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Tomographic image of crust and upper mantle off the Boso Peninsula using data from an ocean-bottom seismograph array
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Abstract
We determined the three-dimensional structure of the crust and upper mantle off the Boso Peninsula, Japan, by analyzing seismograms recorded by ocean-bottom seismometers and land stations between 2011 and 2013. We employed seismic tomography to determine the P- and S-wave velocity structures and earthquake locations simultaneously. The tomographic image shows that the mantle parts of the Pacific and the Philippine Sea plates have high-velocity anomalies. The upper boundary of the Philippine Sea plate is delineated as approximately 2–6 km shallower than that previously estimated from land-based data for the area 140.5°E–141.5°E and 35°N–35.5°N. A pronounced low-velocity anomaly in P- and S-waves with low-V
                        p/V
                        s ratio (1.5–1.6) was observed at depths shallower than 20 km in the overriding North American plate. This anomaly may be caused by the presence of rocks with a low-V
                        p/V
                        s ratio, such as quartzite, and the water expelled from the subducted Pacific and Philippine Sea plates.[image: A40623_2017_703_Figa_HTML.gif]
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Background
The region off the Boso Peninsula, Japan, is an oceanic area with a trench–trench–trench triple junction (Fig. 1a), where the Pacific plate (PAC) is subducted westward from the Japan Trench beneath the North American plate (NA) and the Philippine Sea plate (PHS) is subducted northwestward beneath the NA from the Sagami trough (DeMets et al. 2010). The PHS contacts and overrides the PAC beneath this region (Ishida 1992), and its northeastern limit is determined based on the slip directions of interplate earthquakes (Uchida et al. 2009). The upper boundary of the PHS is located at depths of 10–30 km beneath the Boso Peninsula (Uchida et al. 2010). The upper boundary of the subducted PAC has been determined based on relocated hypocenter distributions (Nakajima et al. 2009). Because these plate boundaries mainly used data from land-based stations, the plate geometries beneath the offshore area have not been reliably defined.[image: A40623_2017_703_Fig1_HTML.gif]
Fig. 1Tectonic setting of the study area and locations of seismic stations. a 
                                    Blue and brown contours show the depths of upper boundaries of the PHS (Uchida et al. 2010) and the PAC (Nakajima et al. 2009), respectively. The black dashed line denotes the northeastern limit of the PHS (Uchida et al. 2009). Source areas of the 1703 Genroku Kanto and 1923 Kanto earthquakes are indicated by gray and green lines, respectively (Matsu’ura et al. 2007; Sato et al. 2016). The area of slow slip events is shown in yellow (Hirose et al. 2014). Black lines with triangles represent trench axes. Black arrows indicate the motion of PAC and PHS with respect to the NA (DeMets et al. 2010). b Locations of seismic stations. White and gray triangles indicate OBSs of JAMSTEC and ERI, respectively, while gray squares indicate stations operated by NIED. Small gray dots are earthquake epicenters determined by JMA between October 2011 and March 2013. Earthquake selection areas are delineated by black lines while black dots are epicenters determined by JMA and analyzed in this study




                     
The region off the Boso Peninsula is characterized by various seismic and geodetic activities associated with the PHS, including the 1703 Genroku-Kanto earthquake (M 7.9–8.2) and the 1923 Kanto earthquake (M
                        w 7.9) (Matsu’ura et al. 2007; Sato et al. 2016), and slow slip events (Hirose et al. 2014). Further, this region is extremely important with respect to the risk assessment of earthquakes and tsunamis, as it is located less than 100 km away from the Tokyo metropolitan area.
Despite the importance of these data from scientific and disaster prevention viewpoints, the three-dimensional structure of the crust and upper mantle beneath the region off the Boso Peninsula remains poorly understood. Extensive tomographic studies have been performed on the region beneath central Japan, including the Boso Peninsula (Kamiya and Kobayashi 2000; Matsubara et al. 2005; Nakajima et al. 2009). The subducting PHS and PAC have been imaged with high velocity, and the existence of the low velocities region with high Poisson’s ratio has been suggested in the mantle of the NA, which are associated with the serpentinized periodite. However, these studies did not cover the region off the Boso Peninsula, primarily because of a lack of data in the oceanic area.
Several offshore refraction studies have been performed to determine the crustal structure (Nakahigashi et al. 2012; Kono et al. 2017); however, these studies have allowed only two-dimensional model along the survey lines to be constructed.
To determine the three-dimensional structure beneath the region, seismic observations using ocean-bottom seismometers (OBS) are necessary. Although several seismic observations have been conducted beneath a region off Miyagi (Yamamoto et al. 2014), few seismic observations have been conducted with OBS off the Boso Peninsula before 2011 and consequently no three-dimensional structures have been revealed, particularly south of 35.5°N.
Several OBS studies were performed in the aftershock area of the 2011 Tohoku-oki earthquake (Shinohara et al. 2012; Ito et al. 2017). Ito et al. (2017) analyzed the location and focal mechanism of the earthquakes in the region, in order to determine the boundaries of the PHS and the NA. They found that the depth of the plate upper boundary of the PHS off the Boso Peninsula is approximately 6 km shallower than that previously estimated by Uchida et al. (2010) at approximately 141.0°E.
In the present study, we determined the three-dimensional P- and S-velocity structures of the crust and upper mantle beneath the region off the Boso Peninsula using seismic tomography, in order to elucidate the spatial geometries of the three plates and the velocity anomalies.

