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A B S T R A C T

Seismic imaging of the Sanriku-Oki forearc basin in the Japan Trench plate convergent margin provides insights
into the geological controls on hydrocarbon systems in sediment deposited on the continental slope. We perform
a series of seismic attribute analyses on 3D seismic reflection data to better define the influence of geological
structures (e.g., faults, slumps and gas chimneys) on hydrocarbon sources, migration pathways and reservoirs. In
order to identify coal-bearing strata from the 3D seismic volume, we calculate acoustic impedance distribution
by integrating seismic and logging data via waveform inversion. Two Late Oligocene to Early Miocene major
coal-bearing strata are characterized as low acoustic impedance strata. Gas-bearing strata characterized by
anomalously high reflection strength are widely distributed beneath a bottom simulating reflector (BSR). A
greater accumulation of gas occurs in the northeast of the study area, where successive slump deposits and gas
chimneys are observed. We propose that a BSR with an underlying gas accumulation in the Sanriku-Oki forearc
basin developed as a consequence of the expulsion of gas from Cretaceous to Oligocene coal beds and their
subsequent upward migration through gas chimneys and faults. Furthermore, the migration and accumulation of
gas and gas hydrate were strongly controlled by a series of porous slump deposits. As chimneys and gas pockets
occur above the edges of the slumps, gas migration processes controlled by the slumps could be important in the
forearc basin. Our study based on seismic attribute analyses demonstrates that features produced by tectonic
movements at plate subduction margins (e.g., faults) and associated instability processes (e.g., slumps) represent
important controls on the migration and accumulation of hydrocarbons in forearc basins.

1. Introduction

Gas hydrate and free gas in marine sediments account for a large
proportion of known natural hydrocarbon gas accumulations (Judd,
2003; Kvenvolden, 1993). Gas hydrate forms as a solid compound
binding water and gas molecules, which is stable at the high pressures
and low temperatures found in permafrost regions and in deep water
sediments (Kinoshita et al., 2011; Berndt et al., 2002; Holbrook et al.,
1996; Kvenvolden, 1993; Sloan and Koh, 2007; Claypool and Kaplan,
1974). On reflection seismic profiles, the phase boundary between
methane hydrate and underlying free gas produces a prominent nega-
tive-polarity reflection known as a bottom simulating reflector (BSR)
(Bale et al., 2014; Kinoshita et al., 2011; Holbrook et al., 1996). BSRs
have been observed within the forearc basins of convergent plate
margins worldwide, such as offshore Oregon (Petersen et al., 2007;
Kumar et al., 2006; Milkov et al., 2003), South Shetland margin (Jin
et al., 2003; Lodolo et al., 2002; Tinivella and Accaino, 2000), the

Nankai Trough (Bale et al., 2014; Jia et al., 2016; Chhun et al., 2018;
Kinoshita et al., 2011) and off southwest Taiwan (Lin et al., 2009; Chi
et al., 2006; Chow et al., 2000; Schnürle et al., 1999), and are also
observed in the Sanriku-Oki forearc basin in northeast Japan (Fig. 1).
The existence of BSRs is often considered in terms of in situ gas gen-
eration (e.g., Paull et al., 1994), but could also indicate gas migration
from deep successions (e.g., Haacke et al., 2007). Knowledge of the
subsurface distribution of gas hydrate and free gas is important not only
for evaluation of potential hydrocarbon gas resources but also for
identification of potential geologic hazards associated with subsurface
gas, such as submarine landslides (Kvenvolden, 1993; Sloan and Koh,
2007; Sun et al., 2017), and to understanding the role of gas hydrates in
global climate change (Judd et al., 2002; Holbrook et al., 1996; Kennett
et al., 2003; Paull et al., 1991).

The migration and accumulation of gas is often associated with
tectonic activity (e.g., faulting and slumping) on plate convergent
margins (e.g., Chhun et al., 2018). Several studies have characterized
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hydrocarbon gases migrating through faults, from biogenic and deep
thermogenic sources, to accumulate in shallow reservoirs (Cartwright,
2007; Jia et al., 2016; Crutchley et al., 2015; Sun et al., 2012a,b; Tsuji
et al., 2015; Ijiri et al., 2018). Other studies have shown the influence of
slump deposits on hydrocarbon migration and trapping. Slumps may
form consolidated layers that act as seals to fluid flow (Sun et al., 2017;
Dugan, 2012; Gong et al., 2014; Guan et al., 2016), but may also act as
preferential pathways for focused fluid flows (Guan et al., 2016;
Gamboa and Alves., 2015; Gamboa et al., 2011; Riboulot et al., 2013).
Slumps may also serve as reservoirs for free gas and gas hydrate (Sun
et al., 2012a,b; Alves et al., 2014). These studies show that the role of
slump deposits on gas migration and accumulation remains to be
clarified.

The Sanriku-Oki forearc basin located on the Japan Trench is a
likely southern extension of the Yufutsu oil and gas field on the
southern coast of Hokkaido (Fig. 1; Osawa et al., 2002; Oda, 2003). In

the Sanriku-Oki forearc basin, many slumps are observed on seismic
data (Morita et al., 2012), accumulated in a context of tectonic sub-
sidence (Von Huene and Lallemand, 1990) and large earthquakes along
the plate interface (e.g., the 2011 Mw9 Tohoku-oki earthquake; Tsuji
et al., 2013). BSRs are also observed, along with strong reflections
immediately below them (Fig. 2) that suggest the presence of methane
gas due to a strong upward flux of free gases from deep hydrocarbon
sources (Bale et al., 2014; Taira et al., 2015; Inagaki et al., 2012). Gas
accumulations give rise to acoustic impedance contrasts that produce
strong reflections and are of opposite polarity to the sea floor reflection
(Berndt et al., 2002; Judd and Hovland, 1992; Andreassen et al., 2007;
Jia et al., 2016). Analyses of logging data and core samples from In-
tegrated Ocean Drilling Program (IODP) Site C0020 identified coal beds
0.3–7.3m thick in formations at depths of ∼1.5–2.5 km below the
seafloor (Figs. 1 and 3; Inagaki et al., 2012). These coal beds are the
likely source of gas in the Sanriku-Oki forearc basin (Oda, 2003; Osawa

