
Geophys. J. Int. (2021) 226, 131–145 doi: 10.1093/gji/ggab093
Advance Access publication 2021 March 09
GJI Seismology

Seismicity around the trench axis and outer-rise region of the
southern Japan Trench, south of the main rupture area of the 2011
Tohoku-oki earthquake

Koichiro Obana , Gou Fujie , Yojiro Yamamoto , Yuka Kaiho, Yasuyuki Nakamura ,
Seiichi Miura and Shuichi Kodaira
Research Institute for Marine Geodynamics (IMG), Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Yokohama 236-0001, Japan.
E-mail: obanak@jamstec.go.jp

Accepted 2021 March 5. Received 2021 February 25; in original form 2020 October 2

S U M M A R Y
The 2011 Mw 9.0 Tohoku-oki earthquake ruptured the subduction megathrust fault in the
central Japan Trench. We investigated the aftershock activity in the southern Japan Trench to
the south of the main rupture area using ocean bottom seismographs deployed both landward
and seaward of the trench. In the trench-outer rise region seaward of the trench axis, we
identified several ∼100-km-long linear earthquake trends both parallel and oblique to the
southern Japan Trench. The earthquake trend oblique to the southern Japan Trench is a
southward extension of the trench-parallel linear earthquake trend in the central to northern
Japan Trench. The trench-parallel normal-faults in the trench-outer rise region could extend
linearly, despite the change of the trench strike from N–S to NNE–SSW to the south of the main
rupture area. Normal-faults oblique to the trench should be considered as substantial parts of
large intraplate normal-faulting earthquakes. In addition, intraplate seismicity coinciding with
the lower velocity oceanic mantle suggest that the structure heterogeneity would be indicative
of normal-faults extending into the mantle. In the trench landward area, earthquake activity
showed along-trench variations. Earthquakes along the shallow megathrust interface near the
trench were observed south of 37◦N. These shallow near-trench regular earthquakes, which
are located close to the episodic tremors and temporally correlated with the tremor activities,
suggest that the afterslip on the plate interface likely extended to the shallow plate interface
close to the trench axis. Smaller spatial scale structure heterogeneity, such as the thickness
variation in the channel-like low-velocity sedimentary unit, likely relate to the proximity of
the regular earthquakes and slow slip which results in the formation of diverse slip behaviours
in the shallow subduction zone of the southern Japan Trench.

Key words: Japan; Pacific Ocean; Seismicity and tectonics; Dynamics: seismotectonics;
Subduction zone processes.

1 I N T RO D U C T I O N

The 2011 Mw 9.0 Tohoku-oki earthquake is a megathrust earth-
quake that ruptured the subduction zone along the Japan Trench,
where the Pacific Plate subducts beneath northeast Japan with a
convergence rate of approximately 9 cm yr–1 (Argus et al. 2011).
This earthquake is characterized by large coseismic slip along the
plate boundary fault reaching the trench axis (e.g. Fujiwara et al.
2011). The analyses of seismic and geodetic observations show that
coseismic slip ≥50 m occurred on the shallow (depth ≤ 20 km)
subduction thrust fault in the central Japan Trench around 38◦N,
and the main rupture area with a large coseismic slip of more than

20 m extended between 37◦N and 39◦N along the trench (e.g. Yagi
& Fukahata 2011; Iinuma et al. 2012, Fig. 1).

Following the 2011 Tohoku-oki earthquakes, aftershocks and
post-seismic deformations were observed along the Japan Trench.
In the main rupture area of the central Japan Trench, there were few
interplate thrust-faulting aftershocks (Asano et al. 2011; Nakamura
et al. 2016). Seafloor geodetic observations using GPS-acoustic
techniques showed westward (landward) movement (Tomita et al.
2017; Honsho et al. 2019, Fig. 1). Understanding the geometry of
the plate interface is important for evaluating the contribution of
the afterslip on the deeper part of the megathrust zone (Barbot
2020), but the westward movement is generally explained by
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Figure 1. Map showing the survey area along the Japan Trench. Open and solid inverted triangles indicate locations of conventional type and ultra-deep-type
OBSs, respectively. Only 34 recovered OBSs are indicated. Dotted and solid red lines are the 20- and 50-m contours of coseismic slip distribution of the 2011
Tohoku-oki earthquake (Iinuma et al. 2012). Dashed brown contours indicate afterslip distribution of the 2011 Tohoku-oki earthquake from April to December
2011 at 0.4-m intervals (Iinuma et al. 2016). Focal mechanisms of M7-class earthquakes after the 2011 Tohoku-oki earthquake until December 2019 taken
from the global CMT solutions (Dziewonski et al. 1981; Ekström et al. 2012) are indicated. Arrows are horizontal displacement rates relative to the North
American Plate (Honsho et al. 2019). Yellow rectangle is the area of the aseismic wedge inferred from the OBS observations in central Japan Trench (Obana
et al. 2013). The green dashed line is the structure boundary in the overriding plate by Bassett et al. (2016). Purple area indicates the tremor activities by
Ohta et al. (2019). The green and orange rectangle is the source area of the 1896 Meiji-Sanriku Tsunami (Tanioka & Satake 1996) and 1933 Showa-Sanriku
earthquakes (Kanamori 1971), respectively. The dashed black line indicates the Japan Trench axis. The inset is a regional map of the Japan Trench with a
convergence vector of Pacific Plate relative to northeast Japan (Argus et al. 2011).

post-seismic viscoelastic relaxation following the 2011 earthquake
(Sun et al. 2014; Agata et al. 2019). In addition, several large
M7-class intraplate normal-faulting earthquakes, including the Mw

7.6 earthquake 40 min after the 2011 Tohoku-oki earthquake, oc-
curred in the trench-outer rise region of the central Japan Trench
(Fig. 1).

In contrast, post-seismic deformation and aftershocks in the
southern Japan Trench (south of 37◦N) are marked by interplate

aftershocks with thrust-faulting focal mechanisms (Asano et al.
2011; Nakamura et al. 2016). These interplate aftershocks are likely
related to stress concentrations due to the large coseismic slip during
the 2011 Tohoku-oki earthquake and the post-seismic slip in the sur-
rounding region. In addition, eastward (seaward) movement in the
southern Japan Trench has been observed by post-seismic seafloor
geodetic measurements, which is the opposite to the movement ob-
served in the central Japan Trench, indicating an afterslip on the
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shallow plate interface in the southern Japan Trench (Sun & Wang
2015; Iinuma et al. 2016, Fig. 1). East of the trench axis, normal-
faulting aftershocks occurred along the Japan Trench between 36◦N
and 40◦N based on onshore seismic station observations (Asano
et al. 2011; Nakamura et al. 2016). The normal-faulting aftershocks
seaward of the trench have a strong relation to the coseismic slip in
the shallow part of the megathrust interface near the trench (Sato
et al. 2012; Sladen & Trevisan 2018).

