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Abstract

This integrated tectonic study reveals the basin-forming and deforming processes on an active margin. Southwest
Japan (SWJ) is an island arc under the influence of oblique subduction of the Philippine Sea plate, which has provoked
dextral slips on the arc-bisecting Median Tectonic Line (MTL). Plio-/Pleistocene sediments in Beppu Bay, a tectonic
depression at the westernmost portion of the MTL, are categorized into lower (5 ~ 0.7 Ma), upper (0.7 ~ 0.3 Ma), and an
auxiliary uppermost (0.3 Ma ~ present) unit in ascending order. Detailed seismic interpretation demonstrates that major
structures in the deep interior of the basin are an older half-graben under a strong N-S extensional regime and a
younger pull-apart sag that developed in a right-stepping part of the MTL as a result of late Quaternary-enhanced
strike-slip rates on the fault. Sediments within the pull-apart have been deformed by later inversion events as a
contraction phase arose. Conspicuous deformation of the hanging wall of the low-angle detachment of the basin was

successfully reproduced by numerical modeling. Based on a discrete element method, this suggests that structural
differences in the deformed sedimentary layers are caused by differences in the dip angles of the faults. Remarkable
temporal changes in tectonic regimes around Beppu Bay and other areas of SWJ are probably related to transient
modes of convergence, including the migration of the Euler pole, of the Philippine Sea plate since ca. 6 Ma.

Keywords: Beppu Bay; Kyushu; Southwest Japan; Seismic interpretation; Numerical modeling; Philippine Sea plate;
Oblique subduction; Transcurrent fault; Pull-apart basin; Inversion

Background

Subduction of oceanic plates results in deformation of
continental margins and formation of various tectonic
basins. A recent synthesis of the basin architecture of
active plate margins (Itoh 2013) revealed that the modes
of plate convergence (subduction rate, obliquity, slab
steepness, etc.) play a crucial role in determining basin
evolution patterns (e.g., Itoh et al. 2014; Takano et al.
2013). In other words, spatial/temporal variations in
sedimentary basin morphology on an active margin give
clues to changes in the convergence modes of oceanic
plates and to regional tectonic history.
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Beppu Bay (Figure 1), located in central Kyushu in
southwest Japan (hereafter referred to as SWJ), is a typical
example of a tectonically controlled sedimentary basin
under the influence of the Philippine Sea plate con-
vergence. A tension graben, the Hohi Volcanic Zone
(Figure 1; hereafter referred to as the HVZ), which
includes the Beppu Bay, emerged in central Kyushu at ca.
5 Ma (Itoh et al. 1998) accompanying vigorous volcanism.
The evolutionary process of the HVZ has been controlled
by the activity of a large bisecting fault in SWJ, namely,
the Median Tectonic Line (hereafter referred to as the
MTL). Changes in the obliquity of the Philippine Sea plate
motion have provoked thrusting and dextral slips on the
MTL, which initiated as a regional crustal break in the
Cretaceous east Eurasian margin and whose active seg-
ment has shrunk during the late Quaternary as suggested
by geomorphological features (Research Group for Active
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Figure 1 Index maps of the study area. (a) Tectonic elements around southwest Japan. An open arrow shows the present relative motion of
the subducting Philippine Sea plate. (b) Bouguer gravity anomaly map around the Hohi Volcanic Zone (HVZ) after Komazawa (2004). The
Bouguer density is 2,670 kg/m?>. (c) Coverage of the reflection seismic survey around the Beppu Bay. The range for line J shown in Figure 9a is
indicated by a segment. The gray dashed lines are part of the active traces of the Median Tectonic Line. The central portion of the HVZ is
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Faults 1991). The MTL acted as a listric fault of the
Neogene incipient half-graben of the HVZ. Itoh et al.
(1998) described a process migration of the depocenters
in the HVZ, among which the Beppu Bay is the youngest
area of active subsidence.

