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Ceres is a 940-km-diameter dwarf planet with a bulk composition dominated by 18 

silicates and water ice. In Ceres’ partially differentiated interior, extrusive processes 19 

have led to the emplacement of kilometres high domes. Here we report the analysis of 20 

an isostatic gravity anomaly detected by the Dawn spacecraft data in association with 21 

the geologically recent dome Ahuna Mons. By modelling the isostatic anomaly with a 22 

mass concentration method, we determined that the subsurface structure includes a 23 

regional mantle uplift, which we interpret as a plume.  This structure is the probable 24 

source of fluids forming Ahuna Mons and, together with the constraints from the 25 

dome’s morphology, indicate a rheological regime corresponding to a mixture of brine 26 

and solid particles. This property explains the viscous relaxation and the mineralogy of 27 

the dome. The presence of a plume and of slurry material indicate recent convection in 28 

a mud-bearing mantle. The inferred slurry extrusion on Ceres differs from the water-29 

dominated cryovolcanism of icy satellites and reveals a compositional and rheological 30 

diversity of extrusive phenomena on planetary surfaces. 31 

 32 
 33 
 34 
Ceres is the largest body in the asteroid belt with a bulk density of 2162 kg m

-3 1
. It is a water 35 

ice rich protoplanet that experienced aqueous alteration in its past
2
. Between 2015-2018, the 36 

Dawn spacecraft performed a reconnaissance orbital mission of the dwarf planet. One of the 37 

primary mission goals was to characterize the extent of Ceres’ internal differentiation by 38 

determining its surface and interior properties
2
. The clear identification of a centrally 39 
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condensed mass implies partial differentiation of the dwarf planet
3-6

. Global scale topography 40 

analysis suggested that the upper part of the mantle, below an ~40-km thick crust, has a 41 

relatively low viscosity, consistent with liquid pore fluids
7
, while leaving unanswered the 42 

nature and dynamics of the mantle, as well as its potential the link to its surface expression.  43 

 44 

Stereo imaging
8
 with Dawn’s Framing Camera enabled the reconstruction of the global 45 

shape, revealing a prominent topographic dome (~4 km high and 17 km wide), named Ahuna 46 

Mons
9
. The morphology and morphometry of the dome indicate an extrusive formation 47 

mechanism involving fluid-bearing (volcanic) material, and thus an unambiguously 48 

endogenic process
9
. This origin is supported by its composition rich in sodium carbonate, the 49 

solid residue of a brine
10

. The construction of the dome is consequently related to the 50 

properties of the subsurface and, ultimately, to the extent of differentiation of Ceres. To study 51 

the interior structure of the dwarf planet, Dawn performed a gravity science investigation 52 

over a year and half of X-band radio tracking data and surface optical landmarks from the 53 

Dawn spacecraft
4
. The gravity field is represented in spherical harmonic coefficients to 54 

degree and order 18 (CERES18C) with an accuracy of ~10 mGal at the equator
4
. The low 55 

gravity to topography admittance
3-5

, corroborated by rheological constraints from finite 56 

element geodynamical simulations
7
, indicates that Ceres’ subsurface is consistent with Airy 57 

isostatic compensation, in which large-scale topographic relief is supported by variations at 58 

the crust-mantle boundary. Under this assumption, the interior structure that best satisfies the 59 

observational geodetic constraints with a two-layer (crust and mantle) model is characterized 60 

by a crustal density ρcrust = 1287 kg m
-3

, a mean crustal thickness of 41 km, and a mantle 61 

density ρmantle =2434 kg m
-3

 (see methods)
4,5

. To characterise the subsurface beneath Ahuna 62 

Mons we perform a gravity analysis using this two-layer structure. 63 

 64 

A novel approach to analyze gravity isostatic anomalies 65 

After subtracting the gravity contribution of the topographic load and the isostatic 66 

compensation at the crust-mantle boundary from CERES18C gravity field (see methods), a 67 

~50-60 mGal strong positive isostatic anomaly remains, associated with Ahuna Mons and its 68 

surroundings (Figure 1), as previously noticed
5,11

.  69 

 70 

 71 
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 72 
 73 

Figure 1. Co-location of volcanic dome and isostatic gravity anomaly. a, False-color 74 

mosaic (R=0.97 µm, G=0.75 µm, B=0.44 µm) of the region of Ahuna Mons from Dawn 75 

Framing Camera observations. The dome of Ahuna Mons is close to the center of the mosaic, 76 

and its high reflectance areas are steep flanks rich in carbonates and phyllosilicates
10

. b, 77 

Isostatic anomaly represented with spherical harmonic degrees l=5-14 and showing ~50-60 78 

mGal at approximately the same coordinates of Ahuna Mons. Same area of panel a. 79 

 80 

To characterize the origin of the mass concentration (mascon) that is responsible for 81 

the positive isostatic anomaly, we used a Markov-chain Monte Carlo (MCMC) technique that 82 

selects the properties of a three-dimensional ellipsoidal mass concentration (mascon), which 83 

yields gravity anomalies consistent with the measurements. The adjusted mascon parameters 84 

are density (Δρ=ρmascon-ρcrust), principal axes a, b, and c and depth (h) below the dome, as well 85 

as its geographic location and orientation (see methods). The parameters are determined non-86 

uniquely by minimizing the anomaly between the modelled mascon gravity and the gravity 87 

derived by Dawn. The task is performed by exploiting the two-dimensional gravity anomaly 88 

map in the region of interest and not solely one-dimensional profiles. Interior model solutions 89 

that result from gravity anomaly analysis are intrinsically non-unique and, as a consequence, 90 

our method is applied with the following conditions: the mascon is assumed to be within the 91 

crust and with a density lower than the mantle density. This first condition is set by the 92 

requirements of the canonical isostatic correction because isostatic anomalies reflect density 93 

variations solely in the crust. The second assumption derives from the physical instability of a 94 

mascon with density higher than the mantle
12

 and from Ceres’ geophysical limitations to 95 

produce a concentration of high-density mineral species away from the body’s center of 96 

mass
4,13

. 97 

 98 

 99 
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A mantle uplift beneath Ahuna Mons 100 

