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Detailed structures of the subducted Philippine Sea plate
beneath northeast Taiwan: A new type of double seismic zone

Honn Kao and Ruey-Juin Rau

Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan

Abstract. We studied the detailed structure of the subducted Philippine Sea plate beneath
northeast Taiwan where oblique subduction, regional collision, and back arc opening are all
actively occurring. Simultaneous inversion for velocity structure and earthquake hypocenters
are performed using the vast, high-quality data recorded by the Taiwan Seismic Network.

We further supplement the inversion results with earthquake source parameters determined
from inversion of teleseismic P and SH waveforms, a critical step to define the position of
plate interface and the state of strain within the subducted slab. The most interesting feature
is that relocated hypocenters tend to occur along a two-layered structure. The upper layer is
located immediately below the plate interface and extends down to 70-80 km at a dip of 40°—
50°. Below approximately 100 km, the dip increases dramatically to 70°-80°. The lower
layer commences at 45—50 km and stays approximately parallel to the upper layer with a
separation of 1545 km in between down to 70—80 km. Below that the separation decreases
and the two layers seem to gradually merge into one Wadati-Benioff Zone. We propose to
term the classic double seismic zones observed beneath Japan and Kuril as “type I” and that
we observed as “type II,” respectively. A global survey indicates that type II double seismic
zones are also observed in New Zealand near the southernmost North Island, Cascadia, just
north of the Mendocino triple junction, and the Cook Inlet area of Alaska. All of them are
located near the termini of subducted slabs in a tectonic setting of oblique subduction. We
interpret the seismogenesis of type II double seismic zones as reflecting the lateral compres-
sive stress between the subducted plate and the adjacent lithosphere (originating from oblique
subduction) and the downdip extension (from slab pulling force). The upper seismic layer
represents seismicity occurring in the upper crust of a subducted plate and/or along the plate
interface, whereas the lower layer is associated with events in the uppermost mantle.

1. Introduction

Northeast Taiwan is a tectonically complicated region
(Figure 1). The Philippine Sea plate subducts beneath the
Eurasia plate along the Ryukyu arc at a rate of 7+4 cm yr'1
[Seno et al., 1993]. Most of the Ryukyu trench strikes NE—
SW except to the west of 125°E where the orientation
becomes nearly E-W. Bathymetric signature of the trench
disappears to the west of 123°E. The western terminus of the
arc is bounded by the active collision between the Luzon arc
and Eurasia continent in the Taiwan region (Figure 1), an
ongoing event that began ~4 Ma [e.g., Lee and Lawver, 1994,
Teng, 1990; Wu, 1978b].

Previous studies have shown that seismic patterns along
the Ryukyu arc vary systematically from north to south [e.g.,
Kao and Chen, 1991; Shiono et al., 1980]. In addition to the
typical subduction, the subducted Philippine Sea plate exhib-
its increasing amounts of lateral compression as it approaches
Taiwan. Such a pattern is interpreted as a result of the trans-
mitted strain originated from the collision [e.g., Kao and
Chen, 1991; Kao et al., 1998a)]. Local seismicity clearly indi-
cates that the subducted Philippine Sea plate extends west-
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ward beneath NE Taiwan to a depth of at least 150 km (Plate
1) [e.g., Kao et al., 1998a].

The regional tectonic setting is further complicated by the
existence of numerous extensional features in the back arc re-
gion, namely, the Okinawa trough (Figure 1). Evidences from
seismicity [e.g., Ouchi and Kawakami, 1989; Sato et al.,
1994], earthquake focal mechanisms [e.g., Kao and Chen,
1991; Shiono et al., 1980], and seismic reflection profiles
[e.g., Sibuet et al., 1987] all indicate that the trough is actively
deforming, presumably reflecting the present-day process of
back arc opening.

Given the complex tectonic setting in the region, the pur-
pose of this study is therefore to address the fundamental is-
sue as how the subducted lithosphere responds to various
tectonic processes, both compressional and extensional, at
shallower depths. In particular, does the regional collision,
which results in the complex orogeny in Taiwan, also have
profound effects at depth? If indeed they do, what is the
depth range and how are they reflected in terms of the seis-
mogenic behavior within the subducted lithosphere?

To answer the above questions, we investigate the detailed
configuration of the subducted Philippine Sea plate beneath
NE Taiwan where subduction, collision, and back arc opening
are all actively occurring. Our result is based on the joint in-
version of three-dimensional (3-D) velocity tomography and
relocation of earthquake hypocenters using the vast, high-
quality data recorded by the Taiwan Seismic Network (Figure
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Figure 1. Map showing bathymetry in the Ryukyu arc-Taiwan region. Morphology of the Ryukyu trench
disappears to the west of 123°E where it is intercepted by the Gagua Ridge. The Philippine Sea plate is
moving at 744 cm yr'1 toward NW relative to the Eurasia plate, resulting in the Taiwan Collision Zone. The
region is further complicated by the opening process of the Okinawa trough to the north. Solid triangles mark
the station locations of the Taiwan Seismic Network. Its aperture and high-quality digital data provide excel-
lent resolution to delineate detailed velocity structures associated with the subducted Philippine Sea plate un-

derneath NE Taiwan.

1 and Plate 1) [Shin, 1993]. We further supplement the result
with earthquake focal mechanisms and depths determined
from inversion of teleseismic P and SH waveforms. This step
provides critical information on the nature of distinct seismo-
genic structures and hence avoids the possibility of mistaking
the interplate thrust zone or structures in the overriding plate
as the Wadati-Benioff Zone (WBZ) [e.g., Kao and Chen,
1991, 1995; Seno and Kroeger, 1983].

In the following text we first examine the local seismicity
along two profiles, one directly beneath NE Taiwan and an-
other in the near offshore, to identify the overall configuration
of the subducted Philippine Sea plate. The effects of regional
collision are identified from the changing patterns of earth-
quake focal mechanisms. Then we show the results of joint
inversion of 3-D velocity tomography and earthquake reloca-
tion. The most interesting feature of our results is that relo-
cated hypocenters tend to form a two-layered structure (a
double seismic zone). It differs from the classic double seis-
mic zones (e.g., those observed beneath the Japan and Kuril
arcs) in both geometry and depth range. To avoid any confu-
sion, we propose to term the classic double seismic zones as
“type I"” and that we observed as “type II,” respectively. We
also find that the dip of WBZ steepens at depths greater than
~90 km.

