
Fig. 1. Parameter space showing gran density (g 

cm
-3

) for a “compressed center” model for Ceres. 
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Introduction: Although Ceres has been explored 

with telescopes [e.g. 1, 2], it’s internal structure was 

uncertain [3-7] before the Dawn mission. Dawn data on 

Ceres’ density and gravity [8] have been interpreted in 

terms of a hydrated core and a shell enriched in low-

density phases (ice, salts, clathrates) via a partial sepa-

ration of volatiles [8, 9]. However, the polar flattening 

(F = 36.15 ± ~0.6 km [8]) implies a lesser density gra-

dient and needs to be reconciled with the gravity [9, 

10]. The flattening may reflect a faster past spinning 

and may represent a strong density gradient in the inte-

rior with the dimensionless moment of inertia (MOI) of 

~0.35 [10]. Alternatively, the J2 gravity moment (26.15 

× 10
-3

 [8]) could be caused by density anomalies and 

may not fully reflect the global density profile [10]. 

The pre-Dawn work [4] suggested an undifferenti-

ated ice-poor Ceres with dominant low-density phases 

(hydrated minerals, organic matter) and some porosity. 

Both two-layer and gradual compaction models were 

used for porosity. The MOI was 0.372–0.395, depend-

ing on compaction models for compositionally homo-

geneous rocks similar to CI/CM chondrites.  

We have modeled the internal structure of Ceres in 

the framework of a compositionally uniform porous 

body to match the Dawn data, specifically polar flatten-

ing or J2. The results show that no rock-volatile differ-

entiation is required to explain flattening and J2. 

Methods: We have assumed that Ceres is in hydro-

static equilibrium. The data on the mass, dimensions 

and the spin period [8] together with models for com-

paction were used to calculate density, porosity, pres-

sure and gravity distribution, as well as the bulk grain 

density, rotational flattening, J2 and MOI. The equa-

tions for density, etc., (e.g. [1, 4]) were integrated and 

solved for the bulk density (2.162 g cm
-3

 [8]). We used 

compaction models with a fixed surface and central 

porosities. In the “compressed center (core)” (CC) 

model [4], the porosity drops at a set pressure of 10–60 

MPa. In the models for a gradual compaction (GC), we 

assumed the linear porosity change with pressure [4]. 

Results: Ceres’ shape and J2 [8] together cannot be 

explained by a unique model for density distribution. 

Neither an exact compaction model nor a unique densi-

ty/porosity profile can be discriminated, though exam-

ples are shown in Table 1 and Fig. 1. 

Models consistent with flattening. If the flattening 

characterizes the current interior structure and the spin 

period, the body has a mild density gradient (Figs. 1 

and 2) that could be explained by compaction in the 

framework of the CC or GC models. The body has a 

grain density of 2.2–2.4 g cm
-3

, bulk porosity < 10 %, 

J2 of 29.6 × 10
-3

 and MOI of 0.395. In CC models with 

core porosity < 5 %, the upper 35–115 km-thick layer 

has 5–14 % porosity and density of 2.0–2.1 g cm
-3

. 

Models consistent with gravity. If J2 reflects the 

global interior structure rather than deep density anom-

alies, Ceres has a more significant density gradient 

(MOI = 0.377) than shape-based hydrostatic models. 

The calculated rotational polar flattening is 33.9 km, 

~2.2 km less than the observed value. For the best CC 

models, the upper 30–50 km-thick layer has the porosi-

ty of 35–51 % and density of 1.16–1.56 g cm
-3

. The 

core and bulk porosity is 0 and 9–10%, respectively. 

The grain density (= core density) is 2.37–2.40 g cm
-3

. 

The high bulk porosity (25–29 %) calculated with 

GC models to match J2 makes them unusable without 

invoking low-density phases in the upper interior. 

Discussion: The interior structure models that are 

consistent with polar flattening could be characterized 

by diverse porosity profiles and do not require porosi-

ties more than ~15 % in the upper interior.  

Table 1. Representative interior structures of Ceres 

consistent with the polar flattening (F) or gravity (J2). 

