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A B S T R A C T

The prominent bright deposit Cerealia Facula, Ceres, coincides with the central depression (or central pit) of the recently formed 92 km-wide complex crater Occator.
The central pit is 9–10 km wide and up to 1 km deep and is partially filled with a 700 m-high 2 km-wide dome. The upper surface of the central dome is densely
fractured but the flanks are not, indicating that uplift of the dome surface occurred after the bright deposit was emplaced, and primarily through uplift of the surface
from below by laccolithic intrusion or volume expansion. The pit is rimless except for two prominent massifs that flank it to the east and west. This pit-dome
morphology bears a strong resemblance in morphology, topography, and dimensions to central pit craters observed on Ganymede and Callisto, but is essentially
absent on the similar sized ice-rich moons of Uranus, Saturn, and Pluto. The lack of pit craters on midsize icy moons and the possible lack of central pit craters at the
cold poles of Ceres suggest that temperature is a significant controlling factor in central pit formation, beyond the canonical inverse-gravity scaling of complex crater
transitions. While renewed modeling will benefit from these new constraints, the mapping of central pits on Ceres, including Occator, suggests that either the
rheologically layered target model or more likely the melted central uplift model may be the most probable explanation for central pit formation on Ceres (lack of
similar high-resolution imaging on the Galilean icy satellites precludes definitive evaluation of models there). Large volumes of lobate floor-fill material at least
600m thick in some places cover large areas of the southern and eastern floor of Occator, and small outcrops of this unit are found perched high on closed
topographic depressions on the Occator terrace zone and other higher areas of the crater floor. The swirling and knobby surface textures of these lobate deposits are
essentially indistinguishable from those on impact melt sheets on large lunar craters such as Tycho. These observations indicate that this unit is most likely an impact
melt sheet formed from melted water ice admixed with unmelted particulate or dissolved phyllosilicates, salts and/or carbonates, and large quantities of fragmented
debris. Melt of ice phases within Ceres crust is also supported by independent numerical models of impact at Occator and would provide a ready source of fluids to
promote hydrothermal deposition of the observed bright Na-carbonates on the surface of the central pit at Occator, if the deposit formed within a million years or so
of impact. The central dome finds analogs in salt domes on Earth and pingos (frost-mounds) on Earth and Mars, which form by water and solute migration and freeze
expansion. Later freezing of a central reservoir of volatiles beneath the central pit at Occator or mobilization of ice or other phases during the cooling and refreezing
process could explain the uplift of the central dome. Finally, no changes were detected in the Cerealia and Vinalia Facula bright deposits during the course of the
prime Dawn mapping mission, placing additional constraints on their formation time and limits on ongoing activity.

1. Introduction

Dwarf planet Ceres, as the largest current member of the Asteroid
Belt, is noteworthy for its low density of ∼2.16 g/cm3 indicating a
water content of ∼50 vol.% in the form of ice and water of hydration
(silicates and salts) (e.g., McCord and Sotin, 2005). Modeling based on
global geophysical mapping of Ceres by the Dawn spacecraft indicates
that it may be only weakly differentiated and that the outer layers may
have no more than 40% water ice (Bland et al., 2016; Park et al., 2016;
Fu et al. 2017). Despite this, global mapping by Dawn (Russell et al.,
2016) has revealed a variety of geologic features indicative of low-
strength or ice-rich materials in the outer layers, including debris slides
(Schmidt et al., 2017), volcanic domes (Ruesch et al., 2016; Sori et al.,

2017), impact crater transition diameters identical to icy satellites
(Hiesinger et al., 2016; Schenk et al., 2016), and other related features
(e.g., Sizemore et al., 2017).

The first anomalous features discovered in the early stages of Dawn
Ceres mapping were bright spots (Fig. 1) on the floor of a large rela-
tively fresh 92 km-wide impact crater (Occator) in one of the regions
originally thought to be venting water (Kueppers et al. 2014). These
spots, or faculae, are the brightest features on the planet and spectro-
scopy revealed a composition dominated by Na-carbonates, Al-phyllo-
silicates and NH4CL (De Sanctis et al., 2016; Raponi et al., 2018, this
issue). Higher resolution images revealed the brightest and largest spot,
named Cerealia Facula, to be coincident with a depression (or pit) and
small dome at the center of Occator crater. Central pits turn out to be
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common in large craters of this size on Ceres (Schenk et al., 2016) and
an understanding of the formation of these central structures is one of
the fundamental keys to unlocking the origin(s) of this unusual bright
feature.

In this report we examine the morphology of the Occator central
structure and compare it with similar central structures on Ceres and on
icy satellites. We also examine surrounding features within Occator to
place the central structure in context. We then examine constraints that
the occurrence of these structures on Ceres place on central pit for-
mation generally and what their formation implies for the state of
Ceres’ interior.

2. Occator Crater: description

Global mapping of Ceres and stereo and visible-NIR imaging of
Occator in particular were acquired by Dawn at pixel scales of ∼35m/
pixel, supplemented by IR spectroscopy (e.g., Ammannito et al., 2016;
Carrozzo et al., 2018; Ciarniello et al., 2017; Nathues et al., 2016).
Stereo imaging allowed for detailed topographic mapping (Fig. 2) in
both stereogrammetry (Preusker et al., 2016) and stereo-
photoclinometry (Park et al., 2016) supplemented by individual DEM
(digital elevation models) construction by the author (PS) over the
central structure of Occator. The features described here are based on
mapping at ∼35m pixel scales, supplemented by stereo views and DEM
data.

The geology of Occator is described in greater detail by
Buczkowski et al. (2017, this issue) and Scully et al. (2018, this issue)
and is addressed here in brief as context for the examination of the
central structure. As we are concerned here primarily with the central
bright deposits and structures of Occator, we defer discussion of ejecta
deposits to other reports (e.g., Buczkowski et al., 2017 this issue; Scully
et al., 2018, this issue; Nathues et al., 2018, this issue) except to note
them as evidence of impact origin.

Occator crater (19N, 239E) is a nearly circular rimmed depression
93 by 89 km across and ∼3.75 km deep (Figs. 1 and 2). Occator is the
largest well-preserved crater and is the only one >75 km across on
Ceres where all original structures and textures from formation are
reasonably intact, at 35 m resolutions. The current estimated age of
formation of the Occator crater is ∼20Myr (Neesemann et al., 2018, to
this issue). We note that there is variability and uncertainty in the es-
timates of areas within the crater due to small area stochastic cratering
variability and likely contamination of self-secondaries in the counts
which will make reliable estimates of smaller areas very difficult. The
crater is defined by a steep inward-facing scarp bounding a rugged but
low lying floor of ridged, hummocky, and flat-lying materials (e.g.,
Scully et al., 2018, this issue). The crater itself is surrounded by heavily
scoured and mantled terrains and fields of innumerable irregularly
shaped craters, consistent with formation of a large impact crater sur-
rounded by ejecta deposits and secondaries, though these are not ad-
dressed in this report.

2.1. Rim morphology and floor Units

The rim scarp of the Occator basin rises an average of 3.75 km above
the crater floor and has slopes of 30–50° (Fig. 1). The height of the wall
scarp is variable (Figs. 1 and 2). In some areas, particularly to the
northeast and southeast, the wall scarp drops precipitously in one
contiguous scarp several kilometers to crater floor deposits. In other
areas the rim wall scarp is less tall, particularly where the crater floor
deposits are higher in elevation and presumably thicker. Small rugged
km-scale knobs are locally exposed along the crest of the rim scarp
(Fig. 3a[left]) inferred to be exposures of bedrock or strongly con-
solidated crustal materials. Some of these spots are relatively bright in
contrast to other materials. Otherwise the slopes of the rim wall are
mostly smooth with downslope light-and-dark striations (Fig. 3a) sug-
gestive of loose unconsolidated talus debris, or normal fault scarp for-
mation, or both. Individual debris slides outlined by lobate distal
margins are recognized along the base of this wall, though these are
volumetrically negligible, compared to crater volume.

The floor of the basin is comprised of three main geomorphic units
(Buczkowski et al., submitted this issue; Scully et al., submitted this
issue). The outermost unit, located along the base of the wall scarp, is
the terrace material, consisting of a circumferential zone or wreath of
uneven hummocky material and angular arcuate blocks of variable
shape up to 10 km across and 1–2 km high (Fig. 3a). These blocks are
not as discrete and well organized as in some larger lunar craters but
are nonetheless recognizable in many areas as tilted fault blocks. In a
few locations the scarps defining these smaller blocks bifurcate, con-
sistent with formation of nested terrace scarps.

Interior to the terrace zone lie two distinctly different major floor
units. Most of the northwest half of the crater floor is comprised of the
hummocky floor unit, consisting of irregular mounds and ridges with
uneven topography (Figs. 1–3). This hummocky floor unit blends lat-
erally with the more organized terraced material proximal to the wall
scarp and is sometimes difficult to distinguish as a discrete unit. These
units are interpreted as fractured crater floor material disrupted and
displaced due to rim wall slumping and floor uplift associated directly
with the Occator impact event.

The southeastern half of the crater floor (Buczkowski et al., 2017,
this issue; Scully et al., 2018, this issue) is dominated by a nearly flat-
lying “lobate” floor-filling deposit (Figs. 1 and 3) that locally embays

Fig. 1. (a) Occator crater, Ceres. Image is from global base mosaic at ∼35 m
pixel scale. Crater is 92 km across; north is at top. Bright deposits are saturated
in this view but are presented more naturally in subsequent figures. (b). Version
of Fig. 1 with annotation showing approximate locations (boxes) of other fig-
ures illustrating features within Occator crater. The center square shows the
approximate location of Fig., 8–12, and 20.

Fig. 2. (a) Stereogrammetric topographic map of Occator crater, Ceres
(Preusker et al., 2016). Image is from global DEM at ∼35 m pixel scale. Crater
is 92 km across; north is at top. (b) Shaded relief rendering of DEM shown in
Fig. 2a. Artificial illumination is from upper right, highlighting the relief in the
central region.
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low-lying parts of the rim terrace unit and irregular hummocky floor
unit. The main contiguous exposure of this smooth embayed unit covers
∼1/3rd of the floor and forms a large U-shaped deposit opening to the
northwest and surrounding the central complex (Fig. 2). While rugged
on kilometer scales (Fig. 3), this unit is remarkably flat-lying in the
elevation map (Fig. 2), with local relief rarely exceeding 100m. Despite
this, the unit is not flat-lying on a regional scale, with a gentle rise of
∼500m forming the western section (Fig. 2). This lateral asymmetry in
the distribution of the lobate material suggests possible oblique impact
from the SE or NW, but could also indicate impact into a target with
lateral preexisting variations in composition or topography. Indeed, the
embayment of terraces in the southeast quadrant also suggests that the
hummocky and terraced crater floor material beneath the lobate de-
posit is generally lower to the southeast than to the northwest.

The distribution and morphology of lobate floor-fill material is
complex. Except in the southeast, the bulk of the lobate material lies
interior to the terraced units. Along the southeast rim the lobate floor-
fill materials extend up to the base of the wall scarp and embay terrace
blocks, which are lower in this quadrant (Figs. 4 and 5). Numerous
smaller outcropping of this unit can be identified within the terrace
zone, and within the hummocky floor material (Figs. 4–6). These
smaller units mostly lie in shallow topographically isolated depressions
at different elevations on the crests of terrace blocks or between ridges
or hummocks within the crater floor unit. In numerous cases, narrow
ribbons of this material can be observed draped between terraces of
different elevations, with clear indications locally of narrow channe-
lized flow downslope (Figs. 4–6) from one level to another.

