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Summary 20 
Hyuga-nada, off the Pacific coast of Kyushu along the Nankai Trough in southwest 21 

Japan, is one of the most active slow earthquake regions around Japan. We estimated the energies 22 
of shallow tremors and moments of shallow very low frequency earthquakes (VLFEs) in Hyuga-23 
nada using data from a permanent onshore broadband network and temporary ocean bottom 24 
seismometer observations. The energies and moments of these slow earthquakes have a similar 25 
along-strike variation and are generally larger south of the subducted Kyushu-Palau Ridge than 26 
near the top of the ridge. This spatial variation is also related to the characteristics of slow 27 
earthquake migration. The along-strike migration speed was faster at initiation in the south, where 28 
the moments of slow earthquakes are larger. After migration entered the subducted Kyushu-Palau 29 
Ridge, its speed is decelerated with a parabolic pattern and their moments became smaller. 30 
Assuming a constant patch size of slow earthquakes, we estimated that the stress drop of VLFEs 31 
in the south of the subducted ridge was approximately three times larger than that near the top of 32 
the subducted ridge. According to our observations and a physical model, this stress drop 33 
difference between adjacent regions may cause parabolic migration. We also estimated the scaled 34 
energy of slow earthquakes from the ratio of the seismic energy rates of tremors to the seismic 35 
moment rates of accompanying VLFEs. The spatial variation in scaled energy is not identified 36 
inside the Hyuga-nada. Since the range of scaled energy is similar between Areas A and B, the 37 
apparent stress may be similar if the rigidity is the same. The dominant range of scaled energy of 38 
slow earthquakes in Hyuga-nada is 10-11.5–10-8.5. In addition to having similar or one order smaller 39 
values compared to other slow earthquake regions, the range of scaled energy in Hyuga-nada is 40 
broader. This broader range suggests wide range of characteristic time and various spectral 41 
features of slow earthquakes in Hyuga-nada. Based on a Brownian slow earthquake model, the 42 
wide range of characteristic time in this area suggests width variations of slow earthquake source 43 
area. 44 
 45 
Keywords: Subduction zone processes, Seismicity and tectonics, Earthquake source observations, 46 
Japan 47 
 48 
  49 
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1. Introduction 50 
After the discovery of tectonic low frequency tremors by Obara (2002), slow 51 

earthquakes, which are fault slips with longer characteristic durations than regular earthquakes 52 
with the same seismic moment (Ide et al. 2007), were mainly detected around seismogenic zones 53 
on plate boundaries of subduction zones or strike slip regimes in the world. Seismic slow 54 
earthquakes are classified into tremors and low frequency earthquakes (e.g., Shelly et al. 2006) 55 
observed in a frequency range of 2–8 Hz, and very low frequency earthquakes (VLFEs) observed 56 
in a frequency range of 0.02–0.05 Hz (e.g., Obara & Ito 2005). Slow slip events (SSEs) are 57 
geodetically observed as crustal deformations, with duration ranging from several days to several 58 
years (e.g., Dragert et al. 2001; Hirose et al. 1999). The focal mechanisms of slow earthquakes in 59 
subduction zones are thrust-type and consistent with those of megathrust earthquakes along plate 60 
boundaries. In addition, slow earthquake activity can reflect the stress conditions on the plate 61 
boundary around the slow earthquake regions (e.g., Obara & Kato 2016). Recent studies have 62 
revealed that slow earthquakes can potentially trigger megathrust earthquakes (e.g., Kato et al. 63 
2012; Vaca et al. 2018). Thus, studies of slow earthquakes are important for understanding the 64 
slip behaviours on the plate boundary and the occurrence mechanism of megathrust earthquakes. 65 

Around the Japanese islands, slow earthquakes occur in shallower and deeper extensions 66 
of the seismogenic zone in southwest Japan along the Nankai Trough and in the offshore region 67 
of northeastern Japan along the Japan Trench. In Hyuga-nada, off the Pacific coast of Kyushu, 68 
VLFEs are the most active around Japan (Baba et al. 2020). In this area, Asano et al. (2015) 69 
reported the migration of shallow VLFEs, which can be considered as a proxy for rupture 70 
propagation of an SSE (e.g., Bartlow et al. 2011; Ito et al. 2007), in 2010 (Fig. 1a). VLFEs first 71 
migrated from 30.5º N to 31.5º N along the strike direction and changed to along-dip migration 72 
at the subducted Kyushu-Palau Ridge, which is subducting at the Nankai Trough. Although 73 
VLFEs are observed by onshore stations owing to the effective propagation of surface waves 74 
along shallower low velocity structures, it is difficult to identify weak signals of shallow tremors 75 
in Hyuga-nada using permanent onshore stations. Yamashita et al. (2015) and Yamashita et al. 76 
(2021) detected shallow tremors and reported their migrations in Hyuga-nada utilizing temporary 77 
ocean bottom seismometers (OBSs) in 2013 and 2015, respectively (Fig. 1b and c). In 2013, 78 
tremors migrated twice from 30.3º N to 31.7º N. In 2015, tremors migrated from west to east, 79 
north of 31º N and extended near the trench axis (Yamashita et al. 2021). The shallow tremors in 80 
Hyuga-nada were temporally correlated with shallow VLFEs (Fig. 2). The spatial distributions of 81 
tremors in both 2013 and 2015 were contained by those of VLFEs in 2010. Temporary OBS 82 
observations also revealed a high-resolution distribution of VLFEs. Tonegawa et al. (2020) 83 
suggested that the depths of shallow VLFEs near the subducted Kyushu-Palau Ridge are 84 
approximately 5 km different from the surrounding area. 85 
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The tectonic regime in Hyuga-nada is very characteristic; the Kyushu-Palau Ridge is 86 
subducting and the trench axis bends around the region where the ridge subducts (Fig. 1). In 87 
addition, repeating earthquakes representing quasi-static slips on the plate boundary (e.g., Nadeau 88 
& McEvilly 1999; Uchida et al. 2003) occur in the downdip of shallow slow earthquakes (e.g., 89 
Igarashi, 2020; Yamashita et al., 2012). Tectonic conditions can affect the source parameters, such 90 
as the moment rate, of slow earthquakes (Baba et al. 2020; Takemura et al. 2022b). To investigate 91 
the spatial relationships between slow earthquake activity and tectonic conditions in Hyuga-nada 92 
in this study, we quantitatively estimated the spatial variation in the source characteristics of slow 93 
earthquakes at high spatial resolution using onshore and offshore data. 94 

