
RESEARCH ARTICLE SUMMARY
◥

PLANETARY SCIENCE

Cratering on Ceres: Implications for
its crust and evolution
H. Hiesinger,* S. Marchi, N. Schmedemann, P. Schenk, J. H. Pasckert, A. Neesemann,
D. P. O’Brien, T. Kneissl, A. I. Ermakov, R. R. Fu, M. T. Bland, A. Nathues, T. Platz,
D. A. Williams, R. Jaumann, J. C. Castillo-Rogez, O. Ruesch, B. Schmidt, R. S. Park,
F. Preusker, D. L. Buczkowski, C. T. Russell, C. A. Raymond

INTRODUCTION: Thermochemical models
have predicted that the dwarf planet Ceres
has, to some extent, formed a mantle. More-
over, due to viscous relaxation, these models
indicate that Ceres should have an icy crust
with few or no impact craters. However, the
Dawn spacecraft has shown that Ceres has
elevation excursions of ~15 km, cliffs, graben,
steep-sided mountains, and a heavily cratered
surface.

RATIONALE:We used Dawn’s Framing Cam-
era to study the morphology, size frequency,
and spatial distribution of the craters on Ceres.

These data allow us to infer the structure and
evolution of Ceres’ outer shell.

RESULTS: A large variety of crater morphol-
ogies are present on Ceres, including bowl-
shaped craters, polygonal craters, floor-fractured
craters, terraces, central peaks, smooth floors,
flowlike features, bright spots, secondary cra-
ters, and crater chains. The morphology of
some impact craters is consistent with water
ice in the subsurface. Although this might
have favored relaxation, there are also large
unrelaxed craters. The transition from bowl-
shaped simple craters to modified complex

craters occurs at diameters of about 7.5 to 12 km.
Craters larger than 300 km are absent, but low-
pass filtering of the digital elevation model
suggests the existence of two quasi-circular
depressionswith diameters of ~570 km (125.56°E
and 19.60°N) and ~830 km (24.76°W and 0.5°N).
Craters are heterogeneously distributed across
Ceres’ surface, withmore craters in the northern
versus the southern hemisphere. The lowest cra-

ter densities are associated
with large, well-preserved
southern hemisphere im-
pact craters suchasUrvara
and Yalode. Because the
low crater density (LCD)
terrain extends across a

large latitude range in some cases (e.g., Urvara
and Yalode: ~18°N and 75°S; Kerwan: ~30°N
and 46°S), its spatial distribution is inconsistent
with simple relaxation driven by warmer equa-
torial temperatures. We instead propose that
impact-driven resurfacing is themore likely LCD
formation process, although we cannot com-
pletely rule out an internal (endogenic) origin.
We applied two different methodologies to de-
rive absolute model ages from observed crater
size-frequency distributions. The lunar-derived
model adapts the lunar production and chro-
nology functions to impact conditions onCeres,
taking into account impact velocities, projectile
densities, current collision probabilities, and
surface gravity. The asteroid-derived model

derives a production function by
scaling the directly observed object
size-frequency distribution from the
main asteroid belt (extended to sizes
<5 km by a collisional model) to the
resulting size-frequency distribution
of cerean craters, using similar cer-
ean target parameters as the lunar-
derived model. By dating a smooth
region associated with the Kerwan
crater, we determined absolute model
ages of 550 million and 720 million
years, depending on which chronol-
ogy model is applied.

CONCLUSION: Crater morphology
and the simple-to-complex crater tran-
sition indicate that Ceres’outer shell is
likely neither pure ice nor pure rock
but an ice-rockmixture that allows for
limited relaxation. Theheterogeneous
crater distribution across the surface
indicates crustal heterogeneities and
a complex geologic evolution of Ceres.
There is evidence for at least some
geologic activity occurring in Ceres’
recent history.▪
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Spatial density of craters larger than 20 km on Ceres. Crater rims are shown as black solid circles. Blue
indicates areas with LCDs; yellow and red represent more highly cratered areas. The smallest dashed ellipse
denotes the idealized former rim of an extremely degraded impact crater at 48.9°E and 44.9°S, which is
barely recognizable in imagery but apparent from the global digital elevation model. Also shown as dashed
circles are the outlines of two large putative basins. Unambiguously recognized basins >300 km in diameter
are missing, and there are several areas with LCDs associated with large impact craters (e.g., Yalode, Urvara,
Kerwan, Ezinu, Vinotonus, Dantu, and two unnamed craters northeast and southeast of Oxo). Areas A and B
are topographic rises with central depressions that also show LCDs.
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Thermochemical models have predicted that Ceres, is to some extent, differentiated and
should have an icy crust with few or no impact craters. We present observations by the
Dawn spacecraft that reveal a heavily cratered surface, a heterogeneous crater
distribution, and an apparent absence of large craters. The morphology of some impact
craters is consistent with ice in the subsurface, which might have favored relaxation, yet
large unrelaxed craters are also present. Numerous craters exhibit polygonal shapes,
terraces, flowlike features, slumping, smooth deposits, and bright spots. Crater
morphology and simple-to-complex crater transition diameters indicate that the crust of
Ceres is neither purely icy nor rocky. By dating a smooth region associated with the
Kerwan crater, we determined absolute model ages (AMAs) of 550 million and
720 million years, depending on the applied chronology model.