In many areas, the outer margins of lobate floor-fill material abut
rim wall or terrace block scarps directly with little indication of sig-
nificant relief (Figs. 4 and 5). In other areas, particularly the northeast,
the lobate unit has a definitive outward facing scarp with a rugged
knobby and ridged surface and relief of several hundred meters
(Fig. 3b). In fact, the deepest exposed terrains on the crater floor are
uncovered hummocky floor units just beyond the northern edge of the
lobate deposit (Figs. 2 and 3b). These morphologies are consistent with
lateral flow of a material of variable viscosity emplaced in various di-
rections.

The surface of the lobate floor-fill unit has textures that can be

described variously as ropy, ridged, sinuous, knobby or hilly (Figs. 3
and 7), with local relief that only rarely exceeds a hundred meters.
There is a northward gradation to more rugged relief with no resolvable
break (Buczkowski et al., submitted this issue; Scully et al., submitted
this issue), suggesting emplacement in one single episode. These surface
textures are morphologically indistinguishable to those on impact melt
sheets of large fresh lunar impact craters (Fig. 6), specifically Tycho and
Copernicus. We infer (as also discussed by Scully et al., submitted this
issue) based on these similarities and the embayment of terrace ridges
and scarps at various elevations, that the deposits across the floor of
Occator are analogous, forming a large impact melt sheet, a conclusion
explored in more detail in the Discussion section.

2.2. Central pit and central dome structures

Unpublished pre-Dawn-arrival studies of impact cratering on Ceres
by the authors predicted that large craters in the 10–300 km size range
would have large conical central peaks, the prevalent morphology on
similarly sized ice-rich Dione and Tethys (e.g., White et al., 2013,
2017), if the outer layers of Ceres were similarly ice-rich (e.g.,
McCord and Sotin, 2005). While smaller craters (<40 km) on Ceres are
nearly indistinguishable from those on midsized Saturnian icy moons as
observed by Cassini, most larger craters are central pit craters.

On Ceres, most craters between ∼70 and 150 km have central pits
instead of central peaks (Schenk et al., 2016; Hiesinger et al., 2016), in
which rimmed shallow depressions or ‘pits’ replaces the rugged massifs
that constitute central peaks.

The central pit of Occator is ∼9 km across and ∼1 km deep with
respect to the crater floor (Figs. 8 and 9). The southern and northern
edges of this depression are broadly convex in profile and rimless, with
effective slopes of <10°. The rugged textures of the lobate floor-fill
deposit continue up to the topographic edge of the pit in these sectors
until the bright deposits described below obscure it. Thus it is unknown
whether the pit floor is comprised of lobate floor-fill material or hum-
mocky floor materials.

The eastern and western edges of the Occator central pit are flanked
by high-standing irregularly shaped massifs that form an incomplete
elevated ring around the depression (Fig. 8). The most prominent

Fig. 3. (a) Major floor unit types within Occator
impact crater. From left to right: wall scarp and
terrace zone; hummocky floor unit; lobate floor-
fill unit. Scene widths are ∼35 km; north is at top.
Images were acquired at pixel scales of ∼35m. (b)
Stereographic view of northern outcrops of ridged
and knobby lobate floor-fill material of Occator
crater. Lobate deposits are in central third of
scene, uncovered hummocky floor deposits in top
third of scene. Several bright spots of Vinalia
Facula (described below) are visible. Images were
acquired at pixel scales of ∼35m. Figure format
allows user to view in either wall-eyed model (left-
center) or cross-eyed mode (center-right).
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topographic element of this partial pit rim is a polygonal massif roughly
10 km on a side on the western edge of the central depression, which
rises ∼2 km above the crater floor and 3 km above the depression floor
(Fig. 8a). Most of this fractured plateau slopes generally away from
crater center and has a surface morphology like that of the ridged and
disrupted hummocky floor material to the northwest. This massif is
highest adjacent to the central pit where its edge is defined by a high
broken ridge forming several aligned singular massifs. The inner por-
tion of this ridge forms a steep-walled amphitheater descending into the
central pit, flanked by a smaller mesa, which extends to the south.
Portions of the crater floor fracture system described below extend up

to the southern rim within the lobate deposit but are not observed on
the north side of the rim where hummocky floor material dominates.

The smaller massif to the east is roughly 3×5 km on a side and
rises ∼1 km above floor material (Fig. 8b). It is more irregular in shape
than the western massif but appears to have a small mesa-like crest. The
massif also has a deep quasi-concentric fracture cutting it in two major
sections; the section of which closest to the central pit has a flat top
sloping toward crater center that could be interpreted as having been
rotated toward the crater during pit formation. Several smaller massifs
also occur elsewhere in the annular region flanking the central pit but
these are not continuous or contiguous with other elevated features and

Fig. 4. (a) Stereographic view of outcrops of smooth textured floor-fill material isolated within the southern rim wall terrace zone of Occator crater. Images were
acquired at pixel scales of ∼35m. Figure format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right). (b) Image (left), DEM
(right), and topographic profile (bottom) across exposures of lobate floor-fill material shown in Fig. 4a, showing perching of lobate material at −200m, 150m, and
1050m at this site.
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are less than 1 km high (Fig. 8).
Near the center of the pit lies a circular rounded dome ∼3 km wide

and ∼750m high (Figs. 9 and 10). The dome is slightly offset to the
southeast from the deepest part of the pit. Its highest relative height
above its base is ∼900m on its northwest slope (Figs. 9 and 10). At
35m pixel scales, the dome is densely fractured in a crossing pattern on
its upper surfaces, though the fractures are less intense along the flanks
and with a possible exception do not extend beyond the edge of the
dome into the surrounding pit walls.

Although we observe knobby material and perhaps a low scarp

along the northern edges of the dome, perhaps a fracture, the southern
edge of the topographic dome (at 35m/pixel resolutions) betrays no
evidence for any bounding or marginal scarp along the edge of the
dome. Rather we observe a continuous transition in the bright deposit
from the inward sloping pit wall onto the outward-sloping dome (Fig. 9,
11), suggesting they are formed from one contiguous geologic unit, and
that the domal uplift and fracturing formed after the bright material
was most in place.

Fig. 5. (a) Stereographic view of outcrops of smooth textured floor-fill material isolated within the southern rim wall terrace zone of Occator crater (immediately due
west of Fig. 4). Images were acquired at pixel scales of ∼35m. Figure format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-
right). (b) Image (left), DEM (right), and topographic profile (bottom) across exposures of lobate floor-fill material shown in Fig. 5a, showing perching of lobate
material at 900m and 0–200m at this site, emphasizing the downward sloping surfaces of some of these units.
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2.3. Cerealia facula bright deposit

In addition to its Na-carbonate- and NH4CL-rich composition
(De Sanctis et al., 2016; Raponi et al., submitted this issue), the spatial

distribution and stratigraphy of the bright deposits within Occator are
key to understanding their emplacement. The bright deposits at Occator
occur in two main exposures. The brighter Cerealia Facula (Figs. 9 and
11) is closely associated with the topographic limit of the central pit

Fig. 6. (a) Stereographic view of outcrops of
lobate material isolated within the northwestern
hummocky floor material unit. Images were
acquired at pixel scales of ∼35m. North is to
the upper right. Figure format allows user to
view in either wall-eyed model (left-center) or
cross-eyed mode (center-right). (b) Enlarged
view of stereo view in Fig. 6a showing the area
is more detail, including two downslope flow
lobes (large arrows), perched units of smooth
material (small arrows) and ponded lobate ma-
terial ∼300m wide in a closed depression (p).
(c) Image (left), DEM (right), and topographic
profile (bottom) across a downslope flow-like
lobe of lobate floor-fill material shown in
Fig. 6a, indicating at least 300m of relief from
upper flow to its snout. A second flow lobe is
visible at bottom left.
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and does not extend appreciably onto the broad lobate floor-fill deposits
beyond (except where lobate material overlaps onto the edge of the pit
itself). These bright materials have sharp contacts (at 35m pixel scales)
with dark material within the central pit floor (Figs. 9 and 11), sug-
gesting these are discrete material units with non-trivial thicknesses.

Not all of the surface of the central pit is covered by bright materials
(Figs. 9, 11 and 12). While the lowest parts of the pit and the dome itself
are completely covered by the bright deposit, the upper slopes of the
outer pit walls are variably covered. Some exposures occur as narrow
strands or tendrils of bright material (<1 to ∼2 km wide) extending up
the slopes of the pit and flanking massifs (Figs. 8 and 9) and giving the
visual impression of an octopus with short arms, centered on the dome.
Bright material is also visible as small discreet spots a few hundred
meters or less across along the outer margins of Cerealia Facula (Figs. 9
and 11), particularly to the south and northeast.

The central dome is entirely covered by the bright deposit. Framing
Camera color imaging indicates that while the bright deposit overall is
redder than crater floor material, the visible color of the dome is dis-
tinctly ‘reddish’ within the fractures near the crest compared to un-
fractured dome and pit bright materials (Fig. 11). This indicates
layering of some sort, with materials perhaps a few meters or 10 s of
meters below the surface having a different (though still bright) color
and perhaps different composition from the surface layers of the de-
posit.

Elsewhere, bright materials have a complex relation to topography
within the central pit (Fig. 12). While the general outline of Cerealia
Facula follows the outline of the central pit, at sub-kilometer scales, the
edge does not and bright material can be perched well above dark
material. This is especially evident in the western sector where the
presence of several ribbon-like tendrils are observed ‘running’

downslope next to uncovered dark material (Figs. 9a and 12), including
dark material on the deepest part of the central pit. As another example,
several small dark spots several hundred meters across are evident
within Cerealia Facula (Fig. 11). These dark spots are identified in the
stereo images and DEM (Figs. 9 and 10) as knobs a few hundred meters
high at most, and can have bright material on either their inward-facing
or outward-facing slopes (facing relative to crater center). The small
uncovered knobs within Cerealia Facula suggest that the bright material
was partially controlled by local topography, flowing around or onto
one side of small obstacles. Ballistic emplacement is not ruled out in
some cases. On the other hand, the tendrils and small spots on the outer
margins suggest origins at multiple discrete sources on the outer flanks
of the central pit, with downslope flow in some areas accumulating at
the base of the pit.

Bowling et al. (2018, this issue) postulate that the liquid water “melt
plug” formed at the center and potentially responsible for the missing
central peak (and which are observed on the mid-size icy satellites)
could have ponded in the central pit long enough to precipitate car-
bonates and chlorides directly onto the ‘lake bed.’ To explain the ab-
sence of any significant water ice signatures in this area would require
either complete drainage of the water after the bright deposits lined the
lake bed (assuming the deposits do not seal off most drainage path-
ways) or sublimated into space. The most direct indication of whether
such a temporal lake existed would be the contours of the bright deposit
(Fig. 12). While the outline of the deposit does approximately follow
the topographic contours of the pit in basic outline, the detailed trace of
the edge of the deposit does not, with bright materials perched on
plateaus and dark material in low areas within the pit margins. Sec-
ondary processes such as mass wasting or ballistic emplacement of
solute-rich waters onto higher ground may alter the disposition of
bright materials. Higher resolution images will be required to address
these possibilities.

Probably the most enigmatic outcrops of bright material at Cerealia
Facula are those perched on two small plateaus the large western and
eastern massifs closest to the central pit (Figs. 8, 9, 11 and 12). Both
plateaus rise ∼2 km above the pit floor, with flanks of dark material.
Faint traces of bright material can be found streaking this scarp
downslope from the bright deposit outcrop at several locations (Figs. 8,
9 and 11), indicating that bright material can mix with and be darkened
by substrate material on steep slopes. This mixing process might occur
on other steep slopes within the central pit, complicating stratigraphic
determinations. The topographically isolated bright-capped block in
Fig. 9a is near the elevation of the crater floor to the south and thus is
not as high as the peak massifs of the western pit rim. Formation of
bright material on mesa tops could indicate ballistic “airfall” style
emplacement of some bright material, uplift of covered mesa blocks
after emplacement, or the presence of discrete bright material sources
even on mesa crests.

