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Abstract

The disastrous effects of the 1999 Chi-Chi earthquake in Taiwan demonstrated an
urgent need for better knowledge of the island’s potential earthquake sources. Toward
this end, we have prepared a neotectonic map of Taiwan. The map and related
cross-sections are based upon structural and geomorphic expression of active faults and
folds both in the field and on shaded-relief maps prepared from a 40-meter-resolution
DEM, augmented by geodetic and seismologic data. The active tandem suturing and
tandem disengagement of a volcanic arc and a continental sliver to and from the Eurasian
continental margin have created two neotectonic belts in Taiwan. In the southern part of
the orogen, both belts are in the final stage of consuming oceanic crust. Collision and
suturing occur in the middle part of both belts, and post-collisional collapse and extension
dominate the island’s northern and northeastern flanks. Both belts consist of several
distinct neotectonic domains. Seven domains — Kaoping, Chiayi, Taichung, Miaoli,
Hsinchu, llan and Taipei — constitute the western belt, and four domains — Lutao-Lanyu,
Taitung, Hualien and Ryukyu — make up the eastern belt. Each domain is defined by a
distinct suite of active structures. For example, the Chelungpu fault (source of the 1999
earthquake) and its western neighbor, the Changhua fault, are the principal components of
the Taichung Domain, whereas both its neighboring domains — the Chiayi and Miaoli
Domains — are dominated by major blind faults. In most of the domains, the size of the
principal active fault is large enough to produce future earthquakes with magnitudes in

the mid-7’s.
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Introduction

Throughout its brief recorded history, Taiwan has experienced many strong and
destructive earthquakes [e.g., Bonilla, 1975, 1977; Hsu, 1980; Cheng and Yeh, 1989].
These are the seismic manifestation of several million years of orogeny [e.g., Ho, 1986;
Teng, 1987, 1990, 1996] (Figure 1). The human response to high seismicity has been
building codes that anticipate high probabilities of future strong shaking on the island.
Nonetheless, the disastrous effects of the M,, 7.6 Chi-Chi earthquake of 1999 show that
many damaging effects were not anticipated. Meters of slip on the Chelungpu fault
generated remarkable scarps that sliced through more than 80 km of urban, agricultural,
and fluvial landscapes [Central Geological Survey, 1999a, b; Chen et al., 2002].
Folding produced impressive broad deformation of the ground surface and resultant large
areas of damage [Chen et al., 2001; Kelson et al., 2001; Lee et al., 2002]. Modeling of
geodetic and seismic data showed that the specific geometries of the fault surfaces played
an important role in the production of the patterns, durations and levels of seismic
shaking and surface deformation [Ma et al., 2000, 2001; Ji et al., 2001].

Many of these co-seismic phenomena could have been anticipated accurately if the
earthquake source had been known in advance of the earthquake. For example, the trace
of the principal fault that produced the 1999 earthquake was clear from its geomorphic
expression well before its 1999 rupture, but had not been used to map prior ruptures
systematically [Chen et al., 2002]. The basic subsurface geometry of the fault had been
known for nearly two decades [e.g., Suppe, 1976, 1980a, b], but important details had not
been investigated using the patterns of deformation of fluvial terraces along the fault.
The same is true of several other destructive historical co-seismic ruptures in Taiwan,
most notably those of 1935 and 1951. This demonstrates the practical need for better
knowledge of the active structures of the island.

Our goal in this paper is both academic and practical. We wish to identify, describe
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and interpret the principal active structural elements of Taiwan. For those interested in
the evolution of the orogen over the past few million years, the current configuration of
active structural elements is arguably the most accessible and complete piece of the
puzzle, because so much of the older record has been eroded or buried [Gilbert, 1890,
p.1]. On the more practical side, those interested in forecasting the effects of future fault
ruptures must understand the locations, forms, and sense of slip of the active faults of the
island. Realistic estimates of the magnitudes and patterns of future seismic shaking also
require such knowledge. Moreover, reasonable interpretations of deformations now
being recorded by an extensive geodetic network will be made best in the context of a
firm structural, stratigraphic and geomorphologic framework. And, finally, future
land-use planning will be well served by maps of geologically recent surface faulting and
folding, in combination with maps of other geologic hazards.

Taiwan is well poised for the synoptic neotectonic evaluation we describe below.
For decades, geographers have been mapping deformed fluvial and marine coastal
terraces. More recently, radiometric dating of some of these surfaces have enabled
determination of rates of latest Pleistocene and Holocene deformation. Concurrent with
these geomorphic efforts, stratigraphers and structural geologists have been mapping the
surface and subsurface configurations of young sediments, faults and folds and
employing these to interpret the Neogene history of the Taiwan orogen. For the most
part, however, these geomorphologic, stratigraphic and structural studies have not been
applied to interpreting the youngest active structures of the island, nor have they been
systematically integrated into a synoptic neotectonic map.

A vigorous debate is currently underway in Taiwan regarding the appropriate means
by which to construct neotectonic maps. The disparate results of several recent attempts
illustrate the controversy. Some have relied upon stratigraphic relationships that
demonstrate Quaternary activity, believing that this is a sufficient basis for considering a
fault to be active [e.g., Shih et al., 1986; Yang, 1986]. Use of this criterion alone,
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however, is inadequate, since many faults that were active earlier in the Quaternary
Period have been demonstrably inactive during the late Pleistocene and Holocene Epochs.
At the other extreme are maps that depict as active only those faults that have ruptured
historically [e.g., H.-C. Chang et al., 1998; Lin et al., 2000a]. These clearly are shutting
the door after the horse has run out of the barn.

Our principal means for mapping the active structures of the island has been the use
of fluvial and coastal landforms, which cover more than half of the surface of the island.
Uplift and deformation of these features are readily apparent on shaded-relief maps. In
many places, we have also utilized more detailed mapping of landforms published by
others.

The recent availability of a high-resolution national Digital Elevation Model (DEM)
makes the creation of a neotectonic map from landforms far easier than it would have
been just a few years ago. Made from aerial photography of the island, the DEM has an
elevation posting every 40 meters. Although standard stereographic aerial photographs
have higher resolution and include tonal information, they are not geo-referenced, so the
data derived therefrom are more difficult to compile and view. The 40-m DEM displays
all major and most minor topographic features necessary for interpreting broadly the
tectonic geomorphology of the island.  Furthermore, high-resolution bathymetric
databases that have recently become available [e.g., Lallemand et al., 1997; Liu et al.,
1998; Malavieille et al., 2002] allow us to incorporate geomorphic information from the
surrounding sea floor.

Two examples clearly demonstrate the ability to identify most structures using the
40-m DEM (Figure 2). Topographic features along most segments of the Chelungpu
fault, the source of the 1999 earthquake, revealed the exact location of not only all of the
major ruptures, but also many of the secondary ones, even before the earthquake struck
(Figure 2a). Another example, in the eastern part of Taiwan, shows that the topographic
features visible in the DEM can be used to identify a major fault there, with its secondary
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folds and the different characteristics of the fault along several of its segments (Figure 2Db).
Due to space limitations, we can only include these two examples of the usefulness and
our interpretations of the DEM data. High-resolution figures of interpreted DEM data
for other part of Taiwan are available as electronic data supplements, along with much
more detailed discussion of our interpretations.

Our primary reliance on the geomorphic manifestation of active structures means, of
course, that we have undoubtedly missed some important features. For example, in the
coastal plains where sedimentation rates are as high as 20 mm/yr [e.g., Shyu, 1999],
surfaces that are deforming slowly may well be buried beneath late Holocene deposits.
We have attempted to minimize this deficiency by incorporating locally available
subsurface data. We may also have neglected to identify faults with low rates of slip
within the high mountains, where rates of erosion are more than 5 mm/yr [e.g., Hovius et
al., 2000]. Furthermore, small features, such as the scarps that formed on the coastal
plain during the historical earthquakes of 1906, 1935 and 1946, have been obliterated by
human activity. We have relied on published post-seismic investigations of these
historical ruptures to ensure that our map is as complete as possible. But this, of course,
means that we are likely to have missed similar structures on the coastal plains that
ruptured prior to the 20" century.

We have augmented our geomorphic analysis with as much additional stratigraphic
and structural data as was available to us, to construct our map of the active tectonic
features of the island. Even so, we do not claim to have made a complete description of
the active structures of Taiwan. Decades of additional work would be required to
accomplish that goal. Our intent has been simply to provide an up-to-date picture of the
active neotectonic features of the island, compiled from sources of data currently

available, and their implications for future large earthquakes.



Neotectonic overview of Taiwan

The island of Taiwan occupies a pivotal position along the boundary between the
Eurasian and Philippine Sea plates. To the south, young Eurasian oceanic lithosphere of
the South China Sea is subducting eastward beneath lithosphere of the Philippine Sea
plate at a rate of about 80 mm/yr at the Manila trench [Yu et al., 1999] (Figure 1a). To
the north, by contrast, the polarity of subduction is the opposite, and extension is
occurring at about 30-40 mm/yr in a back-arc region above the Ryukyu subduction zone
[e.g., Lallemand and Liu, 1998].

The active Taiwan orogen embodies a tandem suturing and disarticulation [Shyu et
al., 2005a]. In southernmost Taiwan, consumption of Eurasian oceanic lithosphere is
nearly complete, and two collisions are beginning (Figure 1a). On the west is the
collision of a forearc sliver embedded within the Philippine Sea plate and the Eurasian
continental margin. On the east is the collision of the forearc sliver and the Luzon
volcanic arc [e.g., Big, 1972; Barrier and Angelier, 1986; Suppe, 1987; Reed et al., 1992;
Lundberg et al., 1992; Huang et al., 1992, 1997; Malavieille et al., 2002]. Taiwan
consists of the rocks of these three lithospheric elements. Clastic sediments of the
shallow-marine continental shelf constitute the western half of the island. Basement
rocks and deep marine sediments of the forearc ridge form the island’s high mountainous
backbone. And volcanic rocks and associated marine sediments underlie the central
eastern coast.

The Taiwan orogen is collapsing in the north and east, because of its transfer to the
region of back-arc extension of the Ryukyu subduction zone [Teng, 1996; Teng et al.,
2000] (Figure 1a). The predominant feature of this back-arc region is the gaping
Okinawa Trough, which has been opening to the south along the eastern flank of the
island for the past few million years [e.g., Suppe, 1987; Teng, 1996]. This collapse in
the north is chasing construction of the fold-and-thrust belt in the south and center.
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Suppe [1981, 1984, 1987] calculated that the leading edges of both construction (in the
south) and collapse (in the north) are both proceeding southward at about 100 mm/yr.
Thus, latitude is commonly considered to be grossly correlative to orogenic maturity in
Taiwan. Conventional wisdom is that if one wishes to understand what was happening
in the north several Myr ago, one studies what is going on now in the ocean just south of
the island.

The collapse of the orogen in the north is concentrated along the two sutures. The
western suture is unstitching across the Okinawa Trough, which can be considered a
reincarnation of the South China Sea. The eastern suture is tearing apart along the
coastline a little farther south [Shyu et al., 2005a] (Figure 1a). The disengagement of
the western suture is clearly manifest in the oroclinal bending of the rocks of Taiwan’s
Central Range at the southern limit of current extension, where foliations of Central
Range rocks bend eastward and strike out to sea, toward the Ryukyu island arc [e.g., Tan,
1977; Suppe, 1984]. Except for a right-lateral tear, no major structural break appears
between the rocks of Taiwan’s mountainous backbone and the westernmost part of the
Ryukyu island arc. In fact, the oldest rocks of the southern Ryukyu lIslands are
metamorphic rocks that are similar to the Tananao Schists of the Central Range of Taiwan
[e.g., Kizaki, 1986]. Thus, the Ryukyu arc next to Taiwan may well be the ancient
forearc ridge of the Philippine Sea plate.

A similar disengagement of the eastern suture is apparent farther south, where the
rocks of the Luzon arc in Taiwan’s Coastal Range are pulling away from those of the
forearc ridge (Central Range). Although we have no knowledge of the properties of the
basement rocks between the Ryukyu arc and the trench, topography suggests that the old
Luzon arc lithosphere overlies the shallower parts of the Ryukyu subduction zone [Shyu
et al., 2005a].

