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Abstract

The subduction of the Philippine Sea (PHS) Plate toward the north of Izu peninsula, Japan, is of great interest because
intraslab seismicity is absent where the buoyant Izu volcanic arc has been subducting over the past 15 Myr. This study
analyzes 42 earthquakes in an isolated seismic cluster that occurred ~ 100 km north of Izu peninsula at depths of
40-90 km and discusses seismogenesis in the context of plate subduction. We picked P- and S-wave arrival times of
earthquakes to produce a complete hypocenter catalogue, carried out double-difference event relocations, and then
determined focal mechanism solutions of 7 earthquakes from P-wave polarity data. Based on the focal mechanism
solution, the largest earthquake (M3.1) is interpreted as a thrust earthquake along the upper surface of the PHS Plate.
Locations of other earthquakes relative to the largest event suggest that most earthquakes occur within the subduct-
ing PHS Plate. Our results suggest that the PHS Plate north of Izu peninsula has temperatures low enough to facilitate
thrust and intraslab earthquakes at depths of 60-90 km. Earthquakes are likely to occur where pore pressures are
locally high, which weakens pre-existing faults. The presence of the intermediate-depth seismic cluster indicates the

continuous subduction of the PHS Plate toward the north of Izu peninsula without any disruption.
Keywords: Earthquake, Slab temperature, Dual subduction, Volcanic ridge

Introduction

In central Japan, the relatively young Philippine Sea
(PHS) Plate is being subducted at the Sagami and Nankai
Troughs, while the older Pacific Plate is being subducted
below the PHS Plate (Fig. 1). The PHS Plate located east
of the Izu volcanic arc formed before 40 Ma, while that
located west of the arc formed as a back-arc basin from
27 to 15 Ma (e.g., Okino et al. 1999). The Izu volcanic
ridge on the PHS Plate, which formed in an intraoceanic
setting, has been colliding with central Japan at the west-
ern margin of the Kanto district since 15 Ma (e.g., Soh
et al. 1998). Geological observations have revealed the
collision and partial accretion of a tectonic slice of buoy-
ant Izu—Bonin arc (e.g., Taira et al. 1998), while seismo-
logical observations suggest that only the lower crust and
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and indicate if changes were made.

mantle of the Izu volcanic arc are subducting (e.g., Arai
et al. 2014).

The subduction of the PHS Plate beneath Kanto has
been inferred to a depth of ~ 60 km from the occurrence
of thrust earthquakes including small repeating earth-
quakes (red squares in Fig. 1) (Uchida et al. 2010a) and
to ~ 120 km from seismicity and the presence of high-
velocity anomalies that are interpreted as the mantle of
the PHS Plate (e.g., Ishida 1992; Matsubara et al. 2005;
Hori 2006; Wu et al. 2007; Nakajima et al. 2009; Uchida
et al. 2010a). In contrast, the presence of the PHS Plate
beneath Tokai can be confirmed by intensive seismicity
that deepens toward the north, to a maximum depth of
~ 60 km (Fig. 2a) (e.g., Nakajima and Hasegawa 2007).
However, seismicity is almost absent northwest of Izu
peninsula (Fig. 2a), and there is an ongoing debate about
whether the PHS Plate is continuous between Kanto and
Tokai (e.g., Ishida 1992).

Since October 1997, the Japan Meteorological Agency
(JMA) has processed waveform data from seismograph
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Fig. 1 Tectonic setting of central Japan with seafloor topography. Pink and blue lines denote iso-depth contours of the PHS Plate (Hirose et al. 2008;
Nakajima et al. 2009) and Pacific Plate (Nakajima et al. 2009), respectively. Green shading represents an area where the bottom of the PHS Plate is

in contact with the upper surface of the Pacific Plate (Nakajima et al. 2009; Uchida et al. 2009). Black triangles denote active volcanoes. Red squares
represent the epicenters of thrust earthquakes that occurred along the upper surface of the PHS Plate. The red star denotes the epicenter of the
M3.1 earthquake analyzed in this study. The focal mechanism of the M3.1 earthquake, as determined by the Japan Meteorological Agency (JMA), is
shown in an equal-area lower-hemisphere projection. Gray arrow shows the relative plate motion of the PHS Plate with respect to the continental

