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Prior to NASA's Dawn mission [1], the dwarf planet Ceres was widely believed to be 20 
differentiated and contain a substantial ice-rich layer below its rocky surface [2]. At Ceres' 21 
semi-major axis (2.77 AU), its temporally averaged surface temperature virtually ensures 22 
that large impact craters should be erased on short geologic timescales if Ceres is, in fact, 23 
ice-rich [3]. In contrast to these expectations, Dawn Framing Camera (FC) images of Ceres 24 
revealed a heavily cratered surface [4]. Here we use digital terrain models (DTMs) derived 25 
from these images to show that most of Ceres’ largest craters are several kilometers deep, 26 
suggesting little viscous relaxation of crater topography has occurred over billion year 27 
timescales. This observation, coupled with numerical simulations of viscous relaxation 28 
indicate that Ceres' subsurface must have a viscosity at least one thousand times greater 29 
than that of pure water ice. The simplest explanation is that Ceres’ shallow subsurface is no 30 
more than 30%-40% ice by volume, with a mixture of rock, salts, and/or clathrates 31 
accounting for the other 60%-70%. However, a few anomalously shallow craters suggest 32 
limited viscous relaxation has occurred, possibly indicating spatial variations in the ice 33 
content of the subsurface. 34 

Although Ceres’ surface is silicate-rich [5, 6, 7], its low density (now 2163 kg m-3 [8]) 35 
combined with measurements of its shape (a-c) [2] previously suggested that the dwarf planet is 36 
differentiated with a rocky core overlain by a relatively pure ice layer 50-100 km thick [9]. In 37 
this model the rocky surface is likely a lag deposit representing the top of a thin (~1-10 km), 38 
mixed ice-rock layer that avoided complete melting during differentiation [10], although such a 39 
layer may be unstable to disruption by impacts and Rayleigh-Taylor overturn [9, 11]. 40 
Alternatively, Ceres’ interior has been modeled as an ice-free, porous chondritic assemblage 41 
[12], although the thermal stability of such a model is uncertain [13]. The ice content of Ceres’ 42 
interior has significant implications for Ceres’ formation and subsequent evolution, and an ice-43 
rich subsurface would have played a dominant role in shaping Ceres’ surface morphology. Ceres 44 
is relatively warm when compared to the icy worlds of the outer Solar System (e.g., ~50-60 K 45 
warmer than Europa), with diurnally averaged equatorial temperatures of 150-160 K, mid-46 
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latitude temperatures of ~140 K, and polar temperatures of ~120 K or less [14]. At such warm 47 
surface temperatures, ice is not strong enough to retain large-scale topography, and impact 48 
craters are expected to undergo viscous relaxation on relatively short timescales [3]. The Dawn 49 
mission’s [1] arrival at Ceres has shown the surface to be relatively heavily cratered, including 50 
numerous craters with diameter D ~ 100 km [4] (Supplemental Fig. S1). The mere existence of 51 
these craters, many of which are at low latitudes (i.e., warm surface temperatures), belie 52 
predictions of a topographically “smooth”, ice-rich Ceres [3]. Here we compare the depths of 53 
these largest craters with numerical simulations of viscous relaxation to constrain the physical 54 
composition of Ceres’ outermost layer. 55 

We measured the apparent depths (da) of Ceres’ largest, clearly identifiable craters [cf. 56 
15] using a DTM derived from Dawn FC images with a resolution of 140 m/pixel (from Dawn’s 57 
High Altitude Mapping Orbit) using stereo-photogrammetry (SPG) methods [16]. The DTM has 58 
a mean vertical error of 12 m and a horizontal resolution similar to the image resolution (140 m). 59 
Because viscous relaxation is wavelength dependent (in an infinite half space, large craters relax 60 
fastest), large craters provide the most stringent constraints on the viscosity required to maintain 61 
crater topography. We therefore focus on craters with diameters between 75 km and 280 km, and 62 
for well-preserved craters we consider our inventory complete to diameters above 80 km (n = 25 63 
craters, Fig. S1). Apparent depth (i.e., depth relative to the surrounding terrain) rather than the 64 
rim depth (dr) is used because the surrounding terrain provides the zero-potential surface to 65 
which the crater will relax (e.g., a fully relaxed crater can have da = 0, but dr ≠ 0). Crater depths 66 
were measured by comparing the elevation of the floor, to a characteristic elevation for the 67 
surrounding terrain (see Methods and Supplement).   68 

