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ABSTRACT
We investigated molecular and stable isotope compositions of hydrate-bound gas and dissolved
gas in pore water in sediment cores that were retrieved from the eastern margin of Japan Sea to
clarify the gas origin and to understand the formation process of shallow gas hydrate accumulated
in this area. Hydrate-bearing sediment cores were retrieved from Umitaka Spur and Joetsu Knoll
in the Joetsu Basin during a cruise onboard R/V Marion Dufresne in June 2010. Hydrate-bound
hydrocarbons were primarily thermogenic at Umitaka Spur. On the contrary, those at Joetsu Knoll
partly contain microbial methane (C1) because 13C and deuterium (D) are both depleted and close
to the field of microbial C1 via CO2 reduction. Depth profiles of C1 in the sediments showed a
minimum concentration of 13C at a depth, corresponding to the SMI depth. C1 concentration in the
sediments increased dramatically beneath the SMI depth. δ13C of C1 increased slightly with depth
in a deeper layer, whereas δD of C1 decreased. A high concentration of neopentane (neoC5, 2,2dimethylpropane) was detected near the depths of gas hydrates. Because neoC5 cannot be encaged
in the crystallographic structure I hydrate, it could be discharged from the hydrate crystal during
the formation process and remain in the sediment.
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INTRODUCTION
Gas hydrates are crystalline clathrate compounds
composed of water and gas molecules that are
stable at low temperatures and high partial
pressures of each gas component. Natural gas
hydrates exist in near-surface sediments associated
with active gas plumes that vent from a sea or lake
floor. Recently, gas hydrate samples were
retrieved from Umitaka Spur and Joetsu Knoll in
the eastern margin of the Japan Sea [1], where gas
venting has been observed by echo-sounder
images [2]. The behavior of gas hydrate systems in
shallow sediment layers has been studied relative
to pore water geochemistry [3, 4]. δ13C of methane
∗

(C1) in hydrate-bound and seep gases ranged from
−50 to −30 ‰VPDB, suggesting a thermogenic
origin [1], however, little information is available
for about ethane (C2), propane (C3), and other
hydrocarbons. Although C1 is the major
component of hydrate-bound gases, C2 and C3
increase the stability of gas hydrates because of
their low equilibrium pressures [5] and their ability
to change the crystallographic structure from
structure I (sI) to structure II (sII) [6, 7]. Natural
gas hydrates of sII discovered worldwide [8–11]
contain a significant amount of C2 and C3. C1 and
C2 mixed-gas hydrates discovered in Lake Baikal
belong to the sII gas hydrate group and contain

Corresponding author: Phone: +81 157 26 9522 Fax +81 157 26 9534 E-mail: hachi@mail.kitami-it.ac.jp

Joetsu
Knoll

Umitaka
Spur

.

3306

Figure 1 Coring sites of the MD179 cruise:
Umitaka Spur and Joetsu Knoll in the Joetsu
Basin, Japan Sea.
several hundred ppm of neopentane (neoC5, 2,2dimethylpropane) [12, 13]. Structure H gas
hydrates recovered from northern Cascadia Margin,
offshore Vancouver Island [14], can encage large
guest molecules. Because thermogenic gas
generally contains heavier hydrocarbons, we will
clarify the manner in which these hydrocarbons
ascending from a deep layer are trapped by gas
hydrate formations, dissolve into pore water, and
escape to the sea floor. In this study, we
investigated molecular and stable isotope
compositions of hydrate-bound gas and dissolved
gas in pore water in sediment cores that are
retrieved from Umitaka Spur and Joetsu Knoll in
order to clarify the gas origin and to understand
the formation process of the shallow gas hydrate
accumulated in this area.
SAMPLING METHODS
The location map of the coring sites of the MD179
cruise is shown in Figure 1. Seventeen sediment

