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[1] The termination of the Ryukyu trench against Eurasia and the oblique subduction of
the Philippine Sea plate create a subduction-collision complex offshore Taiwan, which has
not previously been elucidated in detail. We combine traveltime data from the seismic
networks in Taiwan and Japan to better illuminate how the subducting Ryukyu slab
deforms in this subduction-collision zone. More than 5000 events recorded by

both networks were relocated with the double-difference method using an optimal regional
one-dimensional velocity model. The offshore seismicity indicates that the double
seismic zone, with a gap of 15—-20 km, exists in the subducting slab in the depth range of
40—80 km. Focal mechanisms suggest that the double seismic zone is caused by east-west
compression resulting from oblique convergence. The improved hypocentral locations
for the first time reveal folding of the slab into a horizontal curvature larger in magnitude
than and opposite in sign to that of the Ryukyu trench in the depth range 50—100 km. The
anomalous curvature, together with the focal mechanisms, suggests that the slab folds
against the Eurasian lithosphere and that this deformation cannot be fully elastic. We
model this deformation mode as the developing instability of a viscoelastic Maxwell layer
embedded in a viscous medium. The characteristic wavelength of the instability, i.e.,
~250 km, is consistent with folding of a slab whose viscosity is 100 times higher than that
of the surrounding mantle for an along-strike elastic membrane strain as small as 0.01, or

more than 3 orders of magnitude higher if 5% elastic strain is allowed.
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1. Introduction

[2] The global seismicity distribution provides a three-
dimensional (3-D) portrait of each subduction zone in the
mantle [e.g., Chiu et al., 1991; Engdahl et al., 1998]. These
images demonstrate that the subducting slab largely inherits
the geometric characteristics of the oceanic lithosphere
formed on the surface of the Earth and tends to avoid
additional extensibility or in-plane deformation [Burbach
and Frohlich, 1986; Yamaoka et al., 1986]. This implies that
for a slab thousands of kilometers in lateral dimension but
only tens of kilometers in thickness, the preferred mode of
deformation is flexure instead of in-plane deformation.
However, there are suggestions that flexure and large
membrane deformation may occur simultaneously on re-
gional to local scales in subducting slabs [e.g., Bevis, 1988].
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In effect, the flexure mode of deformation produces changes
in dip angle and/or the subducting flow field of the slab
[Chiao, 1993]. Changes in the boundary forces that exert on
the slab, such as the variations in the rates of trench
migration and the impedance of the transition zone to deep
penetration also distort the slab in three dimensions, intro-
ducing additional curvature to the slab geometry [e.g., van
der Hilst and Seno, 1993; Chen and Brudzinski, 2001;
Pysklywec et al., 2003]. These deformations, however, are
many hundreds to even thousands of kilometer along the
strike of the trench, which can adequately be depicted using
the seismicity data determined by the global network
[Gudmundsson and Sambridge, 1998; Engdahl et al.,
1998].

[3] Several factors have to be in place favorably for the
subducting slab to deform on scales of a few hundred km or
less along its strike in the shallow mantle. The applied
forces in the mantle have to be relatively localized or
exerting on the slab in such a way to promote small-scale
flexure. The rigidity of the slab sets a lower bound for the
flexural wavelengths, so a thinner and warmer slab is prone
to deflection than a stronger, older slab. The yield envelope
governed by both friction and power laws [e.g., Kohlstedt et
al., 1995] delimits stresses in the slab, allowing for larger

B04410 1of 14



B04410

curvature for the same bending moment. Finally, the seismic
data have to be accurate enough to characterize the defor-
mation within hundreds of km in scale. Global seismicity
data are likely to be aliased by limitations from the
magnitude threshold of events and the global velocity
model that are used, and are not up to the task. There are
potential regions in which slabs are soft and subject to
tectonic forces that may cause small-wavelength deforma-
tion but the global seismicity data fall short of resolving it.

[4] This study focuses on one of such potential regions:
the westernmost 100 km of the Ryukyu subduction zone
where the trench terminates against the Taiwan island at the
surface and the slab against the Eurasian lithosphere at
depths. Because of the increasingly high obliquity of
subduction and the juxtaposing of the Eurasian lithosphere
sideways, subduction is progressively superimposed with
collision. In this relay zone northeast of Taiwan, the
complex seafloor morphology and sediments obscure how
the trench curves toward its western end, leaving no clue to
project the shape of the slab below. Up-to-date, depiction of
the slab in this region has been conducted with great
limitations. Attempts based on the seismicity extracted from
the global data set [Engdahl et al., 1998] portray smooth,
featureless structure [e.g., Lin et al., 2004]. Because the
zone is almost entirely offshore the island, use of the land-
based network data risks systematic mislocation. From the
geometrical viewpoint, several stations of the Japan network
located on the westernmost islands of the Ryukyu arc
provide a crucial constraint from the east of the relay zone.
Unfortunately, joint seismological efforts between the two
networks have not been realized to their full capacity in the
past. It remains question as to whether the slab keeps intact
in geometry as portrayed by previous studies when it edges
toward the Eurasia.

[s] We combine data from Taiwan and Japan networks
to relocate earthquakes in the 150-km-wide subduction-
collision relay zone. The relocation process consists of
necessary steps to assure minimum bias from either net-
works and to suppress the effects of three-dimensional
heterogeneity. From the better determined seismicity in
this study, a double seismic zone (DSZ) has been identified
at intermediate depths throughout the onshore-offshore
region, indicating that the DSZ imaged by Kao and Rau
[1999] beneath the northern Taiwan extends eastward by at
least 100 km. In addition, we observe a mild yet systematic
deviation of slab geometry from that projected from the
Ryukyu trench, and from that drawn previously based on
either the global data set or the data of the Taiwan network
[Kaoetal., 1998; Hsu,2001]. Different modes of deformation
in the relay zone may exist. In a kinematic consideration,
Chiao et al. [2001] proposed an eastward rotation of subduc-
tion flow field to release the along-arc strain. While this
rotation mode may exist, we establish a folding mode through
the high-resolution slab geometry. We formulate an instability
problem in which a viscoelastic layer is subject to compres-
sion to interpret under what rheological regime the folds take
up the shape depicted by the relocated seismicity.

