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Abstract

Since the 2011 Mw 9.0 Tohoku-oki earthquake, intra-plate normal-faulting earthquakes, including several M7-class
earthquakes, have occurred in the outer trench slope area from the trench to the outer rise along the Japan Trench.
Concerns regarding large earthquakes and associated tsunamis have also arisen. Based on aftershock distributions,
several outer trench slope normal-faulting earthquakes (hereinafter referred to as outer-rise earthquakes) are likely
related to the rupture of multiple faults. However, few observations have clearly shown how multiple faults act dur-
ing outer-rise earthquakes. During the ocean bottom seismograph (OBS) observations in the outer trench slope area
of the central Japan Trench from September 2017 to July 2018, three Mé-class normal-faulting earthquakes (Mw

6.2 on September 20, Mw 6.2 on October 06, and Mw 6.0 on November 12) occurred around the OBS network. The
near-field OBS observations provided detailed information on hypocenter locations and focal mechanisms of the
mainshocks and aftershocks, including immediately after the mainshocks. We investigated the fault configurations
of normal-faulting earthquakes based on OBS observations. During the September 2017 earthquake, the mainshock
ruptured high-angle normal faults with a dip angle of 65°. Off-fault aftershock activities that were not directly related
to the mainshock rupture and could be explained by the stress changes caused by the mainshock were confirmed.
However, hypocenter distributions and focal mechanisms of the main and aftershocks of the October and November
2017 earthquakes suggest that the mainshock ruptured multiple faults with various dipping directions, angles, and
strike orientations. The complicated fault geometry should be considered a possible fault model for large outer-rise
earthquakes and related tsunamis.

Keywords Outer trench slope, Japan Trench, Outer-rise normal-faulting earthquake, Pacific Plate, Stress change,
Seismicity

1 Introduction

The 2011 Tohoku-oki Mw 9.0 earthquake ruptured the
interplate mega-thrust fault in the Japan Trench sub-
duction zone, where the incoming Pacific plate sub-
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trench axis to the outer rise of the incoming Pacific Plate
along the Japan Trench (e.g., Asano et al. 2011; Nakamura
et al. 2016) (Fig. 1). Aftershock activity seaward from
the trench is often associated with shallow mega-thrust
slips (Sladen and Trevisan 2018). The outer-rise normal-
faulting activities were concentrated in the central Japan
Trench, where the large (> 5 m) coseismic slip occurred
on near-trench mega-thrust during the 2011 Tohoku-oki
earthquake (linuma et al. 2012). Overall activity, how-
ever, spanned between 36° and 41° N (Fig. 1). The extent
of the outer trench slope normal-faulting aftershocks of
the 2011 Tohoku-oki earthquake is quite remarkable.
Similarly, in the 2007-2008 Kuril earthquake sequence,
a Mw 8.3 mega-thrust event was followed by a Mw 8.1
outer trench slope normal-faulting event two months
later (Lay et al. 2020).

Regarding the outer trench slope normal-faulting
earthquakes (hereinafter referred to as outer-rise earth-
quakes), the concern of large earthquakes and related
tsunamis after the 2011 earthquake has been raised,
similar to several previous earthquake sequences, such
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as the 1896 Meiji-Sanriku tsunami earthquake (M ~8.0,
Tanioka and Satake 1996) in the northern Japan Trench,
which was followed by the 1933 Showa-Sanriku outer-
rise earthquake (Mw 8.4, Kanamori 1971) (e.g., Lay et al.
2011) (Fig. 1). Although large outer-rise earthquakes are
relatively infrequent compared with subduction mega-
thrust earthquakes, they can cause devastating tsunami
damage comparable to that of a mega-thrust earthquake,
as was the case with the 1933 Showa-Sanriku earthquake,
which caused approximately 3000 fatalities. (e.g., Head-
quarters for Earthquake Research Promotion 2009).
Considering the increased seismicity in the Japan Trench
after the 2011 Tohoku-oki earthquake, evaluation of the
earthquake and tsunami hazard should consider outer-
rise earthquakes and associated tsunamis.

Fault geometry is an important factor in evaluat-
ing tsunamis generated by outer-rise earthquakes. The
propagation direction of tsunami wave energy and tsu-
nami heights along the coast are affected by strikes and
dip angles of faults (Alvarez-Gémez et al. 2012; Baba
et al. 2020). However, owing to the lack of near-field
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Fig. 1 Map of the survey area in the trench and outer trench slope of the central Japan Trench. a GCMT solutions (Dziewonski et al. 1981; Ekstrom
etal. 2012) for Mw > 5.0 earthquakes from March 11, 2011, to December 2021. Only GCMT solutions located on the seaward side of the trench axis
are plotted. The yellow shaded region is the coseismic slip area of the 2011 Tohoku-oki earthquake with 5-, 20-, and 50-m contours (linuma et al.
2012). The thick black dashed line indicates the Japan and Kuril trench axes. Thin dashed lines are the magnetic anomaly lineations (Nakanishi 2011).
The dashed green line indicates the 3-month outer-trench aftershock area of the 1933 Showa-Sanriku earthquake (Uchida et al. 2016). b Close-up
view of the survey area. OBS locations are indicated with black and white squares and inverted triangles for different observation periods. Focal
mechanisms of three M6-class earthquakes in 2017 taken from the GCMT catalog (Dziewonski et al. 1981; Ekstrém et al. 2012) are indicated. White
contours indicate 20-m and 50-m contours of the coseismic slip distribution of the 2011 Tohoku-oki earthquake (linuma et al. 2012)
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observations for outer-rise earthquakes, which occur far
offshore from the coast, it is generally difficult to con-
strain fault geometries. For the 1933 Showa-Sanriku
earthquake, Kanamori (1971) proposed a westward-dip-
ping normal fault with a dip angle of 45° and fault size
of 185 x 100 km? from seismic waveform data. How-
ever, Abe (1978) pointed out that such a fault could
not explain the initial motion of the observed tsunamis
and proposed a lower dipping angle of 30°. In contrast,
Uchida et al. (2016) proposed a compound rupture of
two trench-parallel normal faults with different dipping
directions: westward-dipping and eastward-dipping,
based on the relocated hypocenters of the mainshock and
3-month aftershocks. They showed that the simultane-
ous rupture of these two normal faults with a fault strike
parallel to the trench could explain the observed tsunami
first motions.

