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�e south central Taiwan fold-and-thrust belt (FTB) comprises a roughly N-S striking, west verging imbricate thrust system that 
has been developing since the Late Miocene. In this thesis, we adopt a multidisciplinary approach in order to test whether or not 
the inherited structural and morphological architecture of the Eurasian  margin, which is being incorporated in the deformation 
from the outer shelf to the base of the slope, may be in�uencing the development of  FTB.  Our results show that the most impor-
tant along-strike change takes place at the eastward prolongation of the upper part of the margin necking zone, where there is 
an interpreted link between fault reactivation, basement involvement, seismicity concentration, and high topography forma-
tion. �e contemporaneous stress, strain and displacement �elds also show an orientation marked change across the upper 
part of the margin necking zone. In the necking zone, the detailed 3D structural analysis shows a less marked along-strike 
change in the structure. �is change takes place across a transverse zone composed of a suite of structures at the surface that we 
call the Hsinhua transverse zone. We suggest that this transverse zone coincides with variations in the geometry of the basal 
thrust which, in turn, has a causal relationship to (possibly fault bounded) basement highs and lows that are inherited from the 
continental margin. We interpret all these along-strike changes in the fold-and-thrust belt to be related to the reactivation of 
east-northeast striking faults inherited from the rifted Eurasian margin.
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Abbreviations
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WF = Western Foothills
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BF = B fault

CF= Chiali fault
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ChT = Changhua thrust

CiT = Chishan thrust

CT = Chelungpu thrust

CuT = Chutochi thrust

HF = Hsinshua fault

LF = Lishan fault

LT = Lungchuan thrust

PT = Pingshi thrust

SkF = Shuilikeng fault

ST = Shuangtung Thrust

TT = Tili Thrust

YF = Yichu fault

ZF = Zuojhen fault

Folds:

HS = Hsiaolin syncline

KS = Kuanglin synform

NA = Niushan anticline

NeA = Neiyingshan anticlinorium

SS = Shihchangli syncline

TA = Tainan anticline

TS = Tingpinglin syncline

YS = Yuching syncline

Institutions and Projects:

CSIC = Spanish National Research Council

CWB = Central Weather Bureau

ICTJA = Institute of Earth Sciences Jaume Almera

TAIGER = Taiwan Integration Geodynamic Research

Others:

DEM = Digital Elevation Model

FTB = Fold-and-thrust belt 

Ml = Local magnitude
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This thesis has been carried out in the Institute of Earth Science Jaume Almera (ICTJA) of the 
Spanish National Research Council (CSIC) from April 2015 through July 2019. The funding to 
develop the thesis comes from the FPI pre-doctoral grant with reference BES-2014-070122 of the 
Ministerio de Economia y Competititvidad of Spain. It is part of the project “Controls of inherited 
continental margin architecture on the deformation and kinematics of orogenic wedges in arc-conti-
nent collisions” (CGL2013-4377-P). 

This thesis is presented as a compilation of three scientific articles published in Science Citation 
Index (SCI) journals, from which the Ph.D. candidate is first author of two and co-author of one. 
These articles are presented in Appendix 1. They are:

Paper I  …………………………………………………………………………. p. 95

Brown, D., Alvarez-Marron, J., Biete, C., Kuo-Chen, H., Camanni, G. & Ho, C.-W. (2017). How 
the structural architecture of the Eurasian continental margin affects the structure, seismicity, and to-
pography of the south central Taiwan fold-and-thrust belt. Tectonics, 36. doi:10.1002/2017TC004475

Paper II ………………………………………………………………………… p. 117

Biete, C., Brown, D., Lund B., Alvarez-Marron, J., Wu Y-M., Kuo-Chen, H. & Ho, C.-W (in 
press). The influence of inherited continental margin structures on the stress and strain fields of the 
south central Taiwan fold-and-thrust belt. Geophysical International Journal. doi: 10.1093/gji/ggz296

Paper III ……………………………………………………………………….. p. 151

Biete, C., Alvarez-Marron, J., Brown, D. & Kuo-Chen, H. (2018). The Structure of Southwest 
Taiwan: The Development of a Fold-and-Thrust Belt on a Margins Outer Shelf and Slope. Tectonics, 
37, 1973–1993. doi:10.1029/2017TC004910

Within the context of the research project, the Ph.D. candidate undertook two field campaigns 
in Taiwan to collect structural data, and two short three month stays in other research institutions 
to work with earthquake hypocenter relocations and perform stress inversions from earthquake focal 
mechanisms. She attended workshops and participated in a total of five international and national 
conferences presenting either as poster or oral presentations. In detail the activities related with this 
thesis are:

•	 Two field campaigns of approximately one month each in southwest Taiwan, in the 
years 2016 and 2017, with the Ph.D. supervisors;
•	 Two short stays of approximately three months each: 

◊ Stay at the Department of Earth Sciences, National Central University, Tai-
wan, from the 4th of April 2016 to the 4th of July 2016. The Ph.D. candidate 
visited Dr. Hao Kuo-Chen to learn about earthquake relocation techniques. 

Preface
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◊ Stay at the Department of Earth Sciences, Uppsala University, Sweden, 
from the 6th of October 2017 to 22nd of December 2017. The Ph.D. candidate 
visited Dr. Björn Lund and worked on determining the stress field in south 
central Taiwan from the inversion of earthquake focal mechanisms;

•	 Attended a ten day workshop in Galway, Ireland called: “Comparative Studies of the 
Tectonophysics of Taiwan and West-Ireland Orogenies”. The workshop was lead by Dr. 
Paul Ryan and took place from the 3rd to the 9th of September 2016;
•	 Attended a two day workshop organized by the IX Spanish Geological Congress 
called: “De Avalonia al suroeste de Iberia: anatomía de una cuña orogénica varisca, el 
“rifting” proto-Atlántico y tectónica reciente”, lead by Drs F.M Alonso-Chavez, E. Gar-
cia-Navarro, C. Fernandez-Rodriguez and M.A. Camacho-Cerro. The workshop took 
place from the 16th to the 17th of September 2016;
•	 Attended international conferences, including the General Assembly of the Euro-
pean Geophysical Union (EGU) with poster presentations in 2015, 2016 and 2017, and 
the American Geophysical Union (AGU) Fall Meeting in 2016 with an oral presenta-
tion. The abstracts of the presentations are given in Appendix 2.
•	 Attended the national IX Geological Congress of Spain in 2016 with an oral presen-
tation. The extended abstract is given in Appendix 2.

This thesis is organized in four chapters and four appendices, following the recommendations of 
the Earth Sciences doctoral program of the University of Barcelona. Chapter 1 presents the general 
introduction to the thesis, with an introduction to the topic, the objectives of the research, and the 
publications that make up the thesis. The coherence between the papers is explained, as is the Ph.D. 
candidate’s contribution. This chapter also includes the geological background, and the methodologi-
cal approach. In Chapter 2 the results of each paper are summarized. Chapter 3 presents a discussion 
that integrates all three papers, and Chapter 4, presents the conclusions. These chapters are followed 
by the Acknowledgements, and finally the References cited in the text.

The thesis also includes four Appendices: Appendix 1 presents the published papers; Appendix 
2 gives the abstracts of the poster and oral presentations of the Ph.D. candidate conference presenta-
tions. The following three appendices present the supplementary data. Appendix 3 presents an A3 
size geological map of southwest Taiwan fold-and-thrust belt, the area mapped by the Ph.D. candi-
date. Appendix 4 presents the complete inputs and outputs of the stress inversion results, and a table 

with focal mechanism clusters statistics values.
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Studies of mountain belts worldwide show that along-strike changes are common in their fore-
land fold-and-thrust belts. These are typically caused by processes related to fault reactivation and/or 
fault focusing along changes in sedimentary sequences. The study of active orogens, such as Taiwan, 
can provide insights into how these processes influence transient features such as seismicity, contem-
poraneous stress and strain fields and topography. In Taiwan, the fold-and-thrust belt comprises a 
roughly N-S striking, west verging imbricate thrust system that has been developing since the Late 
Miocene. This fold-and-thrust belt is deforming the sediments from the outer shelf to the base of the 
slope of the Eurasian continental margin, incorporating structural (e.g., necking zone, extensional 
fault system, failed rift) and morphological (e.g., the shelf, shelf/slope break, the slope) features of the 
margin. 

In this thesis, we adopt a multidisciplinary approach in order to test the hypothesis of whether or 
not the inherited structural and morphological architecture of the Eurasian continental margin may 
be influencing the development of the south central Taiwan fold-and-thrust belt. We first trace re-
gional-scale features from the outer shelf to the slope base of the Eurasian continental margin in the 
Taiwan Strait into the south central Taiwan fold-and-thrust belt. We then present a regional-scale 
new surface geological mapping that we combine with P-wave velocity maps and sections, seismic-
ity, and topography data to test the hypothesis in a regional-scale to investigate causal links between 
these features of the fold-and-thrust belt and those from the margin. 

We further test the hypothesis in regional-scale to see whether or not structural and morphologi-
cal features inherited from the margin are affecting the contemporaneous stress and strain fields in 
south central Taiwan. The principal stress directions (s1, s2, and s3) are estimated from the inversion 
of clustered earthquake focal mechanisms and the direction of maximum compressive horizontal 
stress (SH) is calculated throughout the study area. From these data the most likely fault plane orien-
tations and their kinematics are inferred. The directions of displacement, compressional strain rate, 
and maximum shear strain rate derived from GPS data are also calculated and plotted. These are 
discussed together with the stress inversion results. 

Finally, the structure of the area in southwest Taiwan fold-and-thrust belt corresponding to the 
necking zone is investigated in more detail. We define its structure, presenting new surface geological 
mapping from which we construct balanced and restored cross-sections and along-strike sections. 
From these we compile maps of the basal thrust, thrust branch lines and, where possible, stratigraphic 
cut-offs. 

These data show that the most important along-strike change takes place at the eastward prolon-
gation of the upper part of the margin necking zone, where there is an interpreted link between fault 
reactivation, involvement of basement in the thrusting, concentration of seismicity, and the formation 
of high topography. The contemporaneous stress and strain fields also show a marked change across 

Abstract



Biete (2019). Structure and Kinematics of the SW Taiwan fold-and-thrust belt

12

the upper part of the margin necking zone. The direction of SH changes from north to south across 
the study area (≈ 8.2 cm/yr toward 306°), with the direction of SH remaining roughly sub-parallel to 
the relative plate motion vector in the north, whereas in the south it rotates nearly 45° counter-clock-
wise. The direction of horizontal maximum compression strain rate (eH) and associated maximum 
shear planes, together with the displacement field display an overall similar pattern between them, 
although undergoing a less marked rotation. 

In the southwest Taiwan fold-and-thrust belt, in the area corresponding to the margin necking 
zone, the detailed 3D structural analysis shows a less marked but still important along-strike change 
in the structure than that described for the upper part of the necking zone. This change takes place 
across a transverse zone that is composed of a suite of structures at the surface that we call the Hsi-
nhua transverse zone. We suggest that this transverse zone coincides with variations in the geometry 
of the basal thrust which, in turn, has a causal relationship to (possibly fault bounded) basement highs 
and lows that are inherited from the continental margin. 

We interpret all these along-strike changes in the fold-and-thrust belt to be related to the reac-
tivation of east-northeast striking faults inherited from the rifted Eurasian margin. In the upper part 
of the margin necking zone, the strike-slip reactivation of east-northeast striking extensional faults 
is causing sigmoidal offset of structures and topographic ridges, and the rotation of the SH and eH 
directions, together with that of the horizontal displacement field. In the necking zone, the reactiva-
tion of east-northeast striking faults is also influencing the development of the fold-and-thrust belt, 
although with a less marked effect.
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1.1  Introduction

Along-strike changes occur in the foreland fold-and-thrust belts of many orogens worldwide 
[e.g., Thomas, 1985; Perez-Estaun et al., 1997; Duncan et al., 2003; Mouthereau et al., 2006; Yin, 2006; 
Turner et al., 2010; Arora et al., 2012]. In particular, the along-strike changes related to lateral struc-
tures of thrust systems, such as lateral ramps and tear faults, have been very well documented in fos-
sil and active orogens [e.g., Albers, 1967; Apotria, 1995; Alvarez-Marron et al., 1995; Mugnier et al., 
1999; Hessami et al., 2001; Scott Wilkerson et al., 2002; Koyi et al., 2016]. In most cases, the along-strike 
changes in the structural architecture of a fold-and-thrust belt are interpreted to be caused by the 
reactivation of preexisting faults or changes in sedimentary thicknesses and facies that were inherited 
from the original continental margin architecture involved in the orogenic system, although gener-
ally without specifics of where on the margin these came from or what their original architecture was 
[e.g., Thomas, 1985; Pérez-Estaún et al., 1997; Duncan et al., 2003; Mouthereau et al., 2006; Yin, 2006; 
Turner et al., 2010; Arora et al., 2012]. While along-strike changes in structural architecture and in 
sedimentary depositional systems of fold-and-thrust belts are well documented in fossil orogens, in-
vestigating those in active orogens can yield important information about how a margins morphology 
and structure affect not only the structural architecture of a fold-and-thrust belt but also transient 
features such as seismicity, contemporaneous stress and strain fields, and topography. For example, 
Yin [2006], Arora et al., [2012], and Godin and Harris [2014] have shown how preexisting faults on the 
Indian Plate that are oriented at a high angle to the structural grain of the foreland of the Himalaya 
are causing along-strike changes in the structure, seismicity, and topography of its foreland fold-and-
thrust belt. 

In an active mountain belt, the contemporaneous stress field derived from the stress inversion of 
earthquake data can provide important information for understanding the role that is played by the 
reactivation of preexisting faults in along-strike changes in the structure of a fold-and-thrust belt. 
Furthermore, when combined with GPS data, information about the mechanics and kinematics of 
the thrust system and its reactivating basement faults can be investigated. For example, based on 
studies in both active and fossil fold-and-thrust belts, Tavani et al., [2015] concluded that, although 
the stress and strain fields can be locally complex, even during syn-thrusting, a strike-slip stress field 
is the most common. While they suggest that this conclusion is perhaps somewhat counterintuitive, 
they interpret it to result from the reactivation of inherited structures. Célérier [2008] proposed that 
the reactivation of faults with near optimal orientations [e.g., Sibson 1990, 1994; Kelly et al., 1999; 
Leclère & Fabbri 2013] controls the state of stress in the crust. Investigating the role played by margin 
features in the development of along-strike changes is therefore not only of importance for deter-
mining structural processes, sediment pathways, and facies distribution in a fold-and-thrust belt, it is 
also important for understanding, and possibly mitigating, the focusing of geological hazards that are 
related to seismicity and topographic relief in areas such as Taiwan.

In Taiwan, the main morphological and structural parts of the continental margin, including the 
shelf, the shelf/slope break (defined as the 200 m bathymetry contour), and the hyperextended part of 
the margin (starting at about the 3,000 m bathymetry contour [e.g., McIntosh et al., 2014]), as well as 
the extensional fault systems [Yang et al., 1991; Lin et al., 2003] that make up the structural necking 
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zone, are well known [e.g., Teng et al., 1991; Yang et al., 1991; Lin et al., 2003; Teng and Lin, 2004] 
(Figs. 1.1 and 1.2). These margin features are all at a high angle to the developing structural grain of 
the fold-and-thrust belt, which makes it possible to trace them into the fold-and-thrust belt and to 
readily determine how (or if ) they are affecting its structural evolution [e.g., Suppe, 1986; Mouthereau 
et al., 1999, 2002; Yang et al., 2007, 2016; Alvarez-Marron et al., 2014; Brown et al., 2017]. Moreover, 
Taiwan has a wealth of on-land geological, geophysical, and geodetic data that can be used to trace 
these margin features into the fold-and-thrust belt [e.g., Suppe, 1986; Deffontaines et al., 1997, La-
combe et al., 1999; Mouthereau et al., 2002; Yang et al., 2006, 2016; Byrne et al., 2011; Alvarez-Marron 
et al., 2014; Camanni et al., 2016]. Therefore, Taiwan is a particularly propitious place to investigate 
how the structural and the morphological features of a continental margin could possibly contribute 
to along-strike changes in the structure, seismicity, contemporaneous stress and strain fields, and 
topography of a fold-and-thrust belt. 

The aim of this thesis is to test the hypothesis of whether or not along-strike changes in the 
south central Taiwan fold-and-thrust belt are being caused by preexisting structures on the Eurasian 
continental margin that are being incorporated into it, and being reactivated by the deformation that 
is currently taking place there. The thesis is organized around three publications. The first of these 
papers sets up the hypothesis and presents evidence for a causal link between the reactivation of the 
margins structures and along-strike changes in the fold-and-thrust belts of south central Taiwan. The 
second paper builds on the first by examining whether or not the reactivation of the major structures 
of the margin are having an effect on the contemporaneous stress and strain fields of this part of the 
fold-and-thrust belt. Finally, in the third paper we present a detailed structural analysis of the fold-
and-thrust belt in southwest Taiwan to further test our hypothesis by examining how the structurally 
complex necking zone of the margin is affecting the development of the fold-and-thrust belt there. 
Throughout this thesis, we refer to south central Taiwan when talking about the area from around 
24.3° N to 22.2° N (black box in Figure 1.1 inset), which is the study area of Paper I and Paper II, 
and southwest Taiwan when referring only to that part of the fold-and-thrust belt from around 23.3° 
N to 22.2° N (green box in Figure 1.1 inset), which is the study area of Paper III.
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1.2  Objectives

The Taiwan ICTJA research group led by Drs. Joaquina Alvarez-Marrón and Dennis Brown has 
been studying the Taiwan fold-and-thrust belt for several years. Recently, their work has focused on 
the investigation of how the inherited structural and morphological architecture of the Eurasian con-
tinental margin may be influencing the development of the fold-and-thrust belt in Taiwan [Brown 
et al., 2012; Camanni et al., 2014a, 2014b, 2016; Alvarez-Marron et al., 2014; Camanni, 2014]. These 
previous studies, located in the central part of Taiwan, focused on the influence of the inherited struc-
tures from the shelf to the upper slope of the continental margin. The research presented in this thesis 
expands on this theme by examining how these inherited structures may be affecting, in a regional-
scale, the structure of the Taiwan active fold-and-thrust belt, as well as transitory features such as the 
seismicity, the contemporaneous stress and strain fields, and the topography. It then focuses on the 
detailed structure of the fold-and-thrust belt in southwest Taiwan to investigate how these inherited 
faults are affecting the structure there. 

The specific objectives of the thesis are: 
•	 Determine the 3D geological structure and kinematics of southwest Taiwan fold-
and-thrust belt with special emphasis on defining its along-strike changes.
•	 Investigate the relationship between transient features such as seismicity and topog-
raphy with the geological structure and its along-strike changes.
•	 Investigate whether or not a causal relationship can be established between the 
along-strike structural changes and related transient features with the reactivation of 
inherited structures.
•	 Determine how (or if ) the preexisting structures of the margin affects the contem-
poraneous stress and strain fields derived from the seismicity and GPS data.
•	 Determine the orientation and kinematics of the faults that are likely to have been 
active at depth.
•	 Test the objective indicated above by determining the influence of inherited struc-
tures from the Eurasian continental margin in the structural evolution of the fold-and-
thrust belt in Taiwan.
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1.3  Published articles

The research involved in this thesis has resulted in three new publications in science citation in-
dex journals. These are the result of collaboration with several international co-authors. They can be 
found in Appendix 1. The three papers investigate several aspects of the structure and kinematics of 
the fold-and-thrust belt and focus on testing the hypothesis stated in the introduction.

In Paper I, the ideas behind the hypothesis are developed. The regional-scale features of the Eur-
asian continental margin in the Taiwan Strait are traced into south central Taiwan. Then, the newly 
mapped surface geology of the south central Taiwan fold-and-thrust belt is integrated with P-wave 
velocity maps and sections, seismicity, and topography. This paper concludes that, on a regional-scale, 
the most important along-strike change of the fold-and-thrust belt takes place at the eastward pro-
longation of the upper part of the margins necking zone. Less pronounced but also important along-
strike changes in the fold-and-thrust belt structure are taking place in relation with the reactivation 
of faults from the faulted necking zone. This paper further suggests that there is a causal link between 
fault reactivation, involvement of basement in the thrusting, concentration of seismicity, and the for-
mation of high topography. 

In Paper II, we test further the hypothesis stated in Paper I by examining whether or not struc-
tural and morphological features inherited from the Eurasian continental margin are affecting the 
contemporaneous stress and strain fields in south central Taiwan. We estimate the principal stress 
directions (s1, s2, and s3) from the inversion of clustered earthquake focal mechanisms and calculate 
the direction of maximum compressive horizontal stress (SH) throughout the study area. From these 
data we infer the most likely fault plane orientations and their kinematics. We then discuss the results 
of the stress inversion together with the directions of displacement, compressional strain rate, and 
maximum shear strain rate derived from GPS data. These data show that there is a marked contrast 
in the direction of SH from north to south across the study area, with the direction of SH remain-
ing roughly sub-parallel to the relative plate motion vector (≈ 8.2 cm/yr toward 306°) in the north, 
whereas in the south it rotates nearly 45° counterclockwise. The direction of horizontal maximum 
compression strain rate (eH), together with the displacement field display an overall similar pattern 
between them, although undergoing a less marked rotation. This paper concludes that the southward 
change in the SH, eH, together with that of the horizontal displacement field is related to the reactiva-
tion of east-northeast striking faults inherited from the rifted Eurasian margin and to the shelf/slope 
break.

In Paper III, we describe the detailed structure of the southwest Taiwan fold-and-thrust belt, 
where the margin faulted necking zone, the shelf/slope break, and the slope are involved in the de-
formation. For this purpose, several field campaigns were carried out to map the surface structure in 
the southwestern part of the island. The paper presents the new geological map, from which we con-
structed balanced and restored cross-sections, and along-strike sections. From these we compile maps 
of the basal thrust, thrust branch lines, and where possible stratigraphic cut-offs. The structure in the 
subsurface and beneath the basal thrust is interpreted by the integration of a P-wave velocity model 
with the structural data. From these, we obtain the 3D structure of the fold-and-thrust belt, and show 
that there is a significant along-strike change in the structure. This takes place across a transverse zone 
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composed of a suite of structures at the surface. We suggest that this transverse zone coincides with 
variations in the geometry of the basal thrust which, in turn, has a causal relationship with (possibly 
fault bounded) basement highs and lows that are inherited from the continental margin.

1.3.1  Ph.D. candidate’s contribution

Paper I: Brown et al [2017]

Ph.D. candidate contribution:
•	 Carried out structural mapping fieldwork; 
•	 Constructed one of the geological cross-sections in collaboration with Ph.D. super-
visors; 
•	 Produced figures of the seismicity, the P-wave velocity slices and vertical sections 
from the available tomography and the shadow relief map from the topography;
•	 Reviewed the text.

Paper II: Biete et al., [in press] 

Ph.D. candidate contribution:
•	 Analyzed the earthquake focal mechanism data, set up the binning system and per-
formed the stress inversion during a three month stay under the supervision of Dr. Björn 
Lund at the Earth Sciences Department of the University of Uppsala, Sweden; 
•	 Analyzed the GPS data, plot the displacement vectors and determined the strain 
field and rates; 
•	 Did the illustrations;
•	 Wrote the manuscript with the supervision of the Ph.D. supervisors.

Paper III: Biete et al., [2018]

Ph.D. candidate contribution:
•	 Carried out structural mapping fieldwork;
•	 Constructed the balanced and restored cross-sections, the along-strike sections, the 
3D basal thrust and cut-off maps in collaboration with Ph.D. supervisors; 
•	 Did the illustrations;
•	 Wrote the manuscript with the supervision of the Ph.D. supervisors.
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1.4  Geological Background 

The Taiwan orogen is evolving as a result of the latest Miocene to present collision between 
the Philippine Sea Plate and the Eurasian Plate [Suppe, 1981; Ho, 1986]. The Philippine Sea Plate 
is moving c. 8.3 cm/yr towards 306° with respect to Eurasia [Yu et al., 1997] (Figs. 1.1 and 1.2A). 
Within this framework, the Eurasian Plate is subducting beneath the Philippine Sea Plate, causing 
the oblique collision between the roughly north-south trending Luzon Arc on the Philippine Sea 
plate with the Eurasian continental margin (Figs. 1.1 and 1.2A).

Figure 1.1: Tectonic setting of the Taiwan arc-continent collision orogen with the location of the Taiwan island 
in relation with the Luzon arc and its accretionary complex, the Ryukyu subduction zone (RS) and major basins 
of the Eurasian margin. A simplified geological map is shown in the Taiwan island [after Chen et al., 2000]. The 
Tainan, Taihsi and Nanjihtao basins offshore Taiwan include significant extensional structures. The structural 
(necking zone, failed rift, extensional basins, major faults) and morphological features (shelf/slope break at 200 
m water depth) of the Eurasian continental margin are shown. The location of the schematic cross-section of 
the margin shown in Figure 1.2B is also given. The convergence vector of c. 8.2 cm/yr of the Philippine sea 
plate is given. RS = Ryukyu subduction zone, PPS = Philippine sea plate, PP = Pingtung Plain, ChT = Changhua 
thrust, LF = Lishan fault, SkF = Shuilikeng fault, ChF = Chauchou fault, BF = B fault, YF = Yichu fault, CF= 
Chiali fault. The inset shows the tectono-stratigraphic units of the Taiwan orogen, and the study area of Paper 
I and II in black box called south central Taiwan fold-and-thrust belt, and the study area of Paper III in green 
box called southwest Taiwan fold-and-thrust belt. The green box corresponds to the area mapped by the Ph.D. 
candidate with her supervisors. CP = Coastal Plain, WF = Western Foothills, HR = Hsuehshan Range, CR = 
Central Range, CoR = Coastal Range. 
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The Taiwan mountain belt is divided into several roughly N-S striking tectono-stratigraphic units 
(Fig. 1.1) [e.g., Ho, 1988] that, from west to east are: the Coastal Plain (CP), the Western Foothills 
(WF), the Hsuehshan Range (HR), the Central Range (CR) and the Coastal Range (CoR). The 
eastern Central Range and the Coastal Range (CoR) are outside the objectives of this thesis and a 
detailed geological description of them is out of its scope. For the sake of simplicity, in this thesis the 
Coastal Plain, Western Foothills, and Hsuehshan Range are grouped together under the term fold-
and-thrust belt. In the north, the Western Foothills and the Hsuehshan Range are juxtaposed along 
the Shuilikeng fault (SkF), (Fig. 1.1), while southward the Chouchou fault (ChF) juxtaposes the 
Western Foothills against the Central Range. The Hsuehshan Range is juxtaposed against the Cen-
tral Range by the Lishan fault (LF). The Chaochou and Lishan faults comprise the eastern boundary 
of the fold-and-thrust belt, and here after are called the Chouchou-Lishan fault system (Fig. 1.1). 
The western boundary of the fold-and-thrust belt is generally interpreted to be the partially buried 
trace of the Changhua thrust (ChT) (CT; Fig. 1.5; see also, Yu et al., 1997; Shyu et al., 2005; Yang et 
al., 2007; Rodriguez-Roa & Wiltschko, 2010; Ching et al., 2011). Below we give a brief description of 
the geological background of the Eurasian continental margin (section 1.4.1) followed by an over-
view of the geology of south central Taiwan fold-and-thrust belt (section 1.4.2).

