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Cryovolcanism, defined here as the extrusion of icy material 
from depth, may be an important planetary phenomenon in 
shaping the surfaces of many worlds in the outer Solar System 
and revealing their thermal histories1–3. However, the physics, 
chemistry and ubiquity of this geologic process remain poorly 
understood, especially in comparison to the better-studied 
silicate volcanism on the terrestrial planets. Ceres is the only 
plausibly cryovolcanic world to be orbited by a spacecraft up 
to now, making it the best opportunity to test the importance 
of cryovolcanism on bodies in the outer Solar System and 
compare its effects to silicate volcanism on terrestrial plan-
ets. Here, we analyse images from NASA’s Dawn mission4 and 
use the finite element method to show that Ceres has experi-
enced cryovolcanism throughout its geologic history, with an 
average cryomagma extrusion rate of ~104 m3 yr−1. This result 
shows that volcanic phenomena are important on Ceres, but 
orders of magnitude less so than on the terrestrial planets.

The prominent mountain Ahuna Mons on Ceres (Fig. 1) has 
been interpreted as a cryovolcanic construct5. Ahuna Mons has an 
upper age limit of 240 million years (Myr) derived from crater size–
frequency analysis of units that it superposes5, but it may be much 
younger because the mountain itself is too small and has too few 
craters to be reliably dated. An outstanding problem in the analy-
sis of Ahuna Mons has been why only one prominent cryovolcano 
was observed, as the general trend of planetary cooling makes it 
difficult to construct a thermal history that would allow for cryo-
volcanism in the past hundreds of million years5, but not earlier.  
A proposed solution is that cryovolcanic domes viscously relax over 
geologic timescales, precluding constructs older than Ahuna Mons 
from easy identification6. This process would require domes to have 
a softer rheology than the crust of Ceres as a whole, which on aver-
age experiences only modest viscous relaxation7,8. This hypothesis 
has been shown to be physically plausible on the basis of numerical 
models6 but has not been tested observationally. Here we identify 
viscously relaxed domes using a combination of topographic analy-
sis and flow modelling, allowing for a reconstruction of Ceres’s 
cryovolcanic history.

We analysed images from the Dawn Framing Camera images to 
search for large domes that may be old cryovolcanic constructs. We 
identified 32 such domes, which are all > 10 km in diameter. Small 
mounds at the kilometre scale or smaller also exist but are likely to 
have an impact-related origin9. We studied the heights and mor-
phologies of the domes using topography that has been produced 
from Framing Camera stereo imagery10. The 32 domes have surface 
relief > 1 km, and have convex-up morphology. We excluded 10 of 

the 32 domes from further analysis on the basis of an inability to 
reliably measure their physical dimensions with sufficient preci-
sion. In some of these cases, most of the original dome’s topography 
appears to have been destroyed by a large impact crater, and in other 
cases, the dome is surrounded by several large craters in a location 
where impact ejecta may be expected to accumulate. Our conserva-
tive selection of 22 domes (which includes Ahuna Mons) increases 
the likelihood that we are correctly identifying cryovolcanic con-
structs but may imply that we are preferentially selecting younger 
domes. Some of these domes have previously been identified11 as 
‘tholi’, but we use the more general term ‘domes’ to encompass both 
tholi and montes. Tholi on other planets have often been identified 
as volcanic in origin (see, for example, ref. 12).

Of the 22 domes selected for further analysis (Fig. 1a), we mea-
sured their average diameters and heights, and calculated an aspect 
ratio (defined herein as the ratio of surface relief to average basal 
diameter) of each dome. We additionally searched Framing Camera 
images for any anomalously bright features on the domes, which are 
observed at Ahuna Mons13. We calculated average diameters rang-
ing from 16 to 86 km, surface relief ranging from 1.1 to 4.4 km, and 
volumes of order 102–103 km3 (see Methods). An example of one 
of the 22 domes studied is shown in the middle panel of Fig. 1b.  
This dome, located in Begbalel crater, contains a similar volume 
to Ahuna Mons, but with greater diameter, less topographic relief 
and lower slopes. Data for all analysed domes can be found in 
Supplementary Tables 1 and 2.

