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Abstract 23 

 Shallow slow earthquakes have been documented along shallow plate interfaces near 24 

trenches. Recent geophysical observation networks located offshore of Japan enable us to 25 

analyze shallow tremors in the Nankai Trough and the Japan Trench. Onshore seismic stations 26 

are also important for detecting shallow very low frequency earthquakes (VLFEs) and for 27 

evaluating their seismicity prior to the deployment of offshore observation networks. This study 28 

analyzes data from ocean bottom seismometers to estimate the seismic energy radiation of such 29 

tremors, from which we observe along-strike heterogeneity. Tremors with higher seismic energy 30 

rates tend to have longer recurrence intervals, which has also been observed for deep tremors. 31 

This study also estimates seismic moment releases of shallow VLFEs at the Japan Trench 32 

observed by onshore seismic stations using Green’s function in a local three-dimensional seismic 33 

velocity model. The scaled energy, which is the ratio of the seismic energy (rate) to the seismic 34 

moment (rate), is ~10-9. Shallow slow earthquakes located off the Kii Peninsula and Cape 35 

Muroto in the Nankai Trough have higher values (10-9–10-8), while shallow slow earthquakes 36 

located off the Kii channel in the Nankai Trough and in the Japan Trench have lower values (10-37 

10–10-9), which are similar to the values estimated for deep slow earthquakes. By comparing the 38 

cumulative seismic energy of the shallow tremors with the cumulative seismic moment of 39 

shallow VLFEs, we evaluate the monitoring of shallow tremors and shallow VLFEs in the Japan 40 

Trench, suggesting that monitoring shallow VLFEs based on data from onshore seismic stations 41 

could miss many (~90% at most) of the seismic moment releases by small magnitude but 42 

frequent events. 43 

 44 

Keywords: slow earthquake, shallow tremor, very low frequency earthquake, Nankai Trough, 45 

Japan Trench 46 
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1.  Introduction1 49 

 Plate boundary faults at subduction zones host slow earthquakes, as well as megathrust 50 

earthquakes. Slow earthquakes have been detected since the beginning of the 21st century owing 51 

to the development of dense seismic and geodetic observation networks (e.g., Beroza and Ide, 52 

2011; Obara, 2011). Slow earthquakes were first documented in subduction zones in 53 

southwestern Japan and in Cascadia along the deep plate interface (30-40 km). Continuous 54 

seismic signals have been detected in southwestern Japan at 2–8 Hz and are known as tectonic 55 

tremors (Obara, 2002). Seismic signals of 0.01–0.1 Hz have also been detected in southwestern 56 

Japan, which are known as very low frequency earthquakes (VLFEs) (Obara and Ito, 2005). 57 

Slow deformation signals have also been observed in geodetic data at the Cascadia subduction 58 

zone, which are known as slow slip events (SSEs) (Dragert et al., 2001). These episodic tremors 59 

and slips (ETSs) are spatiotemporally correlated and occur repeatedly (Rogers and Dragert, 60 

2003; Obara et al., 2004; Ito et al., 2007). Although microseisms excited by oceanic phenomena 61 

(e.g., Longuet-Higgins, 1950; Hasselmann, 1963) often divide tremor and VLFE signals, slow 62 

earthquake signals have been detected in the frequency band of microseisms as well when 63 

microseisms are quiet (Kaneko et al., 2018) or when the signal-to-noise ratio is improved using 64 

the stacking technique (Masuda et al., 2020). This suggests that slow earthquakes are broadband 65 

phenomena, and that tremors, VLFEs, and SSEs represent the same slip observed in different 66 

frequency bands (Ide and Maury, 2018). 67 

 Slow earthquakes have been detected recently along the shallow plate interface (~10 68 

km) near the trench. Shallow VLFEs were initially detected by onshore broadband seismic 69 

stations (Obara and Ito, 2005; Asano et al., 2008; Ito et al., 2009; Matsuzawa et al., 2015). 70 

Observational networks have been deployed in offshore regions around Japan (Aoi et al., 2020), 71 

following these initial observations. Onshore observational data are still important for 72 

understanding the long-period seismicity of shallow slow earthquakes (Takemura et al., 2019; 73 

Baba et al., 2020a) because the observational period of the offshore data is still short. However, 74 

offshore observational instruments reveal detailed characteristics of the shallow slow 75 

earthquakes. The Dense Oceanfloor Network system for Earthquakes and Tsunamis (DONET) 76 

has been deployed along the Nankai Trough (Figure 1a) (Kaneda et al., 2015; Kawaguchi et al., 77 

 
1 DONET – Dense Oceanfloor Network system for Earthquakes and Tsunamis; ETS – episodic tremors and slips; 
OBS – ocean bottom seismometer; S-net – Seafloor Observation Network for Earthquakes and Tsunamis; SSE – 
slow slip event; VLFE – very low frequency earthquake 
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2015). Shallow tectonic tremors and VLFEs were subsequently detected at 5–10 km depths using 78 

the broadband ocean bottom seismometers (OBSs) connected to DONET (Araki et al., 2017; 79 

Nakano et al., 2016, 2018). Shallow slow slips have also been documented using a pressure 80 

gauge deployed in a borehole in the Nankai Trough (Araki et al., 2017). Shallow slow 81 

earthquakes in the Nankai Trough selectively occur in weakly coupled regions (Baba et al., 82 

2020b). In the Japan Trench (Figure 1b), the Seafloor Observation Network for Earthquakes and 83 

