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Highlights

e  We evaluated energy and moment of slow earthquakes in Hyuga-nada.

e  These values as well as migration speed have similar along-strike variations.

e  The values are generally smaller near the top of the subducted Kyushu-Palau ridge.

e  The along-strike variation can be explained by the difference in stress drop.
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Abstract

Hyuga-nada, off the Pacific coast of Kyushu along the Nankai Trough in southwest Japan,
is one of the most active slow earthquake regions around Japan. We estimated the energies of tremors
and moments of very low frequency earthquakes (VLFEs) in Hyuga-nada using data from a permanent
onshore broadband network and temporary ocean bottom seismometer observations. The energies and
moments of these slow earthquakes have a similar along-strike variation and are generally larger south
of the subducted Kyushu-Palau Ridge than near the top of the ridge. This spatial variation is also
related to the characteristics of slow earthquake migration. The along-strike migration speed was faster
at initiation in the south, where the moments of slow earthquakes are larger. The along-strike migration
of slow earthquake episodes can be characterized by deceleration with a parabolic pattern. Assuming
a constant patch size of slow earthquakes, we estimated the stress drops of VLFEs and found that the
stress drop in the south of the subducted ridge was approximately four times larger than that near the
top of the subducted ridge. This stress drop difference between adjacent regions can cause parabolic
migration. According to our observations and physical models, the difference in stress drop could be
one of the key factors for the spatial variation in slow earthquake activity associated with the subducted

ridge.

Keywords: slow earthquake, shallow tremor, shallow very low frequency earthquake, scaled energy,

Nankai Trough, Kyushu-Palau Ridge
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1. Introduction

After the discovery of tectonic low frequency tremors by Obara (2002), slow earthquakes,
which are fault slips with longer characteristic durations than regular earthquakes with the same
seismic moment (Ide et al., 2007), were mainly detected around seismogenic zones on plate boundaries
of subduction zones in the world. Seismic slow earthquakes are classified into tremors and low
frequency earthquakes (e.g., Shelly et al., 2006) observed in a frequency range of 2-8 Hz, and very
low frequency earthquakes (VLFEs) observed in a frequency range of 0.02—0.05 Hz (e.g., Obara and
Ito, 2005). Slow slip events (SSEs) are geodetically observed as crustal deformations, with duration
ranging from several days to several years (e.g., Dragert et al., 2001; Hirose et al., 1999). The
spatiotemporal correlation of these slow earthquake phenomena is known as episodic tremor and slip
(ETS; Rogers and Dragert, 2003). The focal mechanisms of slow earthquakes in subduction zones are
thrust-type and consistent with those of megathrust earthquakes along plate boundaries. In addition,
slow earthquake activity can reflect the stress conditions on the plate boundary around the slow
earthquake regions (e.g., Obara and Kato, 2016). Recent studies have revealed that slow earthquakes
can potentially trigger megathrust earthquakes (e.g., Kato et al., 2012; Vaca et al., 2018). Thus, studies
of slow earthquakes are important for understanding the slip behaviors on the plate boundary and the
occurrence mechanism of megathrust earthquakes.'

Around the Japanese islands, slow earthquakes occur in shallower and deeper extensions of
the seismogenic zone in southwest Japan along the Nankai Trough and in the offshore region of
northeastern Japan along the Japan Trench. In Hyuga-nada, oft the Pacific coast of Kyushu, VLFEs
are the most active around Japan (Baba et al., 2020). In this area, Asano et al. (2015) reported the
migration of shallow VLFEs, which can be considered as a proxy for rupture propagation of an SSE
(e.g., Bartlow et al., 2011; Ito et al., 2007), in 2010 (Fig. 1a). VLFEs first migrated from 30.5° N to
31.5° N along the strike direction and changed to along-dip migration at the subducted Kyushu-Palau
Ridge, which is subducting from the Nankai Trough. Although VLFEs are observed by onshore
stations owing to the effective propagation of surface waves along shallower low velocity structures,
it is difficult to identify weak signals of shallow tremors in Hyuga-nada using permanent onshore
stations. Yamashita et al. (2015) and Yamashita et al. (2021) detected shallow tremors and reported
their migrations in Hyuga-nada utilizing temporary ocean bottom seismometers (OBSs) in 2013 and
2015, respectively (Fig. 1b and c). In 2013, tremors migrated twice from 30.3° N to 31.7° N. In 2015,
tremors migrated from west to east, north of 31° N and extended near the trench axis (Yamashita et al.,
2021). The shallow tremors in Hyuga-nada were temporally correlated with shallow VLFEs (Fig. 2).
The spatial distributions of tremors in both 2013 and 2015 were contained by those of VLFEs in 2010.

' VLFE - very low frequency earthquake; SSE — slow slip event; ETS — episodic tremor and slip;
OBS — ocean bottom seismometer; RMS — root-mean-square; JIVSM — Japan Integrated Velocity
Structure Model; CC — cross-correlation coefficient
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Temporary OBS observations also revealed a high-resolution distribution of VLFEs. Tonegawa et al.
(2020) suggested that the depths of shallow VLFEs near the subducted Kyushu-Palau Ridge are
approximately 5 km different from the surrounding area.

The tectonic regime in Hyuga-nada is very characteristic; the Kyushu-Palau Ridge is
subducted and the trench axis bends around the subduction of the ridge (Fig. 1). In addition, repeating
earthquakes representing quasi-static slips on the plate boundary (e.g., Nadeau and McEvilly, 1999;
Uchida et al., 2003) occur in the downdip of shallow slow earthquakes (e.g., Igarashi, 2020; Yamashita
et al., 2012). Tectonic conditions can affect the source process, such as the moment rate, of slow
earthquakes (Baba et al., 2020; Takemura et al., 2022b, 2022a). To investigate the spatial relationships
between slow earthquake activity and tectonic conditions in Hyuga-nada, we quantitatively estimated
the spatial variation in the source characteristics of slow earthquakes, such as the energy rate functions

of tremors and the moment rate functions of VLFEs, at high spatial resolution using onshore and
offshore data.