Finally, we compare our results to similar studies in other
major subduction zones and discuss the corresponding tec-
tonic implications. It is noted that type II double seismic
zones were documented previously along three regions: New

Zealand near the southernmost North Island [e.g., Reyners et
al., 1997], Cascadia just north of the Mendocino triple junc-
tion [e.g., Smith and Knapp, 1993], and Alaska in the Cook
Inlet area [e.g., Ratchkovsky et al., 1997]. All four regions
have a common tectonic setting, that is, located near the ter-
minus of an oblique subduction system with a significant lat-
eral compressive stress field. We interpret the observed two
layers of a type II double seismic zone as earthquakes in the
subducted (and probably thickened) crust and uppermost
mantle, respectively. The regional collision and subduction
provide the necessary deviatoric stresses for the seismogene-
sis in the corresponding layers. Such an interpretation can
also explain the large geometric variation of WBZ at depth.

2. Local Seismicity and Focal Mechanisms

Plate 1 shows the distribution of seismicity between 1991
and 1996 reported by the Seismological Observation Center
of the Central Weather Bureau, Taiwan, along with the loca-
tions of local seismographic stations. While shallow seis-
micity is very intense along the eastern coastline and offshore,
most earthquakes deeper than ~60 km occurred within the
WBZ striking ~E-W that extends westward beneath NE Tai-
wan. The western boundary of the subducted Philippine Sea
slab roughly follows the 121.6°E meridian between depths of
60 and 200 km. Earthquakes deeper than 200 km occurred
mostly to the east of 122°E in a significantly less number.
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Plate 1. Map showing local seismicity in the southernmost Ryukyu arc—Taiwan region. Hypocenters (cir-
cles) were reported by the Seismological Observation Center of the Central Weather Bureau, Taiwan. Differ-
ent colors and sizes represent different depths and magnitudes (A1), respectively. Triangles show the station
locations of the Taiwan Seismic Network. Profiles A—A’ and B-B” mark the locations of cross sections in
Figure 3 showing the distribution of projected hypocenters with depth.
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Figure 2. Map showing the epicenters and focal mechanisms of large- and moderate-sized earthquakes oc-
curring in the region. Equal-area projections of the lower hemispheres of the focal spheres for 28 earthquakes
selected from Kao et al. [1998a] are plotted showing the orientation of the nodal planes. Darkened areas
show quadrants with compressional P wave first motions; black and gray shadings represent events shallower
and deeper than 60 km, respectively. Each fault plane solution is labeled by the corresponding event number
and focal depth (according to Table 1). Four major seismogenic structures associated with the subducted
Philippine Sea plate are delineated, as indicated by different symbols for epicenters: collision seismic zone
(solid squares), interface seismic zone (solid circles), Wadati-Benioff Zone in downdip extension (open trian-
gles) and compression (solid triangle), and lateral compression seismic zone (open stars).

Kao et al. [1998a] recently determined the source parame-  were determined from inversion of teleseismic P and SH
ters of large- and moderate-sized earthquakes that occurred in  waveforms [Ndbelek, 1984]. We adapt their results and listed
the region to investigate the characteristics of transition from 28 selected earthquakes in Table 1. In Figure 2, these events
the oblique subduction in the southernmost Ryukyu arc to the  are separated into groups, as represented by different symbols,
collision in Taiwan. Precise focal depths and mechanisms based on their distinct characteristics of focal mechanisms.
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Figure 3. Cross sections (without vertical exaggeration) showing local seismicity and focal mechanisms
along profiles A~A’ and B-B’ in Plate 1. Fault plane solutions of earthquakes in Table 1 and Figure 2 (within
~50 km from the profiles) are shown in equal-area projection of the back hemisphere of the focal sphere.
Layout of shadings and small symbols are the same as in Figure 2. In cross section A—A’, a typical subduc-
tion zone is observed, with the addition of earthquakes showing lateral compressional strain (events 1, 2, 3, 5,
7, and 17). The seismogenic portion of plate interface is clearly shown by many low-angle thrust earthquakes
at shallow depths. The Wadati-Benioff Zone (WBZ) dips at 40°-50° between 60 and 130 km, but steepens
slightly to ~60° at greater depths. The seismic patterns in cross section B-B’, on the other hand, show two
major features. Earthquakes at shallow depths are mostly thrust events related to the regional collision. Only
one low-angle thrust event (21) is observed that marks the position of plate interface to the east of this profile.
The intraplate seismicity within the subducted plate seems to distribute along a two-layered structure that

spans from ~40 to ~80 km.

At shallow depths (<35 km), the predominant feature is the
large number of events showing low-angle thrust mechanisms
located to the east of Taiwan (events 6, 10, 15, 18, 19, 20, 21,
25; solid circles). These events presumably reflect the rela-
tive slip between the subducted Philippine Sea plate and the
overriding Eurasia plate along the interface. The collision-
related compressive strain is represented by two groups: one
along the eastern coastline at depths less than 35 km (collision
seismic zone; events 9, 22, 23, 24, 27; solid squares) and an-
other extending eastward from NE Taiwan to southern Ryu-
kyu in a wider deep range (lateral compression seismic zone;
events 1, 2, 3, 5, 7, 12, 17, 26, 28; stars). All these events
have maximum compressive axes (P axes) in either E-W or
NE-SW directions. Earthquakes in the shallow part of WBZ
(<120 kim; events 4, 8, 11, 13, 14; open triangles) consistently
show maximum tensile axes (7 axes}) in the slab’s downdip di-
rection (i.e., downdip extension). However, the state of strain
switches to downdip compression at a greater depth, as indi-
cated by event 16 (solid triangle; Figure 2).

