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Short Note

Crustal-Scale Weak Zone along a Collisional Suture Revealed by Spatial

Variations in Velocity Structures and Seismicity

by Kwang-Hee Kim, Kou-Cheng Chen, Jer-Ming Chiu, and Horng-Yuan Yen

Abstract High-quality first-arrival data collected with a high-density temporary
seismic array and regional seismic network were used to construct a P-wave velocity
model and identify the precise location of earthquakes in the active collision zone of
southeastern Taiwan. A crustal-scale weak zone, defined by high seismicity, is char-
acterized by a steeply east-dipping lower-velocity anomaly and represents a boundary
between an uplifted upper-mantle and the Luzon volcanic arc. The main features of the
weak zone, with its associated low-velocity zone and seismicity pattern, vary signif-
icantly along the collisional boundary of southeastern Taiwan. Along the weak zone,
unlithified sediments or highly fractured materials are compacted as the Philippine Sea
plate moves toward the Eurasian plate. In areas of more advanced collision, soft
material is more compacted and can therefore store significantly greater amounts

of strain energy. This energy is released through episodic earthquakes.

Introduction

Taiwan is one of the most seismically active regions on
Earth. The tectonic framework of the region is dominated by
a collision zone sandwiched between two subduction sys-
tems: the Ryukyu trench to the northeast and the Manila
trench to the south. Topographic trend of Taiwan and its
structural and lithological units are aligned with the north-
northeast trending collision system (Teng, 1990). At the cen-
ter of the region is the Longitudinal Valley (LV), a narrow,
160-km long, topographic feature that is generally regarded
as the boundary between the Eurasian and the Philippine Sea
plates (Fig. 1; Ho, 1988). Large topographic relief, concen-
tration of high seismicity, and evidence from geodetic mea-
surement have revealed that two active fault systems run
parallel with each other along the entire length of the LV,
although their surface expressions are obscured by thick
fluvial deposits. The east- and west-flanking faults of the LV
are the east-dipping Longitudinal Valley fault (LVF) and the
near-vertical Central Range fault, respectively (Kim et al.,
2006; Wu et al., 2006).

The Coastal Range (CR) is the result of the accretion of
the Luzon arc-forearc to the exhumed metamorphic base-
ment of eastern Taiwan during arc—continent collision over
the last two million years (Chai, 1972; Huang et al., 2008).
Stratigraphic and geochemical studies have shown that the
CR is composed of three accreted Miocene—Pliocene volca-
nic islands (Yuehmei, Chimei, and Chengkungao), three
Plio-Pleistocene remnant forearc basins (Shuilien, Loho,
and Taiyuan), two intra-arc basins (Chingpu and Cheng-
kung), and the Pliocene Lichi mélange. Accreted volcanic
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arcs are composed of andesite, agglomerates, and tuff. Basins
are filled with turbidites derived from the accretionary prism.
The Lichi mélange includes chaotic mudstones intermixed
with exotic blocks of ophiolitic, sedimentary, and andesitic
rocks (Huang et al., 1995; Chang et al., 2001; Huang et al.,
2008).

Collision is understood to be the most pronounced in the
northern LV and CR, owing to the obliquity of plate conver-
gence. This implies that incipient collision will develop at the
southern end of the LV, but the exact location and detailed
structure of such a phenomenon is not known. This study
examined the crustal-scale structure of deformation in this
active collision zone using a high-resolution V» model and
relocated seismicity. Important features, such as lateral var-
iations in subsurface structure and seismicity patterns, were
found in the transition zone between areas of initial and
advanced collision.