The results of our investigation match the observed anomaly with an uncertainty of ~6 101 

mGal, which is fully consistent with the formal errors of CERES18C in that region of the 102 

dwarf planet (Figure 2). Two distinctive mascon configurations emerge from the final 103 

ensemble of solutions (Figure 3) (see methods).  104 

 105 
 106 

Figure 2. Gravity anomaly residuals for two solutions of the mascon analysis. a,b, 107 

Schematic representation for the two configurations with an ellipsoidal mascon located in the 108 
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crust or just above the mantle. c,d: Gravity anomaly residuals between Ceres18C (e,f), and 109 

two of the solutions of the mascon analysis (g, h). 110 

 111 

 112 

 113 
Figure 3. Mascon parameters shown as histograms of the final ensemble of solutions. 114 

The parameters are: density contrast Δρ=ρmascon-ρcrust; semi-major axes a, b, and c; depth (h) 115 

of mascon center; latitude (𝛌𝐌); longitude (𝛟𝐌); and the gravitational parameter 𝐒𝟐𝟐
𝐌  that 116 

relies on its horizontal orientation. The histograms are represented by highlighting two 117 

scenarios that are consistent with the presence of a mantle uplift (blue), and filling of porosity 118 

by fluids (grey). 119 

 120 

In the most probable scenario (~305,000 models, Figure 2b), the majority of MCMC 121 

models (70%) have a mascon density in the range of 2321-2434 kg m
-3

, close to the mean 122 

density of the mantle. The same percentage of models have the base of the mascon within 123 

700 m from the crust-mantle interface. The shapes of the models’ ellipsoids are oblate with 124 

semi-major axes of Gaussian distributions a = 39.1 ± 2.0 km, b = 22.3 ± 2.7 km, and c = 4.7 125 

± 0.6 km, centered at a depth h = 35.7 ± 0.7 km.  These values indicate that the mascon 126 

corresponds to mantle material found at shallower depths than expected for isostatic 127 

compensation, which we interpret as mantle uplift. Regions of positive isostatic anomaly due 128 

to mantle uplift and other processes are common on the Moon and terrestrial planets at the 129 

centers of impact craters
14

, and have been suggested to explain the signature at Ceres’ largest 130 

basin Kerwan
15

.  An impact-triggered mantle upwelling can be excluded for that structure, 131 

however, because of the lack of large craters (>50 km) or planitie interpreted as impact 132 

basins
16

 with center at Ahuna Mons. Instead, the additional mantle material may be indicative 133 
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of a mantle uplift triggered by a convective plume. Whether the convection is solely the 134 

expression of hydrothermal circulation in a muddy mantle
17

 or was influenced by a large 135 

basin very early in the history of Ceres
11, 16

 is unclear. The feasibility of convection in the 136 

mantle of 400 km radius is tested to first order by estimating the Rayleigh number Ra for an 137 

ice-silicate composition with a viscosity of 10
18

 Pa s (for a mixture of ice and antigorite) and 138 

further parameters that provide a lower bound on Ra (see methods). Retention of interstitial 139 

fluids in the mantle
7
 indicates limited warming of the body up to only few 100s K, also 140 

consistent with the mantle low density. A key implication is that uplift of the fluid-bearing 141 

mantle provides a source of fluids for the formation of Ahuna Mons. The shallowest depth of 142 

the mantle beneath the dome, and thus the depth of origin of the fluid, is represented by the 143 

top of the mascon at ~30 km. 144 

A possible but less probable scenario of the mascon solutions (~225,000 models) 145 

shows independent Gaussian distributions of the mascon parameters compared to the 146 

previous configuration (Figure 3).  In this case, the shape of the mascon is larger horizontally, 147 

and more oblate relative to the previous scenario (Figure 2a). The mascon center is deep in 148 

the crust, h = 31.8 ± 0.9 km, and is 5 km above the crust-mantle boundary. The density 149 

contrast of the mascon to the crust is less determined in this case with a peak at ρmascon = 150 

1500-1600 kg m
-3

. This configuration is interpreted to indicate an isolated, lenticular region 151 

within the crust of slightly higher density than the surroundings. The region might have 152 

formed by a decrease in porosity due to compaction creep of phyllosilicates if temperatures 153 

exceeded 200 K
13

. The regional decrease of the ~10 vol.% porosity
5
 of the crust, however, is 154 

insufficient to create the estimated density contrast. Alternatively, the higher density could 155 

have resulted from regional filling of the void space of the crust. A likely filling material is 156 

aqueous fluids with few 10s vol.% of suspended hydrated silicate particles (~2000 kg m
-3

) 157 

with densities close to that of the crust. The depth of the lenticular region would represent a 158 

buoyancy zone within the crust for most of the aqueous fluids. A fraction of the fluids with 159 

slightly lower density might have reached the surface and formed Ahuna Mons. In this case, 160 

the representative source point for the Ahuna Mons material is at ~28 km depth, if we assume 161 

that it corresponds to the top of the mascon. This scenario inferred from the mascon solutions 162 

provides an alternative origin depth for the fluids, although similar to the mantle uplift 163 

configuration. 164 

Although it is not possible to distinguish between two possible configurations, we 165 

infer very similar values for the depth of origin of the fluids producing Ahuna Mons, at depth 166 