The bathymetric features in the outer trench slope
region of the Japan Trench show both westward- and
eastward-dipping normal faults forming horst-graben
structures, which are generally parallel to the trench
and created in the outer trench slope area because of the
bending of the oceanic plate (Nakanishi 2011). In addi-
tion, structures oblique to the trench but parallel to the
magnetic anomaly lineations suggest deformations using
abyssal hill fabrics, which were created parallel to the
spreading centers (Nakanishi 2011) (Fig. 1). These bathy-
metric features in outer trench slope suggest complex
deformations of the oceanic plate associated with normal
faults with various fault geometries. However, few obser-
vations have clearly shown how multiple faults act during
outer-rise earthquakes.

The compound rupture model of the 1933 earthquake
proposed by Uchida et al. (2016) is based on relocated
hypocenters and tsunami first-motion polarities. How-
ever, hypocenters were estimated from data recorded
at onshore stations at least 200 km from the source
area. Therefore, detailed fault geometry cannot be con-
strained. Aftershock activities along multiple faults were
also observed using near-field ocean bottom seismograph
(OBS) observations for some outer-rise earthquakes.
For the 2010 Mw 7.4 outer-rise earthquake east of the
Izu-Ogasawara trench, aftershock activities along three
parallel lineations were observed through OBS observa-
tions (Obana et al. 2014). These lineations were oblique
to the trench but perpendicular to the magnetic anomaly
lineations. Therefore, these activities are likely related
to preexisting faults associated with the fracture zones.
In the outer trench slope area of the Japan Trench, Hino
et al. (2009) presented the aftershock distribution along
two conjugate normal faults from the OBS observations
for the 2005 Mw 7.0 earthquake. Also, aftershock activ-
ity along two conjugate strike-slip faults was observed for
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the July 2011 Mw 7.0 intra-plate strike-slip earthquake
near the Japan Trench axis (Obana et al. 2013). Although
the 2011 Mw 7.0 earthquake occurred ~50 km landward
of the trench axis, an extensional stress regime similar
to outer-rise normal-faulting earthquakes is expected
from the focal mechanisms of the mainshock and after-
shocks. Kubota et al. (2015) presented that the 2011 Mw
7.0 earthquake likely ruptured two conjugate strike-slip
faults based on near-field ocean bottom pressure records.
However, OBS observations for outer-rise earthquakes
are generally conducted at a certain time after the main-
shock. Aftershock area expansion was observed for the
2010 Izu-Ogasawara outer-rise earthquake (Obana et al.
2013). In addition, off-fault aftershocks can be triggered
by mainshocks (e.g., Das and Henry 2003). Hence, the
geometry of the source faults of outer-rise earthquakes is
not evident from the aftershock distributions at a certain
time after the mainshock. The near-field observations
for the mainshock and aftershocks immediately after the
mainshock illuminate the detailed aspects of the fault
geometry of the outer-rise earthquakes.

In this study, we investigated the fault geometries of
outer-rise earthquakes based on OBS observations along
the Japan Trench conducted from September 2017 to
July 2018 (Fig. 1). During our observation period, three
M6-class normal-faulting earthquakes, Mw 6.2 on Sep-
tember 20, Mw 6.2 on October 06, and Mw 6.0 on
November 12 (Mw are according to the Global CMT
(GCMT) catalog, Dziewonski et al. 1981; Ekstrom et al.
2012), occurred in the survey area. We observed the
mainshocks and aftershocks for these earthquakes using
the OBSs deployed near the source area. Based on these
near-field OBS observations, we investigated the fault
geometries and interactions of the outer-rise earth-
quakes, including the rupture of multiple faults in a com-
plex fault system.

2 Methods

2.1 Observations

We conducted earthquake observations in the trench axis
and outer trench slope area of the central Japan Trench
from 2017 to 2018 (Fig. 1). We deployed 35 OBSs in Sep-
tember 2017 using the R/V Yokosuka (Japan Agency for
Marine-Earth Science and Technology, JAMSTEC). In
total, 27 of these OBSs were recovered by the R/V Yoko-
suka in February 2018. In March 2018, Kaiyo-maru No. 7
(Kaiyo Engineering Co. Ltd., Tokyo, Japan) recovered the
remaining 8 OBSs and deployed 10 around the source
area of the Mw 6.0 earthquake that occurred in Novem-
ber 2017. These 10 OBSs were recovered by Kaiyo-maru
No. 2 (Kaiyo Engineering Co. Ltd.) in July 2018. In these
observations, the horizontal spacing between OBSs was
approximately 25-35 km.



Obana et al. Progress in Earth and Planetary Science (2023) 10:11

We used two types of OBSs: a conventional type of
OBS using a glass sphere as the pressure housing and
ultra-deep-type OBSs using a ceramic pressure hous-
ing. The operation of the conventional OBSs is limited to
depths shallower than 6000 m, although the trench axis
in the survey area is deeper than 7000 m. We deployed
ultra-deep OBSs along the trench axis. Each OBS was
equipped with a three-component 4.5-Hz short-period
seismometer, and conventional OBSs were also equipped
with a hydrophone. Signals were sampled at a sampling
frequency of 100 Hz using a 24-bit analog-to-digital con-
verter and were recorded continuously. The internal clock
drifts of the OBSs were corrected using linear interpola-
tion of the time differences to the GPS-based reference
clock, measured just before deployment and soon after
recovery.

2.2 Analysis
Seismic events were detected from the continuous OBS
record based on the amplitude ratio of the short-term
average to the long-term average (STA/LTA). We also
visually inspected the continuous seismic record from 1
day before to 3 days after the three M6-class earthquakes
to identify small events that were not detected through
STA/LTA. We manually picked P- and S-wave arrival
times for seismic events using the WIN system (Urabe
and Tsukada 1992). Where possible, the polarities of the
P-wave first motion and maximum amplitudes were also
picked from the vertical component seismograms.
Hypocenter locations were estimated from double-
difference analysis (Zhang and Thurber 2003) following
the procedures used in a previous study in the trench
and outer trench slope area of the central Japan Trench
(Obana et al. 2019). We determined the initial hypo-
center locations using the hypomh program (Hirata and
Matsu’ura 1987) (Additional file 1: Fig. S1). Two different
1-D P-wave velocity (Vp) models were used, depending
on whether the station location was seaward or landward
of the trench axis. Both Vp models were based on pre-
vious studies in the Japan Trench area (Ito et al. 2005;
Hino et al. 2009). A fixed Vp/Vs of 1.78 was used for all
OBSs. Although the 1-D Vp models do not include a low-
velocity sedimentary layer beneath the OBSs, arrival time
delays due to the sedimentary layer were corrected using
station corrections. Station corrections were estimated
from the arrival time differences between the direct
P-wave arrivals and P-to-S converted phases at the bot-
tom of the sedimentary layer. The Vp of the sedimentary
layer was uniformly assumed to be 2.0 km/s, while two
different values of Vp/Vs were adopted depending on
whether the OBS was placed on the landward or seaward
side of the trench axis. Vp/Vs values of 4.4 and 8.0 were
assumed for the OBSs on the landward and seaward of
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the trench axis, respectively, based on previous studies
in the Japan Trench (Obana et al. 2019, 2021). The esti-
mated station corrections were 0.032—0.210 s and 0.526—
1.737 s for the P- and S-wave arrivals, respectively.

