Earth and Planetary Science Letters 531 (2020) 115986

Earth and Planetary Science Letters

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

www.elsevier.com/locate/epsl

Migration of shallow and deep slow earthquakes toward the locked
segment of the Nankai megathrust

Check for
updates

Naoki Uchida®*, Ryota Takagi®, Youichi Asano”, Kazushige Obara“

4 Graduate School of Science, Tohoku University, 6-6 Aramaki-aza-aoba, Aoba-ku, Sendai 980-8578, Japan
b National Research Institute for Earth Science and Disaster Resilience, 3-1 Tennodai, Tsukuba, Ibaraki 305-0006, Japan
¢ Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 17 April 2019

Received in revised form 9 November 2019
Accepted 24 November 2019

Available online 6 December 2019

Editor: M. Ishii

Keywords:

slow earthquake

Nankai earthquake

slow slip

repeating earthquake

southwestern Japan subduction zone
preseismic slip

The Nankai megathrust is located offshore Shikoku and Kyushu, Japan and is characterized by various
kinds of slow earthquakes whose relative motions across the plate boundary faults are slower than
regular earthquakes. In the area, the interplate locking is stronger in the northern area (offshore
Shikoku) than in the southern area (offshore Kyushu) and Mw ~8 earthquakes (Nankai earthquakes)
have occurred repeatedly in the northern area. In this paper, the spatio-temporal distributions of slow
earthquakes (very low frequency earthquakes, tremors and slow-slip events) are examined based on
the analyses of repeating earthquakes and slow earthquakes with special focus on the interaction
between different activities. A comprehensive analysis of the seismic and geodetic data from 2003 to
2016 indicates complementary distribution of various types of slow earthquakes down to 35-50 km
depth outside the Nankai main locking area. We also found interactions between different kinds of
activities. The interactions between the repeating earthquakes and slow earthquakes suggest that the
area of the repeating earthquakes activity can be divided into deeper (depth > 20 km) and shallower
(depth < 20 km) areas. The analyses of deep repeating earthquakes and the inland Global Navigation
Satellite System (GNSS) data suggests slow northward migrations of long-term slow slip events (SSEs)
in 20-50 km (offshore Kyushu) and 20-35 km (under Shikoku) depths along the plate boundary. These
migrations occurred during a period of 2-3 years that includes the 2003 and 2010 large slow-slip events
in the Bungo channel located in between Kyushu and Shikoku. The analysis has also shown interaction
between shallow repeating earthquakes and shallow very low frequency earthquakes which indicates
faster northward migrations of short-term SSEs from the shallow plate boundary offshore Kyushu to the
deeper area under Shikoku over the duration of a month during the 2010 long-term slow-slip episode.
The deep slow migration and the shallow to deep fast migration of SSEs in a ~300 km area towards
and around the source area of the recurrent Nankai earthquake (Mw 8.0-8.6) indicates the occurrence
of a widespread non-steady stress build-up process around the source area of the Nankai megathrust

earthquake.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The slow earthquakes such as the nonvolcanic tremors, the very

slower than the regular earthquakes (e.g., Beroza and Ide, 2011;
Biirgmann, 2018; Hirose and Obara, 2005; Obara and Kato, 2016).
The slow and regular earthquakes with different time constants
are sometimes located in the neighboring regions of a fault (e.g.,

low frequency earthquakes (VLFEs), and the short- and long-term
slow-slip events (SSEs) are major non-steady processes that re-
lease the stress accumulated in the megathrust zone significantly
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Beroza and Ide, 2011; Obara and Kato, 2016). Such slow earth-
quakes are characterized by episodic stress release in the area ad-
jacent to locked seismogenic areas and may temporarily increase
stress and earthquake probabilities in the locked areas (Mazzotti
and Adams, 2004; Uchida et al, 2016). The slow earthquakes
also have the potential to become the nucleation phase of even-
tual megathrust earthquakes (Matsuzawa et al.,, 2010; Segall and
Bradley, 2012). Previous studies have suggested that slow defor-
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Fig. 1. Schematic showing interplate locking (red) and migration directions (arrows)
of SSEs and slow earthquakes along the southern Nankai trough region as detected
by previous studies (Asano et al., 2015; Obara, 2010; Takagi et al., 2016; Yamashita
et al., 2015). The dashed line is the boundary of the region. The Bungo channel is
located in the transitional area. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

