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Non-volcanic crustal movements of the northernmost Philippine Sea plate detected by the GPS-acoustic seafloor positioning
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Abstract
Repeatedly performing the GPS-acoustic seafloor positioning, we first succeeded in detecting non-volcanic seafloor movements on the Philippine Sea plate (PHS) subducting along the Sagami Trough. At a seafloor geodetic site on the northernmost part of the PHS off the Boso Peninsula, we detected significant eastward motion with respect to the central part of the PHS. This is unaccountable by the coupling between the Pacific plate and the PHS along the Izu-Bonin (Ogasawara) Trench because it would cause the westward elastic deformation at BOSS. It is rather consistent with the rigid motion of the tectonic block in the fore-arc along the Izu-Bonin Trench, associated with the back-arc rift. The other site on the western side of the Sagami Bay had moved toward the north relative to the Izu Peninsula. It suggests that the Izu microplate obviously moves relative to the northern PHS. The difference between the velocities of the Sagami Bay and the Izu Peninsula indicates the coupling on the boundary fault as well.
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Introduction
The northernmost part of the Philippine Sea plate (PHS) subducts beneath the North American plate (NA) along the Sagami Trough. In this region, thrust earthquakes such as the 1923 Taisho Kanto earthquake (M7.9) and the 1703 Genroku Kanto earthquake (M7.9–8.2) had occurred repeatedly. Additionally, slow slip events off the Boso Peninsula with a recurrence interval of several years have been observed (e.g., Ozawa, 2014). In the northern side of the PHS, the Izu microplate (IM) is considered to move relative to the PHS, whose boundary is located on the west edge of the Sagami Bay (e.g., Sagiya, 1999). The IM subducts beneath the Eurasian plate (EU) along the Suruga Trough, where a large earthquake had occurred in 1854 (Ando, 1975). In order to investigate the accumulation and/or the release of strain on the plate interface, it is necessary to estimate the precise convergence rate of the subducting oceanic plate relative to the continental plates, as Yasuda et al. (2014) had directly investigated in the Suruga Trough. They indicated the strong coupling in the shallow portion of the plate boundary from the seafloor geodetic observation.
On the other hand, researchers had estimated the motion of the PHS in the frame of the whole plate kinematics, with geological (e.g., Seno et al. 1993) and geodetic observations (e.g., Sella et al. 2002; DeMets et al. 2010). However, because the most part of the PHS is covered with ocean, the insufficiency of precise geodetic observations makes it difficult to reduce the indeterminacy of the velocities. Especially in the portion near the boundaries, the non-rigid deformation would affect the velocities on the PHS. One of such deformation is caused by back-arc rift along the Izu-Bonin (Ogasawara) Trench where the Pacific plate (PAC) subducts beneath the PHS (Taylor et al. 1991).
Nishimura (2011) divided the northern PHS into several tectonic blocks, one of which is the fore-arc along the Izu-Bonin Trench, to simultaneously evaluate the rigid velocities of blocks and elastic deformation due to the slip deficits on the boundary faults and the volcanic inflations using the GNSS sites. However, many geodetic sites on the PHS relatively near the Sagami Trough are located on the islands in the volcanic front, which would be the cause of the local deformation.
Thus, in order to obtain the non-volcanic geodetic data in the northernmost part of the PHS, we, the group of Japan Coast Guard (JCG), deployed the seafloor geodetic observation sites and have been carrying out the campaign observations since the middle of the 2000s. In this study, comparing the results of the seafloor observation to the models of crustal block kinematics, we clarified the motion of the northernmost PHS.

