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Abstract

Slow slip events (SSEs) lasting for approximately 1 year occur every 6-8 years around the Bungo Channel in the south-
west Japan subduction zone. The slip time evolution of the latest Bungo Channel SSE that occurred in 2018-2019

has been studied; however, the detailed spatial and temporal relationship between the slip process and other nearby
phenomena, such as tectonic tremors and SSEs, is not well understood. Moreover, the migration of such long-term
SSEs from Hyuganada to Shikoku through the Bungo Channel has been suggested, but a slip process connecting

the SSEs has not been observed. In this study, we utilized 21 continuous global navigation satellite system (GNSS)
stations around the Bungo Channel and Hyuganada that have been installed by us since 2014 in addition to GNSS
Earth Observation System (GEONET) stations to improve the spatial resolution of such interplate slip. Based on these
data, we estimate the spatial and temporal slip evolutions of the major SSE in 2018-2019, which was accompanied
by tremor activity in the deep episodic tremor and slip (ETS) zone, and a smaller SSE in 2015-2016 without tremor
activity. We show that the slip area of the major SSE overlaps the ETS zone, whereas that of the smaller SSE does not.
This strongly suggests that synchronized tremor activity with an SSE requires a slip close to or overlapping the ETS
zone. We also show two distinct slip propagation paths from the Oita area during the 2018-2019 sequence: oneis a
southward propagation to the Miyazaki area, leading to an SSE around the Miyazaki Plain, and the other is an east-
ward propagation to an area close to Cape Ashizuri, where “invading slip”is proposed to propagate from the ETS zone
to a shallower megathrust source area. These slip propagations may be two of fundamental slip modes that connect
slow-slip patch-like areas around the Bungo Channel and Hyuganada.
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Source process of the 2018-2019 slow slip sequence
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Introduction

In the southwest Japan subduction zone, a wide variety
of fast and slow earthquake activities occur in association
with the subduction of the Philippine Sea plate along the
Nankai Trough (Fig. 1). The adjacent Shikoku area and
Kyushu-Hyuganada area show contrasting behaviors of
these activities. Around the Shikoku area, megathrust
earthquakes larger than magnitude (M) 8 have repeat-
edly occurred, with recurrence interval of approximately
100-200 years in the shallower part of the subducting
plate interface [e.g. Ando (1975); Sagiya and Thatcher
(1999)]. At the deeper part (about 30-40 km in depth),
tectonic tremor (Obara 2002) and slow slip events (SSEs)
occur simultaneously (Obara et al. 2004), termed epi-
sodic tremor and slip [ETS; Rogers and Dragert (2003)].
The typical duration of ETS episodes in the western Shi-
koku area is one week; hence, an SSE that comprises an
ETS episode is called a short-term SSE. SSEs that last
for several months are located at intermediate depths
(approximately 20-30 km) [e.g. Kobayashi (2010, 2012);
Takagi et al. (2016, 2019)]. In contrast, off the southeast
coast of Kyushu, Hyuganada, earthquakes with M > 8
have not been observed. One of the largest earthquakes
in Hyuganada is the M 7.5 1968 Hyuganada earthquake
(Yagi et al. 1998). Deep tremor activity in Kyushu is not

as active as that in Shikoku (Ide 2012), but active tremor
episodes have been detected in the shallowest part near
the Nankai Trough (Yamashita et al. 2015, 2021). These
tremors are thought to be a higher-frequency manifes-
tation of very low-frequency earthquakes (VLFEs) in
Hyuganada (Obara and Ito 2005; Asano et al. 2008, 2015;
Tonegawa et al. 2020). SSEs are also frequently observed
along the southeast coast of Kyushu at depths of approxi-
mately 30-40 km (Yarai and Ozawa 2013; Nishimura
2014; Ozawa 2017; Takagi et al. 2019; Okada et al. 2022).
These include SSEs with longer and shorter duration but
they appear to occur at similar locations. Among them,
a characteristic activity is the long-term SSEs around
the Miyazaki area, which frequently occur once every
two or three years (Yarai and Ozawa 2013; Ozawa 2017;
Takagi et al. 2019). In addition, repeating earthquakes
are observed just updip of the SSE zone at depths of
15-30 km (Yamashita et al. 2012; Uchida et al. 2020).

