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Abstract

We determined hypocenter distributions and focal mechanisms of earthquakes off the Boso Peninsula, Japan, based
on seafloor observations using ocean-bottom seismometers (OBSs). From OBS data, we detected and located earth-
quakes that were closer to the trenches than had previously been reported. The determined focal depths of relocated
hypocenters were systematically shallower than those in the Japan Meteorological Agency catalog determined from
land-based data. The hypocenter distribution was separated into two groups: one associated with the Pacific plate
(PAC) and the other with the North American and/or Philippine Sea plates (PHS). For the former group, both the focal
depths and mechanisms of low-angle thrust-faulting earthquakes were consistent with the geometry of the PAC
determined by previous studies. Among the latter group, we selected low-angle thrust-faulting earthquakes with a
slip direction parallel to the direction of PHS subduction or with a dip direction parallel to the PHS to delineate the
upper boundary of the PHS. The depth of the plate upper boundary off the Boso Peninsula was found to be approxi-
mately 6 km shallower than previously reported estimates.
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Background

The region off the Boso Peninsula, Japan, is located near
a trench—trench—trench triple junction (Fig. la); the
Pacific plate (PAC) is subducted westward at the Japan
Trench beneath the North American plate (NA) with
a relative speed of 8.3 cm/a (DeMets et al. 2010), and
the Philippine Sea plate (PHS) is subducted northwest-
ward beneath the NA at the Sagami Trough with a rela-
tive speed of 3.8 cm/a (DeMets et al. 2010). The PHS
overrides the PAC (e.g., Ishida 1992; Hori 2006), and its
northeastern limit is determined based on small repeat-
ing earthquakes (Uchida et al. 2009), which occur at fairly
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consistent locations along the upper boundary of the
subducting slabs (e.g., [garashi et al. 2003).

The region is characterized by various seismic and geo-
detic activities (Fig. 1a): The 1703 Genroku Kanto earth-
quake (M = 7.9-8.2) and the 1923 Kanto earthquake
(M,, = 7.9) were interplate events associated with the
subduction of the PHS (e.g., Matsu’ura et al. 2007; Name-
gaya et al. 2011; Sato et al. 2016). Slow slip events occur
with an average interval of 6 years near the rupture area
of these interplate earthquakes (e.g., Ozawa et al. 2003;
Sagiya 2004; Hirose et al. 2014). Significant increases in
seismicity and Coulomb stress after the 2011 Tohoku-
Oki earthquake (M = 9) are also recognized in the region
(Toda et al. 2011).

To understand these seismic and geodetic phenomena,
it is important to accurately determine the geometry of
the boundaries between the three plates, and the plate
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boundaries in the region off the Boso Peninsula have
been studied extensively. Uchida et al. (2010) determined
the upper boundary of the PHS by analyzing repeating
earthquakes and seismic waves converted at the plate
boundary. Their results showed that the upper boundary
of the PHS is located at depths of 10-30 km beneath the
Boso Peninsula. The upper boundary of the subducted
PAC has been detected at depths greater than 40 km
based on relocated hypocenter distributions (Nakajima
and Hasegawa 2006; Nakajima et al. 2009). The upper
boundary at shallower depths has not yet been well con-
strained, but has been estimated through interpolation
from the location of the PAC upper boundary at a depth
of 40 km and the trench axis. Because previous studies
mainly used data from land-based stations alone, the
shallow parts of the PAC-NA and PHS—NA boundaries

