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The slow earthquake spectrum in the
Japan Trench illuminated by the
S-net seafloor observatories

T. Nishikawa'*, T. Matsuzawa?, K. Ohta’, N. Uchida®, T. Nishimura', S. Ide*

Investigating slow earthquake activity in subduction zones provides insight into the slip
behavior of megathrusts, which can provide important clues about the rupture extent

of future great earthquakes. Using the S-net ocean-bottom seismograph network along the
Japan Trench, we mapped a detailed distribution of tectonic tremors, which coincided
with very-low-frequency earthquakes and a slow slip event. Compiling these and other
related observations, including repeating earthquakes and earthquake swarms, we found
that the slow earthquake distribution is complementary to the Tohoku-Oki earthquake
rupture. We used our observations to divide the megathrust in the Japan Trench into three
along-strike segments characterized by different slip behaviors. We found that the rupture
of the Tohoku-Oki earthquake, which nucleated in the central segment, was terminated

by the two adjacent segments.

low earthquakes are fault slip phenomena

that occur over longer time scales than

ordinary earthquakes with comparable seis-

mic moment (7). Slow earthquakes include

low-frequency earthquakes (LFEs); tectonic
tremors, which are swarms of LFEs; very-low-
frequency earthquakes (VLFs); and slow slip events
(SSEs). Observations of slow earthquakes occur
at time scales ranging from a fraction of a second
to years. Because slow earthquakes occur in the
vicinity of megathrust earthquakes, the slow and
fast shear deformations of these different earth-
quakes interact. Increasingly, observations sug-
gest that slow earthquakes sometimes precede
megathrust earthquakes, such as the 2011 M, 9.0
Tohoku-OKi (2, 3) and 2014 M,, 8.1 Iquique (4)
earthquakes. Slow earthquakes are also related
to the rupture termination of megathrust earth-
quakes. Areas hosting frequent SSEs impeded
the rupture propagation of the 2012 M., 7.6
Costa Rica (5) and 2016 M,, 7.8 Pedernales
Ecuador (6) earthquakes. Elucidating the entire
spectrum of slow earthquake activity on mega-
thrusts may therefore help us to infer the oc-
currence time and rupture extent of future
megathrust earthquakes.

The Japan Trench is a subduction zone off the
northeast region of the main island of Japan,
where the Pacific Plate subducts under the
Okhotsk Plate. The 2011 M, 9.0 Tohoku-Oki
earthquake, which is the largest megathrust
earthquake recorded in Japan, ruptured the
plate interface of this subduction zone. In the
Japan Trench, VLFs have been detected using
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onshore broadband seismometers (7), and SSEs
and tectonic tremors preceding the Tohoku-Oki
earthquake have been inferred from ocean-
bottom pressure gauge and seismograph obser-
vations (2, 3). Other indicators of aseismic slip
are from observations of repetitive ruptures on
the same fault patches, called repeating earth-
quakes (“repeaters”) (8), and increases in the
seismicity rate without a distinguishable main-
shock, called earthquake swarms (9). Previous
studies (8-10) have reported recurrent SSEs in
the Japan Trench based on analyses of repeat-
ing earthquakes and earthquake swarms. Despite
these efforts, the entire spectrum of slow earth-
quake activity and its relation to the Tohoku-OKki
earthquake remains poorly resolved, and the
Japan Trench has been considered “quiet” in
terms of slow earthquake activity relative to
the well-studied Nankai subduction zone in
southwest Japan (7).

In 2016, the National Research Institute for
Earth Science and Disaster Resilience (NIED)
started the operation of the Seafloor Observation
Network for Earthquakes and Tsunamis along
the Japan Trench (S-net) (12, 13). The S-net con-
sists of 150 seafloor observatories equipped with
ocean-bottom seismometers (OBSs) and pres-
sure gauges that are distributed over the Japan
Trench and southern end of the Kuril Trench
(Fig. 1A). This wide and dense OBS network has
enabled near-field observations of tiny tectonic
tremor signals near the trench. Quite recently,
high tectonic tremor activities to the north of
39.6°N and at approximately 36.7°N in the Japan
Trench were reported by the S-net and temporal
OBS observations, respectively (14, 15). However,
overall tectonic tremor activity from 34.6°N to
39.6°N, which is ~600 km along the trench, is
still unclear. In this study, we used the S-net
seismograms and other seismological and geo-
detic observations to map a detailed spatial
distribution of various earthquake phenomena
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(i.e., tectonic tremors, VLFs, SSEs, repeaters,
and earthquake swarms) along the entire Japan
Trench. On the basis of the slow earthquake
distribution, we investigated the relationship be-
tween slow and megathrust earthquakes along
the Japan Trench.