The viscous relaxation hypothesis predicts that domes flat-
ten over time, conserving volume but increasing in diameter and 
decreasing in surface relief. However, cryovolcanic episodes may 
involve variable volumes of cryomagma, cautioning against directly 
comparing surface relief of domes as a test of viscous relaxation. 
Instead, we argue that dome aspect ratio is the more appropriate 
parameter to consider. The slopes and aspect ratio of Ahuna Mons 
seem to be controlled by the angle of repose5, and we assume that 
those values represent the initial conditions of other putative cry-
ovolcanic domes. The aspect ratios of the 22 studied domes are 
shown in Fig. 2a as a function of latitude. They are statistically dif-
ferent from a uniform distribution of aspect ratios across all lati-
tudes (see Methods).

We tested the viscous relaxation hypothesis using finite element 
method (FEM) numerical models that solve the Stokes equations 
(see Methods). The rheological equation that we used is based on 
laboratory work that considers dislocation creep and grain bound-
ary sliding of ice14 and the effects of silicate or salt contamination15. 
The temperature inputs to the FEM flow model are calculated with a 
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semi-implicit thermal model16 that balances insolation with subsur-
face conduction and considers latitude, surface slope and the orbital 
changes of Ceres. We initialize the flow model with a cryovolcano in 
the shape of Ahuna Mons and assume that it is emplaced instanta-
neously at a point in the past. The flow model calculates the viscous 
deformation to the present day of a cryovolcano at every 5° lati-
tude. Although it is possible that not every putative cryovolcano was 
emplaced with the same shape as Ahuna Mons, the resulting distri-
bution of aspect ratios should be diagnostic provided that Ahuna 
Mons is not an outlier in initial shape. Results of predicted aspect 
ratios are plotted with the observations of aspect ratios for the  
22 domes in Fig. 2a, for the case in which the domes are assumed 
to be 50% ice by volume. Aspect ratios vary with latitude because of 
the strong dependence of viscosity on temperature.

Constraints on age and composition come from an indepen-
dent combination of geophysical observations and consideration 
of faculae (anomalously bright areas). Sodium carbonates are pres-
ent on the flanks of Ahuna Mons and are consistent with a cryo-
volcanic origin13,17. Models of impact-induced lateral mixing show 
that faculae are expected to have an average lifetime of ~300 Myr 
before they are buried or destroyed by new impacts13. We did not 
observe faculae on any of the non-Ahuna domes. If those domes 
once hosted faculae, they are likely to be older than ~100 Myr (a 
conservative estimate based on the lateral extent of impact ejecta, 
a free parameter in the mixing model) in order for those faculae to 
have disappeared. Our FEM flow models imply that the domes thus 
have a maximum volumetric ice content of 70%; if the domes had 
more ice, they would have relaxed more quickly than faculae disap-
pear. Some faculae do exist in flat terrain on Ceres but are associated  

with impact craters, not relaxed dome topography13. For the domes 
to viscously relax at all, they must have average ice content greater 
than typical Cerean crust, which is relatively immobile at these spa-
tial scales7,8. Such an ice enhancement may be expected if Cerean 
cryomagma is formed by partial melting, rather than complete 
melting, of portions of the interior. A maximum ice content7 of the 
shallow subsurface of Ceres is 30–40%, implying that the domes 
are 30–70% ice by volume. Our nominal results are thus presented 
assuming an ice volume of 50%. The non-icy component is prob-
ably a combination of rocks, salts and clathrates8. Some heterogene-
ity in cryomagma composition may exist, which could explain some 
deviation in the observations from the modelled lines in Fig. 2a.

