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Abstract

The numerical simulation of impact ejecta on Ceres
shows deposition patterns in very good agreement
with observed anomalies in color ratio data as well as
the location and orientation of secondary -crater
chains. Secondary craters are also observed on the
Saturnian satellites Rhea and Tethys where the same
approach could help to improve the analysis of the
cratering records.

1. Introduction

Since March 6 2015 the Dawn spacecraft [1] has
been in orbit around the dwarf planet Ceres. High
resolution global mapping with its Framing Camera
(FC) [2] revealed a much more densely cratered
surface than expected [3]. At small (< 10 km) crater
diameters Ceres appears to be peppered with
secondary craters that often align in chains or form
clusters. Some of such possible crater chains follow
curved geometries and are not in a radial orientation
with respect to possible source craters [4]. Ceres is a
fast rotating body (~9 h per revolution) with compa-
ratively low surface gravity (~0.27 m/s?). Thus, the
distribution pattern of the back-falling ejected
material is heavily affected by Coriolis forces that
results in a highly asymmetrical and curved pattern
of secondary crater chains.

2. The Model

In order to simulate flight trajectories and the distri-
bution of impact ejected material for individual cra-
ters on Ceres we used the scaling laws by [5] adjust-
ted to the Cerean impact conditions, the impact ejecta
model by [6] and for more sophisticated simulations
regarding the ejection angles the modified Maxwell
Z-model by [7]. These models provide the starting
conditions for tracer particles in the simulation. The

trajectories of the particles are computed as n-body
simulation. The simulation calculates the positions
and impact velocities of each impacting tracer parti-
cle with respect to the rotating surface of Ceres,
which is approximated by a two-axis ellipsoid. Since
high and far flying particles reach significant frac-
tions of the escape velocity, disturbing gravitational
forces by the Sun and the major planets are also ta-
ken into account. In the model we assume an impact
with an angle of 45 degrees and a symmetric geome-
try for the ejected particles. The scaling parameters
for the projectile-crater size conversion are given in
[8] (LDM model). The more simplistic model further
assumes that all particles are ejected at a fixed angle
with the local surface (in general 45°). All particles
that are ejected at lower velocities than 150 m/s are
neglected, because they are deposited fairly symme-
trical around the source crater (continuous ejecta) but
due to the high number of particles take most of the
computing time. The value of 150 m/s is chosen
because this might be the lower limit for forming
secondary craters [9].

3. Results

Initial results of the more simplistic model show a
number of interesting features in the deposition
geometries of specific craters that are roughly in
agreement with features that can be observed in FC
imaging data of the Cerean surface. Fast jets that
leave the source crater at low ejection angles appear
to form systems of rays around fresh impact craters.
In the case of Occator one of such rays can be
mapped half way around the circumference of Ceres
in color ratio data. Our ejecta model is able to
reproduce this feature if a narrow beam of particles is
assumed to leave Occator crater at a shallow angle of
10° w.r.t. the local surface at an azimuth of 256°
(Figure 1, top and middle panel). Areas of high tracer
particle density of the Urvara impact coincide with
observed crater chains that are not in a radial



orientation to any nearby crater (Figure 1, bottom
panel). Particles that are ejected faster than a certain
velocity into the rotation direction of Ceres are
overtaken by the rotation of Ceres during their flight.
This effect is causing a slowing down of the eastward
propagation speed of the back-falling ejecta curtain
and eventually the direction is reversed, such that
eastward-ejected particles are falling back into and
west of the source crater. For the case of the Urvara
impact the curved geometry of the border line where
the ejecta curtain changed its propagation direction
can be identified in color ratio data (Figure 1, top and
bottom panel). The higher color ratio closer to Urvara
further indicates a relatively young age for the ejecta
deposition time [10]. For the Saturnian satellite
Tethys we find good agreement with Telemachus’
secondary crater chains south-west of the Odysseus
basin, which cross-cut Odysseus secondary crater
chains.

4. Conclusions

Our ejecta simulation is able to give reasonably good
indication of how specific features in color ratio data
and certain crater chains might have formed. The
simulations are primarily visualizing the probability
for secondary cratering and ejecta accumulations by
the spatial density distribution of tracer particles
pictured by kernel density maps (Figure 1, bottom
panel). The ejected volume of specific craters is
limited. Thus, individual tracer particles are not
representative for individual secondary projectiles or
craters. In this study, we model symmetric ejection
geometries at fixed ejection angles in order to
understand the basic effects of high Coriolis forces.
The more sophisticated modified Maxwell Z-model
can be used in future work for simulating oblique
impacts causing asymmetric ejection geometries.
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Figure 1, top panel: F8(438 nm)/F5(965 nm) FC color ratio with
marked ray of Occator crater and a border between high/low color
ratio. Middle panel: Trajectory of tracer particles that are ejected
from Occator at 10° angle with the local surface and 256° azimuth
with velocities of < 510 m/s. Bottom panel: Kernel density map of
the positions where tracer particles reimpacted on the surface after
they were ejected during the Urvara impact. Colors indicate the
relative particle density from low (blue) to high (red). The inlay
shows a magnified clear filter version of the boxed area. The inlay
confirms several E-W oriented crater chains where the kernel
density map also indicates an E-W oriented narrow band of
increased tracer particle density. The dark/bright boundary from
top panel is coinciding with high densities of eastward-ejected
particles.
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1. Introduction

Dawn, the first spacecraft orbiting successively two
planetary bodies beyond the Earth environment, has
returned a wealth of information about the first two
massive asteroids (4) Vesta and (1) Ceres. Both differ
by a factor of two in size [1], and in their location in

the asteroid belt, being separated by the snow-line [2].

While previous ground-based observations identified
several key properties [3, 4], the detailed exploration
of these objects, spatially and spectrally well
resolved information on mineralogy and geology, had
been left for Dawn. The spacecraft has orbited Vesta
2011-2012, and Ceres from 2015 onwards.

2. Results

Collisional history has led to a bare escape of
destruction for Vesta but only to some major basins
on Ceres. Their difference in material density reflects
different compositions. While Vesta is a fully
differentiated [5], igneous body, Ceres’ primitive
crust is consistent with an incomplete differentiation
[6], a fact also confirmed by Dawn. These
constitutional differences imply different histories of
accretion. Vesta’s violent collisional history has led
to a widespread deep regolith [7], unprecedented
elsewhere in the solar system. That Ceres is very
different in this respect is consistent with its different
composition and thermal history. Vesta’s surface is
characterized by basaltic and gabbroic rocks, i.e., by
HED lithology [8]. However, the expected content of
olivine turned out to be restricted to almost negligible
parts of the surface and to an exogenic origin of the
olivine [9]. On the other hand, the presence of dark
carbonaceous impactor material, which even
delivered hydrated minerals to Vesta’s surface, was
another major surprise [10]. On the contrary, several
expectations about the surface composition of Ceres
could be confirmed, but the way these are
represented, had not been expected. The most
obvious new findings are the substantial proportion
of carbonates in its surface materials [11], and their

concentration associated with very young impact
craters, where they are exposed in high albedo areas
termed “faculae” [12, 13]. The data indicate still
ongoing sublimation of hydrous components
including water-ice [13, 14]. Despite the remarkable
findings and already performed analysis, there are
still many issues that need to be resolved. For
example, the enigmatic orange materials seen in
global colour mosaic of Vesta (Fig. 1) and the unique
red materials on Ceres are of the prioritized issues.
On Ceres, it indicates the presence of aliphatic
organic material [15] whose distribution hints at an
exogenous origin [18]. The orange material on Vesta
comes in at least two varieties whose origin is not
understood yet uniquely [16]. Dawn FC imagery led
to the discovery of many unusual surface features on
Ceres and Vesta. Both asteroids have been globally
mapped in seven colours and one clear filter [17, 18].

Figure 1: Global color mosaic of Vesta (R = 0.75/0.44
um, G = 0.75/0.92 um, B = 0.44/0.75 pm).

Figure 2: Global color mosaic of Ceres (R =0.96 um, G =
0.75 pm, and B = 0.44 pm).



Figure 3: Vesta’s Oppia crater with potential impact melt-
related materials (orange patches).

Figure 4: Remarkable green-red transitions in a narrow
putative impact generated melt flow on the western inner
wall of crater Numisia on Vesta.

Figure 5: Craters with complex distribution of potential
melt-related and other unique features on Vesta. Aelia (left)
and Drusilia (right).

Figure 6: Occator crater on Ceres in 3D. (A) Entire crater,
(B) Central pit and dome (Cerealia Facula), (C) Vinalia
Facula.
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Abstract

Remote observations from ground and space and in-
situ exploration by the Dawn spacecraft have
revealed a transient water exosphere around dwarf
planet (1) Ceres, demonstrating that water ice is
ubiquitous in the outer asteroid belt. However, no
clear conclusion has been reached about the process
that drives the release of water vapour from the
surface or subsurface of Ceres. We will summarize
the available evidence and estimate the contribution
from various suggested processes.

1. Introduction

Indirect evidence through its shape and density
pointed to Ceres being differentiated into a silicate
core and an icy mantel [1]. The first tentative
detection of water vapour from Ceres was reported in
1992 based on IUE observations [2], and a clear
signal was observed on 3 out of 4 occasions by
Herschel [3]. However, not all observations resulted
in water detection (see Fig. 1).
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Figure 1. Observations of water vapour at Ceres
before arrival of the DAWN spacecraft. Filled
symbols are detections, empty symbols represent
non-detections. Figure taken from [3].

The rendezvous of the Dawn spacecraft with Ceres
observed the exosphere indirectly through bursts of
energetic electrons, indicating the presence of a bow
shock caused by an exosphere [4]. The Dawn
observations confirmed the transient nature of the
atmosphere. Furthermore, Dawn detected water ice
on and below Ceres’ surface. Now, with the Dawn
mission coming to its end, it is timely to review our
knowledge about water on Ceres and the mechanism
of water vapour release.

2. Properties of water on Ceres

The process(es) responsible for water vapour release
from Ceres need to be consistent with the following
observations:

1. Near-Infrared spectra of the surface show
evidence for water ice at a single near-equatorial
location [5]. Water ice is more abundant in
shadowed polar regions [6], but the detectable
amount of surface ice is too low to explain the
observed water vapour.

2. A water-rich subsurface layer is very close to the
surface in polar regions and at depths of several
dm or 1 meter in equatorial latitudes [7].

3. When water vapour from Ceres is detected, the
production rate is typically a few times 10% s*
[2,3,4].

4. The expansion velocity of the water vapour is
~400-700 m/s and the thermal velocity ~700 m/s,
although a larger velocity > 1 km/s was observed
on one occasion [3].

5. The water vapour does not originate from polar
regions and is emitted from localized sources [3].

6. The occurrence of a transient exosphere
observed by DAWN is correlated with solar
proton events [4].



3. Possible mechanisms for water
vapour release from Ceres

Here we review the mechanisms that were suggested
for water vapour release from Ceres and evaluate
them based on the observational results from the
previous section:

A) Water from the interior of Ceres

As water ice is expected in the interior of Ceres, ice
could sublimate far below the surface and diffuse
through a porous subsurface layer [8]. However, the
estimated production rate is ~2 orders of magnitude
lower than the observed one, and as most of the water
vapour is predicted to come from polar regions, it is
not consistent with observations 5 and 6.

B) Cryovolcanism

Cryovolcanism is a process that may create water
vapour with the observed properties (observations 3
and 4) and was suggested as an option [3]. However,
no evidence for cryovolcanoes was found on Ceres
by DAWN, and the process is inconsistent with
observation 6.

C) Evaporation from recent large impact

A large recent impact could create temporary water
activity by evaporation of the icy impactor and a
newly created fresh crater. However, the process
cannot explain the existence of more than one water
source (observation 5) and the non-detection of a
large crater with water ice at the surface.

D) Water ice sublimation

A straightforward way of creating water vapour is the
mechanism of cometary activity: Sublimation of ice
from either the surface or from just below it. While
the mechanism is consistent with most observed
properties of water vapour (observations 4-5), the
observed amount of water ice is insufficient to
explain the production rate. However, it is currently
unknown how much water ice may be “hidden” from
observations in an intimate ice-dust mixture on the
surface, and impacts of small meteorites may locally
remove the surface layer and thereby increase
sublimation.

If sublimation is the dominant process, a separate
explanation of observation (6) needs to be found.

E) Sputtering of ice by high energetic
solar protons

This process, suggested by [4], is the only one that
can explain observation 6. However, sputtering
efficiencies appear too low to explain the observed
production rates [9]. Also, the observed expansion
velocities are on the low side for sputtered water. A
more detailed investigation of the interaction of solar
energetic particles with the surface and subsurface
layer is needed to fully evaluate this process.

4. Conclusions

No known process can explain all observations. The
most promising ones are (sub)surface sublimation
and sputtering by high energetic protons, or a
combination of both. We will present our detailed
study of both processes to better evaluate what
causes the water vapour leaving Ceres.
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Abstract

We found different shapes of ring-mold -craters
within in the huge ice-rich Occator crater on Ceres.
The craters contain either a central pit or bowl or a
central peak. The ice-rich material of Occator’s crater
floor is supposed to have caused the formation of
ring-mold craters.

1. Introduction

Ring-mold craters are common on lineated valley fill
and lobate debris aprons on Mars. They are thought

to be formed on layers with subsurface glacial ice [1].

Impacts into ice warm the ice and cause it to flow
into the ring mold shape. We found similar craters
within Occator crater on Ceres.

1.1 Data

For the analysis of craters Dawn Framing Camera
(FC) data (monochrome and color ratio images) [2]
from the Low Altitude Mapping Orbit (LAMO) with
a spatial resolution of 35 m/px as well as a Digital
Terrain Model (DTM) [3] derived from the High
Altitude Mapping Orbit (HAMO) orbit data have
enabled an initial characterization of the surface.

2. Observations

The observed craters are found within Occator crater
and show an almost circular shape. The craters seem
to be subsiding into the surface and, therefore, the

rims are less elevated above the surrounding terrain.
They show the typical ring-mold shape as known
from Mars[1]. The craters contain either a central pit
or bowl or a central peak (Fig. 1). The crater
diameters range between 0.4 and 1.2 km.

