Arai et al. Progress in Earth and Planetary Science (2018) 5:45
https://doi.org/10.1186/s40645-018-0199-0

Progress in Earth and
Planetary Science

RESEARCH ARTICLE Open Access

@ CrossMark

High-density surveys conducted to reveal
active deformations of the upper forearc
slope along the Ryukyu Trench, western
Pacific, Japan

Kohsaku Arai"®, Takahiko Inoue and Tomoyuki Sato

Abstract

In this study, which was conducted to investigate present-day geological deformations occurring off the central
Ryukyu Arc along the Ryukyu Trench (Okinawa-jima) in the vicinity of Japan, we obtained and examined dense,
high-resolution, 2D grid (high-density) multichannel seismic reflection data. The forearc slope of the central Ryukyu
Arc lacks a large forearc basin but has a steep narrow slope that dips to the southeast in the direction opposite to
the plate convergence. However, while the seismic profiles obtained in our investigation do not reveal any active
structures indicative of compressional stress in this convergent subduction zone, recent tectonic deformations are

characterized by normal faults that strike perpendicular to the Ryukyu Trench axis. Examinations of high-density
geological data show that the recent relative motion of the overriding plate has resulted in an active, arc-parallel
extensional field. Furthermore, the results of our observations indicate two stages of extensional stress beneath the
forearc slope of the central Ryukyu Arc that resulted from back-arc rifting in the Okinawa Trough.
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Introduction

Some of the world’s largest earthquakes, such as the Mw
9.3 Sumatra—Andaman Earthquake and the Mw 9.0 Great
East Japan Earthquake off Tohoku, along with their asso-
ciated tsunamis, were natural disasters of historic propor-
tions. The seriousness of these events underscores the
need for further detailed investigations of the active geo-
logical structures in and around the source areas of these
earthquakes and tsunamis, particularly at the plate conver-
gent margins. The Ryukyu subduction zone is one such
region that requires further study (Ando et al. 2009) be-
cause of the numerous tsunami boulders that can be
found widely scattered along the coasts of the southern
Ryukyu Arc (e.g., Araoka et al. 2013).

The tectonic similarity of the southern Ryukyu Arc
with the Sumatra—Andaman subduction zone is charac-
terized by oblique convergence (Letouzey and Kimura
1986; Lin et al. 2014), which indicates similar risk levels
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in terms of large earthquakes and tsunamis. Earthquakes
of magnitude greater than 8.0 (Mw) have not been re-
corded in the past 350 years (Watanabe 1985) in the
Ryukyu Arc. The largest earthquake that occurred was
an Mw 7.4 event in the Sakishima Islands in the south-
ern Ryukyu Arc (Watanabe 1985), which was followed
by a tsunami (referred to as the Meiwa Tsunami of
1771). This >30 m high tsunami deposited numerous
large coral boulders when it hit the Sakishima Islands
(e.g., Nakata and Kawana 1995; Watanabe 1985). Such
coral boulders have been known to provide useful geo-
logical paleo-tsunami records for estimating the recur-
rence intervals of large earthquakes along the Ryukyu
Trench (e.g., Araoka et al. 2013; Goto et al. 2010). For ex-
ample, Goto et al. (2013) described the clast sizes of such
coastal boulders, from which they identified the local oc-
currence of tsunamigenic earthquakes along the Ryukyu
Arc. Although that study found no evidence of tsunamis
in the central Ryukyu Arc (between Amami-o-shima and
Okinawa-jima) during at least the past 2300 years, another
large (Mw 7.1) earthquake, in which numerous houses
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were damaged (Tsuji 1997), was recorded off Kikai-jima in
the northernmost area of the central Ryukyu Arc in 1995.
Currently, active deformations on the upper forearc slope
are being investigated using high-density seismic reflec-
tion surveys in the hope that they will assist in assessing
the occurrence likelihood of future large earthquakes and
tsunamis in this region.

In this study, we report on the results of a mapping
project conducted by the Geological Survey of Japan
(GSJ) of the National Institute of Advanced Industrial
Science and Technology (AIST) in waters around
Okinawa-jima, which is located in the center of the
Ryukyu Arc, between 2008 and 2010. Part of the survey
area to the southeast of Okinawa-jima is on the upper
forearc slope of the central Ryukyu Arc. As part of this
project, we obtained and examined systematic high-
density seismic reflection data for the upper forearc
slope. Herein, we present the results of our investigation,
which focuses on the stratigraphy of the offshore sedi-
mentary units along the Ryukyu Trench, recent deform-
ational features, and geological structures.