A general good agreement between model predictions and 
observations in Fig. 2a supports the viscous relaxation hypothesis, 
and there are several specific observations that may be diagnostic. 
The polar dome Yamor Mons18 (the only feature at latitude > 70°) 
has the largest aspect ratio of any of the domes, and this is the same 
as the aspect ratio of Ahuna Mons within uncertainty. This property 
is expected because the poles of Ceres are too cold (< 100 K annual-
average temperature, compared with ~155 K at the equator) to allow 
ice to flow at any geologic timescales. There exist no high-latitude 
domes with lower aspect ratios than Ahuna Mons, including the ten 
domes excluded from analysis. The presence of such a dome would 
complicate the viscous relaxation hypothesis for the reason men-
tioned above. There exist no low-latitude domes with high aspect 
ratios, other than geologically young Ahuna Mons. The presence 
of such a dome would also be at odds with the viscous relaxation 
hypothesis because if such a feature was old, it should have expe-
rienced extensive deformation. Finally, mid-latitude domes display 
a wider range of aspect ratios than low-latitude domes. This prop-
erty is expected because aspect ratios of cooler mid-latitude domes 
should be more sensitive to their age. No individual property listed 
above proves a cryovolcanic origin, but collectively they are highly 
suggestive of viscous relaxation of relatively ice-rich topography.

Alternative hypotheses do not fully explain the observations, 
in particular the young age of Ahuna Mons. Diapirism driven by 
differential topographic loading may plausibly cause doming on 
Ceres19, but does not reproduce the high-relief, high-aspect-ratio 
of Ahuna Mons under realistic physical parameters and should not 
result in the latitudinal trends that we observed because it predicts 
that dome topography would be composed of the relatively strong 
average Cerean crust. Diffusion caused by meteoritic bombardment 
may be important for the evolution of topography at the kilome-
tre scale or less, but it is unlikely to be the dominant modification 
mechanism of features tens of kilometres or greater in scale20,21. The 
results here do not imply that diapirs or topographic diffusion are 
absent or negligible on Ceres, only that they are unlikely to fully 
explain the shape and size of its observed domes.

We can invert the observations to constrain the cryovolcanic his-
tory of Ceres, which requires estimates of volume and age for each 
dome. We measure the volume of each from our topographic analy-
sis (see Methods). Our models constrain the age of each dome by 
estimating the time that it takes for a dome with the aspect ratio of 
Ahuna Mons to relax into that dome’s present observed aspect ratio. 
We estimate the age of each dome assuming a nominal ice content 
of 50%, finding the observed domes to be 100s of million years 
old (Fig. 2b). Older domes are likely to be unidentifiable, with the 
exception of the high-latitude example, Yamor Mons. Yamor Mons 
has an unconstrained age from our models because it is neither pre-
dicted nor observed to relax viscously. Crater size–frequency analy-
sis is not reliable on the domes themselves because of their small 
size, but our results are consistent with the age constraints that exist 
in underlying terrain. For example, the unnamed dome in Fig. 1b 
(middle panel) is located in a crater that is estimated to have an 
age22 of 1.9 billion years (Gyr). Thus, 1.9 Gyr is an upper limit for 
the age of the dome, which we estimate from our models to have 
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Fig. 1 | observations of domes on Ceres. a, Locations of the large domes 
analysed here, overlying a topographic map of Ceres in cylindrical 
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an age of 510 Myr. All of these ages assume an initial condition with 
the aspect ratio of Ahuna Mons, and thus the age of Ahuna Mons 
should be added to the results. Because Ahuna Mons is young, our 
conclusions are robust to this uncertainty.

Our results are consistent with a cryovolcanic construct forming, 
on average, every ~50 Myr over the past ~1 Gyr with an effusion 
rate of order 104 m3 yr−1. Because of model uncertainties and the 
possibility that not all domes are cryovolcanic, we report only an 
order of magnitude estimate, and we use statistical tests to deter-
mine whether these cryovolcanic eruptions are uniform in time and 
space (see Methods). Over the past 1 Gyr, the distribution of cryo-
volcanism as a function of time is not statistically distinguishable 
from a constant distribution in which a cryovolcano forms every 
50 Myr; we cannot confidently identify an increase or decrease in 
activity. Spatially, our tests reveal that eruptions are not uniformly 
distributed over Ceres, implying lateral heterogeneity of cryovolca-
nism. Some domes may be clustered in the site of an ancient impact 
basin23, possibly suggesting a genetic link. Domes do not show 
trends with crustal thickness, suggestive that magmatic activity may 
initiate in Ceres’s crust and not beneath.

