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Abstract

Although the subduction of the Philippine Sea plate has generally
been investigated by using microearthquake seismicity and determining
the three-dimensional seismic wave velocity structure, the configura-
tion of the slab in the western Kanto region is not well known be-
cause of low seismic activity.

To detect the plate boundary, we placed five seismic stations in
the western Kanto region. Clear later phases (X, and X,-phases)
were observed between the P and S arrivals. The seismograms of
earthquakes occurring in eastern Yamanashi prefecture show a clear
later phase (X;) on the vertical component. The X;-phase, identified
as the S to P converted wave at the upper boundary of the descend-
ing Philippine Sea plate, constitutes seismological evidence for the
existence of the Philippine Sea slab to 20 km depth beneath the west-
ern Kanto region. The S-P converted points are located in a restricted
region along the depth direction, however, necessitating analyses of
other phases for slab geometry delineation.

The seismograms from earthquakes occurring beneath the east
coast of the Izu Peninsula showed a clear later phase (X,-phase)
dominant on the horizontal components. The observed values of the
X,P time and locations of known velocity discontinuities are con-
sistent with the later phase being a P to S converted wave at the
upper boundary of the subducting Philippine Sea plate. The upper
boundary estimated from travel time data of the converted wave is
located at depths of 28-35 km.

Seismological evidence for the existence of the subducting Philip-
pine Sea plate beneath the western Kanto region is shown in this
study. The subducting Philippine Sea plate was found to exist at
depths shallower than 20km and deeper than 25km from the S-P
and P-S converted wave data in the aseismic western Kanto region,
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respectively. The location of the boundary is estimated to be at
depths from 10 km to 85 km.

1. Introduction

The geological structure beneath the Kanto and Tokai regions is
considered to be complex due to the existence of two subducting slabs.
In this area, the Philippine Sea and Pacific plates descend northwest-
ward and westward, respectively, beneath the Eurasian plate.

Configurations of subduction of the Pacific and Philippine Sea plates
have been investigated using the distributions of microearthquakes, and
by inverting for three-dimensional velocity structure (NAKAMURA and
SHIMAZAKI, 1981; HORIE and AKI, 1982; SHIMAZAKI et al., 1982; ISHIDA,
1984; KASAHARA, 1985; NOGUCHI, 1985; YAMAZAKI and OoipaA, 1985:
IsHIDA, 1986; HASEMI and ISHIDA, 1987; ISHIDA and HASEMI, 1988; ISHIDA,
1991). In the western Kanto region, however, the configuration of
the subducting Philippine Sea plate has not yet been unambiguously
delineated, because shallow earthquakes are virtually absent in this
region. This has resulted a number of papers discussing the existence
of the Philippine Sea plate in this area (e.g. NAKAMURA and SHIMAZAKI,
1981; SHIMAZAKI et al., 1982).

Recently, reflected and converted phases from the upper boundary
of the subducting plates have been studied (MizOUE et al., 1981; KANJO,
1987; OBARA and SATO, 1988; IIDAKA et al., 1989; OBARA, 1989; IIDAKA
et al., 1990). The existence of the Philippine Sea slab was shown from
seismological observation of converted waves at the upper plate boundary
in the aseismic western Kanto region (IIDAKA et al., 1990). Seismograms
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Fig. 1. Differences in the ray paths of S to P and P to S converted waves are
shown schematically.
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Fig. 2. Map of five seismic stations (squares) located in the western Kanto
region. Iso-depth lines of the upper boundary of the Philippine Sea plate
inferred from the seismicity after IsmIDA (1991) are shown in km.

from temporary seismologi-
cal stations show clear later
arrival on the vertical com-
ponent at several stations.
This later phase was identi-
fied as the S-to-P converted
wave at the upper bound-
ary of the subducting
Philippine Sea plate.

In this paper, we com-
pare the ray paths of the
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S-P converted waves are fecture (A) and the east coast of Izu Penin-
located in a narrow depth sula (B) are shown by crosses.

range, conversion points of

the P-S converted waves occur over a broad depth range. Asa result,
observations of P-S converted waves over wide epicentral distances can
yield conversion points traceable down to deep levels. Converted phases
have been shown to be practical and highly-promising indieators for
detection of the plate boundary (MiZOUE et al., 1981). The P-S con-
verted phase is suitable for estimation of the geometry of the subducting
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Philippine Sea slab.

