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Impact craters of different geological ages, sizes and morphologies are not only the most obvious sur-
face features on Ceres’ surface. The investigation of their spectral properties in combination with Ceres’
geology and topography reveals not only lateral compositional variations in Ceres’ surface material but
also possible stratigraphic differences within Ceres’ crust. Spectral properties of impact craters with dif-
ferent ages do show distinct trends implying variations with increasing exposure duration of the im-
pact material onto Ceres’ surface. Local concentrations of H,O ice and carbonates are associated with
the youngest, either recently emplaced or excavated, surface deposits. On the contrary, regionally higher
amounts of ammoniated phyllosilicates originate from deeper regions of Ceres’ crust and strengthen the
theory of ammonia being a primordial constituent of Ceres. The blue spectral slope, clearly associated
with relatively weak absorptions of OH-bearing and/or ammoniated phyllosilicates, is limited to fresh
impact material. Either, the blue spectral slope diminishes slowly with increasing geologic age due to
space weathering processes, or shortly as a result of gravitation-induced slumping, forming a fine and
loosely consolidated regolith.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction ing in geological maps of Ceres’ surface based on imaging data

acquired during Dawn’s Nominal Mission (March 2015-June 2016)

For over two years now, three instruments onboard the Dawn
spacecraft, the Framing Camera (FC) (Sierks et al., 2011), the
Visible and Infrared spectrometer (VIR) (De Sanctis et al., 2011), and
the Gamma Ray and Neutron Detector (GRaND) (Prettyman et al.,
2011) have been investigating Ceres’ geology/topography, its min-
eralogical and its elemental surface composition, respectively, with
unprecedented spatial resolution.

In order to study Ceres’ surface in detail a geological mapping
campaign has been conducted by the Dawn Science Team result-
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in Ceres’ orbit (Williams et al., 2017a). Ceres was divided into 15
regional quadrangles (Roatsch et al., 2016) for which geological
maps are available (Williams et al., 2017a). These maps reveal that
densely cratered terrain dominates most of Ceres’ surface, contain-
ing rugged surfaces formed largely by impact structures of all sizes,
with a variety of crater morphologies and surface ages. Geomor-
phological surface features other than impact features identified
include: linear structures associated with grooves, pit crater chains,
fractures and troughs, of which some are clearly associated with
impact craters and others do not appear to have any correlation to
an impact event (Buczkowski et al., 2016); and domical features
like the peculiar Ahuna Mons (diameter: 20km, 10.5°S/316.2°E),
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which have been interpreted as evidence of cryo-volcanic activ-
ity on Ceres (Ruesch et al., 2016). The most fascinating geologic
feature on the dwarf planet Ceres is the bright material concen-
trated at the center of impact crater Occator (diameter: 92 km,
19.8°N/239.3°E) suggesting that hydrothermal fluids, driven off by
residual impact heat, precipitating solids on the surface and re-
sulted in dome formation in the center (Buczkowski et al., 2017;
Schenk et al., 2016).

In addition to the geological maps, the spectral properties of
Ceres’ surface have been investigated based on FC images and VIR
data and the resulting compositional maps are presented in this
special issue of Icarus (McCord and Zambon, 2017). The spectral
mapping results show that Ceres’ surface is mainly composed of
phyllosilicates, ammoniated phyllosilicates, carbonates and visually
dark opaque probably carbon-rich material (De Sanctis et al., 2015)
with the abundance and physical properties, such as grain size, of
these compounds varying across Ceres’ surface. Local concentration
of carbonates (De Sanctis et al., 2016), ammoniated phyllosilicates
(Ammannito et al., 2016; Stephan et al.,, 2017b) and organic ma-
terial (De Sanctis et al., 2017a) have been identified. Further, local
spots, where H,O0 ice is exposed on the surface, could be revealed
(Combe et al., 2016; Combe et al., 2017; Raponi et al., 2017a).

In order to understand the processes responsible for the for-
mation and exposition of these compounds and their implications
for Ceres’ geological history, we combined the results of the ge-
ological and spectral mapping campaigns to assess general and
local relationships between composition and geology. We study
the variations in the spectral properties of Ceres with respect to
their association to specific surface features as well as their geo-
graphic and topographic location. Because impact craters are the
most ubiquitous Cerean surface feature, our focus lies in the in-
vestigation of the spectral properties of Ceres’ impact craters. De-
pending on their dimensions, the individual impact events probe
different depths of Ceres’ crust. Thus, differences in the spectral
properties of these impact craters could not only reveal lateral het-
erogeneities in the composition of Ceres’ crust but also point to a
possible spatial variability in the relative mineral abundance in a
stratified upper crustal layer. Further, surface ages derived by the
Dawn Science team during the geological mapping campaign en-
able to put the mapped spectral properties of these impact craters
into a temporal context. Fresh impact crater material generally re-
flects un-weathered composition of Ceres’ crust, but possibly also
reveals modifications in the chemical and/or physical properties of
the surface material caused by the impact process itself. Finally,
depending on the specific crater age, i.e. how long the impact ma-
terial has been exposed on Ceres’ surface, space weathering effects
(bombardment by micro-meteorites, solar wind particles and cos-
mic rays) that change the spectral properties with time might be
revealed.

2. Data basis and methodology

The Dawn mission has mapped Ceres during the High Altitude
Mapping Orbit (HAMO) phase and Low Altitude Mapping Orbit
(LAMO) phase from an altitude of about 1950 and 850km, re-
spectively (Russell et al, 2016). Images of the Framing Cam-
era reach spatial resolutions up to ~140m/pixel (HAMO) and
~35m/pixel (LAMO). The spatial resolution of individual VIR ob-
servations ranges between ~ 360m per pixel during HAMO and
~90m per pixel during LAMO, which enables the mapping of local
spatial variations in Ceres’ surface composition.

FC clear filter images offer the geological context informa-
tion for our study, including the surface ages as derived by mea-
surements of crater size frequency distributions (Hiesinger et al.,
2016; Schmedemann et al., 2016). Absolute ages of Cerean impact
craters, which are essential to determine the accurate timescales

of Ceres’ evolution, have been derived during the Dawn geologi-
cal mapping campaign (Williams et al., 2017a) based on the two
chronology systems outlined in Hiesinger et al. (2016), i.e. the LDM
(lunar-derived model) and the ADM ( asteroid-derived model). In ad-
dition, FC clear filter images have been used to produce a stereo-
photogrammetric-based digital terrain model (DTM) derived from
HAMO data (135 m/pixel) (Preusker et al., 2016), enabling the in-
vestigation of spectral properties and their relationship to the sur-
face topography.

