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Abstract

approximately 200 km parallel to the Nankai Trough.

We evaluated the influence of the trench-parallel component of plate motion on the active fault system within the
Nankai accretionary wedge from reflection seismic profiles, high-resolution seafloor bathymetry, and deep-towed
sub-bottom profiles. Our study demonstrated that a large portion of the trench-parallel component of oblique plate
subduction is released by strike-slip motion along a fault located just landward of and merging down-dip with a
mega-splay fault. The shallow portion of the splay fault system, forming a flower structure, seems to accommodate
dominant strike-slip motion, while most of the dip-slip motion could propagate to the trenchward décollement.
Numerous fractures developed around the strike-slip fault release overpressured pore fluid trapped beneath the
mega-splay fault. The well-developed fractures could be related to the change in stress orientation within the
accretionary wedge. Therefore, the strike-slip fault located at the boundary between the inner and outer wedges is
a key structure controlling the stress state (including pore pressure) within the accretionary prism. In addition, the
strike-slip motion contributes to enhancing the continuous mega-splay fault system (outer ridge), which extends for
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Background

At the Nankai Trough, the Philippine Sea Plate subducts
beneath the Eurasian Plate at a convergence rate of ap-
proximately 4.1 to 6.5 cm/year and at an azimuth of
300° to 315° (as indicated by the black arrows in Figure 1;
Seno et al. 1993; Ito et al. 1999; Miyazaki and Heki
2001). Because the trench-normal direction at the
Nankai Trough off Kii Peninsula is approximately 330°
to 345°, the convergence vector between these two plates
deviates approximately 15° to 45° counterclockwise from
the direction normal to the trough axis. This subduction
zone has repeatedly generated earthquakes in excess of
M8 (Ando 1975). From the coseismic region estimated
from seismic and tsunami inversions (e.g., Tanioka and
Satake 2001; Kikuchi et al. 2003), the mega-splay fault
off of Kumano, which branches upward from the plate-
boundary interface, may have experienced rupture dur-
ing the 1944 Tonankai earthquake (Figure 2; Park et al.
2002). The traces of the mega-splay fault on the seafloor
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are located at the transition zone that marks the seaward
limit of the forearc basin and separates the outer accre-
tionary wedge from the inner accretionary wedge (Figure 2;
Kimura et al. 2007). At the transition zone, the outer ridge
is well developed in the trench-parallel direction (Figure 1),
where we observe a remarkable topographic lineament
with a length of approximately 200 km (Park and Kodaira
2012). A recent drilling campaign of the Integrated Ocean
Drilling Program (IODP) used borehole breakouts and
core sample observations to show that the stress state
(i.e., principal horizontal stress orientation) changes across
the outer ridge (e.g., Tobin et al. 2009; Lin et al. 2010). Be-
cause the outer and inner wedges can behave differently
during an earthquake cycle (Wang and Hu 2006), the
transition zone functions as a stress boundary. Further-
more, the transition zone is a key region for evaluation of
the potential of coseismic rupture propagation close to the
trough axis, which may generate large tsunamis (Satake
1994; Gulick et al. 2011; Tsuji et al. 2013; Moeremans
et al. 2014). Recent studies based on high-resolution seismic
velocity and pore pressure distribution have demon-
strated that a deep mega-splay fault continues to the
seaward (trenchward) décollement and functions as a
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Figure 1 High-resolution seafloor topography of the Nankai Trough region off the Kii Peninsula. Red lines indicate the mega-splay fault
system including the wedge boundary strike-slip fault (WBSF) and trough axis. Yellow lines indicate the locations of the seismic reflection survey
lines shown in this paper. Black rectangles indicate the locations of the enlarged seafloor topography displayed in Figures 3a and 4a.
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detachment fault (Figure 2; Kamei et al. 2012; Tsuji
et al. 2014). Therefore, the function of the transition
zone between the inner and outer wedges in the sub-
duction system should be reconsidered.

Although the Philippine Sea Plate currently subducts
obliquely beneath the accretionary prism in the Nankai
Trough (Seno et al. 1993; Miyazaki and Heki 2001), it
had subducted perpendicular to the trench until ap-
proximately 2 to 4 Ma (Kimura et al. 2005; Takahashi
2006; Ikeda et al. 2009). The change in plate motion
reactivated some faults within the accretionary wedge as
strike-slip faults that could accommodate trench-parallel
shear strain due to the oblique plate subduction. The
Median Tectonic Line (MTL), located approximately
250 km landward from the trough axis, is well known as
a large strike-slip fault that releases trench-parallel shear
strain (Figure 1; Ikeda et al. 2009). A few recent studies
(Ashi et al. 2007; Martin et al. 2010) have demonstrated
that the lineament at the seaward edge of the Kumano
forearc basin (just landward of seafloor trace of the
mega-splay fault, see Figures 1 and 2) is the surface ex-
pression of an active strike-slip fault, and it can be inter-
preted to have resulted from strain partitioning. In other
words, a portion of the trench-parallel component of ob-
lique convergence is accommodated by the active right-