The earthquake distribution and focal mechanisms after the 2011
Tohoku-oki earthquake have been investigated from seismicity ob-
servations using ocean bottom seismographs (OBSs) deployed on
both the landward and seaward slopes of the central Japan Trench
(Obana et al. 2012, 2013, 2014, 2019). The near-trench seismic-
ity landward of the central Japan Trench is characterized by the
aseismic wedge, which is a 40–50-km-wide region at the toe of the
overriding plate, coinciding with the large (>50 m) coseismic slip
area of the 2011 Tohoku-oki earthquake (Obana et al. 2013, Fig. 1).
In the aseismic wedge, few earthquakes have been observed within
the overriding plate and along the plate interface. The aseismic
wedge coinciding with the source area of the 1896 Meiji-Sanriku
Tsunami earthquake, which ruptured the shallow part of the sub-
duction plate interface near the trench (Tanioka & Satake 1996),
has also been shown by the OBS observations in the northern Japan
Trench (Obana et al. 2018). Apart from the aseismic wedge, active
seismicity within the incoming/subducting Pacific Plate has been
observed in the trench-outer rise region in the central Japan Trench
(Obana et al. 2012, 2013, 2014, 2019). These intraplate earthquakes
showed a predominance of normal-faulting focal mechanisms down
to a depth of approximately 40–50 km. Most of the intraplate
earthquakes seaward of the trench occurred along roughly trench-
parallel linear trends coinciding with horst and graben structures
(Obana et al. 2012, 2019), which are the topographic expressions of
normal-faults developed by the bending of the incoming/subducting
Pacific Plate (e.g. Nakanishi 2011). However, detailed earthquake
activities post Tohoku-oki earthquake in the trench-outer rise re-
gion of the southern Japan Trench have not been investigated by
near-field observations using OBSs. Previous OBS observations
in the southern Japan Trench were mainly conducted in the west
of the trench, at water depths shallower than 6000 m (Shinohara
et al. 2005, 2012; Ohta et al. 2019). Mizuno et al. (2009) had con-
ducted OBS observations east of the trench, but this was prior to
the 2011 Tohoku-oki earthquake and used a limited number of the
OBSs.

The tectonic environment in the southern Japan Trench is dif-
ferent from that in the central Japan Trench. The Joban seamount
chain is in the trench-outer rise region of the southern trench (Fig.
1), and previous active seismic studies have imaged subducted
seamounts beneath the trench landward slope (Mochizuki et al.
2008; Nishizawa et al. 2009). Furthermore, a thick channel-like low-
velocity sedimentary unit, likely related to the subducted seamounts,
has been imaged by multichannel seismic surveys (Tsuru et al.
2002). Mechanical and hydrological effects of seamount subduc-
tion are supposed to generate spatial variations in tectonic loading,
sediment consolidation and stress state, and affect the distribution
of regular earthquakes and aseismic or slow slip in the subduction
zone (Sun et al. 2020). In addition to the seamount subduction,
the strike of the trench axis, which is oriented NNE–SSW in the
southern Japan Trench, is different from the N–S oriented trench
strike in the central and northern Japan Trench (Fig. 1). This change
in the trench strike might affect the intraplate earthquake activities
in the trench-outer rise region, which align roughly parallel to the
trench axis (Obana et al. 2012, 2018). In the trench landward slope,

Bassett et al. (2016) identified a southwest–northeast-striking up-
per plate structure boundary (forearc segment boundary, Fig. 1)
and used gravity modeling to reveal that density increases towards
the north. Based on the correlation of the forearc segment bound-
ary with slip behaviours of the plate interface, such as the large
coseismic slip of the 2011 Tohoku-oki earthquake, distribution of
historical large (M > 7) earthquakes, and inter-/post-seismic defor-
mations, it is suggested that along-trench variations in seismogenic
behaviour is affected by the upper plate structure.

Herein, we report the seismicity near the trench axis to the outer-
rise region of the southern Japan Trench, south of the main rupture
area of the 2011 Tohoku-oki earthquake, based on the OBS obser-
vations. The OBSs were deployed in the trench-outer rise region
including the shallow subduction zone near the trench. Although
near-field seafloor geodetic data is important to resolve slips in the
shallow subduction zones near trenches (Sathiakumar et al. 2017),
the seafloor geodetic network installed along the Japan Trench is not
sufficient to resolve the post-seismic slip after the 2011 Tohoku-oki
earthquake in that region (Iinuma et al. 2016). Detailed seismic ac-
tivity based on the near-field observations, such as episodic tremors
reported by Ohta et al. (2019, Fig. 1), has been used to understand the
slip behaviour along the shallow megathrust interface. In the trench-
outer rise region, the historic record of large megathrust earthquakes
followed by a large intraplate normal-faulting earthquake, such as
the 1896 Meiji-Sanriku tsunami and 1933 Showa-Sanriku earth-
quakes in northern Japan Trench (Fig. 1) and the 2006–2007 Kuril
earthquake sequence, raise concerns of a large intraplate normal-
faulting earthquake following the 2011 Tohoku-oki earthquake and
potential tsunami hazard (Lay et al. 2011). The precise earthquake
distributions and their focal mechanisms, which can be investigated
through earthquake observations using the OBSs, provide informa-
tion about earthquake activity in the trench-outer rise region and
shallow subduction zone near the trench.

2 O B S E RVAT I O N S

We conducted earthquake observations using OBSs in the central
to southern Japan Trench, off Ibaraki and Fukushima prefectures
between 36◦N and 38◦N by using R/V Kairei of Japan Agency
for Marine-Earth Science and Technology (JAMSTEC, Fig. 1). We
deployed 21 conventional type OBSs with maximum operational
depths of 6000 m, and 14 ultra-deep-type OBSs with maximum
operational depths of 9000 m (Maeda et al. 2013) in March 2017.
The OBSs were deployed north of the Joban seamount chain. We
recovered 34 OBSs after 4 months (July 2017); one ultra-deep-type
OBS was unable to be recovered.