The present study aims at quantitatively evaluating
tectonic basin development, namely, visualizing geo-
logic structures in 3D utilizing seismic reflection data
with age control, and constructing a chronicle of tectonic
deformation along the convergent margin. Our study area,
the Beppu Bay, serves as an ideal example of tectonic
basin development with various geological and geophys-
ical datasets.

Kyushu Island, in the western part of the Japanese
archipelago, is studded by numerous volcanoes that are an
evidence of slab-induced magmatism, sporadic mantle
upwelling, and fissure eruption upon deep tectonic
ruptures. The HVZ is located in the central part of
Kyushu and constitutes a large composite volcanic edi-
fice, present since ca. 5 Ma. Itoh et al. (1998) catego-
rized the HVZ components into older fissure volcanics
filling a graben under N-S tensile stress and younger
tholeiitic central eruptions controlled by regional fault
activity. They also demonstrated that major depocen-
ters in the HVZ, which are depicted as negative parts
in the Bouguer anomaly maps in Figure 1, migrated
eastward under transient (tensional to transtensional/
transpressional) tectonic stress. The structural framework
of the older western (onshore) segment of the HVZ has
been described based on many drilling surveys, whereas
the younger eastern (offshore) depression around Beppu
Bay has not been fully studied because of scarce subsur-
face information.

Quantitative analysis of tectonic basin formation has
been undertaken by Kusumoto et al. (1999). Based on
dislocation modeling, they successfully restored the
formation and migration process of depocenters within
the HVZ assuming subduction-driven slips on a mini-
mum number of faults. Among them, the MTL played
an important role in forming an active depression
around the Beppu Bay according to changes in its
active trace. The subsurface structure predicted by the
numerical modeling should be verified by means of a
seismic reflection survey.

A pioneering seismic study by Yusa et al. (1992) de-
scribed low-angle faults at the bottom of the HVZ
parallel to the basin's long axis and a rollover structure at
the center of the bay creating a sharp contrast of basin
morphology. Although their findings are essential struc-
tural components in the study area, they did not recognize
continuous reflectors in basin-filling sediments, which are
linked to tectonic and/or eustatic processes. As a result,
their significant study was rather lacking in its ability to
distinguish temporal shifts in the structural styles of the
extensive basin and related regional stress regimes. Based
on the morphology of an intra-basin seismic horizon, Itoh
et al. (1998) argued that development of the active de-
pression was divided into an incipient tensional stage
and succeeding transtensional/transpressional stages
related to enhanced dextral slips on the MTL. They found
that the morphology of the so-called flower structure
(Harding 1990) on N-S seismic profiles is indicative of a
transition of active strike-slip segments on the MTL.
However, their analysis was concentrated around the
mouth of the bay, and the structural style of the inner
Beppu Bay was out of the scope of their study.



Itoh et al. Earth, Planets and Space 2014, 66:74
http://www.earth-planets-space.com/content/66/1/74

Recently, Itoh et al. (2013a) pursued spatiotemporal
transition of the deformation front in the bay under the
influence of changes in MTL activity. Itoh et al. (2013b)
gave an estimate of the total volume of the HVZ based
on gravimetric analyses. However, their main focus was
set on a large variety of tectonic styles along the active
MTL trace. A comprehensive seismic interpretation
integrating all the subsurface information has not yet
been executed on the tectonic depression. That is the
main purpose of the present study.

Methods

Interpretation of seismic reflection profiles

Data acquisition and processing

In 1989, an offshore seismic survey was conducted around
Beppu Bay by Kyoto University. During the shooting of
138-km seismic lines (A to I in Figure 1c), 24 channels of
hydrophones (at 25-m intervals) recorded the energy
released from a 9.8-1 (600 in.’) tuned air gun array, shot at
25-m intervals. Raw seismic data were stacked and then
subjected to a post-stack processing sequence in order to
enhance the resolution.