stations throughout the Japanese islands to produce a
comprehensive seismic catalogue (the JMA unified cata-
logue). This catalogue has reported several earthquakes
located ~ 100 km north of Izu peninsula at depths of
40-90 km, forming an isolated cluster of seismic activ-
ity (seismicity in blue rectangles in Fig. 2a, b). Matsubara
et al. (2008) first pointed out the occurrence of an M3.1
earthquake in 2006 at a depth of 61 km and interpreted
that the earthquake occurred on the upper surface of
the PHS Plate. Nakajima et al. (2009) followed Matsub-
ara et al’s interpretation and proposed a continuous plate
subduction model between Kanto and Tokai without
any disruption or splitting (pink contours in Fig. 1). This
study analyzes small earthquakes in the isolated seismic
cluster and discusses their seismogenesis in the context
of subduction of the PHS Plate.

Data and methods

An isolated seismic cluster is located ~ 100 km north
of Izu peninsula at focal depths of 40-90 km. The JMA
unified catalogue includes 42 earthquakes in this region
from October 1997 to March 2017, with the largest event
(M3.1) on January 1, 2006; the 42 earthquakes do not
occur in swarms, but rather are evenly distributed over
time (Fig. 2c). The spatial distribution of the hypocenters
shows that they tend to become deeper toward the north
(Fig. 3a).

For the 24 earthquakes that occurred after 2004, wave-
form data were downloaded from the Hi-net Web site
(http://www.hinet.bosai.go.jp/?LANG=en) and P- and
S-wave arrival times were manually picked at stations
whose arrival times were not determined by the JMA, to
produce a complete phase arrival catalogue. S—P times
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Fig. 2 a Distribution of earthquakes at depths of 30-100 km from October 1997 to May 2017. Colors and sizes of circles are proportional to focal
depths and earthquake magnitudes, respectively. Dashed lines denote the western and northeastern boundaries of the slab contact zone. The iso-
lated cluster of seismicity analyzed in this study is bounded by the blue rectangle. Line A-B is a profile along which a vertical cross section is shown
in b. Other symbols are the same as in Fig. 1. b Vertical color-shaded cross section of P-wave velocity perturbations (Nakajima et al. 2009) along line
A-B and seismicity (gray circles) within 10 km of the profile. Pink and black lines represent the upper surfaces of the PHS and Pacific Plates, respec-
tively. Pink dashed line shows the bottom of the PHS Plate inferred from the distribution of high-velocity anomalies. € Magnitude versus time plot of
42 earthquakes that occurred in the area indicated by blue rectangles in a and b. The origin time of the 2011 Tohoku-Oki earthquake is indicated by
a vertical blue line. Shaded zones at both ends of the panel denote unanalyzed periods
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Fig. 3 a Map and cross-sectional views of the JMA locations of 42 earthquakes analyzed in this study. Colors and sizes of circles are proportional
to the focal depth and magnitude, respectively. The focal mechanism of the M3.1 earthquake determined by the JMA is shown. Gray squares with
names denote seismograph stations. The dashed rectangle outlines the area shown in b. b Density scatter plots (small dots) of two earthquakes at
depths of 50-55 km. Circles and stars denote JMA hypocenters and hypocenters relocated by NLLoc (Lomax et al. 2000), respectively. In the inset,
red and black lines denote the 1D P-wave velocity model used in NLLoc and the JMA2001 model (Ueno et al. 2001), respectively
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at stations with epicentral distances of < 10 km are posi-
tively correlated with the focal depths determined by the
JMA (Fig. 4a). Examples of waveforms recorded at sta-
tion N.KWKH, the nearest station to the epicenter of
the M3.1 earthquake (see Fig. 3), show that the onsets
of P- and S-waves are clear on the vertical and horizon-
tal components, respectively, and that arrival times can
be identified with uncertainties of < 0.1 s for P-waves
and < 0.3 s for S-waves (Fig. 4b). We are therefore con-
fident that the depth extent of the 42 earthquakes over
50 km is constrained well by S—P times determined from
high-quality waveforms. Since waveforms of the earth-
quakes include high-frequency (> 10 Hz) energy, these
earthquakes cannot be deep low-frequency earthquakes,
which have a dominant frequency of 2—4 Hz and virtu-
ally no energy above 8 Hz (e.g., Hasegawa and Yamamoto
1994; Ukawa 2005).

