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Abstract. The MH21 Research Consortium has conducted a high-resolution 3D seismic survey and a seafloor
geochemical survey, to explore methane hydrate reservoirs in the eastern Nankai Trough, offshore Japan. Excellent
geological information about shallow formations was obtained from the high-resolution 3D seismic survey, which was
designed to image the shallow formations where methane hydrates exist. The information is useful in constructing a
geological and geochemical model, and especially to understand the complex geology of seafloor, including geochemical
manifestations and the structure of migration conduits for methane gas or methane-bearing fluid.

By comparing methane seep sites observed by submersibles with seismic sections, some significant relationships
between methane hydrate reservoirs, free gas accumulations below the seafloor, and seafloor manifestations are recognised.
Bathymetric charts and seafloor reflection amplitude maps, constructed from seismic reflections from the seafloor, are also
useful in understanding the relationships over a vast area. A new geochemical seafloor survey targeted by these maps is
required.

The relationships between methane hydrate reservoirs and seafloor manifestations are becoming clearer from
interpretation of high-resolution 3D seismic data. The MH21 Research Consortium will continue to conduct seafloor
geochemical surveys based on the geological and geochemical model constructed from high-resolution 3D seismic data
analysis.

In this paper, we introduce a basis for exploration of methane hydrate reservoirs in Japan by fusion of 3D seismic
exploration and seafloor geochemical surveys.
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Introduction

Since 2001, the MH21 Research Consortium have been
proceeding with Japan’s Methane Hydrate Exploitation
Program, for development of natural gas from methane hydrate
reservoirs around Japan under the Ministry of Economy, Trade
and Industry (METTI). Japan’s Methane Hydrate Exploitation
Program consists of three phases, extending over 16 years. The
purpose of Phase I (FY2001-2008) is an evaluation of methane
hydrate reservoirs around offshore Japan. To achieve this goal,
the MH21 Research Consortium has been conducting various
marine surveys such as seismic surveys, seafloor geochemical
surveys, and exploratory wells in the eastern Nankai Trough,
which is a model area in the program. High-resolution 2D and
3D seismic surveys were conducted in FY2001 and FY2002
respectively. These surveys were designed to image shallow
formations below the seafloor, where methane hydrates exist.
Thus, more detailed information about the shallow formations
was obtained, in comparison with using conventional seismic
surveys. An exploratory drilling campaign named ‘Tokai-
oki to Kumano-nada’ was carried out in FY2003 (Takahashi
and Tsuji, 2005). The most impressive achievement in this
campaign was that we recognised thick hydrate-bearing sand
layers in turbidite sequences above BSRs (Bottom Simulating
Reflectors; Tsuji et al., 2004). Consequently MH21 has decided

to develop natural gas from methane hydrates preserved in thick
sandy sediment derived from turbidites overlying above BSRs.
Therefore ‘methane hydrate reservoirs’ are defined by ‘thick
sandy sediment, with pore-space methane hydrate, overlying
above BSRs’ in this paper.

It is expected that there will be some seafloor manifestations
of methane hydrate reservoirs, because methane hydrates exist
in formations that are shallow compared to conventional oil and
natural gas reservoirs. Accordingly, since FY2002 the MH21
Research Consortium has conducted seafloor geochemical
surveys as an auxiliary method for exploration of methane
hydrate reservoirs (Nagakubo et al., 2005).

Recently, characteristics of methane hydrate reservoirs in
the eastern Nankai Trough have been clarified by the surveys
mentioned above. However, in most cases, the geological and
geochemical settings where methane hydrates exist in shallow
formations are unknown. The MH21 Research Consortium
has attempted to construct a geological and geochemical
model to understand the relationships between methane hydrate
reservoirs and seafloor manifestations, using high-resolution
3D seismic data. The model would contribute to the design of
a new seafloor geochemical survey procedure for exploration of
methane hydrate reservoirs, and establish new survey methods
for methane hydrate exploration by seafloor geochemical survey.