Our measured crater depths are shown in Fig. 1. Ceres’ topography is highly irregular 69 
over short spatial scales. The elevation of terrain surrounding each crater can therefore differ 70 
substantially in one azimuthal direction compared to another (see Supplemental material). This 71 
variability is encapsulated in the vertical bars associated with each point in Fig. 1. These bars 72 
should not be construed as formal or informal error bars. Rather each point represents the 73 
characteristic depth of each crater and the bars represent the azimuthal variability in the depth 74 
measurement.  75 

All but one of Ceres’ large craters have da ≥ 2 km, and seven (Kerwan, Yalode, Urvara, 76 
Vinotonus, Zadeni, Chaminuka, and Ezinu,) have da ≥ 5 km. These seven craters range in 77 
diameter from 116 km to 280 km. Many of these craters appear relatively young (Fig. S4, S5, S6, 78 
S7, S9, S11, S12, respectively); however, the crater Vinotonus (D =140 km) is superposed by 79 
numerous interior craters, including a 46-km diameter crater that has destroyed a portion of its 80 
southern rim. The relative age of Vinotonus indicates that crater topography can be maintained 81 
over long timescales. Only one crater has a characteristic apparent depth of less than 2 km: 82 
Coniraya (40o N, D = 135 km, da = 500 m Fig. S8). This crater is discussed in detail below. 83 
Crater depths are generally consistent with the depth of craters on Saturn’s satellite Tethys [17], 84 
which has a similar surface gravity to Ceres but whose surface temperature is ~86 K. Craters on 85 
Ceres are generally deeper than those on Ganymede and Earth’s Moon [18, 19].  86 

The depths of Ceres’ largest craters are not consistent with the existence of an ice-87 
dominated layer. Figure 2 shows the measured depths of Ceres’ craters compared to finite 88 
element simulations of viscous relaxation of crater topography in a pure ice layer as a function of 89 
latitude (surface temperature), crater formation time, and grain size. The simulations follow the 90 
methodology of [3] (see Methods), assume a 100-km diameter crater that is initially 4.5 km deep 91 
(based on the depths of similar sized fresh craters like Ezinu and Dantu), formation times of 1 Ga 92 
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ago and 100 Ma ago, and grain sizes of 1 mm and 10 mm [20]. Except for Kerwan, Yalode, and 93 
Urvara (D = 280, 260, and 170 km) the craters included in this investigation are within 40% of 94 
the diameter of the simulated crater. The uncertainty introduced by the use of a generic crater 95 
diameter in our simulations is not significant compared to the poorly-constrained grain size and 96 
crater formation time. 97 

Because of the strong temperature dependence of ice rheology [e.g., 21], viscous 98 
relaxation is expected to produce distinct latitudinal variations [3]. Our measured crater depths 99 
shown in Fig. 2 demonstrate that this is not the case. Our pure-ice simulations indicate that at 100 
latitudes ≤30o (Ts ~150-160 K), viscous relaxation in a pure ice layer would result in present-day 101 
apparent crater depths of less than 500 m, even if ice grains are large (i.e., relatively high 102 
viscosity ice) and the craters formed recently (100 Ma ago). At these surface temperatures, a 103 
100-km diameter crater can fully relax (da ~ 0) on timescales of 1-10 Ma. There are six craters 104 
with D > 75 km in this latitude band on Ceres (Fig. 2). All have a characteristic da ≥ 2 km, which 105 
is much deeper than expected for a pure ice layer. The crater Dantu (D = 126 km, Fig. S10) at 106 
24o N, for example, has da = 4 km. At higher latitudes (30o-50o) our simulations for a pure ice 107 
layer indicate that crater topography will still viscously relax on timescales of 10 – 100 Ma, 108 
resulting in crater depths of under 500 m for a nominal grain size of 1 mm. Craters can only 109 
retain their topography at these latitudes if the ice grains are large (10 mm, increasing the ice 110 
viscosity by a factor of ~25) and the craters formed recently. Even then present-day crater depths 111 
of just 1-2 km are expected (red curve in Fig. 2). In contrast, numerous craters with da exceeding 112 
2 km are observed in this latitude range (Fig. 2). These craters include four of the five deepest on 113 
the dwarf planet: Urvara, Yalode, Vinotonus, and Ezinu.  114 