Data and Methods

Two sets of high-quality earthquake data recorded by an
island-wide seismic network and a local high-density tem-
porary seismic network were used to define a 3D P-wave
velocity model. The Central Weather Bureau Seismic Net-
work (CWBSN), the major earthquake-monitoring network
in Taiwan since 1991, consists of 71 stations equipped with
three-component S13 seismometers. Twenty-three CWBSN
stations are in the study area. Data from the CWBSN earth-
quake catalog from January 1991 to September 2009 were
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Figure 1. Topographic and bathymetric map of the collision
zone in southeastern Taiwan. Longitudinal Valley (LV) is distin-
guished by a narrow and long topographic-low feature. It is
bounded by two active fault systems running parallel to each other
along the entire length of LV. Western and eastern boundary fault of
LV is the Central Range fault system (CMRF, Central Mountain
Range fault; LYF, Luveh fault) and the Coastal Range fault system
(YLF, Yuli fault; CSF, Chishang fault; LCF, Lichi fault), respec-
tively. An active fault (CMF, Chimei fault) is also observed in
the northern Coastal Range. General geological divisions in Taiwan
are presented in the index map (CP, Coastal plain; WF, Western
foothills; HR, Hsueshan Range; CMR, Central Mountain Range;
LV, Longitudinal Valley; CR, Coastal Range). Dotted box in the
index map marks the area of the larger map. White circles are
relocated earthquake epicenters with radii scaled to magnitude.
PANDAII and CWBSN seismic stations used in the tomographic
inversion are presented in red and green triangles, respectively.

collected and analyzed. A second data set from a high-
density temporary earthquake-monitoring array, the Portable
Array for Numerical Data Acquisition II (PANDA II), in
southeastern Taiwan was collected by the Institute of Earth
Sciences, Academia Sinica, and the Center for Earthquake
Research and Information of the University of Memphis,
from September 1995 to July 1996 (K. C. Chen, 1995).
PANDA II consisted of 23 three-component short-period seis-
mic stations, of which two were located outside the study
area. High-quality earthquake data from 21 stations located
near the center of the study area were used to formulate a
high-resolution P-wave velocity model.

Selection criteria for earthquake data were established to
ensure the best possible ray path coverage of the study area
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using the available data sets. Events with more than six high-
quality P arrivals (i.e., with arrival time uncertainty less than
0.5 s) were selected. Event-station pairs with an epicentral
distance greater than 120 km were excluded for a better ap-
proximation of a flat Earth (Snoke ez al., 2001). The selected
earthquakes occurred at depths shallower than 65 km. More
than 18,000 earthquakes satisfied these initial criteria. The
study area was then divided into 4 x 4 x 2-km? cells, and
from the seismic events that took place in each cell, the two
events recorded by the most stations were selected. The final
data subset selected for the 3D tomographic inversion incor-
porated 78,403 first-arrival-time readings from 9456 earth-
quakes recorded by 44 seismic stations.

The 3D P-wave velocity model was determined using a
software package initially developed by Benz et al. (1996).
The package calculates first-arrival times using a finite-dif-
ference solution of the Eikonal equation, which was designed
to handle large velocity variations (Vidale, 1988; Podvin
et al., 1991). This method has been successfully applied to
data from complex tectonic environments with large velocity
contrasts (Shen, 1999; Kim et al., 2005; Mandal et al., 2006;
Kim ez al., 2010). This software package is therefore consid-
ered suitable for the establishment of a subsurface velocity
model in the study area, which is characterized by a very
complex structure.

Earthquakes recorded by the CWBSN and PANDA II
were initially located using a 1D horizontally layered veloc-
ity model, which is commonly a source of significant loca-
tion error, especially for structurally complex regions. Earth-
quakes are relocated during tomographic inversions using the
resultant 3D velocity model. Lengthy travel-time calculations
are one of the major hindrances when using a 3D velocity
model in earthquake locations. Chen et al. (2006) developed
an efficient and stable algorithm to handle travel-time calcu-
lations across 3D velocity models for a single earthquake
location. The algorithm stores 3D travel times on file to cor-
responding grid points. During single event locations, travel
times from the trial hypocenter to the recording stations can
be determined by linear interpolations from those at the ad-
jacent eight grid points. This algorithm does not use lengthy
travel-time calculations. In this study, all of the events in the
earthquake catalog were relocated after the determination of
the 3D velocity model to take advantage of the abundant seis-
micity available for tectonic interpretation.

Results and Discussion

The study area in southeastern Taiwan covers an area of
136 km x 168 km, where active collision is ongoing. The
vertical thickness of the velocity model was 74 km, which
included 4 km above and 70 km below sea level. The study
area was parameterized for the velocity inversion using a uni-
form grid with a 4 x 4 x 2 km? cell size. A smaller cell size
(1 x 1 x 1 km?) was used for a more precise estimation of
the shortest travel times between sources and receivers.
Optimum damping and smoothing values were selected
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following the method of Eberhart-Phillips (1986). A horizon-
tally layered 1D velocity model proposed by Y. L. Chen
(1995) was used as an initial velocity model for the inversion.
Finally, a 3D P-wave velocity model was obtained after nine
iterations. The root-mean-square (rms) residual of arrival
times decreased from 0.69 to 0.26, which is equivalent to
62.2% of an rms residual reduction.