Images acquired in the seven band pass filters of the FC cam-
era also provide multispectral information at the highest spatial
resolution available. These filters are sensitive at 440 nm (filter 8),
550 nm (filter 2), 650 nm (filter 7), 750 nm (filter 3), 830 nm (filter
6), 920 nm (filter 4), and 965 nm (filter 5). Whereas these images
do not offer a continuous spectrum like the VIR observations, they
are useful for seeing spatial variations in the visible albedo and
spectral slope at a much higher spatial resolution. FC color com-
posites derived for images of filters 5, 2 and 8 as well as ratio im-
ages of filters 8 and 3 have been found to highlight most spectral
variations identified on Ceres (Pieters et al., 2016).

The study of global relationships between composition and ge-
ology is based on global photometrically corrected mosaics of
Ceres separately produced for images acquired during the HAMO
phase with the clear filter, as well as with the 7 color filters of
the FC instrument (Roatsch et al., 2016). The clear-filter map is
shown in Fig. 1a with the corresponding color-coded HAMO DTM
in Fig. 1b. Figs. 1c and 2a show the global maps derived for an en-
hanced true color mosaic, combining the mosaics derived from im-
ages of filters 5, 2 and 8, and a classification of the spectral slope
derived from the ratio of the FC images taken in the filters 8 and 3,
respectively. Ratio values lower than one indicate a positive (red)
spectral slope and ratio values higher than one imply a negative
(blue) spectral slope. In order to distinguish a spectrally-derived
slope from a terrain’s topographic slope, in the following, we use
the term red or blue spectral slope to describe the variations in the
FC derived ratio values measured across Ceres’ surface. For local
comparisons we additionally used individual FC clear filter images
acquired during the LAMO phase, preferentially images acquired at
a similar time as the corresponding VIR observation of the area of
interest, i.e. exhibiting similar illumination conditions.

The spectral investigation of Ceres’ surface using VIR data de-
scribed in detail by Ammannito et al. (2016), Carrozzo et al.
(2016) and Ciarniello et al. (2016) has been performed by measur-
ing specific spectral parameters, for example the wavelength po-
sition and depths of individual absorptions, which are related to
a particular surface compound. The depths of the absorptions at
2.7 and 3.1pum, which occur in every VIR spectrum of Ceres, in-
dicate the existence and variation in the abundance and/or grain
size of OH-bearing and ammoniated minerals (Ammannito et al.,
2016; Stephan et al., 2017a). Global maps showing the variations
in these two spectral parameters have been produced by the VIR
team (Fig. 2b and c). These VIR derived maps have proven to be
useful in revealing global differences in Ceres’ chemical/physical
surface properties both laterally and potentially also with crustal
depth and allow to put the color variations observed in the FC im-
ages into compositional context. Spectral parameter maps of type
localities discussed in this study were produced from individual
VIR observations. Because strong absorptions at 3.4 and 3.9um are
only apparent in local areas enriched in carbonates, their depths
have been calculated only for specific areas of interest. In order to
avoid misinterpreting the VIR spectra due to temperature effects, a
correction of the thermal signal in the 3- to 5-micron region has
been performed following the procedure of Raponi et al. (2017a).

Whereas FC as well as VIR data allow the investigation of Ceres’
entire surface, difficult illumination conditions in the polar regions
make a detailed comparison between results of different data sets
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Fig. 1. Global views of Ceres’ surface based on HAMO data of the FC instrument: a) clear filter mosaic with the mentioned impact craters highlighted, b) the FC-derived DTM
produced by Preusker et al. (2016) including the location (extension and center) of large degraded impact basins identified by Marchi et al. (2016) and of the topographic
profile shown in Fig. 3, and c) the FC color composite mosaic (produced by K.D. Matz | DLR).
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Fig. 2. Global views of Ceres surface based on HAMO data from the FC and VIR instrument: a) FC-derived slope classification map (adapted from Stephan et al., 2017a), b)
and c) the VIR-derived variations in the band depth (BD) of the two major absorptions at 2.7 and 3.1 um indicative of OH-bearing and ammoniated minerals, respectively.
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challenging. Therefore, we concentrate the investigation of individ-
ual impact features on Ceres’ surface on a local scale, which are
situated in regions between 60°N and 60°S. In order to relate the
VIR results to Ceres’ geology and topography, we use the precise
geometric correction and registration of the VIR-derived spectral
parameter maps to corresponding FC maps and images. This is es-
sential for avoiding misinterpretation in case of local differences in
the surface composition.

3. General relationships between spectral properties and
geological units

The global geologic map of Ceres as presented in
Buczkowski et al. (2016) and Mest et al. (2017) shows that
densely cratered terrain forms most of Ceres’ surface. Only on
a regional scale is it superimposed and ejecta-blanketed by the
280-km large impact crater Kerwan (10.8°S/124°E) and the Ur-
vara/Yalode crater system (Mest et al., 2017), i.e. impact materials
of the impact craters Urvara (diameter: 170 km; 46.6°S/249.2°E and
Yalode (diameter: 260km; 42.6°S/292.5°E) that cover extended
parts of Ceres’ eastern and southern hemisphere (Mest et al.,
2017). Impact craters are the most ubiquitous geomorphic features
on Ceres (Buczkowski et al., 2016) (Fig. 1a) and appears in a
wide range of sizes, morphologies and degree of degradation.
Intriguingly, impact craters larger than 300km are absent. How-
ever, DTMs of Ceres’ surface (Fig. 1b) show broad expanses of
low-lying terrains and only small areas of elevated terrain with an
overall relief of about 16 km (Hiesinger et al., 2016; Jaumann et al.,
2016). The low-lying terrains could represent the remnants of old,
completely degraded impact basins (Marchi et al., 2016), whereas
the topographic heights within the elevated areas appear to be
composed of large knobs and the rims of moderately sized craters
(Mest et al., 2017; Williams et al., 2017b).