C
eres is the largest (~940-km diameter) and
most massive object in the asteroid belt
and, as a protoplanet, possibly holds clues
to our understanding of the early solar sys-
tem history (1). Pre-Dawn mission studies,

mostly based on data acquired by Earth-based
telescopes and the Hubble Space Telescope, have
revealed several notable results. For example, some
pre-Dawn geophysicalmodels have predicted that
Ceres is a differentiated body with a silicate-rich
core and a water-rich shell (2–5), resulting in a
hydrostatic shape and relatively rapid viscous re-
laxation (i.e., removal) of topographic features,
including impact craters (4). In addition, early
spectral data of Cereswere interpreted as evidence
for water in clayminerals, brucite, carbonates, iron-
rich serpentine, and ammoniated phyllosilicates
(6–10). Volatile-rich CI and CM chondrites are pro-
bably the bestmeteoritic analogmaterials for Ceres
(11, 12). Dawn is the first spacecraft to visit Ceres
and closely observe its surface from an orbit as

low as 850 km in radius (5). Although Dawn car-
ries several instruments, including a Visible and
Infrared Spectrometer (VIR) (13) and a Gamma
Ray and Neutron Detector (GRaND) (14), in this
study we mostly rely on images of the Framing
Camera (FC) (15), which observes the cerean sur-
face in one broadband clear filter (400 to 1100 nm)
and seven narrowband color filters (438, 555, 653,
749, 829, 917, and 965 nm).

Crater morphology

We studied FC (15) images with a spatial res-
olution of up to 137 m per pixel that reveal a
rich inventory of morphologic features, such as
cliffs, graben, steep-sided mountains, and craters.
In fact, FC images show a large number and va-
riety of crater morphologies, including bowl-shaped
craters, polygonal craters, floor-fractured craters,
crater terraces, central peaks, smooth crater floors,
craters with flowlike features, and secondary cra-
ters and crater chains (Fig. 1). Themorphologies
of <30- to 40-km-diameter craters on Ceres are
indistinguishable from craters on mid-sized icy
moons of Saturn (e.g., Dione and Tethys) (16). At
Ceres, floor-filling smooth material is commonly
observed in craters >40 km but has not been re-
ported frommid-sized icymoons (16). The smooth
deposits occur at various elevations, embay other
crater material, and might represent mixed mo-
bilized impact melt or debris, impact-triggered
volcanism, or postimpactmelting. At some crater
walls, we observe flowlike deposits with steep
lobe fronts and sides, as well as striations in down-
slope direction that we interpret as evidence for
mobilization of crustal material in the presence
of ice (17). Craters larger than 40 km exhibit ad-
ditional morphologies not observed at smaller

craters—for instance, central pits, possible pit
floors, and floor fractures. Central pits similar to
pits onGanymede andCallisto occur preferentially
in craters >75 km. These crater morphologies are
described in more detail in a companion paper
by Buczkowski et al. (17). On the basis of their
morphological characteristics, we propose that
craters on Ceres were formed in a relatively weak
target (i.e., much weaker than intact or partially
fractured crystalline rock) when compared with
Vesta or theMoon, consistent with the presence
of ice (2–4, 18).
Several pre-Dawn thermochemicalmodels have

predicted that Ceres is, to some extent, a differ-
entiated body that potentially has a silicate-rich
core and a water-rich shell (2–5, 18–20). Themore
differentiated structuremodels would allow for a
hydrostatic shape and relatively rapid viscous
relaxation of craters (4). The predicted paucity of
craters resulted from the assumption of a 10- to
100-km-thick surface-ice layer and relatively high
surface temperatures,whichallow for rapid viscous
relaxation. Image-based digital elevation models
(DEMs) (21–23) help determine the degree of dif-
ferentiation by revealing elevation differences of
~15 km, indicating that Ceres’ shell may contain
less ice than predicted by themore differentiated
models. If Ceres contains an ice-dominated layer,
it was predicted that even small craters would
relax within 10 million to 100 million years (My)
(assuming relativelywarm temperatures of 180K)
and that pristine craters could survive only near
the poles (4). This is not consistent with Dawn
observations.
Improved temperature models (24) suggest

