater floor fractures [7], and small 
scale grooves and channels [8]. Finally, we evaluate 
the likely role of ice and other volatiles in the devel-
opment of pits.  

Methodology: Because Ceres’ surface morphology 
is dominated by impact structures, distinguishing be-

tween features produced by volatile loss (sublimation, 
outgassing) and features produced by small impacts 
was an ongoing consideration in our analysis of FC 
data. Our criteria for identification of pits, depressions, 
and pit clusters relevant to volatiles were the presence 
of (1) rimless depressions, or depressions with subtle 
rims that do not rise above the surrounding terrain [5], 
(2) individual pits or depressions with round-to-
irregular or polygonal margins, and (3) overlapping or 
repeating patterns. Concurrent with our search for pits 
and depressions, we mapped and catalogued other 
morphological features with potential relevance to vol-
atiles, noting spatial correlations. 

Following completion of our global feature search-
es, we investigated possible mechanisms of pit devel-
opment, using morphological comparisons to other 
solar system bodies and established numerical models 
of near-surface volatile transport [9, 10]. 

Results:  All of the rimless pits identified in our 
global search were associated with pristine and well 
preserved impact craters. Extensive pits occur in and 
around Dantu, Ikapati, Haulani, and Kupalo craters. 
More muted depressions identified in less-well-
preserved Urvara and Azacca craters likely represent 
degraded pit clusters. Pit clusters are rare in Occator, 
which hosts two larger unique depressions [11]. 

Pit morphology. Individual pits are negative relief 
features that appear quasi-circular to polygonal in plan 
form, and typically occur in tightly overlapping clus-
ters incised in smooth crater floor materials and in 
ponded ejecta. Pits exhibit a range of depths within 
individual clusters and are generally conical or fluted 
in profile, rather than flat-floored. Pit size varies based 
on (1) size of the host crater, (2) proximity to the crater 
center and (3) thickness of the host deposit. In general, 
the largest pits occur in the crater fill deposit, often 
where smooth crater floor materials form a quasi-
equipotential surface. Successively smaller pits occur 
in smooth material ponded on wall terraces and in the 
continuous ejecta blanket. At Dantu (diameter 126 km) 
and Ikapati (diameter 50 km), pit diameters range from 
~1km down to ~100 m, the limit of FC resolution (~35 
m/px in Low Altitude Mapping Orbit or LAMO). Typ-
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ical pit depths are 10s of meters on the Dantu and Ika-
pati floors; the largest pits are deeper than 150 m. At 
Kupalo (diameter 26 km) the largest pits are near the 
limits of FC resolution. Pits were not identified at Oxo 
(diameter 10 km) craters, although ice has been detect-
ed there [11]. 

Pit development. The morphology, setting, and 
size-distribution of cerean pits all bear striking similar-
ities to pitted materials previously identified in pristine 
craters on Mars [5] and on Vesta [4], suggesting a 
common formation process. Boyce et al. [9] developed 
a model of martian pit development in which pit clus-
ters form via the rapid escape of volatiles from a melt-
bearing brecciated layer soon after impact. Application 
of this model to Vesta and Ceres indicates that the out-
gassing process is more efficient in the asteroid belt, 
due to the low gravitational acceleration and lack of 
atmosphere [3]. H2O from ground ice and hydrated 
minerals is assumed to be the dominant volatile re-
sponsible for pit formation on Mars [5,9]. On Vesta, 
pit forming H2O is likely sourced from chondritic im-
pactors [4], but an ice contribution cannot be ruled out 
[13]. Thus, a key question becomes: Is endogenic 
ground ice implicated in pit formation at Ceres? 

The larger morphological context. The cerean cra-
ters that host pitted materials also exhibit several mor-
phological characteristics that have been independently 
linked to modest quantities of ice. These include: 

1. Fluidized & lobate ejecta, which has been cited 
as evidence for ground ice on Mars and Ceres [e.g., 6, 
14, 15]. Cerean pit clusters are incised in smooth im-
pact materials that form ponded equipotential surfaces 
and exhibit multiple indications of flow, including 
streamlining, diversion around obstacles, and (less 
frequently) toes or levees at a distal margins. The oc-
curence of pits on flows in crater interiors and in ponds 
connected by “channelized flows” on continuous ejecta 
is directly analogous to the relationship between pits 
and flows observed on Mars [5] and distinct from Ves-
ta, where evidence for flow is more limited and layered 
ejecta with lobate margins is not observed [16].  

2. Small-scale grooves, fractures, and channels. 
Across Ceres, smooth impact materials associated with 
well-preserved craters are marked by small scale 
grooves or fractures. We observe these small-scale 
linear features at every location where we identified 
pits. On continuous ejecta blankets and in ponded ma-
terial on wall terraces, small grooves and fractures are 
typically concentric to the source crater; however, the 
grooves sometimes divert and become concentric to 
topography underlying the smooth deposit. This diver-
sion around underlying topography, particularly buried 
crater rims, is suggestive of fracturing due to drape 
folding of a volatile rich layer, and possible enhance-

ment of fractures by sublimation or outgassing [17]. 
Interior to the source crater, grooves can form complex 
networks on floor deposits, often intersecting with or 
linking to larger, deeper floor fractures (see below). 
Similar grooves and fractures are associated with mar-
tian pitted crater materials [5]. Networks of grooves in 
Urvara and Yalode floor material also grade to small-
scale channels, interpreted to form via localized flow 
in a volatile-bearing ejecta deposit [8].  

3. Crater Floor Fractures. Every crater in which 
we have identified pitted materials hosts large-scale 
radial or concentric fractures in its floor materials. The 
pitted craters are the most well-preserved members of 
a larger group of craters that have been independently 
identified as analogous to Type I Floor-Fractured Cra-
ters (FFC) on the Moon [18]. Lunar FFCs have been 
linked to post-impact magmatic intrusion. A cryom-
agma is implicated if a similar process produces the 
cerean FFCs. 

4. Simple-to-complex crater transition and depth-
to-diamter ratios. The large-scale morphology of cere-
an craters is analogous to impact structures on icy sat-
ellites and distinct from Vesta. Depth-to-diameter rati-
os are also consistent with an ice-rich crust [19]. How-
ever, crater topography on Ceres persists over billion-
year timescales, indicating that silicates dominate the 
crust volumetrically [20]. 

Discussion:  Viewed in the larger context of crater 
morphology at Ceres, there is a strong circumstantial 
case that endogenic ground ice contributes to the de-
velopment of pitted terrains on Ceres. We will present 
the morphological argument for ground ice involve-
ment in the context of recent detections of water ice 
and hydrogen by VIR [12, 21] and GRaND [22] re-
spectively. Further, we will place quantitative con-
straints on the volumetric abundance of ice in the up-
per km of Ceres’ mid- and low-latitude regolith. 
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