Ceres’ polar regions are cold enough to retain crater topography over long timescales 115 
even if the subsurface is pure ice. Notably, the presumably well-preserved polar craters, such as 116 
the 128-km-diameter Zadeni (70o south), have nearly equivalent depths (5 km) to similarly sized 117 
craters at lower latitudes such as the 140-km-diameter Vinotonus (43o N, 5 km depth), and the 118 
126-km-diameter Dantu (24o north, 4 km depth). Latitudinal variations in crater depths are not 119 
observed on Ceres in the diameter (wavelength) range considered here. Latitudinal variations in 120 
topographic relaxation were identified on Ceres by [22], but at wavelengths generally longer than 121 
(and so more susceptible to relaxation) those investigated here. 122 

In order to constrain the viscosity required to preserve impact crater topography, we 123 
performed numerical simulations of crater relaxation in which we systematically increase the 124 
viscosity (relative to water ice) of Ceres’ subsurface. The simulated present-day depth of a 100-125 
km diameter, 4.5-km deep crater is shown in Fig. 3 as a function of surface temperature and 126 
viscosity factor (i.e., the increase relative to pure water ice). At equatorial and mid-latitude 127 
temperatures of 150-160 K, increasing the viscosity by a factor of 100x is insufficient to retain 128 
crater topography. For these surface temperatures, only a viscosity increase of ≥103x is sufficient 129 
to retain crater depths of greater than 2 km. At higher latitudes where surface temperatures are 130 
lower (~130 K), viscosity increases on the order of 10x are sufficient to retain topography. 131 

An increase in the viscosity of Ceres outer shell sufficient to maintain impact crater 132 
topography for 1 Ga or longer requires the presence of a volumetrically substantial non-ice 133 
component in the subsurface. Theoretical modeling [23,24] and laboratory experiments [25, 26] 134 
indicate that particulate volume fractions (fp) of ≥ 60% are required to increase the viscosity of 135 
an ice mixture by a factor of 100x or more. Experiments in sand-ice mixtures have shown that 136 
the transition from ductile (if retarded) behavior to essentially complete immobility occurs over a 137 
very narrow range of fp (~5%) [26]. The required fp for this “jammed” behavior depends on the 138 
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distribution of grain sizes, but appears to be higher (~70%) for non-uniform grain sizes, which 139 
are likely more representative of Ceres’ outer layer [26, 27]. Ceres’ outer layer is therefore likely 140 
relatively ice poor, with non-ice material constituting 60-70% of the volume. This result is 141 
consistent with independent inferences of the viscosity structure of Ceres from its global shape 142 
[22].  143 

A range of plausible compositions for Ceres’ outer layer are permitted by its weakly 144 
constrained internal structure [8] and surface composition [6, 7]. That Ceres’ interior is centrally 145 
condensed [8] suggests that the outer layer must have a density lower than Ceres’ average 146 
density of 2163 kg m-3. If Ceres’ outer layer is simply a combination of silicate material (ρs = 147 
2500 kg m-3, likely a minimum silicate density) and ice, the 60% minimum fp required to 148 
maintain crater topography dictates a subsurface density in excess of 1800 kg m-3 (resulting in a 149 
relatively thick outer layer). Particulate fractions of ~70% are excluded by the density constraints 150 
if a two-component ice-silicate mixture is assumed (i.e., the resulting density is greater than 151 
Ceres’ mean density). However, the addition of strong, but low-density material such as salts 152 
(hydrated or anhydrous) would have a similar effect as rock on ice rheology ([28] demonstrated 153 
this in the dislocation creep regime, and it is likely true for other flow mechanisms, though 154 
laboratory data is sparse). Low density ice clathrates are also ~100-1000x stronger than water ice 155 
at Ceres’ temperatures (depending on composition and extrapolations from laboratory data taken 156 
at warmer temperatures) [29]. Salts of internal origin have been detected at Occator [30] and the 157 
occurrence of methane clathrates is predicted from geochemical models [31].The inclusion of 158 
these (or similar) low-density materials in Ceres’ subsurface permits a broader range of outer 159 
layer densities (and hence, thicknesses). Ceres’ subsurface is therefore more likely composed of 160 
a combination of ice, rock, and a strong, low-density material, with hydrated salts and/or 161 
clathrates likely candidates.  162 

