
 
 

 
 
 
 
 

The structure of the south-central  
Taiwan thrust belt 

 
Giovanni Camanni 

 
 
 
 
 
 
 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB 
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos 
privados enmarcados en actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro 
ni su difusión y puesta a disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza 
la presentación de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta 
reserva de derechos afecta tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de 
partes de la tesis es obligado indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the 
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the 
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative 
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital 
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not 
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or 
citation of parts of the thesis it’s obliged to indicate the name of the author. 



	
  



	
  

Institute	
  of	
  Earth	
  Sciences	
  ‘Jaume	
  Almera’	
  

Spanish	
  National	
  Research	
  Council	
  

	
  
	
  

	
  

	
  

	
  

The	
  structure	
  of	
  the	
  south-­‐central	
  Taiwan	
  thrust	
  belt	
  
	
  

	
  

	
  

	
  

Ph.D.	
  thesis	
  presented	
  at	
  the	
  Faculty	
  of	
  Geology	
  of	
  the	
  University	
  of	
  Barcelona	
  to	
  obtain	
  the	
  Degree	
  of	
  

Doctor	
  in	
  Geology	
  

	
  

	
  

	
  

Ph.D.	
  student:	
  

Giovanni	
  Camanni1	
  

	
  

	
  

Supervisors:	
   	
   	
   	
   	
   	
   	
   	
   	
   Tutor:	
  

Dr.	
  Dennis	
  Brown1	
   	
   	
   	
   	
   	
   Prof.	
  Eduard	
  Roca	
  Abella2	
  

Dr.	
  Joaquina	
  Alvarez-­‐Marron1	
  

	
  

	
  

	
  
1Institute	
  of	
  Earth	
  Sciences	
  ‘Jaume	
  Almera’	
  
2Department	
  of	
  Geodynamic	
  and	
  Geophysics	
  of	
  the	
  University	
  of	
  Barcelona	
  

	
  

	
  

	
  

September	
  2014	
  



	
  ii	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
   	
  



	
   	
   	
  

	
   iii	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

To	
  Maria	
  who,	
  while	
  
preparing	
  one	
  of	
  her	
  
unforgettable	
  meals	
  
years	
  ago,	
  read	
  the	
  
future	
  in	
  my	
  eyes,	
  

	
  
and	
  to	
  Andrés	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

“The	
  real	
  voyage	
  of	
  discovery	
  consists	
  not	
  in	
  seeking	
  new	
  landscapes,	
  but	
  in	
  having	
  new	
  eyes”	
  
Marcel	
  Proust	
  

	
  
	
   	
  



	
  iv	
  

	
  
	
  
	
   	
  



	
   	
   	
  

	
   v	
  

Table	
  of	
  Contents	
  

Abbreviations	
  .....................................................................................................................................	
  vii	
  

List	
  of	
  figures	
  .....................................................................................................................................	
  viii	
  

Abstract	
  ..............................................................................................................................................	
  ix	
  

Chapter	
  1	
  -­‐	
  Introduction	
  .......................................................................................................................	
  1	
  

1.1.	
  Presentation	
  of	
  the	
  thesis	
  .................................................................................................................	
  2	
  
1.2.	
  Geological	
  framework	
  .......................................................................................................................	
  4	
  

1.2.1.	
  The	
  Eurasian	
  margin	
  ..................................................................................................................	
  4	
  
1.2.2.	
  The	
  Taiwan	
  mountain	
  belt	
  .........................................................................................................	
  6	
  

1.3.	
  Objectives	
  .........................................................................................................................................	
  8	
  
1.4.	
  Methodology	
  ....................................................................................................................................	
  9	
  

1.4.1.	
  Field	
  mapping	
  ............................................................................................................................	
  9	
  
1.4.2.	
  P-­‐wave	
  velocity	
  models	
  ...........................................................................................................	
  10	
  

1.4.2.1.	
  Data	
  description	
  ...............................................................................................................	
  10	
  
1.4.2.2.	
  Data	
  processing	
  and	
  usage	
  ...............................................................................................	
  11	
  

1.4.3.	
  Earthquake	
  hypocentres	
  and	
  focal	
  mechanisms	
  .....................................................................	
  12	
  
1.4.3.1.	
  Data	
  description	
  ...............................................................................................................	
  12	
  
1.4.3.2.	
  Data	
  processing	
  and	
  usage	
  ...............................................................................................	
  12	
  

1.4.4.	
  3D	
  data	
  analysis	
  and	
  visualization	
  ...........................................................................................	
  13	
  
1.5.	
  Geology	
  of	
  south-­‐central	
  Taiwan	
  ....................................................................................................	
  15	
  

1.5.1.	
  The	
  Western	
  Foothills	
  .............................................................................................................	
  15	
  
1.5.2.	
  The	
  Hsuehshan	
  Range	
  .............................................................................................................	
  16	
  
1.5.3.	
  The	
  Central	
  Range	
  ...................................................................................................................	
  17	
  

Chapter	
  2	
  -­‐	
  Articles	
  .............................................................................................................................	
  19	
  

Presentation	
  of	
  the	
  articles	
  ...................................................................................................................	
  20	
  
Article	
  1	
  -­‐	
  The	
  structure	
  and	
  kinematics	
  of	
  the	
  central	
  Taiwan	
  mountain	
  belt	
  derived	
  from	
  geological	
  
and	
  seismicity	
  data	
  ................................................................................................................................	
  22	
  
Article	
  2	
  -­‐	
  The	
  Shuilikeng	
  fault	
  in	
  the	
  central	
  Taiwan	
  mountain	
  belt	
  .....................................................	
  48	
  
Article	
  3	
  -­‐	
  Basin	
  inversion	
  in	
  central	
  Taiwan	
  and	
  its	
  importance	
  for	
  seismic	
  hazard	
  .............................	
  63	
  
Article	
  4	
   -­‐	
  Structural	
  complexities	
   in	
  a	
   foreland	
  thrust	
  belt	
   inherited	
  from	
  the	
  shelf-­‐slope	
  transition:	
  
Insights	
  from	
  the	
  Alishan	
  area	
  of	
  Taiwan	
  ..............................................................................................	
  68	
  
Article	
  5	
  -­‐	
  The	
  deep	
  structure	
  of	
  south-­‐central	
  Taiwan	
  illuminated	
  by	
  seismic	
  tomography,	
  earthquake	
  
hypocentre,	
  and	
  gravity	
  data	
  .................................................................................................................	
  87	
  

Chapter	
  3	
  -­‐	
  Overall	
  summary	
  ............................................................................................................	
  111	
  

3.1.	
  Summary	
  of	
  results	
  .......................................................................................................................	
  112	
  
3.1.1.	
  The	
  structure	
  and	
  kinematics	
  of	
  the	
  Shuilikeng	
  Fault	
  ...........................................................	
  112	
  

3.1.1.1.	
  The	
  Shuilikeng	
  Fault	
  at	
  the	
  surface	
  ................................................................................	
  112	
  
3.1.1.2.	
  The	
  Shuilikeng	
  Fault	
  at	
  depth	
  .........................................................................................	
  113	
  

3.1.2.	
  Deep	
  structure	
  beneath	
  south-­‐central	
  Taiwan	
  .....................................................................	
  114	
  
3.1.2.1.	
  Basement-­‐cover	
  interface	
  ..............................................................................................	
  114	
  
3.1.2.2.	
  Deep-­‐seated	
  fault	
  systems	
  .............................................................................................	
  115	
  



	
  vi	
  

3.2.	
   Discussion:	
   the	
   influence	
   of	
   variously	
   oriented	
   extensional	
   basement	
   faults	
   inherited	
   from	
   the	
  
Eurasian	
  margin	
  on	
  the	
  structural	
  development	
  of	
  the	
  south-­‐central	
  Taiwan	
  thrust	
  belt	
  ..................	
  117	
  

3.2.1.	
  Introduction	
  to	
  the	
  discussion	
  ...............................................................................................	
  117	
  
3.2.2.	
  Inherited	
  faults	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan	
  .......................	
  118	
  
3.2.3.	
  Inherited	
  faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan	
  ........................	
  119	
  
3.2.4.	
  Implications	
  for	
  the	
  interpretation	
  of	
  the	
  structure	
  of	
  south-­‐central	
  Taiwan	
  .......................	
  120	
  

3.3.	
  Conclusions	
  ...................................................................................................................................	
  121	
  

Acknowledgements	
  ..........................................................................................................................	
  123	
  

References	
  cited	
  in	
  the	
  text	
  ..............................................................................................................	
  125	
  

Appendices	
  ......................................................................................................................................	
  135	
  

Appendix	
  1	
  -­‐	
  Geological	
  maps	
  ..............................................................................................................	
  136	
  
Appendix	
  2	
  -­‐	
  Conference	
  abstracts	
  related	
  to	
  the	
  thesis	
  .....................................................................	
  141	
  

	
  

	
   	
  



	
   	
   	
  

	
   vii	
  

Abbreviations	
  

Faults:	
  

AF	
  =	
  Alenkeng	
  Fault	
  
BF	
  =	
  “B”	
  Fault	
  
ChF	
  =	
  Chaochou	
  Fault	
  
ChyF	
  =	
  Chiayang	
  fault	
  	
  
ChiF	
  =	
  Chinma	
  Fault	
  
ChT	
  =	
  Changhua	
  Thrust	
  
CT	
  =	
  Chelungpu	
  Thrust	
  
GF	
  =	
  Guaosing	
  Fault	
  	
  
LF	
  =	
  Lishan	
  Fault	
  
LvF	
  =	
  Longitudinal	
  Valley	
  Fault	
  
SF	
  =	
  Shenmu	
  Fault	
  
SkF	
  =	
  Shuilikeng	
  Fault	
  
ST	
  =	
  Shuangtung	
  Thrust	
  
TT	
  =	
  Tili	
  Thrust	
  
YF	
  =	
  Yichu	
  Fault	
  
	
  
Folds:	
  

CS	
  =	
  Chuangyuan	
  Syncline	
  
GA	
  =	
  Guaosing	
  Anticline	
  	
  
HA	
  =	
  Hsiaoan	
  Anticline	
  	
  
LS	
  =	
  Lileng	
  Syncline	
  
MA	
  =	
  Meitzulin	
  Anticline	
  	
  
TA	
  =	
  Tsukeng	
  Anticline	
  	
  
TiS	
  =	
  Tingkan	
  Syncline	
  	
  
TS	
  =	
  Tachiwei	
  Syncline	
  	
  
TaaS	
  =	
  Taanshan	
  Syncline	
  	
  
TahS	
  =	
  Tahenpingshan	
  Syncline	
  
	
  
Institutions:	
  

CGS	
  =	
  Central	
  Geological	
  Survey	
  
CSIC	
  =	
  Consejo	
  Superior	
  de	
  Investigaciones	
  Científicas	
  
CWBSN	
  =	
  Central	
  Weather	
  Bureau	
  Seismic	
  Network	
  
ICTJA	
  =	
  Instituto	
  de	
  Ciencias	
  de	
  la	
  Tierra	
  ‘Jaume	
  Almera’	
  
NTU	
  =	
  National	
  Taiwan	
  University	
  

	
   	
  



	
  viii	
  

List	
  of	
  figures	
  

Figure	
  1.1.	
  Geodynamic	
  setting	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  
Figure	
  1.2.	
  Sections	
  of	
  the	
  Eurasian	
  continental	
  margin	
  to	
  the	
  west	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  
Figure	
  1.3.	
  Tectonostratigraphic	
  zones	
  and	
  major	
  bounding	
  faults	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  
Figure	
  1.4.	
  Distribution	
  of	
  the	
  stations	
  used	
  to	
  construct	
  the	
  P-­‐wave	
  velocity	
  models	
  used	
  in	
  this	
  study	
  
Figure	
  1.5.	
  Comparison	
  between	
  relocated	
  earthquake	
  hypocentres	
  before	
  and	
  after	
  the	
  collapsing	
  	
  
Figure	
  1.6.	
  Earthquake	
  seismicity	
  datasets	
  used	
  in	
  this	
  thesis	
  visualized	
  using	
  the	
  software	
  Voxler	
  
Figure	
  1.7.	
  Schematic	
  stratigraphy	
  of	
  the	
  geology	
  within	
  the	
  study	
  area	
  
Figure	
  1.8.	
  Geological	
  cross-­‐sections	
  through	
  the	
  study	
  area	
  	
  
	
  
Figure	
  3.1.	
  Sketch	
  and	
  photographs	
  of	
  the	
  Shuilikeng	
  Fault	
  	
  
Figure	
  3.2.	
  P-­‐wave	
  velocity	
  model	
  of	
  Wu	
  et	
  al.	
  (2007)	
  from	
  within	
  central	
  Taiwan	
  
Figure	
  3.3.	
  March	
  27th	
  to	
  April	
  15th	
  2013	
  Nantou	
  sequence	
  hypocentres	
  
Figure	
  3.4.	
  Depth	
  distribution	
  of	
  the	
  basement-­‐cover	
  interface	
  beneath	
  the	
  study	
  area	
  
Figure	
  3.5.	
  Schematic	
  block	
  diagram	
  showing	
  the	
  interpreted	
  deep	
  structure	
  beneath	
  the	
  study	
  area	
  
	
  
	
   	
  



	
   	