slip fault at the wedge-forearc boundary (i.e., the transi-
tion zone). Indeed, borehole breakout analysis has dem-
onstrated that the stress state within the accretionary
wedge is a strike-slip regime in the outer ridge region
(Chang et al. 2010). Because the strike-slip fault is lo-
cated at the transition zone between the inner and
outer wedges from the region off Shionomisaki to the
region off Kumano (Figure 2), we call the strike-slip
fault at the wedge boundary the ‘wedge boundary
strike-slip fault’” (WBSF) in this study. Moore et al
(2009) named this fault system in the Kumano basin
area (eastern side of our survey area; Figure 1) the
Kumano basin edge fault zone. At the Ryukyu margin,
the southern continuation of the Nankai Trough,
Dominguez et al. (1998) showed that a strike-slip fault
is developed at the outer ridge and that it accommo-
dates some of the lateral components of oblique plate
convergence.

Strike-slip motion within the accretionary wedge (e.g.,
along the WBSF) would influence the stress (and strain)
state and interplate earthquake mechanisms. However,
the degree of strain partitioning at the outer ridge has
not been well quantified. Furthermore, the role of the
strike-slip motion caused by oblique subduction in
the evolution and kinematics of seismogenic mega-
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Figure 2 Seismic profile, P-wave seismic velocity, normalized pore pressure ratio, and S-wave velocity anisotropy. (a) Seismic profile
across the Kumano transect (CDEX-3D). The locations of faults discussed in this paper (e.g,, WBSF) are described in this panel. A low reflectivity
zone occurs beneath the WBSF. (b) P-wave seismic velocity estimated from waveform tomography (WT; Kamei et al. 2012; Kamei et al. 2013)
overlaid on the reflection seismic profile. The seismic velocity shown in this figure is de-trended from the dominant 1D velocity-depth trend
defined in Kamei et al. (2013). Low P-wave velocity is observed within the accretionary prism beneath the WBSF. (c) Normalized pore pressure
ratio (Tsuji et al. 2014), defined by A" = (Ps — Pr)/(P- — Pne) where P. is the confining pressure, P is the pore pressure, and Py is the hydrostatic
pressure. Overpressure and well-developed fractures cannot be distinguished, as described in Tsuiji et al. (2014). (d) S-wave velocity anisotropy
(Tsuji et al. 2011a), defined by (Vsgast = Vesiow)/Vsfast Where Vg is the S-wave velocity for the fast-polarization direction and Vg is the velocity
for the slow-polarization direction. (e) S-wave velocity difference between trench-parallel direction Vi, and trench-normal direction Viy..

splay faults and in stress buildup within the accre- images and seafloor topography and evaluate the in-
tionary wedge has not been fully explored. In this fluence of the strike-slip fault on the stress state in the
study, we estimate the extent of the strike-slip mo- Nankai accretionary wedge and continuous mega-splay
tion along the WBSF by integrating seismic-derived  fault system.
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Methods and results

Seafloor bathymetry

The detailed seafloor bathymetry was produced from
SeaBeam multibeam echo sounder data that were ac-
quired during cruises YK01-04, YK02-02, and YK03-03
(Figures 1 and 3). We did not examine the seafloor
bathymetry of the Nankai Trough off Shikoku Island
(the western side of our study area) because the sea-
floor in this area, including the mega-splay fault sys-
tem, has been significantly deformed by seamount
subduction (Gulick et al. 2004). Our high-resolution
seafloor bathymetric map enabled us to trace the WBSF
as a remarkable seafloor lineament (denoted by the red
lines in Figure 1 and yellow arrowheads in Figure 3c).
The fault trace continues for approximately 200 km in
the trench-parallel direction and crosses a segmenta-
tion boundary between large interplate earthquake rup-
ture areas in the Nankai Trough off Cape Shionomisaki
(i.e., the boundary between the 1944 Tonankai earth-
quake and the 1946 Nankai earthquake rupture areas; Baba
and Cummins 2005).
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Shionomisaki Canyon was formed by deep erosion of the
accretionary complex and crosscuts the east—west trending
ridge structure (e.g., the outer ridge) (Figures 1 and 3).
From the seafloor bathymetry around Shionomisaki Can-
yon, we identified an offset approximately 6 km long of
the western sidewall (scarp) of the canyon (yellow dots in
Figure 3b), which is likely to have been produced by right-
lateral motion along the WBSF. Furthermore, the linea-
ment caused by WBSF activity can be clearly observed at
the bottom of the canyon (black arrow in Figure 3b). As
sedimentary flow along the canyon intensively erodes the
bottom and sidewalls of the canyon, the existence of the
lineament at the bottom of the canyon indicates recent ac-
tivity of the WBSF.