Fig. 1. (a) Location map of the study area offshore northeast
Japan, with bathymetry (Inagaki et al., 2012). Inset map
exhibits plate configuration around the Japanese Island and
the location of the study area (red square). Grey shaded area
indicates a continuation of the forearc basin parallel to the
Japan Trench. (b) Enlarged bathymetry map around the
METI 3D seismic survey area. Blue and black stars indicate
the locations of Site C0020 and a pseudo-well (see text). Blue
rectangle indicates the METI 3D seismic volume. Thin red
lines within the blue rectangle are the locations of seismic
profiles displayed in this paper, with figure numbers. Thick
red lines in panels (a) and (b) indicate 2D seismic line
ODSR02-7. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 2. Seismic reflection profiles extracted from the METI 3D seismic volume across the Sanriku-Oki forearc basin with and without interpretation, in (a) N–S
direction and (b) E–W direction. The strong reflection from 2500 to 2600ms two-way traveltime indicates the bottom-simulating reflection or BSR (red arrows).
Yellow lines represent unconformities (Cretaceous, Oligocene, Miocene and Quaternary), dated by correlation of our seismic data with seismic stratigraphy from
Takano (2017). Black lines indicate major normal faults. Gas chimney delimited by black dashed line. Black arrows indicate interpreted slump deposits (A to F). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Downhole log data from 1200 to 2466m
below seafloor (mbsf) at IODP Site C0020,
showing natural gamma ray, resistivity, density,
porosity, P-wave velocity, and acoustic im-
pedance (Inagaki et al., 2012). Coal-bearing in-
tervals including several coal seams are marked
by black color. Blue lines are the boundaries of
four lithological units and their ages. (For in-
terpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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et al., 2002; Inagaki et al., 2016). The many studies of the Sanriku-Oki
forearc basin have included investigations of its hydrocarbon potential
(Osawa et al., 2002), stratigraphy and seismic facies (Takano and Tsuji,
2017), tectonic evolution (Von Huene and Lallemand, 1990, Itoh and
Tsuru, 2006; Regalla et al., 2013; Takano et al., 2013), and potential for
coal exploration (Inagaki et al., 2016; Gross et al., 2015). However, the
relationship between hydrocarbon systems, tectonic activity and sedi-
ment instability in the Sanriku-Oki forearc basin has not been well re-
vealed.

In this study, we use seismic attribute analyses of 3D seismic data to
estimate the spatial distribution of coal-bearing strata (i.e., potential
source), gas-bearing sediments (i.e., reservoir), faults, slump deposits
and gas chimneys (i.e., migration pathways). These spatial distributions
allow an improved understanding of the geological structures and tec-
tonic events that controlled hydrocarbon system. In particular, seismic
attribute analyses enable us to model a relationship between faults,
slumps and gas migration. We further clarify the role of sediment

instability in subduction zones in influencing the migration and accu-
mulation of gas hydrate and free gas.

2. Geological setting and basin evolution

The Sanriku-Oki forearc basin lies between the northeastern Japan
Arc and the Japan Trench within a narrow N–S trending zone extending
from the southern coast of central Hokkaido to the area offshore the
northeast coast of Honshu Island (Fig. 1). The forearc basin was formed
as a consequence of subduction of the Pacific plate beneath the
northeastern Japan Arc (Maruyama et al., 1997; Gross et al., 2015). The
Sanriku-Oki basin is expected to contain similar hydrocarbon reserves
to those of the Yufutsu oil and gas field on the southern coast of Hok-
kaido (Osawa et al., 2002; Oda, 2003; see black shaded area in Fig. 1a),
because these oil and gas fields show significant volumes of hydro-
carbon sources from Cretaceous and Oligocene coals and coaly shales.

The forearc basin is bordered to the east by an area uplifted along

Fig. 4. (a) 2D seismic reflection profile ODSR02-7. Blue arrows indicate interpreted fluid migrated pathway through porous formations and faults. Black arrows
indicate high amplitude reflection interpreted as gas-bearing sediments. Yellow lines indicate unconformities (Oligocene, Miocene, and Quaternary). These un-
conformities are produced by correlation of our seismic data with seismic stratigraphy from Takano (2017). Black rectangle refers to the acoustic impedance profile
displayed in panel (b). (b) Acoustic impedance of 2D seismic profile ODSR02-7. Vertical red and black lines indicate IODP Site C0020 and pseudo-well generated at
CDP 21610, respectively. Black arrows indicate intervals of low acoustic impedance that are interpreted as coal-bearing interval. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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the trench slope break (Gross et al., 2015). Infilling of forearc basins
began in the Late Jurassic and has continued until the present to pro-
duce a thick succession (∼6000m) comprising several stratigraphic
packages separated by four major unconformities (Cretaceous, Oligo-
cene, Miocene, and Quaternary) (Fig. 2; Takano and Tsuji, 2017). The
depositional environment during the Cretaceous and Paleogene was
predominantly fluvial and included deposition of coals and coaly
shales. The vitrinite reflectance of the coals varies from 0.5 to 0.7%
(Osawa et al., 2002), typical of relatively immature to mature coals. In
situ temperatures derived from the thermal gradient (∼22.5 °C/km) are
well within the habitable range of microbes. The high total organic
carbon content and its type (II/III) indicate that coals succeeded in
producing natural gas (Osawa et al., 2002; Oda, 2003). During Late
Paleogene, the main source of sediment was the volcanic arc in the west
side of the forearc basin (Von Huene et al., 1982). During the Late
Oligocene and Miocene, the depositional environment of the basin
began to change to a slope environment in response to broad-scale
subsidence along a hinge line (Takano, 2017). As a consequence, the
Oligocene unconformity was overlain by a transgressive succession, in
turn overlain by a deep marine muddy facies that comprises the Neo-
gene and Quaternary succession.