   Agree with F   Agree with J2 

Porosity models CC GC CC GC 

Upper layer  (‘surface’ for 

GC) porosity, % 

13.5 10.9 36.7 38.5 

Core (‘center’ for GC) 

porosity, % 

5.0 2.0 0 0 

Pressure of porosity col-

lapse, MPa 

20 – 20 – 

Bulk porosity, % 6.8 7.46 9.8 25.6 

Grain density, g cm
-3

 2.32 2.34 2.40 2.91 

Upper layer dens., g cm
-3

 2.01 – 1.52 – 

Core density, g cm
-3

 2.20 – 2.40 – 

Upper layer thickness, km 36.6 – 46.7 – 

J2 × 10
3
 29.6 29.6 26.5 26.5 

Polar flattening, km 36.2 36.2 33.9 33.9 

MOI (= C/Mr
2
) 0.395 0.395 0.377 0.377 

Central pressure, MPa 149 150 164 178 
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Fig. 2. The data on Ceres’ shape and bulk density 

together with shape-density relations for a homoge-

neous body with the spin period of 9.074 h. 
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The global structures consistent with gravity are 

better explained in terms of two-layer models with a 

porous upper layer. The porosity of 35–42% is similar 

to that of CI and related chondrites [11]. The porosity 

up to 40–50 % could due to voids (macroporosity) of 

impact-fractured materials at low gravity [cf. 4, 12].  

Our data on density and thickness of the upper layer 

are consistent with [9, 10] but do not imply low-density 

phases predicted in thermal evolution models [3, 5-7]. 

The hydrated core [8] does not suggest sufficient heat-

ing to cause a major volatile release and the porosity 

collapse modeled in [5-7]. The only modest signs of 

viscous relaxation of the overall strong topography [9, 

13, 14] and the paucity of fluidized crater outflows do 

not indicate much ground ice. At least some rare flow 

features [e.g., 15, 16] could be formed by granular 

flows seen on dry bodies [e.g. 17]. An icy Ahuna Mons 

is inconsistent with local gravity [9]. A minor ground 

ice in polar and shadowed areas [18-20] could reflect 

cold trapping of impact-released H2O(g). Signs of 

H2O(g) plumes have not been confirmed [21]. Abun-

dant salts are inconsistent with the overall low surface 

albedo and with the deficiency of Si/Al rich phases 

(silica, talc, montmorillonite, kaolinite, etc.) that form 

through aqueous alteration of silicates [12]. CO2 clath-

rates are unstable with respect to Ceres’ high-pH solu-

tions with dominant CO3
2- 

and HCO3
- 

ions [12]. 

CO2/CH4 clathrates could easily be destroyed by im-

pact warming/decompression. Finally, putative addition 

of volatiles to the rock’s pore spaces increases density 

of the upper layer and is not needed to explain the data.  

Grain density and bulk composition. The calculated 

grain density (2.2–2.4 g cm
-3

) is only slightly less than 

that of CI chondrites (2.46 ± 0.04 [11]) and is con-

sistent with Fe depleted and C rich surface solids sug-

gested from Dawn GRaND [18] and other [22] data. 

In addition to possibly abundant C bearing com-

pounds [18, 22, 23], a fraction of ‘cometary’ materials 

agrees with NH4-bearing [22] and sulfate-free surface 

solids, and suggests Ceres’ accretion between for-

mation regions of CI chondrites and comets/KBOs in 

the solar nebula [12]. A distant [12, 22, 24] and a late 

(> 5 Ma after CAI [4, 12]) formation of Ceres and pos-

sibly abundant organic matter imply low (below CI 

chondritic levels) initial concentrations of radionu-

clides of Al, Fe, K, U and Th, consistent with a limited 

dehydration of the interior after formation of the body. 

Bulk porosity. The evaluated bulk porosity is simi-

lar to that of ordinary chondrites [11] and could repre-

sent a compressed CI chondritic material [cf. 4]. In the 

models that match flattening, the bulk porosity could 

be as low as ~1.8 %, if the grain density is ~2.2 g cm
-3 

and reflects Fe-poor rocks and/or additional organics.  

The preferred model. The interior structure con-

sistent with flattening and the current spin period is a 

preferable case in which J2 is due to deep mass anoma-

lies [10] left from accretion. A more differentiated 

structure that represents past spinning [10] is incon-

sistent with a ‘fast’ relaxation a thin (~ 40 km) shell [9] 

and with a deficiency of low-density phases in it. 

Summary: Ceres’ mass, dimensions, gravity [8] 

and spin period are interpreted in the framework of a 

compressed compositionally uniform body with the 

grain density of 2.2–2.4 g cm
-3

 and 2–10 % porosity. 

The polar flattening is consistent with diverse porosity 

profiles. Although the degree-2 zonal gravity (J2) could 

be explained by 35–50 % pores in the upper 30–50 km, 

the inconsistency of the calculated (small) and ob-

served flattening remains to be understood [cf. 9, 10].  
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