Along the length of the WBSE, a series of elongated
ridges and narrow closed basins, which are interpreted
to be pressure ridges and pull-apart basins, respectively,
are hence suggestive of strike-slip motion (Ashi et al
2007; Figure 1). At the trenchward edge of the forearc
basin off Kumano (around the WBSE), the outer ridge is
significantly developed (Figures 3c, 4a). High-resolution
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the sight angle of this figure.

Figure 3 Enlarged seafloor bathymetry, offset of the canyon sidewall, and 3D seafloor bathymetry. (a) Seafloor bathymetry around
Shionomisaki Canyon. The locations of cold seeps are denoted by the yellow star (Anma et al. 2011). (b) Offset of the canyon sidewall due to
strike-slip (yellow dots). (c) 3D seafloor bathymetry showing outer ridge and WBSF (yellow arrowheads). The red arrowhead in panel (a) shows
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Figure 4 Seafloor traces of the mega-splay fault, horizontal maximum stress and fracture orientations, and geometry of fault planes.
(a) Seafloor traces of the mega-splay fault at the outer ridge off Kumano. Red lines represent the landward-dipping splay faults and trough axis,
and blue lines represent the WBSF. The outer ridge is developed between splay fault and WBSF. The locations of cold seeps are denoted by
yellow stars (Ashi et al. 2002; Ashi et al. 2003). (b) Horizontal maximum stress orientation estimated from borehole breakout data (e.g, Lin et al.
2010) and fracture orientation estimated from OBS data (Tsuji et al. 2011a) and walk-around VSP data (Tsuji et al. 2011b). The horizontal principal

stress changes at the well-developed fracture band (red-colored area). (c) Geometry of the fault planes of the dominant shallow branched
mega-splay fault (seaward of WBSF) extracted from several 2D seismic profiles (ODKM-03).

seafloor bathymetry around the well-developed outer ridge
was collected by a deep-tow side-scan sonar “Wadatsumi’,
as shown in Figure 5 (Ashi et al. 2007). The high-
resolution seafloor bathymetry indicates the presence of
approximately 3.5- to 5-km-long linear depression land-
ward of the outer ridge (yellow arrows in Figure 5). This
depression is called ‘the notch’ (Martin et al. 2010). The
notch is tectonically controlled, as is evidenced by a sharp
linear fault scarplet developed in, or near the margin of,
the notch. By changing the sight angle of the high-
resolution bathymetric maps, we determined the strike of
the linear fault scarplet (yellow arrow in Figure 5b) and
the sense of dip slip along it; the clearest fault trace lo-
cated on the trenchward side of the pull-apart basin is
downthrown on the north. Such topographic characteris-
tics suggest that the notch is underlain by a negative
flower structure caused by active trans-tensile faulting at
depth (e.g., as discussed by Martin et al. 2010). However,
the structure of the outer ridge as a whole seems to be a
positive flower structure on a larger scale; therefore, the
trans-tensile nature could be local due likely to local
changes in the strike of the WBSF.

Seismic data

We used multi-channel seismic reflection data acquired
by 3D seismic surveys and also used several 2D seismic
surveys to delineate the mega-splay fault system in a
wide area of the Nankai Trough. The 3D seismic
data over the Nankai accretionary wedge off Kumano
(Figure 2a) were acquired by M/V Nordic Explorer in 2006
(Moore et al. 2009). The 12 km x 56 km survey area in-
cluded both the inner and outer wedges. We applied 3D
prestack depth migration to the 3D seismic data using a
tomography-based approach. Because the seafloor mul-
tiple overlapped the structures of the transition zone (or
outer ridge), the strong seafloor multiples were attenuated
before migration processing. Detailed information about
the data acquisition and processing procedures is de-
scribed in Moore et al. (2009). To characterize the stress
state and fractures around the transition zone, we further
referred to P-wave velocity derived from waveform tomog-
raphy (Figure 2b; Kamei et al. 2012, 2013, 2014), pore
pressure distribution (Figure 2c¢; Tsuji et al. 2014), fast
S-wave velocity anisotropy (Figure 2d), and S-wave vel-
ocity difference between the trench-parallel direction and
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Figure 5 High-resolution seafloor topography derived from deep-tow side-scan sonar ‘Wadatsumi’. (a) Map view of the high-resolution
seafloor topography. Yellow arrows indicate seafloor traces of the strike-slip fault. Red lines indicate survey lines of the sub-bottom profiler. In

trench-normal direction (Figure 2e; Tsuji et al. 2011a). As
abnormal pore pressure estimated from seismic velocity
(Figure 2d) cannot be distinguished from open fractures
(Tsuji et al. 2014), the estimated overpressured region has
the potential to represent well-developed fractures.

