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Abstract 

Using horizontal and vertical GNSS time series data from the GSI in sotheastern Kyushu from January 1, 2017 to June 
30, 2022, we detected a recent long‑term slow slip event (L‑SSE) that occurred in the Hyuga‑nada region, southwest 
Japan, and estimated its spatiotemporal slip distribution. We performed such analysis considering the piecewise 
evolution of slip over time with time windows of 0.8 years to ensure a good signal‑to‑noise ratio in the horizontal 
displacements in each time window. The results showed that a slip of more than 2 cm occurred in the central part 
of Miyazaki Prefecture from 2018.5 to 2019.3 (the units were 0.1 years = 36.5 days). Then, the amount of slip increased 
and expanded slightly to the southern part of Miyazaki Prefecture from 2019.3 to 2020.1, and the amount of slip 
reached a maximum of 3.9 cm in the subsequent period (2020.1–2020.9). A smaller slip occurred at almost the same 
location in the following 0.8 years. Therefore, the duration of the L‑SSE was approximately 3.2 years from approxi‑
mately 2018.5 to 2021.7. The annual average maximum slip rate was approximately 4.9 cm/yr (3.9 cm/0.8 yr) 
during the period from 2020.1 to 2020.9. The maximum total slip was estimated to be approximately 12.9 cm, 
and the equivalent release moment was 4.9 ×  1019 Nm, corresponding to Mw7.1. Compared to previous L‑SSEs 
that occurred in the Hyuga‑nada region, the annual average maximum slip rate was relatively low, and the main total 
slip was estimated at almost the same location on the plate interface. On the other hand, the slip duration of this 
L‑SSE was the longest, and the release moment and moment magnitude were the greatest. The total slip area of more 
than approximately 10 cm in the Hyuga‑nada L‑SSE estimated in this study almost overlapped with the afterslip 
area of the December 3, 1996 Hyuga‑nada earthquake, with a depth range of approximately 30–40 km. Short‑term 
SSEs also occurred in the same depth range. These coincidental same depth ranges of interplate seismic events 
stem from large thermal gradients. The large thermal gradients play an important role in narrowing the depth range 
of frictional parameters (a–b) at the plate interface. In addition, the pore pressure and normal stress are closely related 
to the critical stiffness. In particular, contrasting values of pore pressure and normal stress at the shallow and deep 
sides of the mantle wedge corner may also contribute to transient aseismic slip within the same depth range.
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1 Introduction
In the Nankai Trough subduction zone in southwest 
Japan, the Philippine Sea (PHS) plate, a young oceanic 
plate with an age of 26–15 Ma (e.g., Okino et  al. 1994), 
is subducting at a low angle beneath the continental 
Amurian (AM) plate. In the Nankai Trough, M8-class 
megathrust earthquakes have occurred at intervals of 
approximately 90–150  years (e.g., Ando 1974; Kumagai 
1996), and many researchers around the world have con-
ducted research on seismic events that occur at this plate 
boundary. Since the discovery of tectonic tremors in the 
Nankai Trough subduction zone by Obara (2002) around 
the turn of this century, studies on slow earthquakes have 
been actively conducted. Megathrust earthquakes and 
slow earthquakes are slip phenomena that occur on plate 
interfaces. According to Obara and Kato (2016), shallow 
very-low-frequency (VLF) and tremor events, megath-
rust earthquakes, long-term slow slip events (hereafter 
referred to as L-SSEs), and deep episodic tremors and 
slips (ETSs) occur from shallower to deeper nonover-
lapping depth segments across the Nankai Trough plate 
interface.

The Hyuga-nada region, the target area of this study, is 
located to the west of the above-mentioned subduction 
zone, is also an area of subduction beneath the Kyushu 
region, and has a significantly different tectonic envi-
ronment. In this region, the PHS plate is subducting 
beneath the continental AM plate in the northwestward 
direction at convergence rates of 6.2–6.4  cm/yr (DeM-
ets et al. 2010) (Fig. 1). Here, the Kyushu-Palau Ridge, a 
remnant arc associated with back-arc spreading of the 
Shikoku Basin, is being subducted. On its west side, the 
old (> 50 Ma) PHS plate is subducting at a high angle, and 
no M8-class megathrust earthquakes have been identi-
fied for at least the past 400 years (Earthquake Research 
Committee 2022).

L-SSEs with durations ranging from months to years 
have occurred on plate boundaries in and around the Jap-
anese Islands. The signatures of such aseismic slow slip 
phenomena have been recorded in Japan by the GNSS 
Earth Observation Network System (GEONET), which 
consists of approximately 1300 GNSS sites operated 
by the Geospatial Information Authority of Japan (GSI) 
since 1996. GEONET plays an important role in monitor-
ing crustal deformations caused mainly by earthquakes 
and volcanic activity. Specifically, L-SSEs have also been 
identified via GNSS time series data from previous stud-
ies in the Hyuga-nada region (Yarai and Ozawa 2013; 
Ozawa 2017; Takagi et al. 2019) (Table 1, Fig. 8).

Regarding the depth distribution of slow earthquakes 
at plate boundaries in the Hyuga-nada region, VLFs and 
tectonic tremors occur in and around shallow plate inter-
face (e.g., Yamashita et al. 2015, 2021), but deep tectonic 

tremors rarely occur. Interestingly, L-SSEs and short-
term SSEs occur at almost the same depth range (Okada 
et  al. 2022). Furthermore, the afterslip areas of the two 
M6-class Hyuga-nada earthquakes that occurred in 
October and December 1996 (e.g., Yagi et al. 2001) also 
overlap with the areas where these SSEs occurred (e.g., 
Yarai and Ozawa 2013). Therefore, the depth distribu-
tions of the physical, frictional, and mechanical proper-
ties at the plate boundary may be quite different from 
those of the adjacent Nankai Trough to the east (e.g., Gao 
and Wang 2017), but it remains unclear what controls 
this depth distribution and the along-arc variation.

In this study, we analyze GNSS time series data from 
January 1, 2017 to June 30, 2022 and detect an L-SSE 
in the Hyuga-nada region that has not been previously 
documented. We infer the spatiotemporal slip evolution 
associated with such a recent L-SSE by using our own 
inversion method (Yoshioka et  al. 2015; Seshimo and 
Yoshioka 2022). Based on these results, we clarify similar-
ities or differences between these events and past L-SSEs. 
Furthermore, by comparing our results with those of pre-
vious studies, we attempt to deepen the understanding of 
the depth distribution of frictional properties at the plate 
boundary in the Hyuga-nada region.