Geological setting

The Ryukyu Arc extends for over 1200 km along the
eastern coast of Asia from Kyushu to Taiwan (Fig. 1).
The major islands of the Ryukyu Arc are considered the
forearc highs (Kizaki 1978; Letouzey and Kimura 1986)
and, along with the associated Ryukyu Trench, are prod-
ucts of subduction of the Philippine Sea Plate (PSP) be-
neath the Eurasian Plate. The PSP is subducting
northwestward beneath the Eurasian Plate at a conver-
gence rate of 4-9 cm/year (Seno et al. 1993). The
Okinawa Trough is a back-arc basin located beside the
Ryukyu Arc that was formed in the late Miocene
(Gungor et al. 2012) or the late Pliocene—early
Pleistocene (Park et al. 1998; Shinjo 1999; Sibuet et al.
1998). Formation of the Okinawa Trough was a key geo-
logical event associated with complex tectonism and
changes in the topographic configuration of the Ryukyu
Arc. The Ryukyu Arc itself is divided into three regions
(northern, central, and southern) by the Tokara Strait
and the Kerama Gap (e.g, Konishi 1965). The
pre-Neogene accretion and metamorphic belts that are
recognized in southwestern Japan can be traced into the
Ryukyu Arc. The geological zones of the metamorphic
belts are displaced by a NW-SE-trending left-lateral
fault along the Tokara Strait (Kizaki 1978; Konishi
1965), beneath which a depression with water depths
reaching 1400 m (Fig. 1) has been formed. The central
and southern Ryukyus are separated by the Kerama Gap
(i.e., the Miyako Depression), where water depths reach
2100 m (Kato et al. 1982) in the depression between
Okinawa-jima and Miyako-jima. Our study area is lo-
cated in the central Ryukyu Arc.
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Methods/Experimental

Seismic data acquisition

Several 16-channel high-resolution seismic reflection
surveys were carried out around Okinawa-jima during
cruises from 2008 to 2010 (GHO8 cruise = July 28 to
August 29, 2008; GHO9 cruise = July 16 to August 17,
2009; GH10 cruise = October 27 to November 25, 2010)
aboard the R/V Hakurei-maru No. 2 operated by the
Japan Oil, Gas and Metals National Corporation (JOG-
MEC). The area studied is the upper forearc slope off
Okinawa-jima in the central Ryukyu Arc (Figs. 1 and 2).
More than 12,000 km of high-resolution seismic profiles
were acquired during these cruises, primarily with
Gl-gun systems using a 16-channel digital streamer
cable. Ship speeds during the cruises were maintained at
approximately 8 knots. The shot interval of the 355 GI
guns (4096.7 cm® generator and 1720.6 cm?® injector)
was 6 s. The data recording length was 5.9 s and the
sampling rate was 2 ms. The water depth of the GI gun
and streamer cable was maintained at 3-5 m for these
high-resolution surveys. A differential global positioning
system was used for navigation and positioning during
the surveys. Digital data were recorded with a CNT-2
(Geometrics, Inc., San Jose, CA) seismic system and then
saved in SEG-D format, which is currently recom-
mended by the Society of Exploration Geophysicists,
prior to being processed onboard using Seismic Process-
ing Workshop (SPW) software (Parallel Geoscience
Corp., Incline Village, NV). Processing of the 16-channel
seismic data was performed using common-midpoint
(CMP) sorting, 30 to 120 Hz bandpass filtering, gain
control, deconvolution, normal move out (NMOQO), and
CMP stacking. Bathymetric surveys using a Hydrosweep
DS-3 multi-narrow-beam swath sonar (ATLAS Hydro-
graphic, GmbH, Bremen, Germany) were conducted
along the seismic survey lines (Fig. 2).

