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Abstract Craters on Ceres, such as Haulani, Kupalo, Ikapati, and Occator show postimpact modification
by the deposition of extended plains material with pits, multiple lobate flows, and widely dispersed
deposits that form a diffuse veneer on the preexisting surface. Bright material units in these features

have a negative spectral slope in the visible range, making it appear bluish with respect to the grey-toned
overall surface of Ceres. We calculate the drop height-to-runout length ratio of several flow features and
obtain a coefficient of friction of < 0.1: The results imply higher flow efficiency for flow features on Ceres
than for similar features on other planetary bodies with similar gravity, suggesting low-viscosity material.
The special association of flow features with impact craters could either point to an impact melt origin or to
an exogenic triggering of cryovolcanic processes.

1. Introduction

After orbiting asteroid Vesta between 2011 and 2012, NASA's Dawn spacecraft entered orbit around
dwarf planet Ceres in March 2015 [Russell et al., 2015]. The mission goals at Ceres are to characterize
the geology, elemental and mineralogical composition, topography, shape, and internal structure of
Ceres in order to understand its geological evolution [Russell and Raymond, 2011]. Smooth plains that
cover the interior of a number of impact craters are one of the most prominent geological features
on Ceres. Notable examples are Haulani, Kupalo, lkapati, and Occator craters. Besides smooth plains,
the geology of these craters is characterized by ponded material, flows with lobate flow fronts, and pits.
Dawn Framing Camera (FC) data (monochrome and color ratio images) [Sierks et al, 2011] from the
high-altitude mapping orbit (HAMO), with a spatial resolution of 140 m/pixel, and from the low-altitude
mapping orbit (spatial resolution of 35 m/pixel), as well as a HAMO Digital Terrain Model (DTM) [Preusker
et al, 2016] (135 m/pixel), were used to analyze smooth plains units and its associated features. A bluish
signature can be seen for all investigated features in the enhanced FC HAMO color mosaic of the filters
5 (956 nm), 2 (555nm), and 8 (440 nm) [Pieters et al., 2016]. The potential presence of ice within Ceres’
crust [McCord and Sotin, 2005] raises the prospect of geological processes similar to those on differen-
tiated icy bodies [Thomas et al., 2005]. Pre-Dawn telescopic observations suggested some aqueous altera-
tion on Ceres, including the formation of clay-like materials [Rivkin et al.,, 2011] and possibly salts covered
by a regolith layer having only small-scale compositional variations [Castillo-Rogez and McCord, 2010;
McCord and Sotin, 2005]. Thermal models suggest that Ceres is at least partially differentiated and could
have undergone tectonic and cryovolcanic processes [Castillo-Rogez and McCord, 2010; McCord et al.,
20111. Another possibility for the formation of flows on planetary bodies is impact melt. Impact melt nor-
mally occurs as lobate tongues of melt rocks near the crater rim or inside craters and is morphological
similar to terrestrial lava flows. In this paper, we will discuss both processes to explain the formation of
the flows on Ceres.

KROHN ET AL.

CRYOVOLCANISM ON DWARF PLANET CERES 1


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL070370
http://dx.doi.org/10.1002/2016GL070370
mailto:katrin.krohn@dlr.de

@AG U Geophysical Research Letters 10.1002/2016GL070370

Elevation [m]

a5 ¢

-800
-1000 \
-1200

-1400

Height [m]

-1600

-1800

-2000

0 2000 4000 6000
Distance [m]

Figure 1. (a) Haulani crater. (b) Mountainous central region with flow (arrows). (c) Well-defined smooth lobes (arrows). (d) Three-dimensional view showing scarps
bounding multiple flows in the west. (e) Multiple flow stages (arrows). (f) Slope map showing a shallow crater flank interrupted by scarps. White box shows the
profile location. (g) Detailed view of multiple flows along the profile. Arrows mark streamlines around blocks. (h) Profile of flows showing a shallow crater flank.

(i) Enhanced color mosaic.

