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hore area lie in the region where the Luzon volcanic arc initially collides with the
rifted China continental margin. Because of the incipient arc-continent collision, the structures vary
markedly along-strike the collision zone so as the patterns of seismicity. We use new seismic reflection
profiles and integrate existing data to reveal major tectonic features and potential seismogenic faults of the
study area. The accretionary wedge in the incipient arc-continent zone can be divided into the lower slope,
upper slope, and backthrust domains, respectively. These structural domains reflect different aspects of
wedge deformation, and exhibit significant structural variations along-strike. Reflection seismic data show
that the prominent seismogenic structures in the Taiwan incipient collisional wedge include: (1) frontal
decollement beneath the lower-slope domain, (2) out-of-sequence thrusts bordering the lower-slope and
upper-slope domains, (3) megathrust that cuts into the oceanic (?) basement beneath the upper-slope
domain, and (4) the Chaochou-Hengchun faults in the onshore upper-slope domain. Thermal regime for
those structures indicates that the megathrust and part of frontal decollement are seismogenic. The
geometry of the frontal decollement, out-of-sequence thrusts and megathrust is analogous to those observed
along the Nankai prism of Japan, so that they are possibly capable of generating great earthquakes as shown
in the Nankai Trough.
Beneath the lower and upper-slope domains off SW Taiwan, the seismicity is characterized by mantle
earthquakes with the accretionary wedge being largely aseismic. We interpret the lack of prominent
seismicity within the accreted wedge to result from excess fluid pressure that has significantly weakened the
wedge materials and fault zones and therefore results in less seismicity. The predominant mantle
earthquakes beneath the accretionary wedge, however, may result from water-enriched mantle materials
infiltrated during previous Mesozoic subduction event and later rift events. The volatile contents may have
significantly reduced the rigidity of the mantle, leading to the mantle being more susceptible for brittle
deformation and hence anomalously high seismicity.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Subduction zones are sites for great earthquakes (MN8.0, e.g., Bilek
and Lay, 1999) as illustrated by the December 2004 Sumatra earth-
quake (Lay et al., 2005). Southern Taiwan and its adjacent offshore is
the northern continuation of the Manila subduction system, where
the subduction system transforms into an incipient arc-continent
collision zone with high seismicity as depicted in Figs. 1 and 2. The
historical records of seismicity in the incipient arc-continent zone
together with the 2006 offshore Pingtung earthquake doublets (Fig. 1)
hungli, Taoyuan, Taiwan.

l rights reserved.

tonic features of the incipien
008.11.004
prove that the actively deforming accretionary wedge is capable of
generating large and probably great earthquakes.

The causative faults of the crustal earthquakes may be imaged by
geophysical methods, and in some places, they may correspond to
tectonic features seen on seafloors. For example, the great earthquakes
of 1944 Tonankai (M=8.1, Ichinose et al., 2003) and 1946 Nanakai
(M=8.3, Baba et al., 2002) that occurred along the Nankai accretionary
prism of Japan, are believed to originate from the reactivation of out-
of-sequence thrusts (Moore et al., 2001; Park et al., 2002; Moore et al.,
2007), and the plate-boundary decollement (Park et al., 2002; Moore
et al., 2007) lying beneath the rear wedge. Large thrust earthquakes
along subduction zones thus pose a great seismic and perhaps
tsunami threat (e.g., Park et al., 2002; Moore et al., 2007).

Previous works have given structural and seismological informa-
tion on various tectonic domains in the study area. For examples, Reed
t arc-continent collision zone of Taiwan: Implications for seismicity,
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et al. (1992) outlined the first overview of major tectonic features in
the offshore incipient arc-continent collision zone. Works of Sun and
Liu (1993), Liu et al. (1997), Liu et al. (2004), Huang et al. (2004), Lin
et al. (in press) addressed the detail structures off SW Taiwan in the
accretionary wedge. Teng et al. (2005) summarized the seismogenic
implications for major structures onshore SW Taiwan. Huang et al.
(1992), Lundberg et al. (1997), Chi et al. (2003) discussed the
structures in the partially deformed forearc basin. Nakamura et al.
(1998), McIntosh et al. (2005), and Chi et al. (2003) documented the
Fig.1. Shaded relief map (digital elevation data from Liu et al., 1998) showing the topographic
of Taiwan. Inset shows the regional topography and tectonic features. Depth sections of pro
shown in Figs. 5 and 7, respectively. Earthquake hypocenters (shown only MLN3) are from c
Incorporated Research Institutions for Seismology (IRIS, south of 21°N). Note the logarithmic
shown as two black stars. White dashed lines show the courses of the Kaoping Canyon and
labeled CFC on the shelf denotes the well location with measurements of geothermal gradi
(1997). BD: Backthrust domain, CF: Chihshan Fault, CF: Chaochou Fault, HE: Hengchun Em
Trench, NLT: North Luzon Trough, NLA: North Luzon Arc, COT1: continent-ocean transition su
(2004), OOST: Out-of-sequence thrust, LRTPB: Luzon–Ryukyu Transform Plate Boundary, SF
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crustal structures in this tectonic environment. Shyu et al. (2005)
related the scale of the structures to the magnitude of potential
earthquakes that might be brought about by rupturing seismogenic
structures both off the SW and SE coast of Taiwan. Kao et al. (2000)
studied the earthquake focal mechanisms in the study area.

Despite all these previous efforts on the structures of the Taiwan
incipient arc-continent collision zone, there are still prominent
questions that remain to be answered. The most common are:
(1) how the structural styles change along-strike as the accretionary
and tectonic features along with the seismicity in the initial arc-continent collision zone
file AA', BB', and CC' are shown in Fig. 2. Seismic profiles, Line 973, and EW9509-35 are
atalogues of Taiwan Central Weather Bureau Seismic Network (north of 21°N) and the
scale for earthquake hypocenters. The 2006 offshore Pingtung earthquake doublets are
its tributaries; the volcanic islands in the Luzon arc are shaded in black. The red circle
ents. The white arrow shows the direction and rate of plate convergence after Yu et al.
bayment, HF: Hengchun Fault, HR: Hengchun Ridge, KC: Kaoping Canyon, MT: Manila
ggested by Briais et al. (1993), COT2: continent-ocean transition suggested by Hsu et al.
: Shoushan Fault.

t arc-continent collision zone of Taiwan: Implications for seismicity,
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wedge transforms from a subduction accretionary wedge in the south
into a collisional orogen in the north? (2) what is the nature of major
seismogenic structures in the incipient arc-continent collision zone?