   	
  

	
   ix	
  

Abstract	
  

The	
   Taiwan	
   thrust	
   belt	
   is	
   generally	
   thought	
   to	
   develop	
   above	
   a	
   shallow,	
   through-­‐going	
   basal	
  
detachment	
  confined	
  to	
  within	
  the	
  sedimentary	
  cover	
  of	
  the	
  Eurasian	
  continental	
  margin.	
  A	
  number	
  of	
  
data	
   sets,	
   however,	
   such	
   as	
   surface	
   geology,	
   earthquake	
   hypocentre,	
   and	
   seismic	
   tomography	
   data	
  
among	
   others,	
   suggest	
   that	
   crustal	
   levels	
   below	
   the	
   interpreted	
   location	
   of	
   the	
   detachment	
   are	
   also	
  
currently	
   being	
   involved	
   in	
   the	
   deformation.	
   In	
   this	
   thesis,	
   new	
   surface	
   geology	
   data	
  were	
   combined	
  
with	
  several	
  available	
  geophysical	
  data	
  sets	
  to	
  find	
  a	
  model	
  for	
  the	
  structure	
  of	
  the	
  south-­‐central	
  part	
  of	
  
the	
  thrust	
  belt	
  that	
  takes	
  into	
  account	
  deformation	
  taking	
  place	
  at	
  depth.	
  Results	
  of	
  this	
  thesis	
  indicate	
  
that	
   beneath	
   the	
   internal	
   Hsuehshan	
   and	
   Central	
   ranges	
   the	
   structural	
   development	
   of	
   the	
   south-­‐
central	
  Taiwan	
  thrust	
  belt	
  is	
  controlled	
  by	
  steeply	
  dipping	
  and	
  deep-­‐penetrating	
  faults	
  that	
  are	
  currently	
  
inverting	
  pre-­‐existing	
  basement	
  faults	
   inherited	
  from	
  the	
  Eurasian	
  continental	
  margin.	
  Basement	
  rocks	
  
are	
  uplifted	
  along	
  these	
  faults	
  to	
  form	
  a	
  basement	
  culmination	
  in	
  the	
  interior	
  of	
  the	
  thrust	
  belt.	
  Beneath	
  
the	
  more	
  external	
  Coastal	
  Plain	
  and	
  Western	
  Foothills,	
  however,	
  most	
  of	
  the	
  deformation	
  appears	
  to	
  be	
  
taking	
  place	
  near	
  the	
  basement-­‐cover	
  interface,	
  which	
  is	
  acting	
  as	
  an	
  extensive	
  level	
  of	
  detachment	
  and	
  
still	
  preserves	
  the	
  extensional	
  geometry	
  inherited	
  from	
  the	
  Eurasian	
  margin.	
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Chapter	
  1	
  -­‐	
  Introduction	
  

	
  
	
   	
  



	
  2	
  

1.1.	
  Presentation	
  of	
  the	
  thesis	
  

This	
   Ph.D.	
   thesis	
   was	
   carried	
   out	
   at	
   the	
   Institute	
   of	
   Earth	
   Sciences	
   ‘Jaume	
   Almera’	
   (ICTJA)	
   of	
   the	
  
Spanish	
   National	
   Research	
   Council	
   (CSIC)	
   during	
   the	
   years	
   2010	
   (November)	
   through	
   to	
   2014	
  
(September)	
  with	
   the	
   aid	
   of	
   the	
   JAE-­‐Predoc	
   Ph.D.	
   grant	
   by	
   the	
   CSIC,	
   and	
   co-­‐funded	
  by	
   the	
   European	
  
Social	
  Fund	
  (ESF).	
  Furthermore,	
  the	
  thesis	
  was	
  also	
  part	
  of	
  a	
  research	
  project	
  on	
  “Arc-­‐continent	
  collision	
  
processes	
   in	
  Taiwan”	
  (CGL2009-­‐11843	
  BTE)	
  financed	
  by	
  the	
  Spanish	
  Ministry	
  of	
  Education	
  and	
  Science	
  
aimed	
  at	
  studying	
  the	
  deformation	
  of	
  the	
  continental	
  crust	
  during	
  arc-­‐continent	
  collision	
  in	
  Taiwan.	
  This	
  
research	
  project	
  was	
  carried	
  out	
   in	
  collaboration	
  with	
  colleagues	
   from	
  the	
  National	
  Taiwan	
  University	
  
(NTU),	
   and	
   the	
  Central	
  Geological	
   Survey	
   (CGS)	
   in	
  Taipei	
   (Taiwan).	
   Funding	
   from	
   this	
   research	
  project	
  
allowed	
  the	
  Ph.D.	
  student	
  to:	
  

o Carry	
  out	
  three	
  field	
  campaigns	
  of	
  one	
  month	
  each	
  in	
  Taiwan,	
  in	
  collaboration	
  with	
  colleagues	
  from	
  
ICTJA,	
  and	
  with	
  the	
  aid	
  of	
  collaborators	
  from	
  CGS;	
  

o Carry	
  out	
  a	
  stay	
  of	
  one	
  month	
  at	
  the	
  Seismological	
  Laboratory	
  of	
  NTU;	
  
o Attend	
  a	
  three-­‐day	
  course	
  on	
  “Convergent	
  margins	
  and	
  subduction	
  zones:	
  deformation	
  processes	
  at	
  

the	
  plate	
  interface”	
  at	
  the	
  University	
  of	
  Torino	
  (Italy);	
  	
  
o Attend	
  international	
  and	
  national	
  conferences;	
  
o Cover	
  the	
  costs	
  for	
  the	
  publication	
  of	
  the	
  articles.	
  

In	
  addition,	
  the	
  Ph.D.	
  student	
  was	
  granted	
  a	
  scholarship	
  for	
  extended	
  stays	
  given	
  by	
  the	
  CSIC	
  to	
  the	
  
holders	
  of	
  a	
  JAE-­‐Predoc	
  grant.	
  This	
  additional	
  funding	
  allowed	
  the	
  student	
  to:	
  

o Carry	
  out	
  a	
  stay	
  of	
  three	
  months	
  at	
  the	
  Seismological	
  Laboratory	
  of	
  NTU.	
  

Results	
  of	
  the	
  work	
  carried	
  out	
  by	
  the	
  Ph.D.	
  student	
  during	
  his	
  thesis	
  have	
  been	
  presented	
  either	
  as	
  
poster	
  and	
  oral	
  presentations	
  in	
  a	
  total	
  of	
  eight	
  international	
  and	
  national	
  conferences.	
  These	
  include,	
  
among	
   others,	
   the	
   General	
   Assembly	
   of	
   the	
   European	
   Geophysical	
   Union	
   (EGU),	
   the	
   American	
  
Geophysical	
   Union	
   (AGU)	
   Fall	
  Meeting,	
   and	
   the	
   International	
   Conference	
   on	
   the	
   Tectonics	
   of	
   Taiwan	
  
(TOTIC).	
  Results	
  were	
  also	
  presented	
  as	
  poster	
  presentations	
  in	
  national	
  congresses	
  such	
  as	
  the	
  Annual	
  
Meeting	
  of	
   the	
   Italian	
  Group	
  of	
   Structural	
  Geology,	
   and	
   the	
  8th	
  Geological	
  Congress	
  of	
   Spain.	
   Finally,	
  
results	
   of	
   the	
  work	
   carried	
   out	
   during	
   the	
   thesis	
   are	
   included	
   in	
   five	
   original	
   articles	
   that	
   have	
   been	
  
either	
   published	
   (4	
   articles)	
   or	
   under	
   review	
   (1	
   article)	
   in	
   SCI	
   journals.	
   This	
   thesis	
   is	
   organized	
   as	
   a	
  
compilation	
  of	
  these	
  five	
  articles	
  that	
  are	
  presented	
  in	
  a	
  chronological	
  order	
  according	
  to	
  their	
  date	
  of	
  
publication.	
  These	
  articles	
  are:	
  

o Brown,	
  D.,	
  Alvarez-­‐Marron,	
  J.,	
  Schimmel,	
  M.,	
  Wu,	
  Y.-­‐M.,	
  and	
  Camanni,	
  G.	
  (2012),	
  The	
  structure	
  and	
  
kinematics	
   of	
   the	
   central	
   Taiwan	
   mountain	
   belt	
   derived	
   from	
   geological	
   and	
   seismicity	
   data.	
  
Tectonics,	
  v.	
  31,	
  no.	
  5,	
  doi:	
  10.1029/2012TC003156;	
  

o Camanni,	
  G.,	
  Brown,	
  D.,	
  Alvarez-­‐Marron,	
  J.,	
  Wu,	
  Y.-­‐M.,	
  and	
  Chen,	
  H.-­‐A.	
  (2014),	
  The	
  Shuilikeng	
  fault	
  
in	
  the	
  central	
  Taiwan	
  mountain	
  belt.	
  Journal	
  of	
  the	
  Geological	
  Society,	
  London,	
  v.	
  171,	
  p.	
  117-­‐130,	
  
doi:	
  10.1144/jgs2013-­‐014;	
  

o Camanni,	
  G.,	
  Chen,	
  C.-­‐H.,	
  Brown,	
  D.,	
  Alvarez-­‐Marron,	
  J.,	
  Wu,	
  Y.-­‐M.,	
  Chen,	
  H.-­‐A.,	
  Huang,	
  H.-­‐H.,	
  Chu,	
  
H.-­‐T.,	
  Chen,	
  M.-­‐M.,	
  and	
  Chang,	
  C.-­‐H.	
  (2014),	
  Basin	
  inversion	
  in	
  central	
  Taiwan	
  and	
  its	
  importance	
  for	
  
seismic	
  hazard.	
  Geology,	
  v.	
  42,	
  no.	
  2,	
  p.	
  147-­‐150,	
  doi:	
  10.1130/G35102.1;	
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o Alvarez-­‐Marron,	
   J.,	
   Brown,	
   D.,	
   Camanni,	
   G.,	
   Wu,	
   Y.-­‐M.,	
   and	
   Kuo-­‐Chen,	
   H.	
   (2014),	
   Structural	
  
complexities	
   in	
   a	
   foreland	
   thrust	
   belt	
   inherited	
   from	
   the	
   shelf-­‐slope	
   transition:	
   Insights	
   from	
   the	
  
Alishan	
  area	
  of	
  Taiwan.	
  Tectonics,	
  v.	
  33,	
  no.	
  7,	
  p.	
  1322-­‐1339,	
  doi:	
  10.1002/2014TC003584;	
  

o Camanni,	
  G.,	
  Alvarez-­‐Marron,	
   J.,	
  Brown,	
  D.,	
  Ayala,	
  C.,	
  Wu,	
  Y.-­‐M.,	
  and	
  Hsieh,	
  H.-­‐H.	
   (under	
   review),	
  
The	
   deep	
   structure	
   of	
   south-­‐central	
   Taiwan	
   illuminated	
   by	
   seismic	
   tomography,	
   earthquake	
  
hypocentres,	
  and	
  gravity	
  data.	
  Geological	
  Society	
  of	
  America	
  Bulletin,	
  MS	
  number:	
  B31138.	
  

	
  
Following	
  the	
  Article	
  37	
  of	
  the	
  guidelines	
  (“Normativa	
  reguladora	
  del	
  doctorat”	
  of	
  October	
  2013)	
  of	
  

the	
  University	
  of	
  Barcelona	
  for	
  Ph.D.	
  thesis	
  presented	
  as	
  a	
  compilation	
  of	
  scientific	
  articles,	
  this	
  thesis	
  is	
  
divided	
  into	
  three	
  chapters	
  followed	
  by	
  two	
  appendices	
  in	
  which	
  two	
  geological	
  maps	
  from	
  within	
  the	
  
study	
   area	
   of	
   the	
   Ph.D.	
   thesis	
   are	
   presented,	
   and	
   the	
   conference	
   abstracts	
   of	
   the	
   poster	
   and	
   oral	
  
presentations	
   related	
   to	
   the	
   thesis	
   are	
   listed.	
   This	
   chapter	
   (Chapter	
   1)	
   is	
   an	
   introductory	
   part	
   to	
   the	
  
thesis	
  in	
  which	
  the	
  geological	
  framework	
  of	
  the	
  study	
  area	
  in	
  south-­‐central	
  Taiwan,	
  the	
  main	
  objectives	
  
of	
  the	
  thesis,	
  the	
  methodological	
  approach	
  used	
  by	
  the	
  Ph.D.	
  student	
  in	
  his	
  research,	
  and	
  an	
  overview	
  of	
  
the	
   geology	
  of	
   the	
   study	
   area	
   are	
  presented.	
  Chapter	
   2	
   contains	
   the	
  original	
   articles	
   that	
   include	
   the	
  
results	
   of	
   the	
  work	
   carried	
  out	
  by	
   the	
  Ph.D.	
   student	
  during	
  his	
   thesis.	
   The	
   articles	
   are	
  preceded	
  by	
   a	
  
presentation	
  of	
  them	
  in	
  which	
  it	
  is	
  specified	
  their	
  content	
  and	
  how	
  they	
  link	
  to	
  each	
  other.	
  Each	
  article	
  
in	
  Chapter	
  2,	
   furthermore,	
   is	
  preceded	
  by	
  a	
  page	
   in	
  which,	
  along	
  with	
  the	
  title	
  and	
  the	
  authors	
  of	
  the	
  
article,	
   the	
   contributions	
   of	
   the	
   Ph.D.	
   student	
   to	
   the	
   article	
   are	
   clearly	
   specified.	
   Finally,	
   Chapter	
   3	
  
comprises	
   an	
   extended	
   summary	
   of	
   the	
   thesis,	
  which	
   includes	
   a	
   summary	
   of	
   the	
   results	
   of	
   the	
  work	
  
carried	
  out	
  by	
  the	
  Ph.D.	
  student	
  during	
  this	
  thesis,	
  a	
  comprehensive	
  discussion	
  of	
  them,	
  and	
  the	
  overall	
  
conclusions	
  of	
  the	
  thesis.	
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1.2.	
  Geological	
  framework	
  

1.2.1.	
  The	
  Eurasian	
  margin	
  

The	
  active	
  Taiwan	
  mountain	
  belt	
  is	
  located	
  in	
  the	
  island	
  of	
  Taiwan,	
  which	
  lies	
  nearly	
  180	
  km	
  off	
  the	
  
southeastern	
   coast	
   of	
   mainland	
   China,	
   across	
   the	
   Taiwan	
   Strait	
   (Fig.	
   1.1).	
   The	
   mountain	
   belt	
   is	
  
developing	
   in	
   a	
   complex	
   geodynamic	
   setting	
   defined	
   by	
   two	
   quasi-­‐orthogonal	
   subduction	
   systems	
   in	
  
which	
   the	
  Eurasian	
  and	
   the	
  Philippine	
  Sea	
  plates	
   interact.	
   Southwest	
   the	
  mountain	
  belt,	
   the	
  Eurasian	
  
Plate	
   is	
   subducting	
   eastward	
  beneath	
   the	
   Philippine	
   Sea	
   Plate	
   at	
   the	
  Manila	
   Trench,	
   and,	
   east	
   of	
   the	
  
mountain	
  belt,	
   the	
  Philippine	
  Sea	
  Plate	
   is	
   in	
   turn	
  subducting	
  northward	
  beneath	
  the	
  Eurasian	
  Plate	
  at	
  
the	
  Ryukyu	
  Trench	
  (Angelier,	
  1986;	
  Byrne	
  et	
  al.,	
  2011;	
  Huang	
  et	
  al.,	
  1997;	
  Huang	
  et	
  al.,	
  2000;	
  Huang	
  et	
  
al.,	
  2006;	
  Sibuet	
  and	
  Hsu,	
  2004).	
  Since	
  the	
  study	
  area	
  is	
  located	
  in	
  south-­‐central	
  Taiwan,	
  only	
  the	
  former	
  
subduction	
  system,	
  its	
  footwall	
  and	
  its	
  hanging	
  wall	
  are	
  of	
  importance	
  for	
  this	
  thesis.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
   	
  

Fig.	
   1.1.	
   Geodynamic	
   setting	
   of	
   the	
   Taiwan	
  mountain	
   belt.	
   OCT	
   =	
   ocean-­‐continent	
   transition.	
   The	
   convergence	
  
vector	
   of	
   8.3	
   cm/yr	
   is	
   from	
   Yu	
   et	
   al.	
   (1997).	
   The	
   structures	
   on	
   the	
   Eurasian	
   margin	
   and	
   the	
   location	
   of	
   the	
  
deformation	
  front	
  offshore	
  southwestern	
  Taiwan	
  are	
  from	
  Lin	
  et	
  al.	
  (2008);	
  Lin	
  et	
  al.	
  (2003);	
  Yeh	
  et	
  al.	
  (2012).	
  The	
  
locations	
  of	
  the	
  sections	
  A-­‐A´	
  and	
  B-­‐B´,	
  shown	
  in	
  Fig.	
  1.2,	
  are	
  given.	
  	
