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Abstract
Tremors and low-frequency earthquakes (LFEs), which occur in the plate interface, can provide useful information about the state of aseismic stress transfer in mega-earthquake fault zones. We estimated the distribution of triggered LFEs in the subducted plate interface. Specifically, we detected LFEs in the Ryukyu Trench triggered by the surface waves of large teleseismic earthquakes by using the waveform records of broadband and short-period seismometers installed in the Ryukyu Arc. We selected a total of 45 teleseismic earthquakes with magnitudes of more than 7.5, which occurred between 2004 and 2017, for the analysis. We could detect the triggered LFEs for five teleseismic earthquakes. Then, we determined the hypocenters of LFEs by using the relative arrival times of LFEs for each station. The LFEs were distributed in the south of Okinawa Island and the Yaeyama area. Moreover, they were distributed around the source fault of the slow slip events. These were almost the same as and concentrated near to the locations of the most active LFE clusters accompanying very low-frequency earthquakes, suggesting higher sensitivity of inducing LFEs near these clusters. This indicates that the LFEs accompanying VLFEs are activated by stress acceleration in the Yaeyama and Okinawa areas.
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Introduction
The activity of non-volcanic tremors, which are one type of slow earthquake, in the plate interface can provide useful information about the movement of aseismic slip in mega-thrust fault zones, and such data can be indicative of the heterogeneity of stress sensitivity and aseismic stress accumulation in the plate interface (Obara and Kato 2016). These tremors have different characteristics to those of regular earthquakes such as a long-duration, emergent onset, and lack of high-frequency components of wave energy. The tremors have been observed in various areas around the circum-Pacific plate boundaries (Obara 2002; Rogers and Dragert 2003; Nadeau and Dolenc 2005; Payero et al. 2008; Fry et al. 2011; Obara and Kato 2016). Before 2009, tremors that occurred in the down-dip extension of the seismogenic zone had been observed, but later, those that occurred in the up-dip extension were detected (Obara and Kodaira 2009; Walter et al. 2011; Ito et al. 2015; Yamashita et al. 2015; Tanaka et al. 2019). The existence of these tremors and activity changes induced by external stress implies that aseismic slip proceeds in the up-dip and down-dip of the plate interface, and the tremor activity in the up-dip and down-dip of the plate interface is influenced by small stress perturbations in these areas.
We focused on triggered tremors (i.e., low-frequency earthquakes or LFEs) caused by dynamic stress changes to estimate the distribution of stress sensitivity in the plate interface within the Ryukyu subduction zone. Although tremors usually have occurred as ambient tremors, those triggered by the surface waves of teleseismic earthquakes also have been observed (Miyazawa and Mori 2006; Rubinstein et al. 2007; Peng et al. 2008; Gomberg et al. 2008; Chao et al. 2012a, b, 2013). The characteristics of the triggered tremors are similar to those of the ambient tremors, and so is their mechanism. Therefore, the detection of triggered tremors can implicate the existence of ambient tremors (Gomberg 2010; Fry et al. 2011; Ide 2012; Chao et al. 2013; Sun et al. 2015).
