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Introduction: Recognized as one, if not the, key 

requirement for a habitable world, the availability & 

history of water in the terrestrial planet zone and in the 

hydrospheres of outer planet satellites has largely 

shaped the hunt for the origins of life in our solar sys-

tem. Discovery of Ceres’ low density and likely differ-

entiation into a core and icy shell [1], Pallas’ relatively 

low density, nearly equilibrium shape and surface 

variation [2], ice on the surface of 24 Themis [3,4] and 

the active nature of several main belt comets [5], gives 

confidence that the mid-outer main asteroid belt is a 

key reservoir of bodies that:  

1) contained large quantities of water   

2) can shelter evolved hydrospheres  

3) may have delivered water and other volatiles to 

the terrestrial bodies.  

Motivated by these considerations, we modeled the 

evolution of some of the largest C-class asteroids, 2 

Pallas (565 km diameter) and the Themis family parent 

body (400 km diameter) to assess the mass fraction of 

volatiles accreted and the subsequent evolution of po-

tential hydrospheres, and to describe the distribution of 

C-class objects in the main belt. Some planetesimals in 

this region may also have come from the outer Solar 

system. As the largest class of asteroids, these bodies 

were likely part of the population that impact  the 

Earth and Mars during the late heavy bombardment. 

As such they may have delivered water and organics 

necessary for the evolution of life on the terrestrial 

planets. 

Models:  We model these objects as a function of 

their initial composition and their time of formation, 

which are the two main parameters determining the 

overall evolution of the models.  We assume that the 

asteroids accreted instantaneously at a given time after 

the formation of calcium aluminum inclusions (CAIs). 

We assume a mean chondritic composition for the rock 

component and content in radioisotopes. Our software 

tracks the evolution of the radius, porosity, temperature 

and density profiles from accretion until present time.  

Time of formation. Carbonaceous chondrite parent 

bodies are believed to have been the object of intense 

hydrothermal activity, explained as a consequence of 
26

Al decay. It thus makes sense to consider that large 

wet asteroids could have formed early enough to bene-

fit from short-lived radioisotope decay.  We varied the 

time of formation from 2 myr to 10 myr after CAIs.  

Specifying a density of 2100 kg/m
3
 (comparable to that 

of Ceres), for the class of objects about the size of Pal-

las, little evolution can proceed for times of formation 

past 5 My after CAIs, i.e., after 
26

Al decay heat peak. 

For bodies in the ~500 km size range, total differentia-

tion occurs for times of formation of 2-4 Myr after 

CAIs.  In this case, water ice melts and separates from 

the silicate, leading to a stratified interior. The extent 

of silicate serpentinization is a function of a number of 

parameters that are not properly constrained. Thus we 

consider a range of possible situations, from 50% to 

100% of hydrated silicates in the core.  During hydro-

thermal circulation, major elements may be leached 

from the silicate phase and end up as impurities in the 

icy shell. This shell may remain liquid for several tens 

Figure 1: Models of the evolution of a 500km water-

rich asteroid: a) for an initial density of 2100 kg/m
3
 

and time of formation (TOF) 3 Myr after CAIs, b) 

same as (a) but for TOF 5 Myr after CAIs, and c) 

same as (a) but for an initial density of 2500 kg/m
3
. 
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of My. As it freezes, supersaturated brines enriched in 

impurities, including organics, may concentrate at the 

base of the ocean.  

Ice-silicate composition.  We also test the effect of 

the dry rock mass fraction on the geophysical evolu-

tion of these bodies. More silicate material implies 

more radioisotope heating and less water to regulate 

hydrothermal heat transfer. Depending on the extent of 

hydrothermal activity, water may be consumed in ser-

pentinization reactions leading to interiors dominated 

by a large hydrated silicate core and a thin outer layer 

enriched in water, hydrates, and organics. Such a 

model is presented in Figure 1, compared against a 

model enriched in water ice (i.e., Ceres’ density). 

Implications for Individual Asteroids:  Our mod-

els demonstrate possible interior structures of large, C-

class asteroids today, as well as the parent bodies of C-

class families within the main belt.  

Pallas. With a size of 565 km and density  and 

2400-2800 kg/m
3
 [2], Pallas can differentiate com-

pletely if formed within 4 Myr after CAIs, while it 

shows little evolution if formed later. It is however 

possible that Pallas might represent the core of a larger 

body that has had its ice shell stripped by impact, or  

sublimated as a consequence of the very warm surface 

temperature undergone by Pallas on its very eccentric 

and inclined orbit.  As Pallas is a B-type, like the main-

belt comets, centaur Chiron and candidate extinct 

comet Phaeton, the possibility that its surface proper-

ties could be indicative of water-loss processes offers 

the interesting perspective to better understand the link 

between thermal evolution and spectral  properties.  

Themis.  The discovery of water ice on the surface 

of 24 Themis [3], as well as the presence of organic 

materials [4] are likely proof that the Themis family 

parent body contained a significant amount of water 

ice.  The family also contains main belt comets, and a 

mix of B, C, D and G-type bodies.  This diversity of 

spectral properties among family members may be the 

signature of a differentiated parent body. Our models 

expect that the large binary asteroid 90 Antiope may in 

fact be comprised of a mix of water ice, rock and hy-

drated minerals, explaining the asteroids’ relaxed 

shapes and low density, rather than being rubble piles 

of rocky material.  This is consistent with the fact that 

remaining family members have somewhat diverse, but 

related, characteristics. 

Implications for Astrobiology: While it may be 

possible large objects like Ceres to maintain a global 

ocean even today [6], it is less likely that smaller aster-

oids could support liquid water until present. In any 

case, the availability of free water in these bodies has 

important implications for the evolution of life in the 

early solar system. 

Asteroids as building blocks of planets.  The detec-

tion of active bodies and water ice in the asteroid belt 

as well as the indication that some of the largest aster-

oids may contain water at depth or in their silicate ma-

trixes suggest that the planetesimals involved in terres-

trial planet formation could have contained a signifi-

cant amount of water. It has been suggested that hy-

drated silicates were the primary reservoir for water 

provided from the asteroid belt to Earth[7,8]. These 

bodies must be successfully accreted from a few AU 

from the Earth [8].  

Late Veneer.  Equally interesting is the potential for 

asteroids to deliver water in a late-veneer scenario. Our 

work suggests that at the time of the late heavy bom-

bardment, large differentiated icy asteroids existed in 

the main belt. On a body like Ceres, which presently 

may contain as much as three times the volume of wa-

ter in Earth’s oceans, or smaller bodies like Pallas and 

Themis, if most of the water was sequestered in an 

outer shell, this material could be relieased into the 

atmosphere or surface of the Earth just after impact. 

Differentiated icy asteroids could have also provided 

organic material necessary for the evolution of life, 

either in deposits at the base of the ice shell or con-

tained within their silicate cores, provided that it sur-

vived the impact.   

Implications for Exploration:  Important out-

standing questions for the validity and likeliness of 

these suggestions are: 1) Does Ceres have an ice shell? 

An ocean? 2) Do other large C-class bodies (Pallas, 

Hygeia, Themis, Antiope) contain water ice? 3) What 

is the D/H ratio of asteroidal water ? 

These questions will be best addressed by space 

exploration, including but not limited to, rendezvous 

and reconnaissance missions at Pallas, Hygeia, MBCs 

and Themis family members, starting with Dawn at 

Ceres in 2015, as well as landing and sample return 

missions at volatile-rich asteroids.  
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