2  Data
In this study, we used the daily coordinate F5 solution 
at 26 GNSS sites (Fig. 1) resulting from the final analy-
sis of the GSI GEONET observation data (Takamatsu 
et  al. 2023). The three-component time series spans 
from January 1, 2017 to June 30, 2022. We selected 
the GNSS stations via the following method: since we 
focused only on detecting an L-SSE in the Hyuga-nada 
region and estimating its spatiotemporal slip evolu-
tion, avoiding GNSS data related to the 2018–2019 
Bungo Channel L-SSE (e.g., Ozawa et al. 2020; Seshimo 
and Yoshioka 2022), we did not use GNSS stations 
in the northern half of the Kyushu region (see Addi-
tional file 1: Fig. S1(a)). We selected all the stations in 
the southern half of the Kyushu region. However, in 
the central part of the selected stations, postseismic 
deformations associated with the Mw7.0 Kumamoto 
earthquake on April 14, 2016 were identified in the 
period of analysis, showing slight northward displace-
ments for the processed time series data (see Addi-
tional file  1: Fig. S1(b)), which are not related to the 
Hyuga-nada L-SSE. Similarly, the data from the GNSS 
stations in and around Sakurajima volcano, which 
erupted frequently throughout the year, were contami-
nated by volcanic deformation processes. Addition-
ally, despite the consistent horizontal displacement 
directions between the GNSS stations in western 
Kagoshima Prefecture and those in eastern Kagoshima 
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Prefecture, the amounts of former displacements are 
greater than those in central Kagoshima Prefecture. 
Such a horizontal displacement field is not consistent 
with a slip distribution attributable to the L-SSE in the 

Hyuga-nada region and may be strongly influenced by 
other unknown mechanisms. Therefore, we removed 
the data from such stations from the dataset (see gray 
displacements in Fig. 3a, b) and used the data from the 

Fig. 1 Tectonic map in and around the Hyuga‑nada region. The thick barbed black line denotes the Nankai Trough. The black dashed 
lines in Kyushu are the boundaries of the prefectures. The thin black solid lines represent isodepth contours of the geometry of the upper 
surface of the PHS plate subducting beneath Kyushu: the 10 km isodepth by Baba et al. (2002), the 20–50 km isobath by Hirose et al. (2008), 
and the isodepth contours deeper than 60 km by Nakajima and Hasegawa (2007). The light green circle represents the approximate location 
of the Bungo Channel. The green bold line indicates the outer edge of the subducted Kyushu‑Palau Ridge (KPR) by Yamamoto et al. (2013). The 
red and blue solid circles indicate the GNSS observation stations analyzed in this study whose detailed information is listed in Additional file 1: 
Table S1, and the blue solid squares represent the reference stations used in this study. The yellow–green box represents the horizontal projection 
of the source region of the assumed model on the 3D plate boundary. The red solid star represents the epicenter of the Mw7.0 Kumamoto 
earthquake on April 14, 2016. Processed time series data for all the stations (red and blue solid circles) with station codes are shown in Fig. 2. The 
gray boxed area in the inset shows our study area
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remaining 26 GNSS stations shown in Fig. 1 (see also 
Additional file 1: Table S1).

3  Methods
3.1  GNSS time series data analysis
As in Yoshioka et  al. (2015) and Seshimo and Yoshioka 
(2022), we selected six reference stations in the north-
ern part of the Chugoku region (940075, 940076, 950385, 
950387, 950388, and 950407) (Fig.  1) that were not 
affected by the L-SSE. The analytical procedure is briefly 
described according to Yoshioka et al. (2015).

After steps associated with antenna exchange were 
taken, coseismic steps and common-mode errors were 
removed, and crustal displacements due to plate motion 
and annual and semiannual seasonal variations were esti-
mated assuming the following model and removed from 
the GNSS time series:

(1)
y(t) = a+ bt + c sin

2π t

T
+ d cos

2π t

T

+ e sin
4π t

T
+ f cos

4π t

T

where T = 1  year and the first and second terms on the 
right-hand side represent crustal deformation due to 
interplate locking. The remaining terms on the right-hand 
side in Eq. (1) represent annual and semiannual seasonal 
variations. Coefficients a to f are unknown parameters 
determined by a least-squares fit to the GNSS time series 
from January 1, 2017 (2017.0) to June 30, 2018 (2018.5), 
during which no L-SSEs occurred (Fig. 2). Although Ble-
witt and Lavallée (2002) suggested that a time span of 
2.5  years be adopted as a standard minimum data span 
for velocity solutions intended for tectonic interpretation, 
taking a period of this length is difficult in the Hyuga-
nada region because the recurrence interval of L-SSEs 
in the region is 2–3 years (e.g., Ozawa 2017; Takagi et al. 
2019). In fact, southward displacements that occurred in 
2016 were identified at many stations (Fig.  2a, d); these 
displacements were transient signals associated with an 
L-SSE analyzed by Ozawa (2017). Therefore, we were not 
able to extend the period for estimating the trend to the 
preceding time period. Map plots of the linear trends 
for the horizontal and vertical components are shown in 
Additional file 1: Figs. S2(a) and (b), respectively. Spatial 

Table 1 L‑SSEs and large earthquakes detected in the Hyuga‑nada region in previous studies

a The maximum slip rate was determined by dividing the uniform slip amount of each L-SSE on its rectangular fault by its duration, and the largest value among the 12 
L-SSEs is listed here

Author Analytical period L-SSE occurrence 
period and 
number of L-SSE 
occurrences

Duration (year) Maximum 
slip rate (cm/
yr)

Mw Earthquake 
occurrence date

Maximum amount 
of slip of an 
earthquake

This study From January 1, 
2017 to June 30, 
2022

From 2018.5 
to 2021.7 (the 
units are 0.1 years 
(= 36.5 days))

3.2 4.9 7.1

Yarai and Ozawa 
(2013)

From January 1, 
1997 to July 20, 
2010

From January 1, 
2005 to January 1, 
2006

1.0 5–6 6.7 to 6.8

From January 1, 
2007 to January 1, 
2008

1.0 7–8

From January 1, 
2009 to January 1, 
2010

1.0 4–5

Ozawa (2017) From January 1, 
2013 to April 10, 
2016

From October 1, 
2013 to May 1, 
2014; two L‑SSEs

0.58 8 6.4, 6.5

From July 1, 2015 
to April 10, 2016; 
two L‑SSEs

0.78 10 6.0, 6.4

Takagi et al. (2019) From January 1, 
1996 to December 
31, 2017

From Septem‑
ber 30, 1996 
to November 8, 
2014; 12 L‑SSEs

0.40–1.67 15.5a 6.4–7.0

Yagi et al. (2001) October 19, 1996 6 cm

December 2, 1996 13 cm
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consistency is evident for both components, indicating 
that linear trends are removed properly.