Initial hypocenter locations were obtained for more
than 15,000 earthquakes, and we selected 6791 events
to relocate using the 3-D seismic velocity model (Addi-
tional file 1: Fig. S1). The event selection was based on
the following criteria: (1) Both P- and S-wave arrivals
were picked for at least eight stations for events detected
by STA/LTA or five stations for visually identified events
before and after the M6-class earthquakes. (2) The maxi-
mum azimuthal gap of the stations with arrival time pick
is < 180°, or the initial hypocenters are located within
35 km from the nearest station. These events were relo-
cated using the double-difference tomography method
(Zhang and Thurber 2003). In the double-difference
analysis, the velocity model configurations and initial
velocities were the same as those used in a previous study
by Obana et al. (2019) (Additional file 1: Fig. S2). We
adopted station corrections similar to the initial hypo-
center determination to correct the arrival time delay
owing to the low-velocity sedimentary layer below the
OBSs. The spatial resolution of the tomographic analysis
was examined using a checkerboard resolution test. We
applied £5% velocity perturbations within alternating
cells at 25 km intervals in the horizontal direction and
6-20 km in the vertical direction. Errors in hypocenter
locations and velocity models were also estimated using
100 bootstrap samples.

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

3 Results

We obtained hypocenter locations for 6784 earthquakes,
6261 of which were estimated with location errors of
less than 5 km (Fig. 2a, b, and Additional file 1: Fig. S4).
Approximately 68% of the hypocenters (4302 events)
were estimated with location errors of less than 2 km.
The velocity structure obtained from the tomographic
analysis was generally consistent with a previous study
based on OBS observations from 2011 to 2014 (Obana
et al. 2019) (Additional file 1: Fig. S3a—c). The seismic
velocity in the uppermost oceanic mantle of the incom-
ing Pacific Plate decreases with proximity to the trench
axis. The checkerboard pattern was recovered at depths
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Fig. 2 Hypocenter distributions and focal mechanisms based on the tomographic analysis. a Map showing the hypocenters with location errors
less than 5 km. Three M6-class earthquakes and others are indicated by stars and circles, respectively. The symbols are color-coded by hypocenter
depth. Inverted triangles indicate the OBS locations. b Hypocenter distribution projected along the profile is indicated by thick solid lines on
panel (a). Dashed black lines indicate the top of the oceanic crust (Ito et al. 2005) and the approximate depth of the Moho, which is 7 km below
the seafloor seaward of the trench and 6 km below the top of the oceanic crust landward of the trench. Inverted triangles indicate the projected
locations of OBSs. ¢ Focal mechanisms estimated from first-motion polarities observed by the OBSs. Focal mechanisms are color-coded according
to the triangle diagram of Frohlich (1992), as presented in the inset panel. d Focal mechanisms projected along the profile indicated by the thick

solid line on panel (c)

down to 40 km, although the patterns within the oceanic
crust and the overriding plate landward of the trench axis
were not recovered (Additional file 1: Fig. S3d—f).

The magnitudes of three M6-class earthquakes that
occurred in 2017 (Mw 6.2 on September 20, Mw 6.2 on
October 06, and Mw 6.0 on November 12, according
to the GCMT) were estimated to be M 6.7, 6.6, and 6.4
from the OBS observations, respectively. The earthquake
activities were not limited to the region surrounding the
hypocenters of these three M6-class earthquakes. Active
seismicity in the outer trench slope area can be observed
within 110 km of the trench axis. This finding is simi-
lar to those of a previous study based on OBS observa-
tions from 2011 to 2014 (Obana et al. 2019). Most of the

earthquakes occurred at depths shallower than approxi-
mately 20 to 25 km, corresponding to the oceanic crust
and the uppermost 10 km of the oceanic mantle. Some
occurred at depths 50 km beneath the trench axis and the
outer trench slope.

Focal mechanisms were obtained for 228 earthquakes
with qualities A and B, as defined in the HASH program
by Hardebeck and Shearer (2002), which correspond to
fault plane uncertainties of < 35° (Fig. 2¢, d). According to
the triangle diagram of Frohlich (1992) (inset of Fig. 2¢),
most earthquakes were classified as normal-faulting or
intermediate focal mechanisms close to normal-fault-
ing. The pre-dominance of normal-faulting earthquakes
down to a depth of approximately 40 km is similar to the
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findings of previous studies based on OBS observations
after the 2011 Tohoku-oki earthquake (Obana et al. 2012,
2019).

4 Discussion

As described in the previous section, the overall results
of the hypocenter distribution, focal mechanisms, and
velocity structures are generally consistent with those of
a previous study based on OBS observations from 2011
to 2014 by Obana et al. (2019). In the following discus-
sions, we focus on the three M6-class earthquakes, Mw
6.2 on September 20, Mw 6.2 on October 06, and Mw 6.0
on November 12, and their aftershocks that occurred in
2017.

4.1 September 20, 2017 earthquake and its aftershocks
The rupture of the September 20, 2017 earthquake (Mw
6.2 from the GCMT and M 6.7 from the OBS observa-
tion) was initiated at a depth of 20 km, corresponding to
the uppermost oceanic mantle of the Pacific plate (Fig. 3
and Additional file 1: Fig. S5). Aftershocks within a few
hours of the mainshock (red circles in Fig. 3) were mainly
located at depths of approximately 20 km and shallower
than 13 km, corresponding to the uppermost mantle
and oceanic crust, respectively. The aftershock activity
extended along the NNE-SSW direction (Fig. 3a), par-
allel to the westward-dipping nodal plane of the GCMT
solution. The focal mechanism of the mainshock from the
OBS first-motion polarities and aftershock distribution
suggests the rupture of a westward-dipping high-angle
normal fault, which is consistent with the GCMT solu-
tion (Fig. 3d, e). The aftershocks within the uppermost
oceanic mantle were aligned along a westward-dipping
plane with a dip angle of 65°. Conversely, earthquakes
within the oceanic crust seem to align along a steeper
plane with a dip angle of 85° (Fig. 3).