lower equatorial temperatures of 155 K, and <110K
at latitudes higher than ~80°, slowing viscous
relaxation and increasing the survival time of
craters. An undifferentiated rocklike model, in
which water is entirely bound to minerals in the
form of hydrated salts and silicates (25), predicts
that relaxation of craters is not expected (4). How-
ever, Castillo-Rogez (19) argued that the undif-
ferentiated model is not realistic from a thermal
evolution standpoint, and it is also inconsistent
with Dawn observations of moderately relaxed
craters. We find that, unlike in (4), viscous relax-
ation is relevant only at scales of several hundreds
of kilometers. Among Ceres’ few features of that
size is the Kerwan impact crater (284 km),
which appears partially relaxed because of the
absence of a central peak, the subdued rim, the
gently-sloped smooth floor, and the lower crater
density compared with the surrounding terrain.
Although we cannot completely exclude geologic
processes—such as degradation from subsequent
impact cratering or cryovolcanism—that might
have operated locally or regionally in the Kerwan
area, we favor viscous relaxation as the most
likely origin of this crater’s unusual morphology.
This is because of Kerwan’s position close to the
warmequator, its size andmorphology, as well as
results of viscoelastic finite element models of
Bland et al. (26). In addition, Kerwan is located
in an areawith a low crater density (LCD),making
degradation by subsequent impact craters less
likely. Similarly, we did not find unambiguous
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evidence for cryovolcanic resurfacing of Kerwan.
In contrast to Kerwan, DawnDEMs indicate that
themajority of Ceres’ craters are deep. For example,
Vinotonus (140 km, 94.8°E and 43.1°N), Ezinu
(120 km, 195.4°E and 43.2°N), Urvara (170 km,
248.6°E and 46.3°S), Yalode (267 km, 292.5°E and
42.3°S), and several other large craters have depths
of >4 km. They are deeper than similar-sized fresh
lunar craters (27) and modestly shallower than
fresh craters on Tethys (16). Further, Ceres’ craters
are much deeper than the completely flattened
craters predicted by Bland (4) in this size range
for a pure ice layer. Thus, Dawn’s observations of
preserved and relaxed craters, along with Ceres’
shape (5), are inconsistent with a pure rocky outer
shell. Clearly, viscous relaxation has played a lim-

ited but important role in subduing some craters.
The lack of observed relaxation for craters smaller
than Kerwan indicates that any outer shell has a
rheology much stronger than that of pure water
ice (4). Thus, Ceres’ outer shell is probably neither
pure ice nor pure rock but an ice-rock mixture
that allows for limited relaxation at the longest
wavelengths. In addition, differences in relaxation
across the surface possibly indicate spatial varia-
tions in the ice content of the outer layer on Ceres.

Crater morphometry

A second test of the proposed thermochemical
models is the transition diameter from simple
(bowl-shaped) to complex (e.g., central peaks, ter-
races, rings) crater morphology. Provided that

Ceres is a predominantly icy body with a gravity
of 0.28 m/s2 (5), it has been predicted that the
transition would occur at a diameter of ~16 km;
it would occur at ~50 km for a rocky body (4). In
particular, Bland (4) suggested that a transition
diameter of 10 to 20 km would be consistent
with a thick icy layer, whereas a diameter of more
than 20 km would support the undifferentiated
model of Zolotov (25). To determine the simple-
to-complex transition diameter, we selected ~160
well-preserved craters on the basis of their crisp
morphology and the absence of obvious post-
impact erosion or modification. Two criteria were
used: (i) inflection in the depth-diameter curve

aaf4759-2 2 SEPTEMBER 2016 • VOL 353 ISSUE 6303 sciencemag.org SCIENCE

Fig. 1. Morphologies of impact craters on Ceres. (A) Unnamed 6-km simple bowl-shaped crater
(105°E and 3°N). (B) Unnamed 12.5-km modified simple crater (161.7°E and 13°S) with mass-wasting
deposits on the floor. (C) Unnamed 16- to 18.8-km complex crater (279°E and 23°S) with possible terraces
and evidence for mass wasting on the floor and walls. Mass-wasting deposits form ridges on the crater
floor. (D) Unnamed 34- to 37-km complex crater with central peak (108°E and 10°N). (E) Achita, a 41-km
polygonal complexcrater (65.8°E and25.8°N)withmass-wasting ridges on the floor. (F) Gaue crater (84 km,
85.9°E and 30.9°N) showingmultiple terraces, a central pit, a smooth and flat floor, and a small peak close
to the central pit. (G) Dantu crater (125 km, 137.8°E and 24.4°N), with concentric terraces, a possible peak
ring structure orcentral pit, a smooth and flat floor, and considerable albedovariations at the southwestern
rim. (H) Urvara crater (170 km, 248.6°E and 46.3°S), with concentric terraces, a small elongated central
peak, a smooth and flat floor, and a relaxed morphology. (I) Kerwan crater (284 km, 123.6°E and 10.9°S)
shows a partially relaxed morphology and does not have a central peak but instead a central depression.
This crater’s rim is subdued, and the floor is gently sloped and almost completely covered by smooth
material with a lower crater density than the surrounding terrain. Arrowheads point north.