cores were retrieved from the Joetsu Basin during
the cruise onboard R/V Marion Dufresne in June
2010. A 20–50 m long Calypso giant piston corer
enabled us to obtain sediment cores up to 40 m in
length. A Calypso square box corer (CASQ, 25 cm
× 25 cm square section, 12 m in length) was also
used. Hydrate-bearing cores MD10-3305G and
MD10-3306 (placed 300 m apart) were retrieved
from Umitaka Spur. MD10-3305G was retrieved
by a simple gravity corer without a piston coring
system. MD10-3317 and MD10-3318C retrieved
from Joetsu Knoll also contained gas hydrates. All
samples except MD10-3318C that were retrieved
using the CASQ corer lost the top part of their
sediment layers because the gas hydrates
dissociated in the corer and displaced the top part
during the recovery process on board.
Hydrate bound gases were collected using a plastic
syringe and stored in 5 mL vials sealed with butyl
septum stoppers [15–17]. We placed each hydrate
sample into a 50 mL plastic syringe, pushed the
cylinder to reduce the dead volume, and attached
the syringe to a vial with a needle. An additional
needle was attached to the vial to flush the air
inside. Each vial was then filled with hydratebound gas with no sediment particles or pore water
present.
The dissolved gases in the pore water were
extracted by a headspace gas method whereby 10
mL of sediment, a 9.5 mL saturated aqueous
solution of NaCl, and a 0.5 mL preservative
(benzalkonium chloride, 10 wt% aqueous solution
[18]) were introduced into a 25 mL vial to create a
5 mL headspace. The headspace was flushed with
helium because the carrier gas used in gas
chromatography was also helium, thereby
reducing air contamination. The vials were shaken
well and stored upside-down until the gas analysis
stage.
SAMPLE ANALYSES
The experimental setup for gas analysis was the
same as that used in our previous study [15, 16].
Molecular compositions of hydrocarbons were
determined using a gas chromatograph (Shimadzu
GC-14B) equipped with a thermal conductivity
detector for detecting CO2, H2S, and high
concentrations of C1, and a flame ionization
detector was used for detecting low concentrations
of hydrocarbons (C2–C5), along with a packed
column (Shimadzu Sunpak-S). The two
instruments were connected in series. Carbon and
hydrogen isotopes of hydrocarbons were measured

Table 1 Molecular and isotopic compositions of hydrate-bound gases.
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Figure 2 Isotopic results of gas hydrate samples:
a) Relationship between C1 δ13C and the ratio
C1 / (C2+C3); b) Relationship between δD and
δ13C of C1; c) Relationship between δ13C of C1
and C2. The fields of gas origin in these graphs
are defined by the literature [20-24].
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using a continuous-flow isotope-ratio mass
spectrometer (CF-IRMS, Thermo Finnigan
DELTA plus XP) with a Supelco Carboxen-1006
PLOT capillary column (30 m × 0.32 mm inner
diameter). To avoid air contamination in samples
with low C1 concentration, a Supelco Carboxen1010 PLOT capillary column (30 m × 0.32 mm
inner diameter) was also used. A Varian Poraplot
Q capillary column (27.5 m × 0.32 mm inner

diameter) was used for higher hydrocarbons (C5–
C8). Stable isotope compositions are reported in
terms of δ values (‰).
RESULTS AND DISCUSSION
Hydrate-bound gases
Molecular and isotopic compositions of hydratebound gases are summarized in Table 1. Generally,

Gas concentration profiles in sediment
The depth profiles of dissolved hydrocarbons (C1–
C3) in sediment are shown in Figure 3. High C1
flux caused shallow sulfate-methane interface
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C1 was the main component of the gas hydrates,
comprising more than 98 %, and concentrations of
C2, C3, and CO2 were in the range 148–456 ppm,
1–20 ppm, and 0.03–1.26 %, respectively. Some
gas samples contained negligible amounts of H2S,
up to 0.77 %. Based on these gas compositions,
the crystallographic structure of the gas hydrates
was estimated to be sI, and this was confirmed for
the samples from Umitaka Spur by PXRD [19].
The relationship between the isotopic ratio and
molecular composition of hydrate-bound gas is
shown in Figure 2. According to the Bernard
diagram [20], the data of MD10-3305G, 3306, and
3318C were plotted in a mixed gas field while that
of MD10-3317 was plotted on the border between
microbial and mixed gases. δ13C of C1 widely
ranged from −57.1 to −34.6 ‰, while C1 / (C2 +
C3) concentration ranged from 2,200 to 6,400.
These data agree well with those obtained by a
previous research [1].
On the contrary, stable isotopes of C1 displayed
thermogenic origin, with the exception of MD103317 (Figure 2b). Hydrate-bound C1 from Umitaka
Spur were plotted in a typical thermogenic field.
Both depletions in δ13C and δD imply presence of
microbial C1 via CO2 reduction mixed with
thermogenic C1 at Joetsu Knoll. Distribution of
δ13C of C2 in the range −31.9 to −17.9 ‰ indicates
a thermogenic origin at each site (Figure 2c).
Therefore, the discrepancy in Figure 2a was
caused mainly by the depletion of C2 and C3.
In Umitaka Spur, seismic profiles revealed
prominent gas chimneys in the sediment layers,
which suggests that thermogenic gas ascended
from a deeper layer [1]. Isotopic evidence
indicated thermogenic origin of C1 and C2.
Although hydrate-bound thermogenic gas contains
a significant amount (sometimes more than 10 %)
of C2 and C3, as reported in Gulf of Mexico [8, 9],
northern Cascadia Margin offshore Vancouver
Island [10], and Caspian Sea [11], the composition
of C2 was only several hundred ppm and that of C3
was minimal as stated above. Several theories
based on these results have been proposed: (1)
fractionation at the upward migration [25]; (2)
formation of C2-rich gas hydrates in the deeper
layer [1]; and (3) adsorption of C2 and C3 to the
sediment layer at the process of migration [18].
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Figure 3 Depth profiles of C1, C2, and C3
concentration dissolved in sediment (pore
water) and gas ratio C1 / (C2 + C3). Horizontal
axis shows the dissolved volume in sediment at
standard temperature (298.15 K) and pressure
(101.325 kPa).
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Table 2 Molecular and isotopic compositions of
dissolved gas in pore water for hydrate-bearing
cores. DMB: dimethylbutane; n.d.: not
determined.
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Figure 4 C1 Isotopic profiles of dissolved gas
in pore water (sediment).