Figure 1: Ring-mold craters. A and B show craters
with a central pit. C and D show craters with a
central peak (arrows).

3. Summary and Conclusions

Latest results by the Dawn Spacecraft indicate that
Ceres is a weakly differentiated body containing a
shell dominated by an ice-rock mixture [4] and
ammoniated phyllosilicates [5]. Recent observations



also show that hydrated salts could be warm enough
to be mobile at a depth of 1.5-5 km below Ceres’
surface and would explain the buoyancy of ice and
salt-enriched crustal reservoirs [6]. Occator is
thought to be impacted in such a reservoir layer and
triggered the mobility of ice and formed several ice-
rich flow features and plain material [7]. The plains
and flow materials also originate from the subsurface
and their release is triggered by impacts [7].

So, it is likely that impacts hitting this material could
form such ring-mold craters.

4. Future work

We will continue our survey of such craters all over
Ceres and compare them to the Martian ones. The
location of such craters provide important insight into
detection of buried ice on Ceres.
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1. Introduction

OH’ and water vapor has been detected around Ceres
[1,2], suggesting an exosphere. However, not all
observations of Ceres have shown this exosphere [2],
suggesting it is transient. One hypothesis to explain
these detections is solar energetic particle events [3].
Another possible hypothesis is water ice sublimation.
We model the conditions under which water ice
sublimation can explain the transient detections of
water vapor around Ceres. We conclude that surficial
water ice exposures can produce the amount of vapor
needed to match the observations of [2], if certain
realistic constraints are met.

2. Model Description

We use a one-dimensional heat diffusion model in
order to determine the temperatures in the near
surface and surface. For water ice, we use an albedo
of 0.135 [4], a heat capacity of 1615 J kg ' K", a
thermal inertia of 2100 J m™ K ' s™2, and a density
of 925 kg m™. For regolith, we use an albedo of 0.09
[5], heat capacity of 837 J kf{l K™', thermal inertia of
15T m 2K 's"[6], and density of 1388 kg m~. We
use a semi-implicit Crank-Nicholson scheme for
stability and speed [e.g. 7].

We use a vapor production and diffusion model
described by [8] in order to model global ice tables
and locally exposed surface ice (Figure 1). For buried
ice tables, we include the effects of a diffusive barrier
to vapor release, composed of regolith grains with a
porosity (¢) of 0.5 and a radius of 50 pm. We initially
assume a depth to ice in this case of 3 cm, many
diurnal skin depths such that Tgep=<Tapnua™>. For
exposed surface ice, we do not include the granular
barrier to diffusion. We allow the volume fraction of
regolith (C) to vary and assume the regolith content
of the ice does not affect the ice thermal properties.

Unless otherwise noted, we assume Ceres is a smooth
oblate spheroid with an obliquity of 4°.

a) b) c)

Surface | Surface Surface

8 Regolith

Ice + Regolith Ice + Regolith Ice + Regolith

Figure 1: The different ice configurations explored in
this paper: a) global buried pore-filling ice table, b)
global buried pore-filling ice table, and c¢) exposed

surface ice.

3. Sublimation from Buried Ice

We first examine the rate at which water vapor will
be produced by buried ice (Figure la&b). As time
increases, the amount of regolith that builds up on
top of the ice increases and vapor escaping the
surface decreases. We consider the C value of 0.5 (1-
¢) for pore filling ice first. While pore-filling ice
globally can produce close to the vapor production
rate reported by [2] for a few million years, at 4.5
Gyr the vapor production falls several orders of
magnitude short (Figure 2).

For excess ice, we consider C<(1-¢). We test two
cases where: 1) the ice table can match the observed
vapor output, and 2) the regolith build-up over 4.5
Gyr is consistent with the GRaND observations of
hydrogen distribution [9] (Figure 2).

C=7x107 is sufficient for a global ice table to
produce the observation of [2] but would result in an
ice table detectable everywhere by GRaND,
inconsistent with reported hydrogen depletion in the



upper 1m equatorward of 20°. C=0.02 would produce
an ice table consistent with the GRaND results after
4.5 Gyr, but produces only about ~0.3 kg/s of water
vapor (a factor of 10 too small). We cannot rule out
some vapor production from a global ice table, but
we can rule out a buried ice table (either excess or
pore-filling ice) as a source of [2]’s observation.
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Figure 2: Results of vapor output (a) and regolith lag
build up (b) with time for buried ice tables with
varying regolith content.

4. Sublimation from Exposed Ice

If exposures of water ice (e.g. similar to the one
reported in [4]) occurred close enough to the equator,
the vapor produced over 1 km® is close to the vapor
production rate of [2] (Figure 3). However, there are
major seasonal and diurnal variations. Also, the
effect of a crater similar to Oxo (latitude at 42.2° N,
diameter 10 km, depth 1.5 km, parabolic shape) on
the vapor flux is significant. This reduction is ~100 in
the case of the approximate location of the Oxo
exposed surface ice (maximum of ~0.5 kg s km™ on

flat terrain to ~6 x10~ kg s' km™ on a poleward
facing slope 3.3 km from the center of the crater).
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Figure 3: Vapor produced by exposed surface ice
depending on latitude (labeled at left).

We calculate the amount of time it takes for a 100
um (monolayer of regolith particles) lag to build up
on these water ice exposures, reducing their albedo
(0.135) to the background of Ceres (0.09). This is
sensitive to the amount of regolith contamination
assumed, but we find generally that water ice
exposures close to the equator (the most likely to be
able to produce the vapor reported by [2]) have
lifetimes of less than ~3 terrestrial years. Therefore,
if an ice exposure caused the vapor detection
reported in [2], the ice would have faded to the
background albedo by the time of the Dawn
spacecraft’s arrival.
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Science 353, aaf3010 [5] Li et al., 2016. AJL. doi:
10.3847/2041-8205/817/2/L22 [6] Rivkin et. al.,
2011. Space Sci. Reviews, 163(1), pp.95-116. [7]
Parker, I. B., & Crank, J. (1964). Computer Journal,
7(2), 163-167. doi: 10.1093/comjnl/7.2.163 [8]
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Abstract

We analyzed Dawn Framing Camera clear filter
images of landslides on Ceres. Here we describe
morphological evidence for an ice-rich substrate on
Ceres based on both the geomorphology of landslide
deposits and the characteristics of their failure scarps.
Most of the results discussed here are reported in [1].

1. Introduction

Among the most compelling pre-Dawn questions
about Ceres was in regards to the possibility of
subsurface ice. Although unlikely on its surface, ice
can last in Ceres’ subsurface over billions of years if
protected by an insulating layer; the necessary burial
depth may be less than 1 m above ~40° latitude. We
adopt the term “ground ice” to describe silicate
material rich in ice, or silicate-covered ice deposits.
The geomorphology of surface features can be
related their material properties. In particular,
landslides are found on planetary surfaces across the
solar system, and are prevalent on ice rich bodies. On
Ceres, these features have been observed associated
with a surprising number of impact craters.

Across Ceres’ surface there is evidence for mass
wasting that operates in a very different manner from
that on Vesta. Noted examples include scalloped and
“breached” craters that are characterized by mass
wasting by which recession of crater walls occurs in
asymmetric patterns. Often contacts between craters
are completely degraded, leaving behind lobate, or
fan-shaped deposits.

2. Landslide Morphology

Arguably the most intriguing mass wasting features
on Ceres manifest as flows with varying
characteristics that originate at crater rims. In a

survey of 20-35 km craters on Ceres (a good subset
of features not strongly influenced by relaxation or
secondary populations), a surprising number possess
mass wasting features that extend 10’s of km from
their sources—over 20% contain such flows. The
number of flows also varies with latitude, with a
strong trend in the areal coverage of the surface by
landslides that peaks above 60 degrees latitude. This
poleward positive trend suggests that whatever is
controlling the behavior of large mass wasting
features on Ceres also varies with latitude. Thus, we
consider ice as a likely culprit. Moreover, the style of
mass wasting also changes over the surface of Ceres.
We have identified three classes of flows that can be
separated by their geomorphological characteristics.
We refer to these as Type 1, 2, and 3

Type 1 flows are thick, tongue-shaped, lobate, and
voluminous flows of up to hundreds of meters thick.
Type 1 flows occur at a wide range of scales, from
hundreds of meters to several kilometers long and
tens to hundreds of meters thick. The always have
one or more elongate trunks as wide as their source,
often with longitudinal furrowing, with broad steep
snouts and distal ramparts. Several high latitude
craters feature long, thick flows that emanate from
deep failures along degraded or slumping crater rims.
In many of these cases, a small impact into the rim of
a larger, older crater has destabilized material in and
exterior to the crater rim. These flows may be
consistent with downslope motion of relatively
cohesive, ice-rich or ice-cemented material. Type 1
flows are only found above 50 degrees latitude.

Type 2 landslides are pervasive thinner (10’s of m),
spatulate, sheeted flows that initiate near crater rims
at the exteriors of craters. The deposits of these
features have circular to lobate toes, and from single
broad or fan-shaped sheets to multiple sheets diverted
by topography. Type 2 flows generally blanket low-



grade relief, but have impressive length despite their
shallow slopes, characteristic of long run out
landslides observed on other bodies such as Mars and
lapetus. The length and low slope angle of these
flows suggests that friction reduction may help to
explain these features, which requires ice but could
also involve clays. Type 2 flows are found across the
surface, though they are largely found above 30
degrees latitude, extending to 70 degrees. These are
shallower features, perhaps restricted to forming
within regolith.

Rare cases of cuspate, sheeted flows are observed
extending outward from crater rims of extremely
large impacts. In these features, thin broad sheets of
smooth material terminate in layered sets of lobes or
cusps. These flows are generally wider than the
Type 2 flows and thinner than Type 1. Their acute
lobes, absence of deep furrows, and textures--
relatively smooth but occasionally hummocky—are
similar to the morphology of fluidized ejecta blankets
in Martian rampart craters and those on Ganymede
that form by impacts into ice-rich ground. These
flows may be consistent with melted material derived
from the impact or post-impact melting. These are
found in ~10% of craters below 50 degrees latitude
and never at the poles.

3. Implications

Below, The geomorphology of Ceres’ landslides is
indicative of flow that occurs due to the presence of
ice in the surface and shallow subsurface. These flow
types are morphologically analogous to ice-rich
flows found on Earth, Mars and the icy satellites.
Importantly, no similar flow morphologies or
fluidized materials were found on Vesta, which
shares a comparable impact environment to Ceres.
This indicates that the primary difference in impact
response derives from target compositional
differences. Material on Ceres appears weaker, more
deformable, and flows more rapidly, than that on
Vesta, which we interpret as evidence for ground ice.
The increase in number of these flows towards the
poles is evidence that Ceres’ subsurface contains
ground ice and that the ice is most abundant near the
poles. Further, we characterize Type 1 and Type 2 as
landslides, where Type 1 are relatively deeper
failures, and Type 2 are shallower regolith-dominated
features. Type 3 flows are most likely formed as
either fluidized ejecta or by melting during the
impaction.

Figure 2: Type 2 landslide.
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Abstract

Dawn has revealed Vesta and Ceres to be unique,
diverse fossils from the earliest epoch of our solar
system. Vesta appears to be a surviving archetype of
a differentiated, volatile-poor protoplanet, while
Ceres is rich in volatiles. Ceres, the only dwarf planet
in the inner solar system, bears affinity to outer solar
system bodies.

1. Introduction

The Dawn mission launched in 2007 on a history-
making ion-propelled journey to visit the two most
massive bodies in the main asteroid belt and learn
about the conditions and processes that shaped the
early solar system. Dawn entered orbit around Vesta
in July 2011 and explored the protoplanet for 14
months using its framing camera (FC), visible-
infrared spectrometer (0.4-5um; VIR), gamma-ray
and neutron detector (GRaND) and by mapping the
topography and gravity. Dawn recently completed its
comprehensive mapping of Ceres and has since
completed an extended mission. The main results and
implications of the investigations of these two bodies,
shown in Figure 1, are described below.

Figure 1: Left: A false color rendering of Ceres
(~940-km avg diameter), draped on topography;
Right: A gray-scale mosaic of Vesta (~530-km avg
diameter) draped on topography.

2. Dawn at Vesta

Prior to Dawn’s arrival, much had been inferred
about Vesta’s evolution from study of the HED
meteorites, for which Vesta was the presumed parent.
Dawn confirmed the Vesta-HED connection via
surface lithologic mapping using VIR spectra [1, 2]
and elemental chemistry from GRaND [3, 4], that
showed most of the vestan surface is composed of
howardite-like material with localized enrichments of
eucrite and diogenite (Figure 2). A 110-km iron core
was inferred from gravity and shape data, consistent
with HED predictions [5]. While Vesta was found to
be differentiated, as predicted by the HED paradigm,
it appears to have experienced a complex magmatic
history that resulted in lithologic diversity [e.g., 6].
Unexpectedly, broad, dark regions shown to be
hydrogen-rich by GRaND [3] that also exhibit an OH
absorption feature at 2.8 um in VIR spectra [7], are
interpreted to result from a few % of exogenic CM
carbonaceous chondrite mixed into the regolith [8, 9].
Dawn also found pitted terrains [10] in young craters
interpreted to be the result of outgassing of volatile-
rich material, and gullies [11] thought to result from
transient flow of water, both associated with impact
processes. The discovery of hydrated material on
Vesta’s surface implies that delivery of volatiles to
the inner solar system by primitive asteroids was an
important process.