Based on stratigraphic horizons, such as the globally effective
Kerwan, Yalode and Urvara impact events, a time stratigraphic sys-
tem of Ceres has been established by the Dawn team (Mest et al.,
2017; Wagner et al., 2016; Williams et al., 2017a). The system starts
with the Pre-Kerwanan, the oldest chronologic period (>2.4 Ga |
ADM, >2.5 Ga | LDM; Pasckert et al., 2017), followed by the Ker-
wanan (>165425 Ma | ADM; >695+155 Ma |/ LDM; Pasckert et al.,
2017), the Yalodean (>37.5+18.5 Ma /| ADM; >135+45 Ma | LDM;
Pasckert et al, 2017 and Crown et al., 2017) and the Urvaran
(>46+5 Ma | ADM; >76+10 Ma | LDM; Crown et al., 2017 and
Schmedemann et al, 2016). The youngest period of the Azac-
can (‘Era of rayed craters’ ) has been defined based on the im-
pact crater Azacca (diameter: 49.9 km, 6.7°S/218.4°E). Azacca is the
oldest impact crater (45.8+5 Ma [ADM; 75.94+10 Ma | LDM) on
Ceres’ surface that still exhibits a distinct ray system, which is
the major characteristic of a morphologically fresh impact crater
(Melosh, 1989).

At a first glance, global maps of Ceres’ spectral properties de-
rived from FC and VIR data (Figs. 1c and 2) do not show any im-
mediately noticeable relationship with the geologic units defined
by Mest et al. (2017). The FC maps (Fig 1a and c) and the clas-
sification map derived from the ratio of the FC filter images cen-
tered at 437nm (F8) and 749nm (F3) (Fig. 2a) show only a few
small, high-albedo (>9%), bluish colored areas with a blue spectra
slope (FC slope class 1-3), which are associated with prominent
impact craters such as for instance Occator, Haulani (diameter:
34km, 5.8°N/10.8°E), and Oxo (diameter: 10km, 42.2°N/359.6°E).
The remaining areas exhibit a reddish color and a rather red spec-
tral slope, the typical appearance of Ceres’ geologically old densely
cratered terrain. The VIR derived BD map of the absorption at
2.7um shows a similar pattern (Fig. 2b) with relative low BD val-
ues (~17%) associated to the blue-sloped impact craters (FC slope

classes 1-3) and relatively high BD values between ~20 and ~23%
in the red-sloped areas (FC slope classes 5-7).

An exception to the typical global spectral trends occurs in
Ceres’s eastern hemisphere, where a higher visible albedo feature
(Fig. 1a and c) apparently correlates with an extended area of a
stronger 3.1 pm-absorption (Fig. 2¢) with BDs of up to ~14%. This
feature could be associated with Vendimia Planitia, a ~800km
large depression possibly representing remnants of one of the an-
cient impact basins postulated by Marchi et al. (2016) and reach
southward to the southern polar region. Whereas the latter could
be influenced by photometric effects due to unfavorable illumina-
tion, the deep absorptions in the area of Vendimia Planitia could
imply a regional increase in the abundance of ammonium-bearing
phyllosilicates in Ceres’ crust also identified by Marchi et al.
(2016) and De Sanctis et al. (2017b). Either these heterogeneities
occur laterally across Ceres’ surface or indicate a higher abundance
of ammonium-bearing phyllosilicates in deeper regions of Ceres’
crust.

The fact that this relationship is most pronounced in Vendimia
Planitia could be explained by the superimposed prominent and
geologically younger 284 and 126 km large impact craters Ker-
wan (13004160 / LDM and 281+17 /| ADM; Schmedemann et al.,
2016 and Williams et al., 2017b) and Dantu (24.3°N/138.2°E; ~70-
150 Ma, Kneissl et al., 2016), respectively (see Section 3.2). Fig. 3
combines the topographic profile across the region of Vendimia
Planitia with the measured FC ratio classes as well as the varia-
tions in the BD values of the absorptions at 2.7 and 3.1 um. The
distribution of the FC-derived ratio classes, which indicate a rather
neutral (neither red nor blue) spectral slope throughout the area,
does not show any correlation with the ancient impact basin or
Dantu and Kerwan. Instead, the BD values of the absorptions at
2.7 and 3.1 pm are strongest near Dantu, which is located approxi-
mately in the center of Vendimia Planitia, and close to Kerwan.

Dantu is the youngest of these three impact features. Its ejecta
are expected to cover large portions of Kerwan, whose ejecta
probably cover most of the remaining area of Vendimia Plani-
tia. Nevertheless, the material excavated by the Vendimia impact
event probably represents deep subsurface material, which orig-
inates from and thus provides a view into the composition of
Ceres’ deeper crust. Given, Dantu’s and Kerwan’s location inside
of Vendimia Planita, implies that both impacts without any doubt
re-excavated material related to the Vendimia Planitia event and
probed into much greater depths of Ceres crust, than similarly
large impact craters outside of this ancient huge impact basin. The
impact events which created this candidate basin could have exca-
vated and distributed material from a maximum depth of ~40-
50km, assuming that the maximum depth of excavation is ap-
proximately 1/10 of the transient crater diameter (Melosh, 2011).
The transient crater diameters of the presumed Vendimia basin,
Kerwan and Dantu are retrieved from several crater scaling laws
(Hiesinger et al., 2016; Melosh, 2011; Zahnle et al., 2003), based
on a simple-to-complex transition diameter of 10km for Ceres
(Hiesinger et al., 2016). Depending which formula for the calcu-
lation of the transient crater diameter is used, these diameters
range from ~420-480 km for the presumed Vendimia basin, ~165-
190km for Kerwan, and ~80-95km for Dantu, corresponding to
depths of excavation of ~40-50km, ~17-19 km, and ~8-9 km, re-
spectively.

In the Dantu impact event no subsurface levels considerably
deeper than ~10km could have been reached but the Dantu im-
pactor as well as the Kerwan impactor most likely have probed
into material originating from depths ~40-50 km distributed in the
Vendimia event. Models of the interior structure of Ceres assume
that an outer about 70-190 km thick volatile-rich layer composed
of carbonates or phyllosilicates, H,O ice, and salts and/or clathrate
hydrates overlies a denser interior of hydrated silicates (Ermakov
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Fig. 3. Topographic profiles across Vendimia Planitia (located as shown in Fig. 1b) including superimposed impact craters such as Dantu and Kerwan colored with respect
to a) the FC ratio classes, as well as the local BDs of Ceres’ two major absorptions b) at 2.7 and c) at 3.1 pm. The dotted line indicates the estimated topographic profile of

Vendimia Planitia as derived from low-pass filtering of the DTM (Marchi et al., 2016).

et al., 2017; Fu et al., 2017; Park et al., 2016; Raymond et al., 2017).
The Vendimia impact event could have punched through the crust
and could even have reached this denser interior, distributing ma-
terial enriched in ammonium-bearing phyllosilicates on the sur-
face. Material from the greatest depths to be reached in an im-
pact event is deposited close to the crater in the continuous ejecta
and/or is part of the crater floor material (Melosh, 2011). This could
explain the strong phyllosilicate signature in Dantu (Stephan et al.,
2017b), which is located approximately in the center of the pre-
sumed Vendimia impact structure.