  

The	
  tectonic	
  evolution	
  that	
  led	
  to	
  the	
  pre-­‐collisional	
  configuration	
  of	
  the	
  Eurasian	
  Plate	
  margin	
  in	
  the	
  
footwall	
  of	
   the	
  Manila	
  Trench	
  can	
  be	
  summarized	
   in	
  a	
  number	
  of	
  significant	
   tectonic	
  events	
   that	
  pre-­‐
date	
   the	
   Taiwan	
   orogeny	
   (e.g.,	
   Huang	
   et	
   al.,	
   1997;	
   Huang	
   et	
   al.,	
   2000;	
   Huang	
   et	
   al.,	
   2006;	
   Lin	
   et	
   al.,	
  
2003).	
  From	
  the	
  oldest	
  to	
  the	
  youngest,	
  these	
  are:	
  	
  

o A	
  phase	
  of	
  Paleocene	
  to	
  Early	
  Oligocene	
  rifting,	
  which	
  resulted	
  in	
  the	
  development	
  of	
  the	
  Eurasian	
  
continental	
  margin	
  in	
  this	
  area;	
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o A	
  phase	
  of	
  Early	
  Oligocene	
  to	
  Middle	
  Miocene	
  sea	
  floor	
  spreading,	
  which	
  resulted	
  in	
  the	
  opening	
  of	
  
the	
  South	
  China	
  Sea;	
  

o A	
  phase	
  of	
  Late	
  Oligocene	
  to	
  Miocene	
  extension,	
  which	
  resulted	
  in	
  the	
  development	
  of	
  basins	
  on	
  
the	
  outer	
  platform	
  to	
  slope	
  areas	
  of	
  the	
  Eurasian	
  continental	
  margin;	
  

o A	
  phase	
  of	
  intraoceanic	
  subduction	
  of	
  the	
  South	
  China	
  Sea	
  oceanic	
  crust	
  beneath	
  the	
  Philippine	
  Sea	
  
Plate	
  since	
  the	
  Early	
  Miocene,	
  which	
  resulted	
  in	
  the	
  development	
  of	
  the	
  Luzon	
  volcanic	
  Arc	
  on	
  the	
  
Philippine	
  Sea	
  Plate.	
  

Continuous	
   subduction	
   of	
   the	
   South	
   China	
   Sea	
   oceanic	
   crust	
   beneath	
   the	
   Philippine	
   Sea	
   Plate	
  
brought	
  the	
  leading	
  edge	
  of	
  the	
  Eurasian	
  continental	
  margin	
  progressively	
  closer	
  to	
  the	
  Luzon	
  volcanic	
  
Arc,	
  and	
  finally	
  determined	
  their	
  oblique	
  collision	
  since	
  the	
  Late	
  Miocene.	
  The	
  Taiwan	
  mountain	
  belt	
  is	
  
forming	
  as	
  the	
  result	
  of	
  this	
  oblique	
  arc-­‐continent	
  collision	
  (Byrne	
  et	
  al.,	
  2011;	
  Ho,	
  1988;	
  Huang	
  et	
  al.,	
  
1997;	
  Huang	
  et	
  al.,	
  2000;	
  Huang	
  et	
  al.,	
  2006;	
  Sibuet	
  and	
  Hsu,	
  2004;	
  Suppe,	
  1981,	
  1984;	
  Teng,	
  1990).	
  At	
  
present,	
  the	
  Philippine	
  Sea	
  Plate	
  is	
  moving	
  towards	
  the	
  NW	
  (N49°W)	
  at	
  a	
  rate	
  of	
  c.	
  8.3	
  cm/yr	
  relative	
  to	
  
a	
  fixed	
  point	
  (Penghu	
  Island)	
  on	
  the	
  Eurasian	
  Plate	
  (Seno,	
  1977;	
  Yu	
  et	
  al.,	
  1997).	
  	
  

A	
  template	
  for	
  the	
  structure	
  of	
  the	
  Eurasian	
  continental	
  margin,	
  which	
  is	
  currently	
  being	
  involved	
  in	
  
the	
  Taiwan	
  orogeny,	
  can	
  be	
  derived	
  from	
  the	
  current	
  structure	
  of	
  the	
  margin	
  to	
  the	
  west	
  and	
  southwest	
  
of	
   Taiwan	
   (Fig.	
   1.1),	
   since	
   this	
   part	
   of	
   the	
  margin	
   is	
   still	
   not	
   involved	
   in	
   the	
   collision	
  with	
   the	
   Luzon	
  
volcanic	
   arc.	
   The	
   overall	
   regional	
   structure	
   of	
   this	
   part	
   of	
   the	
   margin	
   is	
   well-­‐known	
   from	
   seismic	
  
reflection,	
  boreholes,	
  gravity,	
  and	
  magnetic	
  data	
  (Deng	
  et	
  al.,	
  2012;	
  Hayes	
  and	
  Nissen,	
  2005;	
  Lester	
  et	
  
al.,	
  2012;	
  Lester	
  et	
  al.,	
  2014;	
  Li	
  et	
  al.,	
  2007;	
  Liao	
  et	
  al.,	
  2014;	
  Lin	
  et	
  al.,	
  2008;	
  Lin	
  et	
  al.,	
  2003;	
  McIntosh	
  et	
  
al.,	
  2013;	
  Nissen	
  et	
  al.,	
  1995;	
  Pin	
  et	
  al.,	
  2001;	
  Sibuet	
  et	
  al.,	
  2002;	
  Teng	
  and	
  Lin,	
  2004;	
  Yeh	
  et	
  al.,	
  2012).	
  In	
  
these	
  articles,	
  the	
  entire	
  profile	
  of	
  the	
  continental	
  margin	
  has	
  been	
  described,	
  from	
  the	
  full	
  thickness	
  of	
  
the	
   continental	
   crust	
   (platform)	
   in	
   the	
   north,	
   to	
   the	
   thinned	
   crust	
   of	
   the	
   slope,	
   towards	
   the	
   ocean-­‐
continent	
  transition	
  in	
  the	
  south.	
  The	
  shelf-­‐slope	
  transition	
  is	
  commonly	
  taken	
  to	
  coincide	
  with	
  the	
  200	
  
m	
   bathymetry	
   contour,	
   whereas	
   there	
   is	
   some	
   uncertainty	
   as	
   to	
   the	
   exact	
   location	
   of	
   the	
   ocean-­‐
continent	
  transition	
  (the	
  different	
  interpretations	
  of	
  Briais	
  et	
  al.,	
  1993;	
  Hsu	
  et	
  al.,	
  2004	
  are	
  given	
  in	
  Fig	
  
1.1).	
  Furthermore,	
  it	
  has	
  been	
  shown	
  that	
  the	
  platform,	
  slope	
  and	
  more	
  distal	
  areas	
  of	
  the	
  margin	
  to	
  the	
  
west	
   and	
   southwest	
   of	
   Taiwan	
   are	
   defined	
   by	
   a	
   number	
   of	
   Paleogene-­‐aged,	
   rift-­‐related,	
   roughly	
   NE-­‐
oriented	
  basins	
  (Lin	
  et	
  al.,	
  2003).	
  Examples	
  of	
  these	
  Paleogene-­‐aged	
  basins	
  are	
  the	
  Nanjihtao	
  and	
  Taihsi	
  
basins	
  (Figs.	
  1.1	
  and	
  1.2)	
  that	
  are	
  located	
  on	
  the	
  platform	
  area	
  of	
  the	
  margin.	
  These	
  basins	
  are	
  mainly	
  
filled	
  with	
  Paleogene	
  clastic	
   sediments	
   that	
  can	
   reach	
  up	
   to	
  6	
  km	
   in	
   thickness	
  overlain	
  by	
  up	
   to	
  3	
  km	
  
thick	
  Oligo-­‐Miocene	
  clastic	
  platform	
  sediments	
  (Lin	
  et	
  al.,	
  2003).	
  These	
  sediments	
  are	
  overlain	
  by	
  up	
  to	
  
5	
  km	
  thick	
  Pliocene-­‐Holocene	
  syn-­‐orogenic	
  sediments	
  derived	
  form	
  the	
  adjacent	
  Taiwan	
  mountain	
  belt.	
  
Another	
  example	
  of	
  Paleogene-­‐aged	
  rift-­‐related	
  basins	
   is	
   the	
  Hsuehshan	
  Basin	
  which	
   is	
   interpreted	
  to	
  
be	
   a	
   graben	
  or	
   half-­‐graben	
   located	
  on	
   the	
  platform	
  part	
   of	
   the	
  margin(Ho,	
   1988;	
  Huang	
  et	
   al.,	
   1997;	
  
Teng,	
  1990;	
  Teng	
  and	
  Lin,	
  2004;	
  Teng	
  et	
  al.,	
  1991),	
  and	
  which	
   is	
  currently	
   involved	
  in	
  the	
  deformation	
  
within	
  the	
  Taiwan	
  orogen	
  where	
  it	
  forms	
  the	
  Hsuehshan	
  Range	
  of	
  the	
  mountain	
  belt	
  (see	
  section	
  1.2.2).	
  
According	
   to	
   Teng	
   et	
   al.	
   (1991)	
   and	
   Teng	
   and	
   Lin	
   (2004)	
   this	
   basin	
   was	
   filled	
   with	
   up	
   to	
   4	
   km	
   thick	
  
Paleogene	
  clastics	
  overlain	
  by	
  up	
  to	
  5	
  km	
  of	
  Oligo-­‐Miocene	
  clastic	
  platform	
  sediments.	
  	
  

Importantly	
  for	
  this	
  thesis,	
  Late	
  Oligocene	
  to	
  Miocene	
  extension	
  resulted	
  in	
  the	
  development	
  of	
  the	
  
Tainan	
   Basin	
   on	
   the	
   outer	
   platform	
   to	
   slope	
   areas	
   of	
   the	
  margin	
   (Figs.	
   1.1	
   and	
   1.2)	
   (Chen	
   and	
   Yang,	
  
1996;	
  Ding	
  et	
  al.,	
  2008;	
  Huang	
  et	
  al.,	
  2004;	
  Lester	
  et	
  al.,	
  2014;	
  Li	
  et	
  al.,	
  2007;	
  Lin	
  et	
  al.,	
  2003;	
  Tang	
  and	
  
Zheng,	
  2010;	
  Yang	
  et	
  al.,	
  2006).	
  Since	
  the	
  study	
  area	
   in	
  south-­‐central	
  Taiwan	
   is	
   located	
  roughly	
  at	
  the	
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onshore	
  projection	
  of	
  the	
  Tainan	
  Basin,	
  its	
  structure	
  and	
  sediments	
  deposited	
  within	
  it	
  are	
  of	
  particular	
  
importance	
   for	
   better	
   understanding	
   the	
   rocks	
   that	
   are	
   currently	
   being	
   involved	
   in	
   the	
   deformation	
  
within	
  south-­‐central	
  Taiwan.	
  The	
  Tainan	
  Basin	
  comprises	
  two	
  Miocene	
  depocentres	
  called	
  the	
  Northern	
  
and	
   Southern	
   depressions,	
   separated	
   by	
   a	
   structural	
   high	
   called	
   the	
   Central	
   Uplift	
   (Fig.	
   1.2).	
   The	
  
Miocene	
  clastics	
  in	
  the	
  Tainan	
  Basin	
  reach	
  up	
  to	
  6	
  km	
  in	
  thickness,	
  and	
  are	
  overlain	
  by	
  up	
  to	
  7	
  km	
  (in	
  the	
  
Southern	
   Depression)	
   of	
   Pliocene	
   to	
   Holocene	
   sediments	
   (Lin	
   et	
   al.,	
   2003).	
   On	
   the	
   basis	
   of	
   seismic	
  
reflection	
  and	
  boreholes	
  data,	
  a	
  number	
  of	
  different	
  interpretations	
  have	
  been	
  proposed	
  for	
  the	
  current	
  
internal	
  structure	
  of	
  the	
  basin:	
  for	
  example,	
  Lin	
  et	
  al.	
  (2003)	
  proposes	
  that	
  the	
  Central	
  Uplift	
  is	
  bound	
  to	
  
the	
   north	
   by	
   a	
   NW-­‐dipping	
   extensional	
   fault;	
   Huang	
   et	
   al.	
   (2004)	
   suggests	
   that	
   the	
   Central	
   Uplift	
   is	
  
bound	
   to	
   the	
   south	
  by	
   a	
   SE-­‐dipping	
  extensional	
   fault;	
   Chen	
  and	
  Yang	
   (1996)	
   suggest	
   that	
   the	
  Central	
  
Uplift	
   is	
   bound	
   by	
   extensional	
   faults	
   on	
   both	
   sides.	
  Most	
   authors,	
   however,	
   suggest	
   that	
   the	
   Tainan	
  
Basin	
   is	
   bound	
   to	
   the	
   north	
   by	
   a	
   system	
   of	
   SSE-­‐dipping	
   extensional	
   faults	
   that	
   have	
   been	
   grouped	
  
together	
  and	
  called	
  “B”	
  (Lin	
  et	
  al.,	
  2003)	
  or	
  Meishan	
  (Yang	
  et	
  al.,	
  2007)	
  and	
  Yichu	
  faults	
  (Lin	
  et	
  al.,	
  2003).	
  	