Data and methods
Data
We used data from temporary seismic observations performed using OBSs by the Japan Agency of Marine-Earth Science and Technology (JAMSTEC) and the Earthquake Research Institute (ERI) of the University of Tokyo. Observations using a total of 23 OBSs were performed by JAMSTEC for a year starting in March 2012 (Ito et al. 2017). The ERI also conducted seismic observations from October 2011 to November 2012 across a broad area of the Japan Trench forearc region (Shinohara et al. 2012). We used seismic data from 50 of ERI OBSs to cover the northern part of the Boso offshore area. In addition to the data from these OBS stations, we also used seismic data from 12 land seismic stations and 3 seismic stations on the offshore area operated by the National Research Institute for Earth Science and Disaster Prevention (NIED) (Okada et al. 2004). The observation period, the number of stations, and their locations are given in Additional file 1: Table A1 and Fig. 1b.
We selected approximately 1400 earthquakes that occurred between October 2011 and March 2013 from the Japan Meteorological Agency (JMA) catalog: the magnitudes of these earthquakes ranged from 1.1 to 6.3. To select the earthquakes, we delineated three regions where we expected the velocity structure to be well constrained by our dataset (Fig. 1b). Of the earthquakes located within these three regions, we selected those for which at least ten arrival data could be identified in the record.
We picked the onset times for the arrival of the P- and S-waves manually from the vertical and horizontal components of the OBS data. For the seismic stations by NIED, we collected the arrival data of the P- and S-waves from the catalog by NIED.

Hypocenter location
We used the JMA2001 velocity model, which is a standard velocity model for the Japanese Islands (Ueno et al. 2002) (Fig. 2a), to relocate the initial hypocenters for use in a tomographic inversion. Because the focal depths determined by JMA are generally deeper than the hypocenters relocated with OBS data (Ito et al. 2017), we conducted relocation to obtain more appropriate initial hypocenters for tomography. When we investigate seismic structure by using OBS data, it is necessary to take effect of slow sedimentary layers in an oceanic area into account. We introduced station correction terms based on PS converted phases following the methods of previous OBS studies (Hino et al. 2000). The calculation of station corrections is detailed in Additional file 1: Additional note 1.[image: A40623_2017_703_Fig2_HTML.gif]
Fig. 2Initial velocity model and hypocenter distribution and grid configuration during tomographic inversions. a One-dimensional JMA2001 velocity model (Ueno et al. 2002) used for initial hypocenter determination and initial model for tomographic inversion. Bold and dashed lines show the velocities and V
                                       p/V
                                       s ratio of the model. b Relocated hypocenters based on the one-dimensional model shown in (a). Colored dots represent hypocenters. Colors indicate hypocenter depth. Black triangles and squares indicate station locations. Lower and right-hand panels show E–W and N–S vertical sections, respectively. PAC upper boundaries (Nakajima et al. 2009) are shown along the latitude of 35.4°N and longitude of 141°E, on the E–W and N–S vertical sections, respectively. c Configuration of grid nodes during tomographic inversions. Crosses represent locations of velocity nodes in horizontal section. Triangles and squares indicate the locations of stations. Black bold line shows the locations of refraction survey (Nakahigashi et al. 2012)




                        
We used NonLinLoc software (Lomax et al. 2000), which is based on a grid-search algorithm, to determine locations and origin times of the earthquakes using the arrival data of the P- and S- waves. The spacing of the grid nodes in the velocity model was assumed to be 1 km. Figure 2b shows the 1288 earthquakes relocated with an error of less than 2 km in the horizontal direction and less than 3 km along the depth direction. The RMS values of the travel time residuals for the P-wave and S-wave arrival times are 0.43 and 0.90 s, respectively.