Taiwan thus provides a particularly clear example of the weakness of lithospheric
sutures. The two sutures that juxtaposed three diverse pieces of lithosphere during
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collision only a few million years ago are being preferentially ripped apart now in the
back-arc region of a subduction zone. This basic neotectonic framework of Taiwan will

be important in making sense of its active tectonic structures, below.

Neotectonic domains of Taiwan

The Taiwan orogen consists of two principal loci of active deformation (Figures 1
and 3). On the west is a fold-and-thrust belt, along which shallow marine rocks of the
outer continental shelf are piling up onto the Eurasian continental shelf of the Taiwan
Strait. On the east is a second collisional belt, where the Luzon volcanic arc of the
Philippine Sea plate is slamming into forearc rocks of the Central Range. Along both
the eastern and western systems, collision began in the north about 5 million years ago
[Ho, 1986; Suppe, 1987; Teng, 1987, 1990], reached the middle of the island about 3
million years ago [Teng, 1987, 1990], and is just beginning near Taiwan’s southern tip
[Huang et al., 1992, 1997, 2000; Kao et al., 2000]. In the process of double collision,
most of the 300-km-wide piece of oceanic lithosphere between the Manila trench and the
Luzon volcanic island arc has disappeared. Only the 40-km-wide strip of forearc-ridge
lithosphere remains as the backbone of the island.  The result has been a
southward-progressing orogen.

Our examination reveals that the manifestation of active deformation varies
considerably and progressively from south to north. However, this progressive
along-strike variation in deformation is not gradational. Instead, it occurs across
discrete steps. Hence, both the western and the eastern belts divide naturally into
several distinct structural domains. Seven discrete domains comprise the western belt,
and four constitute the eastern belt. Distinct principal structures characterize each of
these eleven domains. Some domains are dominated by relatively simple emergent
thrust faults, whereas others are dominated by hidden, or “blind,” thrusts. In some
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domains the principal structures traverse tens of kilometers and cross the entire domain.
In other cases, a myriad of small active structures prevail. The transitions between
domains are well defined, although in several cases they are ten to twenty kilometers
wide and involve the interpenetration of principal structures from the adjacent domains.
Below, we have divided our discussion into two sections, one for each of the
neotectonic belts. In each section, we discuss the general characteristics of each of the
eleven active structure domains. Each domain derives its name from the most
prominent city or other geographic feature of the region. Due to space limitations, we
have made more detailed discussion of these neotectonic domains, together with

higher-resolution interpreted DEM figures, available as electronic data supplements.

Eastern neotectonic belt

The progressive south-to-north accretion and disengagement of the volcanic arc
occurs across four discrete domains in eastern Taiwan. From south to north, collision is
proceeding from the Lutao-Lanyu to the Taitung and Hualien Domains (Figure 3).
These correspond to three stages in the accretion of the island arc—incipient collision,
docking, and docked. Farther east and north, the Ryukyu Domain encompasses the
splitting of the Coastal Range away from the Central Range and the locked part of the
Ryukyu subduction interface.

The Lutao-Lanyu Domain is in the early stages of collision. A wide submerged
fragment of forearc-basin lithosphere remains between the volcanic arc and the
southeastern coast of the main island [e.g., Huang et al., 1992]. GPS measurements
show that it is being shortened at about 40 mm/yr (Figure 1b). This strain accumulation
iIs accommodated by active thrust faults beneath the sea. To the north, in the Taitung
Domain, forearc lithosphere has sundered completely and, except for shallow crustal
sediments, is no longer visible at the surface. The volcanic island arc is accreting to the
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metamorphic core of the island at the prodigious rate of about 30 mm/yr along a suture
marked by the narrow, north-south Longitudinal Valley (Figure 1b). Meanwhile, not
only the forearc ridge has emerged above sea level, but the metamorphic core of the ridge
has also risen to the surface as the major component of the Central Range. Farther north,
in the Hualien Domain, lower geodetic rates of convergence suggest that accretion is
nearing completion. Just north of the Hualien Domain, in the transition to the
subduction of the Ryukyu Domain, the volcanic arc and forearc terranes are disengaging.

The bathymetry south of Taiwan is dominated by a prominent forearc ridge and
forearc basin.  This antiform/synform pair, the Hengchun Ridge and the Luzon Trough,
strike roughly south-southeast, parallel to the trench and arc (Figure 1a). Bathymetric
relief across these features is about 3 km, and together they span a forearc that is about
150 km wide. The Hengchun Ridge is the southward, submarine extension of the
Hengchun Peninsula of southern Taiwan [e.g., Huang et al., 1992; Lundberg et al., 1997].
The Luzon Trough, between the ridge and the volcanic arc, does not extend onshore.
Instead, it truncates against the southeastern coast of Taiwan, where volcanic arc rocks
are first juxtaposed against the metamorphic rocks that form the basement core of the
forearc. Thus, the oceanic lithosphere of the Luzon Trough must have been largely
consumed in the course of southward progression of orogeny in Taiwan [e.g., Chemenda
etal., 1997].

Long ago, Chen et al. [1988] recognized that the submarine topography of the
northern sector of the North Luzon Trough defines three north-south structural features.
From east to west, these are the Taitung Trough, the Huatung Ridge, and the Southern
Longitudinal Trough (Figure 4). The southern limit of the ridge and two troughs, at
about 21.5° N, may demarcate the southern front of forearc shortening [e.g., Huang et al.,
1992, 1997, 2000]. The east-dipping Wadati-Benioff zone of the Manila trench,
however, extends under these structures as far north as Taitung [Huang, 1997; Kao et al.,
2000]. This indicates that seismic deformation of subducting Eurasian oceanic
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lithosphere continues beneath the entire Lutao-Lanyu Domain but does not extend farther
north (dashed black line in Figure 1a).

A closer examination of the structures within the Lutao-Lanyu Domain enables a
better definition of the active structures of the incipient collision (Figure 4). The
Huatung Ridge is probably an anticline or an anticlinorium. Seismic reflection lines
show, in fact, that sediments on the western flank of the ridge at about 22°20” latitude tilt
westward [Huang et al., 1992]. Bathymetry and seismic reflection profiles clearly show
a west-dipping thrust fault on the east flank of the ridge from about 21°40’ to 22°20°N
[Lundberg et al., 1997; Chang et al., 2001; Malavieille et al., 2002]. In the vicinity of
22°N, a clear but lesser scarp exists on the west side of the ridge as well. North of about
22°20°’N, however, no scarps are obvious on either side of the ridge, so either the
underlying thrust faults are blind or currently inactive. These observations and the basic
symmetry of the Huatung Ridge suggest that it is the submarine expression of a
fault-bend fold above a variably west-dipping thrust fault. Growth of the fold has been
incremental, as evidenced by the presence of an antecedent meandering submarine
channel cutting across the feature about halfway between the latitudes of Lanyu and
Lutao islands (Figure 4).

High rates of uplift of the volcanic islands, about 3.4 mm/yr [Chen and Liu, 1992;
Chen, 1993] since Late Pleistocene, suggest that the volcanic arc is also involved
substantially in the incipient collision of the Lutao-Lanyu Domain. However, only one
fault is obvious in the bathymetry: A 20-km long linear scarp west of Lutao (Figure 4)
suggests that an east-dipping fault crops out there and dips under the island.

Recent geodetic measurements by GPS reveal that Lutao and Lanyu are converging
northwestward toward the Hengchun Peninsula at about 40 mm/yr [Yu et al., 1997, 1999].
We propose that slip on the major west-dipping thrust fault, on the east flank of the
Huatung Ridge, accommodates most of this strain. The high uplift rates of Lutao and
Lanyu islands suggest that thrust faults beneath them also are contributing significantly to
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the shortening. The high late Pleistocene uplift rates of these islands suggest that the
component of horizontal shortening on the underlying thrusts is about 6 mml/yr,
perpendicular to strike.

The northern edge of the Lutao-Lanyu Domain is abrupt. The Southern
Longitudinal Trough, the Taitung Trough and the Huatung Ridge do not continue
northward beyond the latitude of Taitung city (Figure 4). The submarine ridge of the
volcanic arc disappears only a little farther north. The topography and bathymetry to the
north is utterly different.

Figure 5 shows that the Taitung Domain is characterized by a long, narrow valley,
between the Central Range and the arc-volcanic rocks of the Coastal Range, and a
precipitous offshore escarpment. The active structures that have created these features
are not contiguous with those of the Lutao-Lanyu Domain. In fact, the sense of
vergence of the dominant structure changes abruptly across the boundary between the two
domains.

The dominant neotectonic element of the Taitung Domain is the east-dipping
Longitudinal Valley fault, along the eastern edge of the valley (Figure 5). It is
characterized by high rates of sinistral reverse motion. A clear example of slip
partitioning between strike-slip and dip-slip faulting occurs in the southern 20 km of the
Taitung Domain [J.-C. Lee et al., 1998; Hu et al., 2001; Shyu et al., 2002]. Geodetic
measurements confirm that the Longitudinal Valley fault is active and slipping at a high
rate. Across a segment of the Longitudinal Valley fault zone near Chihshang,
creepmeters show that it is creeping obliquely at a high rate [Angelier et al., 1997; Lee et
al., 2001]. Field measurements of deformed man-made structures indicate that the rate
of horizontal shortening is about 22 mm/yr directed 323° [Angelier et al., 1997], and
leveling confirms a vertical dislocation rate of up to 20-24 mm/yr [Yu and Liu, 1989; Yu
and Kuo, 2001].

Rupture of the Longitudinal Valley fault in the Taitung Domain produced two large
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earthquakes, three minutes apart, on 25 November 1951 — a M7.0 earthquake in the
north, near Yuli, and a M6.2 earthquake in the south, near Chihshang [Cheng et al., 1996].
The ruptures were not well documented, but there were sparse observations of fault
rupture between about Chihshang and a point about 40 km north of Rueisuei [Hsu, 1962;
Cheng et al., 1996; Shyu et al., 2005b] (Figure 5).

East-facing scarps on the seafloor about 50 km east of the Longitudinal Valley are
evidence of active thrust faulting there. Malavieille et al. [2002] suggest that this fault
is the principal fault of the Coastal Range block, and that the Longitudinal Valley fault is
a back thrust that rises from it. We question the proposal that the Longitudinal Valley
fault plays a subsidiary role, given its very high rate of slip. Such high rates suggest that
the Longitudinal Valley fault is, in fact, the principal fault, and that the fault on the sea
floor is subsidiary.

The existence of a reverse fault dipping westward beneath the eastern flank of the
Central Range has long been suspected. Biq [1965], in fact, named this structure the
Central Range fault. Several independent lines of evidence suggest its existence. First,
the exposed slates of the Central Range formed at depths far below the land surface and,
thus, must have been uplifted many kilometers. Second, the range’s eastern flank is
notably straighter than it is in the Hualien Domain to the north. Third, fluvial terraces
are perched tens to hundreds of meters above modern streambeds along the eastern range
front of the Central Range. Fourth, a leveling line that extends 16 km into the Central
Range near Chihshang shows tilt of the easternmost 16 km of the range at about 0.8
uradian/year [Liu and Yu, 1990]. Similar eastward tilting of the eastern Central Range is
also occurring west of the Yuli area [Yu and Kuo, 2001]. Furthermore, recent analysis of
seismicity may support the presence of a west-dipping structure beneath the eastern
Central Range [e.g., Carena et al., 2001].

In summary, the principal structures of the Taitung Domain are accommodating
about 40 mm/yr of obliquely convergent shortening (Figure 1b). Most of this is
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currently being taken up across the rapidly creeping (but occasionally seismic)
Longitudinal Valley fault, which dips east beneath the Coastal Range. A subsidiary
west-dipping reverse fault crops out about 40 km offshore, on the seafloor. The Central
Range thrust, which dips under the eastern flank of the Central Range, also appears to be
active.