As the quantitative indicators of source characteristics, we focus on the energy rate 95 
functions of tremors, moment rate functions of VLFEs, and the scaled energy. Recently, slow 96 
earthquake signals have been also detected in the microseism frequency band between tremors 97 
and VLFEs (Kaneko et al. 2018; Masuda et al. 2020; Yamashita et al. 2021); therefore, slow 98 
earthquakes are assumed to be broadband phenomena (Ide & Maury, 2018). Ide et al. (2008) 99 
demonstrated the seismic energy rates of slow earthquakes in 2–8 Hz are proportional to the 100 
seismic moment rates and evaluated the scaled energy of slow earthquakes by the ratio between 101 
tremor energy rate and the accompanying VLFE moment rate. Scaled energy has been used for 102 
the purpose of comparing dynamic characteristics of seismic events (Kanamori & Rivera 2006). If 103 
the rupture process of seismic events is self-similar, the scaled energy is constant. Previous studies 104 
demonstrated that scaled energy of slow earthquakes is 10-10–10-8 and 4–5 orders smaller than that 105 
of regular earthquakes (e.g., Ide et al. 2008). Yabe et al. (2019) and Yabe et al. (2021) estimated 106 
the scaled energy of shallow slow earthquakes along the Nankai Trough and along the Japan 107 
Trench, respectively, and suggested the relationship between scaled energy distribution and 108 
geological condition. To investigate the characteristics of broadband slow earthquakes as well as 109 
the spatial relationships between slow earthquake activity and tectonic conditions, we evaluated 110 
the energy rate functions of tremors, the moment rate functions of VLFEs, and the scaled energy 111 
of the slow earthquakes in Hyuga-nada at a high spatial resolution using onshore and offshore 112 
data. 113 

 114 
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 115 
 116 

Figure 1. Slow earthquake activity in Hyuga-nada. Coloured dots are epicentres of (a) shallow 117 
VLFEs in 2010 detected by Asano et al. (2015), (b) shallow tremors in 2013 detected by 118 
Yamashita et al. (2015), and (c) shallow tremors in 2015 detected by Yamashita et al. (2021). The 119 
colours of dots correspond to days from the first activity for each tremor episode. White triangles 120 
represent the locations of the OBSs utilized in the shallow tremor analysis. Inverted triangles 121 
exhibit the locations of the F-net stations utilized in the shallow VLFE analysis. White arrows 122 
indicate the direction of the motion of the Philippine Sea Plate relative to the Eurasia Plate 123 
(NUVEL-1A; DeMets et al., 1994). White dashed lines represent the trench axis. Background 124 
grey scale denotes the bathymetry (ETOPO1; Amante & Eakins 2009). Dashed contours indicate 125 
the isodepth at the top of the Philippine Sea plate in intervals of 5 km (Nakanishi et al. 2018). 126 
Black lines in the inset represent the boundaries between the plates. 127 
 128 
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 129 

 130 
Figure 2. Example of one-hour records for (a) shallow tremors in a frequency range of 2–8 Hz at 131 
OBSs and (b) shallow VLFEs in a frequency range of 0.02–0.05 Hz at F-net stations. 132 
 133 
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2. Data and Method 134 
2.1. Estimation of energy rate functions of tremors 135 

For the analysis of tremors, we evaluated the energy rate functions of tremors located 136 
by Yamashita et al. (2015; 2021). We used 360 s broadband (NK1508 and NK1510 in 2015), 1 137 
Hz (S06.13, S09.13 in 2013 and others in 2015) and 4.5 Hz (others in 2013) short-period OBS 138 
records of temporary seismological observations in Hyuga-nada. 11 and 12 stations were 139 
incorporated from April 17 to July 4, 2013 (Yamashita et al. 2015) and from January 1, 2015 to 140 
January 1, 2016 (Yamashita et al. 2021), respectively. The sampling rates were 200 Hz (S05.13, 141 
S06.13, S08.13, and S09.13 in 2013 and all OBSs in 2015) or 128 Hz (other OBSs in 2013). 142 
Analog seismic signals were digitized using a 16-, 20-, or 24-bit A/D converter. After instrumental 143 
responses were removed, a bandpass filter was applied in a frequency range of 2–8 Hz, and the 144 
vertical and horizontal components of the root-mean-square (RMS) velocity envelopes with a 145 
smoothing time window of 5 s were calculated. The envelopes were resampled at one sample per 146 
second. Examples of envelope waveforms of a tremor obtained by the RMS of the sums squared 147 
seismograms of two horizontal components are displayed in Fig. 3. Since OBSs are often installed 148 
on soft sediments and amplitudes of seismic waves are more amplified compared to onshore 149 
stations. We, therefore, selected a permanent onshore station N.TASF from the F-net broadband 150 
seismograph network (Aoi et al. 2020) as a reference station, because F-net stations are installed 151 
at inland outcrop rock sites (Aoi et al., 2020) and the site amplification factors between F-net 152 
stations are very similar (Takemoto et al. 2012). 153 

We estimated the site amplification factors of the vertical and horizontal components 154 
at each OBS relative to N.TASF, at 2–8 Hz and the quality factor of the S-wave attenuation (Q) 155 
by utilizing the information of the maximum S-wave amplitudes of intraslab regular earthquakes 156 
following the method of Yabe et al. (2019). The maximum S-wave amplitude of the i-th 157 
earthquake at the j-th station (Aij) is expressed by the following relationship: 158 

ln#𝐴!"% = ln(𝑆!) − ln#√4𝜋𝐿!"% −
#$!%"#

&$
𝐿!" + ln	(𝐶")   (1) 159 

where Si is the size of the i-th seismic source, Lij is the distance between the hypocentre of the i-160 
th earthquake and the j-th station, fc represents the central frequency (5 Hz in this study), Vs is the 161 
S-wave velocity (assuming 3.5 km/s in this study), and Cj is the site amplification factor. Q-1 162 
represents apparent S-wave attenuation, including intrinsic and scattering attenuations. The 163 
attenuation by geometrical spreading corresponds to the second term of the right-hand side of the 164 
equation (1). We measured the maximum S-wave amplitudes of regular earthquakes more than 5 165 
km deeper than the plate boundary of the Japan Integrated Velocity Structure Model (JIVSM; 166 
Koketsu et al. 2012) with magnitudes larger than 2.5 listed in the regular earthquake catalogue of 167 
the Japan Meteorological Agency (Fig. S1). We defined the maximum envelope amplitude of the 168 



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

 

 8 

time window from 2 s before to 50 s after the arrival time at each OBS as the maximum S-wave 169 
amplitude. To estimate the site amplification factor of j-th station relative to a reference station 170 
(j0), taking the difference of equation (1) for i-th event at j-th and the reference station: 171 

𝑙𝑛 4
'%&
'%&'