We detected tremors along the Japan Trench
from continuous S-net OBS seismograms during
the 15 August 2016 to 14 August 2018 time period
using the envelope correlation method (16) within
the orange shaded regions in Fig. 1A (13). The
tremors were distributed to the south of 37°N
and to the north of 39°N along the 10- to 20-km
depth contours, with only 0.15% of the detected
events located in the main rupture area of the
2011 Tohoku-OKi earthquake between 37.3°N and
38.7°N (17). Given the almost homogeneous ob-
servation conditions of the S-net and the common
parameters in the envelope correlation method
(13), we concluded that the probability of tremor
occurrence in this region is substantially smaller
than in the northern and southern regions.

The characteristics of these tremors resemble
those of deep tremors detected in the Nankai
Trough at 30 to 40 km depth (16) in terms of
waveforms, episodicity, along-strike migration
speed, and association with VLFs and SSEs. Sim-
ilar to deep tremors in Nankai, typical tremor
waveforms in the Japan Trench lacked clear
P- and S-wave arrivals and lasted several tens
of seconds or longer (Fig. 2). These tremors
occurred episodically in clusters (Fig. 1B), as in
Nankai (16). We observed repeated along-strike
tremor migration episodes, each ~1 week long,
whose speed ranged from ~10 to 20 km/day
between 40.7°N and 42°N (Fig. 1C and fig. S1),
where VLFs had also been detected (I8). This
migration speed is also comparable to that of
along-strike migration episodes of deep tremors
in western Shikoku of Nankai (~5 to 20 km/day)
(16). Tremors along the Japan Trench were spa-
tially correlated with and sometimes coincided
with VLFs located at approximately 40°N and
36.7°N in our VLF catalog (Fig. 1, A and B, and
Fig. 2) (13). Tremors were not always accom-
panied by VLFs (Fig. 1B) as in Nankai (19). How-
ever, tremors without the excitation of VLFs
do not preclude a possibility of occurrences of
smaller VLFs because of the low signal-to-noise
ratio in our VLF detection (13). We also observed
tremors between 35.2°N and 36.0°N that followed
a possible SSE detected by our Global Navigation
Satellite System (GNSS) analysis in June 2017
(Fig. 1, A and E) (13). This association between
an SSE and tremors, called episodic tremor and
slip, is also observed in Nankai (7). These tremor
characteristics common between the Japan
Trench and Nankai Trough imply that the high-
tremor regions of these two subduction zones
share similar frictional properties and fault zone
rheology.

By contrast, tremors in the Japan Trench and
deep tremors in Nankai are strikingly different
with respect to the coincidence of tremors and
ordinary interplate earthquakes. The tremors we
detected between 39°N and 40.7°N occurred
almost simultaneously with M > 4.5 ordinary
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Fig. 1. Tremor activity in the Japan Trench. (A) Epicenters of the tectonic
tremors. Dots indicate the epicenters of the tremors, which are colored
according to their duration (see the color scale). Yellow and red stars
areVLFs and M > 4.5 ordinary earthquakes, respectively, with the ordinary
earthquake epicenters taken from the Japan Meteorological Agency
(JMA) catalog. Black triangles are S-net observatories. The green square
denotes the June 2017 SSE that was detected by our GNSS analysis.

earthquakes, including some M = 6 interplate
events and their aftershocks (Fig. 1D). This tremor
activity was more continuous in time and had a
shorter average duration (44 s) than what we
detected between 40.7°N and 42°N (64 s; Fig. 1B).
In addition, deep tremors in Nankai are distributed
more continuously along strike than tremors in
the Japan Trench. An along-strike tremor gap
longer than 200 km, like the central region of
the Japan Trench (37°N to 39°N; Fig. 1A), is not
observed for deep tremors in Nankai (17).

We compared the epicenters of the tremors,
VLFs, and earthquake swarms containing repeat-
ers (M = 3) to compile slow earthquake-related
observations (Fig. 3). We extracted the swarms
containing repeaters during the January 1991 to
December 2010 and January 2014 to August 2016
time periods from our repeater and swarm cat-
alogs (13). We grouped the earthquake swarms
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into “background swarms,” whose first event is
a background event, and “aftershock swarms,”
whose first event is an aftershock of a preceding
earthquake (13). The background and aftershock
swarms containing repeaters are potentially indic-
ative of spontaneous SSEs and afterslip, respec-
tively (9, 13). The relation between earthquake
swarms and aseismic slip transients is further
discussed in (13).