Impact processes are the most dominant geologic process on
planetary surfaces and therefore it is not surprising that obviously
variations in the spectral properties of Ceres’ surface are directly
associated with impact craters. However, as seen in the global
maps of Figs. 1 and 2, not every impact crater on Ceres exhibits
an equally unique spectral signature. In addition to compositional
differences with increasing crustal depth, differences in the spec-
tral properties could be expected due to the impact process it-
self. Schmedemann et al. (2016) and Stephan et al. (2017a) al-
ready pointed out that only morphologically fresh impact craters
and their ejecta deposits are characterized by a bluish color and
blue spectral slope, which could be directly related to differences
in the physical and/or chemical properties of the surface material
by processes expected to happen during an impact process (such
as brecciation, grinding, and melting). In addition, depending how
long the crater and ejecta material has been exposed on the sur-
face, their spectral properties could reflect alterations in the phys-
ical and/or chemical properties of the surface material with time
due to the space weathering effects such as (micro-)meteoritic im-
pacts, solar wind, exposure to void with loss of volatiles, diurnal
and/or seasonal variations of the surface temperature.

In order to further improve our understanding of the rela-
tionships between the spectral properties of impact craters and
any differences in the surface composition due to the impact

process and/or weathering as well as compositional differences
within Ceres’ crust, we additionally investigated the spectral prop-
erties of impact craters on Ceres’ surface mapped by VIR and FC
on a local scale in comparison to 1) the geologic context, in-
cluding the association of spectral properties with specific (inter)
crater features, 2) as a function of the corresponding crater model
age, as well depending on 3) the local topographic level | strati-
graphic location. All impact craters, for which crater model ages
have been measured during the Dawn geologic mapping campaign
(Williams et al., 2017a) have been investigated, and the results pre-
sented in the next sections depending on the chronology of their
emplacement on Ceres’ surface.

3.1. Geologically old Yalodean and Kerwanan impact craters and
basins

The largest oldest impact features on Ceres’ surface still visi-
ble in the FC clear filter images are large impact basins such as
Kerwan (~1.3 Ga [LDM, ~281 Ma [ADM, Williams et al., 2017b)
and Yalode (~ 11 Ga |/ LDM, Crown et al.,, 2017). These basins
usually exhibit a highly degraded morphology and a discontinu-
ous, partly polygonal rim, as shown for Yalode in Fig. 4. Neverthe-
less, their ejecta deposits extend for more than a hundred kilo-
meter into the surrounding heavily cratered terrain. Smooth mate-
rial filling the basin floors has been interpreted as impact-induced
melt derived from volatile-enriched crustal material (Crown et al.,
2017; Williams et al., 2017b). Some of their interiors contain an
irregular ring of low hills that could represent a basin inner ring
(Crown et al.,, 2017).

FC color variations and VIR- derived spectral differences in the
vicinity of these impact basins could be only identified, where ge-
ologically younger surface features such as small impact craters
superimpose these basins (see Section 3.3). The spectral proper-
ties associated to the basins themselves cannot be distinguished
from their surrounding regions (Fig. 4). Rather, they are included
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in the spectral units of Ceres’ heavily cratered and weathered ter-
rain characterized by a reddish/brownish color with a red spectral
slope and a VIR spectrum similar to the average spectrum of Ceres
(De Sanctis et al., 2015). This is likely caused by hundreds of mil-
lions of years of space weathering including impact gardening and
gravity-driven mass wasting (Fig. 4). Thus, after a period of about
1 billion years of exposing the basin material to the space environ-
ment (impacting micro-meteorites, solar wind particles and cosmic
rays) an equalization of the spectral properties of the basin mate-
rials and the cratered terrain was reached.

Nevertheless, a few presumably geologically old localities could
be observed on Ceres’ surface, which do not follow this trend.
In particular, the 930+£230 Ma-old (Wagner et al., 2016) impact
crater Ernutet (diameter: 53.4km; 52.9°N/45.5°E) in Ceres’ north-
ern hemisphere partly exhibits an unusual steep red spectral slope
(Fig. 5¢), as can already be seen in the global FC ratio classification
map in Fig. 2a. In contrast, the phyllosilicate absorption at 2.7 pum
is quite weak (BD of ~17%) (Fig. 5d), which is usually the case in
the vicinity of fresh impact craters (see Section 3.3) (Stephan et al.,
2017a), whereas the absorption at 3.1 pm exhibits an intermediate
strength (~10%) in this area (Fig. 5e). In the vicinity of Ernutet,
however, additional absorptions at 3.4 and 3.9 um, associated with
carbonates, have been identified (De Sanctis et al., 2017a; Raponi
et al., 2017b). The absorption at 3.4um, however, could also be

5% 14%

BD

3.1pm

the corresponding DTM, c) the FC slope/ratio classes as well as the band depths (BD) of

caused by organic material i.e. aliphatic compounds exposed on
Ceres’ surface (De Sanctis et al.,, 2017a), which normally exhibit a
red spectral slope.

The spectrally distinctive region is located in the southern por-
tion and the western crater wall of Ernutet and extends across its
crater rim, which might indicate an association of the concentra-
tion in carbonates or organic-rich material with Ernutet’s ejecta
deposits. The spectrally red-sloped signature is strongest in the
southern portion of Ernutet, where the impact crater overlaps an
old strongly degraded impact crater with a size similar to that of
Ernutet (Fig. 5). In addition, Ernutet lies in a topographic depres-
sion, suggesting that the described spectral variations might indi-
cate compositional heterogeneities in the sub-surface material of
this region. However, taking the spectral properties of similarly old
impact craters into account and the local appearance of possibly
organic material (De Sanctis et al., 2017a), an exogenic origin of the
organic material (impactor material) independently of the Ernutet
impact event cannot be excluded at this point.

3.2. Large mid-aged Urvaran impact craters
Relatively large (>100km) mid-aged impact craters such as Ur-

vara (~134 Ma; Schmedemann et al., 2016, Fig. 6) and Dantu
(Fig. 7) have been interpreted as a major marker in Ceres’ geologi-
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cal evolution following the Yalodean era (Mest et al., 2017). These
impact features not only still show well preserved and complex
crater morphologies and extended ejecta blankets, but also a com-
plex surface composition associated with intra-crater features.

