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The detailed internal structure of the dwarf planet Ceres, target of NASA’s Dawn mission, has not been
unequivocally determined from ground-based data. Whereas Ceres is most likely differentiated with a
near surface ice layer tens to one-hundred kilometers thick, the possibility of a homogenous, ice-poor
interior structure cannot be completely eliminated. These two internal structural end-members have pro-
foundly different implications for Ceres’ origin and evolution. Here we demonstrate that observations of
Ceres’ impact craters by the Dawn spacecraft will permit unambiguous distinction between the two inter-

ﬁi{gzzgieres nal structural models. Using finite element simulations of crater relaxation, we show that if Ceres does
Cratering contain a water ice layer, its relatively warm diurnally-averaged surface temperature ensures extensive

Ices viscous relaxation of even small impact craters. At likely equatorial temperatures, craters as small as 4-
km in diameter can be relaxed to the point where complete crater erasure is plausible, thus decreasing
the overall crater density in the equatorial region. At mid-latitudes, crater relaxation is less extensive,
but still sufficient to completely relax all craters older than 10 Ma and larger than ~16 km in diameter,
as well as smaller, ancient craters. Only in Ceres’ cold polar regions are some crater morphologies
expected to be pristine. In contrast, if Ceres is primarily a rocky body, we expect crater relaxation to
be negligible. These basic conclusions are generally independent of ice grain size, salt/dust contamination
of the ice, the presence of a thin, undifferentiated ice/rock crust, and the total thickness of the ice layer, all
of which produce second-order modifications to the relaxation process that can be used to better con-
strain such ice layer properties. Thus, the morphology of impact craters on Ceres, as revealed by the Dawn
spacecraft, will provide direct insight into the internal structure and evolution of the dwarf planet.

© 2013 Elsevier Inc. All rights reserved.

Tectonics
Interiors

1. Introduction Despite the absence of free water on its surface, Ceres’ low

density (2077 kg m~> (Thomas et al., 2005); 2206 kg m—> (Carry

The dwarf planet Ceres constitutes roughly one-third of the
mass of the asteroid belt. Broadly classified as a carbonaceous
asteroid (compositionally), ground-based spectroscopy indicates
that its surface includes hydrated minerals (e.g., brucite, Mg[OH]5,
Milliken and Rivkin, 2009), carbonates (e.g., dolomite, Rivkin et al.,
2006; Milliken and Rivkin, 2009), iron-rich clays (cronstedtite,
Rivkin et al., 2006; Milliken and Rivkin, 2009), and possibly magne-
tite (Rivkin et al., 2011). While these minerals are consistent with
hydrous alteration (e.g., Lebofsky, 1978; Rivkin et al., 2011), water
ice itself, which is thermodynamically unstable on Ceres’ surface
(e.g. Fanale and Salvail, 1989), has not been observed (though see
Lebofsky et al., 1981; Vernazza et al., 2005). Detection of water va-
por near Ceres’ limb (possibly the result of sublimation of a polar
frost layer) by A’Hearn and Feldman (1992) has not be confirmed
by subsequent investigations (Rousselot et al., 2011).
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et al., 2008)) suggests it may contain large amounts of water
ice internally. McCord and Sotin (2005) argued from thermal evo-
lution models that short-lived and/or long-lived radiogenic heat-
ing is sufficient to completely melt any water ice on the body,
resulting in complete differentiation of Ceres (excepting a thin
surface “crust”, see below). The theoretical prediction of a differ-
entiated Ceres was subsequently confirmed by Thomas et al.
(2005) and Carry et al. (2008), who argued from Hubble Space
Telescope (HST) observations and Keck near-IR data that the
shape of Ceres (i.e., its J2) is consistent with a differentiated body
(see also McCord et al., 2006). The shape and density measure-
ments are consistent with a body that contains an ice layer 30-
80 km thick sandwiched between a relatively thin, rocky, surface
lag and a large rocky core (McCord and Sotin, 2005; Thomas et al.,
2005; Carry et al., 2008). These initial models were confirmed and
refined by Castillo-Rogez and McCord (2010) who showed that
the rocky core may be further differentiated into hydrated and
dehydrated layers.
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Alternatively, Zolotov (2009) argued that the near-IR shape
measurements of Carry et al. (2008) are also consistent with an
undifferentiated body, and posited a Ceres with high average
porosity, and composed of low-density material. Whereas it is
arguable whether such an internal structure is plausible from a
thermal-evolution perspective (e.g., Castillo-Rogez, 2011), current
data cannot unambiguously distinguish between the two different
internal structural models.

The two different internal structures have profoundly different
implications for Ceres’ geophysical evolution and astrobiological
potential. A differentiated structure suggests early accretion, after
which substantial hydrothermal activity could be driven by the de-
cay of short-lived radiogenic species 2°Al and ®°Fe (Castillo-Rogez
and McCord, 2010). The hydrothermally altered core could later
dehydrate, with the associated volume changes causing disruption
of Ceres’ surface (i.e., geologic activity) (McCord and Sotin, 2005).
Such dehydration would create a layered core structure that could
enable partial melting of the silicates (Castillo-Rogez and McCord,
2010). Differentiation also occurs readily if Ceres accreted later,
after the decay of short-lived radiogenic species, though core
hydrothermal activity (as well as dehydration) are unlikely in such
a scenario (McCord and Sotin, 2005; Castillo-Rogez and McCord,
2010). Significantly, some thermal evolution models permit the
present-day existence of a deep liquid water layer on Ceres
(McCord and Sotin, 2005; Castillo-Rogez and McCord, 2010). The
presence of liquid water, chemical gradients, and plausibly
organics would suggest significant astrobiological potential
(Castillo-Rogez and Conrad, 2010). Furthermore, abundant free
water on Ceres might suggest that it originated deeper in the Solar
System (i.e., the Kuiper belt) and was later dynamically scattered
to its current location (semi-major axis a of 2.77 AU) (McKinnon,
2008, 2012).

In contrast, if Ceres is an undifferentiated rocky body it must
consist of low-density hydrated material (grain density similar to
CI chondrites) such as phyllosilicates, hydrated salts, and plausibly
organics (Zolotov, 2009). This implies that Ceres accreted late (to
avoid dehydration by intense short-lived radiogenic heating) from
pervasively hydrated planetesimals, and subsequently avoided
porosity collapse during heating by long-lived radiogenic species
(Castillo-Rogez, 2011). The surface of such a body would likely dis-
play little evidence of an active geologic past, and without liquid
water, Ceres would have little astrobiological potential.

Castillo-Rogez and McCord (2010) and McCord et al. (2011)
pointed out that, if Ceres does contain a relatively thick ice layer,
surface topography should quickly viscously relax at Ceres’ warm
surface temperatures. Assuming an isothermal temperature struc-
ture and a surface temperature of 180 K (see below), simple calcu-
lation of the e-folding timescale (t) for viscous relaxation of
topographic wavelengths (1) as short as 100 m is only ~1 Ga (i.e.,
T = (4nn)/(pg’), where p is the density, g is the gravitational accel-
eration, and #=#,exp[l(T,/T—1)] is the viscosity, where
1o = 10 Pa s is the melting point viscosity, T,, and T are the melt-
ing temperature and temperature, respectively, and [ =26 is the
non-dimensional constant Q/RT;,, where Q = 60 k] mol~! is the acti-
vation energy, and R is the gas constant).