On the basis of Fig. 3, we divided slow earth-
quake activity in the Japan Trench into three
along-strike segments: (i) Ibaraki-OKi (south of
37.3°N), (ii) Miyagi-Oki (37.3°N to 39°N), and
(iii) Sanriku-Oki (39°N to 40.7°N). We refer to
these as the southern, central, and northern
segments, respectively. Tremors, VLFs, and back-
ground swarms were concentrated in the south-
ern and northern segments. In particular, most
of the background swarms were concentrated

23 August 2019

Day in May-Jun. 2017

The orange shaded polygons indicate the 18 overlapping subregions used
for our tremor detection. The top of the Pacific Plate is indicated by the
black contours at 10-km depth intervals. (B) Space-time distribution of the
tectonic tremors. We used Japanese Standard Time (JST; UTC + 9 hours).
The vertical lines indicate 1 January 2017 and 1 January 2018. (C to E) Enlarged
views of (B). The green shaded region in (E) denotes the spatiotemporal
extent of the June 2017 SSE.

at the edge of the large coseismic slip area of
the Tohoku-OKki earthquake. The events we de-
tected in the southern segment were primarily
located within and around the afterslip area of
the Tohoku-OKki earthquake (20). Unlike in other
subduction zones, tremors and swarms contain-
ing repeaters were in close proximity to each
other (Fig. 3A and fig. S2). Numerous background
swarms suggest the frequent occurrence of spon-
taneous SSEs in the southern segment. Support-
ing this inference, our GNSS analysis detected
transient displacements of several possible SSEs,
one of which accompanied tremors in June 2017
(13). In the northern segment, we located tec-
tonic tremors and VLFs around 40°N and 143.6°E
(Fig. 3A and fig. S2B). Surrounding these tremors
and VLFs, earthquake swarms containing repeat-
ers were distributed around 39.4°N and 143.6°E,
and around 40.2°N and 143°E (fig. S2B). These two
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Fig. 2. Waveforms of tectonic tremors coinciding with a VLF. Right: Normalized horizontal seismograms bandpass-filtered at 2 to 8 Hz. The red and
yellow vertical lines indicate the origin times of the detected tremors and VLF, respectively. Left: Epicenters of the tremors (red circles), VLF (yellow star),
and ocean-bottom observatory locations (green crosses). The black dots denote the other tremors detected in this area.
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Fig. 3. Slow earthquake activity in the Japan Trench. (A) Epicenters of
the tectonic tremors, VLFs, and earthquake swarms containing repeaters.

Red squares indicate tremors with a duration of 80 s or longer. Yellow
squares denote VLFs. Blue circles represent events of background
swarms containing repeaters (orange stars). Cyan circles are events

of aftershock swarms containing repeaters (green stars). The green
square denotes the June 2017 SSE. Magenta diamonds indicate the 2003
M 6.8 and 2008 M 6.9 Fukushima-Oki earthquakes. Magenta large stars
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©Aftershock swarm ¥ Repeater in aftershock swarm ¢ The 2003 M6.8 and 2008 M6.9 Fukushima-Oki earthquakes

denote the epicenters of the Tohoku-Oki earthquake and its largest
foreshock (M,, 7.3). The solid and dashed black contours indicate the

coseismic slip (17) and afterslip (20) distributions of the Tohoku-Oki
earthquake at 10-m and 0.4-m intervals, respectively. The magenta
dashed line indicates the forearc segment boundary (24). (B and

C) Space-time distributions of the tectonic tremors, VLFs, and earthquake

time periods, respectively.

swarms containing repeaters during the 1991-2010 and 2014-2018
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swarm-prone areas are known to host ~3-year
periodic slow slip (Z0). This periodic slow slip in-
cludes the 1989 and 1992 “ultraslow earthquakes”
(21) (Fig. 3B), which were SSEs accompanied
by swarms of M = 6 interplate earthquakes and
located at approximately 39.4°N and 143.6°E
(8, 10). Furthermore, the section updip of the
tremors and ultraslow earthquakes hosted a

Fig. 4. Schematic views
of the slow earthquake
activity and structural
heterogeneity in the
Japan Trench and
Nankai Trough. Red and
yellow squares denote
tectonic tremors and
VLFs, respectively. Green
stars and blue circles
indicate repeaters and
earthquake swarms,
respectively. The orange
regions are interpreted to
host or potentially host
SSEs accompanied by
tremors, VLFs, repeaters,
and/or earthquake
swarms. The green regions
denote geodetically
detected SSEs. The purple
region is the rupture

area of the 1896 Meiji
Sanriku tsunami
earthquake (22) in the
Japan Trench. The red
regions indicate the
coseismic rupture

area of the 2011 M,, 9.0
Tohoku-Oki earthquake

in the Japan Trench and
locked zones in the Nankai
Trough. The pink regions
indicate the asperities
(33). The brown regions
are subducting seamounts.
The dashed dark gray
lines denote the afterslip
areas of the Tohoku-Oki
earthquake in the Japan
Trench. The white dashed
line indicates the forearc
segment boundary (24) in
the Japan Trench. Note that
the slab geometries are
simplified. The schematic
view of the Nankai Trough
is adapted from (11).