*Part of this paper was presented at the 8th SEGJ International Symposium, 2006.
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In this paper, we introduce a basis for exploration of methane
hydrate reservoirs in Japan by fusion of 3D seismic exploration
and seafloor geochemical surveys.

Although a huge amount of information was obtained by each
survey, we provide only a part of the data with our interpretations
in this preliminary paper.

Seafloor geochemical surveys in the eastern Nankai
Trough

Methane hydrates exist in shallower formations than
conventional oil and natural gas reservoirs. Thus it is expected
that there will be some relationships between methane hydrate
reservoirs and seafloor geological manifestations.

Various seafloor manifestations related to methane seepage
activities were recognised on the seafloor in the eastern
Nankai Trough. These included chemosynthetic biological
communities, carbonate precipitations, pockmarks, and so forth
(Figure 1). If some relationships between methane hydrate
occurrences and these manifestations could be demonstrated,
a seafloor geochemical survey could be an auxiliary method for
exploration for methane hydrate reservoirs.

The MH21 Research Consortium conducted the following
surveys to verify the effectiveness of seafloor geochemical
surveys in FY2002-2004 (Figure 1):

(1) sediment sampling at the seafloor by piston corers or grab
samplers;

(2) seawater chemistry measurement by CTD (Conductivity—
Temperature—Depth profiler), methane sensors, and seawater
sampling;

(3) seafloor visual observations by still and video cameras;

(4) analysis of seafloor conditions from side-scan sonar and sub-
bottom profiler data.

The following analyses were conducted on the samples
recovered:

(1) physical properties of sediment;

(2) chemical compositions of pore water in sediments and
seawater;

(3) microbiological analyses in sediments,;

(4) sedimentological analyses;

(5) carbon isotopic analyses.

At an early stage of the study, attention was focused on
SMI (Sulfate-Methane Interface) depths measured in core
samples recovered by piston corers. Borowski etal. (1996)
have suggested that a relationship between methane hydrate
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Fig. 1. Common seafloor manifestations accompanied with methane
seepage activities, and methods of seafloor geochemical surveys conducted
by the MH21 Research Consortium.

deposits below seafloor and methane fluxes at the seafloor
could be estimated by SMI depths. Although 31 SMI depths
were estimated from piston core samples from the eastern
Nankai Trough, simple, distinctive relationships between SMI
depths and BSR distribution were not recognised. Nagakubo
etal. (2005) reasoned that this may be caused by complex
geological settings in shallow formations in the eastern
Nankai Trough, where permeable sandy sediments are widely
distributed. Methane-bearing fluids might prefer migration
through permeable sandy sediments to upward diffusion. Thus
it is concluded that the methane flux at the seafloor does not
apply directly to exploration of methane hydrate reservoirs in
the eastern Nankai Trough. Other proxies for exploration of
methane hydrate reservoirs by seafloor geochemical survey
were required.

Geological and geochemical conditions in shallow
formation where methane hydrates exist

Understanding the whole system, of geological setting and
geochemical environment in shallow formations yielding
methane hydrate, is important to the study of geochemical
exploration indicator.

We know little about the geological settings of shallow
formation in deep water. Sub-bottom profilers are the most
common devices used for investigating geological conditions in
shallow formation (e.g. for submarine cable or pipeline route
surveys). However, the maximum penetration of sub-bottom
profiler energy is usually 50-100m at most. As conventional
seismic surveys for oil and natural gas reservoirs are designed
for deep formation exploration, the seismic resolution in shallow
formations, where methane hydrates exist, is usually poor in
such surveys. Although well data provides us with detailed
information of geological conditions in shallow formations, it
is limited only to specific sites. Thus the geological conditions
in the shallow formations where methane hydrates exist were
unknown over areas away from the boreholes.

Looking at methane hydrate from a geochemical point
of view, the environment in which methane hydrates exist
is extremely complex. Biological and chemical reactions
such as anaerobic and aerobic methane oxidation, sulfate
reduction, sulfur oxidation, and methane generation occur
in shallow formations in deep water. These reactions also
induce precipitation of secondary minerals (carbonates, sulfides,
sulfates, etc.) according to chemical conditions.