3. Dawn at Ceres

Prior to Dawn’s arrival, Ceres was already known to
be a dark, wet dwarf planet with evidence for altered
minerals and water vapor emissions, from decades of
ground- and space-based observations, and was
thought to be at least partially differentiated. Dawn
arrived at Ceres in March 2015 and found a heavily-
cratered very dark surface that was punctuated by
isolated, extremely bright areas [12]. This
contradicted pre-Dawn model predictions of an ice-
rich, viscously-relaxed smooth surface. Ceres is



shown to have a mechanically strong crust and is
gravitationally relaxed at long wavelengths, implying
that the strong crust overlies a weaker interior [13,
14]. Compositionally, Ceres’ surface is dominated by
dark material, ammoniated Mg-phyllosilicates, and
carbonates [15-17]. The ubiquitous presence of
ammoniated material (Figure 3) suggests formation
in a colder environment, possibly in the outer solar
system, while the overall mineralogy indicates Ceres’
interior experienced pervasive alteration. Water ice
has been observed in fresh craters at high latitudes,
and elemental measurements indicate a shallow ice
table [18]. These observations, along with Ceres
gravity field [19] confirm that Ceres at least partially
differentiated, providing evidence for an ancient
subsurface ocean that may persist to the present.
Local morphology such as crater floor deposits,
isolated mountains and the enigmatic bright areas
indicate active processes on Ceres that likely involve
brine-driven cryovolcanism [20].
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Figure 2. The distribution of Howardite, Eucrite and
Diogenite on Vesta, as mapped by GRaND (top) and
VIR (bottom).

4. Summary and Conclusions

Vesta is the parent body of the HEDs. It formed early
from volatile-poor material with live AI*® and
underwent a complex magmatic and geologic
evolution. Ceres likely formed contemporaneously
from volatile-rich material, partially differentiated,
and underwent extensive aqueous alteration that
moderated internal temperature. Ceres appears to
have geologic activity at present. Radial mixing in
the protoplanetary disk is evidenced in the history of
these two sibling protoplanets.

Figure 3. The band center map of Ceres in range 2.7-
2.8 microns shows the nearly ubiquitous presence of
ammoniated phyllosilicates across the surface [17].
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Introduction: The potential presence of ice within
Ceres’ crust [1] raises the prospect of geological
processes similar to differentiated icy bodies [2].
Dawn’s spectral observations suggest some aqueous
alteration, including the formation of clay materials
[3,4], and possibly salts incorporated into a regolith
layer characterized by small-scale compositional
variations [5]. Thermal models suggest that Ceres is
at least partially differentiated and could have
undergone tectonic and cryovolcanic processes [1].
With a diameter of 92 km, Occator is one of the most
prominent impact craters on Ceres. Its depth ranges
from 4.8 km along the crater rim to -1.1 km at the
crater floor with respect to a geodetic reference
ellipsoid. Occator shows a set of specific features
such as post impact formation crater filling, including
multiple flow features, a central pit with a dome in its
center, extensional tectonics expressed as linear
radial and concentric graben, and spectral variations
indicating a complex formation process.

Low Altitude Orbit Stereo Observation: We
processed 550 LAMO stereo images from Cycle0O1 -
Cyclel1 with a resolution of ~ 35 m/pixel to generate
a high-resolution digital terrain model (DTM) of the
Occator impact structure. The image scale is 256
pixel per degree (~32. m/pixel) grid space. 1.8 billion
surface points (~15 points per DTM grid) yield a
calculated mean intersection error of +/- 2.8 m
resulting in ~1.5 m height accuracy.

Materials in Occator: Occator shows a significant
color variation between crater walls that havea
reddish spectral slope, crater interior with a bluish
spectral slope, and a whitish central part (Fig. 1)
[5,6,7,8]. In general, blue to red color differences on
Ceres are related with age [9] with blue units being

seems to be composed of the same ammoniated
phyllosilicates [3,4] but indicate a change in physical
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Fig. 1. Spectral contrast in Occator. Reddish crater
wall material and bluish inner-crater plain
material.
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Fig. 2. Flow directions in Occator. Black arrows
indicate mass wasting from walls and white arrows

younger than red ones and white material seems to be
youngest. The white material of the dome and a
deposit E of the center is composed of salts, mostly
carbonates [5]. The bluish and reddish material

indicate bluish plains material originating from the
center. Inlets: Flow features in the NE inner-crater
plains. Tectonic extension features in the SW.



properties, mostly particle size [7,8].

Occator crater has mass wasting deposits origi-nating
from the crater rims and walls and extending into the
crater for 10 to 20 km. However, in the SE and NE
these mass wasting deposits are completely covered
by crater floor plains material that extends from the
crater center to the rim, ponding against the crater
walls (Fig. 2). The flows also superimpose the mass
wasting deposits from the rims [9]. Furthermore,
crater densities on Occator's interior deposits are
slightly lower than on its ejecta blanket, indicating
post-impact formation or target parameter variation
between consolidated melt and unconsolidated ejecta
deposits [6,10,11]. The terrain NW of the central area
is very rough, shows mass wasting deposits, and is
about 2 km thick w.r.t the rim of the central pit. The
plains to the SE are smooth, pond against the crater
wall, and are less than 500 m thick w.r.t. the rim of
the central pit (Fig. 3). Assuming that the plains
material superimpose the rim mass wasting in this
area, the mass wasting deposits should be thinner in
this part of the crater or the crater floor is tilted as
possibly indicated by a 2 km lower crater rim in the
SE. The central pit is about 3.5 km wide and 600 m
deep while the dome rises 250 m within the pit [12].
In the NE, multiple flows approach the crater rim
very closely. These flow plains are also less than 500
m thick w.r.t. the rim of the central pit. Some of the
flows seem to have been superposed on the lower
parts of the crater wall and then flowed back into
depressions of the plain (Fig. 2). The flows to the NE
appear to originate from the central region and move
slightly uphill. This indicates either a feeding zone
that pushes the flows forward by supplying low-
viscosity material or an extended subsidence of the
crater center, possibly after discharging a subsurface
reservoir [6,9], or lateral oscillations of an impact
melt sheet during emplacement. The SW crater area
is also characterized by plain material ponding
against rim wasting deposits with a complex and
radially extending tectonic graben system about 50-
100 m deep that reaches out to the central pit (Fig. 2).
The plain material covers an area of about 4750 km?
with an average depth of about 250 m resulting in a
body of plains material of about 1200 km®.
Conclusion: Mass wasting deposits resulting from
the impact crater modification phase are mostly
exposed in the W part while extended plains material
about 500 m thick fills the crater interior from SW to
NE superimposing the rim wasting deposits in these
areas. Both materials are different w.r.t. their
topography, geomorphology, and spectral
characteristics, indicating a different genesis. The

plains material seems to originate from the bright
central pit/dome area and also exhibits extensional
tectonic features and bright material deposits,
indicating post impact processes in the plains
material. In addition, the plains material is slightly
younger than the impact event and the bright deposits
are even younger than the plains material.
Subsidence of the crater floor, the central depression,
flows on the crater floor, the orientation and age of

Fig. 3.
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tectonics indicating post impact processes such as
emplacement of flow materials, evaporation and
hydrothermal processes which might be due to a long
lasting impact melt pool or contact to subsurface
cryo-magma.
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Abstract

The majority of basaltic objects in the main belt are
dynamically connected to Vesta, the largest
differentiated asteroid known. Others, due to their
current orbital parameters, cannot be easily linked to
Vesta and could be fragments of another
differentiated asteroid. A recent statistical analysis
performed by our group pointed out that, while
basaltic objects in the inner main belt can be
compatible with a Vesta origin, this seems not the
case for basaltic asteroids beyond 2.5 a.u.

We present a spectroscopic survey for 25 basaltic
candidates in the middle and outer main belt obtained
between 2015 and 2016 at TNG and ESO-NTT.

1. Introduction

In the last decades several main belt asteroids have
been found having a basaltic surface composition,
similar to those of Vesta and basaltic achondrite
meteorites. The discovery of a large basin in the
southern hemisphere of Vesta [8,12] seemed to
confirm the idea that a collisional event might have
ejected basaltic fragments into orbits dynamically
linked to Vesta, creating a dynamical family (the so-
called vestoids).

The identification in the inner main belt of basaltic
objects not members of the Vesta family [1,3] raised
questions about the existence of other basaltic parent
bodies, altough some of these non-Vestoids objects
could have escaped from the Vesta family through
resonant and/or non-gravitational effects [10].
Furthermore, the discovery of small basaltic objects
in the middle-outer main belt not dynamically linked
to Vesta [7,9] led to the idea that Vesta could not be
the parent body for all the basaltic material in the
Solar System, since at the moment there seems to

exist no plausible transport mechanism able to
convey Vesta’s fragments beyond the 3:1 resonance.
Laboratory study on meteorites found that at least
five other differentiated asteroids (D > 150-300 km)
have existed in the main belt [13]. The lack of other
great V-type asteroids discovered seems to suggest
that these basaltic parent bodies were battered to bits,
or that space weathering altered their spectral
features. Finally, a recent review [6] pointed out that,
while inner main belt V-types show similarities with
Vesta, middle-outer V-types (MOVs) present a
different mineralogy respect to the other basaltic
material [5].

2. Results

We will present new visible reflectance spectra for
25 V-type MOV candidates obtained between 2015
and 2016 at Telescopio Nazionale Galileo (TNG) and
ESO — New Technology Telescope (NTT). The
observed objects were selected from different
databases of putative V-type asteroids [2,11] and the
analysis of their spectral parameters will be put in the
context of the recent statistical analysis performed by
our group [6]. We will also assess the effects of space
weathering on basaltic surfaces at different
heliocentric distances using laboratory analogues [4]
and spectra characterized in our sample.
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Abstract

The Dantu crater, located in the Vendimia Planitia
depression at the northern hemisphere (centered at
24.3° N [/ 138.2° E) of dwarf planet Ceres, was
investigated regarding its geological surface features
and spectral appearance. For this purpose data of the
Framing Camera (FC) and the Visible and Infrared
Spectrometer (VIR) onboard the Dawn spacecraft
were utilized and processed. Geological mapping of
Dantu crater and its vicinity was conducted and
absolute surface model ages were derived by
measurements of crater size-frequency distributions.
Dantu shows several features that are unevenly
distributed in its northern and southern part, like
fractures, bright spots and spectral properties. In this
research we focus on possible processes that finally
led to the observed dichotomies of the Dantu crater.

1. Results

3.1 Geological context

With a diameter of ~120 km Dantu is well above the
transition margin for a complex crater on Ceres and
therefore shows remnants of a central peak and a
wide, flat floor (Fig. 1). Our derived model age is
230 Ma +/- 30 by crater counting of the ejecta
blankets. The north-eastern wall almost completely
collapsed within an arc of ~40 km and only remnants
are still visible. Terraces are only well preserved in
the north-western segment of the crater rim. In other
rim segments previously formed terraces are stronger
eroded by ongoing mass wasting processes which led
to an extensive formation of irregularly shaped hills,
now referred to as hummocky terrain (Fig. 1). In
most areas a sharp transition from the hummocky
terrain to the much smoother crater floor exists. The
crater density also lowers significantly when
reaching the floor, indicating a younger surface age.
No indications for melting events are found and thus
we conclude that debris avalanches and granular
flows filled up the central portion of the crater. The
rectangular wall segments are further indications for
crater wall collapse events that led to the formation

Figure 1: Geological mapping of the Dantu crater in stereographic
projection. 1: crater wall, 2: crater terrace, 3: hummocky terrain, 4:
bright hummocky terrain, 5: crater floor, 6: dark floor material, 7:

central peak material, 8: pitted terrain, 9: bright spots, 10: accurate
contact, 11: approximated contact, 12: ridge crest, 13 scarp.

of several avalanches. The most extensive and most
recent one originated from a ~60 km wide wall
segment of the south-west. In this area no hummocky
terrain is found and the smooth floor material directly
sets in at the bottom of the crater wall (Fig. 1). We
see similarities at Occator, where the south-eastern
part of the wall collapsed, resulting in a debris
avalanche deposit that covers a large portion of the
crater center [1]. Dantu shows a prominent system of
fractures which are abundant in the southern portion
but less frequent in the north (Fig. 1). Approximately
80 % of the southern fractures show a concentric
orientation with respect to the crater center, spanning
around half of the floor. Just a small number is radial
orientated or shows no specific orientation. In some
cases bright spots are associated with these fractures.
We found more than 80 small bright spots with
diameters between 100 and 500 m and a few with
about 1 km diameter within the crater. Most of the
bright spots are located in the southern crater wall
and within a 10.5 x 9 km area in the southern
hummocky terrain, showing a significantly higher
albedo. The whole southern floor and hummocky



terrain area is on average about 1 km higher in
elevation compared to the majority of the northern
floor.

3.2 Mineralogical context

100°E 120°E 140°E

Figure 2: FC HAMO false color ratio mosaic in stereographic
projection (R =0.97/0.75 um, G = 0.75 um, B = 0.44/0.75 pm).

Comparison of the false color image with the
geological map reveals a correlation between the
bluish colors and floor and hummocky terrain in
Dantu’s south, which is also associated with a higher
elevation and more abundant fractures and bright
spots (Fig. 1, 2). Central and northern parts, however,
show a more green-yellowish FC spectral slope. VIR
IR spectra of the same areas do not show significant
spectral variations. The typical Dantu spectrum
exhibits, as the global average, strong absorptions
around 2.7 pm, 3.1 pm and 3.9 pm, as well as some
ambiguous absorptions around 3.2 — 3.5 um and 4.2
pm. The 2.7 pum absorptions are associated with
structural OH-groups in phyllosilicates [2]. The 3.1
pm absorptions are likely due to ammoniated
phyllosilicates [3]. The 3.9 pm absorptions are
consistent with carbonate phases [3, 4]. The spectra
of the blue southern and the yellow-green central and
northern areas don’t show significant variations of
the phyllosilicates and carbonates absorptions, which
is an indication for similar mineralogy. This infers
variations of physical parameters, such as grain size,
to explain the differences in the FC color spectra.

2. Discussion

The measured elevation of 1 km of the southern
portion of the crater and its higher abundance of
fractures and bright spots is possibly caused by an
ice/brine reservoir beneath the surface of Dantu’s
southern portion. The lower density of such a
reservoir leads to uprising of the material and thus to

extensional geological processes at the surface and
eventually to the formation of fractures and bright
spots. Alternatively the elevation could be explained
by more extensive mass wasting of Dantu’s southern
terraces, indicated by a larger hummocky terrain area
and the large debris avalanche which originated from
the southwest. The concentric fracture system could
then be explained by slowly inward slumping of the
higher elevated area towards the north and the crater
centre. A third possible scenario is an oblique impact
from a northern direction. An impact angle of ~20°
with respect to the surface normal could lead to the
observed asymmetric crater floor profile without
necessarily forming an elongated crater [5].
Furthermore, this scenario could provide a material
sorting mechanism, leading to the observed spectral
dichotomy and also explain the irregular distribution
of the ejecta blanket.