Fig. 1 Tectonic setting and bathymetric map of the study area. a
Tectonic setting of the study area. Brown contours show depths of
the upper boundaries of the Pacific plate (PAC) obtained by Nakajima
and Hasegawa (2006) and Nakajima et al. (2009), with dashed contours
estimated by interpolation. See text for details. Blue contours show
the depth of the upper boundary of the Philippine Sea plate (PHS)
estimated by Uchida et al. (2010). Blue dashed line denotes the NE
limit of the PHS reported by Uchida et al. (2009). The source areas of
the 1703 Genroku Kanto earthquake and the 1923 Kanto earthquake
are indicated by gray and green lines, respectively (e.g, Matsu'ura et al.
2007; Sato et al. 2016). The area of slow slip events is shown in yellow
(e.g., Ozawa et al. 2003; Sagiya 2004; Hirose et al. 2014). Black lines
with triangles represent trench axes. Black arrows indicate the motion
of the PAC and the PHS with respect to the North American plate
(NA) (DeMets et al. 2010). b Bathymetric map showing the locations
of stations used in this study, with orange and yellow triangles indicat-
ing deployed broadband ocean-bottom seismometers (BBOBSs) and
short-period ocean-bottom seismometers (SPOBSs), respectively, and
gray triangles and squares indicating OBSs of the Earthquake Research
Institute (ERI) of the University of Tokyo and stations operated by the
National Research Institute for Earth Science and Disaster Preven-
tion, respectively. Small gray dots are epicenters derived by the Japan
Meteorological Agency (JMA) during our observation period of March
2012 to March 2013. Earthquake selection areas are delineated by
orange, yellow, and blue lines, and white dots are the epicenters deter-
mined by JMA that were analyzed in this study. See text for details

beneath the area offshore of the Boso Peninsula (particu-
larly trenchward from 141°E) have not yet been defined.
Precise rendering of the plate boundaries, particularly at
shallow depths, is also crucial for assessing the seismic
and tsunami hazards of large interplate earthquakes. The
2011 Tohoku-Oki earthquake indicated that the shallow-
est part of the subducted Pacific slab has the potential
for significant seismic slip (e.g., Yagi and Fukahata 2011;
Satake et al. 2013).

Few seismic observations have been conducted with
ocean-bottom seismometers (OBS) off the Boso Pen-
insula, particularly south of 35.5°N. The Earthquake
Research Institute (ERI) of the University of Tokyo
conducted aftershock observations following the 2011
Tohoku-Oki earthquake across a broad area of the Japan
Trench forearc region (Shinohara et al. 2011, 2012a),
but they did not cover the majority of the region off the
Boso Peninsula (south of 35.5°N). In this study, we deter-
mine hypocenter distributions and focal mechanisms of
earthquakes off the Boso Peninsula, as close to the Japan
Trench and Sagami Trough as possible, by using data
from both OBSs and land-based stations.

Data

We conducted seafloor observations with OBSs off the
Boso Peninsula for 1 year from March 2012 to March
2013. The ocean-bottom instruments included six broad-
band ocean-bottom seismometers (BBOBSs) (Kanazawa
et al. 2009; Shinohara et al. 2012b) and 23 short-period
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ocean-bottom seismometers (SPOBSs). We term the
BBOBS and SPOBS that we deployed the “Japan Agency
of Marine-Earth Science and Technology (JAMSTEC)
OBSs.” Seismic data recorded by four of six BBOBSs and
20 of 23 SPOBSs were successfully recovered in March
2013. Figure 1b shows the locations of stations used in
this study. The JAMSTEC OBSs were installed on the
seafloor at depths of 2000-6000 m with an average spac-
ing of approximately 15 km. Two of the BBOBSs were
equipped with differential pressure gauges (DPGs) (Araki
and Sugioka 2009). To cover the northern part of the
Boso offshore area, we used seismic data from 50 OBSs of
the ERI (Shinohara et al. 2011, 2012a) for the same period
as the JAMSTEC OBSs were deployed. In addition to the
OBS stations, we also used seismic data from 15 perma-
nent land-based seismic stations on the Boso Peninsula
operated by the National Research Institute for Earth Sci-
ence and Disaster Prevention (NIED) (http://www.bosai.
go.jp/e/index.html) (Okada et al. 2004). The specifica-
tions, observation periods, and locations of the stations
are summarized in Fig. 1b and Table 1.

Methods

We analyzed approximately 1000 earthquakes between
March 2012 and March 2013 from the Japan Meteorolog-
ical Agency (JMA) catalog (Fig. 1b, https://hinetwww11.
bosai.go.jp/auth/?LANG=en), with magnitudes rang-
ing from 1.1 to 6.3. To select earthquakes, we delineated
three regions (indicated by orange, yellow, and blue lines
in Fig. 1b) where we expected the hypocenters to be well
constrained by data from JAMSTEC and ERI OBSs, and
land-based stations. Of the earthquakes in the JMA cata-
log located within these three regions, we selected those
with signals that were recorded by at least three JAM-
STEC OBS stations. We picked the onset times of P- and
S-wave arrivals manually from the vertical and horizon-
tal components of the OBS data. We also recorded the
polarity of P-wave first motions when possible. We used
the DPG records of one BBOBS to obtain onset times and
first motions in cases where velocity seismograms were
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not available. For the land-based stations, we collected
P- and S-wave arrival data and P-wave first motion data
from the catalog published by NIED. The total numbers
of P- and S-wave arrivals used in this study were 23,670
and 12,872, respectively.