At first glance, the northern half of the Longitudinal Valley does not appear to be all
that different from the southern half (Figure 3). As to the south, the width of the valley
is about 5 km (Figure 6) and it is filled with coarse clastic sediment derived
predominantly from the Central Range on its western flank. Despite these similarities,
the Hualien Domain (Figure 3) is fundamentally distinct from its neighbor to the south.
The principal differences are that 1) the west-dipping Central Range thrust appears to be
either inactive or much less active than it is to the south, 2) the east-dipping Longitudinal
Valley fault has a higher ratio of sinistral to dip slip, and 3) rather than a west-dipping
thrust fault offshore, the edge of the Ryukyu deformation front sits offshore.

Along the entire 65 km onland length of the Hualien Domain, the Longitudinal
Valley fault crops out at the base of the western edge of the Coastal Range. Along much
of that length, the fault has separate strike-slip and dip-slip strands. The strike-slip
traces of the fault are much more prominent and continuous than they are in the Taitung
Domain. The dominance of left-lateral movement on the northern Longitudinal Valley
fault system near Hualien is also clear in geodetic measurements [e.g., Chen, 1974; Yang,
1999]. Seismic rupture of a section of the Longitudinal Valley fault provides additional
support for the predominance of strike-slip over dip-slip. Rupture of the Meilun strand,
which runs along the western edge of the Meilun Tableland near Hualien City, produced a
M7.3 earthquake in October 1951 [Yang, 1953; Hsu, 1962]. Vertical offsets across the
rupture were about 1.2 meters, and left-lateral offsets were about 2 meters [Hsu, 1955;
Lin, 1957; Bonilla, 1975, 1977; Yu, 1997].

A submarine ridge extends northeastward approximately 10 km from the Meilun
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Tableland (Figure 6). Further northeast is another submarine ridge, which trends nearly
E-W and seems to be unconnected to any onland topography. The abrupt and steep
scarps at its northern flank separate the ridge from the much lower and smoother Hoping
Basin. These scarps appear to represent the initiation of the eastward peeling off of the
Coastal Range from the Taiwan orogen. As one would expect in a region of transition
between suturing and unsuturing, many minor structures are present in this area.

We find scant evidence for activity of the Central Range thrust within the Hualien
Domain. The rarity of high lateritic fluvial terraces in the river drainages of the eastern
flank of the range [Yang, 1986; Chang et al., 1992] suggests lower uplift rates than to the
south. Moreover, the sinuosity of the eastern flank of the Central Range indicates that
rates of alluvial deposition outpace rates of uplift of the range. Thus it appears that the
Longitudinal Valley fault is the only major active structure of the onshore part of the
Hualien Domain.

The southern boundary of the Hualien Domain is well defined. It appears to be a
20-km-wide transition zone between Rueisuei and Kuangfu (Figure 6). At Rueisuei, the
northernmost clear evidence for activity of the Central Range thrust is present. Between
Rueisuei and Kuangfu, the geomorphology of the fault trace suggests that thrusting is
dominant over sinistral slip, as in the Taitung Domain to the south. But we find no
indication of activity of the Central Range thrust along this portion of the valley. Thus,
this section of the valley is transitional between the two domains. Recent GPS
measurements support this conclusion. They show that south of Kuangfu, the
convergence rate normal to the strike of the Longitudinal Valley fault is as high as 30
mm/yr [Yu et al., 1997, 1999]. North of Kuangfu, however, the convergence rate is
dramatically lower — just 5 mm/yr.

The eastern and northern boundaries of the Hualien Domain are the edge of the
Ryukyu subduction system. North of Hualien, the Coastal Range and Longitudinal
Valley drop to sea level, and the sea laps against a precipitous eastern flank of the Central
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Range (Figure 3). This is the southern edge of the extension associated with the Ryukyu
subduction system and the tearing apart of the forearc/volcanic arc suture.

The Ryukyu Domain encompasses that part of the Ryukyu subduction megathrust
nearest Taiwan that is capable of producing large subduction earthquakes. We have
drawn the boundaries of the domain with the intention of encompassing all active
structures between the trench and the southern side of the back-arc Okinawa Trough.
The dominant structure in this domain is, of course, the subduction interface, but
accommaodation structures on the western edge of the domain are also important.

Isobaths drawn on the top of the Wadati-Benioff zone show that the dip of the
Ryukyu subduction interface averages about 40° to a depth of about 50 km and steepens
downdip from there to more than 55°. The Wadati-Benioff zone defines the subducting
slab to a depth of greater than 250 km [Kao et al., 1998; Kao and Rau, 1999]. The
termination of seismicity at the western edge of the Wadati-Benioff zone is abrupt. It
trends nearly north-south, from the edge of the Ryukyu Domain to the western edge of
the Taipei Domain (dashed black line in Figure 1a).

Secondary thrust faults in the hanging-wall block are also apparent. Immediately
north of the Ryukyu trench is the Yaeyama forearc ridge [Liu et al., 1998] (Figures 3 and
7), a 40-km-wide feature that consists of a series of E-W striking anticlinal ridges and
synclinal valleys. Also, two major right-lateral faults in the northern portion of the ridge
have been proposed to accommodate the oblique subduction direction [e.g., Lallemand et
al., 1999; Chemenda et al., 2000; Font et al., 2001]. North of this fold-and-thrust belt of
the accretionary prism is an irregular 40-km- forearc trough that includes the Hoping and
Nanao forearc basins [Liu et al., 1998]. The southern flank of the trough is clearly
faulted, with deformed and offset sediment layers in the seismic reflection profiles [e.g.,
Schnirle et al., 1998; Font et al., 2001].

The western margin of the Ryukyu Domain is a very complex transition zone
between three domains: the Hualien, Ryukyu and Ilan Domains. Thus, in this region,
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one may expect to find numerous minor accommodation structures. Also, bathymetry
shows that the westernmost part of the Ryukyu deformation front swings abruptly
northward (Figure 7). The linearity of the scarp along this north-trending segment
suggests a substantial component of right-lateral strike-slip. Two more right-lateral
faults are present in the eastern part of the Hoping basin. On May 15" 2002, a
moderate earthquake (M,, = 6.0) resulted from slip on a related right-lateral strike-slip
fault. The epicenter of the earthquake was offshore, about 25 km north of Nanao, and
the fault plane solutions of the main shock and its aftershocks showed right-lateral
movement on an approximately N-S striking plane. This structure is properly situated
and oriented to serve as one of the structures that form the western boundary of the

Ryukyu subduction zone.

Western neotectonic belt

Western Taiwan’s active deformational belt divides naturally into seven distinct
neotectonic domains. From south to north, these seven are the Kaoping, Chiayi,
Taichung, Miaoli, Hsinchu, Ilan and Taipei Domains (Figure 3). As in the Eastern
neotectonic belt, all but the northernmost represent a northward maturation in the
progress of collision. As in the east, the northernmost domains encompass the region
that has switched from shortening to back-arc extension of the Ryukyu subduction system.
Unlike the Eastern neotectonic belt, however, the Western belt is not the result of volcanic
arc/forearc collision and separation. Rather, it is the product of collision and separation
of the forearc and the continental margin.

Docking of the two terranes begins in the southernmost (Kaoping) domain and
disengagement occurs in the northern (llan and Taipei) domains. In the Kaoping
Domain, deep-marine, shallow-marine and terrestrial sediments are deforming very
rapidly by contraction and lateral extrusion over the last remnants of oceanic Eurasian
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lithosphere. Eurasian oceanic lithosphere continues to subduct beneath the entirety of
this domain.

Along the central four domains of the Western belt, the lithosphere of the forearc
ridge has made contact with the edge of the continental shelf, and shallow-marine and
foredeep sediments of the continental shelf are being pushed northwestward farther onto
the Eurasian continental margin. Very rapid rates of shortening continue to prevail in
the Chiayi Domain, but the style of deformation is quite different than in the Kaoping
Domain. There, a blind thrust fault system that extends out under the foothills and
coastal plain predominates. Further north, in the Taichung Domain, rates of shortening
are less, but two major emergent thrust faults, including the one that ruptured to produce
the 1999 earthquake, dominate the neotectonic picture. Still farther north, across the
Miaoli Domain, shortening rates are also relatively low, but the style of deformation is
more complex; tight and open folds lie above a master blind thrust that extends from
beneath the foothills all the way to the western coast. In Hsinchu, the next domain to
the north, shortening is in its waning stages. Its active reverse faults trend more easterly
than the strike of the western deformation belt and are cut by active strike-slip tear faults.
Extension and subsidence characterize the active tectonics of the Ilan and Taipei Domains,
the northernmost domains of the western belt. The Ilan Domain belongs to the western
belt because it embodies the unstitching of the suturing that is currently in progress in the
Kaoping Domain. It encompasses most of the back-arc extension of the Okinawa
Trough. The Taipei Domain is dominated by a geologically minor normal fault in the
hinterland of the Okinawa Trough. This one active normal fault lies on the western
margin of the Taipei Basin and splits the edifice of the large, dormant Quaternary volcano
to the north.

The Kaoping Domain, the southernmost of the western domains, encompasses the
final episode of subduction of oceanic lithosphere prior to collision of forearc ridge and
continental margin. Its northern boundary coincides with the northern limit of the
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Wadati-Benioff zone of the Manila trench [e.g., Huang et al., 1992; Kao et al., 2000]
(dashed black line in Figure 1a). It also coincides with the impingement of the Western
Foothills and the Central Range, which we infer to reflect the elimination of oceanic
lithosphere from between the edge of the Eurasian continental shelf and the forearc ridge.
Unlike the more mature collisional domains farther north, the Kaoping Domain includes a
rapidly subsiding basin, between the Central Range and the Western Foothills. We
interpret this to be analogous to the submarine part of the Lutao-Lanyu Domain, its
neighbor to the east: these are the last vestiges of oceanic lithosphere to be consumed
prior to suturing (converging arrows in Figure 1a).

Both the submarine and subaerial sectors of the Kaoping Domain consist of three
tracts. On the east is the forearc ridge, which continues onto land as the rapidly rising
Hengchun Peninsula and Central Range (Figures 3 and 8). The peninsula and range
consist of deep-marine turbidites and mélange in the south and metamorphosed slate and
continental basement rocks in the north [e.g., Chen et al., 1985; Sung and Wang, 1985,
1986; Ho, 1988; Lin, 1998]. This south-to-north progression of lithology indicates the
progressive uplift and unroofing of the basement of the forearc ridge across the Kaoping
Domain. On the western margin of the domain is a 50-km-wide submarine
fold-and-thrust belt above the shallowest part of the Manila trench. This appears to
extend onto land as the subaerial belt of deformation between Tainan and the Western
Foothills. Between these eastern and western structural elements is a structurally
non-descript tract of what must be marine lithosphere overlain mostly by deep-sea
sediments. This extends onshore to the Pingtung Plain, where subsidence is occurring at
rates up to 13 mm/yr in the Holocene [e.g., Lu et al., 1998; Shyu, 1999].

The Chaochou fault separates the Pingtung Plain from the Central Range (Figure 8).
The presence of Miocene-age rocks in the mountains on the east and a thick section of
Quaternary strata in the basin to the west demonstrates that the fault has a significant
component of vertical slip, up on the east [e.g., Ho, 1988]. The linearity of this fault
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suggests that it also has a significant component of strike-slip motion (Figure 8). Some
previous mapping [e.g., Wu, 1978; Ho, 1988] inferred that this fault continues southward
along the western front of the Hengchun Peninsula and becomes the Hengchun fault [e.qg.,
Shih et al., 1985; Yang, 1986] near the southern tip of the peninsula. Alternatively,
Malavieille et al. [2002] suggest that the Chaochou fault runs southward into a submarine
canyon west of the Hengchun Peninsula (Figure 3). The western flank of the Pingtung
Plain may also represent another active fault.

Offshore to the southwest are numerous anticlinal ridges and minor thrust faults on
the seafloor [e.g., Liu et al., 1997] (Figure 8). Several submarine canyons cut through a
series of these ridges, clearly indicating their antecedence and the incremental growth of
the folds. We interpret this submarine fold-and thrust belt to be the result of the
shortening of the forearc between the continental margin and the forearc Hengchun Ridge,
and the embryonic form of Taiwan’s Western Foothills.