In Figure 3, local seismicity (Plate 1) and focal mecha-
nisms (Figure 2) are plotted together along two profiles
trending N15°E-S15°W, a direction approximately perpen-
dicular to the strike of the subducted slab. Along the eastern

profile A-A’, the configuration of seismogenic structures is
basically the same as that in the southern Ryukyu arc [e.g.,
Kao and Chen, 1991]. While intense seismicity was found
along the plate interface and in the back arc region, lateral
compressional earthquakes were observed at some greater
depths (<50 km). The WBZ has an average dip of 40°-50°, as
clearly defined by numerous intraplate earthquakes occurred
between 60 and 130 km. Below that, it seems to steepen
slightly to ~60°, although the number of events is signifi-
cantly less.

On the other hand, seismic patterns along profile B-B’
show two major features. For depths >40 km, the subducted
Philippine Sea plate extends westward to beneath this profile
and is clearly visible. The plate boundary at shallow depth,
however, is greatly distorted and located to the east of this
profile [Kao et al., 1998a], as represented by event 21 show-
ing typical low-angle thrust mechanism (Table 1 and Figure
2). The densely distributed earthquakes at depths <40 km
show predominating thrust faulting with P-axes in E-W/NE—
SW directions (Figures 2 and 3). They presumably reflect the
ongoing process of collision and may not be associated with
the subduction of Philippine Sea plate at all. Setting aside the
collision-related events at shallow depths, intraplate seis-
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micity within the subducted lithosphere seems to distribute
along a two-layered structure that spans from ~40 to ~80 km.
At a first glance, this could be an artifact from depth uncer-
tainty. However, as we shall illustrate in the next section, the
two-layered distribution of seismicity becomes even better de-
fined after the joint inversion of 3-D velocity tomography and
earthquake relocation. The average dip of the WBZ seems to
increase with depth from ~35° at 40 km to ~65° at >100 km.

It is interesting to note that events showing P axes parallel
to the local strike of the arc are all confined at depths less than
~100 km (Figure 3). These lateral compressional events also
show consistent 7 axes in the downdip direction of the sub-
ducted slab if they occurred between 40 and 100 km, pre-
sumably within the WBZ (e.g., events 1, 2, 3, 5, 7, 13, 17 in
profile A—A’ and events 8, 11, 28 in profile B-B’; Figure 3).
Such a pattern can be explained as the result of interaction
between the compressive stress regime due to regional colli-
sion (which is most significant within the lithosphere in the
lateral direction {Kao and Chen, 1991]) and the downdip ex-
tensional stress regime due to slab subduction [e.g., Spence,
1987]. Furthermore, there seems to have no obvious differ-
ence between the focal mechanisms of events in the upper
(events 1 and 28) and lower (events 2, 3, 5, 7, 8, 11, 13, and
17) layers.

3. Three-Dimensional Tomography and
Relocation of Earthquake Hypocenters

With the help of focal mechanisms of large and moderate-
sized earthquakes, it is rather straightforward to identify the
state of strain of various seismogenic structures. Nonetheless,
the locations of hypocenters reported in local bulletins might
lack the required resolution to constrain the detailed geometry
of the subducted slab because possible mislocation resulted
from assuming a 1-D layered model could introduce some ar-
tifacts to the image. Such examples have been suggested by
many previous studies to explain an apparent kink of WBZ at
~100 km beneath the Alaska—Aleutian arc [e.g., Frohlich et
al., 1982; Hauksson, 1985; McLaren and Frohlich, 1985].

Consequently, we perform a joint inversion for 3-D veloc-
ity tomography and earthquake relocation by taking advan-
tage of the vast, high-quality digital data recorded by the Tai-
wan Seismic Network. Considering the distribution of seis-
mic stations (and therefore the tomographic resolution of data;
Plate 1), we focus our efforts on the NE Taiwan region that is
completely covered by the network.

3.1. Data and Method

The Taiwan Seismic Network has a total of 75 stations
distributing densely on Taiwan and offshore islets (Figure 1).
Three-component, digital data (sampling at 100 Hz) are
transmitted real time to the Seismological Observation Center
of the Central Weather Bureau where the routine determina-
tion of earthquake hypocenters is performed. From January 1,
1991, to March 31, 1997, a total of 69,024 earthquakes rang-
ing from 0.5 to 7.0 in M; were reported. Out of this data set,
2480 events are selected for the inversion (Figure 4). The
event selection criteria are (1) the earthquakes having P arri-
vals recorded at more than eight stations and (2) the largest
azimuthal gap between stations being less than 180°. Seis-
mograms recorded at 39 stations in the northern part of Tai-
wan are carefully examined to determine arrival times for the
first P and S phases. To ensure the highest accuracy in time,
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only prominent arrivals are admitted into our data set and only
horizontal components are used to time S observations. In
general, the reading error is limited to only a few sampling
intervals (i.e., 0.02-0.05 s). The total numbers of P and S ar-
rivals used in the inversion are 42,806 and 22,256, respec-
tively.

We used a grid system of 10 layers with the orthogonal di-
rections parallel (N15°E, the Y direction) and perpendicular
(S75°E, the X direction) to the local strike of the slab (Plate 1
and Figure 4). The dimension of our model is 100 km (X di-
rection) by 110 km (Y direction) by 150 km (depth). The
distance between each layer depends on the average number
of passing rays, ranging from 5 km at the top to 40 km at the
bottom. Seismic velocities and locations of hypocenters were
inverted iteratively by a damped, linear, least squares tech-
nique from the observed arrival times, as depicted by Thurber
[1983, 1993] and Evans et al. [1994].

The 3-D inversion converged after six iterations, reducing
the weighted root-mean-square (RMS) arrival time residual
from its initial value of 0.34 to 0.21 s. The average uncer-
tainties of earthquake locations are 3 km horizontally and 5
km vertically. For some deeper earthquakes and those oc-
curred just outside the network, uncertainties may increase to
10 km horizontally and 15 km vertically.

To quantify the goodness of fit of the model parameters,
two approaches were employed in this study. First, the spread
function of the model resolution was calculated based on the
L, norm of the difference between the resolution matrix and
an identity matrix [Menke, 1989]. Velocity grid point with
smaller spread function represents higher resolution. Second,
a synthetic test named “restoring resolution test” [Zhao et al.,
1992] was conducted. The test takes the tomographic image
obtained by inverting the real data set as the reference and
computes the synthetic travel times between the source and
receiver locations. After adding random noise, the same in-
version procedure was performed using the synthetic data set.
By comparing the two inversion results, we may know how
well the tomographic features can be recovered.