Tremors triggered by the surface waves of large earthquakes also have been observed in the Ryukyu Trench. Chao and Obara (2016) reported that a tremor (LFE) was detected in the high-frequency component of a broadband seismometer when the surface waves of a M8-class teleseismic earthquake passed over the Yaeyama area, to the southwest of the Ryukyu Trench. Because the tremors were observed at stations IGK and YNG of the F-net, which were established by the National Research Institute for Earth Science and Disaster Resilience (NIED) (Fig. 1), in the Yaeyama area, tremors were also assumed to have occurred in the Ryukyu Trench. However, because the F-net observation network has only two stations (IGK and YNG) in the Yaeyama area, it is a difficult task to determine the detailed hypocenter distribution of the tremors.[image: ../images/40623_2021_1442_Fig1_HTML.png]
Fig. 1Distribution of the seismic stations. Squares denote the F-net stations, and the crosses denote the JMA stations. Solid black contours show the depth of the plate interface (Hayers et al. 2012). The inset shows the distribution of the teleseismic earthquakes (red circles) used in this study


In this study, we detected the triggered LFEs, determined their hypocenters, and estimated the distribution of stress sensitivity in the Ryukyu subduction zone. We used the waveforms of the short-period seismic network operated by the Japan Meteorological Agency (JMA). This observation network of the short-period seismographs with a natural period of 1 s is distributed in the Ryukyu Islands. Because these seismographs are installed on the ground, the noise level of the waveforms is higher than that of borehole-type seismographs. Although these seismographs are not suitable for detecting weak signals, LFEs can be detected by this seismic network in some cases. Nakamura (2017) detected and located VLFE–LFEs from the waveforms of the JMA’s short-period seismic network. The LFEs were clustered to the south of the Hateruma and Ishigaki islands, the area south of Okinawa Island, and the area northeast of Okinawa Island. If the LFEs occurred on the plate interface, their depths corresponded to 15–20 km. According to the OBS survey conducted in the south of the Yaeyama area, the LFEs occurred on the subducting plate interface (Arai et al. 2016). The difference of distribution of the ambient and triggered LFEs can inform us about the lateral heterogeneity of stress sensitivity in the subducted plate interface.
Data and methods
Data
Earthquakes that occurred between January 2004 and December 2017 with magnitudes of more than 7.5, epicentral distances ranging from 15 to 90 degrees from Okinawa Island, and depths shallower than 300 km were used in the analysis (a total of 45 events) (Fig. 1, Additional file 1: Table S1). Broadband waveforms at IGK and ZMM of the F-net observation network were used. The instrumental responses of the waveforms were corrected. The short-period seismic waveforms of the JMA, 3 h from the occurrence of the earthquake, were also used to detect the LFEs.
Detection of LFEs
The waveforms of the broadband seismometers were 0.02–0.05 Hz bandpass-filtered to display the surface waves. The horizontal component waveforms of the short-period seismometer and F-net seismometers were 2–4 Hz bandpass-filtered to detect the LFEs. In general, the LFEs are analyzed in the frequency band of 2–8 Hz (Chao and Obara, 2016). However, the noise level of seismographs placed on the ground surface in this region is high, above 4 Hz, which masks the LFE signal. Additional file 3: Figure S1 shows the waveforms at Yaeyama during the 2004 Sumatra earthquake. In the 2–4 Hz bandpass-filtered waveforms, the LFEs were observed at four stations (Additional file 3: Figure S1a). However, for the 4–8 Hz bandpass-filtered waveform, ISHIG2 failed to detect LFEs, and the correlation of the envelope waveforms between HATERS and KUROSH was poor (Additional file 3: Figure S1b). At 8–16 Hz, the LFEs could not be detected at all stations (Additional file 3: Figure S1c). To determine the hypocenters of the LFEs, as many observation points as possible are needed. Therefore, we limited our LFE analysis to the frequency range of 2–4 Hz. Potential wave groups of the LFEs when the surface waves passed were visually selected from the short-period seismograms (Figs. 2, 3, Additional file 4: Figure S2, and Additional file 5: Figure S3).[image: ../images/40623_2021_1442_Fig2_HTML.png]