Within 1 h of the mainshock, the aftershock area
extended 10.3 km along the strike oriented to NNE-
SSW and 14.2 km along the dip (gray-shaded area in

(See figure on next page.)
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Fig. 3c—e). For Mw 6.2 earthquake, the rupture area is
expected to be 283.9 km? and 163.7 km? from the scal-
ing relationships for large normal-faulting earthquakes
(Alvarez-Gémez et al. 2012) and shallow continental
normal-faulting earthquakes (Wells and Coppersmith
1994), respectively. Assuming that the 1-h aftershock
area indicates the rupture extent of the mainshock, it
can be considered a minimum estimation source fault
extent compared to that expected from the magnitude
scaling relationships. The centroid depth of the GCMT
solution is located within the depth range of the 1-h
aftershock area, although the horizontal location is
slightly outside that area. Location errors of the GCMT
solutions are expected to be approximately 10 km in
horizontal direction and 5-8 km in depth (Hjorleifsd6t-
tir and Ekstrom 2010). The GCMT location is consist-
ent with the 1-h aftershock area within the expected
errors. The westward-dipping nodal plane is also con-
sistent with the aftershock distribution. Thus, we con-
sider that the 1-h aftershock is indicative of the fault
extent of the mainshock rupture.

The aftershock activities expanded both along and nor-
mal to the strike of the mainshock rupture fault beyond
the 1-h aftershock area (Fig. 3 and Additional file 1: Fig.
S5). These expanded activities were mainly observed
within the oceanic crust. Along the strike of the main-
shock fault (profile C—C’ in Fig. 3c, g), the aftershock
activity expanded approximately 10 km to the north for
the first 8 h. Although aftershock activity to the south
of the mainshock was less apparent, aftershock area
expansion was also observed. The aftershocks were also
activated in the east and west of the mainshock rupture
(Fig. 3d). These aftershocks were located approximately
15-20 km west and within 10 km east of the mainshock
rupture area. Aftershock activity west and east of the
mainshock started approximately 1.6 h to 2.0 h after the
mainshock and expanded in the NNE-SSW direction,
parallel to the strike of the mainshock fault (Fig. 3f~h and
Additional file 1: Fig. S5).

Fig. 3 Mainshock and aftershock activity of the September 20, 2017 earthquake. a Map showing epicenter distribution of the mainshock and
aftershocks. The bathymetry relief is represented in grayscale based on the red relief map in Fig. 10b and c (Chiba et al. 2008). The earthquakes
within the dashed rectangles are indicated by circles color-coded with time after the mainshock, as indicated in panel (b). The mainshock is marked
with a green star. Other earthquakes before the mainshock and after September 23 are indicated with open circles. The focal mechanism of the
mainshock from the GCMT catalog and OBS first-motion polarities are indicated. b Magnitude-time diagram of the earthquakes within the dashed
rectangles on panel (a). ¢ Cross sections of the hypocenters along the profile C-C'on panel (a). Earthquakes within 5 km from the profile (within the
dashed rectangle) are projected. The gray rectangle indicates the area of the earthquakes that occurred within 1 h after the mainshock. The seafloor
and the approximate depth of the Moho, 7 km below the seafloor, are indicated by solid and dashed lines, respectively. d, e Cross sections of the
hypocenters along the profile A-A'on panel (a). The dashed green lines with black arrows are the projection of the westward-dipping planes along
which the aftershocks are aligned. The focal mechanisms from the first-motion polarities observed by the OBSs are also indicated on panel (e). The
OBS focal mechanisms are color-coded by the faulting types according to the triangle diagram of Frohlich (1992) as shown in Fig. 2. f-h Space-time
plots of the mainshock and aftershocks projected along the profiles B-B' (f), C-C'(g), and D-D’ (h). The gray-shaded region is the 1-h aftershock area
along the profile C—C'(g), and its projection is on the other two profiles (f, h). Vertical dashed lines indicate the origin time of the mainshock and 2 h

since
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Considering the delayed activation of these two clusters
east and west of the mainshock rupture, these clusters
were not the activity of the source fault of the mainshock
rupture. However, mainshock rupture can activate these
off-fault aftershocks. We calculated the Coulomb stress
changes caused by mainshock rupture using a formula-
tion by Okada (1992) (Fig. 4). As the source fault of the
mainshock, two models were examined: one in which
the mainshock rupture extended both in the uppermost
mantle and oceanic crust (case 1) (Fig. 4a, c¢) and the
other in which the mainshock rupture only occurred in
the uppermost oceanic mantle (case 2) (Fig. 4b, d). The
geometry of the source fault is based on the 1-h after-
shock distribution, and a pure normal fault slip with a
rake angle of —90° was assumed (Table 1). The amount of
slip was estimated to satisfy the seismic moment of 2.68
x 10'® Nm from the GCMT solution with an assumed
rigidity of 70 GPa. A frictional coefficient of 0.4 was
adopted with reference to a previous study for after-
shocks of the 2011 Tohoku-oki earthquake by Toda et al.
(2011). The Coulomb stress changes were calculated for
both westward- and eastward-dipping normal faults with
a dip angle of 70° based on previous studies in the outer
slope area of the Japan Trench (Obana et al. 2018; Park
et al. 2021).

The estimated stress changes show that aftershocks
generally occur in the increased stress regions. The oft-
fault aftershock activations are generally associated with
a stress increase of 0.01 MPa (Harris 1998). Although it is
difficult to identify the dip direction of the faults related
to the off-fault aftershocks from the aftershock hypo-
center distribution (Fig. 3d), the aftershocks 15-20 km
west of the mainshock fault located in the area of stress
increased over 0.01 MPa on both westward and east-
ward-dipping faults. However, more than 50% of the
aftershocks east of the mainshock and along the main-
shock fault were located where the stress decreased when
the mainshock rupture extended both in the oceanic
crust and uppermost mantle (case 1, Fig. 4a, ¢, and Addi-
tional file 1: Fig. S6, Additional file 2: Table S1). The stress
increase on both westward- and eastward-dipping nor-
mal faults is expected to be 60—80% of the aftershock east
of the mainshock and along the mainshock fault when
the mainshock only ruptures the fault in the uppermost

(See figure on next page.)
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oceanic mantle (case 2, Fig. 4b, d, and Additional file 1:
Fig. S6, Additional file 2: Table S1). Few aftershocks gen-
erally occur in the region of large coseismic slip (e.g., Das
and Henry 2003). Fewer aftershocks within the upper-
most mantle than those in the oceanic crust (Fig. 3c) sug-
gest that the main rupture occurred mainly on the fault
within the uppermost oceanic mantle.