All OBSs were equipped with a three-component 4.5 Hz short-
period seismometer. In addition, the conventional OBSs were
equipped with a hydrophone. The OBSs recorded signals continu-
ously at a sampling frequency of 100 Hz with a 24-bit analog-to-
digital converter. The internal clock of the OBSs were calibrated
by linear interpolation of the time differences to the GPS-based
reference clock, which was measured just before deployment and
shortly after the recovery of each OBS.

3 A NA LY S I S

Earthquakes were detected from continuous OBS records based
on short- and long-term amplitude ratios. We picked phase arrival
times manually on the graphical display by using the WIN system
(Urabe & Tsukada 1992). Where possible, first-motion polarities
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and maximum amplitudes were also picked from vertical component
seismograms.

First, we determined initial hypocentre locations of approxi-
mately 2800 earthquakes using the program hypomh (Hirata &
Matsu’ura 1987), assuming two 1-D P-wave velocity (Vp) mod-
els, one for the OBSs landward of the trench axis and the other for
the OBSs seaward of the trench axis, with a fixed Vp/Vs of 1.78
(Fig. 2). Both models were based on previous studies in the Japan
Trench area (Ito et al. 2005; Hino et al. 2009).

Arrival time delays due to low-velocity sedimentary layers, which
were not included in the assumed 1-D Vp models, were corrected
using station values, which were calculated from arrival time dif-
ferences between direct P-wave arrival and P-to-S converted phase
at the base of the sedimentary layer, with the assumption of Vp
and Vp/Vs in the sediments. We used a fixed Vp of 2.0 km s–1 in
the sediments for all OBSs, and two different Vp/Vs values in the
sediments, 4.4 and 8.0 for the OBSs landward and seaward of the
trench axis, respectively. These values were based on previous stud-
ies in the Japan Trench area (Obana et al. 2012; Nakamura et al.
2014). The estimated station corrections were 0.019–0.186 s and
0.317–2.350 s for P- and S-wave arrivals, respectively.

After the initial hypocentre estimation based on the 1-D velocity
models, we relocated the hypocentres with a 3-D seismic veloc-
ity model using double-difference tomography (Zhang & Thurber
2003). This method can estimate both the hypocentre locations
and seismic velocity structure from absolute and differential arrival
times. We selected 1447 events for the double-difference analysis
based on the following two criteria: (1) both P- and S-wave arrivals
were picked from at least five stations and (2) hypocentres estimated
in the initial analysis were near the OBS network, as indicated by
the dotted rectangle in Fig. 2(a). The total absolute arrival times
for P and S waves were 23 591 and 34 058, respectively; the dif-
ferential arrival times for P and S waves were 66 198 and 104 094,
respectively.

The double-difference analysis was performed in the 3-D model
space with the X- and Y-axes roughly normal and parallel to the
trench axis, respectively (Fig. S1a). Grid node separations were
12.5 km horizontally and 2–25 km vertically. The initial velocity
model used in the double-difference analysis was based on a pre-
vious seismic survey along the A6 profile across the study area
(Fujie et al. 2019, Fig. S1b). The Vp model along the A6 profile
was projected onto the X-axis and was expanded along the Y-axis to
construct a 3-D velocity model (Fig. S1c). The minimum Vp at the
shallow part was set to be 3.5 km s–1 in the initial model. Although
the Vp structure along the A6 profile is modeled down to a depth of
30 km, we simply extended the model to depths greater than 30 km
by using the velocity at a depth of 30 km. A uniform Vp/Vs of 1.78
was used in the initial model. Arrival time delays due to the sedi-
mentary layer were corrected using the same station corrections as
those used in the initial hypocentre estimations. For both initial and
double-difference analyses, the OBSs were located on the seafloor
based on the position calibrated during the recovery cruise.

Magnitudes and focal mechanisms were estimated based on the
hypocentre locations obtained from the double-difference analysis.
The magnitudes of the events were calculated from the maximum
amplitude of vertical component seismograms by using an equation
for regional earthquakes (Watanabe 1971). We also estimated focal
mechanisms from the first-motion polarities of the vertical seismo-
grams using the HASH program (Hardebeck & Shearer 2002).

The spatial resolution of the double-difference analysis was ex-
amined using a checkerboard resolution test (Figs S2d–f). We ap-
plied a ±5 per cent velocity perturbation within alternating cells.

The checkerboard interval shown in Figs S2(d)–(f) was 25 km hor-
izontal, and 6–20 km vertical. The synthetic arrival time data used
in the checkerboard resolution test included random errors with
standard deviations of 0.15 and 0.30 s for P- and S-wave arrivals,
respectively. These values were based on the root mean square resid-
uals of the double-difference analysis using the OBS observation
data. We also examined hypocentre location errors by using 100
bootstrap samples made from absolute arrival time data.

4 R E S U LT S

We obtained relocated hypocentre data for 1437 earthquakes (Fig. 3)
with the P- and S-wave velocity models from the double-difference
analysis (Figs S2a–c). In the following discussion, we use 1239
relocated hypocentres with location errors less than 6 km, which
were estimated from the bootstrap samples (Fig. S3). Most of the
913 events had location errors of less than 3 km. The magnitudes of
these events ranged from 0.7 to 5.0, and the b-value was 0.78 ± 0.06,
which was estimated from 705 events with M ≥ 2.0 (Aki 1965; Utsu
1965, Fig. 3c). Checkerboard resolution tests show that the velocity
models could be resolved within the OBS network down to a depth
of approximately 30 and 40 km for seaward and landward of the
trench axis, respectively (Figs S2d–f). Longer station separations
in the southern part of the OBS network (south of 36.5◦N) caused
lower resolution compared to the north Fig. S2(d). The velocities
outside of the OBS network, such as the area to the south of the
Joban seamount chain, were not resolved. The obtained seismic ve-
locity model shows spatial heterogeneities in the uppermost oceanic
mantle of the incoming Pacific Plate seaward of the Japan Trench
(Figs S2a–c).

Most of the earthquakes were located at depths shallower than
20 km (Fig. 3b), where the seismic activity was widely distributed
in the trench-outer rise region. However, earthquake activity in the
trench-outer rise region at depths deeper than 25 km, which extended
down to approximately 40 km, occurred in a limited area (mainly
located in the dotted circle in Fig. 3a, corresponding to the events
between 40 and 100 km in horizontal distance on Fig. 3b). Several
earthquakes landward of the trench axis were located shallower than
the subducting oceanic crust and occurred south of 37◦N (Fig. 3a).
Some events were located at depths greater than 40 km beneath the
trench landward slope. These events correspond to the continuing
seismic activity of the lower plane of the double seismic zone in
the subducting slab observed in previous OBS observations in the
trench landward slope (Shinohara et al. 2005).