This paper attempts to address the questions raised above. The
occurrence of the 2006 offshore Pingtung earthquakes also demon-
strates that a holistic and updated understanding of major tectonic
features in the incipient arc-continent collision zone is warranted.
Fig. 2. Depth profiles across the Taiwan incipient arc-continent collision zone (see Fig.1 for pr
earthquake hypocenters within a 40-km “window” either side of profiles AA' and CC'. The 200
horizontal scale. The accretionary wedge is shaded in green; the incoming basin sediments ar
shaded in gray; the forearc and arc crust is colored in red. Profile AA', BB', and CC' are redr
FC: Forearc Crust, HC: Hengchun Core, NLA: North Luzon Arc, OOST: Out-of-sequence thrus
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With the help of a recently acquiredmultichannel seismic profile, Line
973, we recognize that important tectonic features of frontal
decollement, out-of-sequence thrusts, and plate-boundary mega-
thrust exist in the study area and those structures are similar to the
ones observed in the Nankai accretionary prism of Japan (e.g., Moore
et al., 2007). Implications for seismicity are also addressed based on
the structural styles in this tectonic environment.
ofile locations). Profiles are aligned at the deformation front. Also shown is the projected
6 Pingtung earthquake is shown as a green star in AA' profile. All profiles are in the same
e shaded in orange color; the underthrusting continental or oceanic crustal basement is
awn from McIntosh et al. (2005), Reed et al. (1992), and Chi et al. (2003), respectively.
t.

t arc-continent collision zone of Taiwan: Implications for seismicity,
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Fig. 3. Seismic sections with interpretations to the east (EW9509-29) and to thewest (EW9509-33) of the Hengchun Peninsula and across the Taiwan incipient arc-continent collision
zone, showing major structure and tectonic domains. Seismic images are adapted from McIntosh et al. (2005). Location for this profile is the AA” section shown in Fig. 1.
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We start by describing major geological features in the incipient
arc-continent collision zone with an emphasis on major structural
features found on seismic profile Line 973. We then contrast the
structural styles along-strike for the accretionary wedge. We show
that appreciable amounts of volcanics have been subducted, at least,
beneath and along part of the frontal accretionary wedge. Finally, we
discuss the implications for the seismogenic potentials as inferred
from the tectonic features summarized above.

2. Geological framework and seismicity pattern

The areas of offshore and onshore southern Taiwan are in an initial
stage of arc-continent collision (Huang et al., 1997, Fig. 1), which
consists of the overriding collisional/accretionary complex and the
underthrusting Eurasian lithosphere separated by the Manila trench
and deformation front. West of the deformation front/Manila trench
lies the northeastern corner of the South China Sea. There is still a
debate as to where the continent–ocean transition occurs in the
northeast corner of the South China Sea. Briais et al. (1993), for
instance, put the continent–ocean transition south of around 20.5°N
(i.e. COT1 shown in Fig. 1). Recent studies (e.g., Hsu et al., 2004)
showed that the oceanic crust may extend further northward to
21.5°N and to the west of the NW-trending Luzon–Ryukyu Transform
Plate Boundary (LRTPB). Their newly identified continent–ocean
transition is shown as a dashed line and labeled COT2 in the inset
figure of Fig. 1. Some authors (i.e., Hsu and Sibuet, 1995; Sibuet and
Hsu, 1997, 2004) suggested that the lineament, LRTPB, is a left-lateral
transform fault connecting the former Manila trench in the south and
the former Ryukyu trench in the north. The LRTPB may cease to be
active since ~20 Ma (Hsu et al., 2004). In this sense, the crust lying to
the east of the LRTPB and to the west of the deformation front is a
piece of oceanic crust (Sibuet et al., 2002). Despite the controversy on
the nature of the crust in the northeastern corner of the South China
Sea, we assume that it is thinned Eurasian continental lithosphere that
is subducting beneath the Luzon volcanic arc of the Philippine Sea
plate in the incipient collision zone.

In the accretionary wedge and south of 21.5°N, plate convergence
is mostly accommodated by the intra-oceanic subduction of the
oceanic lithosphere of the South China Sea beneath the Luzon arc with
a 55° and east-dippingWadati-Benioff zone (Kao et al., 2000). North of
Fig. 4. Shaded relief map and geological structures off the SW coast of Taiwan. Geological st
accretionary wedge. White dashed lines shows the locations for the Kaoping Canyon and
doublets. Seismic profiles, Line 973 and EW9509-35, can be found in Figs. 5 and 7, respectiv
suggested by Liu et al. (2004). Explanations for acronyms can be found in Fig. 1.
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21.5°N from offshore SW Taiwan to southern Taiwan, by contrast, the
Eurasian plate is buoyant continental lithosphere that resists subduc-
tion, and a significant fraction of plate convergence is accommodated
by intense compressional deformation of the crust rather than by
subduction of one plate beneath the other. Therefore, the accretionary
wedge widens from ~80 km in the south (~20.5°N) to ~180 km near
the southern tip of Taiwan (Fig. 1). In southern Taiwan, it marks the
onset of full-scale arc-continent collision (Huang et al., 1997).
Northwardly, the advanced arc-continent collision is manifested by
the accretion of the Luzon arc onto the Eurasian margin, which forms
the Coastal Range in eastern Taiwan.

Fig. 2 shows two depth sections (AA' and CC') and one time section
(BB') across the accretionary wedge and volcanic arc with projected
earthquake hypocenters, revealing major tectonic features and
seismicity in the study area. The seismic images of the upper crustal
structures across AA' section is shown in Fig. 3. We will use this
section, Fig. 3, to illustrate and describe the main tectonic features in
the incipient arc-continent collision zone. In this zone, it consists of
four geological provinces (Fig. 3). From the west to the east, they are:
(1) the rifted continental margin (i.e., the South China Sea continental
slope) lying to the west of the deformation front; (2) the incipient
collisional orogen, a two-sided orogen, bounded by significant zones
of thrusting on the west and on the east; (3) the Luzon volcanic arc,
consisting of Pliocene to Pleistocene (Yang et al., 1995) volcanic arc
massif; and (4) the oceanic basin (Huatung basin) lying on top of
oceanic crust of the Philippine Sea plate.

The incipient collisional orogen is further divided into tectonic
domains of lower slope, upper slope, and backthrust, respectively
(Reed et al., 1992). Both the lower and upper-slope domains consist of
offscraped China continental margin strata and orogenic detritus
derived from Taiwan (Reed et al., 1992; Liu et al., 1997). Reed et al.
(1992) suggested that the boundary between the domains of lower
slope and upper slope marks the onset of significant upper wedge
uplift due to out-of-sequence thrusting within the wedge and/or
sediment underplating along the base of the wedge (see BB' section of
Fig. 2). The backthrust domain lies in the eastern margin of the
accretionary wedge and consists mostly of east-directed thrust faults
(Reed et al., 1992; Lundberg et al., 1997; Chi et al., 2003). The back-
thrust domain in the south is a narrow zone characterized by tectonic
wedging and upturned and east-dipping forearc basin strata (Reed
ructures and rock formations are shown for the lower and upper-slope domains of the
its tributaries. Green stars show the hypercenters for the 2006 Pingtung earthquake
ely. The two arrows facing each other indicate the location of Yung-An lineament (YAL)
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et al.,1992; Chi et al., 2003;Dinget al., 2006). Farther north near Taiwan,
the backthrust domain is a fragmented forearc basin comprising the
Southern Longitudinal Trough (Huang et al., 1992; Lundberg et al.,
1997) and the Huatung Ridge because of the juxtaposition of the rear
of the wedge and the volcanic arc in the incipient collision zone. The
North Luzon Trough, a forearc basin, remains undeformed in the
subduction segment in the south and it shows a westward thickening
sequence that reaches a maximum thickness of N3.5 s (two-way travel
time) near the accretionary wedge (Reed et al., 1992).