Such simple calculations suggest that Ceres could be extremely
smooth (as was once proposed for icy satellites (Johnson and
McGetchin, 1973)), and ground based imaging supports that no-
tion. Spatially resolved images of Ceres suggest that its surface is
extremely bland, with UV, visible, and IR albedo variations of only
~6% at the limits of resolution (typically ~60 km/pixel) (Li et al.,
2006; Carry et al., 2008). Ceres also appears to be compositionally
homogeneous, with little variation in spectral signature across the
surface (Rivkin and Volquardsen, 2010; Carry et al, 2012).
Although a uniform surface does not necessarily imply a topo-
graphically smooth surface, HST measurements of Ceres’ shape

indicate that the body does not deviate from a relaxed spheroid
by more than 5 km (Thomas et al., 2005). Carry et al. (2008) report
maximum ellipsoidal fit residuals of 18 km (notably, Ceres’ HST-
and Keck-derived equatorial dimensions differ by ~10 km). Cur-
rent resolution is insufficient, however, to detect limb topography
(e.g., craters) with wavelengths smaller than ~60 km in diameter,
and topographic relief of 8 km or more could escape detection
(Thomas et al., 2005). Thus, further constraining Ceres’ interior
from ground-based shape/topography data will prove challenging.

Fortunately, NASA’s Dawn spacecraft will soon enter orbit
around Ceres (arrival in early 2015), with level-1 science goals of
imaging 80% of the surface at a resolution of 200 m/pixel or better,
and obtaining a topographic map of 80% of the surface with 200 m
horizontal, and 20 m vertical, resolution (Russell and Raymond,
2011). Achievement of these goals will permit detailed topographic
and morphological characterization of Ceres’ surface, including its
impact craters. Such characterization will allow a determination of
both the simple-to-complex crater transition diameter and the
relaxation state of Ceres’ impact craters. Here we describe how
each of these analyses can be used to infer whether Ceres contains
an internal ice layer. First we discuss Ceres’ simple-to-complex
transition diameter and what it implies for Ceres’ near surface
composition. We then describe numerical simulations of crater
relaxation under Ceres-like conditions that account for the com-
plex rheology of water ice, the decrease in radiogenic heat flux over
Solar System history, and the latitudinal variation in Ceres’ surface
temperature. These simulations indicate that relaxation of impact
craters is inevitable over much of Ceres’ surface if an ice layer is
present. In contrast, no relaxation is expected if Ceres is an undif-
ferentiated rocky body. Thus, observations of Ceres’ craters by the
Dawn spacecraft will permit unambiguous distinction between the
two internal structural models described above.

2. Simple-complex transition diameter

The diameter at which impact craters transition from “simple”
bowl-shaped craters to “complex” craters with terraced walls and
central structures (e.g., uplifts, rings, pits) is a function of both the
surface gravity and the target material (Pike, 1980; Schenk, 1991;
Schenk et al., 2004). Fig. 1 shows the simple-to-complex transition
diameter (hereafter referred to simply as the transition diameter)
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Fig. 1. Simple-to-complex transition diameter as a function of surface gravity for
icy and rocky bodies across the Solar System (after Schenk et al., 2004). The
hypothetical transition diameters for an “icy” and “rocky” Ceres are indicated with
a white star on a black square. The plot includes preliminary estimates of the
transition diameter of Vesta (gray circle, see text). The transition diameter for
Enceladus (uncertainty indicated by the vertical dashed line) is poorly constrained
because of extensive crater modification (see Bland et al., 2012).
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on bodies across the Solar System. In general, the transition occurs
at smaller crater diameters for higher surface gravities and rocky
(as opposed to icy) bodies. The clear distinction between the tran-
sition diameters on icy and rocky bodies may therefore be diagnos-
tic of Ceres’ near surface composition. If Ceres’ near surface is
predominantly icy, then its surface gravity of 27 cm s~2 suggests
a transition diameter near 16 km. If, on the other hand, Ceres is pri-
marily a rocky body (as suggested by Zolotov (2009)) then Ceres’
transition diameter could potentially be much higher, near 50 km.

Few studies of crater morphometry have been performed on
rocky bodies with surface gravity as low as Ceres. Preliminary work
determining the transition diameter of craters on rocky Vesta
(which has a similar surface gravity to Ceres) suggests that the
transition occurs near 28 km (Schenk et al., 2013), which is much
lower than expected for a silicate body based on extrapolation
from larger rocky bodies. Large craters on Vesta have a transitional
morphology with characteristics of both “simple” and “complex”
craters, complicating the definition of transition diameter (Schenk
et al, 2013). Furthermore, Ceres’ surface rock is hydrated “soft
rock,” akin to martian or terrestrial sedimentary terrains. The tran-
sition diameter on an undifferentiated Ceres might therefore by
lower than expected if extrapolated from “hard rock” bodies like
the Moon and Mercury (Pike, 1980). Yet, Vesta's relatively low
transition diameter of 28 km is substantially higher than that ex-
pected for an icy body with Ceres’ surface gravity. Thus, we suggest
that a transition diameter of 10-20 km on Ceres would indicate the
presence of a relatively thick icy layer, whereas a transition diam-
eter greater than 20 km would suggest a purely rocky interior.
Determination of the transition diameter on Ceres may, however,
be complicated by the influence of its rocky surface lag, and by
the effects of viscous relaxation, which (as discussed below) is ex-
pected to alter crater morphologies across most of Ceres’ surface.
Thus, any determination of Ceres’ transition diameter should not
be over-interpreted.

3. Modeling viscous relaxation on Ceres

Whereas the transition diameter provides some insight into
Ceres’ near surface composition, a more robust inference can be
made from the examination of the relaxation state of Ceres’ impact
craters. We use the finite element model Tekton2.3 (Melosh and
Raefsky, 1980) to simulate crater relaxation on Ceres following
the basic modeling approach described in Bland et al. (2012). We
focus our investigation on the viscous relaxation of small craters
with diameters (D) from 4 to 20 km. Based on the transition diam-
eters described above, we assume all craters to be “simple,” with
parabolic shapes, depth to diameter ratios of d = 0.2D, rim heights
of hyim=0.036D, and ejecta thicknesses that decreases as r'/®
(Melosh, 1989). These craters are small enough to avoid the com-
plicating effects of Ceres’ radius of curvature (a 20 km diameter
crater transverses just ~2.5° on Ceres). Because viscous relaxation
timescales increase with decreasing topographic wavelength (see
analytical formula above), small craters provide the greatest con-
straints on the pervasiveness of topographic relaxation. That is, if
a crater with a diameter of 20 km fully relaxes under a given set
of conditions, then it can reasonably be assumed that all larger
craters will also be fully relaxed. The exception may be very large
craters (e.g., D> 100 km), for which Ceres’ radius of curvature and
rocky core may influence relaxation (see Section 4.3.3). A select
number of simulations were performed with larger craters (e.g.,
D =52 km) to better constrain relaxation rates in Ceres’ colder po-
lar regions. We assume craters with D > 20 km are complex (see
Section 2), and their shapes were informed by craters on mid-sized
Saturnian satellites (White and Schenk, 2011).