The Bungo Channel is geographically located between
Shikoku and Kyushu and corresponds to a tectonically
and seismologically transitional area between Shikoku
and Kyushu, where the dip angle of the subducting Phil-
ippine Sea plate gradually changes from shallow to steep
and the interplate coupling changes from strong to weak
[e.g. Yokota et al. (2016); Nishimura et al. (2018); Kimura
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Fig. 1 Index map showing the tectonic settings, seismicity, and station locations in the study area. Pink squares, blue triangles, and green squares
represent the GNSS stations installed in this study, GEONET stations used, and reference stations (GEONET) defined, respectively. The solid curve
shows the Nankai Trough and broken lines show the plate interface depth contours (digits are depths represented in km). Purple curves represent
the rupture areas of the 1946 Nankai earthquake (Sagiya and Thatcher 1999) and the 1968 Hyuganada earthquake (Yagi et al. 1998). Green circles
denote source areas of long-term slow slip events (Hirose et al. 1999; Kobayashi 2010, 2012; Yarai and Ozawa 2013; Takagi et al. 2016, 2019). Orange
dots show epicenters of deep tremors from the NIED tremor catalog (Maeda and Obara 2009; Obara et al. 2010). Pink circles represent shallow
tremors (Yamashita et al. 2015, 2021). Yellow circles show epicenters of repeating earthquakes (Uchida et al. 2020). Green and yellow stars denote
the epicenters of the 2016 Kumamoto earthquake and the Hyuganada earthquake in May 2019, respectively. (Inset) Tectonic plate configurations
around Japan islands. NA North America plate, PA Pacific plate, PH Philippine Sea plate, and AM Amurian plate
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et al. (2019)]. A characteristic slip phenomenon in the
Bungo Channel is long-term SSEs with ~1 year duration,
which repeatedly occur with recurrence intervals of 6—8
years in a similar depth range to long-term SSEs in Shi-
koku and Kyushu [e.g. Hirose et al. (1999); Ozawa et al.
(2001, 2020); Seshimo and Yoshioka (2022)]. In addition,
smaller long-term SSEs occur between the major long-
term SSEs [e.g. Ozawa (2017)]. ETS episodes are also
active in the deeper part of the Bungo Channel area, sim-
ilar to those in Shikoku. However, there is little evidence
of the occurrence of a great earthquake updip of the SSE
area.

A striking feature of Bungo Channel SSEs is the syn-
chronized activation of deep tremors in the Bungo
Channel and shallow VLFEs far south off Cape Ashizuri
(Hirose et al. 2010). As the northernmost part of the SSE
fault overlaps the updip part of the ETS zone, the propa-
gation of the slow slip into the ETS zone is suggested to
directly trigger the tremor activity. However, the spatial
and temporal relationship between a long-term SSE and
ETS activity is not well understood because of the lack
of a detailed comparison between the spatiotemporal
slip evolution of SSEs and tremor activity. Moreover, the
relationship between the activity of shallow VLFEs and
long-term SSEs is still unknown because of the lack of
observation data that are sensitive to offshore slip.

Takagi et al. (2019) detected several long-term SSEs in
Hyuganada, the Bungo Channel, and Shikoku and dem-
onstrated that the order of occurrence of long-term SSEs
in this area was from south to northeast. They inter-
preted that this behavior was a migration of long-term
SSEs. In addition, Uchida et al. (2020) showed a couple of
northward migration episodes of repeating earthquakes,
VLEFEs, and SSEs in Hyuganada and the Bungo Channel
over a large distance of ~300 km. They suggested that
possible slow slip triggering these activities propagated
from the southern part of Hyuganada to the ETS zone in
the Bungo Channel and Shikoku. However, it is unclear
whether such long-distance slip propagation actually
exists, whether slip always propagates northward, and
whether there are other propagation paths, for exam-
ple, between the Bungo Channel and the Miyazaki area
in Hyuganada and between the Bungo Channel and the
area far south off Cape Ashizuri, where VLFE activity
occurred during a long-term SSE in the Bungo Channel.

In this study, we estimated the spatial and temporal slip
evolutions around the Bungo Channel and Hyuganada

(See figure on next page.)
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during two time periods: a smaller SSE during 2015-
2016, and a sequence of slip episodes during 2018-2019,
including a major long-term SSE in the Bungo Channel
and a long-term SSE in Miyazaki. Ozawa (2017) esti-
mated a time-dependent slow slip from 2013-2016 in the
similar area including the smaller SSE based on GEONET
[Japan’s nationwide GNSS network operated by the Geo-
spatial Information Authority of Japan (GSI)] data, but
the relationship between the SSE and a tremor activity in
the ETS zone is not discussed. Also, source slip processes
of the latest major Bungo Channel SSE during 2018-2019
have been estimated using GEONET data (Ozawa et al.
2020; Seshimo and Yoshioka 2022); however, a direct
connection to adjacent areas, especially the Hyuganada
area is unclear. To improve the spatial resolution of the
interplate slip, we have installed continuous GNSS sta-
tions around the Bungo Channel and the Miyazaki area
since 2014. Based on these data and GEONET data, we
obtained the slip distributions of the smaller and major
SSEs, and compared their source processes with the
tremor activity in the ETS zone. Moreover, we explored
slip propagations during the sequence in 2018-2019 to
show direct connections not only between slip patch-like
areas in the Bungo Channel but also around Hyuganada.