2. Observations
2.1. Haulani

Haulani crater (Figure 1) exhibits interior smooth plains with flow features originating from a hummocky
elongated mountainous ridge in the center, ponding toward mass-wasting deposits of the rim. One example
exhibits a channel, stream lines, lobes, and a well-defined flow front (Figure 1b). The smooth crater floor is
laced by pits. Some pit crater chains in the northwestern part are oriented parallel to the rim [Krohn et al.,
2016]. The pits lack raised rims and are located on the crater floor, predominately in clusters. The largest
cluster is located north of the ridge with a maximum length of ~10km and a maximum width of ~3.8 km.
Smaller clusters are circumferential to the ridge but are absent in the eastern part, where mass-wasting
deposits from the rim may have covered the pits. A small cluster of pits is located in the middle of the
prominent ridge flow. The pits range in size from ~35m (at the limit of resolution) to ~230 m in diameter.
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Additional clusters of pits are detected in Haulani's southeastern to western ejecta blanket. These pits reach a
maximum diameter of ~540 m.

Haulani shows several flow features running from the crater rim outward to the surrounding area, covering
the preexisting surface. We can distinguish four types of flows: The first flow type (1) is defined by smooth
lobes with well-defined margins and a very smooth featureless surface (Figure 1c). The lobes follow local
depressions and range in length from 0.5 to 20 km and in width from 0.35 to 8.1 km. Most flows occur as
narrow lobes, but we also found dilated flows streaming around solid blocks. Some of the narrow lobes
contain channels following the flow direction. Additionally, flows near the crater rim show evidence for crack-
ing. This flow type is predominantly distributed on the western and eastern crater flank but is less common
on the northern crater flank. The second flow type (2) occurs as more viscous flows with a relatively smooth
surface. These flows show clear margins of multiple flow stages on top of each other and occur only on the
western crater flank, extending to a distance of up to 29 km from the rim and covering an area of about
945 km? (Figures 1d and 1e). Figure 1h shows a shallow crater flank with no evidence of terraces which
had been overflowed by material. The third flow type (3) shows a very smooth but streaky surface with
smooth material. The flows are affected by small narrow channels. This type is located on the central ridge
flanks within Haulani as well as on the southern and northeastern crater flanks of Haulani. The last flow type
(4) shows a relatively smooth surface interrupted by knobs. This type is located close to the crater rim on the
northern and eastern crater flank of Haulani.

Haulani was formed on a topographic boundary. The eastern side is topographically elevated whereas the
western side is lower (Figure 1d). The western side is affected by a broken crater rim, showing thin rock layers
on the inner crater wall and multiple scarps, cracks, and shear zones outside the crater. The collapsed crater
rim merges into the type 2 flows. These flows are bound by steep scarps related to the broken crater rim.

2.2. Kupalo

The crater floor of Kupalo reveals different complex processes. Like Haulani, Kupalo has a central ridge with
lobate flow features, which seem to originate from the ridge crest. Furthermore, the ridge exhibits a smooth
dome-like structure superimposing the ridge material with younger flows (Figure 2b). A second ridge in the
south also exhibits some lobate flows running down to the crater floor as well as a dome-like structure. The
crater floor is covered with plains of smooth ponded material, which partly covers the mass-wasting deposits
originating from the steep crater walls in the north and east part. A huge lobate flow at the southwestern
floor seems to originate from the southern crater floor and extends toward the crater wall (Figure 2b).

The crater floor is associated with pit crater chains, clusters of pits, and cracks. The northern crater rim shows
some flows occurring inside and outside of the crater rim. They originated from small domes at the rim crest
(Figure 2f). Compared to other peaks on the crater floor, the domes are topographically higher and reveal a
conical shape with a very smooth surface.

The crater flanks contain smooth lobes with well-defined margins, ranging from 3.5 to 19 km in length and
from 0.8 to 3.2 km in width. Some flows contain channels in flow direction (Figure 2d). Like Haulani, Kupalo
was formed on a topographic boundary, showing a less intact crater rim with multiple fractures in the south
and west, which are bound by steep scarps (Figure 2c).

