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ABSTRACT
The crystal-growth behavior of structure I (sl), structure II (sll), and structure H (sH)
clathrate hydrates has been studied using a specially designed, pressurized optical cell,
Single crystals of each hydrate type, methane sl, methane-propane (95%-5%) sll, and
methane-methylcyclopentane
sH, were grown in equilibrium with aqueous liquid + vapor
::':: liquid hydrocarbon, Each structure type exhibits characteristic crystal morphology,
which suggests that crystal habit in natural settings, such as sea-floor outcrops, may allow
visual identification of hydrate types. In addition, the relative growth rates for different
Miller planes for each crystal type were determined. The relative growth-rate schemes and
resulting crystal morphology of each structure can be related to the unit-cell density distribution of the small cages in each structure, Four-phase P- T equilibrium data for methanemethylcyclopentane sH data were also measured using optical methods. Evaluation of these
and previously published phase-equilibrium data for all three known hydrate structures
strongly suggests that hydrate assemblages of coexisting sll and sH should be common in
natural settings.

lar regions hydrates are generally associated with permafrost in offshore and onshore sediments (e,g" Cherskiy
et aL 1985; Collett 1994; Kvenvolden and Grantz 1990;
Makogan 1981). Recently, unusual air-clathrate hydrates
were reported from about 1000 m depths in the Antarctic
polar ice (Craig et aL 1993). Natural hydrate occurrences
were reviewed by Kvenvolden (1993, 1988a),
From the environmental and geologic points of view,
the importance of naturally occurring gas hydrates may
be considered from three perspectives. First, because hydrates contain considerable methane, they represent a
possible energy resource. Though the technology has not
yet been developed to economically extract the methane,
the known and inferred natural hydrate formations represent staggering potential energy reserves, estimated at
1027_1034m3 of methane (e.g" Holder et aL 1984; Kvenvolden 1994, 1988a; MacDonald 1990a).
Second, it has been suggested that hydrates may influence atmospheric CH4 and C02 levels as gas is either
released or fixed by hydrates (e.g., Kvenvolden 1988b;
MacDonald I 990b; Nisbet 1992). This atmospheric cycling of methane and C02 is thought to have influenced
climate conditions and the advance and retreat of glaciation throughout geologic time (e.g., Kvenvolden 1988b;
MacDonald 1990b; Nisbet 1990; Sloan et aL 1992; Paull
et aL 1991).
Third, the existence and behavior of natural hydrates
may play an important role in geologic processes, such
as turbidity flows of unconsolidated submarine sediments
(e.g., McIver 1977, 1982), sediment slumping and slope
instability along continental margins (e.g., Carpenter

INTRODUCTION

Clathrate hydrates are inclusion compounds based on
a three-dimensional
ice-like framework of hydrogenbonded water molecules. This framework structure creates several polyhedral cavities of various dimensions that
house included, or guest molecules. In the natural environment, the guest molecules trapped in this water framework are typically hydrocarbon gases. These gases are
mostly methane, ethane, propane, and isobutane; carbon
dioxide; and hydrogen sulfide. These compounds are
commonly referred to as gas hydrates. Clathrate hydrates
also form from mixtures of water plus ethers, fluorinated
hydrocarbons, and chlorinated hydrocarbons. In-depth reviews of clathrate crystal chemistry and crystallography
were given by Davidson (1973), Jeffrey (1984), Sloan
(I 990a), Englezos (1993), and Ripmeester et aL (1994).
Naturally occurring gas hydrates have received considerable attention over the last 15 years, ever since researchers began to realize their great abundance. Hydrate
stability in nature is a function of the pressure, temperature, and composition of both the gas and liquid phases.
Because of these controls, natural hydrate formations are
somewhat restricted in location, occurring in deep-ocean
regimes and in polar regions. Deep-ocean hydrates usually occur in sediments along the outer continental slopes
where water is cold enough for hydrate stabilization (e.g"
Brooks et aL 1986, 1984; Davidson et aL 1986a; Kvenvolden et aL 1993; Kvenvolden and Grantz 1990). In po* Present address: Molten Metal Technology,
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