(SMI) depths in this area [4, 26]. C1 concentration
profiles indicate that SMI depths were distributed
at around 2–5 m depth and dissolved C1 drastically
increased with depths lower than the SMI depth.
Peaks of dissolved C1 concentration appeared at
around 5–8 m depth and decreased thereafter.
Concentration of dissolved C2 in hydrate-bearing
cores was nearly one order higher than that of
other cores, and MD10-3297C, 3304, and 3307C
cores retrieved from Umitaka Spur were also C2
rich. Concentration of dissolved C3 in hydratebearing cores was relatively higher than that of
other cores. Both concentrations of C2 and C3 were
depleted in the surface layer (0–5 m depth) of nonhydrate cores. The gas ratio C1 / (C2 + C3) showed
a peak near 5–8 m depth, which agrees with the
peak of dissolved C1. These results indicate high
microbial activity (methanogenesis) just beneath
the SMI depth.
It must be noted that the dissolved C3
concentration of the MD10-3317 core was
distinctively higher than that of the other cores. C3

n.d.

n.d.

2.3

1.1

-22.8

-23.2

-21.4

-19.3

-18.6

-15.7

n.d.

n.d.

-10.2

Isotopic composition (δD ‰VSMOW)
δD of C1
δD of

neoC 5

-162.0

-165.9

-157.8

-161.0

-183.4

-125.5

-124.2

-132.8

-124.5

-119.4

in the hydrate-bound gas was about 1 ppm (Table
1), possibly because contamination of dissolved
gas in pore water adhered to the hydrate crystals.
Because sI gas hydrates cannot encage C3, it
appears reasonable to assume that gas hydrates
existing in the core (about 13 m and 23 m from the
core top) discharged C3 during their formation, and
C3 remained in the sediment.
On the other hand, the reason why up to 20 ppm of
C3 was detected in the hydrate-bound gas of other
sediment cores (Table 1) requires further
investigation. Existence of a small amount of C3 in
the hydrate-bound gas has been previously
reported [12, 13, 15, 16], although PXRD, NMR,
and Raman analysis indicated that the crystals
belonged to the sI group. Two possibilities exist:
contamination by the dissolved gas in pore water
during the sampling procedure, or coexistence of
sI and a small amount of sII gas hydrates [27, 28].
δ13C of C1 in dissolved gas in pore water showed
negative peaks at the SMI depths (Figure 4). This
depletion in δ13C of C1 was caused by anaerobic