Fig. 2. Simple-to-complex transition diameters
of impact craters on Ceres and selected icy
moons and rocky bodies. (A) Simple-to-complex
crater transitions (i.e., those with more than 50%
modified floors) on Ceres (small red circles rep-
resent simple craters; large red circles represent
complex craters) occur at diameters of 7.5 to 12 km.
The depth/diameter ratios of the dry Moon (black
line) and those of the icy bodies Dione (blue circles),
Tethys (green triangles), and Ganymede (blue
open circles) are shown for comparison. (B) The
transition diameters to complex craters scale in-
versely with surface gravity of the respective body.
Taking into account its surface gravity, the depth/
diameter ratio of Ceres (red triangle) follows the
same trend as other icy bodies (green triangles).
The transition diameters to complex craters of rocky
bodies (brown circles) are shown for comparison.
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and (ii) the morphologic transition from simple
(relatively unmodified) bowl-shaped craters to
those with modified floors. Our criteria for the
latter was when modified floors exceed 50% of
the crater diameter and when the number of cra-
ters in a size bin exceeds 50% occurrence of modi-
fied complex crater floors. These are the same
criteria used for comparison to icy satellites (28).
We used the currentHigh-AltitudeMappingOrbit
(HAMO) topographicmap of Ceres, which has an
effective horizontal resolution of ~137 m and a
vertical sensitivity of 10m (23), to measure crater
depths. For craters less than ~8 km in diameter,
we determined the crater depths from shadow
measurements.We found that the transition from
bowl-shaped simple craters to modified simple
craters (based on observations of floor-fill mate-
rial and on the inflection in the depth-diameter
curve) occurs at about 7.5 to 12 km. These results
are generally similar to those of other icy bodies
with similar gravity, such as Tethys (~10 km) and
Dione (~10 to 12.5 km), when measured with the
same criteria (Fig. 2A). Assuming that simple-to-
complex transition diameters scale inversely with
gravity (29) (Fig. 2B), we can independently cal-
culate the Ceres simple-to-complex transition
diameter following the approach used in (30)
and (31), which gives the simple-to-complex tran-
sition diameter as 2gGanymede/gCeres (g, gravity).
Assuming a gravity of 1.428m/s2 for Ganymede
(32) and of 0.28 m/s2 for Ceres (5), this yields a
simple-to-complex transition on Ceres at ~10.3 km.
In contrast, if Ceres is primarily a rocky body, then
Ceres’ transition diameter could be near 50 km
(4), as can be obtained by the extrapolation of the
values associated with silicate planets from (29).
Thus, these independent calculations support the
fact that Ceres has a crust made of an ice-rock

SCIENCE sciencemag.org 2 SEPTEMBER 2016 • VOL 353 ISSUE 6303 aaf4759-3

Fig. 3. Spatial density of >20-km craters on Ceres. Crater rims are shown as black solid circles. Blue indicates areas with LCDs; yellow and red
represent highly cratered areas.The smallest dashed ellipsemarks the idealized former rim of an extremely degraded impact crater at 48.9°E and 44.9°S,which is
barely recognizable in the FC clear filter data but visible in the global DEM. Also shown as dashed circles are the outlines of two large putative basins.
Unambiguously recognized basins with diameters >300 km aremissing, and there are several areas with LCDs associated with large impact craters (e.g.,Yalode,
Urvara, Kerwan, Ezinu,Vinotonus, Dantu, and two unnamed craters northeast and southeast of Oxo). Areas A andB are topographic riseswith central depressions
(described in the text) that also show LCDs.

Fig. 4. Detailed views of areas A and B. (Top) Area A, as seen from the HAMO (left) and with super-
posed color-coded topography (right). The area is characterized by a topographic rise with nested,
irregularly shaped depressions (a). (Bottom) Area B, as seen from the HAMO (left) and with superposed
color-coded topography (right). The area is characterized by a topographic rise with nested, irregularly
shaped depressions (a); linear settings of domelike structures (b); a graben system (c); a >50-km-long,
straight, pitted fracture (d); and the steep cliff of Niman Rupes (e). The topographic range in both DEMs
is from –7326 to 9474 m.
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mixture. Hence, the observed simple-to-complex
crater transition diameters on Ceres are most
consistent with an ice-bearing upper crust or a
material mixture of similar viscosity. Together
with the apparent absence of widespread viscous
relaxation, the relatively small measured transi-
tion diameters indicate that, paradoxically, Ceres’
crust is weak (icelike) on the time scale of crater
formation and modification but relatively strong
over longer, geologic time scales. At a temperature
of 160 K, it has been estimated that the upper tens
of kilometers of a “weak” (icelike) crust have a
viscosity of 1022 Pa·s. The upper limit is less well
constrained and is estimated to be on the order
of 1025 to 1027 Pa·s (26). Thus, the crust of Ceres
is not as strong as pure rock.