We obtained the focal mechanisms of 37 events with quality
categories A and B [as defined by the HASH program by Hardebeck
& Shearer (2002)], which correspond to fault plane uncertainties
less than 35◦ (Fig. 4). The data showed a predominance of
normal-faulting earthquakes, as shown in the triangle diagram of
Frohlich (1992, inset of Fig. 4a), at least north of 36.5◦N, where
the focal mechanisms were obtained. The data were acquired for
depths shallower than 25 km except for one normal-faulting event
at 41.7 km depth.

5 D I S C U S S I O N

5.1 Earthquakes seaward of the trench axis

Similar to the events in the central and northern Japan Trench
(Obana et al. 2012, 2018, 2019), most earthquakes in the trench-
outer rise region of the southern Japan Trench were located at
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Figure 2. Hypocentre distribution estimated by the initial analysis using 1-D velocity models. (a) Map showing hypocentre locations. Circles colour-coded by
hypocentre depth are the events used in the double-difference analysis. Dashed black line indicates the trench axis. Open and solid inverted triangles represent
OBS locations seaward and landward of the trench axis, respectively. Dotted and solid red lines are the 20- and 50-m contours of coseismic slip distribution of
the 2011 Tohoku-oki earthquake (Iinuma et al. 2012). Dashed brown contours indicate the afterslip distribution of the 2011 Tohoku-oki earthquake at 0.4-m
intervals (Iinuma et al. 2016). (b) Cross-section along X–X’ profile in the panel (a). Only the events within the dotted rectangle in the panel (a) are indicated.
The open and solid inverted triangles indicate OBS locations projected onto the profile X–X’. (c) 1-D P-wave velocity models used for the OBSs seaward (S)
and landward (L) of the trench axis.

depths shallower than 20 km (Fig. 3). These depths correspond
to the oceanic crust and uppermost part of the oceanic mantle of the
incoming Pacific Plate. The predominance of the normal-faulting
focal mechanisms indicates an extensional stress regime within the
oceanic plate, as noted in previous observations. However, the depth
extent of the extensional stress regime is not clear because only one

focal mechanism below 30 km was obtained, that is at a depth of
41.7 km (Fig. 4). The hypocentres determined by our OBS obser-
vations confirmed that seismicity in the trench-outer rise region
extends south to 36◦N (Fig. 3), which is consistent with previous
studies based on onshore seismic stations after the 2011 Tohoku-oki
earthquake (Asano et al. 2011; Nakamura et al. 2016). Although
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Figure 3. Hypocentre distribution and magnitude–frequency diagram obtained from the double-difference analysis. (a) Map showing hypocentre locations.
The hypocentres are colour-coded by depth. Inverted triangles are the OBS locations. The dotted circle is the area of the earthquake activities seaward of the
trench at depths deeper than 25 km, corresponding to the events between 40 and 100 km in horizontal distance on panel (b). Dotted and solid red lines, and
dashed brown and black lines are the same as those in Fig. 2. (b) Hypocentre distribution is projected onto the cross-section along X–X’ profile on panel
(a), which is located on axis X in Fig. S1(a). Dotted lines roughly correspond to the top of the oceanic crust and oceanic Moho, same with Fig. S2b. (c)
Magnitude–frequency diagram. Bars indicate the number of the earthquakes per magnitude range. Open circles are the cumulative number of the earthquakes.
Dotted line indicates the slope corresponding to a b-value of 0.78.

the hypocentres obtained in this study were located mainly in the
area north of the Joban seamount chain (Fig. 3), earthquakes also
occurred south of the Joban seamount chain as shown in the initial
hypocentre distribution (Fig. 2). The earthquakes south of the Joban
seamount chain have larger errors in hypocentre locations because
the OBSs were only deployed north of the Joban seamount chain,
thus those events were removed from the results of this study shown
in Fig. 3 and later.

The earthquakes at depths shallower than 14 km, which corre-
spond to the oceanic crust, show three ∼100-km-long linear trends

(A–C in Fig. 5). The general trend of the Japan Trench axis changes
by approximately 20◦ from N–S in the north, to NNE–SSW in the
south around 37.5–38.0◦N (Fig. 1). The easternmost earthquake
trend (trend A), extending in the N–S direction at approximately
144.6◦E, is parallel to the N–S trending trench axis to the north.
The focal mechanism of the October 2013 Mw 7.1 earthquake, from
the Global Centroid–Moment–Tensor (CMT) catalogue (Dziewon-
ski et al. 1981; Ekström et al. 2012), and the predominance of
the roughly E–W oriented T-axes which were obtained from the
OBS observations, collocated with the 2013 Mw 7.1 earthquake,
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Figure 4. Focal mechanisms estimated from first-motion polarities of the OBS seismograms. (a) Map showing focal mechanisms. Focal mechanisms are
colour-coded according to the triangle diagram of Frohlich (1992), which is presented in the inset panel. Red, blue, green and grey focal mechanisms indicate
normal-faulting, reverse-faulting, strike-slip and other, respectively. The arrow points to the focal mechanism of the 41.7 km depth event. (b) Cross-section
along X–X’ profile on panel (a), which is the same as that in Fig. 3. Symbols are the same as Fig. 3(b).

suggesting a southern continuation of N–S striking normal-faults
along a linear earthquake trend as observed previously (Obana et al.
2012, 2019), where the strike of the Japan Trench orients in the N–
S direction (Fig. 5). However, the other two long linear earthquake
trends (trend B and C) west of 144.5◦E are roughly parallel to the
trench axis in the southern Japan Trench. The T-axes of the earth-
quakes west of 144.5◦E are generally normal to the trench axis of
the southern Japan Trench.

