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Abstract
An M 6.8 (Mw 6.5) deep-focus earthquake occurred beneath the Bonin Islands at 21:18 (JST) on June 23, 2015. Observed high-frequency (>1 Hz) seismograms across Japan, which contain several sets of P- and S-wave arrivals for the 10 min after the origin time, indicate that moderate-to-large earthquakes occurred sequentially around Japan. Snapshots of the seismic energy propagation illustrate that after one deep-focus earthquake occurred beneath the Sea of Japan, two deep-focus earthquakes occurred sequentially after the first (Mw 6.5) event beneath the Bonin Islands in the next 4 min. The United States Geological Survey catalog includes three Bonin deep-focus earthquakes with similar hypocenter locations, but their estimated magnitudes are inconsistent with seismograms from across Japan. The maximum-amplitude patterns of the latter two earthquakes were similar to that of the first Bonin earthquake, which indicates similar locations and mechanisms. Furthermore, based on the ratios of the S-wave amplitudes to that of the first event, the magnitudes of the latter events are estimated as M 6.5 ± 0.02 and M 5.8 ± 0.02, respectively. Three magnitude-6-class earthquakes occurred sequentially within 4 min in the Pacific slab at 480 km depth, where complex heterogeneities exist within the slab.[image: A40623_2017_625_Figa_HTML.gif]
Graphical abstract.




                     

Electronic supplementary material
The online version of this article (doi:10.​1186/​s40623-017-0625-3) contains supplementary material, which is available to authorized users.

Keywords
Deep-focus earthquakeEarthquake sequenceHigh-frequency seismic waveIzu–Bonin subduction zone
Introduction
In Japan (Fig. 1), because two oceanic plates are subducting, the seismic velocity structure of the region is complex and the seismicity is high. Therefore, to reveal the detailed characteristics of the seismicity and subsurface structure beneath the Japanese Islands, various seismic networks have been developed (e.g., Okada et al. 2004; Obara et al. 2005; Baba et al. 2013). Through the development of instruments and observation networks, detection capabilities for small earthquakes have improved significantly (e.g., Obara et al. 2005; Shiomi et al. 2009). Nevertheless, misdetection of earthquakes occurs frequently because of emergent arrivals, overlapping larger events, earthquake swarms, and low signal-to-noise ratios (for smaller or distant earthquakes). To overcome these difficulties, several methods, such as the matched filter technique (e.g., Kato et al. 2012) and high-frequency seismogram analysis (e.g., Miyazawa 2011; Sawazaki and Enescu 2014), have been developed. These techniques enable detection of smaller, local earthquakes hidden in noisy waveforms or the overlapping coda waves of larger earthquakes, and the catalogs updated with the resulting newly detected events have revealed new insights into earthquake occurrences, such as triggering mechanisms, migration processes, and stress changes after large earthquakes. These approaches can be applied to regional-scale seismic arrays in a specific target region.[image: A40623_2017_625_Fig1_HTML.gif]
Fig. 1Map and seismicity around the Izu–Bonin arc. a Distributions of NIED F-net and Hi-net stations, b epicenters of deep-focus earthquakes from the JMA catalog around the Izu–Bonin arc (gray rectangle in a), and c magnitude–time diagrams for 2010 to 2015. The bold circle in b is the epicenter of the Bonin Mw 6.5 earthquake. The cumulative number of events from 2014 to 2015 is shown at the bottom of c. The focal mechanism of the Bonin Mw 6.5 earthquake is from the moment tensor solution of the F-net data. Bathymetric data are from ETOPO1 (Amante and Eakins 2009)