Spatial distribution of craters

On the basis of Survey orbit data (400mper pixel),
we globally (95%) mapped all impact craters down
to a few kilometers in size. Several coauthors have
independently produced crater catalogs (see sup-
plementary materials) on the basis of images
from different mission phases [Approach, pre-
Survey, and Survey (5)] that all agree well with
each other concerning the absolute number of

craters in different diameter ranges. Figure 3
and Table 1 show craters larger than 20 km,
which are clearly visible at the given FC pixel
scale, to avoid effects of incomplete counts, terrain
effects, and secondary cratering. All catalogs show
an absence of craters larger than 300 km, while
low-pass filtering of the DEM suggests the exis-
tence of at least two quasi-circular depressions
with diameters of ~570 (125.56°E and 19.60°N)
and ~830 km (24.76°W and 0.5°N). Given the un-
certainties in the earliest impact flux on Ceres,
such basins are consistent with the estimates of
de Elía and Di Sisto (33), who calculated the num-
ber of craters produced bymain-belt asteroids as a
function of crater diameter. From figure 4 of (33),
the largest crater produced by asteroids on Ceres
has a diameter of ~600 km. The survival of such
large basins might hint at limited amounts of
viscous relaxation in these areas compared with
other areas or relatively young ages of these basins.
Craters are heterogeneously distributed across

the surface of Ceres, with the northern hemi-
sphere beingmore heavily cratered than the south-
ern hemisphere. The lowest crater densities—
associated with large, well-preserved impact cra-
ters (e.g., Urvara and Yalode)—are located in the

southern hemisphere. Additional regions with
relatively LCDs are associated with craters Kerwan,
Ezinu, Vinotonus, and twounnamed craters south-
east (155 km, 4.0°E and 38.8°N) and northeast
(110 km, 14.0°E and 54.7°N) of Oxo crater (10 km)
(Fig. 3). Plausible reasons for the LCD terrains
include viscous relaxation (4, 34), ejecta burial (35),
and seismic shaking (36). Because the LCD terrain
sometimes extends across a large latitude range
(e.g., Kerwan: ~30°N to 46°S; Urvara and Yalode:
~18°N to 75°S), its spatial distribution is incon-
sistent with simple relaxation driven by warmer
equatorial temperatures. Instead, because the LCD
terrain is associatedwith large craters,we propose
that impact-driven resurfacing is the more likely
process of formation, although we cannot com-
pletely rule out an endogenic origin. Such an en-
dogenic origin might be plausible for two LCD
terrains [i.e., area A (349.5°E and 22.5°N) and
area B (54.2°E and 23.3°S)] (Fig. 3). Both areas
appear to be positive topographic structures with
central depressions. Area A is a ~100-km-wide,
~6-km-high topographic rise and exhibits heavily
eroded nested pits that are up to ~2 km deep
(Fig. 4). Area B is a ~130-km-wide topographic
rise and is characterized by nested ~7- to 20-km
pits with different depths, chains of ~5- to 20-km
domelike structures, and a ~15-by-60–km swarm
of subparallel ~1- to 2-km-wide east-west oriented
graben-like valleys (i.e., rilles) (Fig. 4). If these
areas were resurfaced by the deposition of
endogenic material, its thickness must be on
the order of ~700 to 800m to obliterate 20-km-
large craters (27). Ahuna Mons, a possible cryo-
volcanic construct (37), is located in an area that
is more heavily cratered than the immediate vici-
nity, implying that potential cryovolcanism did
not substantially resurface that region.
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Table 1. Frequency of craters per diameter
bin of the crater catalog shown in Fig. 3.

Crater diameter (km) Number of craters

20–25 137
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

25–30 98
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

30–35 67
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

35–40 52
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

40–45 27
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

45–50 34
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

50–55 24
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

55–60 18
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

60–65 10
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

65–70 17
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

70–75 9
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

75–80 6
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

80–85 6
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

85–90 1
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

90–100 6
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

100–120 10
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

120–150 5
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

150–200 1
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

200–300 3
. .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ...

Fig. 5. Occator crater. Occator is a 92-km-diameter, 4-km-deep impact crater that contains the
brightest spot on Ceres. Panel (A) shows a Low-Altitude Mapping Orbit FC mosaic indicating the
location of enhanced-color inset (B), which shows the sharply defined bright spot associated with a
central dome with a radial fracture pattern surrounded by concentric fractures.

RESEARCH | RESEARCH ARTICLE

 o
n 

M
ar

ch
 2

1,
 2

01
7

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

http://science.sciencemag.org/


A heterogeneous crust is not only indicated by
the spatial distribution of impact craters but also
by FC and VIR color data (10, 38). In FC images,
the surface of Ceres is rather dark, but some cra-
ters (such as Occator) exhibit a high albedo and a
central pit spectrum that has been interpreted as
hydrated magnesium sulfate (38) or sodium car-
bonates mixed with a dark component, small
amounts of phyllosilicates, ammonium carbonates,
and/or ammonium chloride (Fig. 5) (39). False-
color composites and VIR spectral data reveal
compositional differences on the surface that re-
flect crustal heterogeneities at all scales (10, 38,40).
For example, Occator crater shows the largest di-
versity in colors, ranging from bright spectrally
reddish units (central pit) to dark spectrally convex-
shaped units (ejecta). Though local deviations from
nearly-neutral spectral slopes in the red-visual
spectrum to negative slopes are characteristic at
many sites, pronounced positive slopes are almost
absent and confined to small exposures (38).

