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A structural model is developed for the south-central Taiwan fold-and-thrust belt that shows consistency across
an array of data types and marks an important step forward in the consideration of geological hazards and risks.
Although there is general agreement about the regional scale geology of Taiwan, there are considerable differ-
ences in the structural interpretations of its western fold-and-thrust belt. In this paper, we bring together results
of our previous studies and add new data and data analyses to develop a consistent 3D structural model for the

Shortening
Fault reactivation south-central Taiwan fold-and-thrust belt that can explain key aspects of the seismicity, GPS, and topography
Seismicity data. We interpret the fold-and-thrust belt to be a west-verging, imbricate thrust system developed above a single

GPS basal thrust that is breached by ENE-striking faults that are inherited from the continental margin. These
breaching faults are associated with ENE-striking transverse zones in the fold-and-thrust belt that are marked by
changes in stratigraphy, structural style, strike and dip of the basal thrust, and uplift of the stratigraphic contacts.
Along the eastern flank of the fold-and-thrust belt, metamorphic basement rocks are involved in the thrusting.
Shortening estimates range from 15 km to >25 km. Much of the seismicity is taking place beneath the basal
thrust, in the basement, along the flanks of basement highs and lows where strike-slip and transpressive fault
types are common. There are systematic changes in GPS displacement vectors and strain rates across the
transverse zones. Topography is higher in areas where basement is involved in the thrusting. The proposed
structural model has depth and along-strike consistency, and can explain aspects of the distribution of seismicity,
faults types, GPS displacement vectors and strain rates, and topography of the study area, and can therefore be
considered a viable model.

Topography

1. Introduction

Understanding the structure and evolution of the Taiwan fold-and-
thrust belt is an important and on-going research objective that has
made it an example for the development of ideas about fault-related
folding (e.g., kink-band folding, fault-bend folding (Suppe and Nam-
son, 1979; Suppe and Chang, 1983), fold-and-thrust belt architecture
and evolution (e.g., Suppe, 1980, 1981; Namson, 1981; Carena et al.,
2002; Mouthereau et al., 2001, 2002; Yue et al., 2005; Yang et al., 2007,
2016; Malavieille and Trullenque, 2009; Rodriguez-Roa and Wiltschko,
2010; Alvarez-Marron et al., 2014; Brown et al., 2017), and mechanics
(i.e., the critical wedge model of Davis et al. (1983) and Dahlen et al.
(1984)). While there is general agreement about the regional scale
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geology of the Taiwan fold-and-thrust belt there are, nevertheless,
considerable differences in the structural interpretations about the
location of the basal thrust, whether there is crystalline basement
involved in the thrusting, if there is triangle zone, or duplex (including
antiformal stack) development at the front, the existence, location and
orientation of transfer zones, and the amount of shortening that is being
accomodated. Because the Taiwan fold-and-thrust belt is currently
active, having a structural model for it that has along-strike consistency
across an array of data types is of considerable social importance since it
has a significant impact on how geological hazards and risks are viewed
and modelled (e.g., Loh et al., 1991; Campbell et al., 2002; Cheng et al.,
2007; Camanni et al., 2014a; Wu et al., 2017).

Since 2006, our research group has carried out extensive new field
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mapping in south-central Taiwan (Fig. 1). The aim has been to investi-
gate the structure of the fold-and-thrust belt and the influence of
inherited structures that were located on the continental margin that is
entering into the deformation (e.g., Brown et al., 2012, 2017; Alvarez-
Marron et al., 2014; Camanni et al., 2014a, 2014b, 2016; Biete et al.,
2018, 2019). In this paper we bring together these studies, first pre-
senting a proxy for the crystalline basement-to-cover interface derived
from a P-wave tomographic model (Kuo-Chen et al., 2012) that we then
integrate with our field mapping to construct a structural model that has
3D consistency. As a proof of concept, we then test whether or not this
model can explain aspects of the seismicity, GPS, and topography data
from the south-central part of the Taiwan fold-and-thrust belt.

2. Geological background
2.1. The southeast margin of the Eurasian plate

Taiwan (Fig. 1A) is an active mountain belt that has been forming
since the Late Miocene as the result of the collision of the Luzon arc with
the deeply subducting Eurasian margin (e.g., Teng, 1990; Sibuet and
Hsu, 1997; Sibuet and Hsu, 2004, Huang et al., 2014a). To better un-
derstand the structure of the Taiwan fold-and-thrust belt it is important
to have a first-order understanding of the morphology, geology, struc-
ture, and Mesozoic through Holocene evolution of the part of the
Eurasian margin that is now entering into the deformation taking place
in western Taiwan (e.g., Camanni and Ye, 2022). The morphology of the
margin to the west of Taiwan consists of a broad proximal zone, a
roughly northeast-striking slope break (roughly the 200-m bathymetry
contour), a slope, and a broad distal zone (Fig. 1). The structure of the
margin is comprised of a shelf area with fault-bound, Eocene-age basins,
a necking zone where the basement thins from the shelf to the distal
margin (e.g., Mohn et al., 2012), and a c. 300 km wide hyper-extended
margin (Fig. 1). The crustal thickness of the shelf is 30 +/— 5 km (Yeh
etal., 1998; Kim et al., 2005; Kuo-Chen et al., 2012; Huang et al., 2014a,
2014b; Wu et al., 2014; Chen et al., 2016), thinning to approximately 18
km along the hyper-extended part of the margin (Fig. 1B) (Chen and
Yang, 1996; Li et al., 2007; Lin et al., 2008; Huang et al., 2012; Yeh et al.,
2012; Deng et al., 2012; Mclntosh et al., 2013, 2014). The transition
from the margin's continental crust to the oceanic crust of the South
China Sea occurs to the south of the area shown in Fig. 1 (e.g., Nissen
et al., 1995; Zhao et al., 2010; Tsai et al., 2004: Deng et al., 2012; Yeh
et al., 2012; MclIntosh et al., 2013; Lester et al., 2014). Importantly for
this paper, the structural and geomorphological grain of the margin that
is entering into the deformation is roughly ENE-WSW, which is at a high
angle to the approximately N-S structural grain of the fold-and-thrust
belt (Fig. 1).

The Mesozoic pre-rift geology and lithostratigraphy of the shelf area
that is entering into the Taiwan mountain belt is not well known,
although the depth to the top of the Mesozoic has been mapped in some
detail (Fig. 1) (Lin et al., 2003). Eocene-age synrift basins are oriented
roughly northeast-southwest (Hsu, 2001; Lin and Watts, 2002; Lin et al.,
2003; Teng and Lin, 2004; Lin et al., 2005; Cukur et al., 2011), and they
locally accumulated up to c. 5 km of sediments (e.g., Lin et al., 2003).
The Taihsi Basin, and in particular its eastern flank, the Hsuehshan
Trough (Range in Fig. 1A) (Teng et al., 1991; Teng and Lin, 2004), is
being deformed in central and northwestern Taiwan (Fig. 1a). The late
Miocene extensional basins on the outer shelf and necking zone of the
margin (of interest to this paper is the Tainan Basin) have roughly east-
northeast striking bounding faults (Yang et al., 1991, 2016; Lee et al.,
1993; Lin et al., 2003; Lin et al., 2005; Ding et al., 2008; Shi et al., 2008;
Tang and Zheng, 2010).