Our standard axisymmetric simulation domain is five crater ra-
dii in depth and radius, ensuring the bottom and side boundaries

have negligible influence on the results (see further discussion in
Section 4.3.3). The sides of the domain are free slip in the vertical
(z) direction and fixed in the radial (r), while the bottom boundary
is fixed in both r and z. The top of the domain is a free surface upon
which the crater topography is imposed. Each mesh has a horizon-
tal resolution of one-tenth of the crater radii (e.g., 200 m for a cra-
ter with D=4 km, 1 km for a crater with D =20 km). The vertical
resolution varies from 100 m for the smallest craters to 400 m
for the largest. These resolutions are more than sufficient to resolve
the low heat fluxes expected on Ceres (see below) while maintain-
ing numerical efficiency.

We impose an initial stress state that approximates a static fluid
initial stress state (i.e., “Poisson stresses” are neglected) assuming
a density (p) of 930 kg m—> (cold and dense). The crater topogra-
phy perturbs this stress field such that the total initial stress field
is given by (Dombard and McKinnon, 2006),

h(r) — z} } 1)
D/2n

where z is the depth (0 at the surface), g is the acceleration of grav-

ity at Ceres’ surface (0.27 m s~ 1), D is the crater diameter, and h(r) is

the height of the topography. The stress perturbation decays expo-

nentially with depth with a wavelength of D/27.

In our nominal simulations we assume a pure viscoelastic ice
rheology including all relevant creep mechanisms for ice: three
dislocation creep regimes, grain boundary sliding (GBS), basal slip
(BS), and diffusion creep. The GBS and BS mechanisms are rate lim-

iting such that the composite flow law has the form (Durham and
Stern, 2001; Durham et al., 2010)

O =0y,7=0p= —pg{z — h(r)exp

Evisco = En + &5 + bc + [(1/éps) + (1/éms)] " + éar (2)

where each ¢ refers to the strain rate for each rheological mecha-
nism as denoted by the subscripts A, B, C, GBS, BS, and diff, and
£yisco 15 the total viscous strain rate. The constitutive relationship
for each viscous flow mechanism has the general form

& = A(1/d)"6" exp(~Q/RT) 3)

where n is the power law exponent, A is a rheological constant, d is
the grain size, m is the grain size exponent, ¢ is the deviatoric stress,
Q is the activation energy, R is the gas constant, and T is the temper-
ature. The rheological parameters used in our simulations are from
the compilation in Durham and Stern (2001) and are provided in
Table 1. Diffusion creep is modeled following the approach of Barr
and Pappalardo (2005) who cast volume diffusion in the form of
Eq. (3) by defining an effective A based on the diffusion parameters
of Goldsby and Kohlstedt (2001). We use a Young's modulus of
9.33 GPa, and a Poisson’s ratio of 0.325 (Gammon et al.,, 1983).
We implicitly assume that Ceres’ surface lag of rocky material does
not affect the mechanical properties of the intact ice at depth. Both
the GBS mechanism and diffusion creep are grain-size sensitive. The
ice grain size in the interiors of icy bodies throughout the Solar Sys-
tem is unknown (see discussion in Bland and McKinnon, 2012a). We
assume an ice grain size of 1 mm, consistent with terrestrial polar
glaciers (e.g., Souchez and Lorrain, 1991), theoretical models of
grain size evolution during convection of icy bodies (Barr and
McKinnon, 2007), and our previous work (Bland et al., 2012). The ef-
fect of ice grain size on crater relaxation is discussed in Section 4.2.
Typical differential stresses (o, — g,,) are less than 0.1 MPa, with
maximum stresses of 0.25 MPa. Under these conditions GBS domi-
nates the rheology beneath the crater, with diffusion creep (which
is enabled by the low stresses and warm temperatures) making a
substantial contribution deeper in the mesh (cf. Fig. 1 in Barr and
Pappalardo (2005)). For a subset of simulations we also examine
the rheological effects of “dirty” ice (see Section 4.3.1 for further
discussion).
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Table 1
Rheological parameters.

Creep regime log A (MPa™"m™s™') m n Q (k] mole™) Reference

Dislocation creep

Regime A 11.8 0 4.0 91 Kirby et al. (1987)

Regime B 5.1 0 4.0 61 Kirby et al. (1987)

Regime C -3.8 0 6.0 39 Durham et al. (1997)

GBS -2.4 14 1.8 49 Goldsby and Kohlstedt (2001)

BS 7.74 0 24 60 Goldsby and Kohlstedt (2001)

Volume diffusion —3.46 2 1.0 59.4 Goldsby and Kohlstedt (2001) and Barr and Pappalardo (2005)

3.1. Viscosity structure and radiogenic heat flux

The viscosity structure of the lithosphere is set by the vertical
temperature profile through the domain, which is set by the pre-
scribed heat flux and the surface temperature. Tekton does not
explicitly include thermodynamics; however, we can prescribe a
time-dependent heat flux consistent with the decay of long-lived
radiogenic species on Ceres and update the viscosity structure
accordingly. The abundance of radiogenic species depends on
Ceres’ rock fraction, which depends on its assumed internal struc-
ture. The thickness of Ceres’ rock and ice layers as a function of sil-
icate density are shown in Fig. 2 assuming a simple mass balance
(density of 2206 kg m > (Carry et al., 2008), and average radius
of 470 km), and a differentiated internal structure. For our relaxa-
tion calculations, we assume a silicate density of 2700 kg m~3,
which implies a rock core 421 km in radius with a mass of
8.44 x 102°kg. We assume a CI chondrite-like complement of
radiogenic species (abundances from Lodders and Fegley, 1998).
The resulting steady-state heat flux as a function of time is shown
in Fig. 2. With these assumptions the maximum heat flux on Ceres
at Solar System formation was ~7.5 mW m~2 (neglecting short-
lived radiogenic species and transient effects from accretion),
whereas at 4 Ga (during or just before the Late Heavy Bombard-
ment) the heat flux was 5.6 mW m~2. The current heat flux is just
less then 1 mW m™2. Increasing or decreasing the assumed rock
fraction has only a small effect on the calculated heat flux, espe-
cially within the last 100 Ma.

The thermal conductivity (k) of ice is temperature dependent
with the form k =651 W m~!/T, where T is the temperature (Petre-
nko and Whitworth, 1999). For a heat flux q at time ¢, the temper-
ature as a function of depth z is give by

T(z) = Tsexp(qz/651 W m™) (4)
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Fig. 2. The steady-state heat flux as a function of time due to long-lived radiogenic
species, assuming a CI chondrite composition. The solid line is the flux used in the
simulations discussed here (assuming a silicate density of 2700 kg m~3). Dashed
lines correspond to maximum and minimum plausible heat fluxes (i.e., a pure rock
Ceres with density of 2206 kg m~>, and a Ceres with large ice layer and a rock
density of 3300 kg m—3). The inset shows the radius of the rocky core resulting from
simple mass balance calculations of Ceres’ internal structure as a function of
assumed silicate density.

where T; is the surface temperature (Fig. 3). We limit the maximum
temperature in the domain to 250 K, at which point the mesh be-
comes isothermal. In a few cases a maximum temperature of
200 K was used for numerical efficiency; however, using the cooler
limit had a negligible effect on crater relaxation (see also Dombard
and McKinnon, 2006).

