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ameters fit to a circle range from 16–86 km (though
many domes are elliptical in plan-view shape), heights
range from 1.1–4.4 km, and volumes are of order 102–
103 km3. One example is shown in Figure 1b. This
dome in Begbalel crater has been previously identified
in geologic mapping [6]. The dome contains a similar
volume of material to Ahuna Mons, but has 1.7 km
less topographic relief and is 15 km greater in diameter, consistent with a relaxed analog of Ahuna Mons.
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Introduction: Cryovolcanism may be a fundamentally important process in shaping the surfaces of many
outer solar system bodies, but remains poorly understood. Ceres represents our best opportunity to learn
about this phenomenon because of the Dawn mission
[1], which discovered a prominent topographic peak
named Ahuna Mons (Fig. 1a). Ahuna Mons is interpreted as a cryovolcanic construct [2]. An outstanding
question has been why only one prominent cryovolcano was observed. This observation is especially problematic given that Ahuna Mons is geologically young,
with an upper age limit of 240 Ma [2]. It is difficult to
formulate a thermal history for Ceres that would allow
the planet to be volcanically active in the last ~100
Myr, but not earlier.
One proposed solution is that cryovolcanic domes
on Ceres viscously relax over geological timescales,
precluding domes older than Ahuna Mons from easy
identification [3]. Numerical models have shown this
hypothesis to be physically plausible [3], but observational evidence of this process has yet to be systematically demonstrated. Here, we use image data from the
Dawn mission to search for older cryovolcanic domes.
We identify 21 possible constructs, and use topographic analysis coupled with finite element flow models to
show that they are likely viscously relaxed structures
originally formed through cryovolcanic processes.
This interpretation allows for a reconstruction of the
first cryovolcanic history of any planetary body.
Image analysis: We analyze Dawn Framing Camera (FC) images and topography derived from FC stereo images to characterize putative cryovolcanic
domes on Ceres. We identify 33 large domes, which
are >10 km in diameter and >1 km in height [see also
4]. Small mounds at the km scale or lower also have
been identified on Ceres, but likely originate from impact processes [5]. Of these 33 domes, we select 21
for topographic analysis. 12 domes were not chosen,
as these are either surrounded by several large craters,
in a location where impact ejecta may be expected to
pile up, or a majority of their surface area is overlain
by other topography, such as an impact crater or another dome. Our conservative selection of 21 domes
increases the probability that we are correctly identifying cryovolcanic constructs. However, if the domes
are viscously relaxed features, our selection process
implies we are preferentially identifying geologically
young domes, a factor that will need to be considered
in any reconstruction of cryovolcanic history.
For the 21 selected features, we use a topographic
map to measure physical characteristics of each domes,
including location, diameter, height, and slopes. Di-
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Figure 1. Shaded topographic relief of (left) Ahuna Mons, a
putative cryovolcanic construct, and (right) one of 21 domes
analyzed here, located in Begbalel crater.

Viscous deformation models: Under the viscous
relaxation hypothesis, older cryovolcanic domes lose
topographic relief and widen in diameter over time.
We therefore consider the aspect ratio (height divided
by average basal diameter) of the 21 analyzed domes
the most characteristic test of this hypothesis; cryovolcanic constructs should steadily (though not linearly)
decrease in aspect ratio over time. Analysis of aspect
ratio (as opposed to height) has the advantage of not
assuming all cryovolcanic events extrude the same
volume of material, and makes physical sense because
Ahuna Mons’ slopes and aspect ratio are thought to be
controlled by the angle of repose [2].
Evidence for viscous relaxation is quantified using
finite element flow models. We consider the case
where a dome identical in size and shape to Ahuna
Mons forms at a given time at every 10 degrees of latitude on Ceres. Considering the orbital parameters of
Ceres [7], we use a semi-implicit thermal model [8]
that balances insolation with subsurface conduction to
calculate the annual average temperature of domes at
each latitude. These temperatures are used as an input
to flow models [3] to determine the expected aspect
ratios of the domes after a given amount of time; lowlatitude (i.e., warmer) domes flatten more quickly.