The transition from oceanic subduction in the south (south of
~21.5°N) to arc-continent collision in the north is reflected in
the seismicity pattern, especially beneath the arc and forearc areas.
Figs. 1 and 2 show the earthquake hypocenters extracted from two
earthquake catalogues of (1) the Central Weather Bureau Seismic
Network (north of 21°N, MLN3 and during the period of January 1991
to April 2007), and (2) the Incorporated Research Institutions for
Seismology (IRIS, south of 21°N, MN3 and during the period of
February 1993 to August 2007). In the subduction domain (i.e. south of
21°N), the earthquake hypocenters are largely sub-crustal and
probably related to the Wadati-Benioff zone beneath the Luzon arc
and forearc areas as suggested by Kao et al. (2000). Earthquake focal
mechanisms are typical of subduction systems (Kao et al., 2000) with
normal-faulting earthquakes near the trench axis, low-angle thrust
events likely originated from seismogenic portion of the plate
interface, and a dipping Wadati-Benioff zone further downdip. There
is a significant scatter on hypocentral depths (from the IRIS database)
beneath the accretionary wedge in the subduction segment, however,
probably due to inaccurate focal depth determinations.

In the incipient arc-continent collision zone in between ~21.5°N
~23°N, earthquakes that reside in the arc and forearc crust occurred
more frequently (see Figs. 1 and 2), reflecting that plate convergence
there, is partly accommodated by the deformation of forearc and arc
crust. Indeed, two large and shallow historical earthquakes (Fig. 1) of
magnitude Mw 7.0 (1978) and ML 7.1 (1959) off the east coast of the
Hengchun Peninsula show that the forearc area poses a great threat
for seismic and, perhaps, tsunami hazards. Kao and Jian (2001)
showed that crustal seismicity (b25 km depth) in the forearc areas are
thrust or oblique-thrust faulting, consistent with the crustal thrusts
observed from seismic imaging in the closing forearc basin (Lundberg
et al., 1997).

There is a suggestion in Figs. 1 and 2 that, beneath the offshore
accretionary wedge off SW Taiwan, earthquakes are largely subcrustal
with the accretionary wedge being largely aseismic. Only in the
southern tip of Taiwan and to the east of the Chaochou and Hengchun
faults, the orogenic wedge exhibits seismicity, probably related to the
rigid crustal material, marked as Hengchun core (HC) by McIntosh
et al. (2005) and shown in AA' section of Fig. 2. The centroids of
the 2006 Pingtung earthquake doublets occurred in a depth around
~44~50 km (AA' section of Fig. 2), which is apparently residing in the
mantle according to the crustal structure suggested by McIntosh et al.
(2005). The 2006 Pingtung earthquakes occurred in the region of pre-
existing high level of seismic activity.

3. Structures in the accretionary wedge

The accretionary wedge in the incipient arc-continent collision
zone of Taiwan consists of three structural belts, exhibiting distinct
structural styles: the lower-slope domain, the upper-slope domain,
and the backthrust domain (Reed et al., 1992). Here, we present a brief
description of the structures of the lower and upper-slope domains,
respectively.

3.1. Lower-slope domain

The lower-slopedomain is a few tensof kilometers inwidthbounded
in thewest by the deformation front and in the east by out-of-sequence
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
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thrusts. This structural belt is characterized by a series of folds and
imbricate thrust faults. A recently acquiredmultichannel seismic profile
across the accretionary wedge (Line 973, Fig. 5), which locates near and
along 21°N (Fig. 4), illustrates a clear decollement surface beneath the
lower-slope domain, separating the accreted sediments above and
underthrust oceanic sediments below. This seismic profilewas collected
onboard R/V Tanbao of the Guangzhou Marine Geological Survey by a
research consortium supported by Chinese Basic Research Priorities
Program (People's Republic of China) in 2001, using a 240-channel of
12.5-m channel spacing and 3000-m long streamer. The seismic source
was two arrays of air gunswith a total volume of 3000 in3 andwas fired
at 50-m interval. Its source–receiver configuration yielded a ~30-fold
common depth point coverage.

This seismic profile can also be found in Ding et al. (2006), Deng
et al. (2006), and Li et al. (2007). Published interpretations for this
profile failed to recognize some structural features in the accretionary
wedge, such as the underthrust sediment package, the frontal
decollement, the out-of-sequence thrusts, and megathrust (see
below), for example. We therefore re-interpret this seismic section
with an emphasis on the aforementioned major tectonic features.

This migrated seismic image (Fig. 5) shows ~1.3 s two-way travel
time (TWT) thick sediments entering the subduction zone. Approx-
imate 0.3 s (TWT) sediments subduct beneath the accretionarywedge,
and the rest of sediments have been accreted by folding and thrusting
above a subhorizontal decollement (hereafter named frontal decolle-
ment). The frontal decollement is a relatively continuous, subhor-
izontal and arcward-dipping strong reflection, lying ~2–2.5 s (TWT)
beneath the seafloor. The apparent upward convexity of the frontal
decollement beneath ~7400–7600 shot pointsmay be due to the effect
of velocity pull-up caused by a higher velocity of accreted sediments
lying above the decollement. There is also a general correlation of
bathymetry and this arcuate decollement interval, suggesting that it is
related to velocity heterogeneity of its overlying materials. Above this
strong reflection, reflectors reveal the accreted sediments showing
varying degrees of folding, faulting and reduced seismic coherence
with a few reverse faults branching upward from the decollement. The
high amplitude of this strong reflection, a characteristic seismic feature
of a frontal decollement in accretionary wedges (e.g., Bangs et al.,
2004), may be due to the pronounced physical contrast, probably due
tohigh pore pressure, of this surface and its host sediments. This strong
reflection is analogous to the decollement surface imaged/cored at the
Nankai Trough (Moore et al., 1990, 2001), Barbados (Bangs et al., 1990;
Shipley et al., 1994), and Costa Rica (Tobin et al., 2001) accretionary
wedges.

Beneath the frontal decollement, it is a ~0.3 s (TWT) thick
underthrust sediment section, overlying volcaniclastics and oceanic
(?) basement (see below). The underthrust sediments show relatively
seismically coherent and lower amplitude with little stratigraphic
disruption. Similar seismic facies is found at the lowest stratigraphic
section of the incoming basin sediments in front of the deformation
front (i.e., ~5.5–5.8 s [TWT] beneath shot points 6500–6600 in Fig. 5).
The seismic characteristics indicate that the subducted sediments are
probably of homogeneous, fine-grained and hemipelagic basin facies,
similar to those observed and cored at the Nankai Trough (Moore
et al., 2001). This packet of seismic reflectors is bounded at its base by
a series of discontinuous and strong reflectors. Judging from the
existence of the buried volcanic seamounts near the oceanic (?)
basement and beneath the vicinity of deformation front, we interpret
the series of high amplitude reflectors as volcaniclastic aprons that
fringe the buried seamounts (volcanoclastics of similar seismic facies
on top of oceanic basement were drilled at the Nankai Trough, Moore
et al., 2001).