Cryovolcanic features other than the large domes analysed here 
may exist on Ceres. In particular, faculae associated with impact 
craters have been identified and probably represent endogenic 
or impact-triggered activity involving upwelling of liquids24–26. If 
the faculae are cryovolcanic, they may represent a non-negligible 
contribution to Ceres’s recent cryovolcanic history, depending 
on their thickness. However, topographic constraints imply that 
most of the faculae are likely to be only metres thick27 outside the 
central dome at Occator crater, implying that the bulk volume 
of cryovolcanic activity is dominated by the large domes unless 
many more faculae, in addition to those observed, formed in the 
past few million years. Intrusions, which have been proposed to 
be important for lava dome growth on the Earth28, may also be 
possible, and can be quantified if high-resolution gravity data or 
additional geophysical constraints are ever acquired for Ceres, as 
has been done for the Moon29.

Our estimated average cryovolcanic rates of 104 m3 yr−1 for Ceres 
can be compared with rates of basaltic volcanism on terrestrial  
planets to assess the relative importance of the two processes across 
different bodies. The volcanic eruption rates on Earth30 and Venus31 
are of order 109 m3 yr−1 over the past few million years. The volcanic 
eruption rates for the Moon32 and Mars33 are of order 106 m3 yr−1 and 
107 m3 yr−1, respectively, which apply to the past ~3.9 Gyr. The rates for 
the terrestrial objects are at least an order of magnitude greater than 

the rates for Ceres even when normalized for surface area (Fig. 3).  
Therefore, although cryovolcanism is an important process in shap-
ing the geomorphology of Ceres, it is not as important as basaltic 
volcanism is on the terrestrial planets.

Eruption rates on other cryovolcanic worlds are less constrained. 
One proposed resurfacing rate for Europa34 would imply an erup-
tion rate of 109 m3 yr−1 in the upper limit of all resurfacing being 
cryovolcanic. This upper limit is orders of magnitude higher than 
our estimate for Ceres, perhaps representing the important role of 
tidal heating on Europa. Whether similar conclusions hold true for 
other potentially cryovolcanic objects like Titan and Pluto can be 
tested as their geologic histories become better understood.

Methods
Measurements. We measure physical dimensions of domes using a topographic 
map of Ceres10 constructed from stereo imagery. For each dome, eight topographic 
profiles were extracted through the centre of the dome. In the nominal case, these 
topographic profiles were extracted along uniform 22.5° increments (that is, a 
N–S profile, a NNE–SSW profile and so on). In practice, the direction of some 
topographic profiles was adjusted to avoid impact craters at the dome base, which 
would bias measurements. For each topographic profile, the distance between the 
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maximum elevation and the elevation at the base was called the height, and the 
distance between the base at either end of the topographic profile was called the 
diameter. The choice of where the ‘base’ of the dome occurs was made for each 
topographic profile. The base was considered the point where the profile reaches 
the approximate elevation of the surrounding terrain and experiences a break in 
slope. The slope break generally represents a change in concavity from the convex-
up domes to the surrounding terrain, similar to methodology used to identify 
the base of some terrestrial volcanic edifices35. The identification of the base was 
checked with images, but performed with topography, where slope breaks were 
generally easily identifiable. Using topography as the primary dataset to identify 
the boundaries of volcanic features, although not completely objective, is generally 
less subjective than using other datasets35 and has even allowed for automation in 
some terrestrial cases36. The dome height and dome diameter were interpreted as 
the average of the heights and diameters across all the topographic profiles, and the 
standard deviation of the heights and diameters across all the topographic profiles was 
interpreted as the uncertainty. The volume of each dome was calculated as h′π (d/2)2, 
where d is the diameter of the dome and h′ is the average height of the dome.