mation and its migration can occasionally precede major earth-
quakes (Graham et al., 2014; Kato et al.,, 2012; Mavrommatis et
al.,, 2015; Meng et al,, 2015; Radiguet et al., 2016; Roeloffs, 2006;
Uchida et al., 2016; Voss et al., 2018). Therefore, the interac-
tion and relationship between slow and megathrust earthquakes is
one of important global problems even though many slow earth-
quakes have been ubiquitously detected in many places around the
world.

A large interplate slip deficit along the offshore Shikoku seg-
ment of Nankai trough, southwest Japan (Figs. 1 and 2d) (e.g.,
Nishimura et al, 2018; Yokota et al, 2016) has become a seis-
mic source area of the recurrent M8.0-8.6 interplate earthquakes,
including the 1946 Nankai earthquake (Mw ~8.1, Fig. 2c) (Ando,
1975; Sagiya and Thatcher, 1999). Conversely, no Mw ~8 earth-
quakes have been detected in the area offshore Kyushu which
is characterized by moderate to small interplate earthquakes as
well as active small repeating earthquakes (Yamashita et al., 2012).
These results suggest relatively strong and weak interplate locking
in the northern (Shikoku) and southern (Kyushu) areas, respec-
tively (Fig. 1). The repeating earthquakes and other slow earth-
quakes in the relatively weak locking area also provide information
on temporal change of slow slip. However, the temporal change of
repeating earthquake activity, which is an indicator of slow slip in
the seismogenic depth of the plate boundary, has not been inves-
tigated before in this area.

In this study, we identify small repeating earthquakes (hereafter
repeaters) that are located in the depth range between the deep
nonvolcanic tremors and shallow VLFEs. Then the activities of re-
peaters, catalogs of deep nonvolcanic tremors, shallow VLFEs, and
long-term SSEs based on the time series of Global Navigation Satel-
lite System (GNSS) data are all used to understand the interaction
of slow earthquakes. They have also been employed to character-
ize slow and fast migration of interplate creep along deeper and
shallower plate boundary of the Nankai trough subduction zone
that probably show that large plate-boundary area is behaving as
a single system.

2. Data and method
2.1. Repeaters

The repeaters have nearly identical waveforms and are char-
acterized by the repeated rupture of a small seismic patch sur-
rounded by the creeping area (Nadeau and Johnson, 1998; Uchida
and Biirgmann, 2019; Uchida and Matsuzawa, 2013) (Fig. 3). Sev-
eral studies have postulated that the seismic slip of repeaters are
indicative of fault creep in the surrounding area of the repeaters,
thereby making suitable for the estimation of the interplate creep
rate, especially in the offshore areas (Igarashi et al., 2003; Mavrom-
matis et al, 2015; Uchida et al, 2016) (Fig. 3). In this study,
repeaters were identified for the period from April 2002 to July
2015 in the Nankai megathrust zone by using the method re-
ported by Uchida and Matsuzawa (2013) who utilized waveform
similarity of repeaters. Here, waveforms data obtained from the
High-Sensitivity Seismograph Network (Hi-net) (National Research
Institute for Earth Science and Disaster Resilience, 2019a) are used
to calculate coherence for earthquakes with M > 2.0 detected by
the Japan Meteorological Agency. The threshold of averaged co-
herence for earthquakes ranging from M2.0 to M4.0 was 0.95 in
1-8 Hz band. For earthquakes larger than M4.0, the frequency
band was selected based on the corner frequency of the smaller
event (fp) in the pair. The frequency band extends from (1/2 fp) to
2 fo and the coherence threshold was 0.8.