2. Taiwan-Ryukyu Subduction-Collision Complex

[6] The Ryukyu subduction zone has intimately engaged
in the tectonic evolution of the northern segment of the
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Taiwan orogenic belt [e.g., Sibuet et al., 1998] (Figure 1).
Evolution of the volcanism both offshore and on land in the
northern Taiwan is complicated but is ultimately derived
from the back-arc spreading and upwelling in the mantle
wedge behind the Ryukyu arc [Wang et al., 2004a]. The
mantle wedge beneath the western Ryukyu has not been
imaged properly because of the poor coverage of seismic
stations, except perhaps for the northern Taiwan where on-
land seismic stations make such imaging geometrically
possible [Lin et al., 2004]. It is generally believed that the
Okinawa Trough, the back-arc basin of the subduction
system, extends into the northeastern corner of Taiwan,
exerting a local extensional tectonism to the collisional
regime of orogeny. The curvature of the trench has a
maximum magnitude at the central segment on the order
of 0.002 km™', on the same order of the magnitude of
0.001 km™ ' of the Mariana. The small curvature through-
out much of the trench favors a largely two-dimensional
structure without significant along-strike deformation. The
Philippine Sea plate (PSP) converges with the Eurasia at
about 70 mm/yr along N50°W direction in this region
(Figure 1) [Seno et al., 1993]. The convergence is at high
angle to trench for the eastern half of the trench, and that angle
progressively decreases toward the west. Within a few hun-
dred kilometers nearshore Taiwan, the angle becomes less
than 20°, which signals a significant change of regional stress
field with respect to the slab. In this zone, horizontal com-
pression prevails as suggested by earthquake focal mecha-
nisms [Kao et al., 1998], and collision becomes the major
force that could reshape the slab.

[7] In this ~100-km-wide subduction-collision relay
zone, a few key problems remain perplexing. The Gagua
ridge apparently intrudes into the trench at about 123°E
(Figure 1), and the slab on the west of the Gagua ridge
plunges more steeply than on the east [e.g., Deschamps et
al., 2000]. The origin of the ridge and its interaction with
the overriding plate during subduction have been investi-
gated [Deschamps et al., 1998; Schnurle et al., 1998]. The
age of the western Philippine basin is important to the
estimation of the mechanical strength and thermal structure
of the Ryukyu slab, but has not yet been settled. The age of
40 Ma is estimated from the plate reconstruction model of
Seno and Maruyama [1984]. Aided by dating of the gabbro
samples, Deschamps et al. [2000] proposed a much older
(>100 Myr) age for the Huatung basin, the portion of the
PSP between Taiwan and the Gagua ridge. However,
because the subduction is not straight north, most of the
Huatung basin is on the course of collision with Taiwan and
will never be subducted under the Ryukyu trench unless the
plate motions change dramatically in the future (Figure 1).
For the slab geometry, both teleseismic seismicity [Engdahl
et al., 1998] and the local earthquakes located by the
Central Weather Bureau (CWB) Seismic Network of Tai-
wan have been selected to depict the Ryukyu slab in
previous studies [Kao and Rau, 1999; Font et al., 1999].
The CWB hypocenters exhibit smooth slab geometry that is
no different from an extrapolation of the slab from the east
[e.g., Kao et al., 1998]. The slab contours shown by Font et
al. [1999] using CWB data may reflect either inaccurate
hypocenters or topographic features rather than flexure of a
mechanical lithosphere. As noted above, a joint determina-
tion of seismicity from networks of Taiwan and Japan is
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Figure 1. Map showing tectonic setting of the Taiwan-Ryukyu subduction-collision zone and the seismic
stations used for relocation of earthquakes in this study. Major tectonic features are labeled. The 11 CWB
stations (solid diamonds) and 7 JMA stations (solid squares) form a network covering the subduction-
collision relay zone. For onshore events, the 11 CWB stations are joined by other CWB stations (open
diamonds) to implement another network covering entire northern Taiwan. The Ryukyu trench has a general
trend of southward convexity (white solid dotted line and black line in the inset) but loses its identification
when nears Taiwan. Dashed line marks the hypothetical boundary, in the northeast of which the PSP will be
subducted beneath the trench in the future. This boundary is parallel to the plate motion (arrow) [after Seno et
al., 1993]. The dash-dotted line running along the east coast of Taiwan marks the suture between the PSP and
the Eurasia. Collision between the PSP and the Eurasian plate is taking place along this boundary and its

northern extension in the upper mantle.

desirable. One of such attempt was made by Hsu [2001],
which, with limited number of data from the Japan Mete-
orological Agency (JMA), represents a first step toward a
comprehensive integration of data from the two networks.
[8] The crustal structure of the PSP at the forearc basin
north of the trench has been investigated with multichannel/
ocean bottom seismometry data by Wang et al. [2004b]. The
resultant velocity model provides a glimpse of the physical
state of the lithosphere at the onset of subduction. The 3-D
velocity images show that the forearc basement warps in the
arc-parallel direction, which is considered as evidence for
buckling of the PSP lithosphere against the continental

margin at Taiwan [Wang et al., 2004b]. It is unknown
whether this is a crustal signature or representative of the
mechanical behavior of the entire PSP. In addition, the
oceanic crust is thickened to ~10 km beneath the forearc
in their model, but no further constraint exists at greater
depths. Whether buckling or thickening persists in the
subducting slab depends on whether the end barrier against
the oblique subduction exists at greater depths and how the
slab propagates flexure downward mechanically.