We first determined hypocenters assuming a one-
dimensional model and the maximum-likelihood esti-
mation technique of Hirata and Matsu'ura (1987) to
examine differences between the JMA hypocenters from
land-based station data and hypocenters derived from
both OBS and land-based data. Using P- and S-wave
onset times, we located earthquakes for which at least
10 data were available. We used P-wave velocity (Vp)
structure in the JMA2001 model (Fig. 2a), which is the
standard velocity model of the Japanese Islands (Ueno
et al. 2002) and is used by JMA to locate earthquakes.
S-wave velocity (V) was calculated using V,, and the
V,,/V, ratio. Although V/V; ratios in the JMA2001 model
change with depth, we adopted a constant V,/V; ratio of
1.73, which is the average ratio for depths shallower than
60 km in the JMA2001 model.

Tsuru et al. (2002) established the lateral variation
of sedimentary layers along the Japan Trench forearc
regions based on reflection studies; the thicknesses
of sedimentary layers would also be expected to vary
between the OBS sites. To account for the heterogene-
ity of sediment layers, we introduce a station correction
term for earthquake location determination. We itera-
tively located earthquakes using the average difference
between observed and calculated travel times (O-C
times) at each station as the station correction until the
root-mean-squares (RMS) of the O—C times converged.

Next, we estimated hypocenter locations using a simpli-
fied three-dimensional velocity model (Fig. 2b), applying
the three-dimensional geometries of the subducted PAC
obtained in previous studies (Nakajima and Hasegawa
2006; Nakajima et al. 2009) based on interplate earthquake
distribution (Fig. 1a). The oceanic crust model for the PAC
was constructed from the results of a previous refraction
study along the Japan Trench (Ito et al. 2005). We assumed

Table 1 Specifications of the stations used in this study. Stations in italic were deployed for seafloor observation

Station Natural frequency Sampling Number Observation period
of sensor (Hz) frequency (Hz) of stations

BBOBS 0.0228 200 4 Mar. 2012-Mar. 2013

SPOBS 4.5 100 7 Mar. 2012-Mar. 2013

SPOBS 4.5 100 10 May 2012-Mar. 2013

SPOBS 45 100 3 Dec. 2012-Mar. 2013

ERIOBS 1 200 15 Oct. 2011-Aug. 2012

ERIOBS 1 200 35 Apr—Nov. 2012

NIED (Hi-net) 1,3,5 100 15
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Fig. 2 Models for hypocenter determination. a One-dimensional velocity model JMA2001 (Ueno et al. 2002) used for hypocenter determination.
b Three-dimensional model used for hypocenter determination. The configuration of the upper boundary of the PAC was obtained from Nakajima
and Hasegawa (2006) and Nakajima et al. (2009). The section is along 35.4°N

a 5-km-thick layer of V,, = 7.9 km/s just below the oce-
anic crust of the PAC (Ito et al. 2005). For the deeper part
of the PAC mantle, we assumed a V;, of 8.35 km/s based
on results of tomographic study near the Boso Peninsula
(Nakajima et al. 2009). The overlying crust and mantle
consist of the NA and PHS plates, and we assumed crus-
tal V,, to be 5.5 km/s, which is an average velocity above
the Moho based on results of a refraction study off the
Boso Peninsula (Nakahigashi et al. 2012). The boundary
between the crust and mantle was assumed to remain at a
constant depth of 20 km, as described by Nakahigashi et al.
(2012). A tomographic study from Nakajima et al. (2009)
was used to derive the NA mantle V,, of 7.2 km/s. To con-
struct the S-wave velocity model, we assumed a V,/V
ratio of 1.73 in the crust and 1.78 in the mantle based on
the studies of Nakajima et al. (2009) and Hino et al. (2009).
We used NonLinLoc software (Lomax et al. 2000) based
on a grid-search algorithm for hypocenter determination
with a three-dimensional model. The grid node spacing
of the velocity model was assumed to be 1 km. We intro-
duced site correction values calculated from average O—C
times in the same manner as that used for hypocenter
determination with the one-dimensional velocity model.

