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Abstract

The Global Navigation Satellite System network in Japan detected transient crustal deformation along the Nankai
trough, Japan, from June 2018. Time-dependent inversion analysis shows that a long-term slow slip event in northern
Hyuga-nada Sea along the Nankai trough, Japan, started in June 2018 and decayed in October 2018. From October
2018, a slip area appeared in the Bungo channel and expanded to northern Hyuga-nada Sea and southwest Shikoku
at the time of the maximum slip rate. The slip area in the middle of the Bungo channel started to abate around May
2019, with the slip in neighboring areas nearly stopping in August 2019. The estimated rupture propagation is differ-
ent from those in the past Bungo channel SSEs, in which rupture propagated southwestward from the Shikoku side
to the Kyushu Island side at the time of the maximum slip rate. Furthermore, the rupture in northern Hyuga-nada Sea
preceded the Bungo channel SSE and reappeared together with the Bungo channel SSE at the time of the 2018-2019
event, though the northern Hyuga-nada Sea SSE followed the 2009-2011 Bungo channel SSE. There is a possibil-

ity that the differences in the rupture propagation and recurrence interval from the past events are due to the 2016
Kumamoto earthquake. The adjacent locked area along the Nankai trough subduction zone is a well-known seismic
gap and the 2018-2019 SSE changed the stress state in favor of the occurrence of nearby subduction earthquakes.
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Introduction

Geodetic networks such as the Global Navigation Satel-
lite System (GNSS) have detected many slow slip events
(SSEs) worldwide (e.g., Schwartz and Rokosky 2007).
SSEs usually occur in the transient area between a locked
area and an aseismically creeping area (e.g., Schwartz and
Rokosky 2007). Many SSEs have approximate recurrence
intervals such as~6 years for the Bungo channel long-
term SSE (Yoshioka et al. 2015), ~ 14 months for the Cas-
cadia SSE (Rogers and Dragert 2003), 3—4.5 years for the
Guerrero SSE, Mexico (Graham et al. 2016), ~ 20 months
for the Costa Rica SSEs (Voss et al. 2017), 2—5 years for
the Hikurangi SSEs, New Zealand (Wallace and Beaven
2010), and 8 years for the Alaska SSE (Fu and Freymueller
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2013). SSEs have a variety of durations. We call SSEs with
durations over several months long-term SSEs and those
with durations of several days short-term SSEs in this
study. The mechanism behind the observed variation of
SSEs still remains to be clarified. Furthermore, the rela-
tionship between large earthquakes and SSEs is unclear.
Since some SSEs have triggered nearby large earthquakes
(e.g., Ruiz et al. 2017), monitoring of SSEs is indispensa-
ble to assess the hazard potential of nearby seismogenic
areas.

The area along Shikoku and Kyushu Islands, Japan, in
the Nankai trough subduction zone has experienced
long-term SSEs many times and is a good place to inves-
tigate the characteristics of long-term SSEs (e.g., Takagi
et al. 2019). Furthermore, the Nankai trough subduction
zone is a well-known seismic gap (e.g., Kumagai 1996),
and it is important to investigate SSEs along the Nankai
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trough to estimate the slip budget and properties of the
plate interface.