(b) Tremors in 2013

(a) VLFEs in 2010
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Fig.1. Slow earthquake activity in Hyuga-nada. Colored dots are epicenters of (a) shallow VLFEs in
2010 detected by Asano et al. (2015), (b) shallow tremors in 2013 detected by Yamashita et al. (2015),
and (c) shallow tremors in 2015 detected by Yamashita et al. (2021). The colors of dots correspond to
days from the first activity for each tremor. White triangles represent the locations of the OBSs utilized
in the shallow tremor analysis. Inverted triangles exhibit the locations of the F-net stations utilized in
the shallow VLFE analysis. White arrows indicate the direction of the motion of the Philippine Sea
Plate relative to the Eurasia Plate (NUVEL-1A; DeMets et al., 1994). White dashed lines represent the
trench axis. Background gray scale denotes the bathymetry (ETOPO1; Amante and Eakins, 2009).
Dashed contours indicate the isodepth at the top of the Philippine Sea plate in intervals of 5 km

(Nakanishi et al., 2018). Black lines in the inset represent the boundaries between the plates.
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106 Fig.2. Example of one-hour records for (a) shallow tremors in a frequency range of 2-8 Hz at OBSs
107  and (b) shallow VLFEs in a frequency range of 0.02-0.05 Hz at F-net stations.
108
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2. Data and Method
2.1. Estimation of energy rate functions of tremors

For the analysis of tremors, we evaluated the energy rate functions of tremors located by
Yamashita et al. (2015; 2021). We used 360 s broadband (NK 1508 and NK1510in2015), 1 Hz (S06.13,
S09.13 in 2013 and others in 2015) and 4.5 Hz (others in 2013) short-period OBS records of temporary
seismological observations in Hyuga-nada. 11 and 12 stations were incorporated from April 17 to July
4,2013 (Yamashita et al., 2015) and from January 1, 2015 to January 1, 2016 (Yamashita et al., 2021),
respectively. The sampling rate was 200 Hz (S05.13, S06.13, S08.13, and S09.13 in 2013 and all OBSs
in 2015) or 128 Hz (other OBSs in 2013). Analog seismic signals were digitized using a 16-, 20-, or
24-bit A/D converter. After instrumental responses were removed, a bandpass filter was applied in a
frequency range of 2-8 Hz, and the vertical and horizontal components of the root-mean-square
(RMS) velocity envelopes with a smoothing time window of 5 s were calculated. The envelopes were
resampled at one sample per second. Examples of envelope waveforms of a tremor obtained by the
RMS of the sums squared seismograms of two horizontal components are displayed in Fig. 3.

We estimated the site amplification factors of the vertical and horizontal components at
each OBS relative to an F-net (Aoi et al., 2020) station, N.TASF, at 2—-8 Hz and the quality factor of
the S-wave attenuation (Q) by utilizing the information of the maximum S-wave amplitudes of
intraslab regular earthquakes following the method of Yabe et al. (2019). The maximum S-wave

amplitude of the i-th earthquake at the j-th station (4;) is expressed by the following relationship:

In(A;) = In(S;) — In(VanL;) - ”fcvi‘l Ly +In(C) (1)

where S; is the size of the i-th seismic source, L;; is the distance between the hypocenter of the i-th
earthquake and the j-th station, f: represents the central frequency (5 Hz in this study), V; is the S-wave
velocity (assuming 3.5 km/s in this study), and C; is the site amplification factor. We measured the
maximum S-wave amplitudes of regular earthquakes more than 5 km deeper than the plate boundary
ofthe Japan Integrated Velocity Structure Model (JIVSM; Koketsu et al., 2012) with magnitudes larger
than 2.5 listed in the regular earthquake catalog of the Japan Meteorological Agency (Fig. S1). We
defined the maximum envelope amplitude of the time window from 2 s before to 50 s after the arrival
time at each OBS as the maximum S-wave amplitude. The site amplification factor relative to N.TASF
and O at each OBS was estimated by solving Equation (1) using the least-squares method. In the
following procedures, we utilized the RMS of the sums of the squared three-component seismograms
with a smoothing time window of 5 s after site correction by implementing the site amplification
factors displayed in Fig. 4. After correcting the site amplification factors, the amplitudes were
normalized by the site conditions at the reference onshore station, N.-TASF. We also evaluated the
average of O solved at each OBS in Equation (1) as (3.4415+0.9585)x107. We adopted this value to

estimate the energy rate functions of the tremors.
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We calculated the energy rate functions of the tremors by implementing the site
amplification factors and Q! estimated by the above procedures. The energy rate function of a tremor
(Ef(?)), estimated from the amplitudes of the j-th station, was calculated using the following equation:

E;(t) = 2nVsr?pA"? (¢ + t;) exp(2nf.Q~1t;) ()

where, A";(t) is the amplitude of envelopes after the site-correction at the j-th station, 7; is the
hypocentral distance from the tremor source to the j-th station, ¢ is the travel time from the tremor
source to the j-th station, and p is the density (assuming 2,700 kg/m® in this study). The epicentral
locations of the tremors were set at those located by Yamashita et al. (2015, 2021). The depth of the
tremors was set at the plate boundary of the JIVSM (Koketsu et al., 2012). To calculate the energy rate
function, the time windows were set at 240 s, which started 60 s before the time window of the tremors
set by Yamashita et al. (2015; 2021). We stacked the energy rate functions of a tremor for each station
and estimated the average energy rate function Eay(?) divided by the number of stations used. We
calculated the cross-correlation coefficients (CCs) of the energy rate functions of all station pairs in
Fig. 4 and further utilized the stations whose CCs exceeded 0.6 with at least one other station when
stacking the energy rate functions.