Tsunamis (S-net) has been deployed. Shallow tectonic tremors have been documented at ~10–20 84 

km depths using short-period OBSs connected to S-net (Nishikawa et al., 2019; Tanaka et al., 85 

2019). Tectonic tremors have not been detected within the large slip zone of the Tohoku-oki 86 

earthquake by S-net, although tremors and SSEs were reported prior to the Tohoku-oki 87 

earthquake within the large slip area (Ito et al., 2013; 2015). Regular earthquakes occur around 88 

the slow earthquake source area, which differs from the along-dip separation observed in the 89 

Nankai Trough (Nishikawa et al., 2019).  90 

 Slow earthquake activity can be quantified in terms of seismic energy rate, seismic 91 

moment rate, and scaled energy. The seismic energy rate measures the size of the tectonic 92 

tremor, whereas the seismic moment rate measures the size of the VLFE. The scaled energy is 93 

the ratio of the seismic energy (rate) to the seismic moment (rate). The seismic energy rates and 94 

cumulative seismic energies of deep tectonic tremors are known to vary widely in space (Maeda 95 

& Obara, 2009; Yabe & Ide, 2014; Annoura et al., 2016). Along-dip variations in seismic energy 96 

rate have been observed in the Nankai Trough and the Cascadia margin, such that shallower 97 

tremor zones tend to have larger seismic energy rates (Yabe and Ide, 2014). Tremor recurrence 98 

intervals vary correspondingly, such that the shallower tremor zones have longer recurrence 99 

intervals (Wech and Creager, 2011; Idehara et al., 2014). Along-strike variations are observed to 100 

correlate with SSE slip distributions (Yabe & Ide, 2014; Annoura et al., 2016). The scaled 101 

energy of deep slow earthquakes at several subduction zones is known to be 10-10–10-9 (Ide & 102 

Yabe, 2014; Ide, 2016; Maury et al., 2016, 2018), which is much smaller than values estimated 103 

for regular earthquakes (approximately 10-5) over a wide range of seismic moments (Ide and 104 

Beroza, 2001). Yabe et al. (2019) estimated the seismic energy rate of shallow tectonic tremors 105 

beneath the DONET1 sites, which are located off the Kii Peninsula in southwestern Japan. The 106 

scaled energy of shallow slow earthquakes in the DONET1 region is estimated to be 107 

approximately 10-9–10-8, which is slightly higher than values estimated for deep slow 108 
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earthquakes. They also found that the estimated seismic energy rate exhibits along-dip variations 109 

that are similar to those of the deep slow earthquakes. However, along-strike variations were not 110 

documented because the investigated tectonic tremors were all distributed in one cluster.  111 

This study expands the analyses of seismic energy rates of shallow tectonic tremors and 112 

seismic moment rates of the accompanying shallow VLFEs to events throughout the entire 113 

Nankai Trough and Japan Trench, and also evaluates the along-strike variations. We estimate the 114 

seismic energy rates of shallow tremors following the procedure of Yabe et al. (2019) using data 115 

obtained from DONET and S-net. This method is composed of three steps: site amplification 116 

estimation, seismic attenuation estimation, and seismic energy rate estimation. We also discuss 117 

the observed along-strike variations in estimated seismic energy rates and the differences 118 

between slow earthquake monitoring by measuring shallow VLFEs using onshore broadband 119 

stations and by measuring shallow tremors using OBSs. 120 

 121 

2. Data & Methods 122 

 123 

2.1. Slow earthquake catalogs and seismic data 124 

 We estimated the seismic energy rates of shallow tremors and the seismic moment rates 125 

of VLFEs based on slow earthquake catalogs published by previous studies (Nakano et al., 2016, 126 

2018; Nishikawa et al., 2019). As slow earthquakes are broadband phenomena (Ide and Maury, 127 

2018), we assumed that seismic signals of tremors and VLFEs are observed simultaneously (Ide 128 

and Yabe, 2014; Ide, 2016; Maury et al., 2018). In the Nankai Trough, we used the VLFE 129 

catalog of Nakano et al. (2016, 2018) (Figure 1a). As tremors in the DONET1 region were 130 

already analyzed by Yabe et al. (2019), tremors in the DONET2 region only are analyzed in this 131 

study. The VLFE catalog of Nakano et al. (2016, 2018) extends from August 2015 to April 2016. 132 

To estimate the seismic energies of shallow tremors, we used seismic data obtained from the 133 

broadband DONET2 stations (National Research Institute for Earth Science and Disaster 134 

Resilience, 2019a). In order to estimate the site amplification factors for the DONET2 stations, 135 

we also used data from the onshore Hi-net (National Research Institute for Earth Science and 136 

Disaster Resilience, 2019b) and F-net (National Research Institute for Earth Science and Disaster 137 

Resilience, 2019c) stations. The seismic moment rates were calculated using the seismic 138 

moments and durations of the VLFEs listed in the catalog. In the Japan Trench, we used the 139 
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tremor catalog of Nishikawa et al. (2019) (Figure 1b), which extends from August 2016 to 140 

August 2018. We estimated the seismic energy rates of the tremors using short-period records 141 

obtained from S-net stations (National Research Institute for Earth Science and Disaster 142 

Resilience, 2019d) that were corrected for instrumental responses and sensor orientations 143 