3. Data and methods

3.1. Downhole data

The Integrated Ocean Drilling Program (IODP) drilled Site C0020 in
1180m water depth (blue star in Fig. 1) within the 2D seismic survey
area in 2012 (Inagaki et al., 2012). Site C0020 is the extension of
JAMSTEC hole C9001 drilled during a Chikyu shakedown cruise in
2006. In hole C9001, drilling by both riserless and riser drilling systems
terminated at 647m below the sea floor (mbsf). IODP Expedition 337
drilled from 647 mbsf to the final depth of 2466 mbsf. The logging data
used here is from 1252 to 2466 mbsf, and includes gamma ray, re-
sistivity, sonic velocity, density, and combination nuclear magnetic
resonance porosity (Fig. 3). Sonic velocity and density are used herein
for acoustic impedance (AI) inversions of seismic data.

Coal seams were identified based on comparison of log data with
lithology described from core samples, and can be correlated with the
available seismic data. Fourteen coal layers were found at depth be-
tween 1825 and 2450 mbsf (Fig. 3; Inagaki et al., 2016). Coal-bearing
intervals consist of coal, coaly shale, sandstone, siltstone, beach sand,
carbonates and conglomerates coal-bearing intervals predominate in

Fig. 5. (a) Acoustic impedance along a profile from the METI 3D seismic volume. Black lines indicate unconformities. (b) Time-slice of acoustic impedance volume at
3.2 s two-way travel time TWT (black dashed line in panel (a)). Black arrows indicate low acoustic impedance interpreted as coal-bearing intervals. Black star shows
the location of pseudo-well. Black dashed line in panel (b) is the location of acoustic impedance profile of panel (a).
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Unit III (Fig. 3) at IODP Site C0020; at depths corresponding to coal-
bearing intervals, P-wave velocities, densities, and gamma ray decrease
sharply, and resistivity increases.

3.2. Seismic data

In 2002, 2003, a 2D seismic survey off Shimokita Peninsula was
carried out by the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) using the R/V Polar Duke and R/V Polar
Princess. The survey covered a 15 km (N–S)× 30 km (E–W) area with
line spacing of about 2 km (Fig. 1; Inagaki et al., 2012). Acquisition
involved a source array of 3500 in3 at 6m depth, and a single streamer
with 408 primary and 12 auxiliary channels totalling 5100m in length
and towed at 10m depth (Taira et al., 2015). Processing of the 2D data
involved the following procedures: bandpass filtering, migration, mul-
tiple removal with parabolic radon transform and deconvolution
(Fig. 4a).

In 2008, a 3D seismic survey was conducted by the Ministry of
Economy, Trade and Industry Japan (METI) using the 3D seismic vessel,
R/V Shigen (Figs. 1 and 2). The METI 3D seismic data was acquired by
the National Program for Oil and Gas Prospecting (2010 FY Geophysical
Survey and Basin Evaluation Project “Sanriku-Oki 3D”). The 3D survey
covers an area of 806.3 km2. The inline direction of the METI 3D
seismic survey is oriented 7° to the west. The dimensions of the survey
area are 40 km for in-line (N–S) direction and 20 km for cross-line
(W–E) direction. The bin size is 12.5 m for the inline direction and
25.0 m for the crossline direction. Acquisition was implemented using a
source array of 3090 in3 at 6m depth, and the source characteristics are
similar to the 2D seismic data (ODSR02-07). The length of streamers is
∼5000m. The data processing included bandpass filter, surface related
multiple elimination (SRME), radon demultiple, and pre-stack time
migration (PSTM).

3.3. Seismic attributes

Seismic images generated using seismic attribute volumes enhance
or quantify certain anomalies or characteristic features, which are un-
recognizable on the original amplitude data (Taner et al., 1979). To
investigate hydrocarbon systems in Sanriku-Oki forearc basin, we used
a series of seismic attributes, such as acoustic impedance, envelope,
chaos, ant-tracking, and dip illumination (Figs. 4–8). We performed
acoustic impedance inversion to characterize the coal-bearing strata,
because the strata can be characterized as low acoustic impedance in
logging data. Faults were identified using chaos and ant-tracking map.
We calculated the envelope attribute (i.e., reflection strength) to en-
hance gas-bearing sediments. We further used the dip illumination at-
tribute to characterize slump deposits (e.g., strike and dip of imbricate
structures).

3.3.1. Acoustic impedance inversion
The inversion process involves calculating a subsurface acoustic

impedance model consistent with corresponding seismic data (Ecker
et al., 2000; Lu and McMechan, 2002; Jia et al., 2016). We used
acoustic impedance inversion to spatially extend the high-resolution
geologic information available from well data.

Acoustic impedance AI is the product of rock density ρ and P-wave
velocity Vp.

= ×AI ρ Vp (1)

The reflection coefficient ri can be calculated from the acoustic
impedance contrast at formation interface, as follows:

=
−

+
+

+

r AI AI
AI AIi

i i

i i

1

1 (2)

where AIi is the acoustic impedance of the overlying formation, and
AIi+1 is the acoustic impedance of underlying formation. The seismic

trace can be considered as a convolutional result from the reflectivity ri
and the source wavelet Wi .

∑= +− +T r W ei
j

j i j i1
(3)

where Ti is seismic response (i.e., recorded seismic traces), and ei re-
presents additive measurement noise. To estimate acoustic impedance
from the post-stack reflection waveforms, we used inversion based on
the convolution model. The seismic inversion procedure employed in
this study involves horizontal picking, wavelet extraction, log to seismic
traces calibration, estimation of low-frequency model and seismic in-
version using simulated annealing (Maver and Rasmussen, 1995; Husse
and Feary, 2005).

