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Overview:  Portions of Ceres’ surface are marked 

by numerous large domes and irregular mounds (tholi), 
resulting in “lumpy” topography. The formation of 
these tholi is uncertain, but cryovolcanism and subse-
quent viscous relaxation has previously been suggested 
[1, 2]. Here we propose an alternate hypothesis: tholi 
form by solid-state flow of relatively low viscosity and 
low density material in a crust that is compositionally 
heterogeneous over large (e.g., km) scales. We show 
that flow driven by a combination of differential load-
ing and buoyancy can partially account for these 
unique topographic features. 

Tholi on Ceres:  Portions of Ceres’ surface con-
tain numerous large (>10 km diameter) domes and 
irregular mounds [3, 4] (here we refer to them collec-
tively as tholi). The tholi range from domical with cir-
cular planform, to highly irregular in shape, with typi-
cal effective maximum diameters of 20–100 km [3]. 
Tholi relief is generally 2–4 km. Tholi are not distrib-
uted uniformly across Ceres, but rather are concentrat-
ed between longitudes 270o and 15o (Fig. 1 and [4]). 
This region is much lower (relative to the best fit ellip-
soid) than areas to the west (Hanami Planum) or east, 
and may be associated with an ancient impact basin 
[5]. Ahuna Mons, which may be the youngest example 
of such features on Ceres, occurs in this region [1, 2]. 
Several other notable examples occur within the interi-
or of craters, such as Cosecha Tholus and an unnamed 
tholus in Begbalel crater.  

Formation of Ceres’ tholi: Previously, it was 
suggested that Ceres’ tholi might form by cryovolcanic 
emplacement of steep-sided domes, as proposed for 
Ahuna Mons [1], followed by subsequent viscous re-
laxation of the topography [2]. Here we propose an 
alternative mechanism: solid-state flow of a low-
viscosity component within Ceres’ heterogeneous 
crust. As a direct analog, we use concepts from terres-
trial salt tectonics (which have also been applied to 
Mars [e.g., 6 and several others]), in which lower-
viscosity/density (LV-LD) salt layers deform overly-
ing, higher-viscosity/density (HV-HD) strata into 
domes: features similar to those observed on Ceres. 
Salt tectonics is driven by a combination of buoyancy, 
differential loading, and regional tectonism [e.g., 7].  

Ceres’ heterogeneous crust. Previous work has 
shown that Ceres’ crust (the ~40 km thick outer, low-
er-density layer [8]) is a mixture of rock, ice, salts, and 

clathrate [9, 10]. Whereas those studies assumed a 
well-mixed composition, variations in viscous relaxa-
tion [9], surface composition [11], surface morphology 
[12], and gravity [8] across Ceres suggest possible 
large-scale (km to 10s of kms) compositional hetero-
geneity. Here we assume that Ceres’ crust is heteroge-
neous at these large scales, and that these variations 
are reflected in differences in density and viscosity. 
Below we examine whether such heterogeneity might 
result in the deformation of Ceres’ surface. 

 
Figure 1: A portion of Ceres (285o-20o longitude) ex-
hibiting numerous tholi and montes (black arrows in-
dicate prominent features, some labeled). Color-coded 
topography overlain on a 140 m/pix image mosaic. 

 
Buoyancy-driven diapirs. Although now recog-

nized as a minor driver of salt tectonics [7], buoyancy 
forces might play a crucial role in solid-state defor-
mation on Ceres. To test this hypothesis, we posit a 
spherical ice diapir (density ρi = 920 kg m-3) within 
Ceres’ higher density crust (ρc = 1287 kg m-3 [8]). To 
first order, the upward velocity of the sphere depends 
on its radius R, the density contrast ∆ρ, gravity 
(g=0.27 m s-2), and the viscosity of the crust, which is 
a function of temperature and thus depth (η(z)). We 
assume the viscosity structure of [10] and integrate to 
determine the time required for the diapir to reach the 
surface. We find that diapirs with R < 100 km (consid-
ered a maximum) cannot reach Ceres’ surface over 
geologic time due to the high viscosity of the near-
surface crust. This result is independent of the depth at 
which the diapir initiates. Large diapirs can, however, 
reach depths of 10–20 km before stalling out, suggest-
ing that low density material may not remain at the 
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base of the crust, but can accumulate at shallower 
depths. 

Deformation driven by differential loading. Most 
salt tectonics on Earth is driven by differential loading 
or regional tectonics [7]. Given the general lack of 
evidence for tectonic activity on Ceres, we examine 
the role of differential loading (flow driven by a hy-
draulic head) in creating Ceres’ tholi. A pressure head 
is created by lateral variation in the thickness of the 
HV-HD crust overlying the LV-LD material, either 
due to changes in the LV-LD layer thickness (case 1, 
Fig. 2) or to surface topography (case 2, Fig. 3). We 
examine both cases using a simple viscoelastic finite 
element model (Tekton [13]) in axisymmetric geome-
try. We assume a subsurface LV-LD layer beneath (or 
within) an HV-HD crust.  

In case 1, the difference in the LV-LD layer thick-
ness is a simple step function, creating a vertical col-
umn of LV-LD material (designed after [14]). We find 
that the presence of this column can result in signifi-
cant uplift of the surface. For the case shown in Fig. 2, 
the result is a tholus ~2 km high and 20 km across. The 
degree to which the surface deforms depends strongly 
on the initial geometry. Wider LV-LD columns, and 
thinner overlying HV-HD layers produce greater up-
lift, suggesting broad tholi are easier to produce by this 
mechanism than small, narrow tholi. Thinner and/or 
laterally restricted LV-LD layers, as well as shorter 
LV-LD columns result in less uplift. Tholus width is 
similar to the LV-LD column width. 

 
Figure 2: Axisymmetric finite element simulation of 
deformation resulting from a HV-HD crust (yellow) 
overlying a LV-LD layer (blue) of varying thickness. 
(A) Initial. (B). A 2-km high tholus results. 

We also examine how surface topography from 
impact craters can drive flow of a LV-LD layer at 
depth (case 2). Figure 3 shows that a LV-LD layer 
beneath a portion of the crater can create a large tholus 
(3 km high) within the crater. The deformation is simi-
lar to Cosecha Tholus and the tholus in Begbabel 
crater (Fig. 1). The location and topographic amplitude 
of the resulting tholus again depends on the depth and 
lateral extent of the LV-LD layer.  

Conclusions: Our preliminary investigation shows 
that solid-state deformation may be capable of creating 
Ceres’ numerous tholi if the crust is heterogeneous at 
large scales. Buoyancy can bring low-density material 
to within 10-20 km of the surface, where differential 
loading drives flow capable of producing tholus-like 
surface features. This suggests prodigious cryovolcan-
ism might be unnecessary for producing Ceres’ tholi. 
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Figure 3: As in Fig. 2 but for a LV-LD layer partially 
underlying crater topography. 
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