oxidation of methane (AOM). AOM produces 13Cdepleted CO2, and 13C-depleted C1 is also
generated via microbial CO2 reduction [29]. Below
the SMI depths, the profiles of δ13C of C1 became
asymptotic, and the values depended on each core.
δ13C of C1 was high in the hydrate-bearing cores
and decreased with distance from the gas hydrate
retrieval site. The upward increase in profiles of
δ13C of C1 was due to consumption of C1 during
oxidation in the surface layer. Although δ13C of C1
in non-hydrate cores displayed microbial origins,
several cores retrieved from Umitaka Spur
(MD10-3296, 3297, 3304, and 3307C) appeared to
be affected by thermogenic C1. On the contrary,
depth profiles of δD of C1 were almost identical to
each other except the MD10-3306 core, which
decreased gradually with depth. This tendency
agrees fairly well with the δD profiles of pore
water [4], because δD of C1 is primarily decided
by the δD of ambient water in the case of
microbial C1 via CO2 reduction.
Neopentane and higher hydrocarbons
Molecular and isotopic compositions of dissolved
gas in pore water for MD10-3306 and 3318C are
shown in Table 2. The main components were CO2
and C1, and a high concentration of neoC5 (0.1–
0.2%) was detected, although iC4, nC4, iC5, and nC5
were under the detection limit of the gas
chromatograph. neoC5 can be encaged in the large
cages of sII [30]; however, the detection of neoC5 in
the hydrate-bound gas was only at trace levels.
Accordingly, neoC5 could be discharged from the
crystal during the formation process of sI gas
hydrates and remain in the sediment.
Regarding isotopic compositions of hydrocarbons,
δ13C of C1–C8 were measured by the CF-IRMS. It
should be noted that δ13C of C3 and iC4 were
exceptionally high compared with δ13C of other
hydrocarbons. It is possible that light molecules of
C3 and iC4 were consumed by microbial activity,
and δ13C of the residual C3 and iC4 increased [18].
The concentration of nC4 was under the detection
limit of the analytical system. It is reasonable to
assume that nC4 was consumed chiefly by
microbial activity because nC4 is easier to
decompose than iC4.
CONCLUSION
Molecular and isotopic compositions of hydratebound gas and dissolved gas in pore water were
reported for samples retrieved from Umitaka Spur
and Joetsu Knoll in the eastern margin of the Japan

Sea. The hydrate-bound gas from Umitaka Spur
was of typical thermogenic origin, and that from
Joetsu Knoll partly contained microbial gas
because 13C and D were both depleted and close to
the field of microbial C1 via CO2 reduction
according to empirical classification. Depth
profiles of δ13C of dissolved C1 in pore water
registered minimum peaks at a depth
corresponding to the SMI depth, and increased
slightly thereafter; δD of dissolved C1 decreased
with depth. The molecular compositions of C2 and
C3 were quite small compared with those of typical
thermogenic gas, and that of δ13C of C3 and iC4
were exceptionally high. The questions to be
solved focus on the manner in which microbial
activities and inorganic processes affect these
hydrocarbons in hydrate-bearing sediment systems.
A high concentration of neoC5 was detected, which
suggests that the neoC5 was discharged from the
hydrate crystal during the formation process and
remained in the pore water, because neoC5 cannot
be encaged by sI gas hydrates. The concentration
of dissolved C3 in the hydrate-bearing core
retrieved from Joetsu Knoll was higher than those
of other cores, which also supports this theory.
ACKNOWLEDGMENTS
We appreciate the support of the crew onboard
R/V Marion Dufresne during the MD179/Japan
Sea Gas Hydrate cruise. We wish to express our
gratitude to scientists onboard MD179/Japan Sea
Gas Hydrate cruise. This study was mainly
supported by the MH21 Research Consortium for
Methane Hydrate Resources in Japan, and the
analytical system was supported by Grant-in-Aid
for Scientific Research (C) 22540485 by Japan
Society for the Promotion of Science (JSPS).
REFERENCES
[1] Matsumoto R, Okuda Y, Hiruta A, Tomaru H,
Takeuchi E, Sanno R, Suzuki M, Tsuchinaga K,
Ishida Y, Ishizaki O, Takeuchi R, Komatsubara J,
Freire AF, Machiyama H, Aoyama C, Joshima M,
Hiromatsu M, Snyder G, Numanami H, Satoh M,
Matoba Y, Nakagawa H, Kakuwa Y, Ogihara S,
Yanagawa K, Sunamura M, Goto T, Lu H,
Kobayashi T. Formation and collapse of gas
hydrate deposits in high methane flux area of the
Joetsu Basin, eastern margin of Japan Sea (in
Japanese with English abstract). J. Geog. 2009;
118(1): 43–71.
[2] Aoyama C, Matsumoto R. Acoustic surveys of
methane plumes by quantitative echo sounder in