In this study, one well (C0020) is present within the area covered by
the 2D seismic profile and no well has been drilled within the METI 3D
seismic survey area (Fig. 1). Therefore, pseudo-well data was extracted
from the acoustic impedance results of a 2D seismic line at its inter-
section with 3D seismic volume (CDP 21610 of 2D seismic line
ODSR02-7; see Figs. 1 and 4b), and was used for inversion of the 3D
seismic data. This allowed us to tie the acoustic impedance data from
IODP Site C0020 along the 2D seismic line (ODSR02-7; Fig. 4) into the
METI 3D seismic volume (Fig. 5). In this approach using a pseudo-well,
different source characteristics (e.g., frequency component) could
generate error in inversion results. However, because of the similar
source characteristics of the 2D and 3D seismic data used in this study,
these errors could be limited. Using this pseudo-well information with
the METI 3D seismic data, we generated a 3D acoustic impedance
model of coal-bearing intervals (Fig. 5).

3.3.2. Envelope attribute
Envelope attribute or reflection strength can be computed as a

modulus of complex trace, and thus is independent of the phase or
polarity of the seismic data, both of which affect the apparent bright-
ness of a reflection (Taner et al., 1979). This attribute is useful in de-
tecting bright spots caused by gas accumulations and detecting major
lithological changes caused by strong energy reflections and sequence
boundaries (Fig. 6; e.g., Tsuji et al., 2012).

3.3.3. Chaos and ant-tracking attributes
Chaos attribute is a measure of the lack of organization in the dip

and azimuth estimates (Pigott et al., 2013; Koson et al., 2014) and can
be used to evidence faults and discontinuities (Fig. 8a). Zones of max-
imum chaos value indicate discontinuities such as faults, fractures, and
angular unconformities, while zones of minimum chaos value corre-
spond to bed continuity (Koson et al., 2014; Pigott et al., 2013). In this
study, we used the chaos attribute as input to employ the ant-tracking
attribute (Fig. 7b).

Ant-tracking is an algorithm that extracts continuous features to
facilitate fault identification. This attribute is an extension to the
heuristic ‘ant system’ algorithm developed from observations of ant
colonies (Dorigo et al., 1996). The method uses the principles of swarm
intelligence to find and enhance fault structure from spatial dis-
continuity. This approach has several parameters, such as initial ant
boundary, ant-track-derivation, ant-step size, and stope criteria. In this
study, several different parameters were tested and the optimum
parameters chosen. After applying seismic conditioning (structural
smoothing) to reduce noise and enhance spatial discontinuities via
chaos, we generated an ant-tracking volume (fault surface extraction).

3.3.4. Dip illumination attribute
To calculate the dip illumination attribute, we used a 5×5 neigh-

borhood of traces for dip scan (Aqrawi et al., 2012). The combination of
dip scan with an Euler directional component is able to highlight dip
magnitude, directional dip, and remove noise embedded in the seismic
data. This attribute is a good indicator of geological structures, such as
discontinuities (faults) and chaotic intervals (slumps). In our 3D seismic
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Fig. 6. (a) Seismic profile from the
METI 3D seismic volume in a N–S di-
rection. Yellow dashed line indicates
BSR. Black arrows indicate high ampli-
tudes interpreted as free gas. Black
rectangle refers to the P-wave velocity
profile displayed in panel (d). (b)
Envelope attribute emphasizing spatial
gas distribution. Black dashed line and
arrows indicate widespread BSR and
free gas zone below BSR, respectively.
Black line indicates time slice beneath
BSR, which shows in panel (c). (c)
Time-slice (at 2556ms TWT) of 3D en-
velope volume showing free gas-
bearing sediments. (d) High-resolution
P-wave velocity illustrating gas hydrate
(high velocity above BSR) and free gas
accumulation (low velocity beneath
BSR) within slump interval (Kret et al.,
2018). Black dashed line indicates BSR.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the Web version of this ar-
ticle.)

Fig. 7. (a) 3D geometry of normal faults beneath the Miocene unconformity extracted from the METI 3D seismic volume. In this figure, N–S seismic reflection profile
and time-slice at 4200ms TWT are also displayed. (b) 3D geometry of normal faults on the ant-tracking volume. The faults are enhanced by the ant-tracking attribute.
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data, this seismic attribute was useful to characterize the slumps and
their imbrication features (Fig. 8b and d).

4. Results – seismic observations and interpretations

4.1. Coal-bearing strata as hydrocarbon sources

As the lateral distribution of coal-bearing strata in the Sanriku-Oki
forearc basin cannot be determined from seismic reflection data alone,
we used acoustic impedance data to achieve this objective (Figs. 4b and
5). An inverted acoustic impedance profile of part of east–west 2D
seismic line ODSR02-7, crossing IODP Site C0020, shows two intervals
characterized by lower acoustic impedance, which we interpreted to
represent coal-bearing strata interbedded with clastic sediments
(Fig. 4b). They appear to be continuous in the time window from 3.0 to
3.4 s two-way traveltime (TWT). Furthermore, we investigated the
distribution of coal-bearing strata in the METI 3D seismic volume by
using a horizontal time slice at 3.2 s TWT (Fig. 5b). The coal-bearing
strata appear as bands of relatively low acoustic impedance of

∼4200–5200 (m/s× g/cm3) within the time slice. The acoustic im-
pedance values are consistent with sonic and density log data for coal
seams penetrated at IODP Site C0020 (Fig. 3).

Although Inagaki et al. (2016) identified several coal seams in Unit
III (Fig. 3), we could identify only two coal-bearing strata in our
acoustic impedance volume (green in Figs. 4b and 5) thick enough to be
resolved by the low-frequency seismic data. The acoustic impedance
data for these two major coal-bearing strata (Fig. 5b) indicate only
small lateral variations of thickness, which suggests that they may ex-
tend continuously across the forearc basins in similar thickness (Oda,
2003; Koide and Kuniyasu, 2006; Osawa et al., 2002). In IODP Site
C0020, these coal-bearing intervals correspond to lower acoustic im-
pedance than the overlying and underlying fine-grained clastic sedi-
ments (shales, siltstones, and shaly sandstones) recognized by Inagaki
et al. (2016) and Glombitza et al. (2016). Because the structure of coal-
bearing intervals could be similar in our study area including 3D and 2D
seismic area, the continuity of the low acoustic impedance bands can be
used to map the major coal dominant strata within the entire 3D seismic
volume.