The slip for each repeater was estimated based on the following
relationship between the seismic moment (M,; dynecm) and the
fault slip (d; cm) (Nadeau and Johnson, 1998).

log(d) = —2.36 + 0.17log(M,) (1)

This empirical relationship was obtained from the shallow re-
peater data for California (Nadeau and Johnson, 1998). Igarashi et
al. (2003) have proposed that this relationship is consistent with
the slip estimated from the long-term relative plate motion for the
repeaters close to the coast of northeastern Japan. The scaling re-
lationships proposed by Nadeau and Johnson (1998) have shown
reasonable applicability to several areas (Chen et al., 2007), al-
though regional variations are likely to exist. The seismic moment
was estimated from the following relationship between the seismic
moment and the magnitude (M).

log(M,) = 1.5M + 16.1 2)

The magnitude utilized in this study was determined by the Japan
Meteorological Agency.

The cumulative slip for each repeating sequence was then cal-
culated by adding the slip amount for each earthquake estimated
from equations (1) and (2) (Figs. 3a and b). Subsequently, the aver-
age cumulative slip of repeaters was estimated based on sequences
within each study area (assuming similar underlying slow-slips)
(dashed rectangle in Fig. 3a and timeseries in Fig. 3c). The cumu-
lative slip was detrended (by removing the linear component) for
the study period to elucidate temporal fluctuations in the slow-slip
(Fig. 3d).

2.2. Long-term SSEs

In the present study, the long-term SSEs catalogue generated by
Takagi et al. (2019) was employed. Daily coordinates (F3 solution)
were obtained from 330 GEONET stations operated by the Geospa-
tial Information Authority of Japan. Five stations in the Chugoku
region were selected as reference stations. Moreover, coseismic off-
sets of large earthquakes and postseismic deformation due to the
2011 Tohoku-Oki and 2016 Kumamoto earthquakes were removed.
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Fig. 2. Distribution of non-volcanic tremors (orange circles), very low frequency earthquakes (yellow circles), and repeating earthquakes (red circles) associated with (a) source
areas of long-term SSEs (Takagi et al., 2019) from 2000 to 2005, (b) and from 2007 to 2012; (c) GNSS stacking profiles (from A to I), a GNSS station for the comparison with
slow earthquakes (square c) and the study areas for tremor (regions a and b), VLFE (regions i to k), repeaters (regions d to h), and (d) F-net focal mechanisms of repeating
earthquakes. In (c), the coseismic slip areas for the 1946 Mw 8.3 Nankai earthquake (Sagiya and Thatcher, 1999) (green contours, denoting 2, 5 and 10 m slips), and for the
1968 M7.5 Hyuga-nada earthquake (Yagi et al., 1998) (black contour) are also shown. In (d), pink shaded colors, green contour lines, and blue contour lines show the slip
deficit rate of 3, 4, and 5 cm/year (Yokota et al., 2016), the slip distributions of the 2010 Bungo channel long-term SSE with 10 cm intervals (Geospatial Information Authority
of Japan, 2014), and the geometry of the plate interface at 10 km intervals (Baba et al., 2002; Hirose et al., 2008).

The detection algorithm termed as grid-based determination
of slow slip events (GriD-SSE) was used for the study. GriD-SSE
represents an SSE as a uniform slip on a single rectangular fault
and evaluates fitting between observed and modeled displacement
time series. The modeled time series are based on the static dis-
placement Green'’s function and a simple ramp function. The model
parameters of the single rectangular faults have been optimized
by a nonlinear inversion method. The source locations and onset
times were grid searched and a single rectangular fault was es-
timated by fitting the time series of GNSS displacement. A ramp
function was utilized for expressing the temporal evolution of the
fault slip. A grid point which maximized variance reduction (VR)

in every 0.3° x 0.3° and 100 days and satisfied conditions for de-
tection stability was selected as a candidate for SSE.