Data

As mentioned above, we installed 21 continuous GNSS
stations in Shikoku and Kyushu (pink rectangles in
Fig. 1). These stations are located in regions with sparse
existing GEONET stations, particularly in and around
the Bungo Channel, where the main slip area of the pre-
vious SSEs is located. Most of our stations have commer-
cial power supplies, but some do not. In such a case, a
GNSS receiver is powered by solar panels (e.g. station
MZNK is located on an uninhabited island in the Bungo
Channel, Fig. 2a).

We used these observed data and the GEONET data
provided on the website (https://terras.gsi.go.jp/).
Receiver Independent Exchange Format (RINEX) files
of these stations were processed to obtain daily coor-
dinates of the stations in IGS14 (International GNSS
Service 14) reference frame (http://acc.igs.org/igs-
frames.html) by using the GIPSY-OASIS software ver-
sion 6.4, developed by the Jet Propulsion Laboratory
(JPL) (https://gipsy-oasis.jpl.nasa.gov/). We converted
the time of the coordinate time series data from Global
Positioning System (GPS) time to Japan Standard Time

Fig. 2 Observed and synthetic displacement time series data for selected stations. a Station locations. Open squares and open triangles show GNSS
stations used for the SSE in 2015-2016 and for the 2018-2019 sequence, respectively. b—d Observed (dots) and synthetic (gray lines) data for the
SSE in 2015-2016. e-g Observed (dots) and synthetic (gray lines) data for the 2018-2019 sequence. b, e East components, ¢, f north components,
and d, g vertical components. Vertical dotted lines in (b—d) represent the origin time of the 2016 Kumamoto earthquake. Note that the vertical scale
for the vertical components (d, g) is different from that for the horizontal components
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(JST) to compare the tremor catalog (Maeda and Obara
2009; Obara et al. 2010) provided by the National
Research Institute for Earth Science and Disaster Resil-
ience (NIED).

To reduce the daily scatters in the GNSS displacement
time series, we calculated an averaged daily time series
for the five stations in the northern part of the study area
(green rectangles in Fig. 1) in IGS14 and subtracted it
from the coordinate time series of all stations (e.g. Takagi
et al. 2019). After the coordinates were transformed into
the east, north, and upward components at each station,
we estimated a linear trend, an annual variation and a
semi-annual variation for each component for each sta-
tion for the two time intervals: (1) from 1 January 2017 to
1 January 2018; and (2) from 1 October 2019 to 1 Octo-
ber 2020; to avoid the inclusion of the deformation due
to the SSEs in 2018-2019 (we assumed the same veloc-
ity and coeflicients of the trigonometric terms for the two
time intervals). We then subtracted it from each com-
ponent time series. Instantaneous offsets caused by sta-
tion maintenance (e.g. antenna replacements) and large
earthquakes (16 April 2016 Kumamoto, M; 7.3, and 10
May 2019 Hyuganada, M;j 6.3; Fig. 1) were removed by
estimating the difference between the two averages for
10 days just before and after the earthquake origin date
or the maintenance date (M;: the magnitude of an earth-
quake determined by the Japan Meteorological Agency
(JMA)). The detrended daily coordinates were finally
downsampled to obtain a dataset with a three-day sam-
pling interval by calculating the mean every three days.

Figure 2 shows the processed time series data at the
selected stations. A slow and small eastward transient
displacement appears to start in December 2015 and to
continue until February—March 2016, particularly at sta-
tions FKU2, MZNK, and 1080 (Fig. 2b). Additionally,
transient subsidence appears during this period at station
MZNK (Fig. 2d). The eastward displacement and subsid-
ence at MZNK are 6 and 12 mm, respectively, and this
displacement is the largest among all the stations for this
time period (Fig. 3a, b). Ozawa (2017) identified the tran-
sient deformation caused by an SSE near Cape Ashizuri
from 1 February to 10 April 2016 using GEONET. We
assumed that the observed deformation was ascribed to
the same SSE reported in Ozawa (2017), and we selected
a longer time period to be analyzed than the probable
duration of the SSE, such as from 10 November 2015 to
15 April 2016. Note that this end date was just before
the mainshock of the Kumamoto earthquake to avoid
contamination of the postseismic deformation (Fig. 2b)
of the earthquake. We also selected 40 GNSS stations
to be used in the inversion analysis for the SSE by vis-
ual inspection of the displacement time series plots, as
shown in Fig. 2 in order to include as many stations as
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possible, such that the displacement probably caused by
the SSE was observed (Fig. 2a).