Our observations suggest that the September 2017
earthquake ruptured a westward-dipping high-angle nor-
mal fault with a slip that mostly occurred in the upper-
most mantle. The off-fault aftershocks parallel to the
mainshock fault can be activated by static stress changes
caused by the mainshock rupture. This indicates that the
compound rupture of multiple faults is not evident only
from the overall distribution of aftershocks. However,
for the 1933 Sanriku earthquake (Mw 8.4), a compound
rupture of two normal faults with different dipping direc-
tions was proposed from the combined analysis of the
aftershock distribution and tsunami waveforms (Uchida
et al. 2016). Careful investigation of aftershock activi-
ties is necessary to examine the rupture of outer-rise
earthquakes.

4.2 October 06, 2017 earthquake and its aftershocks
The rupture of the October 06, 2017 earthquake initiated
at a depth of 18 km, and the aftershock area extended in
the NNE-SSW direction, which is parallel to the general
trend of the horst-graben structures in the source region
(Fig. 5). The extent of the 1-h aftershock area is 10.0 km
along the strike (profile B-B’ in Fig. 5a) and 11.0 km in
depth. The spatial extent of the 1-h aftershock area is
comparable to that of the September 2017 earthquake
with the same moment magnitude of Mw 6.2. The after-
shock area expanded approximately 10 km along the
strike beyond the 1-h aftershock area 2 days after the
mainshock (Fig. 5e). The fault plane is not apparent on
the cross section of the aftershocks (Fig. 5c). The OBS
first-motion focal mechanisms show many intermediate
focal mechanisms with strike-slip components, such as
the mainshock mechanism (Fig. 5a), as well as normal-
faulting mechanisms (Fig. 5d).

The detailed distribution of the 1-h aftershocks sug-
gests that the mainshock ruptured several faults with
different dipping directions and angles (Fig. 6). The 1-h

Fig. 4 Coulomb stress changes on 70° dipping normal faults for the September 20, 2017 earthquake. Map views at a depth of 11 km and vertical
cross sections along the profile indicated by thick solid lines in the map view, which is the same as the profile A-A’in Fig. 3a, are shown. The stress
change on westward- (a, b) and eastward-dipping (c, d) faults with a strike parallel to the mainshock is indicated. The stress changes are calculated
for the mainshock fault when it ruptures in both the oceanic crust and uppermost mantle (case 1: a, ¢) and when it ruptures only in the uppermost
mantle (case 2: b, d). Green stars are the hypocenter of the mainshock. The green rectangle on the map view and the thick green line on the cross
sections are the assumed faults of the mainshock. The green dashed lines are the contour of a Coulomb stress increase of 0.01 MPa. Open circles
are the aftershocks that occurred until September 22, 2017, which are the same as the colored events in Fig. 3. The aftershocks within the dotted
rectangle on the map views are projected on the cross sections. The inverted triangles are the OBSs
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Table 1 Fault parameters of the September 20, 2017 earthquake
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aftershocks occurred along the eastward- and westward-
dipping planes with dip angles between 45° and 70°. The

Oceanic crust Uppermost . R o )

mantle mainshock rupture initiated on the 65° eastward-dip-
ping plane (red star on the E-E’ profile in Fig. 6¢). The
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Fig. 5 Mainshock and aftershock activity of the October 06, 2017 earthquake. a Map showing the epicenter distribution of the October 06, 2017
earthquake and its aftershocks. The mainshock and aftershocks within the dashed rectangle are circles color-coded with time after the mainshock,
as indicated in panel (b). The mainshock is marked with a green star. The focal mechanism of the mainshock from the GCMT catalog and OBS
first-motion polarities are indicated. b Magnitude-time diagram of the earthquakes within the dashed rectangle on panel (a). ¢, d Cross sections
of the hypocenters along the profile A—A"on panel (a). Focal mechanisms from the OBS first-motion polarities are also indicated on panel (d). The
focal mechanisms are color-coded by the faulting types according to the triangle diagram of Frohlich (1992), as shown in Fig. 2. The gray rectangle
indicates the area of the earthquakes that occurred within 1 h from the mainshock. e Cross sections of the hypocenters along the profile B-B'on
panel (a)
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concentrated in the 1-h aftershock area (sections C-C’
to F-F’ in Fig. 7). However, normal-faulting earthquakes
occurred to the north and south of the 1-h aftershock
area (Fig. 7). Thus, the source fault of the mainshock of
the October 2017 earthquake likely had a complicated
geometry consisting of multiple faults rather than a sim-
ple normal fault.

In the source area of the October 2017 earthquake,
the strike of the horst-graben structures oriented in
the NNE-SSW direction, which is generally parallel to
the Japan Trench axis. These structures can be divided
into small segments, and both eastward and westward
escarpments have been identified from bathymetric data
(Nakanishi 2011). Additionally, topographic features of
NE-SW strikes have been identified in this area (Nakani-
shi 2011). These structures are parallel to the magnetic
anomaly lineations and are related to the reactivation
of abyssal hill fabrics formed at the spreading centers.
The NE-SW strike nodal plane of the mainshock focal
mechanism, estimated from the OBS first-motion polari-
ties, suggests rupture along these structures. Structures
with various strike orientations and dip directions in this
region can promote the rupture of multiple faults with
complicated geometries.

4.3 November 12, 2017 earthquake and its aftershocks

The rupture of the November 12, 2017 earthquake
was initiated at a depth of 11 km. The aftershocks were
located both in the oceanic crust and uppermost man-
tle (Fig. 8). The aftershock area extended approximately
10 km in the NE-SW direction (profile A—A’ in Fig. 8),
which is parallel to the strike of the GCMT solution,
although the GCMT solution was located approximately
10 km away from the aftershock area. The cross section
along the NW-SE profile (profile B-B’ in Fig. 8) shows
that the hypocenters of the mainshock and aftershocks
were located generally along a northwestward-dipping
plane with a dip angle of 45° (Fig. 8d). The extent of the
1-h aftershock area is approximately 9 km both along
the NE-SW strike parallel to the GCMT solution and
in depth. This is relatively smaller than that of the Sep-
tember and October 2017 earthquakes but is reasonable
given the difference in moment magnitude (Mw 6.2 for
the September and October 2017 earthquakes and Mw
6.0 for the November 2017 earthquake). The normal-
faulting rupture on the northwestward-dipping plane is

(See figure on next page.)
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consistent with the GCMT solution. The NE-SW direc-
tion is roughly parallel to the magnetic anomaly linea-
tions (Nakanishi 2011) (Fig. 1). The mainshock rupture
is likely related to the abyssal hill fabrics formed at the
spreading centers.