The heat flux is updated every 10* timesteps. The timestep size
is dynamic and based on the minimum Maxwell time in the simu-
lation domain (T, = n/u, where p is the shear modulus and # is the
effective viscosity). Simulations with warm surface temperatures
and/or high heat fluxes (i.e., older craters) require the shortest
timestep. Typical timestep values range from 10 to 10*years,
resulting in the heat flux being updated every 10° to 10® years.
Even when only updated every 100 Ma the heat flux changes by
less than 5% between updates.

3.2. Surface temperature

For the low heat fluxes expected on Ceres, the surface temper-
ature dominates the temperature structure. A present-day heat
flux of 1 mW m~? results in a nearly isothermal temperature struc-
ture with T(z) ~ T; (Fig. 3). The surface temperature is thus a pri-
mary control on viscous relaxation (see also Bland et al., 2012).
The temperature of Ceres’ surface has not been directly measured,
so determining the variation in surface temperature with latitude
requires a theoretical approach. We follow Ojakangas and
Stevenson (1989), who calculated long-term diurnally averaged
surface temperatures for Europa. We have recently shown that
these temperatures provide a reasonable match to diurnally-
averaged latitudinal temperature variations derived from Galileo
Photopolarometer-Radiometer data (Bland and McKinnon, 2013).
The long-term, diurnally-averaged surface temperature (Ts) as a
function of co-latitude on Ceres (0) is given by (Ojakangas and
Stevenson, 1989)

67° 49° 0° Latitude
0 ¢ .

10F 7
E 20F E
<
Q. 30F E
S 8

40F \ 3

50 % L L

180 200
Temperature (K)

220 240

Fig. 3. Temperature in the ice layer (i.e., T(z), Eq. (4)) through time for surface
temperatures of 180 K (red), 160 K (green), and 140 K (blue) (latitudes of 0°, 49°,
and 67°, respectively, see Fig. 4). Times are indicated on each profile. The profiles at
100 Ma and 10 Ma lie on top of each other for each surface temperature due to their
nearly identical heat fluxes. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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{(1 — A)F. sin er
Ts=|—r"——+,
€0 Y

for 0 less than Ceres’ obliquity, where A is Ceres’ bolometric albedo,
€ is the emissivity (assumed to be 0.9), ¢=5.67 x 1078 Wm 2K
is the Stefan-Boltzmann constant, and F. is the solar flux at
a=2.77 AU (F.=F./a* =179 W m™2, where F. = 1370 W m2 is the
solar constant). Ceres’ bolometric albedo is so far undetermined.
Ceres’ measured geometric albedos (which may be greater or less
than the bolometric albedo) range from 0.07 to 0.1 in the visible
(Millis et al., 1987; Tedesco, 1989) and from 0.04 to 0.09 in the
UV (Li et al., 2006). We use a conservative value of 0.1 for the bolo-
metric albedo. A lower albedo would result in warmer surface tem-
peratures and increased viscous relaxation. We assume here that
Ceres’ obliquity is close to zero (Drummond et al., 1998; Thomas
et al,, 2005). A higher obliquity (e.g. Bills and Nimmo, 2011) would
result in warmer surface temperatures (~90 K) near the poles, but
the surface temperatures discussed below would be unaffected.

The resulting global temperature distribution is shown in Fig. 4.
The maximum (subsurface average) temperature is 178 K at Ceres’
equator. Temperatures decrease slowly across the mid-latitudes,
decreasing to 160 K at +49°, and 140 K at +67°. Temperatures can
theoretically drop below 100 K at very high latitudes (> 84°), but
uncertainties in Ceres’ obliquity (Eq. (5) is only valid at co-latitudes
greater than the obliquity) and the small surface area encompassed
by these latitudes (0.5% of the surface) render evaluation of crater
relaxation at such temperatures uninformative. The temperatures
derived here are in broad agreement with those derived by Fanale
and Salvail (1989), who found a maximum equatorial temperature
of 180 K. Despite the similar approach to that described here, the
latitudinal profile of surface temperature shown in their Fig. 1
deviates modestly from the expected cos? 0 dependence on co-lat-
itude, resulting in somewhat higher temperatures in their study.
Our diurnally-averaged temperatures are substantially less than
both the maximum measured and theoretical temperatures for a
surface in instantaneous radiative equilibrium (T =235K,
Saint-Pe et al., 1993), but are more meaningful for Ceres’ subsur-
face (i.e., below the thermal skin depth) and longer timescales. Fi-
nally, we note that the temperatures described here do not account
for the insulating effects of the silicate regolith, which could result
in even higher lithospheric (i.e., sub-regolith) temperatures and
greater relaxation rates.

120 130 140 150 160 170

Surface Temperature (K)

Fig. 4. Color map of theoretically-derived surface temperatures on Ceres. The
maximum temperature is 177 K at the equator. Temperatures of 160 K and 140 K
occur at latitudes of 49° and 67°, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

3.3. Modeling approach

For each crater shape, we simulate viscous relaxation at three
surface temperatures: 180 K, 160 K, and 140 K. These temperatures
are representative of Ceres’ equatorial, middle, and polar latitudes
(see above). For each crater shape and surface temperature combi-
nation, we investigate relaxation of both ancient and recent craters
by examining four different crater ages (i.e., formation times):
10 Ma, 100 Ma, 1 Ga, and 4 Ga. Fig. 3 shows the simulated temper-
ature profiles in the ice shell through time (calculated by combin-
ing the surface temperatures above and the time-varying heat
fluxes described in Section 3.1) for each of the latitudes (i.e., sur-
face temperatures) investigated. Ancient craters (4 Ga) not only
have much longer timescales over which relaxation can occur,
but the higher ancient heat flux leads to higher ice temperatures
at depth. Even in the polar regions, deep ice exceeds 200 K, permit-
ting relatively rapid relaxation of large craters (which “feel” the
low-viscosity ice at depth). In contrast, recent craters have had
only a short time to relax, and the lower heat fluxes result in rela-
tively cold ice throughout the layer. For craters that formed within
the last 100 Ma, the temperature of the ice increases by only 10 K
over a depth of 50 km. This cold, high-viscosity ice retards relaxa-
tion in Ceres’ polar regions.

4. Predicted crater morphologies
4.1. Viscous relaxation in a pure ice layer

The degree of viscous relaxation on Ceres depends strongly on
the surface temperature. Fig. 5 shows the predicted present-day
crater topography for three different crater diameters (4 km,
12 km, 20 km), and Fig. 6 indicates the predicted present-day de-
gree of relaxation (as a percentage of the initial apparent crater
depth), apparent crater depths (i.e., the depth relative to the
ground plain, rather than the rim), and rim heights as a function
of crater diameter, crater age, and latitude (surface temperature).
At equatorial latitudes (T; = 180 K), extensive topographic relaxa-
tion will occur. All craters greater than 4 km in diameter that are
at least 100 Ma old will be completely relaxed at present (Fig. 6).
Young, small craters (i.e., those formed within the last 10 Ma), will
appear mostly relaxed: a 4-km diameter crater will be relaxed by
more than 80%.