Seismic tomography
We used the program tomoDD (Zhang and Thurber 2003) to determine the three-dimensional P- and S-wave velocity structures and the locations and origin times of the hypocenters simultaneously using the double-difference tomography method. We introduced the same station correction terms as the initial hypocenters location.
We estimated the V
                           p/V
                           s ratios from the P- and S-velocities. The initial velocity model was the one used to determine the initial hypocenter locations (Fig. 2a). The horizontal locations in the model space were expressed using the orthogonal coordinates X and Y in the Japan Trench-normal and Trench-parallel directions, respectively (Fig. 2c). We set a grid with nodes spaced at intervals of 20 km along the X and Y coordinates, which were chosen by an average spacing of OBS stations. In the vertical direction, intervals of 5 km were used for all depths.
The input data were the absolute arrival and differential travel times. We used 31,740 and 16,729 data for the absolute arrival times of the P- and S-waves, respectively, and 68,934 and 31,638 data for the differential times calculated by manually picking data for the P- and S-waves for event pairs within 10 km, respectively (Waldhauser and Ellsworth 2000).
Several parameters have to be chosen when performing tomography. These include the weight of the differential travel time data with respect to the absolute arrival time data; the relative weights of the P- and S-wave data; and the damping and smoothing parameters. We described the ways to select those parameters in Additional note 2. After 18 iterations of the tomographic inversion, the RMS of the total travel time residuals was reduced from 0.50 to 0.25 s. The decrease in the travel time residuals for each data type is shown in Additional file 1: Table A2.
We performed a checkerboard resolution test (CRT) (Spakman and Nolet 1988), to evaluate the spatial resolution of the velocity model. Almost the entire region off the Boso Peninsula is resolved at depths shallower than 30 km for the P- and S-waves. The spatial patterns for wavelengths greater than 40 km in the horizontal and 10 km in the vertical directions were robust (see Additional file 1: additional note 3).


Results
Pacific plate
Figures 3, 4, and 5a show the results of the tomographic inversion in the horizontal and vertical sections. The velocity models are shown by the absolute velocities. Unresolved areas, which were determined by the derivative weight sum values (DWS) (Thurber and Eberhart-Phillips 1999), are masked (see Additional file 1: Additional note 3). For the V
                           p/V
                           s ratios, the resolved areas are assumed to be same as those for the S-wave, since the resolved area for V
                           p includes that for V
                           s.[image: A40623_2017_703_Fig3_HTML.gif]
Fig. 3Results of the tomographic inversion in horizontal section. Velocity structures for P-wave (left), S-wave (middle), and V
                                       p/V
                                       s (right) are shown. Black triangles and squares indicate stations. White circles indicate earthquakes within 10 km from each section. Black crosses represent the locations of velocity nodes. Black bold lines indicate the location of the upper boundaries of the PAC (Nakajima et al. 2009) and PHS (Uchida et al. 2010) at each depth. The black dashed line denotes the northeastern limit of the PHS (Uchida et al. 2009). High-velocity anomalies associated with the mantle part of the PAC and PHS are indicated by “PAC” and “PHS,” respectively. The low-velocity anomaly in the NA plate is indicated by the white circle labeled “B.”




                           [image: A40623_2017_703_Fig4_HTML.gif]
Fig. 4Vertical profiles of velocity structure along the X axis shown in Fig. 2c. The contour interval of the velocity is 0.5 km/s. Black triangles and squares, and white circles indicate the locations of stations and earthquakes within 10 km from each section, respectively. Black bold lines indicate the location of the upper boundaries of the PAC (Nakajima et al. 2009) and PHS (Uchida et al. 2010). Red and magenta lines show the upper boundary of the PHS based on the present tomographic image and result of Ito et al. (2017), respectively. The crustal part of the PHS is indicated by areas labeled A. The other symbols are same as those defined in Fig. 3
                                    




                           [image: A40623_2017_703_Fig5_HTML.gif]
Fig. 5Vertical profiles of velocity structure and geometries of the upper boundary of the PHS. a Vertical profiles of velocity structure along the Y axis shown in Fig. 2c. b Geometries of the upper boundary of the PHS. Red and magenta lines show the depths of the upper boundary of the PHS based on the tomographic image and results by Ito et al. (2017), respectively. Blue and green dotted contours show depths of the upper boundaries of the PHS estimated by Uchida et al. (2010) and compiled by Kono et al. (2017). The location of the low-velocity anomaly in the NA plate is indicated by the black circle labeled “B.”