The frontal decollement in the accretionary wedge is a mechanical
boundary that may separate domains which have different structural
styles. For example, Lallemant et al. (1993) and Morgan and Karig
(1995) documented, in other accretionary wedges, a compressive
t arc-continent collision zone of Taiwan: Implications for seismicity,
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Fig. 5. Seismic profile (upper section) and its interpretation (lower panel) of Line 973 (see Fig. 4 for location). Note a series of imbricate thrust faults splays off the sub-horizontal frontal decollement beneath the lower-slope domain, the subduct
sediment packet, the buried volcanic seamounts in the vicinity of the deformation front, and the change of seismic reflectivity across the lower and upper-slope domains. The steeper slope lying in between the lower and upper-slope domains
is defined as a transition zone and is interpreted to riddle with an array of out-of-sequence thrusts that sole into the plate-boundary megathrust beneath the lower slope. CDP: common depth points.
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stress state above the decollement in the accreted sediments and an
extensional stress state below the decollement surface in a subducted
sediment section. The contrast of stress state across the frontal
decollement may therefore result in different structural styles with
compressional features developed above the decollement and exten-
sional structures beneath it. Fig. 5 shows such a casewhere the normal
faults beneath the frontal decollement may develop in response to the
inferred tensile stress state beneath the decollement. An alternative
explanation for the normal faults beneath the decollement is that the
normal faulting may develop prior to the basin sediments entering
into the accretionary wedge. Indeed, Ku and Hsu (in press)
documented normal faults cluster especially in front of the deforma-
tion front and along the Manila trench due, probably, to plate bending
of the subducting slab. Near this seismic profile (along 21°N) and
beneath the frontal decollement of the lower-slope domain, Kao et al.
(2000) resolved 5 moderate-sized earthquakes of normal-faulting
events, consistent with observations from seismic imaging mentioned
above.

The width of the lower-slope domain increases northwardly from
~50 km in the south to up to 70 km in the north (Fig. 4). The de-
formation front swings toward thewest when the accretionary wedge
impinges obliquely onto the rifted continental margin-slope in the
north. The widening of the lower slope domain is accompanied by
wider thrust/fold spacing in the north (Fig. 4). Lin et al. (2008)
interpreted that the westward swing of the deformation front results
from the northward thickening of the underthrust sediments. They
further divided the lower-slope domain off SW Taiwan into frontal and
rear segments, respectively (Fig. 4), with frontal segment dominated
by folds cored by blind thrusts, and rear segment by thrusts breaching
the seafloor. Where the accretionary wedge impinges upon the con-
tinental slope, the folds terminate successively against the continental
slope, leading to the deformation front swinging back to the east and
narrowing of thewidth of the lower-slope domain. This deformed unit
connects to the outer fold-and-thrust belt of the onshore Western
Foothills of Taiwan. Liu et al. (2004) suggested a dextral strike-slip fault
termed Yung-An Lineament (YAL in Fig. 4) to accommodate the
southwestward expulsion of the structural belt of SW Taiwan.

3.2. Hengchun embayment (a wide proto-thrust zone)

In the lower slope domain of the accretionary wedge, there is a
scallop-shaped embayment (Figs. 4, 6, 7), showing little or no fold/
thrust structures coupled by smooth seafloor topography with gentle
seaward-dipping slope. We herein coin this embayment as Hengchun
embayment because it is near the Hengchun peninsula. This embay-
ment is bordered to the north and south by fold-and-thrust belts
within the accretionarywedge. In the northern fringe of the Hengchun
embayment, there is a consistent southward plunge of structural belts
(Fig. 4), leading to the decrease of fold amplitudes and thus ridge
heights successively across the northern boundary of this embayment.
Similarly, along the southern fringe of the embayment, the folds/
thrusts, south of the embayment, plunge northwardupon approaching
the embayment. It is noted that the strike of fold does not curve to
accommodate the curvature of the embayment both in the northern
and southern fringe of the embayment.

Fig. 7 is a seismic section adapted from Lin et al. (2008) traversing
the northern part of the embayment. The seismic section shows that
the embayment is a zone of subdued relief with little compressional
deformation and diffuse structural thickening. For example, near the
deformation front, structures of R1.1, R2.4, and R3.3 as reported in Lin
et al. (in press) exhibit a gentle uplift with incipient development of
fold structures (Fig. 7). The first major compressional structure is R5.2
belt, which is ~40 km landward from the deformation front. The
tectonic feature is similar to the proto-thrust zone seen in other
accretionary prism (e.g., the Nankai Trough, Moore et al., 1990). The
width of the proto-thrust zone (a few tens-of-kmwide) as outlined by
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
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the Hengchun embayment (Fig. 6) is far wider than that in other
accretionary prism (generally b10 km wide, such as in the Nankai
[Moore et al., 1990] and Cascadian [Cochrane et al., 1994] prisms).
Indeed, Ku andHsu (in press) has delineated and recognized the proto-
thrust zone to the south of the Hengchun embayment, and its width is
also generally less than 10 kmwide. The unusual greater width of the
Hengchun embayment is therefore an anomalous feature and deserves
to pay more attention to this geological feature.

Fig. 7 demonstrates that at around 7 s in depth and beneath 3500–
5500 CDPs, it exhibits irregular, rough, rubbly appearance, and high
amplitude reflections, indicative of basement reflections. A seismic tie
between the intersecting seismic sections of EW9509-35 and
EW9509-45 (see their locations in Fig. 6) clarifies that the top rubbly
reflections seen beneath the Hengchun embayment are top-of-
volcanics. Overlying the basement is a sediment pile, ~2–3 s (TWT)
thick, which thickens in an arcward direction. At the base of this
sediment pile, sediments progressively onlap onto the landward-
dipping, rubbly basement surface with ~0.8 s (TWT) vertical relief.

Along the seismic profile, EW9509-45 (Sibuet et al., 2002), which
runs approximately parallel to the deformation front, shows that
sediments thin toward and onlap onto a peaked volcanic body
centered at 119°47′E, 21°15′N (marked as filled blue triangle in Fig. 6).
This volcanic body is up to ~2 s (TWT) thick beneath the distal slope
(see Fig. 6 for the spatial distribution of this volcanic body along this
seismic profile). Seismic images reveal that an appreciable amount of
volcanics have been subducted, at least, beneath the lower-slope
domain, and volcanic seamounts, buried beneath the incoming basin
sediments, are about to be subducted or accreted in the accretionary
wedge. We carried out an inversion of magnetic anomalies to derive
the equivalent crustal magnetization in order to map out possible
distribution of the buried volcanics. The magnetic anomalies are from
Hsu et al. (1998), and the magnetic inversion assumes that the
magnetic anomalies originate from an equivalent layer of constant
thickness of 6 km. Fig. 6 shows our results of crustal magnetization
with red shading indicating higher magnetization, corresponding to
the possible existence of buried volcanic materials. The area of high
magnetization covers a large part of the South China Sea basin, south
of the Formosa Canyon. Similar results were found by Yeh and Hsu
(2004), and Ku and Hsu (in press) from seismic imaging. Part of the
lower-slope domain also underlies by high magnetization crustal
material. Available seismic images (e.g., EW9509-35, EW9509-45, and
Line 973 reported here and other ACT lines shown in Sibuet et al.,
2002) show volcanic materials or seamount features corresponding
to the high magnetization zone. Besides, the seamount feature at
119°13′E, 21°08′N (Fig. 6) lies in the high magnetization area, con-
sistent with our results from magnetic inversions. All these features
indicate that the highmagnetization area possibly corresponds to area
with thick volcanic materials.