Fig. 2Waveforms of the triggered LFEs observed in the Yaeyama area. Broadband and short-period seismographs of the 2004 Sumatra earthquake. Upper part shows the instrumentally corrected broadband seismograph at IGK. Zero time denotes the occurrence time of the earthquake. The black and white triangles denote the estimated arrival time of the Rayleigh and Love waves, respectively. The velocity of the Rayleigh and Love waves is assumed to be 4.0 km/s and 3.4 km/s, respectively. The thick vertical bar shows the scale of the broadband seismograph. Lower part shows the 2–4 Hz bandpass-filtered short-period seismograph of the N–S component. The triggered LFEs were recorded at several stations. The waveforms are plotted from western stations to eastern stations along the trench
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Fig. 3Waveforms of the triggered LFEs observed in the Okinawa area. Broadband and short-period seismographs of the 2004 Sumatra earthquake. Upper part shows the instrumentally corrected broadband seismograph at ZMM. Zero time denotes the occurrence time of the earthquake. The black and white triangles denote the estimated arrival time of the Rayleigh and Love waves, respectively. The velocity of the Rayleigh and Love waves is assumed to be 4.0 km/s and 3.4 km/s, respectively. The thick vertical bar shows the scale of the broadband seismograph. Lower part shows the 2–4 Hz bandpass-filtered short-period seismograph of the N–S component. The triggered LFEs were recorded at several stations. The waveforms are plotted from southwestern stations to northeastern stations along the trench


Hypocenter determination of LFEs
To determine the hypocenters of the LFEs, the arrival time difference of the wave group of the LFEs among the stations was calculated by using the envelope correlation method (Obara 2002). We first applied a bandpass filter of 2–4 Hz to the short-period and broadband seismograms. We combined the horizontal component waveforms, and then, we calculated the RMS amplitudes every 1 s with a time-window of 10 s. We calculated the cross-correlations of the RMS waveforms between the two stations and examined the time lag between two waveforms when the cross-correlation was at its maximum, which is the arrival time difference between the two stations.
Next, we determined the hypocenters by using the grid-search method (Chao et al. 2013), which uses the observed and calculated arrival time difference among the stations. The arrival time difference when the cross-correlation was over 0.7 was used for the hypocenter determination. As the waveforms of the LFEs were dominant with the S-wave, the S-wave velocity model was used in the grid-search method. The JMA2001 velocity model was used for the one-dimensional S-wave velocity structure (Ueno et al. 2002).
Finally, we compared the occurrence of LFE with the PGV in the Okinawa and Yaeyama areas. We chose the PGV in the vertical and transverse components of the surface waves with no filter for all events. The maximum amplitude of the LFEs was selected by combining the 2–4 Hz bandpass-filtered horizontal component waveforms. Next, the direction of arrival of the seismic wave to IGK and ZMM and the PGV were plotted.
Results
Waveforms of the triggered LFEs
In the Yaeyama and Okinawa areas, the LFEs were triggered during the passage of the surface wave of one teleseismic earthquake. Among 45 teleseismic earthquakes, LFEs were detected in five events.
In the Sumatra earthquake (Mw 9.1) of December 26, 2004, the LFEs were observed in the Yaeyama area when the surface waves passed at 1300–1700s (Fig. 2). The LFEs first arrived at the HATERS station, and then, they were delayed at stations east and west of the HATERS station. The LFE activity started when the maximum amplitude of the Love wave arrived rather than that of the Rayleigh wave (Fig. 2). In this earthquake, LFEs were observed even in the vicinity of Okinawa Island when the surface waves passed at 1500–1800s (Fig. 3). The LFEs arrived the earliest at ZMM or TAMAG2, and later at KUMEJ2 or KUNIGA stations. At 1500–1800s, two predominant phases were observed at various stations. At TAMAG2 and ZMM, weak but possible LFEs were detected at 1600–1700s. These phases were not observed at the other stations. The arrival time of these LFEs corresponded to those of the maximum amplitude of Love waves.
The LFEs were also observed in the waveforms of the Nias earthquake on March 28, 2005 (Mw8.6). However, the amplitudes of the LFE were the smallest among the five events in which LFEs were observed. The LFEs were observed at stations to the northeast of the HATERS station when the maximum amplitude of the Rayleigh wave arrived in the Yaeyama area (1100 s after the earthquake) (Additional file 4: Figure S2a). The LFEs were also observed in the Okinawa area during the passage of the surface waves (at approximately 1700s) (Additional file 5: Figure S3a). The LFEs rapidly reached TAMAG2 and ZMM in the Okinawa area. The arrival time was closer to the passage time of the maximum amplitude of the Love wave (1600 s) than that of the Rayleigh wave (1200 s).