Absolute model ages (AMAs)

Crater size-frequency distribution (CSFD) mea-
surements are commonly used to derive relative
andAMAs of unsampled planetary surfaces (41–44).
To obtain AMAs from observed CSFDs, twomain
components are needed: a production function
(PF) and a chronology function (CF) (Fig. 6). A PF,
which describes the time-average idealized shape
of the cumulative size-frequency distribution of
craters, is needed to extrapolate the measured
CSFD to a distinct reference diameter (e.g., 1 or
10 km), whose cumulative crater frequency can
then be used to obtain an AMA from the CF
(41–44), which correlates crater densities with
absolute ages. Here we describe two approaches
to derive such functions. The lunar-derivedmodel
(LDM) adapts the lunar PF and CF to impact
conditions on Ceres, taking into account a num-
ber of parameters [e.g., impact velocities (Fig. 7),
projectile densities, current collision probabilities,

and surface gravity] in a similar manner as has
been done for Mars and Mercury, among others
(41). The asteroid-derivedmodel (ADM) derives a
PF by scaling the directly observed object size-
frequency distribution from the main asteroid
belt, extended to sizes smaller than 3 to 5 km by
a collisional model (45), to the resulting size-
frequency distribution of craters on Ceres using
similar cerean target parameters as the LDM
(46–48). A CF for the ADM is derived indepen-
dently from lunar observation and is exclusively
based on collision rates as they are observed in the
current asteroid belt, in combinationwith dynam-
ical models of the early evolution of the asteroid
belt (49, 50). The two approaches are described
in detail in the Materials and methods section.
Both approaches have their advantages: For

instance, the PF from the ADM is at least partly
derived from direct observations of objects in the
main asteroid belt, and the CF benefits from the
latest dynamical models of the asteroid belt
(49, 50). On the other hand, assuming that the
asteroid belt shows the same declining flux as the
Moon, the functions from the LDM profit from
the lunar PF being based on direct crater obser-
vations, even down to the smallest crater dia-
meter range, and from the absolute calibration of
the lunar CF using radiometric ages from Apollo
and Luna samples. However, both approaches also
haveuncertainties. For example, theLDMassumes
that the flux of the impacting projectiles in the
asteroid belt exhibits the same characteristics
as on the Moon, including an exponential decay
of the flux from at least ~4.1 billion to ~3 billion
years ago (Ga). This would lead to a massive pri-
mordial main belt, resulting in high numbers of
expected impact basins on Ceres’ ancient surface,
which is inconsistent with current observations
but might partially be explained by relaxation
processes. On the other hand, the PF used in the
ADM can only be directly derived from the size-
frequency distribution (SFD) of projectiles (>~3

to 5 km) in the asteroid belt, resulting in crater
diameters of ~20 to 30 km, whereas the portion
of the PF for smaller diameters has to be ex-
trapolated due to incomplete observations of
smaller bodies (potential projectiles) in the aste-
roid belt. Furthermore, the CF from the ADM
cannot be properly calibrated using radiometric
ages from planetary samples and depends on the
assumed parameters of the dynamical models.
We applied both LDM and ADM to CSFDs

of the smooth deposits around Kerwan crater
because unraveling the geologic history of the
Kerwan region is essential for our understanding
of past and recent processes on Ceres’ surface
(Fig. 8). In addition, the region shown at left in
Fig. 8, which corresponds to about 9 to 10% of the
cerean surface, was selected because it represents
a large, first-order homogeneous unit, which is
necessary for reliable CSFD-based age determi-
nations. CSFDs were independently determined
by four team members and agree well with each
other, implying that craters were reliably identi-
fied and their numbers and sizes consistently
measured. By applying the LDM to these CSFD
measurements, we derive anAMAof ~720My;we
obtain a somewhat younger AMA of ~550 My
when applying the ADM (Fig. 8).
We also used the LDM and ADM to estimate

the potential formation ages of the two ~570- and
~830-km-large depressions detected in the fil-
tered topography data. Assuming that these de-
pressions are impact structures formed by single
impacts, their sizes are comparable with those of
the Rheasilvia and Veneneia basins on Vesta if
scaled to Ceres size. Like Rheasilvia and Veneneia
on Vesta, the quasi-circular depressions on Ceres
might represent the two youngest, surviving, large
basinlike features on Ceres. If correct, based on
the LDM we would expect the formation of the
smaller feature within the past 3.5 billion years
(Gy) and the formation of the larger feature within
the past 3.7 Gy, consistent with the formation
of the youngest basins on other planetary bodies
(Moon,Mars), aswell as onVesta [lunar-likemodel
(42)]. In the ADM, the formation of the smaller
feature would be expected within the past 2.8 Gy,
whereas the larger feature probably formed shortly
after the advent of the solar system. The ages of the
two depressions are relatively close together in
the LDM, as the chronology curve has a steep
slope in that age range. In contrast, the chronol-
ogy curve in the ADM ismuch flatter until ~4.4 Ga
before rising steeply; hence, the ages of the two
basins in the ADM are more widely separated
(Fig. 6).