To characterize the mega-splay fault system along
its strike, we used several 2D seismic reflection data
acquired across the mega-splay fault system. We used
seismic data from two multi-channel seismic reflection
surveys conducted by the R/V Kairei of JAMSTEC:
KR0114 and KR0211 (yellow lines in Figure 1; Figure 6).
These surveys employed an airgun array with a volume
of approximately 200 L (12,000 in®) fired at 50-m inter-
vals and an approximately 5-km-long streamer with
204 receivers. We also used 2D multi-channel reflection
data acquired during cruise ODKM-03 by the R/V Polar
Princess in 2003, which employed a tuned airgun array
with a total volume of approximately 70 L (4,240 in®)
fired at 50-m intervals and a 6-km-long streamer with
480 channels. Data processing for the 2D seismic

reflection data involved filtering, velocity analysis, stack-
ing, deconvolution, and post-stack migration (Yilmaz
and Doherty 2001). These 2D seismic profiles show the
geological structures of the accretionary prism (inner
and outer wedges) off Kumano (ODKM-B; Figure 6a),
Cape Shionomisaki (KR01-14-1; Figure 6e), and their
intermediate zone (KR02-11-d1; Figure 6¢).

The deeper part of the mega-splay fault system (>6 km
below the seafloor) is well defined as a prominent single
reflector on the analyzed seismic profiles off Kumano, as
shown in Figures 2 and 6a,b (Park et al. 2002; Tsuru et al.
2005; Bangs et al. 2009; Moore et al. 2009). The seismic
velocity derived from waveform tomography (Figure 2b)
demonstrates that the footwall of the deep mega-splay
fault has low P-wave velocity due mainly to an overpres-
sured state and a lithology difference (Figure 2¢; e.g., Tsuji
et al. 2014). On the other hand, the deep mega-splay fault
seems to branch trenchward from beneath the WBSE, but
it becomes less reflective (Figure 2a) and has lower vel-
ocity contrast around the outer ridge (Figure 2b; Kamei
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Figure 6 Three seismic profiles showing the WBSF and their interpretations. Original seismic reflection profiles of (a) ODKM-Line B,
(c) KRO2-11-d1 and (e) KRO1-14-1. The locations of these seismic profiles are displayed in Figure 1. In the interpretation profiles (b, d, f), red
hatched areas denote slope sediment. Yellow areas denote the accretionary wedge. Gray areas denote subducting oceanic crust.
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et al. 2012). Therefore, it is difficult to identify the geom-
etry of the shallower part of the mega-splay fault system.
In this study, we determined the detailed 3D geometries
of the shallower parts of the branched faults from a
dense 2D seismic profile (ODKM-03) partially using
phase information from seismic signals (i.e., instantaneous
phase; Taner et al. 1979; Tsuji et al. 2005). The extracted
fault geometry is discontinuous and en echelon with
faults branching trenchward from beneath the outer ridge
(Figure 4a,c). These shallow discontinuous splay faults
seem to merge into the deeper, single mega-splay fault at
the transition zone (Figure 2). The WBSF could not be im-
aged clearly on the multi-channel seismic profiles, likely
because the heterogeneous geological structures including
fractures exclude coherent reflection events and because
the dip angle of the WBSF is probably too steep to be im-
aged. The WBSF seems to form a flower structure (Ashi
et al. 2007; Martin et al. 2010), although the relationship
between the WBSF and the mega-splay thrust fault cannot
be clearly revealed from reflection seismic profiles. Be-
cause the WBSF exists parallel to and close to the shallow
branched mega-splay thrust fault, it seems likely that the
WBSF and the mega-splay fault merge down-dip at the
transition zone (black arrows in Figure 2).

The characteristics of the mega-splay fault and WBSF
change at a point off Cape Shionomisaki (Figure 6¢,e),
where the WBSF intersects the rupture segment bound-
ary between the 1944 Tonankai and 1946 Nankai earth-
quakes. However, the lineament associated with the
WBSF exists continuously across the segment boundary.
Off Cape Shionomisaki, the mega-splay fault does not
have strong reflection amplitude, which indicates that
the splay fault is not a well-developed boundary of pore
pressure or lithology (Figure 6c¢,e). Instead, steeply dip-
ping faults branch directly from the basal décollement
that developed close to the sediment/crust interface, and
it is difficult to distinguish the splay fault from the
WBSE. Thus, it seems likely that the shallow branched
splay fault itself has a strike-slip component and func-
tions as the WBSF off Cape Shionomisaki (Figure 6d,f).

