
Ceres is/was geophysically 

dynamic 

Implications: [6,7] 

• Early accretion – intense heating by 

short-lived radiogenic 26Al and 60Fe 

• Possible early hydrothermal activity 

• Possible partial dehydration of rocky 

core and silicate melting. 

• Volume changes due to hydration/ 

dehydration reactions – geology? 

• Possible past/present liquid water layer 

at depth 

• Significant astrobiological potential 
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Summary: 

The dwarf planet Ceres is likely differentiated into an ice layer tens of kilometers thick 

overlying a rocky core [1,2]. Alternatively, Ceres could be undifferentiated, highly 

porous and composed of low-density material [3]. Whereas the thermal stability of 

such an internal structure is arguable [4], current ground-based data cannot 

distinguish between these two end-member structural models. Here we show that 

observations of Ceres’ crater morphology (e.g., the simple-to-complex transition 

diameter and degree of viscous relaxation) by NASA’s Dawn spacecraft will  

unambiguously distinguish between the two models. If an ice layer is present, Ceres’ 

warm equatorial surface temperature practically ensures extensive viscous relaxation 

of impact craters larger than 4 km in diameter. Only in Ceres’ colder polar regions can 

craters be preserved for billions of years. These results are largely independent of the 

thickness or particulate content of Ceres’ ice layer. In contrast, if Ceres is 

undifferentiated impact craters should be relatively pristine.  

Simple to Complex Transition Diameter 

The diameter at which craters transition from “simple” bowl-shaped craters to “complex” 

craters with central structures and terraced rims is a function of both gravity and target 

material [8,9]. Figure 1 shows the simple-complex transition diameter of icy and rocky 

bodies across the Solar System. Extrapolating to Ceres’ surface gravity (27 cm s-2) from 

larger, rocky bodies suggests that the transition diameter on an undifferentiated rocky Ceres 

should be ~50 km. In contrast, if Ceres’ surface layer is ice, the transition diameter should 

be ~16 km. Whereas the transition diameters for the two compositions are theoretically quite 

distinct, recent work on Vesta (a rocky body) suggests that its transition diameter is lower 

than expected [10]. Furthermore, Ceres’ craters may be highly modified by viscous 

relaxation (below) complicating the determination of its transition diameter. The transition 

diameter on Ceres therefore provides insight into its near-surface composition, but may not 

unambiguously distinguish between the two interior models described above. 

Rocky  50 km 
Icy  16 km 

Fig 1: The simple-to-

complex transition diameter 

for rocky and icy bodies as a 

function of surface gravity, 

after [11]. The transition 

diameter for Vesta is taken 

from [10]. The transition 

diameter on Enceladus 

(vertical dashed line) is 

uncertain due to extensive 

modification of craters there. 

The predicted transition 

diameter for a “rocky” and 

“icy” Ceres are indicated 

with Xs, and are ~50 km for 

a rocky Ceres and ~16 km 

for an icy Ceres. 

Ceres’ Internal Structure: 

Simulating Viscous Relaxation 

We simulate viscous relaxation of impact craters in an ice layer following the approach of 

[12] using the viscoelastic, axisymmetric finite element model Tekton2.3. We include all 

relevant rheological mechanisms for ice I with a grain size of 1 mm. The rate of relaxation is 

primarily controlled by the size of the crater (i.e., the wavelength of the topography) and the 

viscosity structure of the ice shell, which depends on the surface temperature and heat flux. 

We use a steady-state, time-dependent heat flux due to the decay of long-lived radiogenic 

species assuming a CI-chondrite composition (Fig. 2). The diurnally averaged surface 

temperature was calculated as a function of latitude following [13] (Fig. 3). Combining these 

with the temperature-dependent thermal conductivity of ice (k=651 W m-1/T) sets the 

temperature structure of the ice layer as a function of time (Fig. 4). 

Predictions of Crater Relaxation 

Hubble Space Telescope and Keck-IR measurements of Ceres’ shape indicate that the 

body is differentiated. Despite spectral evidence for rocky (hydrated) surface material 

[e.g., 5], Ceres’ low density (2.1 – 2.2 g cm-3 [1,2]) and differentiated structure suggest a 

near-surface ice layer 30-80 km thick may exist [6]. Alternatively, [3] argued that at least 

some of the shape data is also consistent with a homogenous, low-density, porous body. 

The two different internal structural models have profoundly different implications for 

Ceres’ formation and evolution (below). Current ground-based data cannot distinguish 

between the two models. 

Differentiated Undifferentiated 

Evidence: 

• Shape data – J2 (HST [1], Keck IR [2]) 

• Relaxed shape – 5 km maximum 

deviation from a spheroid [1] 

• Low density (2.1 – 2.2 g cm-3) 

Evidence: 

• Shape data – J2 (Keck IR [2]) 

• Rocky surface 

Structure: 

• Rocky surface lag 

• Ice layer 30-80 km thick – possible 

past/present internal ocean [6,7] 

• Rocky core – possibly partially 

dehydrated [7] 

Structure: [3] 

• Homogeneous, low density material (CI 

chondrite)  

• Average porosity of ~10% 

• Porosity decreases with depth 

Implications: [3] 

• Composed of hydrated material 

(phyllosilicates, salts, organics) 

• Late accretion – avoided dehydration 

during decay of 26Al and 60Fe 

• Avoided porosity collapse throughout its 

evolution (though see [4]) 

• Little geologic activity 

• No (or very little) liquid water 

• Little or no astrobiological potential.  

Ceres is/was geophysically 

quiescent 
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Fig. 2: The heat flux as a function 

of time. Solid line shows the flux 

actually used, corresponding to a 

rock density of 2700 kg m-3 (inset). 