Similar topographic feature like the Hengchun embayment can be
found elsewhere, for example, the Tosabae embayment (Yamazaki and
Okamura, 1989) of the Nankai Trough. We note that the Tosabae
embayment lies in front of the deformation front instead of lyingwithin
the accretionary wedge and arcward of the deformation front. Gulick
et al. (2004) invoked the accretion of seamount to explain the origin of
the Tosabae embayment. By analogy with the Tosabae embayment
noted above, one may therefore speculate that the Hengchun embay-
ment is resulted from the subduction of buried volcanic seamounts as
evidenced from the existence of volcanic materials beneath the
Hengchun embayment (Fig. 7) and inferred from the results ofmagnetic
inversion (Fig. 6) as shown above. However, there is, perhaps, a problem
for this speculation. South of the Hengchun embayment and near the
course of the Kaoping Canyon, a series of fold-and-thrust develops there
(Fig. 4), but the lower-slope domain is also underlain by subducted
volcanic materials as imaged by seismic profiling and inferred from
magnetic inversion (Fig. 6). Similar subduction of volcanic materials
results in contrasting responses, however: one of them demonstrates
t arc-continent collision zone of Taiwan: Implications for seismicity,
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Fig. 6. Crustal magnetization overlaying on top of topographic relief off the SW coast of Taiwan. The seismicity is also shownwith the same depth scale as depicted in Fig. 1. The thick
blue line along seismic profile EW9509-45 shows the distribution of buried volcanic materials seen along the seismic profile with filled blue triangle showing the peak of this volcanic
body (N2 s thick in TWT). The 2006 Pingtung earthquake sequences (1 and 2) are shown as white stars. White dashed lines represent submarine canyon courses. Seismic profiles, Line
973 and EW9509-35 can be found in Figs. 5 and 7, respectively. Numbers mark the bathymetry for every 1000 m. FaC: Fangliao Canyon.
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smooth topography as shown in the Hengchun embayment, and the
other onewith rugged topography caused by folding and thrusting near
the drainage of the Kaoping Canyon. Apparently, while the model of
seamount accretion is feasible in the case of Tosabae embayment of the
Nankai Trough, it may fail to explain the Hengchun embayment in the
study area. Therefore a different explanation for the origin of the
Hengchun embayment is needed.

Wang et al. (1994) suggested that the magnitude of pore pressure
within the incipient decollement may control the width of the proto-
thrust zone. The magnitude of pore pressure is determined by the
amount of water expelled from the sediments in the accretionary
wedge. The area of Hengchun embayment coincides with the de-
positional site of a paleo-submarine fan of the Kaoping Canyon (Liu
et al., 1993; Chiang and Yu, 2006) and thick subducted sediments.
Thick sequence of subducted and accreted sediments results as more
fluid to be expelled from the compacted sediments. The expelled
fluids may flow from places of higher pressure to that of lower
pressure and they tend to channelize through major fault zones, such
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
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as the frontal decollement (Tobin et al., 2001). Therefore it creates an
elevated pore pressure in the fault zones, leading to a decrease of the
shear strength of the faults and wall rocks by deceasing effective
normal stress (Moore and Vrolijk, 1992). Higher pore pressures on the
incipient decollement would lead to a broader proto-thrust zone and
less deformation as suggested by Cello and Nurr (1988) and Wang
et al. (1994). In this sense, we interpret that the Hengchun embayment
to result from a mild deformation due to high pore pressure in this
area. The existence of the local Hengchun embayment and inferred
local high pore pressure indicate that pore pressures on incipient
decollement vary along-strike owing to the variations in the amount
of subducted and accreted sediments.

3.3. Upper-slope domain

The upper-slope domain is characterized by reduced seismic re-
flections (Figs. 3, 5, 7), probably due to more steeply-dipping beds
because of intense tectonic deformation. Unlike the seafloor topography
t arc-continent collision zone of Taiwan: Implications for seismicity,
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Fig. 7. Seismic image (upper) and its interpretation (lower) of profile EW9509-35 across the Hengchun embayment (adapted from Lin et al., 2008). Note the anomalously wide proto-thrust zone (i.e., the Hengchun embayment) and volcanic
body buried beneath the vicinity of the deformation front and the Hengchun embayment. BSR: Bottom simulating reflectors.
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of the lower-slope domain, which is characterized by a series of
bathymetric ridges related to active thrusting and folding, the seafloor
of the upper-slope domain shows more smoothed topography, in-
dicating that most of faults in this domain have been inactive. However,
active deformation in the upper-slope domain is more localized, such as
along the boundary between the lower and upper-slope domains as
well as along a few diapiric ridges near the SW coast of Taiwan (dis-
cussed below).

The tectonic domains of lower slope and upper slope are separated
by a prominent morphologic break, probably related to the onset of
out-of-sequence thrusting in the upper-slope domain first proposed
by Reed et al. (1992). As reported in the Nankai accretionary prism of
Japan (e.g., Moore et al., 2001, 2007; Bangs et al., 2006), similar mor-
phologic break, that separates the frontal and rear wedge, is riddled
with multiple out-of-sequence thrusts (OOSTs) or termed splay faults,
and megasplay faults by various authors (e.g., Park et al., 2002; Moore
et al., 2007), capable of generating great earthquakes (Park et al.,
2002). Accordingly, possible faulting beneath the morphologic break
in the transition zone (Fig. 5) requires further investigations especially
for seismic threats.

The newly acquired seismic profile, Line 973, reported in this
paper, provides us with a better subsurface image and hence warrants
us to elaboratemore on the significance of the OOSTs in the study area.
From the bathymetric map and the seismic image of Line 973 (Fig. 5),
one finds the following observations: (1) the wedge taper increases
dramatically in the transition zone (i.e., the morphologic break),
(2) the reflectors of the frontal decollement, underthrust sediments,
and top of oceanic (?) basement beneath the lower slope domain,
disappear beneath the transition zone and beyond, (3) there is a
significant change of seismic reflectivity across the OOSTs. In the
footwall of the fault (i.e., the lower-slope domain), wedge material
exhibits well defined seismic reflectors; whereas in the hanging wall
of the fault (i.e., the upper-slope domain), it is generally characterized
by chaotic reflections without major stratal seismic reflections.

The increase of wedge taper in the transition zone indicates that
active structures may underlie the transition zone. The active nature
of faults beneath the transition zone is also evidenced by the tilted and
arcward-dipping strata of recent sediments in the upper slope (not
shown in Fig. 5 but can be found in Fig. 3 of Ding et al., 2006). The
change of seismic reflectivity across the transition zone implies a
major mechanical discontinuity of the wedge material beneath the
transition zone. Although no faults are visible due to poor seismic
imaging, it is highly likely that there is an array of active out-of-
sequence thrusts lying beneath the morphologic break similar to the
frontal “large thrust slice zone” of the Nankai Trough described by
Moore et al. (2001, 2007).