~30 km. To assess the sensitivity of our solution to the assumed two-layer internal structure, 167 
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we explored another case with a three-layer (crust, mantle, and core) internal structure. It is 168 

based on a previous study
4
 that suggested the following properties for the three layers: a 169 

crustal thickness of 33 km and density of 1400 kg m
-3

, mantle density of 2225 kg m
-3

, and a 170 

core 200-km in size and with density 3410 kg m
-3

. Assuming these parameters in our MCMC 171 

simulations leads to additional results (supplementary Fig. S6) that are fully in agreement 172 

with the solutions based on the two-layer interior model. Although the histograms show two 173 

separate Gaussian distributions, the final ensemble for the case based on the three-layer 174 

model offers only one scenario that is consistent with a mantle uplift. That is, both families of 175 

solutions yield a mascon located at the core-mantle boundary with a density contrast with the 176 

crust of ~800 kg m
-3

, similar to the difference between mantle and crustal densities. The two 177 

families of solutions in the three-layer model only provide significant discrepancies in the 178 

horizontal shapes of the mascon. Thus, in the following section we are considering the 179 

MCMC configuration with the highest probability, i.e., the mantle uplift configuration with 180 

an inferred depth of fluids at ~30-km. 181 

 182 

Slurry extrusion 183 

We now characterize the rheology of a fluid capable of travelling through 30 km of 184 

crust while matching the high viscosity inferred from the domical landform of Ahuna Mons
9
. 185 

The factor limiting the range of fluid viscosity of a fluid ascending to form domes on Ceres is 186 

conductive cooling between the fluid and the vertical conduit wall
18

. The temperature of the 187 

wall is a function of Ceres geotherm estimated at 2.6 K/km
18

, while the plausible diameter of 188 

the conduit throughout the crust is estimated at 10 m
 
on average

18
. The initial fluid 189 

temperature is set as the minimum eutectic point for pure water (273 K). However, lower 190 

temperatures may also be possible if the liquid is a brine, i.e., an aqueous solution with 191 

dissolved salts
19

. We use an analytical solution for the conductive cooling
22

 to find the 192 

minimum velocity that prevents complete freezing of the fluid during ascent to the surface. If 193 

complete freezing is achieved, then the fluid behaves as a solid and it is assumed that the 194 

flow stops within the crust. With the depth constraint of 30 km, we determined that the ascent 195 

velocity must be >10
-5

 m s
-1

. If the fluid is approximated as a Newtonian flow, then the 196 

velocity is reached with an initial viscosity lower than 10
8
 Pa s. We note that these are limit 197 

values and the fluid can have higher velocities that imply lower viscosities. Pure water or 198 

brines have sufficiently low viscosity to ascend (~10
-2

 Pa s), but at extrusion on the surface, 199 

they exhibit subtle morphologies
20

 that are not observed with the Dawn observations, whose 200 

spatial resolution is sufficient to identify them
21

. The stiff morphology and high relief of the 201 
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dome, instead, set a minimum viscosity of at least ~10
3
 Pa s during extrusion by analogy with 202 

natural and laboratory extrusive constructs
22, 23

. The only plausible material satisfying this 203 

constraint is a fluid entrained with ~30-45 vol.% of non-soluble, solid particles, in essence a 204 

slurry (Figure 4).  205 

 206 

 207 
Figure 4. Constraints on the fluid properties. The solid curves represent the effects of 208 

suspended particles on the fluid rheology for particles of aspect ratio (length-to-thickness) 209 

rp
30

 For particle fraction higher than ~ 0.3, the fluids exhibit shear-thinning, and the effect of 210 

relatively high shear rate γ on the apparent viscosity is represented by the dashed curves
31

. 211 

The grey area is defined by the constraints on the lowermost viscosity from the dome surface 212 

emplacement process and the uppermost viscosity from the ascent process. For the required 213 

viscosities, a relatively high particle fraction is required. A pure brine fluid (blue inset) and a 214 

material at sub-solidus do not satisfy the constraints. 215 

 216 

Colloidal dispersion can exhibit a non-Newtonian behaviour with low apparent 217 

viscosity at the relatively high shear rates (~1 s
-1

) plausibly experienced during ascent. The 218 

slow growth of the dome, instead, occurred in a low shear rates regime (<10
-2

 s
-1

), in which 219 

case the slurry behaviour is characterized by a viscosity several orders of magnitude higher 220 

than at high shear rates and produce morphologies consistent with observations
9
. The 221 

transport of non-soluble particles from depth would occur by suspension at the inferred range 222 

of ascent velocity and at the low gravity of Ceres
24

. 223 

A slurry material provides a reasonable explanation for two independent characteristics of 224 

Ahuna Mons. Whereas the spectral detection of carbonates on the dome’s walls is explained 225 

by crystallization of a salt-rich fluid
10

, the co-occurrence of the spectral signature of 226 

phyllosilicates can correspond to hydrated particles of the parent slurry. From modelling of 227 



 
 

9 
 

the viscous relaxation of the dome a composition of ~40 vol.% non-ice particles mixed with 228 

ice was inferred
25

, a petrology that can be explained by extrusion and freezing of the 229 

proposed slurry. Extrusions of colloidal dispersions have possibly been widespread given the 230 

number of domes observed globally
26

, suggesting that at least a fraction of the minerals 231 

detected at the surfaces are of endogenous origin from the deep interior, with a possible 232 

contribution from implant from impacts
27

. Our results support the scenario of a convecting, 233 

mud-bearing mantle with efficient heat dissipation, moderate heating and minor temperature 234 

variation
17,28

 both for the early and, given the geologically recent emplacement of Ahuna 235 

Mons
26

, likely current state of Ceres. The properties of Ceres’ extrusive material differs from 236 

the solid particle-free cryovolcanic fluid
29

 inferred on icy satellites, and reveals how 237 

terrestrial planets, protoplanets and icy moons display extrusive phenomena in a variety of 238 

compositional and rheological properties.  239 

 240 
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Methods 346 

1. Bouguer and Isostatic Gravity Anomalies 347 

Dawn’s radio science investigation at Ceres enabled the determination of the dwarf planet’s 348 
gravity field in spherical harmonics to degree (l) and order (m) 18 [3]. This solution, named 349 
Ceres18C, is characterized by a spatial resolution of ~82 km (degree 18) at the equator and of ~105 350 
km (degree 14) at the poles. However, the knowledge of the spherical harmonic degrees l>16 is 351 
hampered by the a priori constraint that was assumed in the spherical harmonic framework to 352 
estimate Ceres18C [3]. The lower degrees l<5, on the other hand, are dominated by the hydrostatic 353 
contribution of the zonal harmonics J2 and J4. Therefore, the range of the spherical harmonic degrees 354 
used in this study to yield gravity anomaly maps is l=5-16. This approach permits isolation of the 355 
gravity signal that is directly related to subsurface mass anomalies in the area surrounding Ahuna 356 
Mons.  357 

