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A new high-pressure phase of methane hydrate has been identified based on its high optical relief, distinct
pressure-temperature phase relations, and Raman spectra. In-situ optical observations were made in a
hydrothermal diamond-anvil cell at temperatures betwedf® and 60°C and at pressures up to 900 MPa.

Two new invariant points were located a8.7 °C and 99 MPa for the assemblage consisting of the new
phase, structure | methane hydrate, ice Ih, and water, and at@=a8d 137 MPa for the new phase-structure

| methane hydratewater—methane vapor. Existence of the new phase is critical for understanding the phase
relations among the hydrates at low to moderate pressures, and may also have important implications for
understanding the hydrogen bonding isgHand the behavior of water in the planetary bodies, such as Europa,

of the outer solar system.

Methane hydrate is a crystalline nonstoichiometric compound 1000 ‘ l w w
composed of water and methane. It commonly occurs naturally ‘ ‘ l

along the continental shelves and in permafrost araad has 800 | lce VI L 200
been the subject of increasing interest throughout the world

because of its environmental, energy resource, and planetary
significance. Methane hydrate is a potential energy source due
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to its abundance in natufet is an agent for global warming,
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its decomposition may cause landslides and instability of
continental shelves, and it may plug commercial gas pipelines. ‘ ‘
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Studies of this material may also enhance our understanding of
the nature of hydrogen bonding in,@, and the behavior of
water in the planetary bodies in the outer solar systérhe 0
behavior of methane hydrate as a function of pressure and
temperature is critical for each of these issues, and therefore,
studies of its physicochemical properties have attracted increasFigure 1. Summary of previous experimental data for the univariant
ing attention. Through hydrogen bonding, the water molecules P=T rlelatlons of the assemblage methane hydratater-methane

. vapor; data were taken from Marshall et dtircles), Dyadin et al.
are connected to each other to form two kinds of clathrate cages;sqares), and Nakano ettriangles). The boundaries for the stable
the smaller one is a pentagonal dodecahedron (denotedfby 5 ice phases and their melting curves (solid lines) are from Haselton et
for 12 pentagonal faces), and the larger one is a tetrakaideca-al.}” The insert shows the kink of tHe—T curve reported by Marshall
hedron (5262 for 12 pentagonal with 2 additional hexagonal €t al® near 41°C. Data above 1000 MPavere not shown.
faces). Each cage structure is stabilized by inserting a methane
molecule, and a cubic unit cell of methane hydraiec(%z A; of structure H contains threel two 45562, and one 568
known as structure | methane hydrate) contains $&%5and cages, with a total of 34 4156

) . : .
ENS 51 cagest,) W't]t'sa;é :deal $O/CH, rat']? Or: 46/8 (or a For pure methane hydrate at high pressure (approximately
ydration number of 5.75)In the presence of other components 620 MPa), a distinct transition to an additional, unidentified
such as ethane, propane, or methylcyclohexane, methane capyase oceurs to structure | methane hydrate as shown in Figure

occur in the cages of structure Il and structure H hydrates. The 1 7 The earliest high-pressure phase equilibrium stuttycu-

cubic unit cell of structure Il contains sixteet?and eight %26* mented a small kink in the sofidiquid—vapor univariant

cages, with a total of 136 4@, and the rhombohedral unit cell pressure-temperature R—T) curve for methane hydrate at

intermediate pressures (about 223 MPa,°€) as shown in
954 National Center, U.S. Geological Survey, Reston, Virginia. Figure 1. Although ignored in the original work, this kink

c *Ge‘?pTVSt'ﬁa't. Lab?(/?/tor%. ar;d Center for High Pressure Research, g, ggests the presence of a phase transition in the methane
arnegie Insttution o asnington. .
$956 National Center, U.S. Geological Survey, Reston, Virginia. hydrate system. However, subsequent Wé?klid not show any
'MS/977 U.S. Geological Survey, Menlo Park, California. evidence for such a phase transition in this pressure range
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(Figure 1). In this study, we report the direct observation in calculated from the equation of state of watdor a density of
this pressure range of a new methane hydrate phase that cari046.8 kg/m. In-situ Raman spectra were measured with Ar-
explain the previously reported discontinuity in the univariant ion lasers (514.5 nm excitation wavelength). The spectra were
P—T curve. typically collected for 1500 s using an Andor CCD detector
To understand the high-pressure phase behavior of methaneooled to—90 °C mounted on a TRIAX 550 spectrometer with
hydrate, in-situ observations were made in a hydrothermal a 1500 grooves/mm grating. The ¢k band for the new phase
diamond anvil celtt under a microscope, and the presence of is a doublet with peaks at 2904 and 2910 ¢épwith a peak
a new high-pressure phase was documented by Raman spedaeight ratio of about 1:3. In comparison, theband for structure
troscopy. Raman spectroscopy has been used to identify the typé phase is a doublet at 2904 and 2915¢nwith an intensity

of clathrate hydrate cage that contains metHaianiquely ratio of 3:1, reflecting the number of large cages in a unit cell
identifying the 82 and 5262 cages of structure I, the!5and of this structure is three times of that for small ca¢feRaman