Trench-parallel linear earthquake trends related to large intraplate
normal-faulting earthquakes were observed in the previous OBS
data along the Japan Trench. Examples are the aftershocks of the
Mw 7.4 intraplate normal-faulting earthquake 40 min after the 2011
Tohoku-oki earthquake (Obana et al. 2012), and two linear trends
likely related to the aftershock activity of the 1933 Showa-Sanriku
earthquake (Mw 8.4, Obana et al. 2018). Although topographic
structures associated with normal-faults in the trench-outer rise

region along the Japan Trench are divided into small segments ori-
ented both parallel and oblique to the trench axis (Nakanishi 2011),
the overall trends of the earthquake lineations roughly parallel to the
trench axis extend over multiple segments. Hence, trench-parallel
linear earthquake trends are possible indicators of the source faults
of large intraplate normal-faulting earthquakes. Two linear earth-
quake trends (B and C in Fig. 5) parallel to the southern Japan
Trench indicate the potential source faults of the normal-faulting
earthquakes in the trench-outer rise region. In addition, the N–S
striking linear earthquake trend A, which is the southward exten-
sion of the linear earthquake trend parallel to the northern Japan
Trench, suggests that trench-parallel outer-rise normal-faults could
lengthen even if the trench axis bends. In addition to the trench-
parallel direction, strikes of the outer-rise normal-faults tend to
orient in the direction parallel to abyssal hill fabrics, which are
parallel to the magnetic lineations and orient ENE–WSW near the
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Figure 5. Red relief bathymetry map (Chiba et al. 2008) showing epicentre distribution and T-axes orientations seaward of the Japan Trench axis with a global
CMT solution (Dziewonski et al. 1981; Ekström et al. 2012) of a Mw 7.1 normal-faulting earthquake on 25 October 2013. The red relief map is designed to
visualize both slope and convexity/concavity of topography using a combination of chroma and brightness in the red. Green and open circles are epicentres of
the earthquakes shallower than 14 km obtained in this study and the previous study by Obana et al. (2019), respectively. Ellipsoids indicate orientations of the
T-axes based on the focal mechanisms obtained in this study. Lengths of the axes correspond to plunge. The dashed black line indicates the Japan Trench axis.
Dotted and solid white lines are the 20- and 50-m contours of coseismic slip distribution of the 2011 Tohoku-oki earthquake (Iinuma et al. 2012). Inverted
triangles are the OBS locations. Arrows and yellow dotted lines indicate ∼100-km-long linear earthquake trends (A–C).

Japan Trench (Billen et al. 2007; Nakanishi 2011). However, the
trend A is not parallel to both. The trend A extends approximately
∼100 km southward beyond the bend of the trench axis. This length
is equivalent to about one third to one half of the fault length of
the 1933 Showa-Sanriku intraplate normal-faulting earthquake (Mw

8.4, Kanamori 1971; Uchida et al. 2016). The strike of the faults is an
important parameter to consider the tsunami hazard because prop-
agation of the tsunami wave energy is concentrated in the direction
perpendicular to the fault strike (e.g. Álvarez-Gómez et al. 2012).
Therefore, such normal-faults oblique to the trench axis should be
considered as substantial parts of large intraplate normal-faulting
earthquakes.

Earthquakes in the oceanic mantle, which were observed mainly
in the northern part of the OBS network, generally coincide with
areas of lower Vp compared to surrounding regions (Fig. 6a). Many
earthquakes were located near the 2013 Mw 7.1 and 2012 Mw 7.2

earthquakes, where the Vp in the oceanic mantle is relatively lower.
Although these two M7-class earthquakes occurred at the outer
edge or outside of the OBS network, lower Vp areas around these
two earthquakes are also imaged by the previous study in the cen-
tral Japan Trench (Obana et al. 2019, fig. 12 therein). In addition,
there is a low Vp area with mantle seismicity beneath the trench
axis. The checkerboard resolution test using a trench-normal grid
interval of 12.5 km shows that such linear velocity anomalies can
be resolved (Fig. 6b). The low-velocity mantle is presumed to be
relevant to faults in the oceanic mantle although the mechanisms
of low velocities in the oceanic mantle in the trench-outer rise re-
gion, such as serpentinization caused by water infiltration through
intraplate normal-faults (e.g. Ranero et al. 2003; Faccenda et al.
2009) or increase of crack-like water-filled porosities (Korenaga
2017), are still being discussed. The low Vp areas associated with
the mantle seismicity suggest that the spatial heterogeneity in the
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Figure 6. P-wave velocity (Vp) and results of the checkerboard resolution test at a depth of 25 km. (a) Vp at a depth of 25 km and epicentres of the earthquakes
at depths from 20 to 30 km (open circles). White lines are 0.1 km s–1 interval contours of Vp. The velocity image is illuminated to highlight the spatial variations.
The Global CMT solutions (Dziewonski et al. 1981; Ekström et al. 2012) of two M7-class earthquakes after the 2011 Tohoku-oki earthquakes (7 December
2012 and 25 October 2013) are indicated. Inverted triangles are the OBS locations. The dashed black line indicates the Japan Trench axis. Dotted purple lines
are linear low Vp areas without mantle seismicity. Outside of the well-resolved area is masked based on the checkerboard resolution test shown in panel (b).
(b) Results of the checkerboard resolution test for Vp at 25 km depth. The checkerboard grid interval normal to and parallel to the trench is 12.5 and 25 km,
respectively.

uppermost oceanic mantle relates to the intraplate normal-faults ex-
tending into the oceanic mantle; these findings are similar to previ-
ous studies in central and northern Japan Trench (Obana et al. 2018,
2019). There are other linear low Vp trends (dotted purple lines in
Fig. 6a). These low Vp areas may be an expression of intraplate
normal-faults in the oceanic mantle although earthquakes within
the oceanic mantle were not observed during our four months OBS
observations.

5.2 Earthquakes beneath the trench landward slope

Previous OBS observations in the northern and central Japan Trench
showed that there was almost no seismicity along the plate bound-
ary or within the overriding plate beneath the trench landward
slope north of 37.5◦N (Obana et al. 2013, 2014, 2018). This aseis-
mic wedge extends 40–50 km landward from the trench axis and
coincides with the large coseismic slip of the 2011 Tohoku-oki
earthquake and the source area of the 1896 Meiji-Sanriku Tsunami
earthquake (Fig. 1). The OBS data in this study shows that the aseis-
mic wedge continues southward, to approximately 37◦N (Fig. 7). In
contrast, earthquakes shallower than the subducting oceanic crust
were observed beneath the trench landward slope south of 37◦N.
The differences in the hypocentre distribution of the earthquakes
between the north and south of 37◦N are apparent from the cross-
sections along two profiles A–A’ and B–B’, even considering the
location errors (Figs 7b and c). Hereafter, we refer to these two re-
gions along the A–A’ and B–B’ profiles as the northern and southern
regions, respectively.