Methods and observation data
In order to detect seafloor movements with an accuracy of a few centimeters, GPS-acoustic combination technique has been developed (e.g., Spiess et al. 1998; Asada and Yabuki, 2001). In Japan, our group first succeeded in detecting seafloor movements caused by interseismic plate convergence at the Japan Trench (Fujita et al. 2006) and has continued to monitor the movements including coseismic and postseismic deformation at the seafloor sites along the Japan Trench (e.g., Matsumoto et al. 2006; Sato et al. 2011a, b; Sato et al. 2013b; Watanabe et al. 2014) and the Nankai Trough (e.g., Yokota et al. 2015). Moreover, other groups in Japan have provided important results (Kido et al. 2006; Kido et al. 2011; Tadokoro et al. 2012; Yasuda et al. 2014) to understand the major interplate earthquakes as well.
Figure 1 shows a schematic picture of the GPS-acoustic positioning system developed by our group. The system consists of a sea-surface unit and a seafloor unit. The seafloor unit is a set of three or four acoustic mirror-type transponders. The transponders are installed on the seafloor to form an array of triangle or diamond whose diagonals are almost the same as water depth in the area. The sea-surface unit is a survey vessel with a GPS antenna, an undersea acoustic transducer, and a dynamic motion sensor. For the earlier stage of the observations, specifically before 2007, the onboard equipment was mounted at the stern of the vessel with an 8-m-long pole (Fig. 1a). In this pole system, the vessel should be adrift (drift observation). In 2008, we improved them to a hull-mounted system, where a transducer is equipped on the bottom of the vessel (Fig. 1b). It enables us to operate the sailing observation, in which we can control the track lines to collect spatially well-balanced data. Detailed methodologies and accuracy of this technique are discussed in Sato et al. (2013a).[image: A40623_2015_352_Fig1_HTML.gif]
Fig. 1GPS-acoustic observation system. a Pole system for drift observation. b Hull-mounted system for line-controlled sailing observation




                     
The system measures the round-trip acoustic travel time between the sea-surface and seafloor units. The absolute position of the sea-surface unit is determined by kinematic GPS. During the thousands shots of the acoustic ranging, the sound speed profile measurements are performed every several hours to calculate the distances between the units from the travel time.
We estimated positions of seafloor transponders based on the least squares formulation, simultaneously estimating the time variation of the sound speed (Fujita et al. 2006). In this method, we assume the horizontally layered structure for the sound speed profile. The position of the observation site is defined as the centroid of the transponder positions. In the analysis, we constrained the relative positions of the transponders to be those estimated from the data of all the sailing observation epochs in order to reduce estimation parameters in the least squares formulation (Matsumoto et al. 2008). The same strategy of analysis was also used in Watanabe et al. (2014) and Yokota et al. (2015).
Figure 2 and Table 1 show two observation sites used in this study. BOSS is located 50 km southern off Cape Nojima-saki, while SAGA is located in the Sagami Bay, 10 km eastern off Cape Kawana-saki. Both sites had been installed on the flat seafloor of the PHS along the Sagami Trough, distant from the active volcanoes (Izumi et al. 2013). We have performed 10 and 22 campaign observations at BOSS and SAGA during the periods from September 2007 to November 2013 and from January 2005 to April 2015, respectively.[image: A40623_2015_352_Fig2_HTML.gif]
Fig. 2Locations of the seafloor geodetic sites used in this paper; BOSS is located on the seafloor between the Sagami Trough and the Izu arc. SAGA is located on the flat seafloor in the Sagami Bay, between the Sagami Trough and the Izu microplate




                        Table 1Positions of seafloor sites


	Site name
	Latitude (degree)
	Longitude (degree)
	Height (m)

	BOSS
	34.42931 N
	139.86505 E
	−1409

	SAGA
	34.96106 N
	139.26318 E
	−1298




                     

Results
Figure 3 plots the estimated coordinates of the observation sites represented in the International Terrestrial Reference Frame 2005 (ITRF2005; Altamimi et al. 2007) by setting those of the first sailing observation epoch at each site as a reference. The relative positions of each epoch are shown in Table 2.[image: A40623_2015_352_Fig3_HTML.gif]
Fig. 3Time series of estimated horizontal displacements of array centroid at (a) BOSS and (b) SAGA; the reference frame is the ITRF2005 (Altamimi et al. 2007). The open and solid red circles indicate the results from the drift observation and the sailing observation, respectively. The linear fitting using the M estimation method (a robust regression technique) and the 90 % two-sided confidence intervals are shown with the red and blue lines, respectively. The green dashed lines indicate the occurrence time of the 2011 Tohoku-oki earthquake (M9.0)




                        Table 2Estimated relative site positions


	Epoch (year)
	Eastward (m)
	Northward (m)