  

	
  

Fig.	
   1.2.	
   Sections	
   A-­‐A´	
   and	
   B-­‐B´	
   from	
  
within	
   the	
   Nanjihtao,	
   Taihsi,	
   and	
   Tainan	
  
basins	
   to	
   the	
   west	
   of	
   the	
   Taiwan	
  
mountain	
   belt.	
   The	
   sections	
   were	
   drawn	
  
using	
   the	
   sedimentary	
   thicknesses	
  
offshore	
   Taiwan	
   proposed	
   by	
   Lin	
   et	
   al.	
  
(2003).	
   The	
   location	
   of	
   the	
   sections	
   is	
  
given	
  in	
  Fig.	
  1.1.	
  

1.2.2.	
  The	
  Taiwan	
  mountain	
  belt	
  

The	
   Taiwan	
  mountain	
   belt	
   can	
   be	
   divided	
   in	
   five	
   roughly	
   N-­‐S	
   oriented	
   tectonostratigraphic	
   zones	
  
separated	
  by	
  major	
  faults	
  (Fig.	
  1.3).	
  From	
  west	
  to	
  east,	
  these	
  zones	
  are:	
  the	
  Coastal	
  Plain,	
  the	
  Western	
  
Foothills,	
  the	
  Hsuehshan	
  Range,	
  the	
  Central	
  Range,	
  and	
  the	
  Coastal	
  Range.	
  The	
  Coastal	
  Plain,	
  Western	
  
Foothills,	
  Hsuehshan	
  Range,	
  and	
  Central	
  Range	
  are	
   forming	
  as	
   the	
   result	
  of	
  deformation	
  and	
  uplift	
  of	
  
syn-­‐	
   to	
   post-­‐rift	
   Paleogene	
   to	
   Miocene	
   clastics	
   and	
   older	
   pre-­‐rift	
   continental	
   margin	
   rocks	
   of	
   the	
  
Eurasian	
   margin,	
   and	
   the	
   Pliocene	
   and	
   younger	
   syn-­‐orogenic	
   sediments	
   of	
   the	
   foreland	
   basin	
   (e.g.,	
  
Byrne	
  et	
  al.,	
  2011;	
  Ho,	
  1988;	
  Suppe,	
  1981).	
  The	
  Western	
  Foothills	
  are	
  juxtaposed	
  against	
  the	
  Hsuehshan	
  
Range	
  along	
  the	
  Shuilikeng	
  Fault	
  in	
  the	
  north,	
  and	
  against	
  the	
  Central	
  Range	
  along	
  the	
  Chaochou	
  Fault	
  in	
  
the	
  south	
  (Fig.	
  1.3).	
  To	
  the	
  east,	
  the	
  Hsuehshan	
  Range	
  is	
  juxtaposed	
  against	
  the	
  Central	
  Range	
  along	
  the	
  
Lishan	
  Fault.	
  The	
  Coastal	
  Range	
  is	
  composed	
  of	
  volcanic	
  rocks	
  and	
  arc-­‐derived	
  sediments	
  of	
  the	
  Luzon	
  
Arc	
  that	
  are	
  being	
  thrust	
  obliquely	
  towards	
  the	
  northwest	
  over	
  the	
  Central	
  Range	
  along	
  the	
  Longitudinal	
  
Valley	
  Fault,	
  which	
  forms	
  the	
  suture	
  between	
  the	
  Eurasian	
  and	
  the	
  Philippine	
  Sea	
  plates	
  (Fig.	
  1.3)	
  (e.g.,	
  
Chen	
  et	
  al.,	
  2007;	
  Shyu	
  et	
  al.,	
  2008;	
  Yu	
  and	
  Kuo,	
  2001).	
  	
  

The	
   Coastal	
   Plain	
   and	
   the	
  Western	
   Foothills	
   form	
   the	
   frontal	
   part	
   of	
   the	
  mountain	
   belt,	
   and	
   their	
  
structure	
   is	
   thought	
   to	
   be	
   that	
   of	
   an	
   imbricate	
   thrust	
   system	
   linked	
   to	
   a	
   sub-­‐horizontal	
   basal	
   thrust	
  
developed	
   at	
   shallow	
   depths	
   within	
   the	
   crust	
   (e.g.,	
   Alvarez-­‐Marron	
   et	
   al.,	
   2014;	
   Brown	
   et	
   al.,	
   2012;	
  
Carena	
  et	
  al.,	
  2002;	
  Suppe,	
  1976,	
  1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005).	
  This	
  imbricate	
  thrust	
  
system	
  is	
  bound	
  in	
  the	
  west	
  by	
  the	
  Changhua	
  Thrust,	
  which	
  is	
  generally	
  interpreted	
  to	
  coincide	
  with	
  the	
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deformation	
   front	
   of	
   the	
   mountain	
   belt	
   (e.g.,	
   Hsu	
   et	
   al.,	
   2009;	
   Yu	
   et	
   al.,	
   1997;	
   Fig.	
   1.3).	
   There	
   are	
  
uncertainties,	
  however,	
  on	
  the	
  structure	
  of	
  the	
  more	
  internal	
  Hsuehshan	
  and	
  Central	
  Ranges.	
  According	
  
to	
  some	
  authors	
   (e.g.,	
  Carena	
  et	
  al.,	
  2002;	
  Ding	
  et	
  al.,	
  2001;	
  Malavieille	
  and	
  Trullenque,	
  2009;	
  Suppe,	
  
1976,	
  1980b,	
  1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005),	
  the	
  sub-­‐horizontal	
  basal	
  thrust	
  beneath	
  
the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  would	
  extend	
  eastward	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
  
Range,	
  and	
  would	
  steepen	
  and	
  deepen	
  beneath	
  the	
  Coastal	
  Range	
  when	
  it	
  is	
  thought	
  to	
  reach	
  c.	
  60	
  km	
  
depth	
  (e.g.,	
  Carena	
  et	
  al.,	
  2002).	
   In	
  contrast,	
  others	
  suggested	
  that	
  the	
  Hsuehshan	
  and	
  Central	
   ranges	
  
would	
   form	
  a	
   zone	
  with	
   steeply	
  dipping	
   faults	
   rooted	
   into	
   the	
  middle	
  and	
  even	
   the	
   lower	
   crust	
   (e.g.,	
  
Bertrand	
  et	
  al.,	
  2009,	
  2012;	
  Brown	
  et	
  al.,	
  2012;	
  Gourley	
  et	
  al.,	
  2007;	
  Wu	
  et	
  al.,	
  2004;	
  Wu	
  et	
  al.,	
  2014;	
  Wu	
  
et	
  al.,	
  1997).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  

Fig.	
  1.3.	
  Major	
  tectonostratigraphic	
  zones	
  and	
  bounding	
  faults	
  of	
  the	
  Taiwan	
  mountain	
  belt.	
  The	
  red	
  box	
  indicates	
  
the	
  location	
  of	
  the	
  area	
  analysed	
  using	
  available	
  geophysical	
  datasets;	
  the	
  green	
  box	
  indicates	
  the	
  area	
  mapped	
  
at	
  the	
  surface	
  in	
  collaboration	
  with	
  colleagues	
  from	
  ICTJA;	
  the	
  blue	
  box	
  indicates	
  the	
  location	
  of	
  the	
  map	
  shown	
  in	
  
Geological	
  map	
  1.	
  ChF	
  =	
  Chaochou	
  Fault,	
  ChiF	
  =	
  Chinma	
  Fault,	
  ChT	
  =	
  Changhua	
  Thrust,	
  LF	
  =	
  Lishan	
  Fault,	
  LvF	
  =	
  
Longitudinal	
  Valley	
  Fault,	
  SkF	
  =	
  Shuilikeng	
  Fault.	
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1.3.	
  Objectives	
  

The	
  main	
  aim	
  of	
  this	
  thesis	
  was	
  to	
  refine	
  the	
  structure	
  of	
  the	
  south-­‐central	
  part	
  of	
  the	
  Taiwan	
  orogen	
  
taking	
   into	
   account	
   the	
   influence	
  of	
   pre-­‐existing	
   structures	
   inherited	
   from	
   the	
   Eurasian	
  margin	
   on	
   its	
  
structural	
  development.	
  Since	
  the	
  south-­‐central	
  part	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  is	
  developing	
  over	
  the	
  
platform	
   to	
   slope	
   areas	
   of	
   the	
   Eurasian	
   continental	
   margin	
   that	
   have	
   been	
   shown	
   to	
   be	
   in	
   part	
  
controlled	
  by	
  Paleogene-­‐	
  and	
  Miocene-­‐aged	
  fault-­‐bound	
  basins,	
  the	
  study	
  area	
  is	
  an	
  ideal	
  laboratory	
  to	
  
study	
  the	
  effects	
   that	
   inherited	
  structures	
  have	
  on	
  the	
  development	
  of	
   the	
  mountain	
  belt.	
  To	
  achieve	
  
this	
  aim,	
  detailed	
  objectives	
  of	
  the	
  thesis	
  included:	
  	
  

o Defining	
   the	
   structure	
   and	
   kinematics	
   of	
   the	
   Shuilikeng	
   Fault.	
   The	
   Shuilikeng	
   Fault	
   marks	
   a	
  
significant	
  change	
  in	
  the	
  level	
  of	
  crustal	
  involvement	
  that	
  takes	
  place	
  in	
  south-­‐central	
  Taiwan	
  across	
  
it,	
   and	
   along	
   its	
   entire	
   length	
   it	
   forms	
   the	
   western	
   bounding	
   faults	
   of	
   rocks	
   derived	
   from	
   the	
  
Hsuehshan	
   Basin.	
   This	
   change	
   in	
   the	
   level	
   of	
   crustal	
   involvement	
   is	
   suggested	
   by	
   differences	
   in	
  
metamorphic	
   grade	
  and	
   stratigraphic	
   levels	
   involved	
   in	
   the	
  deformation	
   in	
   the	
  Western	
   Foothills	
  
and	
  the	
  Hsuehshan	
  Range.	
  This	
  significant	
  change	
  is	
  accompanied	
  by	
  changes	
  in	
  the	
  distribution	
  of	
  
earthquake	
  hypocentres,	
  and	
  P-­‐wave	
  velocities	
  (Gourley	
  et	
  al.,	
  2007;	
  Huang	
  et	
  al.,	
  2014;	
  Kim	
  et	
  al.,	
  
2010;	
  Kim	
  et	
  al.,	
  2005;	
  Kuo-­‐Chen	
  et	
  al.,	
  2012;	
  Lin,	
  2007;	
  Wu	
  et	
  al.,	
  2004;	
  Wu	
  et	
  al.,	
  2014;	
  Wu	
  et	
  al.,	
  
1997;	
  Wu	
  et	
  al.,	
  2007;	
  Yamato	
  et	
  al.,	
  2009).	
  All	
  these	
  evidences	
  point	
  toward	
  the	
  Shuilikeng	
  Fault	
  as	
  
a	
  key	
  feature	
  in	
  the	
  structural	
  development	
  of	
  south-­‐central	
  Taiwan;	
  	
  
	
  

o Defining	
   the	
   deep	
   structure	
   beneath	
   south-­‐central	
   Taiwan.	
   The	
   study	
   area	
   includes	
   significant	
  
deep-­‐seated	
  seismicity,	
  which	
  suggests	
  that	
  deformation	
  that	
  is	
  taking	
  place	
  within	
  deep	
  levels	
  of	
  
the	
  crust	
  is	
  actively	
  contributing	
  to	
  the	
  structural	
  development	
  of	
  the	
  mountain	
  belt	
  (e.g.,	
  Gourley	
  
et	
   al.,	
   2007;	
  Wu	
   et	
   al.,	
   2004;	
  Wu	
   et	
   al.,	
   2014;	
  Wu	
   et	
   al.,	
   1997).	
   However,	
   how	
   this	
   seismicity	
   is	
  
integrated	
  in	
  the	
  regional	
  geological	
  context	
  is	
  still	
  not	
  completely	
  understood.	
  To	
  define	
  the	
  deep	
  
structure	
   beneath	
   the	
   study	
   area,	
   the	
   trend	
   of	
   the	
   basement-­‐cover	
   interface	
  was	
   defined	
   along	
  
with	
  deep-­‐seated	
  fault	
  systems.	
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1.4.	
  Methodology	
  

A	
   multidisciplinary	
   methodological	
   approach	
   was	
   adopted	
   in	
   this	
   study,	
   which	
   consisted	
   in	
   the	
  
integration	
   of	
   new	
   surface	
   geology	
   data	
   and	
   structural	
   analysis,	
   with	
   several	
   available	
   geophysical	
  
datasets.	
   In	
   particular,	
   data	
   derived	
   from	
   field	
   mapping	
   and	
   structural	
   geology	
   techniques	
   were	
  
combined	
  with	
  two	
  tomography	
  P-­‐wave	
  (Primary	
  wave)	
  velocity	
  models	
  (Kuo-­‐Chen	
  et	
  al.,	
  2012;	
  Wu	
  et	
  
al.,	
  2007),	
  and	
  with	
  a	
  catalogue	
  of	
  earthquake	
  hypocentres	
  (Wu	
  et	
  al.,	
  2008a;	
  Wu	
  et	
  al.,	
  2009)	
  and	
  focal	
  
mechanisms	
   (Wu	
  et	
  al.,	
  2010;	
  Wu	
  et	
  al.,	
  2008b).	
  While	
   surface	
  geology	
  data	
  provided	
   information	
  on	
  
the	
  shallow	
  structure	
  and	
  kinematics,	
  earthquake	
  seismicity	
  data	
  provided	
  information	
  on	
  the	
  location,	
  
geometry	
   and	
   kinematics	
   of	
   fault	
   systems	
   at	
   depth,	
   and	
   the	
   P-­‐wave	
   velocity	
   data	
   helped	
   define	
   the	
  
velocity	
  structure	
  of	
  the	
  mountain	
  belt	
  from	
  which	
  insights	
  on	
  its	
  structure	
  at	
  depth	
  can	
  be	
  derived.	
  	