At such warm temperatures complete crater erasure is plausi-
ble. As mentioned above, viscous relaxation timescales are a func-
tion of topographic wavelength. Thus, short-wavelength rims are
often preserved, allowing identification of even highly relaxed cra-
ters (e.g., the highly relaxed craters on Enceladus (Bland et al,,
2012)). In contrast, Fig. 5 demonstrates that craters in Ceres’ warm
equatorial region (Ts = 180 K) can become so relaxed that nearly all
the topography is removed. Fig. 6 indicates that crater depths are
reduced to 10-50 m (depending on the crater diameter) in craters
as young as 100 Ma old (and older). Rim heights are reduced to
30m or less in these same craters (the 20 km crater shown in
Fig. 5 has no measurable rim). For craters 1 Ga old, nearly complete
erasure might be expected. These results, therefore, predict that
crater densities in Ceres’ equatorial region are much lower than
would be expected for a rocky body (plausibly near zero).

Intriguingly, the rapid relaxation of impact craters in Ceres’
equatorial region may provide insight into the recent cratering rate
in the asteroid belt. Assuming the radiogenic heat flux and surface
temperature are well constrained, the relaxation state of each cra-
ter (coupled with its diameter) provides a constraint on its age, and
thus the modern impactor flux. This contrasts with the icy satel-
lites where uncertainty in tidal heating histories and slower relax-
ation rates require assuming an impactor flux a priori. The
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plausibility of such an investigation on Ceres may depend on a bet-
ter understanding of the grain size and particulate content of the
ice layer (see Sections 4.2 and 4.3.1), and whether sufficient craters
exist at equatorial latitudes to provide meaningful statistics.

At Ceres’ mid latitudes, where temperatures are modestly cool-
er (T = 160 K), topographic relaxation is still expected to be exten-
sive. Figs. 5 and 6 indicate that craters older than ~1 Ga will be
completely or nearly-completely relaxed at present. Craters
20 km in diameter or larger should be substantially relaxed (60%
or greater) even if they are relatively young. Smaller, more recent
craters will be only partially relaxed (~40% for a 100-Ma old, 4-
km diameter crater). These craters may even appear relatively deep
(e.g., 400 m for the 100-Ma old, 4-km diameter crater, Fig. 5), but

will be shallower than expected from depth-diameter scaling. Cra-
ter erasure is unlikely in these regions, as significant crater depths
and rim heights (100 m or more) are preserved (Figs. 5 and 6).
Thus, whereas crater morphology will be strongly affected, crater
densities likely will not be (i.e., even completely relaxed craters
will have intact, observable rims). Notably, 75% of Ceres’ surface
has diurnally averaged temperatures of 160 K or greater (i.e., is be-
tween +49° latitude), suggesting that pristine craters will generally
be rare across most of Ceres’ surface.

Several large albedo features have already been identified on
Ceres. In particular, Carry et al. (2008) tentatively categorized
several features in Ceres’ mid-latitudes (near 30°N) as impact
structures with diameters of 180km or more. The surface
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Fig. 7. Orthographic maps of crater preservation on Ceres. (A) The initial crater distribution. Crater longitudes and latitudes were randomly generated, and the size-frequency
distribution was derived from that of de Elia and di Sisto (2011). The maximum crater diameter is 100 km. (B) The same crater distribution as in A, but shaded to reflect the
predicted current relaxation state of 100 Ma old craters (black = fresh, white = completely relaxed). Relaxation states were derived from the simulations shown in Fig. 6 using
bilinear interpolation. (C) and (D) are as in (B), but for crater ages of 1 Ga and 4 Ga, respectively.

temperature in this region is likely to be near 170 K (see Fig. 4). Gi-
ven the warm surface temperatures and the large diameters of
these features we suggest that, if these features are indeed impact
related, they will be extremely relaxed. Morphologically they are
therefore likely to resemble palimpsest features on the icy satel-
lites Ganymede and Callisto (though palimpsests may differ in
their formation). Palimpsests typically have low relief (if any)
and are identified primarily as an albedo anomaly (e.g. Jones
et al., 2003).

At polar-like temperatures of Ts; = 140 K (latitudes >67°, com-
prising 8% of Ceres’ surface), substantially less viscous relaxation
is expected. While the surface temperature may exceed those of
most icy satellites (many of which display evidence of viscous
relaxation), Ceres’ low radiogenic heat flux precludes extensive
relaxation. The largest and oldest craters may show evidence of
relaxation (Figs. 5 and 6): a 1-Ga old, and a 4-Ga old, 20-km diam-
eter crater will have relaxed by ~50% and >90% at present, respec-
tively. Smaller craters are expected to show very little viscous
relaxation (a 4-km diameter crater essentially does not relax at
all). Crater rims are preserved at all crater sizes. Because of their
better preservation state, Ceres’ polar craters will be most useful
for analyzing depth-diameter ratios and simple-complex transition
diameters.

The results of our relaxation simulations are summarized in
Fig. 7, which shows the spatial distribution of crater retention on
Ceres for craters with ages of 4 Ga, 1 Ga, and 100 Ma. The craters
were randomly distributed in latitude and longitude, and the initial
size frequency distribution was derived from the crater distribu-

tion of de Elia and di Sisto (2011). For clarity, the total number of
craters plotted have been decreased by an order of magnitude rel-
ative to their results, and the maximum crater size was limited to
100 km. The crater distribution shown here is only intended to be
an approximate representation of Ceres’ expected crater distribu-
tion, and no attempt was made to modify the crater density as a
function of time (i.e., the same initial distribution was used in each
panel, neglecting the t~! dependence on cratering rate with time).
Despite these simplifications, the dramatic effect of viscous relax-
ation is clearly illustrated. As described above, Ceres’ equatorial
latitudes are expected to be deficient in craters of all sizes. Even
craters formed within the last 100 Ma are nearly completely
relaxed. At high latitudes, only the smallest craters are preserved
for 4 Ga. Large craters can be preserved only at the highest
latitudes, and only if formed within the last ~1 Ga. The rapid relax-
ation of even recently formed craters in equatorial- and mid-
latitudes results in similar crater retention maps for each crater
age (especially for 4 Ga old and 1 Ga old craters). Only the polar
regions, where the cold temperatures inhibit relaxation, show sub-
stantial variation in the relaxation state of different aged craters.

4.2. Effect of ice grain size

As discussed in Section 3 the grain size of ice in the interior of a
planetary body (e.g., an icy satellite or Ceres) is poorly constrained.
Because both diffusion creep and grain boundary sliding rheologi-
cal mechanisms are dependent on grain size (m=2 and 1.4 in Eq.
(3), respectfully) the assumed grain size can have a powerful
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influence on model results (e.g. Bland and McKinnon, 2012a). Rea-
sonable grain size estimates vary from 100 pm to a centimeter or
more, depending on the temperature and stress state of the ice,
and ice grain sizes are likely to vary both spatially and temporally
(e.g., Barr and McKinnon, 2007).

The effect of ice grain size on our viscous relaxation calculations
is illustrated in Fig. 8 for 1-Ga old, 4 km and 20 km diameter cra-
ters. Increasing the ice grain size increases the effective viscosity
of the ice, and thus increases the timescale for viscous relaxation
across Ceres (i.e.,, at every surface temperature). For craters
20 km or larger, however, the ice grain size has a negligible effect
at Ceres’ equator and mid-latitudes. Only in the poles is crater
relaxation substantially retarded, decreasing from ~50% relaxed
to ~5% relaxed for an order of magnitude increase in grain size
(1-10 mm). Thus, if Ceres’ ice is large grained, moderate to large
diameter craters will be better preserved at the poles.