5 + 𝑙𝑛 4
(%&
(%&'
5 = − #$!%"#

&$
(𝐿!" − 𝐿!"') + 𝑙𝑛 4

)&
)&'
5.   (2) 172 

The site amplification factor relative to N.TASF and Q-1 at each OBS was estimated by solving 173 
Equation (2) using the least-squares method. Following Yabe et al. (2019), we set the site 174 
amplification factor at the reference station N.TASF as 2 to consider the free-surface effect. In the 175 
following procedures, we utilized the RMS of the sums of the squared three-component 176 
seismograms with a smoothing time window of 5 s after site correction by implementing the site 177 
amplification factors displayed in Fig. 4. After correcting the site amplification factors, the 178 
amplitudes were normalized by the site conditions at the reference onshore station, N.TASF. We 179 
also evaluated the average of Q-1 solved at each OBS in Equation (2) as (3.4415±0.9585)×10-3. 180 
We adopted this value to estimate the energy rate functions of the tremors. 181 

We calculated the energy rate functions of the tremors by implementing the site 182 
amplification factors and Q-1 estimated by the above procedures. The energy rate function of a 183 
tremor (Ej(t)), estimated from the amplitudes of the j-th station, was calculated using the following 184 
equation: 185 

𝐸"(𝑡) = 2𝜋𝑉*𝑟"+𝜌𝐴′′"+#𝑡 + 𝑡"% exp#2𝜋𝑓,𝑄-.𝑡"%     (3) 186 
where, 𝐴//"(𝑡) is the amplitude of envelopes after the site-correction at the j-th station, rj is the 187 
hypocentral distance from the tremor source to the j-th station, tj is the travel time from the tremor 188 
source to the j-th station, and ρ is the density (assuming 2,700 kg/m3 in this study). The epicentral 189 
locations of the tremors were set at those located by Yamashita et al. (2015; 2021). The depth of 190 
the tremors was set at the plate boundary of the JIVSM (Koketsu et al. 2012). To calculate the 191 
energy rate function, the time windows were set at 240 s, which started 60 s before the time 192 
window of the tremors set by Yamashita et al. (2015; 2021). We stacked the energy rate functions 193 
of a tremor for each station and estimated the average energy rate function Eave(t) divided by the 194 
number of stations used. We calculated the cross-correlation coefficients (CCs) of the energy rate 195 
functions of all station pairs in Fig. 4 and further utilized the stations whose CCs exceeded 0.6 196 
with at least one other station when stacking the energy rate functions. 197 

The seismic energy W of a tremor is calculated by integrating 𝐸012(𝑡) in the time range 198 
t1–t2: 199 

𝑊 = ∫ 𝐸012(𝑡)𝑑𝑡
3(
3#

.    (4) 200 

The integration range is the period when the values of 𝐸456(𝑡) exceed 20% of the maximum 201 
value of 𝐸012(𝑡) (red line in the stacked energy rate function of Fig. 5). The duration of a tremor 202 
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was defined as 𝑡+ − 𝑡.. The seismic energy rate of the tremor was estimated by dividing the 203 
seismic energy by the duration. To evaluate the uncertainty of estimated energies, we calculated 204 
the standard deviation of the logarithm of energies estimated from each OBS data. The uncertainty 205 
of tremor energies is 0.5–1 order (Fig. S3a). 206 
 To validate the method of seismic energy estimation, we estimated seismic energies of 207 
regular earthquakes in the 2015–2016 observation by using the equations (3) and (4) (Fig. S4). 208 
The earthquakes in the area of 131.0ºE–133.5ºE and 30.0–32.0ºN with moment magnitudes larger 209 
than 4 by moment tensor analysis by F-net site 210 
(https://www.fnet.bosai.go.jp/event/search.php?LANG=en) were selected. In previous studies, 211 
scaled energies of regular earthquakes evaluated by the ratio of seismic energy to seismic moment 212 
are estimated to be approximately 3x10-5 (e.g., Ide & Beroza 2001). The scaled energies of most 213 
regular earthquakes shown in Fig. S4a are in the range of 10-5–10-4 (Fig. S4b). It indicates that 214 
this method can estimate seismic energies on an order scale. 215 

 216 



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

 

 10 

 217 
 218 

Figure 3. Example of (a) waveforms of a tremor in a frequency range of 2–8 Hz, and (b) envelopes 219 
obtained by the root-mean-square of sums squared seismograms of two horizontal components. 220 
Waveforms are displayed from 05:43:00 (JST, UTC+9), June 12, 2013. (c) Red circle depicts the 221 
epicentre of the tremor as displayed in in Fig. 3a and b. Black line represents the trench axis. 222 
Squares indicate the locations of OBSs. 223 
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 224 
 225 
Figure 4. Site amplification factors at each OBS. Triangles represent the locations of OBSs. 226 
Inverted triangle indicates the location of the reference station, N.TASF. Black line is the same as 227 
displayed in Fig. 3. Estimation error of site amplification factors is shown in Fig. S2. Site 228 
amplification factor at N.TASF is set as 2.0. 229 
 230 
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 231 
 232 
Figure 5. Temporal changes of energy rate functions of a tremor estimated at each OBS along 233 
with its stacked energy rate function. Red line of the stacked energy rate function indicates the 234 
threshold, which is set as 20% of the maximum value of the energy rate function. Red circle, 235 
squares and black line are the same as displayed in Fig. 3. 236 
  237 
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2.2. Estimation of moments of VLFEs 238 
We estimated the source durations and seismic moments of VLFEs temporally 239 