A curve fitting using the superposition of 20 cubic 
B-spline functions was performed for the corrected 
time series data for each component at every station, 
whose optimal smoothness was determined using inver-
sion analyses based on the Akaike’s Bayesian Informa-
tion Criterion (ABIC) minimization principle (Akaike 
1980)  objectively and uniquely. We used these smooth 
functions to create piecewise displacement data for the 
spatiotemporal slip inversion of the L-SSE. By using the 
obtained best-fit curve (see Fig. 2) and the scattered pro-
cessed time series data, we estimate a standard error 
of 1σ for the total displacement inferred in each time 
window.

Figures 4 and 5 show such horizontal and vertical dis-
placements (arrows and bars) and related uncertainties 
(ellipses and bars), respectively. The standard errors 
were also used as weights for the GNSS displacements 
at each time window for the L-SSE slip inversion. Fol-
lowing Seshimo et  al. (2023), we determined the mini-
mum time window length so that the signal-to-noise 
(S/N) ratio of both the N–S and E–W components was 
1.0 or greater. However, the first and last time windows, 
which are thought to contain almost no crustal defor-
mation associated with the L-SSE, naturally have poor 
S/N ratios and do not meet these conditions. Conse-
quently, based on the horizontal data, we selected time 
windows with a duration of 0.8 years (Fig. 4). Although 
the S/N ratio is not satisfied for vertical data when using 
0.8-year time windows (Fig. 5), our main objective is to 
explain horizontal crustal displacements.

The period of analysis for the time series data used 
for the inversion analysis was set to 4.8  years, from 
September 13, 2017 (2017.7) to June 30, 2022 (2022.5), 
which includes immediately before and after the peri-
ods with little transient deformation. Using the contin-
uous best-fit curve, each of the three-component time 
series at each station was divided into six equal data-
sets. As a result, we used all 468 datasets (= 3 (com-
ponents) × 26 (stations) × 6 (0.8-year time windows)), 
which are shown in Figs.  4 and 5, for our inversion 

analysis. In the inversion analysis, the average stand-
ard errors were used as relative weights for the EW, NS, 
and UD components, whose values were determined to 
be 0.19  cm, 0.16  cm, and 0.67  cm, respectively, based 
on the time series analysis.

3.2  Inversion method
In this study, we estimated the spatiotemporal slip dis-
tribution using the inversion method of Yoshioka et al. 
(2015) that was subject to three prior constraints: (1) 
a smooth spatial distribution of slip, (2) a slip oriented 
mainly in the plate convergence direction (but without 
imposing a nonnegative constraint), and (3) a smooth 
temporal variation in slip. The slip distribution is repre-
sented by a superposition of bicubic B-spline functions, 
and the temporal slip variations are represented by a 
superposition of first-order B-spline functions. Accord-
ing to Yoshioka et  al. (2015), the relationship between 
the model parameters representing the spatiotempo-
ral slip distribution, the observed data and prior con-
straints is expressed by the following equation:

where d is the observed displacement data vector; H is 
a matrix representing the relationship between the unit 
slip on the model fault plane and the displacement at 
each observation point; a is the model parameter vec-
tor; and A, B, and G are matrices representing the 
above-described constraints (1), (2), and (3), respec-
tively. By minimizing the ABIC (Akaike 1980), we 
obtain the optimal values of the hyperparameters 
α̂ = 3.7× 10

−2
, β̂ = 2.0× 10

−1
, and γ̂ = 1.6× 10

−2 
that represent the relative weights between the prior and 
observational constraints. We evaluated the reliability 
of the obtained slip distribution by using the estimation 
error and resolution of the estimated slip history, which 
were derived from the covariance matrix and resolution 

(2)
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(See figure on next page.)
Fig. 2 GNSS time series data, including displacements associated with long‑term slow slip events (SSEs), at all 26 stations (Fig. 1) used 
for the inversion analysis. The black dots indicate processed time series data after removing coseismic steps, steps associated with antenna 
exchange, linear trends, annual and semiannual variations, and common‑mode errors. Each yellow–green curve is the best‑fit curve 
for the processed data. The time span between the two pink vertical dashed lines is 2018.5–2021.7, during which the L‑SSE was considered to have 
taken place. The location of each station is shown in Additional file 1: Table S1. a–c Time series data at the GNSS stations indicated by the red solid 
circles in Fig. 1. d–f Time series data at the GNSS stations indicated by the blue solid circles in Fig. 1. a, d North‒south component. b, e East‒west 
component. c, f Vertical component
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matrix, respectively; the exact forms of these variables 
are described in Yoshioka et al. (2015).

3.3  Model setup
Inversion analysis was performed for crustal deforma-
tion for the aforementioned 4.8-year period by analyz-
ing each of the subdivided 0.8-year time windows. Since 
an L-SSE is an aseismic slip phenomenon occurring on 
a plate boundary, the model source region was para-
metrized as a 3D nonplanar surface following the geom-
etry of the upper plate boundary of the PHS plate by 
Hirose et  al. (2008). Green’s functions relating fault slip 
to surface displacements were calculated assuming a 
semi-infinite isotropic elastic body with linearity (Maruy-
ama 1964), which enabled us to perform a linear inver-
sion analysis based on Eq.  (2). However, in reality, the 
deeper plate interface is a contact zone between the PHS 
slab and the mantle wedge, and steady slip is considered 
to occur there under the ductile regime caused by high 
temperature (Peacock and Wang 1999). Since the depth 
of the continental Moho is approximately 30  km in the 
Kyushu region (e.g., Murakoshi 2003; Abe et  al. 2013) 
and the aseismic afterslip zone of the two 1996 Hyuga-
nada earthquakes estimated by Yagi et al. (2001) reached 
40 km depth, the maximum downdip depth of the model 
source region was set to approximately 65  km (Fig.  1). 
Therefore, the model source region was set to be 200 km 
in length in the strike direction and 100 km in width in 
the dip direction on the 3D plate interface. As GNSS data 
exist only on land, the resolution of slip decreases for 
shallower portions of the plate interface; thus, detailed, 
unbiased and  statistically meaningful shallow slip can-
not be inferred, regardless of the inversion approach (e.g., 
Ortega-Culaciati et al. 2021).