Stratigraphically, then, the Cerealia Facula bright deposits must
have formed after the central pit, given that undisturbed bright deposits
form on the walls of the central pit, including the steeper western wall
(Fig. 9). The deposits also appear to be cut by crater floor fractures
described below (e.g., Buczkowski et al., submitted this issue) that flank
and partly disrupt the outer central pit regions to the south. This sug-
gests that the bright deposits also formed after the lobate floor deposits
solidified but before the extensive floor fracture network formed. Here,
though, the downslope mixing of dark and bright materials described
above may mask post-fracturing deposition of bright material on frac-
ture walls. These fractures form the isolated mesas along the eastern
and southern edges of Cerealia Facula (Fig. 8) and can be attributed to
either cooling and contraction of the floor deposits as they solidify (as
at Tycho crater), or post-impact sub-floor intrusions and surface infla-
tion (e.g., Buczkowski et al., 2017, this issue). The former would occur
on the time scale of days to months depending on thickness, but the
latter could occur over a longer time period (calculations specific to
Ceres would be required to be more precise). Deposition of the bright

Fig. 7. Lobate floor-fill deposits on floors of Occator crater, Ceres (top) and
Tycho crater, Moon. Floor of Tycho are similar in appearance to those on
Occator, including swirl textures, through-going fractures (not shown in this
view, see Figs. 1 or 9), low irregular mounds of similar size and shallow irre-
gular depressions. Occator surface textures become smoother to the south of
this view.
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materials likely predates dome formation, as the deposit forms a con-
tiguous cover over pit and dome that is fractured only on the dome
itself.]]

Whether bright material formed immediately after the observed
crater structures or after a prolonged period is more difficult to ascer-
tain. Small randomly spaced pits are evident across the surface of the
bright carbonate and NH4CL deposit, a few of them with bright haloes
(Fig. 11). Whether these are small impact events or outgassing vents is
not resolvable in the Dawn images, but on the assumption these are
impacts, Neesemann et al. (2018, this issue) has determined that the
bright deposit has a lower crater density and could be a few million
years or more younger than average crater floor and ejecta materials. Of
course, the counting area is very small (≤75 km2) and this area may
simply have been cratered less as a result of stochastic variability in
crater density. The bright deposits, if a coherent solid “rock” formation,
may also have different mechanical properties than the impact debris
lining the remainder of the crater floor, possibly resulting in the for-
mation of even smaller craters (Dundas and McEwen, 2010). Both ef-
fects indicate a larger uncertainty in the estimated age of this small
deposit compared to the much larger counting area of the crater floor.

2.4. Crater floor structures and Vinalia Faculae

Discrete narrow linear and curvilinear depressions (e.g., Buczkowski
et al., 2016; submitted this issue) cross the floor of Occator. Although
most form within the lobate floor-fill deposit, some extend into the
terrace zone and clearly postdate the impact event. The most prominent
sets of fractures relevant to the central features of Occator extend from
the SW wall scarp to the central structure (Fig. 1), where some form
concentric rings around the southern section of the central pit. Other
fractures continue on toward the east across the lobate deposits cov-
ering the eastern floor of the crater where they are spatially associated
with the smaller Vinalia Faculae bright deposits in that region (Fig. 13).
We note that most of the Occator floor fractures are not associated with
bright deposits.

The Vinalia Faculae bright deposits in Occator form an ∼20 by
25 km wide cluster of ∼8 discrete small approximately circular patches
located within the eastern extension of the lobate floor-fill deposit
(Figs. 1 and 13). Stereo imaging reveals that the surfaces associated
with these spots have very low relief of <100m. They are not asso-
ciated with any discrete edifice or depression, but may be associated
with poorly resolved point sources. The two largest patches appear to
be associated with a dark ring and a north-south trending fissure, re-
spectively, whereas at least two of the smaller patches appear to have

Fig. 8. (a) Stereo anaglyph of central pit and domes structures in Occator crater, centered on the western massif. Images were acquired at pixel scales of ∼35m. View
is contrast stretched to emphasize the darker pit walls and crater floor; north is to upper right. Figure format allows user to view in either wall-eyed model (left-
center) or cross-eyed mode (center-right). (b) Stereo anaglyph of central pit and domes structures in Occator crater, centered on the eastern massif. Images were
acquired at pixel scales of ∼35m. View is contrast stretched to emphasize the darker pit walls and crater floor; north is to upper right. Figure format allows user to
view in either wall-eyed model (left-center) or cross-eyed mode (center-right).
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sub-km-wide bright spots at their center (Fig. 13). Why some bright
deposits should form near the major east-west trending fractures but
not others is not understood.

The bright material in many of these patches are concentrated in the
lows between the knobs and ridges that make up lobate floor material,
or are brighter on the side of the ridges facing the center of each patch
(Fig. 13). These patterns suggest we are locally seeing small-scale to-
pographic control of bright materials that could have been deposited
ballistically in a radial fire-fountain style or explosively from a central
area (e.g., Zolotov, 2017; Ruesch et al., 2018, this issue; Quick et al.,
2018, this issue; and Nathues et al., 2018, this issue), or downslope
accumulation of such material in lows.

Several crater-like pits <1 km across with dark floors and haloes are
also interspersed with and superposed on bright material in the Vinalia
Faculae complex (Fig. 13), especially in the eastern most sections. They
could be small impact craters that excavated dark material from below.

Together, these observations point to topographic control of bright
spot formation (or preservation) on local scales, at least in part. The

sinuous traces of bright material in the central depression (Figs. 8, 9 and
11) are slope controlled, while isolated mounds form partly covered
higher standing dark spots or “islands” within the bright deposit. The
flat-lying lobate floor-fill units typically have a sinuous, knobby, or ropy
texture (Fig. 7), and we postulate that with the bright patches of Vinalia
Faculae (Fig. 13) we are also seeing small-scale topographic control of
bright spot materials, with material filling local lows and high-standing
knobby material forming darker ‘islands’ within the bright deposits. In
some areas, however, bright material appears to form on top of or on
the sides of local highs, indicating that some bright material may be
deposited directionally, possibly implicating ballistic air fall. Down-
slope mixing of dark and bright material complicates interpretation.
Several emplacement processes may be in play, including ballistic air
fall, extrusion of materials from multiple point or fissure sources, and
downslope migration to local lows, including closed basins with no inlet
or outlet. The variability in inferred morphologies suggests, however,
that we may be near the resolution limit of resolving bright material
emplacement mechanisms in the 35 m/pixel imagery.

Fig. 9. (a) Stereo anaglyph of central pit and domes structures in Occator crater, Ceres. Images were acquired at pixel scales of ∼35m. Note deep pit to upper right
just beyond edge of bright deposit that is not covered or filled by it. View is contrast stretched to emphasize the brighter pit floor; north is to upper right. Figure
format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right). (b) Stereo anaglyph of central pit and domes structures in
Occator crater, Ceres, centered on the eastern massif. Images were acquired at pixel scales of ∼35m. View is contrast stretched to emphasize the brighter pit floor;
north is to upper right. Figure format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right).
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3. Occator Crater central structure in context

3.1. Central pits on Ceres

Large craters in the 40–150 km size range are numerous across
Ceres, and while none are as well preserved as Occator, they do provide
an important basis of study. Our catalog of well-preserved crater

morphologies on Ceres reveals that ∼11 out of 14 craters between 75
and 150 km across whose central structures were not obscured by post-
impact modification (usually smaller cratering events) possess partially
rimmed central depressions or pits (Fig. 14; Schenk et al., 2016). Cra-
ters between ∼50 and 70 km often have disrupted or disorganized
central peaks, suggesting that incipient pit formation may be initiating
at smaller diameters. We therefore conclude that pit formation is the

Fig. 10. Image (left), DEM (right), and topographic profile (bottom) across central structure of Occator crater, Ceres, showing central pit, central dome and flanking
massifs. Left is Framing Camera mosaic, right is DEM from stereo images. Width of scene is 18 km; north is up. View shows western massif along rim of central pit and
central dome in Occator crater. Lines show location of profiles.
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dominant process in the 75–150 km size range on Ceres and is diag-
nostic of crater processes in the outer shell of Ceres.

Central pits on Ceres exhibit a range of morphologies comparable to
those observed on other bodies. While noting that Occator is among the
best preserved of these large craters on Ceres, several illuminating
comparisons can be made. In each of the observed central pits (e.g.,
Fig. 14), the pit rim is asymmetric and usually incomplete, with angular

massifs or amphitheater enclosures common along the raised rim. The
central pits of Toharu (Figs. 14–16) and Chaminuka (Fig. 14) are il-
lustrative in that their pit rims ramp up in elevation from the crater
floors and have pit floors elevated above the crater floor, only to crest in
a large amphitheater shape depression. This suggests that an otherwise
normal peak would have formed except that its crest did not form or
was removed. In these craters, the raised pit rims are mostly or nearly
complete in circumference. These are referred to as peak-pits or summit
pits (e.g., Barlow et al., 2017). The pit floor at Toharu appears to form
and extended lobate deposit outward and downslope onto the crater
floor (Fig. 16), suggesting the possibility that the top of the central peak
partially collapsed as incoherent debris and slid onto the floor. These
high-relief pit rims are also located at latitudes of 48° to 58°, and
contrast with those at more equatorial latitudes which usually have low
relief or missing pit rim walls (e.g., Nawish, Dantu, Occator and Gaue),
suggesting a latitudinal dependence on the coherency of central peaks
and pits on Ceres.

At the other extreme, the pits of some craters such as Gaue and
Nawish (Fig. 14) exhibit pits with floors depressed below the crater
floor and with little or no massifs or rim constructs. These are some-
times referred to floor-pits. Other craters, including Occator, have
morphologies intermediate between summit- and floor-pits. These
craters have raised pit rim massifs but only around a portion
(circa < 50%) of their circumference. These can be referred to as
partial rim pits. In a sense, these designations are merely an expression
of what is likely to be a continuum of structural expressions of the
observed central uplifts in Cerean or icy body craters.

None of the other central pit craters observed on Ceres (e.g., Fig. 14)
feature a central dome similar to that observed at Occator. While the
floor of the Dantu pit features a number of low hummocks (Fig. 15),
they are somewhat degraded and their origins are cryptic. All the other
pit craters show considerably more landform degradation than does
Occator. Whether the lack of additional domes on Ceres is due to fra-
gility of the fractured dome, leading to slope failure or collapse, burial
due to erosion or partial collapse of surrounding pit rims, or a failure to
form other domes in the first place is not obvious from current data.

3.3. Central pits on Mars

Central pit craters have been observed on Mars (e.g., Barlow et al.,
2017, and references therein). While it is beyond the scope of this
project to survey Martian pit craters in detail, as this has been done
elsewhere, there are broad similarities and differences with those ob-
served on Ceres. Mars is of particular interest as the outer layers of Mars
are likely to be dominated by silicates with an admixture of interstitial
water ice (e.g., Goossens et al., 2017). (The estimated density of Mars’
crust of ∼2.5 g/cm3 (Goossens et al., 2017) is more than twice the
estimated mean density of Ceres’ crust (at ∼1.15 g/cm3) and Ceres is
likely to have a considerably higher percentage of salts and ice (Park
et al., 2016; Fu et al., 2017).) Further, surface gravity of Mars is 13
times greater than on Ceres, which will require significant gravity
scaling to make effective comparisons.