3.2. Results

Plate 2a shows a cross section along profile C-C’ in Figure
4. The location of this profile follows much of the profile B—
B’ in Plate 1, only being slightly shorter as limited by the di-
mension of the seismic network. Relocated hypocenters to
the east of the profile within a distance range of 25 km are
projected onto the cross section to best show the detailed ge-
ometry of WBZ.

The most interesting feature in Plate 2a is the significant
difference in the seismic patterns within the subducted Philip-
pine Sea plate at greater depths and in the collision zone at
shallow depths. In the collision zone, earthquakes take place
more or less uniformly between 0 and 50 km, whereas in the
Philippine Sea plate earthquakes tend to occur along a two-
layered structure and form an apparent double seismic zone.
The location of the upper layer is immediately below the in-
terplate thrust zone inferred from earthquake focal mecha-
nisms (Figure 3). This layer extends down to 70-80 km at a
more or less constant dip of 40°-50°. Below approximately
100 km, the dip increases dramatically to 70°-80°. In other
words, there seems to have a significant geometric variation
in the shape of the WBZ across the depth range of 70—100
km.
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Figure 4. Distribution of earthquake epicenters (open circles) and stations (solid triangles) used in our joint
inversion for velocity structure and hypocentral locations. The grid system consists of 10 layers with the or-
thogonal directions parallel and perpendicular to the local strike of the slab. Profile C—~C’ marks the location
of cross section shown in Plate 2 and Figure 5. The plus marks the earthquake that generated clear S to P
converted phase recorded at station TWA, as shown in Figure 6.

The lower layer commences at 45-50 km and maintains
approximately parallel to the upper layer with a separation of
1545 km in between down to 70-80 km. Similar to the upper
layer, the dip of the lower layer increases at depths >90-100
km, but with a value of about 10°-15° less. Thus the distance
between the two layers decreases with increasing depth and
they seem to merge into one WBZ at depth >130 km.

The result of our 3-D relocation makes the gap between the
two seismic layers more prominent (compare Plate 2a to the
profile B-B’ in Figure 3). In Figure 5a, we plot the corre-
sponding hypocentral uncertainties. From the distribution of
uncertainties, it seems very unlikely that the separation of the
two layers is merely due to mislocation of earthquake hypo-
centers, particularly for depths between 40 and 80 km where
the resolution of our 3-D tomographic inversion is good (a
subject we shall address next). At 80 km and below, the gap

between the two layers is not well defined because the reloca-
tion errors of earthquakes occurred in the upper layer seem to
overlap with that of the lower layer. This pattern implies that
the two layers are separated by no more than ~15 km at
greater depths.

The tomographic image clearly shows a high-velocity
anomaly dipping toward north with increasing depth (see the
8.0 and 8.5 km 57! isopachs in Plate 2a), presumably indicat-
ing the location of the subducted slab. The location of this
high-velocity anomaly is consistent with the distribution of
seismicity. The 8.0 km s™! isopach follows approximately the
top boundary of the upper seismic layer between depths of 50
and 90 km. In addition to the high-velocity anomaly observed
at depth, a prominent low-velocity region is mapped directly
above the subducted slab in the back arc region, which proba-
bly corresponds to the mantle wedge (Plate 2a). Previous
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Figure 5. (a) The associated distribution of spread functions. Smaller number means higher resolution.
Similar to Plate 2b, most tomographic images are well resolved (<3) except for regions near the northern and
bottom edges of our model. (b) The hypocentral uncertainties of earthquakes. It seems very unlikely that the
separation of the two layers is merely an artifact due to earthquake mislocation.
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seismic and geodetic studies have suggested that the Ilan
Plain is under strong influence of the Okinawa trough system
[e.g., Yeh et al., 1989; Liu, 1995]. Our results indicate that
the center of the opening can be traced down to as deep as
~30 km, as shown by the 6.0 km 51 isopach. Seismic activi-
ties inside the trough concentrate within the very top 10 km, a
pattern consistent with the inference that the low-velocity
anomaly is associated with the partial melting of crustal mate-
rials responsible for the Okinawa trough opening.

Plate 2b and Figure 5a show the result of “restored resolu-
tion test” and the spread function associjated with our 3-D in-
version. For the synthetic test, random noise in normal
(Gaussian) distribution with standard deviations of 0.05 s (the
largest possible reading error), 0.1 s, 0.2 s, 3 km, and 5 km
was added to the error-free P, S-P arrival times, origin times,
horizontal, and vertical hypocentral locations, respectively.
Three inferences can be concluded from these results. First,
the tomographic images obtained from the inversion of real
data are, on the whole, correctly reconstructed from the syn-
thetic data. Second, the resolution is generally good for the
obtained images. All the important tomographic features
(e.g., the subducted lithosphere and the Okinawa trough) have
spread functions lIess than 3, indicating that they are not arti-
facts due to insufficient data resolution. Finally, although the
resultant hypocenters from inversion of the synthetic data are
more scattered than that from real data, main patterns of
earthquake distribution remain unchanged.

Notice that the difference in calculated travel time using
between the Cartesian coordinate (Thurber’s code, this study)
and the spherical coordinate (which should be used for the
Earth being a sphere) may exceed 0.1 s if the epicentral dis-
tances and focal depths are greater than ~120 and 100 km, re-
spectively [Sato, 1978]. Such a calculated travel time error
(0.1 s) is slightly higher than the overall reading error of our
data set and may affect the resolution of the resulted velocity
images and/or the relocated hypocenters. Fortunately, less
than 0.5% of our data are in the ray path range corresponding
to greater travel time errors and all of them have focal depths
>100 km, thus having little effect on the focus (depths < 80
km) of the present study.