                        
The tomographic image shows the mantle part of the PAC plate. It is imaged at depths of 20–30 km in the horizontal sections in terms of the high-velocity anomalies in the P- and S-waves that are shifted westward with depth (Fig. 3). In the E–W vertical profiles (Fig. 4), the high-velocity anomalies associated with the PAC are located at depths of 20–40 km just below the upper boundary of the PAC (Nakajima et al. 2009). The estimated V
                           p and V
                           s values are 7.5–8.3 and 4.3–4.8 km/s, respectively. The velocities of the mantle part of the PAC are consistent with those obtained by Nakajima et al. (2009), who estimated the Vp and Vs values of the mantle part of the PAC to be 7.5–8.3 and 4.5–4.7 km/s, respectively, at depths greater than 50 km beneath the Boso Peninsula, using land-based data.

Philippine Sea plate
The mantle part of the PHS was also imaged in terms of the high-velocity anomalies in the P wave at depths of 25–30 km in the horizontal sections (Fig. 3). It is evident from the vertical profiles that the mantle part of the PHS is subducted northward at −40 to −20 in the X axis in the N–S cross-sections (Fig. 5a). The high-velocity anomalies associated with the PHS are located at depths of approximately 25–40 km, roughly along the upper boundary of the PHS after Uchida et al. (2010). The V
                           p values of the mantle part of the PHS were estimated to be 7.5–8.0 km/s, which is consistent with those estimated by the previous tomographic studies using land-based data (V
                           p = 7.5–8.2 km/s) at depths of >30 km (Matsubara et al. 2005; Nakajima et al. 2009). The high-velocity anomalies are outside the resolved area in the S-velocity model, probably because of the relative paucity of S-wave data.
There is a region of V
                           p = 6.5–7.5 km/s (labeled “A” in Figs. 4, 5a) atop the mantle part of the PHS in the vertical section. The Vp values of region A are faster than those of the lower crust of the NA (V
                           p = 6.3–6.5 km/s), as determined from a refraction study along the survey line shown in Fig. 2c (Nakahigashi et al. 2012). Region A has a thickness of 10–12 km (between iso-velocity contours of 6.5 and 7.5 km/s). We consider region A to be the crustal part of the PHS, which will be discussed later.

Low-velocity zone in the NA
A pronounced low-velocity anomaly in the P- and S-waves was observed at depths ≤20 km near the Japan Trench (indicated by a white circle labeled “B” in Figs. 3, 4, 5a). The northern edge of the region almost coincides with the northeastern limit of the PHS (Uchida et al. 2009) at 20–80 km in the X axis in the horizontal sections (Fig. 3). In the E–W profiles (Fig. 4), region B is located above the upper boundary of the PHS at −60 to 0 km in the Y axis. Region B has V
                           p and V
                           s values of 4.4–5.5 km/s and 2.8–3.5 km/s, respectively. The V
                           p/V
                           s ratio is estimated to be 1.5–1.6 at depths shallower than 15 km, where both V
                           p and V
                           s are well resolved.