Deep-tow sub-bottom profiler

To reveal shallow geological structures associated with the
WBSE, we acquired high-resolution profiles of sub-seafloor
structures using a deep-tow sub-bottom profiler (Figure 7).
Because a conventional sub-bottom profiler attached to a
ship could not capture the detailed structures around the
shallow part of the mega-splay fault system, we attached
the sub-bottom profiler to a remotely operated vehicle
(ROV). The ROV surveyed the pull-apart basin from a
height of approximately 10 m above the seafloor (red lines
in Figure 5a). The vertical resolution of these profiles is es-
timated at 10 to 15 cm, which is significantly higher than
the resolution of conventional sub-bottom profilers.
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The high-resolution profiles show detailed geological
structures (e.g., strata and minor faults) across the pull-
apart basin (Figure 7). The sedimentary sequence in the
central part of the pull-apart basin (Figure 7c) is not sig-
nificantly disturbed by faulting. Instead, the sedimentary
sequence in the pull-apart basin laps onto the tren-
chward slope.

On the other hand, we observed deformation features
associated with activity of the WBSF in the trenchward
slope of the basin (Figure 7d). Because the reflectors
showing layered structures are discontinuous in the
horizontal direction, the sedimentary sequence is dis-
rupted by several minor faults (denoted by red lines in
Figure 7d). This fault trace is consistent with a seafloor
lineament observed on the high-resolution seafloor ba-
thymetry (denoted by the yellow arrow in Figure 5).
Therefore, the lineament in the trenchward slope of the
basin was caused by recent fault activities.

Discussion

Strike-slip rate at the WBSF

In this section, we approximately estimate the slip rate
of the WBSF from the offset of Shionomisaki Canyon
(Figure 3). First, we estimate a minimum rate of slip.
The 6-km offset of the western sidewall of the canyon
was caused by the cumulative right-slip on the WBSF. It
is evident that the channel offset has been increasing
progressively by incision of the continental slope since
Shionomisaki Canyon was established. Therefore, the
maximum age of the canyon offset is the age when the
accretionary wedge front was at the present-day offset
point. By considering the growth rate of the accretionary
prism calculated mainly from the shape of the prism
imaged on seismic profiles (Figures 2 and 6) and the
thickness of incoming sediment (Westbrook 1994), we
can approximately calculate the depositional age of the
accretionary prism at the offset point at 20 km distance
from the trough axis as 1.7 Ma. Anma et al. (2011) stud-
ied seafloor outcrop samples of the accretionary wedge
at the offset region and estimated the depositional age
at approximately 2 Ma (yellow star in Figure 3a). The
present mega-splay fault off Kumano was initially a
frontal thrust at 1.95 Ma (Strasser et al. 2009). These
ages give the maximum age of the channel offset; there-
fore, the minimum rate of strike-slip along the WBSF
can be calculated as approximately 3 mm/year by divid-
ing the offset length by the age (=6 km/2 Ma). Because
this rate is a minimum value, we estimate a more realis-
tic slip rate using other information as follows.

Another estimation can be made on the basis of the
local sedimentation rate. The seismic reflection profile
across the offset region shows that a deep piggy-back
basin has developed beneath the offset channel on the
downthrown side of the mega-splay fault (Figure 6e,f).
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Figure 7 Profiles derived from the deep-tow sub-bottom profiler. (a, b) High-resolution profiles across the Notch. Yellow triangles indicate
the lineament associated with the WBSF. Locations of these profiles are displayed in Figure 5a. (¢, d) Enlarged profiles of the basin structure
(notch) and the seafloor trace of the interpreted strike-slip fault, respectively.
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The thickness of the basin fill derived from the upper
slope is approximately 1,000 m. The lower part of the
basin fill becomes progressively tilted landward with
depth (Figure 6f), while the upper basin fill (lying un-
conformably on the lower basin fill) does not. This indi-
cates that the lower basin fill is coeval with, and the
upper basin fill post-dates, activity of the trenchward
imbricate thrust fault. On the other hand, the mega-
splay fault system has likely been active throughout the
deposition of the basin fill because the basin-fill strata
thicken toward and terminate against the mega-splay