2.3. lkapati

Ikapati impacted half into a topographic high and half into a possible ancient basin showing a sharp crater
rim in the north and east and a degraded one in the south and west (Figure 3c). Terraced mass-wasting mate-
rial, originating from the sharp rim, fills nearly half of the crater floor in northeast direction. The other half of
the crater floor consists of smooth material, interrupted by pitted terrain (Figure 3d), pit crater chains, and
cracks. lkapati shows smooth plains (Figure 3f) at different topographic levels associated with pits and
well-defined lobate flow-like features that overran the degraded crater rim (Figure 3b). These flows originated
from the crater rim and ran radially outward. They occur as relatively short narrow channelized lobes.
Compared to the smooth plains material, the flows seem to be thicker and less smooth. The material forming
the plains ponded in depressions and smaller craters southwest of Ikapati and covers the preexisting surface.

2.4. Occator

The interior of Occator exhibits extended plains of ponded material. The plains material is superposed on the
mass-wasting deposits originating from the steep crater walls, leaving only the tops of the source blocks as
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Figure 2. (a) Kupalo crater. (b) Crater floor with dome-like structures and flows (white arrows) and an inner crater flow (black arrow). (c) Three-dimensional view
showing flows bound by scarps. (d) Well-defined smooth channelized lobes. (¢) Enhanced color mosaic. (f) Domes with flows at crater rim.
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Figure 3. (a) Ikapati crater. (b) Flows override the SW rim (black arrow), closeup of channelized flow. (c) Three-dimensional view showing the topographic boundary.
(d) Smooth inner crater plains contain collapse pits (arrow). (e) Enhanced color mosaic. (f) Smooth plains inside the adjacent depression.
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Figure 4. (a) Occator crater. (b) Plains of ponded material cover mass-wasting deposits and pileup at crater walls (arrows). (c) DTM showing the profile location.
(d) Flows spread out from central white spot, and flow fronts collide with mass-wasting deposits; superimposed individual flows (arrows) indicate multiple flow
events. Box shows location of Figure 4e. (e) Detailed view of individual flows showing a ropey surface. (f) Profile of crater floor, showing the upward direction of
the flows. (g) Extension cracks extending from a hummocky area between flooded slumping blocks and spreading radially. (h) Higher stretch of bright dome showing
the cracks on top. (i) Enhanced color mosaic.

isolated remnants and partly banking at the steep crater walls (Figure 4b). Toward the northeast, flows spread
out from the central region associated with a bright dome, which is affected by radial cracks (Figure 4g). The
center of Occator is dominated by bright material (Figure 4a) [De Sanctis et al., 2015; Nathues et al., 2015]. The
western part of the central region is topographically elevated. The eastern part, mostly covered by bright
material, is a depression with the small dome in its center (Figures 4c and 4h). The flows to the northeast
appear to originate from the central bright region and move slightly uphill, ponding against rim-related
mass-wasting deposits. These flows show at least three individual lobate flow surfaces superposed on each
other, indicating multiple flow events (Figures 4d and 4e). This implies either a feeding source through a vent
or a collapse of a bulged source region after it emptied.

Crater densities on Occator's floor are lower than those on the ejecta blanket, indicating a postimpact forma-
tion age of the flows [Neesemann et al., 2016]. Occator shows radial extension cracks in its southwestern part,
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and runout length (H/L) is an appro-
ximation of the coefficient of fric-
tion of sliding debris [Schuster and
Crandell, 1984] and is useful for a
comparison with flows on other planetary bodies [De Blasio, 2011; McEwen, 1989; Moore et al., 1999;
Singer et al., 2012].