2.3. Deep tremors

The occurrence of non-volcanic tremors is usually associated
with short-term SSEs and deep VLFEs. This coupling phenomenon
is called episodic tremor and slip (ETS) (Rogers and Dragert, 2003;
Ito et al,, 2007). Because of the sensitivity and detectability, the
tremors are considered representative of deep interplate slip. In
this study, the tremor catalogue by National Research Institute for
Earth Science and Disaster Resilience (2019a) was used for the
period from 2003 to 2016, which is an extended catalogue of
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Fig. 3. Schematic representation of repeaters and the procedure for obtaining the detrended average cumulative slip. Repeaters occur where the interplate locking is relatively
weak and the fault creep is dominant. Repeaters are considered to occur to catch up with the creep (dashed line) in the surrounding area (a, b). The cumulative slip from

multiple repeater sequences was averaged (c) and detrended to identify the SSEs (d).

the one used by Obara et al. (2010). Here the continuous wave-
form data obtained from the Hi-net (National Research Institute
for Earth Science and Disaster Resilience, 2019a) were utilized
for the analysis. The centroid locations of the tremors were es-
timated at one-hour intervals by following the tremor location
method proposed by Maeda and Obara (2009). This method is
based on the spatial decay of the observed energy of the tremor
(estimated from the vertical squared record) and the differen-
tial travel time (estimated from the envelope correlation method
Obara, 2002).

2.4. Shallow VLFEs

The shallow VLFEs for the period from April 2003 to October
2016 were used in this study which is an extended catalogue of
the one used by Asano et al. (2015). Shallow VLFEs and tremors
(Yamashita et al., 2015) occur simultaneously probably due to SSEs.
Because of the sensitivity and detectability, the VLFEs were con-
sidered to be representative of shallow interplate slip. The VLFEs
were detected by performing a template search on the stations
of Full Range Seismograph Network of Japan (F-net) (National Re-
search Institute for Earth Science and Disaster Resilience, 2019b)
as follows. A time series of the cross-correlation (CC) function
was calculated for each station from continuous seismograms of
four 180 s template VLFEs (after Asano et al., 2015). Assuming a
surface wave propagation with a velocity of 3.8 kmy/s, CCs were
back-propagated from the templates to possible origin times and
horizontal locations. The time and space domains with grid sepa-
rations of 1 s and 0.025°, respectively, were utilized to maximize
the average CCs across all stations. Grids with averaged CCs greater
than 0.5 were selected as possible coherent events. Additionally,
only one event was selected as the VLFE candidate when sev-
eral such events were detected within the 180 s period. If grid
points were detected in the same time window from different tem-
plate events, then the VLFE candidate with the largest average CC
(among grid points located within 100 km of the template event)
was selected. Regular earthquakes listed in the Japan Meteorologi-
cal Agency catalogue were removed to construct the final shallow
VLFE catalogue.