Results

Sedimentary units and stratigraphy

The sedimentary units and geological structures in the
study area were examined using the collected seismic pro-
files. Seismic reflections below the upper forearc slope show
a distinct reflector that may represent the upper boundary
of the acoustic basement off northern (Fig. 3) and central
Okinawa-jima (Fig. 4). This reflector dips to the southeast
and is overlain by stratified sediments. The acoustic base-
ment crops out and is exposed on the Hedo Bank, which is
located between Okinawa-jima and Yoron-jima (Fig. 5).
The sediments on the upper forearc slope overlying the un-
conformity on the top of the acoustic basement can be di-
vided into four seismic units. The lower unit (seismic unit
A), which has the same dip as the top of the acoustic base-
ment, shows continuous high-amplitude internal reflectors
and is restricted to the area southeast off northern
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Fig. 1 Bathymetric map of the Ryukyu island arc. Submarine topographic relief data are from the ETOPO1 Global Relief Model (Amante and

Eakins 2009). The study area is located around Okinawa-jima. The star represents the location of the epicenter of the 1995 Kikaijima-oki Earthquake
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Fig. 2 Seismic survey lines of the GHO8, GH09, and GH10 cruises. Faults distributed around the upper forearc slope off Okinawa-jima (Arai et al. 2015;
Arai et al. in press)

Okinawa-jima. The thickest portion of this unit has a 1.0 s
two-way travel time (TWT), and the erosional truncation
at its top is clearly evident beneath the island shelf. Seismic
unit B is characterized by stratified sediment that dips gen-
tly to the southeast and has continuous internal reflectors.
This unit typically onlaps onto the top of the acoustic base-
ment and seismic unit A. Seismic unit B tends to be thicker
in the southwestern part of the study area and has a max-
imum thickness of 2.0 s TWT (Fig. 6). Seismic unit C runs
sub-parallel to seismic unit B and has high-amplitude strati-
fied reflectors and good continuity. This unit typically
onlaps onto seismic unit B (Figs. 3, 4, 5, and 6) and has a
maximum thickness of 0.8 s TWT. The upper unit (seismic
unit D), which comprises thin sediments (0.3 s TWT)
sub-parallel to the seafloor, also has high-amplitude strati-
fied reflectors and good continuity. This unit onlaps onto
seismic unit C (Figs. 4 and 6).

We obtained 28 consolidated or semi-consolidated
samples from the sea bottom subsurface from which cal-
careous nannofossil biostratigraphic ages were revealed
(e.g., Tanaka 2009). The acoustic basement is widely dis-
tributed and based on samples collected from Hedo
Bank, which is believed to comprise pre-Neogene rocks.
Nannofossil biostratigraphic analysis has shown that
seismic unit B is of late Pliocene age and that seismic
unit C is Pleistocene in age (Fig. 7; Arai et al. 2015).
Given these ages, seismic unit B can be correlated to the
Shimajiri Group (siltstone and sandstone) in southern
Okinawa-jima, which ranges in age from late Miocene to
early Pleistocene (Fukuta et al. 1969), while seismic units
C and D correspond to the Ryukyu Group, which com-
prises the same Pleistocene carbonate deposits that are
found throughout Okinawa-jima and other islands in the
region (Iryu et al. 2006).
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Fig. 3 Stacked seismic profile of the upper forearc slope off northern Okinawa-jima (see Fig. 2 for the track location). Typical profiles are shown
across the upper forearc slope in the central Ryukyu island arc. The basement is tilted to the southeast. Seismic unit A is characterized by continuous
internal reflections tilted to the southeast that covers the acoustic basement. Seismic units B and C are characterized by stratified internal reflectors

that unconformably overlie the acoustic basement and seismic unit A

Characteristics of active structures

Geological structures were examined using dense 2D grid
data at 2-mile intervals along track directions perpendicu-
lar to the trench axis and at 4-mile intervals parallel to the
trench axis. No obvious deformations, such as folds and
faults, were found beneath the upper forearc slope parallel
to the Ryukyu Trench axis (Figs. 3, 4, 5, and 6). In con-
trast, a number of active faults striking perpendicular to
the Ryukyu Trench axis (NW-SE direction) were ob-
served (Fig. 2). The most conspicuous normal faults were
found to the north and south of Okinawa-jima. An ex-
ample to the north of Okinawa-jima and Yoron-jima is