On land, NE-SW striking right-lateral faults and N-S striking folds dominate the
deformation of the Western Foothills (Figure 8). The orientations of these structures
indicate an overall N-S stretching and E-W shortening of the shallow crust. The crust
between these right-lateral structures and the two major left-lateral structures of the
Pingtung Plain must be extruding southwestward [e.g., Lacombe et al., 1999, 2001; Chan
et al., 2001, 2002].

In summary, deformation in the Kaoping Domain reflects E-W shortening and
southward extrusion of sediments above a foundering oceanic lithosphere [e.g., Lacombe
et al., 1999, 2001]. This shortening reduces the width of the domain from more than
100 km in the south to less than 50 km in the north. With the shortening, a broad
offshore fold and thrust belt in the south transforms into the nascent, narrow \Western
Foothills in the north, characterized by several prominent N-S trending folds and NE-SW
trending right-lateral faults. Farther east, the rapidly-sinking Pingtung Plain is bounded
by left-lateral structures that facilitate its southwestward extrusion, and is likely to be
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above the last piece of sundering South China Sea oceanic lithosphere.

Farther north, in the Chiayi Domain, the collision of forearc ridge and continental
shelf has begun. There is no intervening basin analogous to the Pingtung Plain between
the Western Foothills and the Central Range (Figures 3 and 9). Instead these two ranges
abut along a fault zone that displays no clear evidence of activity. Furthermore, the
Kaoping Domain’s complex of small active folds and strike-slip faults within the Western
Foothills does not extend northward into the Chiayi Domain. Rather, the folds of the
Western Foothills there display no clear evidence for activity. Instead, the most
prominent geomorphic evidence of youthful deformation exists in the low Chiayi Hills,
farther west. Young lateritic fluvial terraces and active streambeds display evidence of
recent folding along axes that trend nearly north-south. The geometry of these folds is
broadly consistent with the presence of a shallow-dipping blind thrust fault complex
beneath the Chiayi Hills and the coastal plain.

The low hills immediately west of the Western Foothills are commonly referred to as
the Chiayi Hills. These hills are mantled with uplifted late-Quaternary lateritic fluvial
terraces and consist of Quaternary fluvial sandstones and conglomerates. Between the
Chiayi Hills and the west coast is the gently sloping Chianan Coastal Plain, the most
important agricultural area in Taiwan. This basin is filled with Quaternary coastal and
fluvial sediments up to 1500-2000 meters thick [Stach, 1958; Hsiao, 1971, 1974; Sun,
1970, 1971, 1972; Tong and Yang, 1999; Yeh et al., 1999].

Bedrock structures east of the Chiayi Hills do not exhibit evidence of recent activity.
In contrast, evidence for youthful tectonic deformation is abundant in the Chiayi Hills
and the Chianan Coastal Plain (Figure 9). Uplifted fluvial terraces in the Chiayi Hills
west of the Chukou fault clearly indicate deformation across several folds and minor
faults [e.g., Huang, 1996; Chen, 1999]. Progressively tilted lateritic surfaces indicate
ongoing deformation over the past few tens of thousands of years. Terraces along the
major rivers of the Chianan Coastal Plain indicate regional uplift. This evidence belies
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the presence of a major active thrust fault below the Chiayi Hills and the Chianan Coastal
Plain. This deeper structure has long been suspected [Suppe, 1980b; Hung, 1996; Hung
et al., 1999] and is likely to be the blind décollement of the western Taiwan
fold-and-thrust belt. The deformation front associated with this blind structure, just a
few kilometers inland from the west coast, is aligned with the deformation front of the
Kaoping Domain, to the south. Small folds of the Chiayi Domain may be the result of
irregularities in the underlying décollement and secondary structures above it [Suppe,
1976, 1980b]. Recent GPS measurements of the velocity field within the Chiayi
Domain are consistent with the neotectonic evidence for a shallow blind master thrust
fault [e.g., Yu et al., 1997; Yu and Chen, 1998; Hung et al., 1999; Hsu et al., 2003].

The surface ruptures associated with two large destructive historical earthquakes
provide important insights regarding the northern and southern boundaries of the Chiayi
Domain. A M7.1 earthquake in 1906 occurred near the northern boundary of the
domain, and was accompanied by right-lateral ruptures along the ENE striking Meishan
fault [e.g., Omori, 1907; Bonilla, 1975, 1977; Hsu and Chang, 1979; Huang et al., 1985]
(Figure 9). Likewise, the southern few kilometers of the 1999 Chi-Chi rupture was a
strike-slip fault that appears to be collinear with the 1906 Meishan rupture [Central
Geological Survey, 1999a, b; Lin et al., 2000b]. Therefore, the Meishan fault and the
terminal right-lateral fault of the 1999 rupture serve as accommodation structures
between the blind thrust décollement of the Chiayi Domain and the active thrust faults of
the neighboring domain to the north.

Another historic fault rupture appears to have served a similar purpose at the
southern end of the Chiayi Domain. This N70°E rupture of the right-lateral Hsinhua
fault produced the M6.8 earthquake in 1946 [Chang et al., 1947; Bonilla, 1977] (Figure
9). Judging from its location, orientation and sense of slip, this structure is also likely to
be an accommodation structure in the transition zone between the Kaoping and Chiayi
Domains (Figure 3).
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In the center of the western Taiwan orogenic belt, imbricated thrust sheets with
many kilometers of accumulated slip reveal that the collision is well-established. Two
sub-parallel thrust faults, the Chelungpu in the east and the Changhua in the west, are the
major active components (Figure 10) of the Taichung Domain. These structures merge
and die out near the southern edge of the domain and through a complex 20-km-wide
transition zone in the north.

The 1999 rupture of the Chelungpu fault provided the critical first clue that the
active Taiwan orogeny segregates naturally into discrete structural domains. The
principal clue was that the fault broke along nearly the entire length of the active
mountain front. Only along the ~90-km length of the 1999 rupture does the flank of the
Western Foothills sport such a sharp, youthful, pre-existing thrust scarp [Chen et al., 2002]
(Figure 10). The length of this young scarp also coincides with the lengths of the
Taichung piggyback basin and the tablelands to the west of the basin. The northern
termination of the 1999 rupture occurred in a region where the structural and geomorphic
expression of the thrust belt changes markedly [Chen et al., 2000; Lee et al., 2000].
North of the 1999 rupture, the tablelands dramatically change character and the Taichung
foreland basin ends. All these observations indicate that there are fundamental
structural differences between the portion of the Western Foothills and foreland basin
adjacent to the rupture of 1999 and the regions to the north.

The other major active fault of the Taichung Domain underlies the Taichung Basin
and the tablelands to the west (Figure 10). This fault bears several names in the
literature [e.g., Shih et al., 1983, 1984a, b; Shih and Yang, 1985; Yang, 1986], but is
commonly referred to as the Changhua fault.

The tablelands are the geomorphic expression of the Changhua fault (Figure 10).
Their surfaces and underlying Quaternary deposits form an anticlinal welt separating the
Taichung and coastal foreland basins. Small steep west-facing scarps along the western
flank of the Houli and Tatu Tablelands suggest that the Changhua fault breaks the surface,
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at least locally [Pan et al., 1983; Shih et al., 1983, 1984a, b; Shih and Yang, 1985; Yang,
1986]. Despite these steep scarps, several recent seismic reflection lines suggest that the
Changhua fault itself may be a fault-propagation fold that does not break cleanly to the
surface [Lee et al., 1997; Shih et al., 2000, 2002; Yang et al., 2000; Hsu, 2001], as was
suggested by Chen [1978]. Nonetheless, the presence of steep scarps suggests that
deformation on the western flank of the tablelands could be severe locally during ruptures
of the Changhua fault.

The Changhua fault appears to represent the western limit of active deformation at
the latitude of the Taichung Domain. Thus, the western limit of deformation in the
Taichung Domain is substantially farther to the east than it is in the neighboring Chiayi
and Miaoli Domains (Figure 3). Total reverse slip on the Changhua fault is merely a
few hundred meters [Chen, 1978], far less than the many kilometers of slip on the
Chelungpu fault. However, the long-term slip rate and the age of initiation of the
Changhua fault are unknown currently, so that the fraction of strain across the Taichung
Domain that is taken up by the Changhua fault is not known. Nor have paleoseismic
studies shed any light on the recurrence characteristics of the fault.

Both ends of the 1999 rupture provide important information about the transitions of
the Taichung Domain with its neighbors to the north and south. In the south,
geomorphic features indicate that both the Chelungpu fault and the Changhua fault
diminish in prominence south of the Choushui River and terminate in the dextral
strike-slip fault mentioned earlier (Figure 10). The geomorphic expression of the
Chelungpu and Changhua faults also diminishes in this region. The Changhua fault
probably extends along scarps on the east side of the Chinshui River valley and
diminishes southward along this tributary river valley and merges with the Chelungpu
fault as shown in Figure 10 [Ota et al., 2002].  This interpretation suggests an overlap in
structures of the Taichung and Chiayi Domains. Structures underlying the Touliu and
Chiayi hills are the northernmost expressions of the Chiayi Domain, and the dying
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southern strands of the Chelungpu and Changhua faults south of the Choushui River are
the southernmost expressions of the Taichung Domain. The overlap of these structures
indicates that the transition between the two domains is about 20 kilometers wide (Figure
3).

Complexities at the northern end of the Taichung Domain define a wide transition
zone with its northern neighbor, the Miaoli Domain. The odd, east-striking anticlinal
welt and bounding thrust faults and kink bands that formed the ~10-km-long northern
segment of the 1999 rupture [Chen et al., 2001] form a small rabbit-ear-like anticline that
cuts across regional bedding and into this syncline. Spectacular though this co-seismic
welt was, it is not a large regional structure. The Chihhu syncline, across which this
minor appendage of the 1999 rupture cut, is a major element of the Miaoli Domain to the
north (Figures 10 and 11). This indicates that the northernmost rupture of the Chi-Chi
earthquake is not really part of the Chelungpu fault; rather it is a surficial accommodation
structure within the transition zone between the Taichung and Miaoli Domains.

A co-seismic fault rupture, associated with a large earthquake in 1935, is also within
the transition zone between these two domains. The predominantly right-lateral
Tuntzuchiao fault extends southwestward across the northern edge of the Taichung Basin
into the Houli and Tatu Tablelands. It cuts across the strike of the basin and tablelands
at about a 45° angle, about the relationship one would expect for a strike-slip structure
serving as an accommodation structure within a fold-and-thrust belt [e.g., Yeats et al.,
1997]. The fault separates the tablelands to the south from the broad open Tunghsiao
anticline and associated folds of the Miaoli Domain to the north (Figures 10 and 11).
The width of the transition zone between the Taichung and the Miaoli Domains, as
measured by the distance between the southern end of the Tuntzuchiao fault and the
northern end of the Sanyi fault, is about 20 kilometers.

The active structures of the Miaoli Domain are roughly on trend but contrast sharply
with those of the Taichung Domain (Figure 3). The active tectonic landforms on land
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are broad coastal and narrower foothill anticline-syncline pairs (Figure 11). Reverse
faults, including one that ruptured during an earthquake in 1935, are locally clear in the
topography. The fact that active folding extends to the west coast suggests that a
west-verging master thrust fault underlies the entire region between the Western Foothills
and the coast. GPS geodetic measurements show that convergence across the domain is
approximately N40°W at about 5 mm/yr [e.g., Yu et al., 1997], similar in azimuth but far
lower in magnitude than convergence across domains to the south.

The two major anticline-syncline pairs that dominate the landforms of the Miaoli
Domain are along strike with the features of the Taichung Domain. The eastern pair, the
Chuhuangkeng anticline and Chihhu syncline, forms the western flank of the Western
Foothills (Figure 11). The Shihtan fault, a bedding-plane back-thrust on the steep
eastern limb of the syncline, ruptured during the 1935 earthquake [Hayasaka, 1935;
Otuka, 1936; Wang et al., 1994]. The structural position of the Shihtan fault, on the
limb of a syncline and parallel to bedding, indicates that it is not a major structure.

