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Abstract

The structure of the incoming plate is an important element that is often considered to be related to the occur-
rence of great earthquakes in subduction zones. In the Japan Trench, where the 2011 Tohoku earthquake occurred,
we collected seismic profiles along survey lines separated by 2-8 km to examine the structural characteristics

of the incoming Pacific plate in detail. The average thickness of the incoming sediments was < 500 m along most

of the Japan Trench, and it was <300 m at~ 38° N, where the large shallow megathrust slip occurred during the 2011
Tohoku earthquake. We mapped bending-related normal faults, including their dip direction and amount of throw.
The numbers of eastward (oceanward) and westward (trenchward) dipping normal faults were generally comparable
in the Japan Trench. Eastward dipping normal faults were dominant in the northern and southern parts of the Japan

spond to different slip styles along the plate boundary.

Trench, whereas westward dipping normal faults were more numerous in the central part. Graben-fill sediments
deposited at the landward edge of the graben were bounded by eastward dipping normal faults. Trench-fill sedi-
ments were also observed along the trench axis. The sediment fills locally increased the thickness of the input
sediments where they were deposited. The along-axis variation in input sediment and sediment fill distribution,
and the variations in normal fault dip direction between the central and other parts of the Japan Trench may corre-

Keywords Japan Trench, Incoming structure, Sediment thickness, Normal faults, Subduction zone earthquake

1 Introduction

The Tohoku earthquake occurred in March 2011 in the
Japan Trench subduction zone. Numerous studies have
been conducted to understand this one of the great-
est earthquakes. Various rupture models were obtained
using seismological, geodetic, and tsunami datasets (e.g.,
Ide et al. 2011; Iinuma et al. 2012; Satake et al. 2013).
Most of them suggested that large slip occurred in the
shallowest megathrust near the trench axis and large slip
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area is limited to relatively small area in the central part
of the Japan Trench (Lay 2018). The analysis from the
fault zone samples obtained from the drilling into the
shallowest megathrust (Chester et al. 2013) suggested
that the large shallow slip was facilitated by the smectite
with very low frictional coefficients in the fault zone and
thermal pressurization (Ujiie et al. 2013).

Recently, slow earthquakes have been observed in the
subduction zones (e.g., Ito and Obara 2006; Todd and
Schwartz 2016; Dragert et al. 2004). These slow earth-
quakes, which are the fault slip phenomenon different
from the “normal” earthquakes, are thought to be impor-
tant to understand the megathrust fault slip in the sub-
duction zones. In the Japan Trench, various types of slow
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earthquakes (tremor, low-frequency earthquake (LFE),
very low-frequency earthquake (VLFE), slow slip event
(SSE)) have been reported in recent years (e.g., Nishikawa
et al. 2019). A M7 slow slip event preceded the Tohoku
earthquake within the rupture zone of the Tohoku earth-
quake (e.g., Ito et al. 2013). As pointed out by Nishikawa
et al. (2023), the source region of the 2011 Tohoku earth-
quake and the “seismic” slow earthquakes (tremors and
VLEFEs) are complimentary distributed in the along-strike
direction on a scale of hundreds of kilometers (Nishikawa
et al. 2019; Baba et al. 2020). It was also pointed out that
the distribution of fast and slow earthquakes is complex
in both along-strike and along-dip directions on a scale
of tens of kilometers (Nishikawa et al 2019; Nishimura
2021; Obana et al. 2021).

The variation of the slip styles mentioned above should
be linked to the structure in the subduction zone. Since
the 1980s, many structural studies have been carried out
in the Japan Trench subduction zone, showing the sub-
duction of the horst—graben structure formed by bend-
ing-related normal faults (e.g., von Huene and Culotta
1989), the development of the bending-related normal
faults from outer rise to beneath the subduction zone
(Tsuru et al. 2000), wedge-shaped frontal prism beneath
the lowermost landward slope with low p-wave velocity
(e.g., Tsuru et al. 2000; Takahashi et al. 2004). After the
2011 Tohoku earthquake, several studies were conducted
to elucidate the structural characteristics in its rupture
zone. The shallowest part of the subduction zone with
the large coseismic slip indicates the fold-and-thrust
deformation structures in the vicinity of the trench axis
(Kodaira et al. 2012; Nakamura et al. 2013, 2020), but
such deformation structure was not observed in the
southern part of the Japan Trench where large coseis-
mic slip did not occur (Qin et al. 2022). The frontal prism
beneath the lowermost landward slope and the backstop
interface landward of the prism are imaged in the north-
ern part, whereas the channel-like structure above the
subducting oceanic plate is imaged in the southern part
of the Japan Trench (Tsuru et al. 2002). Kodaira et al.
(2017) demonstrated that the frontal prism is also imaged
in the rupture zone of the Tohoku earthquake in the
central part of the Japan Trench. Tomographic studies
showed that the rupture of the Tohoku earthquake was
initiated at the boundary between high- and low-veloc-
ity areas in the megathrust zone (Zhao et al. 2011; Hua
et al. 2020). Bassett et al. (2016) showed that the resid-
ual bathymetric and gravity anomalies observed in the
forearc of the southern Japan Trench correspond to the
southern extent of the 2011 Tohoku earthquake rupture
zone.