These results are shown in Figure 2, where the domes
are composed of 50% ice volumetrically. We found
obliquity change to only have a minor effect on results
because Ceres’ maximum obliquity is <20° [7].
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We also plot the observed aspect ratios of the 21
domes in Figure 2. Several properties of our results
are consistent with the viscous relaxation hypothesis,
including: (1) the single polar dome (Yamor Mons) has
the greatest aspect ratio, (2) Yamor Mons’ aspect ratio
is equal to that of Ahuna Mons (~0.20), implying no
viscous deformation (it is unlikely to have originated
with a higher aspect ratio because that would imply
slopes greater than the angle of repose) (3) low-latitude
domes have consistently low aspect ratios, and (4)
mid-latitude domes have greater variance in aspect
ratio than low-latitude domes.
Ahuna Mons aspect ratio
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Figure 2. Aspect ratios of 21 domes on Ceres (black dots),
compared to the aspect ratio of Ahuna Mons (dashed line)
and the modeled aspect ratios of viscously deformed cryovolcanoes at some time after formation (solid lines).

Interpretation: Model results show good agreement with observations of dome aspect ratios and the
hypothesis that the domes represent viscously relaxed
structures. If so, the domes must have a softer rheology than the average crust, since other similarly sized
features are not generally observed to be viscously
relaxed on Ceres [9, 10]. A relatively ice-rich composition as a result of the domes being cryovolcanic
products is consistent with this rheological requirement, and several of the domes have been suggested to
be cryovolcanic in previous geological mapping work
[6, 10]. Our assumed ice content of 50% in Figure 2
meets this requirement because it is greater than the
30% upper limit imposed for the average Cerean crust
in order to support the observed topography [9].
The single polar dome, Yamor Mons [11], especially lends evidence to the viscous relaxation hypothesis.
It is located at a latitude we calculate to be too cold to
viscously deform under any geological timescales or
orbital parameters, and is observed to have retained its
topographic relief. This property is not shared by any
other dome (except the extremely young Ahuna Mons,
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which has not had time to deform), nor is there is a
polar dome with low aspect ratio (including any of the
12 domes we did not select for analysis).
Our finite element models constrain the age of the
domes by estimating the time it takes for a dome of
equal volume and aspect ratio of Ahuna Mons to relax
into the presently measured aspect ratio, for an assumed ice content. We find the observed domes to be
100s of Myr old (Fig. 2). Older domes are likely to be
unidentifiable, with the possible exception of the polar
dome Yamor Mons. Yamor Mons has an unconstrained age from our models because it is not predicted (or observed) to relax, but crater size-frequency
analysis implies a lower age limit of ~250 Ma [11].
Conclusions: We conclude Ceres contains domes
that are consistent with viscously relaxed cryovolcanic
constructs. Ahuna Mons is the youngest cryovolcano,
but does not represent a unique event in Ceres’ geological history.
We constrain, for the first time, the cryovolcanic
history of a solar system body. Our results are consistent with a cryovolcanic construct forming every
~50 Myr over the past ~1 Gyr and are not statistically
distinguishable from a uniform distribution. This activity represents a cryomagma volume of order ~104
km3 over this interval, for an average cryovolcanic rate
of order ~104 m3/yr. This estimate does not include
consideration of smaller, more localized cryovolcanic
activity such as the processes that may have formed the
faculae in Occator crater [e.g., 12]; however similarly
sized features are likely to be volumetrically negligible
compared to the domes.
The cerean cryovolcanic effusion rate is less than
the average volcanic effusion rate estimated for Earth
or Venus over the same timescales, which are of order
~109 m3/yr [e.g., 13, 14]. It is also less than the overall
average eruption rate on the Moon and Mars [15].
Therefore, cryovolcanism is a significant process in
shaping the surfaces of outer solar system bodies, but
is unlikely to be as important as basaltic volcanism on
terrestrial planets. These cryovolcanic rates can be
directly compared to those of Europa [16] or Pluto [17]
as their geological histories become better understood.
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