West of the Miaoli valley is the other pair of major folds, the Tunghsiao anticline
and Tunglo syncline [e.g., Chang, 1974; Chinese Petroleum Corporation, 1994]. The
geomorphic expression of this anticline is less clear than that of the Chuhuangkeng
anticline, because only gently dipping, less consolidated young beds are exposed in its
eroded core. Tilted remnants of a lateritic terrace west of the town of Sanyi form a
prominent cap to the eastern limb of this anticline [e.g., J.-C. Chang et al., 1998].

In contrast to the Taichung Domain, no major thrust fault crops out on land within
the Miaoli Domain. Nonetheless, the two major anticline and syncline pairs probably
are the superficial manifestation of a major underlying detachment [e.g., Elishewitz, 1963;
Suppe and Namson, 1979; Namson, 1981, 1983, 1984; Hung and Wiltschko, 1993]. This
major detachment, if it were to crop out at the surface, would do so offshore and delimit
the western edge of the Miaoli Domain. In fact, previous seismic reflection surveys
have found folds offshore of the Miaoli area [Wang, 1967], indicating that the detachment
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does indeed continue beneath the offshore region.

The fact that the deformation front of the Miaoli Domain is much farther west than
that of the Taichung Domain suggests a structural down-step from the Changhua and
Chelungpu faults of the Taichung Domain to the décollement of the Miaoli Domain [e.g.,
Chen et al.,, 2001]. This step is accommodated by many minor structures in the
transition zone between the two domains.

The Hsinchu Domain contains the northernmost evidence for active crustal
shortening in Taiwan. It is a transitional domain between the active shortening of the
Miaoli Domain and active extension of the Taipei Domain (Figure 3). Its reverse and
strike-slip faults bring the active deformation front of the Miaoli Domain back onto land.
N-S shortening across the domain is accommodated by two groups of reverse faults and
folds. GPS measurements are not coherent across the Hsinchu Domain but do suggest
that shortening rates are no more than a few mm/yr.

Two groups of active structures disrupt rocks of the foreland basin. The northern
of the two groups of active structures disrupts the surfaces of the Taoyuan-Hukou
Tableland as a series of ENE-WSW striking scarps and fold axes (Figure 12). The
scarps have long been considered to be active fault or fold scarps [e.g., Hanai, 1930; Ku,
1963; Sunlin, 1982; Yang, 1986]. All of the scarps are related to two major structures,
the Pingchen and Hukou anticlines [e.g., Tang, 1963; Wang, 1964]. The Hukou anticline
is likely to be a fault-bend fold created by an underlying thrust ramp, and the higher scarp
south of the valley is a manifestation of its forelimb. The Pingchen anticline appears to
be the result of a wedge thrust, and the lower scarp north of the valley may be a fold
scarp related to its forelimb [Wang, 2003]. A right-lateral fault zone that strikes
WNW-ESE forms the southern boundary of the structures of the Taoyuan-Hukou
Tableland [Wang, 2003]. The fact that this right-lateral fault zone heads offshore
suggests that it is a tear fault between the structures of the Tableland and unidentified
structures offshore.
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The other group of active structures in the Hsinchu Domain is geomorphically
apparent just south of the Touchien River (Figure 12). Scarps of the Hsincheng and
Hsinchu faults and enigmatic intervening scarps cut and deform the narrow fluvial
terraces south of the river. The overall trend of the fault system is east-west.

Both of the two groups of faults in the Hsinchu Domain accommodate shortening in
a direction that is nearly north-south. Thrust faults that strike NNE dominate the
domain, but right-lateral faults intersect these at angles of about 45° [e.g., Yang et al.,
1996, 1997]. The direction of shortening across these faults is NNW, nearly 80°
clockwise from the direction of shortening across the Miaoli Domain.

This kinematic interpretation is consistent with the Hsinchu Domain being the
northernmost region of shortening in Taiwan. To the south, the Miaoli Domain
continues to suffer WNW-ESE shortening as a result of the collision of the forearc sliver
of the Central Range and the South China continental shelf. To the north, the Taipei
Domain is experiencing post-collisional collapse in the region of back-arc extension
above the Wadati-Benioff zone of the Ryukyu subduction system [Teng, 1996; Teng et al.,
2000] (Figure 3). The neutral plane separating these two regimes is immediately north
of the Hsinchu Domain. In this context it is reasonable to conclude that the structures of
the Hsinchu Domain are merely the northern end of the structures associated with the
major detachment of the Miaoli Domain, as suggested by Big [1992]. However,
bathymetric data offshore Hsinchu and Miaoli are insufficient to test this hypothesis [e.g.,
Pan and Hu, 1972].

Within the Taipei Domain, formerly active thrust faults are being buried by young
fluvial, marine, and volcanic sediment and locally obliterated by the construction of a
volcanic edifice. NW-SE extension across the domain is concentrated on one principal
normal fault, across which the long-term rate of extension appears to be at least 1 mm/yr
(Figure 13). Motion across this structure, the Shanchiao fault, has been producing the
Taipei Basin half-graben for the past few hundred thousand years. Seismic slip on the
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fault may have produced a marine incursion into the Taipei Basin in 1694. Decadal
rates of extension across the domain are poorly constrained by GPS measurements [Yu et
al., 1997], but the magnitude of extension could be consistent with the long-term rate of
extension across the Shanchiao fault.

The major active structure of the Taipei Domain is the Shanchiao fault, which
separates the Taipei Basin and the Linkou Tableland (Figure 13). The observation of
numerous triangular facets along the eastern foothills of the Linkou Tableland led to the
discovery of the fault many decades ago [Tan, 1939; Lin, 1957]. In general, the surface
trace of the Shanchiao fault lies slightly east of the inactive Hsinchuang fault [Sun, 1990],
a thrust fault that probably represents the deformation front of northern Taiwan in the
early Quaternary Period [Ho, 1988; Wang-Lee et al., 1978; Teng et al., 2001]. The
parallel traces of the two faults suggest that the steeper normal fault and shallower thrust
fault merge at depth and that the younger Shanchiao fault has reoccupied the older fault
plane [e.g., Wu, 1965; Hsieh et al., 1992]. The reoccupation by the Shanchiao fault of
the Hsinchuang fault in the late Quaternary Period demonstrates that the Taipei Domain
has changed recently from a regime of shortening to one of extension. This is consistent
with the movement of the domain out of the influence of the Manila subduction system to
that of the Ryukyu subduction system [e.g., Suppe, 1984, 1987; Teng, 1996; Teng et al.,
2000].

The Tatun volcanic edifice is clearly bisected by the northern extension of the
Shanchiao fault (Figure 13). On the uplifted block, northwest of the fault, the
semi-circular perimeter of about half the edifice is preserved. Southeast of the fault, the
narrower width of the volcanic construct may well be due to burial of the flanks by
sediments of the Taipei Basin. In detail, the scarp across the volcano is not as clear as it
is between the Taipei Basin and Linkou Tableland. Nonetheless the overall trajectory of
the fault zone over the volcano is clear, and numerous small scarps and other linear
features form a clear fault zone.
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History records a very interesting occurrence that is quite relevant to understanding
the relevance of the Shanchiao fault to seismic hazard assessment. In 1694, historical
documents indicate an abrupt subsidence in the Taipei region, with the formation of a
brackish-water lake that inundated at least a third of the basin [Shieh, 2000]. The lake
was deep enough to permit large ships to sail far into the basin. The formation of the
lake is most easily explained by several meters of slip on the Shanchiao fault, since such
a rupture would result in subsidence of a large portion of the Taipei Basin.

The Okinawa Trough is the back-arc basin of the Ryukyu subduction system (Figure
1). Its progressive westward propagation is splitting the country’s mountainous
backbone along the western suture, now occupied by the Lanyang Plain (Figure 14).
This large, triangular basin reflects the current foundering of the western tip of the
westward propagating Okinawa back-arc trough. On the northwestern flank of the
Lanyang Plain is the Hsueshan Range, and on the southern flank of the plain is the
northern tip of the Central Range. Two observations suggest that these flanking ranges
are sinking as well. First, their crests are appreciably lower than range crests farther
south. Second, their flanks are being buried by alluvium on the east coast and in the
Taipei Basin.

If Suppe’s [1987] calculation is correct that the western edge of Ryukyu subduction
Is migrating southwestward at about 100 mm/yr, then one would anticipate that none of
the extensional features nor the sinking of the onshore part of the Ilan Domain would be
older than about a half million years. This is supported by stratigraphic evidence that
post-collisional collapse of northeastern Taiwan has occurred in just the past million years
[Teng, 1996; Teng et al., 2000].

Two systems of geomorphically expressed normal faults are apparent in the onland
portion of the Ilan Domain. They bound the Lanyang Plain on the northwest and on the
south. Normal faulting along the northwestern flank of the Lanyang Plain is complex.
Instead of possessing the simple morphology of a simple normal fault, the Hsueshan
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Range front displays a complex family of triangular facets that step up slope from the
base of the range [C.-T. Lee et al., 1998] (Figure 14). The southern edge of the Lanyang
Plain also appears to be controlled by normal faulting. The seaward extension of these
two normal fault systems is not very clear, and the lack of high-resolution bathymetry
near the coast prohibits resolution of the issue. However, a submarine scarp along the
northeastern extension of the northern normal fault system suggests that the northern
structure continues for at least another 15 km. The presence of a submarine canyon just
offshore Suao, on the other hand, indicates that the southern structure may not extend
very far seaward.

The normal faults that bound the Lanyang Plain are generally considered to be the
southwestward extension of normal faults bounding the Okinawa Trough. Bathymetry
of the Okinawa Trough indicates that the most active opening area in the recent 2 million
years is its southern part [Hsu et al., 1996; Wang et al., 1998], adjacent to the Lanyang
Plain.

The Lishan fault, which runs along the Lanyang River valley, upstream from the Ilan
Plain, is not likely to be an active structure, despite its linear course. This fault is a
major bedrock structure in Taiwan [e.g. Ho, 1986, 1988; Yang, 1986] (Figure 3), and it
has a complicated structural history. Geomorphic evidence, however, indicates that the

fault is not likely to be active.

Discussion and earthquake scenarios

A principal motive for our investigation of the active tectonics of Taiwan has been to
develop a synoptic view of the island’s earthquake potential. What we have found is
that the island is divisible into eleven discrete active tectonic domains, and that a unique
suite of active structures defines each domain. The descriptions of these active

structures above provide a basis for developing simple, preliminary characterizations of
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the predominant seismic sources for each of the eleven domains.

There are many other questions that our investigation of the island’s active tectonics
has raised, but digging deeply into these issues is outside the scope of this already lengthy
paper. Some of the unresolved questions are these: How will the Taiwan orogeny
evolve over the next million or so years? Is it, for example, a valid hypothesis that
latitude in Taiwan is a surrogate for maturity of the orogen? If so, we can speculate that
progressively more southern parts of the outer-arc ridge and volcanic arc of the Philippine
Sea plate will continue to dock with the continental margin in the south while the forearc
and arc disengage from the continental margin in the north.

Figure 3 shows that the Central Range is not included in any of the domains. Why
is there no separate Central Range Domain? This is because we have found no clear
geomorphic evidence for active faulting through the high mountains. Many of the
active structures of the domains dip toward the Central Range, but we estimate that these
structures pass through the brittle-ductile transition where we have drawn the
mountain-ward edge of each domain. This may be at odds, however, with recent work
that shows minor seismicity continuing well below what we have assumed to be the
brittle-ductile transition [e.g., Wu et al., 1997; Rau and Wu, 1998; Kao and Chen, 2000;
Carena et al., 2002]. Farther into and farther beneath the mountains, we assume any
major structures behave aseismically. We have not resolved whether these extend
through the brittle-ductile transition, or if strain beneath the high mountains occurs by
penetrative deformation. We suspect that, however, it is the pervasive ductile crustal
thickening that produces the rapid uplift of the Central Range. Any deeper ductile
detachment(s) must interact somehow with the presumably steep contact that separates
the lithosphere of the continental shelf (i.e., Western Foothills and Hsueshan Range) and
that of the forearc ridge (i.e., Central Range).