Bangs et al. (2004) have shown that, in the Nankai Trough, the
decrease of seismic amplitude of the frontal decollement coincides
with (1) an increase of wedge taper, (2) the stepping down of the
decollement to a deeper stratigraphic level, (3) thrust becoming
seismogenic. Because the decollement reflection disappears beneath
the transition zone as shown in Line 973 (Fig. 5), and the structural
similarity observed in the study area and in the Nankai Trough (e.g.,
Moore et al., 2001, 2007; Park et al., 2002; Bangs et al., 2004), we
interpret that the decollement steps down to the top of oceanic (?)
basement beneath the transition zone. There are, of course, other
alternatives for the geometry of the decollement beneath the upper
slope due to poor seismic imaging there. For example, the decollement
may produce duplex in the sedimentary cover as suggested by Reed
et al. (1992) and shown schematically in profile BB' of Fig. 2.

We propose, from above arguments, that a large (or an array of)
out-of-sequence thrust(s) branches upward from the master decolle-
ment about 40 km arcward from the trench and beneath the transition
zone lying in between the lower and upper-slope domains. The frontal
decollement steps down to top of oceanic (?) basement there and
beyond, where we coin the master decollement as the megathrust
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
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(Fig. 5) by analogy to similar structures of the Nankai accretionary
prism (Park et al., 2002).

The existence of the zone riddledwith anarray ofOOSTs between the
lower and upper-slope domain is marked by a break in surface slope as
mentioned above. The distinct slope break extends from~20.6°N to near
theTaiwan islandat ~22°N, arriving at the courseof theKaopingCanyon,
for, at least, 150 km in length (the northern segment). The topographic
contrast becomes subdued when this zone approaches the SW coast of
Taiwan because of, perhaps, rapid sedimentation that levels out the
topography. South of ~20.5°N, there is another slope break within the
accretionary wedge, extending for some ~100 km and arriving at
~19.5°N (the southern segment). In between these two segments, it is
marked by a topographic saddle lying at about ~20.6–20.3°N and
separating the north and south segments.

The width of the upper-slope domain widens northwardly from
~30 km in the subduction segment to ~90 km in the north, which
incorporates the Hengchun Peninsula of southern Taiwan. The upper-
slope domain in the far north consists of two parts: (1) west of the
Chaochou and Hengchun faults which is characterized by a series of
mud diapirs off the SW coast (Sun and Liu, 1993). Some of these mud
diapiric structures connect northwardly onshore to become thrust
faults, and (2) east of Chaochou and Hengchun faults, which consisting
of more rigid rocks (termed Hengchun core in Fig. 2). We first discuss
the diapiric structures off SW coast of Taiwan and then address the
tectonic significance of the Chaochou and Hengchun faults.

According to Lacombe et al. (2004), the mud diapirs off the SW
coast initiated as thrust-related anticlines. Mud diapirism was later
initiated by upward migration of fluids and fluid-saturated mud
material, in response to deeper burial and differential sediment
loading. Overpressured muds exhibit lower density when compared
with normally pressured muds. The lower density of overpressured
muds indicate that they tend to flow upward and be replaced by
denser, normally compacted sediments from above, promoting the
development of mud diapirs.

The link between the Chaochou fault and Hengchun fault is unclear.
Some authors linked the Chaochou fault southward to the offshore
along the length of the Fangliao Canyon (Liu et al., 1997), while others
linked the Chaochou Fault to the Hengchun Fault in the southern tip of
Taiwan (Ho, 1986). Here we adapt the later interpretation. Both
Chaochou and Hengchun Faults are probable active faults (Lin et al.,
2000), while Lu (1994) and Lacombe et al. (2001) suggested that the
Chaochou fault is an active sinistral wrench fault. There is a sharp
contrast of material strength across the Chaochou fault and its southern
continuation (the Hengchun Fault). To the east of the Chaochou Fault,
sediments are slightly metamorphosed (argillite or slate-grade of
metamorphism) north of ~22.2°N; south of ~22.2°N, sediments are
less metamorphosed but still well-compacted especially in theMiocene
sediments. The nature of slightly metamorphosed and well-compacted
rocks to the east of the faults is reflected as a high-velocity zone (i.e.,
Hengchun core) shown in the AA's section of Fig. 2 and suggested by
McIntosh et al. (2005).

To the west of the Chaochou and Hengchun faults, sediments are
loosely compacted. The sharp contrast in material strength across
these faults indicates that there is a pronounced vertical stratigraphic
offset across the faults. Along the Hengchun fault segment, rocks of
oceanic-basement affinity are found on the hangingwall in the
Kenting Melange (Tsan, 1974a). Early works (e.g., Tsan, 1974b; Page
and Lan,1983) suggested that this stratigraphic unit is an olistostrome.
However, other works (e.g., Pelletier and Stephan, 1986; Huang et al.,
1997; Chang et al., 2003) interpreted that the Kengting Melange is a
tectonic mélange. This indicates that the Hengchun fault cuts into the
oceanic basement and part of the oceanic basement was peeled off
and transported to the surface within the fault zone. Therefore it
suggests that the Hengchun fault is an out-of-sequence thrust
branching upward from, perhaps, the megathrust that resides in the
oceanic basement. If the Hengchun fault is active as suggested by Lin
t arc-continent collision zone of Taiwan: Implications for seismicity,
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et al. (2000), it may therefore pose a great seismic threat, similar to the
OOSTs found on seismic profile Line 973 (Fig. 5).

4. Seismicity of southern Taiwan and offshore

Earthquakes in the collision zone may reside mostly in the crust
(Maggi et al., 2000; Jackson, 2002) with only a few subcrustal shocks
being observed (Chen and Molnar, 1983; Chen and Yang, 2004). By
contrast, in subduction zones, earthquakes are occurring both in the
overriding plate as well as in the subducted slab with deep earth-
quakes that may reach up to ~690 km (Kirby et al., 1991). In the
incipient arc-continent collision zone, such as in the study area, the
seismic characteristics may therefore resemble that of both the
collision zones as well as the subduction zones.

North of ~23°N and beneath the Taiwan collisional orogen where
full collision occurs, it shows seismicity mostly residing in the crust
(Tsai, 1986) and without the Wadati-Benioff zone signature. By com-
parison, south of ~21.5°N, in the subduction segment, the seismicity
reveals a 200 km deep and east-dipping Benioff zone with a dip angle
of ~55° (Kao et al., 2000). In the incipient arc-continent collision zone
(i.e., areas lying in between ~21.5 and 23°N), crustal seismicity
characterizes the forearc and arc regions, in addition to earthquakes
related to the deeper Wadati-Benioff zone. Crustal seismicity in the
accretionary wedge concentrates to the east of the Chaochou-
Hengchun faults and in the backthrust domain, whereas largely no
crustal seismicity is apparent to the west of the Chaochou-Hengchun
fault.

It is interesting to note that, off SW Taiwan, most of the seismicity
occurs not in the accreted accretionary wedge but in the upper mantle
of the subducted slab, resembling the intra-slab subduction earth-
quakes as noted by Kirby et al. (1996). Most of the intra-slab subduction
earthquake events lie in ~30–60 km depth range with some events
extending to maximum depths of about 80 km if the focal depth
determinations are correct. The main concentration of seismicity is in a
band paralleling the NNW-strikingmiddle reach of the Kaoping Canyon
and decreasing in intensity to the north and to the south. Focal
mechanisms near the trench and at ~21°N are normal-faulting events
(Kao et al., 2000). The hypocenters of the 2006 Pingtung earthquake
doublets (both around Mb 7.0 in magnitude, according to Central
Weather Bureau, Taiwan) locate at a depth range of ~44–50 km, and
they are probably the best examples of intra-slab subduction earth-
quakes in the study area. In addition to the earthquakes occurring in the
subducting slab and accreted accretionary wedge, earthquakes may
occur on the plate interfaces of subducting and overriding plates (i.e.,
along the frontal decollement/megathrust, and OOSTs). We note that, in
the study area, there have been no historical records of major plate
interface earthquakes recorded so far.