In 1990, Kyoto University conducted another offshore
seismic survey around the Bungo Strait. During the shoot-
ing of a seismic line as long as 100 km (] in Figure 1c), 48
channels of hydrophones (at intervals of 26.66 m) recorded
the energy released from a 36.9-1 (2,250 in.?) tuned air gun
array, shot at 26.66-m intervals. As for the previous survey,
raw seismic data were stacked and then subjected to a
post-stack processing sequence in order to enhance the
resolution. Conversion from the two-way travel time to
depth was done based on velocity analysis using the
constant velocity stack method. The latest results of
processing the data were presented by Abe et al. (2013).
They reprocessed the seismic data of line J using algo-
rithms for multiple suppression.

Characteristics of seismic reflection

Figure 2 (profile of line B) presents typical reflection
characteristics of seismic profiles within the Beppu Bay.
We identified three seismic markers, namely the purple,
yellow, and cyan horizons, in ascending order. The
lowermost purple horizon coincides with the top of the
acoustic basement units. The purple horizon delineates
a large depression around Beppu Bay. Basin-filling
strata are roughly divided into a lower unit showing
discontinuous or chaotic reflections and an upper unit
accompanied with transparent and/or thinly laminated
continuous reflection patterns. The yellow horizon is a
discontinuous/continuous reflection boundary, which
can be traced throughout the whole Beppu Bay. The
uppermost cyan horizon is an auxiliary seismic reflector,
which is recognized as a boundary between discontinuous
strong reflections (lower) and continuous reflections
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(upper) onlapping the horizon, exclusively identified
within the northwestern part of the bay.

Age assignment of reflectors

The geologic context around central Kyushu implies that
pre-Neogene accretionary complexes (metamorphosed)
and voluminous plutonic rocks constitute the majority
of the acoustic basement, the top of which is depicted as
the purple horizon in the present seismic interpretation.
Thick clastics began to accumulate upon the erosion sur-
face of the acoustic basement at ca. 5 Ma (e.g., Kamata
1989; Sasada 1987).

As no deep drilling survey has ever been conducted
in the bay area, the authors attempted to correlate
traceable seismic horizons with conspicuous geologic
events based on surface and underground geologic sur-
veys for the surrounding land areas like the stratigraphic
synthesis by Ishizuka et al. (2005). First, we interpret the
discontinuous/continuous reflection boundary as the
unconformity between the Sekinan Group and the Oita
Group. The former ranges between 2 and 1 Ma and
consists of non-marine clastics intercalating abundant
volcaniclastic rocks, whereas the latter includes pyroclastic
flow deposits and non-marine to marine sediments, the
base of which (the yellow horizon) is assigned to ca.
0.7 Ma.

The confined cyan horizon is interpreted as the top of
the Hiji volcano, buried by fine sediments, part of which
is exposed along the north coast of the Beppu Bay and
dated to around 0.3 Ma based on the K-Ar method
(Ishizuka et al. 2005).

Structural interpretation and volumetric analysis

Around Beppu Bay, countless surface ruptures have
been found and described based on sounding surveys.
Ishizuka et al. (2005) summarized these. Although they
form a unique geomorphic province, identifying seismo-
genic faults and interpreting the tectonic condition should
be based on fault morphology in the deep interior of the
basin through the use of multi-channel reflection seismic
data. In this section, we describe the structural components
of the seismic profiles and submit a three-dimensional
structural model of the conspicuous basin.

The structural characteristics of the N-S seismic profiles
are presented in Figure 3 (line E). The lower seismic unit
(purple-yellow interval) is thickest along the southern
margin of the bay. It is controlled by the evolution of the
asymmetric half-graben on the basal drag fault. On the
other hand, the depocenter of the upper unit (yellow-sea
bottom interval) is located in the northern part of the
basin, and the surface of the yellow horizon dips toward
the north. These features may infer that the top of the
acoustic basement (purple horizon) acted as a slip surface
during the deposition of the upper unit.
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Figure 2 Seismic characteristics and stratigraphic interpretation of seismic horizons on line B (top, raw section; bottom, interpreted).
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The basin infill is studded by many high-angle faults,
whose active parts seem to migrate northerly. Some
faults on the northern flank of the Beppu Bay basin
reach the surface of the infill and exhibit clear flower
structures suggestive of active transcurrent faulting. Itoh
et al. (1998) interpreted the spatiotemporal changes in
the fault activity as transitions of active segments of the
MTL. Using dislocation modeling, Kusumoto et al. (1999)
showed that the right-stepping pattern of the MTL devel-
oped pull-apart basins at fault terminations, which collect-
ively formed an extensive depression in the HVZ.