3.3. Possible Hypocentral Mislocation

It is well documented in the literature that a high-velocity
subducted slab might introduce significant hypocentral mislo-
cation that leads to artifacts in the seismic pattern. One of the
most famous examples is the sharp kink in WBZ along the
central and eastern Aleutian at a depth of ~110 km [e.g., Eng-
dahl, 1977; House and Jacob, 1982; Reyners and Coles,
1982]. While seismicity shows the WBZ in two segments
with the deeper dips 20° more than the shallower one, many
studies argued that the sharp dip increase is merely an artifact
due to systematic mislocation of hypocenters using local data
with conventional layered model [e.g., Frohlich et al., 1982;
Hauksson, 1985; McLaren and Frohlich, 1985].

Another source of mislocation is due to the poor azimuthal
coverage and/or limited aperture of local networks. Accord-
ing to the control study of McLaren and Frohlich [1985],
earthquake hypocenters located by a local network with most
stations distributed along the strike of arc (i.e., on small vol-
canic islands) could be shifted by as much as 100 km. Fur-
thermore, there would be an apparent increase in the dip of
WBZ beneath a certain depth.
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In our case, owing to the unique tectonic setting of arc-
continent collision, the station distribution is excellent such
that the local network has sufficient aperture in both along-
and normal-to-the-arc directions (Figure 4). This advantage
provides tight constraints on the earthquake hypocenters and
thus significantly reduces the possible location error. As far
as the slab effect is concemed, we have performed joint inver-
sion of 3-D velocity tomography and earthquake relocation, a
process that automatically takes various velocity anomalies
into account, including not only the high velocity subducted
Philippine Sea slab but also the low-velocity Okinawa trough
at shallower depths. Hence we believe that the various effects
of hypocentral mislocation on our results should be minimum.

Finally, it is noted that the mislocation resulted from either
3-D velocity complexity or inadequate network configuration
is by no means random but systematically increasing with
depth [e.g., McLaren and Frohlich, 1985]. Thus even if the
slab effects cannot be completely eliminated, the most we
would expect is a slight change in the dip angle of WBZ at
depth. It seems unlikely to radically overthrow our inferences
of the existence of a type II double seismic zone between 40
and 100 km and the significant geometric variation of the
subducted Philippine Sea plate.

4. Interpretations and Discussion

From the location of low-angle thrust earthquakes and the
high-velocity anomaly in the tomographic image (Figures 3
and 5 and Plate 2), it seems that the two-layered WBZ is lo-
cated within the subducted Philippine Sea plate with the upper
layer immediately below the top boundary of the slab. To
further confirm this inference, which is crucial to possible in-
terpretations, we carefully examine a large quantity of seis-
mograms looking for converted phases to pinpoint the top
boundary of the subducted lithosphere [e.g., James and Snoke,
1994; Matsuzawa et al., 1986; Zhao et al., 1997]. Our efforts
had limited success, and one example is shown in Figure 6.

The event took place near the top of the lower seismic zone
at 65 km and the recording station (TWA) is in northern Tai-
wan (Figures 4 and 6b). The particle motion of the prominent
converted phase (marked by an “X™ in Figure 6a) clearly re-
sembles that of the P rather than S phases, suggesting that it is
probably an S-to-P conversion at the top boundary of the sub-
ducted plate. The time differences from P to X and from X'to
S are 1.69 and 6.25 s, respectively. Given the 3-D velocity
model (Plate 2 and Figure 5), they correspond to a boundary
1720 km above the hypocenter (Figure 6b), a pattern re-
markably consistent with our previous conclusion. Unfortu-
nately, we were unable to find sufficient number of clear con-
verted phases to map out the boundary of the subducted plate
in further detail. Future deployment of a densely distributed
high-resolution broadband array in the region would probably
be necessary to resolve the issue.

4.1. Double Seismic Zones: Type II versus Type I

Double seismic zones within the subducted slab were
documented for the Japan and Kuril arcs more than two dec-
ades ago [e.g., Umino and Hasegawa, 1975; Veith, 1974].
Subsequently, double seismic zones have been reported for
several other regions, including various segments along the
Japan arc [e.g., Hasegawa et al., 1978; Kawakatsu and Seno,
1983; Matsuzawa et al., 1986], the Kuril arc [e.g., Kao and
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Plate 2. (a) Cross section showing the inversion results of tomography and earthquake relocation. Surface
topography is at the top showing the locations of Western Foothills (WF), Hsuehshan Range (HR), and Ilan
Plain (IP, which is the western extension of the Okinawa trough). The subducted Philippine Sea plate and
Okinawa trough are clearly shown by high- and low-velocity anomalies at deep and shallow depths, respec-
tively. Relocated hypocenters clearly distribute along a two-layered structure (a double seismic zone). The
separation between the two layers is 15+5 km down to a depth of 70-80 km. Below that, the two layers seem
to gradually merge into one Wadati-Benioff Zone. (b) Results of “restoring resolution test.” Most of the to-
mographic images and seismic patterns on Plate 2a can be successfully reconstructed from the synthetic data.
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Figure 6a. (top) Seismograms (horizontal and vertical axes in second and digital count, respectively) and
(bottom) associated particle motions showing a clear example of phase conversion. The converted phase
(marked as “X”) is 1.69 s after the P and 6.25 s before the S. Because the particle motion of the converted
phase resembles that of P rather than S, we conclude that it is probably an S to P conversion at the top bound-
ary of the subducted plate. The relative timing suggests that the boundary is located 17-20 km above the hy-
pocenter.
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Figure 6b. A schematic diagram showing the configuration of a type II double seismic zone in NE Taiwan.
Background seismicity is adapted from Plate 2a. Dashed lines mark the inferred upper boundaries of the sub-
ducted crust and mantle, whereas a thick solid line shows the portion confirmed by the converted phase (Fig-
ure 6a). The two layers of seismicity represent earthquakes occurring in the subducted upper crust and up-
permost mantle, respectively. With increasing depth, the separation between the two layers decreases and
earthquakes begin to migrate toward the interior of the subducted plate.

Chen, 1994, 1995; Gorbatov et al., 1994], the Aleutian—
Alaska arc [e.g., Engdahl and Scholz, 1977, House and Jacob,
1982; Reyners and Coles, 1982], the Mariana arc [e.g., Sa-
mowitz and Forsyth, 1981], the Tonga arc [e.g., Kawakatsu,
1985], and the New Britain region [e.g., McGuire and Wiens,
1995].