The structural variation in the subduction zone should
be related to the structure of the subduction inputs.
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Then, the characteristics of the input structure in the
subduction zone have been regarded as one of the key
factors to understand the megathrust slip behaviors. Sub-
ducted seamounts have been thought to act as asperities
(e.g., Cloos 1992). Recent studies suggested that the sea-
mount subducts aseismically (e.g., Mochizuki et al. 2008).
The thick incoming sediments are thought to be favora-
ble conditions for great subduction zone earthquakes
(e.g., Heuret et al. 2012). In the Japan Trench, the oceanic
Pacific plate shows well-developed horst-and-graben
related to the bending-related normal faults. The normal
fault distribution has variations along the trench from
north to south, and it is complicated in the central Japan
Trench (Nakanishi 2011). The P-wave velocity structures
suggest that the crust and the uppermost mantle in the
incoming Pacific plate are hydrated near the trench due
to the bending-related normal faults (e.g., Fujie et al.
2016, 2018). Several petit-spot sites were reported on the
incoming Pacific plate, and one of them is located near
the northern end of the large slip zone of the Tohoku
earthquake (Hirano et al. 2006). Fujie et al. (2020) sug-
gested that the petit-spot activity altered the incoming
sediments, which prevented the northward propagation
of megathrust shallow slip during the Tohoku earth-
quake. Boston et al. (2014) investigated the incoming
plate structure in the central part of the Japan Trench at
37.5°-39° N and interpreted the bending-related normal
faults and thickness of the sediments with the depth-
migrated seismic profiles. The thickness of the sediments
varies between 0 and 600 m and is generally increased
toward the trench in their study area. Throws of bending-
related normal faults are more in the north than south in
the survey area. They proposed that seaward propagation
of the shallow-most decollement is related to the normal
faults including those densely developed within the sedi-
ment column. Qin et al. (2022) interpreted the seismic
profiles in the southern part of the Japan Trench between
36° and 37.5° N, mostly outside the rupture zone of the
2011 Tohoku earthquake and divided the study area into
4 segments based on structural variations. They indicated
that their northern segment within the 2011 rupture zone
has thinner incoming sediments and a dense distribution
of the horst-and-graben features. They inferred that the
roughness of the incoming plate basement affects on the
physical properties in the plate boundary and the hang-
ing wall, which causes the variation of the seismic behav-
jor in the subduction zone. To the north, Tanioka et al.
(1996) argued that the bathymetric feature on the incom-
ing plate in the source region of 1896 Meiji Sanriku tsu-
nami earthquake, which partially overlapped with the
2011 Tohoku earthquake source region, is rough, and it
contributed to the slow rupture process during the Meiji
Sanriku earthquake.
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Thus, the incoming structure in the Japan Trench
partly indicates the correspondence to the megathrust
slip behaviors; however, the detailed linkage between
the incoming structure and the complicated distribution
of the various types of the megathrust slips, including
the slow earthquakes, is still unclear. The detailed sub-
surface structure has not been studied in the northern
Japan Trench, where the tsunami earthquake occurred
and slow earthquakes have been recently reported. In
this paper, we use the seismic profiles densely acquired
in the vicinity of the Japan Trench which mostly cover the
entire extent of the Japan Trench, to map the structural
features of the incoming plate. The along-axis variation of
the incoming structure is investigated in detail along the
entire Japan Trench. We map the distribution of the nor-
mal faults and the thickness of the incoming sediments
along with the distribution of sediment fills. We then
infer the correspondence between these structural char-
acteristics to the megathrust slip phenomenon.

2 Data and methods

The seismic dataset used in this study was collected dur-
ing cruises KR13-06 and KR13-11 of R/V Kairei in 2013,
KY14-E02 and KY15-14 of R/V Kaiyo in 2014 and 2015,
and YK16-17 and YK17-22 of R/V Yokosuka in 2016
and 2017 (Fig. 1). A digital streamer cable with 168-192
channel hydrophones attached at 6.25 m intervals and
towed at 6 m depth recorded seismic signals from an
array of airguns (6.23 L) towed at 5 m depth. The data
were sampled at 1 ms intervals, and airguns were fired
every 37.5 m (or 50 m along some lines) with 13.8 MPa of
air pressure. We used conventional procedures, including
CMP sorting, normal move out, stacking, and post stack
time migration (Nakamura et al. 2013), to obtain the
best time-migrated images from the recorded data. We
applied an F-K migration with constant velocity model
(1525 m/s) because the length of the cable was too short
to determine the velocities. In this study, we focused
on the structure of the incoming plate east of the Japan
trench axis. The time-migrated seismic profile along each
of 120 seismic lines was interpreted to map geological
structures, including normal faults, sediments, and the
basaltic basement of the incoming Pacific plate.

(See figure on next page.)

Page 3 of 21

We interpreted normal faults that clearly offset the top
of chert layer or oceanic crust with strong reflections (see
Sect. 3.1). The vertical fault throw was measured from
the two-way travel time (TWT) difference between the
shallowest strong reflections on either side of the normal
fault.