Checkerboard resolution tests (CRTs) were used to ex-
amine the resolution power of subsurface structures for the
given station-event configurations (Zhao et al., 1992). The
CRT results showed checkerboard perturbation patterns at
depths from 4 to 40 km (Fig. 2). Regions at the periphery
of the study area cannot be properly resolved primarily be-
cause of insufficient ray coverage. Therefore, our interpreta-
tion of results focus on areas with sufficient CRT resolution.

For areas with adequate ray coverage, similar inversion
results were obtained when slightly different initial 1D
models were used. The dominant features of the final models
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do not appear to depend on the initial input details. The re-
sultant velocity model obtained from the inversion is consid-
ered robust, although some structural features may be poorly
constrained at the periphery of the model where ray coverage
is inadequate or the station spacing is relatively large. In
general, the highest resolution of the velocity structure is
observed in the central part of the study area where high-
quality data are available from the high-density temporary
array (PANDA II) as shown in the checkerboard test (Fig. 2).

Initial and relocated earthquake locations are presented
in Figures 3 and 4 in plane and cross-sectional views, respec-
tively. As a rule, the quality of an earthquake’s location is less
precisely known when the earthquake occurs outside the
monitoring seismic network. Chiu et al. (1997) and Chen
et al. (2006), however, demonstrated that an earthquake oc-
curring outside a seismic network can be located reasonably
well using reliable velocity models. As demonstrated by the
checkerboard resolution test in Figure 2, the 3D velocity
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Results of a checkerboard resolution test. (a) +/ — 5% of velocity perturbation applied to the initial velocity model. Each

checkerboard block is 4 x 4 x 3 cells, which corresponds to a volume of 16 x 16 x 6 km?>. (b)—(d) Map view of the restored checkerboard
velocity model at depths of 6 km, 16 km, and 26 km. (e)—(1) Cross-sectional views of the initial and restored checkerboard velocity model at
select locations shown in the lower left.
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Plane views of earthquake epicenters of >3 magnitude. Data shown are from 1991 to 2009. (a)—(c) Earthquake locations

determined and reported by CWBSN. (d)—(f) Relocated earthquake epicenters using the 3D velocity model in the study. Focal depths of
the presented earthquakes are within 2 km from the depth shown in the lower right corner. Major active faults are shown by gray solid
lines (see Fig. 1). Locations of profiles for cross-sectional views of seismicity in Figure 4 are shown in (d).

model used in this study is clearly representative of the lateral
and vertical velocity variations in the offshore areas. The rms
residual of arrival times for all earthquakes is reduced from
0.84 s to 0.37 s after relocation using the 3D velocity model.
Initial rms residuals of onshore and offshore earthquakes are
0.79 s and 1.12 s, respectively. The difference in rms resi-
duals partially supports the conventional idea of the geome-
try of a seismic network and its earthquake location quality.
After relocation using the 3D velocity model, rms residuals
of onshore and offshore earthquakes are reduced to 0.37 s
and 0.38 s, respectively. Assuming the 3D velocity model
is reliable, we observe that both onshore and offshore earth-
quakes are comparably well determined. Also, earthquakes
are more tightly clustered after relocation, as both plane and
cross-sectional views of earthquake hypocenters reveal.
Three-dimensional P-wave tomographic inversion re-
sults are presented in Figure 5. Large lateral velocity varia-
tions are apparent in the horizontal thin-sliced view of the 3D
P-wave velocity model at 6-km depth (Fig. 5a). Results of

the CRTs between 4- and 10-km depth revealed that the sub-
surface blocks were well-defined by seismic waves and that
lateral structural variations were also successfully recovered
(Fig. 2). This enabled shallow structures to be compared and
correlated with surface geology. For example, a region of
negative velocity anomaly beneath the western foothills in
the northwestern part of the study area was associated with
an area of relatively thick sedimentary deposits (Kim et al.,
2005; Wu et al., 2007). Beneath the Central Range, a shallow
high-velocity anomaly was associated with surface expo-
sures of highly metamorphosed rocks. A strong, negative ve-
locity anomaly farther to the east beneath the LV and CR may
correspond to a region of thick, unconsolidated fluvial sedi-
ment in the LV, or poorly lithified sedimentary blocks in the
CR. In general, an excellent correlation is observed between
surface geology and the upper 6-km P-wave velocity model.