Despite the predominance of deep craters on Ceres, a few large craters are anomalously 163 
shallow and may provide evidence for lateral variations in the ice content of Ceres’ outer layer 164 
(Fig. S3). The neighboring and similarly sized craters Coniraya and Vinotonus (both D ≈ 135-165 
140 km) have vastly different apparent depths (da of 500 m and 5.25 km, respectively). Both 166 
craters are of similar age based on interior crater density, though counts may be near saturation 167 
(Fig. S2), and Coniraya does not appear to be obviously filled by crater ejecta from either 168 
Vinotonus or the nearby crater Gaue (ejecta from Vinotonus would have a depth of just ~250 m 169 
at the center of Coniraya assuming ejecta thickness decreases as R-3 [32]). Coniraya is therefore 170 
one of the best candidates for a crater on Ceres that has undergone viscous relaxation.  171 
Relaxation of a Vinotonus-like initial crater would result in Coniraya-like topography in ~1 Ga if 172 
fp is generally near the “jammed” transition but is 10-20% lower beneath Coniraya (e.g., fp ~ 173 
70% beneath Vinotonus and 50-60% beneath Coniraya). This scenario is non-unique as there is a 174 
tradeoff between shorter relaxation times and lower values of fp (in the limit of fp = 0 the 175 
relaxation time would be ~100 Ma). Alternatively, we cannot rule out the possibility that 176 
Coniraya formed from a large, very low-velocity impact that produced a similar diameter but 177 
much shallower crater than Vinotonus, but we do not favor this explanation. To first order, d/D is 178 
independent of impact velocity: the transient crater is generally parabolic so depth and diameter 179 
scale together [32].  180 

The large, equatorial crater Kerwan is also anomalous. The crater is quite deep (5.5 km), 181 
but rather than having steep rims and a flat floor, as is typical for craters of its size, its rim is a 182 
subtle topographic step, and the crater floor gradually deepens from crater rim to center (Fig. 183 
S3). Its topography differs substantially from that of Yalode and Urvara, Ceres’ next largest 184 
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craters, although unlike Vinotonus and Coniraya the age and surface temperatures of these three 185 
craters differ substantially. The morphology is consistent with viscous relaxation in a thin, low 186 
viscosity layer underlain by an immobile layer at ~30 km depth [33]. Kerwan might then provide 187 
evidence for a locally thin outer layer, an inference which may be evaluated by future Dawn 188 
gravity measurements. Notably, Kerwan is the largest crater on Ceres, and given its location (at 189 
the warm equator) and its size, it is the crater most expected to have undergone relaxation on 190 
Ceres. A viscously relaxed Kerwan is also consistent with observations of moderate relaxation in 191 
Ceres’ equatorial region observed at long wavelengths [22].  192 

Finally we note that the craters Kirnis (Fig. S13), Geshtin (Fig. S16), and an unnamed 193 
100-km diameter crater at 18o N, 326o E (Fig. S14) also have relatively shallow depths that may 194 
hint at viscous relaxation; however, because their floors are geologically complex (Kirnis and 195 
Geshtin both appear to contain ejecta material from Occator (Fig. S15) and Datan, respectively, 196 
and the unnamed crater contains a large tholus) the evidence for viscous relaxation is less clear. 197 