Conversely, aftershocks within a few hours of the main-
shock, including some larger aftershocks (M ~4, marked
by thin arrows in Fig. 8d), were located below the north-
westward-dipping plane. The E-W cross section along
the profile C-C’ (Fig. 8e) shows that these earthquakes
and the rupture initiation of the mainshock were located
along a westward-dipping plane with a dipping angle of
70°. The focal mechanisms of the aftershocks suggest
the rupture of the westward-dipping high-angle normal
fault (Fig. 8f). Only two aftershock focal mechanisms
were ranked as quality B for the November 2017 earth-
quake based on the OBS first-motion polarities. How-
ever, the first-motion polarities of the mainshock and
some aftershocks suggest a complicated rupture of this
earthquake. Figure 9 shows the first-motion polarities of
the mainshock and seven aftershocks with focal mecha-
nisms of quality B and D ranked by the HASH program
(Hardebeck and Shearer 2002) that correspond to the
fault plane uncertainties of < 35° and > 45°, respectively.
Because the OBSs were deployed only west of the after-
shock area at the occurrence of this earthquake (Fig. 1),
the focal mechanisms were not well constrained. Yet, the
first-motion polarities for stations in the southwest direc-
tion show upward or downward motion, depending on
the events. The variation in the first-motion polarities
can be explained by activity along two normal faults with
different strike orientations: NE-SW and N-S.

The GCMT solutions and NE-SW extending aftershocks
indicate that the main rupture occurred on the fault paral-
lel to the magnetic anomaly lineations oriented in NE-SW
directions associated with the preexisting abyssal hill fab-
rics. In addition, the N-S extending trench-parallel fault
was also related to the November 2017 earthquake. The
first-motion polarities of the mainshock are similar to those
of the focal mechanisms with quality B, which indicates
normal-faulting with an N-S strike (Fig. 9). Normal faults
with N-S strikes are likely associated with trench-parallel
faults created in the outer trench slope area owing to the
bending of the incoming Pacific plate. The November 12,
2017 earthquake occurred approximately 90 km east of
the trench. Bending-related topographic features, such as

Fig. 6 Detailed distribution of the aftershocks of the October 06, 2017 earthquake. a The map indicates the profiles of the cross sections from A-A’
to I-I'in panel (c). Horizontal intervals between the profiles are 2.5 km. The hypocenter of the mainshock is indicated by the red star on the profile
E-E" The aftershocks within 1 h after the mainshock are color-coded with time after the mainshock as shown in the magnitude-time diagram of
panel (b). Other earthquakes are indicated with open circles. b Magnitude-time diagram of 1-h aftershock. ¢ Cross sections along the profile A-A'to
I-I'on panel (@). The aftershocks within 1 h after the mainshock are indicated by circles color-coded with the time after the mainshock. Earthquakes
within the dotted rectangles are indicated on each cross section. Arrows indicate the dipping planes of the aftershocks



Obana et al. Progress in Earth and Planetary Science (2023) 10:11 Page 12 of 19

—_
O
~—"

e 7 ..... ) IR S

37°30' =0 6 b ¢
o 5
o
24
'c
> 3
=

. , 1
37°20' =t 0 +———mr i

07:00 08:00 09:00
Oct. 06, 2017

{45° i o :
'—10 [e) =4 | n
E @a ? o F %? ogd? g
< 15 ° ‘ AL °
S ] - ] - 1o &
& 1 @; o ] d ] !
8 =57 x i 6
20 — ] ] og) N
o5 A A ;D D 1G G
V. B3
(d) 5 = e 5
0 R F {65° F R
3 S SRS ] *J: o
E 1 oY T H]  Bn [ e
[0 (@} ] N QJ
020 @?ﬁ = g@t - - (@
] (O s [ )
(e) 5 gy e e e e e
. - { 70° =
E10_ > ~ - ] do Qg = ~
R o | B ¥ o 18
£ 151 - 1 PN D) C ] d
o [ ] geb ] ;
o 1 - ] Ja’ @) . i
20 3 - w%w C ] C
C ] o) ] s
25: O C'F 1F Fr 11 I’E
-0 %5 0 5 10 15-10 -5 0 5 10 15-10 5 0 5 10 15

Distance [km] Distance [km] Distance [km]
Fig. 6 (Seelegend on previous page.)



Obana et al. Progress in Earth and Planetary Science (2023) 10:11

horst-graben structures, are apparent within 80 km of the
trench axis (Nakanishi 2011). However, the focal mecha-
nisms and first-motion polarities suggest that the deforma-
tion associated with trench-parallel normal faults occurred
in the region where trench-parallel bending-related bathy-
metric features were not apparent. This means that outer-
rise earthquakes consisting of multiple faults with different
strikes and dip angles could have occurred in the region
without clear bending-related topographic features.

4.4 Complex fault system in the outer trench slope
of Japan Trench

The OBS observations in this study indicate that com-
plex fault systems consisting of multiple faults with dif-
ferent dipping directions, angles, and fault strikes are
related to the mainshock rupture and aftershock activ-
ity of three M6-class outer-rise earthquakes in the central
Japan Trench. The outer-rise activities are likely associated
with eastward- and westward-dipping normal faults form-
ing horst-graben structures—which are generally parallel
or sub-parallel to the trench axis—and reactivated abys-
sal hill fabrics, which are oblique to the trench but paral-
lel to the magnetic anomaly lineations, in the Japan Trench
outer-rise. Outer-rise normal-faulting activities after the
2011 Tohoku-oki earthquake mainly occurred in the cen-
tral Japan Trench between 37° and 39° N, where significant
coseismic slip (> 5 m) had occurred along the shallow near-
trench mega-thrust (linuma et al. 2012) (Fig. 1). As dis-
cussed by Lay et al. (2020) and Sladen and Trevisan (2018),
great mega-thrust earthquakes with ruptures extending
to the trench are often associated with outer-rise normal-
faulting activities because of the transient stress loading
caused by mega-thrust slips. The complex fault systems of
the outer-rise normal-faulting activities, including faults
both parallel and oblique to the trench, could be activated
by the stress changes related to the large slips on the shal-
low near-trench plate interface.