A classic double seismic zone is characterized by an upper
layer of seismicity with downdip compressional focal mecha-
nisms and a lower layer in downdip extension. The two lay-
ers initiate at a depth of approximately 70 km with a distance
of 3540 km in between. The separation decreases with in-
creasing depth and the two layers merge into a single layer at
depths of approximately 200 km.

To prevent further confusion between the double seismic
zone mentioned above and the one we observed beneath NE
Taiwan, we propose to term the two as “type I” and “type II,”
respectively. The geometry of a type II double seismic zone
differs from that of a type I in several aspects, as summarized
in Table 2. First, the lower layer of seismicity initiates at a

much shallower depth, around 2040 instead of 70 km. Sec-
ond, the separation between the two layers is at most 15+5
km, which is approximately half of that observed for a type I
double seismic zone. Furthermore, the merge of the two lay-
ers takes place at a much shallower depth (<150 km).

Notice that a type II double seismic zone is hard to identify
because the smaller separation between the two layers re-
quires a higher resolution in locating earthquake hypocenters,
a condition not easily met by most local networks on island
arcs. Fortunately, the situation has improved significantly
over the past decade, mainly due to the rapid advance in the
technical aspect of seismological observation and a better un-
derstanding of velocity structures in subduction zones. It is
rather encouraging to note that NE Taiwan is not the only
place on Earth where a type II double seismic zone is ob-
served. Similar examples were recently documented for the
subduction zones in New Zealand near the southernmost
North Island [e.g., Eberhart-Phillips and Reyners, 1997,
Reyners et al., 1997], in Cascadia just north of the Mendocino
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Table 2. Geometric Differences Between Type I and Type II
Double Seismic Zones

Features Type I Type I
Commence of the lower layer, km ~70 20-40
Separation between the two layers, km 3540 15+5
Merging depth of the two layers, km ~200 <150

triple junction [e.g., Smith and Knapp, 1993; Wang and
Rogers, 1994], and in the Cook Inlet area, Alaska [e.g.,
Ratchkovsky et al., 1997].

4.2. Characteristic Tectonic Setting: Termini of Oblique
Subduction and Lateral Compression

Figure 7 shows the overall tectonic settings and cross sec-
tions for the New Zealand, Cascadia, and Alaska regions
where the type II double seismic zones were reported. De-
spite that NE Taiwan seems to differ from these regions in
many aspects, it is rather interesting to find a common tec-
tonic characteristic among them.

Beneath NE Taiwan, the double seismic zone is observed
along the westernmost segment of the subducted plate, less
than 50 km from the terminus along the 121.5°E meridian
(Plate 1 and Figure 4). The Philippine Sea plate is moving
along 310° at 7 cm yr'] (Figure 1) [Seno et al., 1993], result-
ing in a significant oblique subduction such that the westward
component is approximately parallel to the strike of the slab
[e.g., Fitch, 1972; Shiono et al, 1980; Kao et al., 1998a].
This lateral compression is clearly shown by the consistent
orientation of P axes in earthquake focal mechanisms (Figures
2 and 3) [Kao and Chen, 1991; Kao et al., 1998a].

Similarly, the double seismic zone observed in New Zea-
land is located near the southernmost North Island where the
subduction system is changing into a transform fault (Figure
7a). The relative motion between the Pacific plate and the
Australian plate is highly oblique to the trench normal direc-
tion [e.g., DeMets et al., 1994], a setting basically similar to
that in the southernmost Ryukyu. Reyners et al. [1997] stud-
ied earthquake focal mechanisms occurring in the region and
reported low-angle thrust events just above the upper seismic
layer between 12 and 25 km. The majority of earthquakes
within the lower seismic layer (8 out of 12) show mechanisms
with P and T axes parallel to the strike and dip of the sub-
ducted slab, respectively. It is particularly true for the region
south of Cook Strait, within 150 km of the subducted slab’s
terminus. This pattern is analogous to the observations in NE
Taiwan (Plate 1 and Figure 3).

In the southernmost Cascadia subduction zone near the
Mendocino triple junction, a double seismic zone is docu-
mented at depths as shallow as 15-20 km [e.g., Smith and
Knapp, 1993; Wang and Rogers, 1994]. Despite that the de-
tailed tectonic configuration of this region is very complicated
and still under vigorous debate [e.g., Schwartz, 1995; Smith
and Knapp, 1993; Wang and Rogers, 1994; Wang et al., 1997,
Wilson, 1989, 1993], the overall tectonic framework is well
understood. There are three major components: an oblique
subduction system between the Gorda plate and North Amer-
ica plate, an E-W Mendocino transform fault that separates
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the Gorda plate from the Pacific plate, and the so-called
“Gorda Deformation Zone” to the north of the Mendocino
transform fault (Figure 7b). Plate kinematics and numerical
modeling both indicate that the region is under strong N-S
(lateral) compression, most likely due to the northward push
of the Pacific plate [e.g., Wang et al., 1997; Wilson, 1989,
1993]. Earthquake focal mechanisms show that most events
which occurred in the double seismic zone have P axes in N—
S direction parallel to the strike of subducted slab (lateral
compression), whereas events farther to the east are in
downdip extension (slab pull) [e.g., Schwartz, 1995; Smith
and Knapp, 1993].

In Alaska near the Cook Inlet area (Figure 7c), a type II
double seismic zone is delineated between 50 and 100 km
[e.g., Ratchkovsky et al., 1997). This region is practically the
eastern end of the Alaska—Aleutian arc system. Global plate
motion models predict an oblique subduction setting with a
30°—40° difference between the trench normal and the relative
plate convergence directions [e.g., DeMets et al., 1994; Lar-
son et al , 1997]. Recent stress inversion using earthquake
focal mechanisms indicates that the predominating stress field
within the subducted slab is a combination of downdip exten-
sion and along-arc (i.e., lateral) compression [e.g., Lu et al.,
1997].

In conclusion, all regions where type II double seismic
zones are found seem to share a common tectonic setting,
namely, oblique subduction with significant lateral compres-
sion between the subducted plate and the adjacent lithosphere.
Furthermore, all of them are within a short distance from the
termini of the subducted slabs where the lateral compression
is expected to be the greatest.