3. Summary and Conclusions

Our study of Dantu revealed a diverse complex crater,
showing non-uniformly distributed features like
fracture systems, a high number of small bright spots,
an asymmetric floor profile, uneven distributed
spectral properties and an irregular ejecta distribution.
The likeliest process that led to the observed
dichotomies is a brine upwelling, causing extensional
geological processes. However, large crater wall
mass wasting and the possibility of an oblique impact,
striking from the north, cannot be ruled out yet to be
responsible for the heterogeneities.
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Introduction

The NASA Dawn Mission orbited the asteroid Vesta
in 2011/12 and obtained high resolution color images
of its surface. The crater Marcia is roughly 60 km in

diameter and the youngest large crater on the asteroid.

In the broad surrounding of the crater, the Vestan
regolith  exhibits  fairly  diminished  spectral
characteristics with respect to Vesta’s endogenic
meteorite analogues, the HED’s (howardite, eucrite,
diogenite, e.g., [1], [2]). This is probably due to the
input of spectrally darker material by impacts of
different types of asteroids/meteorites (e.g., [3], [4]).
Vesta also exhibits pitted terrains [5], most
prominently present in and around the crater Marcia.
In this study, we investigate an interesting spectral
feature of some of the pitted terrains, which exhibit
strong pyroxene absorption features consistent with
those of eucrites, while their immediate surrounding
does not show these prominent eucritic spectral
characteristics (see Fig. 1).

Data and methods

We utilize Framing Camera color filters in order to
identify the different spectral characteristics of
Marcia crater and its surrounding with respect to the
first pyroxene absorption band (i.e., the reflectance
ratios 750/917, 965/830 and 965/917 [nm]). These
data are then compared with different meteorite
spectra (downloaded from the RELab database at
Brown University, http://www.planetary.brown.edu/
relabdocs/relab_disclaimer.htm) in order to infer the
probable material composition. Additionally, we
analyze high-resolution LAMO images (Low
Altitude Mapping Orbit, ~ 20 m/px, [6]) and a digital
terrain model [7] to reveal the geomorphological
settings associated with the pitted terrains.

Figure 1: Pitted terrains around Marcia exhibiting spectral
characteristics matching those of eucrites. a and b, left,
display RGB images composed of R=F5/F4 (965/917 nm),
G=F3/F4 (750/917 nm) and B=F5/F6 (965/830 nm),
superposed on a LAMO clearfilter mosaic. Greenish/
yellowish colors correspond to stronger absorptions while
purple/bluish colors correspond to diminished absorption
features.



Spectral and Geomorphological Results

Marcia and its proximate surrounding show diverse
spectral characteristics. The most eucritic (endogenic)
spectral characteristics according to our spectral
comparison with meteorites are locally confined and
are found on the western crater rims, at the
northwestern crater wall (around a young impact), at
some of the pitted terrains located north and
southwest of the crater and on some parts of the
eastern crater rim. The color ratio data of the regolith
material surrounding Marcia plot in an intermediate
area between HED color ratio data and those of other
meteorites like carbonaceous and ordinary chondrites
for the analyzed color ratios.

The pitted terrain found on the floor of Marcia was
reported to exhibit a lower reflectance than the
average Vesta [5,8]. In contrast, we found that some
of the pitted terrains in the immediate surrounding of
Marcia, most of which occur within ~ 25 km of the
current crater rim, exhibit strong pyroxene
absorptions consistent with those of eucrites. The
occurrence of those pitted terrains seems to be
dependent on their location. The pitted terrain just
north of Marcia and the pitted terrains found
west/southwest of Marcia exhibit the most prominent
eucritic characteristics, whereas the pitted terrains
south/southeast of Marcia exhibit only very slight
deviations of their spectral characteristics with
respect to their immediate surrounding.

The digital terrain model [7] reveals that the pitted
terrains do not always occur in topographic
depressions. Instead, many of them are situated on a
topographic slope.

Discussion

[5] have argued that the pitted terrains on Vesta
likely formed by a similar process as on Mars,
through volatile degassing. Previous studies have
shown that in general, upon losing volatiles, spectra
of natural materials become diminished and
gradually lose their absorption features (e.g., [9]).
This is not true for the pitted terrains surrounding
Marcia which is intriguing.

The pitted terrains might be the result of a very
young event, thus not exhibiting any space
weathering effects described by [10]. However, the

pitted terrains most likely formed during the impact
process or shortly after. Otherwise, another process
must be identified which could trap considerable
amounts of volatiles long enough in the immediate
subsurface of a regolith layer. Another explanation
might involve the devolatilization process itself,
which may have removed the darkening agents or
darkening effects of other regolith constituents. The
fact that some of the pitted terrains are located on
topographic slopes might indicate uplift events after
devolatilization occurred or different processes
leading to those patterns that are not time dependent.
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Abstract

Theoretical and observed temperatures on Ceres sur-
face are compared. We calculate surface temperatures
with a termophysical code that provides the tempera-
ture as a function of thermal conductivity and rough-
ness. Preliminary results suggest low values for the
thermal inertia.

1. Introduction

Thermal inertia is a fundamental parameter that con-
trols surface temperature variations of airless body,
and his value is sensitive to the presence of dust, re-
golith or rock; so this is an indicator of history and
type of the surface material. Ceres and Vesta, the
largest bodies in the main asteroid belt, are important
to understand the early stages of solar system and the
formation of terrestrial planets. The VIR instrument
[1] onboard the NASA mission Dawn has allowed to
measure the surface temperatures of these bodies, and
a thermal analysis has been done for Vesta’s surface,
obtaining a map of its thermal inertia [2]. A similar
kind of analysis is now being applied to Ceres.

2. The method

The VIR instrument is acquiring the spectra of Ceres
in the range 0.25 — 5.1 pm; the part of spectrum at
A > 3.1 pm is dominated by thermal emission so can
be used to derive the temperatures (VIR is sensitive
at temperatures above 180 K [3]). A termophysical
model is used to compute theoretical temperatures. In
order to obtain these temperatures we have to take into
account the topography with the varying illumination
angles. Ceres has an irregular shape, so a shape model
is necessary. Surface temperature strongly depends on
thermal conductivity. Different classes of thermal con-
ductivity, corresponding to different kind of material
(from lunar dust to regolith, in ascending order of ther-
mal inertia) are considered. Ceres surface is divided

into quadrangles and average temperatures are calcu-
lated iteratively by varying the values of roughness
(a term characterizing topography at subpixel scale)
and thermal conductivity class, until observed average
temperatures are reproduced.

3. Summary and Conclusions

Preliminary analysis was made, restricted to a partial
set of data that covers a limited portion of surface; this
analysis suggest that Ceres’ thermal inertia is low. We
are now extending the analysis to the whole VIR data
set: we are increasing surface under study, in order to
obtain a thermal map as extended as possible.
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Abstract

Ceres’ exosphere appears to be very elusive. While
some observations from Earth-based ground and
orbiting telescopes indicate the presence of a water-
based exosphere, other observations with similar
sensitivity provided only upper-limits. A recent study
suggests that a transient exosphere might be generated
by solar energetic particle events. We report new
observations of Ceres obtained with the Cosmic
Origin Spectrograph (COS) of the Hubble Space
Telescope (HST) in October 2016 in the search for
exospheric emissions near Ceres. As for our previous
COS observations of Ceres from 2015, we derive
upper limits for oxygen abundances in the 2016
observations and investigate the solar wind conditions
at the times of both the 2015 and 2016 observations.

1. Introduction

UV spectra taken by the International Ultraviolet
Explorer revealed emission features from the OH A-X
(0,0) band at 3085 A near Ceres presumably resulting
from dissociation of water vapor [1]. Global water
vapor production rates of 10%° molecules/s were
estimated from the measured OH brightness. Ground-
based spectra with higher sensitivity taken in 2007 did
not detect OH, constraining the production to <7x10%
molecules/s during the time of the observations [2].
Recently, water vapor was detected around Ceres by
Herschel through absorption with a production rate of
at least 10%® molecules/s [3], similar to the rate from
the IUE detection.

1.1 Dawn mission

Shortly after the arrival of the Dawn mission at Ceres,
bursts of energetic electrons were measured by the
Gamma Ray and Neutron Detector (GRaND) and
interpreted as signs for a bow shock [4]. These events
are transient and might originate from a transient
exosphere, which could be generated by a high flux of

protons that was measured by GRaND before the
electron bursts. Based on this finding, Villareal et al.
[5] investigated the solar wind proton fluxes during
the previous observations of Ceres’ environment and
found a positive correlation of high fluxes with
exosphere detections.

2. HST observations 2015 & 2016

We observed Ceres at far ultraviolet (FUV)
wavelengths using COS during two five-orbit visits by
the Hubble Space Telescope on 26 August 2015 and
on 26 October 2016. During the first visit in 2015,
COS pointed at Ceres measuring sun light reflected off
the surface as well as potential emissions from an
exosphere. After subtraction of the surface-reflected
light, no significant exospheric emissions were
detected (Figure 1). The results from the first visit
provided upper limits on the oxygen emission and
were related to upper limit on an atomic oxygen
column density of (8.2 = 13.4) x 10" cm? [6].
Assuming  that oxygen is produced by
photodissociation of H,O, we derive a conservative
upper limit for the water production rate of 4x10%
molecules/s.
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Figure 1: COS spectrum of Ceres UV emissions from
2015 providing upper limit on O abundance [6].
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At the time of the first observations, the solar wind
conditions indicate a very quiet period with low ion



fluxes through all energy channels of the ACE EPAM
instrument (Figure 2). The non-detection of an
exosphere during such quiet conditions is consistent
with the presence of transient exosphere during high
fluxes proposed by Villareal et al. [5].

DOY .vs. Multiple Variables
Preliminary Daily Averages. Plot created. Mar 29 201?

A 0 Do
mmm
bl
s 2L e

10* 10" 10° lo‘ln"lu’xn' m'ld'

10° 10° 10° m‘

1/em~2—s—ster—MeV
10°

Ion vlo EPAM  Ion 1o EPAM Ion mid EPAM lon hi EPAM

104

H_EPAN
10° 10* 10° 10" 10*
- e

2015 2015 2015 2015 2015
64 128 192 256 320
Day of Year

Figure 2: ACE EPAM solar wind ion and proton
fluxes measured in 2015 around the HST/COS
observation on 26 August (green vertical line).

During the 2016 visit, COS pointed to a region ~0.5
arcsec away from Ceres in order to search for
exospheric emissions in absence of surface-reflected
light. No significant emissions were measured in this
region during the second HST visit either. We will
compare the derived upper limits to the solar wind
conditions for the 2016 observations and further
investigate the consistency of our results with the
theory of Villareal et al. [5].

3. Summary and Conclusions

We report HST/COS observations of Ceres taken on
two occasions in 2015 and 2016, which provide
independent constraints on the presence of an
exosphere around the dwarf planet. No exospheric
emissions were detected in the observations and upper
limits on oxygen and water abundances are derived.
The solar wind ion flux during the 2015 observations
was particularly low and possibly insufficient for
generating a detectable exosphere.
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Abstract

In this work we mapped the spatial distribution of
carbonates using the VIR/Dawn spectrometer. The
presence of the hydrated carbonates indicates that
their formation/exposure on Ceres’ surface is
geologically “recent” and dehydration to the
anhydrous form (Na,COs) is still ongoing.

Introduction

After the success of the Dawn mission in the study of
the asteroid Vesta, the spacecraft departed toward the
dwarf planet Ceres and is currently in its orbit. In this
work we investigate the nature, the formation and the
distribution of carbonates on Ceres using the VIR
spectrometer onboard Dawn mission. Carbonates are
a components of chondritic meteorites (e.g., 1,2) and
have typically been used to infer the occurrence of
liquid water in their parent bodies (3). The carbonate
signature in the Ceres spectrum was first detected
from Earth (4,5) and then confirmed by Dawn
observations (6), showing that Ceres’ average surface
is an assemblage of phyllosilicates, ammoniated
species, absorbing dark materials, and carbonates
(6,7). The distribution and chemical composition of
the carbonates are indicators of internal evolution.

Data

VIR (Visible-Infrared Mapping Spectrometer, 8) is
the imaging spectrometer on board Dawn spacecraft
and it is acquiring hyperspectral images in the 0.25-
5.1 um spectral range [1] of Ceres. We measured the
strength and position of the ~3.9 pum feature across
Ceres that gives us the distribution of carbonates
unambiguously. The maps discussed have global
longitudinal coverage, latitudinal coverage from 66°S
to 66°N, and a spatial resolution of ~1.86 km/pixel at

the equator. We used the HAMO dataset. A few
selected small areas have been also observed at
higher resolution, at ~100 m/pixel.
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Fig. 1. Average spectrum of Ceres compared to the
spectrum enriched in Na-carbonates located in Oxo
crater. The spectra have been normalized to 1 at 3.7
um and an offset has been applied for clarity.

Results

The VIR spectrometer mapped carbonates spatial
distribution on the surface of Ceres. We found that
carbonates are ubiquitous across the surface, but
variations in the strength and position of their
absorptions indicate variations in the composition
and abundance of this mineral. The analysis of the
band centers indicates that most of the surface is
compatible with (Mg,Ca)-carbonates, being at about
3.96 um. However, there are localized areas, such as



Occator central dome, that show band centers at
much longer wavelengths (4.02 um) typical of
sodium carbonates (Fig. 1). Sodium carbonates occur
mainly in the brighter areas of Ceres (9) and their
geological settings suggest the upwelling, excavation
and exposure of Na-rich species. The origin of
sodium carbonate is different with respect the (Mg,
Ca) carbonates, meaning that different processes
have formed these chemical species.
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Abstract

We report about the photometric properties at visible
wavelengths of powders of Occator’s bright spots
analogue materials, as inferred from laboratory
measurements.