The effusion rate that we estimate is the sum of the volumes of all domes 
formed in the past 1 Gyr (according to our flow models) divided by 1 Gyr. For 
our nominal case of a composition of 50% ice by volume, this effusion rate is 
24,000 m3 yr−1. Considering the entire range of possible ice contents of 30–70% 
would cause the resulting effusion rate to range from 21,000 to 34,000 m3 yr−1. 
These numbers may be upper limits if some of the domes that we measure are 
formed tectonically instead of cryovolcanically. The estimates for an individual 
dome may be a lower limit if some of the dome’s volume is partially masked 
by flexure, but this effect has not been observed in previous spectral analysis37 
nor in our work here. If flexure was occurring, we calculate it to be a relatively 
minor effect: Ahuna Mons would cause a maximum deflection of an underlying 
100-km-thick elastic plate by 70 m, assuming a Poisson’s ratio of 0.25 and a 
Young’s modulus of 1010 Pa. To respect all the uncertainties in composition, dome 
identification and flexural parameters, we report only an order of magnitude 
estimate of 104 m3 yr−1.

Viscous flow model. Our FEM viscous flow model uses the software Elmer/Ice38, 
an open-source code developed to address problems in terrestrial ice dynamics 
and which we have previously adapted for use in planetary contexts6,39. We use this 
software to solve the Stokes equations for conservation of mass and momentum, 
which are respectively:

∇ =u 0 (1)

ρ∇ σ+ =g 0 (2)

u is the velocity vector, g is the gravity vector, σ is the Cauchy stress tensor and ρ is 
the material density.

We use a rheology that considers strain rates for two deformation mechanisms: 
dislocation creep and grain boundary sliding. The equations for strain rate for 
these two deformation mechanisms, are, respectively:
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τ is deviatoric stress in MPa, ϕ is non-ice volume fraction (in this case, the sum 
of silicates and salts), d is ice grain size in metres, R is the gas constant and T is 
temperature in K. For features of the size studied here, basal slip is limited by grain 
boundary sliding, and diffusion creep is negligible6. These equations are only 
applicable for temperatures < 250 K, which we find appropriate for Ceres according 
to our thermal model.

Given the likely multi-compositional nature of Ceres’s crust, the effects of 
the non-ice component on deformation are particularly important. The above 
equations treat the non-ice component as being relatively undeformable inclusions 
compared with the ice. Thus, the non-ice components effectively act as obstacles 
impeding flow, which is quantified using an exponential law that was determined 
experimentally15. This behaviour applies to silicates15,40 and salts41,42 up to a 
minimum ice content determined by the packing density of the material, below 
which viscosity increases substantially15.

Boundary conditions in our flow model are that the top surface is a free 
surface, and that no sliding occurs at the bottom surface. The FEM domain is 
meshed with nodes every 100 m, and we find that flow velocities do not change 
significantly by increasing node density.

The model assumes that uplift is absent or negligible compared with viscous 
flow. Although uplift could conceivably occur if a cryomagma chamber freezes, 
owing to the density difference between liquid water and solid ice, it is only 
important under a narrow set of circumstances: the chamber must be full or near-
full when it freezes, the chamber must be tens of kilometres greater in diameter, 

and volume expansion must not be accommodated by closure of porosity (which 
is likely to be created by impacts on airless bodies43,44). Freezing of individual 
subsurface melt pockets may occur, but suffer from similar caveats as above. 
Furthermore, our model begins with the present topography of Ahuna Mons as a 
starting point, so uplift would only be relevant for other domes in our model if it 
has not yet ceased at Ahuna Mons.