3 Results

3.1 Seismic profiles

Figure 2 shows a typical seismic profile of the incoming
Pacific plate east of the Japan Trench. We interpreted
seismic profiles with reference to the results from DSDP
Site 436 (Shipboard Scientific Party 1980) on the outer
rise in the northern Japan Trench. The top seismic unit,
which is characterized by relatively weak continuous or
semi-continuous reflections generally sub-parallel to the
seafloor, was interpreted to consist mainly of soft hemi-
pelagic sediments. The next underlying unit is char-
acterized by strong reflections and was interpreted to
include hard sediments such as chert. The lowest unit
is the acoustic basement, interpreted as igneous oceanic
crust. These units correspond to Seismic Unit 2 (SU2),
SU3, and SU4, respectively, of Nakamura et al. (2013,
2020). (Note that another seismic unit, SU1, was iden-
tified within and landward of the trench axis, and was
interpreted as frontal prism sediments.) Clearly imaged
normal faults caused by bending of the subducting plate
(e.g., Tsuru et al. 2000) cut SU2-4. In some grabens and
other locations along the trench axis, wedge-shaped sedi-
ment-fill packages overlie the landward dipping incoming
sediments or even the seaward tip of the frontal prism
sediments (SU1) (e.g., “graben fill” in Fig. 2). The facies
of the sediment-fill are parallel onlap fill, and chaotic or
reflection-free fills. The onlap fills are bounded by angu-
lar unconformities from underlying landward-tilted sedi-
ments. In this study, we defined a sediment fill observed
in the trench axis area where the water depth was great-
est as the “trench fill’ and we defined a sediment fill
observed in grabens on the oceanward trench slope as
“graben fill”

We mapped the distribution of bending-related normal
faults and their throws, and the thickness of the incom-
ing sediments and sediment fills along almost the entire
length of the Japan Trench from the Daiichi Kashima

Fig. 1 Map of the study area and seismic lines. Yellow lines indicate seismic survey lines used in this study. Seismic profiles along the red lines are
shown in Figs. 2, 3,4, 5. Orange dashed lines with arrowheads indicate the three segments inferred in this study. The red star denotes the epicenter
of the 2011 Tohoku earthquake. White contours show the slip distribution during the Tohoku earthquake (from linuma et al. 2012): Dashed, thin
solid, and bold solid lines denote 10 m, 30 m, and 50 m slips, respectively. Green crosses and open circles indicate tremors and very low-frequency
earthquakes, respectively (from Nishikawa et al. 2019). The green shaded rectangle denotes the slow slip event in 2011 (Ito et al. 2013). The magenta
shaded rectangles indicate the area where chert layers are apparently missing (according to Fujie et al. 2020). Cyan dashed rectangles are the source
location of 1933 Showa Sanriku earthquake (Uchida et al. 2016). Gray thick dashed lines show the possible pseudofaults (Nakanishi 2011). Black
contours show the bathymetry (interval, 1000 m). Abbreviation: smt, seamount
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Fig. 2 An example of a typical seismic profile. The location of the profile is shown in Fig. 1. The profile depicts the shallow structure of the incoming
Pacific plate in the Japan Trench region. Green dashed line is the bottom of the graben fill

seamount in the south to the Erimo seamount in the
north. We divided the Japan Trench along its strike into
three segments, northern (north of 39.5° N), central
(37.5°-39.5° N), and southern (south of 37.5° N) seg-
ments, based on the mapped structural characteristics
(See also Fig. 1), which are described and discussed in fol-
lowing sections. Figures 3, 4, 5 demonstrate the selected
profiles used in this study, from northern (Fig. 3), central
(Fig. 4), and southern (Fig. 5) segments of the Japan Tre
nch.

3.2 Normal faults
Normal faults have developed in the outer area of the
Japan Trench up to ~ 100 km eastward (oceanward) of the
trench (Tsuru et al. 2000). These normal faults were most
likely produced by the bending of the incoming plate dur-
ing its subduction into the trench. The seismic lines used
in this study did not cover the entire extent of the outer
rise, but the profiles clearly show normal faults up to ~ 20
to 30 km eastward of the trench in the area covered by
the seismic lines (Figs. 3, 4, 5). Figure 6 shows the distri-
bution of bending-related normal faults, along with their
dip direction and vertical throw where each fault contacts
SU3 or SU4 in the footwall. The thickness of the SU3 is
variable and could be very thin. The dominant frequency
of our seismic data is ~ 50 Hz, which could bring >20 ms
uncertainty in estimating the fault throw where SU3 is
not obviously interpreted. The fault distribution gener-
ally follows seafloor scarps. The fault throws of ~70% of
the normal faults are <200 ms, but throws are larger in
some places, especially around 39.5°N where the throws
reach >500 ms.