 A map of the free-air (FA) gravity anomalies (𝒈𝑭𝑨) are shown in the Supplementary Fig. S1-A. 358 
A strong FA anomaly of ~100 mGal is located in the vicinity of Ahuna Mons. This strong signal 359 
accounts for the gravitational contribution of the topography and of the crust-mantle boundary 360 
variations associated with isostatic compensation. By subtracting the gravity anomalies predicted by 361 
surface topography from the FA gravity, we determined the Bouguer anomaly map (Supplementary 362 
Fig. S1-B). The assumed crustal density, ρc = 1287 kg m

-3
, to compute the gravitational effect of the 363 

topography is consistent with the two-layer model by [5].    364 

The comparison between gravity and topography, or, especially, between the measured gravity 365 
and gravity expected from topography (𝒈𝑻 ), allows us to retrieve the gravitational signal associated 366 
with relief at the crust-mantle boundary. The admittance (𝒁̃) represents a useful tool to provide 367 
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spectral characterization of gravity and topographic data. If we adopt the gravity derived from 368 
topography, we can compute the average admittance per harmonic degree l as follows: 369 

𝒁̃𝒍 =
𝑺𝒍

𝒈𝒈𝑻

𝑺𝒍
𝒈𝒕𝒈𝑻   370 

where the power spectral density (PSD) 𝑺𝒍
𝒈𝒈𝑻

 and 𝑺𝒍
𝒈𝑻𝒈𝑻

 are given by: 371 

𝑺𝒍
𝒈𝒈𝑻

=
∑ (𝑪̅𝒍𝒎𝑪̅𝒍𝒎

𝑻 +𝑺̅𝒍𝒎𝑺̅𝒍𝒎
𝑻 )𝒍

𝒎=𝟎

𝟐𝒍+𝟏

𝑺𝒍
𝒈𝑻𝒈𝑻

=
∑ (𝑪̅𝒍𝒎

𝑻 𝟐
+𝑺̅𝒍𝒎

𝑻 𝟐
)𝒍

𝒎=𝟎

𝟐𝒍+𝟏

 . 372 

These expressions rely on the spherical harmonic coefficients of the gravity field Ceres18C (𝑪̅𝒍𝒎 and 373 
𝑺̅𝒍𝒎) and the gravity derived from topography (𝑪̅𝒍𝒎

𝑻  and 𝑺̅𝒍𝒎
𝑻 ), which is based on Dawn’s High 374 

Altitude Mapping Orbit (HAMO) Stereophotogrammetry (SPG) shape model [32].  375 

We then computed the isostatic anomalies (𝒈𝒍
𝑰) as the difference between the measured gravity 376 

and gravity derived from topography, which is opportunely corrected for the average admittance per 377 
harmonic degree, as follows: 378 

𝒈𝒍
𝑰 = 𝒈𝒍

𝑭𝑨 − 𝒁̃𝒍𝒈𝒍
𝑻  . 379 

The isostatic gravity anomaly map projected on an 482.0 × 445.9 km ellipsoid is shown in the 380 
Supplementary Fig. S2. The region surrounding Ahuna Mons has a large isostatic anomaly of ~50-60 381 
mGal. This residual gravity signature provides crucial information on the properties of possible 382 
subsurface structures beneath the area that encompasses the cryovolcanic dome.  383 

2. 3-D Ellipsoidal Mascon and its Gravitational effect 384 

The gravity measurements of Ceres were previously used to determine the interior structure of 385 
the dwarf planet by assuming a global Airy isostatic compensation mechanism [5]. The isostatic 386 
gravity anomaly map shows that only few regions are characterized by substantial residual gravity 387 
that is indicative of local deviation from isostatic compensation. The departure from this state of 388 
gravitational equilibrium allows us to study the physical properties of subsurface structures. 389 

A 3-D ellipsoidal mascon with uniform density was used to reproduce the gravity signal 390 
(Supplementary Fig. S1-B) in the vicinity of Ahuna Mons at 0-20˚S and 35-55˚W. Supplementary 391 
Fig. S2 shows the following properties of the mascon: horizontal (a,b) and vertical (c) axes, that 392 
correspond to the width and height of the mascon, respectively; density contrast between mascon and 393 
crustal densities (Δρ=ρM- ρc); depth (h) or distance from the surface; colatitude (ϑ M) and longitude 394 
(ϕM) of the mascon center; horizontal tilt angle (parameterized as the spherical harmonic coefficient 395 
𝑺𝟐𝟐

𝑴  of the gravitational potential of the mascon). These parameters were adjusted in our study to 396 
reproduce the observed isostatic gravity anomaly. Preliminary transformation and rotation were 397 
required to compute precisely the gravitational acceleration at a generic point P. The isostatic gravity 398 
anomalies were retrieved on a sphere with a radius equal to Ceres’ mean radius, R = 470 km. The 399 
point P is defined in the planetocentric reference frame (X,Y,Z) with spherical coordinates as P(R, ϑ, 400 
ϕ), where ϕ is the longitude (305-335˚) and ϑ is the colatitude (90-110˚).  401 

To compute the gravitational potential energy of the mascon, we projected these spherical 402 
coordinates in a reference frame with its origin at the center of the mascon (Supplementary Fig. S3). 403 
Therefore, we computed: 404 
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𝑿𝑷 − 𝑿𝑴 = [