Thermal model. Temperature inputs into the viscous flow models are 
calculated with a one-dimensional semi-implicit thermal model16. The model 
simulates energy balance at the surface from solar insolation, blackbody 
radiation, and thermal conduction through subsurface numerical layers. It also 
includes reradiation from surrounding flat terrain back towards the sloped 
dome surface. At the boundaries of each of subsurface layers, we solve the 
thermal diffusion equation:







ρ ∂

∂
= ∂

∂
∂
∂

c T
t z

k T
z

(5)

ρ is the material density, c is heat capacity, T is temperature, t is time, z is depth and 
k is thermal conductivity. The equation solved at the surface is:

φ = − + ∂
∂

E T S A i k T
z

(1 )cos( ) (6)s
4

E is the emissivity (assumed to be 0.9), φ is the Stefan–Boltzmann constant, Ts is 
the temperature at the surface, S is the solar flux at Ceres, A is the surface albedo 
and i is the incidence angle of sunlight, which also accounts for surface slope. 
The surface albedo is assumed to be 0.1, and we impose a small geothermal heat 
flux45 of 1 mW m−2. Annual-average temperatures for each feature are calculated 
according to its latitude, evolving surface slope, and time-dependent obliquity, 
eccentricity and semi-major axis46 by calculating temperature every 500 s 
throughout a Cerean year.

Statistical tests. We use a Kolmogorov–Smirnov statistical test to determine 
whether the distribution of aspect ratios of observed domes as a function of 
latitude could be distinguished from the null hypothesis in which aspect ratios 
are uniform with latitude. We found that this null hypothesis could be rejected 
at a high significance level (< 1%), implying that dome aspect ratios do vary as a 
function of latitude.

We also use a Kolmogorov–Smirnov statistical test to determine whether the 
cryovolcanic history that we infer is statistically different from a rate in which a 
cryovolcano is formed anywhere on the surface of Ceres in regular time intervals. 
We perform this test only for the past billion years of Cerean history, because there 
is likely to be a systematic bias in that structures older than 1 Gyr are more likely to 
be unidentified because of modification from viscous relaxation or other processes. 
We find that our inferred distribution of cryovolcanic constructs as a function 
of time (Fig. 2b) is not statistically different at a 10% significance level from a 
constant distribution in which a cryovolcano has formed every 50 Myr over the 
past 1 Gyr. Therefore, we cannot identify with confidence an increase or decrease 
in cryovolcanic activity in the past 1 Gyr.

We use a Monte Carlo procedure to determine whether the spatial 
distribution of domes is likely to represent a uniform distribution over the 
surface of Ceres. We assume that cryovolcanic activity began 1 Gyr ago, and 
we create a dome with the size and shape of Ahuna Mons at a random latitude 
and longitude on Ceres’s surface every 50 Myr. The longitude is sampled from 
a uniform distribution between 0° and 360°, while the latitude is sampled with 
the equation

θ = − + −∘ x90 arccos(2 1) (7)

where x is chosen from a uniform distribution between 0 and 1. Based on our 
observations, we assume that a dome effectively becomes undetectable when it 
deforms into a feature with an aspect ratio of 0.03 or less (Fig. 2a); for example, 
we expect this limit to be reached for Ahuna Mons after 700 Myr based on 
our FEM models. We calculate the percentage of domes expected to remain 
recognizable in the present day at a latitude of 30° or less. This procedure 
is repeated 10,000 times. The observed percentage of domes from Dawn 
topography that are at these low latitudes is 68%. The percentage of the 10,000 
modelled cases with 68% or more low-latitude domes recognizable in the present 
day is only 2%. This percentage decreases if we assume that cryovolcanism on 
Ceres was initiated earlier than a biollion years ago. Therefore, we conclude  
the locations of observed domes on Ceres are unlikely to be sampled from a 
uniform distribution.

Finally, we used a derived map of crustal thickness on Ceres37 to determine 
whether the 21 domes and Ahuna Mons preferentially occur in regions of thin 
crust. The average crustal thickness at the 22 domes is 42.2 km, compared with 
the average value37 for Ceres as a whole of . − .

+ .41 0 4 7
3 2 km. The absolute thickness 

values are dependent on some model parameters considered in the derivation of 
the crustal thickness map, but they are accurate in a relative sense. Domes are not 
preferentially located in regions of unusually thin or thick crust.
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Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request. The data 
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