Viscous relaxation of Coniraya and Kerwan can likely only be achieved if the ice content 198 
(fi) in the subsurface near these craters is enhanced relative to the rest of Ceres (i.e., fi > 40%). 199 
However, because the transition from immobile to mobile ice-rock mixtures occurs abruptly as fi 200 
decreases [22], the corresponding variation in volume fraction may be small. The observation 201 
that most of Ceres’ craters have retained their topography over long timescales, while a few 202 
craters have undergone relaxation indicates that Ceres’ outer layer is geologically complex. Both 203 
the one-dimensional end-member models of [9] and [12] must therefore be abandoned in favor of 204 
interior and evolution models that predict more compositionally heterogeneous and spatially 205 
varying interior structures. 206 

 207 
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Methods: 275 
We measured apparent crater depths using 16 elevation profiles for each crater, which 276 

were extracted every 22.5o and used to determine both the elevation of the crater floor and 277 
surrounding terrain (Supplemental Figs. S5-S17). The method is intentionally subjective, 278 
allowing for geologic interpretation to inform the inferred elevations, and permits a more direct 279 
assessment of the variability in crater depth as a function of azimuth. In general, the elevation of 280 
the crater floor can be determined to within a few hundred meters by this method (a few craters 281 
have substantial variation across their floors), whereas the elevation of the surrounding terrain 282 
often varies by several kilometers. These variations are reflected in the vertical bars 283 
accompanying each depth measurement shown in Fig. 1 and 2.  284 

Simulations of viscous relaxation follow the methods described in [3]. We use the 285 
viscoelastic finite element model Tekton2.3 [34] in an axisymmetric geometry. The bottom 286 
boundary is fixed in the vertical and horizontal, and the sides of the domain are free slip in the 287 
vertical and fixed in the horizontal. The top of the domain is a free surface. The 100-km diameter 288 
crater imposed on the domain was 4.5 km deep, with a rim height of 1.4 kilometers. The floor of 289 
the crater is flat until within 20 km of the crater rim. For simplicity we do not include a central 290 
peak. The crater shape was based on Ceres’ well-preserved craters Ezinu and Dantu. The 291 
simulation domain was 200 km long and 150 km deep, and had a horizontal resolution of 1 km 292 
and a vertical resolution that varied from 50 m in the near subsurface to 4 km at the base of the 293 
domain. Stresses were initialized with a combination of lithostatic stress (Ceres’ surface gravity 294 
is 0.27 m s-2) and topographic stress following [35]. 295 

Tekton2.3 does not explicitly include thermodynamics, but the viscosity structure of each 296 
simulation is determined by an externally calculated thermal structure, which is allowed to 297 
evolve with time. We assume Ceres’ heat flux results from time-dependent radiogenic heating 298 
[3]. Thus simulations that use a crater formation time of 1 Ga ago experience both longer 299 
durations of heating, and higher maximum heat fluxes compared to simulations that assume a 300 
crater formation age of 100 Ma. However, for the timescales considered here, the change in heat 301 
flux over the course of a simulation is small. The maximum heat flux in our simulations 1 Ga 302 
ago was ~1.5 mW m-2, whereas the present-day heat flux is ~1 mW m-2. We examine a range of 303 
surface temperatures based on those derived for Ceres in [14]. 304 

Our simulations include all relevant flow laws for ice I, including dislocation creep (3 305 
regimes A, B, and C), diffusion (Diff), grain-boundary sliding (GBS), and basal slip (BS) [21]. 306 
The flow laws are combined into a composite flow law where the total strain rate 𝜀#̇$# is given by 307 

𝜀#̇$# = 𝜀&̇ + 𝜀(̇ + 𝜀)̇ + 𝜀*̇+,, + -
.

/̇012
+ .

