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Introduction:  Aqueous environments in chemical 

disequilibrium are candidate locations for the emer-

gence and existence of life. Icy ocean worlds could be 

such locations in the solar system, but questions remain 

about the persistence of chemical disequilibria within 

the oceans through geologic time. High pressures at the 

seafloor and relatively low temperatures in the interior 

[e.g. 1] may seriously restrict the hydrothermal venting 

and water-rock interaction [2] required for element 

fluxes and redox disequilibria favorable for life [e.g. 

3]. 

We have been investigating whether the tidal and 

thermal evolution of icy ocean worlds enhances or re-

stricts the availability of hydrocarbons and redox-

sensitive molecules pumped into the ocean in time. 

Here we focus on Titan as an example of an icy 

ocean world of astrobiological interest. 

Methods: We modeled the evolution of icy worlds’ 

interior structure (the distribution of their spherical 

shell components, including the silicate and ocean lay-

ers, as in Vance et al. [1]) as a consequence of their 

accretion history in the jovian or saturnian systems. 

Bulk compositions of the bodies were determined by 

simple accretion models based on the parameterization 

by Squyres et al. [4], using chondritic and cometary 

building blocks consistent with the distribution of these 

in the early solar system [5]. 

Constraining Planetary Scale Geochemical Reser-

voirs and Fluxes. The accretion-structure-composition 

simulations determine the composition and starting 

thermal state of the icy ocean worlds immediately after 

accretion. We subject the bodies to the plausible ther-

mal excursions resulting from radionuclide decay, 

gravitational settling and tidal dissipation, and resolve 

the distribution of heat/energy, and petrologi-

cal/geochemical changes in the interior using a Gibbs 

energy minimization code integrating the Deep Earth 

Water model and electrolytic fluid speciation [6, 7, 8, 

9]. The changing thermal state of the bodies determines 

what chemical species are mobilized and where to 

(ocean, silicate, or core).  

Results and Discussion:  

Early Differentiation Dewatering on Titan. In early 

heating stages, we computed the dehydration of the 

interior of Titan as water migrates to the outer shells, 

forming early oceans. The fluid composition changes 

markedly as temperature rises. For Titan, fluids re-

leased from the silicate interior are initially water and 

hydrocarbon rich, with methane >> ethane > propane > 

amino acids, carboxylic acids and alcohols (glutarate, 

lactate, glycolate, ethanol, methanol and formic acid) 

(Fig. 1). 

 

 
Figure 1. Major composition of the fluids produced 

and extracted from the interior of Titan during 

heating of the interior by differentiation and tidal 

dissipation. In this model, 100 % of the fluid pro-

duced is extracted and removed into the ocean res-

ervoir, and does not interact with the silicate interi-

or afterwards. 

With continued heating of the interior, 

phyllosilicates become dehydroxylated and release 

water. Further heating destabilizes amphiboles and 

sulfides originating from the initial chondritic accreted 

matierial, releasing more water, and SO2. Finally, 

carbonates and reduced carbon (as graphite) is 

destabilized with further heating, and produces CO2 

(Fig. 1). 

Thus, the earliest heating on Titan produces the 

most organic-rich fluids, and later fluids produced by 

further heating (as by later radionuclide decay and tidal 

dissipation occurring in the silicate interior) dilute the 

early hydrocarbon-rich fluid with  water, SO2 and CO2.  
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