[9] Kao and Rau [1999] discussed the origin of the DSZ
manifested in cross sections of CWB hypocenters onshore
northern Taiwan, and recognized the horizontal compres-
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Figure 2. One-dimensional velocity model (solid line)
determined by this study with the joint CWB-JMA data set
and a manipulation to project the hypocenter effect away
from the velocity determination. This model is used for the
subsequent double-difference relocation. Chen’s [1995]
subregional model for northeastern Taiwan is shown in
comparison (dotted line). The similarity implies the
dominance of slab structure in both.

sion as the tectonic stresses that are responsible for the
double planed events. The authors interpret the formation of
DSZ by drawing an analogy between oceanic slab and
continental lithosphere, with the gap (defined to be 10—
20 km) representing the ductile oceanic lower crust
sandwiched between the brittle upper crust and upper
mantle. The authors label it type II DSZ to distinguish it
from those that have typically been associated with bending-
unbending of'the slab at greater depths, or type I. In this study,
we identify DSZ throughout much of the offshore region, and
analyze the pros and cons of both the “jelly sandwich” and
the metamorphic reactions interpretations.

3. Data and Methods

[10] We first target more than 6000 earthquakes with
magnitude greater than 4 that occurred during 1991-2003
initially located between 121.5 and 124.0°E and between
23.5 and 26.0°N. Eleven CWB stations near the northeast
coast of Taiwan and seven westernmost stations of JMA
were selected to geometrically bracket the relay zone
(Figure 1). These earthquakes have been recorded by at
least two CWB stations and two JMA stations to ensure a
minimum level of even distribution of stations relative to
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events. The absolute arrival times were provided by the
operators of both networks, and there are a total of 74,403 P
and 60,952 S times to start with. Tomographic inversions
have been conducted from the relocated events, and will be
the subject of a separate report.

[11] The procedure of relocation is described below. The
initial locations are taken from the CWB catalog, which is
based on an average 1-D model of Taiwan determined by
Chen [1995]. We then relocate these events using the
combined CWB-JMA data and Chen’s [1995] subregional
model for the northeastern Taiwan. To obtain a 1-D model
that better represents the broader land-offshore region, we
employ the technique of Kissling et al. [1994], which
simultaneously inverts for the 1-D velocity structure and
the hypocentral parameters, but to quench the latter using
the projection operator method of Pavlis and Booker [1980]
and only invert for the velocity model. The process decou-
ples the velocity determination from the hypocentral effect,
enhancing the independence of the former. The resultant 1-D
model is shown in Figure 2. We do not use more in-land CWB
stations for offshore events to avoid additional crustal het-
erogeneity in constructing our 1-D model for the relay zone.
Chen [1995] also used the work by Kissling et al. [1994] for
the CWB data but did not separate velocity from hypocentral
effects. Her model for the northeast Taiwan is compared with
our expanded land-offshore model in Figure 2. The
discrepancy is not dramatic, implying that the deep
structures of both models are dominated by the subducted
PSP. Despite the fact that it is the case in the present
study, we emphasize that it is always necessary to isolate
the hypocentral effect from determination of the velocity
model when secondary structures of the slab are pursued.
Velocities below 150 km are relatively less well con-
strained in both models in Figure 2.

[12] We next use the double-difference method of
Waldhauser and Ellsworth [2000] to relocate the hypo-
centers east of 121.5E using the 1-D model obtained
above with the 11 CWB stations and 7 JMA stations.
Then, we scan all the CWB events from 120.5 to 122°E
to sort out those that are not relocated. These events
include dropouts from the first round relocation due to
lack of JMA constraint and new events that do not fall in
the region for the first relocation, and are mostly onshore
and well within the CWB network. They were then
relocated using some 30 CWB stations in northern Taiwan,
including the 11 stations in previous step (Figure 1). In this
second round of relocation for mostly onshore events, we still
use the velocity model specific for the offshore region to
retain consistency in velocity model for the latter joint
interpretation. Moreover, we are interested more in the
subduction zone structure than the crust of Taiwan; as
described below, the double-difference approach reduces
the near station heterogeneity effects such that differences
in shallow crustal velocity between models are not critical.
Both rounds of double-difference relocation achieved greater
than 70% variance reduction in differential traveltimes.

[13] The double-difference algorithm minimizes the resid-
uals of the differential times between hypocentral pairs. It
works efficiently for relative locations between multiplets,
sparing the need for station corrections. We adopt it in this
study to relocate regional earthquakes by minimizing the
effect of crustal and mantle heterogeneities, in that the 3-D
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velocity anomalies picked up by the Fresnel zone of each of
the paired ray paths to a common station are suppressed by
the differential times. The key parameter here is thus the
radius, ry, within which each event seeks to pair with
neighboring events to form the differential times. In regional
problems, r, should be set to correlate with the scale of
heterogeneity relative to the Fresnel zone of the waves. It
may risk higher chance of contamination from velocity
heterogeneities if a larger value is used. Small 7, ensures
suppressed heterogeneity effect, but suffers from relocating
events with limited number of differential times. For deeper
events, the Fresnel zones of the paired path are less separated
beneath the stations than for shallow events, allowing for a
larger ry. We focus on the slab structure and adopt ry =30 km.
Use of ry =20 km does not produce different results because
the average distance of pairing for each event is much smaller
than ry. The number of event pairing at the depth range
of 50—150 km is several tens to over 100. The number
drops to around 10 below 150 km. The maximum and
minimum numbers of pairing in this study are set to be
100 and 8, respectively. Some deeper events are too
isolated to have enough pair-wise observations, and have
therefore been discarded. After the double-difference
relocation, the number of events reduces to 5667 and
the numbers of P and S arrivals to 69760 and 57412,
respectively.