Figure 1 shows the tectonic setting in Kyushu and Shi-
koku along the Nankai trough, southwest Japan. The Phil-
ippine Sea plate subducts beneath the Amur plate from
the Nankai trough at a rate of 6 to 7 cm/year (Kreemer
et al. 2014). Because of the subduction of the Philip-
pine Sea plate, large interplate earthquakes have repeat-
edly occurred off Shikoku with a recurrence interval of
around 140 years (e.g., Kumagai 1996) and in Hyuga-
nada Sea with a recurrence interval of 20-30 years (e.g.,
Shiono et al. 1980). In down-dip areas of a seismogenic
zone, long-term SSEs repeatedly occur, with short-term
slow slip events located in the down-dip extension of
the long-term slow slip area (e.g., Obara 2002; Hirose
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and Obara 2005). Long-term slow slip areas are approxi-
mately segmented into western Shikoku, Bungo channel,
northern Hyuga-nada Sea, and southern Hyuga-nada Sea
in this region (see Fig. 1b). Western Shikoku SSEs have a
recurrence interval of around 6 years and a duration of
several months to 1 year (Takagi et al. 2016, 2019). Major
Bungo channel SSEs occurred in 1996—-1998, 2003-2004,
and 2009-2011 with a duration of 6 months to 2 years
(Hirose et al. 1999; Ozawa et al. 2001; Yoshioka et al.
2015; Takagi et al. 2019). Southern Hyuga-nada Sea SSEs
and northern Hyuga-nada Sea SSEs have occurred inde-
pendently or simultaneously (e.g., Ozawa 2017; Takagi
et al. 2019). Northern Hyuga-nada Sea SSEs occurred in
1996-1997, 2002, 2008, 2014, and 2016 with a duration
of around 6 months (Ozawa 2017; Takagi et al. 2019).
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Fig. 1 a Tectonic setting in Japan. Four plates around Japan are converging. b Enlarged map of the rectangular area in a. Broken contours show
iso-depth contours of the plate interface between the subducting Philippine Sea plate and overriding Amur plate. The contour interval is 20 km.
Red dots indicate the epicenters of low-frequency earthquakes. Blue ellipses schematically indicate long-term slow slip events along the Shikoku
and Kyushu coasts. (1) Western Shikoku SSE. (2) Bungo SSE. (3) Northern Hyuga-nada Sea SSE. (4) Southern Hyuga-nada Sea SSE. The focal solution
shows the mechanism of the 2019 Hyuga-nada Sea earthquake with Mw 6.2. The blue broken line indicates the area of the plate interface adopted
in the time-dependent inversion. Blue circles show the locations of the GNSS sites used in the time-dependent inversion. The red broken line shows
the expected source region of the next Nankai earthquake (Central Disaster Council of the Japanese Government 2013)
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Southern Hyuga-nada Sea SSEs occur with a recurrence
interval of 2 years and a duration of up to 1 year (e.g.,
Yarai and Ozawa 2013).

Before the 2016 Kumamoto earthquake sequence,
long-term slow slip events were occurring in the Hyuga-
nada Sea and southwestern Shikoku (Ozawa 2017) (Addi-
tional file 1: Figure S1). Since the Kumamoto earthquake,
it has been unclear whether these SSEs have ceased or
continued because of the large coseismic and postseismic
crustal deformation due to the Kumamoto earthquake.

Two years after the Kumamoto earthquake, the GNSS
network in Japan (GEONET) detected a transient from
June 2018 along the Nankai trough subduction zone. The
spatial pattern of this transient suggests the occurrence of
a long-term SSE in the Nankai trough subduction zone.
In this study, we investigate the spatio-temporal evolu-
tion of aseismic slip along the Nankai trough subduction
zone from 2018 to 2019 on the basis of GNSS data. We
compare the 2018-2019 event with the past major long-
term SSEs in this area. We also discuss the possibility of
stress perturbation caused by the 2016 Kumamoto earth-
quake affecting the long-term SSEs in 2018—-2019.

Analytical method

GNSS data were analyzed using Bernese GPS software
(version 5.0) on a daily basis with precise ephemeris and
earth rotation parameters (Hatanaka et al. 2003). We
transformed coordinates of longitudes, latitudes, and
heights to east—west, north—south, and up—down compo-
nents in a local framework, respectively. After this trans-
formation, we removed annual components estimated for
the period between 2000 and 2018 by regressing trigono-
metric and polynomial functions. We removed the linear
trend for the period between January 1, 2017 and January
1, 2018 by regressing a linear function from the position
time series without annual components.

The position time series show that the effect of the
2016 Kumamoto earthquake seems to have become
steady after January 2017. Thus, we think that the above
detrending is not significantly affected by the postseismic
deformation following the Kumamoto earthquake. The
adopted steady crustal deformation rate from January
2017 to January 2018 is shown in Additional file 1: Figure
S2. In addition to the 2018-2019 SSE, we also analyzed
the past major Bungo channel SSEs. In the past events,
we adopted the linear trend from October 2007 to May
2009 in the detrending of position time series, when
there was no transient.