2.2. Geological provinces of the Taiwan Orogen

The Taiwan orogen is divided into five roughly N-S oriented
geological provinces that are separated by major faults (Fig. 1A). From
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west to east these zones are: the Coastal Plain, the Western Foothills, the
Hsuehshan Range, the Central Range, and the Coastal Range. In much of
south-central Taiwan, the boundary between the Coastal Plain and the
Western Foothills is interpreted to coincide with the mostly buried tip
line of the Changhua thrust (ChT in Fig. 1A). In the north of the study
area, the Western Foothills is juxtaposed against the Hsuehshan Range
across the Shuilikeng Fault (SKF). In the east, the Hsuehshan Range is
juxtaposed against the Central Range across the Lishan Fault (LF).
Southward, the Shuilikeng and Lishan faults link up with one another
and the Central Range is juxtaposed against the Western Foothills along
the Chaochou Fault (ChF). In what follows, we interpret the Coastal
Plain, the Western Foothills, and the Hsuehshan Range to make up the
fold-and-thrust belt in south-central Taiwan. The Central Range makes
up the internal part of the orogeny as it is comprised of weakly meta-
morphosed Cenozoic clastic sediments with Mesozoic crystalline rocks
forming the basement on which they were deposited.

2.3. Stratigraphy of the south-central Taiwan fold-and-thrust belt

The Mesozoic basement rocks do not crop out in the fold-and-thrust
belt. However, in the Central Range where they do crop out they are
comprised predominantly of marble and schist (Stanley et al., 1981;
Ernst, 1983; Ho, 1988; Lan et al., 2008). The absolute ages of these rocks
are not well constrained, although a number of Permian to Cretaceous
isotopic ages have been determined (Jahn et al., 1986; Lo and Onstott,
1995; Lan et al., 2008; Yui et al., 2009, 2012; Wintsch et al., 2011). In
western Taiwan and its offshore, several boreholes have intersected
weakly metamorphosed siliciclastic and carbonate rocks that have been
interpreted to range in age from Late Permian to Cretaceous (e.g., Jahn
et al.,, 1992; Chiu, 1975; Ho, 1988; Shaw, 1996), although there is
disagreement about the interpretations of the age of these rocks (e.g.,
Chiu, 1975; Ho, 1988; Shaw, 1996).

While the rocks of the Hsuehshan Range are accepted to be Eocene
and Oligocene in age (e.g., Ho, 1988; Chen et al., 2009; Huang et al.,
2012, 2013) (Fig. 1A), in the study area the paucity of age-determinant
fossils complicates the understanding of the Eocene-aged stratigraphy.
Furthermore, the rocks of the Hsuehshan Range are faulted and folded
and, along its eastern and southern flank, a penetrative slaty cleavage is
ubiquitous in the fine-grained units (e.g., Brown et al., 2012), making
any estimate of thickness approximate. The lowest Eocene stratigraphic
unit that crops out is the Chiayang Fm, which is comprised of up to 2000
m of thick-bedded sandstone and shale. The Chiayang Fm is overlain by
the Shipachungshi Fm, an up to 1000-m-thick unit of thin-bedded
sandstone and mudstone. The Shipachungschi Fm is conformably
overlain by the Paileng Fm. The Paileng Fm consists of 4000 to 5000 m
of thick-bedded, coarse-grained sandstone with quartz-pebble
conglomerate and argillite at its base (the Tachien member), overlain
by interbedded sandstone and bioturbated argillite and, at the top,
coarse-grained to quartz-pebble conglomerate with minor amounts of
lithofragments and feldspar. The Tachien member has been dated by
large foraminifera to be late early to middle Eocene in age (Chen et al.,
2009). Locally, in the northern part of the study area, middle to late
Eocene-age (Huang et al., 2013) volcanic rocks of the Tsukeng Fm
overlie the Paileng Fm (Chiu, 1975). Regionally, the Paileng Fm is un-
conformably overlain by several hundred meters of early Oligocene
sandstone and shale of the Shuichangliu Fm (Fig. 2). This unconformity
is interpreted to be the break-up unconformity that preceded the
opening of the South China Sea (e.g., Teng, 1992; Lin et al., 2003; Huang
et al., 2017).

In this paper, the chronostratigraphic nomenclature scheme of
Alvarez-Marron et al. (2014) and Brown et al. (2017) is used for the
Miocene and younger rocks (Fig. 2). This scheme follows the north to
south stratigraphic correlation of Shea et al. (2003). In south-central
Taiwan, the outcropping Miocene rocks can be broadly divided into
four formations. The early Miocene Takeng Fm is comprised of
approximately 800 to 1000 m of thick-bedded sandstone at the base,
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Fig. 2. A) General stratigraphy and tectonostratigraphic units showing the names of formations used in this study. B) A chronostratigraphic chart that shows the
correlations used in the mapping. The correlation is based on that of Shea et al. (2003).

overlain by thin-bedded sandstone and shale near the top. The Takeng
Fm is overlain by up to 500 m of shale (Shihti shale at the base) and
thick-bedded sandstone of the Nankang Fm. The Nankang Fm is in turn
overlain by the Nanchuang Fm. Although, locally, in the northernmost
part of the study area, the Nankang Fm is unconformably overlain by the
Kueichulin Fm. The Nanchuang Fm is made up of thin- to thick-bedded
sandstone intercalated with shale. Its thickness varies widely across the
study area, ranging from several hundred meters in the north to >2000
m in the south. It is unconformably overlain by the latest Miocene to
early Pliocene Kueichulin Fm, which is comprised of 150 m to >3000 m
of thin- to very thick-bedded muddy sandstone and sandy mudstone. The
Kueichulin Fm is conformably overlain by the Pliocene- to Pleistocene-
aged Cholan Fm. The base of the Cholan Fm is comprised of the
several hundred-meter-thick Chinshui shale unit, followed upward by
up to 3000 m of interbedded mudstone, shale, and sandstone. The
Cholan Fm is conformably overlain by the Pleistocene Toukoshan Fm, a
coarsening upward sequence made up of thick-bedded sandstone with
shale interbeds that, upward, becomes interfingered with, and eventu-
ally completely replaced by conglomerate. In parts of the map area, the
Toukoshan Fm may reach a thickness of up to 5000 m and, in the south,
it has a number of unconformities. It is overlain by Holocene-age gravels
that, in places, are several hundred meters thick.

In tectonostratigraphic terms for the Taiwan orogen, the Mesozoic
rocks form the pre-rift, the Eocene the syn-rift, the Oligocene to late
Miocene the post-rift, and the late Miocene through Holocene is the syn-
orogenic (Fig. 2A). In this paper, we define the pre-rift Mesozoic rocks as
the crystalline basement and assume that it is comprised of similar li-
thologies as the Mesozoic rocks found in the Central Range. Because of
its regionally developed unconformity (Lin and Watts, 2002; Tensi et al.,
2006), the base of the late Miocene-age Kueichulin Fm is taken to mark
the onset of sedimentation in the foreland basin. This is in contrast to
Teng (1987), Covey (1986), and Hong (1997), who suggest that the
onset of foreland basin sedimentation occurred during the early Plio-
cene, and is recorded by the first appearance of slate clasts in the
Chinshui shale at the base of the Cholan Fm.