In the Wenchuan earthquake of 2008 (Mw7.9), LFEs were observed in the Yaeyama area when the surface waves passed at 700–900 s (Additional file 4: Figure S2b). The arrival of the LFEs was the fastest at the HATERS station. The LFEs were observed around the arrival of the maximum amplitude of the Love waves in the Yaeyama area. Similar LFEs were observed in Okinawa at 900–1000 s (Additional file 5: Figure S3b). The LFEs were first observed at ZMM and TAMAG2 at 950 s, which was the arrival time of the maximum amplitude of the Rayleigh wave in Okinawa.
In the Sumatra earthquake of 2012 (Mw8.6), LFEs were observed in the Yaeyama area at 1500–2000s (Additional file 4: Figure S2c). The LFEs were first observed at the HATERS station and then at YONAGU. The LFEs intermittently continued after the passage of the maximum amplitude of the surface wave (Rayleigh waves and Love waves). Even in Okinawa, significant arrivals of LFEs were observed at 1300, 1600, and 1800s (Additional file 5: Figure S3c). The LFEs were observed around the arrival time of the maximum peak of the surface wave.
In the Gorkha earthquake in Nepal on April 25, 2015 (Mw7.8), the LFEs were observed in the Yaeyama area when the surface wave passed at 1200–1400 s (Additional file 4: Figure S2d). In the waveform, the arrival of LFE at 1200 s corresponded to the maximum amplitude of the Love wave, and the arrival of LFE at 1400 s corresponded to the maximum amplitude of the Rayleigh wave. After the passage of the surface wave (1900s or more), a plurality of LFEs were recorded at KUROSH, IGK, ISHIG2, and ISHIGH (Additional file 4: Figure S2d). The LFEs were observed around the maximum amplitude of the Love wave (1400–1600 s) even in the Okinawa area (Additional file 5: Figure S3d). The LFEs reached the TAMAG3 station the fastest. They were observed in the entire Okinawa area even after the surface wave passed at 1900s. The LFEs were observed at ZMM, TAMAG2, KUNIGA, and NAGOT at 2150 s.
Hypocenter distribution
Seven LFEs were identified in the Yaeyama area (Fig. 4a, Additional file 2: Table S2). The hypocenters of LFEs generated during the passage of the surface waves were distributed around 24.0°N and 123.6°E. The hypocenters of LFEs, which occurred immediately after the passage of the surface waves, were scattered around 24.0°N and 123.6°E. The error in the determination of the hypocenter of LFEs in the 2004 event is shown by the contour lines in Fig. 4a. As the depth determination was not accurate, the determination error at the depth of 0 km was plotted. The contour line extended in the N–S direction and had a large error in the direction perpendicular to the trench axis.[image: ../images/40623_2021_1442_Fig4_HTML.png]
Fig. 4Epicentral distribution of the LFEs. a Epicentral distribution of the LFEs in the Yaeyama area. Circles show the epicenter of the triggered LFEs during the passage of the surface waves. Diamonds denote the epicenters of LFEs after the passage of the surface waves. Colors of the circles and diamonds are different for each teleseismic event. The crosses show the epicenters of VLFE–LFEs (Nakamura 2017). The red hatch shows the slow slip event (SSE) area where the number of SSEs was over 5 (Nishimura 2014). The dotted contours show the RMS errors of the LFEs (denoted by stars) accompanying the surface wave of the 2004 Sumatra earthquake. The black-colored contour shows the depth of the plate interface (Hayer et al. 2012). b The same as a but for the Okinawa area


Seven LFEs were identified in the Okinawa area (Fig. 4b, Additional file 2: TableS2). Most of the LFEs were distributed around 25.8°N and 127.7°E. The error of the hypocenter determination is shown by the contour lines in Fig. 4b. The contours extended obliquely to the trench axis, away from the seismic network near Okinawa Island. There was a large error in the direction away from the island. In the Okinawa area, the LFEs tended to occur separately, except for during the 2015 event. The hypocenters of the LFEs, which occurred immediately after the passage of the surface waves, were also distributed to the south of Okinawa Island. The difference in the distribution of the LFEs during and after the surface wave passage was not significant.