Japan Sea and the estimate of the seeping amount
of the methane hydrate bubbles (in Japanese with
English abstract). J. Geog. 2009; 118(1): 156–174.
[3] Tomaru H, Lu Z, Snyder GT, Fehn U, Hiruta A,
Matsumoto R. Origin and age of pore waters in an
actively venting gas hydrate field near Sado Island,
Japan Sea: Interpretation of halogen and 129I
distributions. Chem. Geol. 2007; 236: 350–366.
doi:10.1016/j.chemgeo.2006.10.008
[4] Hiruta A, Snyder GT, Tomaru H, Matsumoto R.
Geochemical constraints for the formation and
dissociation of gas hydrate in an area of high
methane flux, eastern margin of the Japan Sea.
Earth Planet. Sci. Lett. 2009; 279: 326–339.
doi:10.1016/j.epsl.2009.01.015
[5] Sloan ED, Koh CA. Clathrate Hydrates of
Natural Gases. 3rd ed. Boca Raton: CRC Press,
2008.
[6] Subramanian S, Kini RA, Dec SF, Sloan ED.
Evidence of structure II hydrate formation from
methane + ethane mixtures. Chem. Eng. Sci. 2000;
55: 1981–1999.
[7] Subramanian S, Ballard AL, Kini RA, Dec SF,
Sloan ED Jr. Structural transitions in methane +
ethane gas hydrates — Part I: upper transition
point and applications. Chem. Eng. Sci. 2000; 55:
5763–5771.
[8] Sassen R, Joye S, Sweet ST, DeFreitas DA,
Milkov AV, MacDonald IR. Thermogenic gas
hydrates and hydrocarbon gases in complex
chemosynthetic communities, Gulf of Mexico
continental slope. Org. Geochem. 1999; 30: 485–
497.
[9] Sassen R, Sweet ST, DeFreitas DA, Morelos
JA, Milkov AV. Gas hydrate and crude oil from
the Mississippi Fan Foldbelt, downdip Gulf of
Mexico Salt Basin: significance to petroleum
system. Org. Geochem. 2001; 32: 999–1008.
[10] Pohlman JW, Canuel EA, Chapman NR,
Spence GD, Whiticar MJ, Coffin RB. The origin
of thermogenic gas hydrates on the northern
Cascadia Margin as inferred from isotopic
(13C/12C and D/H) and molecular composition of
hydrate and vent gas. Org. Geochem. 2005; 36:
703–716. doi:10.1016/j.orggeochem.2005.01.011
[11] Ginsburg GD, Soloviev VA. Submarine gas
hydrates. St. Petersburg: VNIIOkeangeologia,
1998.
[12] Kida M, Khlystov O, Zemskaya T, Takahashi
N. Minami H, Sakagami H, Krylov A, Hachikubo
A, Yamashita S, Shoji H, Poort J, Naudts L.
Coexistence of structure I and II gas hydrates in
Lake Baikal suggesting gas sources from

microbial and thermogenic origin. Geophys. Res.
Lett. 2006; 33: L24603, doi:10.1029/2006
GL028296.
[13] Kida M, Hachikubo A, Sakagami H, Minami
H, Krylov A, Yamashita S, Takahashi N, Shoji H,
Khlystov O, Poort J, Narita H. Natural gas
hydrates with locally different cage occupancies
and hydration numbers in Lake Baikal. Geochem.
Geophys. Geosyst. 2009; 10, Q05003, doi:
10.1029/2009GC002473
[14] Lu H, Seo Y-T, Lee J-W, Moudrakovski I,
Ripmeester JA, Chapman NR, Coffin RB, Gardner
G, Pohlman J. Complex gas hydrate from the
Cascadia margin. Nature 2007; 445: 303–306.
doi:10.1038/nature05463
[15] Hachikubo A, Krylov A, Sakagami H,
Minami H, Nunokawa Y, Shoji H, Matveeva T,
Jin YK, Obzhirov A. Isotopic composition of gas
hydrates in subsurface sediments from offshore
Sakhalin Island, Sea of Okhotsk. In: Proc 9th Int
Conf Gas in Marine Sediments, September 2008,
Bremen, Germany. Geo-Mar. Lett. 2010; 30: 313–
319. doi:10.1007/s00367-009-0178-y
[16] Hachikubo A, Khlystov O, Krylov A,
Sakagami H, Minami H, Nunokawa Y, Yamashita
S, Takahashi N, Shoji H, Nishio S, Kida M,
Ebinuma T, Kalmychkov G, Poort J. Molecular
and isotopic characteristics of gas hydrate-bound
hydrocarbons in southern and central Lake Baikal.
In: Proc 9th Int Conf Gas in Marine Sediments,
September 2008, Bremen, Germany. Geo-Mar.
Lett. 2010; 30: 321–329. doi:10.1007/s00367-0100203-1
[17] Hachikubo A, Tatsumi K, Sakagami H,
Minami H, Yamashita S, Takahashi N, Shoji H,
Jin YK, Vereshchagina O, Obzhirov A. Molecular
and isotopic compositions of hydrate-bound
hydrocarbons in subsurface sediments from
offshore Sakhalin Island, Sea of Okhotsk. In:
Proceedings of the 7th International Conference
on Gas Hydrates, Edinburgh, July 17−21, ibid,
2011.
[18] Waseda A, Iwano H. Reservoir evaluation
using carbon isotope composition of gas (in
Japanese with English abstract). J. Japanese
Assoc. Petrol. Technol. 2007; 72(6): 585–593.
[19] Lu H, Moudrakovski IL, Matsumoto R.
Dutrisac R, Ripmeester JA. The characteristics of
gas hydrates recovered from shallow sediments at
Umitaka spur, Eastern margin of the Sea of Japan.
In: American Geophysical Union Fall Meeting
2008, abstract #OS33A-1315, 2008.