3. Results

3.1. Spatial distributions of repeaters, long-term SSEs, tremors, VLFES,
and locked areas

Based on the selection of the repeating earthquakes selection,
525 repeaters belonging to 207 sequences (Figs. 2 and 4, Table S1)
were identified. The relatively large repeaters displayed interplate
type focal mechanism suggesting that they are interplate events
(Fig. 2d). The cross-section of the repeater distribution also sug-
gests their location near the plate boundary at the depths ranging
15-30 km (Fig. 4). The discrepancy between the plate model (black
line) and the repeater locations could be attributed to systematic
location error which occurred due to offshore location of earth-
quakes (thick black lines) and the depth constraints was not well
constrained from land stations. The repeaters were abundant in the
southern area (offshore Kyushu) corresponding to the southwest
of the source area of the 1946 Nankai earthquake and outside the
strongly locked area (Figs. 2c and d), consistent with the mecha-
nism of repeaters that indicate regional fault creep. The long-term
SSEs (Figs. 2a and b, rectangles) in Shikoku and the Bungo channel
were located at depths of 20-35 km which corresponded to the
downdip of the Nankai locked area (Figs. 2c and d). In Kyushu, the
depth range of the interplate long-term SSEs was approximately
20-50 km which is the down-dip area of the repeater activities
(Figs. 2a and b). Furthermore, 24,720 tremors were identified dur-
ing the study period (Figs. 2a and b, orange circles). The tremors
were active in Shikoku and located at the deeper extension of the
long-term SSEs (Fig. 2). The tremors were also considered as inter-
plate events (e.g., Shelly et al., 2006; Ide et al., 2007) and occurred
at depths of 30-40 km as suggested by their horizontal locations.
Kyushu region did not show active tremor activity, although mi-
nor activity was observed downdip of the long-term SSEs (Yabe
and Ide, 2013). The shallow VLFEs (Fig. 2, yellow circles) were
located at depths ranging 0-15 km depth (offshore Kyushu) and
0-10 km (offshore Shikoku) (Fig. 1). They were located in the up-
dip part of the Nankai locking area offshore Shikoku. In the area
of offshore Kyushu, the VLFEs were located updip of the repeater
activities.
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Fig. 4. Spatial distribution of continuous repeaters (red circles) from April 2002 to July 2015. (a) Map view. Epicenters of burst-type sequences (averaged recurrence interval
less than 3 years) are indicated by pink circles. Blue squares represent Hi-net stations used to identify the repeaters. (b) Cross-sections along lines A-F presented in panel (a).
The lines are taken to the approximate direction of slab dip at depth. The widths of each cross-section is 60 km. Thin lines represent the upper boundary of the Philippine
Sea plate (Baba et al., 2002; Hirose et al., 2008). Thick lines and inverted triangles indicate land area and Nankai trough, respectively.

In total, the repeaters, long-term SSEs, deep tremors, shallow
VLFEs, and the Nankai locking area were found to be complemen-
tarily distributed in space in the southern Nankai subduction zone.
These seismic and aseismic events almost covered the entire area
in the depth range 0-50 km (offshore Kyushu) and 0-35 km (un-
der Shikoku) along the plate boundary.

3.2. Slow migration of the deep long-term SSEs estimated from repeater,
tremor and GNSS data

The previous analysis of GNSS data indicated that the long-
term SSEs seem to migrate roughly 50-200 km/year from south
to north both before and after the 2003 and 2010 Bungo chan-
nel events (Figs. 2a and b) (Takagi et al., 2019). Fig. 5a presents
the timing of the SSEs (estimated by Takagi et al, 2019) as in-
verted triangles in the stacked GNSS displacement time series in
the direction parallel to the relative plate motion. The individual

timeseries along the observation lines (Fig. S1) also show simi-
lar temporal changes for the stations (Fig. S2). Please note that
Takagi et al. (2019) used “GriD-SSE” method that utilized spatial
pattern of surface displacement to detect long-term SSEs but sim-
ple stacking of GNSS time series that we produced for displaying
the temporal changes to compare with repeating earthquake and
other slow earthquake time series also shows movements prob-
ably because all the GNSS stations are located to the west the
offshore SSEs. Please see Fig. S3 for the distribution of grid points
and Fig. S4 for an example of the detection result by Takagi et al.
(2019).