Around April-May 2018, another slow but much larger
transient deformation appears to start and to last until
June 2019 (Fig. 2e—g). This deformation episode appears
to comprise two stages: (1) a smaller eastward displace-
ment around April-May 2018, especially at stations in
the Bungo Channel and the Oita area in Kyushu (e.g.
MZNK, 1080, and SKME in Fig. 2e), and a southward dis-
placement in the Miyazaki area in Kyushu (e.g. NOMS,
0094, and 0480 in Fig. 2f); (2) acceleration around
December 2018 in and around the Bungo Channel (e.g.
horizontal components at FKU2, MZNK, 1080, and
SKME in Fig. 2e, f, and an uplift around Cape Ashizuri;
e.g. FKU2 in Fig. 2g). To estimate the probable changes
in the slip region throughout the entire sequence of this
episode as suggested from the aforementioned observed
data, we used the data of stations in a much wider area
than those for the SSE in 2015-2016 for the period from
1 January 2018 to 2 July 2019. The number of selected
stations is 140 (Fig. 2a).

Methods

We applied a network inversion filter (NIF; Segall and
Matthews 1997) to the preprocessed time series data.
This technique is based on a Kalman filter and enables
the estimation of the time-dependent slip and slip rate on
faults from the time series data of a network of surface
deformation measurements. We used an implementa-
tion that was originally developed for tiltmeter records
(Hirose and Obara 2010) based on the state-space expres-
sion proposed by Ozawa et al. (2001) and was extended
for GNSS data by Hirose et al. (2014). The details of the
method is described in Additional file 1: Text S1, and
here we present a summary and conditions of the data
analysis.

Each displacement component at each station at each
time epoch is modeled as the sum of the elastic deforma-
tion due to slip on subfaults, random white noise, and
random-walk noise (with a scale parameter t). Three
displacement components were analyzed with relative
weights of (east, north, up) = (3:3:1), which are realized
by assuming 9 times larger variance for vertical compo-
nents than those for horizontal components (diagonal
elements of the observation data covariance matrix X in
equation (S10) in Additional file 1: Text S1). The differ-
ence in slip rate on a subfault at successive time epochs
t, and t,,_1 was assumed to follow a Gaussian distribution
with zero mean and variance o,

We assume that slow slip occurs on the plate interface
on the subducting Philippine Sea plate. A spatial slip dis-
tribution is represented by a set of slip on 11 x 19 square
subfaults with a uniform area of 15 x 15 km?, which
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Fig. 3 Observed (red) and synthetic (blue) displacement vectors with error ellipses (one standard deviation) for the two SSEs. a, b The SSE in
2015-2016 and ¢, d the 2018-2019 sequence. a, ¢ Horizontal components and b, d vertical components. The difference between the averages of
coordinates for each of the first and last 15 days of the analyzed time period is calculated for each component at each station

are placed on the plate interface geometry proposed
by Nakanishi et al. (2018) and Nakajima and Hasegawa
(2007) (Fig. 4). For the SSE in 2015-2016, the northern
subset of these subfaults (11 x 10) is used (gray rectangles
in Fig. 4). On each subfault, the slip and the slip rate are
uniform at each time epoch, and the slip direction (rake)
is fixed such that the surface projection of the slip vector

is in the opposite direction to the relative plate motion of
the Philippine Sea plate with respect to the Amurian plate
(Miyazaki and Heki 2001). Synthetic surface displace-
ments at each GNSS station are calculated using Okada
(1992)’s analytical expressions assuming a homogeneous
elastic half-space. We apply a non-negative constraint to
the slip rate. The spatial smoothness constraint is applied
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Fig. 4 Configuration of the modeled fault area. Gray rectangles
represent the subfaults for the SSE in 2015-2016, whereas open
and gray rectangles represent those for the 2018-2019 sequence,
respectively. Red and blue dots represent the deep tremor epicenters.
Tremor activity in the red area is shown in Fig. 6

to the slip rate distribution (with a scale parameter y).
Additionally, the slip rate on the outermost subfaults is
constrained close to zero. Hyperparameters (a?, 12, y2)
are optimized using a maximum likelihood method.