We applied time-dependent inversion (McGuire and
Segall 2003; Ozawa 2017) to the east—west, north—
south, and up—down components at 240 selected GPS
sites (see Fig. 1b) for the period between January 1,
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2017 and August, 1, 2019. We averaged the data over
3-day windows and used the data every 3 days in time-
dependent inversion. We weighted horizontal and
vertical components at a ratio of 5:1 in the following
analysis, considering repeatability.

In the time-dependent inversion, we used a para-
metric spline surface to represent a fault interface as
described in Ozawa et al. (2001). We adopted the geo-
metric model of the Philippine Sea plate proposed by
Hirose et al. (2008). The range of the adopted plate
interface model is shown in Fig. 1b. The parametric
spline surface is represented by two parameters, £ and
. The direction of increasing ¢ is named T-direction,
and the direction of increasing # is named S-direction
as shown in Fig. 1b. In our representation of the spline
surface, we took 35 grid knots in the T-direction and
15 grid knots in the S-direction in Fig. 1b. The spacing
of the grid knot in the T-direction and S-direction is
approximately 10 km and 20 km, respectively. Green’s
function was calculated following Ozawa et al. (2001).

We adopted the following state x(¢) in the time-
dependent inversion:

x(¢) = (u1, v, = Uk, Vk» = UL, VL, €EW; €NS, €ud)s

(1)
where u; indicates the slip and v, indicates the slip veloc-
ity at the kth grid knot on the plate interface, which
is represented by the spline surface of a total of L grid
knots. epy, eng and ey indicate common mode errors in
the position time series (Fukuda 2018). We incorporated
spatial roughness in the transition equation as follows
(Ozawa 2017):

)L(M Upln—1 — M”n—l\n—l)/At = €1,

M Vnln—1 = €2, (2)

where M is the roughness matrix described in Ozawa
et al. (2001) and A is the hyperparameter of spatial
smoothing. u,,_, and u,_,,_, are the predicted slip at
time # based on the data until time #n — 1 and the esti-
mated slip at time n — 1 based on the data until time
n — 1, respectively. At is the time lapse. v,,_, is the pre-
dicted slip velocity at time n based on the data until time
n — 1. e; and e, are Gaussian noise with 0 mean and a
standard deviation of 1.

We constrained the aseismic slip vector and slip
velocity vector on the plate surface to within 10°from
the direction opposite to the motion of the Philippine
Sea plate relative to the Amur plate using the method
of Simon and Simon (2006). The direction of the Philip-
pine sea plate relative to the Amur plate was taken from
Kreemer et al. (2014).
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We conducted a checkerboard test by inverting the
synthesized data with Gaussian errors with 1 mm stand-
ard deviation added for horizontal components and
5 mm standard deviation added for vertical components.
The resolution near Shikoku and Kyushu in our inversion
method is shown in Additional file 1: Figure S3, and the
resolution is well resolved near Shikoku and Kyushu.

Results and discussion

Figure 2 shows the detrended position time series at
selected stations. We can see a southeastward transient
from June to October 2018 at sites 021079, 950474,
and 950476. Southward displacements appear twice at
02P122 site from June to October 2018 and from Febru-
ary to March 2019. Site 950476 shows uplift from June
to October 2018. From late 2018, we can see clear south-
eastward crustal deformation at all sites, which decays
around July 2019. Sites 051142 and 041133 show uplift
and sites 021079 and 950474 show subsidence between
October 2018 and July 2019. Figure 3 shows the spatial
pattern of detrended crustal deformation. A southeast-
ward transient of up to 1 cm occurs in northern Kyushu
Island between June and October 2018 (Fig. 3b, c). The
spatial pattern of this crustal deformation strongly indi-
cates the occurrence of long-term SSE in northern
Hyuga-nada Sea. After this transient subsides, we can see
slight southeastward transient crustal deformation from
October to December 2018 in the Bungo channel area. A
southeastward transient becomes clear between Decem-
ber 2018 and February 2019 in the Bungo channel area.
We can see uplift in southwest Shikoku and subsidence
in northern Kyushu for this period. The southeastward
transient becomes large and expands to northern Kyushu
and southwest Shikoku between February 2019 and April
2019, while southwest Shikoku shows uplift and northern
Kyushu shows subsidence for this period. From April to
June 2019, the horizontal transient in the Bungo chan-
nel becomes small and nearly disappears between June
and August 2019. The observed transient is similar to the
crustal deformation during the past Bungo channel long-
term SSEs, indicating the occurrence of a Bungo channel
long-term SSE from October 2018.