For smaller craters (4-km diameter), the assumed grain size has
a larger effect. At the equator, relaxation of a 1-Ga old crater is
again negligibly affected by an increase in grain size (though
younger craters may appear less relaxed). Grain size also generally
has a negligible affect in the polar regions. Whereas the relaxation
state decreases by more than an order of magnitude (from 3% to
0.1%), polar craters in this size range will appear pristine in either
case. It is in Ceres’ mid-latitudes that grain size may have an
appreciable effect. There, increasing the grain size by an order of
magnitude reduces the predicted current relaxation state of a
1-Ga old crater from 90% to 20%. Thus craters that were nearly
completely relaxed at smaller grain sizes are only slightly relaxed
at large grain sizes.

In summary, if the ice grain size in Ceres’ interior is significantly
larger than assumed in our nominal simulations crater preserva-
tion will be better at the poles, even for relatively large craters.
Large (>20km diameter) craters at mid-latitudes will still be
highly relaxed but smaller craters will be preserved with little vis-
cous relaxation. All craters will still appear highly relaxed in the
equatorial region, except perhaps relatively young craters. Alterna-
tively, if the ice grain size on Ceres is smaller (say 100 pm) the
effective viscosity of the ice will be lower, and even craters in
Ceres’ polar regions will undergo substantial relaxation.
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4.3. Effects of near-surface composition and structure

The results described above demonstrate that extensive viscous
relaxation is expected for our nominal case of a thick, homoge-
neous, near-surface, pure ice I layer (i.e., no thick overlying crust).
While this simple set of conditions is plausible, the actual condi-
tions on Ceres may be more complex. Below we discuss the effects
of such complexity. None of these complications profoundly
changes our basic conclusion that impact craters (or other long-
wavelength topography) will rapidly viscously relax in Ceres’ equa-
torial- and mid-latitudes.

4.3.1. Composition of Ceres’ crust

The simulations described in Section 4 assume that Ceres’
“crust” and deeper ice are both composed of pure water ice. This
assumption is consistent with thermal-physical models of Ceres’
structural and thermal evolution. Castillo-Rogez and McCord
(2010) argue that, if Ceres formed shortly after the formation of
CArI's, then short-lived radiogenic heating is sufficient to com-
pletely melt the body, leaving a pure water ice surface layer. If
Ceres formed later, a dirty ice layer tens of kilometers thick re-
mains after formation (e.g., McCord and Sotin, 2005). Such a mixed
ice/rock layer would be gravitationally unstable, and might be eas-
ily disrupted during the late heavy bombardment (McCord and So-
tin, 2005; Castillo-Rogez and McCord, 2010). Alternatively, the
melting and refreezing of Ceres’ ice, and/or the hydration, and pos-
sibly dehydration, of Ceres’ silicate material would result in a com-
plex sequence of large-scale volume changes that might have
resulted in disruption of Ceres’ crust (McCord and Sotin, 2005).
In either case, foundering of the mixed ice/rock crust would result
in a more-or-less pure ice-I, near-surface layer on Ceres.

Yet Ceres’ surface is clearly composed of “rocky” material (Riv-
kin et al., 2011). If this rocky layer formed as a surface lag as water
ice sublimated away (e.g., Fanale and Salvail, 1989; Schorghofer,
2008), then some particulate non-ice material must be present
within the ice layer. Whether this material is mixed throughout
the putative ice layer (which could affect the ice rheology), or sim-
ply resides in an unconsolidated near surface regolith (which
would not affect the rheology) is undetermined. The latter case is
more consistent with models of Ceres’ evolution (Castillo-Rogez
and McCord, 2010), but we note that the Solar System contains a
number of bodies in which separation or ice and rock is far from
complete (e.g., Callisto (Anderson et al., 2001) and possibly Titan
(Bland and McKinnon, 2012b)). Given the uncertainty in the com-
position of Ceres’ near surface ice we simulate the viscous relaxa-
tion of crater topography in a homogeneous mixed ice/rock layer.
These simulations are representative of the case where the thick-
ness (L.) of the “crust” (i.e., the mixed layer) is greater than the
diameter of the crater (i.e.,, L = D). The effect of a “thin” crust
(i.e., L < D) is discussed in Section 4.3.2.

The rheology of ice and rock mixtures is complex, and depends
strongly on both the volume fraction of particles (¢) and the dom-
inant rheological mechanism. Durham et al. (1992) found that par-
ticulates had only a modest effect on viscosity in the dislocation
creep regime (n=4). Whereas volume concentrations of ¢ = 0.4-
0.5 (near the theoretical closest packing limit for equal sized
spheres) increased the effective viscosity by two orders of magni-
tude, smaller concentrations have a smaller effect: a factor of 5-
10 increase at ¢ = 0.3, and only a factor of ~2 increase at ¢ = 0.1
(Durham and Stern (2001) suggest viscosity increases by a factor
of e where b ~ 2 is experimentally determined). The strength
increase is not due to pinning of dislocations but rather a combina-
tion of increased tortuosity of flow paths around particles and
viscous drag (Durham et al., 1992). The increase in viscosity is gen-
erally independent of particulate composition (though see Durham
et al.,, 1992). Studies of mixtures of ice and hydrated magnesium
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salts (Meridianiite, MgS0O4-11H,0) with ¢ of 0.3-0.5 result in a
similar order of magnitude increase in viscosity within the disloca-
tion creep regime (McCarthy et al., 2011). Pathare et al. (2005)
have argued that similar viscosity increases should apply to the
GBS mechanism as well, though the smaller stress exponent
(n=1.8) further reduces the viscosity increase to 1.5-6x pure ice
for ¢ of 0.1-0.5, respectively. Theoretical work on the effect of par-
ticulates on Newtonian rheology (a deformation mechanism rele-
vant to the relatively low stress regime of crater relaxation) is
consistent with the smaller dependence on particulate abundance
at small n, and suggests that the viscosity increase in the low-stress
regime is a factor of 2-3 for ¢ = 0.3 and one-to-two orders of mag-
nitude for ¢ = 0.5 (Einestein, 1906; Roscoe, 1952; Friedson and Ste-
venson, 1983). A volume fraction of 0.1 increases the viscosity by
only a factor of 1.4.

The effect of particulates on the ice viscosity (and hence on the
relaxation timescales) is modulated by the increase in the density
of the mixed ice/rock layer (see, e.g., Pathare et al., 2005). A layer
that is 50% ice (density 930 kg m~3) and 50% dust (3000 kg m~3)
by volume would have a density of ~1970 kg m~3. The factor of
two increase in density would (all else being equal) decrease the
timescale for relaxation by roughly a factor of two. The effect is
smaller if the particulate material is hydrated salts. Meridianiite
(MgS0,4-11H,0) has a density of only ~1500 kg m~3 so even if pres-
ent at the 50% level would increase the density by only a third (to
~1200 kg m~3). In general, the effect of the density increase, which
decreases relaxation timescales, is a factor of two or less, whereas
the effect of the viscosity increase, which increases relaxation
timescales is a factor of two or more.