	(a) BOSS

	 2007.712a
                                       
	0.0160
	0.0015

	 2008.704
	0.0000
	0.0000

	 2009.309
	−0.0272
	−0.0270

	 2009.542
	0.0131
	−0.0089

	 2009.939
	−0.0095
	0.0019

	 2010.893
	−0.0206
	0.0194

	 2011.301
	0.0059
	0.0165

	 2012.706
	−0.0184
	0.0219

	 2013.526
	0.0030
	0.0426

	 2013.879
	−0.0311
	0.0763

	(b) SAGA

	 2005.076a
                                       
	−0.0005
	−0.0458

	 2006.027a
                                       
	−0.0039
	−0.0123

	 2007.084a
                                       
	−0.0110
	−0.0296

	 2007.731a
                                       
	−0.0304
	−0.0252

	 2008.284a
                                       
	−0.0405
	−0.0287

	 2008.517
	0.0000
	0.0000

	 2008.520a
                                       
	−0.0006
	0.0160

	 2009.539
	−0.0243
	0.0037

	 2010.589
	−0.0381
	0.0203

	 2010.942
	−0.0200
	0.0069

	 2011.164
	−0.0396
	0.0301

	 2011.347
	0.0639
	0.0602

	 2011.463
	0.0491
	0.0731

	 2012.101
	0.0793
	0.0887

	 2012.712
	0.1067
	0.1207

	 2012.901
	0.0704
	0.0572

	 2013.534
	0.0684
	0.0740

	 2013.876
	0.0650
	0.0702

	 2014.073
	0.0907
	0.0991

	 2014.463
	0.0881
	0.0907

	 2015.208
	0.0911
	0.0773

	 2015.326
	0.0752
	0.0991


Reference frame is the ITRF2005 (Altamimi et al. 2007). Reference position is the first sailing observation epoch

                                 aEpoch with drift observation



                     
Linear fittings to each component of the displacement using the M estimation method (a robust regression technique) are also shown in Fig. 3, with the blue hyperbolic lines indicating the 90 % two-sided confidence intervals. Before the Tohoku-oki earthquake (M9.0), we obtained the velocity of 1.0 ± 1.1 cm/year westward and 0.5 ± 1.1 cm/year northward and the velocity of 0.5 ± 0.3 cm/year westward and 1.1 ± 0.3 cm/year northward in the ITRF2005 with the 90 % confidence at BOSS and SAGA, respectively. The linear fitting for BOSS after the Tohoku-oki earthquake is unavailable due to the uncertainty of estimation from only four epochs of observation. Meanwhile, at SAGA, apparently constant displacement rate of 0.3 ± 0.7 cm/year eastward and 0.4 ± 0.9 cm/year northward in the ITRF2005 was obtained after 2012. Moreover, from the discontinuous step of positions between just before and after the Tohoku-oki earthquake, eastward coseismic displacement of about 10 cm was detected at SAGA.
Figure 4 and Table 3 show the velocities before the Tohoku-oki earthquake, adjusted to values relative to the stable part of the EU, on the basis of the angular velocity presented by Altamimi et al. (2007). The ellipses in Fig. 4 indicate the 90 % confidence level. The velocities at the terrestrial sites deployed by the Geospatial Information Authority of Japan are also shown in Fig. 4, which were derived from the daily coordinates of the GNSS Earth Observation Network System (GEONET) F3 solution from January 2008 to July 2009 (Nakagawa et al. 2009). The consistency of seafloor results with the regional velocity field of the GEONET in Fig. 4 supports for the validation of our seafloor results.[image: A40623_2015_352_Fig4_HTML.gif]
Fig. 4Horizontal velocities relative to the Eurasian plate before the Tohoku-oki earthquake in the Kanto district; the red arrows and the brown arrows indicate the velocities at the seafloor sites detected in this paper and by Yokota et al. (2015), respectively, with 90 % CL (ellipses). The terrestrial velocities are estimated using the GEONET sites for the period from January 2008 to July 2009 (blue arrows). The black dotted lines indicate the boundaries of the block, though some boundaries are uncertain (e.g., the PHS-IM and the PHS-IA boundaries). The green regions (a) and (b) indicate the areas for the cross section shown in Fig. 5
                                 




                        Table 3Velocities with respect to the Eurasian plate with component variances and covariances


	Site name
	Epochs
	Velocity (cm/year)
	Variance and covariance (cm2/year2)

	E-ward
	N-ward
	Var(E)
	Var(N)
	Cov (E, N)

	BOSS
	Sep 2007–Nov 2010
	−3.5 ± 1.1
	1.8 ± 1.1
	1.11
	1.26
	0.06

	SAGA
	Jan 2005–Mar 2011
	−3.1 ± 0.3
	2.4 ± 0.3
	0.10
	0.10
	0.01

	Feb 2012–Apr 2015
	−2.2 ± 0.7
	1.7 ± 0.9
	0.44
	0.85
	0.10




                     
The reason why the confidence interval of the rate at SAGA is smaller than that at BOSS is due to not only the number of the observation epochs but also the oceanographic condition. The condition was usually better in the Sagami Bay than off the Boso Peninsula where the Kuroshio Current would affect the sound speed.

