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Abstract
Sodium-rich montmorillonite, Na-exchanged montmorillonite, and Na-exchanged nontronite form
intercalate complexes with methane hydrate, identified by a characteristic d(001) value of ~2.2 nm.
The upper stability of both Na-rich montmorillonite–methane-hydrate complexes is nearly identical
to that of methane hydrate, whereas that of Na-exchanged nontronite–methane-hydrate complex is ~1
°C lower. The low-temperature stability of these complexes is controlled by dehydration reactions of
the montmorillonite and nontronite. At temperatures of 2 °C, the d(001) value of the montmorillonite
complex decreases step-wise with decreasing temperature from ~2.2 nm at 2 °C to 1.6 nm at ≤–5 °C,
indicating that H2O is progressively expelled from the interlayer. All methane is probably expelled at
~0 °C. The d(001) value of the nontronite complex did not show a similar step-wise reduction and,
consequently, the lower stability of this complex is not well established. We conclude that under
conditions of reduced salinity, smectite may sufficiently swell and intercalate with methane hydrate
in an intermediate to deep-ocean floor environment. Consequently, these smectite–methane-hydrate
complexes in the sub-ocean-floor surface may store substantial quantities of carbon.
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Introduction
The recognition that methane-hydrate deposits represent
the largest reservoir of hydrocarbons near the Earth’s surface
has fueled a strong interest in these deposits because of their
economic potential as an energy resource. Geologically, these
deposits are significant, because they represent an important
potential source for greenhouse gases during the Earth’s history (Sloan 2004). Recent estimates for this methane-hydrate
reservoir range from 0.5–3 × 1018 g C (carbon) in sediments at
relatively shallow depths along oceanic margins (e.g., Buffett
and Archer 2004). Perhaps an equal amount is present as gas in
the sediments below these hydrate deposits (Buffett and Archer
2004; Archer 2007; Milkov 2004). In addition, ~0.4 × 1018 g C
is present in methane hydrates in Arctic permafrost (MacDonald
1990). In these estimates, potential methane and methane-hydrate
deposits at ocean depths >3000 m are excluded, because carbon
sequestration in deep-ocean sediments is not well documented.
These estimates compare to a total of ~0.23 × 1018 g C (MacDonald, 1990; USGS World Energy Assessment Team 2000)
for all other natural gas sources combined, and to ~5 × 1018 g
C for all fossil fuel reserves, most of which are coal deposits
(Rogner 1997).
Three classes of gas-hydrate structures are known to accommodate methane. In two of these structures (sI and sII), methane
molecules and other small guest molecules occupy cavities
framed by hydrogen-bonded H2O molecules (e.g., Sloan 1998;
Ripmeester 2000). The third structure involves a swelling clay
mineral (smectite) intercalated with a methane-hydrate complex
in the interlayer (Guggenheim and Koster van Groos 2003;
Kelkar et al. 2004). The sI and sII structures each have two types
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of guest molecule cages with cavity radii of 0.395 and 0.433 nm,
and 0.391 and 0.473 nm, respectively (Subramanian et al. 2000).
In general, sI forms where small guest molecules (e.g., CH4, C2H6,
CO2, Ar, and Xe) are present, whereas sII preferentially accommodates larger molecules (e.g., propane, butane, cyclopentane,
neopentane). However, where CH4 is the main gas constituent
but a small amount of C3H8 is also present, sII becomes the
stable methane-bearing structure (Ballard and Sloan 2000).
The smectite–methane-hydrate intercalate has a d(001) value of
~2.2 nm indicating the presence of a methane-hydrate complex
intercalated between the 2:1 layers of the smectite, forming a
unit structure with a combined thickness of approximately one
unit of methane hydrate (unit-cell dimension of ~1.2 nm; Hirai
et al. 2000; Docherty et al. 2006) and montmorillonite [d(001)
value of ~0.98 nm for cSinβ of a non-hydrated layer sequence;
Bailey 1984]. This smectite–methane-hydrate phase has a hightemperature stability similar to that of the sI methane-hydrate
structure, but its low-temperature stability is limited by dehydration reactions of the interlayer (Guggenheim and Koster van
Groos 2003). A fourth gas-hydrate structure (sH) accommodates
only larger guest molecules, such as methylcyclopentane (C6H12)
(Smelik and King 1997), isopentane (Østergaard et al. 2000), or
2,2-dimethylpentane (Østergaard et al. 2000).
Here, we report on the stability of methane-hydrate intercalates in three smectites: (1) Na-exchanged montmorillonite, used
in previous experiments (Guggenheim and Koster van Groos
2003), to further delineate the stability of the montmorillonite–
methane-hydrate phase; (2) natural Na-rich montmorillonite, to
determine whether methane could enter the interlayer of naturallyoccurring smectite containing approximately equal amounts of
Na and Ca at the interlayer; and (3) Na-exchanged nontronite,
to evaluate the conditions where methane can intercalate with