The overall distribution of P-wave velocity at 16-km
depth (Fig. 5b) is quite different from that at 6-km depth.
Lower P-wave velocities dominate at this depth under the
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Sectional views of (a)—(d) the CWBSN earthquake catalog and (e)—(h) relocated earthquake hypocenters along profiles shown in

Figure 3(d). Data shown are from 1991 to 2009 for earthquakes with a magnitude > 3. Earthquakes show tighter clustered in (e)—(h) than in
(a)—(d). Also, note earthquake hypocenters along B-B' present rather wide seismogenic zones at depths deeper than 15 km. In a northern
profile along the C-C’, earthquake hypocenters form a tightly clustered planar seismogenic zone.

Central Range. A long and narrow zone of positive velocity
anomaly is apparent beneath the LV and offshore areas to the
south. A linear low-velocity feature is present to the east and
lies subparallel to the adjacent high-velocity anomaly
(marked by dotted lines in Fig. 5b). Relatively low P-wave
velocities in the southern CR were related to the strong low-
velocity anomaly observed at the 6-km depth slice of the ve-
locity model, which have been emplaced by the accretion of
remnant forearc and intra-arc basins and the Lichi mélange in
the last 2 m.y. (Chai, 1972; Huang et al., 2008). Another low-
velocity anomaly in the mid-CR is apparent (marked by
dotted lines in Fig. 5b). It is thought to represent a previously
accreted forearc basin, which has been observed at the
surface in the CR (Huang et al., 1995; Huang et al., 2008).
Farther to the east, the tomographic image presents a high-
velocity feature offshore of the CR, which represents the
detached Luzon volcanic arc. In general, no clear correlation
exists between the thin-sliced views of the velocity perturba-
tions at 6- and 16-km depths.

At a depth of 26 km (Fig. 5c), the low-velocity pertur-
bation beneath the Central Range is still apparent. The high-
velocity zone, trending north-northeast beneath the CR, is
continuous with the high-velocity anomaly documented at
16-km depth, although the former has a limited eastward dis-
placement. The features present at a 16-km depth appear to
continue down to a 26-km depth with diminishing amplitude.

Cross-sectional views of the P-wave velocity model are
shown in Figure 6a—d. The percent perturbation of P-wave
velocity anomaly to the background velocity (6Vp/Vp) is
also shown for easier comparison in Figure 6e-h. Gray
dots indicate earthquake hypocenters of magnitude >3 that
occurred between 1991 and 2009. At depths shallower
than 8 km, P-wave velocity beneath the Central Range
was higher than the background velocity, which is attributa-
ble to the highly metamorphosed rocks visible at the surface
of the region. In contrast, low-velocity anomalies are dis-
tributed in large areas beneath the Central Range below a
14-km depth.
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Figure 5.  Plane view of the recovered velocity model at selected depths (given in lower right corners). Low-velocity anomalies discussed

in the text are outlined by dotted lines. Major active faults are marked by gray lines. Locations of profiles for cross-sectional views of P-wave

velocity anomaly (in Fig. 6) are shown in (a).

A region of low-velocity is dominant at shallow depths
(<10 km) beneath the LV and CR along profiles B-B’ and
C-C’ (Fig. 6b,c,f,g) and are attributable to thick fluvial sedi-
ments in the LV. At depths of 14 km and deeper, however, a
region of high-velocity anomaly is present beneath the LV
along all profiles (Fig. 6). Previous studies on seismic tomo-
graphy and detailed analysis of Pn wave travel times have
supported the theory that this region of high-velocity materi-
al is the result of a relatively thin crust caused by an elevated
oceanic upper-mantle due to plate collision and subsequent
exhumation (Lin et al., 1998; Kim et al., 2005; Kim et al.,
2006; Liang et al., 2007).