Martian central pits exhibit a similar range of morphologies from
summit pits to floor pits Mars (e.g., Barlow et al., 2017) that are seen in
our smaller sampling on Ceres. Unlike Ganymede or Callisto, central
pits do not overwhelmingly dominate their crater diameter range in the
way they do in icy bodies. Possible origins and influences of water ice
on Martian pits are discussed in the later sections. Barlow et al. (2017)
give a median diameter of central pit craters on Mars of ∼16 km, well
below our cerean pit crater range and consistent with a role for surface
gravity on pit crater formation in mixed ice-rock targets.

A few central pit craters are observed on the Moon and Mercury
(e.g., Xiao et al., 2014). These are uncommon to rare on these bodies
and not considered further. One factor that must be considered in the
formation of some central pits, particularly those that are small com-
pared to the norm, is that pits may be a topographic artifact of

Fig. 11. Three-color view of the Occator central dome. Images acquired at 35m
pixel scales; north is up. Scene width is 20 km. Filters used are 965, 555 and 438
nanometers.

Fig. 12. Closeup of Occator region DEM (from Fig. 1) showing central pit and
dome. Highlighted in white line is the outline of the bright carbonate deposit
Cerealia Facula, showing relationship to topography. Also shown are the most
prominent fractures on the central dome (bright crossed lines at center). Total
topographic range depicted is 3 km.
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incomplete or unusually disorganized central uplift processes, which
normally involve the uplift of highly folded, faulted and compressed
materials. This effect would not be likely for larger central pits such as
those shown in Fig. 14.

3.3. Central pits on icy satellites

Central pit craters have been known on the large ice-rich Galilean
satellites Ganymede and Callisto since Voyager (e.g., Passey and
Shoemaker, 1982; Schenk, 1993; Alzate and Barlow, 2011; Bray et al.,
2012). Like Mars, the icy Galilean satellites are of interest for their
composition. While Ganymede is strongly differentiated into an ice
crust and mantle, Callisto may be of special interest in that it is likely to

be only partially differentiated (e.g., Schubert et al., 2004) and its outer
layers could be of mixed silicate-ice composition, perhaps analogous to
what is observed on Ceres.

Galileo contributed only marginally to our global survey of these
features and observed no pristine central pit craters at resolutions
comparable to Dawn at Ceres (∼35m/pixel). The best Galileo pit crater
observations were in the 130–180m/pixel scales and either under high-
Sun illumination or of craters that had been degraded due to age.
Further, the best observations were of pit craters in the>50 km size
range. Thus our comparisons, though important, are necessarily lim-
ited.

Central pit craters are by far the dominant crater class in
the> 25 km diameter size range on Ganymede and Callisto and fall into

Fig. 13. (a) Stereo anaglyph of Vinalia Facula region in Occator crater. View is almost entirely on low relief lobate floor-fill deposits. Images acquired at 35 m pixel
scales; north is to upper right. Figure format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right). (b) Image (left), DEM
(right), and topographic profile (bottom) of bright deposits of Vinalia Faculae and eastern lobate floor material at Occator. The slightly elevated plateau is part of the
crater floor fill. Note the lack of topographic expression in this DEM, which has a topography precision of ∼100m.
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two gradational classes (Schenk, 1993; Schenk et al., 2004): central pit
and central dome craters. The former are those in which the small
central peaks observed in smaller craters are replaced by central de-
pressions of similar relative size with irregular and incomplete raised
rims (Fig. 17). Like Mars, many variations in pit morphology occur,
from summit-pits (which are more common in smaller such craters, to
floor pits with less evidence for pit rim relief and massifs. Thus, these
icy central pits resemble the central structures we observe on Ceres

(Fig. 17), despite the fact that Ganymede at least is a differentiated
object with an outer zone likely dominated by water ice (unlike Ceres
where water ice comprises no more than ∼30% of the outer layers.

The central pits of Ceres and the large icy satellites are distinct from
peak-ring basins on terrestrial bodies such as the Moon and Mercury in
that the rims of central pits are much smaller with respect to crater
diameter. The primary difference is the smaller aspect ratios of central
pits. Pit-to-crater diameter ratios (Fig. 18) are ∼0.1–0.2 (Schenk, 1993)

Fig. 14. Six prominent well-preserved central pit structures on Ceres. From upper left: (a) Gaue (Dc∼86 km; Dp∼8 km), (b) Dantu (Dc∼123 km; Dp∼11.5 km), (c)
Occator (Dc∼92m; Dp∼9 km), (d) Nawish (Dc∼77 km; Dp∼8.5 km), (e) Toharu (Dc∼87 km; Dp∼9.5 km), (f) Chaminuka (Dc∼128 km; Dp∼13 km). Occator map
is a shaded relief rendering from the topography used in order to show relief across the central structure without the contrasting albedo patterns. Illumination is from
the right in all cases.
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while peak rings have ring-to-crater diameter ratios of ∼0.5
(Pike, 1980). Pit rims tend to have more asymmetric morphologies,
including amphitheater-like scarps to incomplete massif rings
(Figs. 14–16).

Central dome craters on Ganymede and Callisto (e.g., Schenk, 1993;
Schenk et al., 2004) are similar to central pit craters, except for the
broad rounded dome that partly fills the central depression, flanked by
the high-standing ring of knobs or massifs (Fig. 19). The transition from
central pit to central dome craters occurs at ∼60 km on both icy sa-
tellites. As only one central dome is known on Ceres, the transition
diameter there is unknown.

While Galileo did obtain high-resolution images of several large
central domes 25–40 km across at 90–180m pixel scales, it did not
obtain any of the smaller domes that are most similar to what is ob-
served at Occator. These domes are also a few kilometers across and are
evident in the <1 km-pixel-scale images that were acquired by Voyager
for parts of these surfaces (Fig. 19). While it is not possible to determine
whether these smaller domes are also fractured, we conjecture that the
next high resolution images obtained of either satellite will reveal
fractures similar to those on Ceres and larger domes on Ganymede and
Callisto.

Galileo images of the large central domes at Doh (Callisto) and
Neith and Melkart (Ganymede) all show extensive fracturing across the
tops of these domes (Fig. 20). The processes fracturing the Occator
dome and those on Ganymede and Callisto may be both common and
fundamental characteristics of craters in these size ranges. Fracture
style may be related to dome morphology, but as we cannot resolve
fractures on similar-sized domes on Ganymede or Callisto, nothing can
be said at present about any similarity in style or composition in the
two planetary systems.

Resolved topography of central domes is available for only 5 craters
on Ganymede and Callisto, and all larger than ∼25 km across. The
Ganymede/Callisto examples indicate mean heights of 1 to 1.5 km, with
a possible increasing trend in height with crater and dome diameter
(Fig. 21). The measured height-to-width ratio of the Occator dome is
∼0.25, ∼10 times greater than Ganymede domes, but the Occator
dome is also a factor of 10 smaller across than any of the Ganymede
domes for which we have high-resolution data. Without additional
examples on either body it is not possible to determine whether or not
there is a threshold height of ∼1 km for smaller domes (perhaps related
to yield strength of the materials if Ganymede domes are icy and Ceres
dome ice-rock mixtures) or whether the lower gravity on Ceres allows
domes to maintain a greater height than on Ganymede. Once again,

however, we are handicapped by the less robust knowledge of dome
composition and stratigraphy on those icy satellites.

Extrapolation of the observed transition diameter to central pits on
Ganymede and Callisto [based on inverse gravity scaling of simple-to-
complex transitions generally (e.g., Pike, 1980; Schenk et al., 2004); see
below], predicts that for similar target compositions and conditions
central pits will occur in craters larger than ∼60–90 km for the Sa-
turnian satellites and Ceres (Fig. 22). We have not described central pit
craters on the midsize icy satellites of Saturn, Uranus and Pluto (i.e.,
Charon) because with one exception [Odysseus on Tethys (Barlow
et al., 2017; Schenk et al., 2018)] they do not exist even in impact
basins as large as 450 km-across (e.g., Schenk, 1989). The Odysseus
central complex is essentially an annular ring of low rugged massifs
∼120 km in diameter surrounding a circular depression ∼60 km wide
and ∼4 km deep with respect to the basin floor. With the exception of
Odysseus, the 12 or so central “pit” craters identified by Barlow et al.
(2017) on Saturn's icy moons, are not classical pit craters but erosional
or degradational features and are statistically overwhelmed by the
1000′s of central peak craters that are not at all pit-like.

4. Origins of central pits and domes

Dawn mapping of Occator crater reveals a relatively young well-
preserved impact crater on Ceres dominated by extensive lobate floor
deposits and a complex central structure (Figs. 1 and 2). A wealth of
topographic and surface detail is revealed, some of which are familiar
from other planetary objects, some of which are unique to Occator and
Ceres and probably reflect the unusual (crustal) composition of that
body. Based on Dawn gravity studies (Konopliv et al., 2018; Ermakov
et al., submitted; Mitri et al., submitted), the density of Ceres’ outer
layers is ∼1.2–1.3 g/cm3; silicates represent a minor fraction of the
crustal material, less than 20wt.%, and hydrated salts <18 vol.%
(based on cosmochemical abundances, Castillo-Rogez et al., submitted),
with clathrate hydrates the more likely explanation for the high
strength of the crust, and water ice making up the rest. Because Ceres’
crustal layers contain some water ice, the ice-rich satellites of Jupiter
and Saturn are useful constraints on observed complex crater
morphologies on Ceres, including central pits and domes.

4.1. Origin(s) of central pits on ceres

The discovery that partially walled central depressions (i.e., pits)
are the dominant landform in larger craters on Ceres between ∼70 and

Fig. 15. Stereo anaglyph of central pit region of Dantu crater (upper right) and floor deposits. Images acquired at 35 m pixel scales; north is to upper right. Figure
format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right).
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150 km was something of a surprise (Schenk et al., 2016), primarily
because of the absence of such structures on any of the icy Saturnian
satellites (e.g., Schenk et al., 1989), key ice-rich objects similar in size
and density to Ceres. The inference was that central pits, while the
primary morphology in craters on Ganymede and Callisto between ∼30
and 60 km diameter (Schenk, 1993), could not form on lower gravity
bodies. Central pits also occur sporadically in many martian craters
(e.g., Barlow et al., 2017 and references therein) and even a few lunar
craters (e.g., Xiao and Komatsu, 2013), but are not dominant and hence
may represent variations in target conditions or processes unique to
Mars rather than a diagnostic impact process.

Can central pits on Ganymede and Callisto be compared with those
observed on Ceres, given the differences in thermal and compositional
properties of the two target types? Aside from the fact that they are the
only other commonly observed examples of this morphology in the
Solar System, central pit on Ganymede & Callisto have rather similar
morphologies to those on Ceres (Figs. 17 and 18), including incomplete
knobby or partially rimmed morphologies of the pit rim (Figs. 17 and

19) and similar Dpit/Drim ratios (Fig. 18). Even the single known central
dome on Ceres has a similar rounded fractured morphology to the pit
domes on Ganymede and Callisto (Fig. 20). These comparisons suggest
that the physical processes of pit formation on the three bodies may
bear some similarities and warrant comparisons. It is interesting that
Callisto might also have a significantly larger percentage of non-icy
materials within its crustal layers (e.g., Schubert et al., 2004) and yet
craters are to first order indistinguishable from those on differentiated
Ganymede (e.g., Schenk, 1993; Schenk et al., 2004).