corresponding to the tremors in 2013 and 2015 detected by Yamshita et al. (2015; 2021) by 240 
comparing observed and synthetic waveforms following the procedure of Yabe et al. (2021) and 241 
Baba et al. (2021). We additionally estimated the source durations and seismic moments of VLFEs 242 
in 2010 detected by Asano et al. (2015) using the same method. As long-period VLFE signals are 243 
difficult to recognize in short-period OBS records, we utilized continuous seismograms at onshore 244 
broadband F-net stations for estimation. Before the analysis, we removed the instrumental 245 
responses, resampled at one sample per second, and applied a bandpass filter in a frequency range 246 
of 0.02–0.05 Hz to enhance the VLFE signals. 247 
 To reduce the computational costs of calculating Green’s functions, reciprocal 248 
calculations were conducted using OpenSWPC (Maeda et al. 2017). We set source grids at an 249 
interval of 0.05º on the JIVSM plate boundary model of the area where tremors were detected 250 
(Fig. 6a). The hypocentre of each VLFE was assumed to be at the nearest grid from the hypocentre 251 
of the tremor located by Yamashita et al. (2015; 2021) or at the hypocentre of VLFEs located by 252 
Asano et al. (2015). JIVSM was implemented to calculate Green’s functions. The minimum S-253 
wave velocity in the elastic volume was set as 1.5 km/s. The model includes topography 254 
(ETOPO1; Amante & Eakins 2009), air, and seawater layers. The default values of OpenSWPC 255 
were used for the density, seismic velocities, and quality factors in seawater and air. The model 256 
volume was discretized using a uniform grid of 0.2 km. The focal mechanisms were assumed to 257 
be consistent with the geometry of the plate boundary model of JIVSM and the plate convergence 258 
direction of the plate motion model NUVEL-1A (DeMets et al. 1994). By combining the assumed 259 
focal mechanisms and Green’s functions, we prepared a series of synthetic velocity seismograms 260 
with triangular functions and source durations of 10–50 s (e.g., Takemura et al., 2019). 261 
 We calculated the station- and component-averaged CCs between the synthetic and 262 
observed waveforms. The time window of synthetic waveform is 150 s from the assumed origin 263 
time of a VLFE. The origin time was searched for in the range from 30 s before to 30 s after the 264 
start time of the duration range of each tremor located by Yamashita et al. (2015; 2021) and the 265 
origin time of each VLFE located by Asano et al. (2015). The combination of source duration and 266 
origin time, with the highest average CC in the grid search, was adopted. For tremor episodes in 267 
2013 and 2015, if the highest averaged CC is larger than 0.3, we regard that a VLFE occurs 268 
temporally corresponding to the tremor. The difference of origin times between a VLFE and the 269 
corresponding tremor is in the range of ±20 s. For VLFE episode in 2010, events with average 270 
CCs smaller than 0.3 were discarded. We calculated the relative amplitudes by minimizing the 271 
variance reduction between simulated and observed waveforms (Baba et al. 2021; Yabe et al. 272 
2021), and further estimated the seismic moments of VLFEs using the estimated relative 273 
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amplitudes. The moment, duration, and average CC of the example in Fig. 6 were 2.0×1015 Nm, 274 
24 s, and 0.65, respectively. The seismic moment rate of the VLFE was obtained by dividing the 275 
seismic moment by the source duration. We estimated the uncertainties of the VLFE moments by 276 
using the nonparametric bootstrap method. First, 100 bootstrap samples were prepared for each 277 
event. Since seven components are used for VLFE analysis (vertical component of N.KYKF and 278 
radial and vertical components in other F-net stations shown in Fig. 6), a bootstrap sample 279 
consisted of seven components including duplicates. Subsequently, VLFE moments were 280 
calculated by using each bootstrap sample composed of seven components. Then, we estimated 281 
the standard deviations of the 100 VLFE moments. The uncertainty of VLFE moments is 0.2–0.3 282 
order (Fig. S3b).  283 

The fit between the observed and simulated Love waves was not sufficient compared 284 
with the Rayleigh wave (Fig. 6b). It may be inferred that the sedimentary structure of JIVSM at 285 
very shallow depths (< 5 km) in Hyuga-nada is insufficient to simulate Love waves, which are 286 
sensitive to shallow structures. We verified that the CCs between the simulated and observed 287 
waveforms of a regular earthquake located by Takemura et al. (2020) in the transverse 288 
components were also low, whereas those in the vertical and radial components were high (Fig. 289 
S5). Therefore, we used only the vertical and radial components (Rayleigh waves) when 290 
calculating the CCs. For the N.KYKF station, only the vertical component was utilized because 291 
the horizontal components were noisy.  292 
  293 
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 294 

 295 
Figure 6. (a) VLFE source grids for the VLFE analysis. Crosses indicate the locations of the 296 
VLFE source grids. Purple crosses represents the grids with CC between synthetic and observed 297 
waveforms larger than 0.6. Gray dots indicate the epicentres of tremors detected by Yamashita et 298 
al. (2015; 2021). Red circle indicates the epicentre of the event displayed in Fig. 6b. Blue and 299 
brown triangles depict the locations of OBSs in 2013 and 2015, respectively. Dashed contours 300 
indicate the isodepth of the top of the Philippine Sea plate at 10-km intervals (JIVSM; Koketsu 301 
et al. 2012). Black line represents the trench axis. Inverted triangles display the locations of the 302 
F-net stations. (b) An example of a VLFE in a frequency range of 0.02–0.05 Hz. Waveforms are 303 
depicted from 17:04:21 (JST, UTC+9), May 31, 2015. Black and red lines are the observed and 304 
the simulated waveforms, respectively. R, T, and U components represent the radial, transverse, 305 
and vertical components, respectively. 306 
  307 
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3. Results 308 
We estimated the energies of 1,672 and 6,126 shallow tremors in 2013 and 2015, 309 

respectively. We classified the analysis region into three areas based on spatial variation in 310 
energies of tremors and moments of VLFEs (Figs 7 and S6): Area A, south of 31.0º N; Area B, 311 
west of 132.4ºE, north of 31.0º N; and Area C, east of 132.4ºE, north of 31.0º N (see rectangles 312 
of Fig. 7). Area A is south of the subducted Kyushu-Palau Ridge, Area B is near the top of the 313 
subducted ridge, and Area C is east of the subducted ridge. Most of Areas A and C are outside the 314 
subducted ridge. In 2013, tremors and VLFEs occurred mainly in Areas A and B, whereas in 2015, 315 
they occurred mainly in Areas B and C. The dominant range of tremor energies was 103.5–107.5 J 316 
with spatial variation (Fig. 7ac). In 2013 (Fig. 7a), tremors with large energies (> 106 J) were 317 
concentrated in Area A. This characteristic is confirmed in the maximum and median values of 318 
tremor energies (Fig. S6a). In 2015 (Fig. 7c), tremors with larger energies (> 106.5 J) occurred 319 
near the north-eastern edge of the subducted Kyushu-Palau Ridge in Area C. The tremor energies 320 
near the trench axis in Area C were smaller. These characteristics are also shown in the maximum 321 
tremor energies (Fig. S6b). Although median tremor energies are small in the longitude of 132.5º–322 
132.7º due to the detection of many small events, the north-eastern edge of the subducted Kyushu-323 
Palau Ridge in Area C is considered as large tremor energy area. 324 

The moments were also estimated for 1,297, 904, and 1,785 shallow VLFEs in 2010, 325 
2013, and 2015, respectively. The dominant range of the VLFE moments was 1013.5–1016.5 Nm 326 
(Fig. 7b,d,e, and f). South of 31.0º N (Area A), VLFEs with large moments (> 1015.5 Nm) occurred 327 
in 2010 and 2013 (Fig. 7be). North of 31.0º N, VLFEs extended near the trench axis in 2010 and 328 
2015. In particular, VLFEs with large moments (> 1015.5 Nm) in 2010 and 2015 (Figs 7de) are 329 
concentrated in east of 132.4º E (Area C). In the west of 132.4º E and north of 31.0º N (Area B), 330 
the VLFE moments are relatively small. These observations are stably confirmed in the maximum 331 
and median values of VLFE moments (Fig. S6c-f). The spatial variations in the VLFE moments 332 
and tremor energies for each observation period were similar (Fig. 7). The change in the maximum 333 
range of tremor energy or VLFE moment between Areas A and C and Area B is approximately 334 
one order (Fig. 7). Considering the uncertainty of tremor energies (0.5–1orders) and VLFE 335 
moments (0.2–0.3 orders), the spatial variation in tremor energy and VLFE moment is considered 336 
to be real. The spatial variations in the energy rates of tremors and moment rates of VLFEs were 337 
also approximately one order larger in Areas A and C than in Area B (Fig. S7). We summarized 338 
our observations: the energies of the tremors and moments of VLFEs are generally larger outside 339 
the subducted ridge (Areas A and C) than near the top of the subducted ridge (Area B). 340 