/̇12
3,  308 

where each term on the right has the form 309 
𝜀̇ = 𝐴𝑑+67σ9exp -

6=
>?
3, 310 

and A is a rheological constant, di is the ice grain size, m is the grain size exponent, σ is the 311 
deviatoric stress, n is the power law exponent, Q is the activation energy, R is the gas constant, 312 
and T is the temperature. Note that we neglect the pressure dependence which is typically small. 313 
For the low stresses and warm temperatures in our simulations grain boundary sliding and 314 
diffusion dominate the rheology. Grain boundary sliding and diffusion are both grain-size-315 
sensitive (m ≠ 0). We nominally use a grain size of 1 mm, consistent with models of icy satellite 316 
tectonics [see discussion in 20 and 36] and terrestrial glaciers [37, 38]. We also consider larger 317 
grain sizes (10 mm) in order to insure that the retention of Ceres’ topography cannot be 318 
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attributed to stiff, large-grained ice, but note that such large grains are inconsistent with the 319 
presence of particulate material, which tends to inhibit grain growth [20].  320 

The inclusion of particulate material with ice (either hard sand [25, 26, 27] or salts [28]) 321 
is known to increase the viscosity of the mixture relative to pure samples. Based on laboratory 322 
data, the effect of particulates has been parameterized by multiplying the effective viscosity by a 323 
factor of 𝑒6A9BC , where b=2 is experimentally determined [21, 39, 3, 40]. By this formulation a 324 
particulate fraction of fp = 0.5 for grain boundary sliding (n = 1.8) results in a ~6x increase in 325 
viscosity. However, this relationship breaks down at particulate fractions above ~0.6 [24, 25, 326 
26]. For this reason we simply increase the viscosity by a give factor (e.g., 100x or 1000x) 327 
instead of attempting to model a specific fp. 328 
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Figures. 347 
 348 

 349 
Figure 1: The apparent depths of Ceres’ largest craters. Black dots indicate the characteristic 350 
depth of each crater. Vertical bars indicate the azimuthal variability of the depth due to variations 351 
in the elevation of the surrounding terrain. Curves for fresh craters on Tethys (green) [17], 352 
Ganymede (purple) [17], and the Moon (black) [18] are shown for comparison. The curves have 353 
been adjusted to account for crater rims.  354 
 355 
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 356 
Figure 2: Comparison of the measured depths of Ceres’ largest craters (black circles) with 357 
simulations of the present-day depths of 100-km craters in a pure ice layer as a function of 358 
latitude (gray region and colored lines). Line color corresponds to simulated combinations of ice 359 
grain size and crater age: 1 mm and 1 Ga (purple), 1 mm and 100 Ma (blue), 10 mm and 1 Ga 360 
(orange), and 10 mm and 100 Ma (red). Symbol size shows relative crater diameter (relative to 361 
100 km), and the horizontal lines associated with each circle indicate azimuthal variations in 362 
crater depth. 363 
  364 
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 365 
Figure 3: The simulated present-day apparent depth of a 100-km diameter crater formed 1 Ga 366 
ago that was initially 4.5-km deep as a function of viscosity increase (relative to water ice) and 367 
surface temperature. Surface temperatures (Ts) of 150-160 K correspond to latitudes < 30o, while 368 
Ts = 140 K, 130 K, and 120 K correspond to latitudes of 50o, 66o, 72o, respectively. The grey box 369 
indicates the region of typical crater depths on Ceres. 370 
  371 
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Supplemental Figures: 372 
 373 
 374 

 375 
Figure S1: Shaded relief map showing locations (red dots) of the 25 craters included in this 376 
study. The shaded relief map was created from stereo-photogrammetry and has a resolution of 377 
135 m/pixel. 378 
  379 
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 380 
Figure S2: Two independently determined crater size frequency distributions for craters 381 
Coniraya and Vinotonus. The two craters are of similar age (error bars overlap). Both craters are 382 
heavily contaminated by secondaries and near saturation, making precise ages estimates 383 
challenging.  384 
  385 
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 386 
Figure S3: The topography of craters on Ceres that exhibit possible evidence for viscous 387 
relaxation. a. A comparison of craters Coniraya and Vinotonus. Topographic profiles (indicated 388 
by black curves in a and b) of Coniraya and Vinotonus are shown in c and d, respectively. b. The 389 
crater Kerwan, with an east to west profile shown in e. Note that the profile passes through the 390 
crater Insitor near the center of Kerwan. 391 