The slip distribution is represented by 11 × 7 bicu-
bic B-spline basis functions distributed throughout the 
fault surface, where such a number of basis functions 
were determined following Yoshioka et al. (2004). When 
the number of basis functions increases, the estimation 
errors also tend to increase. Therefore, in this study, we 
determined the spatial number of basis functions appro-
priately, considering this tendency. Temporal changes in 
slip are represented by first-order B-spline basis func-
tions, which are shaped as isosceles triangles covering 
two time windows. Therefore, we use seven B-spline 
functions for the six time windows. Slip is represented by 
two components, one in the strike direction and the other 
in the dip direction, resulting in 1078  (= 11 × 7 × 2 × 7) 
model parameters representing the spatiotemporal slip 
distributions.

4  Results
4.1  Crustal deformations associated with the 2018–2021 

Hyuga-nada L-SSE
Figure 2 shows the processed time series data of the three 
components at the 26 GNSS stations used for the inver-
sion analysis (Fig.  1, Additional file  1: Table  S1). Most 
of the horizontal time series indicate that southward 
and eastward displacements began to be observed at 
approximately 2018.5 and ended at approximately 2021.7. 
During this period, the trend changed relatively monoto-
nously. If there was a period of displacement whose slope 
of the time series was almost zero during the period of 
3.2  years, there was little or no slippage of the L-SSE. 
However, we did not identify such signals during this 
period. Therefore, transient aseismic slow slip continued 
for the 3.2-year period, resulting in the longest duration 
ever reported.

Figure 3a shows the horizontal displacement field dur-
ing the period from 2018.5 to 2021.7. This figure shows 
the dominance of displacements toward the east and 
southeast directions. Vertical displacements during the 
same period (Fig. 3b) were characterized by uplift along 
the eastern coastal region of Miyazaki Prefecture, reach-
ing 5.2 cm. The systematic east‒southeast- to southeast-
oriented horizontal displacements, which were in the 
almost opposite direction to that of plate convergence, 
and uplift along the eastern coast provided strong evi-
dence of L-SSE occurrence.

We divided the data in Fig. 3a, b into equal time win-
dows of 0.8  years in duration. In Fig.  4, we show the 
horizontal displacement field for each time window, 
including the windows immediately before and after the 
L-SSE period. Small displacements at all stations can be 
observed in Fig. 4a. This is because this time window was 
included in the detrended period from 2017.0 to 2018.5. 
In the following periods from 2018.5 to 2021.7, east‒
southeast to southeastward displacements were clearly 
identified, especially at stations along the eastern coast 
(Fig. 4b–e). In the subsequent time window from 2021.7 
to 2022.5 (Fig.  4f ), small displacements reappeared at 
nearly all stations. Therefore, L-SSE was considered to 
have taken place during the period from 2018.5 to 2021.7.

The vertical displacement fields at the 0.8-year time 
window are shown in Fig.  5. The standard errors of the 
vertical displacements are larger than those of the hori-
zontal displacements (Fig. 4). Since the period of the first 
time window (2017.7–2018.5) is fully included in the 
detrended period (2017.0–2018.5), the vertical displace-
ments in Fig.  5a tend to be much smaller than the ver-
tical displacements during the following time windows 
(Fig. 5b–e). However, because of the larger fluctuations in 
the vertical displacement data than in the horizontal dis-
placement data, deviations in the vertical displacements 
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from the 1.5-year linear trend appear for the 0.8-year 
time window (Fig.  5a). However, it should be noted 
that the standard errors of 1σ are larger than the verti-
cal displacements at nearly all the stations. In the subse-
quent time windows from 2018.5 to 2021.7, uplifts were 
observed in the eastern coastal areas (Fig. 5b–e). In the 
following time window, this trend changed and turned 
into slight subsidence, which was also mostly below the 
standard error of 1σ (Fig.  5f ), indicating the end of the 
L-SSE by 2021.7.

4.2  Spatiotemporal slip distribution associated 
with the 2018–2021 Hyuga-nada L-SSE

The estimated spatiotemporal slip distributions are 
shown in Fig. 6 (see also Additional file 1: Fig. S3 for the 
distributions of estimation errors of 1σ). By comparing 
the observed displacements and slip inferences in the 
six time windows, we observed the following temporal 
change. In Fig. 6a, as expected from Figs. 4a and 5a, the 
slip amounts were less than the estimation errors of 1σ in 
most of the model source region. In the subsequent four 
time windows, statistically meaningful slips were inferred 
almost everywhere in the model source region (Fig. 6b–
e). A clear, large slip of more than 2 cm was obtained in 
the central part of Miyazaki Prefecture, ranging in depth 
from approximately 20 to 40  km during the period of 
2018.5–2019.3 (Fig.  6b). The overall slip directions in 
the third time window (Fig. 6c) were similar to those in 
the previous time window (Fig. 6b), but the slip amount 
increased, and the slip slightly expanded to the southern 
part of Miyazaki Prefecture. In the subsequent period 
of 2020.1–2020.9 (Fig.  6d), the maximum inferred slip 
reached 3.9 cm, and the main slip area was located at the 
same location and slip directions were almost the same as 
those in the previous time window (Fig. 6c). In the subse-
quent period, the overall slip amount decreased (Fig. 6e). 
As was the case in Fig.  6a, in Fig.  6f, the slip amounts 
were less than the estimation errors of 1σ in most of the 
model source region. An annual average maximum slip 
rate of approximately 4.9 cm/yr (3.9 cm/0.8 yr) was esti-
mated during the period from 2020.1 to 2020.9 (Fig. 6d). 
It is difficult to directly connect the S/N ratios of the 
observed horizontal and vertical displacements with sta-
tistically meaningful inverted spatiotemporal slip distri-
butions. In this study, we determined the length of the 
minimum time window so that the average S/N ratios 
of both the N–S and E–W components could be greater 
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Fig. 3 Displacement fields associated with the Hyuga‑nada 
L‑SSE during the period from 2018.5 to 2021.7. The solid green 
circle indicates the observation station that exhibits a maximum 
displacement of 2.3 cm in the figure. The white solid circles represent 
stations strongly affected by the 2018–2019 Bungo Channel L‑SSE 
and the 2016 Kumamoto earthquake (940090: Bungo Channel 
L‑SSE, 960702: Kumamoto earthquake). (a) Horizontal displacement 
field. The red arrows indicate the stations used in the inversion, 
and the gray arrows indicate the stations not used in the inversion. 
The ellipse at the tip of each arrow represents the standard error 
of 1σ. (b) Vertical displacement field. The short horizontal line denotes 
the station location, and the red and blue vertical bars represent 
uplift and subsidence, respectively. The gray bars indicate the stations 
not used in the inversion. The gray thin vertical line at the tip 
of the observed bar represents a standard error of 1σ 