(Takagi et al., 2019). The seismic moment rates of the VLFEs were also estimated using 144 

broadband records obtained from onshore F-net stations. We also used data from the F-net 145 

stations to estimate the site amplification factors of the S-net stations. 146 

 147 

2.2. Seismic energy rate estimation for shallow tremors.  148 

 The seismic energy rates of tremors were estimated following the procedure of Yabe et 149 

al. (2019), with minor modifications for adjusting to the different seismic networks. This method 150 

is composed of three steps: estimating the site amplification factors for OBSs, estimating the 151 

seismic attenuation, and estimating the seismic energy rate. Site amplification factors are 152 

estimated using seismic signals from intra-slab earthquakes. The seismic attenuation and seismic 153 

energy rates are estimated using seismic signals from tectonic tremors. These analyses were 154 

conducted after applying a 2–8 Hz bandpass filter to the seismic data. As a detailed description 155 

of the method is presented in Yabe et al. (2019), here we present a brief description of the 156 

procedure.  157 

 In the first step, site amplification at each of the OBS sites was evaluated. OBSs are 158 

placed on soft sediments and the amplitudes of seismic waves observed at these stations are 159 

amplified compared to onshore stations. We measured the maximum S-wave amplitudes of intra-160 

slab earthquakes deeper than 40 km and larger than magnitude 3.0 in the Nankai Trough and 3.5 161 

in the Japan Trench for the OBSs and onshore stations (F-net and Hi-net in the Nankai Trough 162 

and F-net in the Japan Trench) (Figure 1). Intra-slab earthquakes were chosen from the Japan 163 

Meteorological Agency (JMA) earthquake catalog in the area shown in Figure 1 for the period of 164 

January 2015–June 2018 in the Nankai Trough and September 2016–December 2018 in the 165 

Japan Trench. We corrected for geometric spreading by multiplying by 4pR2, where R is the 166 

hypocentral distance calculated using the hypocentral locations of the earthquakes in the JMA 167 

catalog. The parameters for seismic attenuation and the site amplification factors were inverted 168 

from the measured S-wave amplitudes. In the Nankai Trough, site N.KMTF was set as a 169 

reference station, for which the site amplification factor was assumed to be 2, including the free 170 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

7 

surface effect as analyzed for DONET1 by Yabe et al. (2019). In the Japan Trench, the average 171 

site factor values of the 11 F-net stations were also assumed to be 2. Relative differences in site 172 

amplification for the F-net stations are usually less than a few dB (Takemoto et al., 2012). 173 

 In the second step, seismic attenuation parameters that represent the attenuation strength 174 

averaged from the shallow plate boundary fault (where slow earthquakes occur) to the OBSs 175 

were estimated as a function of the hypocentral distances. As high-frequency seismic waves are 176 

attenuated by seismic scattering or intrinsic attenuation, a correction for seismic attenuation is 177 

required to accurately estimate the seismic energy (Ide and Beroza, 2001). We first defined time 178 

windows in which seismic signals of shallow tremors were observed. In the Nankai Trough, each 179 

time windows began at the origin time of the VLFE in the Nakano et al. (2016, 2018) catalog and 180 

spanned 100 s. In the Japan Trench, each time window began 100 s before the calculated arrival 181 

time of the tremor and spanned 200 s. Tremor arrival times were calculated by adding the travel 182 

time of the seismic waves to the origin time in the Nishikawa et al. (2019) tremor catalog, 183 

assuming an S-wave velocity of 2 km/s. For each OBS, we calculated the cross-correlation 184 

functions of the envelope waveforms with other nearby OBSs that were closer than 100 km. In 185 

the Nankai Trough, data were not used for further analyses if the maximum values of the cross-186 

correlation coefficients did not exceed 0.6 for any station pair. In the Japan Trench, data were not 187 

used for further analyses if fewer than three station pairs had maximum cross-correlation 188 

coefficients that exceeded 0.5. We normalized the envelope waveforms of the shallow tremors 189 

and stacked them for stations with tremor signals. We defined the durations of the shallow 190 

tremors using the half-value width of the stacked envelope waveforms. We calculated the 191 

seismic energy within the tremor duration (Eij) observed for the i-th tremor and j-th OBS, 192 

assuming a crustal density of 2700 kg/m3 and a shear wave velocity of 3.5 km/s (Maeda and 193 

Obara, 2009). Eij is expressed as: 194 

 195 

,    (1) 196 

 197 

where C(Rij) is a seismic attenuation parameter treated as a step function of the hypocentral 198 

distance Rij with 20 km increments. By calculating the differences in Equation 1 for the same 199 

tremor at different stations, the seismic energy at the source Ei is canceled out. Then, the seismic 200 

attenuation parameter can be estimated by solving the least-squares inversion problem.  201 
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In the third step, Ei was estimated by calculating the logarithmic average of the seismic 202 

energies observed at the OBSs, corrected for geometric spreading and seismic attenuation. The 203 

seismic energy rate was then calculated by dividing the estimated Ei by the duration of the 204 

tremors defined above. 205 

Takemura et al. (2020) showed that the estimated durations of shallow tremors described 206 

above could be overestimated. An accretionary prism with a low seismic velocity is present in 207 

the Nankai Trough. This contributes to the energy trapping of seismic waves and the elongation 208 

of seismic wave pulses observed by the OBSs. This is especially effective for seismic sources 209 

located just beneath the low-velocity accretionary prism, such as shallow slow earthquakes in the 210 

Nankai Trough. However, the method used in this study was selected to allow for consistent 211 

comparisons of the estimated results with those of Yabe et al. (2019) in the DONET1 region. 212 