We used the method of Schuster and Crandell [1984] to determine the potential vertical drop H by the mea-
suring of the relief between the top of the potential slide mass and some point in the valley below, using the
HAMO DTM. For L we measured the probable travel distance of the flows to the end of the lobe. In Figure 5 we
plot the H/L ratio of the Ceres flows as a function of runout length (a proxy for volume) along with data from
other planetary bodies. The plot shows that the H/L ratio of Cerean flows is smaller, and therefore, they had to
be more mobile than most mass movements and debris flows from lapetus. Cerean runout lengths are similar
to the terrestrial ones but even more mobile. Martian landslide emplacement is suggested to have about half
the runout efficiency of Earth due to gravitational effects on the yield strength of materials [McEwen, 1989] or
the absence of a lubricating pore liquid [Brunsden, 1979]. Similar conditions should apply on Ceres; however,
flows on Ceres are more efficient than on other planetary bodies. The low values of H/L < 0.1 are comparable
with terrestrial submarine landslides and mudflows [Hampton et al., 1996], as well as lava flows [Baloga et al.,
1995], and ice flows [Kietzig et al., 2010]. Impact melt may also reduce the coefficient of friction within mate-
rials. Impact melt has been described on other planetary bodies, like Mars [Carr et al., 1977], Earth [Osinski,
2004], the Moon [Bray et al., 2010; Shoemaker et al., 1968], Ganymede [Shoemaker et al., 1982], and Vesta
[Otto et al., 2013; Williams et al., 2013], as ejecta deposits with flow-like morphologies. Generally, impact melt
is lobate tongues of melt rocks that normally occur at the downslope margins near the crater rim or inside
craters and is similar to terrestrial lava flows [Bray et al., 2010; Denevi et al., 2012a]. Usually, impact melt is
located on only one part of the crater rim but can also be asymmetrically distributed around the crater
[Stopar, 2014]. Impact melt, as a fallback product of ejecta strictly follows gravity. It is possible that the plains
and flows in Haulani, Kupalo, Ikapati, and Occator are composed of impact melt, especially the smooth lobes
with well-defined margins in Haulani (Figure 1c).

On the other hand, many of the observed flows originated from distinct sources in the crater interior. In
Occator and Haulani, more than one lobate flow originated close to the center and moved outward toward
the walls. In Occator, these flows potentially originated from the central bright depression and appear to have
moved uphill (Figures 4c and 4f). As impact melt is a fallback product, it would follow the topography and the
flow fronts would have been formed in topographic lows, not higher than the source origin.

Thus, the topographic inverse behavior of flows in Occator indicates a feeding zone that pushes the flows for-
ward by supplying low-viscosity material and a posterior collapse of the dome in the central region, possibly
due to a discharge of a subsurface reservoir [Jaumann et al., 2016]. Furthermore, the results of De Sanctis et al.
[2016] show that the bright spots within Occator predominantly consist of carbonates, a different material
than the adjacent material, which predominantly consist of phyllosilicates. Such carbonates have also been

KROHN ET AL.

CRYOVOLCANISM ON DWARF PLANET CERES 7



@AG U Geophysical Research Letters 10.1002/2016GL070370

detected in the plumes of Enceladus [Postberg et al., 2011], suggesting an endogenic origin and not an impact
melt origin.

Additionally, Haulani reveals multiple flow stages on the western crater flank interrupted by sharp scarps.
Generally, flow-like morphologies in the ejecta are thought to be a result of either an involvement of volatiles
or gases, deceleration when the ejecta motion interacts with the local topography, or post emplacement
ground flow [Boyce et al., 2010; Bray et al., 2010; Carr et al., 1977]. A formation of multiple flow stages due
to material overflowing terraces would reveal a stair stepped pattern in the profile (Figure 1h). But the overall
morphology of Haulani's western crater flank shows a planar crater flanks. Liquid cryolava features can be
produced by heating [Cassen et al., 1979] or by a release of material from a liquid subsurface layer [Tobie
et al,, 2010]. Ascent and emplacement of cryolava could be due to compositional buoyancy [Croft et al.,
1988]. A liquid ammonia-water mixture has a similar density to water ice [Hargitai et al., 2014] and can be
erupted by large-scale tectonic stress patterns like subsurface pressure gradients associated with topography
[Mitri et al., 2008]. Moreover, cryolava could also be due to an overpressurization of liquid cryomagma cham-
bers (fluid reservoirs of water ice) in an ice lithosphere [Fagents, 2003; Showman et al., 2004]. Additionally, the
observation of pits in all four craters indicates a volatile rich material. On Mars and Vesta, pits are thought to
be formed through degassing of volatile-bearing material heated by the impact [Boyce et al., 2012; Denevi
et al,, 2012b]. The pits on Ceres are also supposed to be the result of rapid postimpact outgassing of hydrated
salts or ground ice [Sizemore et al., 2016].