Fig. 8. Plan-view (time-slice) extracts of attributes from the
METI 3D seismic volume: (a) Chaos attribute at 3940ms TWT
showing edges of slump A in the north-eastern part of the
survey area and faults. Yellow star indicates location of
chimney, and red dashed lines are slump edges beneath the
gas chimney. (b) Dip illumination attribute at 3940ms TWT
showing slump A. Red arrows show the slump flow direction.
Green arrows indicate normal faults whose strikes are
NW–SE, NE–SW and N–S. (c) 3D geometry of base of slump A
(or Miocene unconformity) showing slumping edges. Color
shows TWT, and colder color indicates deeper. (d) Dip illu-
mination attribute at 2308ms TWT showing slump E. Flow
direction of slump E (red arrow) is different from those of
other slumps. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of
this article.)
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The coals in Unit III (Fig. 3) were deposited in tidal flats, channels,
wetlands, and fluvial environments (back marshes and swamps) during
the Late Oligocene to Early Miocene. Subsequent subsidence of the
forearc basin led to the deposition of a thick overlying sequence of deep
marine sediments (Taira et al., 2015; Oda, 2003; Noda et al., 2013;
Inagaki et al., 2012; Takano, 2017). The total organic carbon content of
the coals ranges from 9.9 to 40.9 wt% (Inagaki et al., 2013), which
makes them excellent hydrocarbon source rocks (Peters and Cassa,
1994). The estimated maximum burial temperatures derived from vi-
trinite reflectance are 400–440 °C, indicating that the organic matter in
the coals is in a thermally immature to early mature state for gas
generation (Inagaki et al., 2013). The type II/III kerogens of these coals
and their medium to high hydrogen index indicate that they are more
likely to produce hydrocarbon gas than oil (Osawa et al., 2002; Oda,
2003), which is supported by the presence of methane and other hy-
drocarbon gases, as well as N2, O2, H2, and CO, in the coal-bearing
strata at Site C0020 (Inagaki et al., 2012).

Deeper Cretaceous to Paleogene (lower to middle Eocene) coal-
bearing strata deposited in coastal bays to braided-fluvial environments
are a potential alternative source rock for hydrocarbon gas in this area
(Takano and Tsuji, 2017). Vitrinite reflectance and well log data from
the nearby Sanriku-Oki well site (Fig. 1) indicate the presence of im-
mature to mature coal beds in these deep strata (Osawa et al., 2002).
Indeed, iodine concentrations and radioisotopic compositions of pore
water from below the base of the gas hydrate layer at IODP Site C0020
show that the pore water is older than the host sediments, suggesting
that the gas accumulations are the result of long-term migration from
the deep biogenic sources (Tomaru et al., 2009). The drilling at Site
C0020 did not reach these deeper strata. Because of the limited logging
interval for acoustic impedance inversion, the Cretaceous to Paleogene
coal-bearing strata cannot be identified by acoustic impedance results.
Coal seams are common in the Cretaceous to Paleogene successions of
the Sanriku-Oki forearc basin (Osawa et al., 2002; Inagaki et al., 2012).
The forearc basin was characterized by Takano (2017) as a shelved and
benched forearc basin in which uplift of the trench-slope break resulted
in the emergence of a ridge along the eastern margin of the basin that
provided a barrier to the open sea trenchward of the basin. Thus, the
forearc basin was overfilled to produce an aggradational sequence of
coal-bearing sediments. Based on their vitrinite reflectance values,
these coal seams are thermally more mature than those deposited
during the Oligocene and early Miocene (Coals in Unit III). Given their
higher total organic carbon content (40–60%) and type of organic
carbon II/III, the coals are considered to be potential source rocks for
hydrocarbon gases (Osawa et al., 2002, Takano, 2017). Takano and
Tsuji (2017) noted that the Cretaceous to Paleogene succession contains
many paleo-channels and coal-bearing fluvial sediments, thus providing
potential for both source and reservoir rocks.

We suggest that high-amplitude reflections on our seismic profiles
from Cretaceous to Oligocene sediments (Figs. 2 and 4a) represent
hydrocarbons entrapped within sandy paleo-channels. Moreover, we
suggest that highly porous lithological boundaries and numerous
normal faults in these formations have provided upward migration
pathways for hydrocarbon gases generated in the deep Cretaceous to
Paleogene sedimentary sequences (blue arrow in Fig. 4a), and their
accumulation within the porous Quaternary slump deposits. Due to lack
of dipping faults in shallower Miocene to Quaternary sedimentary se-
quences, the migration of hydrocarbon gases through slumps (i.e.,
along imbricate internal thrusts and slump edges) may also play an
important role in this sedimentary interval (Figs. 9–11). As we discuss
later, thrusts within slumps could facilitate upward fluid flow (Gamboa
and Alves, 2015; Gamboa et al., 2011; Riboulot et al., 2013).

4.2. Fluid migration pathways

Hydrocarbon gases in the Sanriku-Oki forearc basin could migrate
upward from biogenic sources (Inagaki et al., 2012) through favoured

conduits (e.g., faults, chimneys, and slumps) to accumulate in Qua-
ternary reservoirs. Here, we interpret three types of migration processes
of hydrocarbon gases in the basin.

4.2.1. Normal faults
Our application of the ant-tracking algorithm to the part of the

METI 3D seismic volume revealed a complex patterns of faults within
the Cretaceous to Quaternary succession below gas accumulation zone
(Fig. 7b). The dip illumination attribute also clarifies the fault geometry
(Fig. 8b). Many steeply-dipping normal faults were identified within the
Cretaceous to Oligocene sedimentary succession, consistent with those
we interpreted on seismic reflection profiles (Fig. 2). The largest offset
of these normal faults is ∼100m. On time slices, we can identify three
orientations of normal faults, striking NW–SE, NE–SW, N–S, and dip-
ping to NE, NW, and E, respectively (Green arrows in Fig. 8b). These
normal faults can be characterized as conjugate fault system.