1. Introduction

The VIR (Visible and Infrared Spectrometer)
experiment [1] onboard the Dawn mission [2]
extensively observed the surface of the dwarf planet
Ceres in the 0.2-5.1 pm wavelength range. The
surface of Ceres is characterized by a low albedo
(geometric albedo 0.094+0.007 [3]) and spectral
modeling of VIR observations indicates that the
global composition is dominated by serpentine, NH,4-
phyllosilicates and carbonates mixed with dark
materials [4]. Nonetheless, at small scale, albedo and
compositional variability is observed in the form of
“bright spots” [5], with a notable example
represented by the Cerealia Facula in Occator crater,
whose reflectance at standard geometry is 7-8 times
larger than the surrounding terrains [6]. Spectral
modeling of Occator’s bright spots observations from
VIR [6] indicates in these areas a large concentration
of carbonates (up to 45-80 vol%) mixed with a dark
material, phyllosilicates and minor amounts of
ammonium-bearing species.

In order to complement the results from spectral
modeling of remote sensing observations and to
further characterize the physical properties of
Occator’s bright spots, laboratory measurements of
the spectral and photometric properties in the VIS-
NIR wavelength range of the identified end-members
and their mixtures are needed. In this work, we focus
on the photometric properties of these materials, as
derived from spectrophotometric measurements
performed with the spectro-goniometer in the SLAB
facility, at IAPS-INAF, Rome.

2. Spectrogoniometer - setup

The reflectance spectra of powders were measured
with a Fieldspec-Pro spectrophotometer mounted on
a goniometer. The spectra were acquired between
0.35 and 2.50 pum, with 1 nm spectral sampling and
2-12 nm spectral resolution from the visible to the
near IR. The source used was a QTH lamp. The
illuminated spot was ca. 0.5 cm?. The calibration of
the spectrophotometer was performed with 99%
Spectralon® optical standard (registered trademark
of Labsphere, Inc.). The goniometer is PC-controlled
and permit to vary incidence (inc) and emission (emi)
angles in the principal scattering plane with phase
angles (a) from 30° to 130°. The illumination and the
detector instantaneous field of view cones are
approximately 6° wide.

3. End-members and mixtures

The investigated materials are represented by: Natrite
[Na,COs], Ammonium Chloride [NH,CI], Illite
[Ko.ssAl2(AlgsSiz 35010 (OH),], Magnetite [FezO,]
and an intimate mixture (“bright spot mixture™) of
these end-members (50.5 %wt Natrite + 2.5%wt +
14%wt Illite +33%wt Magnetite). All the end-
members and the mixtures have been prepared for
various grain sizes ranges: <36 um, 36-50 um, 50-75
pum, 100-150 um and 150-800 pm.

4. Measurements

We plan to measure reflectance spectra of single end-
members and mixtures at various observation
geometries in the principal scattering plane with
incidence and emission angles ranging in the 0°-65°
interval and phase angles from 30° to 90°.

5. Preliminary results

In Fig. 1 the reflectance factor (REFF) at 0.7 um for
the single end-members and the “bright spot mixture”
at grain size <36 um is reported as a function of the



incidence and emission angles respectively. Natrite
(natl) and Ammonium Chloride (clal) show the
highest albedos of the samples while magnetite (mgt1)
is characterized by a very low reflectance. The
reflectance level of the “bright spot mixture” is ~0.2
at inc =30°, emi=0°, a=30° slightly lower than the
value derived from VIR measurements at 0.55 pum
(1/F=0.26 corresponding to REFF = 0.3). The REFF
curves are not exactly symmetrical for inc-emi
exchange, possibly due to residual systematics error
in the measurements.

In Fig. 2 the REFF curves of the “bright spot mixture”
and lllite (imt2) are shown as a function of the phase

angle for specular observation geometries (inc = emi).
It can be noticed that while the Illite sample exhibits

an isotropic scattering behavior, the “bright spot

mixture” appears relatively forward-scattering.
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Figure 1. REFF curves at 0.7 um as a function of
incidence (top panel) and emission (bottom panel)
angles for Natrite (natl), Ammonium Cloride (clal),
Illite (imt2), Magnetite (mgtl) and bright spot
mixture (mix1). The sign of the incidence and
emission angles discriminate between opposite
positions in the principal scattering plane with
respect to the normal at the sample plane. Incidence
and emission directions in the same semi-plane have
opposite signs. Phase angle a=inc+emi is 30°.
Different colored curves for imt2 and mixl
correspond to different phase angles (from 30° to 90°)
(Figure 2).
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Figure 2. REFF curves at 0.7 pm as a function of
phase angle (o) for Illite (imt2), and “bright spot
mixture” (mix1) for specular observation geometries
(inc=emi).

6. Summary

REFF curves for the materials and the observation
geometries described in Sec. 3 will be measured,
allowing us to characterize the photometric behavior
of single end-members and mixtures. Along with this,
the effect of the grain size on the photometric
properties of the end-members and their mixtures
will be investigated. Comparison of these
measurements with the photometric properties of
Occator’s bright spots as derived from Dawn remote
sensing instruments (VIR, FC) will provide further
insights on the physical properties of the regolith.
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Abstract

A prominent feature of the asteroid Ceres is the large aoof

crater Occator, and especially the bright spots seen in I HiS

its interior. We describe possible mechanisms that ;

could have formed the bright spots and the central pit. 'E-m O
2 -

1. Introduction 5 o
: ]

The Occator crater has a diameter of 92 km and a N o

depth of 4 km. It is located at latitude 19.86 °N. A e -

central pit has a diameter of 11 km and depth of 0.6 iy

km. The age of the crater is estimated at 16-280 a0
Myrs [1,2], while the bright spots are apparently C
much younger, potentially present-day. The bright
spots appear to be rich in carbonate deposits [3]. A
previous study [4] has proposed that the bright spots
in Occator are the result of outflow to the surface
from a subsurface brine reservoir. Build-up of gases
(CO; and CHy) in the reservoir according to [4] lead
to explosive breaching of the surface. Impact energy
is likely to have stimulated near-surface
hydrothermal circulation [5], but the time-scale of
that process would occur much closer to the creation
of Occator, rather than tens of Myrs or more later.
Post-impact hydrothermal systems tend to last no
more than ~1 Myrs [5]. The time difference suggests
that a considerably deeper reservoir is being tapped.

0. 200
X coordinate (km)

Figure 1: Snapshot of thermally driven convection
showing multiple scales of circulation. The interior
circle is the boundary of a porous Ceres core.

Numerical simulations of the evolution of Ceres from
an unconsolidated cold mixture of rock grains and ice
crystals to the present indicate that throughout much
of Ceres’ history, hydrothermal circulation can occur
in the core and in a muddy ocean mantle [6]. Heat
generated by radiogenic elements and heat of
reaction from serpentinization drive fluid circulation.
The initial size distribution of rock grains includes
coarse particles and fine particles. When the interior
warms sufficiently to melt ice, rock grains are freed Figure 2: Higher resolution mud convection in a
up; they settle at size-dependent rates towards the sector, showing clearly the many episodic plumes
core. that rise toward the surface.




Resultant core size and core and mantle densities lie
on the curve of possible solutions determined by
gravity analysis [7], between CM and CI models.
Fine particles (< 1 um) remain suspended; the fluid is
a mud. Despite the higher viscosity of mud compared
to pure water, hydrothermal circulation is still
possible. Figures 1 and 2 captures the very dynamic
multi-scale circulation that could develop.

2. Tapping a deep reservoir

Several processes could transport brine from deep in
Ceres to the surface or near surface, based on our
model results [8]. (1) Flow through fractured mantle.
Over time, the model mud mantle gradually freezes,
but not uniformly in latitude or longitude, generating
vertical and lateral stresses on the neighboring
unfrozen upwellings. Compressibilities of water and
rock are about 4.5x10” /bar. Applying that to the
H,0 phase change (about 10% volume change x
~0.50 water volume fraction) generates about 1 kbar
of overpressure, sufficient to fracture ice and rock
and drive out-flow to the surface or near-surface,
until excess volume is expelled. We envision a slow
buildup of pressure and then a relatively sudden
breakthrough when a critical pressure is reached and
a fracture conduit is formed. Hydrothermal
circulation is episodic meaning the process of
freezing and fracturing would also be episodic. (2)
As the mud layer freezes, cryo-convection
(convection in the solid phase), will increase in
strength (Figure 3). Occator crater is located at low
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Figure 3: Possibility of cryo-volcanism increases
over time as the mud mantle freezes. Further, the
higher the Ra number, the more episodic the plume
generation becomes.

latitude, just where convection, either hydrothermal
or cryo, should be strongest. The base of a cryo-
convective plume would lie at the top of a regional
mud sea. Salts and other minerals in the sea mud
would be entrained into the upwelling plume, and
eventually brought to the near-surface. (3) Episodic
porous flow through the overlying frozen mantle.
Deep regional mud seas persist to the present time in
our model. Further, experimental studies of slow
freezing rates in particle rich solutions [9] indicate
that a pattern of alternating layers of ice and
particulates is likely to form, with vertical micro-
fractures connecting the layers locally. The overlying
frozen mantle could be somewhat permeable. An
impact would also increase permeability through
extensive fracturing. When the crater forms, there is
a sudden pressure deficit of roughly 25 bars. This
pressure difference could drive flow of brine on a
tens of Myr time scale from a depth of ~100 km.

In summary, there are several mechanisms, acting
either separately or simultaneously, that could bring
H,0 and minerals from deep in Ceres to a near-
surface reservoir.
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Abstract

Spectral signatures diagnostic of water ice were
detected in localized areas on the surface of Ceres
usingthe Dawn/VIR instrument [1] of the Dawn
spacecraft. The current study analyzed water ice
detected in a shadowed region of Juling crater. Water
ice properties were derived by a Hapke radiative
transfer model [2].

1. Introduction

The NASA Dawn spacecraft in orbit around Ceres
has been acquiring a huge amount of data at different
spatial resolutions during the several phases of the
mission that started in 2015. The Visible and
InfraRed (VIR) mapping spectrometer [1] onboard
Dawn, enabled detection and mapping of the main
mineralogical phases on Ceres.

The surface of Ceres is mainly characterized by a
large abundance of dark component, NH;-
phillosilicates and  carbonates  [3].  Other
mineralogical phases, such as water ice, also exist at
local scale [4, 5] . Water ice detected in Juling crater
(lon=168°, lat=35°S) is not under direct solar
illumination. However, it is visible becouse of
secondary illumination coming from the crater floors
and rims. A specific modeling is required to derive
water ice properties such as abundance, grain size,
phase, type of mixture with the average dark terrain
of Ceres, and surface temperature.

2. Dataset

Water ice in Juling crater has been detected during
the High-Altitude Mapping Orbit (HAMO) phase
(resolution ~400 m/px) and the Low Altitude
Mapping Orbit (LAMO) phase (resolution ~100
m/px). We take into account an area on the northern
rim which include an ice rich wall (Fig. 2) large

enough to be spatially resolved even at the lowest
resolution and that includes all the pixels of water ice
signatures.

3. Method

The region of interest is in shadow. However, its
signal can be detected using the light reflected by the
crater. The radiance coming from the illuminated
outer region is affecting the total signal collected in
the shadowed region because of the Point Spread
Function of the instrument (Fig. 1): the signal of the
outer illuminated region is scattered in the adjacent
pixels.

To account for this effect we model the signal
collected (Eq. 1) as a weighted average of the signal
from outer region (OR) (Eq. 2) and signal of the
shadowed region (SR) (Eq. 3). The weights of these
two different terrains are then retrieved by a best
fitting procedure.

Moreover, the regolith of the shadowed ice-rich
region (Eqg. 2) is modeled by an areal mixture of
water ice (WI) (optical constants by [6, 7, 8]), and
Ceres’ average terrain (CAT) with optical properties
as defined by [9].

Eq. 1) Reflyerage = [Radsg * psg + Rador * por] / J
where:

Reflerage = average reflectance;

Psg = cross section of the ice-rich shadowed region as
a fraction of the total projected area of interest;

Por = (1 — psr) = cross section of the outer regions as
a fraction of the total projected area of interest.

Eq 2) Rador =J * 'R OR

where:

Rador = radiance of the outer regions;

J = solar irradiance;

I'r or = bidirectional reflectance [2] of Ceres’ average
terrain, with photometric parameters as defined by
Ciarniello et al. (2016), and viewing geometry by



shape model analysis and spacecraft attitude at the
moment of the observations;

Eq 3) RadSR =

J*(rs car<wo> 1 ) 12 * [rs wi Pwi + Ts cat (1- pwi) ]
where:

Radsg = radiance of the shadowed ice-rich region;

rs car = bihemispherical reflectance [2] of Ceres’
average terrain, it is used instead of the bidirectional
reflectance because the secondary illumination
hitting the shadow comes from all direction within ~xt
steradians;

<uo> is the average incidence angle cosine on the
crater at the time of the observation, derived by shape
model analysis;

the term (rs_car <uo> / 7) represents the reflectance of
a Lambertian surface, with Lambert albedo equal to
Is cat [2]; the factor 2 at denominator accounts for
the fact that one half of the whole solid angle seen by
the ice-rich wall is covered by the crater itself; higher
orders of scattering are assumed as negligible.

rs wi = bihemispherical reflectance [2] of water ice;
pwi = cross section of water ice as a fraction of the
total projected area of the ice-rich shadowed region.

We model Reflyenge (EQ. 1) using a least square
optimization algorithm that fitted the measured
reflectance (similarly to [10]) to retrieve an
unambiguously estimate of psg and pw.
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Abstract

Both targets of the Dawn mission — the asteroids
Vesta and Ceres represent case studies for the
differentiation of the protoplanets that formed in the
early solar system and served as building blocks of
the planets including Earth. Based on our numerical
studies, we compare the process of the differentiation
and the internal structure of these bodies.

1. Introduction

Vesta and Ceres, observed closely by Dawn, are both
altered remnants of the planetesimals that accreted in
the early solar system. Such bodies can be subdivided
into rocky objects (that have chondritic bulk
composition or are derivates of such bodies, such as
asteroids 21 Lutetia and 4 Vesta) and icy ones having
composition that contains a substantial amount of
water (e.g., carbonaceous chondritic objects, the
dwarf planet Ceres, and the icy satellites). Vesta and
Ceres are two completely different endmembers
formed during the planetesimal differentiation.