The seismic energy W of a tremor is calculated by integrating E,.(t) in the time range #1—

b
W= [ Eae(®dt.  (3)

The integration range is the period when the values of E,,.(t) exceed 20% of the maximum value
of E,ye(t) (red line in the stacked energy rate function of Fig. 5). The duration of a tremor was
defined as t, — t;. The seismic energy rate of the tremor was estimated by dividing the seismic energy

by the duration.
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170 obtained by the root-mean-square of sums squared seismograms of two horizontal components.
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172 epicenter of the tremor as displayed in in Fig. 3a and b. Black line represents the trench axis. Squares
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(a) Observation in 2013 (b) Observation in 2015
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2.2. Estimation of moments of VLFEs

We estimated the source durations and seismic moments of VLFEs temporally
corresponding to the tremors in 2013 and 2015 detected by Yamshita et al. (2015; 2021) by comparing
observed and synthetic waveforms following the procedure of Yabe et al. (2021) and Baba et al. (2021).
We additionally estimated the source durations and seismic moments of VLFEs in 2010 detected by
Asano et al. (2015) using the same method. As long-period VLFE signals are difficult to recognize in
short-period OBS records, we utilized continuous seismograms at onshore broadband F-net stations
for estimation. Before the analysis, we removed the instrumental responses, resampled at one sample
per second, and applied a bandpass filter in a frequency range of 0.02—0.05 Hz to enhance the VLFE
signals.

To reduce the computational costs of calculating Green’s functions, reciprocal calculations
were conducted using OpenSWPC (Maeda et al., 2017). We set source grids at an interval of 0.05° on
the plate boundary of the area where tremors were detected (Fig. 6a). The hypocenter of each VLFE
was supposed to be at the nearest grid from the hypocenter of the tremor located by Yamashita et al.
(2015; 2021) or at the hypocenter of VLFEs located by Asano et al. (2015). JIVSM was implemented
to calculate Green’s functions. The minimum S-wave velocity in the elastic volume was set as 1.5
km/s. The model includes topography (ETOPO1; Amante and Eakins, 2009), air, and seawater layers.
The default values of OpenSWPC were used for the density, seismic velocities, and quality factors in
seawater and air. The model volume was discretized using a uniform grid of 0.2 km. The focal
mechanisms were supposed to be consistent with the geometry of the plate boundary model of JIVSM
and the plate convergence direction of the plate motion model NUVEL-1A (DeMets et al., 1994). By
combining the assumed focal mechanisms and Green’s functions, we prepared a series of synthetic
velocity seismograms with triangular functions and source durations of 1050 s (e.g., Takemura et al.,
2019).

We calculated the station- and component-averaged CCs between the synthetic and observed
waveforms in a time window of 150 s from the assumed origin time of a VLFE. The origin time was
searched for in the range from 30 s before to 30 s after the start time of the duration range of the
temporally corresponding tremor or the origin time of VLFEs located by Asano et al. (2015). The fit
between the observed and simulated Love waves was not sufficient compared with the Rayleigh wave
(Fig. 6b). It may be inferred that the sedimentary structure of JIVSM at very shallow depths (< 5 km)
in Hyuga-nada is insufficient to simulate Love waves, which are sensitive to shallow structures. We
verified that the CCs between the simulated and observed waveforms of a regular earthquake located
by Takemura et al. (2020) in the transverse components were also low, whereas those in the vertical
and radial components were high (Fig. S3). Therefore, we used only the vertical and radial components
(Rayleigh waves) when calculating the CCs. For the N.KYKF station, only the vertical component

was utilized because the horizontal components were noisy. The combination of source duration and

12
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origin time, with the highest average CC in the grid search, was adopted. We calculated the relative
amplitudes by minimizing the variance reduction between simulated and observed waveforms (Baba
et al., 2021; Yabe et al., 2021), and further estimated the seismic moments of VLFEs using the
estimated relative amplitudes. The moment, duration, and average CC of the example in Fig. 6 were
2.0x10'° Nm, 24 s, and 0.65, respectively. Events with average CCs smaller than 0.3 were discarded.

The seismic moment rate of the VLFE was obtained by dividing the seismic moment by the source
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Fig.6. (a) VLFE source grids for the VLFE analysis. Green crosses indicate the locations of the VLFE
source grids. Gray dots indicate the epicenters of tremors detected by Yamashita et al. (2015; 2021).
Red circle indicates the epicenter of the event displayed in Fig. 6b. Blue and brown triangles depict
the locations of OBSs in 2013 and 2015, respectively. Dashed contours indicate the isodepth of the
top of the Philippine Sea plate at 10-km intervals (JIVSM; Koketsu et al., 2012). Black line represents
the trench axis. Inverted triangles display the locations of the F-net stations. (b) An example of a VLFE
in a frequency range of 0.02—0.05 Hz. Waveforms are depicted from 17:04:21 (JST, UTC+9), May 31,
2015. Black and red lines are the observed and the simulated waveforms, respectively. R, T, and U

components represent the radial, transverse, and vertical components, respectively.
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3. Results

We estimated the energies of 1,672 and 6,126 shallow tremors in 2013 and 2015,
respectively. We classified the analysis region into three areas based on spatial variation in slow
earthquake activity: Area A, south of 31.0° N; Area B, west of 132.3°E, north of 31.0° N; and Area C,
east of 132.3°E, north of 31.0° N. In 2013, tremors and VLFEs occurred mainly in Areas A and B,
whereas in 2015, they occurred mainly in Areas B and C. Area A is south of the subducted Kyushu-
Palau Ridge, Area B is near the top of the subducted ridge, and Area C is east of the subducted ridge.
Most of Areas A and C are outside the subducted ridge. The dominant range of tremor energies was
10*-10® J with spatial variation (Fig. 7). In 2013 (Fig. 7a), tremors with large energies (> 10°° J) were
concentrated in Area A. In 2015 (Fig. 7b), tremors with larger energies (> 107 J) occurred near the
northeastern edge of the subducted Kyushu-Palau Ridge in Area C. The tremor energies near the trench
axis in Area C were smaller.