Tremor signals would not be elongated significantly in the Japan Trench, where the shallow 213 

prism is composed of a Cretaceous backstop that has been imaged as a high-velocity body (Tsuru 214 

et al., 2000, 2002). Developing a more precise estimation method should be addressed in future 215 

research. 216 

 217 

2.3. Seismic moment rate estimation for shallow VLFEs.  218 

 Seismic moment rates of shallow VLFEs that accompany shallow tremors were 219 

estimated by comparing the synthetic VLFE waveforms with the observed waveforms in a 220 

frequency band of 0.02–0.05 Hz using three-component seismograms from 10 F-net stations 221 

located close to the hypocenter of the VLFEs (Baba et al., 2020a). Synthetic VLFEs were 222 

calculated with OpenSWPC (Maeda et al., 2017) using the three-dimensional seismic velocity 223 

structure from the Japan Integrated Velocity Structure Model (Koketsu et al., 2012), the seismic 224 

moment tensor from the subducting plate model (Nakajima & Hasegawa, 2006; Nakajima et al., 225 

2009; Kita et al., 2010), and the NUVEL-1A plate motion model (DeMets et al., 1994). We set 226 

the grids along the average locations of the tremors (Figure 1b). The hypocentral locations of the 227 

VLFEs are assumed to be located in the closest grids to the tremor hypocentral locations. This 228 

approximation is required to reduce the calculation costs of the synthetic VLFE waveforms. We 229 

assumed a triangular shape for the seismic moment rate function. The durations and origin times 230 

of the VLFEs were investigated using a grid search. In the grid search, the durations were 231 

considered to be between 10 and 50 s, as in Takemura et al. (2019). Origin times were 232 
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considered to be between 30 s before and 30 s after the origin times of the tremors in the catalog. 233 

The parameter set that produces the highest values of the average cross-correlation coefficient 234 

among the stations and components between the observed and synthetic waveforms was then 235 

adopted. Seismic moments were estimated by fitting the observed waveforms to the synthetic 236 

ones based on the variance reduction (e.g., Baba et al., 2020b). To discard bad estimations due to 237 

low signal to noise ratios, we excluded results with average cross correlation coefficients less 238 

than 0.25. This threshold is comparable to the threshold of VLFE detection using the matched 239 

filter technique of Baba et al. (2020a). As the VLFE catalog of Nakano et al. (2016, 2018) 240 

already includes information on the seismic moment rates, we applied this method only to the 241 

Japan Trench. 242 

 243 

 244 

3. Results 245 

 246 

3.1. Site amplification factors 247 

 The site amplification factors of the DONET2 stations were estimated relative to the 248 

onshore F-net N.KMTF station, which was assumed to have a site amplification factor of 2 249 

(Figure 2). We observed strong amplification of the horizontal components, whereas the vertical 250 

components were not generally amplified significantly. This tendency is similar to the results for 251 

the DONET1 stations (Yabe et al., 2019; Figure 2).  The site amplification factors of the S-net 252 

stations were estimated relative to the average site factors of 11 onshore F-net stations (Figure 3). 253 

The S-net stations also show the tendency for significant amplification of the horizontal 254 

components, whereas the vertical components were less amplified. As demonstrated by the 255 

numerical simulations of Li et al. (2015), strong shear wave velocity reductions in soft sediments 256 

at the seafloor cause significant amplification of horizontal components. The S-net stations also 257 

exhibit a spatial trend in which deeper OBSs near the trench have higher site amplification 258 

factors in both the horizontal and vertical components. Although we do not go into details on this 259 

topic in this study, spatial variations in the thickness of the soft sediment could be related to the 260 

observed spatial variations in the site amplification factor. 261 

 262 

3.2. Seismic attenuation 263 
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 Seismic attenuation was estimated as a step function with 20 km increments (Figure 4). 264 

The estimated seismic attenuation at DONET2 and S-net stations had values of approximately 265 

0.02 km-1, which is similar to the values estimated for the DONET1 stations (Yabe et al., 2019; 266 

Figure 4). In contrast, seismic attenuation estimated from deep tremors had values of 267 

approximately 0.01 km-1 (Yabe & Ide, 2014). As discussed in Yabe et al. (2019), differences in 268 

the estimated seismic attenuation can be explained by differences in the shear wave velocity 269 

structure of the crust through which the seismic waves of tectonic tremors pass. The seismic 270 

attenuation parameter C can be written as pf/Qb, where f is frequency, Q is the quality factor, 271 

and b is the shear wave velocity, all of which are averaged over the ray path from the source to 272 

stations. Seismic waves from deep tremors radiate from a depth of ~30 km and pass through the 273 

entire southwestern Japan island arc crustal section. Island arc crust has a shear wave velocity of 274 

~4 km/s near the depth of the plate interface and ~3 km/s at the surface (Hirose et al., 2008). In 275 

contrast, seismic waves from shallow tremors radiate from depths of ~5–10 km in the Nankai 276 

Trough and ~10 km in the Japan Trench. The accretionary prism in the Nankai Trough has a 277 

shear wave velocity of ~2 km/s near the plate interface and <1 km/s at the seafloor (Tonegawa et 278 

al., 2017). The shallow prism in the Japan Trench has a shear wave velocity of ~3.0–3.5 km/s 279 

near the plate interface (Yamamoto et al., 2013). The shear wave velocity of the prism at the 280 

seafloor was estimated by laboratory experiments on core samples recovered by scientific 281 

drilling and is ~1 km/s (Nakamura et al., 2014). Therefore, path-averaged shear wave velocities 282 

could be 2–3 times different for deep and shallow tremors, which can explain the differences in 283 

the estimated seismic attenuation parameter C.  284 

 285 

3.3. Seismic energy and seismic moment rates of slow earthquakes in the Nankai Trough 286 

 Shallow tremors were distributed as two clusters in the DONET2 region (Figure 1a). 287 