In comparison to Yalode, the DTMs of Urvara and Dantu exhibit
sharply defined continuous crater rims. Nevertheless, both impact
features show a distinct crater modification with partly collapsed
crater walls and material slumped into the crater covering the
crater floor. Complex craters such as Urvara and Dantu exhibit cen-
tral peaks similar to the central peak of the geologically younger
impact features of Occator (Buczkowski et al., 2017). In the case of
older impact craters such as Urvara and Dantu, however, central
peaks are frequently collapsed in such a way that the only remain-
ing indication of the peaks appear as sets of morphologic ridges.
For example, the central area of Urvara is characterized by a 20-
km long east-west trending ridge. Dantu exhibits a central pitted
area enclosed by a disconnected ring of ridges, which has been in-
terpreted by Williams et al. (2017b) as the remnants of a collapsed
central peak.

As described above, Dantu lies completely within an extended
region of relatively deep phyllosilicate absorptions at 2.7 and
3.1um, implying a higher abundance of ammoniated phyllosilicates
(Stephan et al.,, 2017b), that might be associated with the forma-

tion of the ancient impact basin Vendimia Planitia (Marchi et al.,
2016) (Fig. 2b and c). The deepest phyllosilicate absorptions mea-
sured in this region and anywhere on Ceres (Ammannito et al.,
2016) occur in Dantu’s pitted central area (Figs. 7 and 8a-d), which
has been interpreted as the remnants of a collapsed central peak.
Central peaks are thought to be composed of crustal material up-
lifted during the latter stages of the impact event. This crustal
material commonly originates from the deeper portions of the
crustal material below the crater floor that became excavated dur-
ing the impact (Cahill et al., 2009; Melosh, 1989; Wieczorek and
Zuber, 2001). As demonstrated above, in case of Dantu this would
mean that crustal material from a depth of about 8-9km could
make up the central peak’s material, which furthermore lies in the
center of the underlying impact basin of Vendimia Planitia. Thus,
the concentration of ammoniated phyllosilicates in Dantu’s central
peak material similar to the one in the entire region of Vendimia
Planita supports the theory that an increasing amount of ammoni-
ated phyllosilicates occurs with increasing depth of Ceres’ crust. A
similar assumption could be adopted as explanation for the local
deepening of the 3.1pm-absorption (BD ~14%) near Urvara’s cen-
tral peak (Ammannito et al., 2017) (Figs. 6 and 8e-h). Although,
Urvara lies in a topographically higher region than Dantu, the cor-
responding DTM (Fig. 6b) shows that the Urvara impact event still
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probed Ceres’ crust at a considerable crustal depth (~6km) and
that at least Urvara’s central peak could reach the ammonium-
enriched region in the deeper Cerean crust. Nevertheless, the con-
centration of ammonium-bearing compounds in a deeper crustal
region would strengthen the theory that ammonia is a primordial
constituent of Ceres. Either accreted as organic matter or as ice, it
may have reacted with phyllosilicates during Ceres’ differentiation
(De Sanctis et al., 2015).

Although most parts of Dantu’s ejecta show a neutral spectral
slope, this central pitted area of Dantu is characterized by a dis-
tinct red spectral slope (Fig. 7c) - similar to the red-sloped mate-
rial in the center of Urvara (Ammannito et al., 2017; Stephan et al.,
2017b) (Fig. 6¢). These areas corresponds to other spectrally red-
sloped surface areas, which are covered with material emplaced
by landsides along the crater walls, such as seen in portions of Ur-
vara’s western crater wall (Fig. 8e-h), and possibly remobilized ter-
race materials.

Sets of fractures covering portions of Urvara’s and Dantu’s
crater floor often show a spectral signature similar to neighbor-
ing small fresh impact craters, such as Tawals (diameter: 8.8 km;
39.1°5/238.0°E; Fig. 6) located at the northwestern rim of Ur-
vara (Ammannito et al., 2017; Stephan et al., 2017a) and Cen-
teotl (diameter: 6km; 18.9°N/141.2°E; 4.2+3 |/ LDM and 6.74+4 |

ADM; Wagner et al, 2017; Fig. 7) in the southern portion of
Dantu’s floor (Palomba et al., 2017a). Although these floor fractures
probably have been be formed during Dantu’s crater modification
(Melosh, 1989), they could have been reactivated in younger times
due to Centeotl’s and Tawals’ impact events and expose fresh sur-
face material. The spectral characteristics of fresh crater material
as well as the bright spots on the southern portion of Dantu’s floor
and ejecta blanket (their locations are indicated by the red arrows
in Fig. 7), which represents the youngest surface deposits on Ceres,
are presented in the following section.

3.3. Small and mid-sized fresh Azaccan impact craters (< 80 Ma)

One of the most intriguing type of the Cerean impact craters
are the morphologically fresh ones, i.e., those emplaced during
the geological era of the Azaccan (younger than ~80 Ma old)
(Schmedemann et al., 2016). Their crater material presumably re-
flects the more or less un-weathered surface composition of Ceres’
crust or the modified result of the impact event. All impact craters
of this group show pristine morphologies with sharp and relatively
steep crater walls, well-defined ejecta deposits (blankets/rays), as
well as only a few superimposed impact craters on their crater
floor and ejecta blankets (Schmedemann et al., 2016). Sizes of fresh



66 K. Stephan et al./Icarus 318 (2019) 56-74

Dantu

3 4 5 6
classes

" FC ratio (437nm/749nm
2 ( ) 08

7

5% ——— 88 - 14%

10 km

BD

3.1pm

20 km

Fig. 8. 3D views of Dantu’s central peak area in comparison to Urvara’s central area, including Urvara’s western collapsed crater wall as seen by the FC Clear filter (a, e), the
FC slope/ratio classes (b, f) as well as in the VIR-derived BD maps of the absorptions at 2.7 (c, g) and 3.1 um (d, h). The locations of both local areas with respect to Urvara

and Dantu are indictated in Figs. 6 and 7, respectively.

impact craters on Ceres vary from a few kilometers up to ~100 km.
Small fresh impact craters show the typical bowl-shaped morphol-
ogy. Larger, more complex craters such as Occator (Buczkowski
et al., 2016; Russell et al., 2016) sometimes show specific intra-
crater features (central peaks). Depending on the local topography,
portions of their crater walls may have collapsed with material
from the surrounding region slumping into the crater (Buczkowski
et al., 2016; Krohn et al., 2017).