Figure 4 (line G running parallel to the younger trace
of the MTL) delineates structural features on E-W seismic
profiles. The most remarkable component is a bay-central
rollover fault that emerged in a right-stepping part of the
younger MTL (Figure 1b). To the east of the rollover,

there are bunches of normal active faults constituting col-
lapsed anticlines, which are developed along the younger
trace of the MTL. The hanging wall on the west of the
rollover has suffered later inversion, and the subsidence
rate of the tectonic pull-apart tends to have lessened
during the deposition of the upper unit. A contractional
episode in the late Quaternary was also advocated from
the viewpoint of volcanism on land. The form of eruption
of volcanic rocks around the Mt. Waita area (Figure 1b)
changed at about 0.7 Ma from lava plateaus to lava domes
accompanied by a few stratovolcanoes. Kamata et al.
(1988) explained this as resulting from local compressive
stress loaded around Mt. Waita.

Figures 5, 6, 7 are isochron structural maps based on
the present seismic interpretation. Figure 5 shows the
top of the acoustic basement. The structure beyond
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Figure 3 Typical structural features on N-S seismic lines in Beppu
line location. Vertical exaggeration (V/H) = 2.0.
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Bay (line E) (top, raw section; bottom, interpreted). See Figure 1 for

the area of the seismic survey was estimated based on
basin configuration deduced from gravity anomalies.
For Figures 6, 7 the structure beyond our seismic sur-
vey area was estimated based on previous shallow seis-
mic data. It is obvious that Beppu Bay is a composite
tectonic depression, with the eastern half-graben on
the older segment of the MTL and the western pull-
apart around a right-stepping portion of the younger
MTL (Figure 5). Reflecting changes in tectonic stress,
the eastern graben became inactive by the middle of
the Quaternary, whereas the western pull-apart contin-
ued to develop under enhanced dextral slips on the
MTL (Figure 6). The area of active subsidence within
the bay has shrunk through the late Quaternary and
the recent depocenter is located in the southwestern
corner of the bay (Figure 7). An isopach map of Beppu
Bay (Figure 8) also delineates two distinct areas of
deposition.

Kusumoto et al. (1996) determined a three-dimensional
basement structure for the HVZ based on gravimetric
data. Itoh et al. (2013b) adopted their elaborate
structural model and executed a volumetric analysis
of the extensive tectonic depression by means of
Gauss-Legendre numerical integration (Davis and
Rabinowitz 2007). The volume they estimated for the
whole HVZ area was 4.1 x 10> km”.

Based on current seismic imaging, we attempted to es-
timate the sediment volumes of the specific periods in
Beppu Bay in the same manner. The volumes of the
lower and upper units in Beppu Bay were calculated
using Gauss-Legendre numerical integration based on
depth data for a mesh with 2-km intervals. The volumes
for the lower and upper units are 3.1 x 10> and 5.7 x
10* km?®, respectively. The total volume of the Beppu
Bay basin since 5 Ma (8.8 x 10% km®) is about 21% of the
HVZ volume.
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Figure 4 Typical structural features on E-W seismic lines in Beppu Bay (line G) (top, raw section; bottom, interpreted). See Figure 1 for

line location. Vertical exaggeration (V/H) = 2.0.
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Figure 5 Isochron contour map of the lower horizon (purple; top of acoustic basement). For contour maps, interpretation based on

supplementary data (e.g., gravity anomalies, shallow seismic information) is shown by dashed lines. Solid contours were deduced from the
present dataset. Thick black lines represent faults.
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Results of seismic survey