The spatiotemporal variation in moments and energies of slow earthquakes and the 341 
change in the migration speed are associated (Fig. 8a and b). Hereafter, we mainly discuss the 342 
spatiotemporal variation in slow earthquakes based on VLFE activity because the spatiotemporal 343 
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variations in VLFE moments and tremor energies were similar, and the VLFE analysis covered 344 
all episodes in 2010, 2013, and 2015. Here, we summarized migration patterns in each episode. 345 
Their detailed features were described in the previous studies (Asano et al. 2015; Yamashita et al. 346 
2015; Yamashita et al. 2021). The episodes in 2010 and 2015 are divided into three migrations 347 
and the 2013 episode is divided into two migrations (Fig. S8 and Table S1). The 2010a, 2013a, 348 
and 2013b migrations were northward along the strike, whereas the 2010b, 2010c, 2015a, 2015b, 349 
and 2015c migrations were along the dip with various directions (Figs 8 and S8; Table S1). All 350 
migrations along the strike direction consistently started in Area A (Figs 8b, S8a, S8d, and S8e). 351 
Subsequently, the VLFEs migrated northward and entered the subducted ridge. After VLFEs 352 
entered Area B, their migration speed became slow (Fig. 8a and b). The spatiotemporal variation 353 
in the migration front seems to be parabolic (discussed in detail in Section 4.1). Rapid tremor 354 
reversals (RTRs; black dotted arrows in Figs 8b and S8d), which is a fast backward migration 355 
(e.g., Houston et al. 2011), occurred during the migration in 2013. 356 

In the main front of along-strike migrations, the moments of VLFEs become smaller 357 
after the front entered the Area B and the migration speed slowed (Figs 8b, S8a, S8d, and S8e). 358 
Therefore, the migration speed and the moments of VLFEs are positively correlated. On the other 359 
hand, the moments of the VLFEs in RTRs become larger when RTRs entered Area A (Figs 8b and 360 
S9d). This suggests that the moments of VLFEs depend on the location. 361 

In the downdip of shallow tremors and VLFEs, repeating earthquakes occurred at depths 362 
of 15–30 km. The repeating earthquake activity manifests that the plate boundary around its patch 363 
is creeping; therefore, the large slip rate by repeating earthquakes suggests that the interplate 364 
coupling is weak (e.g., Uchida & Matsuzawa 2011). Fig. 9 compares the spatial distributions of 365 
slip rates from repeating earthquakes and cumulative moments of VLFEs. Cumulative moments 366 
of VLFEs may be also linked with the strength of interplate coupling (Baba et al. 2020). The 367 
interplate slip rate estimated from repeating earthquakes was higher in the south along the strike 368 
direction (Yamashita et al. 2012); therefore, the interplate coupling may be weaker at depths of 369 
15–30 km in the south (downdip part of Area A) than in the north (downdip of Area B). The 370 
cumulative moment of shallow VLFEs in 2010 and 2013, episodes with along-strike migrations, 371 
was also smaller in Area B than in Area A during the episodes (Fig. 9). Baba et al. (2020) found 372 
the tendency that cumulative moment of shallow VLFEs was larger in areas with weak interplate 373 
coupling along the Nankai Trough. In Hyuga-nada, the slip rate of repeating earthquakes and the 374 
cumulative moment of VLFEs are larger in the south (in and downdip of Area A) than in the north 375 
(in and downdip of Area B). These observations suggest that although there is a difference in the 376 
slip behaviour along the dip direction, such as repeating earthquakes and VLFEs, the interplate 377 
coupling may be consistently weak in the south along the strike direction. Although Area C is the 378 
northern part of Hyuga-nada, the cumulative moment of VLFEs is large. Area C is apart from the 379 
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repeating earthquake area and close to the trench axis unlike Areas A and B; therefore, interplate 380 
coupling may be different from Area B. 381 
  382 
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 383 

 384 
 385 

Figure 7. Spatial distribution of (a) energies of tremors in 2013, (b) moments of VLFEs in 2013, 386 
(c) energies of tremors in 2015, (d) moments of VLFEs in 2015, (e) moments of VLFEs in 2010, 387 
and (f) moments of VLFEs in all analysis periods. Green, brown, and dark blue dotted rectangles 388 
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indicate the ranges of Area A, B, and C, respectively. Purple lines represent the inferred subducted 389 
Kyushu-Palau Ridge (Yamamoto et al. 2013). Gray triangles depict the locations of OBSs. Inverted 390 
triangles and black line are the same as displayed in Fig. 4. Dashed contours indicate the isodepth 391 
at the top of the Philippine Sea plate in intervals of 5 km (Nakanishi et al. 2018). 392 
 393 

 394 
 395 
Figure 8. (a) Summary of slow earthquake migration patterns. Coloured arrows represent the 396 
direction of migration patterns. Coloured dotted rectangles, dashed contours, purple lines and 397 
black inverted triangles are the same as displayed in Fig. 7. (b) Spatiotemporal distributions of 398 
(b) an along-strike migration 2013a and (c) along-dip migration 2010b with moments of VLFEs. 399 
Black arrows indicate the direction of migrations. Black dotted arrows in Fig. 8b represents the 400 
RTR. 401 
 402 
 403 



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

 

 21 

 404 
 405 
Figure 9. Relationship between slip rates estimated from repeating earthquakes (Yamashita et al. 406 
2012) and shallow slow earthquakes. Gray scales exhibit the cumulative moments of VLFEs. 407 
Colour scale indicates the slip rate estimated from repeating earthquakes. Coloured dotted 408 
rectangles, purple lines, black lines, and dashed contours are the same as in Fig. 7. 409 
 410 
  411 
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4. Discussion 412 
4.1. Along-strike spatial variation in slow earthquake activity 413 
 To investigate the controlling factor of the along-strike variation in slow earthquake 414 
activity in Hyuga-nada, we compared the activity with a physical model of along-strike slow 415 
earthquake migration by Ando et al. (2012). In their model, high- and low-strength brittle tremor 416 
patches exist on the ductile background based on Newtonian rheology. The rupture of these brittle 417 
patches is triggered by the stress increase at the migration front of an SSE. They predicted that 418 
tremors start migrating energetically in areas with high tremor-patch strength (strong patch areas) 419 
and decelerates with a parabolic spatiotemporal pattern in areas with low tremor-patch strength 420 
(weak patch areas). In Hyuga-nada, the migration speed was faster, and the VLFE moment was 421 
larger in Area A than in Area B (Fig. 8). These observations are consistent with the modelling 422 
results by Ando et al. (2012). The along-strike variation in slow earthquake activity in Hyuga-423 
nada can be explained by the difference in the patch strength of slow earthquakes, where Areas A 424 
and B are considered strong and weak patch areas, respectively (Fig. 10). 425 