Seismograms from earthquakes occurring beneath the east coast of
the Izu Peninsula from 1988 to 1989 showed a clear later phase on the
horizontal components between the P and S arrivals at seismic stations
located in the western Kanto region (Figs. 2, 3). Using information
from this later phase, we estimated the location of the upper boundary
of the subducting Philippine Sea plate.

2. Analysis

2.1. S-P converted phase

Microearthquake seismograms from earthquakes occurring in eastern
Yamanashi prefecture (Fig. 8) have unusual wave form characteristics
at four stations (DAI, HRS, KUI, and KWI) (Fig. 2). A sharp impul-

o
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Fig. 4. Examples of the later phase X,. This phase is prominent on the
vertical component. The X;-phase was investigated in detail by IiDAkA
et al. (1990). U is the vertical component and N is the horizontal compo-
nent in the north-south direction.




Upper Boundary of the Philippine Sea Plate 337

sive phase (X,-phase) is observed preceding the direct S wave on vertical
component seismograms (Fig. 4). Features of this X,-phase are:

(1) Amplitudes are largest on the vertical component.

(2) The X,-phase is observed when the ray path crosses the plate
boundary between the Philippine Sea and Eurasian plates.

(8) The maximum amplitude of the X,-phase is equal to, or larger
than, that of the direct P wave.

(4) The X,-P times are not sensitive to epicentral distance (Fig. 5).

Five interpretations for the later phase, investigated in detail by
ItpAKA et al. (1990), have been proposed: (a) S-converted P at the
upper boundary of the subducting Philippine Sea plate; (b) P-reflected
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Fig. 5. (a), Schematic representation for the ray paths of direct P- and S-
converted P waves. The star and triangle denote the hypocenter and
station, respectively; (b), Calculated times (solid line) for an S-converted P
wave at the upper boundary of the subducting Philippine Sea plate versus
epicentral distance when the depth of the hypocenter is 25 km. Observed
X,;-P times are shown by open circles.
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P at the Moho boundary; (c) S-converted P at the Conrad boundary;
(d) S-converted P at the bottom of the sedimentary layer; and (e)
multiple reflections within the shallowmost layers just beneath the
station. Probable paths in the study were based on the observed value
of the X,-P time and the locations of known velocity boundaries.

Comparison of calculated X,-P time from a two-dimensional ray-
tracing scheme (CERVENY and PSENGIK, 1988) with the observations
revealed that cases (b), (¢), and (d) were not consistent with the ob-
served data. Velocity structure models with different depths for the
Conrad and Moho boundaries were also examined, but produced apparent
velocities which were different from the observations. In addition, case
(e), which predicts that the X,-phase can be observed along ray paths
that do not cross the plate boundary, cannot be considered correct,
because the X,-phase is only observed where the ray path crosses a
plate boundary.

Based on the results of the analyses, the X,-phase was concluded
to correspond to the S to P converted wave at the upper boundary of
the subducting Philippine Sea slab, demonstrating the existence of a
slab in the western Kanto region. The configuration of the plate
boundary that was obtained is shown in Fig. 12 (IIDAKA et al., 1990).
The iso-depth lines indicated a high dip angle of about 50°, and the
boundary was suggested to be located at a depth shallower than 20 km.
Because the S-P conversion points are located within a restricted re-
gion along the depth direction (Fig. 1), however, the dip angle that
was obtained using the S-P converted wave cannot be considered reliable.
Consequently, the analysis of S-P converted phases is not a useful
method for tracing the slab boundary deep levels in this region. In-
stead, we consider the P-S converted phase, which is more suitable
for determination of the plate boundary.

2.2. X,-phase on seismograms of earthquakes beneath eastern Izu

Peninsula

A clear phase (X,-phase) preceding the direct S wave on horizontal
component seismograms is observed from earthquakes occurring beneath
the east coast of Izu Peninsula (Fig. 6). The X,-phase has the following
characteristics:

(1) Amplitudes of the X,-phase are most dominant on the horizontal
components.