Large variation of the surface properties can be
observed. For instance, Vesta has a dry, basaltic
surface produced by igneous processes (indicating a
differentiated structure and resurfacing by lava
flows), while Ceres” surface is characterized by water
bearing minerals. There is geochemical evidence for
wide-spread silicate melting and even magma oceans
on Vesta as well as for ice melting and water-rock
differentiation on Ceres.

According to these compositional constraints, the
differentiation of these objects from an initially
nearly homogeneous interior to the development of a
stratified structuretook entirely differentpaths.

2. Models

We developed numerical modek to study the
formation and evolution of planetesimals, asteroids
and dwarf planets!). We investigated the influence of
porosity, compaction, melting, melt migration and
the redistribution of the heat sources on the thermo-
chemical evolution of rocky planetesimals by further

considering differentiation via porous flow and
Stokes flow as well as heat transport by liquid-state
convection in crystal-melt mixtures. This work
provides constraints on the timing and duration of the
core formation and on the formation of a silicate
crust. In addition to metal-rock compositionst?,
modek for icesilicate planetesimals were developed
that include water-rock differentiation™. These
modek consider among others ice melting, water-
rock differentiation, convection in a water ocean,
accretional heating, and hydrothermal convection.
The plausible evolution scenarios and interior
structures of ice-rich planetesimals depending on
their composition, formation time, and accretion
duration were explored. The models described were
applied to Vesta and Ceres.

3. Vesta

An unprecedented amount of data s available from
the howardites, eucrites and diogenites and the Dawn
mission and it is widely accepted that Vesta has a
metallic core with a radius of approximately half of
the asteroid’s radius. Therefore, Vesta serves as a
case study of melting and differentiation processes in
protoplanets. While the HEDs were produced by
igneous processes, they can either be products of the
early partial melting or residual melts expelled by a
crystallizing magma ocean. Isotopic compositions
indicate differentiation within the first few Ma after
CAls, while siderophile depletions indicate core
formation prior to the crystallization of eucrites and
within ~1-4 Ma after CAls.

Model calculations show that after the accretion
phase, radiogenic heating induced compaction and
the associated radius decrease. Early *°Al-rich silicate
melt migrated towards the surface causing a strong
concentration of °Al in the subsurface. Here, the
temperature increased rapidly and the melt fraction
increased producing a convecting, O(1) km thick
“shallow” magma ocean. Above the magma ocean,
partial melt percolated to the surface forming a
basaltic crust. The basaltic crust and the sub-surface
are the first differentiated layers. Below this layer,
first the iron percolated from the upper mantle



towards the center, then the rest of the mantle and the
iron core formed simultaneously. However, no global
magma ocean formed in the mantle. Within less than
0.3 Mathe differentiation was completed.

We favor formation of Vesta within 1 Ma after CAls,
because only then the silicate melt can reach the
surface and form a crust. An important consegquence
is the lack of heating in the mantle, which prevents a
whole-mantle magma ocean and keeps the melt
fractions in the mantle below 50 %. Our results favor
the early partial melt origin of the non-cumulate
eucrites, while the cumulate eucrites and diogenites
form from the partial melt that percolated upwards
after the crystallization of the shallow magma ocean,
but was not able to reach the surface. The extrusion
of the basaltic melt in our calculations s due to
porous flow and small-scale shallow dyking. This
correlates with the presence of the crust but a lack of
distinct volcanic structures on Vesta.

4. Ceres

Because no meteorites have been identified as
originating from Ceres, most data comes from the
observations by Dawn and from theoretical modek.
We modeled the compaction of a Ceres-like body
that accretes as a porous aggregate, in order to test
the hypothesis that Ceres’ low density can be
explained by a porous interior instead of the presence
of ice, and whether compaction occurs due to creep
or due to dehydration of hydrated minerak. The
porosity change was calculated according to the
thermally activated creep flow. We found that
compaction of initially porous Ceres is dominated by
creep and only slightly perturbed by the dehydration.
In particular, dehydration alone cannot lead to
compaction because creep can occur before the
dehydration. Depending on the accretion timescale,
timing of the compaction varies from between a few
Ma and more than one Ga. Thereby, late accretion
cannotprevent compactionto a porosity of <3%.

Based on the observations by Dawn and assuming a
water-rich composition, we calculated water-rock
differentiation models assuming 75 vol% rock and 25
volb ice. We investigated the implications for the
presence of liquids and the possibility of
cryovolcanism in order to explain surface features
observed by Dawn. Accretion times considered cover
1-100 Ma rel. to CAls. Compaction of the dust pores
starts with ice at ~180-240 K and proceeds with rock
minerals at temperatures of up to 730 K. Sub-surface
remains too cold to close these pores. The water-rock
separation proceeds by water percolation in a rock

matrix. Compaction and, therefore, differentiation
takes several hundred million years due to a slow
temperature increase. Therefore, a water ocean starts
forming within 10 Ma after CAls, but its completion
is retarded relative to the melting of ice by up to
0(0.1 Ga). Convection keeps the ocean cold,
counteracts a complete differentiation, and favors
retention of a porous undifferentiated crust. Only a
thin basal part of the ocean remains liquid until today,
while the upper part freezes. Present-day
temperatures calculated for a slow accretion (e.g.,
within >7 Ma) indicate that hydrated salts can be
mobile at a depth of >5 km implying buoyancy of ice
and salt-enriched crustal reservoirs.

5. Discussion

The obvious differences between Vesta and Ceres in
the size, density, and composition imply different
initial amount of the heat sources, values of the
thermal conductivity, melting behavior, and
differentiation regime. Higher temperatures are
required to produce metallic and silicate melt and to
differentiate Vesta completely. For Ceres, moderate
temperatures of up to 600 K suffice to melt the water
ice and to facilitate differentiation, while there are no
indications for melting of metal and silicates in the
past. The nature of the differentiation (metal-silicate
for Vesta, water-rock for Ceres) necessitates,
therefore, different thermal conditions (T>1300 K for
Vesta, T>300-600 K for Ceres), and influences
strongly the timing of differentiation (0.5 Ma after
CAIs for Vesta, O(100 Ma) for Ceres) and the final
structure (completely differentiated for Vesta vs.
partially differentiated for Ceres). Finally, using the
observational constraints, the modek provide
different resulting structures: Vesta is completely
compacted and differentiated, with an iron core, a
silicate mantle, and a eucritic-diogenitic crust, while
Ceres is partially porous and incompletely
differentiated, with a rocky core, an ice mantle, and a
porous ice-rock crust. Based on the results we extract
plausible formation time of 0-1 Ma after CAls for
Vesta and >4-5 Ma after CAls for Ceres. From the
accretion timescale of planetesimals, this points
possibly to a formation of Ceres at a larger distance
fromthe sun thanits presentorbit.
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Abstract

Framing cameras on board the Dawn spacecraft have
acquired images of dwarf planet Ceres at near-zero
phase angles to study its opposition effect. The op-
position geometry was reached through an ingenious
scheme of orbital navigation. Images were success-
fully acquired by both the primary and backup cam-
era in different color bands, reaching near zero phase
angle on parts of the surface. Coverage includes the
well-known bright area in Occator crater known as Ce-
realia Facula. Analysis of this rich data set and com-
parisons with results from laboratory experiments will
provide insight into the regolith properties of Ceres
and its enigmatic bright terrains.

1. Introduction

The reflectance of planetary regoliths is known to in-
crease dramatically towards zero solar phase angle, a
phenomenon known as the “opposition effect”. The
strength of the opposition effect is governed by two
mechanisms, shadow hiding and coherent backscatter,
which are related to regolith properties like particle
size and morphology, composition, packing density,
and surface roughness. The first instance of the oppo-
sition effect on a minor body was reported for asteroid
Massalia [1]. Resolved images of minor body surfaces
at near-zero phase angles are rarely acquired by space-
craft because of the resources required and the risks of
spacecraft eclipse on the other side of the body. Of-
ten, such images are acquired on approach during a
flyby, as for asteroids Steins [2, 3] and Lutetia [4, 5, 6]
by Rosetta. Sometimes, the small mass of the body
allows the spacecraft to slowly move into the opposi-
tion geometry, as for asteroid Itokawa by Hayabusa [7]
and comet 67P/Churyumov-Gerasimenko by Rosetta
[8]. The lowest phase angle at which Ceres had thus

far been observed by ground-based telescopes (unre-
solved) was 1.1° [9]. The Dawn cameras have now
resolved its surface at phase angles smaller than that.

Figure 1: Dawn orbital maneuvers to achieve the op-
position geometry (plus sign), with Ceres in the center.
Dawn was thrusting in the parts of the orbit drawn in
bold.

2. Orbital maneuvers

In a remarkable feat of orbital navigation, Dawn was
carefully nudged into the opposition geometry. First,
Dawn moved into an elliptical polar orbit, thrusting
with its ion engine only in selected parts of the orbit.
Then, another thrusting session changed the spacecraft
beta angle (the angle between the vector to the Sun and
the orbital plane) by almost 90°, achieving the oppo-
sition geometry (Fig. 1). A risky eclipse of the space-
craft behind Ceres was avoided by the natural drift of
the beta angle due to Ceres’ motion in its orbit around
the Sun.



Figure 2: Opposition images of (a) Asteroid Lute-
tia, (b) asteroid Steins, (c) comet 67P/Churyumov-
Gerasimenko, (d) dwarf planet Ceres. Note the ab-
sence of any perceptible shadowing, characteristic for
images at near-zero phase angle.

3. Data set acquired

Both cameras (FC1 and FC2) were operated during the
opposition phase. Images were acquired with four dif-
ferent exposure times every 5 minutes, using the clear
filter and five narrow-band filters. We are in the pro-
cess of validating and calibrating the data. It appears
that Dawn reached a geometrical phase angle of zero
on the Ceres surface. The effective phase angle of the
observations is affected by the finite angular size of
the Sun (0.2° at Ceres). For the bright areas inside
Occator crater, Cerealia Facula, angles as low as 0.7°
were reached. The phase function of Ceres has now
been sampled over a range of 155°, the widest avail-
able for any minor body. We show a raw image of
Ceres in opposition in Fig. 2, together with opposition
images of other minor bodies. At first glance, Ceres
seems to conform to the relation between strength of
the opposition surge and geometric albedo reported by
[10], who found that the opposition effect for aster-
oids of intermediate geometric albedo is stronger than
that for asteroids of lower and higher albedo. Special
effort will be devoted to analyzing the very bright Fac-
ulae, whose photometric properties are very different
from Ceres average [11, 12], clues to which we hope to
uncover by comparing with the results of photometric
experiments.
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Abstract

Ceres is a "transition body" of the Main Asteroid Belt
since it shows some features of the icy satellites of the
outer solar system and other peculiarities of the rocky
bodies of the inner region. Its surface exhibits evi-
dences of ammoniated phyllosilicates [1] and of water
ice [2], for example in craters as Oxo [4][5] or Occator
[3]. Probably it formed in an outer (and icy) region of
the solar system and then migrated in the current po-
sition. The value of the normalized moment of inertia,
0.37 [7], suggests that Ceres is partially differentiated:
theoretical models (e.g.[9]) propose a structure made
of a rocky core (of about 350 km) and an icy mantle of
about 100 km, since the mean density is around 2000
kg m~3 [7]. The presence of a heavier crust than the
mantle have been hypothesized by [6], in which it was
studied the possible overturn of the crust, the energy
released by this process and the consequent chemical
reprocessing of the crust itself. The crust can also un-
dergo thermal and mechanical stresses due to the pres-
ence of active convective cells in the interior layers,
which can cause the break or the uplift of the crust.
Ahuna mons could be, in this sense, a "product” of the
thermal convection in deep interiors [8]. It is an iso-
lated mountain, about 4.5 km high, localized at 10.4°
S 316.2°E.

In this work, by using a 2D numerical code based on
a finite element method (www.comsol.com) we solve
the Navier-Stokes equation coupled with the thermal
equation and varying the composition of the convec-
tive cell we can study the different thermal convection
regimes and their physical consequences.

1. The Model

We numerically solve the Navier-Stokes equations
coupled with the thermal equation with the assump-
tion that the density variation is important only in
the term of the buoyancy (Boussinesq approximation).
Neglecting the inertial term, since the Prandtl number
is very high in our context, we can write the Navier-

Stokes equation as:

oi [ = ; L NT
o =V {p[+,u(Vu+(Vu) )] FF (1)

where F' is the bouyancy term that represents the
"link" with the heat equation:

T = - =
pcp% + pcp- VI + KV-VT = 0. 2)

In the above equations u is the convective velocity.
We fixed temperature at the bottom (hot) and at the
top (cold) of the mantle, with a drop in temperature
of 200 K, based on the results of the models found in
literature (e.g.[9]). The convective cell (the mantle)
is assumed to be 100 km in size. No slip conditions
is imposed on all boundaries: this condition requires
that the velocity of the fluid tends to zero at wall-fluid
interface. All the equations are in the dimensionless
form. The mantle is supposed to be made of a mixture
of ice and rock.

2 Discussion and Preliminary Re-
sults

In Fig.1 we report some preliminary results obtained
with our numerical simulations. In the left panel (A)
we report the results in the case of 90% of ice and 10%
of rock, in the middle panel (B) it is shown a case of
pure ice mantle and in the right one (C) the composi-
tion is 70% of rock and 30% of ice.

Figure 1: (A) 90% rock & 10% ice; (B) pure ice mantle;
(C) 70% rock & 30% ice.