Although the number of focal mechanisms obtained from the
OBS observations in this study are limited, global CMT solutions
(Dziewonski et al. 1981; Ekström et al. 2012) show along-trench
variations in the focal mechanisms (Figs 7d–f). In the northern

region, global CMT solutions show normal-faulting focal mech-
anisms within ∼30 km landward of the trench axis, as shown in
the cross-section along A–A’ (Fig. 7e). The hypocentre distribution
obtained from the OBS observations and focal mechanisms of the
global CMT solutions indicate that near-trench earthquakes land-
ward of the trench axis in the northern region are intraplate normal-
faulting earthquakes, as observed in the previous OBS observations
farther north of the Japan Trench (Obana et al. 2013, 2014, 2018).
Intraplate earthquakes were also observed within ∼20 km land-
ward of the trench axis along the B–B’ profile in southern region
(Fig. 7c). In addition, earthquakes apparently shallower than the
intraplate earthquakes were located along the plate interface near
the trench. Global CMT solutions show shallow reverse-faulting
focal mechanisms near the trench in the southern region, as shown
in the cross-section along B–B’ (Fig. 7f). Although most of the
global CMT solutions near the trench are located at a depth of
12 km, which is the minimum depth allowed for the centroid of
the global CMT solutions (Ekström et al. 2012), these reverse-
faulting earthquakes suggest that near-trench shallow seismicity in
the southern region is different from the near-trench seismic activity
to the north along the Japan Trench, which is characterized by the
aseismic wedge and consists only of the intraplate normal-faulting
earthquakes.

The area of the shallow near-trench reverse-faulting earthquakes
coincide with the eastward (seaward) post-seismic movements,
which indicate afterslip on the shallow plate interface (Tomita et al.
2017; Honsho et al. 2019, Fig. 7a). Furthermore, the episodic ac-
tivities of tectonic tremors with reverse-faulting focal mechanisms
were reported by Ohta et al. (2019) from the OBS observations con-
ducted in the area adjacent to this study. The shallow near-trench
earthquakes are in the surrounding region of the tremor activi-
ties, including seaward of tremors close to the trench axis (Figs 7a
and c).
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Figure 7. Hypocentre distribution obtained from the OBS observations and the global CMT solutions near the trench axis. (a) Map showing hypocentre
distribution. The hypocentres are colour-coded by their depth. Dashed line is the Japan Trench axis. Inverted triangles are the OBS locations. Arrows are
horizontal displacement rates relative to the North American Plate (Honsho et al. 2019). Purple area indicates the tremor activity area based on the OBS
observations by Ohta et al. (2019). Dotted and solid red lines are the 20- and 50-m contours of coseismic slip distribution of the 2011 Tohoku-oki earthquake
(Iinuma et al. 2012). Dashed brown contours indicate afterslip distribution of the 2011 Tohoku-oki earthquake at 0.4-m intervals (Iinuma et al. 2016). (b, c)
Hypocentre distribution and error ellipsoids projected onto the cross-sections along two profiles, A–A’ (b) and B–B’ (c) indicated by thick solid lines on panel
(a). Events within the dotted rectangles are indicated on each panel. Purple bar at the top of the panel (c) is the projected range of the tremor activity area
(Ohta et al. 2019). Dotted lines roughly correspond to the top of the oceanic crust and oceanic Moho (as in Fig. 3b). Inverted triangles indicate OBS locations
projected onto each profile (plotted at the top of the panel regardless of water depth). (d) Global CMT solutions (Dziewonski et al. 1981; Ekström et al. 2012)
of events larger than Mw 5.0 after the 2011 Tohoku-oki Earthquake to December 2019. The CMT solutions are colour-coded by mechanism type according to
Frohlich (1992). (e, f) Global CMT solutions projected onto the cross-sections along two profiles, A–A’ (e) and B–B’ (f) indicated by thick lines on panel (d).
The CMT solutions within the dotted rectangles are indicated on each panel.

The shallow near-trench earthquake activities correlate with the
episodic tremor activities in time, as opposed to the earthquakes sea-
ward of the trench, which do not show any significant correlation
with the tremor episodes (Fig. 8b). During our OBS observations
from March to July 2017, two tremor episodes in March and May
were reported. The migration of those tremor activities along the
trench-parallel direction is explained by parabola curves with a
diffusive coefficient of 1.5 × 103 m2s−1 (Ohta et al. 2019). The
near-trench earthquakes observed by our OBSs can be explained
as activity correlating with the tremor episodes, with the parabolas
of the same diffusive coefficient along the directions both parallel
and normal to the trench (Figs 8c–f). The episodic tremor activity is
likely related to the intermittent slow slip events in the afterslip area

on the shallow plate interface near the trench (Ohta et al. 2019).
Even though the analysis using seafloor geodetic measurements
cannot constrain the seaward extent of the afterslip to the trench
axis (Iinuma et al. 2016), the shallow near-trench earthquakes cor-
related with the tremor activity, suggesting that the afterslip on the
plate interface extended episodically close to the trench axis and
generated shallow near-trench earthquakes.

5.3 Structure variations and slip behaviours in the shallow
subduction zone

The Joban seamount chain is in the trench seaward slope (Fig. 9a)
and previous active seismic studies have imaged subducted
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Figure 8. Map and space–time plots of earthquake and tremor activity. (a) Map showing distribution of the earthquakes observed in this study (circles
colour-coded by depth) and tremors (open circles) observed by Ohta et al. (2019). Dotted and solid red lines, dashed brown and black lines, and inverted
triangles are the same as those in Fig. 7. (b) Space–time plot of the earthquakes and tremors along the trench-normal profile N–N’ indicated by thick solid
black line in panel (a). Colour and open circles are the same as in panel (a). Events within the dotted rectangle are indicated. Thick vertical line indicates the
location of the trench axis. Grey shaded period corresponds to the OBS observations of this study. Inverted triangles indicate the OBS locations projected onto
the profile. (c, d) Space–time plots along trench-normal profile N–N’ (c) and trench-parallel profile P–P’ (d) for 20 d from 6 March 2017. Events within the
dotted rectangles are indicated on each panel. Dashed parabola calculated using the diffusion coefficient of 1.5× 103 m2s−1. Dotted grey vertical lines indicate
the intersection of two profiles. (e, f) Space–time plots along the profile N–N’ (e) and P–P’ (f) for 20 d from 25 May 2017.

