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ABSTRACT
High-pressure experiments of methane hydrate with a composition of full-occupancy of structure
I were performed in a pressure range from 0.2 to 86 GPa. X-ray diffractometry and Raman spectroscopy revealed that methane hydrate transformed from a known high-pressure structure, Þlled-ice-Ih
structure, to a new high-pressure structure at approximately 40 GPa. The reason for the outstanding
retention of the Þlled-ice-Ih structure up to 40 GPa was examined, because the Þlled-ice-Ih structures
for other gas hydrates decompose below 6.5 GPa. In the Raman spectra, new intramolecular vibration
modes softer than the original ones appeared at 14 to 17 GPa, indicating that additional intermolecular
interaction arose around the methane molecules. The additional interaction might be induced by symmetrization of the hydrogen bonds forming the framework. The symmetrization of the framework
and the subsequent additional interactions between the methane molecules and the framework water
molecules and also between the methane molecules are likely the cause of the excellent stabilization.
The new high-pressure structure survived at least to 86 GPa.
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INTRODUCTION
Methane hydrate, called Þery ice, is expected to be a clean
and fruitful energy resource, while methane is a greenhouse gas
even more potent than carbon dioxide (Sloan 1998; Kvenvolden
1988). During the evolution of the earth, catastrophic climatechanges have been related to the effects of methane hydrate, e.g.,
an extinction event at the Permian-Triassic boundary (Olszewski
and Erwin 2004) and recovery from “snowball earth” in the
Neoproterozoic (Hoffman et al. 1998; Jiang et al. 2003). In the
solar system, methane hydrate is thought to be an important constituent of outer giant planets and their satellites, such as Uranus,
Neptune, and Titan (e.g., Hubbard 1997). Therefore, knowledge
of the stability and structural changes of methane hydrate under
a wide range of pressure-temperature conditions is required
from various standpoints for overcoming humankind’s urgent
problems of dwindling energy resources and global warming, as
well as for answering fundamental questions about the internal
structure and evolution of the icy planetary bodies.
Comprehensive studies performed so far under relatively
lower pressures have contributed greatly to basic understanding
and practical use of methane hydrate (e.g., Sloan 2004; Wait
et al. 2004; Circone et al. 2004; Sloan 1998; Stern et al. 1996;
Ripmeester et al. 1987; Jeffrey 1984). High-pressure studies
of gas hydrates, including methane hydrate, carried out in the
last few years have developed our knowledge of the structural
changes in gas hydrates under pressures below 10 GPa (e.g.,
Loveday et al. 2001a; Hirai et al. 2001; Mao et al. 2002). An
* E-mail: hhirai@sakura.cc.tsukuba.ac.jp
0003-004X/06/0506–826$05.00/DOI: 10.2138/am.2006.1991

826

outline of the structural changes depending on guest size and
pressure has been presented for guest sizes up to 4.5 A (Hirai
et al. 2004). In the case of methane hydrate, the initial cubic
structure I (sI) transforms to a hexagonal structure (sH) at about
1 GPa, and it further transforms to a Þlled-ice-Ih structure at
about 2 GPa (Chou et al. 2000; Hirai et al. 2001; Loveday et al.
2001a; Shimizu et al. 2002). The Þlled-ice-Ih structure (FIIhS)
consists not of cages as for the former two structures, but of
channels formed by water molecules and Þlled with guest species (Loveday et al. 2001b). The other gas hydrates, having
guest sizes from that of argon to nitrogen, Þnally transform
to the common FIIhS, although their initial and intermediate
structures are different (Kurnosov et al. 2001; Hirai et al. 2002,
2004; Desgreniers et al. 2003; Sasaki et al. 2003). The transition
pressures from cage structures to the FIIhS clearly correlate
to the guest size; the larger the guest size, the higher the pressure at which the hydrate can be maintained. This suggests
that larger guests are more favorable for holding the shrinking
cages during compression (Hirai et al. 2004). In contrast, as for
FIIhSs, there is no dependence of stability on the guest size. The
decomposition pressures of FIIhSs are variable; only methane
hydrate survives up to 40 GPa (Hirai et al. 2003, 2004), while
other gas hydrates decompose below 6.5 GPa. Although methane
has the largest size among the reported guest species forming
FIIhSs, its retention under extremely high pressure cannot be
explained only by its size. The reason for the stability of the
methane hydrate FIIhS has not yet been clariÞed.
A theoretical study using the first principle calculation
reported the retention of the FIIhS of methane hydrate up to
100 GPa (Iitaka and Ebisuzaki 2003). Here, interesting points