The moments were also estimated for 1,297, 904, and 1,785 shallow VLFEs in 2010, 2013,
and 2015, respectively. The dominant range of the VLFE moments was 10'3-10'%5 Nm (Fig. 8).
South of 31.0° N (Area A), VLFEs with large moments (> 10'* Nm) occurred in 2010 and 2013 (Fig.
8ab). North of 31.0° N, VLFEs extended near the trench axis in 2010 and 2015. In particular, VLFEs
with large moments (> 10'>° Nm) in 2010 and 2015 (Figs. 8a and ¢) are concentrated east of 132.3° E
(Area C). In the west of 132.3° E and north of 31.0° N (Area B), the VLFE moments are relatively
small. The spatial variations in the VLFE moments and tremor energies for each observation period
were similar (Figs. 7 and 8). The spatial variations in the energy rates of tremors and moment rates of
VLFEs were also similar to those of tremor energies and VLFE moments (Figs. S4 and S5). The
energies of the tremors and moments of VLFEs are generally larger outside the subducted ridge (Areas
A and C) than near the top of the subducted ridge (Area B).

In the downdip of shallow tremors and VLFEs, repeating earthquakes occurred at depths of
15-30 km. The interplate slip rate estimated from repeating earthquakes was higher in the south along
the strike direction (Fig. 9; Yamashita et al., 2012). The area with a large slip rate of repeating
earthquakes is considered as weak interplate coupling; therefore, the interplate coupling may be
weaker at depths of 15-30 km in the south (downdip part of Area A) than in the north (downdip of
Area B). The cumulative moment of shallow VLFEs in 2010 and 2013, episodes with along-strike
migrations, was also smaller in Area B than in Area A during the episodes (Fig. 9). By comparing the
spatial variation in VLFE cumulative moments with the slip-deficit rate, Baba et al. (2020) found the
tendency that cumulative moment of shallow VLFEs was larger in areas with weak interplate coupling
along the Nankai Trough. In Hyuga-nada, the slip rate of repeating earthquakes and the cumulative
moment of VLFEs are larger in the south (in and downdip of Area A) than in the north (in and downdip
of Area B). These observations suggest that although there is a difference in the slip behavior along

the dip direction, the along-strike variation in interplate coupling is consistent.
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(a) Tremors in 2013 (b) Tremors in 2015
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Fig. 7. Spatial distribution of energies of shallow tremors (a) in 2013 and (b) in 2015. Green, brown,
and dark blue dotted rectangles indicate the ranges of Area A, B, and C, respectively. Purple lines
represent the inferred subducted Kyushu-Palau Ridge (Yamamoto et al., 2013). Gray triangles depict
the locations of OBSs. Inverted triangles and black line are the same as displayed in Fig. 3. Dashed
contours indicate the isodepth at the top of the Philippine Sea plate in intervals of 5 km (Nakanishi et
al., 2018).

15



This manuscript is a non-peer-reviewed preprint submitted to EarthArXiv

(a) VLFEs in 2010 (b) VLFEs in 2013

32°N v |- 32°N

31°N 31°N

135 145 155 {65
log{o(Moment [Nm])

135

v Al v

30°N T 30°N

130°E 131°E 130°E
32°N L 32°N
31°N A 31°N S B
135 145 155 {65 135 145 155 165

logo(Moment [Nmy) logo(Moment [Nmi)
v A v

30°N T 30°N ,

290 130°E 131°E 130°E 131°E

291
292 TFig. 8. Spatial distribution of moments of shallow VLFEs in (a) 2010, (b) 2013, (¢) 2015, and (d) all
293  analysis periods. Colored dotted rectangles, dashed contours, purple lines, black line and gray triangles

294 are the same as displayed in Fig. 7.
295

16



This manuscript is a non-peer-reviewed preprint submitted to EarthArXiv

(a) VLFEs in 2010

(b) VLFEs in 2013

1 1
/gt zoxn S
32°N / 300N -
31°N I 31°N I fam B
0 50 0 50 E_
km km F
yi i
4 u
30°N e — 30°N —
130°E 131°E 132°E 133°E 130°E 131°E 132°E 133°E
155 16.0 16.5 17.0 0 2 4 6 8 155 16.0 16.5 17.0 0 2 4 o6 8
logyo (Cum. moment [Nm]) Slip rate [cm/year] logyo (Cum. moment [Nm]) Slip rate [cm/year]
296
297

298  Fig. 9. Relationship between slip rates estimated from repeating earthquakes (Yamashita et al., 2012)
299  and shallow slow earthquakes. Gray scales exhibit the cumulative moments of VLFEs. Color scale
300  indicates the slip rate estimated from repeating earthquakes. Colored dotted rectangles, purple lines,

301  black lines, and dashed contours are the same as in Fig. 8.
302
303

17



304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

This manuscript is a non-peer-reviewed preprint submitted to EarthArXiv

4. Discussion
4.1 Spatial variation in slow earthquake activity along the strike direction

In Sections 4.1 and 4.2, we focus on the along-strike migrations in 2010 and 2013, because
the spatial variation in moments and energies of slow earthquakes and the change in migration speed
are associated (Fig. 10a and b). We mainly discuss the spatial variation based on VLFE activity
because the spatial variations in VLFE moments and tremor energies were similar, and the VLFE
analysis covered all episodes in 2010, 2013, and 2015. Migrations along the strike direction in 2010
and 2013 consistently started south of the subducted Kyushu-Palau Ridge (Area A). Subsequently, the
VLFEs migrated northward and entered the subducted ridge. After VLFEs entered Area B, their
migration speed became slow, and the moments of the VLFEs were small (Fig. 10a and b). The
spatiotemporal variation in the migration front seems to be parabolic (discussed in detail in Section
4.2). As indicated by Yamashita et al. (2015), rapid tremor reversals (RTRs; black dotted arrows in
Figs. 10b and S6d), which is a fast backward migration (e.g., Houston et al., 2011), occurred during
the migration in 2013. When RTRs entered Area A, the moments of the VLFEs become large; therefore,
the moments depend on the area.