From a physicochemical point of view, formation of methane
hydrate is sensitive to changes of temperature and pressure.
Methane hydrate easily forms and dissociates in response to
changes of sea level and geothermal structure. Dissociation of
methane hydrate can also be induced by invasion of methane-
unsaturated fluids such as seawater into the methane hydrate-
bearing sediments. Nagakubo et al. (2006a) reported that the
changes of geothermal structure by seawater invasions in
sediments might induce anomalies of BSR depths in the eastern
Nankai Trough.

It is also well known that the following reactions occur when
methane hydrate forms or dissociates:

(1) exclusion of ions from the methane hydrate crystal to pore
water during formation;

(2) lowering of salinity of pore water by dissociation;

(3) exothermal/endothermal reactions during the
formation/dissociation;

(4) fractionation of hydrocarbon components between the
methane hydrate crystal and pore water during formation.
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Thus, formation and dissociation of methane hydrate is
influenced by the surrounding environment, and also impacts
on that environment.

We interpreted high-resolution seismic data to give detailed
geological images in shallow formations and at the seafloor,
resulting in the suggestion of new indicators for seafloor
geochemical surveys.

High-resolution seismic surveys

In FY1999, the first methane hydrate exploration well MITI
‘Nankai Trough’® was drilled in the eastern Nankai Trough.
Methane hydrates were found in sediments overlying the BSR
in this survey. These results encouraged the commencement of
Japan’s Methane Hydrate Exploitation Program. In FY2001,
the ‘Tokai-oki to Kumano-nada’ high-resolution 2D seismic
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survey was conducted, to map the distribution of BSRs
over wide areas in the eastern Nankai Trough. Based
on the results of the 2D seismic survey, high-resolution
3D seismic surveys were carried out in three selected areas
(Figure 2).

As the specifications of these seismic surveys were
designed for methane hydrate exploration, we obtained excellent
information about the shallow formations where methane
hydrates exist. The detailed information about the surveys was
summarised by Shimizu et al. (2003) and Tsuji et al. (2004).

Geophysicists and geologists have collaborated to detect
methane hydrate reservoirs. In the process, useful data for
analysis of geochemical conditions were obtained. Bathymetric
and seafloor reflection amplitude maps (Figure 3), constructed
using seismic waves reflected from the seafloor, contribute
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Fig. 2. Location maps for the eastern Nankai Trough, which is a model area in Japan’s Methane Hydrate Exploitation Program.
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Fig. 3. A bathymetric chart (black lines: water depth contours at 10 m intervals) with seafloor reflection amplitude (colour shading)
constructed from 3D high-resolution seismic data in the Tokai-oki survey.
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effectively to our understanding of seafloor geological and
geochemical manifestations over a vast area.

Seafloor features such as small canyons, pockmarks,
landslides, and undulations are recognised in the eastern Nankai
Trough (Nagakubo et al., 2006b).

Colour shading on Figure 3 shows the reflection amplitude
of seafloor. Warmer colours show stronger seismic reflection
amplitudes.

Seepage sites observed by submersible

We compared seismic sections with the following methane seep
sites observed with the submersible ‘Shinkai 2000’ operated

by the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC).

Methane seep sites with biological colonies and bacteria mats
were found on the western slope of the Ryuyo canyon (Figure 4).
Pore water extracted from the sediments recovered by push corers
at water depth of 10931094 m were found to be CH,-enriched
and Cl-depleted (Tsunogai et al., 1997, 2002). A seismic section
(A-A") crosses the observed methane seep site. The outcrop of
a strong reflector (Reflector A) at the western wall of the Ryuyo
canyon is recognised. The water depth at the outcrop calculated
by two-way-time is ~1090 m (assuming a sound wave velocity
in water of 1500 m/s). Reflector A extends to a strong reflector
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Fig. 4. A bathymetric chart with seafloor reflection amplitude (left) and a seismic section (right) around the western slope of the Ryuyo canyon.
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Fig. 5. A seismic section crossing Line B-B’ in Figure 4. Reflector A of the seismic sectionin F igure 4 extends to Reflector B.