Case A is characterized by a Rayleigh number of
the order of 107 that lead to a "classical" convective
cell, with an isothermal profile and a viscous top layer,
identifiable with the crust, of the order of few kilome-
ters. This crust can undergo the thermal/mechanical
effects of the convection and eventually break or bulge,
depends on the assumed physical parameters. If the
composition is pure ice (case B) the Rayleigh number
increase of an order of magnitude and in this case we
observe the formation of a channel in which material
(ice?) from the inside can be expelled to the outside. In
case of an important volume percentage of rock (30%),
the Rayleigh number (10°) is not sufficient to trigger
the thermal convection.
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Abstract

Images of Vesta and Ceres taken by the Dawn
spacecraft revealed large-scale linear structural
features on the surface of both asteroids. We evaluate
the morphology of the Vesta and Ceres structures to
determine 1) what processes caused them to form and
2) what implications this has for the history of Vesta
and Ceres as planetary bodies.

1. Introduction

The Dawn spacecraft [1] approached Vesta in July of
2011, left Vesta in late 2012 and went into orbit
around Ceres in March 2015. Framing Camera (FC)
[2] data from the Approach, Survey, High Altitude
Mapping Orbit (HAMO) and Low Altitude Mapping
Orbit (LAMO) orbits, including clear filter and color
images and digital terrain models derived from stereo
images, enabled a three-dimensional characterization
of both asteroids.

2. Vesta

2.1 Divalia Fossae

The most prominent set of large linear structures
encircle Vesta roughly aligned with the equator.
While most of these structures are wide troughs
bounded by steep scarps, extending in a similar
orientation are muted troughs, grooves and pit crater
chains [3]. Fault plane analysis suggests that the
formation of the equatorial troughs was triggered by
the impact event that formed Rheasilvia basin, as the
poles of the planes described by their fault traces
cluster on the Rheasilvia central peak [4].

The large equatorial troughs encircle approximately
60% of Vesta [3]. Structures with similar orientation
(per fault plane analysis [4]) are identified in the
remainder of the equatorial region. No equatorial
troughs cut the topographically high plateau known
as Vestalia Terra, but pit crater chains with a similar
orientation were identified and proposed to represent
sub-surface faulting below the plateau [3].

2.2 Saturnalia Fossae

A second set of linear structures on Vesta extend to
the northwest from the equatorial troughs [5]. The
primary structure in this group extends into the north
polar region. In the region north of Vestalia Terra,
there are smaller graben and grooves that are parallel
to the primary structure [5]. Fault plane analysis ties
the formation of the Saturnalia Fossae to Veneneia
basin impact event [4].

2.3 Brumalia Tholus

As Albalonga Catena, a pit crater chain located in
eastern Vestalia Terra, progresses westward it phases
from being a topographically low feature of merged
pits into being the topographically high Brumalia
Tholus, an elongate hill that is evident in both the
photographic and topographic data of Vesta [6].
Assuming that Albalonga Catena represents a buried
normal fault, it was hypothesized that the
topographic high that emerges along its length could
have been formed as a magmatic intrusion utilizing
the subsurface fracture as a conduit to the surface,
intruding into and deforming the rock above it [6].

If a magmatic intrusion, then the core of Brumalia
Tholus should be comprised of diogenite, which is a
more plutonic rock than the basaltic eucrites and
brecciated howardites that have been observed in the
equatorial region of Vesta. Teia crater impacts the
northern face of Brumalia Tholus and thus its ejecta
is likely sampling Brumalia’s core material. Analysis
by VIR has shown that these Teia ejecta are more
diogenitic than other Vestalia Terra materials [6].

3. Ceres
3.1 Samhain Catenae

Kilometer-scale linear structures - including grooves,
pit crater chains, fractures and troughs - cross much
of the eastern hemisphere of Ceres [7]. Many of these
structures appear to be radial to the large craters
Urvara and Yalode, and most likely formed due to



impact processes. However, the Samhain Catenae do
not have any obvious relationship to impact craters
and the lack of raised rims on the merged pits makes
it unlikely that these are secondary crater chains. The
Samhain Catenae are crosscut by the linear features
radial to Urvara and Yalode, indicating they are not
fractures formed during those impact events.

Instead, the morphology of these structures more
closely resembles that of pit crater chains (buried
normal faults). The orientation of the Sambhain
Catenae relative to each other is suggestive of en
echelon fractures. In addition, many of the longer
Samhain Catenae are comprised of smaller structures
that have linked together; the S-shaped linkages are
also suggestive of en echelon fracturing [7].

3.2 Polygonal craters

Polygonal craters, theorized to form when pervasive
subsurface fracturing affects crater formation are
widespread on Ceres, as they are on icy moons and
other asteroids. Those polygonal craters proximal to
the Samhain Catenae have straight crater rims
aligned with the grooves and troughs. This alignment
supports the Samhain Catenae being fracture
systems, not ejecta scour or secondary craters [6].

3.3 Floor-fractured craters

Several of the impact craters on Ceres have patterns
of fractures on their floors. Geomorphic analyses
show that they are similar to lunar floor-fractured
craters (FFCs). FFCs on the Moon are hypothesized
to be a product of intrusions of magmatic material
below the craters uplifting their floors. The Ceres
FFCs according to the classification scheme designed
for the Moon [8].

Class 1 Ceres FFCs have both radial and concentric
fractures at the crater center, and concentric fractures
near the crater wall [7]. In the magmatic model these
craters represent fully mature magmatic intrusions,
with initial doming of the crater center due to
laccolith formation resulting in the crater center
fractures, while continuing outward uplift of the
remaining crater floor results in concentric fracturing
adjacent to the crater wall. Other large (>50 km)
Ceres FFCs which have only linear or radial fractures
at the center of the crater are also classified as Class
1 FFCs [7], but likely represent a less mature
magmatic intrusion, with doming of the crater floor
but no tabular uplift.

Smaller craters on Ceres are more consistent with
Type 4 lunar FFCs [7]. The three Class 4 sub-classes
all have a v-shaped moat separating the wall scarp
from the crater interior, but different interior
morphologies: Class 4a, with both radial and
concentric fractures; Class 4b, having a distinct ridge
on the interior side of its v-shaped moat and subtle
fracturing; Class 4c, with a moat and a hummocky
interior, but no obvious fracturing.

A depth vs. diameter analysis shows that, like lunar
FFCs, the Ceres FFCs are anomalously shallow [7].
We also observe the d/D trend for the Class 1 FFCs is
shallower than that for the Class 4 FFCs. This is
consistent with the magmatic intrusion models,
which suggest that the increased fracturing of Class 1
FFCs is due to increased uplift.
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Abstract

The bright faculae and central pit/dome of Occator
crater Ceres reveal complex geologic processes on
that world and confirm that it is volatile rich.
Comparison with domes on Ganymede and terrestrial
complex craters but most importantly the observed
geologic relations indicate that formation likely
involves (hydrothermal?) extrusion of bright material
onto the pit floor after its formation during impact,
followed by subsequent uplift of the dome, fracturing
the carbonate deposits.

1. Introduction

Discovery of a central pit and dome associated with
the bright facula at Occator crater on Ceres were
unexpected, based on comparison with Saturnian icy
moons. These bodies have similar surface gravity
and it was thought that if Ceres had an ice-rich crust
its craters would resemble those on Saturnian moons.
Here we explore the nature of central structures of
craters on Ceres and what impact models and
comparisons with other bodies tell us.

2. Occator Central Complex

Occator is a very well preserved 93 by 89 km across
and ~3.75 km deep [1]. The central structure
consists of a circular rounded dome ~2 km wide and
~750 m high (Fig. 1) in the center of a shallow
depression ~9 km across and ~1 km deep (Figs. 9,
10). The depression is flanked by high-standing
irregularly shaped ridges or massifs that form a
partial elevated ring around the depression. This
morphology strongly resembles many of the central
pit/dome complexes associated with large craters on
Ganymede and Callisto [e.g., 2].

The central dome is deeply fractured although the
central pit walls are not, suggesting that uplift of the
dome surface was responsible and did not involve pit
deformation. The fracturing of the bright faculae
material also suggests that fracturing may have
occurred after bright material emplacement.

Numerical 2-D modeling of impact craters are
usually hampered by ambiguities along the central
axis of the crater model: 1i.e., the central structure.
Therefore they are of limited use in understanding
Occator. Field studies of large terrestrial craters and
mapping of central pit and dome craters on
Ganymede and Callisto are examined in concert with
the Dawn mapping results in an effort to move pit
and dome formation forward.

Central structures of terrestrial complex craters are
noted for their uplift of deep-seated strata [e.g., 3].
Galileo mapping of central domes and pits was very
limited and included no well-resolved examples
smaller than ~100 km. Those few domes imaged
(Doh [Fig. 2], Neith and Melkart especially) are all
deeply fractured [e.g., 2] in a manner reminiscent of
Occator. What is lacking on Ganymede is evidence
of a residual bright deposit in the manner of Occator.
Bright materials are seen in fresh dome craters such
as Osiris but these cover the entire crater floor or are
more patchy is irregularly distributed, suggesting
impact-derived surface frost deposits that erode
differentially.

The bright deposit at Occator is partially controlled
by local elevation and confined topographically. The
ribbon-like nature of the fringes of the Occator
deposit (Fig. 1) are consistent with hydrothermal-
style outflow from discrete sources leading to
carbonate-rich surface deposits [4] that accumulated
in the pit floor. These are consistent with numerical
models that show the deepest and longest lasting



residual impact heat within the inner core for the

crater almost exactly coincident with the location of

the central pit.

3. Figures

Figure 1: Best color resolution of Occator central
structure. Resolution ~35 m/pxl.

Figure 2: Best Galileo view of fractured central dome:

Doh, Callisto. Dome ~25 km across. Res. ~95 m/pxI.

4. Summary and Conclusions

The discovery of complex central structures on Ceres
and mapping at high spectral and spatial resolution
offers an unexpected opportunity to further constrain
these unusual structures. Central pits and domes are
confined to ice-rich bodies only. While some central
pits are found on Mars, they appear to be distinct and
do not pnossess central domes. While hvdrothermal

deposition is considered likely in some locations on
Mars, we do not observe Occator analogs (perhaps
due to the degraded nature of the surface of Mars).
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Figure 3: Transition diameters of complex craters on
ice-rich bodies. Note lack of transitions to central
pits for any of the Saturnian moons, despite nearly

identical values for other transitions to Ceres.

The occurrence of central pits on Ceres scales
inversely with those on Ganymede, as do other
transition diameters such as d/D inflection, central
peak formation etc. (Fig. 3), indicative of an outer
shell whose rheologic response to impact is
controlled by water ice. The lack of such craters in
the Saturn system is thus the anomaly and may be
related to either the very low temperatures in that
system, lower ratios of non-ice materials, or higher
impact velocities.

References

[1] Buczkowski, D., et al., Geomorphology of Ceres,
Science, 353, 1004, 2016.

[2] Schenk, P. et al, 2004, Cratering, in Jupiter,
Cambridge Univ. Press.

[3] Howard, K, T. Offield and H. Wilshire, Structure of
Sierra Madera, Texas, Geol. Soc. Am. Bull., 83, 2795-2808,
1968; Kenkmann, T., Folding within seconds, Geology, 30,
231-235, 2002.

[4] DeSanctis, M., et al., Nature, 536, doi:10.1038/



EPSC Abstracts
Vol. 11, EPSC2017-947, 2017
European Planetary Science Congress 2017

© Author(s) 2017

Ceres and Vesta mineralogy determined by VIR on Dawn

M.C. De Sanctis' and the Dawn Science Team.

"stituto di Astrofisica e Planetologia Spaziali, INAF, Rome. (mariacristina.desanctis@iaps.inaf.it )

Abstract

The Dawn spacecraft [1] arrived at Ceres in early
2015, the second of its targets, and performed a
detailed study of its surface and internal properties.
Previously, it performed a detailed orbiting campaign
at Vesta. Ceres together with Vesta represent the key
to understand some important points relative to the
role of the protoplanet size and the water content in
determining the evolution of protoplanets and minor
bodies. Dawn is equipped with a Visible and
InfraRed Mapping Spectrometer (VIR) [2] to study
the surface composition of the Dawn targets. Here
we report about the main VIR results at Ceres and
Vesta.

1. Introduction

VIR is an imaging spectrometer coupling high
spectral and spatial resolution in the VIS (0.25-1.0
wm) and IR (0.95-5.0 wm) spectral ranges [2]. VIR
acquired data during Approach, Survey, High
Altitude Mapping (HAMO) and Low Altitude
Mapping (LAMO) orbits that provided very good
coverage of the surface of Ceres and Vesta. The
bodies’ surfaces ware mapped with increasing spatial
resolution from Survey (CSS) to LAMO orbits (CSL),
but this increase was at the expense of coverage.

2. Result

Ceres

The VIR instrument observed Ceres’ surface at
different spatial resolutions and revealed a nearly
uniform global distribution of surface mineralogy.
The average thermally-corrected  reflectance
spectrum of Ceres (Fig. 1) is almost flat in the
spectral region below 2.6 pum, but it shows several
bands in the 2.6-4.2 um wavelength region (Fig. 1),
at 2.72, 3.05-3.1, 3.3-3.5, and 3.95 pm. The most

prominent is a strong and narrow absorption centred
at 2.72-2.73 pm indicative of OH-bearing silicates.
The other bands indicate the presence of ammonia
bearing species and carbonates [3-7].

Clearly, Ceres experienced extensive water-related
processes and chemical differentiation. The surface is
mainly composed of a dark and spectrally neutral
component (carbon, magnetite), Mg-phyllosilicates,
ammoniated clays, carbonates and salts. The
observed species suggest endogenous, global-scale
aqueous alteration [7].

While mostly uniform at regional scale, Ceres’
surface shows small localized areas with different
species and/or variations in abundances. Water ice
has been detected in localized small patches
especially at high latitudes [8] in the North
hemisphere but also in a crater not far from the
equator in the southern hemisphere [9]. Sodium
carbonates have been identified in several areas on
the surface, notably in Occator bright faculae [10,4]
and many of the bright areas that punctuate the
surface of Ceres are compatible with the presence of
sodium carbonates. Organic matter has been
discovered in several places, most conspicuously in a
large area close to Ernutet crater [11]. The signature
is associated to aliphatic organics.
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Fig.1 Thermally corrected average spectrum of Ceres
in the spectral range 0.4-4.2 um.