The major spectral characteristics of Ceres’ fresh impact craters
are a blue spectral slope and relatively weak phyllosilicate absorp-
tions at 2.7 and 3.1um (Stephan et al., 2017a). The oldest exam-

ples of this crater group are Azacca (~80Ma, Schmedemann et al.,
2016) and Ikapati (diameter: 50km; 33.8°N/45.6°E; ~45 Ma,
Schmedemann et al,, 2016). In contrast to the overall rather red-
dish/brownish looking surface of Ceres, both impact craters show a
slightly blue spectral slope (Figs. 9 and 10). The blue spectral slope
is mostly associated with morphologically smooth plains on their
crater floor and ejecta blanket that have been interpreted as im-
pact melt (Krohn et al., 2016). The material forming these plains
extends from the crater interior into topographic depressions cov-
ering the pre-existing surface. Krohn et al. (2016) showed that Ika-
pati has been emplaced in a terrain of a relatively steep topo-
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graphic slope, explaining the asymmetric distribution of the bluish
material. The blue spectral slope correlates clearly with relatively
weak phyllosilicate absorptions at 2.7 and 3.1 um, indicating a dif-
ferent composition and/or physical properties of the phyllosilicates
than the surrounding old cratered terrain (Ammannito et al., 2016;
Stephan et al., 2017a).

Nevertheless, younger impact craters also differ in their
spectral properties with respect to each other. Many of the
youngest impact craters on Ceres exhibit a relatively high
visible albedo, such as Haulani (diameter: 34km; ~2 Ma
(Schmedemann et al., 2016); 5.8°N/10.8°E), which is presented in
detail in Krohn et al. (2017) and Tosi et al. (2017). Some morpho-
logically fresh and spectrally blue-sloped craters, however, do not.
Thus, the two small impact craters Tawals and Centeotl exhibit a
slightly lower visible albedo than their surroundings in the corre-
sponding FC images. Tawals is located at the margin of the impact
basin Urvara (Fig. 6) and Centeotl can be found in the southern
portion of impact crater Dantu (Fig. 7). The dark albedo of these
impact craters could indicate compositional differences compared
to the other fresh spectrally blue-sloped craters. The lower albedo
could be explained by a higher contribution of carbon-rich mate-
rial, which is spectrally featureless in the wavelength range de-
tected by VIR. Either it represents a possible remnant of the im-
pactor material or became excavated from Ceres’ subsurface.

Few impact craters, such as Oxo (diameter: 10km; 0.5 Ma
(Schmedemann et al., 2016); 42.2N°/359.6E°), which is discussed
in detail by Combe et al. (2016), additionally exhibit some evidence
of H,O0 ice at their crater walls. Oxo is located in a topographic de-
pression (~ 3 - 4km below the reference surface of the DTM), on
the rim of an older impact crater. Because Dawn’s GRaND instru-
ment (Prettyman et al., 2017) predicts extensive amounts of H,0
ice hidden in Ceres’ subsurface, the icy material could have been
excavated as a result of the impact event forming Oxo. Local de-
posits of H,O ice could also be detected in the vicinity of the small
impact crater Kahukura (diameter: 6.3 km, 61.4°N/221.4°E) (Fig. 11).
Kahukura lies in a topographically much higher position (< 1km
below Ceres’ reference surface of the DTM) than Oxo (~ - 4km,
Combe et al., 2016). Furthermore, the icy deposits are detectable
only close to and possibly extend into the shadowed region of
the crater floor (Fig. 12). Thus, taking into account the location
of Kahukura close to Ceres’ northern polar region, the H,O ice on
its floor rather represent icy material trapped in a relatively cold,
nearly-permanently shadowed area (Platz et al., 2016).

Intriguingly, Kahukura also shows a distinct carbonate signature
with prominent absorptions at 3.4 and 3.9pm (De Sanctis et al.,
2016) on its crater walls (Figs. 11 and 12). Regions enriched in car-
bonates were first identified in the bright spots of impact crater
Occator, named Cerealia and Vinalia Faculae (De Sanctis et al.,
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2016). Recently, numerous bright spots enriched in carbonates
were identified on Ceres’s surface. Their spectral properties and
association with geological/geomorphological surface features have
been discussed in detail by Palomba et al. (2017b). Carbonate-rich
areas generally show weak phyllosilicate absorptions at 2.7 and
3.1um, similar to the spectrally blue-sloped fresh impact craters
discussed here. Cerealia and Vinalia Faculae, the bright spots in
the vicinity of Dantu and in impact crater Kupalo are character-
ized by the highest concentration of carbonates observed on Ceres.
The corresponding VIR spectra exhibit a slight shift of the 2.7 um
absorption towards longer wavelengths (De Sanctis et al., 2017b;
Palomba et al., 2017b; Stephan et al.,, 2017b). The shift has been
interpreted as differences in the actual composition of the phyl-
losilicates with more Al-bearing than Mg-bearing phyllosilicates
(De Sanctis et al., 2016) or by the spectral signature of the car-
bonates, or hydration (Palomba et al., 2017b).

Bright deposits enriched in carbonates on Ceres are mostly as-
sociated with morphologically fresh surface features. The bright
spots of Occator have been interpreted as possible more or less
recently deposited post-impact fluids (De Sanctis et al., 2016) or
impact-triggered outgassing (Schenk et al., 2016; Zolotov, 2017).
The same could be valid for Dantu, where a few of the bright spots
appear closely related to inner-crater fractures on Dantu’s floor. On
the contrary, in case of Kahukura an excavation of carbonate-rich
material from the subsurface is more likely the cause (Fig. 11).

Even more, regions, where fresh carbonate-enriched deposits
dominate, sometimes exhibit a red spectral slope. A few bright
spots near Dantu (Fig. 7) as well as the Cerealia and Vinalia Fac-
ulae (Longobardo et al., 2017) exhibit a F8/F3 ratio value smaller
than 0.8, which implies an even redder spectral slope than mea-
sured for the old cratered terrain (F8/F3 ratio value >0.8 - 0.9).
A red spectral slope, however, has been also observed in case of
the collapsed central peaks and crater walls of Dantu and Urvara
(Figs. 6 and 7) and unconsolidated slumping material such as in
case of the impact crater Juling (diameter: 20 km, 35.9°S/218.4°E)
(De Sanctis et al., 2017b) (Fig. 13). The crater walls and ejecta of
Juling as well as of its neighboring impact crater Kupalo (diam-
eter: 26 km; 6.7°S/218.4°E] exhibit the typical spectral character-
istics of a fresh Cerean impact crater with a blue spectral slope
and weak phyllosilicate absorptions (Stephan et al., 2017a). In con-
trast to Kupalo, however, the material covering Juling’s crater floor
exhibits a spectrally red-sloped signature (Fig. 13). In the case of
Juling the red spectral slope is likely indicating slumping material
transported from the northern topographic heights into the topo-
graphic depression, where Juling is located (Stephan et al., 2017a).
Conversely, Kupalo is situated topographically relative high with
high-standing crater walls shield the crater from a similar fate.

