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Characterization of Hydraulic Permeability and Pore-Size Distribution of Methane
Hydrate-Bearing Sediment Using Proton Nuclear Magnetic Resonance

Measurement
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A proton nuclear magnetic resonance (NMR) system combined with a permeability measurement system has been used
to clarify the relation between permeability and a methane-hydrate saturation in methane-hydrate-bearing sediment with
regard to effective pore-size distribution. Pore-size distributions of sediments have been calculated using the relaxation time
distribution of NMR-T2. Two different laboratory methods for growing gas hydrate in sediment cores have been used to
determine the relationship between hydrate saturation and permeability: a conventional approach called the connate water
method, and a dissolved-gas method. The 2 methods produced different permeability and pore-size distribution of sediment.

INTRODUCTION

Methane hydrates (MH) in sediment are expected to be devel-
oped as a resource for natural gas and have been studied as a
possible future energy resource. In-situ dissociation of the natural-
gas hydrate is necessary for commercial recovery of natural
gas from natural-gas-hydrate-bearing sediment (i.e., mainly MH-
bearing sediment) (Makogon, 1981, 1988). Various methods of
producing methane gas from MH have been proposed for exploit-
ing MH (e.g., depressurization (Makogon, 1981, 1986, 2005;
Sakamoto, 2007a, 2007b), thermal stimulation (Makogon, 1981,
1986, 2005; Sakamoto et al., 2007a, b), and inhibitor injection
(Makogon, 1981, 1988; Makogon and Holditch, 2005; Kawamura
et al., 2006). With any method, the gas permeability and water
permeability of MH-bearing sediments are important factors for
estimating the efficiency of methane-gas production. Sediment
permeability is generally determined by measurement using gas or
liquid flow. For example, the permeability of an MH-bearing layer
is measured by using gas or liquid flow through the MH-bearing
sediment, which can be explored using a pressure-temperature
core sampler (PTCS). The permeability of MH-bearing sediment
is considerably affected by several properties of the sediment
(e.g., the pore-size distribution, porosity, cementing, MH produc-
tion characteristics and MH saturation). Proton nuclear magnetic
resonance (NMR) methods have been used to estimate perme-
ability. In petrophysical applications, NMR is used in bore holes
as a wire-line logging tool (e.g., the Schlumberger Combinable
Magnetic Resonance—CMR—tool) to measure pore-size distribu-
tion in oil reservoir rock and/or sandy sediment layers containing
MH (Kleinberg et al., 2003a, b). Pore-size distributions are calcu-
lated from the relaxation time, and the permeability can be esti-
mated using the Schlumberger-Doll Research (SDR) method and
the Timur-Coates model, based on the Kozeny-Carman approxi-
mation (Kleinberg et al., 2003a, b; Kleinberg and Griffin, 2005).
This method can be used at high pressure but is limited to sam-
ples with water-saturated pores.
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In MH-bearing sediment measurements taken with our lab-
oratory system, the pore-size distribution is derived from the
NMR relaxation curve, which is measured by the Carr-Purcell-
Meiboom-Gill method (CPMG). This spin-echo method calculates
the pore-size distribution using the distribution of the transverse
magnetic relaxation time (T2) and the surface relaxivity coeffi-
cient. The principle and details of this analysis are described else-
where (Kleinberg et al., 2003a, b). Typical parameters for NMR
measurement by the CPMG method are as follows. The spectrom-
eter frequency is 2.18MHz (B0 = 0.050T); echo spacing, 500 ms;
relaxation delay, 10 s; number of scans, 64; dwell time, 0.5 ms;
and size of the acquisition buffer, 1 point. Our NMR pulse-
sequence parameters were adjusted to be comparable to those used
in logging tools, and the sensitivity to low-level signals was sig-
nificantly better. The hydrogen signal decayed completely within
the dead time of the logging tools in the NMR instrument.

Hence, MH contains abundant hydrogen in both its water and
methane fractions, but the hydrogen in methane hydrate is invis-
ible because our NMR apparatus is not sensitive to hydrogen in
solids.

When MH is formed in pores, the apparent NMR porosity,
which is estimated by the integrated amplitude of the NMR-T2

distribution, decreases with MH saturation. This also changes the
shape of the apparent pore-size distribution, which is computed
from the NMR-T2 distribution (Kleinberg et al., 2003a, b).

As preliminary research, we investigated the relation between
the permeability and several parameters of sediment (e.g., pore-
size distribution, porosity, grain-size distribution and surface-to-
volume ratio of glass beads and sandy sediments) (Mizutani,
2010; Minagawa, 2009). A semi-empirical (SE) equation con-
sidering the shape factor of matrix particles for the permeabil-
ity of glass beads and sandy sediment was derived based on the
Kozeny-Carman equation for pore-size distribution and porosity,
and it was compared with other empirical equations (Minagawa
et al., 2010). The permeability estimated using an SDR equa-
tion was consistent with the permeability measured by water flow.
Conversion techniques using NMR-T2 distributions to generate
high-resolution pore-size distributions have been developed. These
techniques enabled determining the permeability that had been
measured by water flow. Further, the estimated permeability deter-
mined by empirical equations using the conversion of NMR-T2

distributions was better than that from a conventional SDR equa-
tion analysis (Mizutani et al., 2010; Minagawa et al., 2009).