[14] The merit of the double-difference relocation ina 1-D
velocity model versus the 3-D corrected, “‘single” difference
approach for regional and teleseismic studies is debatable.
The choice between the two lies in our confidence in the 3-D
tomographic model used for the 3-D correction. While no
difficulty in detecting the existence of the subducting slab
convincingly, the tomographic inversions are usually highly
underdetermined, and the result severely weighted and
smoothed [e.g., Ma et al., 1996; Rau and Wu, 1995]. More-
over, shallow structures in these tomographic models are
loosely constrained. Recently, Kim et al. [2005] systemati-
cally evaluated the effects of station correction in imaging the
crust of Taiwan. This model presents improved constraint on
the shallow structure and consequently the crust below,
which may serve as a starting model for 3-D earthquake
locating. Offshore crust and upper mantle, however, are
not covered in their study. On the basis of our experi-
ences in earthquake relocation and 3-D tomographic
inversion using the combined CWB and JMA data, we
believe that the tomography-based 3-D correction is
probably premature for the studied region despite it could
be the ultimate goal. Wu et al. [2004] also used double-
difference method to locate events throughout Taiwan to
probe the internal structure of the orogen.

[15] In this paragraph we assess how different timing
systems of the two networks may affect hypocentral loca-
tions. The records of the JMA stations used in this study are
time tagged at the stations, while the CWB data are stamped
with GPS times at the CWB data center after the data are
telemetered from each station. It has been optimistically
assumed that the delay due to telemetry is negligible, and
therefore the magnitude of delay has not been quantified at
least for stations in northern Taiwan. To examine its effect
on our results, we analyze the differences in P arrival times
recorded by two collocated stations, the CWB station NWF
and the broadband station WFSB which employs local time
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tagging, for events in 1999—-2004. Statistics of the P arrival
differences shows a mean of 0.03 s and a standard deviation
0f 0.02 s. Because NWF and WFSB are the only collocating
stations in northern Taiwan, we assume that this statistics is
representative. We estimate whether delays of this amount
throughout the network cause severe bias in locations when
data of the two networks are merged. To do this, the CWB
arrival times were shifted earlier by a random number that is
characterized by a mean of 0.03 s and a standard deviation
of 0.02 s before merging with the JMA times. The double-
difference relocation was then performed with this test data
set to obtain a new hypocenter distribution. This new
distribution is very similar to the original one, and conse-
quently both the geometry of the slab and the first-order
seismogenic structures entertained in sections 4—6 remain
the same. We conclude that the time-tagging process oper-
ated by CWB does not bias the hypocenters significantly
with respect to the features concerned in the present study.

4. Results: Slab Geometry and Seismogenic
Pattern

[16] Distribution of earthquakes is shown in a sequence of
horizontal slices at various depths (Figure 3). The seismicity
in the uppermost 20 km reflects stresses in the PSP
lithosphere and the overriding Eurasian plate, and seems
to bundle with the tectonic elements of the trench system.
The trench-parallel pattern mirrors the morphological fab-
rics of the trench [cf. Font et al., 2001, Figure 1]. In the
Okinawa trough, shallow seismicity is aligned with the
spreading axis of the back-arc basin that apparently juxta-
poses against the northeastern coast of Taiwan (Figure 3, 0—
15 km). Down from the depth of 50 km, the seismicity
delineates the geometry of the subducting slab. To visualize
how the slab deforms, we picked the northernmost events at
each 10-km depth interval and 0.1° longitude interval to
represent the upper boundary of the slab and form a 3-D
data set. Obvious outliers are ruled out. The rationale behind
this representation is the knowledge that events do occur in
the crust of the slab, making them good proxy of the surface
of the slab. We then fit this data set with a surface using the
software GOCAD [Mallet, 1989, 2002]. GOCAD employs
least squares fitting of points in 3-D to a surface under the
regularization of minimum curvature and gradient. If seis-
mic gaps exist in the data set, they will be filled by this
regularization requirement. We also experimented a differ-
ent way of representing the slab upper surface. Instead of
taking the northernmost event in a narrow interval, the three
northernmost events in each 0.25 longitude interval were
averaged, and no “outliers” were removed before fitting
with GOCAD. The two different approaches produce very
similar slab geometry, and the result of the first is shown in
3-D perspectives in Figure 4.

[17] The depth contours of the GOCAD surface are also
plotted with the epicenters in Figure 3 from 45 to 115 km
depths to illustrate how plate flexes along its strike. Note the
depth contour may not match exactly the seismicity bound-
ary in each cross section because the fitting is constructed in
3-D which is a robust way to describe the slab surface
compared with the 2-D fitting of earthquakes in each depth
interval. At roughly 123°E, a group of events extrudes from
the average strike of the slab in the vicinity, most likely
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Figure 3. Depth slices showing relocated earthquakes (open dots), with the depth interval annotated.
The depth contours (black dotted lines) are taken from the 3-D slab surface model in Figure 4 at the
central depth of each interval. The slab contours generally follow the trend of the Ryukyu trench. Near
the western boundary in the depth range 45—95 km, however, the slab shows a revered curvature with

respect to the trench (C to G).
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Figure 4. The 3-D slab surface model fit using GOCAD
software, shown in two different perspectives. (a) From
northwest to see the face of the slab. The folding over the
western section creates a bulge at intermediate depths that
leads to a greater dip angle of the slab below. (b) A look that
grazes along the surface of the slab from south to north
subparallel to the slab dip. In both Figures 4a and 4b,
folding near the western boundary is evident in comparison
with the trace of the trench (solid and dotted lines in
Figures 4a and 4b).

representing a topographic structure such as a seamount or
even part of the nearby Gagua ridge. The slab surface we
determined apparently skips this seismic structure (e.g.,
Figure 3, 45—-55 km). The contours are generally subparal-
lel to the trench, except for the bend over in the westernmost
50 km over the 45- to 95-km depth range. This structure is
significant in that it bends reversely with respect to the
general trend of the Ryukyu trench (Figure 4).