On Ceres, most craters between ∼70 and 150 km have central pits
instead of central peaks (craters between ∼50 and 70 km often have
disrupted or distorted central peaks, suggesting that incipient pit for-
mation may be initiating at smaller diameters). There are several older
large craters where the central region is obliterated by post-formation
impact events, and hence the number of known central pit craters on
Ceres is limited to ∼11. We therefore conclude that pit formation is the
dominant process in the 70–150 km size range on Ceres and is diag-
nostic of crater processes in the outer shell of Ceres.

Fig. 16. (a-c). a) Image mosaic of Toharu crater (D= 87 km). b) DEM of Toharu crater. c) DEM of Toharu, scaled to highlight the floor and central peak-pit region,
and deposit extending south from central pit.
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Unlike other morphologic transitions (Fig. 22), the peak-to-pit
transitions observed on Ganymede and Callisto do not scale inversely
with gravity to the smaller icy satellites of Saturn and Uranus. In fact,
the peak-to-pit transitions on Saturnian icy moons must be> 350 km
for all these moons as the largest craters observed there are of this size
and only 450 km Odysseus and perhaps 135 km Ursula on Titania have
a pit-like central morphology (Schenk, 1989; Schenk et al., 2018).

In contrast to the missing central pits on Saturn's moons, the peak-
to-pit transition on Ceres at 65–75 km is quite consistent with inverse-
gravity scaling from Ganymede/Callisto (Fig. 22). That Ceres follows
this trend while Saturn's moons do not suggest that the Saturnian moons
are anomalous, and provides a key constraint to the origin of central
pits generally. The consistency of other morphologic transitions on

Ceres with those of the midsize icy satellites (Fig. 22; Schenk et al.,
2016) indicates that cratering transitions on Ceres including central pits
are dominated by the weakest components, i.e., the ice phases. This is
likely due to ice controlling the rheologic response of the crust during
the high-strain-rate impact event, and is the only way to explain the
inferred low-ice content (<30%) inferred from gravity and shape
(Fu et al., 2017), and the stiffening of the crust at low strain rates
evidenced by the lack of viscous relaxation (Bland et al., 2016). Impact
velocities on the target bodies in question are all 5 km/s or higher. The
most obvious difference then is that the Saturnian moons have sig-
nificantly colder surface and internal temperatures than Ceres or (to a
lesser degree) Ganymede or Callisto, which may inhibit the mechanism
of pit formation, whatever that may be. We conjecture that colder

Fig. 16. (d) Profiles across Toharu central pit and lobate deposit, and central pit, showing elevation above crater floor.
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temperatures may also preserve a greater degree of porosity on the
midsize icy moons than on Ceres.

A possible indicator supporting the potential influence of tempera-
ture on central pit formation is the lack of any central pit craters on
Ceres poleward of ∼60° latitude. The only two examples of craters
larger than 75 km across where we can identify the central structure
and that have classical conical central peaks on Ceres are at these
higher latitudes (Zadeni, D∼124 km (Fig. 23) and the 85 km-wide
crater at 62°, 237°E). Further, there is the tendency for pit rims at
equatorial latitudes to have less relief and less ‘completeness’ than those
at mid-latitudes of 45–60° (Fig. 14). We also note that the lobate and
smooth floor deposits observed at most craters on Ceres> 40 km across
(Schenk et al., in 2016) are also absent in Zadeni and other large polar
craters, indicating that extensive impact melting did not occur there.
While the total number of large craters poleward of 45° is limited and
not statistically overwhelming, both observations are consistent with a
progressive equatorward degradation or loss of central peak materials.
Polar temperatures on Ceres are tens of degrees colder than in more
equatorial latitudes (e.g. Bland et al., 2016; Hayne and Aharonson,
2015), and this could exert a similar control over pit and lobate/smooth
floor material formation as the colder conditions may do on Saturn's icy
moons.

There is as yet no consensus as to the origin of central pits and why
they replace central peaks and in larger craters. At least four models
have been proposed to date but each has difficulty explaining all ob-
served features. A particular problem has been that Galileo acquired no
imagery of well-preserved pit craters at resolutions better 150–200 m
pixel scale, rendering testing of models difficult.

The first model is the explosion pit model (e.g., Wood et al., 1978),
where accumulated subsurface vapors or gases subsequently explode
violently. While potentially valid for some martian craters
(Williams et al., 2014), no evidence has been found to support an ex-
plosive event at these pits on Ganymede, Callisto or at Occator, as no
large piles of debris are evident either in the pits or scattered around
them. Williams et al. (2014) suggest that coarse-grained material evi-
dent in thermal inertia data surrounds central pit craters on Mars and
that this is evidence of an explosive event at the central pit. They do not
make the test of examining central peak craters to determine if similar
deposits are there as well, which would suggest that they are related to
the uplift process generically and not pit formation.

The second model is the layered target (Greeley et al., 1982) or
ductile intrusive model (Moore and Malin, 1988; Schenk, 1993), in
which impact occurs in a rheologically layered target and the impact
excavation and collapse processes are sensitive to these differences.
Ductile material is uplifted through and displaces a more brittle surface

layer after or during the crater event as part of the central peak, forming
the rounded dome and rugged pit rim we see today. Like the others, this
model was not adequately tested by Galileo observations, and remains
on the table. The inferred sequence of dome formation after pit and
bright deposit formation at Occator, however, would appear to rule out
a prompt dome formation for Ceres at least.

The third model is the collapse of a central peak comprised of
structurally or compositionally weak material, which would fail lat-
erally (e.g., Melosh et al., 1982; Croft, 1983). While the dimensions of
the central pit and its elevated rim are consistent with the possible
presence of a former but now partly lost central peak, there is a serious
problem with volume, as a mountain cannot produce a depression
through simple collapse. Nor is the volume of remaining uplifted ma-
terial enough to explain the displaced mass. Collapse may have been
part of vertical oscillations in the central uplift. This might not satisfy
the morphologic constraints, as there is little evidence for an outward
movement of material. Rather the central complex appears to be simply
missing from an original central peak.

The fourth model is the molten plug model (e.g., Croft, 1981; Senft
and Stewart, 2011; Bray et al., 2012) in which the central uplift is
composed at least in part of liquid water, rather than simply uplifted
ice. When uplifted through the regular collapse process, this liquid then
drains away into fractures formed in the crater floor, instead of forming
an intact peak. The pit rim is then the contact between the remaining
solid uplifted material and the now lost liquid component. There is
considerable uncertainty as to the physical reality of these models due
to potential ambiguities in the numerical codes at the radial center of
the crater, which often produce unrealistic spurious effects at the
center. Nonetheless, this model might work for icy satellites but on
Ceres, where the crust is likely to be no more than 30% ice, the uplifted
plug would have to be of mixed water-rock composition. If there are
clathrates, then the molten material would be mostly water with a small
fraction of salts and clays and significant dissolved gas, which would
assist buoyant rise and prompt fountaining at the surface. Collapse of
this partially molten plug could explain the pits, especially as some of
the pits have remnant flanking rims several hundred meters high that
suggest a missing peak (Fig. 16).

The upward slopes and hummocky morphology at larger pits on
Ceres (Fig. 14) and the two large massifs adjacent to the central pit at
Occator (Figs. 8 and 9) are consistent with the notion that pits are
remnants of or partially formed sections of a missing central peak. The
apparent preservation of larger pit rim segments at higher latitudes and
the possible lack of central pits at all at polar latitudes also imply
temperature and therefore melting are at least involved in pit formation
on Ceres.

Fig. 16. (e) Stereo anaglyph of central region of Toharu crater. Rimmed central pit is at center top. Images acquired at 35 m pixel scales; north is to upper right.
Shifting Sun elevation causes some shadow differences. Figure format allows user to view in either wall-eyed model (left-center) or cross-eyed mode (center-right).
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That central pit rims on Ceres (and possibly Mars, Ganymede and
Callisto) are remnants of central peaks is supported by comparison of
pit measurements with ‘intact’ central peaks on Ceres. A sampling of
typical central peak dimensions shows they increase linearly in height
and width with diameter (Fig. 24). To compare to central peak widths,
the total observed lateral extent of the well preserved pit rim massifs at
Toharu (Figs. 14 and 16) is ∼25 km wide and ∼2 km at its highest,
both similar to values expected of a central peak in a crater of this size
(Fig. 24). Similarly, the lateral extent of the western and eastern massifs
at Occator, the only preserved segments of the pit rim complex there,
would give a total width ∼30 km, again similar to central peaks. Thus,
the sloping outer flanks of central pits on Ceres (e.g., Fig. 14), to the
extent they are preserved, are consistent with partial preservation of
remnant central peaks. The central pit rim complexes at some craters

(e.g., Nawish, Dantu and Gaue, Figs. 14 and 15) are smaller than the
trend in Fig. 24, but lobate and smooth floor fill deposits in such craters
likely partly bury the bases of such edifices. While the maximum height
of the western massif at Occator relative to the floor is only ∼1 km, it
suggests that any original peak would have been ∼2 km in height.

The Toharu pit summit is ∼1.6 km above the mean floor, less than
the expected ∼2.6 km (Fig. 22). The pit depth relative to pit rim at
Toharu is ∼0.8 km, giving a total height of ‘missing’ peak mass of
∼1.8 km, and for a pit width of ∼9 km, this gives a ‘missing’ volume of
∼40 km3. The approximate area of the apparent debris fan at the base
of the pit opening to the south is ∼60 km2, indicating a reasonable
mean thickness of the deposit of ∼125m, though it could be locally
thicker.

While the observations seem to (weakly) favor the melted peak

Fig. 17. Three sets of images comparing central pit craters on Ceres (left) and Ganymede and Callisto (center), and Mars. Top row: floor-pits, displaying little or no
flanking rim topography (left-to-right: Dantu [125 km] unnamed Callisto crater [∼35 km], and Cerulli crater, Mars [122 km]). Middle row: floor-pit craters showing
incomplete pit rim topography (left-to-right: Occator crater in shaded relief to remove albedo variations [92 km], unnamed Callisto crater [∼45 km], Hargraves
crater, Mars [68 km]). Bottom row: peak-pit craters showing considerable pit rim relief (left-to-right: Toharu [87 km], Gula crater, Ganymede [40 km], and unnamed
Mars crater [45 km]. The comparison of craters of different sizes is based on inverse scaling of crater transition diameters (Pike, 1980; Schenk et al., 2004).
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model at present, no one model for Occator or central pits generally
satisfies all the available constraints. Basic problems in understanding
central pits on icy satellites are that observational constraints are lim-
ited until we return to the Jupiter satellites system, and that numerical
models historically do a poor job of reproducing small-scale structures
(such as terraces, pits, fractures) in impact craters. While modeling
techniques improve yearly, additional improvements are required be-
fore we can faithfully reproduce such features with confidence.
Regardless of the origins, the central zones of complex craters always
expose deep-rooted materials that were originally several kilometers
deep (Engelhardt et al., 1992; Milton et al., 1972; Bowling et al., 2018
this issue). This must be kept in mind when examining bright materials
and their origins.

A key problem in any of these models is the persistence of a de-
pression at all through the crater collapse process. Simple collapse of a
proto central peak should in principle choke the central area with
debris, which is not seen except perhaps at Toharu (Fig. 16). In the
melted peak model, greater degrees of impact heating will produce a
deeper/thicker melted plug in the center. As described above, pit-rim
complexes on Ceres are similar in size to central peaks but seem to have
had most of the original core of the peak material removed. The missing
transient molten peak material could have flowed into the fractured
crater floor and been absorbed into the subsurface. If so, tens of cubic
kilometers of material are missing from the observed crater. Yet it re-
mains to be demonstrated that this process will in fact remove suffi-
ciently large quantities of material to effectively make central peaks
disappear. It seems unclear that such a large volume of void space could
exist to absorb this missing mass beneath any crater. Are the fracture
systems beneath impact craters in fact permeable and are large volumes
of pore space available to be filled beneath crater center, as proposed by
Elder et al. (2012)? Do minerals precipitate along fracture walls, closing
them off to further drainage? Certainly fractures in the centers of ter-
restrial craters are filled by mineral deposits indicative of mineral
precipitation (e.g., Arp et al., 2013). Could the liquefied material slosh
off the rising peak and onto the floor during the uplift stage? This could
lead to flow textures on the outer flanks of the central pit that might be
evident as scoured textures in a few cases (Fig. 14).