The spatial variations in tremor activity in Shikoku and VLFE activity off the south-426 
eastern Kii Peninsula were also discussed based on Ando et al. (2012) (Shikoku: Kano et al. 427 
2018b; off the southeast Kii Peninsula: Yamamoto et al. 2022). In Shikoku, western and central 428 
Shikoku were interpreted as strong and weak patch areas, respectively, whereas the areas west of 429 
and inside the subducted Paleo-Zenisu ridge off the Kii Peninsula were regarded as strong and 430 
weak patch areas, respectively. 431 

A possible factor for the along-strike spatial variation in slow earthquake activity in 432 
Hyuga-nada is the heterogeneity of pore fluid pressure. Kano et al. (2018b) suggested that the 433 
heterogeneity of strong and weak patch areas is caused by the variation in effective normal stress, 434 
which is associated with that in the fluid pressure on the plate boundary. Takemura et al. (2022a) 435 
discussed that the variation in the pore fluid pressure can induce the change of the migration speed, 436 
which can be considered as a proxy for rupture propagation of an SSE (e.g., Bartlow et al. 2011; 437 
Ito et al. 2007), off the Cape Muroto and Kii Peninsula. In Hyuga-nada, the change in migration 438 
speed between Area A and B may be caused by the pore fluid pressure heterogeneity. To discuss 439 
the variation in the pore fluid pressure in Hyuga-nada in more detail, investigations of seismic 440 
velocity structures (especially VS and VP/VS ratio) are required in future work.  441 

Another possible factor is the geometrical effects of the subduction of a ridge. Wang 442 
and Bilek (2011) suggested that a fracture network caused by a subducted seamount generates 443 
structural and stress heterogeneities. According to Chesley et al. (2021), the subduction of a 444 
seamount can transport considerable volume of fluid to forearc and complex fracture network, 445 
which can generate the effective normal stress variation. Takemura et al. (2022b) and Yamamoto 446 
et al. (2022) suggested the variation in cumulative moments of VLFEs which is associated with 447 
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subducted Paleo-Zenisu ridge off the Kii Peninsula. In Hyuga-nada, the subduction of the 448 
Kyushu-Palau ridge may also generate the stress heterogeneity on the plate boundary. 449 

As mentioned in Section 3, the spatiotemporal variation in the migration front appears 450 
to be parabolic. Following Ando et al. (2012), we investigated which function is better for fitting 451 
the migration front in 2013a, exponential (𝑡 = 𝐶	𝑒𝑥𝑝(𝑎(𝑥 + 𝑥!)- + 𝑡!; t is the elapsed time, x is 452 
the migration distance, C, a , x1, and t1 are constant) or parabolic (𝑡 = 𝐷"!(𝑥 + 𝑥#)# + 𝑡#; D is the 453 
diffusion coefficient, , x2, and t2 are constant). Although tremor epicentres were scattered around 454 
the start of migration, the migration pattern seems to be better fitted by a parabola (Fig. 11) rather 455 
than exponential, and the diffusion coefficient D is evaluated as ~6×104 m2/s. 456 

Ando et al. (2012) assumed that fault strength is equals to τp when slip velocity v=0 and 457 
equals to τr+ηv when v>0 following Ando et al. (2010) and Nakata et al. (2011). τp, τr, η are peak 458 
strength, residual strength, and viscosity factor, respectively. In Ando et al. (2012), τr is set as zero 459 
and the patch strength is represented by τp. The difference in τp between strong and weak patches 460 
is supposed to be represented by that in stress drop. Therefore, we roughly evaluated the variation 461 
in the stress drop of the VLFEs in Hyuga-nada. Assuming a circular crack model, the seismic 462 
moment M0 of an earthquake is given by (e.g., Kanamori & Anderson 1975): 463 

𝑀7 =
.8
9
∆𝜏𝑟:  (5) 464 

where Δτ is the stress drop and r is the radius of the patch. In this section, this relationship is 465 
further assumed in VLFEs. The average moment of a VLFE in Area A (strong patch area) and in 466 
Area B (weak patch area) is 3.3×1015 Nm and 1.1×1015 Nm, respectively (Fig. 7b, d, e, and f). 467 
Considering Ohta & Ide (2017) estimated the source radius of a deep VLFE with M0=1.2×1014 Nm 468 
as ~5 km, we assume the radius of a shallow VLFE patch in Hyuga-nada with M0=1013.5–1016.5 as 469 
3–30 km. If patches with a radius r of 3–30 km are assumed, the average stress drop of a VLFE 470 
in Areas A and B is evaluated as 5.3×101–5.3×104 Pa and 1.8×101–1.8×104 Pa, respectively. The 471 
spatiotemporal distribution of migration is parabolic if the difference in stress drop between 472 
strong and weak patches is sufficient (Ando et al. 2012). As indicated by the fitting of the 473 
migration front, the spatiotemporal variation in the slow earthquake migration front was parabolic 474 
(Fig. 8b). Although the model of Ando et al. (2012) assumed an 11-times differences between 475 
strong and weak patches, if the patch size in Areas A and B is similar, parabolic migration pattern 476 
was observed by an approximately three-time difference in the stress drops of these patches in 477 
Hyuga-nada. On the other hand, since the difference in the moment of VLFEs between Areas A 478 
and B may be due to the patch size, slip distribution of VLFEs should be investigated in future 479 
studies. However, the estimation of slip areas of shallow VLFEs is a challenging issue due to 480 
offshore heterogeneities along the propagation path. The patch heterogeneity may be a key factor 481 
of variations in tremor energy, VLFE moment, and migration speed in Hyuga-nada. Although we 482 
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conducted a general classification of slow earthquake areas, more statistical approaches, such as 483 
clustering procedures, may be useful to construct a new model of slow earthquake activity. 484 

 485 

 486 
 487 
Figure 10. Schematic illustration of the interpretation of distributions of slow earthquakes and 488 
Kyushu-Palau Ridge. 489 
 490 
 491 
 492 
 493 
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 494 
 495 