[18] To examine whether this feature is robust, we add
random errors of 5 km to both epicenter and focal depth of
each earthquake and fit this “contaminated” data set using
GOCAD with both schemes of representation. The bulge
near the western end of the slab remains prominent in the
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new GOCAD surface. To falsely produce such bulge, the
events in the westernmost 50 km over a few tens of
kilometer depth range must be systematically displaced by
5-10 km toward south: a scenario considered unlikely
under the tight constraint provided by the dense land
stations in northern Taiwan. Although visually mild in both
Figures 3 and 4, the bulge is characterized by an along-
strike horizontal curvature k;, of 0.02—0.04 km™' at the
peak of the bend over, much larger than the “background”
curvature of 0 to —0.002 km ™' measured for the western 1/3
of the Ryukyu trench. As another reference, the curvature
of the strongly curving Mariana trench in the vicinity of
the midpoint along the strike has a magnitude of only
0.001 km™". The observed curvature for the western Ryukyu
slab is significant not only for its magnitude but also for its
opposite sign to that of the Ryukyu trench. As analyzed in
section 5, its relatively short wavelength is also unique.

[19] The curvature is related to the elastic bending strain
by €(z) = —(z — h/2) - K, where z is depth from the top
surface of the elastic plate with a thickness /. Taking the
average k measured normal to the slab dip to be 0.04 km™'
and a conservative 4 of 15 km, the strain at the upper
surface of the plate €(0) = ~0.3, which is too large for an
elastic plate. Continual brittle failure allows for smaller
elastic strain with apparently larger curvature, but the upper
portion of the slab still experiences horizontal tension in this
scenario, in contradiction with the focal mechanisms that
show east-west oriented compression and a downdip tension
for the slab [Kao and Rau, 1999; Liang et al., 2004] (see
below). This suggests that the slab in the westernmost
Ryukyu subduction zone responds elastically only to the
horizontal compression, rather than to the tension implied
by the curvature. We advocate that the slab folds to a large
extent viscously to form the bulge in horizontal sections,
with a timescale independent of the compressional brittle
failure. We return to this mechanism and explore under what
condition it may work in section 5 with a viscoelastic
formulation.

[20] Five vertical cross sections were taken in directions
normal to the local strike of the slab in the depth range of
50—100 km and are shown in Figure 5. As far as the vertical
profiles can discern (Figure 5), the slab kinks (vertically)
between 50 and 80 km in profiles A, B, and C, and kinks at
depths shallower than 40 km and straightens downdip from
50 to 150 km in profiles D and E. The 3-D model in Figure 4
shows that the bulging is a 3-D structure that is part of the fold
of the slab seen in horizontal cross sections described in the
preceding paragraphs. As a result, the dip of the slab
below 80 km increases toward the west. In contrast to
Deschamps et al. [2000], who report the average dip
difference across the Gagua ridge, the relocated hypo-
centers resolve secondary variations in the dip of the slab
west of the Gagua ridge.

[21] Another prominent feature about the Wadati-Benioff
zone is the DSZ, which appears over most of the vertical
sections in the relay zone. There are substantial along-strike
variations in the DSZ configuration. The DSZ is more
ambiguous on profile B than on other profiles where the
DSZ depth extents are variable. The two planes appear to
converge in profile C, but such convergence is not clear
elsewhere. In general, the gap of the DSZ is 15—-20 km wide
from 40 to 80 km depths. The depth extend is short
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Figure 5. Wadati-Benioff zone in different vertical cross sections whose locations are shown in the
upper left panel. Thin and thick dotted lines in black are depth contours of the slab surface taken from the
3-D model in Figure 4, and each profile is taken to be perpendicular to the strike of the slab at shallow
depths (<100 km). White solid and dotted lines are traces of the Ryukyu trench the same as in Figure 1. In
profiles A, B, and C, the slab apparently bends/unbends vertically between 50 and 80 km such that its dip
below is increased relative to that in profiles D and E. The DSZ morphology varies substantially across
profiles, but overall two planes are separated by 15—20 km, as indicated by the 20-km-long ruler with 10-km
ticks. Side projection focal mechanisms from Liang et al. [2004] (solid line connection), Kao and Rau
[1999] (dashed line), and the Harvard database (dotted line) show minor variation, with a consistent
component of along-strike, east-west oriented compression between 50 and 100 km (the white quadrant
contains P axis). The DSZ extends from onshore to offshore for at least 100 km.

compared with the DSZ in the subduction zone beneath the
northeast Japan [Hasegawa et al., 1994]. It is hard to
distinguish which plane, the upper or the lower, terminates
first and which plane continues downdip. The focal mech-
anisms determined by Kao et al. [1998], Liang et al. [2004],
and the Harvard Centroid-Moment Tensor (CMT) [e.g.,
Dziewonski et al., 1981] primarily show along-strike com-
pression in both the upper and the lower plane of the DSZ,
indicating that at least the brittle part of the subducting slab
is subject to one consistent stress field. Departure from the
along-strike compression exists, e.g., focal mechanisms in
profiles A and B show coexistence of slab-parallel and slab-
normal P axes, probably owing to local stress change where

slab deforms significantly. Along-strike folding could relax
the compression, causing a switch of compression axis from
slab parallel to slab normal. Despite this, the overall pattern
of focal mechanisms supports our assertion that the DSZ
and the folding of the slab originate from the same hori-
zontal compressive forces, and that folding develops mainly
viscously.

5. Folding of the Slab

[22] Note from Figure 4 that the horizontal folding
persists over about 50 km downdip, not an artifact fortu-
itously determined by a single profile at a particular depth.
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Figure 6. Predicted nondimensionalized amplification
w; X 717 as a function of wavelength for (a) vy = 100 and
(b) y= 1000 and for the elastic strain 5= 0.01 (dotted lines),
0.05 (short dashed lines), 0.1 (long dashed lines), and 0.2
(solid lines). The amplification functions are normalized to
1. The dominant wavelength for a viscous layer (vertical
dotted line) is a function of y only, and is approximated by
the viscoelastic layer at small 5. The dominant wavelength
of an elastic buckling is a function of €y, indicated by the
short vertical bars near the top of Figures 6a and 6b for ey =
0.2, 0.1, 0.05, and 0.01 from left to right. Pure viscous
folding barely explains the observation (shaded region) with
v = 100 (or smaller), and a pure elastic slab requires strain
>0.04. Both are inadequate in explaining the status of stress
of the slab.