1.4.1  Eurasian continental margin 

The part of the Eurasian continental margin that is currently involved in the deformation in south 
central Taiwan has gone through several tectonic events that led to the pre-collisional configuration 
of the margin. The margin evolved from a sub-continental subduction system in the Late Cretaceous 
[e.g., Li et al., 2007, Lan et al., 2008] to a rifting margin by the Early Eocene, with sea-floor spreading 
starting in the South China Sea by the late Early Oligocene [e.g., Briais et al., 1993; Sibuet and Hsu, 
1997; Hsu et al., 2004]. Throughout this thesis, the pre-Eocene rocks are defined as the basement of 
the continental margin, following the scheme of Brown et al., [2012], Alvarez-Marron et al., [2014] 
and Camanni et al., [2016]. Today’s shelf/slope break is defined as the 200 m bathymetry contour 
(Figs. 1.1 and 1.2). Moreover, throughout the thesis, we use the structural term necking zone [e.g., 
Mohn et al., 2012] that refers to the region where the crust thins from the shelf to the South China 
Sea ocean basin (Figs. 1.1 and 1.2B). The upper part of the necking zone roughly coincides with the 
northern bounding-fault system of the Tainan Basin (a Middle Miocene-aged extensional basin that 
developed on the outer part of the margin) [e.g., Lee et al., 1993; Lin et al., 2003; Ding et al., 2008]. 
A variety of geophysical data show that the crustal thickness of the Eurasian shelf entering into the 
Taiwan orogen is about 30 ± 5 km [Yeh et al., 1998; Kim et al., 2004; Kuo-Chen et al., 2012; Huang et 
al., 2014; Wu et al., 2014; Chen et al., 2016]. Reflection and wide-angle seismic data show a thinning 
of the continental crust across the necking zone, from approximately 30 km on the shelf to approxi-
mately 18 km along the more than 300 km wide hyperextended distal part of the margin (Figs. 1.1 
and 1.2B) [Chen and Yang, 1996; Li et al., 2007; Lin et al., 2008; Huang et al., 2012; Yeh et al., 2012; 
Deng et al., 2012; McIntosh et al., 2013, 2014; Lester et al., 2014]. Yeh et al., [2012], McIntosh et al., 
[2014], and Lester et al., [2014] interpret a failed rift to occur at the base of the slope (Fig. 1.1 and 
FR in Fig. 1.2B). The continent to ocean transition occurs south of the area shown in Figures 1.1 
and 1.2A [e.g., Nissen et al., 1995; Tsai et al., 2004; Zhao et al., 2010; Deng et al., 2012; Yeh et al., 2012; 
McIntosh et al., 2013; Lester et al., 2014]. 
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The Eurasian margin registered several extensional periods from the Early Eocene [e.g., Lin 
& Watts, 2002; Lin et al., 2003; Teng & Lin, 2004; Huang et al., 2012]. During the Eocene several 
roughly northeast trending basins (e.g., Taishi and the Nanjihtao basins) developed and were filled 
with up to 5 km of sediments [Hsu et al., 2001; Lin & Watts 2002; Lin et al., 2008; Huang et al., 2012; 
Yeh et al., 2012]. Of these, the Taihsi Basin is now involved in the Taiwan orogen (Fig. 1.1), with its 
eastern flank, the Hsuehshan Trough of Teng et al., [1991] and Teng and Lin [2004], now forming the 
Hsuehshan Range (Fig. 1.1). During the Miocene, several extensional events occurred in the outer 
part of the margin shelf that resulted in an array of east-northeast striking extensional faults (e.g., B, 
Yichu, etc. Fig. 1.1) and the formation of the Tainan Basin (Fig. 1.1) [e.g., Yang et al., 1991; Lin & 

Figure 1.2: A) 3D topographic view of the tectonic setting of the Taiwan arc-continent collision orogen with 
the location of the Taiwan island in relation with the Luzon arc, the Manila trench and the Ryukyu subduction 
zone. Also shown is the location of Figure B with a schematic drawing of it. The structure depicted in the E-W 
oriented vertical section of the 3D view is simplified from McIntosh et al., [2005; 2013] and Eakin et al., [2014]. 
S/S Break = Shelf/slope break. The vertical exaggeration is 3:1. B) A schematic cross-section of the continental 
margin to the southwest of Taiwan. It gives the terminology for the margin used in the text. The location of the 
section is also shown in Figure 1.1. The structure depicted in the upper crust of the shelf area is from Lin et al., 
[2003], whereas that in the slope and distal margin is simplified from Yeh et al., [2012] and Lester et al., [2014]. 
The moho depth in the distal margin is from Lester et al., [2014], whereas that beneath the shelf and slope area is 
from Tsai et al., [2004]. The continent to ocean transition lies to the south of this diagram. YF = Yichu fault. FR 
= failed rift of Yeh et al., [2012], Lester et al., [2014], and McIntosh et al., [2014]. The vertical exaggeration is 2:1.
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Watts 2002; Lin et al., 2003; Ding et al., 2008]. The sediments and faults associated with the Tainan 
Basin have been traced from the offshore western Taiwan onshore through the undeformed foreland 
[Lin et al., 2008; Yang et al., 2006; 2016] and into the fold-and-thrust belt of south central Taiwan 
(Fig. 1.1) [e.g., Lin et al., 2003; Rodriguez-Roa & Wiltschko 2010; Alvarez-Marron et al., 2014; Yang 
et al., 2016; Brown et al., 2017].

1.4.2  Geology of the south central Taiwan fold-and-thrust belt

1.4.2.1  Stratigraphy

In this thesis, we use the chrono-stratigraphic nomenclature of Brown et al., [2012] and Alva-
rez-Marron et al., [2014] (Fig. 1.3). For the Miocene through to Holocene sedimentary rocks, this 
scheme follows the stratigraphic correlation of Shea et al., [2003]. We have subdivided a thick, latest 
Miocene through to Late Pleistocene-age, unit of mudstone with ribbons of sandstone that crops out 
in the southwestern part of the study area (the Gutingkeng Fm: Fig. 1.3) using the chronological 
divisions for it that are provided by Horng and Shea [1994] and Horng [2014]. The stratigraphic thick-
ness for each formation is, where possible, taken from published borehole data [Fig. 1.4; Chang, 1963; 
Chiang, 1971; Chou, 1971; Shaw, 1996; C.-H. Tang, 1977; Yuan & Huang, 1985; Huang et al., 2004; 
Tensi et al., 2006] and isopach maps [Chou, 1980; Shaw, 1996; Lin et al., 2003; Tang, 1977] within the 
study area, and from the geological map (Fig. 1.5). 

In this thesis, we have defined the basement as all pre-Eocene rocks upon which the Ceno-
zoic Eurasian continental margin was built. Mesozoic rocks do not crop out in the fold-and-thrust 
belt. However, they crop out extensively in the Central Range where they comprise predominantly 
marbles and schists [Ernst, 1983; Stanley et al., 1981; Ho, 1988; Lan et al., 2008], and these rocks may 
make up part of the basement in western Taiwan and in the Taiwan Strait [Jahn et al., 1992]. In south 
central Taiwan, weakly metamorphosed siliciclastic rocks and marble that have been interpreted to 
be Mesozoic in age have been intersected in two boreholes (CLI-1 and MLN-1) on-land (Fig. 1.4) 
and several boreholes offshore western Taiwan [Chiu, 1975; Ho, 1988; Jahn et al., 1992; Shaw, 1996]. 
We therefore interpret these types of lithologies, capped locally by weakly metamorphosed clastic 

Figure 1.3: Chrono-stratigraphic correlation chart used in the mapping. It is based on Shea et al., (2003). The 
Gutingkeng Fm chronological divisions are based on Horng and Shea (1994) and Horng (2014).
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rocks, to comprise the basement beneath the study area. Within south central Taiwan, this basement 
can be unconformably overlain by Eocene through to Early Miocene rocks, since boreholes indicate 
that neither the Eocene nor the Oligocene rocks are present everywhere [Chiu, 1975; Ho, 1988; Shaw, 
1996; Fig. 1.4]. 

The outcropping stratigraphy of the fold-and-thrust belt (Coastal Plain, Western Foothills and 
Hsuehshan Range) consists of Eocene- through Holocene-age siliciclastic rocks and unconsolidated 
sediments [Chiu, 1975; Covey, 1986; Ho, 1988; Teng, 1992; Shaw, 1996; Chen et al., 2001; Lin et al., 
2003; Huang et al., 2012]. Eocene-age synrift siliciclastic rocks crop out extensively in the Hsuehshan 
Range. They are composed of conglomerates, sandstones and shales, are variably metamorphosed and 
were deposited in what is commonly interpreted to have been the rift-related Hsuehshan Trough (or 
Basin) [Ho, 1988; Teng et al., 1991; Lin et al., 2003; Teng and Lin, 2004; Huang et al., 2012]. In the 
Hsuehshan Range they are unconformably overlain by late Early Oligocene postrift siliciclastic rocks 
comprised of predominantly interbedded sandstones and shale [Lee, 1979; Lin et al., 2003; Huang et 
al., 2012]. These Oligocene rocks are interpreted to be the rift-drift unconformity and to reflect ther-
mal subsidence of the rifted margin following the opening of the South China Sea [Lin et al., 2003; 
Teng and Lin, 2004; Huang et al., 2012]. 

In the Western Foothills, Eocene-age volcanoclastic rocks crop out locally in the north, where 
they are unconformably overlain by Miocene-age siliciclastic rocks (Fig. 1.5) [e.g., Ho, 1988; Castell-

Figure 1.4: General stratigraphy and tectonostratigraphic units showing the names of formations used in this 
thesis. (b) Stratigraphic correlation of boreholes SU-1, HP-1, PCC-1, and CLI-1 along the Coastal Plain (bo-
rehole data from Shaw, 1996; Tang, 1977; Tensi et al., 2006). The interpreted approximate vertical throw accu-
mulated by structures between boreholes is shown. (c) Stratigraphic correlation of boreholes MLN-1, HM-3, 
NS-27, TN-1, CCT-1, PPS-2, PTG-1, and CC-1 from the frontal part of the fold-and-thrust belt (borehole data 
from Chiang, 1971; Chou, 1972; Huang, 1984; Huang et al., 2004; Tang, 1977, Yang et al., 2007). The location 
of the basal thrust in MLN-1, HM-3, NS-27, and TN-1 is marked as ChT (Changua thrust). (d) Inset indicates 
location of the boreholes also shown in map of Figure 1.5. CP = Coastal Plain; WF = Western Foothills.
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tort et al., 2010; Brown et al., 2012]. Southward of this, Eocene-age rocks do not crop out, although, 
they have been intersected in several boreholes on-land and offshore [Fig. 1.4 and 1.5; Chang, 1963; 
Chiang, 1971; Chou, 1971; Tang, 1977; Shaw, 1996; Yuan & Huang, 1985; Huang et al., 2004; Tensi et 
al., 2006]. In these boreholes, the Eocene and Oligocene rocks each comprise up to several hundred 
meters of predominantly sandstone and shale, although they may be thicker in certain areas (Fig. 
1.4).

The Miocene is divided in four crono-stratigraphic units, the Early to Middle Miocene Takeng 
and Nankang formations, the Middle to Late Miocene Nanchuang Fm and the Late Miocene to 
Early Pliocene Kueichulin Fm (Fig. 1.3 and 1.4a). From north to south, there is a growing impor-
tance of these formations in the outcropping stratigraphy. The Early to Middle Miocene Takeng and 
Nankang formations predominantly comprise sandstones and shale. They crop out in the northeast 
of the Western Foothills and several boreholes intersect them in the southwest, showing thicknesses 
from several hundred meters to nearly 1000 m [Shaw, 1996; Yang et al., 2014; Fig. 1.4 and 1.5]. The 
Middle to Late Miocene Nanchuang Fm is made up of thin- to thick-bedded sandstone interca-
lated with shale. From the on-land prolongation of the upper necking zone southward its thickness 
increases drastically from being absent in the north of the Western Foothills to more than 2000m in 
the south (Fig. 1.4 and 1.5). These changes in thickness are interpreted to be related to deposition 
of the Nanchuang Fm in marine extensional basins during the Middle Miocene development of the 
Tainan Basin [Lin et al., 2003; Yang et al., 2006]. The Late Miocene to Early Pliocene synorogenic 
Kueichulin Fm unconformably overlies the Nankang formation in the north of the Western Foothills 
and southward unconformably overlies the Nanchuang formation [Lin et al., 2003]. 

The Kueichulin Fm comprises thin- to very thick-bedded muddy sandstone and sandy mud-
stone. Based on refleccion seismic data in the Taiwan Strait, the Kueichulin Fm has been shown to 
be unconformable on the older Miocene formations. This unconformity is interpreted to be related 
to plate flexure caused by orogenic loading [Lin and Watts, 2002; Tensi et al., 2006]. The appearance 
of the Kueichilin Fm is taken to mark the onset of synorogenic sedimentation in the foreland basin 
[Lin et al., 2003]. This is in contrast to Covey [1986], Teng [1987] and Hong [1997], who interpreted 
the onset of the synorogenic sediments during the Early Pliocene-age due to the occurrence of slate 
clasts at the base of the Cholan formation. The Kueichulin Fm predominantly crops out in the central 
and south-east of the Western Foothills with its thickness increasing significantly from east to west 
and from north to south, with thickness varying from ~150 m to more than 3000 m (Figs. 1.4 and 
1.5) [Chiang, 1971]. 

The Early Pliocene to Early Pleistocene synorogenic Cholan Fm conformably overlies the Kue-
ichilin Fm. It is made up of interbedded mudstone, shale, and muddy sandstone, and crops out 
extensively in the west of the Western Foothills reaching more than 4000 m in thickness (Figs. 1.4 
and 1.5). 

The Early Pleistocene synorogenic Toukoshan Fm conformably overlies the Cholan Fm. It com-
prises a coarsening upwards sequence of thick-bedded muddy sandstones and shales that, in its upper 
part, is interfingered with fluvial conglomerates. The Toukoshan Fm crops out predominately in the 
west of the Western Foothills, it contains a number of regional-scale uncorformities and can reach 
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Figure 1.5: Geological map of the south central Taiwan fold-and-thrust belt with representative structural data. 
The locations of the west-east (WE-1 through -8) geological cross-sections and north-south (NS-1 through -3) 
along-strike sections used in the Papers are shown. The nomenclature used for the geological cross-sections is 
different from that of chapter 2. In section 2.1 cross-sections WE-1, -2 and -6 are labeled by letters A to C as 
in published paper I. In section 2.3, cross-sections WE-3 to WE-8 are labeled by letters A to F as in published 
paper III. The stratigraphic scheme used in the map is given in Figure 1.3. Boreholes used in Figure 1.4 are 
shown. PP = Pingtung Plain.
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more than 3000 m in thickness (Figs. 1.4 and 1.5). The Toukoshan Fm is overlain by Holocene-age 
fluvial gravels that, in some places, can reach several hundred meters in thickness.

1.4.2.2  Structure

The south central Taiwan fold-and-thrust belt is currently forming as the result of deformation 
and uplift of Eurasian margin basement rocks and Eocene to Holocene margin, and foreland basin 
sediments [e.g., Suppe, 1980; Yue et al., 2005]. The tip line of the fold-and-thrust belt is interpreted to 
be the Changhua thrust. To the west of the Changhua thrust, however, there is widespread seismicity 
in southwest Taiwan, indicating that deformation is also taking place beneath much of the Coastal 
Plain [e.g., Shyu et al., 2005; Camanni et al., 2016]. Along its eastern flank, the fold-and-thrust belt 
is juxtaposed against the Central Range along the oblique thrust to sinistral strike-slip Chaochou-
Lishan fault system. This fault system has been interpreted to penetrate into the middle and even the 
lower crust [Wiltschko et al., 2010, Tang et al., 2011, C. Huang & Byrne 2014, Kuo-Chen et al., 2015] 
(Figs. 1.5).

The fold-and-thrust belt has a roughly north-south structural grain that becomes more north-
east-southwest oriented in the south (Fig. 1.5). At the surface, it comprises Eocene rocks through 
to recent Holocene sediments, and is interpreted as a roughly west-verging imbricate thrust system 
[e.g., Suppe, 1976, 1981; Yue et al., 2005; Brown et al., 2012; Alvarez-Marron et al., 2014]. In the west 

and south, the thrust system is mostly covered by Holocene sediment (Fig. 1.5). Major along-strike 
changes in the structure are described in the foreland fold-and-thrust belt [e.g., Yang et al., 2006, 
2007, 2016; Mouthereau & Lacombe, 2006; Rodriguez-Roa & Wiltschko, 2010; Alvarez-Marron et al., 
2014]. These include changes in the strike of thrusts and fold traces, the elevation of thrusts and 
stratigraphic contacts, and the presence of east-northeast striking dextral strike-slip faults (e.g., Meis-
han and Hsinhua faults: Fig. 1.5). The thrust system is interpreted to be developing above a basal 
thrust that dips overall gently eastward at about 4° to 6° [e.g., Brown et al., 2012; Alvarez-Marron et 
al., 2014]. The basal thrust is commonly interpreted to ramp steeply down into the basement along 
the Shuilikeng fault in the north and in the Chaochou fault in the south [e.g., Mouthereau et al., 
2002; Brown et al., 2012; Alvarez-Marron et al., 2014]. Some authors, on the contrary, suggest that 
it extends eastward beneath the Hsuehshan Range and the Central Range to ramp down into the 
middle crust beneath the Coastal Range [e.g., Suppe 1976; 1980b; 1981; Ding et al., 2001; Carena et 
al., 2002; Yue et al., 2005; Malavielle & Trullenque, 2009]. Beneath the Coastal Plain and Western 
Foothills there is widespread seismicity till more than 45 km depth, indicating that both, the thrust 
system and its footwall are active [e.g., Wu et al., 1997, 2014; Lacombe and Mouthereau, 2002; Yue et 
al., 2005; Camanni et al., 2016]. 

In the northeast, the fold-and-thrust belt includes the Hsuehshan Range that is comprised of 
variably metamorphosed Eocene rocks unconformably overlain by Oligocene rocks (Fig. 1.5) [Lin et 
al., 2003; Brown et al., 2012]. Its structure is that of a thrust system with roughly north-south struc-
tural grain, where its eastern and western boundaries, the Shuilikeng and Lishan faults respectively, 
are interpreted to be active steeply dipping faults rooted into the middle and, perhaps even the lower 
crust [e.g., Wu et al., 1997; Brown et al., 2012; Alvarez-Marron et al., 2014; Camanni et al., 2014b; 
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Kuo-Chen et al., 2015]. The structure of the Hsuehshan Range and its steeply dipping bounding faults 
suggests that this region can be interpreted as a pop-up structure [e.g., Brown et al., 2012; Camanni et 
al., 2014a; 2014b], related with the reactivation of preexisting Eurasian continental margin structures 
[e.g., Mouthereau et al., 2002; Mouthereau & Lacombe, 2006; Byrne et al., 2011; Brown et al., 2012]. 
Internally, the Hsuehshan Range is comprised of two distinct thrust sheets; an eastern one with a 
penetrative southwest dipping cleavage and a western one without a cleavage [Brown et al., 2012]. 
These are juxtaposed across the Tili thrust (Fig. 1.5).
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1.5  Methodology & data sets

This thesis adopts a multidisciplinary approach that integrates several data sets and methods. 
For this thesis, we carried out geological mapping in the fold-and-thrust belt in southwest Taiwan. 
This mapping is the southward continuation of earlier mapping carried out by the ICTJA group. It 
provides the primary data set that is used to interpret the 3D structure in this part of the fold-and-
thrust belt, and is incorporated with earlier mapping to the north to investigate along-strike changes 
in structure, seismicity, topography, contemporaneous stress and strain fields (Fig. 1.1). The 3D struc-
ture is obtained by constructing a set of transverse balanced and restored geological cross-sections 
and strike-parallel sections. These sections are constructed iteratively along with stratigraphic cut-off 
maps, thrust branch line maps, and a contour map of the basal thrust. The interpretation of the struc-
ture at depth is aided by the use of several geophysical datasets. These include the local tomography 
3D P-wave velocity model of Kuo-Chen et al [2012], a seismicity data set of 96,907 earthquakes, and 
2,465 earthquake focal mechanisms. The contemporaneous stress field is determined from earthquake 
focal mechanisms. GPS data is used to gain insight into fault kinematics and current strain field.

Two Digital elevation models (DEM), one with 40 m and another of 20 m resolution, are avail-
able from the Taiwan Ministry of the Interior. These are used to build shaded relief topography maps 
in ArcGIS. 

A brief description of the different data sets and the methodologies that we use in this thesis is 
given in the sections that follow. Finally, an overview of the uncertainties assumed as a result of using 
data sets and methodologies with inherent accuracy errors is presented.

1.5.1  Geological mapping

The geological map in Figure 1.5 shows the simplified version of the one used in this thesis. It 
covers the study area that we call south central Taiwan fold-and-thrust belt (Fig. 1.1) and comprises 
an area of approximately 14,000 km2 [Brown et al., 2012; Camanni et al., 2014a; Alvarez-Marron 
et al., 2014; Camanni, 2014]. Mapping carried out by the Ph.D. candidate covers the southwestern 
part of the fold-and-thrust belt (green box in inset of Fig. 1.1). A simplified version of this map is 
presented in section 2.3, and an A3 size version with the complete set of structural data is included 
in Appendix 3.

The 1:50,000 geological maps of the Central Geological Survey of Taiwan were used as base 
maps. The field mapping involved the collection of structural data such as bedding, fault planes, local 
cleavage and fold axes. Where possible kinematic indicators such as slicken-lines and grooves are also 
measured. Basic lithological observations are also made.

1.5.2  Borehole data set & stratigraphic correlations 

In order to have better control on the subsurface location and thickness of the stratigraphic units, 
we have compiled information from published borehole data and stratigraphic thickness maps. The 
nomenclature assigned to the chrono-stratigraphic units of the boreholes is that of Figure 1.3. The 
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boreholes are assumed to be vertical, therefore, we might be assuming some errors in the depth of the 
horizons. The locations of the boreholes might have errors as well due to the poor resolution of some 
of the location maps from which these data were extracted. From these boreholes, the most repre-
sentative ones for the study area are selected and two north to south stratigraphic correlations were 
made (Fig. 1.4b and c). One stratigraphic correlation is located in the foreland basin (Coastal Plain) 
(Fig. 1.4b), and the second one is in the frontal part of the foreland fold-and-thrust belt (west of 
Western Foothills) (Fig. 1.4c). Where possible, we have indicated interpreted extensional structures 
responsible for stratigraphic changes between the boreholes. The Changhua thrust is also correlated 
across boreholes in the north of the Western Foothills (Fig. 1.4b).

Figure 1.6. A) Seismicity data set distribution. B) Seismicity magnitude distribution histograms. C) Seismicity 
depth distribution histograms. D) Focal mechanisms data set distribution and faulting types. The faulting types 
follow the classification scheme of Zoback [1992]. E) Focal mechanisms magnitude distribution histograms. F) 
Focal mechanisms depth distribution. The location of the study area is shown with a black dashed line.
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1.5.3  3D structural interpretations 

To interpret the structure, balanced geological cross-sections were constructed following the stan-
dard construction techniques [Dahlstrom, 1969; Hossack, 1979; De Paor, 1988]. The orientation of the 
cross-sections was chosen to be roughly perpendicular to the regional strike of structures (bedding, 
thrusts, and fold axes), and plane strain was assumed along these sections. Where possible, additional 
constraints relative to the structure and the stratigraphic thicknesses were added by using published 
borehole data and maps. Boreholes were projected along the bedding strike onto the plane of the 
cross-sections. In order to validate the cross-sections and calculate the accumulated shortening of 
each cross-section, they were line balanced (while conserving area) and restored. There is one excep-
tion to this, section C-C’ crosses an oblique structure, where it is not possible to assure plane strain, so 
it was not restored. The cross-section locations are shown in Figure 1.5 (from WE-1 through WE-
8). The western pin line for the cross-sections restorations was placed in the undeformed rocks to the 
west of the Changhua thrust tip line. The sections were restored assuming horizontal deposition of 
the top of the Kueichulin Fm. This contact is a regional-scale marker that can be mapped throughout 
much of the study area. Minimum shortening estimations for each cross-section was also calculated. 

In the southwestern part of the fold-and-thrust belt, an iterative process was used to construct 
the cross-sections, and the three roughly north-south strike-parallel sections (NS-1, NS-2, and NS-3 
in Fig. 1.5) were readjusted until they fit in a coherent way with the map of the basal thrust, thrust 
branch line maps, and stratigraphic cut-off maps that were drawn at the same time. This iterative ap-
proach insured 3D geometrical consistency of the structural interpretation and assured the geological 
viability of the cross-sections.

1.5.4  P-wave velocity model 

The 3D P-wave velocity model was taken from the local tomography of Kuo-Chen et al., [2012]. 
We refer to Kuo-Chen et al., [2012] for the acquisition and processing parameters. In the Vp velocity 
maps and sections presented in this thesis, we can expect a resolution of at least 20 x 20 x 10 km (see 
the check-board test of Kuo-Chen et al., [2012]). The P-wave perturbation model presented in Paper 
I is derived using the 1D velocity depth function provided in Kuo-Chen et al., [2012 supplementary 
data set].