Figure 11. Spatiotemporal distribution of tremor migration in the episode of 2013a. Vertical and 496 
horizontal axis shows the elapsed time from 2013/06/09 00:00:00 JST, and Distance along the 497 
strike (N-S) from 30.0ºN, respectively. Blue and green lines indicate the parabolic and exponential 498 
curves, respectively. 499 
  500 
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4.2. Scaled energy of shallow slow earthquakes in Hyuga-nada 501 
To discuss the characteristics of the source process of slow earthquakes in Hyuga-nada, 502 

we estimated the scaled energy following previous studies (e.g., Ide et al., 2008; Yabe et al., 2019; 503 
2021) using the ratio between the tremor energy rate and VLFE moment rate for activities in 2013 504 
and 2015, when the energy rate could be estimated from the OBS records. The dominant range of 505 
the scaled energy was 10-11.5–10-8.5 both in 2013 and 2015 (Fig. 12ab). Dominant ranges of scaled 506 
energies did not change significantly between episodes in 2013 and 2015 (Fig. S9). The range of 507 
the median scaled energy is in the range of 10-10.5–10-9.5 in all areas (Fig. 12cd). The median scaled 508 
energy is approximately 0.5 orders smaller around the eastern edge of the Kyushu-Palau Ridge in 509 
Area C than in other areas. However, the range of scaled energy is ranged to three to four orders 510 
in all areas (Fig. S9). In addition, the uncertainty of scaled energy often reaches approximately 511 
one order (Fig. S10). Therefore, it is difficult to consider that the 0.5 orders difference in median 512 
scaled energy in the western part of Area C is due to the variation in the rupture process in Hyuga-513 
nada. The characteristics of the scaled energy do not change in spatially and temporally in the 514 
order scale inside the Hyuga-nada. Apparent stress is estimated by multiplying scaled energy by 515 
rigidity. Since the range of scaled energy is similar between Areas A and B, the apparent stress is 516 
similar if the rigidity is the same.  517 

The range of scaled energies in Hyuga-nada is similar to or one order smaller compared 518 
to the off the Cape Muroto and Kii Peninsula (10-10–10-8; Yabe et al. 2021, 2019), along the Japan 519 
Trench (10-10–10-9; Yabe et al. 2021), and in Costa Rica (10-9–10-8; Baba et al. 2021). The range 520 
of scaled energies of shallow slow earthquakes in Hyuga-nada is also similar to those of deep 521 
slow earthquakes in southwest Japan, Cascadia, and Mexico (10-9.5–10-9; Ide, 2016; Ide and Maury, 522 
2018; Ide and Yabe, 2014; Fig. 13). However, the range of scaled energy in Hyuga-nada is broader 523 
than other slow earthquake regions. 524 

Ide (2008) and Ide & Maury (2018) discussed the theoretical relationship between 525 
seismic energy rate and seismic moment rate of slow earthquakes by the Brownian slow 526 
earthquake model. In their model, the characteristic size of the slip area S is described by: 527 

𝑆 = 𝐶𝑟+   (6) 528 
where r is a random variable and C is a constant. The temporal change of r is described by: 529 

𝑑𝑟 = −𝛼𝑟𝑑𝑡 + 𝜎𝑑𝐵   (7) 530 
where α is the characteristic frequency of slow earthquakes (α-1 is a characteristic time), dB is the 531 
random variable of Gaussian distribution with the mean 0 and the variance 1, σ is the fluctuation 532 
magnitude. They discussed that the energy rate divided by the square of the moment rate depends 533 
on a characteristic frequency of a slow earthquake event, α: 534 

;[;)*+,]
;[>)*+,](

= ?@
A#B&-.C3

    (8) 535 
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where ρ is the density, Vs is the S-wave velocity, and Δt is the time steps of the stochastic process. 536 
E[Erate] and E[Mrate] indicates the long-term averages of energy rates and moment rates, 537 
respectively. Ide & Maury (2018) evaluated E[Erate]/E[Mrate]2 and α-1 of seismic slow earthquakes 538 
in deep southwest Japan, Cascadia, and Mexico as 10-22–10-20 and 0.3–30 s, respectively. The 539 
range of α-1 of the SSE scale in deep southwest Japan, Cascadia, and Mexico evaluated by Ide & 540 
Maury (2018) is 75–300 s. E[Erate]/E[Mrate]2 in Hyuga-nada is estimated to be 10-25–10-21.5 (Fig. 541 
S11). Although the small value of E[Erate]/E[Mrate]2 is possibly caused by because the ρ and/or Vs 542 
may be smaller in Hyuga-nada, if ρ, Vs, and Δt is the same order as in the values of Ide & Maury 543 
(2018), α-1 in Hyuga-nada is estimated to be 10–30000 s. In Hyuga-nada, there may be slow 544 
earthquake events that have similar or longer characteristic times than those of other slow 545 
earthquake regions. In addition, the range of the characteristic time is broader in Hyuga-nada than 546 
in other slow earthquake regions; therefore, slow earthquakes in Hyuga-nada may have various 547 
spectral features. Based on Ide & Maury (2018), the wide range of characteristic time in this area 548 
suggests width variations of tremor source area. 549 
 550 
 551 
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 552 

 553 
Figure 12. Spatial distribution of scaled energy of shallow slow earthquakes (a) in 2013 and (b) 554 
in 2015. Spatial distribution of the median scaled energy in the grid of 1º × 1º where the number 555 
of event is larger than 10 (a) in 2013 and (b) in 2015. Coloured dotted rectangles, purple lines, 556 
black lines, fray triangles, inverted triangles, and dashed contours are the same as in Fig. 7. 557 
 558 
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 559 
 560 

Figure 13. Relationship between seismic moment rates of VLFEs and seismic energy rates of 561 
tremors. Red circles, purple squares, green diamonds, dark blue inverted triangles, and dark blue 562 
triangles indicate the relationships between seismic moment rates of VLFEs and seismic moment 563 
rates of tremors in shallow Hyuga-nada (this study), shallow Nankai except Hyuga-nada (Yabe et 564 
al. 2019, 2021), off Tohoku and Tokachi (Yabe et al. 2021), shallow Costa Rica (Baba et al. 2021), 565 
and deep slow earthquakes (Ide & Yabe 2014; Ide 2016; Ide & Maury 2018). Dashed lines represent 566 
scaled energies of 10-7, 10-8, 10-9, 10-10, 10-11, and 10-12. 567 
  568 
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5. Conclusion 569 
To investigate the spatial variation in the source characteristics of shallow slow 570 

earthquakes in Hyuga-nada at a higher resolution, we estimated the energies of shallow tremors, 571 
moments of shallow VLFEs, and the scaled energy of shallow slow earthquakes in Hyuga-nada 572 
using the data from permanent onshore broadband and temporary offshore seismometers. The 573 
dominant ranges of energies of tremors and moments of VLFEs are 103.5–107.5 J and 1013.5–1016.5 574 
Nm, respectively. The energies of tremors and moments of VLFEs are larger in Areas A and C 575 
(most of which are outside the subducted Kyushu-Palau Ridge) than in Area B (near the top of 576 
the subducted ridge). The migration of tremors and VLFEs along the strike direction started in 577 
Area A (south of the subducted ridge) with events of larger tremor energies and VLFE moments. 578 
After going north and entering Area B (near the top of the subducted ridge), the migration speed 579 
slowed, and the tremor energies and VLFE moments were observed to be small (Fig. 8b). 580 