Asperity

B Tremor

OvLF
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tsunami earthquake in 1896 (22). In contrast,
the coseismic rupture area of the Tohoku-OKki
earthquake (the central segment) was charac-
terized by fewer tremors, VLFs, and background
swarms, but aftershock swarms were detected in
this segment. These swarms included aftershocks
of the 2003 M 6.8 and 2008 M 6.9 Fukushima-Oki
earthquakes, which suggests that the coseismic

The Japan Trench

Tremor and VLF

Afterslip of the Tohoku-Okiea

Upper plate consisting of
granite batholiths
(positive residual gravitiy)

Kii channel

Forearc segment boundary

Japan Trench

7 Swarm and repeater

rupture area of the Tohoku-OKki earthquake expe-
rienced afterslip of these interplate earthquakes.
This implies that the large fully coupled region
in the central segment, which was inferred from
GNSS observations prior to the Tohoku-Oki
earthquake (23), was eroded by these afterslips.
In contrast, the northern and southern segments
were only partially coupled (23). Consistently, our

1896 Meiji Sanriku tsunami earthquake

Subducting seamount

Subducting plate

SSE detected by GNSS

Upper plate consisting of
accretionary complexes
(negative residual gravitiy)

The Nankai Trough

Shallow episodic tremor and slip

Long-term SSE

Deep episodic tremor and slip

® Earthquake swarm o Areas hosting or potentially hosting SSEs
Y Repeater

@ Geodetically detected SSEs
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Nankai Trough

Bungo channel

‘ The 1896 Meiji Sanriku tsunami earthquake

° The Tohoku-Oki earthquake rupture or locked zones

Q) Asperities
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results suggest frequent occurrence of slow earth-
quakes in these two segments (Fig. 3, B and C).

This slow earthquake segmentation correlates
with the along-strike structural heterogeneity
of the Japan Trench (24-26) (Fig. 4). Tremors,
VLFs, and background swarms in the southern
segment are located in an area that possesses
low P-wave velocity and negative residual gravity
anomalies, whereas the central segment is char-
acterized by high P-wave velocity and positive
residual gravity anomalies (24, 26) (fig. S3). High
P-wave velocity and positive residual gravity
anomalies in the southern segment (36°N and
142°E) correspond to a subducting seamount
(25), where high tremor activity is also observed
(fig. S2C). Residual gravity observations help to
determine the forearc geological segment bound-
ary (24) (Figs. 3 and 4). At this boundary, the
density of the rocks overlying the megathrust
abruptly increases from south to north. This
boundary was suggested to control the rupture
extent of the Tohoku-OKi earthquake (24). We
observed a clear contrast in slow earthquake ac-
tivity across this boundary. Similar to the south-
ern segment, the source area of the 1989 and
1992 ultraslow earthquakes (21) in the northern
segment corresponds to a low-P-wave velocity
anomaly (fig. S3A), although tremors are dis-
tributed in both low- and high-P-wave velocity
anomalies.

We propose that the along-strike structural
heterogeneity of the Japan Trench results in dif-
ferent slip behaviors of the three segments, lead-
ing to differences in slow earthquake activity,
which were clearly demonstrated by homoge-
neous near-field observation of the S-net (13). The
low-P-wave velocity anomalies in the southern
and northern segments may indicate more pore
fluids on the megathrust, whereas the central
segment is associated with less pore fluid (26).
Furthermore, the subducting seamount in the
southern segment is thought to entrain fluid-
rich sediments (25). We found these ideas to be
consistent with our observations because abun-
dant fluids are one of the possible causes of slow
earthquakes and fault creep (27). Different upper
plate lithologies also exist between the southern
and central segments, consisting of accretionary
complexes and granitic batholiths, respectively
(24) (Fig. 4). A simple interpretation is that these
variations in pore fluids and lithology yield het-
erogeneous frictional properties on the mega-
thrust, leading to differences in the slip behavior
of the three segments. However, both frictional
sliding and ductile deformation of the fault zone,
such as pressure-solution creep (fluid-assisted dif-
fusive mass transfer), might play important roles
in the generation of slow earthquakes (27, 28). In
addition, along-strike variations of subducted
sediments and bathymetric features on the in-
coming Pacific Plate (29) might also influence
frictional sliding and/or ductile deformation of
the plate interface. In the northern and central
segments, reflection surveys (29) imaged a wedge-
shaped sedimentary unit on the plate interface,
which diminishes at depths greater than 10 to
13 km. In contrast, in the southern segment, a
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channel-like sedimentary unit extends further
downdip. The incoming seafloor off the north-
ern and central segments is characterized by
horst-graben structures, whereas the seafloor
off the southern segment is very rugged because
of seamounts (Fig. 3A).