3. Data description and methodologies
3.1. P-wave velocity and a proxy for the basement-cover interface

The involvement of crystalline basement in the deformation in a fold-
and-thrust belt has implications for the geometric construction of cross
sections, for the amount of shortening, the location of the basal thrust, or
the transition into the metamorphic internal part of the mountain belt,
among other things (e.g., Hatcher and Williams, 1986; Pfiffner, 2017;
Poblet and Lisle, 2011; Lacombe and Bellahsen, 2016; Tavani et al.,
2021). Therefore, in the interpretation of the structure that follows, it is
important to have an estimate of the depth to the basement-cover
interface. Since crystalline basement does not crop out in the south-
central Taiwan fold-and-thrust belt, we use a petrophysical approach
to define a proxy for the basement-cover interface that we can then use
to interpret where (and if) basement is involved in the thrusting. We
choose a P-wave velocity (Vp) of 5.2 km/s as a proxy for the basement-
cover interface for the following reasons; 1) it is in keeping with the
upper range of Vp determined from laboratory measurements carried
out on clastic rocks and at the lower range of common crustal crystalline
rocks (Fig. 3) (Christensen, 1989; Johnston and Christensen, 1992,
1993; Mavko et al., 2009; Christensen and Stanley, 2003; Brocher, 2005)
and, 2) it is in keeping with the measured Vp (<5 km/s) of the late
Miocene and younger sediments intersected by the Taiwan Chelungpu
Fault Drilling Project borehole A (Wang et al., 2009).

3.1.1. Vp data, methodology and uncertainties

The depth and geometry of the Vp 5.2 km/s isovelocity surface is
derived from the TAIGER local Vp model of Kuo-Chen et al. (2012). In
this velocity model, the upper 24 km of the crust, which is the part of
interest here, the discretization of the 3D velocity grid is 4 x 4 km
horizontally and 2 km vertically, and at these depths we can expect a
resolution of at least 20 x 20 km in the horizontal and 10 km vertical.
We refer the reader to Kuo-Chen et al. (2012) for a detailed description
of the acquisition and processing parameters, as well as the resolution
testing, of the TAIGER data set.

The 5.2 km/s isovelocity surface is, however, a proxy and is meant to
help with the interpretation of the approximate location and shape of
basement-cover interface. A key uncertainty in the use of the 5.2 km/s



D. Brown et al.

Earth-Science Reviews 231 (2022) 104094

4.5 Clastic sedimentary rocks Fig. 3. Plot of P-wave (Vp) versus S-wave (Vs) nor-
® Christensen and Stanley (2003) malised to 120 MPa (c. 5 km depth) and 125 °C for
Mavko et al. (2009) various crystalline rocks (Christensen and Stanley,
404 Crystqlline rocks ° 2003) and clastic sedimentary rocks (Mavko et al.,
’ ® Christensen and Stanley (2003) P 2009). Also shown are lab and sonic log measure-
Taiwan clastic rocks (Wang et al., 2009) hd ments of Vp and Vs made on clastic sedimentary
= Lab measurements o © o o X 1 2009) f diff depths in th
| = TCDP-Asonic log A 2 8® ° rocks (Wang et al., ) rom di ereflt epths in the
D 8.59 s Calculated using depth function ’. Taiwan Chelungpu Fault Drilling Project borehole A
E 1 ° (TCDP) borehole (Fig. 1). The star indicates the
XX osi ° calculated Vp and Vs of TCDP borehole rocks using
\&; 3.04 ss @38 PY the velocity to depth functions of Wang et al. (2009).
> . * A Vp of 5.2 km/s separates crystalline from clastic
sedimentary rocks and is our proxy for the crystalline
25 SHL L basement-cover interface in the south-central Taiwan
. ) ss PR fold-and-thrust belt.
] .. . L
04 . HPss  ® iL = Sl
20 " . 5.2 km/s — 2\‘:1: = Ssziltlsd“s)tnoene
- SHL = Shale
HPSS = high-porosity SS
1 5 T T T T T T |} T 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 75
Vp (km/s)

isovelocity surface as a proxy for the basement-cover interface is that the
lithology of the basement rocks in south-central Taiwan is not well
known. A further uncertainty, especially in the depth and shape, is the
resolution of the velocity model. These uncertainties mean that the 5.2
km/s proxy for the basement-cover interface may not be valid in detail
everywhere. Nevertheless, the major features described below are also
found in the Vp tomography models of Kim et al. (2005), Wu et al.
(2007), and Huang et al. (2014b), so we think they are robust features
that can be reliably interpreted.

3.1.2. Vp and a proxy for the basement-cover interface

Throughout the study area, at 4 km depth Vp is everywhere <5.2
km/s except along the central, eastern part of the Western Foothills (WF)
and in the Hsuehshan Range (HR) (Fig. 4A). To the north of c. 24°, the
Coastal Plain (CP) and Western Foothills (WF) areas are characterized by
Vp >5.2 km/s at 6 km depth (with two small areas of lower Vp) and, at 8
km depth, Vp is almost everywhere >5.4 km/s (Fig. 4B and C). The
Hsuehshan Range (HR) is almost everywhere characterized by Vp >5.2
km/s with, locally, Vp >5.8 km/s along the Lishan fault (LF). To the
south of c. 24°, the Coastal Plain and the Western Foothills is charac-
terized by Vp <5 km/s at 4 km depth, with the exception of an area of Vp
>5.2 km/s to the west of the southern part of the Shuilikeng fault (SKF).
At 6 km depth, much of the area to the south of 24° has Vp >5.2 km/s
and, at 8 km depth, Vp is almost everywhere >5.4 km/s.

On the basis of our proposal that the 5.2 km/s isovelocity surface be
used as a proxy for the basement-cover interface, a number of basement
highs and lows can be interpreted beneath the Coastal Plain and the
Western Foothills. Among these, the Tainan (TBH), Peikang (PBH),
Alishan (ABH), and Northern (NBH) highs reach <5 km below sea level
(Fig. 4D). The nearly continuous Hsuehshan basement high (HBH)
reaches as shallow as 0 km below sea level, locally. Both the Central
(CBL) and the Pingtung (PBL) basement lows reach >8 km depth.

3.2. Structure of the south-central Taiwan fold-and-thrust belt

3.2.1. Data, methodology and uncertainties

The structural analyses and interpretations that follow are based on
new geological mapping (Fig. 5) carried out over 11 field campaigns
during which >6000 structural and lithological observations were made
at around 3000 data points over an area of approximately 13,000 km?.
The mapping was carried out at 1:50,000 and 1:25,000 scales using the
geological maps of the Central Geological Survey of Taiwan as a base.

The final map was drawn at 1:100,000 scale (Supplementary data set 1)
using the chronostratigraphic scheme presented in Fig. 2. For reasons of
clarity, in Fig. 5 only representative structural data are shown. In the
map, the major thrusts and their names have been correlated from north
to south (see Ho (1988) for a similar correlation).