Why is the active architecture of Taiwan divisible into discrete domains? One
possibility is that the geometry of currently active structures is controlled by pre-existing
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faults. It is well known that some of the currently active structures have re-occupied
older structures. For example, the Shanchiao fault, the principal active fault of the
Taipei Domain, occupies much of the plane of the inactive Hsinchuang thrust fault.
Many inactivated normal faults of the continental margin are now also partially
reactivated by active thrust faults of the Hsinchu and Taichung Domains. Perhaps the
lengths of the currently active faults are influenced by the lengths of these older faults.
Another plausible reason for the discreteness of the domains may have to do with the
efficiency of breaking crustal rocks. The fact that fault planes re-rupture is an indication
that less energy is expended by the re-rupture of a favorably oriented pre-existing fault
plane than by fresh rupture of unfaulted rock. This should be true even in an evolving
orogen, in which a pre-existing fault will re-rupture until creation of a new fault becomes
more efficient energetically. The discreteness of the faults and their transition zones
may be a reflection of this basic principle. It may be only at rare critical junctures in the
history of a fault that the fault becomes inactive and that new structures are born.

The transition zone between the Taichung and Miaoli Domains provides a possible
example of this. The 1999 mountain-front rupture from about Fengyuan northward lies
farther east than an older trace of the Chelungpu fault (Figure 10). The anticlinal welt
that ruptured eastward in 1999 from the younger trace of the Chelungpu into the Tachia
River also appears to represent a very young feature, perhaps with only a few earlier
paleoseismic events. The hook-like map pattern of the new branch of the Chelungpu
fault and the anticlinal welt is geometrically very similar to the hook-like pattern of the
old Chelungpu and Sanyi faults about 10 km farther north (Figure 10). The old hook
may well represent a recently abandoned, more northern end of the Chelungpu fault zone.
If so, the northern end of the fault zone has jumped recently about 10 km southward from
the northern hook to the southern one.  Resolution of this question about the discreteness
of the domains will come only with more detailed geochronologic, stratigraphic and
geomorphic work.
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What seismic events can Taiwan expect in the next century or two? To begin to
answer this question, we must know the geometries and slip characteristics of the active
faults in each domain. These characteristics are not known well or uniformly for all the
domains. Nonetheless, we can estimate major source shapes and locations well enough
to give a preliminary notion of the major earthquakes that should be expected. This will
be the main focus of the discussion below.

Seismic moment (M,) is a parameter that we can estimate from structural data:

M, = pWLD

where p is the shear modulus, commonly about 3*10™ dyne/cm? in the crust; W is
the down-dip width of the rupture; L is the along-strike length of the rupture; and D is the
average slip across the rupture plane. Furthermore, these structural parameters are
directly related via seismic moment to earthquake moment magnitude (My,), by another
formula:

My = 2/3 Log M, - 10.73
Furthermore, moment magnitude has the following relationship to rupture area (A,
in km?), based upon published regression results [e.g., Wells and Coppersmith, 1994]:
My, =3.98 + 1.02 * log A, for strike-slip faults,
My, =3.93 + 1.02 * log A, for normal faults, and,
My =4.33+0.90 * log A, for reverse faults.

Since rupture area equals rupture length (L) times down-dip rupture width (W), we
can estimate the magnitudes of future earthquakes in Taiwan’s eleven domains from the
data we have presented in this paper and figure out a reasonable average slip in a typical
earthquake event for a given structure.

In each domain, we have identified the surface manifestations of the one or more
predominant structures. Thus, we can estimate the length of future seismic ruptures.
This presumes, of course, that like the 1999 Chelungpu rupture, the entire length of the
fault is involved, and the rupture does not spill over significantly onto other faults.
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Since this is not always the case, our estimates of magnitude using the entire length (L) of
a fault will be maximum values for individual faults. We would have overestimated, for
example, the size of the earthquakes in the Longitudinal Valley in 1951, since only
portions of the fault broke during those events. On the other hand, since ruptures
sometimes break across structural complexities [e.g., Matsuda, 1974; Sieh et al., 1993;
Eberhart-Phillips et al., 2003], using just the length of one major fault can significantly
underestimate the magnitude of complex earthquakes. With these caveats in mind,
however, we use fault length for rupture length in the calculations below, because it
provides a simple starting point for future discussions.

Our estimates of down-dip width (W) derive from estimates of the dips of the faults
and the depth of the brittle-ductile transition. For the depth of the brittle-ductile
transition, we would use the depth of greatest upper-crustal seismicity, if it were not for
the fact that in Taiwan this presents a confusing picture. Numerous deep crustal
earthquakes beneath the island, especially in its eastern part, have in fact inspired Wu et al.
[1997] to propose that the Taiwan orogeny results from lithospheric collision as distinct
from thin-skinned tectonics. Therefore, in most cases, we make the simple assumption
that the brittle-ductile transition beneath the island is everywhere at a depth of 15 km.
The brittle-plastic transition of quartz occurs at approximately 300°C [e.qg., Kerrich et al.,
1977; Tullis and Yund, 1977], and that of feldspar occurs at approximately 500°C [e.g.,
White, 1975; Tullis and Yund, 1977]. The average geothermal gradient of Taiwan is
approximately 30°C/km [e.g., Huang, 1990]. Given the fact that most of the rocks in
the upper crust of Taiwan are quartz-rich sedimentary rocks, a 15 km brittle-ductile
transition is therefore a reasonable and conservative estimation. In fact, few
earthquakes occur at a depth greater than 15 km in western Taiwan [e.g., Carena et al.,
2002].

Certainly, this estimate is only a first-cut attempt and we have ignored many
possible variations in seismogenic depth [e.g., Scholz, 2002; Nazareth and Hauksson,
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2004]. In a few cases we use better information. For example, for the Chelungpu fault,
model inversions of co-seismic geodetic displacements and seismograms provide
excellent constraints on the depth of the co-seismic rupture plane.

For fault dips we use published structural analyses, where available and credible.
Elsewhere, we use conventional dips of 30°, 60° and 90° for thrust, normal and strike-slip
faults, respectively, with steeper dips for thrust faults if there is a component of slip along
strike. Figure 15 displays these interpretations, drawn from a variety of sources.
Several are from published sources, but others are our own sketches.

Figure 16 is a map of the major seismic structures that we propose. Table 1
accompanies this graphical representation of the same data. It includes the values of
length (L), width (W), average slip (D), as well as other parameters that we have used in
estimating the magnitude of earthquake associated with each source. On the map, each
source appears as a polygon, with surface traces solid and the surface projections of
subsurface edges dashed. For most of the domains, the dashed lines closest to the
Central Range represent our estimate of the down-dip limit of seismic rupture, based
upon a 15-km depth for the brittle-ductile transition.

The Lutao-Lanyu Domain is dominated by a major fault that crops out along the
eastern base of the Huatung Ridge (Figure 16). Based upon published seismic reflection
and topographic data, we believe that the Huatung Ridge thrust crops out south of about
22°20°N but may be blind farther north. We assume a dip of about 30 degrees west for
the fault [e.g., Lundberg et al., 1997; Chang et al., 2001; Malavieille et al., 2002]. The
resulting moment magnitudes (M,,) would be about 7.6 for the fault (Figure 16).
Average slip across the fault would be about 2.4 meters based upon the seismic moment
that we have calculated.

The east-dipping fault that we propose beneath the island of Lutao appears to be
significantly shorter, perhaps only 40 km long. The length and width of this fault
suggest a maximum magnitude of 7.0.  The lesser thrust fault that dips southeast beneath
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the southern part of the Huatung Ridge at about 22°N (Figure 4) is only about 30 km long,
so the largest magnitude we would expect from it is in the high 6s.

The Taitung Domain has two and probably three principal seismic sources (Figure
16). The clearest is the steeply east-dipping Longitudinal Valley fault, which has
significant components of both thrust and left-lateral strike-slip motion. If the entire
length of the fault in the Longitudinal Valley were to rupture in a single event, the
magnitude could well be 7.4 (Table 1). We have also argued for activity of the
west-dipping Central Range fault within the Taitung Domain, but we have no reliable
estimate of its dip. Its 80-km length and an assumed dip of 45° yields a maximum
magnitude of 7.2. Evidence for activity of the west-dipping thrust fault that appears to
daylight 20 km offshore is sparser still. If this is, indeed, an active, 120-km long
structure, we would predict a maximum magnitude of about 7.4. Of these three, only
the Longitudinal Valley fault has ruptured historically, in the M7.0 and M6.2 earthquakes
of 1951 [Shyu et al., 2005b] and during smaller events in 1995 and 2003 [Chen and Rau,
2002; R.-J. Rau, unpublished data]. Creep at rapid rates is well known along parts of
this fault, but geodetic measurements are too sparse to allow determination of the full
extent of the creep, either along strike or down dip. Furthermore, the temporal stability
of the current pattern of creep is unknown. More work will be necessary to define better
the extent to which creep of the fault reduces the threat of seismic rupture.

Within the Hualien Domain, the Longitudinal Valley fault appears to be the only
active structure. Earthquakes produced by this fault in 1951 were magnitude 7.3 and 7.1
and the surface rupture involved only approximately 6% of the total subaerial extent of
the fault. The length of the fault within the Hualien Domain yields a hypothetical
largest event of M, 7.2.

The Ryukyu Domain encompasses the seismic Ryukyu subduction zone, the largest
seismogenic source of Taiwan. The seismic portion of the subduction interface in the
westernmost part of the Ryukyu trench is limited approximately to that portion above a
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depth of about 35 km [Kao et al., 1998]. Thus, only that ~50-km wide strip between the
trench and the Ryukyu Islands is likely to generate great subduction earthquakes. The
eastern limit of the interface is hard to specify. At about 123°E, however, the Gagua
Ridge collides with the Ryukyu trench, and creates a major geometric irregularity in the
Ryukyu subduction interface [e.g., Sibuet and Hsu, 1997; Schnirle et al., 1998] (Figure
la). The dip angle of the Wadati-Benioff zone changes dramatically across the
longitude of the Gagua Ridge, from 65° on the west to 50° on the east [e.g., Deschamps et
al., 2000]. We assume that this geometric break about 150 km east of Taiwan’s east
coast is a barrier to rupture propagation. This leads to calculation of a magnitude 8.0 as
the largest plausible event on the subduction interface near Taiwan. Two large events
with magnitudes greater than 8.0 in 1910 and 1920 [Hsu, 1980; Cheng and Yeh, 1989]
most plausibly originated on this strip of the subduction interface.

The normal fault system along the coast between the Longitudinal Valley and the
Lanyang Plain is about 50 km long. We therefore calculate a maximum magnitude of
6.9 and an average slip of about 1.2 meters for this zone (Table 1 and Figure 16).

In the Kaoping Domain three active structures appear to dominate (Figures 15 and
16). One of these is the Chaochou fault zone. As discussed previously, this fault may
extend southeastward to connect with the strike-slip Hengchun fault.  Alternatively, it
may also extend southward along a submarine canyon to about the latitude of the
southern tip of Taiwan (Figure 8). In either scenario, this possibly high-angle fault has a
total length of about 120 km, and is capable of producing an earthquake of about M, 7.3
(Table 1). Rupture of only the onland portion of the Chaochou fault could also produce
a M,, 7.2 earthquake. Another major structure in the Kaoping Domain is the strike-slip
fault along the western margin of the Pingtung Plain. Its length yields a maximum
magnitude of 6.9. The other structure is the deformation front, which is likely to be a
reverse fault that runs all the way to the Manila trench in the south. Between the
latitudes of Tainan and Kaohsiung, there is no topographic evidence for the existence of

39



this reverse fault. But to the south, numerous folds and minor faults on the seafloor are
likely to be the result of irregularities in the underlying deformation front and secondary
structures above it. This huge reverse fault system has a length of at least 200 km in
Figure 3, and might produce an earthquake event of at least M,, 7.7.

