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Peculiarities of Methane Clathrate Hydrate
Formation and Solid-State Deformation,
Including Possible Superheating of Water Ice

Laura A. Stern,” Stephen H. Kirby, William B. Durham

Slow, constant-volume heating of water ice plus methane gas mixtures forms methane
clathrate hydrate by a progressive reaction that occurs at the nascent ice/liquid water
interface. As this reaction proceeds, the rate of melting of metastable water ice may be
suppressed to allow short-lived superheating of ice to at least 276 kelvin. Plastic flow
properties measured on clathrate test specimens are significantly different from those
of water ice; under nonhydrostatic stress, methane clathrate undergoes extensive strain
hardening and a process of solid-state disproportionation or exsolution at conditions well
within its conventional hydrostatic stability field.

Gas hydrates, also called clathrate hy-
drates, are nonstoichiometric compounds
with structures consisting of a network of
H,O molecules hydrogen-bonded together
like ice and encaging molecules of small-
diameter gases. Common natural gas hy-
drates may have either of two crystal struc-
" tures, and methane hydrate, CH,5.75H,0
(ideally), is a structure I hydrate construct-
ed from 46 H,O molecules with eight cav-
ities available for CH, gas molecules. In
addition to its possible occurrence on the
icy moons of the outer solar system at Sat-
urn and beyond (1), methane clathrate oc-
curs on Earth in a variety of geologic set-
tings where CH,, and H,O are in chemical
contact at low temperature (T) and elevat-
ed pressure (P), and possibly harbors the
largest untapped reservoir of natural gas on
Earth (2, 3). Although discovery of exten-
sive clathrate reservoirs in sediments under-
lying permafrost regions, deep-oceanic en-
vironments, and continental margins and
shelves has stimulated recent interest in
their formation and recoverability (4),
many basic physical properties of methane
clathrate are poorly known or unmeasured.
We have developed a method for fabricat-
ing pure aggregates of methane clathrate in
quantities suitable for materials testing and
have documented anomalous behavior in
the formation, stability, and rheology of this
compound at elevated.P (5).
Our objective was to synthesize large-
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volume, low-porosity, cohesive polycrystal-
line clathrate aggregates with a uniform fine
grain size and random crystallographic grain
orientation. Our technique differed from
those of previous studies (6), most of which
involved dynamic conditions of" rocking,
rotation, or continuous agitation of reaction
mixtures, resulting in loose or very porous
granular aggregates or strongly textured ma-
terial unsuitable for physical property mea-
surements. We produced our samples by the
reaction CH, (g) + 6H,0 (s = 1) —
CH,6H,O (s), by the mixing and subse-
quent slow, regulated heating of sieved,
granular H,O ice and cold, pressurized CH,
gas in an approximately constant-volume
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Fig. 1. Phase diagram for the CH,-H,O system.
Shaded region shows field of methane clathrate
stability. At low pressures or high temperatures,
clathrate dissociates to H,O plus CH, gas. The
metastable extension of the H,O melting curve is
delineated by the gray curve. Dotted lines trace
the sample fabrication reaction path.
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