An important feature of the sub-surface geology for the interpretations that follow is the contact 
between the Mesozoic basement rocks and the overlying sediments. Understanding where this con-
tact is allows us to interpret the role played by the margin’s basement in the structure of the fold-and-
thrust belt. In the absence of any surface data about this contact in south central Taiwan, and with a 
limited number of borehole data, we made a velocity description of it in which a Vp of 5.2 km/s is 
taken as a proxy for the velocity of the rocks near the top of the basement. We chose this velocity for 
two reasons: (1) because it is in keeping with laboratory measurements of Vp carried out on clastic 
rocks [Christensen, 1989; Mavko et al., 1998; Johnston and Christensen, 1992, 1993; Christensen and 
Stanley, 2003] that are similar in lithology to those described as Mesozoic in boreholes from south 
central Taiwan [Chiu, 1975; Shaw, 1996] and (2) because it is in keeping with the measured Vp (<5 
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km/s) of the Late Miocene and younger sediments intersected by the Taiwan Chelungpu Fault Drill-
ing Project borehole A [Hung et al., 2009]. We stress, however, that a Vp of 5.2 km/s serves only as a 
proxy. It is meant to help with the interpretation of the location of these rocks at depth, but because 
of the uncertainties in the velocity model and in the petrophysical assumptions it may not coincide 
exactly with the basement-cover interface.

1.5.5  Earthquake hypocenter & focal mechanism data sets

In this thesis we used the catalogue of earthquakes recorded from 1994 through 2015 by the 
Central Weather Bureau of Taiwan. The earthquake hypocenters were relocated by our Taiwanese 
colleagues using the double-difference technique [Waldhauser and Ellsworth, 2000] within the lo-
cal 3D Vp model of Kuo-Chen et al., [2012] and the HypoDD3D software [Waldhauser, 2001]. The 
relocation was carried out on all events shallower than 60 km depth. In the study area, the catalogue 
contains 96,907 earthquakes (Fig. 1.6A) with local magnitudes (ML) ranging from 0.1 to 7.8, with a 
mean ML of 1.89 (Fig. 1.6B). We integrated this dataset with the geological interpretations by plot-
ting horizontal and vertical sections and projecting the earthquake hypocenters onto the horizontal 
sections 3 km either side, and on to the horizontal sections 4.99 km either side.

Focal mechanisms were calculated for 2,465 events (Fig. 1.6D) by our Taiwanese colleagues us-
ing first motion polarities of P-waves [Wu et al., 2008]. The data set contains events ranging from 
local magnitudes (ML) 1.4 to 6.8, with a mean ML of 3.6 (Fig. 1.6E) and depths ranging from 0 to 
45 km (Fig. 1.6F). 90% of the event magnitudes are ranging between 2.5 and 4.8 (Fig. 1.6E). The 

Figure 1.7. Clustered focal mechanism distribution and fault type for each depth level. The fault types follow 
the classification scheme of Zoback [1992]. A) The 0 to 7 km depth level with 13 clusters labeled A1 to A13. 
B) The 7 to 15 km depth level with 18 clusters labeled B1 to B18. C) The 15 to 45 km depth level with 5 clusters 
labeled C1 to A5. The whole focal mechanisms data set is shown in Figure 1.6D. Clusters correspond to the 
results shown in Figure 1.8 and supplementary Figure SD2_A4.
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focal mechanisms were used to determine possible fault types and their kinematics. Fault types were 
determined from focal mechanisms data set using the method of Zoback [1992] and are classified 
as normal (NF), transtensional (NS), strike-slip (SS), transpressional (TS) and thrust (TF) faults 
depending on their P-, T- and B-axes plunge (Fig. 1.6D). The focal mechanism data set was used to 
determine the contemporaneous stress field in south central Taiwan (Fig. 1.6A).

1.5.6  Stress inversion methodology & most likely active fault planes 

The stress inversion from focal mechanisms was used to estimate the contemporaneous stress 
field, inferring the principal stress directions (s1, s2, and s3), the maximum horizontal compressive 
stress (SH) and the most likely active fault plane orientations and their kinematics in south central 
Taiwan. 

In this thesis we used a hypothesis driven approach [e.g., Hardebeck & Michael, 2004] to do the 
binning of the focal mechanisms data for the stress inversion. Since much of the seismicity of the 
study area occurs within the basement we have divided the crust into three depth levels (Fig. 1.7). 
From 0 to 6.9 km depth comprises the sedimentary carapace overlying the basement. Some 37% of 
earthquakes occur within this depth level. From 7 to 45 km comprises the basement. The basement 
was divided into two depth levels: From 7 to 14.9 km contains 47% of earthquakes and its base was 
chosen to coincide with the depth of the expected thermal cut-off for seismicity (about 350 + 100 °C; 
Sibson [1983], W. Chen & Molnar [1983]) given a geothermal gradient of around 30° C/km in western 
Taiwan [Wu et al., 2013] and, from 15 to 45 km depth a layer that included the deepest earthquakes, 

Figure 1.8. Example of cluster B5 input and output results from the inversion of earthquake focal mechanisms. 
The location of the cluster is shown in Figure 1.7. For each cluster there are five plots, from left to right these are: 
A) stereonet with poles to the nodal planes. B) Triangular distribution plot depending on the faulting type after 
Kagan [2005]. C) Best fitting stress tensor, with s1, s2, and s3 directions (symbols: square, diamond, triangle, 
respectively) and the 10%, 68% and 95% confidence limits of s1 and s3 colored, in warm and cold colors respec-
tively. At the edge of the plot is the SH azimuth with its confidence limit as a histogram. D) Stereonets showing 
the Kamb contours of the poles to the selected fault planes that best fit the stress tensor. E) Rose diagram with 
the strikes of the selected fault planes from E), highlighting the mean strike of the primary and secondary fault 
families in red solid and dashed lines, respectively. Parameters of the inversion results: N = number of events, R 
= relative size of the intermediate principal stress, Dev = Deviation and Mis = Misfit. The locations of the clus-
ters are shown in Figure 1.7. The complete set of cluster results inputs and outputs is given in Supplementary 
data set Figure SD2_A4 in Appendix 4.
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(16% of the total seismicity) until the base of the crust. Within each depth level, the focal mecha-
nisms have been divided into clusters (Fig. 1.7) with each cluster having a minimum of 20 events 
(except A4 with 17 events), and the proximity of events and their distribution in swarms (i.e., main 
shock and aftershocks) were taken into account.

To estimate the principal stress directions (s1, s2, and s3) we used the stress tensor inversion 
scheme of Lund & Slunga [1999]. The methodology accounts for uncertainties in the focal mecha-
nisms by perturbations to the P-, T- and B-axes up to some angle during the inversion [Lund & 
Slunga 1999, Hensch et al., 2016]. Here we allowed 10° – 15° maximum perturbation in keeping with 
the 18° average focal mechanism uncertainty estimated by Wu et al. [2008]. In order to select which 
of the two nodal planes is the most likely fault plane, the Lund & Slunga [1999] methodology ap-
plies a Mohr-Coulomb stability criterion to assess which nodal plane is more unstable over a range 
of coefficient of friction (m) values. Here we used a m-range of 0.4 – 1.2 and if one nodal plane is 
consistently more unstable over this range, that nodal plane was chosen as the fault plane and used in 
the inversion. If, on the other hand, the most unstable nodal plane changes over this range then the 
nodal planes are similarly stable and choosing one over the other would mean an implicit choice of m. 
The fault plane was then instead chosen based on the goodness of fit. Using the focal mechanisms of 
the considered cluster, the inversion performs a grid search of the principal stress directions and the 
stress ratio R=(s1 – s2)/(s1 - s3). For each point on the grid it searches through all perturbations of 
the focal mechanisms and for each calculates the angular misfit between the shear stress direction on 
the chosen fault plane and the observed slip direction. This process determines the directions of the 
three principal stress axes (s1, s2, and s3) and an estimate of the relative size of the intermediate prin-
cipal stress, the stress ratio R [Lund & Slunga 1999]. When the entire set of focal mechanisms of the 
cluster has been searched at all stress directions, the optimal stress tensors and its confidence limit are 
calculated using statistics for one-norm misfit (Figs. 1.8C). The direction of the maximum compres-
sive horizontal stress (SH) and its confidence limits are then determined using the methodology of 
Lund & Townend [2007]. The SH results are plotted as a histogram around the stereonet (Figs. 1.8C). 
In map view, SH is plotted as wedges that represent the 95% confidence limit and the stress regime 
of each (i.e., reverse, normal, strike-slip) is determined from the stress tensor. Then, the poles to the 
estimated fault planes, determined from the two nodal planes of each focal mechanism [e.g., Lund & 
Slunga 1999] are plotted and contoured using the Kamb method (Figs. 1.8D). We also plotted the 
strikes of the estimated fault planes in a rose diagram (Figs. 1.8E) using the Stereonet3D software of 
Allmendinger et al., [2012]. The length of the petals corresponds to the percentage of the total number 
of strikes that falls within a 10° bin, and the two most frequent strikes were chosen as the primary 
(most frequent) and secondary fault planes. The kinematics of each fault plane was estimated using 
the inversion resultant stress tensor. Finally, to assess how the instability fault selection criterion 
performed, we illustrate the chosen fault planes in Mohr-Coulomb diagrams, with the relative stress 
magnitudes calculated in the inversion using an average coefficient of friction (m) of 0.6. A complete 
set of results inputs and outputs for each cluster is given in Supplementary data set Figure SD2_A4.

1.5.7  Displacement vectors & strain field from GPS data

We use data from the Taiwan GPS network consisting of continuous measurements ranging 
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between 2005 and 2009 to determine the displacement vectors and derive the current strain field and 
strain rates. The station coverage of the GPS network in the study area and the horizontal displace-
ment vectors are shown in Figure 1.9A and B, respectively. The data was processed by our Taiwanese 
colleagues using the method of Yu et al., [1997], and the reader is referred there for details. Horizontal 
velocities are calculated relative to station S01R located on the island of Penghu on the stable Eurasia 
margin in the Taiwan Strait (Fig. 1.9A).

Strain rates are calculated from the displacement vectors using the SSPX software of Cardozo & 
Allmendinger [2009], and the reader is referred there for the background theory. We used a 5 x 5 km 
grid and a grid-nearest neighbour interpolation method using the 10 nearest stations within a maxi-
mum radius of 35 km. SSPX determines the best fitting strain tensors for each 2D surface of the grid 
and its corresponding strain ellipse. With this methodology we determine the rotation rate about a 
vertical axis, the dilatation strain rate, and the maximum shear strain rate, as well as the horizontal 
maximum compressive and extension strain axes (eH and eh, respectively) and the maximum shear 
strain planes.

1.5.8  Errors & uncertainties

Before presenting the results of the different studies that make up this thesis some remarks are 
appropriate on the uncertainties imposed by some errors and assumptions related with the data sets 
and methodologies we use.

The geological map is the primary dataset for all the structural interpretations. During our map-
ping we have made a number of assumptions that could have led to errors in the map. These include; 

Figure 1.9. A) GPS stations in the study area and surrounding areas. The velocities are calculated relative to 
the station S01R on the stable Eurasia margin in the Taiwan Strait and shown as a red triangle. B) Horizontal 
velocity vectors. Black dashed line box show the study area.
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(1) making a chronostratigraphic correlation that link different rock units and facies together on 
the basis of age and, (2) correlating thrusts and stratigraphic contacts along-strike through difficult 
terrain with, locally, sparse outcrop information. Any uncertainties generated in this way were then 
introduced into the cross-sections and these, together with the general assumptions involved in the 
cross-section construction, such as plane strain, no layer parallel slip, a horizontal disposition of the 
top of the Kueichulin at the time of deposition, or the depth to the basal thrust calculations, also 
may have lead to errors. A weakly constrained stratigraphic template precluded doing rigorous area 
balancing. Furthermore, we did not have access to either the original borehole descriptions or their 
locations. The borehole information presented in this thesis has been taken from various publications 
and may therefore contain significant errors. 

To estimate the basement-cover interface in the subsurface, we have used a 3D velocity model 
from the seismic tomography of Kuo-Chen et al., [2012], and used a Vp of 5.2 km/s as a proxy for the 
top of the basement. The uncertainties inherent in the velocity model, its low resolution (20 km by 20 
km by 10 thick) compared to that of the surface geology, and the petrophysical assumptions made for 
conversion of Vp to rock type all mean that this assumption for the basement-cover interface may not 
be valid everywhere. While we have taken care to keep all of these uncertainties to a minimum in the 
geological interpretations, we nevertheless present the maps and the cross-sections as interpretations, 
the restorations as approximations, and the displacement and shortening calculations as minimums.

In the case of the seismicity, the main uncertainty in hypocenter location is related with the ac-
curacy of the velocity model that is used for its location. Earthquake hypocenter location is usually 
determined by the misfit between observed arrival times at seismic stations, and prediction of these 
arrival times for different source locations, hence an accurate velocity model is important [Husen & 
Herdebeck, 2010]. To minimize the uncertainties in the location of the hypocenters, the 3D Vp model 
of Kuo-Chen et al., [2012] is used. The HypoDD technique for the relocation of events is carried out 
on all events with a minimum of six readings with a reading weight >3 (assigned as good quality). 
With this process, the average travel time residual is reduced, indicating that the spatial resolution is 
improved. However, the Vp model resolution in the upper km (c. 6-7km) is very poor, so hypocenter 
locations within this depth range are less well constrained. 

The earthquake focal mechanisms were calculated from P-wave first arrivals using the generic 
algorithm [Wu et al., 2008]. Each focal mechanism was assigned a quality index factor (Qfp) to assess 
the solution quality depending on the number of polarity readings (Npor), the azimuthal gap (Gap), 
a relative number of up versus down polarity readings (Rup), and the data fit from the genetic focal 
mechanisms estimation algorithm (for details on Qfp calculations see Wu et al., [2008]). The data set 
is composed of focal mechanisms solutions with Npor > 10 and Gap < 180°. The focal mechanisms 
were calculated in all events of the seismicity database that had 10 or more polarity readings, and Qfp 
> 0.1 and, generally, a solution is considered to be unconstrained if Qfp = 0, and good with Qfp > 1 
[Wu et al., 2008]. All of these values are given for each event in the online supplementary table SD1 
of Paper II.

The stress inversion is calculated with clustered focal mechanisms. The uncertainties in the in-
version results can increase due to instability of the inversion methodology, poor quality of the focal 
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mechanisms within each cluster, and mistaking which is the activated fault plane during the Mohr-
Coulomb instability selection criterion. Then, in order to assess the uncertainties generated by insta-
bility during the inversion, each cluster has a minimum of 20 events (except cluster A4 with 17). This 
has been shown to be a sufficient number to give a stable inversion result [e.g., Hardebeck & Hauks-
son, 2001; Townend & Zoback, 2006; Arnold & Townend, 2007; Vavrycuk, 2014]. In order to evaluate 
the quality of the focal mechanisms in each cluster, we have statistically studied their Qfp. Overall, 
the clusters have an average of Qfp 1.15 ± 0.46 (average of the median cluster Qfp), with only an 
11% ± 6 in average of percentage of events with Qfp < 0.2 in each cluster (supplementary Table 
ST1_A4). Nineteen clusters have a median Qfp > 1, which we consider being high quality clusters. 
Eleven clusters have a median Qfp between 0.7 and 1, which is fair, and 6 have median Qfp below 
0.7, which is acceptable [Wu et al., 2008] (supplementary Table ST1_A4 contains more information 
on cluster Qfp statistics). Finally, to assess how the instability fault selection criterion performed we 
note that on average 70% ± 12% of the fault planes were chosen based on stability and that in only 
three clusters (A4, B14 and B16) were less than 50% of the planes chosen by stability (supplementary 
Table ST1_A4). In supplementary Figure SD3_A4 we illustrate the chosen fault planes in Mohr-
Coulomb diagrams, with the relative stress magnitudes calculated in the inversion using an average 
coefficient of friction (m) of 0.6 (supplementary Figure SD2_A4 column G). The quality of the fault 
plane determinations can be observed from the deviation angles (Dev. in Fig. SD2_A4) (defined as 
the mean of the angular differences in the fault planes between the observed slip directions and the 
directions of calculated maximum shear stress) given for each cluster. As an estimate of quality, we 
divide the results into 3 classes based on the estimated average uncertainties in the focal mechanisms 
[Wu et al., 2008]: < 10° is good (26 clusters), 10° to 15° is fair (8 clusters), and > 15° is poor (2 clusters) 
[Lund and Slunga, 1999]. In conclusion, the stress inversion results for the 94% of the clusters are 
good or fair, while the 6% are poor.

Figure 1.10. A) Error grid for vertical rotation strain rate. B) Error grid for dilatation strain rate. C) Error grid 
for maximum shear strain rate.
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GPS data was acquired and processed by our Taiwanese colleagues. Information about uncertain-
ties in the acquisition and processing can be found in Yu et al., [1997]. The SSPX software [Cardozo 
& Allmendinger, 2009] used to calculate the strain rates, estimates the error as the absolute difference 
between the computed strain value using the displacement gradient tensor, and the computed strain 
value using the displacement gradient tensor plus its error [Cardozo & Allmendinger, 2009]. Thus, the 
error reported is a maximum estimate. We plot errors grids (5 x 5 x 5 km) for each strain rate calcu-
lated (vertical rotation, dilatation and maximum shear strain) (Fig. 1.10). There are two small areas 
where relatively high uncertainties are expected in the strain rate results located in the northwest 
and southwest of the Western Foothills (Fig. 1.10). Uncertainties in the strain rate results are also 
expected in those areas where the coverage of GPS stations is scarce, such as those areas with high 
topography and/or limited access as the Hsuehshan Range and the Central Range (Fig. 1.9A). 
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2.1  Paper I: How the structural architecture of the Eurasian continental 
margin affects the structure, seismicity, and topography of the south 
central Taiwan fold-and-thrust belt [Brown et al., 2017]

The well known preexisting structural and basin architecture of the margin shelf, shelf-to-
slope transition, and slope [e.g., Teng et al., 1991; Yang et al., 1991; Lin et al., 2003; Teng and Lin, 
2004] and the wealth of on-land geological, geophysical, and geodetic data [e.g., Suppe, 1986; 
Deffontaines et al., 1997, Lacombe et al., 1999; Mouthereau et al., 2002; Yang et al., 2006, 2016; Byrne 
et al., 2011; Alvarez-Marron et al., 2014; Camanni et al., 2016] makes Taiwan an excellent loca-
tion for the study of how inherited features of the continental margin can affect the evolution of a 
fold-and-thrust belt. The study area comprises the south central Taiwan fold-and-thrust belt, from 
latitudes around 24.3° N to 22.2° N (Figs. 1.1 and 2.1). The aim of this paper is to test the hypoth-
esis of whether or not the regional-scale features of the margin are contributing to along-strike 
changes in structural style, seismicity, and topography of the south central Taiwan fold-and-thrust 
belt. It presents the basic ideas and concepts upon which the following two papers and this thesis 
are built. For these reason, an extensive overview of this paper is given below.

In this section, we first explain how we trace the regional-scale structural and morphological 
features of the continental margin into the south central Taiwan fold-and-thrust belt by combin-
ing the top of a Mesozoic basement map from the Taiwan Strait [Lin et al., 2003] with seismic 
tomography on-land (Fig. 2.1). Then, we proceed with the explanation of the results of the inte-
gration of the new geological mapping, the P-wave velocity maps and sections, the earthquake 
hypocenter data set, and the high-resolution topography.

In order to correlate the subsurface structure on-land with the structure and morphology of 
the continental margin we use three depth slices from the 3D P-wave perturbation (dVp) model 
derived from the local tomography of Kuo-Chen et al., [2012] (Fig. 2.1). At 8 km depth, in the 
northwest of the study area, the dominant negative dVp values to the west of the Shuilikeng fault 
(SkF in Fig. 2.1A) provide good correlation with the sediments of the Taihsi and foreland ba-
sins. At this depth, the significant increase in the relative dVp below the Hsuehshan and Alishan 
Ranges (HR and AR, respectively, in Fig. 2.1) are interpreted to be caused by the presence of 
high-velocity basement rocks at a shallow crustal level [see Camanni et al., 2014a, 2016; Alvarez-
Marron et al., 2014]. Beginning at 8 km depth, but becoming especially prominent at 12 km 
and 16 km depth, there is an embayment of relatively high dVp that is associated with the high-
velocity basement rocks that comprise the Peikang Basement High (PH in Fig. 2.1) [e.g., Wu et 
al., 2007; Byrne et al., 2011; Kuo-Chen et al., 2012; Huang et al., 2014]. The southern flank of this 
area (the Peikang Basement High) of relatively high dVp coincides with the on-land projection 
of the upper part of the necking zone (Fig. 2.1), indicating that it can be traced from the margin 
into the fold-and-thrust belt. South of this, in the Western Foothills and on the Coastal Plain, 
the negative dVp values reach to about 12 km depth and are interpreted to be due to thicker Mio-
cene and foreland basin sediments that were deposited on the slope of the margin and which are 
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Figure 2.1: P-wave velocity perturbation models (dVp (%)) for the island of Taiwan at various depths. In the 
Taiwan Strait, the depth to the top of the Mesozoic basement [from Lin et al., 2003]. The location of the necking 
zone offshore is indicated by the thick dashed black lines and the shelf/slope break by the thick dashed red line. 
The study area on-land in Taiwan is outlined by the dashed box. AR = Alishan Range, CP = Coastal Plain, WF 
= Western Foothills, HR = Hsuehshan Range, CR = Central Range, PH = Peikang basement high. Faults = ChT 
= Changhua thrust, LF = Lishan fault, SkF = Shuilikeng fault, ChF = Chauchou fault. 

now involved in the fold-and-thrust belt deformation [e.g., Wu et al., 2007; Kuo-Chen et al., 2012; 
Huang et al., 2014]. Below the southwestern part of the fold-and-thrust belt, there is a weak dVp 
high extending northeastward from a basement high on the margin (Fig. 2.1). 

Three zones (A, B and C in Fig. 2.2) mark important along-strike changes in the structure, 
seismicity and topography in south central Taiwan fold-and-thrust belt. In the northern part of 
the study area (north of zone A), corresponding to the shelf area of the margin, the outcropping 
geology of the Coastal Plain and the Western Foothills comprise Pliocene to Holocene synoro-
genic sediments of the foreland basin with, eastward, synrift Eocene-age sedimentary and minor 
volcanic rocks that are unconformably overlain by Miocene sedimentary rocks. The structure is 
that of a west verging imbricate thrust system with a roughly N-S striking structural grain (Fig. 
2.2 and section A-A’ in Fig. 2.3). Its basal thrust is interpreted to be located near the base of the 
low velocity (<5 km/s [Hung et al., 2009]) synorogenic sediments in the Western Foothills (Figs. 
2.4 and 2.5A). Along the eastern flank of the Western Foothills, Eocene through Miocene rocks 
overthrust the Pliocene to Holocene synorogenic sediments along the Shuangtung thrust (ST in 
section A-A’ in Figs. 2.3 and 2.5). Seismicity in this imbricate thrust system is scattered (Fig. 
2.6), with no clear correlation with any individual fault (section A-A’ in Fig. 2.5). Beneath the 
imbricate thrust system, seismicity reaches to approximately 30 km depth, but there is no well-
defined clustering that would suggest the location of any particular fault in the basement (section 
A-A’ in Fig. 2.5 and Fig. 2.6). The topography of the imbricate thrust system area is dominantly 
subdued, with elongated hills developed in the immediate hanging walls of the frontal thrusts 
(Fig. 2.7A). Only at the rear of the thrust system, where Miocene sediments crop out, do eleva-
tions reach more than 500 m. 
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Figure 2.2. Geological map of the study area, with representative structural data. The locations of the cross-
sections in Figure 2.3 are shown. The transparent gray boxes are zones A, B, and C that highlight areas where 
there are marked changes in the structural grain of the fold-and-thrust belt. The northernmost of these corres-
ponds to the on-land projection of the upper part of the necking zone. The stratigraphic scheme used in the 
map is given in Figure 1.3.
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Figure 2.3. Geological cross-sections through south central Taiwan. The locations are given in Figure 2.2. ChT 
= Changhua Thrust, CT = Chelungpu Thrust, TT = Tili thrust, SkF = Shuilikeng Fault, ST = Shuangtung Thrust, 
CuT = Chutochi Thrust, PT = Pingshi Thrust, CiT = Chishan Thrust, LF = Lishan Fault, ChF = Chaochou Fault. 
The dashed red line is the 5.2 km/s isovelocity contour line.

In the area to the north of zone A, the imbricate thrust system is bound to the east by the 
Shuilikeng fault, a major structural boundary across which there is an important change in the 
outcropping rocks and in the structure of the fold-and-thrust belt [see also, Brown et al., 2012; 
Camanni et al., 2014b] (Fig. 2.2 and section A-A’ in Fig. 2.3). East of the Shuilikeng fault, the 
Hsuehshan Range comprises Eocene-age synrift sediments from the Hsuehshan Trough, which 
are unconformably overlain by Late Oligocene postrift sediments. The structure of the Hsuehshan 
Range can be divided into two thrust sheets, the westernmost of which comprises open to tight, 
west verging anticlines and synclines and, from the Tili thrust (TT in section A-A’ in Fig. 2.3) to 
the east, a set of west verging folds with a penetrative axial planar cleavage and associated thrusts 
that overall form an anticlinorium with a steep to overturned forelimb. The involvement of older 
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and, at depth, higher Vp (Fig. 2.4 and section A-A’ in Fig. 2.5) rocks in this part of the fold-and-
thrust belt provides unequivocal evidence that the basal thrust ramps down to a deeper crustal 
level beneath the Hsuehshan Range [see Yue et al., 2005; Brown et al., 2012; Chuang et al., 2013]. In 
the subsurface, the location of the ramp can be inferred from an east dipping cluster of seismicity 
that reaches to about 20 km depth (section A-A’ in Fig. 2.5) [see Chuang et al., 2013; Camanni et 
al., 2014a, 2014b]. We interpret both the Shuangtung and Shuilikeng faults to be linked to this 
ramp, with the Shuangtung thrust having been cut by the Shuilikeng fault [Brown et al., 2012; 
Chuang et al., 2013].