                     
At 21:18 (JST) on June 23, 2015, an M 6.8 (Mw 6.5) deep-focus earthquake (focal sphere shown in Fig. 1a) occurred beneath the Ogasawara (Bonin) Islands, where high seismicity of deep-focus earthquakes is caused by the subduction of the Pacific slab along the Izu–Bonin arc (Fig. 1b, c). A deep-focus earthquake is defined as an earthquake with a hypocenter depth greater than 300 km (summarized in Frohlich 2010). The observed continuous waveform records of Hi-net, which is high-sensitivity seismograph network operated by the National Research Institute for Earth Science and Disaster Resilience (NIED) (Okada et al. 2004), contain several sets of P- and S-wave arrivals with fast apparent velocities (approximately 10.5 and 6 km/s, respectively) for the 10 min following the earthquake origin time (Fig. 2a). These data indicate that several moderate-to-large deep-focus earthquakes, which may have had magnitudes smaller than that of the Mw 6.5 event, occurred sequentially around Japan. However, the signals of these events were considerably contaminated by coda waves of the largest event. In this situation, it is difficult to determine the number of subsequent events and to estimate the magnitude of each event precisely. Although the unified hypocenter catalog provided by the Japan Meteorological Agency (JMA) includes three deep-focus earthquakes, including the Mw 6.5 event, we expect that more earthquakes may have occurred. The catalog of the United States Geological Survey, National Earthquake Information Center (USGS-NEIC) includes one deep-focus earthquake beneath the Sea of Japan and a sequence of three deep-focus earthquakes with similar hypocenter locations beneath the Bonin Islands, but the estimated magnitudes of the Bonin earthquakes are inconsistent with seismogram data from across Japan (Fig. 2). Earthquake magnitude data are necessary for evaluating seismicity and are also important for estimating stress accumulation within the subducting slab. To investigate the details of the sequential occurrence of earthquakes around Japan, we revisited this earthquake sequence by analyzing high-frequency seismograms and the maximum-amplitude patterns detected by nationwide seismic networks across Japan.[image: A40623_2017_625_Fig2_HTML.gif]
Fig. 2High-frequency seismic propagation across Japan. a Vertical velocity seismograms observed at the Hi-net stations along coastal areas of Honshu and Hokkaido, and b example three-component vector mean square (MS) envelope at N.JUOH. Amplitudes in a were normalized by the maximum amplitudes of each trace. Stations used in the trace and MS envelope are shown in the right subfigure of a. The trace and station location of N.JUOH are represented by blue lines and a blue symbol. Purple and black traces are velocity seismograms for low (0.02–0.05 Hz) and high (1–32 Hz) frequencies, respectively. Red and green solid lines are theoretical traveltimes obtained using TauP (Crotwell et al. 1999) assuming the ak135 model (Kennett et al. 1995). Dashed lines are shifted parallel from solid lines. Linear and logarithmic scale plots of the MS envelope are illustrated in the upper and lower panels of b, respectively




                     

Observed seismic energy propagation during deep-focus earthquakes
Figure 2a shows vertical velocity seismograms for frequencies of 0.02–0.05 Hz (purple line) and 1–32 Hz (black line) recorded at Hi-net stations located near the Pacific coasts of Honshu and Hokkaido. Solid red and blue lines indicate the theoretical traveltimes of P- and S-waves, respectively. In the low-frequency seismograms, which are typically used in moment tensor analysis, a set of P- and S-wave propagations during the Mw 6.5 earthquake was observed, and we could not confirm occurrence of other earthquakes. However, observed high-frequency P- and S-wave seismograms showed spindle-shaped seismogram envelopes with delay of peaks and long-duration coda waves caused by the waveguide effect within the heterogeneous Pacific slab (e.g., Furumura and Kennett 2005; Takemura et al. 2016). Slight delays of P- and S-wave arrivals, which were caused by the low-velocity anomaly (Kita et al. 2010), were recorded in the Hokkaido region. In the high-frequency seismograms, coherent signals aside from those of the Mw 6.5 earthquake appear several times. Some of these signals (shown as dashed lines, parallel shifted from the solid lines) show apparent velocities similar to those of the P- and S-waves of the Mw 6.5 earthquake.
To investigate the sets of high-frequency P- and S-wave propagations, we calculated mean square (MS) seismogram envelopes of the sum of the three-component filtered seismograms, for frequencies of 1–32 Hz. An example MS envelope recorded at N.JUOH is shown in Fig. 2b. Although the typical coda amplitude during a single earthquake decays smoothly and monotonically with elapsed time (summarized in Sato et al. 2012, Ch. 2–3), the coda amplitude at N.JUOH does not show monotonic decay, but instead shows several sudden increases in amplitude within the coda envelope. Eight seismic phases can easily be identified in the logarithmic MS envelope (bottom of Fig. 2b) that are not apparent in a linear plot (upper part of Fig. 2b). Logarithmic plots of the high-frequency MS envelope enable detection of small earthquakes hidden in the coda waves of larger earthquakes. The time intervals and amplitude ratios for the phase pairs B–E, D–F, and G–H are very similar, which indicates the occurrence of a sequence of large-to-moderate earthquakes at similar hypocenter locations. We note that phases B and E, respectively, represent the P- and S-waves during the Bonin Mw 6.5 earthquake.
To reveal the earthquake sequence shown in Fig. 2, we made snapshots of wave energy propagation using the MS envelopes obtained at each Hi-net station. Spatio-temporal changes in the seismic wavefield are very useful for investigating the seismic wave propagation observed across Japan, or the occurrences of multiple earthquakes (e.g., Hoshiba 2013; Maeda et al. 2016). We applied spatial interpolation and extrapolation to the MS amplitudes at each time step, using the gridding algorithm of the Generic Mapping Tools software package (Wessel and Smith 1998). Figure 3 and Additional file 1: Movie S1 show the energy propagation for frequencies of 1–32 Hz across Japan, at each time step from 21:18 (JST), June 23, 2015. We recognize clear propagations of each seismic phase in the overlapping coda and body waves due to an earthquake that occurred before the Mw 6.5 Bonin event.[image: A40623_2017_625_Fig3_HTML.gif]
Fig. 3Snapshots of seismic energy propagation derived from MS envelopes at the Hi-net stations. Marks A–H in each subfigure are the seismic phases corresponding to the MS envelope in Fig. 2b. Dashed lines represent isodistance lines from the epicenter of the Bonin Mw 6.5 earthquake with intervals of 200 km