The distribution of dip directions of normal faults var-
ies along the Japan Trench. We calculated the average
number of normal faults with an eastward or westward

dip per seismic line over every 0.5° of latitude (Fig. 7a).
We also calculated the cumulative throw of normal faults
with each dip direction along each line and averaged the
cumulative throws per line over every 0.5° (Fig. 7b). We
counted all normal faults with>50 ms of vertical offset.
The number of faults and cumulative throws for each
line was normalized by the length of each survey line
on the incoming plate. The average number and cumu-
lative throws assuming 30 km as the survey lines are
shown in Fig. 7a and b. Note, however, that our survey
lines covered only the trenchward part of the outer rise
region. The average throw of a single fault was also com-
parable between the two dip directions in most parts of
the Japan Trench (Fig. 7c). Although overall the cumula-
tive throw and the number of the normal faults in each
dip direction were generally comparable, they showed
along-trench variations. The cumulative throw of west-
ward dipping normal faults was relatively larger at 38°—
39.5° N, whereas those of eastward dipping normal faults
were relatively larger at 39.5°-40.5° N and 36.5°-37.5°
N. The normal faults dipping eastward are more numer-
ous at 36.5°-37° N and at 40°-40.5° N, and those dip-
ping westward are more numerous at 38.5°~39° N. The
average throw of a normal fault is comparable in each
dip direction, except for 37°-37.5° N. We also observed
that cumulative throws of the eastward dipping faults
are almost constant between 36.5° and 41.0° N; however,
those of westward dipping faults indicated variation with
their peak at 38.5°-39° N, which causes the variation of
dominance in the dip direction.

3.3 Sediment thickness

The sediments on the incoming plate are basically com-
posed of SU2 and SU3. In this study, we regard the SU2
and sediment fills deposited above SU2 as the incoming
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Fig. 3 Selected seismic profiles in the northern part of the Japan Trench. Poststack time-migrated profiles with interpretation are shown. Brown,
blue, yellow, and green shadings indicate seismic units SU1, SU2, SU3, and SU4, respectively. Gray shading indicates interpreted sediment fills.
Bending-related normal faults are drawn with black dashed lines. The location of each profile is shown in Fig. 1

sediments to map, because the shallowest decollement
in the Japan Trench subduction zone is developed
above the chert (SU3) (e.g., Kodaira et al. 2012; Chester
et al. 2013; Nakamura et al. 2013). Note that the sea-
ward tip of the frontal prism sediments (SU1) is also
included at the trench axis in some locations. Thick-
ness of the incoming sediments varied along the trench
from 0 to >600 ms of TWT (Fig. 8). At around 36.5°N,
the incoming sediment was thick, with TWT greater
than 500 ms (e.g., Line HDIB174; Fig. 5¢). In 36.7°—
37.3° N, the sediment thickness was ~300-400 ms in
general, but it became>600 ms near the trench axis
(e.g., Line HDFKO092; Fig. 5a). Another thick area was
aligned along a graben (e.g., Line HDFK108 around
CMP 11000; Fig. 5b, see also Fig. 8). This thickening
is due to the trench and graben fills as imaged on the
seismic profiles (see also Sect. 3.4). The sediment thick-
ness was relatively constant at about 200-350 ms at
37.3°-38.5° N (e.g., HDMY001, HDMYO021; Fig. 4c, d),
but the thickness was scattered from ~50 to ~450 ms,
showing thick and thin patches, between 38.5° N and

39.3° N. The sediments near the trench axis at around
38.6° N were thick due to the deposition of graben
and trench fills (HDMYO073; Fig. 4b), whereas those
at~38.8° N were thinner where the sediments of SU2
onlapped on the basement with abnormally rugged
topography (HDMY101; Fig. 4a). At 39.3°-39.7° N, the
sediments were very thin, mostly thinner than 200 ms.
In addition, they were<50 ms at some locations, as
described previously (Fujie et al. 2020; Nakamura et al.
2020), where petit-spot activity (Hirano et al. 2006) is
thought to have altered the incoming sediments and
reduced apparent sediment thickness (Fujie et al. 2020).
If the sill intruded into the sediments or altered sedi-
ments exist within SU2, they could create large acoustic
impedance change and strong reflection which masks
underlying structure. The actual bottom of the SU2
could not be imaged using our seismic data in such
cases. The real sediment thickness including altered
SU2 was probably not properly estimated in this area.
At the northern end of the trench, 39.7°-40.7° N,
sediments were thicker, 350-500 ms (e.g., HDSR219;
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(See figure on next page.)

Fig. 6 Distribution map of bending-related normal faults. a Map of the entire Japan Trench. Areas within the black dashed rectangles are shown
in panels b and c. b Enlarged map of the southern part of the Japan Trench. ¢ Enlarged map of the central and northern parts of the Japan

Trench. Red and blue triangles indicate eastward and westward dipping normal faults, respectively. Darker colors indicate larger fault throws.

The background map is a gray-shaded bathymetric map. The yellow line indicates the base of the landward slope. The thin white lines are

seismic lines, and the thick black lines indicate locations of the seismic profiles shown in Figs. 3, 4, 5. Magenta contours show the slip distribution
during the Tohoku earthquake (from linuma et al. 2012), same as Fig. 1. Orange dashed lines with arrowheads indicate the three segments inferred
in this study. The same figure with the red-relief image as the background map is shown in Additional file 3: Fig. S3
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Fig. 3b), and north of 40.1° N (e.g., HDSR271; Fig. 3a)
the sediments around the trench axis were thicker than
550 ms.

(See figure on next page.)
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Thus, in general, the thickness of the incoming sedi-
ments was 200-500 ms along the Japan Trench, but
apparently thinner or thicker sediments were observed in
some locations.