Page 9 of 17Kawabata et al. Progress in Earth and Planetary Science           (2024) 11:24  

than 1.0 (Seshimo et  al. 2023). However, the procedure 
resulted in S/N ratios smaller than 1.0 for the vertical 
data and hence in slip distributions constrained mostly by 
the horizontal observations. Nonetheless, this procedure 
for determining the duration of the time window proves 
useful for obtaining statistically meaningful spatiotempo-
ral slip distributions where most of the slip amounts are 
larger than the estimation errors of 1σ.

By summing the slip amounts inferred at the four 
time windows (Fig.  6b–e), we obtained the total slip 
distribution associated with the L-SSE (Fig.  7) (see 
also Additional file  1: Fig. S4 for the distribution of 
the estimation error of 1σ). The maximum total slip 
was estimated to be approximately 12.9  cm, and the 
equivalent release moment of the L-SSE was estimated 
to be 4.9 ×  1019 Nm, assuming a rigidity of 30 GPa, 
corresponding to Mw7.1. These release moment and 
moment magnitude were larger than those of previous 
L-SSEs in the region.

Figure  4 shows a comparison between the observed 
surface displacements at the GNSS stations and those 
predicted by the slip distributions (Fig.  6). Overall, the 
observed horizontal displacements at the stations were 

well explained by the calculations for the six time win-
dows. For the vertical displacements, except for those in 
the eastern coastal region, the fit of the calculations to 
the observations was not good (Fig. 5). The main reason 
for the poor fit is that the weight of the vertical data was 
lower than that of the horizontal data at the time of the 
inversion analysis and because of the low (< 1.0) S/N ratio 
of the vertical data. The other reason is the spatial incon-
sistency of the vertical displacement field. On the other 
hand, the observed uplift patterns at stations along the 
eastern coastal region in southeastern Kyushu can be well 
explained by the calculations (Fig. 5b–e), which are useful 
for determining the depth extent of the slip distributions.

5  Discussion
5.1  Comparison with past L-SSEs in the Hyuga-nada region
L-SSEs have occurred in the Hyuga-nada region in the 
past. Yarai and Ozawa (2013) estimated the spatiotempo-
ral evolution of aseismic slow slip from January 1, 1997 to 
July 20, 2010 constrained by GNSS data (Fig. 8a, Table 1). 
They reported that three L-SSEs have occurred since 
2004: the first occurred between January 1, 2005 and Jan-
uary 1, 2006 (2005 L-SSE), the second occurred between 
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Fig. 4 Spatial distributions of horizontal displacements in southeastern Kyushu during the period from 2017.7 to 2022.5 with a 0.8‑year 
time window. The red arrows represent observed processed displacements, and the blue arrows represent displacements calculated 
from the spatiotemporal slip distributions in Fig. 6. The ellipse at the tip of each red arrow represents the standard error of 1σ. a 2017.7–2018.5. b 
2018.5–2019.3. c 2019.3–2020.1. d 2020.1–2020.9. e 2020.9–2021.7. f 2021.7–2022.5
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January 1, 2007 and January 1, 2008 (2007 L-SSE), and 
the third occurred between January 1, 2009 and July 20, 
2010 (2009 L-SSE). Ozawa (2017) estimated the spati-
otemporal aseismic slip distribution from January 1, 2013 
to April 10, 2016 using GNSS data and reported two dif-
ferent rupture processes in relation to the L-SSEs that 
occurred in the northern part of Miyazaki Prefecture and 
in the southern part of Miyazaki Prefecture (Fig. 8b and 
Table  1). The first rupture process was a simultaneous 
L-SSE in the northern and southern parts of Miyazaki 
Prefecture spanning from October 1, 2013 to May 1, 
2015, along with the 2014 Bungo Channel L-SSE. The 
second rupture process began on approximately July 1, 
2015 in the southern part of Miyazaki Prefecture, fol-
lowed by the L-SSE in the northern part of Miyazaki 
Prefecture and the Bungo Channel L-SSE in 2016. The 
main slip area of the 2018–2021 L-SSE identified in this 
study almost coincided with that identified by Yarai and 
Ozawa (2013) and the slip patches of the southern part 
of Miyazaki Prefecture obtained by Ozawa (2017). Takagi 
et  al. (2019) detected 12 L-SSEs, assuming uniform slip 
on a rectangular fault, in the Hyuga-nada region from 

March 1996 to September 2017 (Fig.  8c) using a newly 
developed method for GNSS time series data. They also 
showed that the total slip amount was at a maximum in 
the southern Hyuga-nada region, reaching 79 cm among 
the four investigated segments in the subduction zone 
from southeastern Miyazaki Prefecture to western Shi-
koku. They also suggested that the L-SSE recurrence 
intervals were 2–3  years, which is consistent with the 
findings of Yarai and Ozawa (2013) and Ozawa (2017).