After the hypocenters were located, we determined
focal mechanisms based on P-wave polarity data using
the FOCMEC software (Snoke 2003) for earthquakes
with at least seven available polarity data.

Results

Using the JMA2001 model, we located 720 earthquakes
with errors of less than 5 km in both the horizontal and
depth directions and with the RMS of travel time resid-
uals below 1 s (Fig. 3a). The average errors in epicenter
locations and depths were 1.08 and 1.68 km, respec-
tively. The RMS of travel time residuals for P-wave and
S-wave arrival times were 0.44 and 0.83 s, respectively.
We present the station corrections (average O—C time at
each station) in Additional file 1: Figures Ala and Alb.
In Fig. 3a, we compare the hypocenters to those deter-
mined by JMA. West of 141.5°E, the newly reported
epicenter positions differ from those of the JMA by sev-
eral kilometers, but they differ by more than 10 km east
of 141.5°E. Focal depths determined by JMA are largely
scattered between depths of 20-80 km east of 141.5°E,
while hypocenters derived from OBS data are located
within depths of 0-40 km. Previous seismic observations



Ito et al. Earth, Planets and Space (2017) 69:30

along the Japan Trench forearc region show that hypo-
centers relocated using OBS data tend to be shallower
than those determined using only land-based station data
(e.g., Shinohara et al. 2012a), and that is also the case in
this study. The earthquakes with depths of 40—60 km that
are clustered around 140.6°E are exceptionally deep rela-
tive to those determined by JMA. Seismic signals from
the hypocenters of deep earthquakes to offshore OBSs
pass through the PAC slab with higher velocities than in
the JMA2001 model. Without including the high veloc-
ity slab in travel time calculations, the hypocenters would
need to be located systematically deeper than the actual
focal depths to explain the observed larger apparent
velocities at OBSs.

Figure 3b shows the hypocenter distribution based on
the three-dimensional velocity model, which is less scat-
tered and more compact than that based on the one-
dimensional velocity model. We located 881 earthquakes
with an error of less than 2 km in the horizontal direction
and less than 3 km in the depth direction and an RMS
of the travel time residual below 1 s. The average errors
in epicenters and focal depths were 0.70 and 0.75 km,
respectively. The RMS of travel time residuals for P-wave
and S-wave arrival times were 0.33 and 0.73 s, respec-
tively. Because the RMS of travel time residuals based
on the three-dimensional model are smaller than those
based on the JMA2001 model, we used hypocenter loca-
tions derived from the three-dimensional model in fur-
ther analysis.

From Fig. 3b, we defined two earthquake groups: the
shallow group and the PAC group. The shallow group had
focal depths more than 7 km above the upper boundary
of the PAC, and the PAC group had focal depths within
7 km of the upper boundary. The hypocenters of the PAC
group are not distributed uniformly along the boundary
in the studied region; most of the earthquakes located
deeper than 30 km were concentrated around 35.5°N,
as shown in the N-S vertical section. These patterns of
hypocenter distribution are persistent throughout the
two observation periods (Figs. 4 and 5), indicating that
there are no systematic differences due to change of sta-
tion distribution, with or without ERI OBS stations.
In Fig. 3b, some of the earthquakes that belong to the
PAC group appear to overlap with the shallow group.
This phenomenon is an artifact related to the projec-
tion, because the hypocenters of the PAC group, which
were selected based on depth intervals from the curved
PAC upper boundary, are projected onto vertical sec-
tions. We present the station corrections (average O—C
time at each station) in Additional file 1: Figures Alc and
A1d. Relatively large positive station corrections are seen
at the JAMSTEC OBS stations near the triple junction,
which indicate the presence of low-velocity anomalies
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below the stations. Thick sedimentary layers, revealed in
a previous refraction study (Hirata et al. 1992) conducted
near the JAMSTEC OBS stations with positive correc-
tions, may be responsible.