Conclusions

Ceres is a heavily cratered object that shows a
wide variety of impact sizes and morphologies,
althoughweobserve an absence of large (>300km)
craters. The small amount of observed relaxation
suggests that the crust contains less ice and/or
may be thicker than predicted by somemodels.
Craters are heterogeneously distributed across
the surface, indicating crustal heterogeneities and
a complex geologic evolution of Ceres’ crust and
uppermantle, an interpretation supported by FC

SCIENCE sciencemag.org 2 SEPTEMBER 2016 • VOL 353 ISSUE 6303 aaf4759-5

Fig. 6. Production functions and chronology functions for Ceres and the Moon. (Left) PFs for
the Moon and Ceres, based on the LDM and the ADM.The LDM PF is shown as a dashed line for crater
sizes larger than 300 km,which are outside of the valid diameter range of the lunar PF (44). (Right) CFs for
the Moon and Ceres (LDM and ADM).The lunar PFand CF are from (44). D, diameter.
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and VIR color data. Dating the smooth deposits
around Kerwan, one of the largest and most
relaxed craters on Ceres, revealed young reten-
tion ages of 550 and 720 My, indicating that at
least some geologic activity took place in the re-
cent history of Ceres.

Materials and methods
Lunar-derived model (LDM)

The determination of AMAs at Ceres on the basis
of the LDM, follows the approach of (42, 51, 52).
The first publication describes in detail the
methodology of converting the lunar chronology
system (crater PF and CF) to main-belt asteroids
of rocky composition. The authors reproduce re-
sults of earlier publications (53–55) and link the
AMA related to the formation of the Rheasilvia
basin on Vesta to the youngest and most prom-
inent reset event of brecciated HED meteorites
about 3.5 Ga (56). Here we extend that approach
to Ceres, whose surface composition (8, 10, 38)
and related models of thermochemical evolution
(2, 3, 18) are consistent with high abundances of
volatile materials. The remarkable similarities in
cratermorphologies between Ceres and saturnian
icy satellites may be a result of similar rheologic
characteristics of the target material as well as
similar surface gravities.
For converting the lunar cratering record to

the impact conditions on Ceres we use the scaling
laws by (57) (Eqs. 1 to 3) that are designed for
scaling between projectile and crater sizes of non-
porous, zero-friction rocks.

CD ¼ 1:16
d
r

� �1
3

ðvsinðaÞÞ0:44
" #1=0:78

ð1Þ

Dt

DP
¼ CD

½gðDsg þ DtÞ�0:282
ð2Þ

Dt ¼ D0:15
SC D0:85 ð3Þ

Equations 1 and 2 represent
the Ivanov scaling laws (57).
Equation 3 is only used for con-
verting between sizes of complex
and transient craters. Following
(51), we assume that the sizes of
simple bowl shaped craters are
similar to transient crater sizes,
thus, neglecting potential col-
lapseof such craters,whichwould
result in an enlargement of the
final crater when compared to
the transient diameter. In these
equations, the variables are de-
fined as: D, observed crater
diameter; Dt, transient crater
diameter; DP, projectile diam-
eter; g, surface gravity of target
body; d, projectile density; r,
target density; v, impact veloc-
ity;a, impact angle;Dsg, strength
to gravity transition crater di-

ameter; DSC, simple to complex transition crater
diameter.
Key parameters in the used scaling laws are

the transition size from simple-to-complex cra-
ters and the transition size from the strength to
gravity scaling regime. Both parameters scale in-
versely with surface gravity for icy and rocky
bodies but are offset between both body types
(27, 51, 58, 59). Hence, scaling the lunar cratering
record to icy bodies requires correction for the
different scaling behavior in rocky and icy target
materials. In a previous study (60), the cerean cra-
ter PF has been predicted before high-resolution
imaging data were available. In that approach the
strength-to-gravity crater diameter as well as the
surface gravity of Cereswere incorrectly adjusted
in a way as if Ceres is a rocky body with a simple-
to-complex transition crater diameter of ~12 km.
High-resolution crater measurements of Ceres ac-
quired subsequently did follow the predicted PF
very closely. Although this approach resulted in
an agreement between theoretical and observed
crater distribution, it severely underestimated cra-
ter sizes for a given projectile size, which resulted
in a too low estimation for the projectile flux.
Here, we present a more sophisticated ap-

proach in which the upper limit for the cerean
strength-to-gravity transition can be estimated by
the size of the largest stable crater with Eq. 4 (61).

rgDsg ≤ 13:5Y0 ð4Þ
With a simple-to-complex transition of 10 km and
Eq. 5 (61), we get for Y0 a value of about 0.15 MPa.