Dashed curves show the maximum 

and minimum plausible fluxes. 

Fig. 3: Surface temperature on 

Ceres assuming a bolometric 

albedo of 0.1, an emissivity of 0.9, 

an obliquity near zero, and a solar 

flux of 1370/a2 = 179 W m-2, 

(a=2.77 is Ceres’ semi-majpr axis). 

Fig. 4: Temperature structure of 

the ice layer as a function of time 

at latitudes of 0o, 49o, and 67o 

(corresponding to surface 

temperatures of 180 K,  160 K, 

and 140 K).  

We focus primarily on small craters with diameters (D) of 4 – 20 km, which help constrain 

the minimum relaxation expected. We assume simple parabolic crater shapes with depths 

(d) of d=0.2D, rim heights (h) of h=0.036D, and ejecta thickness that falls off as r3 [e.g.,14].  

Fig. 5: Predicted crater morphology for three crater diameters at equatorial (left, Ts=180 K), middle (center, 

Ts=160 K), and polar (right, Ts=140 K) latitudes. Black curves show the initial crater shape. Yellow, green, and 

blue curves show the topography of a 1-Ga old, 100-Ma old, and 10-Ma old crater, respectively. 

Our predicted crater morphologies are shown in Fig. 5, and the expected relaxation 

fraction, apparent crater depth, and rim heights are shown in Fig. 6. In the equatorial region 

even young, small craters are completely relaxed. Topography becomes so muted that 

complete crater erasure is plausible. Relaxation is less extreme in the mid-latitudes, but all 

craters older than 10 Ma and larger than 16 km in diameter will be completely relaxed. 

Only in the cold polar regions are relatively pristine craters preserved for billions of years. 

Fig. 6: The relaxation fraction (Top, RF=1-df/di where di and df are the initial and final crater apparent depth), 

apparent crater depth (middle), and rim heights (bottom) for craters in Ceres’ equatorial, middle, and polar 

latitudes. Blue, green, yellow, and red curves correspond to crater ages of 10 Ma, 100 Ma, 1 Ga, and 4 Ga, 

respectively. Black curves show the initial crater depths and rim heights. 

Global Distribution of Crater Retention 

Simulations of crater relaxation (Figs. 5 and 6) predict that impact craters near Ceres’ 

equator will be nearly-completely relaxed, with the degree of relaxation decreasing toward  

the poles. Figure 7 shows the spatial distribution of crater retention for different aged craters. 

Craters were located randomly in longitude and latitude, and the size-frequency distribution 

was derived from [15]. For clarity the crater density was reduced by a factor of 10 (consistent 

with a ~4 Ga old surface) and crater diameters were limited to 100 km. The degree of 

relaxation (black is unrelaxed, white is fully relaxed) was interpolated from the data shown in 

Fig. 6 (with additional large D simulations) based on the crater diameter and latitude. 

Fig. 7: Crater retention on Ceres. (A) The assumed initial distribution of craters on Ceres. See text for details 

(B) The degree of relaxation (black=unrelaxed, white=relaxed) for 4-Ga old craters. (C) As in (B) but for 1-Ga 

old craters. (D) As in (B) but for 100-Ma old craters. In B-D all surfaces start with the same distribution (i.e., A). 

How Robust Are These Results? 

Our predictions of extensive topographic relaxation are largely independent of the fraction 

of particulates in the ice layer (i.e., how dirty the ice is) and the thickness of the ice layer. 

Increasing the effective viscosity of the ice by a factor of 10 (consistent with very dirty ice, 

e.g., [16]) decreases the predicted degree of relaxation (Fig. 8). Yet, a 20-km diameter 

crater in Ceres’ equatorial region will still be completely relaxed  if it is older than 100 Ma. 

Large craters at mid-latitudes (Ts=160 K) will be 80-100% relaxed if they are older than 1 

Ga. Small craters are more affected by particulates, but the oldest 4-km diameter craters 

could still be completely relaxed. The 

relaxation fraction (RF) values in Fig. 7 are 

absolute minimums corresponding to an 

“ice” layer that is ~50% rock by volume. 

 

The thickness of the ice layer (L) does not 

affect our results for L/D as small as 0.5 

(L/D=2.5 is nominal). These result are 

consistent with [17] who found that the 

morphology of relaxed craters is not strongly 

affected until L/D  0.15. Large craters 

(D≥200 km) might “feel” Ceres’ rocky core 

and could potentially be used to constrain 

the thickness of the ice layer on Ceres. 

Fig. 8: The range of plausible relaxation fractions as 

a function of particulate volume faction and crater 

age for a 20-km (top) and 4-km (bottom) diameter 

crater. The shaded region in each plot correspond to 

surface temperatures of 180 K (red), 160 K (yellow), 

and 140 K (blue). The bottom bound on RF is set by 

assuming the effective viscosity is 10x higher than 

pure ice, requiring ~50% particulates by volume.  

Fig. 9: Palimpsest on 

Ganymede from [18] 

Conclusions and Additional Predictions 

• If Ceres has a near surface ice layer tens of kilometers thick then extensive viscous 

relaxation of impact craters is unavoidable. 

• If Ceres is primarily an undifferentiated rocky body no relaxation is expected. 

• Dawn observation of Ceres’ crater morphology will 

unambiguously determine whether the putative ice layer 

exists.  
• Large craters (D ~ 100 km) will be completely relaxed and may be 

similar in appearance (though not in formation) to palimpsests on 

Ganymede and Callisto. (i.e., primarily albedo features, Fig. 9) 

• Small relaxed craters near Ceres’ poles could suggest a history of 

true polar wander, implying the existence of an internal liquid water 

layer in Ceres’ past. Alternatively, such craters could indicate 

obliquity variations Ceres’ past [19]. 
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