We obtained focal mechanism solutions for 219
of 881 earthquakes based on the three-dimensional
model. According to the JMA catalog, the magnitudes
of these earthquakes range from 2.0 to 6.3. These
earthquakes have errors in epicenter and focal depth
location of less than 1.3 km and less than 2.2 km,
respectively. We selected mechanism solutions with
less than or equal to three inconsistent polarity data.
The number of inconsistent data was <1 for 159 of
the 219 total solutions. For the solutions with two or
three inconsistent polarity data, the inconsistent data
accounted for 12% of the total, on average. We provide
examples of the focal mechanisms with the distribu-
tion of polarity data in Additional file 2: Figure A2.
Because the coverage of the polarity data on the focal
sphere is generally good, the focal mechanisms deter-
mined in the present study are considered to be robust.
We also show the frequency distributions of azimuthal
coverage and take-off angle coverage in Additional
file 3: Figure A3. Azimuthal coverage ranged from
171.4° to 358.3°, and take-off angle coverage ranged
from 9.3° to 77.2°.

Following the criteria of Frohlich (1992), the focal
mechanisms of 100 earthquakes were classified as normal
faulting, 77 as reverse faulting, and 29 as strike-slip fault-
ing. We plotted the distributions of these focal mecha-
nisms for the shallow and PAC groups in Figs. 4 and 5,
respectively, along with a vertical section parallel to the
PAC subduction direction. Only the focal mechanisms of
earthquakes with magnitudes greater than 2.3 are plot-
ted in the figures, to enhance their visibility, but the same
pattern is shown when earthquakes with magnitudes
between 2.0 and 2.3 are included.

For the shallow group, more than half of the focal
mechanisms were normal faulting. Normal and strike-
slip faulting earthquakes are distributed throughout the
NA crust, whereas reverse-faulting earthquakes typically
occur only at depths greater than 10 km. Most reverse-
faulting earthquakes are located east of 141°. The PAC
group is dominated by reverse faulting and shows fewer
normal and strike-slip faulting earthquakes. Reverse-
faulting earthquakes are also detected close to the
trench—trench—trench triple junction.

Discussion

Comparison of hypocenter distribution and crustal
structure

We compare the hypocenter distribution and focal
mechanisms of the present study to the V|, structure
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determined by the previous refraction survey along line
B-B' (Nakahigashi et al. 2012) (Fig. 6b, c). Earthquakes
that occurred within 20 km of the line are plotted. Few
earthquakes were located in the sedimentary layers
represented by the red and yellow layers. An absence
of earthquakes in sedimentary layers along the Japan
Trench forearc region has also been reported previ-
ously (e.g., Shinohara et al. 2012a; Obana et al. 2013).
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Shallow group earthquakes were located within the NA
crust (denoted by the green layer immediately beneath
the yellow layer in Fig. 6b). South of 35.5°N, the shallow
group is distributed with its base at the NA—PHS bound-
ary. Reverse-faulting earthquakes originated in a deeper
part of the shallow group (Fig. 6¢). North of 36°N, most
of the earthquakes occurred near the plate boundary
between the NA and the PAC (Fig. 6b), and most were
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Fig. 4 Distribution of focal mechanisms for the shallow earthquake group with magnitudes greater than 2.3. Red, yellow, and blue beach balls
correspond to normal, strike-slip, and reverse-faulting earthquakes, respectively. Focal mechanisms are in lower-hemisphere projections. Line

A-A’ defines the line projected onto the cross sections, parallel to the direction of PAC subduction. The blue and brown lines indicate the upper
boundaries of the PHS (Uchida et al. 2010) and PAC (Nakajima and Hasegawa 2006; Nakajima et al. 2009), respectively. Light and dark gray dots show
hypocenters based on the three-dimensional velocity model (Fig. 3b), with light gray dots corresponding to the period for which we could use ERI
OBS seismic data, and the dark gray dots corresponding to the period for which we could not. Vertical cross sections have no vertical exaggeration.
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reverse-faulting earthquakes (Fig. 6¢). The hypocenter
distribution and focal mechanisms identified in this study
are thus consistent with the PHS-NA and PAC-NA
boundaries determined by Nakahigashi et al. (2012).