Before applying this method to actual observation data,
we first conducted a checkerboard resolution test. A slip
distribution with a checkerboard pattern was used (Addi-
tional file 1: Fig. S1a) and a time function of cumulative
slip was expressed as a ramp function with a duration
of 7 months and a final slip amount of 20 cm. We calcu-
lated the synthetic displacement time series at all stations
(Fig. 2a) and then added white noise (standard devia-
tions of 1 and 3 mm for the horizontal and vertical com-
ponents, respectively) and random-walk noise (a scale
parameter of 1 mm yr~/2 for all components). These
data were treated as observational data, and the NIF was
applied to the data to retrieve an estimated source time
process on the defined subfaults. Additional file 1: Fig-
ure S1b shows the estimated slip distribution from the
resolution test. The distribution of the given slip patches
is well recovered in the northern half of the modeled area
and near the eastern coastline of Kyushu in the southern
half. The eastern and central parts of the southern half
are not well resolved.
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Results

We applied the NIF to two time periods: (1) from 10
November 2015 to 15 April 2016 (SSE in 2015-2016);
(2) from 1 January 2018 to 2 July 2019 (the 2018-2019
sequence). Figure 5a shows the final slip distribution of
the SSE in 2015-2016 and Additionl file 1: Fig. S2a shows
the corresponding error distribution. For this episode,
we did not obtain a significant time-dependent slip pro-
cess because of its small surface displacements (Fig. 6a
displays the estimated cumulative moment, showing
an approximately linear time function for comparison).
Therefore, we will not discuss the time-dependent slip
behavior of this episode but the final slip distribution.
A slip patch is centered just west of Cape Ashizuri and
is approximately 50 km in diameter. The northern end
of the slip area does not overlap with the ETS zone. The
released seismic moment is 2.6x10'® Nm (the corre-
sponding moment magnitude My, 6.2) and the maximum
slip is 3.7 cm. Note that a synthetic test (Additional file 1:
Text S2) supports that the estimated slip distribution is
plausible.

The obtained slip distribution explains most of the
characteristics in the observed spatial displacement
distribution, especially the horizontal displacements
(Fig. 3a). However, the synthetic displacements do not
fit the smaller and shorter fluctuations in the time series
(Fig. 2b—d). Large misfits appear in the vertical displace-
ments at western stations in the station distribution
(Fig. 3b), especially for the observed uplifts in the Kyushu
area. If we explain these uplifts as the result of plate inter-
face slip, deeper slip (deeper than approximately 80 km
depth) on the northwest part outside the modeled fault
area is required. This depth corresponds to temperature
of over 800°C (Ji and Yoshioka 2017) meaning that most
geologic materials exhibit velocity strengthening friction
or plastic flow (e.g. Scholz 2019), and a spontaneous slip
event is unlikely to occur. As this possibility is unlikely,
we judged the apparent uplifts as the residuals from
insufficient preprocessing, noise, or deformation from
other sources.

For the 2018-2019 sequence, the final slip distribution
and the corresponding error distribution are shown in
Fig. 5b and Additionl file 1: Fig. S2b, respectively. At least
three slip patches are apparent (also shown in Additionl
file 1: Fig. S3): the first is in and around the Bungo Chan-
nel (Patch A), the second is around the Miyazaki area
(Patch B), and the third is off the south of Cape Ashizuri
(Patch C). Slip patch A is centered at the central part of
the Bungo Channel and stretches between both sides
of the Bungo Channel, i.e., the Kyushu side to the west
and the Shikoku side to the east. The depth of the slip
area ranges from approximately 25 to 60 km. The north-
ern end of the slip area overlaps with the ETS zone. The
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Fig. 5 Final slip distributions for the two sequences. a The SSE in 2015-2016 and b the 2018-2019 sequence. Gray dots represent tremor epicenters
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period. The cumulative number of tremors denoted as magenta circles is displayed in Fig. 6b. Red, green, and blue subfaults in (b) denote the
sub-areas for calculating the cumulative moment time series shown in Fig. 6b

released seismic moment of the slip patch is 3.7x10'° Nm
(M, 7.0) and the maximum slip is 34 cm. Since this patch
corresponds to the area of the recurrent Bungo Chan-
nel SSEs (e.g. Hirose et al. (1999); Ozawa et al. (2001,
2020); Seshimo and Yoshioka (2022) ), we identified as
the fourth major Bungo Channel long-term SSE follow-
ing SSEs in 1997, 2003, and 2010. Slip patch B is located
in the Miyazaki area and is adjacent to patch A on the
southern side. Its diameter is approximately 50 km and
its depth ranges from approximately 25 to 40 km. The
seismic moment released from this slip patch through
this episode is 6.5x10'® Nm (M, 6.5) and the maxi-
mum slip is 9.2 cm. This patch corresponds to the slip
area of recurrent SSEs around the Miyazaki area (Yarai
and Ozawa 2013; Ozawa 2017; Takagi et al. 2019). Slip
patch C is located east of slip patch A, south and east of
Cape Ashizuri, and appears to distribute along the 20 km
isodepth contour of the subducting Philippine Sea plate.
Its depth is significantly shallower than those of the other
two slip patches. This slip area is adjacent to and may
partly overlap the source area of the 1946 Nankai earth-
quake (Fig. 1). The seismic moment of this patch is 3.0x
10'® Nm (M, 6.3) and the maximum slip is 4.7 cm. This

patch could correspond to a shallow invading slip in the
locked megathrust zone proposed by Kano et al. (2019).