Discussion
Upper boundary of the PHS
We ascribed region A, immediately above the mantle part of the PHS, to the crustal part of the PHS. Although the crustal part is difficult to discuss in detail because of the spatial resolution of the vertical direction, the thickness (10–12 km) and the V
                           p values (6.5–7.5 km/s) are almost consistent with those estimated by Matsubara et al. (2005), who estimated a thickness and Vp of the subducted PHS crust to be 10–12 and 6.4–7.5 km/s, respectively, at depths of 30–70 km beneath the Kanto region. The top of region A, which is represented by smoothed iso-velocity contour of 6.5 km/s, is shown on the vertical sections (Figs. 4, 5a) and on the horizontal section (Fig. 5b). Assuming the top of the PHS crust corresponds to the upper boundary of the PHS, the upper boundary is dipping toward the northwest, which is nearly parallel to the convergent direction of the PHS. We also draw the upper boundary of the PHS east of region A as determined from hypocenter distributions and focal mechanisms (Ito et al. 2017). The upper boundaries of the PHS delineated by the present study and Ito et al. (2017) can be connected at 0–20 km in the X axis, corresponding to a longitude of 141°E (Figs. 4, 5b). We suggest that the upper boundary of the PHS is shallower by approximately 2–6 km than that reported by Uchida et al. (2010) in the area 140.5°E–141.5°E and 35°N–35.5°N. In the landward area, the upper boundaries estimated by the present study coincide with those of Uchida et al. (2010) at a depth of 30 km. The upper boundary of the PHS delineated by the present study is consistent with that compiled by Kono et al. (2017) at 15 km depth (Fig. 5b). The boundary is shallower than that by Kono et al. (2017) at the greater depths, perhaps because the Kono et al.’s iso-depth at 20 km depth was delineated by a land-based study (Hirose et al. 2008).

Low-velocity and low-V
                           p/V
                           s anomalies in the NA plate
A striking feature of the tomographic image is the localized and pronounced low-velocity and low-V
                           p/V
                           s anomalies at depths shallower than 20 km in the NA plate. The seismicity is very low in the areas with low-velocity anomalies and high along the western edge of the anomalies (Fig. 3).
Low-velocity anomalies in the overriding plate beneath a subduction zone can often be attributed to the presence of fluid. A tomographic study by Yamamoto et al. (2014) found that the velocity decrease of the upper crust and V
                           p/V
                           s ratio of higher than 1.8. They suggested that water expelled from the subducting PAC moves upward into the landward upper crust beneath a region off Miyagi. While the velocities and location of the low-velocity anomaly off Miyagi were similar to those obtained in the present study, the V
                           p/V
                           s ratio off the Boso Peninsula is low in contrast to the high V
                           p/V
                           s ratio off Miyagi.
A compositional anomaly in the crust of the overriding NA plate may be necessary for the V
                           p/V
                           s ratio to be low. Rocks with a low-V
                           p/V
                           s ratio are probably concentrated in the crust of the overriding plate. Quartz is one of the primary minerals in a continental crust with very low-V
                           p/V
                           s values. Christensen (1996) reported that quartzite has V
                           p, V
                           s, and V
                           p/V
                           s values of approximately 6.0, 4.0, and 1.5 km/s, respectively, as determined by velocity measurements performed in the laboratory. While the velocities estimated in the present study (V
                           p of 4.4–5.5 km/s and V
                           s of 2.8–3.5 km/s) are lower than those of quartzite, the difference may be explained by the existence of a fluid. Thus, the shallow low-velocity anomaly may indicate both the presence of quartzite in a locally concentration and water expelled from the subducted PHS and PAC.
A low-V
                           p/V
                           s ratio in the overriding crust has also been reported in the case of the Cascadia subduction zone. Ramachandran and Hyndman (2012) detected a region with a low Poisson’s ratio (0.22; which is equivalent to a V
                           p/V
                           s ratio of 1.65) at depths of 30–35 km in the forearc crust using seismic tomography. The temperature is 400 °C at this depth (Hyndman and Wang 1995). They suggested that the low Poisson’s ratio meant the presence of quartzite deposited from the fluids released from the subducted Cascadia slab. It is unknown that the phenomena associated with subduction of the young and warm Cascadia slab could occur off the Boso Peninsula, where the subducted PHS (the former Izu-Bonin forearc) is older than 35 Ma (Ishizuka et al. 2011). It will be important to examine the thermal structure off the Boso Peninsula in order to determine whether the quartz deposition process could occur.


Conclusions
We determined the three-dimensional seismic structure of the crust and upper mantle off the Boso Peninsula using data by ocean-bottom seismographs and land stations from 2011 to 2013.
Based on the obtained tomographic image and the hypocenter distribution and focal mechanisms determined by Ito et al. (2017), we propose new geometry for the upper boundary of the PHS, locating it in the area 140.5°E–141.5°E and 35°N–35.5°N. The upper boundary of the PHS is 2–6 km shallower than that reported by Uchida et al. (2010).
Significant low-velocity and low-V
                        p/V
                        s anomalies were observed at depths shallower than 20 km in the overriding NA. These anomalies may be caused by the presence of quartzite and the water expelled from the subducted PAC and PHS.
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