Because the inclusion of particulates increases the viscosity of
ice, it is useful to consider what effect large volume fractions of
particulates mixed into Ceres’ putative ice layer would have on
Ceres’ surface topography. Given the uncertainties in the volume
fraction of particulates in Ceres’ ice layer, the composition of those
particulates (i.e., how they affect the layer density), and the actual
effect of those particulates on the complex composite rheology of
water ice (i.e., with contributions from multiple non-Newtonian
and Newtonian flow laws) we take a conservative approach and
simulate a range of plausible mixed-layer compositions: an order
of magnitude increase in effective viscosity without an accompany-
ing density increase (consistent with the effect of 50% hydrated
salts on dislocation creep rheology, referred to as Case A); an order
of magnitude increase in effective viscosity with a factor of two in-
crease in density (consistent with the effects of 50% silicate dust on
dislocation creep rheology, referred to as Case B); and a factor of
five increase in viscosity with a ~50% increase in density (roughly
consistent with the effect of 30% dust on composite ice rheology,
refereed to as Case C). These sets of conditions include both an
upper bound to the viscosity of an ice/rock mixture with a partic-
ulate volume fraction near the theoretical maximum for uniform
spherical particles (i.e., relatively extreme conditions, Case A),
and more physically plausible sets of conditions (Case B and C).

Fig. 9 shows the expected degree of relaxation as a function of
crater age for craters with diameters of 20 km and 4 km assuming
the near surface layer is a mix of ice and rock (conditions described
above). Also shown is the degree of relaxation for the pure ice case.
Relaxation of larger craters is only modestly affected by particu-
lates. A young (10 Ma old) 20-km diameter crater at equatorial
temperatures (Ts; = 180 K) will relax by at least 70%, even assuming
our most extreme conditions (Case A). A 20-km diameter crater at
least 100-Ma old, should be completely relaxed independent of the
presence or absence of particulates within the ice layer. At cooler
temperatures (i.e., higher latitudes) craters are subsequently less
relaxed. At mid-latitudes, the same 100-Ma old, 20-km-diameter
crater might relax by as little as 20% if the extreme conditions
(Case A) hold, though under more realistic conditions (Case C)
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Fig. 9. The range of plausible relaxation states for a 20-km diameter (top) and 4-km
diameter (bottom) crater as a function of crater age and particulate volume fraction
in the ice layer. The shaded regions bounded by red, yellow, and blue curves
correspond to surface temperatures of 180 K, 160 K, and 140 K, respectively. For
each set of curves the bottom boundary is set by assuming an order of magnitude
increase in ice viscosity (Case A conditions, see text). The upper bound is set by the
pure ice end member shown in Fig. 6. The dashed and dot-dashed curves within
each shaded region correspond to Case B and Case C conditions as described in the
text, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the relaxation reaches nearly 90%. The oldest craters (=1 Ga) will
be at least 80% relaxed independent of particulate content. At cold,
polar-like temperatures relaxation can be strongly inhibited by
particulates, with even 4-Ga old, 20-km diameter craters remain-
ing only slightly relaxed (20%) under Case A conditions, but 80% re-
laxed under Case C conditions.

Fig. 9 indicates that inclusion of large volume fractions of partic-
ulates more strongly inhibits relaxation at small crater sizes. For
Case A, a young 4-km diameter crater will relax by less than 10%
even at Ceres’ warm equator. For older craters ( >1 Ga) substantial
or complete relaxation (~100%) can occur in Ceres’ equatorial re-
gion, but under Case A conditions, minimal relaxation occurs at
higher latitudes (~30% after 4 Ga for T; = 160 K). Substantial relax-
ation results under the more-relaxed conditions of Case B and C
(69% and 95% after 4 Ga, respectively). Very little relaxation of small
craters occurs in the polar regions even for pure ice (Fig. 6).

We emphasize that relaxation states under the extreme Case A
conditions discussed in this section are the minimum degree of
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relaxation expected assuming Ceres has a near-surface ice layer.
They require that Ceres’ “ice” layer is composed of nearly 50%
low-density particulate material by volume to depths of tens of
kilometers (i.e., the layer is as much hydrated salt as it is ice). Even
with such a conservative assumption, in the equatorial region we
still expect nearly complete relaxation of all craters with
D > 20km and all small craters older than ~1 Ga. Only in the
mid-latitudes and polar regions do we expect a mixed ice/rock
composition to have a pronounced effect on crater morphology,
and under the more realistic Case B and C conditions substantial
crater relaxation still occurs across Ceres. The fact that crater mor-
phology is affected by the compositions of the ice layer (particulate
fraction and density) can in itself provide insight into the compo-
sition of Ceres’ ice. If, for example, Dawn observes mid-sized cra-
ters (e.g., 20-km diameter) in Ceres’ mid-latitudes that are only
partially relaxed it might indicate that Ceres’ “ice layer” is actually
a mixed ice/rock layer (see Section 5).

4.3.2. Thickness of Ceres’ crust

In Section 4.3.1 we described the effect of ice layer composition
on crater relaxation assuming a thick (tens of kilometers) homoge-
neous layer. Here we discuss the effects of a two layer near-surface
structure consisting of a relatively thin, high-viscosity mixed ice/
rock layer (the “crust”) overlying pure ice. Such would be the case
if melting and differentiation failed to completely melt the outer-
most portion of Ceres (e.g., McCord and Sotin, 2005) and this
high-viscosity, high-density carapace avoided foundering over So-
lar System history. For simplicity we assume that the viscosity of
the crust is an order of magnitude greater than that of pure ice
and neglect the increase in density associated with large dust frac-
tions (i.e., Case A above). Note that this “crust” is distinct from any
unconsolidated surface regolith layer (e.g., a sublimation lag),
which would not effect the mechanical properties of the underly-
ing intact layer.

Fig. 10 illustrates the effects of the high-viscosity crust on 1-Ga
old craters in Ceres’ mid-latitudes. In general, crater relaxation is
unaffected by the presence of a high-viscosity layer that is a small
fraction of the crater radius. The relaxation states of a 20-km diam-
eter crater are indistinguishable in the presence of a high-viscosity
crust up to 5 km thick. Only once the crust becomes comparable to
the crater radius (e.g., 10 km and 5 km for the 20-km and 12-km
diameter craters, respectively) does it begin to influence the relax-
ation, and even then viscous relaxation is retarded less then in the
case of a homogeneous high-viscosity layer (Fig. 9). Once the crus-
tal thickness is comparable to the crater diameter the results are
generally indistinguishable from the case of a homogeneous mixed
ice/rock layer.

If Ceres’ (putative) crust is 20 km thick, we expect craters 20 km
in diameter and smaller to be affected by its presence while large
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Fig. 10. The effect of a near-surface high-viscosity mixed ice/rock “crust” on the
predicted relaxation state of 1Ga year old craters in Ceres’ mid-latitudes
(T, =160 K). The dashed/square, solid/circle, and dash-dot/diamond curves corre-
spond to crater diameters of 4 km, 12 km, and 20 km, respectively.

craters are less effected. Craters larger than ~40 km are unlikely to
be affected at all. Thinner crusts would affect commensurately
smaller craters whereas thicker crusts would affect larger ones.
The relaxation states shown in Fig. 10 are for the extreme condi-
tions (Case A) described in Section 4.3.1. More realistic conditions
would result in similar, though smaller, effects. In principle, the
size dependence of the effect of the high-viscosity crust on crater
relaxation might permit determination of Ceres’ crustal thickness,
though untangling these effects from those of surface temperature,
composition, grain size, lateral heterogeneities, and the
normal wavelength dependence of viscous relaxation could prove
challenging.