shown in Fig. 8. This fault dips 60-80° to the northeast
and, based on seismic stratigraphy and calcareous nanno-
fossil biochronology (Arai et al. 2010), appears to have
been active since the late Miocene (the age of seismic unit
B). The maximum vertical displacement of the basement
is 700 ms TWT and the basal termination of seismic unit
D occurs at 250 ms TWT near the fault (Fig. 8). During
the 2008 cruise, olive gray mudstone (G394) was obtained
with a grab sampler east of Yoron-jima along the survey
line shown in Fig. 8 at a water depth of 871 m. This sam-
ple, which contained well-preserved calcareous nannofos-
sils (Tanaka 2009), was formed during the period defined
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Fig. 4 Stacked seismic profile of the upper forearc slope off central Okinawa-jima (see Fig. 2 for the track location). Typical profiles are shown
across the upper forearc slope in the central Ryukyu island arc. The upper surface of the acoustic basement is shown to be deeper compared
with that of the northern area (Fig. 3) and tilted southeastward. Seismic unit B, which is thick, attains 2.0 s (TWT) and is unconformably covered

by the first occurrence of large Gephyrocapsa oceanica
(Datum 11, 1706 ka: Sato et al. 2009) and the first
occurrence of Gephyrocapsa spp. (Datum 10, 1392 ka:
Sato et al. 2009). Based on the biostratigraphy of a
semi-consolidated sample from the upper part of seis-
mic unit C (Fig. 8) and the thickness of seismic unit
D (0.25 x 750 m/1706-1392 ka), the recent average
maximum vertical displacement component on the
normal fault may be as high as 11.0-13.5 cm/kyear.
The survey line in the southwest-northeast direction
off the southeast of Okinawa-jima is shown in Fig. 9.
The normal faults dip to the southwest and develop
into basements with maximum vertical displacements
of <200 ms TWT. Lines of many minor normal faults
that are untraceable can also be observed.

Discussion

Features of forearc basins and active structures

The survey area to the southeast of Okinawa-jima is lo-
cated on the upper forearc slope of the central Ryukyu
Arc. Unlike the Nankai Trough, which is the northeastern
extension of the Ryukyu Trench in central Honshu (e.g.,
Park et al. 2003), the forearc between Amami-o-shima
and Okinawa-jima is characterized by a relatively narrow
slope that lacks large basins (Fig. 1). The trench axis and
arc in the central Ryukyu Arc are sub-parallel to each
other and separated by approximately 110 km. The struc-
ture of the southern Ryukyu Arc, where the convergence
direction of the PSP beneath the Eurasian Plate is approxi-
mately 45° oblique to the trench, has been studied previ-
ously (e.g., Kuramoto and Konishi 1989; Lallemand et al.
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Fig. 5 Stacked seismic profile of the upper forearc slope (see Fig. 2 for the track location). The profiles are shown across the upper forearc slope
in the Ryukyu island arc. The acoustic basement crops out on the Hedo Bank

1999). At the southern end of the Ryukyu Arc west of
125.5° E, a forearc basin is well developed and E-W trend-
ing left-lateral faults have been identified. In contrast, the
convergence direction of the central Ryukyu Arc is per-
pendicular to the trench. The forearc slope of the central
Ryukyu Arc lacks a large forearc basin but has a narrow
slope that dips to the southeast in the direction opposite
to the plate convergence.

Lin et al. (2014) reported tectonic similarities between
the Mw 9.3 Sumatra—Andaman earthquake in 2004 (e.g.,
Seeber et al. 2007; Sibuet et al. 2007) and “the southern
Ryukyu” convergent subduction system, noting that both
regions are characterized by oblique convergence with
similar risks of large earthquakes and tsunamis. Mean-
while, Hsu et al. (2013) examined deep multichannel
seismic reflection data along the trench, which show that

a mega-splay fault has developed from southern to cen-
tral Ryukyu from 125.5° E to 129.5° E. This fault was
generated under the influence of the outer ridge struc-
ture. While our seismic reflection data do not extend to
the depths of the plate interface and mega-splay fault,
Okamura et al. (2017) showed deep seismic reflection
data and pointed out that the landward dipping reflec-
tions above the plate boundary are not active, at least
not in the area between Miyako-jima and Okinawa-jima.
In addition, even though further high-resolution seismic
profiling will be necessary to confirm if the splay fault
system extends fully into the central Ryukyu Arc, our
data did not identify any obvious traceable deformations,
such as folds and faults, parallel to the Ryukyu Trench
axis. Furthermore, south of Miyako-jima (Hsu et al.
2013), our data showed no evidence for landward tilting
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Fig. 6 Stacked seismic profile of the upper forearc slope (see Fig. 2 for the track location). The thick area of seismic unit B covering the acoustic
basement has a thickness of 2.0 s (TWT). Seismic unit D, which is stratified, unconformably covers seismic Unit B on the island shelf

J

of sediments or normal faults parallel to the trench axis
beneath the forearc slope. As such, even if mega-splay
faults have developed beneath the accretionary prism, a
large difference characterizes the forearc slopes of the
southern and central Ryukyu Arc. This indicates that the
compressional stress is concentrated beneath the lower
trench slope area in the central Ryukyu Arc.