Thirteen cross sections (Fig. 6) were constructed using the geological
map, field structural data, published borehole information, and standard
section construction techniques (Dahlstrom, 1969; Hossack, 1979; De
Paor, 1988). All cross sections are oriented perpendicular to the regional
strike of structures (bedding, thrusts, and major fold axial traces).
Borehole lithological information was projected along the bedding strike
onto the plane of the section. Where possible, the cross sections were
restored by conserving bed-length (while conserving area) until they
were deemed to be viable (Supplementary data 2). These sections can,
therefore, be considered as balanced. Because of the absence of strati-
graphic cutoffs, out-of-sequence thrusting, and a penetrative cleavage in
the Hsuehshan Range, sections 1, 2 and 3 could not be restored. For
balancing the cross sections, the western pin line was placed in the
undeformed rocks to the west of the tip line of the frontal thrust and the
sections were restored to a horizontal top of the Kueichulin Fm, a
regional-scale marker that can be mapped throughout much of the study
area. For restoration, a forward propagation (piggy-back) sequence of
thrusting was assumed. Minimum shortening (length difference between
the deformed and undeformed section) and fault displacement (distance
a cut-off moved along a fault surface) estimates were made for the
restored sections (Table 1). In an iterative process, together with the
construction of cross sections, four roughly north-south, strike-parallel
sections were also constructed (Fig. 7), as was a map of the basal thrust
(Fig. 8). Below, in subsection 3.2.2, we present a detailed description of
our structural interpretations and explain the reasoning behind choices
that were made in making them.

There are a number of uncertainties involved in the data set used to
build the structural model presented below. The primary data set for the
interpretation of the structure is the geological map. During the mapping
a number of assumptions were made that could have led to errors in the
final map. Of these, the two most important are, 1) the assumption of a
chronostratigraphic correlation that links different rock units together
on the basis of age and, 2) the assumptions made for correlating thrusts
and stratigraphic contacts along strike through steep, heavily forested
terrain with sparse outcrop. Over most of the map area, we estimate that
the location of stratigraphic contacts and faults are accurate to with 1
km. Any errors generated during the mapping were then introduced into
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the cross sections and these, together with the general assumptions
involved in the cross section construction (plane strain, no layer parallel
slip, fold mechanism, horizontal top for the Kueichulin Fm, the depth to
the basal thrust calculations) may also lead to errors in the cross sec-
tions. A weakly constrained stratigraphic thickness template precluded
doing rigorous area balancing. Also, the borehole information was taken
from various publications and it may, therefore, contain significant er-
rors that we are unaware of. While we have taken care to keep all of
these uncertainties to a minimum, we nevertheless present both the map
and the cross sections as interpretations, the restorations as approxi-
mations, and the displacement and shortening calculations as
minimums.

3.2.2. Surface geology, cross sections, basal thrust, and shortening

The surface geology of the south-central Taiwan fold-and-thrust belt
is comprised of Eocene through Pleistocene clastic rocks and Holocene
sediments (Fig. 5A). On the shelf area of the margin (north of the thick,
gray, dashed line in Fig. 5A), thrusts and fold axial traces in the Coastal
Plain and the Western Foothills strike approximately N-S, and both
major and minor folds plunge (overall) gently (<20°) to moderately (20°
to 40°) southward (Fig. 5B and C). Eastward, in the Hsuehshan Range,
thrusts and fold axes strike roughly NNE, oblique to the Shuilikeng fault.
Folds plunge predominantly to the SSW, except in the southernmost part
where they often have a moderate NNE plunge (Fig. 5B and C). A
penetrative, ESE-dipping pressure solution cleavage is developed in the
hanging wall of the Tili thrust (Fig. 5A). Southward, the Tili thrust is cut
by the Shuilikeng fault. The Hsuehshan Range is bound to the east by the
Lishan fault, a ductile shear zone with an indeterminate sense of shear.
South of c. 23.5° N, at the transition into the necking zone of the margin
(Figs. 1 and 5), there is a marked increase in the map distribution and
thickness of the Miocene rocks. Thrusts pass through a pronounced NE-
striking, en-echelon bend before taking on a NNE strike farther south,
and folds plunge overall toward the NE to SW (Fig. 5). The ENE-striking,
dextral Meishan fault offsets the frontal thrust and minor dextral strike-

slip faults are found along its strike, in the Hsuehshan Range. The map
trace of the Meishan fault marks the surface rupture of the 1906 Meishan
earthquake (e.g., Bonilla, 1975). The Alishan ranges (Fig. 5) are
comprised of Miocene and Pliocene-aged rocks that are open to tightly
folded into NNE to SSW-plunging anticlines and synclines. The southern
flank of the Alishan ranges is cut by the Yichu fault, a roughly ENE-
striking brittle fault zone with a dextral sense of displacement. Imme-
diately south of the Yichu fault, thrusts have a right-stepping, en-echelon
change in strike with, locally, short hanging wall splays. The structure is
dominated by thrust-bound, moderately SSW-plunging synclines (Fig. 5)
that are cored by syn-orogenic Pliocene and Pleistocene-aged rocks and
have middle Miocene Nanchuang Fm rocks along their western limbs, in
the hanging wall of thrusts. To the east, the Neiyingshan anticline (NeA)
plunges moderately NNE and SSW, changing along strike into the up-
right Kuanglin syncline (KS). At c. 23° N, the ENE-striking, dextral
Hsinhua fault can be traced from its 1946 surface rupture (e.g., Bonilla,
1975) on the Coastal Plain eastward into the thrust belt where it is
associated with en-echelon bends in thrusts and ENE-striking minor
faults. To the south of c. 23° N, the outcropping geology is comprised of
piggyback basins carrying Holocene sediments and the Pliocene and
Pleistocene rocks of the SSW-plunging Xuxian antiform (XA) (Fig. 5). In
the south, the fold-and-thrust belt is bound to the east by the Chaochou
fault, a brittle fault with a variable, oblique, top-to-the-northwest sense
of displacement (see also Wiltschko et al., 2010).

In cross section, we interpret the structure of the south-central
Taiwan fold-and-thrust belt to be a west-verging, imbricate thrust sys-
tem in which listric thrusts are linked to a single basal thrust (Fig. 6). In
cross sections 1, 2, and 3, on the basis of bedding dips and the thickness
of the Pliocene and younger rocks in the hanging wall, we interpret the
basal thrust to dip about 6° to the ENE at a depth of c. 6 to 8 km. The
interpretation and location of a hanging wall flat geometry in the
Changhua (ChT) and Chelungpu (CT) thrust sheets is based on published
seismic reflection profiles (Wang et al., 2002), bedding dips, and the
continuous outcrop of lower Pliocene rocks along the hanging wall of the
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Table 1
Displacement and shortening values for the various thrusts in the south-central Taiwan fold-and-thrust belt. Fault abbreviations are as in Fig. 6.
Thrusts

Cross-section ChT CT ST SKF CuT1 CuT2 PT PT2 CiT Total displacement (km) Shortening (km)
1 1 >10 >10 >21
2 1 >10 >10 >21
3 4 >10 >10 >24
4 3 4 4 11 15
5 4 7 1 12
6 2 5 2 9 15
7 3 4 2 9
8 7 6 9 4.5 26.5 18
9 6 10 3.5 4 4 27.5 25
10 2.5 7 5 2 16.5 17
11 1.5 3.5 5 3.5 135 22
12 1 2.5 7.5 7.5 3 1 3 25.5 24
13 1 3.5 5 2.5 2.2 7 21.2 16