Discussion
First, we compared the result at BOSS before the Tohoku-oki earthquake with the plate kinematics models. Because BOSS is located in the trench side of the volcanic front and away from block boundaries, slip deficits on the plate boundaries cause no significant deformation at BOSS except on the PAC-PHS boundary. In fact, a southward displacement of up to 0.1 cm/year is expected at BOSS from the slip deficit on the PHS-NA boundary faults listed in Nishimura (2011), whereas the PAC-PHS boundary has possibility to cause a westward displacement of approximately 1–2 cm/year. However, the geodetic observations on the islands have little resolution in the slip deficit on the PAC-PHS boundary. We therefore made the assumption that the deficit rate is zero tentatively.
The Euler vector of the rigid PHS had been evaluated in several models. Estimated values of velocity at BOSS are shown in Table 4. Seno et al. (1993) determined the velocities of the PHS using the earthquake slip vectors including northern boundaries of the PHS. It led to the NUVEL-1A model (DeMets et al. 1994), in which the PHS is expected to move at a rate of 0.7 cm/year westward and 0.7 cm/year northward relative to the ITRF at BOSS. On the contrary, the MORVEL model and the REVEL model were proposed from geodetic data by DeMets et al. (2010) and Sella et al. (2002), respectively. According to these models, BOSS moves relative to the ITRF at a rate of 2.4 cm/year westward and 1.3 cm/year northward and a rate of 2.2 cm/year westward and 1.3 cm/year northward, respectively. The residuals of the observed velocity to the models are statistically significant. The eastward component of the residuals is unaccountable even if the PAC-PHS interface is assumed to be locked. That is because the slip deficit on the PAC-PHS interface would cause the westward deformation at BOSS, as Sella et al. (2002) had already pointed out at the islands in the Izu-Bonin arc. They thus considered the residuals as non-rigid plate deformation such as spreading of the back-arc basin.Table 4Comparison of observed velocities at BOSS with model velocities relative to the ITRF2005


	Observation/model
	Velocity at BOSS (cm/year)

	E-ward
	N-ward

	Observation (this study)
	−1.0 ± 1.1
	0.5 ± 1.1

	PHS in NUVEL-1A
	−0.7
	0.7

	PHS in MORVEL
	−2.4
	1.3

	PHS in REVEL
	−2.2
	1.3

	IA in Nishimura (2011)
	−1.3
	1.4




                     
Whereas these models had estimated the motion of the PHS from geodetic data at only several sites far from its boundaries, Nishimura (2011) used additional sites near the boundaries to estimate rigid velocities and elastic deformation of the tectonic blocks simultaneously. In this block kinematics model, back-arc rift along the Izu-Bonin Trench was taken account as well. The fore-arc along the Izu-Bonin Trench is considered as a rigid block separated from the PHS, called Izu arc block (IA). At BOSS, the IA is calculated to move at a rate of 1.3 cm/year westward and 1.4 cm/year northward relative to the ITRF.
Although our result is quantitatively consistent with the velocities derived from both the NUVEL-1A and Nishimura’s model, the difference between these models is emphasized in the easternmost part of the Nankai Trough. In this region, the strong coupling on the plate boundary was indicated by Yokota et al. (2015) from the observed displacement rates at the seafloor sites TOK1 and TOK2. According to them, the velocity obtained at TOK2 was significantly larger than the velocity of the PHS in the NUVEL-1A model. Thus, they pointed out that the motion of the IM should be considered. On the basis of Nishimura’s model, the velocity at TOK2 is almost as large as that of both the PHS and the IM, despite the uncertainty about the location of the PHS-IM boundary. It supports the Nishimura’s model, though more direct evidences by seafloor observation in the southwestern part of the IM are needed to clarify the tectonics of the subducting IM.
On the other hand, SAGA is located near two block boundaries. One is the Sagami Trough and the other divides the IM from the IA in the west side of the Sagami Bay. Figure 5 plots the cross section of the observed displacement rates relative to the EU. Along the Sagami Trough, the IA subducts northward (Fig. 5a), almost perpendicular to the trough (No et al. 2014). In the western boundary between the Sagami Bay (on the IA) and the Izu Peninsula (on the IM), the left lateral strike slip fault is indicated (Fig. 5b), as the 1980 Izu-Hanto-Toho-oki earthquake (M6.7) had occurred on a portion of the boundary (e.g., Takeo, 1988; Nishimura et al. 2007).[image: A40623_2015_352_Fig5_HTML.gif]
Fig. 5Velocity profiles in (a) the westward and (b) the northward directions from SAGA. Red squares and blue circles indicate the velocities at SAGA and the GEONET sites in the green area in Fig. 4, respectively. The water blue dashed lines indicate the location of the block boundaries. The green lines indicate the profiles of the northward component of the surface velocity calculated by the method of Okada (1992), applying back slip model, with 0, 50, 80, and 100 % coupling