(2) The phase is only observed when its ray path crosses the plate
boundary between the Philippine Sea and the Eurasian plates.

(8) The apparent velocity of the X,-phase is higher than that of
the S wave and lower than that of the P wave.
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Fig. 6. Examples of the later phase X,. This phase is prominent on the
horizontal components. N and E are horizontal components in the north—
south and east-west directions, respectively, and U is the vertical compo-
nent.

Feature (1) implies that the X,-phase corresponds to an S wave.
Possible interpretations for the X,-phase are (Fig. 7);

(a) P-converted S wave at the Conrad boundary.

(b) P-converted S wave at the Moho boundary.

() P-converted S wave at the bottom of the sedimentary layer.

(d) Multiple reflections at the boundaries of shallow layers just
beneath the station.

(e) P-converted S wave at the upper boundary of the subducting
Philippine Sea plate.

Possible interpretations are examined using a two dimensional ray-
tracing scheme (CERVENY and PSENGIK, 1983), which can adequately
model the expected heterogeneity. In this area, the velocity hetero-
geneity is thought to occur in the northwest direction, because the dip
direction of the subducting Philippine Sea slab is considered to be
northwest (IIDAKA et al., 1990) and the depths of the Conrad and Moho
boundaries increase to the northwest from the Izu Peninsula (ASHIYA
et al., 1987). Furthermore, based on the hypocenter-station geometry,
ray paths are also expected to be in the northwest direction. The
velocity structure in this area can thus be modeled by the two-dimen-
sional scheme. In the theoretical calculation, V,/V,=1.78 is assumed.
Three theoretical hypocenters at depths of 10, 15 and 20 km are used
for the calculation.
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Fig. 7. Various interpretations for the X, -phase. Triangles and stars denote
stations and hypocenters, respectively.

First, we examine cases (a) and (b). In the theoretical calculation,
the configurations of the Conrad and Moho boundaries are modeled
after ASHIYA et al. (1987). The theoretical X-P times for cases (a) and
(b) do not fit the observed data (Fig. 8, and 9). In case (a), the X-P
times of the three theoretical curves are smaller than the observations.
Variation in the depth of the Conrad boundary by 5km results in a
base line shift as depth is changed. However, because the apparent
velocity of the converted phase at the Conrad boundary is different
from the observations, case (a) can be rejected even though the depth
of the Conrad boundary is not well known. In case (b), the X-P times
at three hypocentral depths are much larger than the observations.
Shoaling of the depth of the Moho boundary by up to 10 km still can-
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Fig. 8. (a), Ray paths of P to S converted waves at the Conrad boundary.
P-wave velocity in each layer is given in km/s; (b), The X-P time graph.
The observed X;-P data are denoted by solid circles. Theoretical X-P time
data for a P-S converted wave at the Conrad boundary are shown by lines.
Three theoretical lines of the focal depths of 10, 15, and 20 km are shown
by solid, broken, and dash-dotted lines, respectively.

not match the theoretical to the observed data. If the depth of the
Moho boundary shoals by 13 km, the theoretical curve matches the
observed data which have S-P times less than 15 seconds, but do not
match the observed data which have S-P times greater than 15 seconds.
We conclude that it is difficult to explain the observations as converted
waves at the Conrad or Moho boundaries.

Examination of the theoretical times of case (c¢) shows that the
predicted X,-P time data are almost constant as the S-P time increases,
and that the value is less than 2sec. The mismatch between the
observed and calculated times implies that case (¢) can also be discarded
(Fig. 10).

Case (d), which predicts that the X,-phase should also be observed
for ray paths that do not cross the plate boundary, can also be rejected
since we have not observed the X,-phase for such a scenario.



342 T. IIDARA et al.

DEPTH IN KM

(o 100 200
DISTANCE IN KM
(b)
sec
10
10
ol = ==
~ o //
I ..
20_/ ®
7
I 1‘
~N
>
44
2-
MOHO
i 1 1 L 1 i 1 1 1
0 2 4 6 8 10 12 14 16 18 20

sec

S—P :

Fig. 9. (a), Ray paths of P to S converted waves at the Moho boundary are
shown. Numbers indicate P-wave velocity in each layer; (b), The X-P
time graph. The observed X,-P data are denoted by solid circles. The-
oretical X-P time data for a P-S converted wave at the Moho boundary
are shown by lines. Three theoretical lines of the focal depths of 10, 15,
and 20 km are shown by solid, broken, and dash-dotted lines, respectively.