The LFEs were triggered at both stations for both components when the PGV was over 0.1 cm/s. The maximum amplitude at 2–4 Hz of the LFEs was 200–500 nm/s (Additional file 1: Table S1). The arrival direction of the surface waves in the events that triggered the LFEs was biased to 240–300°. Events with an arrival direction of 50° did not trigger the LFEs, even though the vertical and transverse PGV was greater than 0.1 cm/s (Fig. 5).[image: ../images/40623_2021_1442_Fig5_HTML.png]
Fig. 5PGV as a function of azimuth at IGK and ZMM. a PGV in transverse component as a function of incident azimuth to the stations. Circles show the data points for triggered LFEs. Triangles show the events where the triggered LFEs were not observed. Solid and open marks show the data points at IGK and ZMM, respectively. Ellipses show the data for the 2011 Tohoku-Oki earthquake. b The same as a but for the vertical component


Discussion
Distribution of triggered LFEs and VLFE–LFEs
The locations of both the triggered LFEs and VLFE–LFEs were close. The triggered LFEs occurred at 24.0°N and 123.6°E in the Yaeyama area and 25.8°N and 127.7°E in the Okinawa area (Fig. 4), very close to those of the VLFE–LFEs, which were determined by using the S-wave arrival time (Nakamura 2017) (Fig. 4). The VLFE–LFEs were distributed at 24.0°N and 123.6–124.1°E in the Yaeyama area (Nakamura 2017) (Fig. 4a), and at 25.8°N and 127.7°E in the Okinawa area, respectively (Nakamura 2017) (Fig. 4b). The locations of the triggered LFEs were up-dip of the SSEs in the Yaeyama area, and these were on the southwest side of the SSEs along the trench in the Okinawa area (Fig. 4). This is consistent with the distribution of the VLFE–LFEs.
The distribution of the triggered LFEs did not exactly match that of the VLFE–LFEs in the Yaeyama area. The clusters of the VLFE–LFEs were distributed at 123.6°E and 124.1°E in the Yaeyama area (Fig. 4a). The epicenters of the triggered LFEs corresponded to the cluster at 123.6°E, while these were rare in the cluster at 124.1°E. Because the seismic stations are distributed along the trench, the accuracy of the epicenter determination for the E–W direction is higher and these clusters can be divided (Nakamura 2017) (Fig. 4a). Therefore, the triggered LFEs would not have occurred in the cluster at 124.1°E, and each cluster of the VLFE–LFEs in the Yaeyama area showed different sensitivity to induce LFEs. The VLFE–LFE activity was higher near the cluster at 123.6°E (Nakamura 2017), which suggests that the sensitivity of inducing LFEs was higher near 123.6°E.
Similarly, although the clusters of VLFEs–LFEs in the Okinawa area were distributed not only at 25.8°N and 127.7°E, but also to the southeast and east of Okinawa Island (Nakamura 2017), the induced LFEs occurred only at 25.8°N and 127.7°E. High VLFEs–LFEs activity in Okinawa was distributed in 25.8°N and 127.7°E clusters. As in the Yaeyama area, this suggests that the sensitivity for inducing LFEs was higher near 25.8°N and 127.7°E.
These results are consistent with those obtained in another subduction zone. The positional relationship between triggered and ambient tremors in subduction zones can be divided into two types. In the first type, the triggered tremor occurs in the region of ambient tremors such as in Taiwan and Aleutian Islands (Peterson et al. 2011; Chao et al. 2013). In the second type, the triggered tremor occurs on the up-dip side of the region of ambient tremors such as in Cascadia and west Shikoku (Kao and Shan 2004; Miyazawa et al. 2008; Kao et al. 2010; Obara et al. 2010; Chao et al. 2013; Chao and Obara 2016). In the case of the Ryukyu Trench, the accuracy of determining the position in the direction parallel to the trench is high, but the accuracy of determining the component perpendicular to the trench is low. Therefore, it is difficult to rule out that the triggered LFEs occurred on the up-dip side of the region of ambient tremors. In Kyushu, at the northern end of the Ryukyu Trench, triggered tremors occurred near the areas where shallow VLFEs and tremors occurred (Obara and Ito 2005; Yamashita et al. 2015; Chao and Obara 2016). This is consistent with the positional relationship between VLFEs–LFEs and triggered LFEs occurring in the Okinawa area and Yaeyama area. Unlike the Kyushu region, deep tremors or LFEs have not been identified in the Okinawa and Yaeyama areas. This indicates that triggered tremors could be common in or around the shallow VLFE and tremor area along the Ryukyu Trench.