  

Data	
  collection	
  and	
  processing	
  was	
  carried	
  out	
  both	
  in	
  the	
  field	
  and	
  in	
  the	
  Seismological	
  Laboratory	
  
of	
  the	
  Department	
  of	
  Geosciences	
  of	
  NTU	
  in	
  Taipei	
  (Taiwan),	
  in	
  different	
  periods	
  during	
  the	
  realization	
  
of	
   this	
   thesis.	
   Extensive	
   geological	
   mapping	
   to	
   collect	
   new	
   surface	
   geology	
   data	
   was	
   done	
   in	
  
collaboration	
  with	
  Dr.	
  Alvarez-­‐Marron	
   and	
  Dr.	
   Brown	
   from	
   ICTJA	
  during	
   three	
   field	
   campaigns	
  of	
   one	
  
month	
  each	
  carried	
  out	
  during	
  the	
  first,	
  second,	
  and	
  fourth	
  year	
  of	
  this	
  thesis.	
  Collaborators	
  from	
  CGS	
  of	
  
Taiwan	
  assisted	
  for	
  a	
  period	
  of	
  two	
  weeks	
  during	
  the	
  first	
  field	
  campaign.	
  The	
  map	
  area	
  covered	
  during	
  
this	
   thesis	
   is	
   shown	
   in	
   green	
   in	
   Fig.	
   1.3	
  A.	
   Laboratory	
  work	
  was	
   carried	
  out	
   during	
   a	
   three-­‐	
   and	
  one-­‐
month	
  stays	
  undertaken	
  during	
  the	
  second	
  and	
  third	
  year	
  of	
  this	
  thesis,	
  respectively,	
  at	
  the	
  Department	
  
of	
  Geosciences	
  of	
  NTU	
  under	
  the	
  supervision	
  of	
  Prof.	
  Wu	
  and	
  his	
  collaborators.	
  During	
  these	
  stays,	
  the	
  
work	
  carried	
  out	
  involved	
  the	
  managing	
  of	
  earthquake	
  seismicity,	
  focal	
  mechanisms	
  and	
  P-­‐wave	
  velocity	
  
data,	
  and	
  the	
  further	
  processing	
  of	
  these	
  data	
  from	
  within	
  the	
  study	
  area.	
  The	
  area	
  analysed	
  using	
  these	
  
geophysical	
  datasets	
  is	
  shown	
  in	
  red	
  in	
  Fig.	
  1.3	
  A.	
  	
  

In	
  the	
  following	
  paragraphs	
  each	
  technique	
  used	
  in	
  the	
  multidisciplinary	
  methodological	
  approach	
  is	
  
described	
   separately.	
   In	
   the	
   presentation	
   of	
   the	
   geophysical	
   datasets,	
   a	
   description	
   of	
   the	
   data	
  
themselves	
  is	
  provided	
  first,	
  followed	
  by	
  specific	
  information	
  on	
  the	
  work	
  carried	
  out	
  at	
  NTU,	
  and	
  by	
  a	
  
description	
  of	
  the	
  use	
  made	
  of	
  these	
  datasets	
  to	
  achieve	
  the	
  objectives	
  of	
  the	
  thesis.	
  	
  

1.4.1.	
  Field	
  mapping	
  

Field	
   mapping	
   was	
   a	
   fundamental	
   technique	
   used	
   in	
   this	
   thesis	
   and	
   it	
   was	
   carried	
   out	
   at	
   both	
  
1:25.000	
  and	
  1:50.000	
  scales	
  (see	
  geological	
  maps	
  1	
  and	
  2	
  in	
  Appendix	
  1).	
  In	
  particular,	
  during	
  the	
  first	
  
two	
  field	
  campaigns,	
  geological	
  mapping	
  was	
  carried	
  out	
  at	
  1:25.000	
  scale	
  along	
  the	
  surface	
  trace	
  of	
  the	
  
Shuilikeng	
  Fault	
  for	
  over	
  100	
  km	
  along	
  its	
  strike	
  in	
  central	
  Taiwan	
  (Fig.	
  1.3).	
  These	
  field	
  campaigns	
  were	
  
aimed	
  at	
   better	
   defining	
   this	
   significant	
   boundary	
  between	
   the	
  Western	
   Foothills	
   and	
   the	
  Hsuehshan	
  
Range.	
  During	
  the	
  final	
  field	
  campaign,	
  geological	
  mapping	
  was	
  carried	
  out	
  at	
  1:50.000	
  scale	
  within	
  the	
  
Western	
   Foothills	
   in	
   the	
   southern	
   part	
   of	
   the	
   study	
   area.	
   This	
   field	
   campaign	
   was	
   aimed	
   at	
  
understanding	
   the	
   structure	
   of	
   this	
   part	
   of	
   the	
  mountain	
   belt	
   as	
   it	
   could	
   provide	
   key	
   insights	
   on	
   the	
  
influence	
  of	
  inherited	
  structures	
  from	
  the	
  margin	
  on	
  the	
  structural	
  development	
  of	
  the	
  mountain	
  belt.	
  	
  

Because	
  of	
   the	
  often	
  high,	
   rugged	
   topography	
  and	
  dense	
   forest	
  cover	
   in	
  Taiwan,	
   the	
  mapping	
  was	
  
carried	
  out	
  mainly	
  following	
  riverbeds	
  and	
  roads.	
  The	
  tracing	
  of	
  structural	
  and	
  stratigraphic	
  boundaries	
  
from	
   one	
   river	
   to	
   another	
  was	
   aided	
   by	
   satellite	
   imagery	
   data	
   and	
   previous	
   geological	
  maps.	
  Where	
  
available,	
   the	
   1:50.000	
   scale	
   geological	
   maps	
   of	
   CGS	
   as	
   well	
   as	
   the	
   Chinese	
   Petroleum	
   Corporation	
  
1:100.000	
  scale	
  maps	
  were	
  used	
  as	
  reference	
  maps.	
  The	
  field	
  mapping	
  involved	
  the	
  measurement	
  of	
  the	
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orientation	
   of	
   surfaces	
   such	
   as	
   bedding	
   and	
   cleavage,	
   and	
   that	
   of	
   fault	
   planes	
   and	
   fold	
   axes.	
   For	
   the	
  
determination	
   of	
   the	
   kinematics	
   of	
   faults	
   the	
   orientation	
   of	
   lineations	
   on	
   fault	
   surfaces,	
   such	
   as	
  
slickenlines	
  and	
  grooves,	
  were	
  also	
  measured.	
   In	
  the	
  kinematic	
  analysis	
  of	
  these	
  fault-­‐slip	
  data,	
  and	
  in	
  
particular	
  in	
  the	
  analysis	
  of	
  those	
  collected	
  from	
  the	
  Shuilikeng	
  Fault,	
  the	
  methodology	
  of	
  Marrett	
  and	
  
Allmendinger	
   (1990)	
   was	
   adopted.	
   This	
   methodology	
   uses	
   the	
   linked	
   Bingham	
   distribution	
   of	
   the	
  
shortening	
   and	
   extension	
   directions	
   of	
   a	
   population	
   of	
   faults	
   to	
   calculate	
   the	
   average	
   incremental	
  
principal	
  strain	
  axes	
  (i.e.,	
  average	
  P	
  and	
  T	
  axes).	
   In	
  order	
  to	
  better	
  visualise	
  these	
  results,	
  the	
  average	
  
incremental	
   principal	
   strain	
   axes	
   were	
   input	
   into	
   the	
   FaultKin	
   software	
   of	
  Marrett	
   and	
   Allmendinger	
  
(1990)	
   (http://www.geo.cornell.edu/geology/faculty/RWA/programs/faultkin.html)	
   to	
   calculate	
   an	
  
average	
  fault	
  plane	
  solution.	
  	
  

All	
  the	
  structural	
  measurements	
  collected	
  in	
  the	
  field	
  were	
  used	
  together	
  to	
  construct	
  regional	
  and	
  
detailed	
   geological	
   maps	
   and	
   cross-­‐sections.	
   Cross-­‐sections	
   were	
   constructed	
   using	
   standard	
  
geometrical	
   techniques	
   in	
   which	
   the	
   location	
   of	
   contacts	
   in	
   the	
   shallow	
   subsurface	
   (c.	
   5	
   km)	
   are	
  
determined	
   using	
   the	
   geometric	
   controls	
   provided	
   by	
   the	
   observed	
   outcropping	
   and	
   borehole	
  
stratigraphic	
  contacts,	
  and	
  the	
  bedding	
  dips.	
  	
  

1.4.2.	
  P-­‐wave	
  velocity	
  models	
  

1.4.2.1.	
  Data	
  description	
  

The	
  P-­‐wave	
  velocity	
  models	
  of	
  Wu	
  et	
  al.	
  (2007)	
  and,	
  secondarily,	
  that	
  of	
  Kuo-­‐Chen	
  et	
  al.	
  (2012)	
  were	
  
used	
  in	
  this	
  study.	
  The	
  P-­‐wave	
  velocity	
  model	
  of	
  Wu	
  et	
  al.	
  (2007)	
  was	
  built	
  using	
  earthquakes	
  recorded	
  
by	
   751	
   stations	
   deployed	
   on	
   the	
   island	
   of	
   Taiwan	
   by	
   the	
   Central	
   Weather	
   Bureau	
   Seismic	
   Network	
  
(CWBSN)	
  and	
  the	
  Taiwan	
  Strong	
  Motion	
  Instrumentation	
  Program	
  (TSMIP)	
  (Fig.	
  1.4	
  A).	
  Stations	
  of	
  TSMIP	
  
are	
  mainly	
   located	
   in	
   the	
   western	
   part	
   of	
   the	
   study	
   area,	
   whereas	
   those	
   of	
   CWBSN	
   are	
   widespread	
  
throughout	
  the	
  study	
  area	
  providing	
  a	
  good	
  coverage	
  of	
  most	
  parts	
  of	
  it.	
  For	
  the	
  construction	
  of	
  the	
  P-­‐
wave	
  velocity	
  model,	
  earthquakes	
  recorded	
  by	
  these	
  stations	
  over	
  the	
  years	
  1992	
  to	
  2005	
  were	
  used.	
  
Within	
  the	
  study	
  area,	
  this	
  P-­‐wave	
  velocity	
  model	
  is	
  distributed	
  over	
  a	
  grid	
  of	
  points	
  horizontally	
  spaced	
  
7.5	
  km	
  and	
  12.5	
  km	
  in	
  the	
  WNW-­‐ESE	
  and	
  NNE-­‐SSW	
  directions,	
  respectively	
  (Fig.	
  1.4).	
  The	
  vertical	
  grid	
  
spacing	
  increases	
  with	
  depth	
  and	
  the	
  grid	
  points	
  are	
  distributed	
  at	
  0,	
  2,	
  4,	
  6,	
  9,	
  13	
  17,	
  21,	
  25,	
  30,	
  35,	
  50,	
  
70,	
  90,	
  110,	
  140,	
  and	
  200	
  km	
  depth.	
  The	
  checkerboard	
   test	
  developed	
   for	
   this	
  P-­‐wave	
  velocity	
  model	
  
indicates	
  an	
  excellent	
  resolution	
  within	
  south-­‐central	
  Taiwan	
  in	
  the	
  first	
  40	
  km	
  of	
  the	
  crust	
  that	
  are	
  of	
  
importance	
  for	
  this	
  thesis	
  (Wu	
  et	
  al.,	
  2007).	
  For	
  further	
  details	
  on	
  the	
  methods	
  adopted	
  in	
  running	
  the	
  
tomography	
  inversion	
  and	
  the	
  checkerboard	
  test	
  of	
  the	
  data	
  the	
  reader	
  is	
  referred	
  to	
  Wu	
  et	
  al.	
  (2007).	
  	
  

The	
  P-­‐wave	
  velocity	
  model	
  of	
  Kuo-­‐Chen	
  et	
  al.	
  (2012)	
  was	
  built	
  in	
  the	
  frame	
  of	
  the	
  Taiwan	
  Integrated	
  
Geodynamic	
  Research	
  (TAIGER)	
  Project	
  (http://taiger.binghamton.edu/),	
  and	
  comprises	
  a	
  regional	
  and	
  a	
  
local	
  tomography.	
  While	
  the	
  regional	
  tomography	
  was	
  built	
  using	
  teleseismic	
  events,	
  the	
  local	
  one	
  was	
  
constructed	
  using	
  both	
  land	
  explosions	
  carried	
  out	
  during	
  TAIGER	
  Project	
  and	
  earthquakes	
  from	
  in	
  and	
  
around	
  Taiwan.	
  During	
  this	
  thesis,	
  only	
  the	
  local	
  tomography	
  was	
  used.	
  The	
  local	
  P-­‐wave	
  velocity	
  model	
  
was	
   constructed	
   using	
   a	
   total	
   of	
   2803	
   stations	
   from	
   both	
   onshore	
   and	
   offshore	
   Taiwan	
   (Fig.	
   1.4	
   B).	
  
Within	
   south-­‐central	
   Taiwan,	
   the	
   horizontal	
   grid	
   spacing	
   of	
   this	
   model	
   is	
   4	
   km	
   in	
   the	
   east-­‐west	
   and	
  
north-­‐south	
  directions.	
  The	
  vertical	
  grid	
  spacing	
  increases	
  with	
  depth	
  and	
  the	
  grid	
  points	
  are	
  at	
  every	
  2	
  
km	
  in	
  the	
  upper	
  24	
  km	
  of	
  the	
  crust,	
  at	
  every	
  4	
  km	
  from	
  24	
  to	
  64	
  km	
  depth,	
  at	
  every	
  8	
  km	
  from	
  64	
  to	
  96	
  
km	
   depth,	
   and	
   at	
   every	
   10	
   km	
   from	
   96	
   to	
   116	
   km	
   depth.	
   The	
   checkerboard	
   test	
   indicates	
   a	
   good	
  
resolution	
   for	
   the	
   upper	
   54	
   km	
   from	
  within	
   the	
   study	
   area	
   in	
   south-­‐central	
   Taiwan	
   (Kuo-­‐Chen	
   et	
   al.,	
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2012).	
  For	
  an	
  overview	
  of	
  the	
  model	
  setup	
  and	
  the	
  data	
  handling	
  the	
  reader	
  is	
  referred	
  to	
  Kuo-­‐Chen	
  et	
  
al.	
  (2012).	
  	