All observed features of the X,-phase, however, can be explained
if the ray path corresponds to a P to S conversion at the upper bound-
ary of the subducting Philipplne Sea plate (e) in Fig. 7, Fig. 11). In
this case, theoretical curves for the three hypocentral depths are similar,
and the curves match the observed data very well.

2.3. Location of the upper boundary of the Philippine Sea slab

The location of the plate boundary between the Philippine Sea and
Eurasian plates was constrained using travel time data from the X.-
phase recorded by seismic stations run by the Earthquake Research
Institute of the University of Tokyo (ERI). The seismograms of the
five seismic stations are 1Hz velocity types. Fourteen earthquakes
that occurred beneath the east coast of the Izu Peninsula from 1988
to 1989 are used (Fig. 8). The parameters of the hypocenter deter-
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Fig. 10. (a), Ray paths of P to S converted waves at the sedimentary layers
are shown. Numbers indicate P-wave velocity in each layer; (b), The X-P
time graph. The observed X,-P data are denoted by solid circles. The-
oretical X-P time data for a P-S converted wave at the sedimentary layer
boundary are shown by lines. Three theoretical lines of the focal depths
of 10, 15, and 20 km are shown by solid, broken, and dash-dotted lines, re-
spectively.

mined by ERI are adopted. The hypocenters ranged in depth from 10
to 30 km.

To determine the location of the plate boundary, three parameters
must be resolved. These are the strike, dip, and depth of the plate
boundary. The strike of the plate is assumed to cross at right angles
to the hypocenter-station direction. The other two parameters (dip,
depth) are determined in the study. We use a trial and error method
to locate the boundary by calculating travel time residuals using two-
dimensional ray tracing (éERVEI(IY and PSENGIK, 1983). First, the loca-
tion of the boundary is assumed, and residuals (observed and calculated
X-P) are calculated by changing the dip angle of the boundary. Secondly,
the location of assumed plate boundary between the station and focus
is varied resulting in different dip angles. In this manner, the time
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Tig. 11. (a), Ray paths of P to S converted waves at the upper boundary of
the subducting Philippine Sea plate are shown. Numbers show P-wave
velocity in each layer; (b), The X-P time graph. The observed X;-P data
are shown by solid circles. Theoretical X-P time data for a P-S converted
wave at the upper boundary of the slab are shown by lines. Three the-
oretical lines of the focal depths of 20, 15, and 10 km are shown by solid,
broken, and dash-dotted lines, respectively. Numerals denote the depths

of theoretical foci.

residuals are calculated at a number of locations and dip angles. The
best location of the plate boundary, defined by the location and dip
angle, is obtained when the cumulative residual for all observations D
is minimized. D is calculated according to the formula:

D=[3 (O(X-P)—C(X-P))]

where O(X-P) is the observed X-P time, C(X-P) is the calculated X-P
time and % is the number of observed data.

The observed data are well-explained by assuming that the ray
paths correspond to a P wave which is converted to an S wave at the
upper boundary of the subducting plate. Calculated PS-P time data
which fit the observed data are shown in Fig. 11. The observed data
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Fig. 12. Iso-depth lines of the upper boundary of the subducting Philippine
Sea plate obtained using P-S converted wave data are denoted by two thick
lines. The iso-depth lines obtained using S-P converted wave data (IIDAKA
et al., 1990) are shown by broken lines. Thin contour lines show results
obtained by Ismipa (1991).

show that the PS-P time increase as the S-P time increases, consistent
with the trend of the calculated curve. The boundary obtained by
minimizing the cumulative time residual is located from 28-km to 35-km
depth in the western Kanto region (Fig. 12), and has a dip angle of
12.9 degrees.