                     
In the snapshots, two coherent seismic phases propagated through northeastern Japan from the Sea of Japan (marked A and C), which means that one deep-focus earthquake (Event 0) occurred beneath the Sea of Japan before the Mw 6.5 Bonin earthquake (Event 1). After Event 0, three additional P-wave propagations across Japan (B, D, and G) and three large S-wave propagations around northeastern Honshu and Hokkaido (E, F, and H) are found. Because the propagation patterns of the latter two P (D and G)- and S (F and H)-waves were very similar to the patterns of the former waves (B and E), we infer that two earthquakes (Events 2–3) occurred sequentially after Event 1, and their hypocenter locations are expected to be close to that of Event 1. Strong S-wave propagations to the NNE only (phases of E, F and H) may be related to heterogeneities within the Pacific slab (e.g., Takemura et al. 2016).
Table 1 lists information on the earthquakes obtained from the JMA and the USGS-NEIC catalogs, and the moment tensor (MT) solutions of F-net (full-range seismograph network operated by NIED) (Okada et al. 2004). Event 2 is not listed in the JMA or F-net MT catalogs. Based on their MS envelopes (Fig. 2b), the magnitude of Event 2 should be larger than that of Event 3, although this observation does not agree with the estimation of the USGS-NEIC. We also checked the continuous records of F-net Ogasawara (N.OSWF), which has been operated since 2002. Seismograms of earthquakes with M > 6 revealed that this is the first observation of a sequence of deep-focus earthquakes with magnitudes larger than 5.5 within several minutes along the Izu–Bonin arc (Fig. 4). In addition, the maximum amplitudes of S-waves for Events 2 and 3 are similar to those of previous deep-focus earthquakes with Mw ≥ 6 beneath the Bonin Islands. We also note that because of the small number of seismometers near the epicenter region and overlapping of the coda waves of larger events (Figs. 2b, 3), it is difficult to obtain precise traveltimes at local stations for source relocation.Table 1Earthquakes analyzed in this study


	#
	Origin time (JST)
	JMA
	USGS-NEIC
	F-net
	This study

	Longitude (°)
	Latitude (°)
	Depth (°)
	
                            M
                            JMA
                          
	Longitude (°)
	Latitude (°)
	Depth (km)
	
                            M
                          

	0
	6/23/2015
21:18:25
	134.45
	38.55
	447
	4.3
	134.37
	38.62
	409
	Mb 4.3
	–
	–

	1
	6/23/2015
21:18:29
	140.18
	27.70
	483
	6.8
	139.73
	27.74
	460
	Mw 6.5
	Mw 6.5
	M 6.8 (JMA)