5. Discussion

5.1. Intra-slab subduction earthquakes

We first discuss why intra-slab subduction earthquakes that reside
in the upper mantle are prone to occur off SW Taiwan. We then
address the nature of low seismicity, according to the historical record,
of the accreted accretionary wedge to the west of the Chaochou-
Hengchun faults.

The occurrence of intra-slab subduction earthquakes in the mantle
off the SW coast of Taiwan indicates that the subducted lithospheric
mantle is strong enough to accumulate elastic strain. However, the
frequentmantle earthquakes in the study area is an anomalous feature
as the mantle in other orogenic systems is usually characterized by
reduced earthquake occurrences (e.g., Chen and Molnar, 1983; Chen
and Yang, 2004) or no seismicity as suggested by Jackson (2002). In
order to explain the anomalously frequent occurrence of mantle
earthquakes as well as its brittle nature, we envisage that the initially
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
Tectonophysics (2008), doi:10.1016/j.tecto.2008.11.004
strong mantle off the SW coast of Taiwanmay have beenweakened by
other processes before the upper mantle entered the subduction zone
(see below). Then it tends to break and hence induces seismicity due
to, perhaps, loading and flexing by orogenic loads.

It is widely believed that the temperature (Ranalli,1995) and volatile
contents (Hirth and Kohlstedt, 1996) of the lithospheric mantle
significantly affect its strength. A hot and high volatile content
lithospheric mantle exhibits low strength. Direct heat-flow measure-
ments and BSR-derived heat flows in the lower-slope domain of the
accretionarywedge off southernTaiwan (Shyu et al., 2006; Chi andReed,
2008) show that the average heat flow there is around 60 mW m−2, a
value which is higher than the global average (~45 mW m−2) in other
accretionary wedges in the vicinity of trench (Jessop, 1990). If we
examine the heat flow in the foreland area, we find that the geo-
thermal gradient measured from hydrocarbon exploration wells on
the continental shelf (see the red circle labeled CFC in Fig. 1) is
around 35 °C/km (Wu et al., 1993). Assuming a thermal conductivity of
2Wm−1 °C−1 for the shale-prone drilled succession, estimated heatflow
at CFC well is around 70 mWm−2. As foreland basins are characterized
by low geothermal gradients (e.g., 22–24 °C/km for North Alpine
foreland basin, Allen and Allen, 2005, p.397) the high geothermal/heat
flow value in the study area both in the incoming plate and in the
accretionary wedge is therefore anomalous.We suggested that the high
heat flow in the study area is due to the hotter-than-normal upper
mantle. The hot subductingmantle is most likely due to the inheritance
of (1)Mesozoic subduction event (Teng and Lin, 2004); (2) rifting events
accompanied by magmatism during the Paleocene–Oligocene (Briais
et al., 1993; Lin et al., 2003), ~30–21 Ma, and ~12.5~6.5 Ma (Lin et al.,
2003).

During the Mesozoic subduction event, the China continental
lithosphere was sitting on top of a west-dipping and subducting
oceanic slab (Teng and Lin, 2004), allowing the possibility of trace
amounts of volatiles derived from the oceanic slab to infiltrate the
mantle wedge of the overlying continental lithosphere. The Mesozoic
mantle wedge now becomes part of the east-dipping and subducting
lithospheric mantle. The multiple episodes of Cenozoic rifting events
as mentioned above indicate still hot lithosphere, because 80 Myr
is the approximate duration for continental lithosphere to regain
thermal equilibrium after a thermal event (McKenzie, 1978).

5.2. Nature of low seismic level in the accreted accretionary wedge off
SW Taiwan

The lack of earthquakes with magnitudes higher than 3 in the
accretionary wedge off the SW coast Taiwan (e.g., Wu et al., 1997 and
Figs. 1 and 2) indicates that the accreted orogenic material there is
weak and being unable to sustain the accumulation of elastic strain
needed for generating greater than small-sized earthquakes. We
interpret that the weak rheology of the accreted material off the coast
of SW Taiwan is due to thick and rapid mud accumulation and the
existence of high pore pressures in the wedge based on the following
arguments.

Shale ridges and mud diapirs characterize the upper-slope domain
off the SW coast of Taiwan, indicating the existence of overpressured
shale. Rieke and Chilingarian (1974) suggested that factors of (1) high
initial pore water content, (2) low permeability and large thickness of
overburden, (3) deeper burial depth, and (4) short time allowed for
dewatering, contribute to form intervals of overpressured shale. Off
SW Taiwan and near the coast, the mud sequence is at least a few km
in thickness, and is rapidly deposited (Huh et al., in press) and
therefore buried, resulting in overpressured shale that promotes
ductile mud flowage and hence mud diapirism.

Because of the thick accreted and underthrust sediments near
Taiwan, a large amount of water has been expelled from the com-
pacted sediments in the accretionary wedge, leading to channelized
flows and high pore pressures especially along major fault zones and
t arc-continent collision zone of Taiwan: Implications for seismicity,
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porous beds. As noted above, high pore pressure results in the wedge
material being unable to sustain large shear stress. Vigorous fluid
expulsion, a sign of the existence of high pore-pressure zones, in the
offshore accretionary belt is also attested by: (1) widespread occur-
rence of bottom simulating reflectors (BSRs, Liu et al., 2006; Lin et al.,
submitted for publication), indicating the presence of gas hydrates
and thus sufficient supply of methane and water, (2) the existence of
an array of mud volcanoes (Chiu et al., 2006; Liu et al., 2006), (3) mud
diapirism in the upper slope (Sun and Liu, 1993), (4) high methane
content in seafloor sediments (Chuang et al., 2006), (5) chemosyn-
thetic biological communities in deep water.

5.3. Frontal decollement, out-of-sequence thrusts and megathrust

We have shown that the major tectonic features in the Taiwan
incipient collisional wedge are: (1) frontal decollement beneath the
lower-slope domain, (2) out-of-sequence thrusts bordering the lower-
slope and upper-slope domains, (3) megathrust that cuts into the
oceanic (?) basement beneath the upper-slope domain, and (4) the
Chaochou-Hengchun faults in the onshore upper-slope domain. We
discuss, in this section, the seismogenesis for the above tectonic
features.

The seismogenic zone is defined as earthquake generating rupture
fault zone (Byrne et al., 1988). Hyndman et al. (1995, 1997) suggested
that there is a general correlation of thermal regime and the extent of
seismogenic zone in the subduction regime. They suggested that the
updip limit of the seismogenic zone coincides with 150 °C isotherm,
and the downdip limit corresponds to 350–450 °C isotherm. Here we
use the thermal regime to discuss the seismogenic potentials for the
frontal decollement, out-of-sequence thrusts and the megathrust in
the study area.