3.4 Sediment fills

Figure 9 shows the distribution and thickness of the
interpreted graben- and trench-fill sediments. In the
southern segment of the Japan Trench at 36°-37.5° N,
trench fills are observed along most of the survey lines
(Fig. 5a, c), and at 37°-37.5° N the thickness of the trench
fill is greater than 200 ms (Fig. 5a). Graben fills have
been deposited at 36.3°-36.5° N, north of the Katori
seamount, where the total sediment thickness is espe-
cially great (Fig. 8). Graben fills at 36.8°-37.1° N occupy
a well-developed NE-SW-trending graben. In the cen-
tral part of the Japan Trench, trench and graben fills are
fewer and their thickness is generally less than 100 ms at
37.8°-38.5° N. However, trench fills are moderately thick
(~150-200 ms) around 38.5°-38.9° N (Fig. 4b). In the
region between 37.8° and 38.9° N, graben fills are seen in
isolated grabens, for example, a graben at~38.3° N and
two grabens at~37.8° N. Trench fills are thick at ~39.3°—
39.5° N (Nakamura et al. 2020). At~39.5°-40° N, N-S-
trending grabens with graben fills are seen east from the
trench (Fig. 3b). In the northernmost part, north of 39.9°
N, trench fills are observed along most of the survey lines
(Fig. 3a), and graben fills are intermittently distributed
from near the trench to the outer rise. The grabens are
not well connected, probably as a result of influence from
normal faults with ENE-WSW orientation that have
developed along the Kuril Trench in this area.

Some sediment fills identified in the Japan Trench
region show clear coherent, horizontal/sub-horizontal,
parallel/sub-parallel stratification with relatively high
amplitude (Type-A), whereas others show less coher-
ent or wavy reflection with low amplitude (Type-B) (see
also Fig. 10e and f). Many of the graben fills are Type-A
(colored magenta in Figs. 10 and 11): for example, along
Line HDFK076 (Fig. 10a), Line HDMY025 (Fig. 10b),
and Line HDSR211 (around CMP 19000, Fig. 10c). Some
Type-B graben fills (colored orange in Figs. 10 and 11) are
observed: for example, along Line HDMYO037 (Fig. 10d)
and Line HDSR211 (around CMP 17000, Fig. 10c). Both

Fig. 8 Input sediment thickness. The vertical thickness of sediment above SU3 and SU4 was estimated based on the interpretation of each seismic
profile (color scale). Along each profile, the western edge of the mapped sediment thickness is the deformation front or the base of the landward
slope. Thin black lines indicate the seismic lines, and the thick black lines indicate seismic profiles shown in Figs. 3, 4, 5. Magenta contours

show the slip distribution during the Tohoku earthquake (linuma et al. 2012), same as Fig. 1. The yellow thick dashed rectangles are the areas
where the chert (SU3) is apparently missing (from Fujie et al. 2020), same as Fig. 1. The background map is a gray-shaded bathymetric map

with contours every 200 m. The thick black contour line denotes a water depth of 7000 m. Orange dashed lines with arrowheads indicate the three
segments inferred in this study. Similar thickness map without sediment fills (only SU2) is shown as Additional file 1: Fig. S1
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Type-A and Type-B trench fills are also observed. The
trench fill along Line HDSR155 (Fig. 11a) is Type-B,
whereas those along Line HDMY093 (Fig. 11b) and Line
HDFKO036 (Fig. 11c) are Type-A. We also observed the
trench fills with both characteristics; for example, along
Line HDFKO060 Type-A trench-fill sediments underlie
Type-B trench fill sediments (Fig. 11d), and along Line
HDSR279, Type-B trench fill sediments are interbedded
between Type-A trench fill sediments (Fig. 11e).

4 Discussion
4.1 Sedimentinput and great subduction zone
earthquakes

A relationship between the thickness of incoming sedi-
ments in subduction zones and great subduction zone
earthquakes has often been observed (e.g., Heuret et al.
2012). The thickness of the incoming sediments to the
Japan Trench has been inferred to be 400-1200 m (Heu-
ret et al. 2012) by referring to old seismic data (e.g.,
Ludwig et al. 1966; Lallemand et al. 1994). The average
thickness of the incoming sediments along each sur-
vey line shows along-axis variation (Fig. 12). Our results
clearly show that the average thickness of the incoming
sediments is around 200-500 ms (about 160-500 m,
assuming an average P-wave velocity of 1.6-2.0 km/s in
the incoming sediments) in most of the Japan Trench.
Although in some regions of the trench the maximum
sediment thickness is up to about 700-950 ms (560-
950 m, see Additional file 2: Fig. S2), the maximum
incoming sediment thickness along each seismic line
is 300—-600 ms (240—600 m, Additional file 2: Fig. S2) at
most of the Japan Trench. Thick incoming sediments in
subduction zones generally create conditions preferable
for hosting great earthquakes (e.g., Heuret et al. 2012;
Brizzi et al. 2020) because they can potentially accom-
modate a smoother plate boundary fault interface, which
promotes rupture propagation. As we demonstrated
here, however, in the Japan Trench, the input sediments
are relatively thin and there is distinct topographic relief
on the incoming plate. In particular, sediment thickness
is moderate (neither very thin nor thick), 200-350 ms
(160-350 m) where the large slip occurred during the
2011 Tohoku earthquake (See also Fig. 1). This finding
apparently contradicts the inferred relationship between
sediment thickness and great earthquakes and suggests

(See figure on next page.)
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that to explain the generation of the large, shallow meg-
athrust slip during the 2011 Tohoku earthquake, specific
causes must be sought, as pointed out previously, such as
the thermal pressurization (e.g., Noda and Lapusta 2013)
and clay-rich plate boundary conditions (Chester et al.
2013; Ujiie et al. 2013).