The slip process of the 2018-2019 sequence shows a
clear time evolution (Fig. 7, Additional file 2: Movie S1;
the corresponding error distributions are shown in Addi-
tionl file 1: Fig. S4). The slip seems to start beneath the
Oita area around April 2018 and gradually increases. In
May 2018, the slip begins to propagate southward. The
slip beneath the Oita area appears to cease in Octo-
ber 2018, but that around Miyazaki area continues until
around March 2019. Conversely, the slip also starts
to propagate to the east toward the central part of the
Bungo Channel from the Oita area in June 2018. This slip
propagates through the southern shallower part of the
Bungo Channel and appears to reach slip patch C around
August 2018. Around November 2018, the slip acceler-
ates in patch A, which is the main slip area of the Bungo
Channel SSEs. The slip rate reaches its maximum in Feb-
ruary 2019, and the slip continues until June 2019 with a
decreasing slip rate.

We also identified three short-term SSEs in the west-
ern Shikoku area in February 2018, October 2018,
and March 2019 (Fig. 7; event IDs “201802’ “201810’,
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“201903” in Hirose and Kimura 2020). The estimated
temporal variation of the slip is too smooth for discuss-
ing the slip process of a short-term SSE with a week-long
duration because the main objective of this study is to
estimate long-term (year-long) interplate slip behaviors
and therefore the temporal and spatial smoothnesses are
optimized to these behaviors. But we can obtain approxi-
mate timing, spatial location, and magnitude of these slip
episodes. Event 201802 started 21 February 2018 and
continued for 32 days (Hirose and Kimura 2020). As we
described above, the long-term slip seems to start around
April 2018 in the Oita area, adjacent to the source area
of the episode 201802. Event 201810 occurred on 30 Sep-
tember 2018 and lasted for 8 days (Hirose and Kimura
2020). This episode occurred immediately after the slip
propagated from west to east between June and August
2018 and was close to the acceleration phase of the long-
term SSE. Event 201903 occurred on 2 March 2019 and
lasted for six days (Hirose and Kimura 2020). This time

interval was during the main phase of the long-term SSE
adjacent to the slip area of the event 201903.

Figures 6b and Additionl file 1: Fig. S5 show the cumu-
lative seismic moment and the moment rate functions on
the three areas displayed in Fig. 5b during the 2018-2019
sequence. The moment release histories for each area
corresponds to the aforementioned spatiotemporal slip
process. A small increase in the moment release in the
Bungo Channel around March 2018 (red curve in Fig. 6b
and Additionl file 1: Fig. S5) corresponds to the ETS SSE
201802. Subsequently, a longer transient moment release
starts in the Oita area (green curve in Fig. 6b and Addi-
tionl file 1: Fig. S5) around April 2018, followed by an
increase in the moment around June 2018 in the Bungo
Channel. Simultaneously, a moment release begins in the
Miyazaki area (blue curve in Fig. 6b and Additionl file 1:
Fig. S5), corresponding to the southward slip propagation
and a long-term SSE in Miyazaki. An acceleration in the
moment release appears around November 2018, mainly
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in the Bungo Channel, and the moment release continues
until June 2019. The cumulative number of deep tremors
in the Bungo Channel (bottom panel in Fig. 6b) shows
a clear gradual increase from around December 2018
to March 2019 (arrow in Fig. 6b, bottom), which corre-
sponds to the acceleration phase of the slow slip in the
Bungo Channel, in addition to several short-term activa-
tions probably corresponding to ETS episodes.

Figures 3c,d show a comparison of the observed dis-
placement vectors with the synthetic vectors through
the 2018-2019 sequence. The fitting of the synthetic
data to the observed data is reasonably good. The syn-
thetic displacement time series explain most of the
long-term features appearing in the observed surface
displacements (Fig. 2e—g).
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Discussion

The slip areas of the two SSE episodes show distinct dif-
ferences in terms of the spatial and temporal relation-
ships with the deep tremor zone. The slip area of the
SSE in 2015-2016 is limited to the southeast part of the
main slip area of the 2018-2019 Bungo Channel SSE
(patch A in Additionl file 1: Fig. S3) and does not over-
lap the ETS zone (Figs. 5a, 8). There is no indication
of activated tremors spanning several months in cor-
relation with the SSE in 2015-2016, although a tremor
activity lasting for approximately two days occurred in
February 2016 (Fig. 6a, bottom). Conversely, slip occurs
in most parts of patch A, especially after the accelera-
tion phase of the 2018-2019 SSE and overlaps the ETS
zone (Figs. 5b, 8). This acceleration phase is temporally
well correlated with the gradual increase in the number
of tremors occurring in the Bungo Channel (Fig. 6b).
Similar synchronization of the deep tremor activity
and the acceleration phase of the long-term SSE are
observed in 2003 and 2010 (Hirose et al. 2010). This
suggests that the tremor activity is directly triggered by
a long-term SSE that propagates into the ETS zone.

