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Introduction: We address the role of rock metamor-

phism (e.g., silicate dehydration, carbonate breakdown) 
as a potential late source of heat and fluids that could 
affect the thermal and chemical evolution of ocean 
worlds. In particular, this process could have important 
implications by promoting late activity in heat-starved 
ocean worlds. This possibility was suggested at Titan 
[1] and could help explain why a small object with no 
tidal heating like Ceres shows expressions of recent ge-
ological activity [2, 3]. 

Background: All large water-rich bodies are be-
lieved to have gone through a phase of water-rock inter-
action in their early history, whether that phase was trig-
gered by accretional heat or by short-lived radioisotopes 
[4, 5, 6]. The resulting mineral assemblages are mix-
tures of serpentines, clays, carbonates, organic com-
pounds, and salts, part of which are partitioned between 
the hydrosphere and the mantle. Evidence for aqueous 
alteration is expressed in the form of salt compounds, 
which have been found at icy moons [e.g., 7] and Ceres 
[8] and may be present at Pluto [9]. The long-term sta-
bility of these assemblages of hydrated silicates and car-
bon-bearing compounds is a function of the pressures 
and temperatures reached in the mantles of the objects 
of interest. There is an important feedback effect be-
tween thermal evolution and composition as most of the 
products of aqueous alteration have thermal conductiv-
ities several times to one order of magnitude lower than 
the original anhydrous assemblage [10]. Phyllosilicates 
also have greater compressibilities than their anhydrous 
counterparts, which can stabilize the rocky mantle 
against subsolidus convection [1].   

Approach: We combine thermal modeling and min-
eral stability output from Perple_X [11]. Perple_X is a 
suite of computer programs used for performing Gibbs 
energy minimization to predict the steady state of a sys-
tem in thermodynamic equilibrium. We use Perple_X to 
compute rock mineralogy and its rheological and ther-
mal properties based on experimental and modeled ther-
modynamic data, as well as fluid speciation [12] and 
phase equilibria. This modeling assumes a CI chondrite 
composition, which is a reasonable analog for icy 
moons and Ceres [13].  

Expressions of Dehydration/Degassing: Heating 
of the mantle has several consequences that have not 
been fully addressed so far. The most obvious one is an 

increase in density as fluids are released from the min-
eral structure. Depending on rock permeability, and thus 
pressure, these fluids may percolate to the base of the 
crust where they may be subsequently mobilized toward 
the surface. Release of liquid and gases can lead to local 
metasomatism of the rock during percolation and if they 
mix with a subsurface ocean they will shift its pH and 
redox properties.  

Figure 1 shows the stability of CI chondrite minerals 
as a function of pressure and temperature. This example 
is an endmember scenario where all volatiles exsolved 
from the minerals during thermal metamorphism are ex-
tracted from the interior and removed from the system. 
The parameters used in this example are relevant to 
Ceres for pressures <200 MPa. Figure 1a shows that 
volatile (gas and liquid) release happens in a gradual se-
ries of events rather than a single event, as has generally 
been assumed. Figure 1b focuses on the loss of oxygen-
bearing volatiles (e.g., H2O, CO2) resulting from dehy-
dration of the silicates, decarbonation, and breakdown 
of organic compounds. The density structure resulting 
from thermal evolution of the rock (Fig. 1c) stabilizes 
the mantle against convection onset. On the other hand, 
if the mantle is rich in organic matter (OM), as has been 
suggested for Titan [14] and Ceres [15], mild heating 
drives OM mobility and that material might migrate and 
accumulate in the ocean.  

The timing of mineral dehydration and breakdown 
depends on the mantle size and relative abundances of 
low thermal conductivity minerals. In particular, OM 
has a very low thermal conductivity [16], so that a high 
fraction of OM can increase heating of the mantle. Met-
amorphic reactions develop over some period due to la-
tent heat. In the case of phyllosilicate dehydration, that 
process can develop over 100s My.   

Application to Ceres: Thermal modeling shows 
that Ceres could be in the process of dehydrating for re-
alistic mantle thermal conductivities, although a range 
of thermal states are possible at present. Recent or even 
ongoing dehydration could explain several observations 
from the Dawn mission. In particular, recent cryovol-
canic activity at Ahuna Mons is challenging to explain 
by the low heat flow expected from radioisotope decay 
heat. Surface morphologies indicate additional domes 
[2] that have been found in systematic association with 
bright deposits (faculae) [17], some of which have been 
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identified as carbonates [8] and are found preferentially 
in the putative basins on Ceres (i.e., outside Hanami 
Planum). Slabs of salts are not expected to remain in the 
shallow subsurface [18] so that the exposure of car-
bonates in multiple regions requires recent emplace-
ment over a large scale. Furthermore, the abundances of 
carbonate-rich mounds in these areas (e.g., 5-10 vol.% 
for Ahuna Mons [19]) indicate a source at a temperature 
>250 K, which is not consistent with even the most op-
timistic thermal evolution models for the presence of 
fluids a few 100s My ago [20].    

Conclusions: Thermal metamorphism in the rocky 
mantles of large water-rich bodies can lead to the late 
supply of fluids and heat to a residual ocean or directly 
to the crust. This effect might not be significant for a 
thick ocean like Titan’s but could be important in the 
case of a relict ocean, as suggested for Ceres, and poten-
tially trigger a late phase of endogenic activity in the 
crust. The release of oxidants in the ocean could also 
drive a late phase of chemical reactions, and in particu-
lar oxidation of organic matter, leading to the produc-
tion of carbonates. The development of thermal meta-
morphism of the rock in multiple steps could potentially 
sustain, or at least trigger, successive episodes of chem-
ical activity in deep oceans.  Lateral variations of dehy-
dration and permeability of the mantle introduced by 
large impacts excavating into the mantle of Ceres [21] 
could determine the fate of fluids produced from silicate 

dehydration deep in the mantle and, coupled with in-
creased crustal permeability and decreased crust thick-
ness, potentially explain why geological phenomena ap-
parently resulting from the geologically-recent mobili-
zation of material are limited to certain regions  
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Figure 1. Open-system evolution of a CI chondrite composition
over a pressure and temperature range relevant to Ceres’
mantle using Perple_X. (a) Evolution of the volatile content (in
mass %) exsolved from the rock showing a major
devolatilization event at ~400-600oC; (b) Loss of oxygen (e.g.,
as CO2, H2O) (in mass % of all volatiles); (c) Evolution of the
mineralogical assemblage density (kg/m3). The dashed lined
marks the maximum pressure inside Ceres.
At most temperatures, water is released from the breakdown of
various phyllosilicates. CO2 come from the breakdown of
carbonates. CO at high temperatures come from the
breakdown of a small amount of graphite, which coincides with
H2O release from biotite. At the high temperatures that release
CO, the fluid is relatively reduced, also containing H2, and often
a small amount of CH4.
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