Furthermore, the differences in the slip be-
havior among the three segments might have
impeded the rupture propagation of the Tohoku-
OKi earthquake. Under the rate-and-state depen-
dent friction framework (30), SSEs are often
modeled as sliding of a fault patch whose nu-
cleation size is larger than the patch size (31),
or whose frictional behavior transitions from
velocity-weakening to velocity-strengthening
as the slip velocity increases (32). In these models,
the fault patch hosting SSEs can impede the
rupture propagation of adjacent earthquakes
and host their afterslip (31), which is consistent
with our observations in the southern and north-
ern segments. In addition, we compared our
slow earthquake distribution with coseismic
slip areas (asperities) of M, = 7 interplate earth-
quakes (33) (fig. S4). We found that the slow
earthquake distribution is complementary to
the asperity distribution, especially in the north-
ern segment. The asperities are located downdip
of the tremor-prone area and the source area
of the ultraslow earthquakes. This further sup-
ports the hypothesis that areas hosting frequent
slow earthquakes impede earthquake rupture
propagation.

The slow earthquake activity in the Japan
Trench differs considerably from that in the well-
studied Nankai Trough (17) (Fig. 4). The slip be-
havior of the megathrust in Nankai transitions
from shallow slow earthquakes to megathrust
earthquakes to deep slow earthquakes in the
downdip direction, and is relatively uniform
along strike. In contrast, that in the Japan Trench
substantially varies not only in the dip but also
in the strike direction. Along-strike segmenta-
tion of slow earthquakes and a M., 9-class mega-
thrust earthquake as in the Japan Trench (Fig. 4)
is not known in other subduction zones. The
along-dip transition also differs between the Japan
Trench and the Nankai Trough. In the south cen-
tral part of the southern segment, the slip be-
havior transitions from a tremor-prone area to
a swarm-prone area and the coseismic rupture
of the Tohoku earthquake (Fig. 4). Deep tremors
have not been detected in the Japan Trench.
These differences in the along-dip transition
might be caused by slab temperature contrast
(i.e., a young, warm slab in Nankai versus an
old, cold slab in the Japan Trench) and result-
ing differences in fault zone rheology (34). The
proximity between tectonic tremors and earth-
quake swarms is also a feature of the Japan Trench
distinct from Nankai. They occur at similar depth
ranges (Fig. 4 and fig. S2). It is unclear what
physical conditions favor earthquake swarms
instead of tremors. However, we noticed that
tremors around 36°N and 142°E are located on
a subducting seamount, whereas nearby earth-
quake swarms (36.2°N and 141.9°E) are con-
centrated downdip of the seamount (fig. S2C).
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Fracturing of the upper plate resulting from
subduction of the seamount (28) might be re-
lated to the generation of tectonic tremors in the
Japan Trench, although tremors around 36.7°N
and 40°N are not associated with known sub-
ducting seamounts (fig. S2, B and C). In addi-
tion, substantial differences between these two
subduction zones in terms of relative plate veloc-
ity, slab dip angle, tectonic accretion and erosion,
sediment thickness, and bathymetric features on
the incoming plate (28, 35) might also cause the
differences in the slow and megathrust earth-
quake activity (Fig. 4). The detailed slow earth-
quake distribution that we mapped provides
essential information on heterogeneous fric-
tional properties and fault zone rheology of the
megathrust, which in turn provides a potential
constraint on the rupture extent of megathrust
earthquakes.
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Slow earthquake segmentation

The Japan Trench is responsible for disastrous megathrust earthquakes like the 2011 Tohoku-Oki quake.
Nishikawa et al. used new observations from the S-net ocean-bottom seismic network to map slow earthquakes——
disturbances that do not cause ground shaking——along the Japan Trench (see the Perspective by Houston). They found
that the area that ruptured during the 2011 quake was bounded by areas that have large numbers of slow earthquakes. A
segmentation likely caused the 2011 rupture to cease, an observation that is important for assessing risk from future
major earthquakes.
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