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abstRaCt

Molecular simulations were performed to determine the structure and behavior of methane hydrate 
complexes in the interlayer of Na-rich montmorillonite and beidellite smectite. Molecular dynamics 
(MD) simulations used NPT ensembles in a 4 × 4 × 1 supercell comprised of montmorillonite or 
beidellite with methane hydrate complexes in the interlayer. The simulations presented here are in 
DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD�WKDW�VKRZ�D�VLJQL¿FDQWO\�H[SDQGHG�LQWHUOD\HU��*XJJHQKHLP�DQG�
Koster van Groos 2003; Koster van Groos and Guggenheim 2009). The smectite 2:1 layer forms part 
of the coordination sphere enclosing methane molecules; the MD results show that water molecules 
close to the siloxane surface form mixed cages that enclose methane molecules between basal oxygen 
atoms of the silicate rings and water molecules from the hydrogen bonding network. However, the 
higher tetrahedral charge did not favor the formation of methane hydrate components in the interlayer. 
Thus, methane hydrate complexes can be formed in pure montmorillonite more easily than in beidellite.

Clay minerals obtained from marine localities with associated methane seeps and with variable 
Na, K, Ca, and Mg interlayer compositions were used to examine how swelling capacity affects the 
crystallization of smectite-methane-hydrate complexes. Results show that the formation of these com-
plexes depends on the swelling capacity in the smectite. In samples with limited swelling properties, 
methane hydrate is formed in the pore spaces between particles and on the external surface of clays.
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intRoDuCtion

Gas storage in nature is one of the most important issues 
in the last decade because of concern about climate change 
caused by CO2 emissions. One related reaction is direct mineral 
carbonation, but the number of studies relating to gas storage 
as a hydrate is increasing. A natural laboratory for gas storage is 
submarine mud volcanoes at continental margins. A mud volcano 
is generated by extrusion activity involving the transport of 
clay-rich sediments, liquids, and gases (mainly methane) from 
deeper regions to the seafloor (Milkov 2000; Kopf 2002). In gas-
hydrate-bearing marine sediments, smectite has been described 
as an abundant clay mineral (Kerr et al. 1970; Robertson and 
Kopf 1998; Clennell et al. 1999; Zitter 2004; Martín-Puertas et 
al. 2007), but the clay mineralogy is complex. In addition, there 
is a close relation between fluids and the nature of clays, as a 
result of diagenetic transformations at depth. Smectite illitization 
occurs at temperature ranges of c80 to c150 sC (Hower et al. 
1976; Abid et al. 2004; Aróstegui et al. 2006), where smectite 
is transformed to randomly interstratified (R0) illite-smectite 
minerals (I-S) and to more illitic ordered (R1–R3) I-S (Hower 
et al. 1976; Velde and Vasseur 1992).

Clay-rich rocks can incorporate considerable amounts of 
methane (Ertefai et al. 2010; Hinrichs et al. 2006). Methane 
may be stored in the pores of the clay rock as free-gas and ad-
sorbed onto the surfaces of clay minerals (Ji et al. 2012; Zhang 
et al. 2012). The amount of methane adsorbed on clay surfaces 
represents a major component of shale gas, an unconventional 
gas resource. The gas sorption capacity is affected by the clay 
mineral composition and the microporosity (Aringhieri 2004; 
Wang et al. 2004).

Swelling clays, such as montmorillonite and beidellite, 
usually contain multiple planes of weakly bonded H2O in the 
interlayer between the 2:1 (silicate) layers. The weakness of the 
atomic interactions between H2O molecules and the 2:1 layer, 
and the fact that the interlayer region is adjacent to two surfaces 
suggest that adsorption processes occur in the interlayer.

Gas hydrates, including methane hydrates, are crystalline 
compounds consisting of gas molecules in cavities within a 
hydrogen-bonded network of water molecules. Methane hy-
drates may occur as a cubic sI structure that consists of 46 water 
molecules per unit cell, forming two dodecahedron (512) and six 
tetradecahedron (51262) cages (Sloan 1998). Medium pressures 
(>20 bar), low temperatures (273–290 K), and a high-methane 
gas concentration in water (XCH4 c 0.0015) are required to form 
methane hydrates (Henry et al. 1999; Jager and Sloan 2001; 
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