                     
In order to estimate the slip deficit rate on the IM-IA boundary fault, we calculated the northward component of the surface deformation in an elastic half-space by the method of Okada (1992), applying back slip model (Savage, 1983). The geometry and location of the faults are the same as the IM-IA boundary faults indicated in Table 2 of Nishimura (2011), but depth is set to 0 km. The four green lines in Fig. 5a indicate the result with the coupling rate of 0, 50, 80, and 100 %. The results suggest that deformation with 50–80 % coupling fits to the observed data, the same consequence as Nishimura’s estimation. Therefore, the fault in the western side of the Sagami Bay is coupled with the deficit rate of a few centimeters per year, and thus, strain is accumulated.
After the Tohoku-oki earthquake, we performed four epochs of the observation at BOSS. The change of the displacement rates before and after the earthquake is not significant. Thus, we assumed that the postseismic deformation of the Tohoku-oki earthquake would cause no significant movement at BOSS. Then, comparing the average positions relative to the IA before and after the Tohoku-oki earthquake, we derived the eastward coseismic displacement of 3.9 ± 2.0 cm at BOSS. We also detected the eastward coseismic displacement of about 10 cm at SAGA. According to the coseismic slip model estimated by Iinuma et al. (2012), coseismic displacements of 4.5 cm eastward and of 12 cm east-southeastward were estimated at BOSS and SAGA, respectively, which are both consistent with our results.
The displacement rate at SAGA after the earthquake (specifically 2012–2015) slightly changed from the rate before the earthquake, though the difference of 0.8 ± 0.7 cm/year eastward and 0.7 ± 0.9 cm/year southward is almost as small as the confidence level. The change is considered to be caused by the postseismic deformation of the event (e.g., Wang et al. 2012), like other geodetic sites in Japan (e.g., Ozawa et al. 2012; Watanabe et al. 2014). At the GEONET sites Niijima and Toshima on the islands in the IA, the difference between the displacement rates before (from January 2008 to July 2009) and after the Tohoku-oki earthquake (from January 2013 to January 2015) was approximately 0.9 cm/year eastward and 0.2–0.3 cm/year southward, which is consistent with SAGA.

Conclusions
We have performed the GPS-acoustic observations at BOSS and SAGA, and detected the movements before and after the Tohoku-oki earthquake. Because almost all part of the PHS is covered with ocean and many islands on this plate are volcanic, geodetic data at the non-volcanic seafloor sites provided an essential role to investigate the kinematics in the southern Kanto area. The result at BOSS before the Tohoku-oki earthquake suggested that the motion of the fore-arc of the PHS along the Izu-Bonin Trench is different from the rigid PHS, which is in good agreement with the model by Nishimura (2011). It thus contributed to clarify the velocity of the PHS (or the IA) subducting along the Sagami Trough in an oblique direction, which leads to more concrete understandings of the strain accumulation on the PHS-NA interface. Meanwhile, the result at SAGA before the earthquake provided the evidence of the slip deficit of a few centimeters per year on the IM-IA boundary fault from the oceanic plate.
From the observations after 2011, significant coseismic displacements associated with the Tohoku-oki earthquake were detected at both sites, whose values are consistent with the slip distribution model. Comparing the postseismic displacement rate after 2012 with that before the Tohoku-oki event, the significant postseismic movement toward the east was detected at SAGA.
While this paper determined the velocity of the PHS along the Sagami Trough, the subducting velocity along the Nankai Trough still has ambiguity. The ambiguity of the kinematics models will be reduced by further observations near the troughs, e.g., around the Zenisu Ridge, simultaneously determining the location of the IM-IA boundary.
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