4.2 Sedimentfills

Sediment fills in the subduction zone could be turbidites
(e.g., Nankai Trough; Ike et al. 2008). In the Japan Trench,
recent studies reported the existence of earthquake-trig-
gered turbidites (“seismo-turbidites”) in the trench axis
(e.g., Tkehara et al. 2016; Kioka et al. 2019; Schwester-
mann et al. 2021). They mainly consist of diatomaceous
muds with coarse silt or sand at their bottom (Ikehara
et al. 2016). The surface sediments on the landward slope
were unstabilized by the earthquake and transported
by the turbidity current through the canyons (e.g., Oga-
wara, Yamada, Nakaminato canyons; Fig. 1) to the trench.
These canyons are not well developed like those in the
Nankai Trough (Shimamura 2008), but the flow accumu-
lation analysis showed a significant amount of flow along
canyons on the Japan Trench landward slope (Kioka et al.
2019). The core sample analysis and sub-bottom pro-
filer data showed that each seismo-turbidite has gener-
ally <5 m of thickness and there are at least 2—4 turbidite
units beneath the Japan Trench floor (Ikehara et al. 2016;
Kioka et al. 2019). These turbidites show seismically
transparent characteristics (Kioka et al. 2019). It is diffi-
cult to distinguish each turbidite in our seismic profiles
because the dominant frequency in our data is~50 Hz.
The terrigenous sediments which could cause strong
reflections were not transported into the Japan Trench
axis unlike the Nankai Trough. However, the alterna-
tion of the turbidites and background sediments could be
imaged as stratified (Type-A) trench fills on our seismic
profiles. The Type-A graben fills are also observed on the
seaward trench slope (outer rise) on the incoming plate.
The grabens on the outer rise of the Japan Trench are iso-
lated from the trench axis by horst blocks, and the water
depth is shallower than the trench axis. The graben fills
have not been studied with sediment cores so far. The
origin and depositional process of the Type-A graben
fill in the Japan Trench are still unknown. We note that
the topmost sediments along Line HDFK060 have been

Fig. 9 Distribution of sediment fills. a Map for the entire Japan Trench. The areas within the black dashed rectangles are shown in panels b and c.
b Enlarged map of the southern part of the Japan Trench. ¢ Enlarged map of the central and northern parts of the Japan Trench. Distribution

and thickness of the graben and trench fills are shown (color scale). Note that the range of the color scale is different from that for total sediment
thickness (Fig. 8). The background map is a gray-shaded bathymetric map. The yellow line indicates the base of the landward slope. The thin white
lines indicate the seismic lines, and the thick black lines indicate the seismic profiles shown in Figs. 10 and 11. Magenta contours show the slip
distribution during the Tohoku earthquake (linuma et al. 2012), same as Fig. 1. Orange dashed lines with arrowheads indicate the three segments
inferred in this study. The same figure with the red-relief image as the background map is shown in Additional file 4: Fig. S4
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eroded at the western side of a knoll (Fig. 13). This obser-
vation suggests the remobilization of surface sediments.
The nature of this knoll has not been investigated. The
erosion of the surface sediments here might be related
to the bottom current associated with the North Pacific
Deep Water reported in the Japan Trench region (Mit-
suzawa et al. 1995; Lee and Ogawa 1998). Although we
did not observe clear indications like sediment waves or
drifts, we speculate that the bottom current might have
remobilized the surface sediments on the outer rise.
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Another type of sediment fills (Type-B) is observed
both in the trench axis and in grabens on the outer rise.
Notable amounts of the trench-fill sediments were likely
derived from slope failures and landslides along the land-
ward trench slope (e.g., Strasser et al. 2013; Nakamura
et al. 2020). Such non-stratified sediment fills (Type-B)
are observed at 37°-37.5° N (e.g., along Line HDFKO060;
Fig. 11d), 39.3°-39.5° N (e.g., along Line HDSR155;
Fig. 11a), 40.5° N (e.g., along Line HDSR279; Fig. 11e),
areas outside of the large coseismic slip area of the 2011
Tohoku earthquake. The steep (10°-20°) inner walls of
the trench at these locations suggest that failure of the
lowermost landward slope may have occurred. Such
slope failures might cause tsunamis.

Some of the graben fills show non-stratified seismic
characteristics (Type-B). The existence of possible slope
failures on normal fault scarps in the vicinity of the Type-
B graben fills (Fig. 14) strongly suggests that these graben
fills were produced by slope failures. Seafloor scarps are
observed to the north of Type-B graben fills along Line
HDSR211 in the northern Japan Trench. In addition,
the estimated source region of the 1933 Showa Sanriku
earthquake was in the outer rise area of the northern
Japan Trench (e.g., Kanamori 1971; Uchida et al. 2016,
see also Fig. 1). Thus, slope failures of these scarps might
have been caused by strong ground motion during outer
rise earthquakes.
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Fig. 13 Seismic profile of Line HDFK060. Surface erosion is observed west of a knoll located on this seismic line
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As discussed above, the graben- and trench-fill sedi-
ments deposited in the Japan Trench region probably
originated from the remobilization or redistribution of
the shallow seafloor sediments. Where they are depos-
ited, the sediment fills increase the thickness of the input
sediments with remobilized sediments.

