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Introduction: Molecular hydrogen (H,) is a com-
mon component of crustal fluids on Earth, produced
when water reacts with reduced (e.g., Fe-bearing) sili-
cate minerals. At equilibrium, D/H isotope fractiona-
tion between H2 and Hzo (aW-HZ = [D/H]HZO / [D/H]Hz)
is T-sensitive and can be used as geothermometer in
that aw., values measured in surface discharges can
help constrain higher subsurface reaction temperatures
[1]. Beyond Earth, H, has been observed in the
gas/particulate plumes of Saturn's moon Enceladus [2],
and, should aw.4; be constrained, geothermometry
could prove useful for elucidating the T structure in the
liquid (H,O) ocean beneath the icy shell. However, a
measured ayw.p Value does not necessarily reflect equi-
librium or provide the T of H, formation because oy
will begin to re-equilibrate if T subsequently changes.
This requires knowledge of the D-H exchange kinetics
between H, and H,O in order to interpret how an ob-
served a2 value fits into the broader T history of the
solution.

Experimental Results: We recently presented ex-
perimentally derived pseudo-first-order rate constants
(k, units hrs™) for H, dissolved in liquid H,O [3],
which describe the approach to isotopic equilibrium for
the reaction: H, + HDO <« HD + H,0. If species con-
centrations are cast in mols/L (accounting for both T
and P), we derive an Arrhenius relationship for a rate
constant k (units [L/mole] / hr) that can describe both
the results of the liquid-phase experiments and those of
earlier gas-phase experiments [4] (figure below, Ea =
52 kJ/mole).
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These results infer a density-dependence for the pseu-
do-first-order constant k;. In most natural settings
[H,0O] >> [H,], especially when liquid H,O is present,
and k; = k[H,0]. The phase density therefore strongly

influences the equilibration rate, exemplified by 1/k; at
100°C of ~2 days for H, dissolved in liquid H,O, ver-
sus ~5 yrs for H; in saturated steam.

Discussion: One explanation for the H, in the
plumes of Enceladus is that it accumulates in the ocean
due to ongoing hydrothermal or serpentinization reac-
tions in the rocky core [2, 5]. Application of the
geothermometer would assume [D/H]y; in the plumes
would be equal to that of H, dissolved in the liquid
ocean. This is reasonable based on the kinetic data
because the plumes discharge at ~400 m/s, and the sur-
face T is -201°C. Regardless of the ocean T and thick-
ness of the ice shell (up to 40 km), this discharge rate is
fast enough that no subsequent re-equilibration of
[D/H]n, could occur during this process.

Although currently available data are insufficient to
calculate an a4, value for Enceladus, we can develop
preliminary kinetic models to constrain oceanic resi-
dence times required for ay.4, to reflect isotopic equi-
librium at a likely minimum ocean T of -3°C (i.e. T,
at the ice-ocean interface). For example, in one simple
model we assume a scenario where water-rock reac-
tions result in the constant addition of new H, initially
in isotopic equilibrium with a 90°C source water [5],
and this source water is instantaneously quenched to
Tmin Within a (well-mixed) bulk ocean. Unless there are
kinetic isotope effects associated with processes serv-
ing as a sink for H,, the model indicates a residence
time of ~180 yrs would be required for the bulk ocean-
ic [D/H]y, to re-equilibrate to within 99% of isotopic
equilibrium at T,;,. However, particulate silica in the
plumes suggests more vigorous convective processes
may bring deeper (hydrothermal) waters up towards the
ice-ocean interface on (shorter) timescales of months
[5]. If this is indeed the case, then aw., measured in
the plume could reflect more elevated T.

More detailed models can be developed if suffi-
ciently resolute values of a4, are be obtained. Kinetic
models applied to terrestrial hydrothermal systems,
where maximum reaction T is independently con-
strained, further allow us to identify when micro-
organisms are catalyzing D-H exchange.
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