The repeater data shows the occurrence of creep in the repeater
distributed area which is located updip of the most GNSS-derived
SSE areas (Fig. 2a, b). In this section, we consider repeater se-
quences only in the offshore Kyushu area where repeaters are
occurring along the plate boundary. We set the repeater study
areas by dividing the area to shallow and deeper part in dip direc-
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possible slow migrations of long-term SSEs. Green and blue ellipsoids show short-term increases in deep tremor, GNSS displacement, repeater slip and shallow VLFE counts

that were likely related to the 2003 (green) and 2010 (blue) Bungo channel events.

tion and three areas in the strike direction of the plate boundary
(Fig. 2c). The fluctuations in the detrended cumulative slip show
the occurrence of SSEs and provide evidence of SSEs independent
from the analysis of GNSS data. The long-term fluctuations in the
detrended cumulative slip indicated that the slip amount increase
started in 2007 and 2009 in regions e and d, respectively (Fig. 5b).
The timings of these increases corresponded to SSE ©® and SSE @
detected by Takagi et al. (2019) using GNSS data. It is to be noted
that the SSEs timings (reversed triangles in Fig. 5) and locations
(rectangles in Fig. 2) are not defined by this study but by Tak-
agi et al. (2019). This enhanced repeater activity in the southern
area can also be seen by the snapshot of repeater activities for the
period from 2007 to 2009 (Fig. 6f-h). The regions e and d were lo-
cated in the deeper plate boundary of the repeater-distributed area
(Fig. 2¢). Additionally, region e distant from the Bungo channel and
located to the south) was characterized by early initiation of creep
increase (SSE ®). Therefore, the occurrence of the long-term SSEs
and their migration to the direction of the 2010 Bungo channel SSE
(Hirose et al., 2010) was confirmed by the repeater data. A similar
increase in creep was also observed for region d before the oc-
currence of the 2003 Bungo channel event (SSE [2) (Hirose et al.,
2010) (Fig. 5b, Fig. 6a). However, it is unclear whether the slip rate
increase migrated from region e to d due to the limited data pe-
riod before the 2003 Bungo channel event. For the southern region
(region g) and the shallower plate boundary (regions f and h) there
was no obvious long-term fluctuation related to the 2003 and 2010
Bungo channel events (Fig. 5b).

Prominent long-term SSEs (Bl and @) were observed in the
Bungo channel in 2003 and 2010 at the tremor count in region b
(Fig. 5b, Fig. 6b and Fig. 6i), GNSS site c (Fig. 5b) and stacked GNSS
observations in lines C and D (Fig. 5a). The SSEs migrated further
northeast based on the GNSS data (Fig. 5a, Fig. 2, SSEs [, ® and
@) and tremor count also increased in the same time (Fig. 5b, or-
ange line, Figs. 6b, Figs. 6i-1). Therefore, the results for repeater,
deep tremor and GNSS data suggested slow northward migrations
of long-term SSEs both before and after the 2003 and 2010 Bungo
channel events.

3.3. Fast migration of the short-term SSEs from VLFE, repeater and
tremor data

Short-term fluctuations around the 2010 Bungo channel event
were characterised by slip increases in the repeater time series
of regions f and h (Fig. 5b) which were located at the shal-
low plate boundary of the repeater-distributed area (Fig. 2c). Al-
though the time series for regions f and h indicate several short-
term fluctuations, this study focused on the time period before
and after the 2010 Bungo channel event. Please note the tem-
poral fluctuations were also observed for the deep and shallow
activities of the slow earthquakes occurring in the northern (re-
gions a-c) and southern (regions i-k) areas, respectively (Fig. 5b,
blue ellipsoids). Significant short-term changes migrated from the
south to the north at a faster speed in contrast to the deep
long-term SSE migrations when accounting for the shallow VLFEs



N. Uchida et al. / Earth and Planetary Science Letters 531 (2020) 115986 7

134° 135°
.