The time-dependent inversion shows the aseismic
interplate slip between June and August 2018 in north-
ern Hyuga-nada Sea (Fig. 4b). This area was experiencing
long-term slow slip shortly before the 2016 Kumamoto
earthquake (Additional file 1: Figure S1). No low-fre-
quency earthquakes were observed in the area neighbor-
ing the estimated slow slip area. The aseismic slip area in
northern Hyuga-nada Sea ended in October 2018 and the
slip area moved to the Bungo channel from October 2018
(Fig. 4c, d). During this period, the number of low-fre-
quency earthquakes increased in the down-dip extension
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of the long-term slow slip area in the Bungo channel. The
magnitude of aseismic slip increased between December
2018 and February 2019. Low-frequency earthquakes
continued to occur in the Bungo channel. The aseismic
slip area propagated to Shikoku and to northern Hyuga-
nada Sea with the slip magnitude increasing between
February and April 2019. The slip rate is maximum for
this period. The slip area in the middle of the Bungo
channel abated between April and June 2019. The neigh-
boring area decayed between June and August 2019. For
this period, the number of low-frequency earthquakes
decreased. The estimated moment magnitude between
April 2018 and August 2019 was 7.0 with a rigidity of 30
GPa. The maximum slip was estimated to be approxi-
mately 30 cm in the Bungo channel area and 36 cm in
northern Hyuga-nada Sea (see Table 1 and Additional
file 1: Figure S4). The estimated magnitude and maxi-
mum slip in 2018-2019 are near the values for the past
major Bungo channel SSEs (see Table 1).

In the last major Bungo channel long-term SSEs, the
slip area moved southwestward at the time of the maxi-
mum slip rate (Yoshioka et al. 2015). Our inversion also
shows southwestward rupture propagation at the time of
the maximum slip rate for the past three events (Addi-
tional file 1: Figures S5-S7). Thus, the 2018 event shows
different slip propagation in that the slip area expanded
to southwest Shikoku and to northern Hyuga-nada Sea.
Furthermore, in the 2009-2011 event, the northern
Hyuga-nada Sea slip occurred after the Bungo channel
slow slip, while the northern Hyuga-nada Sea SSE started
before the Bungo channel SSE and reappeared again dur-
ing the 2018-2019 event. Thus, the 2018-2019 rupture
propagation is in contrast to that of the 2009-2010 event
(Yoshioka et al. 2015) (Additional file 1: Figures S5-S7).

