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Saturn’s moon Titan is the second largest natural 

satellite in the solar system, and the only one that pos-
sesses a substantial atmosphere (composed primarily 
of nitrogen and methane). The origin of the massive 
nitrogen atmosphere and the source of the present-day 
methane, which is continuously destroyed by UV-
driven photochemistry, has long been debated. Data 
collected by the Cassini-Huygens mission since its 
arrival to Saturn in 2004 now provide key constraints 
on Titan’s atmosphere composition, surface morpholo-
gy and interior structure, which restrict the possible 
scenarios of formation and evolution. In particular, the 
detection of a significant amount of 40Ar (the decay 
product of 40K initially contained in silicate phases) 
further indicates that exchanges with the rocky interior 
have occurred [1].  

 
Gravity data collected by the Cassini spacecraft [2] 

indicates that the rocky phase is separated from the 
surface by a very thick H2O mantle, between 600 and 
800 km in thickness. This H2O mantle should be divid-
ed in a low-pressure ice layer (ice I), a liquid water 
layer and a high-pressure ice layer (Ice V, VI, VII). 
Any gas compound released from the deep interior 
must therefore transit through these different H2O lay-
ers before reaching the surface and the atmosphere. At 
the pressure and temperature conditions expected in 
Titan’s interior, most of gas compounds are expected 
to combine with water molecules to form clathrate 
hydrates [e.g. 3]. Clathrate structures are crystalline 
water-based structures that form cages in which gas 
molecules can be trapped [4,5]. For this reason, they 
play a crucial role in the volatile storage and transport 
within water-rich interiors, and in the exchange pro-
cesses with the atmosphere.  

 
Similar exchange processes are also likely to occur 

on other less massive icy bodies, such as Enceladus, 
Europa, Triton, Pluto and other KBOs, too small to 
retain a substantial atmosphere but active enough to 
trigger internal outgassing. Another class of objects are 
water-rich planets that we may discover soon around 
other stars. Such exoplanets are likely surrounded by a 
massive atmosphere, resulting from exchanges with the 
water-rich interiors, in some way similar to Titan. The 

objective of the present work is to understand the pro-
cesses that control chemical exchanges in water-rich 
environments on a wide range of pressure (from En-
celadus to Earth-size water-rich planets), with Titan as 
a reference. For that purpose, we investigate experi-
mentally the stability of various gas compounds in the 
form of clathrate hydrates, we use these new data to 
determine the gas storage in water-rich interiors and 
we model the transport of chemical species in the dif-
ferent H2O layers composing the interior. This will 
provide new constraints to reconstruct the possible 
outgassing history of Titan and of other water-rich 
objects.  
 

 
 
Figure 1: Possible present-day structure of Titan’s interior. 
The radius, temperature and pressure of each interface are 
only indicative. 
 

 
We first investigate the carbon compounds. CO2 and 
CH4 are probably the dominant form of carbon in the 
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interior of Titan and other massive ice objects [3]. Un-
derstanding how they interact with water at elevated 
pressures is crucial to constrain Titan’s carbon cycle. 
In this context, we conduct sapphire and diamond 
anvil cell experiments to explore the H2O-CO2 and 
H2O-CH4 systems at elevated pressures [6,7]. Our ex-
perimental results show that both CO2 and CH4 are 
stable in the form of clathrate hydrates throughout the 
internal ocean on Titan. This implies that a significant 
fraction of CO2 and CH4 initially present in the 
oceanshould be trapped in the form of CH4-CO2 

clathrate hydrates. A thermodynamic model is cur-
rently under development in order to determine how 
CH4 and CO2 concentrations in the ocean and the 
amount of clathrates incorporated in the crystallizing 
ice layers evolve as a function of time.  
 
Experiments conducted at higher pressures further 
show that CH4 is stable in the form of clathrate hy-
drates throughout the high-pressure layer and could be 
even stable in the outer part of the rock-dominated core 
as long as the temperature remains below or near the 
melting point of water ice. By contrast, CO2 becomes 
unstable in the form of hydrates in the high pressure 
layer. CO2 in the high-pressure layer may exist dissol-
ved in liquid water pockets at temperatures down to 5-
6 K below the melting point of pure water ice, and in 
the form of solid CO2 ice or carbonates, depending on 
the composition of the liquid phase. In order to deter-
mine how much CO2 and CH4 released from the rocky 
core may be transported to the ocean, we model the 
transport of aqueous melts through the high pressure 
ice layer. Preliminary results will be presented.  
 
As CH4 is very stable in the form of clathrate, it may 
be released into the atmosphere only if it is brought at  
the surface or at least at shallow depths and if it is 
thermally destabilized either by impact cratering or 
warm convective ice plumes. In order to determine 
how CH4-CO2 clathrates incorporated at the base of the 
ice layer may be transferred to the surface, we model 
the dynamics of the outer layer using thermal convec-
tion codes. We then estimate the relative amount of 
CH4 that may be released from a subsurface clathrate 
by comparing destabilization by impact cratering and 
by thermal ice plumes. These different calculations are 
finally combined to evaluate a possible history of 
methane outgassing on Titan.  
 
A similar approach will then be applied to other gas 
species and extrapolated to other water-rich bodies in 
the solar system and beyond. 
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