We have discussed four main constraints on the nature of the principal active
structures in the Chiayi Domain. These are the young deformation of the coastal plain
and the Chiayi Hills, abundant small to moderate earthquakes between the coast and the
Western Foothills, structural interpretations based upon well data and surface outcrops,
and interpretations of geodetic data. Several secondary features, such as the Hsiaomei
anticline and the minor thrust faults in the Chiayi Hills, the duplexes and backthrusts of
structural models, and the source faults of the 1906, 1946, 1999 and other earthquakes
complicate the neotectonic picture. The historical fault ruptures demonstrate that many
secondary structures exist within the domain and that some are capable of producing
earthquakes in the upper 6s. The 1906 and 1946 events represent earthquakes produced
by faults in the transition zones with neighboring domains. The M6.4 earthquake in
October 1999 may represent events within crystalline bedrock of the continental shelf,
well below the principal detachment that Suppe [1976, 1980b] proposed to exist within
the Neogene shelf strata.

Acknowledging these complications, let us focus here on the potential for rupture of
the principal structure within the Chiayi Domain. If we adopt the interpretations of Hsu
et al. [2003] regarding the large horizontal gradient in GPS vectors, we can plot a rapidly
creeping detachment about as shown on Figure 15. In their model, the creeping
detachment dips about 15° eastward and extends up-dip as far as the eastern edge of our
definition of the Chiayi Domain. A reasonable initial interpretation would be that a
locked detachment extends westward from this edge to a position beneath the western
edge of deformation, near the coast. This is our basis for proposing the source depicted
beneath the Chiayi Domain in Figures 15 and 16. Judging from its width and length, the
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size of the resultant earthquake would be about M, 7.5, with an average slip of
approximately 2.3 meters (Table 1). A M6.5 earthquake in 1930 and a M7.2 earthquake
in 1941 [Hsu, 1980; Cheng and Yeh, 1989] could have been produced by partial rupture
of this structure, although rupture of two secondary structures within the domain could
also have produced these earthquakes.

The Chelungpu and the Changhua faults are the two major seismogenic structures of
the Taichung Domain (Figures 15 and 16). Rupture of the entire Chelungpu fault and
the accommodation structure on its north end in 1999 resulted in the My, 7.6 Chi-Chi
earthquake. The Changhua fault has a length similar to that of the Chelungpu, but the
dip of the fault may be shallower than the Chelungpu fault in its deeper part (Figure 15).
This suggests that rupture of the entire Changhua fault could produce an earthquake of
even greater magnitude than the Chi-Chi event (Table 1).

As we have seen, the major active fault or faults of the Miaoli Domain are not as
well defined as those in the Taichung Domain. The largest historical earthquake
produced within the domain was the M7.1 event of 1935. Two disparate surface
ruptures are associated with this earthquake — a right-lateral accommodation structure and
a bedding-plane fault on the eastern limb of a tightly folded syncline. No modern
inversion of the seismograms of this earthquake has been attempted, so we do not know if
these two ruptures were accompanied by rupture of the underlying detachment.
However, the size of the earthquake indicates it might have involved rupture of more than
just the two known secondary structures (Table 1).

The active folds and faults of the Miaoli Domain are probably subordinate to a
major active detachment that underlies the domain (Figures 15 and 16). In calculating
the length of the detachment, we assume that it extends southward beneath the transition
zone with the Taichung Domain. We do not know whether or not to include the faults of
the Hsinchu Domain, since these could be the northern wrap-around of the Miaoli
Domain. If we terminate the detachment at the border with the Hsinchu Domain, we
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calculate a maximum magnitude of 7.3 for earthquakes produced by the detachment
(Table 1). If, however, we extend the detachment through the entire the Hsinchu
Domain, we derive a maximum magnitude of 7.5. By comparison, separate rupture of
the Shihtan backthrust yields only a M, 6.1 earthquake (Figure 16).

The Touhuanping fault in the transition zone between the Hsinchu and Miaoli
Domains is a major strike-slip fault with a length up to 25 km. Rupture of this major
accommodation structure is capable of producing an earthquake with a maximum
magnitude of 6.6 (Table 1).

The Hsinchu Domain encompasses the densely populated regions of Hsinchu and
Taoyuan. The principal emergent seismic sources include those of the Taoyuan-Hukou
Tableland and of the Hsinchu-Hsincheng system (Figure 16). If they were to rupture
together, the thrust faults and right-lateral faults of the Taoyuan-Hukou Tableland are
large enough to produce a complex earthquake of about M,, 7.1 (Table 1). Separate
failure of the largest of these structures, the Hukou fault, would produce about a M, 6.9
event. Similarly, if all the thrust and strike-slip faults of the Hsinchu-Hsincheng system
failed in unison, an earthquake of about M,, 6.8 would result. But if just the Hsinchu or
Hsincheng fault failed separately, events of about M,, 6.5 and 6.6 would result.

The two major active structures in the llan Domain, the normal fault zones along the
northwestern and southern flanks of the Lanyang Plain, are the bounding structures of the
disengagement of the continental and forearc lithospheres of the Hsueshan and Central
Ranges. These structures have on-land lengths of 75 and 25 km, but it is not clear how
far seaward they extend. The northern structure may extend at least 15 km offshore, and
the southern one is likely to end near the coastline. The resultant lengths for these two
normal fault systems then yield maximum magnitudes of 7.2 and 6.6, respectively (Table
1 and Figure 16). The thick and rapidly accumulating sediments of the Lanyang Plain
may well obscure other active normal faults between the two bounding faults within the
back-arc basin. These would be additional potential sources of future earthquakes.
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A seismic scenario for the Taipei Domain is one of the easiest to estimate, because
there is only one principal active fault, the Shanchiao (Figures 15 and 16). The threat
posed by this active normal fault may be the greatest of any in Taiwan, because the fault
dips beneath the metropolitan region of Taipei, the capital and most populous city of the
island. If we assume that a single rupture of the Shanchiao fault would extend only
along the western edge of the Taipei basin, the resultant earthquake would have a
magnitude of about M,, 6.5, with an average fault slip of about 0.7 meter (Table 1). If,
however, we postulate that a single rupture could continue from the edge of the basin
over the volcanic edifice to the north, the rupture length becomes about 45 km, and we
calculate a My, 6.9, with about 1.1 meters of dip slip. Paleoseismic investigations may
be able to resolve the rupture lengths of past earthquakes and provide some insight into
which of these scenarios is more probable. One recent analysis, in fact, shows that two
possible ruptures between 8 and 10 ka may have involved as much as 3 to 4 meters of slip
[Huang et al., 2005]. Such large slips imply even longer ruptures than we have
proposed.

Vertical offsets of one to three meters are common along active normal faults with
lengths as great as the Shanchiao fault. Offsets of this size would have particularly
serious consequences for Taipei, because large portions of the Taipei basin are less than 3
meters above sea level. The submergence event of AD 1694 may thus be related to
rupture of the fault.

Now that we have presented plausible seismic sources for all of Taiwan’s
neotectonic domains, we are tempted to calculate the frequency with which large
earthquakes from these sources might visit each domain. This could be done using
modern geodetic rates of horizontal shortening to estimate the average amount of time
necessary to accumulate the strain relieved by each scenario event. These calculations
would be simplest for the domains dominated by single faults, such as the Chiayi and
Taipei Domains. For example, elastic strain accumulation equal to that relieved by 2.3
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meters of offset on the Chiayi detachment (our scenario event) would accumulate in only
about 65 years, if the detachment is the only structure to release the strain. However, for
the Taipei Domain, the rate of strain accumulation is so low that the errors in GPS vectors
are too large to allow such a calculation. In complex domains, such as Kaoping,
Lutao-Lanyu, Hsinchu and llan, the long-term partitioning of deformation across the
faults is so poorly known that calculations of average recurrence intervals using modern
geodetically determined strain rates would not be very meaningful.

In some cases, it would be more reliable to divide the cumulative slip on the
principal faults over the past million or so years by the amount of slip that we anticipate
in future events. For the Shanchiao fault in the Taipei Domain, for example, this yields
an average interval of approximately 500 to 600 years. In other cases, short
paleoseismic records are beginning to provide direct evidence of recurrence intervals.
For example, Streig et al. [2005] have shown that the previous rupture of the central part
of the Chelungpu fault was similar to the 1999 rupture in slip magnitude and occurred
about 640-740 years ago. However, in most domains, geochronologic, stratigraphic and
structural controls on late Quaternary strata are still too poor to constrain recurrence
intervals meaningfully.

Another complication in estimating average return periods for large earthquakes is
the degree to which the major faults are creeping in the upper crust. Some, such as the
Chihshang fault in the Taitung Domain, are known to be creeping rapidly at the surface
[Angelier et al., 1997; Lee et al., 2001] and probably at depth [Chen and Rau, 2002].
Complicating this is the fact that the rupture of 1951 earthquake extended into this
creeping sector [Hsu, 1962; Shyu et al., 2005b]. More detailed narrow-aperture geodetic
experiments similar to those of Angelier et al. [1997] and Lee et al. [2001] and
broad-aperture experiments as well are needed to resolve the importance of creep in
diminishing the rate of production of large earthquakes in Taiwan.

In conclusion, then, the current state of structural, stratigraphic, rheological and
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geodetic knowledge precludes us from offering meaningful calculations of average return
times for seismic rupture of the large faults within each domain. Instead, we suggest
that rigorous, multi-disciplinary programs be established to constrain average and actual

recurrence intervals.

Conclusions

Using a 40-meter-resolution DEM, augmented by structural, geodetic and
seismologic data, we have prepared a neotectonic map and cross-sections of Taiwan.
The active structures we have identified suggest that the Taiwan orogen is due to a
tandem suturing and tandem disengagement of a volcanic arc and a continental sliver to
and from the Eurasian continental margin. Moreover, the island of Taiwan is divided
naturally into distinct neotectonic domains, each with distinct principal structures. Four
domains are present along the eastern suture, and seven domains comprise the western
suture. These domains and their principal structures provide a basis for understanding
future earthquakes around Taiwan. Using simple regression models, we have also
proposed possible earthquake scenarios for each of the domains. These results should
assist the many ongoing geodetic, geophysical, paleoseismic and other attempts to

understand future seismic hazard of the island.
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Figure Captions

Figure 1. A neotectonic snapshot of Taiwan and adjacent regions. (a) Taiwan is
currently experiencing a double suturing: In the south, the Luzon volcanic arc is
colliding with the Hengchun forearc ridge, which is, in turn, colliding with the Eurasian
continental margin. In the north, both sutures are unstitching. Their disengagement is
forming both the Okinawa Trough and the forearc basins of the Ryukyu arc. Thus, in
the course of passing through the island, the roles of the volcanic arc and forearc ridge
flip along with the flipping of the polarity of subduction. The three gray strips represent
the three lithospheric pieces of Taiwan’s tandem suturing and disarticulation: the Eurasian
continental margin, the continental sliver, and the Luzon arc. Black arrows indicate the
suturing and disarticulation. This concept is discussed in detail in Shyu et al. [2005a].
Current velocity vector of the Philippine Sea plate relative to the Eurasian plate adapted
from Yu et al. [1997, 1999]. Current velocity vector of the Ryukyu arc adapted from
Lallemand and Liu [1998]. Black dashed lines are the northern and western limits of the
Wadati-Benioff zone of the two subducting systems, taken from the seismicity database
of the Central Weather Bureau, Taiwan. DF: deformation front; LCS: Lishan-Chaochou
suture; LVS: Longitudinal Valley suture; WF: Western Foothills; CeR: Central Range;
CoR: Coastal Range; HP: Hengchun Peninsula. (b) Major tectonic elements around
Taiwan. Active structures identified in this study are shown in red. Major inactive
faults that form the boundaries of tectonic elements are shown in black: 1: Chiuchih
fault; 2: Lishan fault; 3: Laonung fault; 4: Chukou fault. Selected GPS vectors relative
to the stable Eurasian continental shelf adapted from Yu et al. [1997]. A: Western
Foothills; B: Hsueshan Range; C: Central Range and Hengchun Peninsula; D: Coastal
Range; E: westernmost Ryukyu arc; F: Yaeyama forearc ridge; G: northernmost Luzon
arc; H: western Taiwan coastal plains; I: Lanyang Plain; J: Pingtung Plain; K:
Longitudinal Valley; L: submarine Hengchun Ridge; M: Ryukyu forearc basins.
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Figure 2. Two examples showing the geomorphic evidence for active structures visible
in the 40-m DEM. Figures of similar resolution for other part of Taiwan are available as
electronic data supplements. Locations of the two are shown in Figure 1(b). (a) Along
a southern segment of the Chelungpu fault, topographic features not only readily predict
the locations of the 1999 major rupture (marked by black arrows), but also show a minor,
secondary fault rupture (marked by a red arrow) and a monoclinal surface rupture on the
hanging wall of the fault (marked by blue arrows). (b) Near the southern end of the
Longitudinal Valley, eastern Taiwan, geomorphic features clearly show a thrust fault
along the western edge of the Peinanshan (marked by black arrows). The same fault
becomes a series of anticlinal folds north of the Luyeh River (marked by red arrows), and
eventually steps eastward to the western base of the river terraces east of Rueiyuan
(marked by blue arrows). Fluvial surfaces in northern part of the Peinanshan clearly

warped into an anticline (in red) and a syncline (in blue).