Long-term SSEs were occurring in northern Hyuga-
nada Sea and southwestern Shikoku before the 2016
Kumamoto earthquake (Ozawa 2017). Additional file 1:
Figure S8 shows ACFS on the plate interface from the
2016 Kumamoto earthquake with a friction coefficient
of 0.2 and slip direction opposite to the motion of the
Philippine Sea plate. The fault parameters of the fore-
shock and main shocks are from Kobayashi et al. (2018).
We can see a negative ACFS in northern Hyuga-nada
Sea and the Bungo channel up to around 10 kPa. Takagi
et al. (2019) estimated the average recurrence interval
of the northern Hyuga-nada Sea SSEs to be 6 years.
The latest events occurred in 2014 and 2016 separated
by 2 years. Considering the average recurrence interval
of 6 years, we consider that three events occurring in a
series with a 2 year recurrence interval has a low prob-
ability. Furthermore, the northern Hyuga-nada Sea SSE
occurred twice during the 2018-2019 event. In addi-
tion, the estimated maximum slip of 36 cm in northern
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Hyuga-nada Sea is too large for the plate convergence energy fully. We cannot rule out the possibility that the
to compensate, considering the 4 to 5 cm/year slip defi-  estimated sequence of the northern Hyuga-nada Sea
cit rate in this area. This may indicate that the SSE in  SSE has been affected by the stress perturbation of the
northern Hyuga-nada Sea which was occurring shortly 2016 Kumamoto earthquake. Considering the negative
before the Kumamoto earthquake did not release ACFS in northern Hyuga-nada Sea, we hypothesize
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that the 2016 SSE ceased just after the Kumamoto in northern Hyuga-nada Sea and Bungo channel for
earthquake and restarted 2 years later, which occurred 1 year (see Additional file 1: Figure S9). Stress drop of
twice during the 2018-2019 event. This hypothesis the SSE is roughly 100 kPa assuming a typical length of
remains to be examined by observing the long-term 20 km and 30 cm slip with a rigidity of 30 GPa (Eshelby
SSE sequence in this area in the future. Based on the 1957). The stress budget among the plate convergence,
roughly estimated back slip model using two rectan- the Kumamoto earthquake, and stress drop of the SSE
gular faults, ACFS due to the plate convergence is esti- remain to be solved in a future study much more quan-
mated to be less than 100 kPa in the maximum slip area titatively in order to examine our hypothesis.
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Table 1 The estimated moment, moment magnitude (Mw)
and maximum slip for the past four major Bungo channel
SSEs

Moment Nm Mw Maximum slip
2018/2/1-2019/8/1 44 (x10'8) 7.0 30cm (36 cmin
northern Hyuga-
nada)
2009/7/1-2011/3/1 33(x10'8) 69 31cm
2003/2/1-2004/2/1 25 (x10'8) 6.8 37.cm
1996/9/1-1998/7/1 42 (x10'8) 70 33cm

The slip in 2018-2019 in the same grid knot as those for the past SSEs is 30 cm,
although the maximum slip is 36 cm in the northern Hyuga-nada Sea grid knot.
The 1996-1997 SSE does not include slip in southern Hyuga-nada Sea

The major Bungo channel SSEs detected by the GNSS
network have an approximate recurrence interval of 5
to 6 years. The recurrence interval between the 2009-
2011 event and the 2018-2019 event was approximately
7 years. Thus, there is a possibility that the 2018 event
was delayed In fact, we expected a Bungo channel SSE in
2016, when southwest Shikoku started undergoing aseis-
mic slip. We cannot rule out the possibility that this delay

of 1 to 2 years may have been caused by the stress pertur-
bation of the 2016 Kumamoto earthquake, which shows a
negative ACFS in the Bungo channel area.

Although no low-frequency earthquakes occurred at
the time of the northern Hyuga-nada Sea SSE in 2018,
there was an increase in the number of low-frequency
earthquakes associated with the long-term Bungo chan-
nel SSE in the down-dip extension of the long-term slow
slip area (see Fig. 4). This activation of low-frequency
earthquakes associated with long-term slow slip events
in the Bungo channel has also been observed in the pre-
vious Bungo channel long-term SSEs (e.g., Hirose and
Obara 2005) (Additional file 1: Figure S10). We believe
that this association is due to stress changes caused by
long-term slow slip events, which show positive ACFS in
a low-frequency earthquake area (Additional file 1: Fig-
ure S11). Since the short-term SSEs that occurred in the
study period accompanying low-frequency earthquakes
were very small in magnitude, they do not affect the
results of our analysis.

With regard to the slip budget on the plate interface,
the slip deficit rate in the SSE area is around 4 to 5 cm/
year (e.g., Yoshioka et al. 2015). The estimated aseismic
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slip in the Bungo channel reaches 30 cm (see Table 1 and
Additional file 1: Figure S4). Thus, the slip deficit is being
mostly released near the area with maximum slip, which
is the western part of the slip area, although the eastern
part of the slip area does not release all the accumulated
slip budget of the slip deficit. This result is consistent
with the conclusion by Yoshioka et al. (2015). North-
ern Hyuga-nada Sea SSEs occurred in 2002, 2005-2006,
2010-2011, 2014, and 2016 (Ozawa 2017; Takagi et al.
2019). Since the recurrence interval of northern Hyuga-
nada Sea SSEs ranges from 2 to 5 years, the slip budget in
the northern Hyuga-nada Sea SSEs remains unclear.