Thus, in contrast to a blue spectral slope, which apparently
characterizes specifically physical properties, a red spectral slope
in the Ceres’ spectra apparently indicates either a different miner-
alogy as in case of Ernutet (when strong absorptions at 3.4pum is
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evident) or unconsolidated and geologically old weathered mate-
rial. Thus, a red spectral slope in the Ceres’ spectra can be caused
by differences in the surface composition as well as the physical
surface properties.

4. Discussion and evolution of Ceres surface

Our investigation of the relationships between the spectral and
geological properties of individual impact craters reveals not only
lateral heterogeneities in Ceres’ surface composition and possi-
ble stratigraphical differences within Ceres’ crust but also implies
changes in the chemical or physical surface properties depend-
ing for how long the surface material has been exposed to space
weathering. In order to check if the observed trends are valid for
the entire Cerean surface, Fig. 14 compares the measured F8/F3
ratio and the BDs of the phyllosilicate absorptions of all Cerean

impact craters with their absolute geological crater age derived
during the Dawn geologic mapping campaign (Table 1). Absolute
ages of numerous impact craters are available for both cratering
models, the Lunar-derived Model Age (LDM) and/or the Asteroid
Flux Model Age (AMA) (Hiesinger et al., 2016; Schmedemann et al.,
2016).

It should be taken into account that the F8/F3 ratio and BD
measurements also include effects of the specific crater size, pixel
ground resolution and S/N-ratio influencing the accuracy of the
measurements. Whereas for large craters a fairly ‘pure’ spectral sig-
nature can be derived, the spectral signature of small craters is
more or less mixed with the one of the surroundings. Also a vari-
able contribution of a dark presumably carbon-rich surface com-
pound has not a major but certainly a small effect onto the mea-
sured F8/F3 ratio and the BD values. Despite these additional influ-
ences, distinct trends are recognizable in the graphs of Fig. 14, in-
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dependent of which cratering model has been used. The F8/F3 ratio
shows a distinct trend with a blue spectral slope in the vicinity of
geologically young impact craters, which turns red with increasing
geological age (framed by a blue oval). This bluing is apparently
accompanied by a decreasing of the BDs at 2.7 and 3.1um. In-
triguingly, the values measured for the potential cryovolcanic dome
Ahuna Mons (Ah) discussed in detail in Ruesch et al. (2016) and
Zambon et al. (2017) and the ice deposits of Oxo (Combe et al.,

2016; Stephan et al., 2017a) also fit with this trend. However, few
impact craters exhibit a different behavior (Fig. 14, framed by the
red oval). The BD values at 2.7 and 3.1 um of a few impact craters
such as Dantu (D), the small young impact craters Rao (R, di-
ameter: 12km, 8.1°N/119.0°E) and Cacaguat (C, diameter: 13.6 km,
1.2°S/143.6°N) do not belong to the main cluster and exhibit dis-
tinctly deeper absorptions. These impact craters are all located
within Ceres’ large topographic low Vendimia Planitia (Fig. 2) with
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Table 1

Diameter (D in km), geographic location, the spectral parameters derived in this work and the LDM and ADM crater model ages including the corresponding references of
the crater model ages (Ref) of all impact craters included in Fig. 14. Given references (Ref.), which refer to both the LDM and ADM crater model ages, are Pa 17 - Pasckert
et al. (2017), Sc16 - Schmedemann et al. (2016), Wi17 - Williams et al. (2017b), Wal7 - Wagner et al. (2017), Kn16 - Kneissl et al. (2016), Kr17 - Krohn et al. (2017), Hi16 -

Hiesinger et al. (2016), Sz17 - Schulzeck et al. (2017), Cr17 - Crown et al. (2017), Sy17 - Scully et al. (2017), Ru16 - Ruesch et al. (2016), and Wa16 - Wagner et al. (2016).

Name D/km  Location F8/F3 ratio BD 2.7pm BD 3.1pm LDM ADM Ref.
Achita 40 25.82°N/65.96°E  1.01+0.01 0.19+0.01 0.08:£0.01 570+60 160+20 Pal17
Azacca 49.9 6.66°S/218.4°E 1.06+£0.01 0.18+0.007 0.066+0.005 75.9+10 45.8+5 Sc16
Cacaguat 13.6 1,2°5/143,6°N 1.08+0.01 0.20+0.01 0.10+0.002 1.3+0.79 1.55+0.80 Wil7
Centeotl 6.0 18.9°N/141.2°E 1.07+0.02 0.17+0.004 0.07+0.005 4243 6.7+4 Wal7
Coniraya 135 39.9°N/65.7°E 0.98+0.01 0.192+0.002 0.085+£0.005 1300300 1100500 Pal17
Dantu 126 24.3°N/138.2°E 0.96+0.04 0.22+0.01 0.11540.015 111+£39 - Kn16
Ernutet 53.4 52.9°N/45.5°E 0.88+0.02 0.16+0.003 0.087+0.002 1600+200  420+60 Pa17
Gaue 80 30.8°N/86.2°E 1.05+0.02 0.192+0.003 0.08+0.002 26030 7646 Pal17
Haulani 34 5.8°N/10.8°E 1.15+0.02 0.165+0.005 0.06:£0.008 2.7+0.7 3.4+0.5 Kr17
Tkapati 50 33.8°N/45.6°E 1.06+0.012 0.16+0.01 0.063+0.004 19.24+2.2 19.4+1.9 Sc16
Kerwan 280 10.8°S/124°E 1.00-0.02 0.20+£0.005 0.10+0.005 1300160 281+17 Wil7
Liber 23 42.6°N/37.8°E 1.02+0.02 0.184+0.002 0.075+0.001 440460 180+20 Pal17
Messor 40 49.9°N/233.7°E 1+0.01 0.19+0.005 0.09+0.01 64.5+2.6 46.8+4.9 Sc16
Occator (Obs) 92 19.8°N/239.3°E 1.09+0.005 (0.840.05)  0.185+0.01 (0.24+0.005)  0.085+0.015 (0.04+0.005) 17.8+1.2 - Hi16
Omonga 77 58.0°N/71.7°E 0.995+0.015 0.195+0.005 0.08+0.002 970+70 250+20 Pal17
Oxo 10 42.2°N/359.6°E 1.11+0.02 0.14+0.01 0.660.004 0.5+0.2 0.5+0.2 Sc17
Rao 12 8.1°N/119.0°E 1.01+0.01 0.195+0.01 0.1+0.006 33.1+25 33.6+2.5 Wil7
Sintana 58 48.1°S/46.2°E 0.98+0.01 0.195+0.01 0.1+0.006 310+40 120+10 Sz17
Tupo 36 32.3°5/88.4°E 1.03+0.02 0.19+0.01 0.08+0.01 4948 3243 Sz17
Urvara 170 46.6°S/249.2°E 0.98+0.03 0.19+0.015 0.105+0.015 134+8 - Cr17
Yalode 260 42.6°5/292.5°E 0.99+0.02 0.19+0.01 0.09+0.1 1100+450 - Cr17
Kahukura 6 61.44°N/221.40°E  1.10+0.02 0.176+0,01 0.079+0.01 3.4+2 2.7+2 Wal7
Unnamed 24 62°N/253°E 1.02+0.02 0.16+0.01 0.08+0.005 10.9+1.3 7.04+1.4 Sy17
Unnamed 34 39°N/247°E 1.01+0.02 0.20+£0.005 0.092+0.013 906+130 242424 Sy17
Unnamed 15 23°N/186°E 1.015+0.01 0.20+£0.004 0.09+0.013 205+12 88.1+17 Sy17
Unnamed 34 43.3°5/120.9°E 0.99+0.02 0.21+0.003 0.109+0.002 1330+270 272441 Sc16
Ahuna Mons 20 10.3°S/316.5°E 1.075+0.015 0.162+0.0151 0.07+0.004 70+20/~10  70+20/~10 Rul6/Wal6