We divided each episode in 2010 and 2015 into three migrations and the 2013 episode into
two migrations. The 2010a, 2013a, and 2013b migrations were along the strike direction, whereas the
2010b, 2010c, 2015a, 2015b, and 2015¢ migrations were along the dip direction (Figs. 10a and S6;
Table S1). The along-strike migrations were always northward (Figs. 10b, S6a, S6d, and S6e)
(Yamashita et al., 2015), whereas there were various directions for the along-dip migrations. The
2010b, 2015a, and 2015b migrations were eastward (Figs. 10c, S6b, S6f, and S6g) (Yamashita et al.,
2021), whereas the 2010c migration was westward (Figs. S6h). The 2015¢ migration was bilateral
(Fig. S6c¢).

The spatial changes in deep slow earthquake activity in Shikoku are similar to those in
Hyuga-nada. The energy of tremors is larger, the along-strike migration speed is faster, and the number
of tremors is smaller in western Shikoku than in central Shikoku (Table 1; Kano et al., 2018b). In
Hyuga-nada, the migration speed was faster (Fig.10b) and the average moment of VLFEs was larger
in Area A than in Area B (Fig.11); therefore, the migration speed and VLFE moment have a positive
correlation as with tremor activity in Shikoku. In addition, the number density of events was larger in
Area B than in Area A in Hyuga-nada (Fig. 12). From the viewpoint of migration speed, tremor energy
or VLFE moment distribution, and number density, the relationship between western and central
Shikoku corresponds to that between Area A and Area B in Hyuga-nada, respectively. A similar
relationship was also found in shallow VLFE activity around the subducted Paleo-Zenisu Ridge off
the southeast Kii Peninsula (Yamamoto et al., 2022). The relationship between the west of and inside
the subducted Paleo-Zenisu ridge in this region corresponds to that between Area A and Area B in

Hyuga-nada. We discuss spatial variation based on the physical models in Section 4.2.
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In western Shikoku, the pore fluid pressure at the plate boundary is suggested to be lower
than that in central Shikoku (Kano et al., 2018b; Table 1). The pore fluid pressure at the plate boundary
can affect the frictional properties of the faults. Therefore, we compared the P-wave velocity structure
investigated in Nishizawa et al. (2009; Fig. 11a) and the cumulative moment at each grid of 10 km x
10 km along the structure profile (Fig. 11b). The average moment of VLFEs was small and large in
Area B (at a distance of 0-30 km) and in Area A (at a distance of 30-60 km), respectively, along the
profile (Fig. 11b). There is a low seismic velocity anomaly in Area A (Fig. 11a). The low velocity
anomalies can be a result of the high pore fluid pressure around the plate boundary; therefore, the
spatial variation in the slow earthquake activity between Areas A and B may be related to the existence

of the low velocity anomaly. This is discussed in more detail in Section 4.2.
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Fig. 10. (a) Summary of slow earthquake migration patterns. Colored arrows represent the direction
of migration patterns. Colored dotted rectangles, dashed contours, purple lines and black inverted
triangles are the same as displayed in Fig. 8. (b) Spatiotemporal distributions of (b) an along-strike
migration 2013a and (c) along-dip migration 2010b with moments of VLFEs. Black arrows indicate
the direction of migrations. Black dotted arrows in Fig. 9b represents the RTR.

19



360

361
362
363
364
365
366
367
368
369

This manuscript is a non-peer-reviewed preprint submitted to EarthArXiv

trench

15 20 25 3.0 35 40 45 5‘.: 85 60 65 7.0 75 80 85 90
? 18.0 —_— L 16.0
(b) = e VLFEs in 2010, 2013, and 2015
. 17.5 ® ¢ . ® " ISibducted rdgef 7 ‘ 5t
c — &
2 17,0 | ¢
o ® 31N { e s
€ 165 ) - 15.0
e o
g 16.0 {® — L
O 15.5 SN i35 145 15.? ])16.5 f T+ 14.5
~ - log,o{Moment [N KPr1\ v
6.’? B A 130°E 1atoE 132°E 133°E
2 15.0 +—F——F—"———1 1~ 14.0
0 50 100 150 200

Distance along the profile (km)

logy, (Ave. moment [Nm]) @

Fig. 11. (a) P-wave structure model along the profile (Nishizawa et al., 2009) and (b) histogram of

cumulative moment and average moment of VLFEs at each grid of 10 km x 10 km in the horizontal

directions. Grids are set along the profile and the profile penetrates the center of the ordered grids. The

red circles in Fig. 11b display the average moment of VLFEs at each grid. The profile is indicated by

a blue line in the map in Fig. 11b. Colored dotted rectangles, purple contour, black line, and dashed

contours in the map are the same as displayed in Fig. 8.
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Fig. 12. Event number distribution in the grid of 1° x 1°. (a), VLFEs located by Asano et al. (2015),
(b), tremors located by Yamashita et al. (2015), (c), tremors located by Yamashita et al. (2021). Colored

dotted rectangles, purple lines, and black lines are the same as in Fig. 8.
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Table 1. Variation in slow earthquake activity in Hyuga-nada and in Shikoku (Kano et al., 2018b).
Checkmarks in the table represent that the characteristic of slow earthquake activity or fault condition
on the plate boundary in Shikoku is also observed in Hyuga-nada. The pore fluid pressure on the plate
boundary in Hyuga-nada is interpreted from the seismic velocity structure investigated by Nishizawa
et al. (2009). Tidal sensitivity of slow earthquakes in Hyuga-nada was indicated by Katakami et al.
(2017).