Deep tremor

Repeater e

Shallow VLFE
; ) S
2 00 10 12 1.4 16 00 05 1.0 15 20

N7

3174

Number Ratio

Slip Rate Ratio

Fig. 6. Spatio-temporal distribution of repeaters (red circles), shallow VLFEs (yellow circles), deep tremors (orange circles), and GNSS-derived long-term SSEs (black rectangles).
The event locations are plotted for one-year period shown in the right bottom of each panel. The long-term SSEs were plotted if the SSE duration period overlapped with
the year. The colors in the background show averaged number ratios (the number of deep tremors or shallow VLFEs divided by the average number in one year for each
phenomenon) and repeater-derived slip rate ratios (the slip rate divided by average slip rate during the entire observation period). The averaging was performed for 0.3° by
0.3° window in latitude and longitude if the number of repeater sequence, VLFEs, and tremors exceeded 4, 20 and 50, respectively. Green and pink arrows indicate slow
and fast migration, respectively. The circled and squared numbers show long-term SSEs shown in Figs. 2 a and b that occurred before and after the 2003 and 2010 Bungo
channel events, respectively. The SSEs that occurred in 2005 and after 2013 that are not numbered. Areas enclosed by red, yellow and orange lines show the regions where

ratios are estimated from repeaters, shallow VLFEs and deep tremors, respectively.

and the deep tremors that activated before and after the re-
peaters, respectively (Fig. 7b). The snapshot of the activities of
repeaters, shallow VLFEs and the deep tremors also show migra-
tion of activities although there is relatively large gap of data
far offshore Kyushu (dashed arrows, Fig. 8). Since the shallow
VLFEs that accompany the tremors are considered to occur due
to SSEs (Asano et al., 2015; Yamashita et al., 2015), the short-
term changes (including the repeater activity) suggested the oc-
currence of SSEs. For the 2003 episode the migration of slip in-
creases were not as clear as the 2010 episode but some activi-

ties precede the Bungo channel event (Fig. 7a). Please note that
the vertical axis of Fig. 7 is not a distance and the migration
is not necessarily expressed by a straight line. More evidence is
required to test the tendency of northward fast migration. How-
ever, the number of steps (short-term changes) during the 15-year
analysis period in shallow VLFE, deep tremor, and repeater data
are relatively small (Fig. 5b) and the short-term changes occurred
within ~1 month which suggest that the coincidence is not likely
by chance but there are physical process under the short-term
changes.
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Fig. 6. (continued)

4. Discussion

In many subducting plate boundary zones, various migration
modes of slow earthquakes have been reported. In the Nankai
trough, each kind of slow earthquakes shows its characteristic
migration properties. ETS represented by tremor includes three
migration modes including along-strike slow-speed migration at
velocity of about 10 km/day (Obara, 2002; Dragert et al., 2004),
along-strike rapid tremor reversal at velocity of 160-400 km/day
(Houston et al.,, 2011) and along-dip tremor streak at velocity of
about 1000 km/day (Shelly et al., 2007; Ghosh et al., 2010). Among
these migration modes, the two fastest types of migration modes
are observed within each ETS segment. On the other hand, the
slow-speed migration of ~10 km/day propagates to the next seg-
ment sometimes (Ito et al., 2007; Obara, 2010). Long-term SSEs
beneath Shikoku and Kyushu sometimes propagate to the next seg-

ment (Takagi et al., 2016; 2019). The shallow VLFEs and tremors in
the southern area offshore Shikoku also show migrations (Asano et
al., 2015; Yamashita et al., 2015) (Fig. 1). The results of repeater
data and other slow earthquakes suggested that these migrations
were connected to each other and indicated widespread migra-
tion activity over a wide area (Figs. 5-9). The interactions between
different slow earthquakes types probably indicated stress trans-
fer and migration of slow-slips between and within the activity
areas. Hirose et al. (2010) suggested the coincidence of the shal-
low activity of slow earthquakes (VLFEs. Fig. 5, regions i-k), and
deep activities of slow earthquakes (Bungo channel long-term SSEs
(Fig. 5, region c) and tremors (Fig. 5, regions a, b). However, the
closer look of the timing in this study suggest time lag between
the shallow and deep phenomena (Fig. 7). The repeaters at the
depth in between these shallow VLFEs and deep tremor fill the
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Fig. 9. Schematic showing the locations of the locking area, long-term SSEs, deep tremors, VLFEs, and repeaters together with the migration of the activities. Different types
of slow earthquakes and repeaters are complementarily distributed. Black arrows show interactions between activities. Pink and green arrows respectively show fast and slow
migrations of the SSEs. Pink arrows with stripe offshore the Bungo channel show a possible migration where no SSE was observed in the present dataset. Dashed black line
shows the location of the Nankai trough. The difference from Fig. 1 is the data of repeaters and the interactions (double headed arrows) between different kinds of activities.