fault system. The deposition rate of the slope sediment
in this piggy-back basin has not been estimated, but
it could be high because of the considerable amount
of sediment that can be supplied from Shionomisaki
Canyon, which is one of the major supply routes of ter-
restrial sediment. Using the depth of the slope sediment
beneath the offset deposits (1,000 m) at the landward
side of the trough axis, the average deposition rate of the
slope sediment can be estimated to be greater than
0.5 mm/year by dividing the sediment thickness (ap-
proximately 1,000 m) by the age of the accretionary
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prism (approximately 2 Ma). Because the height of the
channel wall (scarp) of the canyon at the offset point is
approximately 150 m and because the present canyon
center is almost the same depth (approximately 200 m
deeper than the surrounding seafloor; Figure 3), the off-
set floor did not receive significant sediment during the
6-km strike-slip movement. To preserve the 150-m
scarp of the previous canyon wall at 6 km from the can-
yon center with the high sedimentation environment
(>0.5 mm/year), the WBSF would have had to slip 6 km
in less than approximately 0.3 Ma (=150 m/0.5 mm/
year). Therefore, we can approximately estimate the slip
rate as 20 mm/year (=6 km/0.3 Ma). Although our esti-
mation of the slip rate based on several assumptions
(e.g., local sedimentation rate) contains large error, the
slip rate of the WBSF is of similar order with the plate
convergence rate. The slip rate would be faster than
that of the landward MTL (approximately 5 mm/year),
which is a large strike-slip fault that partitions oblique
Philippine Sea Plate motion west of the Kii Peninsula
and Shikoku Island (Ikeda et al. 2009).

The convergence vector between the Philippine Sea
Plate and the Eurasian Plate deviates by approximately
35° to 50° counterclockwise from the perpendicular to
the trench off Cape Shionomisaki (arrow in Figure 1;
Seno et al. 1993; Miyazaki and Heki 2001). If the WBSF
accommodates all the trench-parallel component of rela-
tive plate motion, then the rate of strike-slip on the
WBSF would be 38 + 12 mm/year in the offset region off
Cape Shionomisaki. Therefore, our slip rate estimation
(approximately 20 mm/year) suggests that the WBSF at
the outer ridge releases a large portion (approximately
52%) of the trench-parallel component of plate motion.

The change in the subduction direction of the Philippine
Sea Plate could influence our slip rate estimation
(described above). The Philippine Sea Plate was sub-
ducting beneath the Japanese islands in the NNW direc-
tion at 15 Ma (Seno and Maruyama 1984; Takahashi 2006);
this direction differs from the current plate motion direc-
tion (Miyazaki and Heki 2001; Ide et al. 2010). The
time of the change in subduction direction has not
been determined precisely, but it was probably between
2 and 4 Ma (e.g., Kimura et al. 2005; Takahashi 2006;
Ikeda et al. 2009). Therefore, the slip rate estimated in
this study (approximately 20 mm/year) is not influenced
by the change in plate subduction direction.

Within the Kumano forearc basin sediment on the
landward side of the WBSF, there does not appear to be
a continuous strike-slip fault (Gulick et al. 2010). There-
fore, the strike-slip motion has not been significant at
the inner wedge area since the construction of the
Kumano basin (approximately 2 Ma). Shear wave split-
ting analysis along the Kumano transect (Tsuji et al.
2011a) shows the highest seismic anisotropy around the
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WBSF (approximately 4%; Figure 2d), and the fast
polarization of shear waves is in the trench-parallel dir-
ection (i.e., the strike of the WBSF; Figure 2e and yellow
bars in Figure 4b). This seismic anisotropy suggests that
fractures with trench-parallel orientations are well devel-
oped from the outer ridge to approximately 10 km land-
ward of the WBSF (red zone in Figure 4b). The shallow
overpressured zone (or lower velocity zone; Kamei et al.
2012; Tsuji et al. 2014) in the accretionary prism beneath
the WBSF could also reflect the presence of open frac-
tures or extensional faults around the WBSF (Figure 2c).
Therefore, the strike-slip fault with intensive fractures
could be observed only around the WBSF within our
study area.

Influence of strike-slip faulting on the stress state within
the accretionary wedge
The strike-slip motion and well-developed fractures
along the WBSF must be related to the stress state (in-
cluding pore pressure) within the accretionary wedge.
The deep mega-splay fault landward of the transition
zone off Kumano has been imaged as a single reflector
with strong reflection amplitude (Figure 2; Park et al.
2002; Bangs et al. 2009), indicating a large contrast in
seismic velocity (Tsuji et al. 2006; Kamei et al. 2012),
which in turn originates from large pore pressure con-
trast or difference in lithology. Overpressured fluid may
be trapped by a low-permeability barrier along the deep
mega-splay fault (e.g., Brown et al. 1994). On the other
hand, the mega-splay fault branches into several fault
planes on the seaward side of the transition zone
(Figures 2 and 6), and the reflection amplitudes of the
shallow splay faults are lower. Therefore, the pore pres-
sure contrast or total displacement along the shallower
thrusts should be small compared with the deep mega-
splay fault. Fault branching may be related to the decreas-
ing pore pressure contrast. These intensive fractures along
the WBSF could release the overpressured pore fluid
trapped by the low-permeability barrier along the mega-
splay fault. Indeed, we found several cold seepages at
the seafloor traces of the mega-splay fault and WBSF
(Figures 3a and 4a; Ashi et al. 2002; Ashi et al. 2003; Toki
et al. 2004; Anma et al. 2011), suggesting leakage of over-
pressured fluid along the well-developed fractures.
Borehole breakouts and core sample observations have
revealed the change in the stress state (principal hori-
zontal stress orientation) across the WBSF off the
Kumano area (e.g., Tobin et al. 2009; Lin et al. 2010;
Figure 4b). The maximum principal horizontal stress is
perpendicular to the trench seaward of the WBSF and
parallel to it landward of the WBSE, and it changes again
further landward to become nearly parallel to plate con-
vergence (red bars in Figure 4b). Therefore, the principal
stress is locally oriented in the trench-parallel direction
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around the WBSF (red zone in Figure 4b). These varia-
tions in stress orientation could be hypothetically ex-
plained by static stress variations during the earthquake
cycle (i.e., dynamic Coulomb wedge theory; Wang and Hu
2006). In addition to this interpretation, the stress change
could be partially influenced by strain partitioning because
strike-slip motion on the WBSF would release trench-
parallel shear stress of the outer wedge caused by oblique
plate subduction. Therefore, the strike-slip motion realizes
the trench-normal principal horizontal stress in the outer
wedge (e.g., Site C0001) and inner wedge (Site C0009).