Beneath the eastern offshore area in profile B-B’
(Fig. 6b,f), a region of high-velocity anomaly at shallow
depths (<20 km) was correlated with the detached northern
Luzon arc. This region of high-velocity anomaly appears to
be independent of the high-velocity anomaly at depths below
14 km beneath the LV and CR. The two high-velocity regions/
zones are separated by a thin, east-dipping, low-velocity
zone that extends from the surface to a depth of at least
15 km. This anomalous zone coincides spatially not only
with a lithologic boundary between the two colliding plates
but also with a high seismicity zone extending to depths
greater than 15 km. The seismicity in this zone spans a wide
area that narrows northward to profile C—C’, where it forms a
narrow band of seismicity corresponding to a crustal-scale
fault (Fig. 6¢,g2). The long, narrow zone of low Vp is prob-
ably the boundary with a forearc block.

Additional synthetic tests have been carried out to
confirm the resolving power of the major structures observed
in the velocity tomogram. In our target resolution test, the
synthetic velocity model utilized a 5% lower-velocity anom-

aly than the background (Fig. 7a—d). After inversion, the
low-velocity anomaly was successfully recovered, although
the amplitude of anomaly was slightly small (Fig. 7e-h).

Although the origin of the low-velocity zone remains
unclear, it is very probably related to the complex history
and evolution of the arc—continent collision. In the forearc
region, sediments are mainly derived from the accretionary
prism (Fig. 6a,e); as shortening increases with continued
collision, sediments in the forearc become trapped between
the plates (Eurasian and Philippine Sea), resulting in a zone
of east-dipping back thrusts (Fig. 6b,f). The high-velocity
anomaly imaged at about a 15-km depth in the east offshore
area represents the submarine arc on the Philippine Sea plate.
At this stage, soft materials at shallow depth (<15 km) are
still unable to accumulate sufficient tectonic energy, while
lithified sediments at deeper depths (> 15 km) can. Along
C-C' (Fig. 6¢,g), the Philippine Sea plate is completely ac-
creted onto the Eurasian continent. Along a solid contact in
the subsurface between the two plates, significant amounts of
tectonic force are released by episodic earthquakes along the
crustal-scale boundary.

Conclusions

Comparison of a 3D velocity model with reliable earth-
quake locations in the actively evolving plate collision zone
of southeastern Taiwan highlights variations in subsurface
structure resulting from the evolution of the ongoing colli-
sion process. High-quality earthquake data from numerous
seismic stations have permitted construction of a reliable, de-
tailed 3D P-wave velocity model for this young tectonically
active area. Many features in this study on a 3D P-wave
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Sectional views of the velocity model and earthquake hypocenters. (a)—(d) Sectional views of the P-wave velocity model.

(e)—(h) Sectional views showing percent perturbation of the P-wave velocity model. Earthquake hypocenters are presented as gray dots.

For locations of the four profiles, see Figure Sa.

velocity model confirm previously known structural features
in the study area (Kim et al., 2005, 2006; Wu et al., 2007;
Cheng, 2009). However, a few previously unknown features
have also been identified. The latter include an east-dipping
low-velocity zone that separates higher-velocity anomalies to
its east and west. This low-velocity zone narrows northward
into an area of more advanced collision. The precise reloca-
tion of earthquake hypocenters using the new 3D velocity
model also supports this observation. Collisions in eastern
Taiwan are generally accepted to be more advanced in the
north than the south, and therefore, the spatial variation in
the width of the weak zone may be regarded as a temporal
progression from an earlier to more advanced state of colli-
sion. Soft materials trapped along the crustal-scale weak
zone compact as the Philippine Sea plate converges with the
Eurasian plate. In the initial stage of collision, the soft, un-
compacted sediment is not capable of accumulating tectonic
forces. As compaction continues and the thickness of the

zone of weakness diminishes, a significant amount of strain
energy can be accommodated along the narrow crustal-scale
weak zone, which is released by episodic seismic events.
Northward-increasing seismicity along the proposed weak
zone and northward narrowing of the zone of weakness in-
dicate that the crustal-scale fault represents not only the inter-
face between contrasting lithologic entities but also the
progressive evolution of the tectonic state from early colli-
sion to advanced collision.

Data and Resources

Data in this study were collected by the Institute of
Earth Sciences, Academia Sinica, Taiwan, University of
Memphis, and Taiwan Central Weather Bureau. Data may
be obtained from the corresponding parties upon request.
Figure 1 was prepared using the Generic Mapping Tools
(Wessel et al., 1991).
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