  

A 	
  B 	
  
Fig.	
  1.4.	
  A,	
  Distribution	
  of	
  CWBSN	
  (black	
  squares)	
  and	
  TSMIP	
   (white	
   triangles)	
   stations	
  used	
  to	
  construct	
   the	
  P-­‐
wave	
   velocity	
   model	
   of	
  Wu	
   et	
   al.	
   (2007)	
   (modified	
   after	
  Wu	
   et	
   al.,	
   2007).	
   The	
   horizontal	
   grid	
   spacing	
   of	
   the	
  
velocity	
  model	
   is	
  also	
  shown	
  (grid	
  points	
  are	
  shown	
  as	
  crosses);	
  B,	
  distribution	
  of	
  the	
  stations	
  used	
  to	
  construct	
  
the	
  P-­‐wave	
  velocity	
  model	
  of	
  Kuo-­‐Chen	
  et	
  al.	
  (2012)	
  (modified	
  after	
  Kuo-­‐Chen	
  et	
  al.,	
  2012).	
  EUP	
  =	
  Eurasian	
  Plate,	
  
PSP	
  =	
  Philippine	
  Sea	
  Plate.	
  In	
  both	
  A	
  and	
  B,	
  the	
  red	
  box	
  indicates	
  the	
  area	
  analysed	
  in	
  this	
  thesis.	
  	
  

1.4.2.2.	
  Data	
  processing	
  and	
  usage	
  

Selected	
  P-­‐wave	
  velocity	
  data	
  from	
  the	
  upper	
  40	
  km	
  of	
  the	
  crust	
  of	
  the	
  tomography	
  model	
  of	
  Wu	
  et	
  
al.	
   (2007)	
  were	
  used	
   to	
   construct	
   a	
   three-­‐dimensional	
   P-­‐wave	
   velocity	
  model	
   for	
   the	
   study	
   area.	
   The	
  
checkerboard	
  test	
  data	
  of	
  Wu	
  et	
  al.	
  (2007)	
  were	
  used	
  to	
  calculate	
  the	
  resolution	
  of	
  the	
  P-­‐wave	
  velocity	
  
model	
   built	
   for	
   south-­‐central	
   Taiwan	
   along	
   specific	
   sections	
   of	
   importance	
   for	
   this	
   thesis.	
   A	
   similar	
  
approach	
   was	
   used	
   to	
   construct	
   a	
   P-­‐wave	
   velocity	
   model	
   for	
   south-­‐central	
   Taiwan	
   from	
   the	
   seismic	
  
tomography	
  of	
  Kuo-­‐Chen	
  et	
  al.	
  (2012).	
  	
  

P-­‐wave	
  velocity	
  data	
  from	
  both	
  of	
  these	
  models	
  were	
  used	
  to	
  define	
  the	
  velocity	
  structure	
  beneath	
  
the	
  study	
  area.	
  Given	
  the	
  differences	
  in	
  P-­‐wave	
  velocities	
  between	
  the	
  platform	
  and	
  slope	
  sediments	
  of	
  
the	
   sedimentary	
   cover	
   and	
   the	
   underlying	
   basement	
   rocks,	
   tomography	
   data	
   can	
   be	
   used	
   to	
  
differentiate	
  between	
  these	
  two	
  very	
  different	
  lithologies	
  as	
  well	
  as	
  to	
  define	
  a	
  proxy	
  for	
  the	
  interface	
  
between	
  them	
  (i.e.,	
  the	
  basement-­‐cover	
  interface).	
  In	
  particular,	
  P-­‐wave	
  velocities	
  between	
  5.2	
  and	
  5.5	
  
km/s	
  have	
  been	
  used	
  as	
  a	
  proxy	
   for	
   this	
   interface.	
   To	
   test	
   this	
   interpretation	
   for	
   the	
  basement-­‐cover	
  
interface,	
  the	
  Ph.D.	
  student	
  worked	
  in	
  collaboration	
  with	
  Dr.	
  Ayala	
  from	
  ICTJA	
  who	
  performed	
  a	
  three-­‐
dimensional	
  stochastic	
  gravity	
  inversion	
  of	
  Bouguer	
  anomaly	
  data	
  from	
  within	
  the	
  study	
  area	
  (Yen	
  and	
  
Hsieh,	
  2010;	
  Yen	
  et	
  al.,	
  1995).	
  A	
  four-­‐layer	
  input	
  density	
  model	
  was	
  built	
  using	
  densities	
  obtained	
  from	
  
the	
   conversion	
   of	
   P-­‐wave	
   velocities	
   derived	
   from	
   the	
   tomography	
   data	
   using	
   the	
   method	
   of	
   Barton	
  
(1986),	
  and	
  the	
  modelling	
  program	
  (Geomodeller	
  software,	
  Gibson	
  et	
  al.	
  (2013))	
  was	
  allowed	
  to	
  modify	
  
the	
  densities	
  and	
   the	
   surfaces	
  between	
   the	
   layers	
  until	
   a	
   close	
  match	
  between	
   the	
  observed	
  and	
   the	
  
calculated	
  anomaly	
  was	
  obtained. Results	
  of	
  this	
  test	
  corroborated	
  the	
  interpretation	
  of	
  the	
  basement-­‐
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cover	
   interface	
  to	
  coincide	
  with	
  P-­‐wave	
  velocities	
  comprised	
  between	
  5.2	
  and	
  5.5	
  km/s.	
  Once	
  defined	
  
like	
  this,	
  the	
  trend	
  of	
  the	
  basement-­‐cover	
  interface	
  beneath	
  the	
  study	
  area	
  in	
  south-­‐central	
  Taiwan	
  was	
  
of	
   primary	
   importance	
   for	
   determining	
   the	
   degree	
   of	
   basement	
   rocks	
   involved	
   in	
   the	
   deformation	
  
beneath	
  the	
  study	
  area.	
  	
  

1.4.3.	
  Earthquake	
  hypocentres	
  and	
  focal	
  mechanisms	
  

1.4.3.1.	
  Data	
  description	
  

A	
   catalogue	
   of	
   earthquake	
   hypocentres	
   recorded	
   by	
   stations	
   of	
   CWBSN,	
   TSMIP,	
   and	
   the	
   Japan	
  
Meteorological	
  Agency	
  (JMA)	
  (Wu	
  et	
  al.,	
  2008a;	
  Wu	
  et	
  al.,	
  2009)	
  was	
  used	
  in	
  this	
  study.	
  This	
  catalogue	
  
includes	
   seismic	
   events	
   from	
   1991	
   to	
   2011	
  within	
   the	
  map	
   area	
   of	
   this	
   thesis.	
   The	
   recorded	
   seismic	
  
events	
  range	
  up	
  to	
  >7	
  ML,	
  and	
  have	
  been	
  located	
  using	
  the	
  3D	
  P-­‐wave	
  velocity	
  model	
  of	
  Wu	
  et	
  al.	
  (2007)	
  
described	
   above.	
   Details	
   on	
   the	
   methodology	
   adopted	
   for	
   the	
   relocation	
   can	
   be	
   found	
   in	
  Wu	
   et	
   al.	
  
(2008a);	
  Wu	
  et	
  al.	
  (2009).	
  	
  

The	
  catalogue	
  of	
  earthquake	
  focal	
  mechanisms	
  of	
  Wu	
  et	
  al.	
  (2010);	
  Wu	
  et	
  al.	
  (2008b)	
  was	
  also	
  used.	
  
This	
  catalogue	
  includes	
  focal	
  mechanisms	
  for	
  the	
  events	
  from	
  1991	
  to	
  2011	
  within	
  the	
  study	
  area.	
  For	
  
the	
   determination	
   of	
   the	
   focal	
  mechanisms,	
   the	
   first	
  motion	
   polarities	
   of	
   P-­‐waves	
   of	
   events	
   of	
  ML≥4	
  
recorded	
  by	
  stations	
  of	
  CWBSN,	
  TSMIP,	
  and	
  JMA	
  were	
  used	
  (Wu	
  et	
  al.,	
  2010;	
  Wu	
  et	
  al.,	
  2008b).	
  	
  

1.4.3.2.	
  Data	
  processing	
  and	
  usage	
  

The	
   catalogues	
   of	
   earthquake	
   hypocentres	
   of	
   Wu	
   et	
   al.	
   (2008a);	
   Wu	
   et	
   al.	
   (2009)	
   and	
   focal	
  
mechanisms	
   of	
   Wu	
   et	
   al.	
   (2010);	
   Wu	
   et	
   al.	
   (2008b)	
   were	
   further	
   processed	
   using	
   the	
   collapsing	
  
methodology	
  of	
   Jones	
  and	
  Stewart	
   (1997).	
  This	
  methodology	
   is	
   commonly	
  used	
   in	
   the	
  study	
  of	
  active	
  
fault	
  systems	
  to	
   illuminate	
   fault	
  surfaces	
  within	
  clouds	
  of	
  earthquakes	
  defined	
  by	
  scattered	
  events.	
   In	
  
particular,	
  this	
  methodology	
  involves	
  the	
  determination	
  of	
  statistical	
  measurements	
  for	
  standard	
  errors	
  
in	
  the	
  depth,	
  latitude	
  and	
  longitude	
  for	
  each	
  event	
  and	
  the	
  clustering	
  of	
  events	
  with	
  overlapping	
  error	
  
spheroids.	
   Data	
   were	
   collapsed	
   using	
   3D	
   spatial	
   uncertainty	
   of	
   4	
   standard	
   deviations	
   to	
   truncate	
  
confidence	
   ellipsoid	
   and	
   estimated	
   variance	
   in	
   data.	
   Hypocentre	
  movements	
  were	
   compared	
  with	
   χ2	
  
distribution	
   and	
   repeated	
   until	
   minimum	
   misfit	
   was	
   reached.	
   To	
   show	
   the	
   differences	
   between	
   the	
  
relocated	
  catalogue	
  of	
  earthquake	
  hypocentres	
  before	
  and	
  after	
  the	
  collapsing,	
  earthquake	
  hypocentres	
  
from	
  both	
   these	
  datasets	
  were	
  plotted	
  on	
   the	
  same	
  vertical	
   section	
   from	
  the	
  central	
  part	
  of	
   the	
  map	
  
area	
  (Fig.	
  1.5).	
  The	
  reader	
  can	
  appreciate	
  that	
  uncollapsed	
  earthquake	
  hypocentres	
  largely	
  define	
  open	
  
clouds	
   of	
   earthquakes	
   from	
  which	
   it	
   is	
   difficult	
   to	
   distinguish	
   active	
   fault	
   surfaces,	
  whereas	
   after	
   the	
  
collapsing	
  several	
  linear	
  clusters	
  can	
  be	
  interpreted	
  to	
  image	
  active	
  faults.	
  	
  

	
  

Fig.	
   1.5.	
   A,	
   relocated	
   earthquake	
   hypocentres	
   before	
   and,	
   B,	
   after	
   the	
   collapsing	
   carried	
   out	
   following	
   the	
  
methodology	
   of	
   Jones	
   and	
   Stewart	
   (1997).	
   This	
   section	
   corresponds	
   to	
   the	
   section	
   B-­‐B´	
   in	
   Fig.	
   3.2.,	
   whose	
  
location	
  is	
  given	
  in	
  Geological	
  map	
  1.	
  Seismicity	
  data	
  are	
  projected	
  from	
  4.99	
  km	
  on	
  either	
  side	
  of	
  the	
  section.	
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Further	
  processing	
  of	
  the	
  catalogue	
  of	
  earthquake	
  focal	
  mechanisms	
  of	
  Wu	
  et	
  al.	
   (2010);	
  Wu	
  et	
  al.	
  
(2008b)	
  was	
   also	
  performed.	
   In	
   particular,	
   the	
   fault	
   types	
   (i.e.	
   strike-­‐slip,	
   thrust,	
   and	
  normal)	
   derived	
  
from	
  the	
  focal	
  mechanisms	
  were	
  determined	
  for	
  the	
  entire	
  study	
  area	
  in	
  south-­‐central	
  Taiwan	
  using	
  the	
  
technique	
  of	
  Zoback	
   (1992),	
  which	
   takes	
   into	
  account	
   the	
  plunge	
  of	
   the	
  P,	
  B	
  and	
  T	
  axes	
  of	
  each	
   fault	
  
plane	
  solution.	
  Furthermore,	
  to	
  provide	
  further	
  information	
  for	
  the	
  interpretation	
  of	
  the	
  kinematics	
  of	
  
the	
  Shuilikeng	
  Fault,	
  focal	
  mechanisms	
  from	
  along	
  this	
  fault	
  have	
  been	
  grouped	
  together	
  in	
  5	
  km	
  thick	
  
bins,	
   and	
   the	
   average	
   principal	
   strain	
   axes	
   of	
   each	
   group	
   were	
   calculated	
   using	
   the	
  methodology	
   of	
  
Marrett	
  and	
  Allmendinger	
  (1990).	
  	
  

The	
  catalogue	
  of	
  relocated	
  and	
  collapsed	
  earthquake	
  hypocentres	
  was	
  used	
  to	
  gain	
  insights	
  into	
  the	
  
location	
  and	
  geometry	
  of	
  fault	
  systems	
  at	
  depth	
  beneath	
  the	
  study	
  area.	
  Earthquake	
  focal	
  mechanisms	
  
were	
  used	
  to	
  obtain	
  insights	
  on	
  the	
  kinematics	
  of	
  these	
  fault	
  systems.	
  	