The annual average maximum slip rate for each L-SSE 
reported in Yarai and Ozawa (2013) was estimated to be 
5–6  cm/yr for the 2005 L-SSE, 7–8  cm/yr for the 2007 
L-SSE, and 4–5  cm/yr for the 2009 L-SSE (Table  1). 
Ozawa (2017) obtained approximately 8  cm/yr and 
10 cm/yr annual average maximum slip rates for the first 
and second L-SSEs, respectively, in the southern part of 
Miyazaki Prefecture. Thus, a combined maximum slip of 
approximately 16 cm developed at that location between 
January 1, 2013 and April 10, 2016. Among the 12 L-SSEs 
detected in the Hyuga-nada region by Takagi et  al. 
(2019), the annual maximum slip rate was estimated to 
be 15.5 cm/yr. In this study, the annual average maximum 
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Fig. 5 Spatial distributions of vertical displacements in the southeastern Kyushu during the period from 2017.7 to 2022.5 with a 0.8‑year time 
window. The short black horizontal line represents the location of the station, and the bars above and below the horizontal line indicate uplift 
and subsidence, respectively. The red and blue bars represent the observed uplift and subsidence, respectively. The orange thin vertical line 
at the tip of the observed bar represents a standard error of 1σ. The yellow and light blue bars represent uplift and subsidence, respectively, 
calculated from the spatiotemporal slip distributions in Fig. 6. The periods of a–f are the same as those in Fig. 4
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slip rate and maximum total slip were estimated to be 
approximately 4.9 cm/yr and 12.9 cm, respectively. Thus, 
these values are close to the values of the 2009 L-SSEs 
reported by Yarai and Ozawa (2013) and the combined 
maximum slip reported by Ozawa (2017), respectively. 
Compared with other L-SSEs, the annual maximum slip 
rate obtained in this study is relatively low, indicating 
gradual strain release.

On the other hand, the duration of all L-SSEs that 
occurred in the Hyuga-nada region was less than 
1.7  years, and their moment magnitudes ranged from 
Mw6.0 to Mw7.0 (Table  1) (Yarai and Ozawa 2013; 
Ozawa 2017; Takagi et  al. 2019). In this study, the esti-
mated duration and moment magnitude of the L-SSE 
were approximately 3.2  years and Mw7.1, respectively. 
The duration was the longest, and the moment magni-
tude was the largest among the L-SSEs that occurred 
in the Hyuga-nada region. Ozawa (2017) reported that 

the L-SSE in the northern part of Miyazaki Prefecture 
occurred at the same time as or after that in the south-
ern part of Miyazaki Prefecture; however, in this study, 
the slip patch in the central part of Miyazaki Prefecture 
(Fig.  6b) started slightly earlier than the southern slip 
patch (Fig. 6c–e).

5.2  Depth profile of slow earthquakes in the Hyuga-nada 
region and their possible friction properties

Yagi et al. (2001) estimated the afterslip areas of the Octo-
ber 19, 1996 and December 3, 1996 Hyuga-nada earth-
quakes (Mw6.8 and Mw6.7, respectively) using GNSS 
data from Kyushu. The characteristic decay times (= final 
slip/initial slope) were 15 and 100 days, respectively.

Figure 7 shows the spatial distribution of cumulative slip 
over the 3.2 years (2018.5–2021.7) identified in this study, 
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Fig. 6 Slip distributions in the Hyuga‑nada region with 0.8‑year time windows from 2017.7 to 2022.5. The gray lines represent isodepth contour 
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together with the slip areas of the two 1996 Hyuga-nada 
earthquakes and their afterslip areas on the plate bound-
ary (Yagi et al. 2001). The slip area that had a slip greater 
than approximately 10  cm on the Hyuga-nada L-SSE 
estimated in this study overlaps with the afterslip area of 
the Hyuga-nada earthquake that occurred on December 
3, 1996. Since the slip area of the L-SSE inferred in this 
study almost coincides with the occurrence locations of 
the past L-SSEs in the Hyuga-nada region, it can be con-
cluded that the past L-SSEs in the Hyuga-nada region also 
occurred in the afterslip areas of the 1996 Hyuga-nada 
earthquakes. This result is consistent with the findings of 
Yarai and Ozawa (2013), who inferred that the afterslip of 
the 1996 earthquakes and previous L-SSEs can occur in 
the same place. Thus, a similar frictional constitutive law 

is suggested for the occurrence of both slip types (L-SSE 
and afterslip) under the same temperature and pressure 
conditions. However, the duration of the L-SSE estimated 
in this study was approximately 3.2 years, which is much 
longer than the characteristic time of the afterslip of the 
December 3, 1996 Hyuga-nada earthquake.

Asano et  al. (2015) detected shallow very-low-
frequency earthquakes (VLFEs) off the coast of the 
Miyazaki Prefecture from January 1, 2010 to March 31, 
2010 (Fig. 7). Yamashita et al. (2015) and Yamashita et al. 
(2021) determined the locations of epicenters of shallow 
tectonic tremors from April 2013 to July 2013 and from 
March 2014 to February 2017, respectively, which were 
mostly overlapped with the epicenters of the VLFEs. 
Since these observation periods were different from 

Fig. 7 Cumulative slip distribution during the period from 2018.5 to 2021.7 at 2 cm contour intervals. The green bold line indicates the outer edge 
of the subducted Kyushu‑Palau Ridge (KPR) by Yamamoto et al. (2013). The gray area represents the area with an average resolution of 0.08 or less, 
as shown in Fig. 6. The gray lines represent isodepth contour lines of the upper surface of the PHS plate. The pink line represents the location 
of the mantle wedge corner (MWC), which coincides with the isodepth contour of 30 km. The yellow‑green line represents the 350 °C isotherm 
of the upper surface of the subducted PHS plate by Ji et al. (2016). The solid blue area and the blue contour lines with 2 cm intervals represent 
the coseismic slip area and afterslip area of the October 19, 1996 Hyuga‑nada earthquake, respectively (Yagi et al. 2001). The solid red and red 
contour lines with 2 cm intervals represent the coseismic slip area and afterslip area, respectively, of the December 3, 1996 Hyuga‑nada earthquake 
(Yagi et al. 2001). The yellow‒green solid square indicates the epicenter of the Mw6.2 Hyuga‑nada earthquake on May 10, 2019 together with its 
CMT solution. The small solid orange stars represent the epicenters of the shallow very long frequency earthquakes (VLFEs) reported by Asano et al. 
(2015) from January 1, 2010 to March 31, 2010. The small gray and red solid circles represent the epicenters of shallow tectonic tremors reported 
by Yamashita et al. (2015) from April 2013 to July 2013 and Yamashita et al. (2021) from March 2014 to February 2017, respectively



Page 13 of 17Kawabata et al. Progress in Earth and Planetary Science           (2024) 11:24  

our period of analysis, it would be difficult to discuss 
the causal relationships among the L-SSE, VLFEs, and 
shallow tectonic tremors. However, based on Fig. 7, the 
L-SSE appeared to have formed at a much greater depth 
than the shallow VLFEs and shallow tectonic tremors.

