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The Last of Its Kind: Ceres (radius 475 km,  ρ = 

2.1 g cm-3, semi-major axis 2.7 AU), one of the largest 
remaining protoplanets, is a window into the early evo-
lution of such large objects. Thermal and geochemical 
evolution  modeling  can  provide  a  pathway  for  con-
straining  formation  context  based  on  present  state 
properties of the objects. Here, we emphasize the role 
of water in Ceres' evolution and, using a new core frac-
turing model,  evaluate how its origin determines the 
extent of water-rock interactions.

End-Member Origin Scenarios & Present State: 
Accretion in the Main-Belt ("MBA"). Ceres forms 

in place, quickly enough (<10 Myr) to accrete short-
lived radioisotopes (SLRI), which drive early ice melt-
ing and differentiation. It accretes few (<7%) volatile 
antifreezes such as ammonia hydrates.

Accretion in the Outer Solar System ("OSS"). Ceres 
forms further out (>15 AU) along with Kuiper belt ob-
jects and then migrates to the main belt  as a  conse-
quence of large solar system reorganization, associated 
with  the  Late  Heavy  Bombardment  [1].  At  15  AU, 
Ceres takes tens of Myr to accrete and so early heating 
is limited, but it accretes a greater variety of possible 
antifreeze volatiles (e.g., methanol, ammonia).

Present  State. Today,  Ceres  seems  differentiated 
into a  rocky core and an icy mantle  [2].  Its  surface 
shows evidence for carbonates and hydrated minerals 
[3] that are markers of water-rock interactions at some 
point in the asteroid.

The  Role  of  Water  in  Reconstructing  Ceres' 
Evolution: Both origins scenarios and Ceres'  current 
state suggest that liquid water played a key role in its 
evolution. Regardless of where and when it accreted, 
thermal evolution simulations [2,4] suggest that differ-
entiation occurred within tens of Myr. This would have 
left  the  silicate  rock  hydrated  and  with  pore  water. 
Subsequently, heating by long-lived radionuclides may 
have  dehydrated  the  core  where  temperatures  could 
reach  700 K.  Differentiation resulted  in  an  interface 
between rock and liquid (“seafloor”) if the temperature 
at this boundary was higher than the melting point of 
ice (water-ammonia eutectic at 176 K). This setting is 
prone to hydrothermal circulation if the thermal gradi-
ent across the interface is high enough. Hydrothermal-
ism drives chemical activity, altering liquid and rock 
properties.  It  also results in  advective heat  flow and 
can thus determine the long-term evolution of the core. 

To quantify the extent of the action of liquid water in 
Ceres' core, it is essential to determine (a) the depth of  
fracturing in the core, where hydrothermal circulation 
and alteration occur, and (b) the water to rock ratio.

How Much Core Fracturing? We are developing 
a model for cracking in hydrated rock, which accounts 
for  the  brittle-ductile  transition  (BDT)  in  serpentine 
[5], thermal expansion mismatch of mineral grains [6], 
thermal pressurization of pore water [7], rock swelling 
upon hydration, and dissolution of three major mineral 
species.  The  BDT depth  sets  an  upper  limit  on  the 
cracking depth, ~25 km in our canonical model in ei-
ther  origins  case.  Between  10  and  25  km  below 
seafloor,  cracks  open  before  0.8  Gyr  by  pore  water 
pressurization. Between the seafloor and 10 km depth, 
cracks open by grain expansion mismatch as the core 
heats up before 1 Gyr and cools past 2 Gyr, provided 
the rock has low fracture toughness (0.1 MPa m1/2) and 
is not too hydrated (grain Young's modulus >80 GPa). 
Cracks stay open unless clogged by mineral precipita-
tion,  and  maybe  overbearing  pressure  (not  investi-
gated). The hydration swelling effect seems minor.

How Much Liquid? The volatile fraction that re-
mains liquid through time depends on where and when 
Ceres forms. MBA Ceres has a lot of liquid during the 
SLRI heat peak, but the lack of antifreezes prevents the 
preservation of a deep liquid layer past 250 Myr, when 
geochemical activity stops short of liquid. OSS Ceres 
has less liquid early on, but water-ammonia liquid per-
sists  until  present  as  a  layer  5  km thick  for  a  bulk 
NH3/H2O = 1%. This results in a bulk water-to-rock ra-
tio of order 10-5 to 10-4 in the fractured area.

Conclusion:  Water  likely  played  a  major  role  in 
Ceres' evolution and chemical differentiation. Our ther-
mal evolution and core fracturing models quantify the 
extent of these interactions in space and time, which is 
essential in understanding the fate and astrobiological 
significance of this protoplanet.
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