The uplift of higher Vp rocks (>5.2 km/s) beneath the Hsuehshan Range (Figs. 2.4 and section 
A-A’ in Fig. 2.5) is interpreted to indicate basin inversion and the involvement of Mesozoic base-
ment in the deformation. In this northern part of the study area, the Hsuehshan Range is the most 
seismically active part of the fold-and-thrust belt, with significant seismicity extending to over 30 
km depth (Fig. 2.6). The deepest seismicity in the Hsuehshan Range is seen in the cross-section to 
form a steeply west dipping cluster that is interpreted to be associated with the Lishan fault (LF in 
Fig. 2.5 section A-A’ and Fig. 2.6) [see Wu et al., 2004; Brown et al., 2012; Camanni et al., 2014a, 
2014b; Kuo-Chen et al., 2015]. In the study area, the Hsuehshan Range has the highest elevations 
in the fold-and-thrust belt. The two highest mountains in Taiwan are found there: Yushan and 
Hsuehshan mountains, respectively (YM and HM, in Fig. 2.7). The Puli Basin (PB in Fig. 2.7) 
forms a pronounced topographic low within the Hsuehshan Range, and it is roughly centered on 
a marked Vp high (Figs. 2.1 and 2.4). 

Figure 2.4. Horizontal Vp maps at (A) 4 km depth, (B) 6 km depth, and (C) 8 km depth. The depth to the top 
of the Mesozoic basement in the Taiwan Strait is as in Figure 2.1. The Peikang Basement High (PH) is inter-
preted to represent a fault-bounded basement high whose southern flank corresponds to the upper part of the 
necking zone. Zones A, B, and C are shown as transparent gray boxes marking the areas where there is a change 
in the structural grain of the fold-and-thrust belt. The location of the necking zone offshore is indicated by the 
thick dashed lines and the shelf/slope break by the thick dashed red line. The locations of the velocity sections 
in Figure 2.5 are shown. TsB = Taihsi Basin, PH = Peikang Basement High, PP = Pingtung Plain. Other labels 
are as in Figure 2.1.
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The upper part of the necking zone (Fig. 1.1) marks a major change in the structure of the 
margin offshore western Taiwan. From north to south, across its on-land prolongation (zone A, 
Fig. 2.2), there are significant along-strike changes in structure, stratigraphy, seismicity, and 

Figure 2.5. Vp sections with the fault traces taken from the geological cross-sections in Figure 2.2 shown in 
red. Locations are shown in Figure 2.4. Earthquake hypocenters are projected onto the sections from 3 km 
either side. Fault labels are as in Figure 2.3.
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topography of the fold-and-thrust belt. With regard to the structure, zone A marks a roughly 
north-south to northeast-southwest, en echelon change in the strike of thrusts that culminates 
with approximately 10 km westward shift of the tip line of the Changhua thrust along the dextral 
strike-slip Meishan fault (Fig. 2.2). The Meishan fault is thought to link westward under the 
Coastal Plain with an extensional fault system that is also found offshore, along the upper part of 
the necking zone [e.g., Lin et al., 2003; Yang et al., 2016]. Immediately south of zone A, the Chan-
ghua (ChT) and Chelungpu (CT) thrusts in the western part of the fold-and-thrust belt merge 
into a gently east dipping basal thrust that is much shallower than to the north (compare ChT and 
CT in sections A-A’ and B-B’ in Figs. 2.3). Concomitant with the shallowing of the basal thrust, 
there is a decrease in the thickness of the Pliocene to Recent synorogenic sediments of about 5 
km, and its base is uplifted by approximately 7 km in the Chelungpu thrust sheet. East of the 
Shuangtung thrust (ST in section B-B’ in Fig. 2.3), the basal thrust is interpreted to ramp down 
section, and the hanging wall structure is that of an approximately 20 km wide anticlinorium. 
This anticlinorium includes a thicker Miocene sequence than that present to the north of zone 
A. The southward appearance of the Middle to Late Miocene Nanchuang Fm at zone A (Fig. 
2.2) corresponds to the occurrence of this formation along the northern margin of the Tainan 
Basin. In structural cross-sections [e.g., Suppe, 1986; Rodriguez-Roa & Wiltschko, 2010; Yang et al., 
2007, 2016; Alvarez-Marron et al., 2014], its appearance in the fold-and-thrust belt is interpreted 
to take place along a reactivated Middle Miocene-age extensional fault that coincides with the 
Chelungpu thrust. Through zone A, the upper crustal Vp contours have a northeast strike (note 
in particular the trace of 5.2 km/s contour in Fig. 2.4) that parallels the surface structural grain 
(Fig. 2.2) and which continues with higher Vp values through the Alishan Ranges (AR in Fig. 
2.4), at the rear of the fold-and-thrust belt. We interpret the shallowing of the 5.2 km/s isovelocity 
contour across the Shuangtung thrust in the Alishan Ranges to indicate the presence of basement 
rocks that are involved in this part of the fold-and-thrust belt (section B-B’ in Figs. 2.3 and 2.5) 
[see Alvarez-Marron et al., 2014]. 

Zone A also marks an abrupt north to south increase in the amount of upper crustal seismic-
ity (Figs. 2.6A and B). South of zone A, seismicity is widespread in the upper 10 km across the 
Western Foothills and extends up to the coastline in the Coastal Plain. Events at 20 km depth are 
scattered, both to the north and south of zone A, while at 30 km depth seismicity occurs domi-
nantly to the north. Beneath the Alishan Ranges, there is a good correlation between seismicity 
and the Shuilikeng fault (section B-B’ in Fig. 2.5), although to the west, seismicity clusters near 
the basement-cover interface, well below the interpreted location of the basal thrust. Finally, zone 
A marks a significant north-south increase in the topography of the fold-and-thrust belt, espe-
cially in the Western Foothills but also in the Hsuehshan Range, to the south of the Puli Basin 
(Fig. 2.7A). Across zone A, the topography of the Western Foothills rises from just above sea level 
to form the northwest facing slope of the Alishan Ranges, which, at over 2,400 m high, has the 
highest elevation in the Western Foothills of south central Taiwan (Fig. 2.7). 
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Farther south, on the area that correlates with the necking zone (Fig. 2.2), zones B and C 
both mark northeast striking, en echelon changes in the orientations of thrusts and curvature of 
fold axial traces as they take on a northeast-southwest strike. The thrust front is also interpreted to 
turn northeast-southwest and then continue southwestward into the offshore where it becomes the 
deformation front of the marine accretionary prism that is climbing up the slope [e.g., Shyu et al., 
2005; Lin et al., 2008]. From zone B southward, the fold-and-thrust belt widens into an imbricate 
thrust system that comprises mostly thrust sheets with anticline-syncline pairs. The synclines are 
wide and the narrow ramp anticlines are in their western part (Fig. 2.2 and section C-C’ in Fig. 
2.3). The synclines in the Chelungpu and Chutochi thrust sheets terminate northward at zone B, 
from where they plunge gently southward, and Miocene and younger sediments thicken. East-
ward, across the Chishan thrust (CiT in section C-C’ in Fig. 2.3), the broad anticlinorium of the 
Alishan Ranges narrows to less than half its width before terminating southward in a syncline that 
plunges beneath the alluvial sediments of the Pingtung Plain (PP in Fig. 2.2). South of zone C, 
which coincides with the on-land prolongation of the present shelf/slope break, thrusts are almost 
entirely buried by the synorogenic sediments, and an active thrust top basin (the Pingtung Basin 
of Chiang et al., [2004]) is forming in the hanging wall of the Chishan thrust. The basal thrust 
is interpreted to comprise a series of narrow ramps and wide flats as it cuts gently down through 
the sedimentary section toward the east, where it ramps steeply into the basement. Zones B and 
C are located on the northern and southern flanks, respectively, of a roughly northeast striking 
P-wave velocity high (>5.2 km/s) that extends northeastward from beneath the Coastal Plain 
through to the velocity high beneath the Alishan Ranges (Fig. 2.4). We interpret this velocity 
high to be caused by basement rocks, and herein call it the Tainan Basement High (TBH in Fig. 
2.4). South of zone C, a pronounced velocity low suggests a deepening of the basement rocks and 

Figure 2.6. Earthquake epicenter depth slices for the study area. Events are projected 4.99 km each side of the 
depth slice. The depth to the top of the Mesozoic basement in the Taiwan Strait is as in Figure 2.1. The locations 
of the seismicity sections in Figure 2.5 are shown. The location of the necking zone offshore is indicated by the 
thick dashed lines and the shelf/slope break by the thick dashed red line. Other labels are as in Figures 1.1 and 
2.1.
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a concomitant increase in the thickness of the slope and foreland basin sediments. Along section 
C-C’, the basement-cover interface (Vp ≥ 5.2 km/s) dips gently eastward below the basal thrust 
(section C-C’ in Figs. 2.3 and 2.5). 

There is widespread but scattered seismicity between zones B and C that roughly coincides with 
the Tainan Basement High (Fig. 2.6). In the upper 10 km there is a southward decrease in seis-
micity across zone C in the western part of the fold-and-thrust belt, although at 20 km and 30 
km depth there are events scattered throughout the southwest. The absence of any clear clustering 
of events makes it difficult to interpret the seismicity in terms of the structure of the fold-and-
thrust belt in this area (section C-C’ in Fig. 2.5). There is a very marked change in topography 
across zone B, from the widespread, high elevations of the Alishan Ranges, to several roughly 
southwest-northeast oriented ridges that end south-westward (Fig. 2.7A). At both zones B and C, 
these ridges undergo sharp, sigmoidal changes in strike with offsets of several kilometers toward 
the west (e.g., Figs. 2.7B and C). The ridges follow the trace of related thrusts and confine a set of 
south and southwest draining river basins. South of zone C, the topography is very subdued and 
only a few hills reach elevations of up to several tens of meters. In a large part of this area, the fold-
and-thrust belt is buried by around 5,000 m of Pliocene to Holocene sediments [see Mouthereau 
et al., 2002; Chiang et al., 2004].

Figure 2.7. A) Digital elevation model of the study area and (B and C) details of sigmoidal topographic features 
in south central Taiwan. The location of the necking zone offshore is indicated by the thick dashed lines and 
the shelf/slope break by the thick dashed red line. The locations are shown by black boxes. The depth to the top 
of the Mesozoic basement in the Taiwan Strait is as in Figure 2.1. The locations of the topography sections in 
Figure 2.5 are shown. YM = Yushan Mountain, HM = Hsuehshan Mountain. Other labels are as in Figures 2.1 
and 2.4.
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2.2  Paper II: The influence of inherited continental margin structures on 
the stress and strain fields of the south central Taiwan fold-and-thrust 
belt. [Biete et al., in press]

In Paper II we continue to explore the possible effects that the reactivation of inherited struc-
tures of the Eurasian continental margin are having on the fold-and-thrust belt in south central 
Taiwan, from latitudes around 24.3° N to 22.2° N (Fig. 1.1). Here, we estimate the principal 
stress directions (s1, s2, and s3) using inversion of clustered earthquake focal mechanisms and 
calculate the direction of maximum compressive horizontal stress (SH). These are used to deter-
mine the orientations and kinematics of the fault planes that are likely to have been activated at 
depth during earthquake rupture. We discuss the combined results of the stress inversions with 
the directions of displacement, and the compressional, rotational, and maximum shear strain rates 
derived from GPS data. The hypothesis to be tested is whether or not the previously proposed 
causal link between the inherited features of the margin and the structure of the fold-and-thrust 
belt is supported by the contemporary stress and strain fields in south central Taiwan. Below only 
selected input and output results of the stress inversion are shown. A complete set of the stress 
inversion input and output results for each cluster is given in supplementary Figure SD2_A4 in 
Appendix 4.

2.2.1  Stress tensor and maximum horizontal compressive stress (SH) 

The results obtained from the stress inversion indicate that, throughout the fold-and-thrust 
belt, the principal compressive stress (s1) at all depth levels generally plunges gently toward the 
west-northwest to west with some local exceptions (Column C, Figs. 2.8). For example, from 0 to 
7 km depth, the state of stress in the Coastal Plain, Western Foothills, and the Hsuehshan Range 
is predominantly in the strike-slip regime. In the southern part of the Western Foothills, from 7 
to 15 km depth, there is a dominantly compressional stress regime. Although there are few data 
in the 15 to 45 km depth level (Fig. 1.7C), these show a compressional stress regime in the north 
and a strike-slip regime in the central and southern parts of the study area. An extensional stress 
regime is rare in the fold-and-thrust belt, being found only in clusters A4 and B4. An extensional 
stress regime is common, however, in the upper 15 km of the Central Range (clusters A11, A12, 
A13, B13, and B14). At the deepest level, in the southern part of the Central Range, a compres-
sional stress regime dominates (cluster C5). 

Throughout the fold-and-thrust belt, the direction of the maximum compressive horizontal 
stress (SH) varies appreciably from north to south, although it shows only minor, local variation 
with depth (Fig. 2.9). In general, the direction of SH fans from roughly northwest in the north 
(clusters A4 and B4 are exceptions), through to west-southwest in the southwest part of the study 
area. The direction of SH in the Central Range is constantly northwest oriented, except at the 
deepest depth level in the south, where it is west-southwest oriented.
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2.2.2  Most likely active fault planes 

A derivative of the process of determining the stress tensor is the possibility to estimate the 
most likely fault plane orientations and kinematics for the region of each earthquake cluster (Col-
umns E and D in Fig. 2.8 and Fig. 2.10). Orientations are given following the right hand rule. 

From 0 to 7 km depth (Fig. 2.10A), northwest to north-northeast striking sinistral transpres-
sional faulting to thrust faulting dominate in the southern part of the Western Foothills, whereas 
nearly east striking dextral strike-slip faulting and northwest striking dextral transtensional fault-
ing occurs in the north. Roughly northwest striking sinistral transpressional faulting dominates in 
the Hsuehshan Range, whereas northwest striking extensional to sinistral transtensional faulting 
are typical in the Central Range. 

Figure 2.8. Selected input and output results from the stress inversion of three cluster for each depth level. A4, 
A10 and A12 corresponds to 0 to 7 km depth level; B1, B5 and B11 corresponds to the 7 to 15 km depth level; 
and C2, C4 and C5 corresponds to the 15 to 45 km depth level. The complete set of input and output results for 
each cluster is given in supplementary Figure SD2_A4 in Appendix 4. The cluster locations are shown in Figure 
1.7. For each cluster there are five plots, from left to right these are: Column A) stereonet with poles to the nodal 
planes. Column B) Triangular distribution plot depending on the faulting type after Kagan [2005]. Column C) 
Best fitting stress tensor, with s1, s2, and s3 directions (symbols: square, diamond, triangle, respectively) and 
the 10%, 68% and 95% confidence limits of s1 and s3 colored, in warm and cold colors respectively. At the edge 
of the plot is the SH azimuth with its confidence limit as a histogram. Column D) Stereonets showing the Kamb 
contours of the poles to the selected fault planes that best fit the stress tensor. Column E) Rose diagram with the 
strikes of the selected fault planes from Column D), highlighting the mean strike of the primary and secondary 
fault families in red solid and dashed lines, respectively. Parameters of the inversion results: N = number of 
events, R = relative size of the intermediate principal stress, Dev = Deviation and Mis = Misfit.
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Figure 2.9. Direction of the maximum horizontal compressive stress (SH) for each cluster at their respective 
depth level. Each wedge corresponds to the 95% confidence interval. The result from each cluster is colored 
depending on faulting type. A summary of all the relevant data of the resultant inversion for each cluster is in 
Figure 2.8 and a complete set in Figure SD2_A4. The location of the clusters is in Figure 1.7. CP = Coastal 
Plain, WF = Western Foothills, HR = Hsuehshan Range, CR = Central Range. Faults ChT = Changhua thrust, 
LF = Lishan fault, SkF = Shuilikeng fault, ChF = Chauchou fault. 

Figure 2.10. Selected fault planes orientations with their interpreted most probable kinematics determined 
from the inversion results shown in columns D and E of Figures 2.8 (primary orientations/kinematics in red, 
secondary in black). A) The 0 to 7 km depth level, B) The 7 to 15 km depth level, and C) The 15 to 45 km depth 
level. All the relevant data of the resultant inversion for each cluster is in Figure 2.8 and a complete set in Figure 
SD2_A4 and the location of the clusters in Figure 1.7. Labels of main faults and tectono-stratigraphic units are 
as in Figure 2.9.
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From 7 to 15 km depth (Fig. 2.10B), north-northwest and north-northeast striking dextral 
and sinistral stike-slip faulting are common in the south of the Coastal Plain. Faulting in the 
southern part of the Western Foothills is characterized by north-northwest and north-northeast 
striking dextral and sinistral transpressional faulting together with north-northeast and north 
striking thrust faulting, whereas in the north only northwest striking transtensional faulting takes 
place. The central part of the Western Foothills is dominated by a zone of east-northeast striking, 
dextral strike-slip faulting (Fig. 2.10B). At this depth level, the Hsuehshan Range is charac-
terized by northwest through northeast striking sinistral and dextral transpressional and thrust 
faulting. The southern part of the Central Range has roughly north striking extensional faulting 
with predominantly roughly east-west sinistral transpressional faulting in the immediate hang-
ingwall of the Chaochou fault.

From 15 to 45 km depth (Fig. 2.10C), southwest and nearly east striking dextral transpres-
sional faulting is taking place in the Western Foothills, whereas in the far southeast north striking 
dextral faulting is taking place in the immediate footwall to the Chaochou fault. At this depth 
level, in the Central Range north-northeast striking thrust faulting is taking place along the 
hangingwall of the Lishan fault, and roughly east-west sinistral strike-slip faulting in the immedi-
ate hangingwall of the Chaochou fault.

2.3  Displacement vectors & strain rates of south central Taiwan

Data from the Taiwan GPS network is used to investigate the displacement field and strain 
rates in the south central Taiwan fold-and-thrust belt and the western flank of the Central Range. 
It is also used to gain insights into its surface kinematics. 

The horizontal GPS velocity vectors display an overall northwest to west-northwest sense of 
displacement in the northern part of the study area, changing to dominantly west directed in the 
central and much of the southern areas (Fig. 2.11A). In the southwest, along the coast, the veloc-
ity vectors are more southwest directed. There is a marked decrease in the amount of displacement 
from the Western Foothills to the Coastal Plain.

The sense of vertical rotation strain rate undergoes several changes from north to south (Fig. 
2.11B), with a clockwise rotation dominating in the Hsuehshan Range and the northern part 
of the Central Range, whereas counter clockwise rotation is more common in the northern part 
of the Western Foothills and the Coastal Plain. From about 23.5°N to 22.8°N there is a pro-
nounced zone of clockwise rotation that ends abruptly southward, where a counter clockwise rota-
tion dominates in the extreme southwest. The pattern of dilatation strain changes from west to 
east across the Chaochou-Lishan fault system, with negative values (compression) everywhere in 
the fold-and-thrust belt and positive values (extension) in the Central Range (Fig. 2.11C). There is 
a marked decrease in the dilation strain rate in the northwestern part of the Western Foothills and 
the northern part of the Coastal Plain. The direction of the horizontal maximum compressional 
strain axes (eH) is oriented roughly northwestward in the northern and northeastern part of the 
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fold-and-thrust belt, rotating to west-northwest in the central and southern part. In the Central 
Range, the orientation of the extension axes is roughly northeast in the northern part, becoming 
more westward to west-southwest in the south. The maximum shear strain rate is fairly uniform 
throughout much of the study area (Fig. 2.11D). The Western Foothills show slightly higher shear 
strain rate than the surrounding areas, and there is a slight southward increase. There is a local, 
east-northeast striking, zone of high maximum shear strain rate in the southwest of the study area. 
There is a marked, although moderate, roughly east-northeast striking southward increase in the 
maximum shear strain rate at about 23.5° N. The orientations of the dextral maximum shear planes 
(black in Fig. 2.11D) change from nearly east-west striking in the northern part of the study area 
to more southwest striking from c. 24° N southward. In the south, the orientations of the dextral 
maximum shear planes change eastward from southwest striking to more west striking.

Figure 2.11. Geodetic velocities and strain rates. A) GPS horizontal velocity vectors. B) Vertical rotation stra-
in rate. Blue colors represent counterclockwise and red colors clockwise rotation. C) Dilatation strain rates. 
Blue colors representing compression and red extension. The horizontal maximum compression strain (eH) 
and extension strain rate axes are shown by the blue and green lines, respectively. D) Maximum shear strain 
rates. Dextral and sinistral shear planes (black and gray lines, respectively) are given. Labels of main faults and 
tectono-stratigraphic units shown in B are as in Figure 2.9.
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2.4  Paper III: The Structure of Southwest Taiwan: The Development of a 
Fold-and-Thrust Belt on a Margins Outer Shelf and Slope [Biete et al., 
2018]

In Paper I [Brown et al., 2017], Paper II [Biete et al., in press] and in a number of recent publi-
cations of the ICTJA Taiwan group [e.g., Alvarez-Marron et al., 2014; Brown et al., 2012; Camanni 
et al., 2016], we proposed that effects of both the morphological (the shelf, the shelf/slope break, 
the slope) and the structural (the necking zone) parts of the margin can be seen in the Taiwan 
fold-and-thrust belt as along-strike changes in structure, seismicity, contemporaneous stress and 
strain fields, and topography [Brown et al., 2017; Biete et al., in press]. In Paper III we investigate 
this theme further, presenting the results of new geological mapping of the fold-and-thrust belt 
in southwest Taiwan (from latitudes around 23.3° N to 22.2° N; Figs. 1.1 and 2.12), providing a 
detailed analysis of its structural architecture and how the structure changes from north to south. 
We go on to propose how these along-strike structural changes can be related to the preexisting 
structure of the Eurasian continental margin. Below we give a description of the results obtained 
from the structural analysis that was based on geological mapping, construction of balanced cross-
sections and their restoration, along-strike sections, stratigraphic cut-offs and thrusts branch line 
maps, and a contour map of the basal thrust. The new geological mapping of southwest Taiwan 
fold-and-thrust belt is shown in Figure 2.12 with only representative structural data, an A3 size 
map with all the bedding dip data can be found in the supplementary Figure SD1_A3 of the Ap-
pendix 3. 

2.4.1  Surface geology

The study area covers the Coastal Plain and the Western Foothills (including the area covered 
by Holocene sediments in the south and on the Pingtung Plain) of southwest Taiwan (Figs. 1.1 
and 2.12). In this area, the Chaochou Fault (ChF) bounds the fold-and-thrust belt to the east and 
in the west it is bounded by the buried tip line of the Changhua thrust (CT; Fig. 2.12; see also, Yu 
et al., 1997; Shyu et al., 2005; Yang et al., 2007; Rodriguez-Roa & Wiltschko, 2010; Ching et al., 2011). 
However, seismicity to the west of the Changhua thrust indicates that deformation is also taking 
place beneath most of the Coastal Plain (Figs. 1.6A and 2.6)[e.g., Shyu et al., 2005; Camanni et 
al., 2016; Brown et al., 2017].

The structural grain of the fold-and-thrust belt is roughly north-northeast striking, with pro-
nounced, sigmoidal, en echelon changes toward a more northeast strike (Fig. 2.12). In the central 
part of the study area, there is a pronounced north-south change in structural architecture. This 
change takes place across a complex, roughly east-west striking zone that we call the Hsinhua 
transverse zone (Fig. 2.13). We use the term transverse zone, as defined by Thomas [1990], to be 
a systematic alignment of lateral connectors between two sets of differing structures. According 
to this definition, a transverse zone can be manifested as a suite of possible structures (these are 
described for the Hsinhua zone below) with a range of probable causes (which are specifically 
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discussed in Paper III discussion section). To the north of the Hsinhua transverse zone, the fold-
and-thrust belt area comprises five thrust sheets: the Changhua, Chelungpu, Chutochi, Pingshi, 
and Chishan thrust sheets, whereas to the south of the transverse zone consists of the Changhua 
thrust sheet, the Xuxian antiform, and the Kuanglin synform (Figs. 2.12 and 2.13). 

Figure 2.12. Geological map of southwest Taiwan with only representative structural data shown. It includes 
the location of the geological cross-sections from A to F included in Figure 6 of Paper III [Biete et al., 2018] in 
Appendix 1, from which A, C and F are shown in Figure 2.14. It also includes the longitudinal cross-sections 
NS-1 to NS-3 shown in Figure 2.16, and the boreholes locations shown in Figure 2.14. Structures discussed 
in the text are labeled. Thrusts: ChT = Changhua thrust; CiT = Chishan thrust; CT = Chelungpu thrust; CuT = 
Chutochi thrust; LT = Lungchuan thrust; PT = Pingshi thrust. Faults: ChF = Chauchou fault; HF = Hsinshua 
fault; ZF = Zuojhen fault. Folds: NA = Niushan anticline; NeA = Neiyingshan anticlinorium; SS = Shihchangli 
syncline; TA = Tainan anticline; TS = Tingpinglin syncline; YS = Yuching syncline; HS = Hsiaolin syncline; KS 
= Kuanglin synform.
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North of the Hsinhua transfer zone, the surface geology shows that the Changhua thrust sheet 
comprises predominately Cholan and Toukoshan formations, with a minor amount of Kueichulin 
Fm in the northeast (Fig. 2.12). The Chelungpu, Chutochi and Pingshi thrust sheets, contain 
predominantly sediments of Middle Miocene-age in its western part through Early Pleistocene in 
the east, reaching to Holocene in the Chelungpu thrust sheet, whereas the Chishan thrust sheet is 
composed entirely by Middle to Late Miocene-age Nanchuang Fm (Fig. 2.12). 

In the northern part of the Changhua thrust sheet, the structure is that of a steep to gently 
west dipping, doubly plunging Niushan anticline (NA in Fig. 2.12), whose western limb is locally 
steep to overturned. In the south, the thrust sheet is covered by Holocene sediments. The roughly 
east-northeast striking Hsinhua fault (Fig. 2.12) marks the dextral oblique-slip surface rupture of 
the 1946 Hsinhua earthquake [Bonilla, 1975; Shyu et al., 2016]. In the very southwest, the Tainan 
anticline does not crop out but is marked at the surface by a small area of low topography. The 
anticline structure is imaged in reflection seismic data [Huang et al., 2004].