While the outer-rise normal-faulting activities after
the 2011 Tohoku-oki earthquake concentrate in the cen-
tral Japan Trench, previous OBS observations—including
those conducted in northern (38.5°-40° N) and southern
(36° —37.5° N) sections of the Japan Trench—indicate the
outer-rise seismicity extended between 36° and 40° N,
including the area without significant near-trench coseis-
mic slip during the earthquake (Obana et al. 2018, 2019,
2021) (Fig. 10a). The OBS observations in the central Japan

(See figure on next page.)
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Trench around 38° N have been repeated since the 2011
Tohoku-oki earthquake with total durations of approxi-
mately 2 years. In contrast, the observations in the north-
ern and southern Japan Trench were conducted a single
time each, with observation durations of 2 and 4 months,
respectively. Therefore, it is difficult to directly compare the
differences in seismic activity levels along the Japan Trench
from the OBS observations. However, the OBS observa-
tions have revealed detailed hypocenter distributions of
the active outer-rise seismicity extending along the Japan
Trench after the 2011 Tohoku-oki earthquake as reported
in land-based observation studies (Asano et al. 2011; Naka-
mura et al. 2016). After the 2011 Tohoku-oki earthquake,
interplate slips on the shallow mega-thrust near the trench
in latitudes below 37° N and over 39° N are expected from
the seafloor geodetic observations (linuma et al. 2016;
Honsho et al. 2019). In addition to the large coseismic
slip during the 2011 Tohoku-oki earthquake, the transient
stress changes caused by the postseismic slip related to the
seamount subductions could enhance the outer-rise earth-
quake activities along the Japan Trench.

The earthquakes shallower than 14 km in depth, cor-
responding to the activity in the oceanic crust, show
that there are linear earthquake trends of the outer-
rise seismicity not only in the central Japan Trench
around 38° N, but also in the northern and southern
sections of the Japan Trench (Obana et al. 2018, 2021)
(Figs. 10b, c). Although many linear trends can be
seen in the central Japan Trench, only the ones identi-
fied by Obana et al. (2018, 2021) from the OBS obser-
vations in the northern and southern Japan Trench
sections are marked in Fig. 10b and c. These 100- to
200-km-long linear earthquake trends are generally
parallel or sub-parallel to the trench axis. In some
parts, no clear faults can be identified in the bathym-
etry, but the earthquake trends span over multiple
small segments of bending-related faults with vari-
ous fault strikes including those oblique to the trench.
Two of them north of 38° N (linear trend A and B in
Fig. 10b) correspond to the aftershock activity of the
1933 Showa-Sanriku earthquake, which suggests the
compound rupture of two normal faults with dif-
ferent dip directions (Uchida et al. 2016). Although
detailed fault geometries are not constrained for the
linear earthquake trends, these trends suggest the pos-
sible complex rupture of multiple faults during large

Fig. 7 Focal mechanisms in the source area of the October 06, 2017 earthquake. Hypocenters and focal mechanisms are indicated for the
earthquakes that occurred during the entire observation period. a Map showing the focal mechanisms estimated from OBS first-motion polarities.
Focal mechanisms are color-coded according to the triangle diagram of Frohlich (1992), as indicated in panel (b). Locations of the profile A-A’

to |-I"are the same as in Fig. 6. Open circles are the earthquakes located from the OBS observations. b Triangle diagram of Frohlich (1992) for the
focal mechanisms indicated on the cross sections in panel (c). ¢ Cross sections along the profile A-A'to I-I'on panel (a). Focal mechanisms and

hypocenters within the dotted rectangles are indicated on each profile



Obana et al. Progress in Earth and Planetary Science (2023) 10:11 Page 14 of 19

-
| o
°nn! s ."
37°30' o M4 @
¢ A P T
2 M3
;'l"t;{ e
L M2 @
O W
&

37°20'

Normal Reverse
(c)

3 4 :
‘A_c‘ 4 L
= 1 -
4 3 F
Q) E -
2 1 -
iD :
_ = ?b C a [
£ - [ o) [
= 1 Ooﬁ @o i

= o
8 E : :
q) -4 - -
2 1 - i
{E Ef P H'|
E 3 R A c ]
= o Gl | o |
B [ ] L [
Q) L. N L a L
a = 2 E < -
: - 1F 9 FE ol Ik
25 MAELLE ELRESR LR LR UL AERS RAENLE EUUELS RURKSLE R RS IEELLELY UL LR R
-0 -5 0 5 10 15-10 -5 0 5 10 15-10 -5 0 5 10 15

Distance [km] Distance [km] Distance [km]

Fig. 7 (Seelegend on previous page.)



Obana et al. Progress in Earth and Planetary Science (2023) 10:11

Page 15 of 19

a
38°10"

38°00'

8 12 00 12 00 12 00
o Do Nov.12 Nov.13 Nov.14

A 2017
5 _: I I 1
10
37°50' R 157
20
— 25 -1
145°00"
d B B () C
A" MR B L 5 L
] @
10
€ T Fe---- IRRLEF S 8y T AR i PR i 7, & I
= =
< £ 15
Q. (o} ]
[0) [0 1
a a ]
20
""|H""""|"— 25_"'|"'|||"||||"|| LN
-10 -5 0 5 10 -5 -10 -5 0 5 10 -15 10
Distance [km] Distance [km] Distance [km]

Fig. 8 Mainshock and aftershock activity of the November 12, 2017 earthquake. a Map showing the epicenter distribution of the November 12,
2017 earthquake and its aftershocks. The mainshock and its aftershocks that occurred through November 14 within the dashed rectangles are
indicated by circles color-coded with time after the mainshock as indicated in panel (b). The mainshock is marked with a green star. The focal
mechanism of the mainshock from the GCMT catalog is indicated. b Magnitude-time diagram of the earthquakes within the dashed rectangles

on panel (a). ¢ Cross section of the hypocenters along profile A-A’on panel (a). The gray rectangle indicates the area of the earthquakes that
occurred within 1 h from the mainshock. d Cross section of the hypocenters along profile B-B'on panel (a). The thick arrow indicates the aftershock
distribution corresponding to the northwestward-dipping plane of the GCMT solution. Thin arrows indicate the M ~4 aftershocks located below
the northwestward-dipping plane. e, f Cross sections of the hypocenters along the profile C—C'on panel (a). Focal mechanisms from the OBS
first-motion polarities are also indicated on panel (f). The focal mechanisms are color-coded by the faulting types according to the triangle diagram
of Frohlich (1992), as shown in Fig. 2. Thick arrows indicate the aftershock distribution corresponding to the westward-dipping plane of the focal

mechanisms from the OBS first-motion polarities

earthquakes as observed for the M6-class earthquakes
in the central Japan Trench in this study. The rupture
of complicated fault systems should also be considered
for outer-rise earthquakes in the northern and south-
ern sections of the Japan Trench.