The present seismic study revealed that the older asym-
metric half-graben on the basal drag fault is thickest
along the southern margin of the bay. Figure 3 delineates
an irregular surface of the acoustic basement of the

hanging wall (annotated as a ‘wedge tip deformation’ in
the figure). Yusa et al. (1992) and our interpretation in-
dicate that this conspicuous structure is not connected
to high-angle faults in upper sedimentary units. Such
structural development around the detachment fault is

lsoclhiron Kunisaki .
(Cyan Hertzon) Peninsula

Beppu

Figure 7 Isochron contour map of the upper horizon (cyan; top of volcaniclastic rocks of the Hiji volcano). Thick black lines represent faults.
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numerically modeled and compared with observed fea-
tures on seismic profiles in the next ‘Discrete element
modeling’ section.

Spatiotemporal changes in fault activity (transitions of
the active MTL segments), migration of the depocenters
in Beppu Bay, and emergence of the newly found inver-
sion phase are to be linked to the tectonic regimes on
the convergent margin. Such context is examined in the
‘Results and discussion’ section based on a regional re-
view of tectonic episodes around SWJ.

Discrete element modeling

As shown in Figure 3, the hanging wall of the low-
angle detachment at the bottom of the elongate depo-
center around the bay mouth, which became dormant
in the late Quaternary, shows part of an irregular de-
formation at the wedge tip. This is not attributed to
later disturbance by high-angle faults, because the de-
tachment surface underneath remains intact. It seems
that the wedge morphology is controlled by the angle
of detachment. Figure 9a presents a high-resolution
profile of line J, which runs through the Bungo Strait
(Figure 1c). The hanging wall around the survey line
has settled on the detachment fault with a steeper
angle than on line E and exhibits no remarkable de-
formation in its wedge tip. We attempted to restore
the conspicuous morphology at the basal part of

the tectonic depression with a numerical modeling
approach and considered the ancient tectonic frame-
work that provoked the deformation.

Method

We used discrete element modeling to simulate the
displacement fields of sedimentary layers caused by
normal fault motions of low-angle detachment faults.
In the discrete element modeling, media such as
crust and/or sedimentary layers are replaced by as-
semblies of rigid balls (in three-dimensional analyses)
or disks (in two-dimensional analyses), connected to
each other by imaginary elastic springs in the normal
and shear directions. We obtained results such as
deformation fields, velocity fields, and other factors
by solving the equations for the law of motion and
force-displacement law for assemblies under the
given conditions.

This modeling procedure was introduced by Cun-
dall (1971) and has been applied to a number of
geological and geophysical problems in two and
three dimensions (Saltzer and Pollard 1992; Antonel-
lini and Pollard 1995; Strayer and Huddleston 1997;
Finch et al. 2003, 2004; Imbera et al. 2004; Vietor
and Oncken 2005; Hardy and Finch 2005, 2007;
Hardy et al. 2009; Hardy 2011; Yamada et al. 2014).
Discrete element modeling has also been applied
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Figure 9 Numerical simulation by means of discrete element modeling. Numerical simulation was performed for restoring structural features
within the hanging wall of the low-angle detachment fault. (a) Seismic sections (E and J; V/H=1.0) crossing Beppu Bay are shown for reference.
The high-resolution profile of line J is after Abe et al. (2013). See Figure 1 for line locations. Detachment faults are delineated by red lines, and
measured fault angles are annotated in green. (b) Discrete element model of sedimentary layer. The model is 900 m thick and 5,000 m wide. The
sedimentary layer is a homogeneous and isotropic medium and is shown in blue and yellow with 100-m interval to identify the displacement
field caused by fault motions simply. (c,d) Models for actual structure types on different fault angles (Figure 9a). The restored hanging wall

recently in volcanic study fields such as calderas or
volcanic depression formations and magma extru-
sions (e.g., Hardy 2008; Wyrick and Smart 2009;
Holohan et al. 2011; Sakai et al. 2013).