The eastern and western clusters were located off the Kii channel and off Cape Muroto, 288 

respectively. The estimated seismic energy and moment rates are summarized in Figure 5. The 289 

estimated seismic energy rate ranged from 103 to 104.5 J/s for both the eastern and western 290 

clusters. The seismic moment rates obtained by Nakano et al. (2016, 2018) ranged from 1013 to 291 

1014 Nm/s for the eastern cluster and from 1012 to 1013 Nm/s for the western cluster. The 292 

calculated scaled energy ranged from 10-10 to 10-9 for the eastern cluster and from 10-9 to 10-8 for 293 

the western cluster.   294 
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 Spatial variations in the estimated seismic energy rate, seismic moment rate, and scaled 295 

energy are presented in Figure 6. In the DONET1 region, as discussed in Yabe et al. (2019), 296 

along-dip variations in the seismic energy rate and the seismic moment rate were observed. In 297 

contrast, such along-dip variations were not observed in the DONET2 region because the cluster 298 

size was so small that along-dip variations could not be resolved.  299 

 300 

3.4. Seismic energy and seismic moment rates of slow earthquakes in the Japan Trench 301 

 Shallow tremors in the Japan Trench were grouped into 4 regions: regions off Tokachi, 302 

off Iwate, off Fukushima, and off Ibaraki, from north to south (Figure 1b). The seismic energy 303 

rates of tremors off the Tokachi region ranged from 102 to 105 J/s. The seismic moment rate in 304 

this region spans between 1012.5 and 1014 Nm/s (Figure 7). The maximum seismic energy rates of 305 

the tremors in the region off Iwate (104 J/s) are smaller than those in the region off Tokachi. 306 

Tremors in the regions off Fukushima, Iwate, and Ibaraki exhibit similar seismic energy rates 307 

and seismic moment rates. The calculated scaled energy in all regions ranged from 10-10 to 10-9.  308 

Spatial variations in the estimated seismic energy rate, seismic moment rate, and scaled 309 

energy are presented in Figure 8. Figure 8a shows that the seismic energy rate varies 310 

significantly along strike. Figure 8b shows that VLFEs were detected only at locations where 311 

large tremors also occurred. For example, many VLFEs were detected in the region off Tokachi, 312 

where large tremors also occurred. On the other hand, the region off Iwate, which is 313 

distinguished from the region off Tokachi by a small tremor gap at 40.7°N, exhibited a smaller 314 

seismic energy rate and fewer VLFEs were detected. Few VLFEs were detected in the regions 315 

off Fukushima and Ibaraki, where the seismic energy rates of the tremors were also lower. 316 

VLFEs may occur at locations where smaller tremors occur, although they are difficult to detect 317 

using onshore F-net stations due to their low signal-to-noise ratios. 318 

 319 

4. Discussion 320 

 321 

4.1. Spatial variations in estimated source parameters of shallow slow earthquakes  322 

 Shallow tremors in the DONET2 region in the Nankai Trough were distributed in two 323 

clusters (Figure 6). Shallow tremors in the two clusters had similar seismic energy rates, whereas 324 

the accompanying shallow VLFEs in the eastern cluster had larger moment rates than those in 325 
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the western cluster, resulting in smaller scaled energies in the eastern cluster. The scaled energies 326 

of the western cluster (10-9–10-8) are similar to those of shallow slow earthquakes in the 327 

DONET1 region (Yabe et al., 2019), whereas the scaled energies of the eastern cluster (10-10–10-328 

9) are similar to those of deep slow earthquakes (Ide and Yabe, 2014; Ide, 2016; Maury et al., 329 

2018). 330 

Tonegawa et al. (2017) estimated the shear wave velocity structure beneath the DONET 331 

stations by analyzing the Rayleigh admittance. They found that low-velocity anomalies are 332 

localized in regions where shallow slow earthquakes have been detected, which is interpreted as 333 

the presence of fluid contributing to the occurrence of slow earthquakes. This low-velocity 334 

anomaly is especially strong in the western cluster in the DONET2 region compared to other 335 

slow earthquake source regions in the Nankai Trough, although the source parameters of the 336 

western cluster are similar to those in the DONET1 region and are different from those in the 337 

eastern cluster in the DONET2 region. Although the presence of elevated fluid pressures has 338 

been noted as important for the seismogenesis of slow earthquakes since the initial stages of slow 339 

earthquake research (e.g., Obara, 2002), other physical conditions along the plate interface might 340 

also be important for determining the seismicity of slow earthquakes. 341 

Ike et al. (2008) investigated spatial variations in the thicknesses of incoming sediments 342 

on the Philippine Sea plate. Sediment thickness at the trench (Fig 4 of Ike et al., 2008) correlates 343 

with the spatial distribution of slow earthquakes in that the sediment is thicker in regions where 344 

shallow slow earthquakes occur along the plate interface. Sediments are especially thick in the 345 

eastern cluster in the DONET2 region, which have lower scaled energies than the other cluster. 346 