We must still conjecture what a melted central peak at Occator
would have been made of and how it would have behaved. We explore
two possible answers to these questions. Mapping of terrestrial impact
craters shows that uplifted central peaks are coherent though highly
folded and fractured basement rocks uplifted from several kilometers
depths (e.g., Milton et al., 1972; Wilshire et al., 1972; Kenkmann,
2002). If the impact process is similar on Ceres, then water ice might be
expected to be finely distributed throughout disrupted uplifted central
peak material. Impact models for Ceres (Bowling et al., 2018 this issue)

indicate temperatures within the uplifted central peak will be above the
melting point of water ice and thus this component will be distributed
as pockets and pores of liquid, undermining the strength of the uplifted
material. While the water can be expected to drain away through the
dense fractures throughout the uplifted peak, we still have a volume
problem regarding the remaining non-water components: where did it
go? At Toharu there is the suggestion of a debris deposit flowing
downhill from the pit onto the floor (Figs. 14 and 16), but this is
unusual. We have a topographic depression instead of a central peak at
Occator and no evidence of large debris piles from the residual non-
water material, either within the pit or external to it. Could the wea-
kened material have been launched ballistically into deep space instead
of being retained as part of an otherwise normal central peak?

Alternatively, there could be an unspecified segregation process that
concentrates water and ice in the uplifted central peak (e.g. Elder et al.,
2012). This would perhaps mitigate the missing mass problem, as a
central peak mostly of water would begin to collapse and drain away
into the subsurface even as it was being uplifted. It remains for models
to demonstrate how melt drainage could remove a central peak within
Ceres’ mixed composition crustal zones. If correct, a melted central
peak origin of the central pits would require the presence of significant
water ice in the outer layers on Ceres.

4.2. Origin(s) of the central dome

The central dome in Occator is likely linked to the formation of the
central depression in which it sits and/or to the bright material that
covers it. The formation of the dome near the center of the pit indicates
that the depression, which was likely highly fractured during impact to
some depth, provided either a conduit for or sat over a reservoir of
material that produced updoming. No other central pits on Ceres have
central domes (Schenk et al., 2018), even in craters larger than Occator
such as Dantu (D∼125 km; Fig 15). The other examples of central pits
craters on Ceres are all older than Occator, however. Perhaps Occator is
unique on Ceres in the formation of a central dome due to factors such
as impact velocity or unusual (and unknown) regional target properties.
Alternatively, domes may form elsewhere in large central pits on Ceres
but are ‘fragile,’ as suggested by the intense fracturing on the Occator
dome (Fig. 11), and can be either buried by bright material deposition
or broken down by dome collapse or subsequent regolith formation.
Occator may be a peculiar case involving a small circular central cir-
cular depression producing an easily recognized circular dome, whereas
other pits on Ceres of different sizes and shapes may have produced
more distributed styles of deformation on the pit floors. The apparent
preservation of domes on Ganymede and Callisto requires explanation
but may have to await the advanced instrumentation of future orbiter

Fig. 18. Pit-to-crater rim diameter ratios for central pits and on Ganymede (small dots) and Ceres (large dots). The triangles are widths of central peaks on
Ganymede. Ganymede data are from Schenk (1991, 1993). The largest value is for the central topographic ring at Yalode crater, which suggests that a different
process is occurring in the largest craters on Ceres.
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missions.
Central domes (and the depressions they sit with) are the nearly

ubiquitous central structure in craters >60 km across on Ganymede

and Callisto (Schenk, 1993; Schenk et al., 2004). Central domes are thus
an integral part of the pit formation process on those bodies and might
be so on Ceres, despite the fact only one is observed on within the dozen

Fig. 19. Voyager images of central dome craters on Ganymede. These craters are all between 60 and 80 km across and were observed at 0.5 to 0.7 km pixel scales. .
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or so central pit craters there. The transition from central pit to central
dome craters on Ganymede and Callisto occurs at ∼60 km
(Schenk et al., 2004). We do not know the transition on Ceres based on
only one example (at 92 km) and the fact that several larger craters lack
domes, but even this example is much smaller than a predicted crater
transition diameter to domes of ∼200 km on Ceres if simple g−1 scaling
of the Ganymede/Callisto examples applies (Fig. 22). This is the one
crater morphology that does not scale on Ceres with g−1 to its related
features on icy moons (Schenk et al., 2016; 2018).

More illuminating is the similar degree of domal surface fracturing

on both Ceres and Ganymede and Callisto (Fig. 20), suggesting either
fracturing of the surface of an ascending viscous plug (in the manner of
terrestrial dacitic or rhyolitic domes), or inflation of the surface from
below by either freezing of a shallow lens of water-rich material or
laccolithic intrusion from deeper regions (see Quick et al., 2018, this
issue). The apparently lack of a termination scarp at the edge of the
central dome suggests that it is not an extrusive feature but rather in-
flated below.

Observations of the dome at Occator indicate that the surface of the
bright deposit covers the pit and dome in a contiguous deposit draped

Fig. 20. Comparison of central domes on Callisto (left) and Ceres (right). Note rugged massifs flanking Callisto dome, and differences in scale of domes. Galileo image
of Callisto was acquired at 90m pixel scale, Occator at 35m pixel scale.

Fig. 21. Heights of central domes as measured at Occator on Ceres (large dot) from Dawn topography and Ganymede (triangles) from Galileo stereo and photo-
clinometry topography data (this report).
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over a rugged surface of variable elevation, but that fracturing occurs
only on the topographic dome in the center (Fig. 11). There is no evi-
dence in the 35 m/pixel imagery for partial obscuration of earlier
generations of fracturing by later depositional sequences, though image

resolution may preclude such detection. Further, these is no evidence
for materials having been extruded from the fractures on the crest of the
dome, implying either high viscosity of subsurface materials or a de-
posit too thick to penetrate. Thus, fracturing (and likely the uplift itself)
occurred after the deposit was completely or nearly completely formed
or solidified. Further, we observe no evidence for a topographic mar-
ginal scarp to the dome, which rather appears to be a simple upwarping
and fracturing of the preexisting surface of the bright deposit without a
structural or constructional margin. Viscous extrusive deposits always
have a substantial flow front but none are observed here. This implies
upwarping of the surface from below, through subsurface inflation (as
in a intrusive laccolith) or volume expansion of the subsurface through
freezing of water ice, or both.

Laccolithic uplift from below at Occator can explain the formation
of the extensive fracturing on the dome crest. Crest fracturing is com-
monly observed in strata overlying salt domes that have not breached
the surface (e.g., Yin and Groshong, 2006, and references therein).
These fractures are due to uplift and extension and form a variety of
patterns from grid-like to radiating, consistent with the pattern ob-
served at Occator (Fig. 25).

Similar fracture patterns are observed in strata overlying pingos or
frost-mounds, including classic fractured examples at Tuktoyaktuk
Peninsula, Yukon (e.g., Holmes et al., 1968; Mackay, 1998). Pingos are
domical mounds produced by groundwater movement and freezing.
They represent a more provocative analog to the Occator central dome
in that they involve the forced migration of fluids (i.e., water) during
the freeze-thaw cycle often observed in terrestrial polar environments
(e.g., Mackay, 1998). This leads to the net accumulation of water due to
pore-water expulsion and solute rejection among other processes,
which uplifts the ground as it freezes, coupled with the addition of new
water forced into the area from below and adjacent areas, resulting in
net domical growth. This can be followed by subsequent collapse due to

Fig. 22. Transition diameters for complex craters on Ceres
and icy satellites. Satellite data from Schenk (1991) and
White et al. (2013, 2017) and from this study. Red box
highlights Ceres data points. Grey line at top indicates g−1

extrapolation of observed central dome transition on Gany-
mede and Callisto (Schenk, 1993). (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 23. Dawn view of Zadeni crater, showing large conical central peak that is
mostly intact. Crater diameter is ∼124 km. Sun is to the right.
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a variety of factors. Well-preserved fractured domes 10′s of meters
across have also been identified on Mars by Dundas and McEwen
(2010) and are considered likely pingos or frost-mounds. On Ceres, the
terrestrial and martian freeze-thaw cycles may be replaced by a pro-
gressive contraction of the hot ‘plugs’ at the centers of large craters,
where water can persist, in which water and solutes are driven out as
this sub-crater material freezes radially inward (as described in Bowling
et al., 2018, this volume). Any role played by Earth's flora and fauna
would not occur on Ceres obviously.

The inferred sequence of central pit formation, followed by bright
material deposition and then upwarping and fracturing of the pit floor
indicates that the dome within Occator's central pit formed subsequent
to the main impact event. This might stand in contrast to Ganymede
(and Callisto) central domes which are inferred to form promptly as
part of the central uplift and cratering process in general (due to the
apparently observation [pending return to Jupiter] that bright ray and
floor material also cover the central dome; Schenk, 1993). Crater counts
on the surface indication that this could have occurred as late as 3–5
million years after the crater formed (Neesemann et al., 2018, this
issue), though there is considerable uncertainty in this estimate, and it
is possible that the dome and deposit formed within the timeline sug-
gested by the numerical models (Bowling et al., submitted this issue).
Further work is needed to resolve these issues.

No evidence can be identified at Occator that the dome involves
extrusion of material onto the surface, but surface extrusion is not

required for the ice-lens freezing or intrusive laccolithic model to be
valid. The question then becomes whether this sequence is valid for
central domes on all icy bodies or is peculiar to Ceres, given that it
occurs on Occator at a smaller crater diameter than expected. Water ice
is now considered to be a significant but minority species to approxi-
mately <35% by volume of the outer layers of Ceres (e.g., Fu et al.,
2017). This should be more than abundant enough to migrate and
concentrate in the hot central areas of impact craters there (e.g.,
Bowling et al., 2018). The outer layers of Ganymede are likely mostly
water ice, so the migration and freeing of water to produce the dome
would have to occur there in the absence of non-ice material. This could
occur is temperatures are warm enough to melt water in the centers of
craters >60 km across (e.g., Senft and Stweart, 2011; Elder et al.,
2012).

Elder et al. (2012) show that the potential volume of liquid water
produced and the available pore space are both plausibly sufficient to
explain the central pits observed in many craters on Mars and Gany-
mede/Callisto. They also conclude that they may not be sufficient to
produce central pits on mid-sized satellites. They did not address Ceres
as no imaging was available in 2012. Field mapping and modeling all
indicate that the central uplifts of large craters are the most densely
distorted and fractured areas of a crater and likely to be the most
porous. Whether they are more permeable is less clear as significant
quantities of melt and debris are injected into fractures during the ex-
cavation phase in terrestrial craters, potentially choking off drainage

Fig. 24. Widths and heights of central peaks and pit rims on Ceres. Largest peak is from Zadeni crater (Fig. 23). (+) is for the pit rim at Toharu crater and (x) is for the
pit rim at Occator, with height being the current observed value for the rim pit.