4.3 Normal faults

Our results indicate that normal faults with westward
(trenchward) and eastward (oceanward) dip direc-
tions have developed in comparable number along the
Japan Trench (Fig. 7). Interestingly, however, eastward
dipping normal faults occur more frequently than
westward dipping faults in the northern and southern
segments of the trench (Fig. 7a, b), which means that
many westward dipping half-grabens occur in these
regions. Nakanishi (2011) reported that asymmetric
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grabens, which are half-grabens tilted toward the
trench, are topographically expressed in bathymetric
data from the northern and southern parts of the Japan
Trench. In the Middle America subduction zone, the
incoming Cocos plate also has half-graben structures,
but the normal faults mainly dip trenchward (e.g., Ran-
ero et al. 2003). In the central part of the Japan Trench,
the distributions of normal faults and fault strikes are
complicated (Fig. 6); this complexity is probably related
to the possible pseudofaults pointed out by Nakanishi
(2011). Westward dipping faults are numerous at 38°—
39° N, but ~40% of the normal faults are eastward dip-
ping. In areas where eastward dipping normal faults are
more numerous, the faults are linearly aligned either
parallel to (north, 39.5°-~40°N) or oblique to (south,
36.5°-37.5° N) the strike of the trench axis. The western
edge of a westward-tilted graben bounded by an east-
ward dipping normal fault is well situated to accumu-
late sediments redeposited from original sediments in
surrounding regions. The oceanward dipping faults are
predominant in the Chilean subduction zone (Ranero
et al. 2005), which is similar to our observation in the
northern and southern segments in the Japan Trench.
However, the thickness of the sediments is much
thicker (> 1 km) in the Chilean subduction zone (Olsen
et al. 2020) than in the Japan Trench (Fig. 8). The devel-
opment of oceanward dipping faults with deposition of
sediment fills over relatively thin sediments is a charac-
teristic of the incoming structure to the Japan Trench.

The deposition of graben fills obscures the throw of
the normal faults, especially those dipping eastward.
The activity of the normal faults and their trench-
ward development have often been inferred only by
using bathymetric data for the Japan Trench (Iwabu-
chi 2012, 2013); as a result, the throw of eastward dip-
ping normal faults may have been underestimated.
For example, the vertical throw of the normal fault
around CDP 19180 on Line HDSR211 (Fig. 10c) has
been estimated to be ~75 m from the bathymetry data;
however, the actual throw, estimated from the seis-
mic profile, is>270 m (~340 ms of TWT). Iwabuchi
(2012) reported that westward dipping normal faults
are dominant along the entire Japan Trench. However,
our results suggest that the numbers and cumulative
throws of westward and eastward dipping normal faults
are generally comparable, and that eastward dipping
faults are actually dominant in the northern and south-
ern segments of the trench (Fig. 7). We note that the
coverage of the seismic lines in this study is not suffi-
cient to discuss the development of normal faults over
the entire extent of the outer rise. Careful consideration
is necessary to infer the development and activity of the
outer rise normal faults.
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4.4 Correspondence to megathrust slip styles

Our results demonstrated that in the area between
37.5° and 38.5° N, where the large shallow slip during
the 2011 Tohoku earthquake occurred, the thickness of
the input sediments is moderately thick at 200—-350 ms
with less variation (Figs. 8, 12), without remarkable
sediment fills (Fig. 9). The westward dipping faults are
predominant (Figs. 7a, 7b), and the fault throws are
small (Fig. 6) at ~ 150—-200 ms on average (Fig. 7c), close
to the thickness of the incoming sediments.

Outside of the large slip zone of the Tohoku earth-
quake to the north, the area between 38.5° and 39° N
partially exhibits similar features with the large slip
zone; e.g., westward dipping faults are more (Figs. 7a,
7b) and the throws of the normal faults are small
(Fig. 7c). However, the thickness of the input sedi-
ments is variable (Figs. 8, 12) and trench fill sediments
are observed (Fig. 9), which are different from the large
slip zone. A small cluster of tremors and VLFEs were
reported at 38.8°-38.9° N (Nishikawa et al. 2019; Fig. 1),
where the basement with rugged topography and a thin
sediment patch are observed in the incoming plate on
our seismic profile (Line HDMY101; Figs. 4a, 8). This
anomalous structure has a <10 km horizontal scale.

Sporadic tremor and VLFE activities were observed
in the area 39°-39.5° N (Nishikawa et al. 2019; Fig. 1).
Although the sediment fills are observed (Fig. 9), the
incoming plate has apparently thin sediments in this
area, especially around 39.5° N (Figs. 8, 12). The appar-
ent thinning of the sediments is related to the petit-
spot activities (Hirano et al. 2006; Fujie et al. 2020). The
throws of the normal faults become larger than other
areas (Fig. 7c).