	2
	6/23/2015
21:19:29
	–
	–
	–
	–
	139.77
	27.71
	462
	Mb 5.5
	–
	M 6.5 ± 0.02

	3
	6/23/2015
21:22:19
	140.23
	27.70
	480
	5.4
	140.07
	27.65
	471
	Mb 5.6
	–
	M 5.8 ± 0.02
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Fig. 4MS envelopes for frequencies of 1–32 Hz at N.OSWF for earthquakes with Mw larger than or equal to 6. The Mw 6.5 earthquake used in this study and the deeper (~680 km) Mw 7.9 earthquake are indicated in red and green, respectively. Station N.OSWF has been operated since March 2, 2002 (http://​www.​fnet.​bosai.​go.​jp/​st_​info/​?​_​c=​OSW&​LANG=​en)




                     

Magnitude estimation from maximum-amplitude distributions
We examined the spatial distribution of the maximum S-wave amplitudes during three earthquakes that occurred around the Bonin Islands (Events 1–3). Maximum S-wave amplitudes were measured from the MS envelopes at F-net stations, using a 30-s time window starting from the S-wave arrival. Variations in site amplifications for high frequencies exist even for borehole Hi-net stations (Figure 7 of Takemoto et al. 2012). To minimize the effects of site amplifications, we analyzed the maximum S-wave amplitudes of the seismograms at the F-net stations, which are installed at rock outcrop sites. In addition, because the latter two earthquakes have hypocenter locations very close to that of Event 1, the maximum S-wave amplitude distributions are affected predominantly by differences in the source mechanisms and sizes of the events.
Figure 5a shows the distribution of the maximum S-wave amplitudes of Event 1. During Event 1, large S-wave amplitudes appeared around the coastal areas of northeastern Honshu and Hokkaido, which is attributed to waveguide effects due to heterogeneity of the slab (Takemura et al. 2016). We used this distribution as a reference. Similar amplitude patterns were confirmed for Events 2 and 3, although the amplitudes were smaller than those of Event 1 (Fig. 5b). To estimate the relative magnitude of each event, the ratio of the maximum S-wave amplitude of each of the latter two events to the S-wave amplitude of Event 1 was calculated for each F-net station. Figure 5c shows the spatial distribution of the maximum S-wave amplitude ratios for Events 2 and 3. This distribution suggests that the magnitude of Event 2 was larger than that of Event 3. Nearly uniform amplitude ratios were widely recorded for both events, which indicates that Events 2 and 3 had similar source mechanisms to Event 1. The average S-wave amplitude ratios for Events 2 and 3 were 0.462 ± 0.023 and 0.106 ± 0.004, respectively. The magnitude of an earthquake as evaluated based on body wave and surface wave amplitudes is defined as [image: $$M_{i} = \log \left( {A_{i} } \right) + {\text{const}}.$$] (e.g., Aki and Richards 2002). Based on the amplitude ratios calculated from the 1–32 Hz MS envelopes, and the magnitude (M 6.8) of Event 1 determined by the JMA, we evaluated the magnitude of the ith event using the following equation:[image: $$\begin{aligned} & M_{i} - M_{1} = \log \left( {A_{i} } \right) - \log \left( {A_{1} } \right) \\ & \quad \quad M_{i} = M_{1} + \log \left( {\frac{{A_{i} }}{{A_{1} }}} \right), \\ \end{aligned}$$]

 (1)

where M
                        
                  i
                 is the magnitude of the ith event and A
                        
                  i
                /A
                        1 is the average amplitude ratio of the ith event. We obtained magnitudes of M 6.5 ± 0.02 and M 5.8 ± 0.02 for Events 2 and 3, respectively.[image: A40623_2017_625_Fig5_HTML.gif]
Fig. 5Maximum S-wave amplitude distribution of each earthquake. Distributions of maximum S-wave amplitudes derived from MS envelopes from F-net stations for a Event 1 and b Events 2 and 3. c Distributions of the ratios of maximum S-wave amplitudes for Events 2 and 3 to that of Event 1. Dashed lines represent isodistance lines from the epicenter of the Bonin Mw 6.5 earthquake (Event 1) with intervals of 200 km




                     