This study (Hyuga-nada) Area A Area B Observation
: : : in Hyuga-
Kano et al. (2018; Shikoku) Western Shikoku  Central Shikoku d
nada
Migration speed Fast Slow v
Energy or moment Large Small v
Pore fluid pressure on the i
Low High v'?
plate boundary
Tidal sensitivity Low High v
Number of events Small Large v
Interpretation Strong patch area ~ Weak patch area

4.2. Spatial variation in rupture process inferred from physical models

To investigate the controlling factor of the along-strike variation in slow earthquake activity
in Hyuga-nada, we compared the activity with a physical model of along-strike slow earthquake
migration by Ando et al. (2012). They predicted that ETS starts migrating energetically in strong patch
areas and decelerates with a parabolic spatiotemporal pattern in weak patch areas. In their model,
strong and weak brittle patches exist on the ductile background based on Newtonian rheology. In
Hyuga-nada, the migration speed was faster, and the VLFE moment was larger in Area A than in Area
B. These observations are consistent with the model by Ando et al. (2012). The along-strike variation
in slow earthquake activity in Hyuga-nada can be explained by the difference in the patch strength of
slow earthquakes, where Areas A and B are considered strong and weak patch areas, respectively (Fig.
13).

The spatial variations in slow earthquake activity in Shikoku and off the southeastern Kii
Peninsula were also discussed based on Ando et al. (2012) (Shikoku: Kano et al., 2018b; off the
southeast Kii Peninsula: Yamamoto et al., 2022). In Shikoku, western and central Shikoku are
interpreted as strong and weak patch areas, respectively, whereas the areas west of and inside the
subducted Paleo-Zenisu ridge off the Kii Peninsula are regarded as strong and weak patch areas,

respectively.
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As mentioned in Section 4.1, there is a low velocity anomaly in Area A (Fig. 11a). The
existence of low velocity anomalies can be considered a result of the high pore fluid pressure around
the plate boundary. We interpreted that a low velocity anomaly in Area A exists in the hanging wall.
Based on the similarity with slow earthquake activity in Shikoku (Kano et al., 2018b), the fluid
pressure on the plate boundary may be lower and the effective normal stress is higher in Area A than
in Area B; therefore, the patch strength may be stronger in Area A than in Area B (Fig. 13).
Hydrological or material properties along the slow earthquake faults may vary between Areas A and
B. To discuss the variation in these properties in Hyuga-nada in more detail, investigations of seismic
velocity structures (especially Vs and Vp/Vs ratio) are required in future work. Katakami et al. (2017)
suggested that the correlation between tremor activity and tides was low at the start of the 2013 tremor
migration in Area A, whereas tremor activity was sensitive to the tidal changes in the latter part of the
tremor migration in Area B in Hyuga-nada. Therefore, tidal sensitivity was considered to be higher in
Area B (weak patch area) than in Area A (strong patch area). This characteristic is similar to that of
the deep tremor activity observed in Shikoku (Table 1). It is suggested that weak slow earthquake
patches are easily ruptured by external stress perturbations, such as tidal changes (Kano et al., 2018b).

As mentioned in Section 4.1., the spatiotemporal variation in the migration front appears to
be parabolic. Following Ando et al. (2012), we investigated which function is better for fitting the
migration front in 2013a, exponential (/=C exp(x); ¢ is the elapsed time, x is the migration distance,
and C is constant) or parabolic (&=D"'x?; D is the diffusion coefficient). Although tremor epicenters
were scattered around the start of migration, the migration pattern seems to be better fitted by a
parabola (Fig. 14), and the diffusion coefficient D is evaluated as ~6x10* m%s. The relationship
between D and the velocity strength coefficient #,, is described by Ando et al. (2012):

__ uL At
M = 21D T,

“)

where u is the rigidity, L is the width of the strong patch, and 47/z. is the stress drop normalized by the
strength excess. In the observations in Hyuga-nada, the D and L of shallow slow earthquakes are
~6x10* m?%/s and ~8x10* m, respectively. Although these values are larger than those of deep tremor
activity in the Kii Peninsula evaluated by Ando et al. (2012) (D~0.5%10* m%*/s and L~10* m), if x and
At/t, are the same as in the Kii Peninsula, the value of #, is evaluated as ~10'° Pa s m™!, which is
similar to that estimated by Ando et al. (2012) on the order scale.

The patch strength in Ando et al. (2012) is represented by the amount of stress drop.
Therefore, we evaluated the variation in the stress drop of the VLFEs in Hyuga-nada. Assuming a
circular crack model, the seismic moment M, of an earthquake is given by (e.g., Kanamori and
Anderson, 1975):

M, = 1—76Arr3 Q)

where Az is the stress drop and r is the radius of the patch. In this section, this relationship is further
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assumed in VLFEs. The average moment of a VLFE in Area A (strong patch area) and in Area B (weak
patch area) is 2.4x10'> Nm and 5.6x10'* Nm, respectively (Fig. 11b). If constant patches with a radius
r of 5 km are assumed (e.g., Ohta and Ide, 2017), the average stress drop of a VLFE in Areas A and B
is evaluated as 8x10° Pa and 2x10° Pa, respectively. The spatiotemporal distribution of migration is
parabolic if the difference in stress drop between strong and weak patches is sufficient (Ando et al.,
2012). As indicated by the fitting of the migration front, the spatiotemporal variation in the slow
earthquake migration front was parabolic (Fig. 10b). Although the model of Ando et al. (2012)
assumed an 11-times differences between strong and weak patches, a parabolic migration pattern was
observed by an approximately four-time difference in the stress drops of these patches in Hyuga-nada.