We have shown that the frontal decollement stepdown occurs at
about ~3–4 s (TWT) beneath the topographic break of the lower and
upper slope domain (i.e., the transition zone), and the transition zone
is probably riddled with an array of out-of-sequence thrusts. In order
to convert the TWT of seismic line 973 into depth, we need to know
the velocity along this profile. About 10 km south of this profile (i.e.,
along 20.9°N), Chi et al. (2003) derived a crustal density model
constrained by gravity anomaly and seismic imaging. They showed
that the upper-slope domain consists of a rock body of 2.42 g cm3 of
density in average. The density–velocity relation can then be derived
by using the Gardner's equation (Gardner et al., 1974), and it yields an
average seismic velocity of ~3700m/s for the upper-slope domain. The
depth of frontal decollement stepdown (i.e., around ~3–4 s TWT) is
accordingly estimated to be around ~5.5–7.4 km beneath the seafloor.
We assume that the temperature gradient beneath the transition zone
is around ~38 °C/km according to a sediment heat-probe measure-
ment (Shyu et al., 2006) from a nearby site (120.5535°E, 21.5184°N) at
the same tectonic zone. Similar value of the thermal gradient there
was also suggested by Chi and Reed (2008).With the assumed thermal
gradient, the temperature of the top decollement stepdown seen
along Line 973 profile (Fig. 5) is therefore estimated to be around
~210–280 °C.

As the estimated temperature of the portion of frontal-decollement
stepdown is around ~210–280 °C, which is above the lower threshold
temperature (i.e., 150 °C as noted above) for a seismogenic zone. This
simple calculation indicates that interplate coupling occurs in the
frontal decollement stepdownbeneath the transition zone and beyond
(i.e., along the megathrust), suggesting the seismogenic nature of the
megathrust. Similar calculations can be applied to the frontal
decollement in the lower-slope domain. We use the average rock
density of 2.3 g cm3 for the lower-slope domain (Chi et al., 2003),which
is equivalent to a seismic velocity of ~3000 m/s according to the
Gardner's equation. If the thermal gradient is of ~38 °C/km (Shyu et al.,
2006), the updip limit of the seismogenic zone (i.e., ~150 °C) lies ~2.6 s
(TWT) beneath the seafloor. If these inferences are correct, the frontal
Please cite this article as: Lin, A.T., et al., Tectonic features of the incipien
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decollement in the rear of the lower-slope domain is seismogenic,
while the trenchward part is a steadily slipping subduction fault and
hence aseismic (Fig. 5). Even if the trenchward part of the frontal
decollement is aseismic, rupture in the downdip seismogenic zone has
shown to propagate to the trench during large and great earthquakes
(Seno, 2000), resulting in a sudden uplift of the weak accretionary
prism of the lower-slope domain and may therefore generate
tsunamis. Our inference does not indicate that the thrust faults
branching upward from the frontal decollement in the lower-slope
domain are all aseismic faults. Some of them, especially in the rear part
of the lower-slope domain, may be seismogenic as their expected
temperatures are probably higher than 150 °C.

Judging fromthe lackof prominent historical seismicity as shown in
Figs. 1 and 2 within the accreted sediments of lower and upper-slope
domains, one may conclude that the aforementioned frontal decolle-
ment, OOSTs, and megathrust are of less seismic threats. We caution
that the above major structures may be during interseismic locking
stage and hence nomajor seismic activity is recorded there. Taking the
December 2004 Sumatra earthquake for example, Lay et al. (2005) and
Engdahl et al. (2007) noted that, prior to the great earthquake, seis-
micity occurred downdip along the interplate zone at depths greater
than 35 km, with a quasi-absence of seismicity trenchward.

We conclude that the OOSTs and plate boundarymegathrust found
in the study area are similar to those found in the Nankai Trough (Park
et al., 2002, Moore et al., 2007). By analogy with the (mega) splay fault
and megathrust of the Nankai accretionary prisms (Park et al., 2002,
Moore et al., 2007), we infer that the OOSTs (equivalent to megasplay
faults of the Nankai prism) and the megathrust reported here are
capable of generating great earthquakes (i.e., MN8). As such, these
faults pose great seismic and tsunami threat to the populations of
Taiwan and its neighboring regions similar to cases of 1944 Tonankai
(M=8.1, Ichinose et al., 2003) and 1946 Nanakai (M=8.3, Baba et al.,
2002), tsunamigenic earthquakes of the Nankai accretionary prism.
We call for more future investigations on the frontal decollement,
OOSTs, and megathrust to understand their seismogenic and tsuna-
mignenic potential.

Teng et al. (2005) pointed out that the onshore Chishan fault,
Chaochou fault and Hengchun fault are three notable OOSTs, among
others, in the upper slope domain. Lin et al. (2008) showed that the
OOST, bordering the lower and upper-slope domain, connects to the
onshore Shoushan fault and further north to the Chishan fault (Fig. 1).
If this is correct, the offshore OOSTs extend further onshore and it
therefore poses great seismic threat to this region.

6. Conclusions

In the incipient Taiwan arc-continent collision zone, the accre-
tionary wedge widens from south to north in response to the
subduction of less dense continental lithosphere toward the north.
Prominent tectonic structures in the accretionary wedge include:
(1) frontal decollement beneath the lower-slope domain, (2) out-of-
sequence thrusts bordering the lower-slope and upper-slope domains,
(3) megathrust that cuts into the oceanic (?) basement beneath the
upper-slope domain, and (4) the Chaochou-Hengchun faults in the
onshore upper-slope domain. These structures and the internal
deformations of the accretionary wedge change along-strike because
of the variations of (a) the amount of incoming basin sediments and
sediments deposited in the accretionary wedge, (b) subducted
seamounts beneath, at least, the lower-slope domain, and (c) pore
pressures. Seamount subduction has a potentially significant impact on
wedge deformation and stress permutation that may generate
asperities for great subduction-zone earthquakes. High pore pressure
leads in a local, scallop-shaped proto-thrust zone in the frontal
accretionary wedge, coined Hengchun embayment in the present
study. Near Taiwan, high pore pressure also results in the mud flowage
and mud diapirism and therefore less seismicity in the accreted wedge.
t arc-continent collision zone of Taiwan: Implications for seismicity,
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We conclude that shallow seismicity (shallower than tens of km) in
the incipient arc-continent collision zone of Taiwan may fall into four
categories: (1) intra-slab earthquakes that reside in the subducting
mantle off SW Taiwan; (2) crustal earthquakes in the deformed forearc
and arc regions; (3) earthquake clusters that occur to the east of the
Chaochou-Hengchun fault in more rigid orogenic wedge; (4) plate-
interface and its associated faults (i.e., frontal decollement, out-of-
sequence thrusts andmegathrust) within the accretionary wedge. The
former two categories occur more frequently than the rest, and the
second category may be more destructive as it is of shallower origin.
The last category is subduction thrust earthquakes occurring
repeatedly in most subduction zones and it poses, perhaps, the
greatest seismic and tsunami hazards as it is capable of generating
great earthquakes by analogy to other accretionary prisms.

Our results highlight the needs for investigating the seismogenic
and tsunamigenic potentials for a few important structures in the
accretionary wedge of the Taiwan incipient collision zone. Among
them, the out-of-sequence thrusts lying in between the lower and
upper-slope domains, the plate-boundary megathrust lying beneath
the upper-slope domain, the onshore Chaochou-Hengchun fault
system need special attention.
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