Since geologic records of slow earthquakes have been reported in the viscous shear zone in the 347 

subduction mélange (Ujiie et al., 2018; Phillips et al., 2020), lithological differences could be 348 

another important factor in slow earthquake occurrence. 349 

 Shallow tremors in the Japan trench exhibit band-like distributions (Figure 8) as do deep 350 

tremors in southwestern Japan and Cascadia, although the seismicity exhibits strong along-strike 351 

variations (Nishikawa et al., 2019; Tanaka et al. 2019). For example, recurrence patterns differ 352 

among the studied regions (Figure 9). Shallow tremors in the region off Tokachi have long 353 

recurrence intervals (~0.5–1 year), while shallow tremors in the region off Iwate have short 354 

recurrence intervals (1–2 months). Shallow tremors in the regions off Fukushima and Ibaraki 355 

have medium recurrence intervals (~3 months). Our results show that the estimated seismic 356 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

13 

energy rates also differ correspondingly among the four regions (Table 1). The region off 357 

Tokachi has the longest recurrence interval and the largest seismic energy rate (median rate of 358 

1700 J/s), whereas the region off-Iwate has the shortest recurrence interval and the lowest 359 

seismic energy rate (830 J/s). The regions off Fukushima and Ibaraki have medium recurrence 360 

intervals and medium energy rates (1350 and 1470 J/s, respectively). This correlation between 361 

energy rate and recurrence interval has also been observed for deep slow earthquakes. 362 

Recurrence intervals in southern Cascadia (44–47°N) are longer than those in northern Cascadia 363 

(47–50°N) (Brudzinski and Allen, 2007). The estimated seismic energy rate is also higher in 364 

southern Cascadia (Yabe and Ide, 2014). The same correlation has also been observed in the 365 

along-dip direction. Up-dip tremors in deep slow earthquakes tend to have larger energy rates 366 

(Yabe and Ide, 2014) and longer recurrence intervals (Wech and Creager, 2011; Idehara et al., 367 

2014). As the energy rates of tremors could represent stress drops (Ando et al., 2012), this 368 

correlation may result from the fact that tremor zones with higher frictional strengths can endure 369 

larger stress loading. The estimated scaled energy range for the shallow slow earthquakes 370 

throughout the Japan Trench (10-10–10-9) is similar to that of the eastern cluster in the DONET2 371 

region and that of deep slow earthquakes. 372 

 Shallow tremors in the regions off Tokachi and Iwate are separated by a small gap at 373 

40.7°N. Tanaka et al. (2019) noted that aftershocks of the 1994 Sanriku-oki earthquake (Mw 7.7; 374 

Nagai et al., 2001) were located in this gap. This suggests that the physical conditions along the 375 

plate interface change across this area. The seismic structure of the shallow accretionary prism 376 

along the Japan Trench has been investigated using seismic reflection surveys (e.g., Tsuru et al., 377 

2000, 2002; Kodaira et al., 2017; Azuma et al., 2018) and is composed of a Cretaceous backstop 378 

and a deformed prism toe (Tsuru et al., 2000), although the size and shape of the deformed prism 379 

toe vary along strike (Tsuru et al., 2002; Kodaira et al., 2017; Azuma et al., 2018). The deformed 380 

prism toe has a wedge shape in the northern Japan Trench, whereas prism toe sediments are 381 

subducted as thin channel-like layers in the southern Japan Trench (Tsuru et al., 2002). This 382 

transition occurs abruptly at 37.5°N (Kodaira et al., 2017). The size of the wedge-shaped prism 383 

toe is estimated to be small in the large slip zone of the 2011 Tohoku-oki earthquake located at 384 

38–39° N, whereas the size of the prism toe increases in the northern region (Azuma et al., 385 

2018).  386 
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 Almost no tremors were detected in the large slip area of the Tohoku-oki earthquake in 387 

the Nishikawa et al. (2019) tremor catalog. Shallow VLFE activity, which is monitored by 388 

onshore seismic stations, has also been limited in this region (Matsuzawa et al., 2015; Baba et 389 

al., 2020a), which suggests that shallow slow earthquakes are not active in this region. This 390 

could be related to the small size of the deformed prism toe in this region. Underthrust sediment 391 

in the deformed prism toe has been imaged as a low-velocity layer (Tsuru et al., 2000, 2002), 392 

which suggests that the prism toe sediment transports fluid to depth. In regions where the 393 

deformed prism toe is small, sufficient fluid cannot be transported to the depth where shallow 394 

slow earthquakes occur, which hinders the occurrence of shallow slow earthquakes. In the 395 

regions off Iwate and Tokachi where the deformed prism toe is sufficiently large, the low-396 

velocity sediments have been imaged to a depth of 10–15 km (Tsuru et al., 2002), which could 397 

produce favorable physical conditions for shallow slow earthquakes. However, no abrupt 398 

changes in seismic structure profiles have been reported across the tremor gap at 40.7°N.  399 

In the southern Japan Trench, prism toe sediments have been imaged as a thin low-400 

velocity layer that extends to a depth of 10–20 km (Tsuru et al., 2002). This may also contribute 401 

to the generation of favorable physical conditions for shallow slow earthquakes in the regions off 402 

Fukushima and Ibaraki with high pore fluid pressures.  403 

Fujie et al. (2020) investigated the spatial variations in the incoming sediments on the 404 

Pacific plate. Although their results for the trench cover only shallow tremors in the region off 405 

Iwate, we can observe spatial correlations between the sediment thickness and slow earthquakes. 406 