The Chelungpu and Chutochi thrust sheets show a similar structure, comprised predominately 
of the gently to moderately south-southwest plunging Yuching and Tingpinglin synclines, respec-
tively. In the immediate hanging wall of the Chelungpu and Chutochi thrusts, the Nanchuang 

Figure 2.13. Structural units of the southwest Taiwan fold-and-thrust belt described in the text. The Hsinhua 
transverse zone marks the transition from a mostly emergent thrust system in the north to a southern area 
dominated by the Xuxian antiform and the Kuanglin synform where large areas of the thrust sheets are buried. 
Labels are as in Figure 2.12.
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and Kueichulin formations dip steeply to moderate to the east-southeast before the dips shallow 
in the Cholan Fm that cores the synclines. In the Yuching syncline the Cholan Fm has numerous 
local southeast dipping unconformities, and is itself unconformably overlain by the gently south 
dipping Toukoshan Fm. A connecting splay between the Chutochi and Pingshi thrusts cuts the 
northern part of the Chutochi thrust sheet. Southward, the Chelungpu thrust sheet, ends against 
the Hsinhua fault (HF in Fig. 2.12). The Chutochi thrust ends against the Pingshi thrust, which 
cuts across both limbs of the Tingpinglin syncline.

In the north, the internal structure of the Pingshi thrust sheet and the traces of both the 
Pingshi and Chishan thrusts, are not well resolved because of difficult access and dense forest 
cover. Despite this, a number of small splays and their related folds have been mapped along the 
margins of the thrust sheets. The moderately southwest plunging Hsiaolin syncline and the doubly 
plunging Shihchangli syncline (HS and SS, respectively in Fig. 2.12) dominate the structure of 
the Pingshi thrust sheet. On the basis of an increased thickness of the Kueichulin Fm along the 
western limb of the Hsiaolin syncline, we interpret the presence of a minor thrust that thickens 
the Kueichulin Fm and causes minor folding in its hanging wall. The Pingshi thrust is interpreted 
to continue southward into the eastern limb of the Xuxian antiform (PT in Fig. 2.12).

Because of difficult access, only the margins of the northernmost part of the Chishan thrust 
sheet have been mapped in this study. In this area, the Nanchuang Fm rocks are intensely folded 
and faulted. The southern part of the Chishan thrust sheet comprises tightly folded and faulted 
rocks of the Nanchuang Fm, forming the west verging, south-southwest plunging Neiyingshan 
anticlinorium (NeA in Fig. 2.12). We interpret the Chishan thrust sheet to continue southward 
beneath the Pingtung Plain, although with a prominent along-strike change from the Neiying-
shan anticlinorium to the Kuanglin synform (Figs. 2.12 and 2.13).

South of the Hsinhua transfer zone, the Changhua and Chishan thrust sheets are mostly cov-
ered by Holocene sediments. The Xuxian antiform is composed of Late Miocene through Pleis-
tocene rocks and is bounded to the west by the buried Chelungpu thrust and to the east by the 
Chishan thrust. Along the western limb of the antiform, there is a pronounced west to southwest 
dipping Late Pleistocene-age unconformity within the Toukoshan Fm that marks a change from 
shallow marine to predominately fluvial facies sediments (Figs. 2.12 and 2.13). Smaller, local 
unconformities are widespread within the shallow marine facies rocks of the Lower Toukoshan 
and Cholan formations. 

The Kuanglin synform is bounded by the Chishan thrust in the west and the Chaochou fault 
in the east (Figs. 2.12 and 2.13). It crops out only along its western side and its hinge area in the 
north. In the west, the Chishan thrust juxtaposes moderately to steeply southeast dipping Late 
Miocene through Pleistocene rocks against the eastern flank of the Xuxian antiform. Along the 
western limb of the synform, there is a marked Late Pleistocene erosional unconformity along 
which fluvial facies of the Toukoshan Fm conglomerate overlies shallow marine sandstone of the 
same formation (Figs. 2.12 and 2.13). In the north, the hinge zone of the Kuanglin synform is 
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composed of steeply southeast dipping and west dipping Kueichulin Fm thick-bedded sandstone, 
with and isolated outcrop of Late Pleistocene-age, slate-bearing conglomerate. 

The Hsinhua transfer zone (Fig. 2.13) marks by an important change along-strike in structure. 
The zone across which this change takes place is not a single, discrete structure, but is composed 
of a suite of structures whose northern and southern boundaries are sometimes transitional into 
the regional-scale structures on either side. In the west, it comprises the roughly east-northeast 
striking, dextral strike-slip Hsinhua fault (HF in Figs. 2.12 and 2.13). The Zuojhen fault (ZF in 
Figs. 2.12 and 2.13) is a zone that consists of several roughly east-southeast striking faults that 
splay from the Hsinhua fault in the west to form a strike-slip fault system. Eastward, the Pingshi 
and the Chishan thrusts, as well as the bedding in their hanging walls display marked sigmoidal 
surface traces. The Pingshi thrust cuts across both limbs of the Tingpinglin syncline, and the 
Chutochi thrust is cut by it. Between the area of sigmoidal trace of the Pingshi and Chishan 
thrusts, the Shihchangli syncline (SS in Fig. 2.12) plunges moderately southward (approximately 
50°) and gently northward (<5°) in its northern and southern parts, respectively. Eastward, in the 
hanging wall of the Chishan thrust, where it goes through a change in strike, the Neiyingshan 
antiform terminates abruptly in a southward-dipping monocline and the Kuanglin synform ap-
pears (NeA and KS, respectively, in Fig. 2.12). 

2.4.2  Subsurface structure

The subsurface structure of the fold-and-thrust belt is analyzed using six balanced and re-
stored cross-sections (A-A’ through F-F’ in Fig. 2.12) from which we show three of them in 
Figure 2.14, with the restoration of C-C’ and F-F’, in Figure 2.15 (the reader is referred to Paper 
III in Appendix 1 for the complete set of cross-sections and their restorations), three along-strike 
sections (NS-1, NS-2 and NS-3 in Fig. 2.16), and the contour line map of the basal thrust, thrust 
branch lines and where possible stratigraphic cut-off maps (Fig. 2.17). In the cross-sections we 
also show the 5.2 km/s isovelocity contour line that provides insights on the location of the top of 
the basement. Because of the north-south differences in structure across the study area, we divide 
the description that follows into that to the north of the Hsinhua transverse zone and that to the 
south of it. We interpret the tip line of the Changhua thrust (ChT) to be that of the basal thrust 
(Fig. 2.14). North of the Hsinhua transverse zone (e.g., sections A-A’ and C-C’, Fig. 2.14), the 
basal thrust in the west forms a shallow (~1 km depth) flat within the Pliocene or Pleistocene 
rocks before it ramps down eastward into the Middle Miocene. In this part of the study area, we 
interpret that the juxtaposition of the Chelungpu, Chutochi, and Pingshi thrust sheets, with their 
leading thrusts located predominately in the Nanchuang Fm, together with the similar (although 
slightly increasing toward the east) erosion level in the cores of their respective synclines, to in-
dicate that the basal thrust has a very gentle dip of about 4° toward the east within the Middle 
Miocene rocks. East of the Pingshi thrust sheet, on the basis of the increased thickness of folded 
Miocene rocks, and on the uplift of higher velocity rocks (>5.2 km/s), we interpret the basal thrust 
to ramp down into the basement east of the Chishan thrust branch point (e.g., sections A-A’ and 



Biete (2019). Structure and Kinematics of the SW Taiwan fold-and-thrust belt

60

C-C’ Fig. 2.14). Displacement along individual thrusts in section A through F, measured as the 
distance that the top of Kueichulin moved along a thrust surface, generally decreases southward 
and increases eastward. Note, however, that we have poor control on section A and limited in-
formation for the Chishan thrust where this cut-off is not found (Fig. 2.14). From restored cross-
sections, we estimate the minimum shortening in the north of the Hsinhua transvers zone to be 
between 17 and 25 km (restored section C; Fig. 2.15 and Fig. 7 in Biete et al., [2018]). 

Figure 2.14. Three geological cross-sections through the southwest Taiwan fold-and-thrust belt. Their loca-
tions are shown in Figure 2.12. They include the projected location of the boreholes used for their construction 
located in Figure 2.12, and the branch points (red dots) of individual thrusts. The branch point of the CiT 
(green dots) is interpreted to mark the ramp down into the basement of the basal thrust. Branch points were 
used to construct the branch line map in Figure 2.17. The restoration of sections C and F are shown in Figure 
2.15. Red dashed line is the 5.2 km/s isovelocity contour from the local tomography. Faults interpreted in the 
basement are labeled F1 to F6 for correlation with Figures 2.15 and 2.16. Labels are as in Figure 2.12. See Figu-
re 6 in Biete et al., [2018] in Appendix 1 for the complete set of cross-sections.
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South of the Hsinhua transverse zone (section F-F’, Figs. 2.14), the fold-and-thrust belt is 
poorly exposed, being buried by Holocene sediments in thrust-top basins. Data from published 
boreholes was used in order to place constraints on stratigraphic thickness. Borehole TN-1 (sec-
tion F-F’ in Fig. 2.14) shows that the Cholan and Toukoshan formations thicken significantly 
compared to north of the Hsinhua transverse zone, whereas along the western limb of the Xuxian 
anticline the Miocene thins or even disappears. In agreement with the interpretation of Huang et 
al., [2009] and Mouthereau et al., [2001], we interpret the basal thrust to be listric along its west-
ernmost part before forming a flat within the Cholan Fm at ~4 km depth (e.g., section F-F’ in Fig. 
2.14). Eastward, we interpret it to ramp down into the Middle Miocene rocks beneath the Xux-
ian antiform, since these rocks are exposed in its core and in thrust sheets along its eastern flank. 
Based on the shallowing of the 5.2 km/s isovelocity line, we interpret the basal thrust to ramp 
down into the basement east of the Chishan thrust (e.g., section F-F’ in Fig. 2.14).

The Kuanglin synform is only exposed north of the Pingtung Plain (Fig. 2.12). On the basis 
of our surface structural data, boreholes PTG-1 and CC-1 (section F-F’ in Fig. 2.14), and fol-
lowing Mouthereau et al., [2001] and Chiang et al., [2004], we interpret the Kuanglin synform to 
widen southward into a broad, open syncline. Despite limited control on stratigraphic cut-offs we 
nevertheless interpret displacement to increase eastward, and in section E calculate a minimum 
shortening of around 16 km, although this calculation is highly speculative.

Figure 2.15. Restored sections C and F. The sections have been restored using bed-length balancing of top and 
base of Kueichulin Fm and are area balanced for the rest of the Miocene units above the basal thrust. Faults in-
terpreted in the basement are labeled F1 to F6 and correspond to those in Figures 2.14 and 2.16. Abbreviations 
are as in Figure 2.12. See Figure 7 of Biete et al., [2018] in Appendix 1 for the complete set of restored sections.
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A pronounced, asymmetrical, and faulted anticline appears in the along-strike section NS-1 
associated with the Hsinhua transverse zone (Fig. 2.16). We interpret this anticline to form a 
dextral, positive flower structure that possibly affects the basal thrust (NS-1 in Fig. 2.16). We 
interpret the transition in structure across the Hsinhua transverse zone, in along-strike sections 
NS-2 and 3 (Fig. 2.16), to be marked by the smooth, continuous, and general southward dip of all 
contacts. Although, the details of this area of transition may be more complex, and it cannot be 
fully resolved with the current data set.

A contour map of the basal thrust surface is obtained from the six cross-sections and three 
along-strike sections (Fig. 2.17). This map shows that the basal thrust dips overall gently toward 
the southeast. Two areas were there are changes in strike of the depth contours are interpreted to 
be oblique ramps in the basal thrust. We call these the Yichu and Hsinhua oblique ramps (Fig. 
2.17a). Both ramps end at the Chishan thrust branch line. On the basis of the shallowing of the 
5.2 km/s isovelocity surface, the basal thrust is interpreted to ramp down into the basement east of 
the Chishan thrust branch line (gray area in Fig. 2.17b). From north to south, the branch line of 
the Chelungpu thrust undergoes a marked change in strike, from nearly downdip along the Yichu 

Figure 2.16. North-south geological cross sections. NS-1 along the Chelungpu thrust sheet, NS-2 along the 
Pingshi thrust sheet, and NS-3 along the Chishan thrust sheet. The area corresponding to the Hsinhua trans-
verse zone (HTZ) of Figure 2.13 is shown by the gray shaded box. The dashed part of the basal thrust below the 
HTZ that is marked by a question mark indicates uncertainty about what the interaction between the two is. 
Faults labeled F1 to F6 correspond to those in Figures 2.14 and 2.15. Legend is as in Figure 2.14. Red dashed 
line is the 5.2 km/s isovelocity contour from the local tomography. Abbreviations are as in Figure 2.12.
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ramp to roughly parallel to the basal thrust contours across the Hsinhua ramp (Fig. 2.17b). The 
branch lines of the Chutochi and Pingshi thrusts are oblique to the basal thrust contours across 
both the Hsinhua and Yichu ramps. 

From our data we can only determine the hanging wall and footwall cut-offs with respect to 
the basal thrust for the Kueichulin Fm (Fig. 2.17b). In the north, these cut-offs undergo signifi-
cant changes in strike and location with respect to the basal thrust contour and the Chelungpu 
branch line compared to farther south. In the north, the cut-offs parallel the basal thrust con-
tours along the Yichu ramp, reaching up to nearly 15 km west of the branch line at a depth of 1 
to 2 km. They then take on a nearly north-south strike, cutting obliquely across the basal thrust 
contours along the Hsinhua oblique ramp to become parallel to them where they are east of the 
Chelungpu branch line at a depth of 5 to 6 km. The transport direction, which is calculated to be 
perpendicular to the footwall and hanging wall cut-offs, is approximately westward in the north, 
becoming more west-northwest in the south (Fig. 2.17b). These changes in orientation and loca-

Figure 2.17. (a) Structural contour line (in km) map of the basal thrust, blue areas are the interpreted obli-
que ramps. Thrusts and faults are shown in light gray. (b) Hanging wall and footwall cut-off lines of the top of 
Kueichulin Fm in the northern and southern areas, and branch lines (red) of the Chelungpu (BCT), Pingshi 
(BPT), Chutochi (BCuT), and Chishan thrusts (BCiT) are shown superposed on the basal thrust contour lines. 
The arrows show the assumed displacement direction, which is interpreted to be perpendicular to the frontal 
stratigraphic cut-offs. The interpreted ramp into the basement is labeled in gray. This ramp starts from the BCiT 
that is at about 5 km in the north and deepens southward till more than 7 km. 
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tion of the cut-offs relative to the thrust branch line provide further evidence that the Yichu and, 
in particular, the Hsinhua oblique ramp have an important effect on the structure of the thrust 
system. Although these determinations of transport direction provide important kinematic in-
formation for our structural model, the information is limited since we were not able to resolve 
the location of the cut-offs across the Hsinhua oblique ramp, nor the cut-offs for other thrusts. 
Nevertheless, the transport directions obtained in this way are in good agreement with long-term 
dis- placements fields determined by Lacombe et al., [1999, 2001] and modeled with GPS data by 
Ching et al., [2011]. There are also significant changes in fold style, plunge direction, and plunge 
amount associated with both the Yichu and the Hsinhua oblique ramps (Figure 9c in Biete et al 
2018, Appendix 1). 

The structure beneath the basal thrust is highly interpretative throughout the study area, and 
to show this, we have left parts of the sections blank (Figs. 2.14 and 2.16). Nevertheless, we feel 
that it is essential for understanding the potential role played by the basement in the deformation 
to attempt some constraints on the structure beneath the basal thrust. From the borehole data and 
the surface geology (Figs. 1.4, 2.12 and 2.14), it is clear that there are changes in thickness of the 
Miocene rocks from one thrust sheet to another. These changes in thickness have been interpreted 
here (Fig. 2.15), and in a number of other studies in southwest Taiwan [Suppe, 1986; Yang et al., 
2007, 2016; Rodriguez-Roa & Wiltschko, 2010; Alvarez-Marron et al., 2014], to indicate the pres-
ence of roughly east-northeast striking, Miocene-age, extensional faults that had developed on the 
outer shelf, and slope areas of the continental margin [e.g., Lin et al., 2003; Yang et al., 1991]. In 
our sections (Figs. 2.14 and 2.16) we have also interpreted changes in depth of the 5.2 km/s isove-
locity line to coincide with several of these extensional faults allowing us, in a number of cases, to 
trace them from one section to another (e.g., F1 and F3 in Figs. 2.14 and 2.16) where they affect 
the geometry of the basement-cover interface proxy. We stress, however, that the details of the 
basement structure remain speculative.
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In Chapter 2 of this thesis we have shown that regional-scale east-northeast striking faults that 
have been mapped on the necking zone of the Eurasian continental margin in the Taiwan Strait 
can be traced into the fold-and-thrust belt in south central Taiwan. A number of these are being 
reactivated, causing important along-strike changes in structural architecture, seismicity, topography, 
stress field, displacement field and strain field of the fold-and-thrust belt in this area, supporting the 
hypothesis given in Chapter 1. Of these fault systems, the most important along-strike change is 
associated with the upper part of the necking zone, where the Yichu (or A), Meishan, and B faults 
(Figs. 2.2 and 3.1A) are of particular importance. In the offshore, the entire necking zone of the 
margin has regional-scale basement highs and lows (i.e., the Northern Depression, Central Uplift, 
and Southern Depression [Lin et al., 2003], or the failed rift of Yeh et al., [2012] and McIntosh et 
al., [2014]) (Figs. 2.1 and 3.1A) that can be traced into the Coastal Plain and, we suggest, into the 
fold-and-thrust belt where the Tainan Basement High may correlate with the Central Uplift of the 
Tainan Basin (Figs. 2.1 and 3.1B) [c.f., Lin et al., 2003; Li et al., 2007; Deng et al., 2008; Camanni et 
al., 2016]. These basement highs and lows result in important changes in thickness of the Miocene 
and Pleistocene sediments [e.g., Hsiao, 1970; Shaw, 1996; Yang et al., 2014]. Furthermore, several 
east-northeast striking faults have been historically active in the Coastal Plain area, with the 1906 
Meishan and the 1946 Hsinhua earthquakes causing dextral oblique-slip surface ruptures [Bonilla, 
1977; Shyu et al., 2016]. We suggest, therefore, that there is sufficient evidence that regional-scale 
east-northeast striking faults on the necking zone of the Eurasian continental margin can be traced 
into the fold-and-thrust belt in south central Taiwan where they are being reactivated, and are hav-
ing an important effect on the development of the fold-and-thrust belt. In this chapter we present a 
summary discussion that brings together the key take-away points from the three papers that form 
the main body of work of the thesis. 

The most important along-strike change in the south central Taiwan fold-and-thrust belt takes 
place around 23.5° N (Zone A: Fig. 3.1), which is the on-land prolongation of the upper part of the 
necking zone. Zone A is widely recognized as an area of significant change in the structure, fault ki-
nematics, and seismicity of the thrust belt [e.g., Deffontaines et al., 1997; Lu et al., 1998; Lacombe et al., 
1999; Mouthereau et al., 2002; Cheng et al., 2003; Mouthereau and Lacombe, 2006; Wu et al., 2008, 2010; 
Byrne et al., 2011; Alvarez-Marron et al., 2014], and it has been suggested by numerous authors [e.g., 
Lu et al., 1998; Lacombe et al., 1999] that the intense deformation across it (section 2.1) is largely due 
to buttressing [Hayward and Graham, 1989] of the thrust system by the basement high. We concur 
with the previous authors that buttressing across the upper part of the necking zone appears to be an 
important deformation process. Zone A (Fig. 3.1) marks a significant southward increase in seismic-
ity (Fig. 2.6), in topography, as well as a change in the directions of the contemporaneous maximum 
horizontal compressive stress (SH), strain (eH), and the horizontal displacement vectors (Figs. 2.11 
and 3.2). Focal mechanism determinations by Chang et al., [2007], Hsu et al., [2010], Wu et al., [2010], 
Chao et al., [2011], and Yang et al., [2016] have shown that the dominant fault type across Zone A is 
dextral strike-slip with lesser oblique thrusting (Fig. 1.6D). The fault type determinations of these 
authors are in agreement with the results determined from our stress inversions, both indicating that 
east-northeast striking dextral strike-slip faults are active at depth (Figs. 2.9, 2.10 and 3.2). 
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Many authors [e.g., Hu et al., 1997; Bos et al., 2003; Chang et al., 2003; Mouthereau & Lacombe 
2006; Ching et al., 2007, 2011; Wu et al., 2008, 2010; Hsu et al., 2009; Chen et al., 2017] have inter-
preted the area of our Zone A to be a symmetrical structural high (the Peikang Basement High) on 
the margin shelf that acts as a symmetrical indenter around which rocks in the fold-and-thrust belt 
are moving. As was pointed out by Mouthereau & Lacombe [2006], however, neither the paleostress 
nor the contemporaneous s1 trajectories fit with those estimated for a symmetrical basement high by 
analogue [Lin & Huang 1998] and numerical models [e.g., Hu & Angelier 1996; Hu et al., 1997; Lin 
& Huang 1998]. Nor do the contemporaneous stress trajectories, the horizontal displacement field, or 
the strain field (Figs. 2.11 and 3.2) fit with those predicted to occur around an indentor into a fold-
and-thrust belt [e.g., Macedo & Marshak 1999; Marshak 2004]. We suggest, therefore, that the along-
strike changes in structure, seismicity, topography, contemporaneous stress and strain fields, and dis-
placement vectors that take place across Zone A have a causal relationship with the reactivation of 

Figure 3.1. A) Simplified geological map of the south central Taiwan fold-and-thrust belt, set within the struc-
tural and morphological setting of the Eurasian continental margin. B) Map of the 5.2 km/s isovelocity surface 
for the depth to the top of the basement extracted from the 3D tomographic model of Kuo-Chen et al., [2012]. 
The main fault traces of the fold-and-thrust belts and faults juxtaposing tectono-stratigraphic units are shown 
in black solid and dashed (interpreted) lines and were extracted from Figure A. The transparent gray boxes, 
called zones A, B, and C, highlight areas where there are marked changes in the structural grain of the fold-
and-thrust belt that we interpret to be due to reactivation of faults in the basement. CP = Coastal Plain, WF = 
Western Foothills, HR = Hsuehshan Range, CR = Central Range. Faults ChT = Changhua thrust, LF = Lishan 
fault, SkF = Shuilikeng fault, ChF = Chauchou fault. The axis of the failed rift of Figure 1.1 is shown in thick 
black dashed line. S/S = shelf/slope break, TB = Tainan Basin, ThB = Tahishi Basin, NB = Nanjihtao Basin and 
PKH = Peikang Basement High, TH = Tainan basement high.
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structures inherited from the upper part of the necking zone of the continental margin. We further 
suggest that these along-strike changes are indicative of an east-northeast striking, dextral strike-slip 
lateral structure (the Choshui lateral structure of Alvarez-Marron et al., [2014]) that is forming by the 
reactivation of preexisting Miocene basin-bounding faults along the upper part of the necking zone

Southward, zones B and C (Fig. 3.1) comprise two areas of along-strike change that are develop-
ing on the necking zone of the margin. These changes are not as pronounced as those at the upper 
part of the necking zone, but they are nevertheless significant features. There is an important change 
in the structural architecture across zone B, from the broad, basement-cored anticlinorium of the 
Alishan Ranges to the open synclines above a nearly horizontal basal thrust located in the Miocene 
and younger sediments (compare section B-B’ and C-C’ in Fig. 2.3). En echelon, sigmoidal changes 
in the strike of fold axial traces, the surface trace of thrusts (Fig. 2.2), and of topographic ridges 
(Figs. 2.7B and C) at zones B and C all combine to suggest that these are being offset dextrally by 
east-northeast oriented strike-slip faults. Sigmoidal offsets of structures and topography in fold-and-
thrust belts are generally attributed either to reactivation of footwall basement faults or as transfer 
zones (tear faults) in the hanging wall that are caused by mechanical differences along the basal thrust 

Figure 3.2. Summary of the stress and strain results for south central Taiwan set within the structural and 
morphological setting of the Eurasian continental margin. The relative plate motion vector between the Philip-
pine Sea Plate and Eurasia is shown. A) The most probable fault planes and their kinematics calculated in the 
basement. An interpolated SH trajectories are shown by dashed gray lines. B) The most probable fault planes 
and their kinematics calculated in the fold-and-thrust belt and sedimentary carapace. SH as in A. C) Maximum 
shear strain with deformation ellipses determined for groups of four grid units. Dextral and sinistral maximum 
shear planes are shown in red and green. The interpolated horizontal maximum compression strain rate (eH) 
trajectories are shown by the dashed gray lines. The inset shows the expected fault orientations and kinematics 
in a dextral strike-slip fault system. The maximum compressive strain field (eH) directions from Figure C are 
shown by dashed gray contour lines. Labels of faults and tectono-stratigraphic units are shown in Figure A and 
as in Figure 3.1. The transparent gray boxes, called zones A, B, and C, highlight areas where there are marked 
changes in the stress and strain results in the fold-and-thrust belt that we interpret to be due to reactivation of 
faults in the basement. The axis of the failed rift of Figure 1.1 is shown in thick black dashed line. S/S = shelf/slo-
pe break, TB = Tainan Basin, ThB = Tahishi Basin, NB = Nanjihtao Basin and PKH = Peikang Basement High.
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[e.g., Albers, 1967; Mugnier et al., 1999; Ruh et al., 2014; Koyi et al., 2016]. In southwest Taiwan, the 
homogeneity of the hanging wall structural architecture from zone B southward seems to argue 
against strong mechanical differences along the basal thrust. Finally, the numerous earthquakes in 
the area of the Tainan Basement High (Figs. 2.6 and 3.1B) that have dextral strike-slip focal mecha-
nisms with one roughly east-northeast to northeast striking nodal plane [e.g., Hsu et al., 2010; Wu 
et al., 2010], together with the dextral east-northeast striking surface rupture of the 1946 Hsinhua 
earthquake (Figs. 1.5 and 2.12) [Bonilla, 1977], provide further support for the interpretation that 
the en echelon sigmoidal features observed at zones A and B are related to the dextral strike-slip 
reactivation of east-northeast striking basement faults along the flanks of the Tainan Basement High 
(Fig. 3.1B). From Zone B southward, the highly structured area of the necking zone as well as the 
shelf/slope break and the slope area (Fig. 3.2), display major changes in the SH direction, in the strain 
rate derived directions of eH and dextral maximum shear planes, and in the horizontal displacement 
field vectors (Figs. 2.9, 2.11 and 3.2). The southward changes in all of the above data suggest that 
they are not due to a symmetrical indentor, but rather to the reactivation of faults related to the com-
plex rifted margin geometry in this area. 

