
THERMAL EVOLUTION AND FLUID FLOW IN PLANETESIMALS INFERRED FROM DAWN 
MISSION OBSERVATIONS OF CERES 

R.R. Fu1,2, A.I. Ermakov2, S. Marchi3, J.C. Castillo-Rogez4, Carol A. Raymond4, Scott D. King5, Michael T. Bland6, 
Christopher T. Russell4. 1Columbia University, 61 Route 9W, Palisades, NY 10964, rf2006@ldeo.columbia.edu, 

2Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge, MA 02139, 3Southwest Research Insti-
tute, 1050 Walnut St., Boulder, CO 80302, 4Jet Propulsion Laboratory, 4800 Oak Grove Dr, Pasadena, CA 91109. 
5Virginia Polytechnic Institute and State University, Blacksburg, VA 24060. 6USGS Astrogeology Science Center, 

2255 N Gemini Rd, Flagstaff, AZ 86001. 
 
Introduction: The dwarf planet Ceres, with a mean diameter of 940 km, is the largest object in the asteroid belt. 

Its bulk density of 2160 kg m-3 [1] and dark, hydrated surface suggests affinities to carbonaceous chondrites [2], 
although upon closer examination its reflectance spectra in the visible and infrared do not correspond precisely to 
any meteorite group [3, 4]. At the same time, the density of medium-sized craters (<80 km) has reached saturation 
on a large portion of the surface and suggests an age of >3.4 Ga [5]. As such, Ceres may represent an early-forming 
planetesimal with volatile-rich composition, similar to the parent bodies of carbonaceous chondrites. Studying the 
internal structure of modern Ceres may therefore offer insights into the interior processes of volatile-rich meteorite 
parent bodies. Observations of chondrites shows that volatile-rich parent bodies experienced widespread aqueous 
alteration.  However, the mobility of pore fluids is uncertain. Global-scale fluid flow would have enhanced internal 
heat transport and strongly affected thermal evolution [6]. Meanwhile, open system transport influences the interpre-
tation of observed trends in elemental abundances and the assignment of meteorites to distinct parent bodies [7]. 
Knowledge about interior structure of Ceres may constrain the extent of both heating and hydrothermal circulation. 

Geodynamical modeling and results: The NASA Dawn Mission, in orbit around Ceres since March 2015, has 
produced a shape model of Ceres with 130 m spatial resolution. Because the viscous relaxation of topography at 
longer wavelengths is sensitive to the body’s rheology at greater depth, observations of topographic relief over a 
range of length scales may be used to estimate a vertical rheological profile. The observed deficit of very large im-
pact basins on Ceres [5], the subdued topography of Ceres at long wavelengths [8], and the lower topographic relief 
close to the equator all point to viscous relaxation as an ongoing process on Ceres.   

We present viscoelastoplastic geodynamical modeling of viscous relaxation on Ceres using the deal.II finite el-
ement library [9]. Specifically, we simulate the evolution of cerean topography between spherical harmonic degrees 
4 and 20 (738 to 148 km wavelength, respectively) from 4.3 Ga to the present day assuming a range of internal den-
sity and viscosity structures. We then compare the outcomes of these simulations to observed topography on Ceres 
to determine the best-fit surface viscosity, viscosity gradient, and crustal thickness. Due to the high expected flux of 
impactors in the asteroid belt during the first ~200 My of the solar system [10] and observed topography of rocky 
bodies such as Vesta [11], we assume that the initial power spectral density (i.e., the square of the topographic am-
plitude at each spherical harmonic degree) of Ceres follows a power-law.  Furthermore, we incorporate the effect of 
ongoing impacts on topography using a range of impactor fluxes based on the observed main belt (e.g., [5, 10]).  

Our best-fit models for the interior structure suggest that the surface of Ceres is mechanically strong with viscos-
ity of order 1026 Pa s while the bulk density of the crust lies between 1350 and 1650 kg m-3. A crust made predomi-
nantly from water ice is much weaker than the inferred rheology, while a crust consisting mainly of hydrated sili-
cates is too dense. On the other hand, a crustal composition consisting of >20 vol% hydrated salts, <50 vol% sili-
cates, and <30 vol% water ice can simultaneously satisfy both rheological and density constraints.  At the same 
time, the inferred crustal densities correspond to a core density of ~2450 kg m-3 given the observed degree two grav-
ity field and assuming a two-layer structure in hydrostatic equilibrium. This low core density is most consistent with 
a composition dominated by hydrated silicates, analogous to C1 and C2 chondrites. The high inferred concentrations 
of hydrated salts and water ice in the cerean crust is best explained by the progressive freezing of a solute-laden an-
cient ocean, while the low density of the core suggests pervasive hydration of silicate phases and the lack of high-
temperature metamorphism. Together, these results point toward efficient upward transport of fluids in the cerean 
interior and a possible role of fluid flow in modulating the degree of heating in the deep interior. 
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