𝑹 𝐜𝐨𝐬 𝝓 𝐬𝐢𝐧 𝝑 − (𝑹 − 𝒉) 𝐜𝐨𝐬 𝝓𝑴 𝐬𝐢𝐧 𝝑𝑴

𝑹 𝐬𝐢𝐧𝝓 𝐬𝐢𝐧 𝝑 − (𝑹 − 𝒉)𝐬𝐢𝐧𝝓𝑴 𝐬𝐢𝐧 𝝑𝑴

𝑹 𝐜𝐨𝐬 𝝑 − (𝑹 − 𝒉) 𝐜𝐨𝐬 𝝑𝑴

] 

where R is the mean radius of Ceres, h is the depth of the mascon, and ϕ, ϕM, ϑ, and ϑ M are longitudes 405 
and colatitudes of P and the center of the mascon in the planetocentric reference frame, respectively. 406 
The resulting vector was, then, reported in the reference frame oriented with the principal axes of the 407 
mascon (xM, yM, zM), as follows: 408 

𝒙𝑷 = [
𝒙
𝒚
𝒛

] = 𝑹𝟐(𝝑𝑴)𝑹𝟑(𝝓𝑴)(𝑿𝑷 − 𝑿𝑴) 

where the rotation matrices 𝑹𝟐(𝝑𝑴) and 𝑹𝟑(𝝓𝑴) are defined as: 409 

𝑹𝟑(𝝓𝑴) = [
𝐜𝐨𝐬 𝝓𝑴 𝐬𝐢𝐧 𝝓𝑴 𝟎

− 𝐬𝐢𝐧 𝝓𝑴 𝐜𝐨𝐬 𝝓𝑴 𝟎
𝟎 𝟎 𝟏

]      𝑹𝟐(𝝑𝑴) = [
𝐜𝐨𝐬 𝝑𝑴 𝟎 − 𝐬𝐢𝐧 𝝑𝑴

𝟎 𝟏 𝟎
𝐬𝐢𝐧 𝝑𝑴 𝟎 𝐜𝐨𝐬 𝝑𝑴

] .  

Thus, the gravitational potential energy associated with the density contrast between the mascon and 410 
the crust is given by: 411 

𝑼𝑴 =412 

−
𝑮𝑴𝑴

𝒓
[𝟏 + (

𝑹𝑴

𝒓
)

𝟐
𝑪𝟐𝟎

𝑴 𝑷𝟐𝟎(𝐜𝐨𝐬 𝝑) + (
𝑹𝑴

𝒓
)

𝟐
𝑪𝟐𝟐

𝑴 𝑷𝟐𝟐(𝐜𝐨𝐬 𝝑) 𝐜𝐨𝐬 𝟐𝝓 +413 

(
𝑹𝑴

𝒓
)

𝟐
𝑺𝟐𝟐

𝑴 𝑷𝟐𝟐(𝐜𝐨𝐬 𝝑)𝐬𝐢𝐧𝟐𝝓],        (S7) 414 

where 𝑹𝑴 is the mean radius of the mascon, which is assumed to be the mean equatorial radius 415 

(𝑹𝑴 =
(𝒂+𝒃)

𝟐
), 𝒓 = √𝒙𝟐 + 𝒚𝟐 + 𝒛𝟐 is the distance between P and the mascon center, 𝑴𝑴 =416 

𝟒

𝟑
𝝅𝚫𝝆𝒂𝒃𝒄 is the incremental mass of the mascon, the unnormalized spherical harmonic coefficients 417 

𝑪𝟐𝟎
𝑴 , and 𝑪𝟐𝟐

𝑴   relies on the size and shape of the mascon as follows: 418 

𝑪𝟐𝟎
𝑴 =

𝟏

𝟓𝑹𝟐 [(𝒄𝟐 − 𝒂𝟐) +
𝟏

𝟐
(𝒂𝟐 − 𝒃𝟐)]

𝑪𝟐𝟐
𝑴 =

𝟏

𝟐𝟎𝑹𝟐 [(𝒂𝟐 − 𝒃𝟐)]

 

and 𝑺𝟐𝟐
𝑴  describes the horizontal tilt angle of the semi-major axes a, and b. The associated Legendre 419 

and longitudinal functions depend on the relative position of P on the surface, as follows: 420 

𝑷𝟐𝟎(𝐜𝐨𝐬 𝝑) =
𝟏

𝟐
[𝟑 𝐜𝐨𝐬𝟐 𝝑 − 𝟏] =

𝟏

𝟐
[
𝟐𝒛𝟐 − 𝒙𝟐 − 𝒚𝟐

𝒓
]

𝑷𝟐𝟐(𝐜𝐨𝐬 𝝑) = 𝟑(𝟏 − 𝐜𝐨𝐬𝟐 𝝑) =
𝟑(𝒙𝟐 − 𝒚𝟐)

𝒓

 

𝐬𝐢𝐧𝟐𝝓 = [
𝟐𝒙𝒚

𝒙𝟐 + 𝒚𝟐]

𝐜𝐨𝐬 𝟐𝝓 = [
𝒙𝟐 − 𝒚𝟐

𝒙𝟐 + 𝒚𝟐
]
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The vertical and horizontal geometry between a generic point P and the mascon are shown in the 421 
Supplementary Fig. S4. We also discretized the mascon gravitational potential energy, UM, by using 422 
four terms (𝑼𝑴 = [𝑼𝑴𝟏 + 𝑼𝑴𝟐 + 𝑼𝑴𝟑 + 𝑼𝑴𝟒]). The first term is related to the monopole and is 423 
given by: 424 

𝑼𝑴𝟏 = −
𝑮𝑴𝑴

𝒓
 

and the other three represent the quadrupole terms: 425 

𝑼𝑴𝟐 = −
𝑮𝑴𝑴

𝒓𝟓
[(𝒄𝟐 − 𝒂𝟐) +

𝟏

𝟐
(𝒂𝟐 − 𝒃𝟐)]

(𝟐𝒛𝟐 − 𝒙𝟐 − 𝒚𝟐)

𝟏𝟎

𝑼𝑴𝟑 = −
𝟑

𝟐𝟎

𝑮𝑴𝑴

𝒓𝟓
(𝒂𝟐 − 𝒃𝟐)(𝒙𝟐 − 𝒚𝟐)