Subduction zone Tremor and VLFE
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Further to the north, between 39.5° and 40.5° N, trem-
ors and VLFEs are active (Nishikawa et al. 2019; Fig. 1).
The thickness of the sediments is generally greater than
400 ms except for 39.5°-39.7° N (Fig. 12). Sediment fills
are also observed in the trench axis and grabens (Fig. 9).
The eastward dipping faults are predominant in this
region (Figs. 7a, 7b), which provides the favorable condi-
tion for the deposition of the graben fills. Similar struc-
tural features are observed in the southern segment of
the Japan Trench between 36.5° and 37.5° N. Tremors and
VLEFEs are observed between 36.5° and 37° N (Nishikawa
etal. 2019; Fig. 1).

These observations are summarized as follows (Fig. 15).
The large slip zone of the 2011 Tohoku earthquake cor-
responds to the area of the incoming plate with (1) mod-
erate-thick (200-350 ms or 160-350 m) sediments with
small thickness variation and (2) full-graben-type horst—
graben structure with relatively small throws (150-
200 ms or 120-200 m) of bending-related normal faults.
On the other hand, areas outside the large slip zone show
different characteristics in the incoming plate structure,
e.g., very rugged topography of the basement such as
petit-spots, dominance in the eastward dipping normal
faults, thicker sediments with large amount of sediment
fills, or horizontally small-scale thickness variation of
the sediment. The areas with thick sediments (>400 ms
or>320-400 m) in the incoming plate correspond to the
areas hosting tremors and VLFEs. The incoming plate
with the rugged basement and apparently thinner sedi-
ments (<100 ms or<80-100 m) also corresponds to the
areas where tremors and VLFE are observed.

As described above, we could observe a certain cor-
respondence between the incoming structures and the

2011 SSE Tremor and VLFE

slip characteristics
(Ito et al. 2013,
Nishikawa et al. 2019,

2011 Large shallow slip

linuma et al. 2012)
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Fig. 15 Schematic diagram showing correspondences between the observed incoming plate structure and subduction zone slip behaviors. Gray

lines with arrowheads indicate the three segments inferred in this study
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megathrust slip style in the Japan Trench subduction
zone. Subducting ridges or seamounts have been related
to the slow earthquakes in the southern Japan Trench,
Nankai Trough, and Hikurangi subduction zones. The
rugged basement structure at~38.8° N in this study has
smaller dimensions than those of ridges or seamounts
previously reported; however, such a small-scale base-
ment relief may also contribute to the favorable condition
for the tremors and VLFEs.

The areas with thick incoming sediments also cor-
respond to the tremors and VLFEs in the northern and
southern segments in the Japan Trench. The thick sedi-
ment inputs into the subduction zone may bring larger
amount of underthrust sediments with fluid, which may
increase the pore pressure in the megathrust and thus
host favorable conditions for slow earthquakes. How-
ever, the location of the decollement in the Japan Trench
subduction zone is complicated due to the subduction
of the horst—graben structure, and it has not been well
resolved in previous studies. In the central part of the
Japan Trench, the trenchward tip of the decollement
steps down into trench graben sediments (e.g., Kodaira
et al. 2012; Nakamura et al. 2013; Boston et al. 2014). But
the decollement level could be different after subduc-
tion, which bridges between horst blocks to shortcut the
step-down in the graben (Jamali Hondori and Park 2022).
When a graben in which incoming sediments and sedi-
ment fills are thick enough is situated at the trench axis,
the decollement may not step down to the deeper level
of graben sediments, because the stress condition at the
graben edge may be different from the case of the trench
graben with thin sediments (Boston et al. 2014; Mar-
tel and Langley 2006). In such case, the larger amount
of incoming sediments might underthrust beneath the
megathrust. Further studies are necessary to link thick
incoming sediments to tremors and VLFEs in the Japan
Trench subduction zone.

5 Summary

Sediment thickness and bending-related normal faults
on the incoming Pacific plate to the Japan Trench were
mapped by using more than 100 reflection profiles. The
thickness of the sediments varies along the trench: The
incoming sediment thickness averaged over each seis-
mic line is mostly<500 m, but the average sediment
thickness is < 350 m where the most significant shallow
slip occurred during the 2011 Tohoku earthquake. On
the other hand, areas where thick incoming sediments
are subducting correspond to areas, outside the large
slip zone of the 2011 Tohoku earthquake, characterized
by tremor and VLFE activity. The area with apparently
very thin sediments related to petit-spot activities also
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corresponds to the tremor-VLFE-prone area. Addi-
tionally, a horizontally small-scale basement relief cor-
responds to a small cluster of the tremors and VLFEs.
Bending-related normal faults offset the sediments and
basement of the Pacific plate. Unlike the case at the
Middle America Trench, eastward (oceanward) dipping
normal faults have been developed comparably well to
westward (trenchward) dipping faults along the entire
Japan Trench, and they are predominant in its northern
and southern segments. The deposition of sediment fills
associated with eastward dipping normal faults leads
to underestimation of the throws of those faults. Sedi-
ment-fill deposition increases the sediment inputs into
the subduction zone, which may cause the favorable
condition to host tremors and VLFEs. Along-axis varia-
tion of the incoming plate structure corresponds to the
variation of the megathrust slip behaviors in the Japan
Trench, but further studies are necessary to establish
a linkage between the input structure and megathrust
slip behaviors in the subduction zone.
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Additional file 1. Fig. S1: Thickness of the SU2 without sediment fills.
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