4.3. Seismogenic Origin

As demonstrated that a type II double seismic zone is
unique in its geometry and tectonic characteristic, does it
mean that the seismogenic origin of a type II double seismic
zone is fundamentally different from that of a type I? Given
the knowledge we have, how much can we address this issue?

Generally speaking, the occurrence of earthquakes requires
two conditions. The first is the presence of sufficient deviato-
ric stress that generates the shear deformation and the second
is the adequate mechanism(s) that can store and release the
strain in a seismogenic way. The occurrence of a double
seismic zone is getting more complicated because we need to
simultaneously explain seismogenesis along both layers. As
far as the source of stress is concerned, proposed interpreta-
tions include unbending of the subducted plate [e.g., Engdahl
and Scholz, 1977; Kawakatsu, 1986], thermoelastic stresses
[e.g., Fujita and Kanamori, 1981, Hamaguchi et al., 1983;
House and Jacob, 1982], and sagging of the subducted slab
[e.g., Sleep, 1979].

On the other hand, possible seismogenic mechanisms for a
double seismic zone were addressed much less in the litera-
ture. At shallow depths, brittle failure is the predominant
seismogenic mechanism for earthquakes [e.g., Scholz, 1990].
At intermediate depths, brittle failure due to increasing pore
pressure, which probably resulted from dehydration of hy-
drate minerals in the crust, is believed to be responsible for
most seismogenesis [e.g., Raleigh and Paterson, 1965; Meade
and Jeanloz, 1989]. An alternative is to attribute to the me-
tastable phase transition from basalt to eclogite [e.g., Fukao et
al., 1983; Pennington, 1983; Ringwood and Green, 1966].
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Figure 7. (left) Maps and (right) cross sections showing tectonic settings and distributions of seismicity for
regions where type II double seismic zones were documented. Arrows show the directions of relative plate
motions. Thick gray lines mark the locations of cross sections. (a) New Zealand near the southernmost North
Island. (b) Cascadia just north of the Mendocino triple junction where the Mendocino Transform Fault
(MTF), San Andreas Fault (SAF), and Cascadia subduction zone meet. (c) Cook Inlet area, Alaska. Notice
that all regions are located within a short distance from the termini of subducted slabs and share a characteris-
tic tectonic setting of oblique subduction with significant lateral compression between the subducted plate and
the adjacent lithosphere.
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Both arguments seem to apply only to the upper layer of a
double seismic zone where both hydrate minerals and basalt
are available. The occurrence of earthquakes in the lower
layer, however, remains a puzzle.

Kao and Liu [1995] study seismic patterns and the tem-
perature-pressure conditions associated with a classic double
seismic zone. They propose the metastable phase transition
from Al-rich enstatite (pyroxene) to Al-poor enstatite plus
garnet to be a possible seismogenic mechanism for earth-
quakes occurring in the lower layer and part of the upper layer
(> ~110 km). Alternatively, Seno and Yamanaka [1996] re-
port a correlation between the existence of double seismic
zones and deep outer rise compressional earthquakes. His
interpretation calls for dehydration of solidified magma en-
trapped within the plate when it passed the head of a super-
plume somewhere on its way from mid-ocean ridges to sub-
duction zones. Unfortunately, both models are inadequate to
explain a type II double seismic zone because the observed
lower layer begins at a depth where the temperature and pres-
sure conditions are not ready for metastable phase transition
of Al-rich enstatite, and there are no deeper compressional
earthquakes in the corresponding outer-rise regions.

We propose that the compressive stress between the end of
a subducted plate and the adjacent lithosphere (i.c., the lateral
component of the oblique subduction) to be the source of
stress responsible for type II double seismic zones. This
stress regime, together with the downdip extension from slab
pulling force, can explain the consistent patterns of lateral
compression and downdip extension shown by most focal
mechanisms found in type II double seismic zones.

From our observations alone, it is somewhat difficult to
determine the corresponding seismogenic mechanism(s).
Nonetheless, because the 155 km separation between the
two layers is comparable to the thickness of the crust, it is
possible to regard the observed upper seismic layer as seis-
micity occurred in the upper crust of a subducted plate and/or
along the plate interface, whereas the lower layer is associated
with events in the uppermost mantle (Figure 6b). If so, then
interpretation for the seismogenesis of type II double seismic
zonas becomes rather straightforward. The scenario is analo-
gous to that observed in a continental setting [e.g., Chen and
Molnar, 1983] and basically reflects the variation of rheologi-
cal strength of subducted materials, with a ductile (aseismic)
lower crust sandwiched by a strong upper crust and a strong
uppermost mantle (both seismic). As the slab penetrates to
greater depth and reaches the appropriate tempera-
ture/pressure conditions for metastable phase transitions, the
two layers merge into one seismic zone and earthquakes begin
to migrate into the subducted mantle [Kao and Liu, 1995]. In
fact, Wang et al. [1997] specifically calculates the differential
stress distribution for the southernmost Cascadia subduction
zone near the Mendocino triple junction and confirms that the
observed type II double seismic zone is physically compatible
with such a conclusion.

It is noted that the separation (15+5 km) between the two
layers of the type II double seismic zone observed beneath NE
Taiwan is slightly larger than the thickness of a normal oce-
anic crust (~10 km). We attribute it to the possible crustal
thickening, which in turn, is due to the collision between the
Philippine Sea and Eurasia plates in the region. A recent
earthquake study using local broadband data confirms that
there is significant thrust deformation within the Philippine
Sea plate offshore east of Taiwan [Kao ef al., 1998b]. In ad-
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dition, because the Coastal Range, which is part of the former
Luzon arc, is located directly updip of the observed type II
double seismic zone, the thickened crust might also corre-
spond to the subducted arc materials.

4.4. A Testable Case: the Indo-Burma Subduction Zone

If our proposed model is correct, a type I double seismic
zone should be observed in a region if it satisfies three condi-
tions: significant oblique subduction, near the terminus of a
subduction zone, and existence of considerable lateral com-
pression between the subducted slab and the adjacent litho-
sphere. In addition to the four cases shown in Plate 2 and
Figures 5 and 7, here we propose that the subduction system
beneath the Indo-Burma ranges to be another place where a
type II double seismic zone might exist.