4.3.3. Thickness of the ice layer

The internal structure of Ceres is such that the putative ice
layer may be relatively thin and underlain by a strong substrate
(i.e., the rocky core). Parmentier and Head (1981) have shown,
using a Newtonian ice rheology, that the presence of a rigid sub-
strate can have a pronounced effect on the morphology of relaxed
craters when the thickness of the viscous layer (L;) is substantially
less then the crater diameter (L;/D < 0.15) (see also Pathare et al.,
2005). Based on this result, for a 20-km diameter crater, Ceres’ ice
layer would have to be less than 3 km thick before the crater
relaxation process is grossly affected. Our simulations agree with
this general conclusion. In our standard domain the thickness of
the viscous layer is 2.5x the crater diameter (i.e., 5x the crater
radius). For a 100-Ma old, 20-km diameter crater at a surface
temperature of 160 K, decreasing the domain depth from 50 km
(the nominal depth, L;/D=2.5) to 20 km (i.e., L;/D=1) resulted
in only a 0.3% reduction in the percent relaxation (from 97.1%
to 96.8%). Even decreasing the viscous layer thickness to 10 km
(Ly/D =0.5) results in a negligible change in relaxation state. In
short, none of the craters described here are likely to be influ-
enced by the rocky core unless the ice layer is much less than
10 km thick.

Larger craters on Ceres could, however, be affected by the pres-
ence of the rigid core. If the ice layer is very thin (say 20 km) a 200-
km diameter crater would have an L;/D ratio of 0.1, resulting in rel-
atively rapid relaxation of the long-wavelength portions of the rim
and retarded relaxation of the long-wavelength portions of the cra-
ter bowl (Parmentier and Head, 1981). Alternatively, if the ice layer
is thick (say 80 km), L;/D for the same crater would be 0.4, and the
crater should exhibit the canonical relaxed morphology. Careful
modeling of the relaxation of such large craters (they will also be
strongly affected by Ceres’ radius of curvature - a 200-km diameter
craters spans ~25° of latitude) may therefore provide constraints
on the thickness of Ceres’ ice layer by constraining L;j/D. The
dynamical modeling of de Elia and di Sisto (2011) suggests that
Ceres should have ~30 craters with D > 200 km, though such large
craters may not be retained over Ceres’ history (see Fig. 7). Such
modeling is beyond the scope of the present work.

4.3.4. Compositional heterogeneity

In addition to the complexities discussed above, Ceres’ near sur-
face structure is likely to be both laterally and radially heteroge-
nous. In particular, the vagaries of differentiation and early
evolution of the dwarf-planet might have resulted in composi-
tional or grain size differences due to incomplete compositional
mixing, frozen compositionally-driven diapirs, or localized hydro-
thermal activity in the silicate core (e.g., hydration or dehydration).
Additionally, incomplete foundering of a primordial “crust” (due to
localized tectonics or impacts) could have resulted in lateral crus-
tal thickness variations. Yet, as demonstrated throughout Sec-
tion 4.3, for reasonable conditions, Ceres’ surface temperature is
the primary influence on the rate of viscous relaxation. The basic
latitudinal dependence of crater morphology predicted here is
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therefore relatively robust to lateral variations in Ceres’ internal
structure.

5. Dawn observations: probing Ceres’ internal structure

The morphology of Ceres’ impact craters provides direct insight
into the internal structure of the dwarf planet. Below we summa-
rize specific observations of Ceres’ craters that the Dawn spacecraft
can make (requiring both imaging and topography) to constrain
Ceres’ internal structure.

5.1. Global

The basic morphology (i.e., relaxation state) of Ceres’ craters
alone can constrain whether the expected thick ice layer (e.g.,
McCord and Sotin, 2005; Thomas et al., 2005; Castillo-Rogez and
McCord, 2010, and many others) actually exists in Ceres’ near-sur-
face. The viscous relaxation study discussed here is predicated on
the existence of such an ice layer. We have shown that, given the
existence of an ice layer, extensive viscous relaxation of impact
craters is unavoidable in Ceres’ equatorial and middle latitudes.
This result is largely independent of ice grain size, particulate con-
tent, the presence of a high-viscosity “crust,” or the thickness of
the ice layer. If Ceres does not contain an ice layer (e.g., Zolotov,
2009), then crater morphologies and crater densities should largely
be unmodified. Thus, we expect that the first moderate resolution
images of Ceres returned by the Dawn mission (better than say
1 km/pixel) will confirm or refute the existence of Ceres’ expected
ice layer. Determination of the simple-to-complex transition diam-
eter provides an additional constraint on Ceres’ basic internal
composition.

5.2. The equatorial region

If Ceres contains significant quantities of ice (i.e., 50% or more
by volume) to depths of tens of kilometers, then craters of all
sizes will be relaxed in the equatorial region. Low crater densities
(i.e., due to complete crater erasure, as opposed to highly relaxed
but identifiable craters) would suggest relatively compositionally
pure ice and/or the lack of a thick high-viscosity “crust.” Alterna-
tively, if small craters (4-km diameter) are only moderately re-
laxed it suggests the presence of large volume fractions of non-
ice material. Note that large ice grain sizes cannot inhibit relaxa-
tion in the equatorial region, providing a mechanism for distin-
guishing the effects of grain size and particulate abundance. If
equatorial craters are pristine it strongly indicates a lack of sub-
surface ice on Ceres.

5.3. The mid-latitudes

If Ceres contains a relatively pure ice layer, moderate and large
craters in Ceres’ mid latitudes will appear relaxed, whereas small
craters (~4 km diameter) will be unrelaxed or only partially re-
laxed. The greater the particulate content and the larger the grain
size of the ice, the less relaxed mid-sized craters will appear. If cra-
ter morphologies in the equatorial region suggest Ceres’ subsurface
ice is relatively free of contaminants but craters at mid-latitudes
are relatively pristine, then it suggests that Ceres’ ice is relatively
large grained. A careful survey of spatial variations in relaxation
states and crater size might permit constraining the location and
thickness of any remaining high-viscosity crust. However, decon-
volving the effects of ice contaminants, grain size, and crustal
thickness in Ceres’ mid-latitudes may require a more focused mod-
eling effort.

5.4. The polar regions

Ceres polar regions are expected to retain large numbers of
small craters, and even relatively large craters (20 km diameter)
will appear only moderately relaxed. Because relaxation is strongly
inhibited by the cold polar temperatures, the region is less useful
for constraining Ceres’ internal structure. The better preservation
state of polar craters, however, makes them useful for understand-
ing Ceres cratering flux, depth-to-diameter relationships, and sim-
ple-to-complex transitions. Additionally, if Dawn images do reveal
small, highly-relaxed craters in the polar regions of Ceres it sug-
gests that the body may have undergone some degree of true polar
wander in its past. Such true polar wander would require the
decoupling of the ice layer from the rocky core by a liquid water
layer (a condition permitted in some thermal evolution scenarios
(McCord and Sotin, 2005; Castillo-Rogez and McCord, 2010)), and
could result from the existence of a thicker ice layer in the cold po-
lar region due to the colder surface temperatures (cf. Mohit et al.,
2012). Thus, Ceres’ polar craters may provide clues to the past
and/or current existence of internal liquid water layers within
the dwarf-planet.
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