Based on numerical simulations of 2D thermal struc-
tures along an across-arc profile passing through west-
ern Shikoku (Fig. 1), Gao and Wang (2017) attempted to 
explain the depth-dependent separation of slow earth-
quakes in the Nankai subduction zone (Obara and Kato 
2016), which was described in Sect.  1. Gao and Wang 
(2017) suggested that the shear stress at which an L-SSE 
occurs is controlled by either semifrictional or viscous 
behavior depending on the thermal regime. They also 
noted that an L-SSE requires that the frictional behavior 
be very mildly velocity-weakening, as represented by a 
slightly negative value of the friction parameter (a – b), 
which is the velocity dependence of steady-state friction, 
according to laboratory experiments on rock friction 
(e.g., Ruina 1983; Dieterich 1994; Scholz 1998).

Unlike in Shikoku, in offshore Kyushu, L-SSEs and 
short-term SSEs (S-SSEs) occur at depths ranging from 
approximately 30 to 40  km (Okada et  al. 2022) and are 
not separated. Furthermore, in the Hyuga-nada region, 

the afterslip of the 1996 Hyuga-nada earthquakes also 
occurred within the same depth range (Yagi et al. 2001; 
Yarai and Ozawa 2013) (Fig.  7). In the shallow region, 
significant VLFEs and shallow tremors occurred (Asano 
et  al. 2015; Yamashita et  al. 2015, 2021). Therefore, in 
Hyuga-nada, the depth dependence of friction properties 
inferred from the conceptual model of Gao and Wang 
(2017) does not hold.

Scholz (1998) focused on the depth dependence of the 
critical stiffness and argued that the above-mentioned 
transient aseismic slip occurs when the critical stiffness 
is conditionally stable and thus has a small positive value. 
Such regions exist within a depth range limited to the shal-
lower and deeper sides of the so-called seismogenic zone 
of large interplate earthquakes. Applying this finding to the 
Hyuga-nada region, it is possible that the significant VLFE 
and tectonic tremors occurring in the shallow area are con-
ditionally stable on the shallow side. On the other hand, 
regions where L-SSE, S-SSE, and afterslip occur may cor-
respond to conditionally stable conditions on the deep side.

As described before, L-SSEs and deep episodic tremors 
and slips (ETSs) occur from shallower to deeper nono-
verlapping depth segments across the Nankai Trough 
plate interface (e.g., Obara and Kato 2016). We consider 

Fig. 8 The slip distributions of the Hyuga‑nada L‑SSEs in previous studies, which are also summarized in Table 1. The pink line represents 
the location of the mantle wedge corner (MWC), which coincides with the isodepth contour of 30 km. (a) Slip distribution by Yarai and Ozawa 
(2013). The dark red line represents the slip distribution of an L‑SSE from January 1, 2005 to January 1, 2006, the red line represents the slip 
distribution of an L‑SSE from January 1, 2007 to January 1, 2008, and the bright red line represents the slip distribution of an L‑SSE from January 
1, 2009 to July 20, 2010. The contour intervals of the slip amounts are 2 cm. (b) Slip distribution of L‑SSEs by Ozawa (2017). The dark blue line 
represents the slip distribution of an L‑SSE from October 1, 2013 to May 1, 2014, the blue line represents the slip distribution of an L‑SSE from July 
1, 2015 to February 1, 2016, and the light blue line represents the slip distribution of an L‑SSE from February 1, 2016 to April 10, 2016. The contour 
intervals of the slip amounts are 4 cm. (c) Locations of L‑SSEs represented by rectangular faults, which were detected by Takagi et al. (2019). The 
dashed line of each rectangular fault represents its shallower side. The black, dark blue, dark green, dark red, blue, green, red, orange, purple, 
yellow, light blue, and yellow‑green rectangles indicate the estimated locations of rectangular fault planes for the L‑SSEs whose onset dates were 
September 30, 1996, December 23, 1997, November 2, 1998, February 12, 2000, January 28, 2002, March 28, 2002, February 21, 2005, October 6, 
2006, May 22, 2008, August 12, 2009, April 10, 2011, and July 15, 2013, respectively
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why, unlike in the Nankai Trough, offshore Kyushu, tran-
sient aseismic slips, such as those in the Nankai Trough, 
occur within the same depth range in terms of the depth 
dependency of parameters related to the critical stiffness: 
(1) (a – b), (2) pore pressure, and (3) normal stress.

Regarding condition (1), namely, (a – b), since the dip 
angle in the deeper zone in the Hyuga-nada region is 
greater than that in the Nankai subduction zone, this 
effect contributes to producing a greater thermal gradient 
in the former than in the latter in the across-arc direction. 
Suenaga et al. (2018) performed 2D box-type time-depend-
ent thermal modeling associated with the subduction of the 
PHS plate along an across-arc profile passing through the 
Hyuga-nada region to investigate the generation mecha-
nisms of interplate seismic events. They found that the 
temperature range of the upper surface of the PHS plate, 
where the afterslip of the 1996 Hyuga-nada earthquake 
occurred, reached approximately 300–350 °C. According to 
Hyndman et al. (1997), this temperature range is located at 
the downdip end of the coseismic slip area, corresponding 
to the brittle‒ductile and unstable to stable sliding transi-
tion zone. The depth of the continental Moho beneath 
Kyushu is estimated to be approximately 30 km based on 
receiver function analysis (Abe et al. 2013). Therefore, the 
mantle wedge corner (MWC) is located approximately par-
allel to and offshore from the east coast of Kyushu (Figs. 1 
and 7). According to a three-dimensional thermal model 
associated with subduction of the PHS plate in southwest 
Japan by Ji et al. (2016), the downdip limit of the seismo-
genic zone in the Hyuga-nada region is controlled not by 
temperature but by the MWC because the temperature at 
the MWC is less than 350 °C (Fig. 7) and because the width 
of the seismogenic zone tends to narrow toward southern 
offshore Kyushu. This means that the temperature differ-
ence at the plate boundary between the shallow and deep 
sides of the MWC increases toward the south. Therefore, 
these effects play an important role in narrowing (a–b) and 
thus favoring conditionally stable zones.