Upper boundary of the PAC

Low-angle thrust-faulting earthquakes are often used to
delineate the upper plate boundary of a subducted slab.
In this study, we define low-angle thrust-faulting earth-
quakes as reverse-faulting earthquakes with a nodal plane
dip angle below 35°. Figure 7 shows the distribution of 39
low-angle thrust-faulting earthquakes from the shallow

group and the PAC group. Among the low-angle thrust-
faulting earthquakes, one earthquake, labeled “RE” in
Fig. 7, was identified by Uchida et al. (2016) as a repeat-
ing earthquake, which are commonly thought to occur
along the upper boundaries of subducting slabs. We plot-
ted two depth profiles of focal mechanisms parallel to the
PAC subduction direction in Fig. 7b, c. Most earthquakes
of the PAC group have nodal planes consistent with plate
motion at the upper boundary of the PAC (DeMets et al.
2010).

The low-angle thrust-faulting earthquakes have hypo-
centers as shallow as 10—15 km in the off-Ibaraki region
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(north of 36°N). Here, Shinohara et al. (2012a) identified
interplate earthquake depths shallower than 40 km at
the upper boundary of the PAC using seismic observa-
tions with OBSs. Mochizuki et al. (2008) determined the
detailed configuration of the upper boundary of the PAC
with refraction surveys along paths indicated by the yel-
low lines in Fig. 7a and estimated the depths of the upper
boundaries of the PAC to be 8—15 km. These depths are
nearly consistent with the focal depths of the low-angle
thrust-faulting earthquakes determined in this study
(Fig. 7b). In addition, for the first time, we have located
low-angle thrust-faulting earthquakes along the upper
boundary of the PAC off the Boso Peninsula (south of
36°) to depths of up to 14 km (Fig. 7c). At depths greater
than 40 km, the focal depths of low-angle thrust-faulting
earthquakes are consistent with the location of the upper
boundary of the PAC determined by previous studies
(Nakajima and Hasegawa 2006; Nakajima et al. 2009).

The upper boundary of the PHS

To locate the upper boundary of the PHS, we analyzed
16 low-angle thrust-faulting earthquakes determined
from the shallow group. The focal mechanisms are
plotted along profiles parallel to the PAC subduction
direction (Fig. 7c) and parallel to the PHS subduction
direction (Fig. 7d). Most were located near the bottom
of the shallow group (see Figs. 4d, 7c). Eleven of the
earthquakes had focal mechanisms with a slip direc-
tion parallel to the direction of PHS subduction (NW-
SE), and one earthquake had a dip direction parallel to
the PHS (N-S). Low-angle thrust-faulting earthquakes
occur near the PHS—-NA boundary identified by Naka-
higashi et al. (2012), which is also plotted in Fig. 7c,
d. If these earthquakes are assumed to represent slip
along the upper boundary of the PHS, the boundary
off the Boso Peninsula is approximately 6 km shallower
than previously delineated (Uchida et al. 2010), in the
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area between 34.8—35.5°N and 140.9-141.6°E (red solid
curve in Fig. 7d). The shift of the PHS upper bound-
ary arises mainly because the focal depths determined
using OBS data were shallower than those derived from
land-based data alone (Fig. 3). To connect the upper
boundary of the PHS in the trenchward area deter-
mined in this study to that in the landward area iden-
tified by Uchida et al. (2010), the tip of the PHS must

bend upward at longitudes around 140.9-141.3°E (red
broken curve in Fig. 7d), which was also proposed by
Uchida et al. (2010) based on their converted wave
analysis.

Focal mechanism
We compared the focal mechanisms determined in this
study with centroid moment tensor (CMT) solutions
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of 20 earthquakes for which both the CMT solutions
and mechanism solutions (obtained in this study)
were available (Additional file 4: Figure A4). The CMT
solutions were determined through waveform inver-
sion using F-net data (http://www.fnet.bosai.go.jp/top.
php?LANG=en). The 20 earthquakes had magnitudes
greater than 3.5, and the variance reductions of the
waveform inversion were greater than 50%. The aver-
age difference in the dip angle of focal mechanisms
between the F-net data and the results of this study is
19.6° with a standard deviation of 11.0°, and the aver-
age difference in strike angle is 28.0° with a standard
deviation of 30.5°. Considering the differences in data
and methods (waveform inversion for the CMT solu-
tions versus the P-wave first motion method), we con-
sider the focal mechanisms determined in this study
to be consistent with the CMT solutions. Comparison
of focal mechanisms for three of the 20 earthquakes
with those reported in the Global CMT catalog (http://
www.globalcmt.org) (Dziewonski et al. 1981; Ekstrom
et al. 2012) shows that the focal mechanisms given by
the F-net, Global CMT, and this study are mutually
consistent.