Vesta

Vesta spectra are characterized by pyroxene
absorptions at 0.9 and 1.9 pm and spectrally different
regions of Vesta have been identified (fig.2). They
are characterized by distinctly different band depths,
widths, shapes and centers [12], suggestive of
different HED lithologies. Although almost all of the
surface materials exhibit howardite-like spectra,
some large units can be interpreted to be material
richer in diogenite (based on pyroxenes band centers)
and some others like eucrite-rich howardite
units[12,13]. The Rheasilvia basin has its own
spectral characteristics: deeper and wider bands,
average band centers at shorter wavelengths. These
spectral behaviors indicate the presence of Mg-
pyroxene-rich (diogenite-rich) terrains in Rheasilvia.
Vesta's surface shows considerable diversity at local
scales, in terms of spectral reflectance and emission,
band depths, centers and spectral slopes. Many bright
and dark areas were identified on Vesta from VIR
and FC. Bright material is the best example of Vesta
endogenous material while dark material is due to
contamination by infall carbonaceous chondrites
[14,15], also identified as the main carrier of the
hydration band at 2.8 micron identified on Vesta.
Olivine has been identified on Vesta in different
regions [16] and its distribution is compatible with
both the main differentiation models (magma ocean
and localized plutons).

3. Conclusions

Ceres shows mineralogy and geology dominated by
the action of water and other volatile ices mixed with
rocks. The surface displays clearly the products of
aqueous alteration and ice on the surface [3-11] and
subsurface. Moreover, Ceres shows clear sign of
“recent” hydrothermal activity [4]. The presence of
ammonia in phyllosilicates and salts [3,4,5] indicates
the accretion of volatiles, such as ammonia in the
original material from which Ceres formed,
suggesting a cold formation environment. Moreover,
the presence of organic species on Ceres, mixed with
minerals formed by water alteration and
hydrothermal processes, suggest a favourable
environment for the developing of molecules
precursor of biological molecules.

Conversely, Vesta shows records of different, less
wet, primordial processes that took place at the
origin of the solar system. It is basaltic, indicating

that internal heat was sufficient to fully differentiate
the body, but the surface shows signatures of
endogenous OH, delivered by ancient impactors or
dust.

Dawn observed two dramatically different objects,
relicts of the primordial solar System and prototypes
of the terrestrial planets (Vesta) and bodies of the
outer solar system (Ceres).

Thermal
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e
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N}

=l

wavelength (micron)

Fig.2 Average Vesta spectrum acquired by VIR.
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Abstract

The dwarf planet Ceres, the largest and most massive
object in the main asteroid belt, is dark and heavily
cratered by impacts. The detection of bright spots,
especially in the Occator crater, suggested a vertical
gradient in Ceres mineralogical composition [1].
Geologic mapping of Ceres enabled the identification
of various surface features of interest [2]. Here we
focus our attention on the geologic units known as
crater central peak material (ccp). Ccp composes the
central peak of several complex craters, probably
representative of fresher material coming from the
subsurface as a consequence of the impact [3]. We
carried out a spectral analysis of ccps found on Ceres
to investigate the mineralogical properties of the
subsurface material.

1. Introduction

The NASA Dawn mission closely explored Ceres
since March 2015. Dawn carries two remote sensing
instruments: the Visible and Infrared mapping
spectrometer (VIR; [4]) and the Framing Camera
(FC; [5]). The average surface of Ceres is composed
by ammoniated (NH.)-phyllosilicates, Magnesium
(Mg)-phyllosilicates, Calcium (Ca) and/or Mg-
carbonates, and dark, spectrally featureless material
[6]. Bright, widespread areas have been observed on
the dwarf planet: the two brightest spots lie in the
dome and floor of crater Occator [7] and are referred
to as Cerealia Facula and Vinalia Faculae,
respectively. The mineralogical composition of
Cerealia Facula is largely different from the rest of
Ceres surface, due to the presence of Sodium (Na)-
carbonates, Aluminum (Al)-phyllosilicates,
ammoniated minerals and dark material [8]. These
results, together with the spectral analysis of other
bright spots detected by VIR [7] and contrast-rich
color mosaics obtained by FC [1], suggest a peculiar
composition of the shallow subsurface, different from
the average composition observed on the surface.

Detailed geologic maps of the dwarf planet have
been obtained by using FC images, which allowed
the identification of geologic units. To better
investigate the possible mineralogical variation in the
shallow subsurface, we examined the spectral
properties of the geologic unit identified as crater
central peak material (ccp) [2]. This unit is found in
the middle of the floor of large craters, and it is
supposed to represent shallow subsurface material
exposed during the crater formation, after the
rebound of the floor and the subsequent creation of a
central peak [3].

2. VIR data

To analyse ccps on Ceres, we used hyperspectral data
acquired by VIR, i.e. bidimensional spatial images
taken in the wavelength range from 0.25 to 5.1 um.
Since the beginning of the mission, Dawn performed
several mapping orbits, reducing its altitude from the
dwarf planet’s surface and acquiring data with
increasing spatial resolution. Spectral data from the
Survey phase (altitude 4400 km and spatial resolution
~1.1 km/pixel), HAMO phase (altitude 1470 km and
spatial resolution 360-400 m/pixel) and LAMO phase
(altitude 385 km and spatial resolution 90-110
m/pixel) were used in this work. The photometrically
corrected reflectance at 1.2 um [9] was calculated for
the entire dataset.

3. Geologic overview

Central peaks/mounds are topographic features
typical of complex impact craters. As consequence of
an impact, a shock wave penetrates in the target
material, melting and vaporizing the external layer.
The shock wave keeps moving below the transient
cavity, expelling material (producing ejecta) and
ejecting remnants downward (forming the crater
floor) or outward (producing crater walls and uplifted
crater rim) [10]. To compensate the mass deficit in
the transient cavity, the floor begins to uplift [11] and



a central peak may eventually form. Peaks are
probably composed of fresher subsurface material,
even though the contamination with impact melt
deposits cannot be excluded [12].

4. Spectral investigation of ccps

We spectrally investigated 32 ccp units, which stand
out in geologic maps of Ceres as they exhibit a
different color and morphology with respect to the
surrounding floor [2]. We focus our attention on
spectral parameters related to Mg-phyllosilicates (2.7
pm band), ammoniated phyllosilicates (3.1 pm band)
and carbonates (bands at about 3.4 and 4.0 pum).
Band depths and band centers were calculated after
continuum removal, whose best fit has been detected
in [13]. The goal of this work is to undertake a
mineralogical analysis of crater peaks and
discriminate a possible differentiation between
surface and subsurface. The 2.7- and 3.1-um band
depths are strongly correlated on ccps, being
shallower than on the average surface of Ceres
(Figure 1). This trend agrees with the general
behavior of younger Ceres features [14, 15]. The
photometrically corrected reflectance [9] is also
considered and compared with spectral parameters to
improve the mineralogical analysis. For each ccp unit,
we compared the spectral parameters with the crater's
floor, to detect a possible contamination of the peak
by surrounding material. In this way, we can
discriminate the ccp that are most indicative of the
Ceres' subsurface material.
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Abstract

We study the photometric behavior of reflectance and
band depths on the Occator faculae on Ceres and
compare it with the Ceres average. The different
photometry between Occator and the rest of Ceres
indicates that Occator is peculiar not only for the
composition, but also for physical properties.

1. Introduction

The NASA/Dawn mission [1] has been orbiting the
Ceres asteroid since March 2015, taking
hyperspectral images by means of the VIR imaging
spectrometer [2], and revealing a homogeneously
dark body (reflectance at 0.55 um and 30° phase is
0.03 [3]), with two very bright faculae located in the
Occator crater (10°N 240°E) and reaching a
reflectance up to 0.25 [4].

VIR data detected a widespread distribution
absorption bands located at 2.7 upum (Mg-
phyllosilicates), 3.1 um (ammonia), 3.4 and 3.9 um
(Mg-carbonates) [5]. However, in some specific
locations other carriers could contribute to these
bands, e.g. in the Occator crater the 2.7 um band is
caused by Al-phyllosilicates and the 3.4 and 3.9 um
are contributed by Na-carbonates [6]. Moreover,
organics could deepen the 3.4 um band, as in the case
of the Ernutet crater [7].

consisting in a statistical analysis of the dataset. In
this case, median values of each spectral parameter at
different phase angle bins are retrieved and fitted
with a polynomial curve. To better describe the
reflectance vs phase angle curve (phase function) we
defined two parameters: R30, i.e. the retrieved
reflectance at 30° phase angle, and PCS (Phase Curve
Slope), i.e. the steepness of the phase function
between 20° and 60° phase angle.

In the case of Occator, the analysis was performed
only on observations where the 3.9 um band center is
longward of 4 um, which is a peculiarity of the
Occator faculae [6].

3. Results

Albedo. The phase function of the Ceres average
shows a low value of R30 and a high one of PCS.
The location in the R30-PCS scatterplot is mainly
driven by asteroids’ taxonomy (Figure 1), and the
location of Ceres is consistent with its C-type
classification. Contrarily to what expected, the
Occator phase function is as steep as the Ceres
average one, whereas we should expect a PCS
decrease in brighter regions (see the case of Vesta in
Figure 1).

* Vesta

Here we apply a statistical analysis on VIR data

& 0 C-type
aimed at obtaining the behavior of reflectance and 4 +S-type
band depths with phase angle. In particular, we - Xe-type
compare the photometric behavior observed on the ‘ %i‘;:zfe

Ceres average and on the Occator faculae,
respectively, and interpreted the observed differences
in terms of optical and physical regolith properties.

2. Method

Retrieval of reflectance and band depth as function of
phase angle is based on the approach already used for
Vesta [8] and Churyumov-Gerasimenko [9],

0 Occator

Figure 1: R30 vs PCS scatterplot for Ceres average,
Occator and other asteroids [10].



Band depth at 2.7 um. This band depth linearly
increases with phase angle for the Ceres average,

which is a common behavior of band depths (e.g. [8]).

The increase with phase angle is two times larger for
Occator.

Band depth at 3.0 gm. The increase with phase angle
of this band is similar for the Ceres average and for
Occator, but in the latter case the photometric
behavior is strongly uncertain, due to the very weak
band in the faculae.

Band depth at 3.4 um. At increasing phase angle,
this band depth increases for the Ceres average.

Band depth at 3.9 wum. This band depth is
independent of phase angle for the Ceres average.

4. Conclusions

The obtained results for the Ceres average are
somehow expected from its classification and from
comparison with other asteroids. The different
photometric behaviour of the two carbonate bands
could be due to the fact that carriers other than
carbonates contribute to the 3.4 um band.

Different reasons may explain the different
photometric behaviour of Occator with respect to the
Ceres average:

- Composition. Occator includes a larger
abundance of bright material (in particular,
carbonates) and its carbonates and
phyllosilicates are different from the rest of
Ceres. However, this does not explain the
high PCS, which, according to the Occator
R30, should be comparable with S-type
asteroids.

- Granulometry. A larger regolith grain size
would increase PCS and the increase rate of
band depth with phase.

- Roughness. A larger roughness increases the
PCS [9]. In the Occator crater, the
roughness increases due to the occurrence of
many fractures. Carbonates form at lower
topography [11], the observed behaviour of
band depth could be affected by the fact that
at low phase angles we observe lower
heights and hence larger abundance of
carbonates.

However, a combination of these hypotheses

may occur.
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Abstract

Dawn’s decade-long journey has provided a close
look at the largest objects in the main asteroid belt,
Vesta and Ceres. Dawn confirmed many of our
hypotheses about Vesta, the putative source of the
basaltic, howardite, eucrite and diogenite (HED)
meteorites. The unexpected presence of exogenic
hydrogen on Vesta and the absence of an olivine
signature within the largest impact basin provided
further constraints on impact processes and Vesta’s
geochemical evolution. In contrast to Vesta, Ceres is
“wet” and formed beyond the snow line in the solar
nebula. Dawn confirmed that Ceres is water rich and
showed that Ceres underwent aqueous alteration on a
global scale. Here we present measurements of the
sub-surface elemental composition of Vesta and
Ceres by Dawn’s Gamma Ray and Neutron Detector
(GRaND) [1]. We describe how elemental
measurements constrain the origins and evolution of
these largely intact protoplanets.

1. Elemental data

Gamma rays and neutrons are produced by the steady
bombardment of the regolith of Vesta and Ceres by
galactic cosmic rays. Gamma rays are also made by
the decay of long-lived radioelements, K, Th, and U.
A portion of the gammas and neutrons escape the
surface and are detected by GRaND in orbit. These
provide a fingerprint of the elemental composition of
the bulk regolith to depths of about a meter.

2. Vesta

The globally-averaged Fe/O, Fe/Si, and K/Th ratios
were found to be consistent with the HED meteorites
[e.g. 2], providing further indication that Vesta is the
HED parent body. The elemental data are consistent
with a differentiated planetesimal that accreted inside

the snow line from a volatile poor source. Vesta’s
basaltic regolith contains exogenic hydrogen in the
form of hydrated minerals delivered by carbonaceous
chondrite impactors [e.g. 2, 3] (Figs. 1A, 1B).

3. Ceres

Hydrated minerals, including OH and ammoniated
phyllosilicates, are widespread on Ceres [e.g. 4] (Fig.
1C). Beneath the optical surface, the regolith is H-
rich, with equatorial concentrations similar to that of
the the aqueously-altered CI chondrites. Excess
hydrogen near the poles is probably in the form of
water ice, which is stable near the surface at high
latitudes [5] (Fig. 1D). Analyses of Fe indicate that
Ceres’ underwent modest ice-rock fractionation,
resulting in a partially differentiated interior [5]. The
latest elemental analyses and implications for Ceres’
origin and hydrothermal evolution are presented.
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A. Map of 2.8 pm absorption band
by Dawn’s Visible and Infrared
Mapping Spectrometer (VIR) gives
the distribution of hydroxyl (OH) on
Vesta’s surface [3].

B. Distribution of hydrogen deter-
mined within the top meter of Vesta’s
surface, determined by neutron
spectroscopy (GRaND) [2].

C. Distribution of hydrated minerals
on Ceres’ surface (VIR) [4].

D. Distribution of hydrogen within
the top meter of Ceres’ surface,
deterined by neutron spectroscopy
(GRaND) [5].