[20] Bernard BB, Brooks JM, Sackett WM.
Natural gas seepage in the Gulf of Mexico. Earth
Planet. Sci. Lett. 1976; 31: 48–54.
[21] Whiticar MJ, Faber E, Schoell M. Biogenic
methane formation in marine and freshwater
environments: CO2 reduction vs. acetate
fermentation — Isotope evidence. Geochim.
Cosmochim. Acta 1986; 50: 693–709.
[22] Whiticar MJ. Carbon and hydrogen isotope
systematics of bacterial formation and oxidation of
methane. Chem. Geol. 1999; 161: 291–314.
[23] Taylor SW, Sherwood Lollar B, Wassenaar
LI. Bacteriogenic ethane in near-surface aquifers:
Implications for leaking hydrocarbon well bores.
Environ. Sci. Technol. 2000; 34: 4727–4732.
[24] Milkov AV. Molecular and stable isotope
compositions of natural gas hydrates: A revised
global dataset and basic interpretations in the
context of geological settings. Org. Geochem.
2005; 36: 681–702. doi:10.1016/j.orggeochem.
2005.01.010
[25] Lorenson TD, Whiticar MJ, Waseda A,
Dallimoe SR, Collett TS. Gas composition and
isotopic geochemistry of cuttings, core and gas
hydrate from the JAPEX/JNOC/GSC Mallik 2L-38
gas hydrate research well. Geol. Surv. Can. Bull.
1999; 544: 143–163.
[26] Tomaru H, Muramatsu Y, Anzai H, Snyder G,
Matsumoto R. Pore water geochemistry of active
methane venting sites, Umitaka Spur and Joetsu
Knoll, eastern margin of the Japan Sea. In:
Proceedings of the 7th International Conference
on Gas Hydrates, Edinburgh, July 17−21, ibid,
2011.
[27] Milkov AV, Claypool GE, Lee Y-J, Torres
ME, Borowski WS, Tomaru H, Sassen R, Long PE,
ODP Leg 204 Scientific Party. Ethane enrichment
and propane depletion in subsurface gases
indicate gas hydrate occurrence in marine
sediments at southern Hydrate Ridge offshore
Oregon. Org. Geochem. 2004; 35: 1067–1080.
doi:10.1016/j.orggeochem.2004.04.003
[28] Uchida T, Uchida T, Kato A, Sasaki H, Kono
F, Takeya S. Physical properties of natural gas
hydrate and associated gas-hydrate-bearing
sediments in the JAPEX/JNOC/GSC et al. Mallik
5L-38 gas hydrate production research well. In
Scientific Results from the Mallik 2002 Gas
Hydrate Production Research Well Program,
Mackenzie Delta, Northwest Territories, Canada,
(ed.) S.R. Dallimore and T.S. Collett; Geological
Survey of Canada, Bulletin 585, 2005.

[29] Borowski WS, Paull CK, Ussler W III.
Carbon cycling within the upper methanogenic
zone of continental rise sediments; an example
from the methane-rich sediments overlying the
Blake Ridge gas hydrate deposits. Mar. Chem.
1997; 57: 299–311.
[30] Davidson DW, Garg SK, Gough SR, Hawkins
RE, Ripmeester JA. Characterization of natural
gas hydrates by nuclear magnetic resonance and
dielectric relaxation. Can. J. Chem. 1977; 55:
3641–50.