To improve the relative hypocenter locations, the
earthquakes were relocated with the double-difference
relocation algorithm (hypoDD) (Waldhauser and Ells-
worth 2000) using phase-picked differential travel times
with a maximum earthquake pair separation of 10 km. A
total of 3823 P-wave and 3726 S-wave differential time
data were obtained at 59 stations. Forty of the initial 42
earthquakes were relocatable (Figs. 3, 5). The standard
deviations of the hypocentral shifts of relocated earth-
quakes with respect to the initial JMA locations were 1.2,
1.3, and 1.0 km in latitude, longitude, and depth, respec-
tively. Two earthquakes relocated to depths of 50-55 km
were 5—-10 km shallower than the upper surface of the
PHS Plate. The missing earthquakes were the two shal-
lowest earthquakes, with JMA focal depths of ~ 40 km.

Since double-difference relocation does not signifi-
cantly improve the absolute locations, the absolute errors
of the two earthquakes at 50-55 km were estimated by
probabilistic, nonlinear hypocenter relocation (NLLoc)
(Lomax et al. 2000). Unlike linear approaches, NLLoc
provides comprehensive uncertainty and relocation
information, represented by an a posteriori probability
density function. We first constructed a one-dimensional
(1D) layered P-wave velocity model (red line in the inset
in Fig. 3b) based on the J]MA2001 velocity model (Ueno
et al. 2001) and then relocated the two earthquakes using
manually picked P- and S-wave arrival times assuming a
constant Vp/Vs ratio of 1.73. Relocated results showed
that the two earthquakes deepened slightly with respect
to the JMA locations, but are still located ~ 5 km above
the upper boundary of the PHS Plate (Fig. 3b).

The JMA determined the focal mechanism of the M3.1
earthquake to be reverse faulting (Fig. 1). To investigate
the focal mechanism solutions of other small earth-
quakes, the P-wave polarities of the 24 earthquakes
after 2004 were picked and the focal mechanisms were
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determined for earthquakes with 10 or more polarities
using the method of Hardebeck and Shearer (2002). As
a result, focal mechanisms were obtained for seven addi-
tional earthquakes with polarity errors of < 15%. Six of
the seven focal mechanisms show reverse or strike-slip
faulting (Fig. 5d).

Results and discussion

The relocated hypocenters do not differ substantially
from the initial JMA locations (Figs. 3, 5), but seismicity
located at ~ 75 km depth in the central part of the seismic
cluster was tightened after relocation. The M3.1 earth-
quake was relocated to 63 km. One of the nodal planes
of the M3.1 earthquake has a dip of 30°, which is roughly
consistent with the dip of the upper surface of the PHS
Plate (Fig. 5b). The slip vector of the M3.1 earthquake
(N40°W) is sub-parallel to the relative plate motion
between the PHS Plate and the overlying continental
plates (N48°W for the North American Plate; N54°W for
the Okhotsk Plate) (Kreemer et al. 2014). Most events
occur deeper than the M3.1 earthquake, and none of the
deeper earthquakes has a thrust-type focal mechanism;
therefore, a simple interpretation is that the M3.1 earth-
quake occurred along the upper surface of the PHS Plate,
as assumed by Matsubara et al. (2008) and Nakajima et al.
(2009), while other earthquakes occurred in the subduct-
ing PHS Plate.