Recent observations by Dawn suggest that Ceres is a weakly differentiated body with a shell dominated by an
ice-rock mixture [Fu et al, 2015] and ammoniated phyllosilicates [De Sanctis et al., 2015]. Furthermore,
Neumann et al. [2016] developed a thermal model that shows hydrated salts could be warm enough to be
mobile at a depth of 1.5-5km and could explain the buoyancy of ice and salt-enriched crustal reservoirs.
Thus, impacts into such reservoir could have triggered mobility and formed cryovolcanic features, such as
the flows in Occator and Haulani.

Finally, the blue color of the plains and flow materials indicates significant differences to the reddish sur-
roundings, applying a material change. The material composing Ahuna Mons, a prominent domical feature
that may be related to upwelling material, shows the same spectral characteristics as the plains and flow
material, suggesting a common composition [Ruesch et al., 2016; Zambon et al., 2016 1. Ruesch et al. [2016]
suppose that Ahuna Mons is composed of subsurface material. This supports the assumption that plains
and flow materials also originate from the subsurface and their release is triggered by impact [Jaumann
et al.,, 2016]. Although no water ice has been detected by VIR (Visible and Infrared Spectrometer) in the
vicinity of the discussed impact craters so far, it is still possible that water ice existed but sublimated quickly
after being exposed at the surface and might have caused the bluish color [Stephan et al., 2016]. However,
also differences in the grain size of phyllosilicates are in discussion to cause the blue color [Jaumann et al.,
2016; Stephan et al., 2016]. Extremely fine-grained ejecta material redeposited during the impact events could
also explain the smooth surfaces of the observed flow features.

Age determinations indicate that the bluish material is mainly associated with the youngest impact craters on
Ceres [Schmedemann et al., 2016]. Thus, the bluish craters seem to be one of the youngest geologic features
on Ceres.

4, Conclusion

The compositional differences of the observed flows, and their discrete feeding sources, suggest a cryovolca-
nic origin. The correlation of such flow features with impact craters indicates an impact triggered release of
subsurface material or hydrothermal processes triggered by impact heat. Crustal material enriched in
hydrated salts, either as part of a subsurface layer or accumulated in smaller local reservoirs within the crust
at different depths, could be mobilized by tectonic weakening and/or by impacts. Another possible emplace-
ment scenario is the formation of subsurface reservoirs enriched in salt-bearing components driven upward
by density/temperature inhomogeneity. A possible example for such a mechanism is the tectonic structure at
the southern part of Occator, where a pattern of cracks indicates breaking of the plains material by upwelling
and the partly polygonal arrangements suggest formation by dehydration. Although we see impact melt
structures, e.g., smooth well-defined flows around Haulani, Ikapati, and Kupalo, the plains in Occator and
the viscous flows on Haulani's western crater flank are more likely the result of impact triggered cryovolcanic
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activity. Impacts hitting the surface above subsurface reservoirs enriched with hydrated salts will mobilize
these compounds, produce additional hydration of salts, and release them as flows. The observed craters
may have tapped into salt-rich crustal reservoirs, triggering the mobility of material and formed the cryovol-
canic features. The material might have sustained long after the impact, as indicated by the significantly
younger age of the plains and flow materials.

Thus, due to the similarity of impact melt structures and cryolava flows, we assume that we have a coexis-
tence of both types on Ceres.
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