27Y0

rg
≤ DSC ð5Þ

Thus, for Ceres we find a value of ~5 km as upper
limit for Dsg using values from table S1.

In order to find the correct value, we reduced
Dsg in Eq. 2 until we arrived at a solution that
best resembled the shape of the crater PF of (60).
This resulted in a Dsg of 1.75 km and also implies
a value for Y0 of about 50 kPa, which is the ave-
rage material cohesion during the process of
crater formation.
The PF is a model of cumulative crater fre-

quencies in dependence of crater diameters. It
should resemble the observed crater size-frequency
distribution of the body measured on surfaces
undisturbed by geological processes or additional
secondary craters. Table S2 gives the coefficients of
an 11th-degree polynomial equation (Eq. 6) (44, 52)
that describes the shape of the LDM crater PFs
for the Moon and Ceres.

logNcum = a0 + a1log(D) + a2(log(D))
2 + … +

a11(log(D))
11 (6)

The CF relates measured cumulative crater
frequencies to AMAs using a crater reference
diameter, typically N(1). For estimates of the
current intrinsic collision probability of Ceres, we
follow the approach of (62) and use orbital statis-
tics of Ceres crossing asteroids of ≥5 km diameter.
This analysis gives an intrinsic impact probability
of 2.84 × 10−18 km−2 a−1 and an average impact
velocity of about 4.57 km/s (Fig. 7). The conversion
of collision probabilities into a lunar-like chronol-
ogy is detailed by (42) for the case of Vesta.
Table S3 gives the coefficients of the CF with

exponential smooth decay for ages older than
about 3.5 Gy (Eq. 7) (41) for theMoon, Vesta, and
Ceres. For ages older than 4.1 Gy, the cratering
history of theMoon is still ambiguous (63). There-
fore, the given functions may only be used with
great caution for older ages.

NcumðD ≥ 1kmÞ ¼ C1ðeC2t − 1Þ þ C3t ð7Þ
The presented LDM chronology system for

Ceres (Fig. 6) is an estimation of the cratering
history averaged over billions of years. A break
up event inside the main belt could cause higher
impact rates on Ceres aswell as on other asteroids
for a short period of time. If such an event oc-
curred recently, young areas may appear older
than they actually are. Very old areas are less af-
fected, because short fluctuations in impact rate
average out over time. In addition to statistical er-
rors that arise from fitting the crater PF to themea-
sured crater size-frequency distribution, there might
be systematic errors present aswell. Such errors could
be related to the shape of the derived crater PF or
the estimation of intrinsic collision probabilities.

Asteroid-derived model (ADM)

The ADM uses the chronology curve derived for
Vesta by (43), adjusted for the different produc-
tion rates of craters on Ceres (Fig. 6). Briefly, the
chronology curve is based on the best current
models of main-belt dynamical and collisional
history, accounting for two main phases: (i) an
initial sharp decline in mass of the belt during
the ~100 Ma immediately following the forma-
tion of the solar system (64–66); and (ii) the
subsequent depletion of the belt by a factor of ~4

aaf4759-6 2 SEPTEMBER 2016 • VOL 353 ISSUE 6303 sciencemag.org SCIENCE

Fig. 7. Intrinsic impact probability with respect to impact velo-
city for Ceres and Vesta. The calculation is for ≥5-km bodies that
cross the orbits of Vesta and Ceres (62). Details of the calculation are
provided in the Materials and methods section.
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during the time of the Late Heavy Bombardment
due to secular resonance sweeping (49) and the
loss of dynamically unstable asteroids (50). It is
important to note that while the chronology
curve for the asteroid belt derived in thismanner
differs significantly in shape from the lunar chro-
nology curve (and hence also the LDM curve)
(Fig. 6), there is no a priori reason to think that
they should be the same (which is a central as-
sumption of the LDM). In fact, Morbidelli et al.
(63) show that the asteroid flux into the terres-
trial planet region due to dynamical depletion
processes within the asteroid belt results in an
impact flux on theMoon consistent with the lunar
chronology of (41, 52, 67).
To apply the ADM chronology curve to Ceres,

the current production rate of craters on Ceres
must be calculated. The chronology curve allows
for the extrapolation of the impact rate back in
time. The crater PF is calculated adopting amodel
main-belt SFD, an asteroid impact velocity dis-
tribution based on current asteroids larger than
50 km crossing the orbit of Ceres, and a crater
scaling law from (68). It should be noted that the
main-belt SFD is taken from (45), which provides
a good fit to the observedmain-belt SFD down to
the completeness limit of ~3 km. The resulting PF
also has produced a reasonable match to crater
counts on young surfaces on Vesta (46). Further
details of the model can be found in (46, 48, 69).
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