𝑼𝑴𝟒 = −
𝑮𝑴𝑴

𝒓𝟓
𝟔𝒙𝒚𝑹𝑴

𝟐 𝑺𝟐𝟐
𝑴

 

The resulting gravity anomaly (|𝒂𝑴|) is computed with the gradient in gravitational potential, as 426 
follows: 427 

𝒂𝑴 = −𝛁𝑼𝑴 

The partial derivatives that are needed to determine the total gravity acceleration are given by: 428 

𝝏𝑼𝑴𝟏

𝝏𝒙
=

𝑮𝑴𝑴

𝒓𝟑
𝒙

𝝏𝑼𝑴𝟏

𝝏𝒚
=

𝑮𝑴𝑴

𝒓𝟑
𝒚

𝝏𝑼𝑴𝟏

𝝏𝒛
=

𝑮𝑴𝑴

𝒓𝟑
𝒛

 

𝝏𝑼𝑴𝟐

𝝏𝒙
=

𝑮𝑴𝑴

𝒓𝟕
𝒙 [(𝒄𝟐 − 𝒂𝟐) +

𝟏

𝟐
(𝒂𝟐 − 𝒃𝟐)] [

(𝟐𝒛𝟐 − 𝒙𝟐 − 𝒚𝟐)

𝟐
+

𝟐

𝟓
𝒓𝟐]

𝝏𝑼𝑴𝟐

𝝏𝒚
=

𝑮𝑴𝑴

𝒓𝟕
𝒚 [(𝒄𝟐 − 𝒂𝟐) +

𝟏

𝟐
(𝒂𝟐 − 𝒃𝟐)] [

(𝟐𝒛𝟐 − 𝒙𝟐 − 𝒚𝟐)

𝟐
+

𝟐

𝟓
𝒓𝟐]

𝝏𝑼𝑴𝟐

𝝏𝒛
=

𝑮𝑴𝑴

𝒓𝟕
𝒛 [(𝒄𝟐 − 𝒂𝟐) +

𝟏

𝟐
(𝒂𝟐 − 𝒃𝟐)] [

(𝟐𝒛𝟐 − 𝒙𝟐 − 𝒚𝟐)

𝟐
−

𝟒

𝟓
𝒓𝟐]

 

𝝏𝑼𝑴𝟑

𝝏𝒙
=

𝟑

𝟓

𝑮𝑴𝑴

𝒓𝟕 (𝒂𝟐 − 𝒃𝟐)𝒙 [
𝟓

𝟒
(𝒙𝟐 − 𝒚𝟐) −

𝒓𝟐

𝟐
]

𝝏𝑼𝑴𝟑

𝝏𝒚
=

𝟑

𝟓

𝑮𝑴𝑴

𝒓𝟕 (𝒂𝟐 − 𝒃𝟐)𝒚 [
𝟓

𝟒
(𝒙𝟐 − 𝒚𝟐) +

𝒓𝟐

𝟐
]

𝝏𝑼𝑴𝟑

𝝏𝒛
=

𝟑

𝟒

𝑮𝑴𝑴

𝒓𝟕
𝒛(𝒂𝟐 − 𝒃𝟐)(𝒙𝟐 − 𝒚𝟐)

 

𝝏𝑼𝑴𝟒

𝝏𝒙
= 𝟔

𝑮𝑴𝑴

𝒓𝟕
𝑹𝑴

𝟐 𝑺𝟐𝟐
𝑴 [𝟓𝒙𝟐𝒚 − 𝒚𝒓𝟐]

𝝏𝑼𝑴𝟒

𝝏𝒚
= 𝟔

𝑮𝑴𝑴

𝒓𝟕
𝑹𝑴

𝟐 𝑺𝟐𝟐
𝑴 [𝟓𝒙𝒚𝟐 − 𝒙𝒓𝟐]

𝝏𝑼𝑴𝟒

𝝏𝒛
= 𝟑𝟎

𝑮𝑴𝑴

𝒓𝟕
𝑹𝑴

𝟐 𝑺𝟐𝟐
𝑴 𝒙𝒚𝒛
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The resulting gravity anomaly computed at a generic location P(x,y,z) is given by: 429 

|𝒂𝒄𝒐𝒎|

= √(
𝝏𝑼𝑴𝟏

𝝏𝒙
+

𝝏𝑼𝑴𝟐

𝝏𝒙
+

𝝏𝑼𝑴𝟑

𝝏𝒙
+

𝝏𝑼𝑴𝟒

𝝏𝒙
)

𝟐

+ (
𝝏𝑼𝑴𝟏

𝝏𝒚
+

𝝏𝑼𝑴𝟐

𝝏𝒚
+

𝝏𝑼𝑴𝟑

𝝏𝒚
+

𝝏𝑼𝑴𝟒

𝝏𝒚
)

𝟐

+ (
𝝏𝑼𝑴𝟏

𝝏𝒛
+

𝝏𝑼𝑴𝟐

𝝏𝒛
+

𝝏𝑼𝑴𝟑

𝝏𝒛
+

𝝏𝑼𝑴𝟒

𝝏𝒛
)

𝟐

 

 430 

 431 

3. Markov-Chain Monte Carlo algorithm 432 

The parameters of the mascon that directly affect the computation of the gravity anomalies are: the 433 
three semi-major axes a, b, and c; longitude (𝝓𝑴), colatitude (𝝑𝑴), and depth (h) of its center; the 434 
horizontal orientation (𝑺𝟐𝟐