Chelungpu thrust in this area (Fig. 5A). The Shuangtung thrust (ST)
places folded lower and middle Miocene rocks on top of Pliocene and
Pleistocene rocks and this, together with the hanging wall ramp struc-
ture, indicates that the basal thrust cuts down through the stratigraphy.
The Shuangtung thrust sheet is bound to the east by the Shuilikeng fault
(SkF). Kinematic indicators observed along the Shuilikeng fault suggest
that it has a varied slip history that, when combined with earthquake

focal mechanisms, indicate that it is an oblique thrust (Camanni et al.,
2014b). On the basis of the obliquity of the hanging wall stratigraphic
contacts and fold axial traces with the map trace of the Shuilikeng fault
and the truncation of the Tili thrust, we interpret it to be out-of-sequence
and to cut the Shuangtung thrust at depth (see sections 2 and 3). The
outcropping Eocene and Oligocene rocks in the Hsuehshan Range in-
dicates that the basal thrust has ramped down stratigraphic section, and
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the presence of rocks with a Vp >5.2 km/s in the shallow subsurface
suggests that it involves crystalline basement (Figs. 4, 5 and 6). The
regional-scale structure of the Hsuehshan Range is that of a northwest-
verging, SSW-plunging, basement-cored anticlinorium. The combined
fault displacement in sections 1 through 3 is >21 km but, because there
are no stratigraphic cut-offs to the west of the Shuangtung thrust, it is
not possible to calculate displacement or shortening exactly (Table 1).
Between sections 3 and 4, there is a roughly 2 km southward
decrease in the thickness of the Pliocene and younger rocks, and a > 3
km increase in the thickness of Miocene rocks (Figs. 6 and 7). There is a
significant north to south change in the elevation of the contact between
the Kueichulin and Cholan Fms, suggesting that it is uplifted by up to 7
km (e.g., Alvarez-Marron et al., 2014). The basal thrust undergoes a
pronounced change in strike, and a southward decrease in depth while
ramping down stratigraphic section (Figs. 6 and 7). All of these changes
between sections 3 and 4, together with the change in strike of thrusts, in
the regional strike and dip of bedding, and in the plunge direction of
folds, are associated with a roughly NNW-facing lateral culmination wall
that we interpret to be forming due to the dextral strike-slip reactivation
of an ENE-striking basement fault (Alvarez-Marron et al., 2014) (Fig. 7).
We call this the Choshui lateral structure. Southward, in cross sections 4
through 7, the basal thrust has a ramp-flat geometry as it cuts down
stratigraphic section from the near surface to about 4 km depth, from
where it is interpreted to dip into the basement rocks (Vp >5.2 km/s)
(Fig. 6). Through the Alishan ranges, the Changhua and Chelungpu (CT)
thrust sheets form east-dipping monoclines with the Chelungpu thrust
sheet now carrying roughly 5 km of Miocene rocks. The hanging wall of
the Shuangtung thrust is comprised of several anticlines and synclines
that together make up the regional-scale, west-verging, basement-cored
Alishan anticlinorium. In the strike-parallel sections (Fig. 7), the Chan-
ghua and Chelungpu thrusts ramp gently up through the stratigraphic
section through the Alishan ranges, with the overall geometry of

hanging wall flats above footwall flats. Total fault displacement in sec-
tions 4 through 7 is between 9 and 12 km, with shortening about 15 km
(Table 1). Between sections 7 and 8, across the Yichu fault, the Alishan
anticlinorium changes abruptly southward to three thrust-bound syn-
forms (Figs. 5 and 6). The Yichu fault is interpreted to breach the basal
thrust (Fig. 7). In sections 8 through 13, the basal thrust has a ramp-flat
geometry and dips overall about 6° toward the SE before involving
basement along the eastern flank of the fold-and-thrust belt (Fig. 6).
Continuously outcropping Nanchuang Fm along the hanging walls of the
Chelungpu, Chutochi (CuT), and Pingshi (PT) thrusts, together with a
similar level of erosion in the cores of the synclines (Fig. 5A), indicates
that the basal thrust beneath these thrust sheets forms a flat within the
middle Miocene rocks (Fig. 6). In sections 12 and 13, the Xuxian anti-
form (XA) forms a ramp anticline whose hinge and back limb areas are
imbricated along the Lungchan (LT), Pingshi, and Chishan thrusts. In the
strike-parallel sections (Fig. 7), the basal thrust deepens toward the
south and is interpreted to be cut by Hsinhua fault. Total fault
displacement in sections 8 through 13 is between 16 and 25 km, with
shortening of between 15 and 25 km (Table 1).

In map view, the basal thrust has an overall c. 55° change in dip
direction from north to south, and three significant changes in dip
amount and dip direction that we interpret to be associated with lateral
and oblique ramps (Fig. 8A). These lateral and oblique ramps are
interpreted to be forming as a result of reactivation of ENE-striking faults
in the basement (Alvarez-Marron et al., 2014; Camanni et al., 2016;
Brown et al., 2017; Biete et al., 2018) that can be traced from the
offshore through the Coastal Plain (Lin et al., 2003) and into the fold-
and-thrust belt (Fig. 1A). Where basement is involved in the thrusting,
the basal thrust has a steep ESE dip. Changes in the strike of the contours
of the basal thrust across the Choushui lateral structure and the Yichu
and Hsinhua oblique ramps, as well as the ramp into the basement
beneath the Hsuehshan and Alishan ranges correlates with highs in the
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this article.)
5.2 km/s isovelocity surface (Fig. 8B).
4. Proof of concept

In this section, we use a proof of concept approach to test the
viability of our interpretation of the reactivation of faults inherited from
the continental margin, and basement involvement in the thrusting to
explain patterns of seismicity and fault type, GPS derived displacement
directions and strain rates, and topography of the south-central Taiwan
fold-and-thrust belt. To do this, we use the 5.2 km/s isovelocity surface
proxy for the basement-cover interface and the map of the basal thrust as
reference frames.

4.1. Seismicity, GPS, and topography data

4.1.1. Seismicity

Earthquake hypocenter data from 1994 through 2014 (Fig. 9) was
relocated using the double-difference technique (Waldhauser and Ells-
worth, 2000) within the 3D Vp model of Kuo-Chen et al. (2012) using
the HypoDD3D software (Waldhauser, 2001). The relocation was car-
ried out on all events shallower than 25 km depth that had a minimum of
six readings with a reading weighting <3 (good quality). The average
horizontal and vertical uncertainties in earthquake locations are esti-
mated to be +£1 km and + 2 km, respectively, although these un-
certainties could be larger (see Wu et al., 2008a; Chen et al., 2017).
Within the study area, focal mechanisms were calculated from first
motion polarities of P waves (Wu et al., 2008b) for 2465 events with

10

magnitudes between 1.4 to 6.8 M. Fault types (Fig. 10) were calculated
using the classification scheme of Zoback (1992).

In the 4 km and 6 km depth slices, seismicity is taking place above
and along the basal thrust, although some clusters in its hanging wall
extend into the footwall and the basement below (Fig. 9). In the 4 km
and 8 km depth slices, seismicity is taking place above the basal thrust
where basement is involved in the thrusting. At depths to 16 km, there is
a marked increase in seismicity from north to south across the Choshui
lateral structure (CLS), with well-developed hypocenter clusters along
the western flank of the Alishan Basement High (ABH), in the southern
part of the Central Basement Low (CBL), and in the northern part of the
Pingtung Basement Low (PBL). There are very few events around the
Peikang Basement High (PBH). There is a significant west to east in-
crease in seismicity into the Hsuehshan Basement High (HBH), with the
crust being seismically active to a depth of >20 km. South of the
Choushui lateral structure, scattered seismicity extends west of the
interpreted tip line of the basal thrust to a depth of 20 km.