It is difficult to explain the drastic change (approxi-
mately 90°) in stress orientation within the short dis-
tance around the WBSF (approximately 10 km; red bars
in Figure 4b) because the continuous lithology does not
allow significant change in principal stress orientation
within a short distance (does not allow change in
trench-normal stress). Although this anomalous stress
state at the WBSF cannot be clearly explained, we have
some interpretations as follows. At the seaward edge of
the Kumano forearc basin (i.e., transition zone), the ac-
cretionary prism is locally bent (Figure 2). The surface of
the inner accretionary wedge beneath the forearc basin
has a landward dip of approximately 2°, whereas the
outer wedge has a seaward dip of approximately 5°. The
local bending of the accretionary prism generates exten-
sional stress within the shallow accretionary prism at the
transition zone. Gravitational instability of such a bathy-
metric high at the transition zone may further generate
extensional stress. The extension originates open frac-
tures oriented in the trench-parallel direction, as esti-
mated by seismic anisotropy (Figure 2d,e). The pore
pressure distribution, which is also interpreted as frac-
ture intensity (Figure 2¢; Tsuji et al. 2014), further sug-
gests that open fractures are distributed widely around
the WBSF. The apparent fracture zone around the
WBSF mechanically divides the accretionary wedge into
outer and inner wedges and may function as a stress
(and strain) boundary within the accretionary prism.

Furthermore, studies on dislocation fault models have
indicated that stress discontinuity across a fault can
occur where slip decreases or increases along the fault
plane (e.g., Maruyama 1969). Conversely, if slip is uni-
form over the fault, then the stress field is continuous
across it. Moreover, from analogy with the dislocation
theory, the changes in slip (i.e., distributed dislocation)
produce stress concentration on the fault plane (e.g,
Maruyama 1969), which would result in plastic deform-
ation or the development of a fracture zone along the
fault. Therefore, the significant stress change could occur
at the intensive fracture zone along the WBSF. Further-
more, a stress anomaly could occur at the edge of the
coseismic deep mega-splay fault if coseismic rupture from
the deep mega-splay fault is abruptly terminated there.
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Although we have some other interpretations for the sig-
nificant change in stress orientation (e.g., extension at the
hanging-wall side of the seismogenic fault), but cannot
clarify a dominant mechanism, future deep drilling could
provide new insights into the abrupt change in stress state.
On the seismic profile off Cape Shionomisaki, on the
other hand, the accretionary wedge is not significantly
bent, but is separated by a deep piggy-back basin filled with
thick slope sediments on the seaward side of the WBSF
(Figure 6d,f). The strike-slip motion off Cape Shionomisaki
is larger than that off the Kumano region because of the
smaller angle between the strike of the WBSF and the
subduction direction. Although the stress state off Cape
Shionomisaki has not been measured directly, the stress
(and strain) discontinuity across the WBSF could be en-
hanced by the marked change in rock properties due to soft
slope sediment and many dislocation planes (fractures).