Evolution of the upper forearc slope along the central
Ryukyu arc

Direct observations of geological structures on an over-
riding plate are important because forearc slope deform-
ation is related to large earthquakes and tsunami
generation. The convergent margin along the Sumatran
subduction zone, where the Mw 9.3 Sumatra—Andaman
Earthquake and related tsunami occurred in 2004, is
characterized by thick sediments and prominent deform-
ation in the form of large-scale frontal folds in the accre-
tionary prism (Sibuet et al. 2007). The distance from the
trench axis to the arc in northern Sumatra is approxi-
mately 250 km, and the forearc Aceh Basin is located
sub-parallel to the trench axis. The boundary between
the Aceh Basin and the forearc region is marked by the
West Andaman Fault, which has a flower structure, indi-
cating strike-slip deformation on the landward side of
the forearc high (e.g., Seeber et al. 2007). Numerous
anticlinal ridges oriented sub-parallel to the trench have
been found from the trench slope to forearc high by

seismic reflection surveys (Misawa et al. 2014). Another
example of a convergent margin is that of the Tohoku area
along the Japan Trench, where the Mw 9.0 Great East
Japan Earthquake and related tsunami occurred in 2011.
Here, the upper forearc slope has a relatively flat seafloor
topography that is inclined at < 3°, and recent tectonic de-
formation has been characterized by extensional subsid-
ence and normal faulting within a series of small basins
on the slope down to a water depth of ~3000 m (Arai et
al. 2014; Boston et al. 2017), which reveal extensional de-
formation related to the development of numerous nor-
mal faults sub-parallel to the trench axis.

The lack of arc-parallel structures is characteristic of
the upper plate of the central Ryukyu Arc. Kubo and
Fukuyama (2003) along with Otsubo et al. (2008) re-
ported an arc-parallel extensional stress field along the
forearc of the Ryukyu Arc, as inferred from the focal
mechanisms of shallow earthquakes. The latest Miocene
to Pliocene stress field of the northern Ryukyu Arc has
been studied by Yamaji (2003), who reported an active
back-arc rift, a neutral stress forearc, and an active ac-
cretionary prism in the northern Ryukyu Arc. The exten-
sional tectonics is suggested by active normal faults in
the Tanega-shima, Okinawa-jima, and Miyako-jima area
(Research Group for Active Faults of Japan 1991) and
on-land geology in Okinawa-jima, Miyako-jima, and
Kikai-jima (Ujiié 1994). Our investigation of the offshore
area is consistent with those of the on-land stress field.
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Kubo and Fukuyama (2003) considered two possible
arc-parallel extension mechanisms. One attributes the
arc-parallel extension in the forearc to the drag of the dex-
tral oblique subduction along the Ryukyu Trench, whereas
the other attributes it to forearc elongation due to simultan-
eous arc-perpendicular extension in the back-arc. In our in-
vestigation into the deformation of the Ryukyu Arc using
the high-density seismic profiles, we found that the normal
faults parallel to the trench axis are well developed on the
back-arc side of the arc (Fig. 10), thereby indicating
back-arc rifting. Growth strata in sedimentary units indicate
that the fault activity was high during the sedimentation of
seismic unit B in the late Miocene to early Pleistocene, and
during the more recent sedimentation of seismic unit D.
The sediment layers of seismic unit C (Pleistocene) are
sub-parallel to each other in the basin, which may indicate
that extensional tectonics had ceased during its deposition
(Fig. 10). The similar stratigraphy of growth strata adjacent
to the fault in the upper forearc slope (Fig. 8) and back-arc
side indicates that back-arc rifting of the Okinawa Trough
resulted in arc-parallel extension (Fig. 11). Our data sug-
gest that the arc-parallel extensional stress along the entire
forearc of the Ryukyu Arc ceased during the Pleistocene

(ie., during the deposition of seismic unit C). These geo-
logical data support the Kubo and Fukuyama (2003)
model, which shows the elongation of the forearc by sim-
ultaneous arc-perpendicular extension in the back-arc and
indicates two stages of extensional stress beneath the
forearc slope of the central Ryukyu Arc. Since these tec-
tonic events activate at the same time, we consider it likely
that the overriding plate has undergone significant
deformation as a result of back-arc rifting activity in the
Okinawa Trough.