  

1.4.4.	
  3D	
  data	
  analysis	
  and	
  visualization	
  

To	
  analyse	
  the	
  P-­‐wave	
  velocity	
  models	
  of	
  the	
  study	
  area	
  in	
  south-­‐central	
  Taiwan,	
  together	
  with	
  the	
  
collapsed	
  catalogue	
  of	
  earthquake	
  hypocentres	
  and	
  the	
  determined	
  fault	
  types	
  derived	
  from	
  the	
  focal	
  
mechanisms,	
   these	
   data	
   were	
   first	
   plotted	
   in	
   three-­‐dimensions	
   using	
   the	
   software	
   Voxler	
   (v.	
   3)	
   by	
  
Golden	
   Software	
   (http://www.goldensoftware.com/products/voxler)	
   (Fig.	
   1.6).	
   This	
   permitted	
   to	
  
analyse	
   these	
   data	
   together	
   in	
   the	
   same	
   3D	
   environment	
   and	
   to	
   compare	
   them.	
   It	
   also	
   provided	
   a	
  
means	
  to	
  realize	
  preliminary	
  vertical	
  and	
  horizontal	
  sections	
  in	
  any	
  orientations,	
  and	
  to	
  extract	
  several	
  
isovelocity	
  surfaces	
  from	
  the	
  P-­‐wave	
  velocity	
  models	
  that	
  were	
  of	
  importance	
  for	
  this	
  thesis	
  (such	
  as,	
  for	
  
example,	
   those	
   between	
   5.2	
   and	
   5.5	
   km/s)	
   (Fig.	
   1.6).	
   Then,	
   the	
   Generic	
   Mapping	
   Tools	
   (GMT,	
  
http://gmt.soest.hawaii.edu/)	
   was	
   used	
   to	
   produce	
   final	
   figures	
   of	
   the	
   sections	
   to	
   be	
   used	
   in	
   the	
  
publications.	
  	
  

A	
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B	
  

	
  

Fig.	
  1.6.	
  A,	
  3D	
  P-­‐wave	
  velocity	
  volume	
  of	
  Wu	
  et	
  al.	
  (2007)	
  and	
  relocated	
  and	
  collapsed	
  earthquake	
  hypocentres	
  and	
  
focal	
  mechanisms	
  from	
  the	
  study	
  area	
  in	
  south-­‐central	
  Taiwan	
  plotted	
  using	
  the	
  software	
  Voxler	
  (v.	
  3).	
  Small	
  black	
  
dots	
  correspond	
  to	
  earthquake	
  hypocentres	
  whereas	
  blue,	
  red,	
  and	
  green	
  dots	
  represent,	
  respectively,	
  thrust,	
  strike-­‐
slip,	
  and	
  extensional	
   fault	
   types	
  determined	
   for	
   the	
   study	
  area	
  using	
   the	
  methodology	
  of	
  Zoback	
   (1992);	
  B,	
   3D	
  P-­‐
wave	
  velocity	
  volume	
  of	
  Wu	
  et	
  al.	
  (2007)	
  	
  and	
  5.5	
  km/s	
  isovelocity	
  surface	
  through	
  it.	
  In	
  both	
  A	
  and	
  B,	
  the	
  grey	
  line	
  
represents	
  the	
  coastline	
  of	
  the	
  Taiwan	
  island.	
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1.5.	
  Geology	
  of	
  south-­‐central	
  Taiwan	
  

The	
   study	
   area	
   in	
   south-­‐central	
   Taiwan	
   includes	
   rocks	
   of	
   the	
   Western	
   Foothills,	
   the	
   Hsuehshan	
  
Range,	
  and	
  secondarily,	
  the	
  Central	
  Range	
  (Geological	
  map	
  1).	
  Therefore,	
  in	
  this	
  section	
  a	
  brief	
  overview	
  
of	
  the	
  stratigraphy	
  and	
  structure	
  of	
  these	
  tectonostratigraphic	
  zones	
  is	
  given.	
  	
  

1.5.1.	
  The	
  Western	
  Foothills	
  	
  

The	
  Western	
  Foothills	
   includes	
  Pliocene	
   to	
  Holocene	
   syn-­‐orogenic	
   sediments	
  of	
   the	
   foreland	
  basin	
  
underlayered	
  by	
  Oligocene	
  to	
  Miocene	
  post-­‐rift	
  clastics	
  of	
  the	
  Eurasian	
  platform	
  and	
  slope,	
  and	
  Eocene-­‐
aged	
  syn-­‐rift	
  clastics	
  of	
  the	
  Paileng	
  Formation	
  and	
  volcanics	
  of	
  the	
  Tsukeng	
  Formation	
  (Figs.	
  1.7,	
  1.8,	
  and	
  
Geological	
  map	
  1)	
   (e.g.,	
  Castelltort	
  et	
  al.,	
  2011;	
  Ho,	
  1988;	
  Huang	
  et	
  al.,	
  2013;	
  Suppe,	
  1987;	
  Yue	
  et	
  al.,	
  
2005).	
  Since	
  Oligocene	
  and	
  Eocene	
  rocks	
  do	
  not	
  crop	
  out	
   in	
  the	
  Western	
  Foothills	
   (except	
   for	
  a	
  single	
  
outcrop	
   of	
   Tsukeng	
   Formation	
   in	
   northern	
   half	
   of	
   the	
  map	
   area)	
   and	
   largely	
   define	
   the	
   outcropping	
  
geology	
  of	
   the	
  Hsuehshan	
  Range	
  of	
   the	
  mountain	
  belt	
  within	
  the	
  map	
  area,	
   they	
  are	
  described	
   in	
   the	
  
next	
   paragraph.	
   In	
   this	
   thesis,	
   a	
   simplified	
   chronostratigraphic	
   scheme	
   of	
   the	
   Miocene	
   rocks	
   of	
   the	
  
Western	
  Foothills	
  is	
  adopted	
  following	
  Brown	
  et	
  al.	
  (2012)	
  and	
  Alvarez-­‐Marron	
  et	
  al.	
  (2014).	
  According	
  
to	
  this	
  scheme,	
  the	
  Miocene	
  rocks	
  can	
  be	
  broadly	
  divided	
  in	
  four	
  formations	
  that,	
  in	
  general,	
  comprise	
  a	
  
thick-­‐bedded	
   sandstone	
  unit	
   at	
   the	
  base	
   and	
   thin-­‐bedded	
   sandstone	
  and	
   shales	
   at	
   the	
   top.	
   From	
   the	
  
oldest	
  to	
  the	
  youngest,	
  these	
  formations	
  are:	
  the	
  Takeng	
  Formation,	
  the	
  Shimen	
  (also	
  called	
  Nankang)	
  
Formation,	
   the	
   Nanchuang	
   Formation,	
   and	
   the	
   Kueichulin	
   Formation	
   (Fig.	
   1.7).	
   According	
   to	
   some	
  
authors,	
  the	
  Kueichulin	
  Formation	
  corresponds	
  to	
  and	
  forms	
  the	
  base	
  of	
  the	
  syn-­‐orogenic	
  sediments	
  of	
  
the	
  foreland	
  basin	
  (Lin	
  and	
  Watts,	
  2002;	
  Lin	
  et	
  al.,	
  2003;	
  Yu	
  and	
  Chou,	
  2001).	
  In	
  the	
  central	
  part	
  of	
  the	
  
study	
   area	
   (Fig.	
   1.8	
   and	
   Geological	
   map	
   1),	
   sediments	
   of	
   these	
   Miocene	
   formations	
   were	
   mainly	
  
deposited	
  on	
   the	
  platform	
  part	
   of	
   the	
  Eurasian	
  margin.	
   In	
   this	
   part	
   of	
   the	
  mountain	
  belt,	
   the	
  Takeng	
  
Formation	
   is	
   approximately	
   800	
   to	
   1000	
   m	
   thick,	
   the	
   Shimen	
   Formation	
   is	
   up	
   to	
   500	
   m	
   thick,	
   the	
  
Nanchuang	
  Formation	
  is	
  roughly	
  250	
  m	
  thick,	
  and	
  the	
  Kueichulin	
  Formation	
  can	
  vary	
  from	
  400	
  to	
  1500	
  
m	
  in	
  thickness.	
  However,	
  southward,	
  sediments	
  of	
  these	
  Miocene	
  formations	
  were	
  deposited	
  within	
  the	
  
depocentres	
  of	
  the	
  Tainan	
  Basin	
  on	
  the	
  outer	
  platform	
  to	
  slope	
  part	
  of	
  the	
  margin,	
  and	
  their	
  thicknesses	
  
increase	
  significantly.	
  For	
  example,	
   in	
  the	
  southern	
  half	
  of	
  the	
  study	
  area	
  (Fig.	
  1.8	
  and	
  Geological	
  map	
  
1),	
  the	
  thickness	
  of	
  the	
  Shimen	
  Formation	
  (in	
  this	
  area	
  called	
  Nankang)	
  can	
  reach	
  up	
  to	
  1200	
  m,	
  and	
  that	
  
of	
  the	
  Nanchuang	
  Formation	
  up	
  to	
  1500	
  m.	
  	
  

The	
   Pliocene	
   to	
   Holocene	
   syn-­‐orogenic	
   clastics	
   of	
   the	
   foreland	
   basin	
   can	
   be	
   divided	
   in	
   two	
   Plio-­‐
Pleistocene	
   formations	
   overlain	
   by	
   up	
   to	
   several	
   hundred	
   metres	
   of	
   Holocene	
   alluvium	
   and	
   terrace	
  
deposits.	
   The	
   Plio-­‐Pleistocene	
   formations	
   are:	
   the	
   Pliocene	
   Cholan	
   Formation,	
   and	
   the	
   Pleistocene	
  
Toukoshan	
   Formation	
   (Fig.	
   1.7).	
   The	
   Cholan	
   Formation	
   is	
   made	
   up	
   of	
   nearly	
   2.5	
   km	
   of	
   interbedded	
  
mudstone,	
  shale	
  and	
  sandstone	
  and,	
  at	
  the	
  base,	
  comprises	
  a	
  several	
  hundred	
  metres	
  thick	
  member	
  of	
  
shale,	
   called	
   the	
   Chinshui	
   shale.	
   According	
   to	
   some	
   authors,	
   the	
   Chinshui	
   shale	
   records	
   the	
   first	
  
appearance	
  of	
  clasts	
  with	
  a	
  slaty	
  cleavage	
  thought	
  to	
  be	
  eroded	
  off	
  the	
  growing	
  mountain	
  belt,	
  making	
  
the	
  base	
  of	
  the	
  Cholan	
  Formation	
  to	
  coincide	
  with	
  the	
  onset	
  of	
  the	
  syn-­‐orogenic	
  sedimentation	
  in	
  the	
  
foreland	
   basin	
   (Covey,	
   2009;	
   Hong,	
   1997;	
   Teng,	
   1987).	
   The	
   Toukoshan	
   Formation	
   comprises	
   a	
  
coarsening	
  upward	
  sequence	
  of	
  thick-­‐bedded	
  sandstone	
  with	
  shale	
  interbeds,	
  which	
  is	
  upward	
  overlain	
  
by	
  a	
  conglomerate	
  member,	
  called	
   the	
  Toukoshan	
  conglomerate,	
   resulting	
   in	
  a	
   total	
   thickness	
   for	
   the	
  
Toukoshan	
  Formation	
  that	
  can	
  reach	
  up	
  to	
  5	
  km.	
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The	
  Chinshui	
  shale	
  of	
  the	
  Cholan	
  Formation	
  has	
  also	
  a	
  significant	
  importance	
  for	
  the	
  structure	
  of	
  the	
  
Western	
  Foothills,	
  since	
  the	
  basal	
  thrust	
  of	
  the	
  Western	
  Foothills	
  imbricate	
  thrust	
  system	
  is	
  thought	
  to	
  
be	
   located	
  within	
   it	
   in	
   central	
   Taiwan	
   (Fig.	
   1.8)	
   (e.g.,	
  Alvarez-­‐Marron	
  et	
   al.,	
   2014;	
  Brown	
  et	
   al.,	
   2012;	
  
Suppe,	
   1976,	
   1981;	
   Suppe	
   and	
   Namson,	
   1979;	
   Yue	
   et	
   al.,	
   2005).	
   However,	
   southward	
   the	
   increasing	
  
amount	
  of	
  Miocene	
  sediments	
   involved	
  in	
  the	
  deformation	
  suggests	
  that	
  the	
  basal	
  detachment	
  ramps	
  
down	
   section	
   at	
   least	
   into	
  Miocene	
   sediments,	
   and	
   is	
   likely	
   rooted	
   within	
   the	
   underlying	
   Paleogene	
  
sediments	
  or	
  even	
  into	
  the	
  older	
  pre-­‐rift	
  basement	
  (Fig.	
  1.8)	
  (e.g.,	
  Alvarez-­‐Marron	
  et	
  al.,	
  2014;	
  Hickman	
  
et	
  al.,	
  2002;	
  Hung	
  et	
  al.,	
  1999;	
  Suppe,	
  1980a).	
  	
  

	
  

Fig.	
   1.7.	
   Schematic	
   tectonostratigraphic	
   columns	
   for	
   geology	
   of	
   the	
   study	
   area	
   in	
   south-­‐central	
   Taiwan.	
   Figure	
  
modified	
  after	
  articles	
  1	
  and	
  4	
  included	
  in	
  this	
  thesis.	
  	