512%6* cages of structure Il, and the%and 45%° cages of spectra for the new phase suggest that the number of small cages
structure H. Methane has not been documented in*#68 &age in the structure is greater than the number of large cages,

of structure H by any method. Our results show that several analogous to the structure Il and structure H hydrates. However,
phase transitions can be observed, and some of these phasthe peak position for CHin the small cages in the new phase
transitions project to lower pressure and temperature conditions,is at 2910 cm?, which is different from those of structure 1|
suggesting that they may impact the stability of gas hydrate (2913.7 cm? for deuterated tetrahydrofuran containing phse,
phases in the deep ocean and in high-pressure engineeringind 2914.8 cmt for the phase containing 0.27 mole fraction
applications. of ethan€e'®) and structure H (2912.8 crh for deuterated
Diamond cell observations were made betwed®® and 60 methylcyclohexane containing phag.
°C, and at pressures up to 900 MPa. To prepare samples, |y some of our experiments, structure | methane hydrate was
synthetic methane hydratevas loaded in the sample chamber  fond to metastably exist at higher pressures. Figure 3b shows
of the cell (a hole of about 50@m diameter in a 25@m thick the Raman spectra of structure | methane hydrate 4€2nd
stainless steel gasket sandwiched between two diamond anvily; pressures of 125, 649, and 880 MPa. The shift of the methane
faces). After the sample chamber is sealed, the total mass ofyeak for the small cavity from 2915 crhto about 2921 crm,

the sample remains constant. The bulk density (and sampleyg pressure increases from 125 to 880 MPa, is in agreement
pressure) is then adjusted by changing the volume of the sampleyith the shift reported by Nakano et 8lexcept the effect of
c_hamber, acr_neved by adjusting the distance between the tWOpressure on the peak position is not as strong. Apparently, the
diamond-anvil faces. Once the volume of the sample chamber g,y high-pressure phase was not formed (or observed) in the
is fixed, the sample remains under isochoric conditins. experiments of Nakano et &nd Hirai et ak?

Thermal expansion of various parts of the cell, within the small . . .
temperature range of this study, has a negligible effect on the Ehase relatlons in the system §3+i-_I20 were determined by_
optical observations of the sample in the diamond cell during

sample volume. Occasionally, samples were prepared by sealingcoolin and heating. In the presence of the new phase, structure
Al 4C3 and distilled water in the sample chamber, and, @lds 9 9. pres phase,
| methane hydrate and water, ice Ih was formed during further

generated at temperatures above 200by the reaction cooling of the sample to about40 °C. The invariant point,
Al,Cyq+ 6H,0) = 3 CH, ) + 2A1,0; for the assemblage of the new phastructure | methane
€ O © (<) hydrate-ice Ih—water (point B in Figure 4), was located by

where s, |, and g represent solid, liquid, and gas, respectively. the melting temperature of ice Ih at8.7¢0.3C during
Even though there are no noticeable differences between resultdVarming of the samplé In theory, in the presence of the new

obtained in these two different loading methods, theQAl high-pressure phase and structure | methane hydrate, ice Ih melts
powder generated in the reaction commonly hindered optical & @n invariant point (fixed andT). However, in the presence
observations. of the new phase and structure | methane hydrate, ice Ih was

The pressure of the sample chamber was estimated from thePPServed to melt over a range Bf-T conditions, indicating
temperature at which the hydrate started to decompose with the"onequilibrium conditions. Equilibrium is not expected to be
formation of methane vapor (see Figure 1 for EheT relations). achieved during our ice meltlng experiment under a he_atlng rate
This P—T point defines the density of the coexisting water. The Of about 0.02°C/s. Here, the invariant point was defined by
sample pressure at lower temperatures, before the formation ofthe temperature at which the last crystal of ice Ih melts. On the
ice, can be calculated from the isochore @OHbf this particular ~ basis of the equation of state of,®,!® the pressure of this
density!® The bulk sample density was then increased by invariant pointis 99 MPa, and the density of water at this point
compressing the gasket with the two diamond anvils, and the iS 1046.8 kg/m
new sample pressure, resulting from the reduction of sample On further warming, the sample followed tie-T path
volume, was determined in the same fashion. Typically, the shown as line BC in Figure 4, where the line ended at the
sample pressure was high enough that methane hydrate wagvariant point C for the assemblage of the new phasricture
stable in the presence of water at room temperature. I methane hydratewater—methane vapor. This invariant point