In this study, we employed Particle Flow Code in 2 Di-
mensions (PFC 2D; Itasca 2008) ver. 4.0 software to per-
form simulations based on the discrete element method.

In the PFC 2D software, the mechanical properties of
media are basically determined by the spring constants
connecting the disks in the normal and shear directions,
the friction coefficient among the disks, and a parameter
called the contact bond, which controls the strength of
materials. When an actual medium such as crust and/or
sedimentary layers is to be modeled using the discrete
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Table 1 Modeling parameter values
kn [N/m] ks [N/m] fric
5x10 5% 10 0.6

n_bond [N]
Tx10°

s_bond [N]
Tx10°

Parameters

Values

Parameters kn, ks, fric, n_bond, and s_bond are spring constants (stiffnesses)
in the normal and shear directions, friction coefficient, and contact bonds in
the normal and shear directions, respectively.

element method, we need to carry out biaxial tests in
the computer because of the necessary two-dimensional
analyses to decide upon the values of these parameters,
arriving at the elastic constants and strength we want by
trial and error. In general, motions of particles will be
slower for larger spring constants. We refer to this charac-
teristic and changed the mechanical properties of the
media by varying the combinations of the spring constants
in the normal and shear directions.

Results

Since the sediments that have accumulated in Beppu Bay
are young and have been laid on a shallow sea bottom, we
assumed that they are unconsolidated sediments and have
low Young's moduli and strengths. In the numerical
simulations, we assigned the values shown in Table 1 to
the spring constants, friction coefficient, and contact
bond. These parameter values were determined by trial
and error, as noted above, to obtain a low Young's modu-
lus and strength. The medium, consisting of assemblies
of disks having these parameters, is equivalent to the
sediment layer having a Young's modulus, Poisson's
ratio, and compressive strength of 207 MPa, 0.24, and
13 MPa, respectively. These elastic constants and strength
compare to values shown in some textbooks (e.g., Cernica,
1995; Budhu, 2007; Gudmundsson, 2011). The model of
the sediment layer is 900 m thick and 5,000 m wide
and is colored blue and yellow with 100-m intervals to
display the displacement fields caused by fault motions
easily (Figure 9b). The basement and both sides of the
model are rigid walls and can move somewhat without
changing their shapes as general deformation of the
basement layer caused by motion of the detachment
fault. The density of the elements was assumed to be
2,000 l(g/m3 (cf. Kusumoto et al. 1996), and a gravita-
tional body force was assigned to each element during
the calculations.

In Figures 9c,d, we show displacement fields for the
sedimentary layer simulated by motions of the detachment
fault having a dip angle of 7° for line E and 17° for line J.
These dip angles were estimated from reflection structures
shown in the seismic profiles (Figure 9a). In the simula-
tions, normal fault motions were given on the fault plane
by iterative calculations until the accumulated vertical
displacement reached 100 m. The numerical simula-
tions (cf. ‘restored wedge tip deformation’ in Figure 9c)
are very similar to the characteristic structures shown
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in the seismic profiles (like the irregularity of the sur-
face structure of the hanging wall) and indicate that
structural differences in the deformed sedimentary
layer are caused by differences in the dip angles of the
faults.

These results suggest that the activity of a low-angle
detachment simultaneously causes obscuration of strati-
fications in the deformed hanging wall under specific
conditions, which may be misinterpreted as successive
development of minor faults under different tectonic re-
gimes. Numerical modeling can, thus, be incorporated
into structural restoration and support the validity of
geologic interpretation. A strong N-S tensional regime
confirmed in the incipient stage of basin formation
was not restricted to Beppu Bay, but was a regional
phenomenon at the beginning of the Pliocene. Because
our seismic and modeling results have clarified the
time sequence of the tectonic regimes, we can submit a
neotectonic synthesis of SWJ under the influence of
oblique subduction of an oceanic plate.