Based on the physical model of Ando et al. (2012), strengths of slow earthquake 581 
patches in Areas A and B are expected to be strong and weak, respectively. The spatiotemporal 582 
distribution of the tremor migration in 2013 is fitted by a parabolic function with the large energy 583 
and moment events at the initiation of the migration in Area A. If a circular crack model and same 584 
patch sizes are assumed, the difference in average stress drop of the VLFEs in Area A (strong 585 
patch) and Area B (weak patch) is evaluated as three times. This difference in the stress drop of 586 
strong and weak patches may generate a parabolic migration pattern. The along-strike variation 587 
in the rupture process on the plate boundary, such as the stress drop, in slow earthquake regions 588 
can cause variations in the moment of slow earthquakes and migration pattern near the southern 589 
edge of the subducted ridge. 590 

The dominant range of scaled energy of slow earthquakes in Hyuga-nada is estimated 591 
as 10-11.5–10-8.5. The range of scaled energies in Hyuga-nada is similar to or one order smaller than 592 
other slow earthquake regions. Inside the Hyuga-nada, the spatial variation in scaled energy is not 593 
found. Since the range of scaled energy is similar between Areas A and B, the apparent stress may 594 
be similar if the rigidity is the same. Furthermore, this range is broader than other regions. Based 595 
on the Brownian slow earthquake model by Ide & Maury (2018), the characteristic times of slow 596 
earthquakes in Hyuga-nada (10–30000 s) is similar to or longer than those of other slow 597 
earthquake regions (0.3–30 s). Following Ide & Maury (2018), the wide range of characteristic 598 
time suggests the width variations of slow earthquake source area in Hyuga-nada. The slow 599 
earthquakes in Hyuga-nada may have various spectral features.  600 
 601 
  602 
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 812 
Figure S1. Distribution of earthquakes used for the estimation of the site amplification factors. 813 
Inverted triangles display the locations of the F-net stations. Squares represents the locations of 814 
OBSs. Black line and dotted contours are the same as displayed in Fig. 6. 815 
 816 

 817 
 818 
Figure S2. Estimation errors of site amplification factors relative to N.TASF at each OBS. 819 
Inverted triangle indicates the location of the F-net station, N.TASF. Black line is the same as 820 
displayed in Fig. 3. 821 
 822 
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 823 
 824 
Figure S3. Spatial distribution of the uncertainty of logarithm of (a) tremor energies and (b) VLFE 825 
moments. Colored dotted rectangles, dashed contours, purple lines, black line and gray triangles 826 
are the same as displayed in Fig. 7. 827 
 828 

 829 
 830 
Figure S4. Estimation of seismic energies of regular earthquakes. (a) Distribution of earthquakes 831 
used for the estimation of seismic energies. Squares are the same as displayed in Fig. S1. Black 832 
line and dotted contours are the same as displayed in Fig. 6. (b) Relationship between seismic 833 
moment and seismic energy of earthquakes shown in Fig. S4a. Seismic moments are calculated 834 
from moment magnitude estimated by moment tensor analysis by F-net site 835 
(https://www.fnet.bosai.go.jp/event/search.php?LANG=en). Dashed lines represent scaled 836 
energies of 10-5 and 10-4. 837 
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 838 
 839 
Figure S5. Simulated waveforms of a regular earthquake that occurred in northern Hyuga-nada. 840 
(a) Focal mechanism of the regular earthquake listed in the catalog by Takemura et al. (2020; 841 
catalog: doi:10.5281/zenodo.3821172). Black line, inverted triangles, and dotted contours are the 842 
same as displayed in Fig. 6. (b) Observed (black lines) and simulated (red lines) waveforms of 843 
the earthquake at each F-net station. The assumed source time function was a Küpper wavelet 844 
with a source duration of 1 s. Black and red lines are the observed and the simulated waveforms, 845 
respectively. The simulation setting is the same as described in Section 2.2. R, T, and UB 846 
components represent the radial, transverse, and vertical components, respectively. 847 
 848 
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 849 

 850 
Figure S6. Variation in maximum and median of tremor energies and VLFE moments along strike 851 
and dip directions at 0.1º interval. Blue diamonds and red circles represent the maximum and 852 
median values, respectively. Red bars show the median absolute deviation of tremor energies and 853 
VLFE moments. 854 
 855 
 856 
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 857 

 858 
Figure S7. Spatial distribution of (a) energy rates of tremors in 2013, (b) moment rates of VLFEs 859 
in 2013, (c) energy rates of tremors in 2015, (d) moment rates of VLFEs in 2015, (e) moment 860 
rates of VLFEs in 2010, and (f) moment rates of VLFEs in all analysis periods. Colored dotted 861 
rectangles, dashed contours, purple lines, black line and gray triangles are the same as displayed 862 
in Fig. 7. 863 



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

 

 42 

 864 

 865 

A

B

B

C

B

C



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

 

 43 

 866 

 867 

RTR RTR RTR RTR
A

B

A

B



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

 

 44 

 868 

 869 

B

C

B

C



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

 

 45 

 870 
 871 
Figure S8. Spatiotemporal distributions of moments of VLFEs and energies of tremors in the 872 
directions along the N-S and E-W sections for each migration. Black arrows indicate the direction 873 
of migrations. Black dotted arrows in Fig. S9d represents the rapid tremor reversal (RTR). 874 
 875 
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 877 
 878 

Figure S9. Relationship between seismic moment rates of VLFEs and seismic energy rates of 879 
shallow tremors at each area in Hyuga-nada (a) in 2013 and (b) in 2015. Epicentres of shallow 880 
tremors at each area (c) in 2013 and (d) in 2015. Shallow tremors in Area A, B, and C are depicted 881 
by green, brown, and dark blue dots, respectably. Black lines, gray and black inverted triangles 882 
are the same as displayed in Fig.7. 883 
 884 
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 885 
 886 

Figure S10. Relationship between seismic moment rates of VLFEs and seismic energy rates of 887 
shallow tremors with error bars in Hyuga-nada. 888 
 889 
 890 
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 891 
 892 
Figure S11. Relationship between seismic moment rates of VLFEs and squared seismic moment 893 
rates of tremors. Red circles, purple squares, green diamonds, dark blue inverted triangles, and 894 
dark blue triangles indicate the relationships between seismic moment rates of VLFEs and seismic 895 
moment rates of tremors in shallow Hyuga-nada (this study), shallow Nankai except Hyuga-nada 896 
(Yabe et al. 2021, 2019), off Tohoku and Tokachi (Yabe et al. 2021), shallow Costa Rica (Baba et 897 
al. 2021), and deep slow earthquakes (Ide, 2016; Ide and Maury, 2018; Ide and Yabe, 2014). 898 
  899 
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Table S1. Characteristics of migrations in Hyuga-nada. 900 
 901 

 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 
2015c Along-dip Bilateral 

 902 
 903 