The earthquake mechanisms and magnitude of curvature
suggest to us that the slab responds to the lateral compres-
sion elastically with brittle failure but viscously to develop
large curvature. The former is characterized by a timescale
of seconds and the latter by a much longer timescale on the
order of hundred thousands to millions of years. We
simulate this deformation scenario as a viscoelastic layer
embedded in a viscous medium, in that folding results from
instability that grows most efficiently at particular wave-
lengths controlled by the rheology contrast between the
layer and the medium as well as the magnitude of the elastic
shortening or membrane strain. The critical constraint is
thus the wavelength of the dominant member of the fold,
Na- A spectrum analysis of the slab contours in the
corresponding depth range yields A\; ~ 250 km. We could
as well estimate \/2 by measuring the distance between
the peak of the fold (near the western end) and the
“background,” or \,/4 by the distance between the peak
and the inflection point where « = 0. The results are
mutually consistent, indicating that the estimate of 250 km
is robust. We derive the governing equation of flexure of a
thin Maxwell-type viscoelastic layer and the associated
instability problem in Appendix A. The flexure equation
reads

ow'"" ow’ ow Pw
DVW—FNWU +T1N7 = —4kum5—4kumﬁﬁ, (1)

where w is the deflection of the layer, ¢ is the time,
w""denotes Ow*/0x*, and so forth with x parallel to the
layer, N the x-parallel horizontal compressive force per unit
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perpendicular to x, D, the viscous rigidity of the layer, T,
the relaxation time of the flexure of the Maxwell layer,
i, the viscosity of the medium or the upper mantle, and
k the wave number of flexure and of the viscous
resistance of the medium. Other parameters are explained
in Appendix A.

[23] Following the derivations laid out in Appendix A, it
is shown that a Maxwell layer has two components of
instability during folding each characterized by an expo-
nential function of time: exp(w; - ) with w; > 0 , which
is unstable and will amplify with time, and exp(w, - f)
with w, < 0, which is stable and will eventually die out.
The amplification w;, is function of the ratio of the
viscosity of the layer to the viscosity of the medium y =
W/l the equivalent elastic membrane strain ey = N/(Ef
h) (see Appendix A), and the wave number of each fold
member k (or wavelength X\). Because we assume that the
observed large-amplitude folding results from instability,
we focus on w; as a function of wavelength. The
nondimensional amplification w; - T; versus N4 is shown
in Figures 6a and 6b for different values of y and €y. The
peak of the amplification function marks the model
dominant wavelength \J°*/A at which folding preferentially
Zrows.

24] To establish the observed dominant wavelength
Ng */h as the target for modeling, we need to estimate /.
Because the gap of the DSZ is 15-20 km, the seismogenic
thickness of the slab is probably greater than 20 km
(Figure 5). However, / represents the effective mechanical
thickness of the viscoelastic layer, and usually is smaller
than the seismogenic thickness of the lithosphere
[Cochran, 1979; Wiens and Stein, 1984]. Combined anal-
yses of gravity and topography and mechanical modeling
of oceanic lithosphere in the past have indicated that the
effective elastic thickness of the oceanic lithosphere ranges
from <10 km near mid-ocean ridge [Cochran, 1979; Kuo
et al., 1986] to 20—30 km in old oceanic basins [Caldwell
et al., 1976; Watts, 1978]. We assume the lower bound of
h to be 15 km, partially reflecting the fact that the slab is
heated relative to the lithosphere before subduction, and
set the upper bound at 30 km. The range of \J*/4 is 8.3—
16.7 (Figure 6).

[25] Figure 6 compares models with observations. Be-
cause stronger compression is required to fold a more
viscous layer, €y has to be large for larger vy, and vice
versa, to keep NJ°Y/A within the observation domain. Larger
ey can also be achieved with larger N, smaller 4, and lower
Young’s modulus, but neither of these is under sufficiently
tight geophysical constraints. However, the strain is limited
by the yield envelope of the slab in the presence of earth-
quakes. For the compressional yield strength on the order of
500 MPa given by the friction law for the oceanic litho-
sphere at tens of km depth [e.g., Kohlstedt et al., 1995] and
a commonly accepted Young’s modulus range of 10'°—
10'" Pa, the elastic strain could range from very small to
0.05. We consider 0.05 the ad hoc maximum of ey. It is
unlikely that the viscosity of the subducting slab
approaches that of the shallow upper mantle as long as
the slab continues to plunge without disintegration or
strong folding. We assume vy > 10, which, as shown below, is
overridden by the lower bound of \3*/A. Permissible set of
model parameters may be found in the y — ey diagram
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Figure 7. Possible parameter regime of the Maxwell
viscoelastic model entertained in this study. Solid contours
are model dominant wavelengths nondimensionalized by
thickness. The regime (shaded) is delimited by the possible
maximum elastic strain €y of 0.05 and possible bounds of
the observed wavelengths at 8.3 and 16.7 (dashed lines).
Higher strains allow for a wide range of viscosity contrast
between slab and upper mantle, while for smaller strains
only small values of -y are acceptable. Solutions discussed in
the text, i.e., y = 100, e,y =0.01 and 0.05 and y = 1000, gy =
0.05, are marked by solid squares. Future independent
constraints on either parameter will help narrow the
permissible model regime.