The growth of both the new high-pressure phase and structurewas defined during warming by the temperature at which the
| crystals during a cooling cycle is shown in Figure 2. Crystals first methane bubble appeared (3%30.5 °C). Note that this
of the new phase (crystals A, B, C, and D in Figure 2) have a observation is in agreement with the temperature at which the
higher optical relief, and a distinctly different Raman spectrum last methane vapor bubble almost disappeared at®85diring
from that of structure | phase (Figure 3a). The pressures givena cooling experiment (Figure 2d). The pressure of this invariant
in Figure 2 (a) to (d) were calculated from the data of Nakano point, defined by the water density of 1046.8 kg/ah 35.3°C,
et al? for the assemblage structure | methane hydratater— is 136.7 MP&> This pressure is very close to the values of
methane vapor and should be slightly higher than the actual 131.0 and 134.6 MPa, interpolated from the data of Marshall
pressures because of the presence of the new phase instead et al® and Nakano et af,respectively, for the assemblage
structure | phase (see Figure 4). The pressure given in (e) wasstructure | methane hydratevater—methane vapor at 35°X.
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Figure 2. Images (a to e) of a sample during a cooling cycle, and image of another sample (f) showing the optical relief of the new phase crystals.
(a) The initial crystallization of the new methane hydrate phase (crystal A) in coexisting water and methane vapdiGaagé.290 MPa. Crystal

B is the only crystal of the new phase, which survived af@land 223 MPa before cooling started. (b) The growth of the new phase (crystal A)

and the euhedral growth of the new phase (crystal C) at 3&nd 178 MPa in the presence of water and methane vapor. (c) The euhedral growth

of the new phase (crystals B and D) in the presence of water and methane vapor (see bubbles at the center |€ff) ah@72.63 MPa. Crystal

A appears at the lower left corner. (d) The new phase (crystals A, B, D), and the last vapor bubble (V) in watef@t8%942 MPa. (e) The
coexistence of the new phase (crystals A, B, D, and many other high-relief crystals), structure | methane hydrate crystals (low-relief background
crystals), and water at 35XC and 136 MPa. The field of view is about 0.3 mm, and the sample is about 0.25 mm thick. (f) In another sample, the
new phase (high-relief crystals) coexists with structure | methane hydrate (background) and watd ain@5125 MPa. The sample chamber is

about 0.3 mm in diameter and 0.25 mm thick.
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Figure 4. Phase relations for the system £HH,O. The three invariant
points shown as open circles at A (1.2 MPa arf€), B (99 MPa and
—8.7°C), and C (137 MPa and 35°%) are for the assemblages of
structure | methane hydrate (MHjce lh—water-methane vapor, the
new phasestructure | methane hydratéce lh—water, and the new
phase-structure | methane hydratevater—methane vapor, respec-

T T tively. The solid curve BC is the isochore of pure water having the
2940 2960 density of 1046.8 kg/fh which approximates the univariant curve for
the assemblage of the new phaséructure | methane hydratevater.

The solid curve AC and the dotted line CD are, respectively, the stable

and metastable univariant lines for the assemblage structure | methane

Structure I Methane Hydrate at 25°C hydrate-water-methane vapor. The schematic solid line CE and dotted
line CF are, respectively, the stable and metastable univariant curves

g for the assemblage of the new phaseater—methane vapor. The

@‘ univariant curve for the assemblage of the new phaseicture |

N methane hydrateice Ih, branches to the left of point B, is not shown.

The phase boundaries between ice polymorphs and their melting curves

are from Haselton et &l.

Structure 1

1 1 |
2880 2900 2920

Wavenumber (cm” 1)

in Figure 4, including two new invariant points (points B and
C) and one new univariant curve (line BC). The solid curve
AC and the dotted line CD are, respectively, the stable and
metastable univariant lines for the assemblage structure |
methane hydratewater—methane vapor. The dashed line CD
is based on the experimental data of Nakano et @n the
basis of a geometric approach after the method of Schreine-
makers!® the stable univariant curve CE and metastable
univariant curve CF for the assemblage of the new phase
water-methane vapor are shown schematically in Figure 4. With
additional control of nucleation and crystallization, we were able
to synthesize single crystals of the new phase at the pressures
and temperatures indicated for its stability field. This confirms

880 MPa

Intensity (a.u.)

649 MPa

125 MPa

T T

28I80 I 29'00 29'20 29'40 our findings regarding the stability fields for structure | methane
-1 hydrate and the new phase. Efforts are underway to examine
Wavenumber (cm ) the new phase using micro diffraction and synchrotron-x-

Figure 3. Raman spectra of (a; top) the new methane hydrate phase _rad_iation tech_ni_ques. The stability range of the new pha_se
(high-relief crystals shown in Figure 2) and structure | methane hydrate indicates that it is the form of methane hydrate that would exist

(low-relief back ground crystals shown in Figure 2d) at'5and 125 in the deep parts of marine sediments. Moreover, it could be
MPa; and (b; bottom) structure | methane hydrate at’@5and at present and constitute a carbon and water reservoir in icy satel-
pressures of 125, 649, and 880 MPa. lites such as Europa or even perhaps within the Martian crust.
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