the measured BDs conform to the generally strong absorptions in
the entire basin. Although the variations are small, decreasing the
accuracy of the derived values, a similar trend is still visible when
measuring the BDs of absorption at 3.1um and thus support the
assumption of a higher abundance of ammoniated phyllosilicates
in Vendemia Planitia. Although Kerwan (K) is also located within
Vendimia Planitia, the BDs of the measured absorptions are smaller
than observed for Dantu. Possibly Kerwan’s original spectral prop-
erties are obscured or have been altered due to the ubiquitous
superimposed younger surface features in this region. The spec-
tral differences between the majority of investigated impact craters
and Dantu, Rao and Cacaguat only occur with respect to the BD
values. On the contrary, the F8/F3 ratio values of Dantu and its
companions fit the general trend. Thus, two effects are visible here.
The two main clusters of BD values are caused by compositional
differences, whereas the decreasing of the BD values as well as
the bluing of the spectral slope represent changes in Ceres’ surface
properties with time.

It has to be noted that the composition of all impact craters,
whose ratio and BD values fit in one of these main cluster
is dominated by phyllosilicates. On the contrary, the F8/F3 ra-
tio values measured for the spectrally peculiar regions near the
impact crater Ernutet (E) (De Sanctis et al, 2017a) and the
carbonate-enriched spots on the floor of impact crater Occator
(Ops), which are discussed in detail by De Sanctis et al. (2016) and
Longobardo et al. (2017) lie distinctly outside the main cluster
(framed by the blue oval). Further, although, the average spectral
properties of Occator (O) lie in the major trend, the bright spots
within Occator (Oy,) exhibit the strongest absorption at 2.7 um (BD
of ~24%) that can be measured on Ceres, but at the same time the
weakest absorption at 3.1 um (BD of ~4%). This may be caused by
the enrichment of this bright material in sodium carbonates and a
depletion of phyllosilicates (Palomba et al., 2017b), which dominate
the spectral properties of the rest of Ceres.

In summary, our measurements imply that a direct corre-
lation between the bluing of the spectral slope indicated by
the F8/F3 ratio and the geological surface age as predicted by
Schmedemann et al. (2016) is valid, but is limited to portions of
Ceres’ surface that are dominated by phyllosilicates. A similar trend
is also apparent in the BDs of the absorptions at 2.7 and 3.1 pm.
However, variations in the BDs caused by different abundances of
the phyllosilicates apparently do not influence the F8/F3 ratio. Fur-
ther, a similarly blue slope has been observed for impact craters
of different albedo and thus a possible varying contribution of
dark carbon rich material. Thus the bluing of the spectral slope
is unlikely due to a different surface composition, but is rather
likely related to the physical properties of the phyllosilicates re-
cently emplaced on Ceres’ surface. Commonly, a spectral bluing
is observed with increasing grain size of phyllosilicates (Cloutis
et al,, 2011; Cooper and Mustard, 1999). The blue spectral slope
might also result from the impact events themselves due to grind-
ing and melting of the Cerean surface material as discussed by
Stephan et al. (2017a) and shown in laboratory experiments of
Bishop et al. (2008). Relatively fine phyllosilicate grains easily melt
(French, 1998) and form agglomerates during an impact, spectrally
mimicking larger phyllosilicate grains (Cooper and Mustard, 1999).
This theory is supported by Krohn et al. (2016), who observed an
association of spectrally blue-sloped material with flow features
of young impact craters and interpreted them as highly fluidized
material/impact melt. A reddening of the spectral slope with in-
creasing age can be explained by millions years of space weather-
ing including solar insolation, micro-meteoritic bombardment and
impacting cosmic rays resulting in an unconsolidated and fine-
grained surface regolith. A reversal of the agglutination process
could possible also be expected due to mass wasting processes
such as slumping. Thus, the red spectral slope is mostly repre-
sentative of Ceres’ surface material, when it has been weathered
over long geological periods. But it might, in some cases, alterna-
tively indicate a particular particle size distribution or other physi-
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cal properties characteristic of landslides due to the disintegration
of crater wall material, or when it is consisted of material com-
posed of material other than Ceres’ average surface composition
such as sodium carbonates and organics.

Because varying amounts of carbonates are existent in Ceres av-
erage surface composition (De Sanctis et al.,, 2015), it cannot be
excluded completely at this point that a gradual mixing of phyl-
losilicates and carbonates as part of the weathering processes of
Ceres’ surface material contributes to the observed reddening of
the spectral slope. Nevertheless, as seen in the vicinity of Occa-
tor, deposits enriched in carbonates only occur in spatially limited
places and represent one of the youngest Cerean surface deposits
(Palomba et al., 2017b). Geochemical models predict that carbon-
ates as well as phyllosilicates have been formed by an extensive
aqueous alteration (De Sanctis et al., 2015) either as a result of
cryovolcanic (De Sanctis et al., 2016; Russell et al., 2016) or post-
impact hydrothermal activity (Bowling et al., 2016).
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