34°N+

32°N+

131°E 132°E 133°E
Fig. 8 Comparison of the slip distributions for the two studied
SSEs. Blue and red dashed curves show contours of the final slip
distributions for the SSE in 2015-2016 and the 2018-2019 sequence,
respectively. Numbers are in mm. Orange dots, pink circles and
broken lines are the same as in Fig. 1. Green arrows with numbers
indicate major slip propagation paths during the 2018-2019
sequence. The dashed green arrow shows a possible slip propagation
path
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The estimated slip distributions also show differences
in the depth (Fig. 8). The slip area for the SSE in 2015-
2016 ranges between depths of 20 and 30 km, whereas
three slip patches are identified for the 2018-2019
sequence with different depth ranges, as described above.
From the time evolution of the 2018-2019 sequence,
the slip process in patch A is divided into two stages, as
shown in Ozawa et al. (2020) and Seshimo and Yosh-
ioka (2022): the first stage in the western part (Oita area)
spanned from around April 2018 to around October 2018
and the second stage for the rest of the patch (main part)
in the Bungo Channel extended from around November
2018 to June 2019 (Figs. 6b, 7). Most of the slip area of
the first stage corresponds to an area deeper than 40 km,
and that of the second stage ranges from a depth of 25
to 40 km (Fig. 8). The latter depth range is almost the
same as that of patch B around the Miyazaki area. In
addition, Seshimo and Yoshioka (2022) pointed out that
the 2002-2004 SSE in the Bungo Channel had a source
process similar to that of the 2018-2019 SSE. These lines
of evidence suggest that patch A comprised two parts:
the deeper Oita area and the main Bungo Channel area.
The main part shares similar physical properties with
long-term SSEs in the surrounding area (e.g. Takagi et al.
(2019)), but the deeper part may have a different fric-
tional property; thus, the slip process is not a simple one
such as its moment rate function having only one peak,
but has two separate stages.

The 2018-2019 sequence also has a third shallower
patch C (Figs. 8, 5, Additionl file 1: Fig. S3). This patch
likely corresponds to an additional shallower slip area
during deep ETS episodes found from a GNSS time series
stacking of multiple ETS episodes (Kano et al. 2019).
Kano et al. (2019) interpreted that the shallower slip
invaded into the shallower locked megathrust zone from
the ETS zone. Conversely, we found that the slip propa-
gates from the deeper Oita area to the shallower patch C
through the southern part of the Bungo Channel, and the
shallower slip lasts for over eight months (Fig. 7, Addi-
tional files 1, 2: Fig. S6, Movie S1). During the propaga-
tion and duration, two short-term ETS episodes occurred
in the western Shikoku area. This indicates the possibil-
ity that the shallower slip did not propagate directly from
the deeper ETS zone within short-term ETS episodes but
was a long-lasting slip that propagated from the west,
namely, from the Bungo Channel.

In addition, Hirose et al. (2010) showed the simultane-
ous occurrence of a Bungo Channel SSE, deep tremor,
and shallow VLFEs, and suggested the presence of a
possible shallower slip extending from the Bungo Chan-
nel SSE area to the shallow VLFE area far south of Cape
Ashizuri. Although this study does not have enough res-
olution to study the area further south of the shallower
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slip patch C, it might possibly explain the simultaneous
occurrence as the slip at patch C could propagate to the
area further south toward the shallow VLFE area (Fig. 8).
However, National Research Institute for Earth Science
and Disaster Resilience (2020) reported no activation of
shallow VLFEs during the 2018-2019 sequence in the
area far south of Cape Ashizuri, where VLFE activations
were observed in correlation with the Bungo Channel
SSEs, although some activities occurred in Hyuganada
in August and October 2018 (National Research Insti-
tute for Earth Science and Disaster Resilience 2019). The
absence of VLFE activity suggests that the slip did not
propagate further south from patch C during the 2018-
2019 sequence.