Thrust and strike-slip fault types are the most common in the study
area, with lesser transpressional and rare extensional faulting also tak-
ing place (Fig. 10). Strike-slip is the most common fault type to the west
of the tip line of the basal thrust and both above and below the
basement-cover interface. Strike-slip is also the most common fault type
in the upper 5 km throughout the study area, and in the upper 10 km
along the eastern flank of the thrust belt. Along the Choshui lateral
structure, in the 5 to 15 km depth range, a roughly ENE-striking cluster
of strike-slip fault types is located predominantly below the basement-
cover interface and below the basal thrust. Between the Choshui



D. Brown et al.

120°

120°

24° 24°

— \4— Shelf ——»

— \4—— Shelf ——»

Necking

zone
Necking
zone

23° 4 28°

0km (sea level)

-«

Depth 10 5 2 km/s surface

-10

4 km Depth

Earth-Science Reviews 231 (2022) 104094

121° 121°

120°
1

3
CLS & CLS
%
>
<
X0
23] 85
® N T
] i
§ 0 km (sea level) § 0 km (sea level)
§ §
-10 -10
6 km Depth 8 km Depth

24° 24°

CLs

—)\4—— Shelf ——»
—P\(— Shelf ——»

> o>
s [
=2 = Q
23 4 8§ 23° | 8§ €
28 % Z 8
g 0 km (sea level)
&
| &
B
s
3
=]
-10
12 km Depth

120°
1

24°

CLs

—P\d— Shelf ——»

23°
0km (sea level) l

-10

Necking
zone

0 km (sea level)

Depth 10 5.2 km/s surface
Depth to 5.2 km/s surface

-10

16 km Depth 20 km Depth

Fig. 9. Depth slices of earthquake hypocenters superimposed on the 5.2 km/s proxy for the basement-cover interface and the contour map of the basal thrust. In the
4, 6, and 8 km slices hypocenters are project 0.99 km on either side, whereas in the 12, 16, and 20 km slices they are projected 1.99 km. Basement highs and lows are
labeled as in Fig. 4. The ENE oriented gray label is the Choshui Lateral Structure (CLS). Fault labels are as in Fig. 8.

lateral structure and the Yichu fault (YF), at this depth range thrust fault
types are common near and below the basement-cover interface and
below the basal thrust. Along the Yichu fault, strike-slip is the most
common fault type in the upper 20 km, with lesser thrust fault types to a
depth of 15 km. South of the Yichi fault, at 0 to 10 km depths, scattered
thrust and strike-slip fault types occur throughout the area of the Tainan
Basement High (TBH), whereas at 10-15 km depth thrust clusters occur
along its southern and eastern flank and strike-slip along the west. Both
fault types are mostly concentrated below the basement-cover interface
and the basal thrust. Along the eastern flank of the thrust belt, where
basement is involved in the deformation, strike-slip fault types are
common in the upper 10 km, with thrust types becoming more common
with increasing depth.

4.1.2. GPS measurements in the south-central Taiwan fold-and-thrust belt

GPS data from 2005 through 2009 was used to calculate horizontal
displacement vectors, maximum shear strain, and vertical rotation rate
using the SSPX software of Cardozo and Allmendinger (2009) (Figs. 11).

11

The GPS data were processed using the method of Yu et al. (1997) and
the reader is referred there for details. Horizontal velocities were
calculated relative to station SO1R located on the island of Penghu in the
Taiwan Strait (Fig. 1). Maximum shear strain and vertical rotation rate
were calculated using a 5 x 5 km grid and a grid-nearest neighbour
interpolation method using the 10 nearest stations within a maximum
radius of 35 km.

In the west of the study area, there is an abrupt eastward increase in
the horizontal displacement velocity, although there is little apparent
relationship with the shape of the basement-cover interface (Figs. 11A).
Relative highs in the maximum shear strain and vertical rotation rate
take place along the margins of the basement highs and lows, especially
the southern part of the NBH, the western margin of the HBH, and the
western margin of the PBL (Fig. 11B, C). There are clear changes in the
horizontal displacement vectors, maximum shear strain, and vertical
rotation rate relative to the ENE-striking faults that breach the basal
thrust (Figs. 11D, E, and F). North of the Choshui lateral structure (CLS),
displacement is toward the WNW, whereas southward there is a c. 10°
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counter-clockwise rotation of displacement directions, an increase in
maximum shear strain, and a change in the sense and in the magnitude
of the vertical rotation rate (Fig. 11 D, E, and F). South of the Yichu fault
(YF), there is a further 10° to 15° counter-clockwise rotation of the
horizontal displacement directions and a gradual increase in velocities.
This is accompanied by an increase in the maximum shear strain and a
marked increase in the vertical rotation rate. South of Hsinhua fault at c.
23° N, displacement is toward the southwest, there is a sharp, local in-
crease in the maximum shear strain, and the vertical rotation rate
changes from clockwise to counter-clockwise.

4.1.3. Topography of the south-central Taiwan fold-and-thrust belt

A 40-m pixel digital elevation model was used to investigate whether
or not there is any relationship between the topography of the fold-and-
trust belt, the basement-cover interface, and the geometry of the basal
thrust and (Fig. 12).

Throughout the south-central Taiwan fold-and-thrust belt, there is a
good correlation between high topography and basement highs, with the
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highest topography above the Hsuehshan (HBH) and Alishan (ABH)
highs, and lower topography across the Tainan (TBH) and Northern
(NBH) highs (Fig. 12A). There is no high topography associated with the
Peikang Basement High (PBH). The high topography along the eastern
margin of the fold-and-thrust belt is developed above the area where
basement is involved in the thrusting (Fig. 12B). Across the Choshui
lateral structure (CLS), there is a roughly ENE-striking, north to south
increase in topography of >2000 m into the Alishan ranges that co-
incides with the NNW-facing Choshui lateral culmination wall (Fig. 7).
Similarly, but with lesser effect, there is a clear topographic signature
associated with the Yichu fault. South of the Yichu fault (YF), the
topography is comprised of southward-plunging, long, narrow, curved
ridges that correlated with changes in strike of thrusts across the Yichu
(YOR) and Hsinhua (HOR) oblique ramps.