The normal faults are associated with the subsidence typical of
forearc basins (Xie and Heller, 2009). The average rate of subsidence in
the Sanriku-Oki forearc basin during the Late Oligocene and Early
Miocene was∼100m/Ma (Takano, 2017; Regalla et al., 2013) and may
have been a consequence of abrasional basal erosion of upper plate
material at the plate interface during subduction (Von Huene and
Lallemand, 1990; Takano, 2017). The resulting dynamic changes in the
geometry of the upper plate and the shallow part of the downgoing slab
created the accommodation space required for forearc basin sub-
sidence. Regalla et al. (2013) and Tsuji et al. (2013) proposed that
subsidence was dynamically caused by the extension of the upper plate
during the interplate earthquakes. Subsidence of the forearc basin could
be also associated with the increasing rate of convergence of the two
tectonic plates in response to eastward motion of Japan Arc that was
initiated during opening of the Japan Sea (Regalla et al., 2013). Thus, it
is likely that the above-mentioned extensional stress was the cause of
the normal faulting in the Cretaceous to Oligocene successions in the
forearc basin. Moreover, the results of ant-tracking (Fig. 7b) show the
network of normal faults to be accompanied by many small-offset
faults, which we were unable to recognize during manual interpretation
of seismic profiles. These normal faults could function as fluid migra-
tion pathways as well as hydraulic boundaries (e.g., Jia et al., 2016).

4.2.2. Slump deposits
The METI 3D seismic volume revealed six relatively low-amplitude

intervals characterized by imbricate faulting and chaotic slump de-
posits. Here we note six dominant slumps as A to F (see Figs. 2 and 9a),
although several minor slumping events occurred between the domi-
nant sequences (e.g., above the top of slump A in Fig. 9c). These slumps
have a wide distribution in the north-eastern part of the study area
(Figs. 2, 9a and 9b), particularly within the Miocene to Quaternary
succession. We propose two scenarios for deposition of the slumps: (1)
They formed in areas of normal faulting (slump A) and (2) they formed
in fault-free successions (slump B to F).

In slump A, on N–S seismic profiles (Fig. 9a), the imbricate thrusts
north of a gas chimney dip to the south, whereas those south of the
chimney dip north. In three dimensions (Fig. 8b), the imbricate thrusts
on the north-east side of the chimney dip to south-west, while those on
the south-east side dip in the opposite direction (north-east). The
overall flow direction of slump A is from SW to NE (Figs. 8b and 9b),
suggesting subsidence of the NE side of our study area. We observe that
the early Miocene slump A has both the greatest lateral extent and the
greatest thickness among the six slumps identified (Fig. 9a). It is thicker
at the northern end of the profile shown in Fig. 9a (3.6–4.1 s TWT;
∼500m thick) and thinner in the south (3.0–3.1 s TWT; ∼100m
thick), with a lateral extent of ∼25 km. The basal shear surface of
slump A is clearly identified on seismic profiles (Fig. 9) as a dis-
continuous, moderate-amplitude reflector showing basal erosion
scours; it also truncates normal faults in the underlying Cretaceous
succession (Fig. 9a and c). Thus, these were likely an important control
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on the development of slump A. Indeed, a step in the basal surface of
slump A beneath the chimney is clearly controlled by two orientations
of normal fault whose strikes are NE–SW and NW–SE (Fig. 8a, b, 8c, 9a,
10c). Activity on the normal faults probably generated the structural
high in Cretaceous rocks underlying the gas chimney and could have
triggered large-scale instability in younger strata (Fig. 9c). Because dips
of imbricate thrusts within slump A are different across the step in the
basal shear surface beneath the chimney (Fig. 9a), the step could be
edge of two slumps. These seismic characteristics are similar to those
attributed to mass-transport deposits associated with growth faulting in
the Taranaki Basin, New Zealand (Panpichityota et al., 2018). Fur-
thermore, as observed in other forearc basins (e.g., Lin et al., 2010;
Lamarche et al., 2008), a Miocene subsidence event could have con-
tributed to slope failure and gravitational deformation in the form of
submarine slumping in the Sanriku-Oki basin, particularly slump A.

Slumps B to F appear to be restricted to the Late Miocene to
Quaternary succession, shallower than the intervals in which faults
occur, and lack clear imbricate faulting (Figs. 2 and 9a). Although we
observe imbricate structures in some parts of the shallow slumps, the
lateral spacing between the imbricate faults is much shorter than in
slump A (Fig. 9a). The low reflection amplitude within these slumps
indicates heterogeneous features and may indicate steep dips. Fur-
thermore, the NW to SE flow direction of slump E (Fig. 8d) is different
from that of other slumps (SW to NE; Fig. 8b). The difference in flow
direction could indicate a change in subsidence patterns. High sedi-
mentation rates in the Sanriku-Oki forearc basin from Cretaceous to
Paleogene time may have resulted in overpressured fluids being trapped
in the sediments (Flemings et al., 2008; Tsuji et al., 2008). High pore
pressures may have created a pressure compartment (Morita et al.,

2012; Kokusho, 2000), which caused the lubrication to enhance the
slumping. Furthermore, high pore pressure could have contributed to
the development of gas chimneys. Moreover, the Sanriku-Oki forearc
basin is within a tectonically active region characterized by frequent
large earthquakes (Tanioka and Sataka, 1996; Kanamori, 1971). Large
earthquakes can instantaneously generate high pore pressures, even at
large distances from the source fault (Nimiya et al., 2017). Such ele-
vated pore pressures may have triggered slumping along low-dip se-
quence even if the area is far from the source fault. The oscillating
ground motions of earthquakes can cause cyclic horizontal and vertical
shear stresses, thereby increasing the gravitational force applied to se-
diments and leading to slumping (Leynaud et al., 2004; Strasser et al.,
2007; Tsuji et al., 2017).

Slump D contains high amplitude reflectors beneath the BSR on
seismic profiles (Fig. 6), suggesting that accumulation of gas may cause
its anomalously high reflection strength (envelope value) within low-
amplitude slump deposits. Kret et al. (2018) showed that the high re-
flection strength of slump D is due to low P-wave velocities as a result of
the presence of gas as well as high pore pressures (Fig. 6d).