Another interesting feature of the 2018-2019 sequence
is a clear slip propagation from the Oita area to the south,
namely, the Miyazaki area, at a speed of the order of
1 km/day (Additionl file 1: Fig. S7). This directly connects
the source areas of the two long-term SSEs: the Bungo
Channel SSEs (e.g. Hirose et al. (1999)) and the Miyazaki
SSEs (e.g. Yarai and Ozawa (2013)). The observed dis-
placements indicate this southward propagation. For
example, station 0476 appears to start a southward dis-
placement around April 2018, NOMS and 0094 around
May, and 0480 around June, indicating that the onset time
of the deformation is gradually delayed from the north-
ern to the southern stations (Fig. 2f). Takagi et al. (2019)
show along-strike migrations of source areas of SSEs
from south to north at an average speed of 50-200 km/
year. Uchida et al. (2020) also show a similar northward
migration at a similar speed in the Hyuganada area from
the analysis of repeating earthquakes located updip of the
SSE zone (corresponding to a depth of 15-30 km), shal-
low VLFEs, and deep ETS tremor. They also indicate a
“fast migration” during the 2010 Bongo Channel SSE in
the same area. In this migration, seismic and aseismic
(SSE) activities in a large area with a length of approxi-
mately 300 km sequentially occur from south to north
within approximately one month. This speed (~1 km/
day) approximately corresponds to that of the south-
ward propagation of the slow slip found in our study. The
similar propagation speeds suggest that the slip propaga-
tions of the deeper slow slip and the possible shallower
slip that drives repeating earthquakes and VLFEs are
controlled by a common or similar physical mechanism
and/or are generated under similar physical conditions.
However, the southward slip propagation is the opposite
direction that is proposed by Uchida et al. (2020). This
is another propagation mode in the deeper zone on the
plate interface in Hyuganada. It is well known that deep
ETS episodes propagate in both directions along the
strike of a subduction zone [e.g. Obara (2002); Hirose and
Obara (2010)], although there are some characteristic
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tendencies [e.g. Obara et al. (2010)]. Hence, it is impor-
tant to observe more migration/propagation episodes to
determine the tendency of slip propagation directions
and subsequently explore the factors determining such a
tendency.

The spatial and temporal relationship between long-
term and short-term SSEs is important for understanding
the possible interaction between them. Hirose and Obara
(2005) showed that the recurrence interval of short-term
SSEs in the western Shikoku area shortened during and
after the long-term SSE in the Bungo Channel in 2003—
2004. As described above, temporal and spatial variations
in the slip are too smooth to discuss the slip process of
a short-term SSE; however, the timing of the occurrence
of short-term SSEs might indicate possible causal con-
nections between short-term SSEs and slip stages in the
2018-2019 episode (Fig. 7). First, just after the short-
term SSE 201802, the slip seems to have started in the
Oita area. Second, event 201810 occurred just after the
eastward slip propagation to patch C. Third, slip started
to accelerate in patch A after event 201810. Fourth, event
201903 occurred during the main slip stage in patch A.
Further studies with finer temporal and spatial resolu-
tions are required to investigate this relationship.

Conclusions

Based on long-term observations at our original continu-
ous GNSS stations in addition to the GSI GEONET sta-
tions, we observed crustal deformations of two sequences
of slow slip episodes around the Bungo Channel and
Hyuganada. One was a smaller SSE in 2015-2016 and the
other was a 2018-2019 sequence that included a larger
long-term SSE in the Bungo Channel and an SSE around
the Miyazaki Plain.

Time-dependent slip inversion analyses of the observed
crustal deformation data for both sequences show that
the slip area for the SSE in 2015-2016 is a smaller area
centered just west of Cape Ashizuri and does not extend
to the ETS zone to the north. However, that in 2018—
2019 starts near the Oita area and propagates to the
Bungo Channel to the east and reaches to the ETS zone.
Tremor is activated when the slow slip propagates to the
ETS zone for the 2018-2019 sequence, whereas no clear
coincidence of slow slip and tremor activity is observed
for the SSE in 2015-2016. This strongly suggests that
synchronized tremor activity with an SSE requires slip
close to or overlapping the ETS zone.

During the 2018-2019 sequence, two significant slip
propagations are observed: (1) a southward propagation
along a deeper part from the Oita area to the Miyazaki
area and (2) an eastward propagation from the Oita area
to the shallower Cape Ashizuri area. The first propagation
shows a clear connection between the Bungo Channel
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SSE area and the Miyazaki Plain SSE area, and a propaga-
tion direction opposite to that proposed by Uchida et al.
(2020) in Hyuganada and around the Bungo Channel.
The second propagation provides another scenario for
the slow slip invading the megathrust zone (Kano et al.
2019). This study demonstrates new propagation modes
in the deeper zone of Hyuganada and from the deeper to
shallower parts around the Bungo Channel area.
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