4.2. Testing the viability of the model

In our model of the structure of the south-central Taiwan fold-and-
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thrust belt (i.e. Alvarez-Marron et al., 2014; Camanni et al., 2016; Brown
etal., 2017; Biete et al., 2018), fault reactivation is taking place along a
Miocene-aged ENE-striking extensional fault system that has been traced
from offshore in the Taiwan Strait into the Coastal Plain of southwestern
Taiwan (Chang, 1963, 1964; Lin et al., 2003; Yang et al., 2016). In the
model, reactivation of this fault system is responsible for the along-strike
changes across the Choshui lateral structure, and the Yichu and Hsinhua
faults. We suggest that much of the seismicity below the basal thrust can
be explained by slip along ENE-striking faults that bound basement
highs and lows inherited from the margin. These faults are favorably
orientated for strike-slip and transpressional reactivation in the
contemporaneous stress field of southwest Taiwan (e.g., Suppe, 1995;
Lacombe et al., 1999; Mouthereau and Lacombe, 2006; Mouthereau
et al., 2009; Biete et al., 2019), which can explain the widespread
occurrence of this fault type in the focal mechanism data. Our inter-
pretation that these reactivated faults breach the basal thrust and affect
the surface deformation of the fold-and-thrust belt can explain the var-
iations observed in the GPS displacement directions, shear strain rate,
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and vertical rotation rate that takes place across the Choshui lateral
structure, the Yichi fault, and the Hsinhua fault. SW-directed displace-
ment and high strain rates in the southwest can possibly be explained by
slip taking place along the Hsinhua oblique ramp, which is forming
along the flank of the Pingtung Basement Low (Fig. 8B). Our model is
less successful, however, in explaining the seismicity above the basal
thrust, except along the eastern flank of the fold-and-thrust belt where it
is interpreted to ramp down into the crystalline basement. This inter-
pretation of a ramp in the basal thrust can explain the deepening of
seismicity in these areas (Alvarez-Marron et al., 2014; Camanni et al.,
2016; Brown et al., 2017; Biete et al., 2018) and the oblique displace-
ment mapped along the Shuilikeng, Lishan, and Chaochou faults (see
also, Lee et al., 1997; Wiltschko et al., 2010; Camanni et al., 2014b; Kuo-
Chen et al., 2015) can explain the distribution of strike-slip and thrust
fault types in the Hsuehshan and Alishan ranges. Our interpretation that
the basal thrust ramps down into the crystalline basement also explains
the development of high topography (see also, Mouthereau et al., 2002),
a relationship also found in other mountain belts (e.g., Kley et al., 1996;
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Mouthereau et al., 2006; Pfiffner, 2017).

On the basis of the proof of concept analyses presented in this sec-
tion, we suggest that our interpretations of along-strike changes being
caused by the reactivation of ENE-striking faults inherited from the
margin and of basement involvement in the thrusting are viable since
they can explain the first-order patterns of seismicity, GPS displacement
vectors and strain rates, and topography data. We stress, however, that
other models (e.g., Wu et al., 1997; Mouthereau et al., 2009; Ching et al.,
2011) may also explain these data sets and can therefore be considered
viable.

5. Discussion

Although there are important differences between the many struc-
tural models for the south-central Taiwan fold-and-thrust belt (e.g.,
Suppe, 1980, 1981, 1986; Mouthereau et al., 2001; Hickman et al.,
2002; Yue et al., 2005; Mouthereau and Lacombe, 2006; Yang et al.,
2007, 2016; Rodriguez-Roa and Wiltschko, 2010), most authors,
including us (e.g., Brown et al., 2012, 2017; Alvarez-Marron et al., 2014;
Camanni et al., 2014a, 2016; Biete et al., 2018), interpret it to be an
imbricate thrust system. The major differences between the models
revolve around, 1) the location and nature of the basal thrust, 2)
whether or not there are transverse structures and if so, what is causing
them, 3) whether or not there is basement involvement in the thrusting,
4) the amount of shortening and, 5) the structure of the Hsuehshan
Range.

The basal thrust is a key structure in the interpretation of any fold-
and-thrust belt, since its geometry and location (depth) has important
implications for the deformation style, the mechanics, and the involve-
ment (or not) of basement in the deformation (e.g., Davis et al., 1983;
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Judge and Allmendinger, 2011; Poblet and Lisle, 2011; Pfiffner, 2017;
Lacombe and Bellahsen, 2016; Tavani et al., 2021). Therefore, a map of
the basal thrust, even with its uncertainties, is an important tool for
understanding the structure of a fold-and-thrust belt (e.g., shortening,
basement involvement) and how (or if) it is affected by activity in its
footwall (e.g., fault reactivation and the formation of transverse zones).
In this paper, we have used new geological surface mapping, serial cross-
sections, strike-parallel sections, and a proxy for the basement-cover
interface to map the location and geometry of the basal thrust
throughout the south-central Taiwan fold-and-thrust belt (Fig. 8). Most
other interpretations of the basal thrust in this area are 2D (cross sec-
tion), with the exception of Huang et al. (2004) and Carena et al. (2002)
who map parts of its surface. Our proposal for the geometry and depth of
the basal thrust (Fig. 8) differs from that of Hung et al. (1999),
Mouthereau et al. (2001, 2002), Carena et al. (2002), Hickman et al.
(2002), Yue et al. (2005), Yang et al. (2007, 2016), and Rodriguez-Roa
and Wiltschko (2010) who interpret it to be deeper than in our model, or
even that there are two levels of detachment. Lacombe and Mouthereau
(2002) and Mouthereau and Lacombe (2006) suggest that there may
even be a deep, ductile detachment. Furthermore, we interpret the basal
thrust to ramp down into the middle crust along the eastern flank of the
fold-and-thrust belt, unlike Suppe (1980, 1981), Carena et al. (2002),
Yue et al. (2005), and Malavieille and Trullenque (2009) who suggest
that it is a through-going detachment near the base of the sedimentary
package across the entire mountain belt.

Our structural mapping allows us to interpret the presence of two
well-defined ENE-striking transverse zones (the Choshui lateral struc-
ture and the Yichu fault), and one lesser one (the Hsinhua fault) (Figs. 5A
and 8A). Transverse zones are defined as “a systematic alignment of
lateral connectors between two sets of differing structures” (Thomas,
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1990). They are syn-kinematic with respect to fold-and-thrust belt
structures and are possibly controlled by reactivated basement faults,
mechanical variations along the basal thrust, or a combination of these
(Thomas, 1990). We suggest that the transverse zones identified in the
south-central Taiwan fold-and-thrust belt have a causal relationship to
the east-northeast striking faults that have been mapped on the margin
and traced into the western Taiwan (Alvarez-Marron et al., 2014;
Camanni et al., 2016; Brown et al., 2017; Biete et al., 2018, 2019). This
interpretation is in agreement with that of Mouthereau and Lacombe
(2006) who suggested the presence of ENE-trending structures and their
relationship to basement faults. We provide a proof of concept analysis
that suggests that this interpretation can explain the distribution of
seismicity and fault types, GPS displacement vectors and strain rates, as
well as the topography of the study area. Further support for the inter-
pretation is provided by the dextral strike-slip surface ruptures devel-
oped during the 1906 Meishan and the 1946 Hsinhua earthquakes
(Bonilla, 1975; Shyu et al., 2005, 2016). Nevertheless, a number of other
studies (e.g., Deffontaines et al., 1997; Lacombe et al., 1999; Mouth-
ereau et al., 1999, 2002) have suggested that several roughly NW-
striking transfer (sic) zones affect the structure of the Taiwan fold-
and-thrust. These transfer zones were interpreted to be related to
either pre-existing extensional faults in the under-thrusting margin, to
deformation taking place along the margins of basement highs, or as
newly formed structures in the hanging wall of the fold-and-thrust belt
(e.g., Deffontaines et al., 1997; Lacombe et al., 1999; Mouthereau et al.,
1999, 2002). However, NW-striking faults have not been reported from
the part of the margin that is entering into the deformation in south-
central Taiwan; Eocene-age rift basins having NE-striking bounding
faults (Hsu, 2001; Lin and Watts, 2002; Lin et al., 2003; Teng and Lin,
2004; Lin et al., 2005), and Miocene-aged basins have ENE-striking
bounding faults (Lee et al., 1993; Lin et al., 2003; Lin et al., 2005;
Ding et al., 2008; Shi et al., 2008; Tang and Zheng, 2010; Yang et al.,
1991, 2016; Yeh et al., 2012; McIntosh et al., 2014). Furthermore, we
find no concrete evidence in our mapping to support the presence of
regional, NW-striking transfer zones that affect the fold-and-thrust belt.

