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Abstract

Motivated by the possibility of comparing theoretical
predictions of Lake Vostok’s composition with in situ
measurements, we accurately determine the composi-
tion of clathrates that should form in this environment.
We establish a correlation between the lake’s compo-
sition with that of air clathrates formed in situ, with
the use of a statistical thermodynamic model based on
experimental data.

1 Introduction

Over 100 liquid water lakes have been identified be-
neath the ice sheets of Antarctica. Lake Vostok, which
lies buried beneath ~4 kilometers of ice, is the largest
of these freshwater reservoirs. Estimates for the age
of this lake range from one million years to 15 million
years. Because Lake Vostok is under many kilometers
of ice, it is unlikely that the lake water is in equilib-
rium contact with air. From an exobiological point of
view, the study of Lake Vostok is interesting because
it could contain life forms in an environment that has
been sealed off from light and atmosphere for possibly
several millions of years. As such, the Lake Vostok
environment could be analogous to that of the Jovian
icy moon Europa, which is envisaged to harbor a sub-
surface ocean with conditions compatible with habit-
ability.

Here, motivated by the possibility of comparing the-
oretical predictions of Lake Vostok’s composition with
in situ measurements, we reinvestigate the work of [1]
by determining more accurately the composition of
clathrates that should form in this environment. In or-
der to establish a better correlation between the lake’s
composition with that of air clathrates formed in situ,
we use a statistical thermodynamic model based on ex-
perimental data and derived from the original work of
[2]. The major ingredient of our model is the descrip-

tion of the guest-clathrate interaction by a spherically
averaged Kihara potential with a nominal set of poten-
tial parameters.

2 Modeling the lake composition

Our basic assumptions are similar to those formulated
by [1]. We assume that Lake Vostok is a closed sys-
tem at constant pressure of 35 MPa and physiograph-
ically stable over time. In our system, water and air
are delivered to the lake when melting occurs and gas-
free water leaves the lake as ice accretes to the bot-
tom of the ice sheet [1, 3]. Air is assumed to be sup-
plied to the lake at a concentration of about 90 cm? at
STP (I' = 273.15 K and P = 0.1013 MPa) per kg
of melted ice [3, 4]. We express the age of the lake
in terms of the residence time, which corresponds to
the time needed for the mass flow through the lake to
equal the mass of the lake. At ~28 residence times, the
concentration of air dissolved in Lake Vostok reaches
the solubility limit, which is ~2500 cm® (STP) per kg
of water [1], and clathrate formation begins. There-
after, the total dissolved gas in Lake Vostok remains
approximately constant at this value and the gas in ex-
cess continuously forms clathrate. Because the com-
position of clathrate strongly departs from that of the
coexisting gas phase, its progressive formation induces
a feedback on the composition of the gas dissolved in
Lake Vostok. Based on this approach, we have elabo-
rated a computational procedure aiming at calculating
the volume of each gas dissolved in Lake Vostok (per
unit of kg of lake water) and trapped in the forming air
clathrates, as a function of the temporal evolution of
the lake (in units of residence times).

To calculate the relative abundances of guest species
incorporated in a clathrate from a coexisting gas of
specified composition at given temperature and pres-
sure, our subroutine follows the method described by
[5, 6, 7], which uses classical statistical mechanics



to relate the macroscopic thermodynamic properties
of clathrates to the molecular structure and interac-
tion energies. It is based on the original ideas of [2]
for clathrate formation, which assume that trapping of
guest molecules into cages corresponds to the three-
dimensional generalization of ideal localized adsorp-
tion.

3 Results

Figure 1 represents the volumes of gases dissolved in
the water of Lake Vostok (per unit of kg of water) as a
function of the age of the lake. Our calculations show
that the Ny volume in Lake Vostok is larger than the
one predicted by [1] (~ 2300 cm? vs. 1750 cm?) at
infinite residence time. In contrast, we predict a lower
O3 volume in the lake compared to the one predicted
by [1] (~ 200 cm?® vs. 700 cm®). We also predict
a lower mole fraction of Ar in the lake compared to
its atmospheric value. Our computations show that
Kr and Xe are both efficiently trapped in clathrates
formed in Lake Vostok, implying their strong deple-
tion in the gas phase dissolved in the lake water.

Acknowledgements

E. Chassefiere and A. Lakhlifi acknowledge support
from CNRS EPOV interdisciplinary program. O.
Mousis acknowledges support provided by the Centre
National d’Etudes Spatiales.

References

[1] McKay, C.P.,, Hand, K. P, Doran, P. T., Andersen, D. T.,
Priscu, J. C.: Clathrate formation and the fate of noble
and biologically useful gases in Lake Vostok, Antarctica.
Geophysical Research Letters 30, 130000-1, 2003.

[2] van der Waals, J. H., Platteeuw, J. C.: Clathrate solu-
tions. In: Advances in Chemical Physics, Vol. 2, Inter-
science, New York, 1, 1959.

[3] Jouzel, J., Petit, J. R., Souchez, R., Barkov, N. I,
Lipenkov, V. Ya, Raynaud, D., Stievenard, M., Vassiliev,
N. 1., Verbeke, V, Vimeux, F.: More than 200 meters of
lake ice above subglacial Lake Vostok, Antarctica. Sci-
ence 286, 2138, 1999.

[4] Lipenkov, V. Ya., Istomin, V. A. 2001.: On the sta-
bility of air clathrate-hydrate crystals in subglacial Lake
Vostok, Antarctica. Materialy Glyatsiol. Issled. 91, 129,
2001.

2500 ;
‘ _
& N,
|
2000 )
i
~ i
o I
E 1500 !
2 |
© |
o I
2 i
S 1000 !
E |
S |
|
500 K
/ ! o
ol
10 o
5
[}
©
(=]
S
o
o 10
£
3
3
>
10°
Xe K
107k
0 20 40 60 80 100 120

Time (per unit of residential time)

Figure 1: Volumes of gases dissolved in the wa-
ter of Lake Vostok calculated in the case of struc-
ture II clathrate formation (structure of No-dominated
clatharte) and expressed as a function of the age of
lake, with age expressed in units of residence time.
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