A major objective of this thesis was to further test the hypothesis presented in Chapter 1 by 
carrying out detailed structural mapping across the area of the margins necking zone, the shelf to 
slope transition, and the slope (from Zone B to the south) (Figs. 1.1 and 3.1). In what follows, we 
briefly look at possible linkages between the morphological parts of the margin and the structure 
of the fold-and-thrust belt. In southwest Taiwan, both the mapped surface trace of thrusts and the 
subsurface contours of the basal thrust undergo a series of sigmoidal bends to take on an orientation 
that approximates that of the shelf/slope break and the onset of the hyperextended part of the margin 
(Figs. 2.12 and 3.1A). It is at the shelf/slope break where the frontal thrust of the fold-and-thrust 
belt goes offshore to form the front of the marine accretionary prism (Figs. 1.1 and 3.1; see also, Lin 
et al., 2008). Furthermore, the area encompassed by the Yichu and Hsinhua oblique ramps roughly 
correlates in location and strike with a significant southeastward increase in thickness of the Miocene 
through Pleistocene sediments [e.g., Chou, 1972, 1980] and with a change in facies toward deeper 
water deposits [Chou, 1972; Lin & Watts, 2002; Castelltort et al., 2010; Nagel et al., 2013]. In addition, 
the P-wave velocity highs and lows imaged in the 6 km depth map (Fig. 3.3) are strongly suggestive 
that there is topography of the basement, with a roughly northeast striking structural grain; similar 
to that of extensional fault systems mapped on the margin offshore [e.g., Yang et al., 1997, 2016; Lin 
et al., 2003]. Fault-bounded, regional-scale basement highs and lows are well known just offshore to 
the west (i.e., the Northern Depression, Central Uplift, and Southern Depression) [Lin et al., 2003]. 
While the resolution of the velocity model (see Section 1.5.4) does not allow us to resolve the detail 
of the structure mapped at the surface, it is sufficient to be able to see the coincidence between the 
Yichu and Hsinhua oblique ramps and the northern and southern flanks, respectively, of the Tainan 
Basement High (Figs. 2.17 and 3.3). This coincidence leads us to interpret both these ramps as be-
ing linked to topographic highs and lows in the basement (Figs. 2.17 and 3.3). This interpretation 
implies that there is a strong causal relationship between the basement structure and the geometry of 
the basal thrust. While we draw smooth, continuous contours for the basal thrust, it is likely that the 
east-northeast striking faults that bound similar basement highs and lows offshore, and which extend 
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into the Coastal Plain [e.g., Yang et al., 1991, 2016; Lin et al., 2003; Camanni et al., 2016], also bound 
the Tainan Basement High. The widespread occurrence of seismicity with dextral strike-slip focal 
mechanisms in the area around the Tainan Basement High is, furthermore, suggestive of reactivation 
of these faults [e.g., Hsu et al., 2010; Wu et al., 2010], and they may breach the basal thrust to possibly 
form structures such as the Hsinhua fault system. Finally, in the very southwestern part of the fold-
and-thrust belt, the SH direction, the strain rate derived directions of eH and dextral maximum shear 
planes (Fig. 3.2), and the horizontal displacement field vectors (Fig. 2.11A) all take on a roughly 
east-northeast to west-southwest orientation, parallel to the structures in the margin offshore. A zone 
of GPS-derived high maximum shear strain rate is also east-northeast striking, into the Coastal Plain 
at the on-land projection of the failed rift of Yeh et al., [2012], McIntosh et al., [2014], and Lester et al., 
[2014] (Fig. 3.2C). All of the features given above suggest that the structures of the margin are influ-
encing the deformation style of the southwest fold-and-thrust belt and provide additional evidence 
that there is a casual relationship between the two. 

Another factor that may 
be influencing the along-strike 
structural changes in the south-
west Taiwan fold-and-thrust belt 
could be related to mechanical 
differences along the basal thrust 
[e.g., Albers, 1967; Mugnier et al., 
1999; Ruh et al., 2014; Koyi et 
al., 2016] that can be caused by 
changes in sedimentary thickness 
and facies. Although Mouthereau 
et al., [2001] explore some aspects 
of the influence of stratigraphic 
thickness and facies on the struc-
ture of the fold-and-thrust belt, 
we feel that more work, which 
should include numerical model-
ing, needs to be carried out before 
we can begin to draw conclusions 
about the influence of changes 
in sedimentary thickness and fa-
cies on the fold-and-thrust belt in 
southwest Taiwan.

Figure 3.3. The 6 km depth slice of the Vp tomography model of 
Kuo-Chen et al., [2012] for the southwest Taiwan area. Several isove-
locity lines in km/s are shown in white dashed line, including the 5.2 
km/s represented in geological sections. The superposed thin black 
lines correspond to the depth contours in km of the basal thrust.
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In this thesis, we have adopted a multidisciplinary methodological approached to test whether 
or not the structural (e.g., necking zone, extensional fault system, failed rift) and morphological (e.g., 
the shelf, shelf/slope break, slope) features of the Eurasian continental margin that are being incorpo-
rated in the south central Taiwan fold-and-thrust belt are affecting its structure, as well as transitory 
features such as seismicity, contemporaneous stress and strain fields, and topography. 

We have traced east-northeast striking extensional faults and regional-scale basement highs and 
lows mapped on the necking zone of Eurasian continental margin in the Taiwan Strait into the 
Taiwan fold-and-thrust belt. We later suggest that these inherited structures of the margin are being 
reactivated, causing important along-strike changes in the fold-and-thrust belt, and influencing its 
structural and architectural development and kinematics.

The most important along-strike changes in the south central Taiwan fold-and-thrust belt takes 
place across the continental shelf to the necking zone. We suggest that the abrupt north-south 
change in the structure, increase in the amount of seismicity, and increase in topography, together 
with, the north-south variation in direction of SH, eH, and the horizontal displacement vectors, have 
a causal relationship with the reactivation of structures inherited from the upper part of the necking 
zone of the continental margin. Furthermore, where the upper part of the necking zone is involved 
in the deformation, east-northeast striking dextral strike-slip active faults estimated from the stress 
inversion dominate. The orientation of these activated faults is roughly subparallel to known fault 
systems in the basement, suggesting that the east-northeast striking fault system inherited from the 
necking zone of the continental margin are optimally oriented relative to SH for reactivation. These 
interpretations support the hypothesis that the reactivation of these faults appears to be controlling 
the structural development and kinematics of the fold-and-thrust belt in this area. 

The regional-scale study of southwest Taiwan fold-and-thrust belt show less pronounced along-
strike changes across the necking zone. These are marked by en echelon, sigmoidal offsets in the 
strike of fold axial traces, the surface trace of thrusts, and of topographic ridges. These changes are 
suggestive of dextral strike-slip fault displacement that is interpreted to be due to the reactivation of 
east-northeast striking basement faults on the necking zone. The widespread, deep seismicity that is 
taking place across most of the necking zone provides evidence that the basement is involved in the 
deformation, but it is difficult to correlate events with individual faults. Nevertheless, the basement 
appears to be deforming without being incorporated into the thrust sheets. In the far southwest, an 
east-northeast striking zone of maximum shear strain rate coincides with the on-land projection of a 
failed rift imaged by reflection seismic data offshore. A paucity of seismicity in this area precludes an 
estimation of the principal stress axes orientations and determination of fault type, but the calculated 
strain ellipse is in keeping with it also being a zone of dextral strike-slip faulting (Fig. 3.2C).

The detailed structural analysis in southwest Taiwan fold-and-thrust belt reveals along-strike 
changes in its structure that takes place across the necking zone of the Eurasian continental margin. 
There, we interpret the structure of the fold-and-thrust belt to be an imbricate thrust system with a 
pronounced north-south change in structural architecture across a roughly east-west striking zone 
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that we call the Hsinhua transverse zone, which falls along the on-land projection of the shelf/slope 
break (Figs 2.12 and 3.3). The basal thrust to the imbricate thrust system dips gently south-eastward, 
but it has two pronounced sigmoidal changes in strike that form what we call the Yichu and Hsinhua 
oblique ramps. We suggest that the dextral strike-slip faulting, sigmoidal bending of the surface trace 
of thrusts, folds axes, and bedding (i.e., the Hsinhua transverse zone), together with the along-strike 
change in structure that occur in the fold-and-thrust belt of southwest Taiwan can be directly linked 
to these two oblique ramps. We furthermore suggest that both these oblique ramps can be directly 
correlated with topographic highs and lows that we interpret to occur in the basement (Fig 3.3) and 
that this possibly indicates a causal relationship between the basement structure, the geometry of 
the basal thrust, and the along-strike changes mapped in the surface geology. We also acknowledge 
that the along-strike structural changes in the southwest Taiwan fold-and-thrust belt could also, in 
part, be related to mechanical differences along the basal thrust that can be caused by the changes in 
sedimentary thickness and facies that take place across the outer part of the shelf and the slope areas 
of the margin. This hypothesis would need further research, including numerical modeling. 
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Summary

In this paper we test whether or not structural and morphological features inherited from the Eurasian 
continental margin are affecting the contemporary stress and strain fields in south-central Taiwan. 
Principal stress directions (s1, s2, and s3) are estimated from the inversion of clustered earthquake 
focal mechanisms and the direction of maximum compressive horizontal stress (SH) is calculated 
throughout the study area. From these data the most likely fault plane orientations and their kine-
matics are inferred. The results of the stress inversion are then discussed together with the directions 
of displacement, compressional strain rate, and maximum shear strain rate derived from GPS data. 
These data show that there is a marked contrast in the direction of SH from north to south across the 
study area, with the direction of SH remaining roughly sub-parallel to the relative plate motion vector 
in the north, whereas in the south it rotates nearly 45° counterclockwise. The direction of horizontal 
maximum compression strain rate (eH) and associated maximum shear planes, together with the dis-
placement field display an overall similar pattern between them, although undergoing a less marked 
rotation. We interpret the southward change in the SH, eH, and the dextral maximum shear planes 
directions, together with that of the horizontal displacement field to be related to the reactivation of 
east-northeast striking faults inherited from the rifted Eurasian margin and to the shelf/slope break. 
Inherited faults in the basement are typically reactivated as strike-slip faults, whereas newly formed 
faults in the fold-and-thrust belt are commonly thrusts or oblique thrusts. Eastward, the stress inver-
sions and strain data show that the western flank of the Central Range is undergoing extension in 
the upper crust. SH in the Central Range is roughly parallel to the relative plate convergence vector, 
but in southwestern Taiwan it undergoes a marked counterclockwise rotation westward across the 
Chaochou fault. Farther north, however, there is no significant change across the Lishan fault. This 
north to south difference is likely due to different margin structures, although local topographic ef-
fects may also play a role. 

Keywords: Principal stress, strain rate, Taiwan, fold-and-thrust belt, reactivation of inherited struc-
tures.

Issue Section: Geodynamics and tectonics

1. Introduction

The determination of the stress and strain fields in a fold-and-thrust belt is important because these 
are necessary parameters for the understanding of its mechanic, geometric, and kinematic evolution 
(e.g. Angelier et al. 1986, Oncken 1988, Erslev 1993, Becker 2000, Homberg et al. 2002, Saintot 
& Angelier, 2002, Lacombe et al. 2006, King et al. 2009, Peyret et al. 2011, Tavani et al. 2015). For 
example, based on studies in both active and fossil fold-and-thrust belts, Tavani et al. (2015) con-
cluded that, although the stress and strain fields can be locally complex, even during syn-thrusting a 
strike-slip stress field is the most common. While they suggest that this conclusion is perhaps some-
what counterintuitive, they interpret it to result from the reactivation of inherited structures. Célérier 
(2008) proposed that the reactivation of faults with near optimal orientations (e.g. Sibson 1990, 1994, 
Kelly et al. 1999, Leclère & Fabbri 2013) controls the state of stress in the crust. Knowledge of the 
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stress and strain fields can, therefore, play an important part in a data set aimed at deciphering the 
role of reactivation of inherited structures in the development of a fold-and-thrust belt. 

Figure 1: Tectonic setting of the Taiwan orogen. The geology of Taiwan is from C.-H. Chen (2000) with our modifications. 
The inset shows the main tectono-stratigraphic units discussed in the text. The structural (necking zone, failed rift, exten-
sional basins, major faults) and morphological features (shelf/slope break at 200 m water depth) of the Eurasian continental 
margin are shown. The study area is highlighted by the black dashed line. The relative plate motion vector of 8.2 cm/yr 
toward 306° (Yu et al. 1997) between the Eurasian margin and the Philippine Sea Plate is given. RS = Ryukyu subduction 
zone, PSP = Philippine Sea Plate, ChT = Changhua thrust, LF = Lishan Fault, SkF = Shuilikeng Fault, ChF = Chauchou 
Fault, BF = B fault, YF = Yichu fault, CF = Chiali fault. The inset shows the tectono-stratigraphic units of the Taiwan oro-
gen. CP = Coastal Plain, WF = Western Foothills, HR = Hsuehshan Range, CR = Central Range, CoR = Coastal Range.

With this in mind, in this paper we continue to explore the possible effects that the morphology and 
inherited structures of the Eurasian continental margin are having on the fold-and-thrust belt in 
south-central Taiwan (Fig. 1) which we have investigated in a series of recent publications (Brown 
et al. 2012, 2017, Camanni et al. 2014, 2016, Alvarez-Marron et al. 2014, Biete et al. 2018). In these 
studies, we used seismicity data, P-wave velocity models, and geodetic data, together with geometric 
analyses of surface and subsurface geological structures to propose that there is a causal link between 
along-strike changes in these features and the reactivation of fault systems inherited from the mar-
gin’s outer shelf and necking zone. Here, we investigate this proposal further by estimating the prin-
cipal stress directions (s1, s2, and s3) using inversion of clustered earthquake focal mechanisms and 
calculating the direction of maximum compressive horizontal stress (SH) throughout the fold-and-
thrust belt in the study area. From these data we then determine the fault planes that are likely to have 
been activated at depth. We discuss the combined results of the stress inversions with the directions 
of displacement, and the compressional, rotational, and maximum shear strain rates derived from 
GPS data. The hypothesis to be tested is whether or not the previously proposed causal link between 
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the inherited features of the margin and the structure of the fold-and-thrust belt is supported by the 
contemporary stress and strain fields in south-central Taiwan.

2. Geological setting

2.1. Eurasian continental margin

The continental margin of Eurasia that is involved in the Taiwan fold-and-thrust belt evolved from a 
sub-continental subduction system in the Late Cretaceous (Li et al. 2007, Lan et al. 2008) to a rift-
ing margin by the Early Eocene, with sea-floor spreading starting in the South China Sea by the late 
Early Oligocene (e.g. Briais et al. 1993). Beginning in the Early Miocene several extensional events 
further affected the outer margin (e.g. A. T. Lin et al. 2003). Throughout this paper, we follow the 
scheme of Alvarez-Marron et al. (2014) and Brown et al. (2017), when describing the geology of the 
continental margin, defining the pre-Eocene rift-related rocks as its basement, the area of basement 
thinning towards the South China Sea ocean basin as the necking zone (see Mohn et al. (2012) for 
a definition of necking zone), and the slope as the morphological feature where the sediments were 
deposited on the necking zone. Today’s shelf/slope break is defined as the 200 m bathymetry contour 
(Fig. 1).

During the Eocene rifting, several roughly northeast trending basins (e.g. Taishi and the Nanjihtao 
basins) developed and were filled with up to 5 km of sediment (S. K. Hsu et al. 2001, A. T. Lin & 
Watts 2002, A. T. Lin et al. 2008, C. Y. Huang et al. 2012, Yeh et al. 2012) (Fig. 1). The Taihsi Basin is 
thought to extend eastward into the Taiwan mountain belt where it is now exposed in the Hsuehshan 
Range (Fig. 1) (L. S. Teng, 1992, L. S. Teng & Lin 2004). The Miocene extension resulted in the 
formation of a number of east-northeast striking extensional faults (B, Yichu, etc. Fig. 1) and the 
formation of the Tainan Basin on the necking zone of the margin (e.g. Yang et al. 1991, A. T. Lin & 
Watts 2002, A. T. Lin et al. 2003, Ding et al. 2008). From north to south, the area of transition from 
the shelf to the necking zone is commonly called the Peikang High (Fig. 1). The Tainan Basin and 
the faults associated with it extend from the offshore southwestern Taiwan on land through the un-
deformed foreland and into the fold-and-trust belt (Fig. 1) (e.g. A. T. Lin et al. 2003, Rodriguez-Roa 
& Wiltschko 2010, Alvarez-Marron et al. 2014, Yang et al. 2016, Brown et al. 2017). Recently, Yeh 
et al. (2012), McIntosh et al. (2014) and Lester et al. (2014) identified what they interpreted to be a 
failed rift located at the base of the slope. Reflection seismic data show that it extends northeastward 
along the base of the slope (McIntosh et al., 2014) and possibly into the southwestern part of the 
island (Brown et al., 2017; Biete et al., 2018). This failed rift marks the onset of the hyper-extended 
part of the margin, which extends for more than 200 km to the south (Lester et al., 2014). It is the 
reactivation of these Eocene and Miocene extensional faults that we have previously proposed to be 
having an important effect on the geometrical development of the fold-and-thrust belt, its seismicity 
and its topography (Brown et al. 2012, 2017, Camanni et al. 2014, 2016, Alvarez-Marron et al. 2014, 
Biete et al. 2018). 
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Figure 2: Geological map of the study area with representative structural data. The location of the main structural and mor-
phological features of the Eurasian continental margin are shown.

2.2. South-central Taiwan fold-and-thrust belt 

Within the Taiwan mountain belt (Fig. 1), the study area is divided into several roughly N-S strik-
ing tectono-stratigraphic units (e.g. Ho, 1988) that, from west to east are: the Coastal Plain (CP), 
the Western Foothills (WF), the Hsuehshan Range (HR) and the Central Range (CR). The Coastal 
Range (CoR) is outside the study area and will not be mentioned further. For the sake of simplicity, 
in this study we group the Coastal Plain, Western Foothills, and Hsuehshan Ranges under the term 
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fold-and-thrust belt, which is juxtaposed against the Central Range along the Lishan–Chaochou 
fault system (Fig. 2). While we have only limited structural data for the Central Range, we include its 
western flank in this study because of the important changes in the stress and strain fields that occur 
from west to east across the Lishan–Chaochou fault system (see sections 3 and 4 below). 

Figure 3: Map of the 5.2km/s proxy for the depth to the top of the basement extracted from the 3D tomographic model of 
Kuo-Chen et al. (2012). The Tainan basement high (TH) and the Kaoshiang basement low (KL) are highlighted. Labels of 
faults and tectono-stratigraphic units are as in the inset of Figure 1.

In this paper, we follow the structural interpretations of the fold-and-thrust belt that have been pro-
posed by Brown et al., (2012, 2017), Alvarez-Marron et al., (2014), and Biete et al., (2018). Within 
the study area, the fold-and-thrust belt has a roughly N-S structural grain that becomes more NE-
SW in the southwestern part (Fig. 2). It is a west-verging imbricate thrust system developed above 
a basal thrust that dips overall eastward from its tip line along the Changhua thrust in the west to a 
maximum depth of about 7 km before ramping down into the basement (Brown et al., 2012; Alvarez-
Marron et al., 2014; Biete et al., 2018). A number of pronounced ENE-striking lateral and oblique 
ramps have been interpreted to occur along the basal thrust over its north-south extent. This inter-
pretation is based on along-strike changes in structure, seismicity, topography, and P-wave velocity 
(e.g., Brown et al., 2017). Alvarez-Marron et al. (2014), Brown et al. (2017), and Biete et al. (2018) 
have proposed that these along-strike changes have a causal relationship with the extensional faults 
inherited from the continental margin. Along its eastern flank, the fold-and-thrust belt is juxtaposed 
against the Central Range along the oblique thrust to sinistral strike-slip Chaochou-Lishan fault sys-
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tem that extends along the entire length of the mountain belt and has been interpreted to penetrate 
into the middle and even lower crust (Wiltschko et al. 2010, Tang et al. 2011, C. Huang & Byrne 
2014, Kuo-Chen et al. 2015) (Figs. 1 and 2). A geological description of the Central Range is out of 
the scope of this paper. 

In the study area, much of the seismicity is located below the basal thrust of the fold-and-thrust belt, 
in the basement (e.g. Wang et al., 2000, Carena et al. 2002, Yue et al., 2005, Camanni et al. 2016, 
Brown et al. 2017), so knowing the depth to the top of the basement is important to our study (see 
Section 2.1. for our definition of basement). The exact depth to the top of the basement is not well 
known since it does not crop out in the study area and it has been intersected only in several boreholes 
in the Coastal Plain (e.g. Chiu 1975, Jahn et al. 1992, Shaw 1996). Therefore, we use a petrophyscial 
proxy to define its location. The rationale for this has been presented by Camanni et al. (2016) and 
Brown et al. (2017) and the reader is referred there for extensive discussions of it. We use a P-wave 
velocity of 5.2 km/s to describe the top of the basement (or, to view it another way, the base of the 
clastic sediments, whose maximum P-wave velocity is about 5.2 km/s (Brocher, 2005)). Using this 
velocity description, the basement/cover interface is between 5 km and 8 km depth throughout much 
of the study area, except beneath the Hsuehshan Range and along the eastern part of the fold-and-
thrust belt between 23°N and 24°N (Fig. 3). East of the Chaochou-Lishan fault system the basement 
rocks approach the surface, and in fact crop out extensively in the Central Range, east of our study 
area.    

Figure 4: A) Depth distribution histogram for the seismicity in the study area from 1994 through 2014. The pie plot shows 
the percentage of seismicity for each depth level discussed in the text. 

3. Contemporaneous stress field in south-central Taiwan 

3.1 Methodology 

 In this study we use earthquake focal mechanisms to estimate the contemporaneous stress field in 
south-central Taiwan. The earthquakes were recorded between 1994 through 2014 and all hypocen-
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ters have been relocated by the double-difference technique (Waldhauser & Ellsworth 2000) using 
the HypoDD3D software (Waldhauser 2001) within the 3D P-wave velocity model of Kuo-Chen 
et al. (2012). The average horizontal uncertainties in earthquake locations are estimated to be ±1 km, 
while the vertical is ±2 km (Brown et al. 2017). In this study we have used all events over the time pe-±2 km (Brown et al. 2017). In this study we have used all events over the time pe-2 km (Brown et al. 2017). In this study we have used all events over the time pe-
riod given, regardless of transitory stress changes caused by large events like the 1999 Chi-Chi earth-
quake. It is well known that large earthquakes can cause transitory changes in the stress field (e.g. 
Michael 1987, Hardebeck & Hauksson 2001, Y.-M. Wu et al. 2010, Hensch et al. 2016, Hardebeck 
& Okada 2018), but it is not well understood how long such a stress change can last (Hardebeck & 
Okada 2018). For example, while there was a marked change in the stress field in parts of Taiwan fol-
lowing the 1999 MW 7.6 Chi-Chi, this change was spatially heterogeneous and took several months 
to more than a year to return to what it was prior to the earthquake (Y.-M. Wu et al. 2010, Y. J. Hsu 
et al. 2011). Removing earthquake data during a period of time after the Chi-Chi event in order to 
take into account its effect on the contemporaneous stress field would, therefore, not be necessarily 
correct since the changes recorded and the time it took to return to what it was before are spatially 
heterogeneous. Furthermore, there have been a number of other large earthquakes in the study area, 
such as the 1998 ML 6.2 Rueyli, the 1999 ML 6.4 Chiayi, and the 2010 ML 6.4 Jiashian events, 
whose spatial and temporal effect on the contemporaneous stress field in western Taiwan have not 
been studied. Therefore, selectively removing a time period of data related to the large earthquakes 
would bias the data set in areas unaffected by them. 

In this study we use a hypothesis driven approach (e.g., Hardebeck & Michael, 2004) to do the bin-
ning of the focal mechanism data for the stress inversion. It is designed to test whether or not the pre-
existing structure of the margin is influencing the contemporaneous stress field. Since much of the 
seismicity of the study area occurs within the basement (Fig. 4) we have divided the crust into three 
depth levels. From 0 to 6.9 km comprises the fold-and-thrust belt and/or the sedimentary carapace 
overlying the basement. Some 37% of earthquakes occur within this depth level (Fig. 4). From 7 to 
45 km comprises basement, which is divided into two depth levels. From 7 to 14.9 km contains 47% 
of earthquakes and its base is chosen to coincide with the depth to the expected thermal cut-off for 
seismicity (about 350 + 100 °C; Sibson (1983), W. Chen & Molnar (1983)) given a geothermal gradi-°C; Sibson (1983), W. Chen & Molnar (1983)) given a geothermal gradi-C; Sibson (1983), W. Chen & Molnar (1983)) given a geothermal gradi-
ent of around 30°C/km in western Taiwan (S. K. Wu et al. 2013). Finally, we include a layer from 15 
to 45 km depth that includes the deepest earthquakes, which accounts for 16% of the total seismicity. 

The focal mechanism data set comprises 2465 events with magnitudes ranging from 1.4 to 6.8, with a 
mean ML of 3.(Fig. 5a) and where the 90% of the events magnitudes range between 2.5 and 4.8 (see 
supplementary data set table SD1). Focal mechanisms were calculated using first motion polarities 
of P waves (Y.-M. Wu et al. 2008). Each focal mechanism was assigned a quality index factor (Qfp) 
to assess the uncertainty and solution quality depending on the number of polarity readings (Npor), 
the azimuthal gap (Gap), a relative number of up versus down polarity readings (Rup), and the data 
fit from the genetic focal mechanisms estimation algorithm (for details on Qfp calculations see Y.-
M. Wu et al., (2008)). Values for Qfp, Npor, Gap and Rup can be found in supplementary Table 
SD1. The data set is composed of focal mechanisms solutions with Npor > 10 and Gap < 180° and, 
generally, a solution is considered to be unconstrained if Qfp = 0, and good with Qfp > 1 (Y.-M. Wu 
et al., 2008). All event locations and focal mechanism solutions, which include strike, dip, rake with 
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standard deviations (1s), and the corresponding P, T, and B axes are also presented in supplementary 
Table SD1. 