𝑴 ); and the density contrast with the crust (Δρ=ρmascon-ρcrust). To sample the 435 
multi-dimensional parameter space, we use the Bayesian inversion approach that is based on a 436 
Markov-Chain Monte Carlo (MCMC) algorithm [33]. The criterion that is applied to determine the 437 
resulting ensemble of models is the minimization of the differences between the local gravity map 438 
observed with Ceres18C and computed with the 3-D ellipsoidal mascon. We discretized the local map 439 
in 1-degree per pixel (dpp), and we computed the gravity anomalies in each point for both Ceres18C 440 
(only with spherical harmonic degrees 5≤l≤16) and the modeled mascon. The discrepancies between 441 
computed and observed gravity anomalies are assumed to have a Gaussian distribution, and therefore, 442 
the probability function P(j) at each step j used in our algorithm is defined as follows: 443 

𝑷(𝒋) =444 

𝐞𝐱𝐩 (
𝟏

𝟐
[(𝒂𝟏

𝒄𝒐𝒎 − 𝒂𝟏
𝒐𝒃𝒔) ⋯ (𝒂𝒏

𝒄𝒐𝒎 − 𝒂𝒏
𝒐𝒃𝒔)] × [

𝟏 𝝈𝒈
𝟐⁄ … 𝟎

⋮ ⋱ ⋮
𝟎 ⋯ 𝟏 𝝈𝒈

𝟐⁄
] × [

(𝒂𝟏
𝒄𝒐𝒎 − 𝒂𝟏

𝒐𝒃𝒔)

⋮
(𝒂𝒏

𝒄𝒐𝒎 − 𝒂𝒏
𝒐𝒃𝒔)

])  445 

where 𝒂𝒊
𝒄𝒐𝒎and 𝒂𝒊

𝒐𝒃𝒔are the gravity anomalies at each pixel i computed with the mascon modeling 446 
and Ceres18C, respectively. The corresponding standard deviation of each point is assumed to be 447 
𝝈𝒈=10 mGal, which is the accuracy of the gravity field Ceres18C at the equatorial region of the dwarf 448 
planet [4].  449 

The probability distribution of the mascon parameters is mapped by using random walkers that are 450 
reported in the External Table 1. The parameters are initially selected and then varied randomly with 451 
certain boundary conditions. The mascon is constrained to be entirely within the crust and Δρ 452 
represents the density contrast with respect to the crust. For this reason, we assumed the density of the 453 
mantle (ρm) as the upper limit of the density of the mascon. 454 

We computed the gravity anomalies of the mascon at each step j, which is the sum of the accepted 455 
mascon parameter solution j-1 and a random number from a Gaussian distribution times the random 456 
walker step size per each parameter. The solution j is accepted when the ratio R=P(j)/P(j-1) is larger 457 
than a random number generated from a uniform distribution. Otherwise, a new solution is evaluated 458 
by always perturbing the previous accepted solution j-1 [34,35]. 459 

A proper sampling of the mascon parameters is guaranteed by the use of multiple chains that start 460 
from different random initial conditions. The number of chains considered in this study is 40. The 461 
convergence of each chain is tested every 10,000 accepted models by computing the mean value and 462 
the root mean square (RMS) of the differences between computed and measured gravity anomalies. 463 
Once these two values did not change within 10

-4
 mGal, we assumed that the chain has converged. 464 

The number of models for each chain is ~200,000, although few of them converged with ~100,000 or 465 
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~400,000 models. These extreme cases, which correspond to three chains, were not considered in our 466 
solution. The remaining chains were opportunely mixed to determine the mascon parameters.  467 

The solutions for each chain show an RMS of the gravity residuals of ~6 mGal, which is lower 468 
than the accuracy of the gravity field in the equatorial region. However, a certain number of initial 469 
models for each chain were excluded because of their larger RMS that was related to a “burn in” 470 
period when the solutions were still approaching the target. The mixing of the chains was carried out 471 
by selecting every k models from one of the chains, which is also randomly chosen. This provides a 472 
downsampling of the number of models leading to a final number of 50,000 if k=4 and the minimum 473 
number of models was 200,000. 474 

To test the validity of our results, we also tested other approaches. The probability function that 475 
includes gravity anomaly residuals per each pixel (780 points if we consider a 1-dpp map) may 476 
overweight these measurements. For this reason, we ran some cases with a probability function with 477 
only two parameters that are the mean and the RMS of the gravity anomaly residuals. The 478 
corresponding standard deviations for the mean and the RMS were 1 mGal and 10 mGal, respectively. 479 
The results of these cases did not show notable differences with the solutions presented in this study. 480 
Furthermore, we tested different resolutions of the gravity map, in particular, with 2-dpp, and 4-dpp, 481 
in order to be closer to the actual spatial resolution of the gravity field (~11˚ on the surface), and the 482 
resulting parameters of interest were consistent with the case presented in this study with 1-ddp.  483 

4. Gravity Anomaly Residuals 484 

The ensemble of solutions that is converged after the MCMC chain mixing shows two possible 485 
configurations of the 3-D mascon ellipsoid. Both scenarios provide gravity anomalies that are 486 
consistent with the isostatic anomaly map of Ceres18C. The gravity anomaly residuals between 487 
Ceres18C and the gravity solution of one of the models per each scenario are shown in Figure 2. The 488 
mascon solution on the left is characterized by horizontal semi-major axes a=57.9 km and b=50 km, 489 
and a vertical height c=7 km. This mascon is 32 km deep with a density contrast Δρ~185 kg m

-3
. This 490 

configuration is consistent with the presence of a brine, and it is representative of the solutions that 491 
show a peak at lower density contrast in Figure 3. Models with Δρ=150-400 kg m

-3
 corresponds to 492 

~50% of total number of models for this scenario. The remaining half of these solutions shows larger 493 
Δρ and a vertical semi-major axis of the mascon c between 1 and 3 km. We also reported Δρ as a 494 
function of the vertical height of the mascon in the Supplementary Fig. S5.  Larger values of the 495 
density contrast (Δρ > 400 kg m

-3
) in this scenario show small variations of the mascon vertical height 496 

leading to a peak in Figure 3. 497 
The other solution shown in the right panels of Figure 2 represents a 3-D mascon with semi-major 498 
axis a=36.4 km, b=19.8 km, and c=5.3 km. The depth of the mascon is closer to the crust-mantle 499 
boundary (h~35.5 km), and the density contrast is Δρ ~ 1070 kg m