3., Discussion

A previous study showed that the Philippine Sea slab exists at
depths shallower than 20 km (IIDAKA et al., 1990). There was no evi-
dence for the existence of the subducting Philippine Sea slab at depths
of deeper than 20km. The iso-depth lines of the upper boundary of
the Philippine Sea slab obtained by P-S and S-P converted waves are
shown by solid and broken lines in Fig. 12. The results of the two
studies constitute evidence for the presence of the subducting Philippine
Sea plate in the aseismic western Kanto region. The location of the
Philippine Sea slab is estimated to be at depths from 10 km to 85 km.
Uncertainties in the location of this boundary are discussed below.

The 12.9-degree dip angle of the subducting Philippine Sea slab
obtained in this study using P-S conversion data is very small com-
pared to the 50 degrees estimated from an S to P converted wave study
(IIDAKA et al., 1990). However, the dip angles were estimated from
data sensitive over different depth ranges, shallower than 20 km for
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the S to P data and deeper than 25 km for the P-to-S conversion data.
In addition, the dip angle of the subducting plate estimated from the
travel time data of S to P converted waves may have large uncertainty
because the conversion points of S-P conversion are located within a
narrow depth range of less than 5 km (IIDAKA et al., 1990).

In contrast, the depth range for P to S conversion is significantly
larger and located along the depth direction of the subducting slab
(Fig. 1). However, in this case the reading error for the P-S con-
verted phase is expected to be large because the phases are not impul-
sive, i.e., the observed X,-P time data for a given S-P time have a
scatter of about 1 second (Fig. 11).

The uncertainty of the location and dip angle of the obtained
boundary was estimated by first calculating the standard deviation of
the observed data at each S-P time, and then determining the maximum
and minimum values of the dip angle and locations that are within
one standard deviation of the observational data. The obtained range
of dip angles varies between 8.0 and 15.4 degrees, and locations of the
boundary shift by +10km along the hypocenter-station direction.

Location errors were examined by caleculating the effects using a
different assumed velocity structure and different hypocentral depths.
The use of an other velocity model proposed by MiKuMO (1966) resulted
in shifts of less than 5 km in the north-west direction. It is concluded
that the boundary location obtained from converted phase data is in-
sensitive to the velocity structure used in the model calculation. The
theoretical curves calculated for three cases of 10, 20 and 30 km depths
were found to be similar. Depth errors in the hypocenter thus do not
appear to shift the location of the plate boundary.

On two of the five seismic stations (DAI and SMT), the expected
P-S converted wave was not observed, due to higher noise levels and
possible local structural heterogeneity. At station DAI, the noise level
was higher than at other stations, making it difficult to detect the
converted phase. At station SMT, several later phases thought to be
caused by local structure around the SMT station were observed. The
presence of these phases, which were not observed at other seismic
stations, masked identification of the P-S phase.

Lack of spatially-dense data precludes more detailed analysis in
this study. To further delineate the configuration of the slab in the
western Kanto region, a spatially dense seismic network and three-
dimensional analyses are necessary. In addition, the amplitudes of the
converted waves can give important information about the velocity
contrast at the boundary.
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4, Conclusions

Clear later seismic phases (X,- and X,-phases) can be observed at
seismic stations located in the western Kanto region from earthquakes
that occurred in eastern Yamanashi prefecture and the east coast of
the Izu Peninsula. Using two-dimensional ray-tracing, possible inter-
pretations are examined which could explain the characteristics of the
phases and satisfy the X-P time data. The later phases cannot be
explained by converted phases at the Conrad and Moho discontinuities.
Instead, the X,- and X,-phases are identified as S to P and P to S con-
verted phases, respectively, at the upper boundary of the subducting
Philippine Sea plate.

Seismological evidence for the existence of the subducting Philippine
Sea plate beneath the western Kanto region is shown in this study.
The use of the converted phase constitutes a useful technique for
estimating the location of the conversion boundary. The upper bound-
ary of the slab is determined using the travel time data of the later
phases. Residuals between the observed and calculated data are mini-
mized to estimate the best location of the boundary. The subducting
Philipplne Sea plate was found to exist at depths shallower than 20 km
and deeper than 25 km from the S-P and P-S converted wave data,
respectively, in the aseismic western Kanto region. The location of
the boundary is estimated to be at depths from 10 km to 30 km.
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