The southern edge of the tremor zone corresponds to the thin-sediment region due to petit-spot 407 

volcanism (Hirano et al., 2006). The northern edge of the tremor zone off Iwate seems to 408 

correspond to a region of thick sediments, although it is unfortunately located at the edge of the 409 

area analyzed by Fujie et al. (2020). Similar to the Nankai Trough, lithological differences may 410 

affect the seismicity of slow earthquakes. 411 

 412 

4.2. Shallow slow earthquake monitoring using tremors and VLFEs 413 

 As slow earthquakes frequently release strain aseismically, it is important to monitor 414 

slow earthquake activity to understand strain accumulation in the locked zone of future 415 

megathrust earthquakes (e.g., Obara and Kato, 2016). As frequent geodetic measurements are 416 

difficult in offshore areas (e.g., Yokota et al., 2016), shallow tremors and VLFEs are important 417 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

15 

monitoring targets. Seismic signals of shallow tremors are not usually observed by onshore 418 

seismic stations, offshore seismic networks (such as DONET and S-net) are required to conduct 419 

real-time monitoring. In contrast, seismic signals of shallow VLFEs are observed by onshore 420 

broadband seismic stations (Asano et al., 2008; Matsuzawa et al., 2015; Takemura et al., 2019; 421 

Baba et al., 2020a).  422 

 Baba et al. (2020b) estimated the seismic moment release rates of VLFEs in the Nankai 423 

Trough and the Japan Trench. In the Japan Trench, VLFE activity in the region off Tokachi had 424 

higher estimated moment release rates (106.5–107.5 N/m/yr) than in other regions (105.0–106.0, 425 

~105.5, and 105.5–106.5 N/m/yr in the regions off Iwate, Fukushima, and Ibaraki, respectively). 426 

Figure 9a and 9b show time plots of the cumulative moment released by shallow VLFEs 427 

estimated in this study. Although the analytical period differs between this study and that of 428 

Baba et al. (2020b), our results also show that VLFE activity in the region off Tokachi was the 429 

highest among the studied regions (Figure 9b). In contrast, shallow slow earthquake activity in 430 

other regions monitored via VLFEs were one order of magnitude less active than the shallow 431 

slow earthquake activity off Tokachi. 432 

 However, shallow slow earthquake monitoring via shallow tremors provides a different 433 

perspective (Figure 9c and 9d). The cumulative seismic moment released by shallow tremors is 434 

converted from the cumulative seismic energy radiation with a scaled energy of 3.0 × 10-10. We 435 

note here that the completeness of the seismic energy count is insufficient because the tremor 436 

catalog constructed using the envelope correlation method detects only part of the entire tremor 437 

activity (Annoura et al., 2016). Tremor activity in the region off Tokachi had the largest seismic 438 

moment release among the studied regions. The cumulative seismic moment released over two 439 

years by shallow tremors is ~2.5 × 1017 Nm, which is comparable to the estimates obtained from 440 

shallow VLFEs. The regions off Iwate and Ibaraki also released seismic moments of ~1.0 × 1017 441 

Nm, whereas the seismic moment released in these regions estimated from shallow VLFEs is one 442 

order of magnitude smaller. This difference is due to the differences in event-size distributions 443 

among the regions. Larger events occurred more dominantly in the region off Tokachi than in 444 

other regions along the Japan Trench (Figure 10).  In the region off Tokachi, many large events 445 

occurred that were observed by onshore stations. However, the other regions contained many 446 

events that were too small to be observed by the onshore stations. Although the individual events 447 

were smaller, shorter recurrence intervals resulted in a large seismic moment released in these 448 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

16 

regions. Hence, shallow slow earthquake monitoring of shallow VLFEs that is based at onshore 449 

seismic stations could miss a significant amount of seismic moment released by small, but 450 

frequent, events. Monitoring small events is also important for understanding the source physics 451 

of slow earthquakes by analyzing, for example, event-size distributions (Nakano et al., 2019).  452 

 453 

 454 

5. Conclusions 455 

 This study evaluated the seismicity of shallow slow earthquakes in the Nankai Trough 456 

and the Japan Trench in terms of the seismic energy rates of shallow tremors, the seismic 457 

moment rates of shallow VLFEs, and the scaled energies. We applied the method of Yabe et al. 458 

(2019), who estimated the seismic energy rate of shallow tremors in the DONET1 region of the 459 

Nankai Trough, to data from the DONET2 region in the Nankai trough and from S-net in the 460 

Japan Trench, with minor modifications. Site amplification of the OBSs and seismic attenuation 461 

due to a shallow prism were also estimated to conduct an accurate estimation of the seismic 462 

energy rates. The results indicate that the estimated site amplification is larger for the horizontal 463 

components than for the vertical components. Soft sediments on the seafloor contribute to large 464 

site amplification of the horizontal components. The strengths of the seismic attenuations are 465 

almost the same in the shallow prism at the Nankai Trough and at the Japan Trench. The 466 

estimated seismic energy rates of the shallow tremors ranged from 102 to 105 J/s, with spatial 467 

variations. Significant variations were observed in the northern Japan Trench, where shallow 468 

tremors exhibit belt-like distributions with small gaps near 40.7°N. Tremors in the region off 469 

Tokachi (northern section) had higher energy rates with long recurrence intervals, whereas those 470 

in the region off Iwate (southern section) had lower energy rates with short recurrence intervals. 471 