-3
. Since the density of this mascon 500 

(ρmascon=2355 kg m
-3

) is quite close to the assumed density of the mantle (ρm=2434 kg m
-3

) and it is 501 
placed at the base of the crust, this family of solutions provides evidence of the presence of a mantle 502 
uplift in the surrounding area of Ahuna Mons.  503 
 504 
 505 

5. Data Availability 506 
 507 
The data CERES18C described in [5] used in this study is available at: 508 
https://sbn.psi.edu/archive/dawn/grav/DWNCGRS_2_v2/DATA/ 509 
 510 
 511 

6. Rayleigh number 512 
 513 

https://sbn.psi.edu/archive/dawn/grav/DWNCGRS_2_v2/DATA/
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For a sub-critical Rayleigh number, the heat in a system is transferred primarily by conduction, and 514 
for a super-critical Ra by convection. For a bottom-heated layer case the Rayleigh number is defined 515 
as [36]: 516 

𝑹𝒂 =
𝜶𝒈𝝆𝟐𝒄𝒑∆𝑻𝑫𝑫𝟑

𝒌𝜼
 

with the thermal expansivity α, the acceleration due to gravity g, the density ρ, the heat capacity cp, 517 
the temperature contrast ΔTD across the reservoir with a thickness D that is tested for convection, the 518 
thermal conductivity k, and the viscosity η. For a uniformly and internally heated sphere with a rigid 519 
outer boundary the Rayleigh number RaQ is defined as: 520 

  521 

𝑹𝒂𝑸 =
𝜶𝒈𝝆𝟑𝒄𝒑𝑸𝑫𝟓

𝒌𝟐𝜼
 

 522 
with the energy production Q. We used the Dawn estimates [1] for the quantities involved and typical 523 
parameter ranges for those that are not constrained further: 524 

- H2O volume fraction = 10 % (a conservative value; a higher water content increases Ra 525 
enhancing convection at low temperatures and consistent with [7] and the mantle density 526 
composed of water and antigorite)  527 

- thermal expansivity α = 5·10
-5

 K
-1

  528 
- gravitational acceleration g = 0.15 m s

-2
 (at the mid-depth of the mantle, i.e. at a radius of ≈ 529 

200 km) 530 
- density ρ = 2400 kg m

-3
 (the mantle density) 531 

- heat capacity cp varying between 700 and 1080 J kg
-1 

K
-1

 for the temperature of 200-700 K 532 
(mass fraction weighted arithmetic mean of the H2O and chondritic heat capacities) [37-39] 533 

- temperature contrast ΔTD = 10 K (lower bound) [13] 534 
- mantle thickness D = 400 km 535 
- thermal conductivity k varying between 2.27 and 1.62 W m

-1
 K

-1
 for the temperature of 200-536 

700 K (volume fraction weighted arithmetic mean of H2O and antigorite thermal 537 
conductivities) [40-42] 538 

- viscosity η varying between 7·10
18

 and 1.4·10
12

 Pa s for the temperature of 200-700 K (an 539 
average of H2O ice/water and antigorite viscosities) [43,44]. 540 

- energy production Q = 0.96·H where H = 2·10
-12

 W kg
-1

 is the present-day energy production 541 
by the long-lived radionuclides for an ordinary chondritic initial composition. The scaling of 542 
0.96 takes into account the assumed presence of 10 vol.% of water (i.e., 4 wt.%). 543 

As a result, for the bottom-heated case, the Rayleigh number Ra varies between 1.3·10
3
 and 1.3·10

10
 544 

in the temperature range of 200-700 K. Super-critical values of Ra > 3·10
3
 are obtained for T ≥ 230 K. 545 

For the internally driven case, the Rayleigh number RaQ varies between 4.2·10
4
  and 6.1·10

11
 in the 546 

temperature range of 200-700 K. The super-critical values are in between 5.7·10
3 

and 3.1·10
4 547 

depending on the convection mode and are obtained for T ≥ 180 K and T ≥ 210 K, respectively. 548 
  549 
 550 
 551 

7. Viscosity estimate and particle fraction  552 
 553 

To investigate the rheology of a fluid with suspended solid particles (slurry), we considered the model 554 
proposed in the paper of [46] that describes a Newtonian flow and also accounts for the non-555 
Newtonian effect of shear thinning relevant at a particle fraction φ higher than ~0.3 [47]. The apparent 556 
viscosity η at a given shear rate γ is [46]: 557 

𝜼 = 𝜼∞ + 𝒌𝜸𝒏−𝟏, 558 

 559 
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where η∞ is the apparent viscosity at infinite shear rate, taken here as the viscosity of brine 10
-2

 Pa s 560 
[48]. The value for the exponential n describes the shear thinning (pseudo-plastic) for n<1 and is 561 
calculated from experimental studies of [49] as a function of the particle fraction φ. The parameter k 562 
is the value of η when γ=1 and is calculated using the model presented in the paper of [50]. This latter 563 
model assumes the effect of the non-spherical shape of particles [51]: 564 

𝒌 = 𝜼𝝋=𝟎 (𝟏 −
𝝋

𝝋𝒎
)

−𝑩𝝋𝒎

 

 565 
where ηφ=0 is the viscosity for the particle-free fluid, taken as 10

-2
 Pa s [48]. The maximum particle 566 

packing fraction is φm and is inversely proportional to the two-dimensional aspect ratio of the particles 567 
rp (length to width ratio). The parameter φm and the Einstein coefficient B have been estimated 568 
experimentally in [52] for particle sizes in the range 25-350 µm. Despite their simplicity, these two 569 
models are expected to sufficiently approximate the rheology of the considered material. The lack of 570 
further constraints on the particles’ properties prevents to consider additional effects, such as the 571 
particle size distribution (we assume one size only), their deformability and aggregation [53,54], as 572 
well as on the exact temperature of the fluid [55]. 573 
  574 
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