5 Conclusion

Fault geometries of three Mé6-class outer-rise earth-
quakes in the Japan Trench were investigated using
near-field OBS observations from September 2017 to
July 2018. Oftf-fault aftershock activity triggered by static
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first-motion polarities. Two focal mechanisms within the solid rectangle are ranked as quality B by the HASH program (Hardebeck and Shearer 2002).

The other six focal mechanisms are ranked as quality D

stress changes was observed during the September 2017
earthquake. Compound ruptures of multiple faults were
proposed for the 1933 Showa-Sanriku earthquake, but
this is not the case for the September 2017 earthquake,
even though the overall aftershock distributions seem
to be the activity of multiple faults. However, the Octo-
ber and November 2017 earthquake ruptures are likely
related to multiple faults with complicated geometries.
Early aftershocks of the October 2017 earthquake sug-
gest that westward- and eastward-dipping faults with
dip angles between 45° and 70° were associated with
the mainshock rupture. In addition, the November
2017 earthquake likely relates to the abyssal hill fabrics,
which were created parallel to the spreading centers, and
trench-parallel normal faults formed in the outer trench
slope area.

Fault geometries, such as strike orientations and dip
angles, affect tsunami propagation and heights at the
coast. Our near-field OBS observations show the possi-
ble complicated fault geometry of M6-class earthquakes,
which ruptured a ~10-km-long fault in the central Japan
Trench. Previous OBS observations in the northern
and southern Japan Trench sections also showed a pos-
sible complex fault system consisting of multiple fault
segments in the outer rise. In the case of large normal-
faulting earthquakes, such as the 1933 Showa-Sanriku
earthquake, the fault geometry could be more complex
because of larger-scale rupture. In evaluating tsunamis
caused by large outer-rise earthquakes, the potential of
the complex geometry of the source fault consisting of
multiple faults with different strikes, dip directions, and
angles should be considered.
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Contours for 5-, 20-, and 50-m coseismic slip and 0.4- and 0.8-m postseismic slip are indicated. The pink rectangle and arrows indicate the slow slip
eventin 2015 and horizontal displacement rates relative to the North American Plate, respectively (Honsho et al. 2019). The thick solid line rectangle
indicates the area shown in panels (b) and (c). b Red relief bathymetry map (Chiba et al. 2008) showing epicenter distribution. Green circles
represent the epicenters of earthquakes shallower than 14 km obtained in this study and previous studies (Obana et al. 2018, 2019, 2021). Arrows
and white dashed rectangles indicate linear earthquake trends identified in previous studies in the northern and southern sections of the Japan
Trench (Obana et al. 2018, 2021). The dashed white line indicates the Japan Trench axis. ¢ Red relief bathymetry map without the epicenters
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Additional file 1: Fig. S1. Distribution of initial hypocenters determined
using 1-D velocity structure. a Distribution of the initial hypocenters.
Colored circles are the events used for the double-difference tomographic
analysis. Open and solid inverted triangles are the OBSs seaward and
landward of the trench axis, respectively. b Cross section of the initial
hypocenters along the profile X-X"shown in (a). ¢ 1-D Vp models used for
the OBSs seaward (S) and landward (L) of the trench axis. Fig. $2. Model
configuration and initial velocity model of the tomographic analysis. a
Map showing the initial Vp model at a depth of 15 km. Crosses indicate
grid nodes of the velocity model. The red line is the survey line of Ito et al.
(2005), used as a reference for the initial velocity model. Inverted triangles
indicate the OBS locations. Bathymetric contours in meters. b Cross sec-
tion of the initial Vp model along axis X. Dashed black lines indicate the
top of the oceanic crust (Ito et al. 2005) and the approximate depth of

the Moho, which is 7 km below the seafloor seaward of the trench and 6
km below the top of the oceanic crust landward of the trench. Inverted
triangles indicate the projected locations of OBSs. White contours are iso-
velocity contours of Vp. Fig. S3. Results of the tomographic analysis and
checkerboard resolution test. a Map showing the obtained Vp model at a
depth of 15 km. Symbols are the same as in Fig. S2. b, ¢ Cross sections of
Vp (b) and Vs (c) model along the profile X-X'"on panel (a). d Map showing
the results of the checkerboard resolution test for Vp at a depth of 15 km.
e, f Cross sections of the results for Vp (e) and Vs (f) along the profile X-X'
on panel (d). Fig. S4. Location errors of the hypocenters estimated from
100 bootstrap samples. aMap showing error ellipsoids of hypocenter loca-
tions. Error ellipsoids are color-coded by location errors. Open stars are the
epicenter of three M6-class earthquakes. b Cross section of hypocenter
errors projected along the profile indicated by a thick solid line on panel
(a). Fig. S5. Temporal evolution of aftershock activity for the first 24 h of
the September 20, 2017 earthquake. a—f Maps and cross sections showing
aftershock hypocenters for each time range, represented with circles.

The origin time of the mainshock is 16:37. Aftershocks within the first

hour of the mainshock are indicated in panel (a). Green stars indicate the
hypocenter location of the mainshock. The time ranges displayed on each
panel vary from 1 to 8 h. Cross sections indicate hypocenters projected
along the thick solid line on the map, which represents profile A-A'in

Fig. 3. Inverted triangles indicate the OBS locations. The seafloor and the
approximate depth of the Moho, 7 km below the seafloor, are indicated
on the cross sections with solid and dashed lines, respectively. Fig. S6.
Coulomb stress changes at aftershock hypocenters for the September

20, 2017 earthquake. a Map and cross section indicating the definition

of the west, mainshock, and east areas used in panel (b). Green stars are
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the hypocenter of the mainshock. The green rectangle on the map view
and thick green line on the cross section are the assumed faults of the
mainshock for case 1, in which the rupture extends both in the oceanic
crust and uppermost oceanic mantle. Inverted triangles indicate the OBS
locations. Open circles are the aftershocks that occurred until September
22,2017, which are the same as the colored events in Fig. 3. b Frequency
distribution of Coulomb stress changes (dCFF) at aftershock hypocenters.
The stress changes on both westward and eastward-dipping normal faults
with a 70° dipping angle were calculated for the aftershocks that occurred
within the map area in panel (a) until September 22, 2017.

Additional file 2: Table S1. Coulomb stress changes (dCFF) for the after-

shocks of the September 20, 2017 earthquake. The stress changes for the

aftershocks occurred within the map area in Additional file 1: Fig. S6a until
September 22, 2017 have been examined.
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