The N-S striking Indo-Burma subduction system is
bounded by the Himalaya Collision Zone to the north. Along
it, the Indian plate obliquely subducts beneath the Eurasia
[e.g., Curray et al., 1979]. Chern and Molnar [1990] reported
that the majority of large and moderate-sized earthquakes in
the region shows a consistent pattern of N-S (lateral) com-
pression, despite that the N-S trending Indo-Burma ranges
seems to imply an E-W compression. They interpret that the
deformation in the Indo-Burma ranges is decoupled from that
in the underlying Indian plate such that the observed pattern
of lateral compression reflects the state of strain within the
subducted slab. Ni et al. [1989] determined the geometry of
the subducted plate from 184 hypocenters reported by the In-
ternational Seismological Centre (ISC) and concluded that
lateral compressive earthquakes indeed occurred beneath the
inferred plate interface.

Unfortunately, distribution of earthquakes reported in the
ISC bulletins is too scattered to well define the expected two-
layered structure. Furthermore, to our best knowledge, no
detailed study of 3-D tomography and/or microearthquake
relocation has been done for the region at the same resolution
level as for those presented in Plate 2 and Figures 5 and 7.
Hence, the existence of a type II double seismic zone cannot
be confirmed at this moment. Nonetheless, our model can be
tested should comparable studies become available in the fu-
ture.

4.5. Dip Increase of WBZ and Regional Collision

In addition to the lateral compression transmitted within
the subducted slab, the unique tectonic setting might also af-
fect the geometry of the subducted plate as well. From our
results, the dip of the subducted Philippine Sea plate increases
significantly with depth, particularly for depths greater than
~90 km. This is evident both from the tomographic images
and the distribution of earthquake hypocenters (Plate 2 and
Figure 5).

The gravitational instability is certainly one of the most
straightforward interpretations for the geometric variation of a
subducted slab. On the basis of our previous discussion, there
are major phase transitions at this depth range that can con-
tribute to the dip increase (e.g., dehydration, basalt/gabbro to
eclogite transition, and Al-rich enstatite to Al-poor enstatite
plus garnet). In addition, the seismogenic model of Kao and
Liu [1995] suggests that intermediate-depth earthquakes
would gradually migrate toward the interior of the subducted
plate, causing an apparent dip increase of WBZ that is slightly
larger than that of the slab itself (Figure 6b).
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Kao et al. [1998a] studied local seismicity and earthquake
focal mechanisms for the southernmost Ryukyu-NE Taiwan
region. They concluded that the interplate thrust zone be-
tween the Philippine Sea plate and Eurasia plate is greatly
distorted as the Ryukyu trench approaches Taiwan and that
the interface gradually migrates northward from ~23.5°N in
the southernmost Ryukyu to ~24°N near the coastline of Tai-
wan. Since their results show no significant distortion in the
geometry of subducted plate at intermediate depths, such a
configuration implies an increase in the dip of WBZ. This
scenario is in a way similar to the sea anchoring effect ob-
served in Mariana except that here the arcward migration of
plate interface is driven by the push of the regional collision
instead of the overriding plate moving away from the trench
[e.g., Scholz and Campos, 1995; Uyeda and Kanamori, 1979,
Wu, 1978a]. Thus we propose that the regional collision is
another, and probably significant, contributor to the steepen-
ing of the subducted Philippine Sea plate.

Notice the collision is most effective within the litho-
sphere, hence it is expected to find the biggest dip increase
immediately below the bottom of the overriding plate (pre-
sumably at ~90-100 km). This is consistent with our obser-
vation in NE Taiwan (Plate 2 and Figure 5), New Zealand,
and Alaska (Figure 7). As for the subduction zone in Cas-
cadia near Mendocino triple junction, the system does not
seem to reach the scale of regional collision. Also, the sub-
ducted slab does not extend to the intermediate depth. There-
fore we expect no obvious geometric change to be found
there.

5. Conclusion

The tectonic setting of northeast Taiwan is complicated by
the simultaneous presence of oblique subduction, region colli-
sion, and back arc opening. Detailed structures of the sub-
ducted Philippine Sea plate beneath the region are mapped by
seismic tomography using high-quality digital data recorded
by the Taiwan Seismic Network. We further supplement the
inversion results with earthquake source parameters deter-
mined from inversion of teleseismic P and SH waveforms.
This step is critical to define the position of the plate interface
and hence avoid the possibility of mistaking the interplate
thrust zone or structures in the overriding plate as the WBZ.
The most interesting feature is that earthquakes within the
subducted Philippine Sea plate tend to occur along a two-
layered structure (a double seismic zone). The location of the
upper layer is immediately below the interplate thrust zone
and extends down to 70-80 km at a dip of 40°-50°. Below
approximately 100 km, the dip increases dramatically to 70°-
80°. The lower layer commences at 45-50 km and maintains
approximately parallel to the upper layer with a separation of
15+5 km in between. Below ~70-80 km, the separation de-
creases and they seem to gradually merge into one WBZ.

To avoid further confusion, we propose to term the classic
double seismic zones observed beneath Japan and Kuril as
“type 1” and that we observed as “type 1I,” respectively. A
global survey of major subduction zones indicates that type II
double seismic zones were also documented in three other re-
gions: New Zealand near the southernmost North Island, Cas-
cadia just north of the Mendocino triple junction, and the
Cook Inlet area of Alaska. All of them are located within a
short distance from the termini of subducted slabs and share a
characteristic tectonic setting of oblique subduction with sig-
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nificant lateral compression between the subducted plate and
the adjacent lithosphere.

We interpret the seismogenesis of type I double seismic
zones as reflecting the lateral compressive and downdip ex-
tensional stresses originating from oblique subduction and
slab pulling force, respectively. The upper seismic layer rep-
resents seismicity occurring in the upper crust of the sub-
ducted plate and/or along the plate interface, whereas the
lower layer is associated with events in the uppermost mantle.
The scenario is analogous to that observed in a continental
setting and basically reflects the variation of rheological
strength of subducted materials, with a ductile (aseismic)
lower crust sandwiched by a strong upper crust and a strong
uppermost mantle (both seismic).
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