Results and discussion

Seismic data have revealed the structural features of a
large tectonic depression around Beppu Bay. Its com-
plicated evolutionary process records the transitions of
tectonic stress on the Philippine Sea plate convergent
margin. Generally speaking, regional uplift/subsidence
trends around an island arc are closely connected with
subduction of an oceanic plate. Hashimoto et al. (2008)
successfully restored geomorphological features and
free-air gravity anomalies around northeast Japan based
on elastic/viscoelastic dislocation theory. They assumed a
long steady subduction of the Pacific plate and an episode
of tectonic erosion since 3 ~ 4 Ma to optimize the numer-
ical model.

SWJ has been under the influence of the Philippine
Sea plate convergence and is characterized by more com-
plicated deformation patterns. In the following sections,
the authors present a chronicle of remarkable episodes
around SW] since 6 Ma, when a tectonically dormant
period after the backarc opening in the Japan Sea was
replaced by intensive tectonism. We submit a working
hypothesis of transient plate subduction. Throughout our
examination, structural development around the Beppu
Bay provides important clues for solving the sequence of
tectonic events.

Nakamura et al. (1987) first advocated a recent jump
of the Euler pole of the Philippine Sea plate based on
structural features near the subduction zone around
eastern SWJ. We submit the hypothesis that older
events of the Euler pole jump may better explain the
spatiotemporal transition of tectonic stress along the
island arc.
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Figure 10 Spatiotemporal distribution of stress-strain regime in southwest Japan and kinematic model of the Philippine Sea/Eurasian
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Regional contraction along the SWJ backarc (ca. 6 Ma)
Around SWJ, one of the most noted tectonic events in
the late Cenozoic is a remarkable N-S backarc contraction.
It was originally described by Tai (1973) based on struc-
tural trends in the Japan Sea coastal area. Utilizing seismic
reflection data, Itoh and Nagasaki (1996) clarified that the
deformation zone covers the entire backarc shelf. Its
western termination merged into the marginal fault of
the Japan Sea and reactivated it in the opposite (sinistral)
sense to its initial dextral activity during the Miocene
backarc opening (Itoh 2001). Although the activity level
seems to diminish eastward, Itoh et al. (1997, 2006)
showed a coeval deformation on the eastern SWJ backarc.
If the regional event is linked with oceanic plate motion,
the Philippine Sea plate probably imposed a northerly
convergence at ca. 6 Ma (Figure 10a).

Basin development related to lopsided convergence

(5~3 Ma)

In contrast to the preceding stage, the early Pliocene is
characterized by the emergence of an enormous area of

extension and basin formation around the western part
of the MTL, including Beppu Bay (Itoh et al. 2013a, b).
As summarized by Itoh et al. (1998), N-S tensile stress
was dominant around the western part of SWJ. On the
other hand, the eastern part of SWJ was a site of strong
compression, accompanied by the collision of the Tanzawa
landmass (Niitsuma 1999) against the eastern forearc.
Between the disturbed ends of the island arc, the central
part of SWJ was free from strong deformation, and basin
formation was inactive throughout the period (Figure 10b).
Similar stress variations along the active trace of the MTL
were pointed out by Ikeda et al. (2009). Although they
attributed the deformation mode to counterclockwise
motion of the forearc sliver relative to the mother
continent based on GPS observations (Nishimura and
Hashimoto 2006), our geologic review has shown that
larger areas were involved in the tectonic episode
implying more regional motive force. We assume that
such a tectonic trend is related to lopsided subsidence,
namely a jump of the Euler pole of the Philippine
Sea/Eurasian plates.
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Expansion of the contractional domain (3 ~ 1 Ma)