We have observed a significant number of normal and
strike-slip faulting earthquakes (Figs. 4, 5), and most have
T-axes in an almost E-W direction. In NA crust, signifi-
cant enhancement of trench-normal extensional stress
after the 2011 Tohoku-Oki earthquake was reported
over a broad area in the forearc region by Hasegawa et al.
(2012). The vigorous shallow seismicity with E-W exten-
sional focal mechanisms we report here is consistent
with the post-2011 seismic change. Asano et al. (2011)
reported an increase of extensional seismicity within the
subducting PAC slab near the large coseismic slip zone
of the 2011 earthquake. The normal and strike-slip fault-
ing events among the PAC group are interpreted as intra-
slab earthquakes, and their focal mechanisms suggest
significant change of stress field off the Boso Peninsula,
although the region is distant from the main rupture of
the 2011 earthquake.

Conclusions

We conducted seafloor observations off the Boso Pen-
insula with OBSs for 1 year from March 2012 to March
2013 and determined hypocenter locations and focal
mechanisms. We summarize the conclusions derived
from these investigations as follows:

1. The focal depths of relocated hypocenters deter-
mined using OBS data are generally shallower than
those determined by JMA in the study area.

2. Hypocenter distributions can be separated into
two groups; one group is shallower than the upper
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boundaries of the PAC, and the other follows the
upper boundary of the PAC.

3. Both the hypocenter distributions and the focal
depths of low-angle thrust-faulting earthquakes are
consistent with the NA-PAC and NA-PHS plate
boundaries, which were determined by a previous
refraction study off the Boso Peninsula (Nakahigashi
et al. 2012).

4. Low-angle thrust-faulting earthquakes shallower
than 40 km at the upper boundary of the PAC are
detected for the first time in the off-Boso Peninsula
region.

5. More than half of the low-angle thrust-faulting earth-
quakes in the shallow group have a slip direction
parallel to the direction of PHS subduction. If these
events are assumed to represent the upper boundary
of the PHS, the depth of this boundary off the Boso
Peninsula is approximately 6 km shallower than pre-
viously determined using only land-based data from
the area between 34.8—35.5°N and 140.9-141.6°E.

Additional files

Additional file 1: Figure A1. Distribution of average observed and
calculated travel times (O-C times) used for station corrections in hypo-
center locations; (a) and (b) are average O-C times for P- and S-waves,
respectively, assuming a one-dimensional structure, whereas (c) and (d)
are those assuming a three-dimensional structure. Circles with orange
outer rims show broadband ocean-bottom seismometer (BBOBS) loca-
tions. The root-mean-squares (RMS) of station corrections for P- and
S-waves assuming a one-dimensional structure are 044 s (a) and 2.12 s (b),
respectively. The RMS of station corrections for P- and S-waves assuming a
three-dimensional structure are 0.43 s (c) and 1.88 s (d), respectively.

Additional file 2: Figure A2. Examples of focal mechanisms with the
distribution of polarities (b) for hypocenters in (a). Event numbers are
indicated by lower case letters a-I.

Additional file 3: Figure A3. Frequency distributions of azimuthal
coverage and take-off angle coverage. Bar width is 10°. White and gray
bars correspond to all faulting and low-angle thrust-faulting earthquakes,
respectively.

Additional file 4: Figure A4. Comparison of earthquakes. (a) Hypo-
center distributions. Black and gray dots indicate hypocenters reported in
this study and by F-net, respectively. Identical earthquakes are connected
with black lines. (b) Focal mechanisms in map view in lower-hemisphere
projections. Beach balls correspond to F-net, this study, and Global CMT.
Event numbers correspond to (a). (c) Focal mechanisms with the distribu-
tion of polarities. Event number corresponds to (a) and (b).
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