MITI ‘Nankai Trough’ is an exploratory well drilled in FY1999.
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Fig. 6. A bathymetric chart with seafloor reflection amplitude (left) and a seismic section (right) around the western slope of a depression in an eastward
direction from the Dai-Ichi Tenryu Knoll.
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Fig. 7. A bathymetric chart with seafloor reflection amplitude (left) and a seismic section (right) around a small pockmark on a ridge extending to
north-eastward from the Dai-Ni Tenryu Knoll.
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Fig. 8. A bathymetric chart with seafloor reflection amplitude (left) and a seismic section (right) around an area showing very high amplitude
on seafloor.
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(Reflector B in Figure 5) on the seismic section intersected by
the exploration well MITI ‘Nankai Trough’. Methane hydrate-
bearing sandy sediments were recovered at the depth of the
Reflector B. It is expected that Reflector A corresponds to
methane hydrate-bearing sediments. Judging from the fact that
dissociation of methane hydrate makes CH,-enriched and Cl-
depleted fluids, the methane seep sites at the western wall of
the Ryuyo Canyon must be related to the existence of methane
hydrates.

At the western slope of a depression east of the Dai-
Ichi Tenryu Knoll (Figure 6), seepage sites, with dead clams
and carbonates, were found by Ashi etal. (1995) with
‘Shinkai 2000’. A seismic section in Figure 6 crosses the seepage
site. A group of strong reflectors between the seafloor and the
BSR can be recognised below the seepage sites, but it is not clear
whether these reflectors correspond to methane hydrate-bearing
sediments. The characteristic reflectors extend below the BSR,
so it is concluded that the reflectors correspond to the formations
in which free gas has accumulated; the gas may be accumulating
along an unconformity. It is expected that the methane seepage
sites at the western wall of the depression may be related to the
existence of methane hydrates and free gases.

Seafloor manifestations expected by high-resolution
3D seismic data

Figure 7 shows a pockmark on a ridge extending north-eastward
from the Dai-Ni Tenryu Knoll. A seismic section in Figure 7
crosses the pockmark. A velocity pull-up of the BSR and a strong
reflector can be recognised just below the pockmark. Although
it is not certain that the strong reflector and pull-up are caused
by the existence of methane hydrate, there is no doubt that gas-
bearing fluid near the BSR migrates upward to the seafloor. This
must be caused by fluid migration, accompanied by hydraulic
fracturing. Unfortunately, no seafloor geochemical survey has
been conducted around the area as yet.

An area showing very strong amplitude in Figure 3 is shown
in more detail in Figure 8. A seismic section in Figure 8 crosses
the area. Faults in the shallow formation can be recognised, just
below the area showing strong amplitude. This strong amplitude
suggests the presence of seafloor carbonates, which precipitate
from methane-bearing fluid supplied from below, migrating
through faults. It is well known that carbonates precipitate near
the seafloor at methane-bearing seepage sites as a result of
anaerobic methane oxidation and mixing with seawater (Sassen
etal., 2001). However, we have no ground-truth data on the
seafloor at this site.

Conclusions

We have introduced a method to explore for methane hydrate
reservoirs by fusion of 3D seismic exploration and seafloor
geochemical surveys in the eastern Nankai Trough.

A 3D high-resolution seismic survey designed for methane
hydrate exploration is useful for the interpretation of geological
settings in shallow formations where methane hydrates may
exist. Bathymetric and seafloor reflection amplitude maps,
constructed from 3D high-resolution seismic data, provide
valuable information about seafloor conditions over a vast area,
and could be navigation maps for future seafloor geochemical
surveys.

New findings about relationships between methane hydrate
reservoir occurrence, observed in the seismic data, and
seafloor geological and geochemical manifestations lead to the
construction of a geological and geochemical model in shallow
formation in the eastern Nankai Trough, and to the establishment
of a comprehensive survey strategy combining geophysical and
geochemical surveys for methane hydrate exploration.
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