seamounts in the southern Japan Trench (Mochizuki et al. 2008;
Nishizawa et al. 2009). Although the Joban seamount chain inter-
sects the Japan Trench at approximately 36◦N and the subducted
seamount has been imaged south of 36◦N, the elongated channel-
like low-velocity sedimentary units along the plate interface, which
are presumed to relate with the subducted seamounts, have been im-
aged by multichannel seismic surveys on profiles across the trench
south of 37.5◦N (Tsuru et al. 2002; Kodaira et al. 2017, Fig. 9a). In
particular, the low-velocity units thicker than 1 km have been imaged
along the seismic profiles perpendicular to the trench south of 37◦N.
In contrast, a prism-shaped low-velocity wedge (frontal prism) has
been imaged at the toe of the overriding plate along the profiles north
of 37.5◦N (Tsuru et al. 2002; Kodaira et al. 2017). In addition, the
upper plate structure boundary (forearc segment boundary), mapped
by Bassett et al. (2016), coincides with the boundary between the
channel-like low-velocity unit and the frontal prism (Fig. 9a). These
large-scale structure variations along the Japan Trench roughly cor-
relate with the differences in the co- and post-seismic deformations
of the 2011 Tohoku-oki earthquake between central and southern
Japan Trench. While the large coseismic slip over 50 m during the
2011 Tohoku-oki earthquake and westward post-seismic deforma-
tions were observed to the north, eastward post-seismic deforma-
tions, suggesting shallow afterslip near the trench, were observed
to the south (Fig. 9a). The along-trench structure variations are
supposed to be a primary factor controlling the seismogenic be-
haviour along the plate interface (Bassett et al. 2016; Kodaira et al.
2017).

The OBS observations in this study detected near-trench shallow
earthquakes correlated with the episodic tremors south of the large-
scale structure boundary, where the eastward post-seismic deforma-
tions were observed (Tomita et al. 2017; Honsho et al. 2019, Fig. 9a).
The near-trench earthquakes are regular earthquakes, of which both
P- and S-wave arrivals are evident on the seismograms recorded by
the OBSs with short-period seismometers (Fig. S4), and are differ-
ent from the tectonic tremors observed by Ohta et al. (2019). The
results from the OBS observations in the southern Japan Trench by
Ohta et al. (2019) and this study indicate proximity between slow
slip events and regular earthquakes in shallow subduction zones
near the trench (Figs 9a and c). Nishikawa et al. (2019) has pointed
out that the tremors in the southern Japan Trench, which occur
very close to the earthquake swarms and repeating earthquakes, are
different from those in other subduction zones based on the continu-
ous seismic data obtained by the seafloor cable observation network
which runs along the entire Japan Trench. The near-trench regular
earthquakes near the slow slip events are a distinctive feature of the
seismic activity in the southern Japan Trench.

Besides the large-scale along-trench structure variation, seismic
reflection surveys revealed the heterogeneous distribution of the
channel-like low-velocity sedimentary unit in the southern Japan
Trench (Tsuru et al. 2002, Fig. 9a). The thickness of the low-velocity
unit varies with profiles from hundreds of metres to 2 km. In ad-
dition, a 10-km-scale variation in the thickness of the low-velocity
unit, which is on the order comparable to the seamounts belonging
to the Joban seamount chain, have been imaged along the profiles
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Figure 9. Summary of along-trench variations in earthquake activity, co- and post-seismic deformation, and structural features. (a) Map showing the areas of
episodic tremor, near-trench earthquakes correlated with the tremor, and aseismic wedge. Purple and green area indicates the region of the episodic tremor
(Ohta et al. 2019) and earthquakes correlated with the tremor observed in this study, respectively. Light blue rectangle is the area of the aseismic wedge from
this study and Obana et al. (2013). Arrows, dotted and solid red lines, dashed brown and black lines and inverted triangles are the same as those in Fig. 7.
Dashed green line is the forearc segment boundary in upper plate structure (Bassett et al. 2016). The distribution of low-velocity sedimentary units inferred
from seismic reflection surveys along the black lines are shown. Brown bars are the thickness of low velocity sedimentary unit (Tsuru et al. 2002), and yellow
areas are the volume of the low-velocity frontal prism (Kodaira et al. 2017). Light pink areas indicate the area of intraplate normal-faulting earthquakes from
this study and previous studies (Asano et al. 2011; Nakamura et al. 2016; Obana et al. 2019). Note that the OBS observations in this study were conducted
north of Joban seamount chain and southern bound of the intraplate normal-faulting activity indicated in this figure does not indicate there are no intraplate
normal-faulting earthquakes farther south. The right panel indicates the summary of the along-trench variations. In addition to the areas with the coseismic
slip over 50 m and 20 m by Iinuma et al. (2012) that are indicated in the map, the area with 5–20 m coseismic slip near the trench (e.g. Ide et al. 2011; Shao
et al. 2011; Bletery et al. 2014) is indicated by the red dashed arrow. (b, c) Schematic cross-section along the profiles, A (b) and B (c) indicated by thick solid
lines on panel (a). These profiles are the same with the profiles shown in Fig. 7.

parallel to the trench (Tsuru et al. 2002). Similar 10–15 km wide
seamount-scale structure heterogeneity was imaged along the pro-
files perpendicular to the trench at the Ecuador margin, where the
Carnegie Ridge enters the subduction zone (Sage et al. 2006). The
structural heterogeneity of the channel-like sedimentary units could
cause seamount-scale variations in the interplate coupling (Tsuru
et al. 2002; Sage et al. 2006). Such structural heterogeneities on
the plate interface are likely related to the smaller spatial scale
variations in the slip behaviours in southern Japan Trench, re-
sulting in the proximity between the slow slips and the regular
earthquakes.

Although the large-scale along-trench structure variation is a pri-
mary factor controlling seismogenic behaviour, the aseismic wedge
coincident with the large (>50 m) coseismic slip of the 2011
Tohoku-oki earthquake and 1896 Meiji-Sanriku Tsunami earth-
quake rupture (Obana et al. 2013, 2018, Fig. 1) extends southward
to approximately 37◦N, beyond the large-scale structure bound-
ary (Figs 9a and b). In addition, several studies have reported that
the coseismic rupture area with 5–20 m slip near the trench ex-
tends southward to 36◦ to 36.5◦N (Ide et al. 2011; Shao et al. 2011;
Bletery et al. 2014). Near-surface rupture on the shallow megathrust
interface close to the trench activate normal-faulting earthquakes
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in the trench-outer rise region (Sato et al. 2012; Sladen & Tre-
visan 2018). Considering the area of the intraplate normal-faulting
earthquakes in the trench-outer rise region extending southward to
36◦N, as reported from onshore observations (Asano et al. 2011;
Nakamura et al. 2016) and observed in this study (Figs 3 and 9a),
the coseismic rupture of the 2011 Tohoku-oki earthquake might
slip into the afterslip area estimated by Iinuma et al. (2016), where
seafloor geodetic measurements show eastward movements (Tomita
et al. 2017; Honsho et al. 2019). If so, near-trench shallow plate
interface in southern Japan Trench host both the coseismic rupture
and the post-seismic slow slip of the 2011 Tohoku-oki earthquake.
Relationships between the smaller spatial scale structure variations
and frictional properties on the plate interface would be a key to
understanding the diverse slip behaviours in the shallow subduction
zone of the southern Japan Trench.