Discussion and conclusions
The observed Hi-net waveform records detected the occurrence of sequential deep-focus earthquakes around the Bonin Islands. Using snapshots of high-frequency seismic energy propagation from the dense Hi-net, we successfully identified Event 2 within the overlapping coda waves of the Mw 6.5 Bonin earthquake (Event 1); this event corresponds to an event magnitude of ~6, which was missed in both the JMA and F-net MT catalogs. The timings of Events 2 and 3 after Event 1 were about 60 and 230 s, respectively. Within 4 min, these M-6-class deep-focus earthquakes occurred sequentially at depths of around 480 km along the Izu–Bonin arc. The maximum-amplitude distributions of each event recorded at F-net stations enabled us to estimate the magnitudes of Events 2 and 3 precisely. The estimated magnitudes of Events 2 and 3 were 6.5 ± 0.02 and 5.8 ± 0.02, respectively. Recently, quantitative evaluations of the b value, stress accumulation, and internal deformation within the slab were conducted using source mechanism and magnitude data from a worldwide catalog of deep-focus earthquakes (e.g., Obayashi et al. 2017; Zhan 2017). Because the combined catalogs of the International Seismological Centre-Global Earthquake Model (ISC-GEM) (Storchak et al. 2013) and the USGS-NEIC include only 1287 moderate-to-large (M > 5.5) deep-focus earthquakes in the world, precise magnitude estimation in a certain subduction zone is important for such quantitative evaluations. Furthermore, only eight sequential occurrences of deep-focus earthquakes with M > 6 are listed in this catalog, and no sequence of three M-6-class deep-focus earthquakes has been listed.
According to the USGS catalog, the hypocenters of the target earthquakes show westward shifts of approximately 40 km and slight deepening over the 4 min in which this sequence occurred. Assuming a rupture velocity of 4 km/s, and a duration referred from the scaling relation (Figure 6.3 of Frohlich 2010), the spatial distribution of the rupture area associated with this sequence reaches 50 km in width, which corresponds well with the horizontal width of the metastable olivine wedge (MOW) at this depth within the Pacific slab (e.g., Jian et al. 2008; Furumura et al. 2016). Therefore, the target earthquakes may be interpreted as caused by transformational faulting within the MOW.
The detected sequence of M-6-class deep-focus earthquakes occurred after a large (Mw 7.9) deep-focus earthquake that occurred on May 30, 2015, at a depth of 680 km beneath the same region (e.g., Takemura et al. 2016; Ye et al. 2016). Although the hypocenter depth of the Mw 7.9 earthquake was approximately 150 km deeper than those of typical deep-focus earthquakes (400–520 km), the seismicity of typical earthquakes increased after this earthquake (bottom subfigure of Fig. 1c). The relation between the detected earthquake sequence and the large (Mw 7.9) deep-focus earthquake, which may provide key information about the cause of deep-focus earthquakes and the complex subduction system along the Izu–Bonin arc, remains an open question.
The mechanisms of deep-focus earthquakes at depths of 400–500 km beneath the Izu–Bonin arc, including the detected earthquake sequence, are characterized by down-dip compression (e.g., Alpert et al. 2010). Recent seismic surveys have revealed the complex configuration and subduction system of the Pacific slab beneath the Izu–Bonin arc (e.g., Miller et al. 2004; Fukao and Obayahashi 2013; Wei et al. 2015; Porritt and Yoshioka 2016). Such lateral tension events are consistent with the proposed slab geometries (e.g., Fukao and Obayahashi 2013; Wei et al. 2015; Obayashi et al. 2017). The hypocenters of the earthquake sequence are located in the transition region from slab stagnation to penetration. Obayashi et al. (2017) evaluated the stress accumulation within the slab due to deep-focus earthquakes beneath the Bonin Islands and revealed that vertical compressional stress is accumulating in the bottom part of the subducting Pacific slab. They suggested that vertical compressional stress accumulation may have caused the Mw 7.9 Bonin earthquake and promoted slab penetration into the lower mantle (green line in Fig. 4). Referring to the receiver function of the F-net N.OSWF (see map in Fig. 4), Porritt and Yoshioka (2016) also proposed a complex folded slab model. The detected sequence of earthquakes occurred just above the positive pulse of their receiver functions, which indicates a sudden change in the structural properties of the slab near this depth. Although different interpretations have been proposed for the configuration and the subduction system of the Pacific slab around the Izu-Bonin arc, the subducting Pacific slab is expected to be complex at the depths in which the detected M-6-class sequence occurred. To provide better insight into the subduction process in this region and the causes of these deep-focus earthquakes, evaluating the detailed configuration of the subducting Pacific slab and the precise characteristics of the seismicity in this region should be high priorities for future study.
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