In the absence of other data, using a proxy of 5.2 km/s (Fig. 3) for the
basement - cover interface provides a way forward for the interpretation
of the involvement of crystalline basement rocks in the thrusting in the
south-central Taiwan fold-and-thrust belt. The definition of basement as
crystalline rocks used in this paper differs from that of other authors who
generally define basement in Taiwan as any pre-Miocene rocks (e.g.,
Hung et al., 1999; Mouthereau et al., 2001, 2002; Lacombe and
Mouthereau, 2002; Hickman et al., 2002; Lacombe et al., 2003; Huang
et al., 2004; Mouthereau and Lacombe, 2006; Yang et al., 2007, 2016;
Rodriguez-Roa and Wiltschko, 2010) and interpret basement involve-
ment in the thrusting, even along the westernmost flank of the fold-and-
thrust belt. As we indicate in Section 3.2.2, there is widespread evidence
that the basal thrust is near the base of the Pliocene Cholan Fm in the
north of the study are and within the middle Miocene Nanchuang Fm in
the south, indicating that basement is not involved in the thrusting along
the western part of the thrust belt. The eastern flank of the thrust belt,
however, can be interpreted to involve crystalline basement (Vp >5.2
km/s), albeit with two different styles. Using the terminology of Poblet
and Lisle (2011) and Pfiffner (2017), the structural style of the Hsueh-
shan Range can be interpreted as thick-skinned with the basal thrust
ramping steeply into the basement, reactivating an Eocene-aged exten-
sional fault to a depth of 20 km or more (see also, Brown et al., 2012;
Camanni et al., 2014a, 2014b; Kuo-Chen et al., 2015), whereas the
Alishan Range, with a thin sheet of crystalline basement rocks (Alvarez-
Marron et al., 2014), appears to be basement-involved (Fig. 6).

In our cross section interpretations, shortening in the south-central
Taiwan fold-and-thrust belt is larger in the north (> 25 km),
decreasing across the Choshui lateral structure and southwards through
the Alishan Ranges (c. 15 km), before increasing southward (17 to 25
km) across the Yichu fault (Table 1). Our shortening estimates are in
keeping with those of between 10 km to 30 km made by Yang et al.
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(2006, 2007, 2016), Mouthereau et al. (2001), Hickman et al. (2002),
Mouthereau and Petit (2003), Mouthereau and Lacombe (2006), and
Rodriguez-Roa and Wiltschko (2010). It is, however, in sharp contrast to
the interpretations of Suppe (1980, 1986) whose sections, if restored
(cross sections are not restored and shortening values are not mentioned
in these publications), record >87 km of shortening along our section 5,
and >50 km of shortening along the frontal part of our sections 7
through 10. In our sections 7 through 10, for example, placing the basal
thrust at c. 1 km to 2 km depth along the front of the thrust system and a
ramp to the east (to c. 4 km depth) allows us to accommodate the surface
bedding dips by interpreting a fault bend fold whose back limb is cut by
a thrust. Suppe (1980) interprets a complex duplex and antiformal stack
structure that involves much more shortening. Nevertheless, Suppe
(1980) indicates that “...given the large number of imbrications needed
to satisfy the surface dips, considerable rearrangement of the faults and
decollement horizons may be possible.”, and that there “...is a major
problem with this provisional cross section...”. We suggest that the
simpler solutions presented by us and by Mouthereau et al. (2001),
Mouthereau and Petit (2003), Mouthereau and Lacombe (2006), Yang
et al. (2006, 2016), and Rodriguez-Roa and Wiltschko (2010) provide a
more accurate interpretation of the structure and more realistic esti-
mates of the amount of shortening.

Mapping in the Hsuehshan Range has provided extensive new
structural data, including the recognition of structures cut by the Shui-
likeng fault, a regional-scale anticlinorium in the hanging wall of the Tili
thrust, a zone of ductile deformation along the Lishan fault, a vertical
east-facing limb along the Lishan fault (Brown et al., 2012). Further-
more, our geological mapping along >100 km of the strike length of the
Shuilikeng fault (e.g., Brown et al., 2012; Camanni et al., 2014b) showed
it to have a complex displacement history and to truncate structures in
both its footwall and hanging wall (Fig. 5), suggesting that it has a long
and varied history of oblique, out-of-sequence thrusting. These struc-
tures were not recognised previously in the structural interpretations of
this part of the fold-and-thrust belt. For example, Suppe (1986) in-
terprets the Shuilikeng fault to be an east-dipping hanging wall flat that
merges with a basal detachment at about 8 km depth beneath the
Hsuehshan Range, whereas Mouthereau et al. (2002) interpret it (their
Chushih thrust) to penetrate into the basement (which they define as any
pre-Miocene rocks), but without any detachment being interpreted. Yue
et al. (2005) interpret the Shuilikeng fault to be a west-dipping exten-
sional fault that has been cut and transported westward, leaving its
seismically active lower part in the footwall to the detachment. Rodri-
guez-Roa and Wiltschko (2010), interpret the Shuilikeng fault (their
Tulungwan thrust) to extend from central Taiwan to the south where it
becomes the Chaochou fault, and to merge with a basal detachment in
the Miocene. Although Yue et al. (2005) interpret the surface structure
of the westernmost part of the Hsuehshan Range in a similar way to us
they interpret the eastern part, from the Tili thrust to the Lishan fault, to
be an east-dipping monocline with the structure of a hanging wall flat, as
does Suppe (1986). Neither Yue et al. (2005), nor Suppe (1986) recog-
nise the Lishan fault. Only Clark et al. (1993) suggest that the Hsuehshan
Range is a pop-up structure that inverts the extensional Hsuehshan
Basin, which is in keeping with our interpretations. Other authors, such
as Lin et al. (2003) and Teng and Lin (2004) do hint that tectonic
inversion is taking place in the Hsuehshan Range (for example, see Fig. 3
of Lin et al., 2003), but they do not explicitly say so.

6. Conclusions

In this paper, we bring together the results of our previous studies
and add new data and data analyses to develop a 3D structural model for
the structure of south-central Taiwan. We interpret the fold-and-thrust
belt to be a west-verging, imbricate thrust system developed above a
single basal thrust that is breached by ENE-striking strike-slip to trans-
pressive faults that are developed along the flanks of basement highs and
low. These breaching faults are inherited from the continental margin
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and are associated with ENE-striking transverse zones in the fold-and-
thrust belt. Across these transverse zones there are changes in a com-
bination of stratigraphy, structural style, strike and dip of the basal
thrust, and uplift of the stratigraphic contacts. Along the eastern flank of
the fold-and-thrust belt, the uplift of rocks with Vp > 5.2 km/s leads us
to interpret crystalline basement to be involved in the thrusting.
Shortening estimates range from 15 km to >25 km and varies across the
transverse zones. While our proposed structural model has many simi-
larities and differences with those of other authors, we suggest that its
depth and along-strike consistency, together with is ability to explain
aspects of the distribution of seismicity, faults types, GPS displacement
vectors and strain rates, and topography of the study area makes it a
viable model.
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