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Abstract

We have investigated the evolution of the
composition of the putative internal ocean of
Enceladus. We used a thermodynamical statistical
model to assess the formation of clathrate hydrates in
an ocean with the composition of the plumes
observed by the Cassini probe. We find that in our
initial scenario as well as in alternative ones,
clathrates form and efficiently deplete methane in the
ocean, below plume levels. An additional source of
methane in the ocean or ulterior dissociation of the
clathrates are required to explain the abundances of
methane detected in the plumes..

1. Introduction

Enceladus is geologically active, with plumes of
water vapor and dust emanating from its south polar
terrain [1]. An internal liquid ocean is the most
prominent explanation as the source of Enceladus'
plumes [2]. Here we used a subglacial lake model [3]
in order to investigate the time evolution of species
dissolved in Enceladus’ hypothesized ocean. This
allowed us to compare the results of the different
processes at work in our model with the composition
of the plumes as measured by the Cassini INMS mass
spectrometer [4,5].

2. Model and hypothesis

The model used in this work has been first elaborated
to mimic the evolution of Lake Vostok’s composition
in Antarctica [3], namely the largest subglacial lake
known on Earth. In our system, water and the
different gases are delivered to the internal ocean
when melting occurs due to the slow downward

motion of the overlying gas-rich ice layers, and gas-
free water leaves the lake as ice accretes to the
bottom of the ice sheet in regions where ice moves
outward [3,6]. Once the solubility limit has been
reached for the species dominant in the ocean,
bubbles could form but fugacity and temperature
conditions in the liquid layer allow instead clathrate
formation. We then computed the composition of
clathrates forming at these conditions and
investigated how it would affect the proportions of
species dissolved in the water of the ocean. To
determine the equilibrium conditions of clathrates
potentially forming in the deep ocean, we computed
the gas fugacities via the resolution of the Redlich-
Kwong equation of state [7]. We used a statistical
thermodynamic model based on the description of the
guest-clathrate interaction by a spherically averaged
Kihara potential with a nominal set of potential
parameters [3,8,9]. In our computations, we used an
ocean composition derived from the values measured
in the plumes by Cassini INMS, i.e., the starting
hypothesis is that those plumes are representative of
the composition of the ocean. We investigated the
behavior of five detected species prone to clathration:
CO,, CO, CHs4, N, and H,S. Noble gas (Ar, Kr, Xe)
were also considered in order to make predictions to
be compared with future measurements. Our
calculations take place at a depth of 30km (~3MPa
on Enceladus) and at a temperature of 0°C. Those
conditions are representative of the range of values
generally admitted [4,5,10].

3. Results

We found that the “steady state” composition
ultimately reached by the ocean (Fig. 1) cannot
match the one of the plumes, as CH4 is very
efficiently trapped into the clathrate phase and its
proportion among dissolved species always falls



below plume levels. Tests of other mixtures with
more CHy, in the starting liquid composition did not
solve this question as the efficiency of the trapping
always brings CH4 levels below the expected value.
Kr and Xe were also found to be noticeably depleted
(by one order of magnitude). A calculation of the
density of clathrates hosting the volatiles seen in the
plumes show those clathrates should have lower
density than the environning salt water, they
therefore should ascend to the top of the ocean.
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Figure 1: Evolution of the mole fraction
of considered species by time units of the
model.The full lines represent a scenario
of structure I clathrate formation, the
dotted lines represent a scenario of
structure Il formation. The initial values
are the mole fractions deduced from the
plumes (or from planetesimal formation
models in the case of noble gases)

6. Summary and Conclusions

We find that due to clathrate formation, methane
in Enceladus' ocean should be depleted below plume
levels. This suggests a constant addition of methane
in the ocean or ulterior dissociation of clathrates. The
source explanation is supported by evidence of

hydrothermal activity in the plumes [11], pointing to
serpentinization as a possible provider of methane.
Future investigations will focus on the transport of
clathrates in the ocean after their formation in order
to determine to what extent they are involved in the
process of plumes formation. It should also be noted
that the conditions for capture of wvolatiles in
clathrates are likely to be met in most of the
subglacial oceans of the solar system (Jovian moons,
Ceres).
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