The early Quaternary was an era of contractional deform-
ation around SWJ. The eastern part of the arc was under
a continued compressive regime, which provoked forma-
tion of a regional unconformity in the eastern forearc
around 3.0 ~2.5 Ma (e.g., Kameo et al. 2010; Kameo
and Sekine 2013). Watershed mountains simultaneously
emerged along the MTL in the central part of SWJ (Oka
1978; Oka and Sangawa 1981; Mizuno 1987), which was
succeeded by extensive deformation of the adjoining fore-
arc basin (Takano et al. 2009). As depicted in the isochron
map of the yellow horizon (Figure 6), the tension graben
around Beppu Bay in the western part of the island arc
became inactive and the basin architecture changed to be
under a transtensional/transpressional regime. Such tec-
tonic features (Figure 10c) may be related to continued
migration of the Euler pole of the Philippine Sea plate.

Dominance of simple shear deformation (1 Ma ~ present)
The latest change in the convergence mode is thought to
have occurred around 1 ~2 Ma. Nakamura et al. (1987)
described the submarine topography and shallow struc-
ture along the eastern forearc slope of SWJ and advo-
cated a counterclockwise shift (north-northwestward to
west-northwestward) of the convergent direction of the
Philippine Sea plate. Cessation of uplift of the watershed
mountain ranges (Oka 1978) and dominance of simple
shear deformation (Itoh and Takemura 1993) of mid-SW7J
are concordant with such a tectonic event. A change in
the plate motion around 1 Ma is also supported by
structural analysis of the convergent margin to the east
of Kyushu Island (Yamazaki and Okamura 1989). In
front of the thrusting forearc sliver and subducting
oceanic plate, Kyushu has been a site of lateral extrusion
(Itoh and Takemura 1994) and vigorous arc volcanism
(e.g., Nakada and Kamata 1991; Kamata et al. 1994).
Thus, the present convergence mode between the
Eurasian/Philippine Sea plates (Figure 10d) is regarded as
the latest temporal fluctuation.

Enhanced dextral motion on the MTL caused by the
accelerated oblique subduction has resulted in the recent
development of flower structures and the active subsid-
ence of a pull-apart basin in the Beppu Bay. The tectonic
epoch of the HVZ is expressed as a regional unconformity
on land and a conspicuous reflector (Yellow horizon) in
the bay at 0.7 Ma. As described in ‘Structural interpret-
ation and volumetric analysis’ section, the volume of the
Beppu Bay sediments above the horizon is nearly double
that of the lower unit, indicating a vigorous pull-apart
formation in a rather short period.

Conclusions
The authors recognized and traced conspicuous intra-basin
seismic reflectors around Beppu Bay, in the westernmost
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part of SWJ. Detailed analyses of the seismic data revealed
the following stratigraphic, structural, and neotectonic fea-
tures in the study area that are closely related to regional
tectonic regimes around SW7J.

1. Beppu Bay, located in the western portion of the
arc-bisecting dextral fault (MTL), is a tectonic
depression existing since ca. 5 Ma. Sediments burying
the basin are divided into lower (5 ~ 0.7 Ma), upper
(0.7 ~ 0.3 Ma), and an auxiliary uppermost
(0.3 Ma ~ present) units in ascending order.

2. Major subsurface structures in Beppu Bay are an
older half-graben under strong N-S extensional
regime and a younger pull-apart sag that developed
in a right-stepping part of the MTL as a result of
increased late Quaternary strike-slip rates on the
fault. Unconsolidated sediments within the
pull-apart are deformed by later inversion events.
The subsidence rate of the long-standing tectonic
depression has been diminishing as contraction
arose.

3. Conspicuous syn-faulting deformation of the
hanging wall of the low-angle detachment in the
deep basin interior was successfully reproduced by
numerical simulations. Based on a discrete element
method, this suggests that structural differences in
the deformed wedge are caused by differences in the
dip angles of the detachment faults and that the
study area was under strong N-S tensional stress
through the early stage of basin formation.

4. Remarkable temporal changes in the tectonic
regimes around Beppu Bay and other areas along
the island arc are probably related to transient
modes of convergence of the Philippine Sea plate
since ca. 6 Ma.
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