Figure 5: A) Distribution and faulting type for all focal mechanism used in this study. The location of the study 
area is shown with a black dashed line. The faulting types follow the classification scheme of Zoback (1992). B) 
The 0 to 7 km depth level with 13 clusters labelled A1 to A13. C) The 7 to 15 km depth level with 18 clusters 
labelled B1 to B18. D) The 15 to 45 km depth level with 5 clusters labelled C1 to A5. Clusters correspond to 
the results shown in Figure 6 and SD1. 
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Figure 6: Results from the inversion of earthquake focal mechanisms for each cluster shown in Figure 5. Co-
lumn A is the best fitting Principal stress directions on lower hemisphere equal area plots, with confidence 
regions of s1 (red colors) and s3 (blue colors), and the optimal solution (symbols). Histograms of SH direction 
are shown on the periphery of the stereonet. Column B shows the Kamb contours of the poles to the selected 
fault planes that best fit the stress tensor. Column C shows rose diagrams of the strikes of the selected fault 
planes from column B, highlighting the mean strike of the primary (solid) and secondary (dashed) fault families 
in red. N = number of events, R = relative size of the intermediate principal stress, Dev = Deviation and Mis 
= Misfit. The locations of the clusters are shown in Figure 4. A complete output from the inversion is given in 
Figure SD1.
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The data set has been divided into clusters (Fig. 5) where the proximity of events and their distri-
bution in swarms (i.e., main shock and aftershocks) were taken into account. Each cluster has a 
minimum of 20 events (except cluster A4 with 17 events), which has been shown to be a sufficient 
number to give a stable inversion result (e.g. Hardebeck & Hauksson, 2001; Townend & Zoback, 
2006; Arnold & Townend, 2007; Vavrycuk, 2014) and 29 of the clusters have more than 30 events. In 
keeping with Y.-M. Wu et al. (2008, 2010) and S.K. Chen et al. (2017), we use only events with a Qfp 
> 0.1. Overall, the clusters have an average of Qfp 1.15 ± 0.46 (average of the median cluster Qfp), 
with only an 11% ± 6 in average of percentage of events with Qfp < 0.2 in each cluster (supplementary 
Table SD2). Nineteen clusters have a median Qfp > 1, which we consider being high quality clusters. 
Eleven clusters have a median Qfp between 0.7 and 1, which is fair, and 6 have median Qfp below 
0.7, which is acceptable (Y.-M. Wu et al. 2008) (supplementary Table SD2 contains more informa-
tion on cluster Qfp statistics). In the stress inversion all events are treated equally, with no weighting 
being applied. 

The focal mechanism data in the various clusters are displayed in supplementary Figure SD1. We 
show nodal plane normals, P- and T-axes and the faulting states, and see that most clusters have rath-
er well-defined directions of P-, T- axes and nodal plane normals, while some (A7, B11, B17 or C3) 
show more scattered directions. The P- and T- axes distributions suggest that events in some clusters 
are produced by a thrust state of stress (T-axes roughly vertical, 90° away from P) (B8, B9, B10, B16 
and C4), some by a strike-slip environment (90° along the horizontal between P and T axes) (A8, A9, 
B1 and B5), and a few by a normal state of stress (P-axes roughly vertical, 90° away from T) (A11, 
A13 and B13). Other clusters seem to be located in more oblique stress states of either transtenstion 
or transpression, where some P- and T- axes show thrust or normal and others strike-slip (A3, A11, 
A12, B4 and B6) (column A of supplementary Figure SD1). However, as individual focal mecha-
nisms can vary significantly even when events are produced by the same stress state (e.g. McKenzie, 
1969) we need a formalized inversion methodology to assess the causative stresses in the clusters.

To estimate the principal stress directions ( s1,  s2, and  s3) we use the stress tensor inversion scheme 
of Lund & Slunga (1999). The methodology accounts for uncertainties in the focal mechanisms by 
perturbations to the P-, T- and B-axes up to some angle during the inversion (Lund & Slunga, 1999; 
Hensch et al., 2016). Here we allowed 10 – 15 degrees maximum perturbation in keeping with the 18 
degree average focal mechanism uncertainty estimated by Wu et al. (2008). In order to select which 
of the two nodal planes is the most likely fault plane, the Lund & Slunga (1999) methodology ap-
plies a Mohr-Coulomb stability criterion to assess which nodal plane is more unstable over a range 
of coefficient of friction (m) values. Here we use a m-range of 0.4 – 1.2 and if one nodal plane is 
consistently more unstable over this range, that nodal plane is chosen as the fault plane and used in 
the inversion. If, on the other hand, the most unstable nodal plane changes over this range then the 
nodal planes are similarly stable and choosing one over the other would mean an implicit choice of 
m. The fault plane is then instead chosen based on the goodness of fit.  Using the focal mechanisms 
of the considered cluster, the inversion performs a grid search of the principal stress directions and the 
stress ratio R=(s1 – s2)/(s1 - s3). For each point on the grid it searches through all perturbations 
of the focal mechanisms and for each calculates the angular misfit between the shear stress direction 
on the chosen fault plane and the observed slip direction. This process determines the directions of 
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the three principal stress axes and an estimate of the relative size of the intermediate principal stress, 
the stress ratio R (Lund & Slunga 1999). When the entire set of focal mechanisms of the cluster has 
been searched at all stress directions, the optimal stress tensors and its confidence limits are calculated 
using statistics for one-norm misfit (Fig. 6 column A). The direction of the maximum compressive 
horizontal stress (SH) and its confidence limits are then determined using the methodology of Lund 
& Townend (2007). The SH results are plotted as a histogram around the stereonet (Fig. 6 column A). 
In map view, SH is plotted as wedges that represent the 95% confidence limit (Fig. 7) and the stress re-
gime of each (i.e., reverse, normal, strike-slip) is determined from the stress tensor. Then, the poles to 
the estimated fault planes, determined from the two nodal planes of each focal mechanism (e.g. Lund 
& Slunga 1999) are plotted and contoured using the Kamb method (Fig. 6 column B). We also plot 
the strikes of the estimated fault planes in a rose diagram (Fig. 6 column C) using the Stereonet3D 
software of Allmendinger et al. (2012). The length of the petals corresponds to the percentage of the 
total number of strikes that falls within a 10° bin, and the two most frequent strikes are chosen as the 
primary (most frequent) and secondary fault planes (Fig. 7). Finally, to assess how the instability fault 
selection criterion performed we note that on average 70% ± 12% of the fault planes were chosen 
based on stability and that in only three clusters (A4, B14 and B16) were less than 50% of the planes 
chosen by stability (supplementary Table SD2). In supplementary Figure SD1 we illustrate the cho-
sen fault planes in Mohr-Coulomb diagrams, with the relative stress magnitudes calculated in the 
inversion using an average coefficient of friction (m) of 0.6 (supplementary Figure SD1 column G). 
A complete set of inputs and outputs for each cluster is given in Supplementary data set Figure SD1.

3.2 Stress tensors and maximum horizontal compressive stress

An analysis of faulting types (calculated using the method of Zoback (1992)) shows that strike-slip 
and thrust faulting dominate in the fold-and-thrust belt (Fig. 5A). Strike-slip faulting occurs mostly 
in the Coastal Plain and in the Western Foothills at about 23.5°N to a depth of 15 km, whereas 
thrusting and transpressional faulting dominate in the Western Foothills and the Hsuehshan Range 
from the surface to the base of the seismicity (Fig. 5B, C and D). Extensional faulting in the north-
west (clusters A4 and B4) and strike-slip faulting in the southeast (cluster A9) are related to the 
Chi-Chi earthquake sequence. Extensional and strike-slip faulting dominate at all depths along the 
western flank of the Central Range, with thrusting being common at the deepest level in the south 
(Figs. 5B, C and D). 

Throughout the fold-and-thrust belt, s1 at all depth levels generally plunges gently toward the west-
northwest to west (Fig. 6 column A). There are local exceptions to this, such as clusters B1, B2 and 
C1 in which s1 plunges gently east-northeast. From 0 to 7 km depth, the state of stress in the Coastal 
Plain, Western Foothills, and the Hsuehshan Range is predominantly in the strike-slip regime.  In 
the southern part of the Western Foothills, from 7 to 15 km depth, there is a dominantly compres-
sional stress regime that is important. Although there are few data in the 15 to 45 km depth level, 
these show a compressional stress regime in the north and a strike-slip regime in the central and 
southern parts of the study area. An extensional stress regime is rare in the fold-and-thrust belt, being 
found only in clusters A4 and B4, where s3 plunges gently toward the east-southeast. An extensional 
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stress regime is common, however, in the upper 15 kms of the Central Range, where s3 is gently 
northeast and southwest plunging (clusters A11, A12, A13, B13, and B14). At the deepest level, in 
the southern part of the Central Range, a compressional stress regime dominates, with s1 plunging 
gently toward the west (cluster C5). 

Figure 7: Direction of the maximum horizontal compressive stress (SH) for each cluster at their respective depth 
level. Each wedge corresponds to the 95% confidence interval. The result from each cluster is colored depending 
on fault type. A) The 0 to 7 km depth level, B) The 7 to 15 km depth level, and C) The 15 to 45 km depth level. 
All the relevant data of the resultant inversion for each cluster are in Figure 6 and the location of the clusters in 
Figure 5. Labels of faults and tectono-stratigraphic units are as in the inset of Figure 1.

Throughout the fold-and-thrust belt, the direction of the maximum compressive horizontal stress 
(SH) varies appreciably from north to south, although it shows only minor, local variation with depth 
(Fig. 7). In general, the direction of SH fans from roughly northwest in the north (clusters A4 and 
B4 are exceptions), through to west-southwest in the southwest part of the study area. The direction 
of SH in the Central Range is constantly northwest oriented, except at the deepest depth level in the 
south, where it is west-southwest oriented.

3.3. Most likely active fault planes 

A derivative of the process of determining the stress tensor is the possibility to estimate the most 
likely fault plane orientations and kinematics for the region of each earthquake cluster (Figs. 8). We 
have done this using the fault selection during inversion methodology outlined above and orienta-
tions are given following the right hand rule. The quality of the fault plane determinations can be 
observed from the deviation angles (Dev in Fig. 6) (defined as the mean of the angular differences in 
the fault planes between the observed slip directions and the directions of calculated maximum shear 
stress) given for each cluster. As an estimate of quality, we divide the results into 3 classes based on 
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the estimated average uncertainties in the focal mechanisms (Y.-M. Wu et al., 2008): <10° is good (26 
clusters), 10° to 15° is fair (8 clusters), and > 15° is poor (2 clusters) (Lund and Slunga, 1999). From 
0 to 7 km depth (Fig. 8A), northwest to north-northeast striking sinistral transpressional faulting to 
thrust faulting dominate in the southern part of the Western Foothills, whereas nearly east striking 
dextral strike-slip faulting and northwest striking dextral transtensional faulting occurs in the north. 
Roughly northwest striking sinistral transpressional faulting dominates in the Hsuehshan Range, 
whereas northwest striking extensional to sinistral transtensional faulting are typical in the Central 
Range. From 7 to 15 km depth (Fig. 8B), north-northwest and north-northeast striking dextral and 
sinistral stike-slip faulting are common in the south of the Coastal Plain. Faulting in the southern 
part of the Western Foothills is characterized by north-northwest and north-northeast striking dex-
tral and sinistral transpressional faulting together with north-northeast and north striking thrust 
faulting, whereas in the north only northwest striking transtensional faulting takes place. The central 
part of the Western Foothills is dominated by a zone of east-northeast striking, dextral strike-slip 
faulting (Fig. 8B). At this depth level, the Hsuehshan Range is characterized by northwest through 
northeast striking sinistral and dextral transpressional and thrust faulting. The southern part of the 
Central Range has roughly north striking extensional faulting with predominantly roughly east-west 
sinistral transpressional faulting in the immediate hangingwall of the Chaochou fault. From 15 to 
45 km depth (Fig. 8C), southwest and nearly east striking dextral transpressional faulting is taking 
place in the Western Foothills, whereas in the far southeast north striking dextral faulting is taking 
place in the immediate footwall to the Chaochou fault. At this depth level, in the Central Range 
north-northeast striking thrust faulting is taking place along the hangingwall of the Lishan fault, and 
roughly east-west sinistral strike-slip faulting in the immediate hangingwall of the Chaochou fault.

Figure 8: Selected fault planes orientations with their interpreted kinematics depending on s1, s2, and s3 and 
SH from the inversion results shown in figures 6B and C (primary orientations/kinematics in red, secondary in 
black). A) The 0 to 7 km depth level, B) The 7 to 15 km depth level, and C) The 15 to 45 km depth level. All the 
relevant data of the resultant inversion for each cluster are in Figure 6 and the location of the clusters in Figure 
5. Labels of main faults and tectono-stratigraphic units are as in the inset of Figure 1.
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Figure 9: Geodetic velocities and strain rates. A) GPS horizontal velocity vectors. B) Vertical rotation strain 
rate. Blue colors represent counterclockwise and red colors clockwise rotation, respectively. C) Dilatation strain 
rates. Blue colors representing compression and red extension. The horizontal maximum compression (eH) and 
extension strain rate axes are shown by the blue and green lines, respectively. D) Maximum shear strain rates. 
Dextral and sinistral shear planes (black and gray lines, respectively) are given. Labels of main faults, tectono-
stratigraphic units are shown in Figure 9b and are as in the inset of Figure 1.

4. Displacement and strain rate analysis from GPS data

4.1 Data and methodology

In this section we investigate the deformation and strain rates of the south-central Taiwan fold-and-
thrust belt and the western flank of the Central Range using data from the Taiwan GPS network. The 
station coverage of the network is dense in most of the study area (Fig. 9A), with the exception of the 
high mountainous areas of the Central Range, the east-central part of the Western Foothills, and the 
southern part of the Hsuehshan Range. The data set used here is from the period 2005 through 2009 
and was processed according to the method of Yu et al., (1997), and the reader is referred there for 
details. Horizontal velocities are calculated relative to station S01R located on the island of Penghu, 
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in the Taiwan Strait on stable Eurasia. Strain rates are calculated from the GPS data using the SSPX 
software of Cardozo & Allmendinger (2009), and the reader is referred there for the background 
theory. We used a 5 km by 5 km grid and a grid-nearest neighbour interpolation method using the 10 
nearest stations within a maximum radius of 35 km. SSPX determines the best fitting strain tensors 
for each 2D surface of the grid and its corresponding strain ellipse. In Figure 9, we show the displace-
ment vectors, the rotation rate about a vertical axis, the dilatation strain rate, and the maximum shear 
strain rate, as well as the horizontal maximum compressive and extension strain axes (eH) and the 
maximum shear strain planes. For the sake of clarity in Figure 9, only every second set of horizontal 
maximum compressive and extension axes are plotted. Below we describe the data set using the kine-
matic analysis of a body of rock that undergoes translation, rotation, dilation and shear.

5. Displacement vectors and strain rates of south-central Taiwan 

The horizontal velocity vectors display an overall northwest to west-northwest sense of displace-
ment in the northern part of the study area, changing to dominantly west directed in the central and 
much of the southern areas (Fig. 9A). In the southwest, along the coast, the velocity vectors are more 
southwest directed. Horizontal displacement along the northwestern part of the Western Foothills 
and throughout the Coastal Plain is very small, whereas in the rest of the study area the horizontal 
velocities increase overall toward the south and east. 

The sense of vertical rotation undergoes several changes from north to south (Fig. 9B), with a clock-
wise rotation dominating in the Hsuehshan Range and the northern part of the Central Range, 
whereas counter clockwise rotation is more common in the northern part of the Western Foothills 
and the Coastal Plain. From about 23.5° N to 22.8° N there is a pronounced zone of clockwise ro-° N to 22.8° N there is a pronounced zone of clockwise ro- N to 22.8° N there is a pronounced zone of clockwise ro-° N there is a pronounced zone of clockwise ro- N there is a pronounced zone of clockwise ro-
tation that ends abruptly southward, where a counter clockwise rotation dominates in the extreme 
southwest. The dilatation strain rate pattern shows a clear change from west to east across the Chao-
chou- Lishan fault system, with negative values (compression) everywhere in the fold-and-thrust belt 
and positive values (extension) in the Central Range (Fig. 9C).  Note, however, that the small number 
of stations in the Central Range means that there is a large uncertainty associated with this area. There 
is a marked decrease in the dilation strain rate in the northwestern part of the Western Foothills and 
the northern part of the Coastal Plain. The direction of eH is oriented roughly northwestward in the 
northern and northeastern part of the fold-and-thrust belt, rotating to west-northwest in the central 
and southern part. In the Central Range, the orientation of the extension axes is roughly northeast 
in the northern part, becoming more westward to west-southwest in the south. The maximum shear 
strain rate is fairly uniform throughout much of the study area (Fig. 9D). The Western Foothills show 
slightly higher shear strain rate than the surrounding areas, and there is a slight southward increase. 
There is a local, east-northeast striking, zone of high shear strain rate in the southwest of the study 
area. There is a marked, although moderate, decrease in the maximum shear strain rate in the north-
western part of the Western Foothills and the northern part of the Coastal Plain and a moderate, 
roughly east-northeast striking southward increase at about 23.5° N. The orientations of the dextral 
maximum shear planes (black in Fig. 9D) change from nearly east-west striking in the northern part 
of the study area to more southwest striking from c. 24° N southward. In the south, the orientations 
of the dextral maximum shear planes change eastward from southwest striking to more west striking. 
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6. Discussion

The importance of reactivation of pre-existing faults in the deformation of an area is thought to be 
such that this process can control the stress distribution in the crust (Célérier 1995, 2008, Tavani et al. 
2015). In the case of pre-existing faults, why reactivation happens is a complex and selective process 
that depends on several factors, the most important of which are; the orientation and steepness of the 
pre-existing faults with respect to the principal stress axes, the friction along the fault plane, and the 
geothermal gradient (Sibson 1985, 1990, 1994, Letouzey 1990, Kelly et al. 1999, Leclère & Fabbri 
2013). Fold-and-thrust belts commonly develop in areas where the basement rocks have undergone a 
previous deformation history and the sediments that overlie them can also have fault systems, facies 
changes, and possibly a weak contact with the basement [e.g., Rodgers, 1990]. All of these form het-
erogeneities that can be (re)activated in the compressional stress field of a developing thrust system 
( Jackson 1980, Wiltschko & Eastman 1983, Sibson 1985, Richard & Krantz 1991, Célérier 1995, 
2008, Turner & Williams 2004, Butler et al. 2006, Poblet & Lisle 2011, Bonini et al. 2012, Lacombe 
& Bellahsen 2016). Below, we first compare and contrast our results with previous stress and strain 
studies in the area and then go on to investigate whether or not the reactivation of faults inherited 
from the Eurasian continental margin is a contributing factor to the contemporary stress and strain 
fields of the south-central Taiwan fold-and-thrust belt.

The result of the contemporary stress analysis of the south-central Taiwan fold-and-thrust belt ob-
tained in this study, which includes the data related to large earthquakes such as Chi-Chi, is in good 
agreement with that obtained from both paleostress and contemporaneous stress studies carried out 
in the same area (e.g. Angelier et al. 1986, Suppe, 1995; Lacombe et al. 1999, Chang et al. 2003, 
Mouthereau & Lacombe 2006, Y.-M. Wu et al. 2008, Y. J. Hsu et al. 2009, S. K. Chen et al. 2017). For 
example, our analyses of the direction of the contemporary SH (Fig. 10) shows that it undergoes an 
important east-west change across the Chaochou fault (but not the Lishan fault) and a north-south 
change that takes place at about 23.5° N, in agreement with that determined by Chang et al. (2003), 
Mouthereau & Lacombe (2006), Y.-M. Wu et al. (2008; 2010), Y. J. Hsu et al. (2009) and S. K. Chen 
et al. (2017). Likewise, there is coincidence in that there is a change in the plunge of  s1, from near 
vertical in the Central Range to subhorizontal in the Western Foothills and the Hsuehshan Range. 
Our results also coincide with those of S. K. Chen et al. (2017) in that the direction of SH and the 
plunge of s1 display only minor, if any, change with depth. However, Y.-M. Wu et al. (2010) indicate 
that there is a 10° to 20° counterclockwise rotation with depth in southern Taiwan that we do not 
see this in our results. Furthermore, paleostress studies carried out by Angelier et al. (1986), Lacombe 
et al. (1999) and Chang et al. (2003) are also in general agreement with our calculations of contem-
poraneous s1. All regional GPS studies indicate a change in the horizontal displacement vector in 
the fold-and-thrust belt from roughly west-northwest in the north to west and southwest in south. 
This change takes place at about 23.5° N. Our strain rate results are also in excellent agreement with 
previous studies carried out in the study area using GPS data (e.g. Bos et al. 2003, Chang et al. 2003, 
Ching et al. 2007, 2011, J. C. Hu et al. 2007, S. K. Chen et al. 2017). The close agreement between all 
studies of the contemporaneous stress and strain fields in the fold-and-thrust belt of south-central 
Taiwan indicate that the features they delineate are robust on a regional scale and can therefore be 
used to address the hypothesis put forth in Section 1.  
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Figure 10: Summary of the stress and strain results for the study area set within the structural and morpholo-
gical features of the Eurasian continental margin. The relative plate motion vector between the Philippine Sea 
Plate and Eurasia is shown. A) The most probable fault planes and their kinematics calculated for the basement 
(the orientations of the secondary planes are shown in Figure 8). An interpolated SH trajectories are shown by 
dashed gray lines. B) The most probable fault planes and their kinematics calculated in the fold-and-thrust 
belt and sedimentary carapace (the orientations of the secondary planes are shown in Figure 8). SH as in A. C) 
Maximum shear strain with deformation ellipses determined for groups of four grid units. Dextral and sinistral 
maximum shear planes are shown in red and green. The interpolated horizontal maximum compression strain 
rate (eH) trajectories are shown by the dashed gray lines. The inset shows the expected fault orientations and ki-
nematics in a dextral strike-slip fault system. The maximum compressive strain field (eH) directions from Figure 
C are shown by dashed gray contour lines. Labels of faults and tectono-stratigraphic units are as in the inset of 
Figure 1. The failed rift axis shown in Figure 1 is shown in thick black dashed line. S/S = shelf/slope break, TB = 
Tainan Basin, ThB = Tahishi Basin, NB = Nanjihtao Basin and PkH = Peikang High.

The maximum horizontal stress (SH) of an area is typically oriented sub-parallel to the relative plate 
motion (Zoback et al., 1989; Zoback 1992, Gölke & Coblentz 1996; Townend et al., 2012), which, in 
the case of Taiwan, is roughly toward about 306° (Figs. 1 and 10) (Yu et al., 1997, J. Wu et al. 2016). 
Large intraplate forces, such as isostatic compensation or lithosphere flexure can also have an impor-
tant effect on the regional stress field, while at a more local scale SH can also be affected by features 
such as weak faults, structural highs, recent sedimentation or topography (e.g. Tingay et al., 2005). 
In the study area, there is a marked contrast in the direction of SH from north to south (Fig. 10). In 
the north, the direction of SH remains roughly sub-parallel to the relative plate motion vector from 
the Central Range westward into the Coastal Plain. In the south, however, there is a nearly 45° coun-° coun- coun-
terclockwise rotation in the direction of SH from the Central Range westward across the Chaochou 
fault and into the Coastal Plain (Fig. 10) (see also Chang et al. (2003), Y.-M. Wu et al. (2010), S. K. 
Chen et al. (2017)). The direction of eH and the orientations of the dextral maximum shear planes 
both display an overall rotation southward (Fig. 9).

The north-south change in the directions of the contemporaneous SH, eH, the dextral maximum shear 
planes, and the horizontal velocity vectors at about 23.5° N has been interpreted to be related to the 
so-called Peikang High (Fig. 1) ( J. C. Hu et al. 1997, Bos et al. 2003, Chang et al. 2003, Mouthereau 
& Lacombe 2006, Ching et al. 2007, 2011, Y.-M. Wu et al. 2008, 2010, Y. J. Hsu et al. 2009, S. K. 
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Chen et al. 2017). Many of these authors interpret the Peikang High to be a symmetrical structural 
high, or horst (see Twiss & Moores (1992) for a definition of horst), in the extensional fault system 
developed on the margin shelf that acts as a symmetrical indenter around which rocks in the fold-
and-thrust belt are moving. Nevertheless, as was pointed out by Mouthereau & Lacombe (2006), 
neither the paleostress nor the contemporaneous s1 trajectories around the Peikang High fit with 
those estimated by analogue (C.-W. Lin & Huang 1998) and numerical models of it (e.g. J. Hu & 
Angelier 1996, J. C. Hu et al. 1997, C.-W. Lin & Huang 1998). Nor do the contemporaneous stress 
trajectories, the horizontal displacement field, or the strain field (Fig. 10) fit with those predicted to 
occur around an indentor into a fold-and-thrust belt (e.g. Macedo & Marshak 1999, Marshak 2004). 

Reflection seismic and wide-angle velocity profiling show that from about 23.5° N (the southern 
flank of the Peikang High) (Figs. 1 and 2) the basement thins from c. 30 km on the shelf area to less 
than 10 km in the area of the failed rift at the base of the slope (e.g. Yeh et al. 2012, Lester et al. 2014, 
McIntosh et al. 2014, Brown et al. 2017). This is the structural feature that we call the necking zone. 
Southward, is the morphological feature that is the continental slope. It is across this highly struc-
tured area, with its east-northeast strike for both the onset of the necking zone and the shelf/slope 
break (Figs. 1 and 2), its thinning basement and thickening sedimentary cover, and its extensional 
fault system where the major changes in the stress, strain, and displacement fields of the southern part 
of the Taiwan fold-and-thrust belt take place (Figs. 7, 9, and 10). We therefore suggest, in agreement 
with Mouthereau & Lacombe (2006), that the southward change in the SH direction, in the strain 
rate derived directions of eH and dextral maximum shear planes, and in the horizontal displacement 
field vectors that begin at about 23.5° N are not due to a symmetrical indentor, but rather to the re-° N are not due to a symmetrical indentor, but rather to the re- N are not due to a symmetrical indentor, but rather to the re-
activation of faults related to the complex rifted margin geometry in this area.