4.2.3. Gas chimneys
Gas chimneys record the vertical upward migration of fluids (Løseth

et al., 2009; Cartwright, 2007; Gay et al., 2006). On seismic profiles
from the METI 3D data volume (Figs. 2a and 9a), we interpret a ver-
tically elongated feature in the Miocene to Quaternary succession,
above the coal-bearing strata and the faulted block sequence, to re-
present a gas chimney. This feature occurs in the northeast part of our
study area and is between ∼2.4 and 3.6 s TWT (giving a height of
∼1.2 km) and ∼600m wide. It cuts across horizontally stratified

Fig. 9. Features of slumps observed on the METI 3D seismic reflection data: (a) Six main slump units are observed (A to F). Several slumps show internal imbrication
and chaotic structures. Red arrows indicate the BSR. Black and green dashed lines indicate the top and basal surface of slump A, respectively. (b) 3D geometry of
Miocene unconformity (base of slump A). The slump flow direction is SW to NE. (c) Enlarged seismic profile for slump A, seen to be developed above fault blocks
(black lines). Yellow arrows indicate interpreted fluid escape routes from deeper levels, which may have induced slumping. Yellow lines indicate block edges. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Features of slump edges observed in the METI 3D seismic reflection data: (a) Seismic profile showing the relationship between gas pockets, slump edges, and
fault blocks (black lines). Green line indicates the location of the time-slice beneath gas pocket shown in panel (b). (b) Time-slice at 3204ms TWT depicting the
interface of slump edges, and high-amplitude gas pockets. (c) 3D view of slump edges, gas pocket and chimney. Yellow arrows indicate interpreted fluid migration
paths. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Schematic diagram of pathways for hydrocarbon migration and accumulation relative to coal-bearing strata in Sanriku-Oki forearc basin (along a N–S
profile).
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reflections in the Miocene to Quaternary sequence and manifests as a
narrow vertical zone of distorted seismic reflections (Fig. 2a).

The gas chimney in the Sanriku-Oki forearc basin has formed above
potential source rocks (coal layers) and near the edges of slumps
overlying the Miocene unconformity (Fig. 8a, b, 8c, 10c). We infer that
fluid trapped beneath the low-permeable layers (green dashed line in
Fig. 9a) migrated laterally in the up-dip direction and escaped upward
from the boundary between layered sequence and the slump (i.e., slump
edge) (Figs. 9 and 11).

4.3. Gas hydrate and free gas distribution

A high-amplitude but distinctly low continuity BSR, subparallel to
and of opposite polarity to the seafloor reflector, was identified on
seismic profiles in the Sanriku-Oki forearc basin (Figs. 2 and 6). The
BSR exhibits all of the diagnostic characteristics of a seismic reflector at
the base of the gas hydrate stability zone, or the top of a free-gas zone
(Bale et al., 2014; Taira et al., 2015; Baba and Yamada, 2004; Hyndman
and Spence, 1992; MacKay et al., 1994; Kvenvolden, 1998; López and
Ojeda, 2006). The BSR is clearly observed within the Quaternary suc-
cession throughout the basin and appears to correspond with the top of
Quaternary slump D (Fig. 2a), although it is disrupted by a gas chimney
extending from the Miocene to the Quaternary unconformity.

The study area lies on the continental slope in water depths of
around 1180 mbsf in a region where the geothermal gradient is 24 °C/
km and the seafloor temperature is 3.6 °C (Inagaki et al., 2013;
Tanikawa et al., 2016). These characteristics suggest that the subsurface
environment lies within the methane hydrate stability zone
(Kvenvolden, 1998). These conditions are similar to those of the me-
thane hydrate stability zone in the Guajira basin offshore from Northern
Colombia (López and Ojeda, 2006), the Kumano forearc basin in the
Nankai Trough (Yamano et al., 1982; Chhun et al., 2018; Miyakawa
et al., 2014), the Cascadia accretionary prism (Davis et al., 1990), and
the Fiordland continental margin in New Zealand (Townend, 1997). In
our study area, the spatial distribution of the BSR appears to be asso-
ciated with the presence of gas chimneys, slump deposits (Fig. 9), and
an underlying basement high (Figs. 2, 8, 9 and 11).

The particular seismic characteristics of sediments charged with free
gas in the Sanriku-Oki forearc basin are high reflection amplitude
anomalies (or high envelope value) (Fig. 6). These high-amplitude
anomalies are visible in Quaternary-age slump D, which lies im-
mediately below the BSR from 2.5 to 2.9 s TWT (∼400m depth range)
and extends about 30 kmN–S in the horizontal direction. Similar high-
amplitude anomalies associated with gas-charged sediments have been
observed in the South China Sea (e.g., Sun et al., 2012a,b) and in the
Nankai Trough (e.g., Taladay et al., 2017; Tsuji et al., 2015; Kawabata
et al., 2018).

Core samples from the Quaternary succession recovered at IODP
Site C0020 are composed mainly of alternating beds of mud and sand
with thin intercalations of volcanic tephra and locally developed gravel
or sand layers (Inagaki et al., 2012). The Quaternary sand facies is a
candidate reservoir rock for accumulations of natural gas. Core samples
of slump deposits at Hidaka sedimentary basin (a northward con-
tinuation of Sanriku-Oki; Fig. 1) consist of sandy layers with dark olive
clayey silt intercalations with porosity ranging from 52 to 72% (Noda
et al., 2013), suggesting that porous slumps can be good reservoirs for
hydrocarbons.