6 C O N C LU S I O N S

We conducted four months of earthquake observations in the south-
ern Japan Trench off Ibaraki and Fukushima using OBSs and ob-
tained detailed earthquake distributions for both the seaward and
landward slopes south of the main rupture area of the 2011 Tohoku-
oki earthquake. Hypocentres and focal mechanisms were estimated
based on the 3-D seismic velocity structure.

Normal-faulting earthquakes in the trench-outer rise region were
observed to be similar to the trench-outer rise region of the main
rupture area of the 2011 Tohoku-oki earthquake. The seismicity in
the trench-outer rise region continued southward to 36◦N at least.
Although it is difficult to evaluate the extent of depth of the ex-
tensional stress regime within the Pacific Plate due to the limited
number of focal mechanisms for events at deeper depths, the OBS
data supports the activation of the normal-faulting earthquakes fol-
lowing the 2011 Tohoku-oki earthquake, as reported from onshore
seismic observations. The earthquakes located seaward of the trench
axis show three ∼100-km-long linear trends. Two of them are par-
allel to the trench axis in the southern Japan Trench. The other
one, which is oblique to the trench axis, is a southern extension
of the trench-parallel linear earthquake trend in the central Japan
Trench. Although the strike of the southern Japan Trench is differ-
ent by approximately 20◦ from that of the central to northern Japan
Trench, the observed linear trend suggests that the trench-parallel
normal-faults within the incoming Pacific Plate extend linearly be-
yond the bend of the trench. This indicates that the potential of the
normal-faults oblique to the trench axis can be considered to be a
part of the large intraplate normal-faulting earthquakes and related
tsunamis.

In the trench landward slope, an aseismic wedge, where few
earthquakes occurred on the plate interface and within the over-
riding plates, was observed north of 37◦N, similar to the north
of the Japan Trench. In contrast, shallow near-trench earthquakes
were observed south of 37◦N. The contrast of the near-trench
seismicity landward of the trench axis correlates with the along-
trench variations in the direction of the post-seismic deforma-
tions obtained from the seafloor geodetic measurements. Based
on the correlation of the shallow near-trench earthquakes with the
episodic tremor activities in the afterslip area, afterslip likely ex-
tended close to the trench axis. Large-scale along-trench structure
variations, such as the low-velocity sedimentary unit and over-
riding plate structure, is a primary factor controlling the varia-
tions in the co- and post-seismic behaviour between the central
and southern Japan Trench. In addition, seamount-scale structure

heterogeneities in the channel-like low-velocity interplate sedimen-
tary unit will likely affect the seismogenic behaviour in shallow sub-
duction zone of the southern Japan Trench, which is characterized by
diverse slip behaviours with proximity of the slow slips and regular
earthquakes.

Detailed hypocentre distribution can illuminate the temporal and
spatial evolution of slips in shallow subduction zones. Although
horizontal separation between the OBSs used in this study, they
were not enough to constrain the hypocentres for such shallow
earthquakes. Future comparisons of both the precise hypocentres
and the focal mechanisms with the detailed crustal structures would
provide important insights into the relationships between crustal
structures and diverse slip behaviours in the shallow subduction
zone.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Initial model of the double-difference tomography anal-
ysis. (a) Map showing the initial Vp velocity model at a depth of
20 km. The crosses indicate grid nodes of the velocity model. The
inverted triangles are the OBS locations. The red solid and dashed
lines are the survey line of A6 (Fujie et al. 2019). The black dashed
line indicates the Japan Trench axis. Axes X and Y are normal to and
parallel to the trench axis, respectively. The white dashed lines are
100 km from axis X and Y. (b) Vp model obtained from a seismic
survey along the line A6 (Fujie et al. 2019), corresponding to the
range of the red solid line on (a). (c) Cross-section of the initial Vp
model along axis X. Inverted triangles indicate projected location
of the OBSs.
Figure S2. Initial model and results of the double-difference tomog-
raphy analysis. (a) Map showing results of the tomography analysis
for Vp at 20 km depth. Inverted triangles are the OBS locations. (b,
c) Cross-sections of Vp (b) and Vs (c) along X–X’ profile on axis
X indicated by thick solid line on (a). Inverted triangles indicate
OBS locations projected onto axis X (plotted at the top of the panel
regardless of water depth). Dotted lines indicate Vp of 7 km s–1 con-
tour along A6 profile on panel Fig. S1(b) projected onto axis X and
7 km above it, which roughly correspond to the oceanic Moho and
the top of the oceanic crust, respectively. (d) Map showing results
of the checkerboard resolution test for Vp at 20 km depth. (e, f)
Results of checkerboard resolution test for Vp (e) and Vs (f) along
X–X’ profile on axis X indicated by thick solid line on (d).
Figure S3. Hypocentre errors estimated from the bootstrap samples.
(a) Maps showing error ellipsoids of hypocentre locations. Error
ellipsoids are colour-coded by location error. Inverted triangles are
OBS locations. The black dashed line indicates the Japan Trench
axis. (b) Cross-section showing hypocentre errors projected onto
the X–X’ profile is indicated by the thick solid line in (a), which is
the same as that in Fig. 3. Dotted lines roughly correspond to the
top of the oceanic crust and oceanic Moho (as in Fig. S2b). Inverted
triangles indicate OBS locations projected onto the profile (plotted
at the top of the panel regardless of water depth).
Figure S4. Vertical component seismograms of the earthquakes
located beneath the trench landward slope near the trench. (a)
Map showing the locations of the OBSs (inverted triangles) and
hypocentres (circles colour-coded by depth). Open circles indicate
the tremors located by Ohta et al. (2019). Black circles (A–C) indi-
cate the clusters of the shallow earthquakes. Arrows are horizontal
displacement rates relative to the North American Plate (Honsho
et al. 2019). (b, c, d) Vertical component seismograms of the earth-
quakes included in the cluster A, B and C are observed at JJB02A,
JJB03A and JJB04A, respectively. The seismograms are normalized
and aligned with the onset of the P-wave arrival.
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