The change across the Chaochou fault, but not the Lishan fault is more difficult to interpret. It is 
possible that it reflects a local stress perturbation related to differences in the topography from east 
to west (large difference across the Chaochou fault, but almost no difference across the Lishan fault). 
It can also, in part, be the effect of differently oriented pre-existing faults in the basement between 
southern Taiwan and the Hsuehshan Range in the north. Nevertheless, there is close agreement 
between the inferred extensional faulting stress regime and the strain rate derived extension in the 
Central Range.

7. Conclusions

In this study, we have shown that there are important changes, particularly in the contemporaneous 
stress and GPS velocity fields, but also in the strain field, from the continental shelf to the margins 
necking zone. In the north of the study area, and along the entire western flank of the Central Range, 
the SH and the eH directions are sub-parallel to the direction of relative plate motion (306°) between 
the Philippine Sea and the Eurasian plates. In the southwest, where the necking zone of the margin 
is entering into the deformation of the fold-and-thrust belt, SH, and both the directions of eH and 
dextral maximum shear planes undergo important rotations. In the case of SH, these rotations go 
up to 45°. Where the upper part of the necking zone is involved in the deformation, the estimated 
most likely activated fault orientations determined from the stress inversion is east-northeast, roughly 
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parallel to known fault systems in the basement. The fault type is dominantly dextral strike-slip and 
transpressive. In the far southwest, an east-northeast striking zone of high shear strain rate coincides 
with the onshore projection of a failed rift imaged by reflection seismic data offshore. A paucity of 
seismicity in this area precludes an estimation of the principal stress axes orientations and determi-
nation of fault type, but the calculated strain ellipse is in keeping with it also being a zone of dextral 
strike-slip faulting (Fig. 10C). 

These observations further corroborate our previous interpretations (Brown et al. 2012, 2017, Ca-
manni et al. 2014, 2016, Alvarez-Marron et al. 2014, Biete et al. 2018) that there is a causal link 
between the reactivation of the inherited morphology and structure of the Eurasian continental mar-
gin. In particular, the east-northeast striking fault systems inherited from the necking zone of the 
continental margin are optimally oriented relative to SH for reactivation (Sibson 1990, 1994, Kelly 
et al. 1999, Leclère & Fabbri 2013). In the southwest of the study area, therefore, it appears that it is 
the reactivation of these inherited structures that is controlling the contemporaneous stress field (e.g., 
Célérier 2008, Tavani et al. 2015) since this stress field is calculated from earthquakes that occur along 
them. Farther north, however, the close coincidence between directions of SH and eH with the relative 
plate motion vector suggest that it is the plate boundary forces that control the stress and strain fields 
(e.g., Richardson 1992, Zoback 1992, Gölke & Coblentz 1996).

Finally, there are important north to south changes in both the stress and strain fields from the west-
ern flank of the Central Range across the Chaochou-Lishan fault system into the fold-and-thrust 
belt. The results of both the stress inversion and the GPS derived strain rates show that the upper 
crust of western flank of the Central Range (we do not investigate the east part in this study) is under 
extension while that of the fold-and-thrust belt to the west is under compression. Few data exist in 
the Central Range for depths greater than 15 km, but these appear to indicate that the deeper crust 
is under compression (see also, S.K. Chen et al. 2017). Nevertheless, there is a clear rotation of the 
directions of SH and the directions of eH and dextral maximum shear planes across the Chaochou 
fault in the south, but no noticeable change across the Lishan fault in the north. A possible explana-
tion for this difference may be that the north-south differences in topography across this fault system 
are locally influencing the stress and strain fields (e.g., Richardson 1992, Gölke & Coblentz 1996).
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Abstract 1: 

How the structure of a continental margin affects the development of a fold and thrust belt. 1: A 
case study in south-central Taiwan

Dennis Brown1, Joaquina Alvarez-Marron1, Cristina Biete1, Giovanni Camanni2, Hao, Kuo-Chen3, 
Chun-Wei Ho3,4
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Presented at: 2016 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

Studies of mountain belts worldwide have shown that the structural, mechanical, and kinematic 
evolution of their foreland fold and thrust belts are strongly influenced by the structure of the con-
tinental margins that are involved in the deformation. The area on and around the island of Taiwan 
provides an unparalleled opportunity to investigate this because the entire profile of the Eurasian 
margin, from the shelf in the north to the slope and continent-ocean transition in the south and 
the offshore, is currently involved in the collision. Taiwan, then, can provide key insights into how 
such features as rift basins on the shelf, the extensional faults that form the shelf-slope break in the 
basement, or the structure of the extended crust and morphology of the sedimentary carapace of the 
slope can be directly reflected in the location and pattern of its seismicity, in its topography, and in 
its structural architecture, among other things. The continental margin of the Eurasian Plate that is 
currently involved in the Taiwan orogeny is thought to have evolved from a sub-continental subduc-
tion system in the Late Cretaceous to a rifting margin by the Early Eocene and, during the late Early 
Oligocene, to sea-floor spreading and the formation of the South China Sea, followed by localized 
extension in the Middle Miocene and, finally, collision with the Luzon Arc by the Early Miocene. 
Imaging features of the margin’s structure in the Taiwan orogen is possible with seismic tomography, 
which shows, for example, that there are notable changes in velocity that can be directly attributed 
to structures in the basement. For example, there is a marked increase in Vp beneath the Hsuehshan 
Range which can be interpreted to be related to the uplift of higher velocity basement rocks by 
basin inversion. This is accompanied by significant seismicity that reaches a depth of more than 30 
km’s, and by surface uplift to form the highest topography in Taiwan. Furthermore, beginning at 8 
km depth, but becoming especially prominent at 12 km and 16 km depth, there is an embayment 
of relatively high Vp that can be interpreted as the onshore projection of a basement high that oc-
curs between the Mesozoic basement shelf break and the Taihsi Basin. Southward, there is a notable 
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northeast-southwest-oriented increase in seismicity across the on land projection of the Mesozoic 
basement shelf break, with seismicity predominantly located beneath the Alishan Ranges, the high-
est topography in this part of the mountain belt. The topography also shows a pronounced re-entrant 
that coincides with the orientation and onshore projection of the Mesozoic basement shelf break 
that extends northeastward across the Western Foothills and into the Hsuehshan Range. The shallow 
structure of south-central Taiwan contains a number of features, such as changes in structural grain, 
or basement involvement in the deformation, that can be attributed to the presence of pre-existing 
structures in the Eurasian continental margin as it enters into the deformation of the Taiwan fold 
and thrust belt.
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Abstract 2: 

How the structure of a continental margin affects the development of a fold and thrust belt. 2: 
Imaging basement structures with seismic velocities and seismicity in south-central Taiwan

Cristina Biete1, Dennis Brown1, Joaquina Alvarez-Marron1, Giovanni Camanni2, Hao Kuo-Chen3, 
Chun-Wei Ho3,4
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2University College, Dublin

3Department of Geosciences, National Central University, Jongli, Taiwan.
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Presented at: 2016 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

We investigate the geophysical signature within the south-central Taiwan fold and thrust belt of 
the reactivation of pre-existing structures developed on the Eurasian margin. Seismic tomography 
(P-wave) and earthquake hypocenters are combined to trace structures mapped on the margin off-
shore western Taiwan into the fold and thrust belt. The extensional tectonic history of the margin 
began in the Early Eocene and culminated in the Late Eocene to Early Oligocene with sea-floor 
spreading and the opening of the South China Sea. Several NE trending basins developed during 
the rifting of a pre-Cenozoic basement and these were filled with Eocene sediments. Further exten-
sion on the outer margin took place during the Middle to Late Miocene, forming basins that are 
now involved in the Taiwan deformation. Finally, the margin’s transition from the platform to the 
slope takes place across south-central Taiwan and is oriented at a high angle to the active deforma-
tion front. We define the basement as pre-Eocene rocks and use a P-wave velocity (Vp) of 5.2 km/s 
as a proxy for the interface between them and their younger cover. This Vp interface is characterized 
by highs and lows that can be interpreted to image basement topography whose possible causes we 
investigate here. In the Hsuehshan Range there is a pronounced shallowing of the 5.2 km/s surface 
across the Shuilikeng fault. It is accompanied by an east-dipping cluster of seismicity down to more 
than 25 km depth, and forming what appears to be a crustal ramp across which the Eocene-age 
Hsuehshan Basin is being inverted. Westward, the 5.2 km/s interface forms a high called Paikang 
basement high, the southern flank of which is the on land projection of the Mesozoic basement shelf 
break.  Southward, there is an increase in seismicity and topography that is associated to a NE-SW 
oriented lateral structure in the fold and thrust belt. South of this lateral structure, beneath the Alis-
han Range, a shallowing of the 5.2 km/s interface marks a change in the structural grain of the fold 
and thrust belt. This, together with the increase in predominatedly scattered seismicity that reaches 
greater than 20 km depth, can be interpreted to indicate basement involvement in the deformation. 
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To the south of the Alishan Range a zone of higher velocity whose orientation is roughly parallel to 
that of the Mesozoic basement shelf break is interpreted as a basement high. Here, there appears to 
be SW-dipping clusters of hypocenters associated with the shallowing of the 5.2 km/s surface. We 
interpret this shallowing of the 5.2 km/s surface to be related to an extensional fault block (or blocks) 
on the upper slope area of the basement. The seismicity clusters are possibly imaging the reactivation 
of the extensional faults that bound it. 
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Abstract 3: 

How the structure of a continental margin affects the development of a fold and thrust belt. 3: 
evidences from field mapping and geological cross-sections in south-central Taiwan
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Abstract:

The Eurasian Margin is obliquely colliding with the Luzon Arc to form the Taiwan orogen. This 
configuration is particularly apparent in south-central part of the island providing a case example to 
investigate the effects of structural inheritance in the development of the thrust and fold belt. The 
Eurasian Margin evolved from a pre-Cenozoic continental basement that underwent rifting in the 
Early Eocene and subsequent sea-floor spreading to form the South China Sea during the late Early 
Oligocene. The margin underwent localized extension in the Middle Miocene, before the initiation 
of collision with the Luzon Arc by the Early Miocene.

The important along-strike changes in structure and topography of south-central Taiwan thrust 
and fold belt are evidenced in the detailed geological map and 3 balanced geological cross sections. A 
3D tomography model is integrated in this study to help constrain the structure at depth.  

Major along-strike changes seem to be related to structures oriented at a high angle to the thrust 
system. These include changes in strike of thrusts and fold traces, the changing elevation of thrusts 
and stratigraphic contacts, and the growing importance of Middle Miocene sediments within the 
thrust system that take place from north to south. Horizontal slices of the tomography model il-
lustrate that N-S changes in velocity have the orientation of the inherited structural grain of the 
Eurasian margin. In particular, the inherited location of the Mesozoic margin’s shelf-slope transition 
affects the distribution of seismicity and the location of lateral stratigraphic and structural changes. 
Also, it appears to be associated with the inversion of Eocene- and Miocene-age extensional faults, 
deeply rooted in the pre-Cenozoic basement that trend oblique to the thrust belt. The inversion of 
inherited structures affects the uplift of Miocene syn-extensional and syn-tectonic Plio-Pleistocene 
foreland basin sediments, and of the pre-Cenozoic basement. 

Section A shows imbricated thrusts merging into a flat, gently west-dipping detachment at the 
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base of Plio-Pleistocene syn-tectonic sediments in the foothills. While in the area of the Hsuehshan 
Range, the involvement and uplift of pre-Cenozoic basement is associated to higher topography 
and to the occurrence of Eocene-Oligocene sediments at the surface. Section B shows thick Mio-
cene stratigraphy and pre-Cenozoic basement rocks involved in the imbricated thrusts. Basement 
involvement is here also associated with the increased topography observed in the Alishan Range. 
The Choshui lateral structure that separates sections A and B is associated with a hangingwall cul-
mination wall. It is evidenced in the map by changes in orientation of contacts and fold axis. This 
lateral structure is also constrained by larger Vp values in the tomography, corresponding to the 
Alishan basement involvement area. In section C to the south, the imbricated thrusts involve thick 
Miocene and Plio-Pleistocene sedimentary strata and the westward dipping sole thrust is above the 
pre-Cenozoic basement. These sedimentary sequences are interpreted to be offscraped above inher-
ited extensional faults that seem to be associated to significant seismic activity at depths of 5-10 km 
below the sole thrust.
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2Department of Geosciences, National Central University, Jongli, Taiwan.

3Central Weather Bureau, Taipei 100, Taiwan

Presented at: 2016, 9th Geological Congress of Spain. Huelva (Spain)

Type of presentation: oral

Abstract (extended): 



Biete (2019). Structure and Kinematics of the SW Taiwan fold-and-thrust belt

184

Abstract 5: 

Reactivation of inherited oblique continental margin structures during the development of the 
south-central Taiwan fold and thrust belt

Cristina Biete1, Joaquina Alvarez-Marron1, Dennis Brown1, Hao Kuo-Chen2, Chun-Wei Ho2,3 , 
Yih-Min Wu4

1Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, 08028 Barcelona, Spain

2Department of Geosciences, National Central University, Jongli, Taiwan.

3Central Weather Bureau, Taipei 100, Taiwan

4 Department of Geoscience, National Taiwan University, Taipei, Taiwan

Presented at: 2016 AGU Fall Meeting, Abstract T43J-03. San Francisco (USA)

Type of presentation: oral

Abstract:

The Taiwan orogen is forming due to the oblique collision between the Eurasian continental 
margin and the Luzon Arc. This configuration provides an opportunity to study the effect of inher-
ited structures on the development of a fold and thrust belt (FTB). During the extensional tectonic 
history of the margin several NE trending basins filled with Eocene to Early Oligocene sediments 
developed on a pre-Cenozoic basement, and further extension took place on the outer margin during 
the Middle to Late Miocene. The margin transition from the platform to the slope, and the large-
scale extensional features of the margin project obliquely onland across south-central Taiwan. These 
basins are now involved in the Taiwan FTB.

In this study we combine surface geology and balanced cross sections with Vp tomography, seis-
micity and focal mechanisms from the south-central FTB. We use a Vp of 5.2 km/s as a proxy for 
the basement-cover interface. We found that the FTB includes significant along strike changes in 
structure and stratigraphy that may be correlated with reactivating basement structures that are at 
a high angle to the structural grain. Seismic tomography and seismicity are used to trace structures 
from the continental margin offshore western Taiwan into the FTB.  Major N to S changes in seismic 
velocities are interpreted as basement highs and lows and these correlate with areas were changes in 
the structural grain of the FTB take place, including some localized variation in the strike of thrusts 
and folds that are evident on the map. Several seismicity clusters align along the borders of these 
basement blocks. Focal mechanisms show mostly strike-slip kinematics in the foreland and thrust-
ing in the FTB. In the FTB weak clustering of strike-slip are also present. The foreland seismicity is 
interpreted as the result of strike-slip reactivation of inherited extensional basement faults.
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Abstract 6: 

The structure of the south Taiwan fold-and-thrust belt

Cristina Biete1, Joaquina Alvarez-Marron1, Dennis Brown1, Hao Kuo-Chen2, Chun-Wei Ho2,3

1 Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, 08028 Barcelona, Spain

2 Department of Geosciences, National Central University, Jongli, Taiwan.

3 Central Weather Bureau, Taipei 100, Taiwan

Presented at: 2017 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

The structure of the south Taiwan fold-and-thrust belt (FTB) comprises a roughly N-S striking, 
west-verging imbricate thrust system that has been developing since the Late Miocene. Here, we 
present the results of new surface geological mapping, serial balanced cross sections, long sections, 
and a map of the basal thrust that are combined with published borehole data and a 3D P-wave to-
mography model to constrain the structure at depth. The stratigraphy of the area comprises Eocene 
syn-rift sediments that are unconformably overlain by Oligocene through Middle Miocene shallow 
water post-rift sediments. These are unconformably overlain by Late Miocene through Holocene-age 
syn-orogenic sediments. We define the basement to these as the Mesozoic pre-rift rocks of the Eur-
asian margin, and assign it a P-wave velocity of > 5.2 km/s in the velocity model. The syn-orogenic 
sediments thicken and get progressively involved in the thrust sheets toward the south. 

The south Taiwan FTB can be divided into several thrust sheets. In the northern part of the map 
area, the structural grain is roughly N-S striking, changing southward to become NE-SW oriented. 
The westernmost thrust sheets form broad, open synclines cored by Pliocene to Holocene sediments, 
and tight hanging wall anticlines formed by Miocene rocks. Along its eastern flank, a narrow, com-
plexly folded anticlinorium is developed in Miocene rocks. Restoration of the cross-sections indicates 
about 15 to 17 km of shortening. The basal thrust deepens from the surface towards the E and SE in 
a staircase trajectory, with narrow ramps and wide flats, reaching up to 8 km depth in the east before 
ramping down into the basement. The basal thrust has two pronounced, NE-striking oblique ramps 
that coincide with sigmoidal changes in shape of structures in the hanging wall. These correlate with 
a SW-NE trending increase in the P-wave velocity that is interpreted to image a basement high. We 
interpret this basement high to be an inherited extensional structure of the margin, and that faults 
associated with it are being reactivated, causing the changes in strike of the basal thrust, as well as in 
the surface trace of thrust and fold axes. 
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Abstract 7: 

Along–strike changes in the structure, seismicity, and topography of the south-central Taiwan 
fold-and-thrust belt inherited from the Eurasian margin

Dennis Brown1, Joaquina Alvarez-Marron1, Cristina Biete1, Hao, Kuo-Chen2, Giovanni Camanni3, 
Chun-Wei Ho2

• 
1Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, 08028 Barcelona, Spain

• 
2Department of Geosciences, National Central University, Jongli, Taiwan.

• 
3 University College, Dublin

Presented at: 2018 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

Studies of mountain belts worldwide show that along-strike changes are common in their fore-
land fold-and-thrust belts. These are typically caused by processes related to fault reactivation and/
or fault focusing along changes in sedimentary sequences. The study of active orogens, like Taiwan, 
can also provide insights into how these processes influence transient features such as seismicity and 
topography. In this paper, we trace regional-scale features from the Eurasian continental margin in 
the Taiwan Strait into the south-central Taiwan fold-and-thrust belt. We then present newly mapped 
surface geology, P-wave velocity maps and sections, seismicity, and topography to test the hypothesis 
of whether or not these regional-scale features of the margin are contributing to along-strike changes 
in structural style, seismicity, and topography in this part of the Taiwan fold-and-thrust belt. These 
data show that the most important along-strike change takes place at the eastward prolongation of 
the upper part of the margins necking zone, where there is a causal link between fault reactivation, 
involvement of basement in the thrusting, concentration of seismicity, and the formation of high to-
pography. On the area correlated with the necking zone, the strike-slip reactivation of east-northeast 
striking extensional faults is causing sigmoidal offset of structures and topography along two main 
zones. Here, basement is not involvement in the thrusting, there is weak focusing of seismicity, and 
localized development of topography.We also show that there are important differences in structure, 
seismicity, and topography between the margins shelf and its necking zone.
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Abstract 8: 

Spatial distribution of the horizontal stress in the fold-and-thrust belt of south-central Taiwan 
from earthquake focal mechanisms

Cristina Biete 1, Björn Lund 2, Dennis Brown 1, Joaquina Alvarez-Marron 1, Yih-Min Wu 3, Hao 
Kuo-Chen 4, Chun-Wei Ho4,5

1 Institute of Earth Sciences, Jaume Almera, ICTJA-CSIC, 08028 Barcelona, Spain. cbiete@
ictja.csic.es
2 Department of Earth Science Geophysics, University of Uppsala, Uppsala, Sweden
3 Department of Earth Science, National Taiwan University, Taipei, Taiwan
4 Department of Earth Science, National Central University, Zhongli District, Taoyuan City, 
Taiwan
5 Central Weather Bureau, Taipei, Taiwan

Presented at: 2018 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

The dominant structure of western Taiwan comprises two fault systems: one that consists of the 
thrusts of the fold-and-thrust belt (FTB) (NNE striking), which are being cut at a high angle by 
a second system that is inherited from the continental margin (ENE striking). To investigate the 
complexities that the interaction of these two fault systems introduce into the deformation style and 
kinematics of the south-central Taiwan FTB we integrate the surface geology with the inversion of 
more than 2400 earthquake focal mechanisms to calculate the stress tensor, horizontal stress and their 
more probable failure planes. Earthquakes in the study area occur throughout the crust, but they are 
predominantly located below the basal thrust of the FTB between 5 to 20km depth. To investigate 
above the basal thrust, we then compare the horizontal stress azimuths with the strain rate vectors 
calculated from GPS data. The focal mechanism data set has been manually discretized depending on 
their distribution in tectono-stratigraphic units, structures and mechanisms. In depth, we take into 
account the location of the basement, then: from 0-7km depth is above the basement, 7-15km lies 
within the basement, and 15–45km represents the deeper crust. Using these criteria, we identified 42 
clusters with more than the minimum of 20 events needed to obtain a reliable stress tensor and its 
failure planes, these is used to calculate the maximum horizontal stress azimuth (Sh). The Sh azimuths 
smoothly turn along the study area from NW in the east to SW in the west, with the exception of 
the Chi-chi earthquake area, where Sh azimuth strikes N-S. While Sh does not present significant 
depth variations and is coherent with the surface strain directions, depth changes are found in the 
stress regime and principal failure planes through the study area. Above the basement, which is pre-
dominantly strike-slip, both fault systems are represented but, NE-striking ones (those similar to the 
margin), are located below surface geology along-strike changes. The upper basement presents a clear 
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strike-slip band ENE-striking in the center of the FTB with principal failure planes NE-striking, as 
the ones representing the margin structure also found in the foreland basin basement. Moreover, this 
band location is just below a cut by an ENE-striking fault of the deformation front surface expres-
sion. South of this band, the basement presents contractional tensors and N-S principal failure planes 
as in the FTB. Finally, the deep basement slice presents clusters with contractional behavior and N-S 
principal failure planes as are that characteristic from the mountain belt.

This study shows that the tectonic stress of the just above and upper basement of the study area 
has a clear influence from the continental margin structures and, considering the casual relationship 
between above and upper basement tectonic stress and failure planes striking distribution and the 
surface geology along-strike changes it suggests that the structures and configuration of the margin 
may be also affecting the deformation style and kinematics of the south-central Taiwan FTB.
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Abstract 9: 

How the structure of a continental margin affects the development of a fold and thrust belt. 3: 
evidences from field mapping and geological cross-sections in south-central Taiwan

Joaquina Alvarez-Marron1, Cristina Biete1, Dennis Brown1, Hao Kuo-Chen2

1Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, 08028 Barcelona, Spain

2Department of Geosciences, National Central University, Jongli, Taiwan.

Presented at: 2018 EGU General Assembly. Vienna (Austria)

Type of presentation: poster

Abstract:

The southwest Taiwan fold-and-thrust belt is forming on the outer shelf and slope of the Eur-
asian continental margin. It comprises a roughly N-S striking, west-verging imbricate thrust system 
that has been developing since the Late Miocene. Here, we present the results of new surface geologi-
cal mapping from which we construct balanced and restored cross sections and along-strike sections. 
From these we compile maps of the basal thrust, thrust branch lines and, where possible, stratigraphic 
cut-offs. To interpret the structure in the subsurface and beneath the basal thrust, we use a P-wave 
velocity of 5.2 km/s as a proxy for the top of the Mesozoic basement. From these data we interpret 
the 3D structure of the fold-and-thrust belt and the influence that the structure and morphology 
of the continental margin is having on its development. We divide the southwest Taiwan fold-and-
thrust belt into a number of thrust sheets that form the basis of our description and interpretations. 
Shortening is variable, ranging from 16 km to 25 km. We show that there are significant along-strike 
changes in the structure that we suggest have a causal relationship with variations in the geometry of 
the basal thrust and that these, in turn, are related to basement highs and lows interpreted from the 
P-wave velocity model. Finally, a number of local- and regional-scale unconformities provide infor-
mation on the Pliocene through Holocene growth of the fold-and-thrust belt and the change from 
marine to sub-aerial deformation.
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Table ST1_A4. Table with clusters statistics values (median, average, one standard deviation) for the focal 
mechanism solution quality index (Qfp) given by Y.-M. Wu et al. [2008]. The number of events in each cluster 
with Qfp below 0.2 (N_Qfp<0.2), and its percentage (%_Qfp<0.2) are also shown. The number of nodal planes 
chosen with the instability criterion in each cluster (InstaPlane), along with its percentage (%_InstaPlane), is 
also shown. The median, average and standard deviation of each column is given at the bottom of the table.
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Figure SD2_A4. Focal mechanism cluster information and results from the inversion for each depth level clus-
ter of Figure 1.7. For each cluster there are seven plots which in order from left to right show (all steronets are 
equal area lower hemisphere plots): Column A) stereonets with P- and T-axes. Column B) stereonet with poles 
to the nodal planes. Column C) Triangular distribution plot depending on the faulting type after Kagan [2005]. 
Column D) Best fitting stress tensor, with s1, s2, and s3 directions (symbols: square, diamond, triangle, respec-
tively) and the 10%, 68% and 95% confidence limits of s1, and s3 coloured, in warm and cold colours respec-
tively. At the edge of the plot is the SH direction with its confidence limit as a histogram. Column E) stereonets 
showing the Kamb contours of the poles to the selected fault planes that best fit the stress tensor. Column F) 
Rose diagram with the strikes of the selected fault planes from Column D), highlighting the mean strike of the 
primary and secondary fault families in red solid and dashed lines, respectively. Column G) Mohr-Coulomb 
diagrams with all nodal planes in the clusters, showing with red circles the selected nodal planes and with blue 
crosses the nodal planes that were not selected. A coefficient of friction of 0.6 was used to construct the Mohr-
Coulomb diagrams. Parameters of the inversion results: N = number of events, R = relative size of the inter-
mediate principal stress, Dev = Deviation and Mis = Misfit. The locations of the clusters are shown in Figure 5.
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