Threshold for triggered LFEs
The threshold of the PGV, when the LFEs were triggered by Rayleigh and Love waves, was 0.1 cm/s at IGK and ZMM. Here, we converted the PGV to dynamic stress (Δσ). The phase velocity (v) of the Rayleigh and Love waves was set to 4.0 km/s and 3.4 km/s, respectively. Rigidity (G) was set to 35 GPa. The dynamic stress can be expressed as follows (Chao and Obara 2016):[image: $$\Delta \sigma = G\dot{u}/v.$$]




According to this equation, the PGV of 0.1 cm/s corresponds to 8.7–10 kPa. This suggests that LFEs can be triggered by the dynamic stress in the order of 10 kPa in Okinawa and Yaeyama. In a previous study, a tremor was detected in the southwestern part of the Ryukyu Arc when the dynamic stress was above 5 kPa (Chao and Obara 2016), which is of the same order of magnitude as our result.
Here, we discuss the reasons the LFEs were not observed while the PGV was large enough to trigger the LFEs when the 2011 Tohoku-Oki earthquake occurred. The PGVs of the radial and transverse components of the 2011 Tohoku-Oki earthquake (Mw9.0) were 0.53 cm/s and 0.60 cm/s, respectively, at IGK, and 0.60 cm/s and 0.69 cm/s, respectively, at ZMM (Fig. 5a, b). These values were over the threshold (0.10 cm/s) to trigger the LFEs. The amplitude of the horizontal waveforms at 2–4 Hz during the passage of the surface wave in the 2011 earthquake was on the order of 500 nm/s. The maximum amplitude of the induced LFE observed in other earthquakes was on the order of 200–500 nm/s (Additional file 1: Table S1). It is possible that the coda part of the body wave was not sufficiently small when the surface wave passed because the epicentral distance was not far enough (approximately 2000 km) and the triggered LFEs were obscured by the coda part of the body wave and could not be detected.
The arrival direction of the surface wave of the large PGV earthquakes was skewed southwestward except for the 2011 earthquake. Therefore, it was not possible to evaluate whether the threshold of the triggered LFE was azimuthally dependent or not.
Conclusions
We determined the distribution of triggered LFEs by dynamic stress changes in the surface waves in the central and southern areas of the Ryukyu Trench. The LFEs triggered by the surface waves of a large earthquake in the Ryukyu Islands were distributed to the south of the Okinawa and Yaeyama areas. These locations were overall consistent with the clusters of VLFEs–LFEs in this area. The triggered LFE activity was limited to the clusters in which the VLFEs–LFEs were originally active. This suggests that each cluster of the VLFEs–LFEs in the Yaeyama area had a different sensitivity to trigger LFEs.
The epicenters of the triggered LFEs in the Okinawa and Yaeyama areas are in or near the shallow VLFE area. This is consistent with the relationship between triggered tremors and shallow VLFEs observed in the Kyushu region at the northern end of the Ryukyu Trench. This indicates that triggered tremors could be common in or around the shallow VLFE and tremor area along the Ryukyu Trench.
The LFEs were triggered when the PGV of the surface waves was higher than 0.1 cm/s. This condition is similar to that in other areas where triggered tremors have been observed, which suggests that the LFEs observed in the Ryukyu Trench can be the result of the activation of ambient tremors due to increased stress.
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