gap in time and space (Fig. 7). The repeaters and slow earthquakes
suggested fast migrations of SSEs to the north. The short-term
SSEs traveled approximately 300 km over a period of 30 days (10
km/day) in 2015 and this speed was similar to the one observed
for deep tremors (Obara, 2010) and shallow VLFEs (Sugioka et al.,
2012). Clear slip increases were not observed in this study from
the repeaters for the 2003 episode (Fig. 5b). This suggests the
slip migrated in the shallower plate boundary than the short-term
SSE during the 2010 episode that activated deep repeating earth-
quakes.

The deep slow and shallow fast SSE migrations indicated move-
ment towards the Bungo channel and further north. The “along
trough” direction of movements corresponded to the direction
from the weakly coupled southern area to strongly locked northern
area (Figs. 1 and 9). The SSEs are often observed around the locked
area of the plate boundary (Obara and Kato, 2016). Migrations of
SSEs to the future hypocenters and/or locked areas have been ob-
served for the 2011 Tohoku-oki (Kato et al., 2012) and the 2014
Iquique earthquakes (Kato and Nakagawa, 2014). Multiple migra-
tions of seismicity toward the center of the locking region have
also been reported at the small scale for the Kamaishi repeater, NE
Japan (Uchida et al., 2012). Previous earthquake simulations have
also suggested the occurrence of SSE migrations, shrinkage of the
locked area, and frequent SSEs during the late stage of an earth-
quake cycle (Ariyoshi et al., 2012; Cattania and Segall, 2019; Jiang
and Lapusta, 2017; Ohtani et al., 2014) although these phenomena
may depend on the assumed frictional properties. The directivity
of the migration may reflect the spatial distribution of the locking
and the stressing conditions to the locked area along the Nankai
trough. It is difficult to explain the migrations by local processes

such as fluid migration given the large spatial scale (~300 km)
even though the migrations within each phenomenon (repeaters,
tremors, etc.) can be related to such processes. Conversely, the in-
teraction between the slow earthquakes and the large migration
scale suggests that they behave as a single system that may be
related to the deformation of the subducting slab. Considering the
spatial scale of the locked area of the Nankai earthquake (~300 km
along the trough), it is likely that the migrations were related to
the unfastening of the locked area of the Nankai earthquake.

5. Conclusions

In this study, newly identified small repeating earthquakes and
existing/updated slow earthquake catalogs along the south Nankai
trough have been examined to understand their spatio-temporal
relationships. The results indicated that these phenomena were
complementarily distributed in space, thus suggesting different
frictional properties for the areas producing these activities. The
temporal distribution of the slow earthquakes (shallow VLFEs, deep
tremors and long-term SSEs) and repeaters revealed interactions
between different kind of slow earthquakes. The activities indi-
cated northward migration along the ~300 km plate boundary
before and after the 2003 and 2010 Bungo-channel SSEs. The mi-
grations occurred slowly (over a period of several years) at the
deep plate boundary (depth > 20 km) and faster (~1 month) at
the shallow to deep (0-50 km) plate boundary. The migrations
were widespread over the transitional area between the locked and
weakly coupled regions along the plate boundary, thus suggesting
that the phenomena were related to the unlocking of the interplate
locked area offshore Shikoku. The results also suggested the occur-
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rence of non-steady stressing in the locked area along the plate
boundary during the interseismic period.
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