Figure 3. Map of major active faults and folds of Taiwan (in red) shows that the two
sutures are producing separate western and eastern neotectonic belts. Each collision belt
matures and then decays progressively from south to north.  This occurs in discrete steps,
manifested as seven distinct neotectonic domains along the western belt and four along
the eastern. A distinctive assemblage of active structures defines each domain. For
example, two principal structures dominate the Taichung Domain. Rupture in 1999 of
one of these, the Chelungpu fault, caused the disastrous Chi-Chi earthquake. The
Lishan fault (dashed black line) is the suture between forearc ridge and continental

margin. Bold light green and pink lines are boundaries of domains.

Figure 4. Active-tectonic map of the Lutao-Lanyu Domain. The Hengchun Peninsula,
the Southern Longitudinal Trough, the Huatung Ridge, the Taitung Trough, and the Lutao
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and Lanyu volcanic islands are the major geomorphic elements of this domain. The
Huatung Ridge is an anticline, produced by slip on a major west-dipping thrust fault. A
backthrust crops out in the south along its western base. West of Lutao, an east-dipping
thrust fault may be responsible for the fast uplift of the island. The irregular polygon
that surrounds the active structures in this and following figures defines the perimeter of

the domain.

Figure 5.  Active-tectonic map of the Taitung Domain.  The east-dipping,
oblique-slipping Longitudinal Valley fault along the eastern edge of the Longitudinal
Valley and the west-dipping Central Range fault along its western edge are the two major
structures. The Longitudinal Valley fault partitions into dip-slip and strike-slip strands
near “The Foot,” just north of Taitung. The Central Range fault may be blind south of
Fuli. Minor, discontinuous left-lateral faults occur near Yuli and east of the Wuhe

Tableland.

Figure 6. Active-tectonic map of the Hualien Domain. The Longitudinal Valley fault
is the only major active structure in this domain. This fault commonly partitions into
separate thrust and left-lateral strands. The faults around Hualien City and in the sea

farther northeast are the northward extension of the Longitudinal Valley fault.

Figure 7. Active-tectonic map of the western part of the Ryukyu Domain. The
Ryukyu trench is the major element of this domain. Numerous folds are present in its
hanging wall. Its western margin includes major right-lateral faults and a complex of

normal faults around the Hoping basin, a triangular-shaped graben.

Figure 8. Active-tectonic map of the Kaoping Domain. Offshore, complexities of the
Manila subduction interface are producing numerous active folds. Onland, the
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left-lateral reverse Chaochou fault separates the Central Range and the Pingtung Plain.
The west side of the Pingtung Plain is approximately coincident with another left-lateral
fault. Deformation within and west of the Western Foothills includes a complex of

numerous short folds and right-lateral faults, which facilitate southwestward extrusion.

Figure 9. Active-tectonic map of the Chiayi Domain. Minor reverse faults and
anticlines in the Chiayi Hills and incised streams across the Chianan Coastal Plain betray
the presence of a blind thrust fault beneath the region. Geomorphic evidence shows that

the Chukou fault, a major bedrock geologic structure in this area, is no longer active.

Figure 10. Active-tectonic map of the Taichung Domain. The Chelungpu fault
ruptured along almost the entire length of the domain during the 1999 Chi-Chi earthquake.
The Changhua fault is the other major structure. The Taichung Basin is a piggyback

basin between these two major thrust faults.

Figure 11. Active-tectonic map of the Miaoli Domain. Two major anticline-syncline
pairs indicate that the major active thrust fault of the Miaoli Domain is blind. The
Shihtan fault, which ruptured during the 1935 earthquake, is a minor bedding-plane
backthrust within the eastern limb of the Chuhuangkeng anticline. The right-lateral
Tuntzuchiao fault, which also ruptured during the 1935 event, is an accommodation

structure between the Miaoli and Taichung Domains.

Figure 12. Active-tectonic map of the Hsinchu Domain. Two groups of active
structures comprise this domain. On the Taoyuan-Hukou Tableland is a complex of
reverse faults, folds, and a discontinuous right-lateral fault. South of the Touchien River

Is a group of active reverse and right-lateral strike-slip faults.
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Figure 13. Active-tectonic map of the Taipei Domain. The Taipei Basin is a
half-graben, formed by slip in the late Quaternary Period on the Shanchiao normal fault.
The fault also extends northeastward and offsets the edifice of the Tatun volcanic edifice.
The sudden appearance of a lake in the Taipei Basin in 1694 may have resulted from a

large rupture of the Shanchiao fault.

Figure 14. Active-tectonic map of the on-land part of the llan Domain. Two major
bounding normal faults facilitate the incipient opening of the Okinawa Trough across the
Lanyang Plain. Other faults within the domain are poorly known, because of rapid
sedimentation rate and lack of high-resolution bathymetry. Focal mechanism and other

parameters of the May 15", 2002, earthquake adapted from the BATS database.

Figure 15. Simple cross-sections proposed for each of the eleven tectonic domains.
Each crude, unbalanced cross-section provides tentative geometries of the major active
faults, based upon geomorphic, geodetic, structural and seismic data. Red: active

structures; black: inactive structures.

Figure 16. Proposed major sources for future large earthquakes in and around Taiwan.
Bold red lines are proposed future ruptures, and the white patches are rupture planes
projected to the surface. Here we have selected only a few representative scenarios
from Table 1 to show in this figure. Earthquake magnitude of each scenario is predicted

value from our calculation.
Table 1. Proposed major seismic structures of Taiwan. In this table, we include
rupture length (L), width (W), and average slip (D), as well as other perimeters used in

estimating the magnitude of earthquakes associated with each source.
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Fault Fault dip | Down-di M, (10%° ",
Fault name L (km) P . P lw (km)**| A (km?)* | M, o ( . |D@m)
type* (degree) | limit (km) dyne-cm)
Lutao-Lanyu Domain
Huatung Ridge fault R 140 30 15 30.00] 4200.00 7.59 302.96 2.40
SW Taitung fault R 40 45 15 21.21] 848.53 6.97 34.97]  1.37
West Lutao fault R 40 45 15 21.21] 848.53 6.97 34.97]  1.37
West Huatung Ridge fault R 30 45 15 21.21]  636.40 6.85 23.72| 1.4
Taitung Domain
Longitudinal Valley fault R/SS 160 60 15 17.32| 2771.28 7.43 172.83]  2.08
total
Lo_ngltudlnal \_/alley fault, R/SS 96 60 15 17.32| 1662.77 7.23 86.72| 1.74
Taitung Domain only
Central Range fault, total |R 80 45 15 21.21| 1697.06 7.24 89.14) 1.75
Central Range fault, R 40 45 15 21.21] 848.53 6.97 34.97]  1.37
emerged part only
Taitung offshore fault R 120 45 15 21.21| 2545.58 7.40 154.10[  2.02
Hualien Domain
Long'ltudlnal \(alley fault, SS 20 60 15 17.32| 1558.85 7.24 89.12|  1.91
Hualien Domain only
Ryukyu Domain
Ryukyu trench R ~180 30 35 70.00| 12600.00 8.02 1335.06 3.53
The major rlght-lateral SS 50 90 15 15.00f  750.00 6.91 29.10]  1.29
accommodation structure
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Nanao normal fault

N 50 60 15 17.32|  866.03 6.93 3051  1.17

system
Kaoping Domain
Chaochou fault connecting SS/IR 120 75 15 15.53| 1863.50 7.32 117.11|  2.09
Hengchun fault
Chaochou fault connecting R/SS 120 75 15 15.53| 1863.50 7.27 10115 181
the offshore fault
Onland Chaochou fault SS/IR 75 75 15 15.53| 1164.69 7.11 57.06| 1.63
only
West P_mgtu_ng Plain fault SS 50 90 15 15.00f  750.00 6.91 29.10]  1.29
(Kaoping River fault)
The deformation front R >200 30 15 30.00| >6000.00 >7.73|  >490.34| >2.72
Chiayi Domain
Main detachment R 60 15 15 57.96| 3477.33 7.52 23479  2.25
Meishan fault SS 15 90 15 15.00|  225.00 6.38 461  0.68
Hsinhua fault SS 12 90 15 15.00  180.00 6.28 3.28) 061
Taichung Domain
Chelungpu fault R 90 15 12 46.36| 4172.80 7.59 300.32| 240
Changhua fault R 85 10 12 69.11| 5874.35 7.72 476,54/  2.70
Miaoli Domain

Shihtan fault R 20 75 5 5.18/ 103.53 6.14 2.04  0.66
Tuntzuchiao fault SS 20 90 12 12.00|  240.00 6.41 509/ 071
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Shihtan and Tuntzuchiao

s Complex -- -- -- --| 34353 6.51 7.13 0.69
faults
M_aln f:letachr_nent, only in R 60 30 15 30.00| 1800.00 7.26 96.52 1.79
Miaoli Domain
Main detachment,
extended to Hsinchu R 110 30 15 30.00| 3300.00 7.50 218.77 2.21
Domain
Touhuanping fault SS 25 90 15 15.00 375.00 6.61 10.08 0.90
Hsinchu Domain

The northern fault on the
Taoyuan-Hukou R 20 30 5 10.00 200.00 6.40 4.97 0.83
Tablelands
The southern fault on the R 25 30 15 30.00 750.00 6.92 29.60 1.32
tablelands (Hukou fault)
The major Stnke_S“p fault SS 30 90 15 15.00 450.00 6.69 13.32 0.99
on the tablelands
Faul m on th

ault system o ;[ € Complex -- -- -- --| 1400.00 7.06 47.89 1.14
tablelands, total
Hsinchu fault R 12 45 15 21.21| 254.56 6.50 6.88 0.90
Hsincheng fault R 10 30 15 30.00  300.00 6.56 859  0.95
Other accommodation SS 10 90 15 15.00 150.00 6.20 2.48 0.55
structures
The southern system total®|Complex - - - ~| 70456 6.77 17.96]  0.85

68




llan Domain

The northern llan fault

20 60 15 17.32| 1558.85 7.19 7499  1.60
system
The southern llan fault 25 60 15 17.32|  433.01 6.62 10.56|  0.81
system

Taipei Domain

Shanchiao fau_lt, _only n 20 60 15 17.32| 346.41 6.52 751  0.72
the west of Taipei Basin
Shanchiao fault, extended 45 60 15 17.32|  779.42 6.88 25.97 1.11

to Chinshan

*R: reverse fault; SS: strike-slip fault; N: normal fault.

**W equals to down-dip limit divided by the sine value of fault dip.

#A equals to L times W.

##The moment magnitudes were calculated using the following equations: for reverse faults, M,y = 4.33 + 0.90 * log A; for strike-slip
faults, My, = 3.98 + 1.02 * log A; for normal faults, M, = 3.93 + 1.02 * log A [Wells and Coppersmith, 1994].
+The seismic moments were calculated using the following equation: M,, = 2/3 Log M, — 10.73.

++The average displacement per event was calculated using the equation M, = pAD, where p equals 3*10* dyne/cm?.

$For complex events resulted from ruptures of multiple faults, the calculations are as followed: first, calculate the seismic moment by

adding up the moments of each fault; second, calculate the moment magnitude using the seismic moment calculated above; then,

calculate the average displacement using the seismic moment and the sum of the rupture areas.
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