Fig. 25. Sketch maps of fracture patterns on central dome at Occator (left) and surface expression of two subsurface salt domes on Earth. Salt dome maps simplified
from Yin and Groshong (2006). Maps show prominent fracture sets in heavy lines, and contours in light lines. Topography on surface in all cases is 500–1500m.
Occator dome is ∼3 km wide. Terrestrial salt domes are 1.5 and 3 km wide, respectively. .
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paths. Liquid water may behave differently of course.
The central dome observed at Occator may be due to either intrusive

uplift or freeze expansion of water accumulated below the surface. If
freeze expansion, we can estimate the volume of ice required to form
the dome. The volume of the observed dome is ∼3.75 km3, assuming a
flat preexisting surface (or as much as doubled if the pit floor was bowl-
shaped). Assuming the standard densities for water and ice, we estimate
that on the order of 4e12 kg of water must freeze to produce a dome of
the observed size. Intruding the 3.75 km3 of ice may be easier to ac-
complish. Whether either mechanism is realistic given the observations
is open for debate, and further investigation of these and other me-
chanisms is required.

4.3. Origins of Occator lobate floor-fill materials

Because of the inference that Cerealia Facula formed due to the
residual effects of impact heat, it is worth considering the origins of the
lobate floor-fill deposits in Occator and other large craters. The evi-
dence for melt flow morphologies (Figs. 3 and 7), the generally flat-
lying topography of the unit (Figs. 1 and 2), and the effectively indis-
tinguishable ages of the lobate floor and external ejecta deposits
(Neesemann et al., 2018, this issue), all indicate that the lobate floor-fill
material is likely a mobile deposit of melted or partially melted crustal
materials formed at impact. We consider three models for the origin of
this deposit: impact melt, post-impact volcanism and post-impact
landslides. In the later case, a proposed location for such a massive
landslide would be the steep southeastern rimwall scarp (Nathues et al.,
2018, this issue).

Models of large impact into low gravity bodies of Ceres’ likely
composition at Ceres mean impact velocity of ∼ 5 km/s (e.g., Bowling
et al., 2018; this issue) indicate that maximum temperatures are not
sufficient to melt silicates but are sufficient to melt water ice and that
this will occur mostly along the outer surface of the forming crater
cavity and in the center of the crater. Current best models for Ceres
indicate that large impacts occur in a mixed outer layer composed of
hydrated Mg- and ammoniated- phyllosilicates, Mg-Ca-carbonates,
water ice and salts (De Sanctis et al., 2015; Ammannito et al., 2016;
Carrozzo et al., 2018; Combe et al., 2016; Sizemore et al., 2017;
Prettyman et al., 2016). Thus any impact melt on Ceres would consist of
an admixture of water with suspended and dissolved particulate sili-
cates, salts and carbonate materials, forming a sort of “impact mud.”
Whether impact heating is sufficient to produce large quantities of melt
some time after impact or deep beneath the crater depends strongly on
input variables, including the hypothesized thermal, physical and
chemical pre-impact state of the interior at the Occator site.

The impact models (Bowling, et al., this issue) indicate melting will
occur mostly along the surface of the expanding crater cavity and in the
central region, and can be expected to line the final crater surface.
While locally ponded deposits of lobate floor-fill material are visible in
scattered regions throughout much of the floor of Occator (Figs. 4–6),
we observed extended contiguous deposits covering large areas only to
the south and east (Figs. 1, 2 and 7). These indicate that melting did not
occur uniformly within Occator, or that the southeast crater floor was
lower and most of the melt material ponded there instead of a higher
standing northwestern sector.

Impact melt, being a molten rock formed relatively early in the
impact process, will respond as a fluid to the dynamically changing
crater floor topography (“floor” in this case referring to the unmelted
but highly fractured basement beneath the melt sheet). The melt de-
posits that lined the expanding crater cavity will tend to flow down-
slope inward into a crater center that is rapidly changing in relief and
elevation. Some of these melt deposits will then be trapped or ponded in
contemporaneously forming local closed topographic depressions such
as the tops of terrace blocks (e.g., Tornabene et al., 2012; Hawke and
Head, 1977), as is seen on craters like Tycho, and in Occator itself
(Figs 4–6), but most will concentrate onto the depressed crater floor to

pond in a large contiguous deposit, embaying ridges and high-standing
knobs as it settles and solidifies.

Further, the contemporaneous central uplift will cause melt deposits
near crater center to be displaced outward, at least partially, creating
potentially confusing flow direction indicators on the crater floor. Melt
deposits may override deposits emplaced only a short interval before. In
any case, the surface expression will be one of distributed refrozen
molten rock units flowing in multiple directions. Smaller-scale down-
slope flow deposits are often observed in high-resolution images of
terraces and floor units of fresh lunar craters (e.g., Hawke and
Head, 1977) as well as at Occator (Fig. 6). These also resemble low-
viscosity silicate lava, but are interpreted as impact melt draped on
terraces and the ejecta deposits.

In many ways, an impact melt sheet and associated deposits can be
considered a form of instantaneously formed volcanic-debris avalanche
due to its emplacement conditions, and will share some of the char-
acteristics of both volcanic flows, as evidenced from high-resolution
views of lunar impacts, as well as massive debris avalanches. Thus,
impact melt should share many flow characteristics and behaviors in
common with silicate lavas, and can thus be easily confused with such.
The major differences between impact melt and classical volcanism, are
that impact melt lacks a deep root or source vent for extrusion (being a
surface deposit that forms instantaneously and lines the expanding
impact cavity during formation) or a unique source localized scarp (for
giant landslides), and is distributed over much, if not all, of the crater
interior in variable quantities. (An impact melt deposit on Ceres could
also be superheated relative to a volcanic material of similar compo-
sition, though it is not known what the effects of this might be.) Based
on the similarity at Occator and large lunar craters of surface textures
(Fig. 7) and ponded lobate floor-fill material in Occator in small topo-
graphic lows across much of the crater floor at a wide range of eleva-
tions (Figs. 4–6), and the effectively equivalent surface ages of the
crater floor and the ejecta deposits at Occator (Neesemann et al., 2017)
we conclude that the lobate floor-fill deposit at Occator is an impact
melt deposit formed contemporaneously with the excavation of the
impact crater.

The perching of small outlier units of lobate floor material at widely
divergent topographic elevations up to 1000m or more above the crater
floor over most of the crater surface (Figs. 8–10) is difficult to reconcile
with either post-impact volcanism or giant landslides, regardless of
when they occurred. These smaller pockets are often observed to con-
nect with the main floor deposit via downslope flow lobes, indicating
that the local deposits are both contemporaneous and contiguous with
the main deposit, again inconsistent with either volcanism or a giant
landslide. Such features are observed in Martian and lunar craters (e.g.,
Tornabene et al., 2012; Hawke and Head, 1977). Further, there is also
no evidence for constructional edifices within any of the lobate floor
materials, despite its evident relatively high viscosity. While post-im-
pact extrusion of viscous lavas cannot be excluded from available evi-
dence, the perching of small outcrops of this material on terrace scarps
around the circumference of Occator and the lack of central edifices
suggest that volcanism in the classical sense is not the most likely ex-
planation.

Similarly, the perching of stranded outcrops along most of the cir-
cumference, and the large lateral extent of the deposit far from the
hypothesized southeast rimwall source scarp, also argue against the
giant static landslide hypothesis, but can be explained as a mobile
mixed debris-melt deposit formed across much of the crater cavity. The
wide distribution of exposures of this material in topographic lows,
including on the crater floor and at smaller sites where perched on
isolated topographic benches like terrace blocks (Figs. 8 and 9), is very
easily explained as stranded pockets of impact melt, the excess of which
flowed downslope and accumulated at crater bottom. The available
evidence favors a formation mechanism that produces a fluidic and
mobile deposit over most of the crater floor contemporaneous with
impact, namely impact melt.
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The greatest relief along the margin of the lobate deposits is along
the northern margin, where it overlaps deep depressions and high
massifs (Fig. 3b). Elsewhere the deposit has low relief along its margins
of meters to 10s of meters (Figs. 4 and 5). This gradient in marginal
relief correlates with the observed northward gradient in the increase in
deposit ruggedness (e.g., Scully et al., 2018, this issue; this report).
These two observations suggest that the apparent viscosity and/or yield
strength of the deposit increased northward, perhaps in correlation
with the direction of flow as the melt sheet slid back into the deep
cavity of the forming crater possibly from the southeast. We also
speculate that greater amounts of fragmented solid debris may have
accumulated at the bottom of the crater, increasing the effective visc-
osity of the flow in those areas.

Further, the similar knobby and ropey surface textures of the lobate
floor-fill material in Occator and the Tycho impact melt sheet (Fig. 7)
likely come from distortion of the chilled surface crust during ongoing
lateral flow as well as abundant unmelted fragmental debris, which
became entrained in this deposit as it was dynamically emplaced. Im-
pact melt is often choked with significant fractions of solid fragmented
impact debris (this type of mixed breccia/melt material is common in
large terrestrial impact sites). Some of the knobs observed within the
Occator lobate material deposits are likely larger such fragments, or
extrusions or upwarping of material from beneath the solid crust of the
deposit.

A large ponded melt sheet a hundred or more meters thick on the
floor of Occator would be emplaced essentially instantaneously and
remain at high temperatures for a significant period of time. Such a
deposit might be expected to undergo geochemical processing as it
slowly cools and refreezes (e.g., Abramov et al., 2012). Impact melt
sheets at Sudbury and Manicouagan (e.g., Simonds et al., 1976; Onorato
et al., 1978; Dence, 1972) have undergone significant differentiation
but both involve extensively melted silicates and other continental rock
types. Impact modeling for Ceres (Bowling et al., 2018, this issue)
currently indicates only water ice will melt. The outer layers of Ceres
are considered to be no more than 30% water ice (e.g., Fu et al., 2017),
and due to the inferred rapid shearing during excavation and empla-
cement, this melted water will be intimately mixed with particulate and
fragmental debris and can react with it. We do not attempt to model
geochemical evolution within this deposit but postulate that a variety of
reactions will occur as the deposit equilibrates and cools, including
exsolution of new phases, exsolution of water ice as freezing occurs,
settling or floating of large fragments as they solidify, depending on
relative buoyancy, among other effects. These processes should produce
local upwellings, ventings, and disturbances on the freezing outer crust,
which may be visible as small pitting, maar-like depressions, folds, and
crenulate textures on the surfaces of the Tycho and Occator melt sheets,
in addition to those produced by lateral movement during deposit
emplacement.

A large impact melt deposit on the floor of Occator might also be
expected to undergo physical processing as it cools. The deposit will
likely freeze from the top and bottom. The silicate fraction might un-
dergo cooling contraction, while the water fraction might undergo
freeze expansion. The weight of the solid crust may increase the pres-
sure within the still partially molten interior, leading to possible ex-
trusions of molten material on the surface. The outer crust of the de-
posit will no doubt be fractured and become uneven as solidification
proceeds.

4.4. Origins of bright materials and hydrothermal deposition within Occator

The identification of salts and Na-carbonates in association with the
bright spots at Occator has led to suggestions that these deposits formed
by a process analogous to hydrothermal deposition of precipitates (e.g.,
Dombard et al., 2015; De Sanctis et al., 2016; Quick et al., this issue).
Indeed, hydrothermal alteration of rocks are noted in terrestrial craters
(e.g., Arp et al., 2013) and postulated for Martian craters (Barnhart

et al., 2010; Osinski et al., 2013). Residual impact heat is a well-known
phenomenon and is always most intense and prolonged in crater center
(e.g., Barnhart et al., 2010; Bowling et al., 2018; this issue).