Regarding condition (2), namely, pore pressure, based 
on the results of seismic tomography and receiver func-
tion analysis, a region with a high Poisson’s ratio exists at 
depths greater than 30  km in the MWC, indicating the 
presence of serpentinized mantle and suggesting its rela-
tionship with the occurrence of transient aseismic slip 
(Tahara et al. 2008; Abe et al. 2013).

Regarding condition (3), namely, normal stress, Hyuga-
nada is characterized by a strong negative Bouguer grav-
ity anomaly reaching -140 mgal, and numerical modeling 
has shown that approximately 60% of this anomaly can be 
explained by the buoyancy of the subducted KPR (Tahara 

et  al. 2008). This means that the buoyancy of the sub-
ducted KPR acts to strengthen the normal stress at the 
plate boundary in its exit region.

Therefore, (2) pore pressure and (3) normal stress, both 
of which are parameters of critical stiffness, increase 
at the plate boundary on the deep and shallow sides of 
the MWC, respectively. Therefore, the critical stiffness 
increases rapidly on the shallow side of the MWC and 
decreases on the deep side, contributing to a sharp depth 
contrast of the critical stiffness at the MWC.

Furthermore, the Kyushu-Palau Ridge (KPR) is sub-
ducted in the Hyuga-nada region, and the outer edge 
of the subducted KPR has been obtained by analyz-
ing active and passive seismic sources (Yamamoto et al. 
2013) (Fig. 7). Interestingly, this northwestern margin is 
approximately at 30  km depth and approximately coin-
cident with the MWC, and the coseismic slips of the 
two 1996 Hyuga-nada earthquakes occurred within the 
KPR, whereas their afterslip occurred at the deeper plate 
boundary outside of the KPR.

Additionally, during the period of analysis, on May 10, 
2019, a low-angle thrust earthquake with a magnitude of 
Mw6.2 occurred on the plate interface in the Hyuga-nada 
region (Fig.  7). The coseismic steps associated with the 
earthquake were corrected by calculating the average dis-
placements for the 10 days before and after the earthquake 
and subtracting them from the original time series data of 
the three components. This event also occurred within 
the KPR and was located updip of the main slip area of 
the L-SSE, although the causal relationship between them 
is not clear. The earthquake occurred at the beginning 
of the third time window (2019.3–2020.1), during which 
clear large slips occurred in the deeper portion. Unlike the 
two 1996 Hyuga-nada earthquakes, an afterslip associated 
with the 2019 event with temporal decay did not seem to 
have taken place. The reasons might be that the moment 
magnitude of the earthquake was smaller than that of the 
1996 event, that the earthquake occurred far from the 
GNSS stations on land and that the earthquake occurred 
within the unstable sliding zone.

Therefore, in the Hyuga-nada region, (1) rapid temperature 
changes at the plate boundary between the shallow and deep 
sides of the MWC, which may also be related to a high dip 
angle, play an important role in narrowing the conditionally 
stable zone. Additionally, (2) high pore pressure and serpen-
tinization on the deep side of the MWC and (3) the increase 
in normal stress due to the buoyancy of the KPR at the shal-
low side of the MWC, which is coincident with the deepest 
northwestern rim of the subducted KPR, may contribute to 
the sharpness of the critical stiffness at the MWC. This sharp 
contrast in these factors at the shallow and deep sides of the 
MWC may limit the narrow depth range within which con-
ditionally stable slip can be achieved. For these reasons, it is 
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inferred that deep transient aseismic slips (L-SSE, S-SSE, and 
afterslip) occur within the same depth range.

6  Conclusions
In this study, we used GNSS time series data from Janu-
ary 1, 2017 to June 30, 2022  to detect a long-term slow 
slip event that occurred in the Hyuga-nada region,  and 
estimated the spatiotemporal slip distribution. For this 
analysis, we used the inversion method proposed by 
Yoshioka et al. (2015). The significant results revealed in 
this study are summarized as follows:

1. An L-SSE was identified in the southern part of 
Miyazaki Prefecture for approximately 3.2  years 
around from 2018.5 to 2021.7, which was the long-
est duration for an L-SSE ever reported in the Hyuga-
nada region. The maximum total slip was estimated 
to be approximately 12.9 cm. The release moment of 
the event was estimated to be 4.9 ×  1019 Nm, corre-
sponding to Mw7.1, which was the largest L-SSE that 
occurred in this region.

2. For the temporal evolution of the inferred slip, a slip 
of more than 2 cm was present in the central part of 
Miyazaki Prefecture during the period of 2018.5–
2019.3. In the subsequent period from 2019.3 to 
2020.1, the amount of slip increased and expanded to 
the southern part of Miyazaki Prefecture. Slip was the 
greatest in the subsequent period (2020.1–2020.9), 
reaching 3.9  cm. The slip area was almost the same 
in the following 0.8 years, and the overall slip amount 
decreased. The annual average maximum slip rate 
was approximately 4.9  cm/yr (3.9  cm/0.8  yr) during 
the period from 2020.1 to 2020.9.

3. The slip area of more than approximately 10  cm 
in the Hyuga-nada L-SSE region estimated in this 
study almost overlapped with the afterslip area of the 
December 3, 1996 Hyuga-nada earthquake, which 
had a depth range of approximately 30–40 km. S-SSEs 
also occurred within the same depth range. These 
coincidental same depth ranges of occurrence for 
interplate seismic events originate from large thermal 
gradients. The large thermal gradients play an impor-
tant role in narrowing the depth range of (a–b) at the 
plate interface. In addition, the pore pressure and nor-
mal stress are closely related to the critical stiffness. 
A sharp contrast in pore pressure and normal stress 
between the shallow and deep sides of the mantle 
wedge corner may also contribute to transient aseis-
mic slip within the same depth range.
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