One key to interpreting seismogenesis in the subduct-
ing PHS Plate is the thermal regime, because thrust
(interplate) and mantle earthquakes are considered to
occur at temperatures of < 350 °C (e.g., Hyndman et al.
1997) and < 600-650 °C (e.g., McKenzie et al. 2005;
Braunmiller and Ndébélek 2008), respectively, above which
materials are ductile. Numerical simulations of PHS Plate
subduction suggest that temperatures at the locations of
deep thrust earthquakes at 50—60 km beneath Kanto (red
squares in Fig. 1) and the M3.1 earthquake are well above
400 °C (Yoshioka et al. 2015; Wada and He 2017), higher
than the critical temperature of thrust earthquakes. Exist-
ing thermal models assume that the age of the incoming
PHS Plate is 20—-40 Ma and pre-subduction plate temper-
atures are calculated with a 1D cooling model of an oce-
anic plate (Ji et al. 2017; Wada and He 2017). However,
as a result of subduction of the Pacific Plate beneath the
PHS Plate along the Izu—Bonin trench, the fore-arc of the
incoming PHS Plate is cooled long before its subduction
by the underlying cold Pacific Plate (Fig. 1). This effect,
which is not fully modeled in the numerical simulations,
may lower pre-subduction temperatures significantly
in the fore-arc of the PHS Plate relative to the initial
plate temperatures prescribed in the numerical models.
If this is the case, actual temperature conditions of the
slab surface may be much lower than those modeled in
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Fig. 4 a Distribution of focal depths with respect to S-P times observed at stations with epicentral distances of < 10 km. Error bars in focal depths
are taken from the JMA unified catalogue; error bars for S-P times are calculated from uncertainties in each P- and S-wave pick. b Examples of wave-
forms of UD and NS components at station N.KWKH. Waveforms are band-passed from 2 to 16 Hz and then aligned with manually picked P-wave
arrival times. P- and S-wave arrival times are indicated by arrows on the UD and NS components, respectively. Focal depths and magnitudes are
indicated in the leftmost side below each waveform. Waveforms are not shown for earthquakes without P-wave picks at this station
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Fig. 5 a Map showing the distribution of 40 earthquakes relocated with hypoDD (see text for procedural details). Available earthquake focal mech-
anisms (#1-#7 and M3.1 earthquake) are shown in equal-area lower-hemisphere projections. Two lines, A-A’and B-B; are profiles along which cross

sections are shown in b and ¢, respectively. b Vertical cross section of earthquakes along line A-A; showing events within 3 km of the line. ¢ As for b,
but for line B-B' d Focal mechanism solutions of seven earthquakes (#1-#7) determined in this study. Filled and open circles indicate compressional
and dilatational first motions, respectively. Magnitudes of earthquakes are shown above their respective beach ball plots

numerical simulations, and such low temperatures may
trigger thrust earthquakes even at depths of 50-60 km,
where the M3.1 earthquake (red star in Fig. 1) and deep

thrust earthquakes beneath Kanto (red squares in Fig. 1)
occurred. Numerical simulations of PHS Plate subduc-
tion in consideration of the pre-subduction cooling effect
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will aid our understanding of the seismogenesis of deep
thrust earthquakes of the PHS Plate.

Our interpretation of the M3.1 earthquake at 63 km is
a thrust earthquake along the upper surface of the PHS
Plate, because the depth of the M3.1 earthquake is com-
parable to that of deep thrust earthquakes beneath Kanto
(50-60 km) and the focal mechanism can be explained
by shear slip on the PHS Plate. Considering the locations
of other earthquakes relative to the M3.1 earthquake,
the majority occur within 5-15 km from the slab sur-
face. The pre-subduction crustal thickness of the fore-arc
and sub-arc PHS Plate is estimated to be 7-25 km and
shows marked spatial variations resulting from the evolu-
tionary history of crustal structure (e.g., Kamimura et al.
2002; Takahashi et al. 2009; Kodaira et al. 2010). In addi-
tion, the crust of the PHS Plate is possibly thinned by an
accretionary process at the collision zone (e.g., Taira et al.
1998; Arai et al. 2014). These complex evolution and sub-
duction processes make it difficult to conclude whether
earthquakes occur mainly in the subducting crust or the
subducting mantle.

The seismic cluster analyzed in this study is distributed
across an area of 30 x 10 km. The localization of seismic-
ity surrounded by an aseismic portion of the slab sug-
gests differences in the mechanical properties of the two
regions. Since slab stress is unlikely to vary significantly
in space on such length scales, it is postulated that the
PHS slab is locally hydrated in the seismogenic region,
thereby facilitating intermediate-depth earthquakes by
fluid-related embrittlement (e.g., Hacker et al. 2003;
Hasegawa and Nakajima 2017). Overpressurized fluids
weaken fault strength and eventually induce the reactiva-
tion of pre-existing, variously oriented faults under dif-
ferential stresses generated by subduction. Although it
has been suggested that the PHS Plate beneath the Izu
volcanic arc was dried as a result of the consumption of a
large amount of fluid for melt production before subduc-
tion (Arai et al. 2014), the seismogenic region may have
been locally hydrated before subduction and remained
hydrated afterward.