bounded by \y**/2=8.3 and 16.7 and ey = 0.05 (Figure 7). As
an example, a slab with a viscosity 100 times higher than that
of the upper mantle and a 5% horizontal elastic strain is able to
fold into a dominant wavelength of 250 km if the effective
thickness is slightly greater than ~22 km (\J°*/A ~ 11.4).
[26] Can pure elastic or viscous folding explain the
observed dominant wavelength? The Maxwell layer can
be reduced to an elastic layer by setting 7, — oo (see
Appendix A), for which the dominant wavelength of
instability decreases as ¢y increases (Figure 6). For the
same ey, elastic layer predicts broader folds than the
Maxwell layer. To buckle an elastic plate into the observed
wavelength, ey has to be 0.04 or greater. While this is
acceptable, elastic buckling is not appealing on the ground
that the tensional bending strain it produces contradicts the
earthquake mechanisms that show overall compression
throughout the thickness of the slab. On the other hand, a
viscous layer is obtained when 1, = 0. The dominant
wavelengths in this case approximate the Maxwell folding
with small ey (Figure 6). This implies that the elastic
component in the form of horizontal shortening of the slab
assists in developing shorter-wavelength folds. The viscous
folding is favorable only for smaller values of y (Figure 6a),
and again it fails to incorporate the elasticity to properly
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account for the intraslab earthquakes and their compres-
sional focal mechanisms.

6. Discussion

[27] We cannot further narrow the permissible regime of
model parameters because the viscoelastic formulation is a
simplified approach as well as knowledge of model param-
eters has been fuzzy. Instead, we choose to draw a broader
acceptable model regime in order to explore the tradeoff
effect between vy and €y and keep the issue open until new
independent constraints are available. For a strong slab that
is >3 order of magnitude more viscous than the mantle, the
in-plane elastic strain ey has to be at least 0.04 to explain the
observed wavelength (Figure 7). For a weaker slab or lower
v, a wide range of strain is allowed due to the poorly known
h. The «y of 100 is considered near the low end of the
spectrum [Houseman and Gubbins, 1997; King, 2001;
Billen et al., 2003]. A rule of thumb based on dynamic
modeling of Newtonian fluid and power law viscosity is
100°C decrease in temperature leading to roughly 0.5-1
order of magnitude increase in viscosity at mantle temper-
atures [e.g., Christensen, 1989; Lin et al., 2002]. A ~y of 100
implies an average temperature contrast of 200°C for New-
tonian and 400°C for non-Newtonian fluids. An average
temperature anomaly of 200°C is probably hard to reconcile
the thermal model for the Ryukyu subduction zone con-
structed by Yamasaki and Seno [2003]. While 400°C seems
acceptable, the corresponding non-Newtonian dynamic ef-
fect for a subduction zone is not fully understood yet.
Perhaps ey is the parameter on which constraints may be
improved in the future. Estimation of the elastic strain the
slab is experiencing from seismological point of view may
be a useful step toward pinpointing a solution in our
permissible model space [e.g., Bevis, 1988].

[28] The DSZ at intermediate depth range (40—150 km)
have been observed in several subduction zones [e.g.,
Hasegawa et al., 1978; Abers, 1992; Kawakatsu, 1986;
McGuire and Wiens, 1995]. The upper plane seismicity is
thought to occur in the oceanic crust and has been widely
accepted to be associated with basalt-eclogite transforma-
tion [Kirby et al., 1996, Peacock and Wang, 1999; Peacock,
2004]. A few hypotheses have been put forth on triggering
mechanisms for the lower-plane seismicity [see Yamasaki
and Seno, 2003], among which the dehydration embrittle-
ment of the serpentinized slab mantle [Seno and Yamanaka,
1996; Peacock, 2001] suits the depth range discussed in this
study. A global survey on the spatial correlation between
these metamorphic reactions and the geometry of the DSZ is
carried out by Yamasaki and Seno [2003]. In their cross
sections beneath northern Taiwan, the correlation between
the DSZ and the predicted dehydration loci is not clear,
although the calculated gap of about 20 km between the two
reaction loci matches our observation.

[20] It has been proposed that the serpentinization of the
mantle can be made by infiltration of water along the large
faults that rupture the upper portion of the lithosphere
before subduction, usually on the outer rise [e.g., Peacock,
2001]. Tracing opposite the plate motion direction, the
section of the PSP lithosphere that would be subducted to
the current location of DSZ is to the southeast of the relay
zone (Figure 1), where present-day large outer rise events
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have been sparse. The only one documented in the Harvard
CMT catalog is a M5.7 normal faulting event, which has
a standardized centroid depth of 15 km and a source
dimension of at most 10 km. Whether serpentinization of
the slab interior can be facilitated by a few outer rise
faults like this one remains in doubt. In the outer rise
region of the Ryukyu trench, in situ imaging of litho-
sphere that could provide direct evidence for or against
deep cutting faults [e.g., Ranero et al., 2003] has not
been conducted. Critical supportive evidence for dehydra-
tion embrittlement through faulting in this region remains
lacking.

[30] Kao and Rau [1999] invoked a jelly-sandwich-type
of rheology much like that of the continental lithosphere to
explain the DSZ seismogenic pattern in the onshore region
(see section 2). While rheology of oceanic lithosphere may
be potentially important [e.g., Wang and Rogers, 1994],
drawing analogy between continental and oceanic litho-
sphere is risky. The ductility of the oceanic lower crust
has been under debate [Kohlstedt et al., 1995; Escartin et
al., 1997; Hirth et al., 1998]. It is common that micro-
carthquakes as well as earthquakes with magnitude up to 4
nucleate at lower crustal depths along and near mid-oceanic
ridges [e.g., Wolfe et al., 1995; Bergman and Solomon,
1990]. Most importantly, at the depth below 40—-50 km,
where the DSZ in this study is best identified, high
lithostatic pressure prohibits brittle failure if unassisted by
elevated pore pressures [e.g., Kirby, 1995]. In southern
Cascadia where the rheology interpretation was originally
put forth for subducting slab [Wang and Rogers, 1994], the
DSZ is distributed in a much shallower depth range (10—
25 km). Another uncertain factor is the thickness of the
oceanic crust. In this study, the gap of 15-20 km would,
in Kao and Rau’s [1999] scenario, represent an oceanic
crust 2 or 3 times thicker than normal (~7 km) over a
large area on the slab. Up-to-date seismological evidence
from the PSP has not been convincing in favor of a much
thickened crust of PSP [Wang et al., 2004b]. Thickening
the crust magmatically or mechanically by a factor of 2 or
3 is considered less likely to occur. In contrast, the two
layers found in southern Cascadia subduction zone are
separated by less than 10 km [Wang and Rogers, 1994].
Speculations over the origin of the DSZ in the Taiwan-
Ryukyu collisional zone should defer until more solid
evidence becomes available.