Based on the rate- and state-dependent friction laws, the rupture propagation speed is
negatively correlated with the ratio of the length of the velocity-weakening materials to the total length
(17) (Skarbek et al., 2012). We consider that the tremor migration speed corresponds to the rupture
propagation speed of the SSE (e.g., Bartlow et al., 2011); therefore, we discuss based on this
assumption. In Hyuga-nada, the migration speed, which corresponds to the rupture velocity of a
shallow SSE, was faster in Area A than in Area B (Fig. 10b). According to their results, the value of 7
may be larger in Area A than in Area B. Skarbek et al. (2012) suggested that the migration speed and
stress drop are negatively correlated with a/b (a and b are frictional parameters of the rate- and state-
dependent friction law) in velocity-weakening areas (i.e., a/b < 1) if 5 is constant. As described above,
the stress drop of VLFEs may be larger in Area A; therefore, the absolute value of a-b in a velocity-
weakening material may be larger in Area A. The heterogeneity of slow earthquake activity may be

controlled by frictional factors, such as # or a-b.
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4.3. Scaled energy of shallow slow earthquakes in Hyuga-nada

Recently, slow earthquake signals have been also detected in the microseism frequency band
between tremors and VLFEs (Kaneko et al., 2018; Masuda et al., 2020; Yamashita et al., 2021);
therefore, slow earthquakes are supposed to be broadband phenomena. To investigate the
characteristics of broadband slow earthquakes, we evaluated the scaled energy of the slow earthquakes
in Hyuga-nada. We estimated the scaled energy using the ratio between the seismic energy rate of a
tremor and the seismic moment rate of the accompanying VLFE for activities in 2013 and 2015, in
which the energy rate could be estimated from the OBS records. The dominant range of the scaled
energy was 107''-10"® both in 2013 and 2015 (Fig. 15ab). Although the distribution of the median
scaled energy is smaller around the eastern edge of the Kyushu-Palau Ridge in Area C, the range of
the median scaled energy is in the range of 1071°-10” in all areas (Fig. 15cd); therefore, the spatial
variation in the median scaled energy is similar in the order scale.

The scaled energy of shallow slow earthquakes in Hyuga-nada is 10"'-10" which is
scattered compared to those in other regions along the Nankai Trough except Hyuga-nada (10'°-10-
8. Yabe et al., 2021, 2019), along the Japan Trench (10'°-10"; Yabe et al., 2021), and in Costa Rica
(10°-10%; Baba et al., 2021), or that of deep slow earthquakes in southwest Japan, Cascadia, and
Mexico (10°-10"; Ide, 2016; Ide and Maury, 2018; Ide and Yabe, 2014; Fig. 16). The reason for the
broad range of scaled energies in Hyuga-nada can be that the dominant range of moment rates of
shallow VLFEs here extends to 10'> Nm/s, which is one order larger than that of other shallow slow
earthquake regions (10'2-10'* Nm/s; Nakano et al., 2018; Takemura et al., 2019; Yabe et al., 2021).
Hyuga-nada can also be characterized from the perspective of the scaled energy of slow earthquakes.
Similar dominant ranges of scaled energies in 2013 and 2015 (Fig. S7) suggest that the scaled energy
did not change temporally.

Ide (2008) and Ide and Maury (2018) evaluated the characteristic time o' of seismic slow
earthquakes in deep southwest Japan, Cascadia, and Mexico as 0.3-30 s. The range of ™' of the SSE
scale in deep southwest Japan, Cascadia, and Mexico evaluated by Ide and Maury (2018) is 75-300 s.
o' is inversely proportional to the ratio of the long-term averages of energy rates to the square of the
long-term averages of moment rates; thus, &' in Hyuga-nada is estimated to be 3-10000 s. In Hyuga-
nada, there may be slow earthquake events that have similar or longer characteristic times than those
of other slow earthquake regions. In addition, the range of the characteristic time is broader in Hyuga-
nada than in other slow earthquake regions; therefore, slow earthquakes in Hyuga-nada may have

various spectral features.
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Fig. 15. Spatial distribution of scaled energy of shallow slow earthquakes (a) in 2013 and (b) in 2015.
Spatial distribution of the median scaled energy in the grid of 1° X 1° where the number of event is
larger than 10 (a) in 2013 and (b) in 2015. Colored dotted rectangles, purple lines, black lines, fray

triangles, inverted triangles, and dashed contours are the same as in Fig. 8.
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Off Tohoku and Tokachi (Yabe, et al., 2021)
Shallow Costa Rica (Baba et al., 2021)
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Fig. 16. Relationship between seismic moment rates of VLFEs and seismic moment rates of tremors.
Red circles, purple squares, green diamonds, dark blue inverted triangles, and dark blue triangles
indicate the relationships between seismic moment rates of VLFEs and seismic moment rates of
tremors in shallow Hyuga-nada (this study), shallow Nankai except Hyuga-nada (Yabe et al., 2021,
2019), off Tohoku and Tokachi (Yabe et al., 2021), shallow Costa Rica (Baba et al., 2021), and deep
slow earthquakes (Ide, 2016; Ide and Maury, 2018; Ide and Yabe, 2014). Dashed lines represent scaled
energies of 107, 108, 10, 10°'°, 10", and 102,
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5. Conclusion

To investigate the spatial variation in the source characteristics of shallow slow
earthquakes in Hyuga-nada at a higher resolution, we estimated the energies of shallow tremors,
moments of shallow VLFEs, and the scaled energy of shallow slow earthquakes in Hyuga-nada using
the data from permanent onshore broadband and temporary offshore seismometers. The dominant
ranges of energies of tremors and moments of VLFEs are 10*-10° J and 10"3-10'®5 Nmys,
respectively. The energies of tremors and moments of VLFEs are larger in Areas A and C (most of
which are outside the subducted Kyushu-Palau Ridge) than in Area B (near the top of the subducted
ridge). The migration of tremors and VLFEs along the strike direction started in Area A (south of the
subducted ridge) with events of larger energies and moments. After going north and entering Area B
(near the top of the subducted ridge), the migration speed slowed, and the energies of tremors and
moments of VLFEs were observed to be small (Fig. 9b).