Strike-slip motion of the continuous mega-splay fault system
Discontinuous and branching characteristics are ob-
served in the shallower part of the splay fault on the
trenchward side of the outer ridge (Figures 4c and 6).
Thrust faults generally have discontinuous features along
strike and generally change geometry over time (e.g.,
Yamada et al. 2013) as the result of processes such as
segment linkage (Cartwright et al. 1995), propagation
across barriers (Ellis and Dunlap 1988), and subsequent
deformation after fault formation (e.g., Yamada et al.
2006). However, the mega-splay fault system as a whole
(including the WBSF) continues for as long as 200 km
in an east—west direction along the trench axis and func-
tions as a transition zone between the inner and outer
accretionary wedges (Figures 1 and 3c). Such good con-
tinuity of the mega-splay fault system could be explained
by strike-slip motion along the WBSF caused by oblique
plate subduction. After the mega-splay fault was initiated
and the Coulomb wedge was allowed to thicken, the
later strike-slip motion emphasized the continuous
mega-splay fault in the trench-parallel direction. Analog
experiments related to the subduction process demon-
strate that strike-slip faults that are continuous for a
long distance, like the WBSE, tend to develop in oblique
subduction regimes (e.g., Martinez et al. 2002). The con-
tinuous mega-splay fault system enhanced by strike-slip
motion and its down-dip extension could be the source
of a large interplate earthquake, the rupture area of
which may extend across the segment boundary between
the 1944 Tonankai and 1946 Nankai earthquakes (Park
and Kodaira 2012).

Although the WBSF potentially has large strike-slip
displacement (approximately 52% of strain partitioning),
the slip partition of the shallow portion of the mega-
splay fault on the trenchward side of the outer ridge
is only approximately 1.5% to 2.5% of the total plate
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convergence in the dip direction (Kimura et al. 2011).
The lower contribution of strain partitioning for the dip
direction suggests that most of the dip-slip component
along the deep mega-splay fault propagates to the sea-
ward décollement or produces internal deformation of
the accretionary wedge. Indeed, a seismic velocity con-
trast (or pore pressure contrast) is not observed on the
shallow splay fault, whereas a low-velocity zone is ob-
served widely beneath the WBSF and can be interpreted
as a well-developed fracture (Figure 2a; Tsuji et al
2014). Therefore, the dominant slip mechanism of the
shallow portion of the mega-splay fault system around
the outer ridge, including the WBSF, could be strike-slip,
especially off Cape Shionomisaki where the trench-
parallel component is dominant. From seafloor bathym-
etry, the WBSF and the outer ridge as a whole could be
interpreted to be a positive flower structure (Figure 8).
The en echelon shallow branched thrusts extracted from
seismic data (Figure 4c) can be interpreted as part of
this positive flower structure (Figure 8). Because positive
flower structures typically include thrusts with minor
displacement surrounding a main strike-slip fault (e.g.,
Hornafius et al. 1986; Murphy and Fuis 2010) and be-
cause the shallow splay fault was much more active in
the past (approximately 2 Ma), only dip-slip features are
observed in core samples of the shallow branched mega-
splay fault (Ashi et al. 2008).
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At plate convergent margins, where the trench-parallel
component of plate motion is dominant (e.g., the Sumatra
subduction zone; McCaffrey et al. 2000; Subarya et al.
2006), long, continuous strike-slip faults in the trench-
parallel direction develop mainly because (1) a strike-slip
fault tends to be linear and continuous along the strike,
based on the simple geometrical postulate that a fault
plane should be smooth in the slip direction, and (2) rup-
ture energy along a steep strike-slip fault is lower than that
along a reverse fault with a low dip angle (and large rup-
ture plane) (Woodcock 1986). Therefore, the WBSF has
played an essential role in the evolution of the long and
continuous mega-splay fault (outer ridge) system as well
as in strain partitioning in the plate convergent zone.

Conclusions

We characterized a strike-slip fault associated with ob-
lique subduction from reflection seismic profiles, sea-
floor bathymetry, and deep-towed sub-bottom profiles in
the Nankai Trough off the Kii Peninsula. The results
provide new insights into the influence of strike-slip mo-
tion on mega-splay fault systems.

Our primary conclusions follow:

(1) From the seafloor bathymetry of Shionomisaki
Canyon, we could approximately estimate the
strike-slip rate along the WBSF. The majority of

! ]

Inner Wedge |

well-developed fracture zone.

i{!ox*

Lan
dward Oceanic crust

Figure 8 Schematic image of the WBSF region (or transition zone from inner wedge to outer wedge). The blue region indicates the

‘-7|4.EHT

Outer wedge (imbricate thrusts)

Seawarg




Tsuji et al. Earth, Planets and Space 2014, 66:120
http://www.earth-planets-space.com/content/66/1/120

strain due to the oblique subduction is released at
the WBSF.

(2) The strike-slip motion caused by oblique plate
subduction could have contributed to the generation
of the continuous mega-splay fault system in the
trench-parallel direction.

(3) Overpressured fluid is released at the well-developed
fracture zone along the WBSE, suggesting that
several faults could be branched at the seaward side of
the WBSE.

(4) The horizontal principal stress changes completely
within the intensive fracture zone along the WBSF
off the Kumano area.

(5) The shallower portion of the mega-splay fault
system including the WBSF could function mainly
as a strike-slip fault. The majority of dip slip could
propagate from the deep mega-splay fault of the
inner wedge to the seaward décollement of the
outer wedge.
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