The hypocenters relocated by NLLoc show that the
absolute location errors of two earthquakes at depths
of 50-55 km are < 5 km (Fig. 3b), suggesting that they
occurred in the uppermost mantle; the depth of the con-
tinental Moho in the region is estimated to be ~ 40 km
(Katsumata 2010). Mantle earthquakes are not usual,
but earthquakes above the subducting plate are locally
observed down to a depth of ~ 60 km in NE Japan (Uchida
et al. 2010b). Temperatures around mantle earthquakes
in NE Japan are estimated to be 400 °C (e.g., Wada et al.
2015), which is well below the 600-650 °C critical tem-
perature of mantle earthquakes (e.g., McKenzie et al. 2005;
Braunmiller and Nabélek 2008). Since the estimated values

Page 8 of 10

of surface heat flow are not very high above the seismic
cluster (Yoshioka et al. 2015) and the slab surface tempera-
tures are likely to be < 350 °C at the location of the M3.1
earthquake, temperatures 5-10 km above the slab surface
might be low enough for mantle earthquakes to occur at
50-60 km depth. Such earthquakes are likely to be facili-
tated by slab-derived fluids in a spot where permeability
is low and pore fluid pressures can be enhanced to near-
lithostatic values to bring the system into brittle failure.

A volume of intense seismic activity isolated from
nearby seismicity is known as an earthquake nest: One
famous example is the Bucaramanga Nest in Colombia at
depths of 145-165 km. The Bucaramanga Nest includes
normal and reverse fault earthquakes with similar wave-
forms, which are interpreted as repeating ruptures on the
same fault or sub-parallel faults with reserved slip direc-
tions (e.g., Prieto et al. 2012). In the Pacific slab beneath
NE Japan, nest-like seismicity is observed at a depth of
~ 155 km (Nakajima et al. 2013), and the seismicity
includes tensional earthquakes located 1 km above com-
pressional earthquakes. Nakajima et al. (2013) suggested
that eclogitization-related stresses cause local tension
within a volume of down-dip compressional stresses in
the slab crust. Even though a pair of tensional and com-
pressional earthquakes was not identified in the seismic-
ity of this study at depths of ~ 75 km (Fig. 5), the lateral
extent of the seismicity is comparable to that of the nest-
like seismicity in NE Japan. The occurrences of larger
earthquakes in this cluster would enable us to increase
the number of focal mechanisms and to better constrain
relative earthquake locations. Further studies of this clus-
ter and other nests at intermediate depths will improve
our understanding of the genesis of intermediate-depth
earthquakes.

Conclusions

We analyzed an isolated cluster of seismicity north of
Izu peninsula in a depth range of 40-90 km, relocated 40
earthquakes by hypoDD using catalogue-derived arrival
time differences, and determined focal mechanism solu-
tions of seven earthquakes from P-wave polarity data.
A total of 37 earthquakes occurred in the subducting
PHS Plate and 2 occurred in the overlying mantle. We
interpret the M3.1 earthquake as a thrust earthquake.
Although there are no observations other than the focal
mechanism to support the conclusion that the M3.1
earthquake occurred on the PHS Plate, earthquakes out-
side subducting plates at depths of > 60 km have yet to
be observed beneath the Japanese islands. Therefore,
it is concluded that the majority of the earthquakes in
the isolated cluster are distributed in the PHS Plate,
where temperatures are sufficiently low, pore fluid pres-
sures are locally high, and earthquakes are consequently
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facilitated under the deviatoric stresses generated by
plate subduction.

The seismic cluster analyzed in this study provides a
direct observation supporting the subduction of the PHS
Plate toward the north of Izu peninsula. However, the lat-
eral extent of the seismic cluster is too small to update
the iso-depth contours of the PHS Plate proposed in pre-
vious studies. High-resolution seismic tomography and
waveform analysis, as well as the detection of smaller
intraslab earthquakes north of Izu peninsula, will provide
additional constraints on the subduction and continuity
of the PHS Plate in this tectonically complex area.

Abbreviation
PHS: Philippine Sea.
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