Based on the physical model of Ando et al. (2012), Areas A and B correspond to the strong
and weak patch areas, respectively. The spatiotemporal distribution of the tremor migration in 2013 is
fitted by a parabolic function. If a circular crack model is assumed, the average stress drop of the
VLFEs in Area A (strong patch) and Area B (weak patch) are evaluated as 8x10° Pa and 2x10° Pa,
respectively. An approximately four times difference in the stress drop of strong and weak patches can
generate a parabolic migration pattern. The along-strike variation in the rupture process on the plate
boundary, such as the stress drop, in slow earthquake regions can cause variations in the moment of

slow earthquakes and migration pattern near the southern edge of the subducted ridge.

Data Availability

A part of OBS data for this study was acquired by “Research project for compound disaster
mitigation on the great earthquakes and tsunamis around the Nankai Trough region,” a project of the
Ministry of Education, Culture, Sports, Science and Technology, Japan. We used the F-net broadband
seismograms from the National Research Institute for Earth and Disaster Resilience (2019) and the
earthquake catalogs from the Japan Meteorological Agency
(https://www.data.jma.go.jp/svd/egev/data/bulletin/index_e.html). OpenSWPC code Version 5.0.2

(Maeda et al., 2017) was utilized to calculate synthetic waveforms. We used the Fujitsu PRIMERGY
CX600M1/CX1640M1 (Oakforest-PACS) at the Information Technology Center, the University of
Tokyo for numerical simulations. Generic mapping tools (Wessel et al., 2013) and the Seismic
Analysis Code (Helfrich et al., 2013) are used to prepare figures and process seismograms, respectively.
Catalogs of shallow tremors detected by Yamashita et al. (2015; 2021) can be downloaded from the
Slow Earthquake Database (Kano et al., 2018a). The estimated tremor energies and VLFE moments

are provided in an open access repository, zenodo (https://doi.org/10.5281/zenodo.7226845).
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(a) 2013 for site correction (b) 2015 for site correction
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Fig. S1. Distribution of earthquakes used for the estimation of the site amplification factors. Inverted
triangles display the locations of the F-net stations. Squares represents the locations of OBSs. Black

line and dotted contours are the same as displayed in Fig. 6.
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Fig. S2. Estimation errors of site amplification factors at each station. Inverted triangle indicates the

location of the F-net station, N.TASF. Black line is the same as displayed in Fig. 3.
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Fig. S3. Simulated waveforms of a regular earthquake that occurred in northern Hyuga-nada. (a) Focal
mechanism of the regular earthquake listed in the catalog by Takemura et al. (2020; catalog:
doi:10.5281/zenodo.3821172). Black line, inverted triangles, and dotted contours are the same as
displayed in Fig. 6. (b) Observed (black lines) and simulated (red lines) waveforms of the earthquake
at each F-net station. The assumed source time function was a Kiipper wavelet with a source duration
of 1 s. Black and red lines are the observed and the simulated waveforms, respectively. The simulation
setting is the same as described in Section 2.2. R, T, and UB components represent the radial,

transverse, and vertical components, respectively.
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(a) Tremors in 2013 (b) Tremors in 2015
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766  Fig. S4. Spatial distribution of energy rates of shallow tremors in (a) 2013 and (¢) in 2015. Colored
767  dotted rectangles, dashed contours, purple lines, black line and gray triangles are the same as displayed
768  inFig. 7.
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(a) VLFEs in 2010 (b) VLFEs in 2013
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Fig. S5. Spatial distribution of moment rates of shallow VLFEs in (a) 2010, (b) 2013, (c) 2015, and
(d) all analysis periods. Colored dotted rectangles, dashed contours, purple lines, black line and gray

triangles are the same as displayed in Fig. 7.
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(d) Migration 2013a
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(f) Migration 2015a
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(h) Migration 2015¢
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785  Fig. S6. Spatiotemporal distributions of moments of VLFESs and energies of tremors in the directions
786  along the N-S and E-W sections for each migration. Black arrows indicate the direction of migrations.
787  Black dotted arrows in Fig. S4d represents the RTR.
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790

791  Fig. S7. Relationship between seismic moment rates of VLFEs and seismic moment rates of shallow
792 tremors at each area in Hyuga-nada (a) in 2013 and (b) in 2015. Epicenters of shallow tremors at each
793  area(c) in 2013 and (d) in 2015. Shallow tremors in Area A, B, and C are depicted by green, brown,
794 and dark blue dots, respectably. Black lines, gray and black inverted triangles are the same as displayed
795  inFig.7.
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798  Table S1. Characteristics of migrations in Hyuga-nada.

799
Migration direction

2010a  Along-strike South to north
2010b Along-dip Downdip to updip
2010c¢ Along-dip Updip to downdip
2013a  Along-strike South to north
2013b  Along-strike South to north
2015a Along-dip Downdip to updip
2015b Along-dip Downdip to updip
2015¢ Along-dip Bilateral
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