Regarding the on-land geology, Ujiié (1994) suggested
that the initial appearance of the Okinawa Trough and the
Ryukyu Arc occurred after the deposition of the Shimajiri
Group (which corresponds to seismic unit B) and before
that of the Ryukyu Group (which corresponds to seismic
units C and D) during the early Pleistocene age. In addition,
Gungor et al. (2012) hypothesized, based on the seismic
profiles, that rifting and extension of the northern Okinawa
Trough has continued since the late Miocene. Based on the
growth strata developments, we contend that rifting of the
Okinawa Trough initiated during the deposition of the seis-
mic unit B (late Miocene to early Pleistocene) that accom-
panies the arc parallel extensional deformation at the
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Fig. 8 Stacked seismic profile of the upper forearc slope east of Okinawa-jima and Yoron-jima islands (see Fig. 2 for the track location). Normal
faults that are oriented perpendicular to the Ryukyu island arc and the Ryukyu Trench axis are evident. The most obvious fault bounds a half-graben structure

forearc slope. However, we could not estimate the deform-
ation activity resulting from unconformity between seismic
units B and C from our data, because extensional tectonics
had ceased during the deposition of seismic unit C and a
series of movements had become prominent during its de-
position of seismic unit D. Among our differences with the

on-land geological history outlined by Ujiié (1994) is the
timing of the initiation of the Okinawa Trough, which will
require further examination.

Nevertheless, from our results, it is clear that two stages
of extensional stress beneath the forearc slope of the central
Ryukyu Arc, the late Miocene to early Pleistocene (seismic
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Two-way time (s)

Two-way time (s)

SWe¢— line 1003 —Pp NE

Fig. 9 Stacked seismic profile of the upper forearc slope southeast of Okinawa-jima (see Fig. 2 for the track location). Normal faults that are
oriented perpendicular to the Ryukyu island arc and the Ryukyu Trench axis are shown. Seismic units B and C covering the acoustic basement
have a thickness of 1.8 s (TWT). Broken lines represent minor normal faults which are untraceable

unit B) and the late Pleistocene (seismic unit D), occurred
simultaneously in the back-arc of the Okinawa Trough.
Furthermore, examinations of high-density geological data
show that the recent relative motion of the overriding plate
has resulted in an active, arc-parallel extensional stress be-
neath the forearc slope of the central Ryukyu Arc.

Conclusions

A total of ~ 12,000 km high-resolution 16-channel seis-
mic profiles were collected around Okinawa-jima in the
central Ryukyu Arc off Japan. Our results show that the
forearc slope of the central Ryukyu Arc lacks large fore-
arc basins and has a steep narrow slope that dips to the
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Fig. 10 Stacked seismic profiles across the southern Yoron Basin (see Fig. 2 for the track location). Traceable normal faults are located in the Yoron
Basin. The faults strike east-west and dip to the north. The faults have deformed the uppermost sediments, thereby indicating that they are active
.
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side and under the upper forearc slope

Fig. 11 Schematic illustration of trench-parallel extension caused by active back-arc rifting that stretches the forearc area. For details of the arc
extension, see Kubo and Fukuyama (2003). Note the similar stratigraphy of growth strata (colored in the seismic reflection profiles) in the back-arc

southeast, opposite to the direction of plate convergence.
The seismic profiles we collected do not show active
structures indicative of compressional stress in a conver-
gent subduction zone. Instead, recent tectonic deform-
ation is characterized by normal faults that are oriented
perpendicular to the Ryukyu Trench axis. From these re-
sults, two stages of extensional stress beneath the forearc
slope of the central Ryukyu Arc, the late Miocene to
early Pleistocene and the late Pleistocene, have been af-
fected by back-arc rifting in the Okinawa Trough.

Additionally, our data suggest that such back-arc rifting
played an important role in the evolution of the upper
forearc slope along the central Ryukyu Trench. Taken
together, these results confirm that not only do the
high-density seismic profiles show the detailed structural
deformation and distribution around islands, but they
also show that geological structures on the overriding
plate play an important role in understanding the plate’s
contribution to the generation of large earthquakes and
subsequent tsunamis.
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