7. Conclusions

[31] Accurately determined 3-D seismicity prompts us to
reinterpret the deformation of the Ryukyu slab with better
kinematic constraints. The seismicity distribution for the
first time reveals folding of the slab in the along-strike
direction at the depth range of 50—100 km. The folding is
significant in two ways: its curvature is greater in magnitude
than and opposite in sign to that of the Ryukyu trench, and
its wavelength is relatively short at ~250 km. It suggests
that the folding results from the horizontal compression
exerting on the slab by the resistance of the Eurasian
lithosphere against the oblique subduction of the PSP. Both
the focal mechanisms and the large curvature argue in favor
of a folding generated by viscoelastic instability. We envi-
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sion a deformation scenario in which the slab responds to
the compression through both brittle failure and viscoelastic
folding against the Eurasian lithosphere. A Maxwell-type
model is employed to simulate this scenario, and to help
constrain acceptable model regime. To fold to the observed
wavelengths, the slab could be only ~100 times more
viscous than the surrounding mantle for a wide range of
in-plane elastic strain, or >3 orders of magnitude more
viscous if an elastic strain close to 0.05 is allowed. Partly
because of the folding, the Wadati-Benioff zone progres-
sively steepens at depths below 80 km as approaching
Taiwan. The double-seismic zone is clearly mapped out
within the slab in the depth range of 40—80 km throughout
much of the subduction-collision zone. The DSZ, with a gap
of 15-20 km, is stressed by the same horizontal compres-
sion that folds the slab.

Appendix A

[32] We follow the linear operator approach of Fliigge
[1975]. The bending stress and strain for a two-dimensional
layer are related by the linear operators:

Pi(0) = Oi(e), (A1)
where subscript / denotes the operators for layer. Without
introducing material properties, the balance between the
bending moment, horizontal compression per unit length
perpendicular to the direction of compression N, and
vertical loading ¢ leads to

n Nw Pw
EQ1<(9_X4) + P (Nw) = Pi(q),

where w is the vertical deflection of the layer, & the
thickness of the layer, and x measures horizontal distance in
N-parallel direction. For a Maxwell material that responds
instantaneously to external stresses followed by a viscous
deformation, the contributions from the elastic and viscous
parts are summed on strain rate:

(A2)

. c'r+ o
E=— .
Ef 4y

(A3)

Here each contribution is for a thin plate, and Ef = E/(1 —
v?) with E; the Young’s modulus of the layer, and p, the
viscosity of the layer. With these, the operators are defined
as

0
Pr=14+m,

% O =4 (A4)

(] E ’
where T; = 4p/E} is the relaxation time of the Maxwell
material. Equation (A2) becomes

i
D Qa—wwv(l +T19) O (1

Yot Ox* ot) o2 (45)

L
Tl(’?t q.

This is the governing equation for bending of a Maxwell
layer under transverse loading ¢ and in-plane compression
N: D, = ph*/3 is the flexural rigidity of a viscous plate.
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Equation (AS5) reduces to bending of an elastic plate as p; —
oo and T, — 00:

o'w
De'W-l-N

Pw
gkl (A6)
where D, = EFfh*/12 is the flexural rigidity of an elastic
plate. Equation (A5) reduces to viscous plate bending as
Ef — oo and 7, — 0:

O O*w
DogatN ga=q

(A7)
[33] Because external loading is passive in a folding
problem, the medium operators link g with deflection w:
Pu(q) = On(w). (A8)
Assume the deflection w has the form of w(x, ) =
A(?) sin(kx),

0

Py = 17 Qm = _4kp‘ma (A9)

for viscous medium, where ,, is the viscosity of the medium.
Equation (A9) implies that the resistance is proportional to the
wavelength at which the layer is folded. Inserting (A8) and
(A9) into (A5) to eliminate g, we obtain

ow'" on' ow Pw
D,—— + Nw' + 7N —— = —4ky,, i 4kaTlW'

ot ot (A10)

The characteristic equation for the solution of the form of A(7)
sin(kx) is

[TiNk — D\l — 4p,,| 04 Nk = 0,

o (A11)

P4
T 50~

and A(¢) is composed of two terms: exp (w;?) and exp (w,?)
where

wlﬁz‘r;:%[—bﬁ: b2+c}, (A12)

where

_3 5
_ 4
b:k——48Nk+—,c:64€Nﬁ, (A13)
3 Y Y

and y = /.. The normalized wave number k = 2/(\N/), and
ey is defined as

N/h
-

en (A14)

which approximates the in-plane elastic strain or the
membrane strain due to lateral compression. The amplifica-
tion functions w; > 0 which promotes instability, and w, <0
which stabilizes perturbations, but the total amplification rate
is always greater than zero. The amplification w; can be
plotted as a function of normalized wavelength and the
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wavelength for the dominant member of folding X\, can be
found numerically. The result is consistent with that of
Schmalholz and Podladchikov [1999].

[34] For the case of an elastic layer embedded in a viscous
medium, we start with equation (A6) to derive the dominant
wavelength:

(A15)

The instability occurs when X\ > (1/3)"* .. For a viscous
layer folding in a viscous medium, X, can also be expressed
analytically:

(A16)

The derivation of equations (Al5) and (A16) is given by
Biot [1961].
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