The effect of the 2018-2019 long-term SSE on the
seismic gap shows an increase in ACFS of up to 10 kPa
in Hyuga-nada Sea and offshore of Shikoku (Additional
file 1: Figure S11). Thus, the 2018-2019 SSE increased
the potential of the expected Nankai earthquake, whose
source area is schematically shown in Fig. 1b. Based on
a simple back slip model, the ACEFS in the seismic gap is
roughly 10 kPa for 1 year and comparable to the effect
of the SSE, although more detailed back slip modeling is
necessary for further discussion (Additional file 1: Figure
S9).

With regard to the Hyuga-nada area, a medium-size
earthquake with Mw 6.2 occurred on May 10, 2019 in
southern Hyuga-nada Sea. Figure 4d, e shows the aseis-
mic slip in southern Hyuga-nada Sea in the down-dip
extension of the 2019 Hyuga-nada earthquake before the
earthquake. Although the magnitude of the estimated
aseismic slip in southern Hyuga-nada Sea is very small,
we cannot rule out the possibility that the aseismic slip
in the down-dip extension preceded the May 10, 2019
earthquake. This hypothesis remains to be investigated in
a future study.

Conclusion

Because the 2016 Kumamoto earthquake with Mw 7.6
changed the stress state on a plate interface, the 2018-
2019 event is a good example of a long-term SSE affected
by the stress perturbation of a large earthquake. We pro-
pose a hypothesis that the northern Hyuga-nada Sea SSE
shortly before the 2016 Kumamoto earthquake ceased
at the time of the earthquake and restarted 2 years later.
We also suggest the possibility that the Bungo channel
long-term SSE was delayed by the stress perturbation
of the 2016 Kumamoto earthquake. The entire rupture
propagation, which is different from those of the past
Bungo channel area SSEs, may have also been caused
by the perturbation of the 2016 Kumamoto earthquake.
Further examination of our hypothesis is very important
to understand the factors controlling the long-term SSE
rupture sequence. Since a long-term SSE affects the stress
state in a seismogenic zone, it is of great importance to
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monitor long-term SSEs. In fact, the 2018-2019 long-
term SSE changed the stress state in favor of the expected
Nankai earthquake at the bottom of the locked seis-
mogenic zone. We propose the possibility that aseis-
mic slip preceded the Mw 6.2 Hyuga-nada earthquake,
which indicates the potential of assessing earthquake
occurrence.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540623-020-01189-z.

Additional file 1: Figure S1. Aseismic slip on the plate interface from
2013 to 2016. Figure S2. Crustal deformation rate between January 2017
and January 2018. Figure S3. Checkerboard test. (A) Synthesized slip. (B)
Inverted slip. Figure S4. Estimated aseismic interplate slip. Figure S5.
Estimated aseismic interplate slip from 1996 to 1998. Gray arrows < 30.
Figure S6. Estimated aseismic interplate slip from 2003 to 2004. Gray
arrows < 30. Figure S7. Estimated aseismic interplate slip from 2009 to
2011. Gray arrows < 30. Figure S8. ACFS on the plate interface for the
2016 Kumamoto earthquake. Figure S9. (A) Back slip model estimated by
linearized least-squares inversion of the displacement rates for 2007 using
two rectangular faults which are constrained to lie on the plate interface
of the Philippine Sea plate. (B) ACFS on the rectangular faults in the
direction opposite to the back slip for the model in (A). Green contours
show the slip magnitude of the 2018-2019 long-term SSE. Figure S10.
The number of low-frequency earthquakes and cumulative slip at the grid
knot of the maximum slip in the Bungo channel. Figure S11. ACFS on the
plate interface for the 2018-2019 long-term SSE with blue contours show-
ing the slip magnitude of the SSE.
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