This correlation between the tremor sizes and recurrence intervals has also been observed for 472 

deep tremors. The seismic moment rate of the shallow VLFEs that accompany shallow tremors 473 

in the Japan Trench were also analyzed using onshore broadband seismic stations with Green’s 474 

function developed using a three-dimensional seismic velocity model. Shallow VLFEs were 475 

detected in regions where the seismic energy rate of the shallow tremors is large. The scaled 476 

energy was estimated as approximately 10-9, although there were slight variations. Shallow slow 477 

earthquakes in the DONET1 region and the western cluster in the DONET2 region had higher 478 

scaled energy values (10-9–10-8), whereas shallow slow earthquakes in the eastern cluster in the 479 
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DONET 2 region and the Japan Trench had lower values (10-10–10-9), which is common for 480 

values estimated for deep slow earthquakes. We compared the cumulative seismic energies of the 481 

shallow tremors observed by the OBSs to those of the seismic moments of the shallow VLFEs 482 

observed by the onshore seismic stations, showing that the seismic moment release monitored 483 

via shallow VLFEs by far onshore seismic stations could be underestimated due to undetected 484 

small, but frequent, events that can be observed only as shallow tremors by OBSs.  485 

 486 

487 
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 740 

 741 

Figure 1. Regional map of the (a) Nankai Trough and (b) the Japan Trench. Black, orange, and 742 

gray triangles represent ocean bottom seismometers (OBSs) (DONET stations in the Nankai 743 

Trough and S-net stations in the Japan Trench), F-net stations, and Hi-net stations respectively. 744 

F-net stations with blue edges are stations that were used for site amplification analyses. Purple 745 

circles indicate the hypocenters of VLFEs in the Nankai Trough (Nakano et al., 2016, 2018) and 746 

tremors in the Japan Trench (Nishikawa et al., 2019). Other circles indicate the hypocenters of 747 

intra-slab earthquakes in the JMA catalog. Colors of circles for intra-slab earthquakes indicate 748 

their depths. Blue crosses are grids set for the VLFE analyses explained in Section 2.3. 749 

Background gray scale denotes the bathymetry (Smith and Sandwell, 1997). In the Nankai 750 

Trough, the DONET1 region denoted by dashed lines was investigated by Yabe et al. (2019).  751 
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 755 

 756 

Figure 2. Estimated site factors of the DONET stations for (a) horizontal and (b) vertical 757 

components. 758 

 759 
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 761 

 762 

Figure 3. Estimated site factors of the S-net stations for (a) horizontal and (b) vertical 763 

components. 764 
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 767 

 768 

 769 

Figure 4. Estimated seismic attenuation relative to hypocentral distance. Results from DONET1 770 

(blue; Yabe et al., 2019), DONET2 (light blue; this study), and S-net (purple; this study) stations 771 

are presented, as well as those from  the western Shikoku (WSK; brown), eastern Shikoku 772 

(ESK; red), Kii (KII; light green), and Tokai (TOK; green) regions estimated with deep tremors 773 

(Yabe & Ide, 2014). 774 
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 779 

 780 

 781 

Figure 5. Estimated source parameters in the Nankai Trough. Colors of the circles indicate the 782 

tremor locations: gray circles for the DONET1 region (from Yabe et al., 2019), blue squares for 783 

the eastern cluster in the DONET2 region, and red diamonds for the western cluster in the 784 

DONET2 region). Black lines indicate constant scaled energies of 10-8, 10-9, and 10-10. 785 
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 789 

 790 

Figure 6. Spatial distributions of estimated seismic source parameters in the Nankai Trough. (a) 791 

Seismic energy rate, (b) seismic moment rate, and (c) scaled energy. Results from Yabe et al. 792 

(2019) are also included for the DONET1 region.  793 
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 794 

 795 

Figure 7. Estimated source parameters in the Japan trench. Colors of the circles indicate the 796 

tremor locations: gray circles for the region off Tokachi, blue squares for the region off Iwate, 797 

green triangles for the region off Fukushima, and red diamonds for the region off Ibaraki). Black 798 

lines indicate constant scaled energies of 10-8, 10-9, and 10-10. 799 

 800 

  801 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

34 

 802 

 803 

Figure 8. Spatial distributions of the estimated seismic source parameters in the Japan Trench. (a) 804 

Seismic energy rate, (b) seismic moment rate, and (c) scaled energy. The right panel in (a) shows 805 

the 25th, 50th, and 75th percentiles of the energy rate for each bin in the latitude direction (0.2° 806 

bin size). 807 
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 812 

Figure 9. Time plots of seismic energy and seismic moment rates in the Japan Trench. (a) Time 813 

plots of the seismic moment rates estimated for shallow tremors. (b) Time plots of the 814 

cumulative moment rates for VLFEs. Colors of the lines represent regions: black for the region 815 

off Tokachi, blue for the region off Iwate, green dashed line for the region off Fukushima, and 816 

red for the region off Ibaraki. (c) Time plots of seismic energy rates for shallow tremors. (d) 817 

Time plots of the cumulative moment rates for tremors, which have been converted from the 818 

estimated energies using a scaled energy of 3.0 x 10-10. 819 
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 821 

 822 

Figure 10. The event-size distributions of shallow tremors in the four regions of the Japan 823 

Trench. Black indicates the region off Tokachi, blue indicates the region off Iwate, green dashed 824 

line the region off Fukushima, and red indicates the region off Ibaraki. 825 

 826 

 827 

828 



This is a non-peer reviewed preprint that has been submitted to Tectonophysics 

37 

Table 1. Summary of seismic energy rates and recurrence intervals of shallow tremors in the 829 

Japan Trench. 830 

 831 

Region Recurrence intervals Median energy rate Scaled energy 

Tokachi 0.5–1 year 1700 J/s 10-10–10-9 

Iwate 1–2 months 830 J/s 10-10–10-9 

Fukushima ~3 months 1350 J/s 10-10–10-9 

Ibaraki ~3 months 1470 J/s 10-10–10-9 
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