The detailed morphology of Cerealia Facula in Occator at 35 m pixel
scales, specifically the downslope tendrils and small sub-kilometer
bright spots on the outer edges, are not inconsistent with hydrothermal
deposits on Earth. In cases where hot springs create travertine or other
carbonate rich deposits, they frequently form in depressions due to the
fact that the fluids containing the dissolved minerals will flow to local
topographic lows. Examples include the Huanglong Springs in north-
central China, Mammoth Hot Springs, CA, and Semuc Champey in
Guatemala. These deposits often occur as travertine terraces in river
valleys, which are not necessarily expected on Ceres due to the lack of
an atmosphere. If hydrothermal deposits form due to precipitation of
dissolved species in warm fluids, the exposure of this fluid to space will
likely lead to rapid vaporization and perhaps spray of mineral-heavy
fluids or crystals on Ceres (e.g., Quick et al, submitted this issue). How
this will be manifest at meter scales is not clear, and is not resolved in
the Dawn images.

More massive examples of hydrothermal deposits on Earth include
the Grand Prismatic Springs at Yellowstone, which forms a large tabular
and terraced deposit meters to hundreds of meters thick. In other cases,
individual source vents produce narrow stream-like conduits that
radiate outward, such as at Witjira-Dalhousie Springs (Fig. 26) in south-
central Australia (Wolaver et al., 2013; Clarke and Bourke, 2011), a
series of >25 hotsprings concentrated in a ∼5 by 10 km wide region of
South Australia (Fig. 26).

We postulate a scenario for the central bright deposits on Occator
that, despite the obvious differences in environmental and composi-
tional conditions at Ceres and South Australia, may be to first order
related. Some of the sinuous traces of the bright spots within the central
depression at Occator on Ceres could be mineral precipitates accumu-
lated by repetitive or continuous outflow from small vents along the
sides of the central depression (Fig. 27). Small bright spots and several
of the sinuous downslope bright tendrils along the western margins of
the central pit at Occator appear to emanate from discrete horizontal
ridges or outcrops in the 35m/pixel resolution images (Fig. 27).

Fig. 26. Witjira-Dalhousie Springs, Australia. Image acquired from Google
maps with alteration.
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Whether these features represent sources of generalized venting of
hydrothermal fluids is provocative but represent the most direct in-
dications of such in the global mapping data.

As the central pit is both amongst the lowest topography in the
crater and the area where residual heat is highest and longest lasting
and melting of subsurface ice most concentrated (Bowling et al., 2018,
this issue), the site of abundant subsurface groundwater from the failed
central peak (if our preferred hypothesis for the pit is correct), and the
area of the crater floor likely to be most densely fractured and perme-
able (e.g., Wilson and Stearns, 1968; Milton et al., 1972; Wilshire et al.,
1972; Kenkmann, 2002), it is plausible that hydrothermal fluids could
be recycled and would escape along the most permeable fracture sys-
tems in the central depression.

The rounded ends of the fingerlike projections associated with the
central bright deposits located on the upslope outer walls of the central
pit (Figs. 8 and 9) could be derived from individual sources. Some of
these deposits extend onto the fractured lobate floor-fill deposits along
the outer margin of the central pit (Fig. 8), indicating that deposition of
the salts and carbonates occurred after the upper surface of the lobate
floor-fill deposits had essentially crystalized. Otherwise, the bright
mineral deposits form in local lows as the fluids flow short distances
downslope as they flash evaporate to space, leaving local highs essen-
tially uncovered and relatively dark (Figs. 8 and 9). At Occator, the
outlets are in the central depression and flow inward, whereas at Dal-
housie, Mammoth and Yellowstone, they tend to form a central cluster
and radiate outward, due to local topography, some of it constructed
from hydrothermal deposition.

Whether the observed Occator deposits result from simple outflow
onto the surface or highly localized fountaining of spray at the source
(e.g., Quick, submitted this issue) is unclear, but the finger-like
morphologies at the edge of the deposit suggest that it was not em-
placed by one large central fountain or geyser of activity which would
tend to coat the entire pit wall (unless downslope movement of dark
material is eating away at the margins of a once larger deposit). Such a
scenario could explain the presence of localized deposits of bright
material atop isolated mesas (Figs. 8, 9 and 11), which would otherwise
require local venting sources at those sites. In short, the morphology of
the bright deposit at Cerealia Facula presents ambiguous indications
regarding emplacement, and could require both construction and de-
struction to explain.

The estimated crater retention age of Cerealia Facula of several
million years later than the formation of the crater, if taken at face
value, suggest that the bright deposit could have formed some time
after impact. Bowling et al. (2018, this issue) model impact heating and
find that it could last up to ∼1 million years after impact.
Dombard et al. (2015) also investigated residual heat and suggest that
significant heating could last 0.1–10 million years after impact in a
near-vertical impact, perhaps sufficient to account for the differences in
measured crater densities and inferred ages. The longevity of a liquefied
subsurface impact related mass could also be prolonged depending on
the concentration of dissolved materials. We do not further address
these issues here except to note uncertainties in age dating, the duration
of residual impact heat, and the composition of subsurface fluids.

4.5. Temporal change at Cerealia Facula, Occator crater

Finally, a useful constraint on the origins of Cerealia Facula is
whether the bright deposits are actively forming or being modified in
the current epoch. As the deposits were not resolved before Dawn ar-
rival we can ascertain changes only between 2015 and today. If the
deposits are only a few million years old or less, they could simply be
well preserved, and indeed we so no evidence for significant regolith
development on the site. Nonetheless, the preservation of the site and
the likelihood of residual impact heat being at least partly responsible
for the activity there allow that some late stage activity could be oc-
curring today.

Active changes at Cerealia Facula could be sudden, such as land-
slides on the pit rim or within the central dome, or outbursts or erup-
tions of fluids at new or long dormant sites from a subsurface reservoir,
among others. Slow change could include intermittent low-level
venting of fluids from existing source vents or slow creep of surface
materials. The Dawn mission observed the Cerealia Facula deposit at
resolvable pixel scales (<500m/pixel) from DOY 160(2015), to DOY
292(2016), over a period of 497 days (Fig. 28), or ∼0.3 Ceres orbit.
Despite parallax shifting between many frames, no recognizable
changes in the shape or surface patterns of the Cerealia Facula bright
deposit were detected over that period, in the constraint of changing
resolution (35 to 410m/pixel) as the spacecraft moved from its early
distant orbits into its closest orbit and then back out to greater distances
over this period. Additional observations were acquired before and

Fig. 27. Enlargement of 35m resolution map of Occator central pit ((with annotation at right). Arrows indicate apparently horizontal scarps or ridges. Bright
material appears to emanate from several of these features, which may be sources for groundwater seepage or other outgassing of material. .
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after this period at DOY 125(2015), and 50(2017) and 119(2017) at
resolutions of 700 to 1900m/pixel (Fig. 28), or ∼0.4 Ceres year, but
these are sufficient to show only the coarsest of changes, of which none
are resolved. These observations would strengthen arguments that the
occasional observed volatile outbursts at Ceres (Kueppers et al., 2014)
are correlated with solar flare impacts with Ceres (Villarreal et al.,
2017) and not surface geologic activity.

Surface changes involving slow percolation of fluids and subtle local
changes to surface brightness may not have been directly observable by
Dawn. No photometric study was attempted here but sun direction was
consistently from the east in this time period (though Solar elevation
did fluctuate between 25° and 60° in most cases) and no major
brightness changes are evident within the deposit or along its margins
in the observations (Fig. 28). Observations over a range of phase angles
from ∼1° to 102° (Fig. 29) also show that the bright deposits remain
bright over all observed phase angles. While the Dawn mapping period
is too short to constrain all possible modes of activity, such as slow
percolation of fluids from existing vents, these observation do suggest
that large-scale major or rapid changes have not been occurring, or that
activity had been continuous throughout the period resulting in no
change in surface patterns.

5. Discussion and conclusions

Mapping of Ceres by the Dawn spacecraft reveals that central pit
craters dominate at diameters >70–75 km on Ceres, and that the bright
deposit at the center of the young 92 km crater Occator is associated
with both a central pit and a fractured central dome. A key constraint is
the absence of central pits on similarly sized icy moons of Saturn and
Uranus where surface and internal temperatures are colder but the
ubiquitous presence of both central peak and central dome craters at
D>30 km on larger Ganymede and Callisto. These and other ob-
servations tend to support models wherein central peaks form in a
partially or largely molten state, depending in part on latitude (as

related to subsurface temperatures). However, none of the current hy-
potheses for pits or domes fully satisfy the observations, suggesting that
either the models need to be improved in terms of physical complete-
ness or realism, or new models are required.

Assuming the molten peak hypothesis is indeed reasonably correct,
much remains to be understood in terms of the fate of the missing
central peak material. For example, is the proto-central peak all liquid
or only partly so, as is general crustal material on Ceres, where does the
missing mass go? If peak failure (by whatever mode) occurs, why does
the crater end up with a small depression or a remnant peak instead of a
large pile of disaggregate debris? Despite these ambiguities, the new
observations at Ceres thus provide key constraints as attempts are made
to improve the physical realism of numerical impact models on Ceres
and the icy moons of Jupiter, Saturn and Uranus.

Similarly, the origin and fate of the central dome at Occator remains
only partly understood. Dawn mapping observations at 35 m pixel
scales indicate that the dome may be due to inflation of surface from
below and that the domed topography post-dates bright deposit for-
mation, but at these scales we could be missing diagnostic features.
Why is there only one central dome on Ceres despite the observation of
∼11 additional though older central pit craters? Are the ubiquitous
central domes on Ganymede and Callisto related by similar formation
processes, as the prevalence of fractures on their surface would suggest,
or is this a false lead?

The origin of the bright deposits of Cerealia Facula is likely linked to
hydrothermal fluids created and mobilized by the impact (e.g.,
De Sanctis et al., 2016). Slowly decaying impact heating may have been
sufficient to drive these fluids to the surface, and while mobilization of
preexisting deep brine layers or pockets have been postulated (e.g.,
Stein et al., submitted this issue; Nathues et al., submitted this issue) we
see no direct evidence that compels such an interpretation.

The 35 m pixel scale Dawn observations provide the best look at
central pit craters and a central dome on ice-rich targets (other than
Mars), and provide a key test and/or prediction for what we might

Fig. 28. Dawn observations of Cerealia Facula, Occator, over a period of nearly 2 years in 2015–2017, illustrating the lack of major changes at this structure. Pixel
scale resolutions are shown below the year and day-of-year of the observation.

Fig. 29. Occator crater (D=92 km) over a range of phase angles. Resolutions range from 35 to ∼1900m/pixel.
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expect to observe once we acquire comparable high resolutions on
Ganymede and Callisto in the 2020s. It will then be necessary to target
the freshest central pit craters (i.e., those with bright rays) to search for
debris or flow patterns that might confirm, refine or refute the peak
melt hypothesis.

Calculations indicate that at typical impact velocities, compara-
tively little impact melt will be generated or retained on large asteroids
(Keil et al., 1997; Bowling et al., 2018, this volume). Hydrated silicates
were not modeled by Keil et al. explicitly but were inferred to be even
more difficult to melt. On the other hand, for the ice-rich mixture re-
levant to Ceres’ crust, both Dombard et al. (2015) and Bowling et al.
(2018, this issue) found that sufficient heat was produced to melt the
available ice and produce what presumably would be an impact-derived
water-rock slurry melt, or ‘impact mud.’ As no other low-melting point
candidate material is available in large quantities on Ceres, the for-
mation of large deposits of flat-lying impact melt at Occator and other
large craters such as Ikapati and Dantu that embay low areas, and
formation of central pits by melting of uplifted materials, would imply
that the upper layers of Ceres are indeed composed of significant
amounts of water ice, and are part of a suite of features (e.g., Schmidt
et al., 2017; Ruesch et al., 2016) that betray the presence of water ice
on Ceres.
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