The overlying gas hydrate layer would provide an impermeable
seal, preventing or inhibiting the escape of free gas and other fluids to
the surface (Chhun et al., 2018; Gay et al., 2006) and promoting lateral
up-dip gas migration through porous strata and gas accumulation in
porous slump deposits beneath the BSR (Figs. 2, 6 and 9). The presence
of sand and thrust-faults in slump deposits may represent an efficient
system for fluid migration and the accumulation of free gas (Yu et al.,
2014). Seismic profiles from the Sanriku-Oki forearc basin clearly show
high-amplitude reflections, primarily within the slump D, which appear

to be accumulations of free gas (Figs. 2 and 6). The acoustic impedance
of the gas accumulation zone is lower and resulted in high amplitude
reflectors overprinting the original slump structure (black arrows in
Fig. 6a and b). Bangs et al. (1993) reported that even small amounts of
free gas (1–2%) in sediments can cause anomalously high amplitude
reflections.

5. Discussion – influence of tectonic activity on hydrocarbon
migration

Our data provide evidence that tectonic activity in the convergent
plate margin have influenced the migration pathways and accumula-
tion of hydrocarbons. Our seismic data indicate more gas accumulations
in the northeast of the study area (Figs. 6c and 10a). In response to
subsidence during the Miocene, the Sanriku-Oki forearc basin transi-
tioned from a shelved and benched type forearc basin to a slope type
forearc basin (Takano, 2017; Takano et al., 2013), which suggests that
the mud and sand facies deposited from both seaward and landward
sources were thicker than those in southeast of the study area. The thick
succession of Quaternary and Miocene sediments with a high propor-
tion of porous slump deposits and sand facies in the northeast of the
study area may also have contributed to the development of migration
pathways and the trapping of hydrocarbon gases there, as demonstrated
in the North Sea (Shanmugam et al., 1996). It is clear that faults, slumps
and gas chimneys influence the migration of hydrocarbons in the
northeast of the study area. The major faults there cut potential source
rocks (i.e., coal beds) underlying the gas chimney (Figs. 2 and 11). In
contrast, in the southeast of our study area, there is an abundance of
steeply-dipping normal faults, but these faults do not cut potential
source rocks (Figs. 2 and 11). Furthermore, there is an absence of
chimneys and a lower frequency of slumps in the southeast part (Figs. 2
and 9) which perhaps provides an explanation for the limited migration
and trapping of hydrocarbon gases within the Miocene to Quaternary
interval.

The base of the gas chimney we observed is in Miocene strata at the
edge of a slump, where slumping and faulting have caused intense
deformation of the sediments (Figs. 10c and 11). Furthermore, the
slump edges are controlled by deeper normal faults (Fig. 8b). The se-
quence directly beneath the gas chimney can accumulate hydrocarbons
from surrounding strata because the slump edges are shallower than
surrounding area (Figs. 2 and 11). This structural high is developed
above the footwall of a major normal fault rooted in the basement.
Local concentrations of hydrocarbons can increase fluid advection and
initiate the development of a gas chimney (Løseth et al., 2009). The
contrasting dips of thrusts in slump A on either side of the gas chimney
(Figs. 9a and 11) suggest that the slump interval moved away from this
position, and localized horizontal extension occurred in the succession
beneath the chimney. Therefore, the higher vertical permeability along
the faults and slump edges, and the localized extensional regime, al-
lowed overpressured fluids to escape from deep Cretaceous biogenic
sources through the chimney. Similar gas chimneys that cut across the
slumps have been identified in the Hidaka trough, northern Japan
(Noda et al., 2013).

The 3D seismic data provide evidence of gas pockets in the south-
east part of our study area within the Miocene and Quaternary interval
(Fig. 10). The gas pockets stand out as anomalously high amplitude
reflections that occur locally within individual slumps and at slump
edges. Slump edges are indicative of a local shear failure surface par-
allel to the slump flow direction (Bull et al., 2009), and extensional or
compressional failures occur at the upslope and downslope limits of the
slump (Fig. 10). They act as sharp boundaries between the porous
slump interval and less permeable strata. Most of these slump edges are
conspicuous on seismic sections (Figs. 9c and 10) and on time slices
(Fig. 8a and b). In plan-view (Fig. 8c), the slump edges correspond to
continuous planar features that represent likely fluid migration path-
ways. The internal structure of slumps, such as steeply-dipping surfaces
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and imbricate faults (Figs. 8b, 9a and 9c), also provide potential routes
for the percolation of fluids and their trapping in porous sediments.
Because of the higher vertical permeability in slump deposits, hydro-
carbon gases can propagate vertically through slumps or along their
edges, and horizontally along sheared beds (Gamboa and Alves, 2015;
Gamboa et al., 2011; Riboulot et al., 2013). Figs. 9b and 10c illustrate
distinctive northern and southern slump edges, both of which may have
provided conduits for migration of hydrocarbon gases. Thus, we suggest
that slump deposits (i.e., products of sediment failure) provided an
important control for the accumulation of gas reservoirs and gas
pockets in the Sanriku-Oki forearc basin.

6. Conclusions

We used an analysis of 3D seismic attributes to identify potential
hydrocarbon sources, migration pathways and accumulation processes
in the Sanriku-Oki forearc basin. The insights derived from this study
are of interest to understanding the nature of fluid migration within
sedimentary basins, and are also relevant to gas exploration in the
forearc basin. Our main findings are:

- Acoustic impedance calculated from 3D seismic data showed that
coal-bearing intervals are widely distributed in the Late Oligocene to
Early Miocene succession. We interpret these to be potential source
rocks for hydrocarbon gases.

- Free gas is widespread in porous slumps of Quaternary age below a
well-developed BSR. Several gas pockets were spatially associated
with the edges of slump deposits. The largest gas accumulations are
in the northeast of study area where the most intense slumping and
faulting are observed, together with a gas chimney.

- A complex system of normal faults that cut Cretaceous to Miocene
strata provide migration pathways for hydrocarbon gases from deep
Cretaceous–Paleogene source rocks to Miocene strata. The normal
faults have controlled the locations of some slump edges.

- A gas chimney that extends from just above potential source rocks to
the Quaternary sequences is identified in the northeast of the study
area. The base of the gas chimney is at the edge of a slump in an
inferred extensional setting. Gas chimneys and intra-slump faulting
could be the main controls for vertical migration of fluids from
Miocene strata to Quaternary reservoirs, where major faults are not
observed.
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