  

1.5.2.	
  The	
  Hsuehshan	
  Range	
  

In	
  the	
  hanging	
  wall	
  of	
  the	
  Shuilikeng	
  Fault	
  (Geological	
  map	
  1),	
  the	
  Hsuehshan	
  Range	
  is	
  largely	
  made	
  
up	
   of	
   variably	
  metamorphosed	
   Eocene-­‐aged	
   syn-­‐rift	
   clastic	
   sediments	
   that	
  were	
   deposited	
   in	
   the	
   so-­‐
called	
  Hsuehshan	
  Basin	
  that	
  was	
  located	
  on	
  the	
  platform	
  during	
  rifting	
  of	
  the	
  Eurasian	
  margin	
  (Ho,	
  1988;	
  
Huang	
  et	
  al.,	
  1997;	
  Teng,	
  1990;	
  Teng	
  and	
  Lin,	
  2004;	
  Teng	
  et	
  al.,	
  1991).	
  These	
  rocks	
  are	
  unconformably	
  
overlain	
  by	
  Oligocene-­‐aged	
  post-­‐rift	
  clastics.	
  The	
  stratigraphy	
  of	
  the	
  Hsuehshan	
  Range	
  can	
  be	
  divided	
  in	
  
four	
  formations	
  that,	
  from	
  the	
  oldest	
  to	
  the	
  youngest,	
  are:	
  the	
  Chiayang	
  Formation,	
  the	
  Shihpachungchi	
  
Formation,	
  the	
  Paileng	
  Formation,	
  and	
  the	
  Shuichangliu	
  Formation	
  (Fig.	
  1.7).	
  The	
  Chiayang	
  Formation	
  is	
  
composed	
   of	
   a	
   thick-­‐bedded	
   sandstone	
   unit	
   overlain	
   by	
   an	
   unknown	
   thickness	
   of	
   slates	
  with	
   a	
  well-­‐
developed	
   penetrative	
   slaty	
   cleavage.	
   The	
   Shihpachungchi	
   Formation	
   comprises	
   several	
   hundreds	
  
metres	
  of	
  thin-­‐bedded	
  sandstone	
  and	
  mudstone.	
  The	
  age	
  of	
  these	
  two	
  formations	
  is	
  not	
  known,	
  but	
  is	
  
inferred	
  to	
  be	
  Early	
  Eocene	
  (Lee,	
  1979).	
  The	
  Chiayang	
  and	
  the	
  Shihpachungchi	
  formations	
  are	
  strongly	
  
folded	
  and	
  show	
  a	
  well-­‐developed	
  axial	
  planar	
  cleavage	
  (Fig.	
  1.8).	
  Their	
  original	
  thickness	
  is,	
  therefore,	
  
difficult	
   to	
   be	
   determined,	
   as	
   their	
   observed	
   thickness	
   is	
   structural.	
   The	
   overlying	
   Paileng	
   Formation	
  
begins	
  with	
  a	
  member	
  of	
   thick-­‐bedded,	
   coarse	
  grained	
   to	
  pebble	
   conglomerate	
  quartzite	
  and	
  argillite	
  
(the	
   Tachien	
  Member,	
   which	
   has	
   been	
   dated	
   as	
   Early	
   to	
  Middle	
   Eocene	
   in	
   age;	
   Chen	
   et	
   al.	
   (2009)),	
  
overlain	
  by	
  interbedded	
  sandstone	
  and	
  argillite,	
  which,	
  locally,	
  are	
  overlain	
  by	
  several	
  hundred	
  metres	
  
thick	
   coarse	
   grained	
   to	
   pebble	
   conglomerate	
   quartzite.	
   The	
   Paileng	
   Formation	
   is	
   disconformably	
  
overlain	
   by	
   the	
   post-­‐rift	
   Shuichangliu	
   Formation	
   which	
   comprises	
   several	
   hundred	
  metres	
   of	
   Middle	
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Oligocene-­‐aged	
   interbedded	
   sandstone	
   and	
   shale.	
   Along	
  much	
  of	
   the	
  western	
  part	
   of	
   the	
  Hsuehshan	
  
Range,	
  and	
   in	
  particular	
   in	
   the	
   footwall	
  of	
   the	
  Tili	
  Thrust	
   (Fig.	
  1.8	
  and	
  Geological	
  map	
  1),	
   the	
  rocks	
  of	
  
these	
  formations	
  are	
  weakly	
  to	
  moderately	
  metamorphosed	
  (Beyssac	
  et	
  al.,	
  2007;	
  Simoes	
  et	
  al.,	
  2012)	
  
and	
  have	
  been	
   exhumed	
   from	
  between	
  9.2	
   and	
  9.8	
   km	
  depth	
   (Sakaguchi	
   et	
   al.,	
   2007).	
   Eastward	
   and	
  
southward,	
   however,	
   in	
   the	
   hanging	
   wall	
   of	
   the	
   Tili	
   Thrust,	
   they	
  may	
   reach	
   up	
   to	
   lower	
   greenschist	
  
facies	
  (Clark	
  et	
  al.,	
  1993)	
  and	
  have	
  a	
  penetrative	
  pressure	
  solution	
  cleavage	
  (Clark	
  et	
  al.,	
  1993;	
  Fisher	
  et	
  
al.,	
  2002;	
  Fisher	
  et	
  al.,	
  2007;	
  Tillman	
  and	
  Byrne,	
  1995).	
  	
  

	
  

Fig.	
  1.8.	
  Geological	
  cross-­‐sections	
  through	
  the	
  study	
  area.	
  Their	
  location	
  is	
  given	
  in	
  Geological	
  map	
  1.	
  Colours	
  are	
  
as	
  in	
  Geological	
  map	
  1.	
  Figure	
  modified	
  after	
  articles	
  1	
  and	
  4	
  included	
  in	
  this	
  thesis.	
  

1.5.3.	
  The	
  Central	
  Range	
  	
  

In	
   the	
   hanging	
   wall	
   of	
   the	
   Lishan	
   Fault	
   in	
   the	
   north,	
   and	
   of	
   the	
   Chaochou	
   Fault	
   in	
   the	
   south	
  
(Geological	
  map	
  1),	
  the	
  Central	
  Range	
  within	
  the	
  study	
  area	
  comprises	
  three	
  formations	
  that,	
  from	
  the	
  
oldest	
  to	
  the	
  youngest	
  are:	
  the	
  Pilushan	
  Formation,	
  the	
  Tayuling	
  Formation,	
  and	
  the	
  Lushan	
  Formation	
  
(e.g.,	
  Ho,	
  1988)	
  (Fig.	
  1.7).	
  The	
  Pilushan	
  Formation	
  consists	
  of	
  Eocene-­‐aged	
  slate	
  and	
  phyllite	
  with	
   local	
  
interbeds	
   of	
   sandstone.	
   Throughout	
   south-­‐central	
   Taiwan,	
   this	
   formation	
   is	
   in	
   fault	
   contact	
   with	
   the	
  
overlying	
   Tayuling	
   Formation	
   that	
   is	
   Late	
   Oligocene	
   in	
   age	
   and	
   is	
   made	
   up	
   of	
   slate,	
   phyllite,	
   and	
  
metasandstone.	
  The	
  overlying	
  Lushan	
  Formation	
   is	
  Middle	
  Miocene	
   in	
  age	
  and	
  defines	
  a	
   large	
  part	
  of	
  
the	
  outcropping	
  geology	
  of	
  the	
  western	
  part	
  of	
  the	
  Central	
  Range	
  within	
  the	
  map	
  area	
  (Geological	
  map	
  
1)	
  (Beyssac	
  et	
  al.,	
  2007;	
  Lee	
  et	
  al.,	
  2006;	
  Simoes	
  et	
  al.,	
  2007;	
  Tillman	
  and	
  Byrne,	
  1995;	
  Wiltschko	
  et	
  al.,	
  
2010).	
   This	
   formation	
   comprises	
   variably	
  metamorphosed	
   slates	
  with	
   a	
  well-­‐developed	
   cleavage,	
   and	
  
thin-­‐	
   to	
  thick-­‐bedded	
  sandstone	
  units	
   (Fisher	
  et	
  al.,	
  2002;	
  Stanley	
  et	
  al.,	
  1981;	
  Wiltschko	
  et	
  al.,	
  2010).	
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While	
   the	
   Pilushan	
   Formation	
   is	
   thought	
   to	
   have	
   been	
   deposited	
   in	
   a	
   shallow	
   marine	
   environment	
  
(Huang	
  et	
  al.,	
  1997),	
  foraminifera	
  found	
  in	
  both	
  the	
  Tayuling	
  and	
  Lushan	
  formations	
  suggest	
  that	
  these	
  
two	
   formations	
  were	
  deposited	
   in	
  an	
  open	
  marine	
  environment	
  at	
  water	
  depths	
  of	
  between	
  500	
  and	
  
1500	
  m	
   (Huang	
  et	
  al.,	
  1997).	
   In	
   the	
  eastern	
  part	
  of	
   the	
  Central	
  Range	
  within	
   the	
  study	
  area	
   in	
   south-­‐
central	
   Taiwan,	
   rocks	
   of	
   the	
   Pilushan	
   Formation	
   are	
   overthrust	
   by	
  Mesozoic	
   pre-­‐rift	
   basement	
   rocks	
  
along	
   the	
   Chinma	
   Fault	
   (Geological	
   map	
   1).	
   These	
   rocks	
   are	
   mainly	
   comprised	
   of	
   marbles	
   of	
   the	
  
Tienchang	
  Formation	
  folded	
  with	
  minor	
  lenses	
  of	
  schist	
  of	
  the	
  Pilu	
  and	
  Kuyuan	
  formations.	
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Presentation	
  of	
  the	
  articles	
  

In	
  Article	
  1	
  a	
  new	
  structural	
  model	
  for	
  the	
  central	
  part	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  is	
  proposed.	
  Data	
  
presented	
   in	
   this	
   article	
   highlight	
   that	
   significant	
   changes	
   in	
   the	
   structure	
   and	
   the	
   kinematics	
   of	
   the	
  
central	
  Taiwan	
  mountain	
  belt	
  take	
  place	
  from	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  in	
  the	
  west,	
  to	
  
the	
  Hsuehshan	
  and	
  Central	
   ranges	
   in	
   the	
  east.	
   In	
  particular,	
   new	
   surface	
   geology	
  data,	
   together	
  with	
  
earthquake	
   focal	
  mechanisms	
  and	
  seismic	
  energy	
   release	
  data,	
   suggest	
   that	
   the	
  Coastal	
  Plain	
  and	
   the	
  
Western	
  Foothills	
  of	
  the	
  central	
  Taiwan	
  mountain	
  belt	
  are	
  defined	
  by	
  an	
  imbricate	
  thrust	
  system	
  that	
  is	
  
developing	
  in	
  a	
  forward	
  breaking	
  sequence	
  of	
  deformation.	
  This	
  imbricate	
  thrust	
  system	
  appears	
  to	
  be	
  
structurally	
  and	
  kinematically	
   linked	
  to	
  a	
  basal	
  detachment	
  at	
  between	
  7	
  and	
  10	
  km	
  depth,	
  and	
  spans	
  
from	
   the	
   Changhua	
   Thrust	
   in	
   the	
   west	
   to	
   the	
   Shuilikeng	
   Fault	
   in	
   the	
   east.	
   Like	
   in	
   previous	
  
interpretations,	
  this	
  basal	
  detachment	
  appears	
  to	
  be	
  located	
  at	
  the	
  base	
  of	
  the	
  syn-­‐orogenic	
  sediments.	
  
However,	
   the	
  structure	
  of	
   the	
  Hsuehshan	
  and	
  Central	
   ranges	
  of	
   the	
  mountain	
  belt	
  differs	
  significantly	
  
from	
   this	
   structural	
   model	
   and	
   is	
   largely	
   defined	
   by	
   a	
   system	
   of	
   steeply	
   dipping	
   active	
   faults	
   that	
  
penetrate	
  to	
  a	
  depth	
  of	
  25	
  to	
  30	
  km	
  or	
  more.	
  Data	
  presented	
  in	
  in	
  this	
  article	
  also	
  indicates	
  that	
  these	
  
changes	
   in	
   structural	
   style	
   from	
   the	
   Coastal	
   Plain	
   and	
   the	
   Western	
   Foothills	
   to	
   the	
   Hsuehshan	
   and	
  
Central	
   ranges	
   take	
   place	
   roughly	
   across	
   the	
   Shuilikeng	
   Fault.	
   They	
   also	
   suggest	
   that	
   the	
   Shuilikeng	
  
Fault,	
  rather	
  than	
  being	
  a	
  single	
  discrete	
  feature,	
  comprises	
  a	
  system	
  of	
  faults	
  and	
  folds	
  that	
  splay	
  off	
  
the	
  main	
  fault,	
  resulting	
  in	
  a	
  regional	
  map	
  pattern	
  that	
  is	
  suggestive	
  of	
  a	
  transpressive	
  fault	
  zone.	
  	
  

Surface	
  geology,	
  earthquake	
  hypocentre	
  and	
  focal	
  mechanism	
  data	
  presented	
  in	
  Article	
  2	
  help	
  place	
  
further	
  constraints	
  on	
  the	
  structure	
  and	
  kinematics	
  of	
  the	
  Shuilikeng	
  Fault,	
  which	
  has	
  been	
  shown	
  from	
  
results	
  of	
  the	
  previous	
  article	
  to	
  be	
  a	
  key	
  structure	
  in	
  central	
  Taiwan.	
  They	
  also	
  provide	
  insights	
  on	
  how	
  
the	
   imbricate	
  thrust	
  system	
  that	
  defines	
  the	
  structure	
  of	
   the	
  Coastal	
  Plain	
  and	
  Western	
  Foothills	
   links	
  
with	
  the	
  Hsuehshan	
  Range	
  to	
  the	
  east.	
   In	
  particular,	
  new	
  surface	
  geology	
  data	
  indicate	
  that	
  along	
  100	
  
km	
  of	
  its	
  strike	
  length	
  in	
  Central	
  Taiwan,	
  where	
  observed	
  in	
  the	
  field,	
  the	
  Shuilikeng	
  Fault	
  and	
  the	
  faults	
  
that	
   splay	
   off	
   it	
   are	
   everywhere	
   brittle	
   features	
   composed	
   of	
   breccia	
   and	
   fault	
   gouge.	
   Fault-­‐slip	
   data	
  
from	
  a	
  number	
  of	
  locations	
  along	
  the	
  Shuilikeng	
  fault	
  indicate	
  senses	
  of	
  slip	
  that	
  range	
  from	
  thrusting,	
  
to	
   strike-­‐slip,	
   to	
  extension.	
  These	
   fault-­‐slip	
  data	
   indicate	
  a	
  nearly	
  NW-­‐SE	
  average	
  shortening	
  direction	
  
along	
  the	
  strike	
  length	
  of	
  the	
  Shuilikeng	
  Fault.	
  The	
  combination	
  of	
  these	
  new	
  surface	
  geology	
  data	
  with	
  
earthquake	
  hypocentre	
  data	
  indicate	
  that	
  the	
  Shuilikeng	
  Fault	
  is	
  steeply	
  east-­‐dipping	
  and	
  can	
  be	
  traced	
  
to	
  greater	
  than	
  20	
  km	
  depth.	
  Furthermore,	
  earthquake	
  focal	
  mechanism	
  data	
  suggest	
  that	
  its	
  kinematics	
  
is	
  overall	
  transpressive	
  with	
  the	
  Hsuehshan	
  Range	
  in	
  its	
  hangingwall	
  moving	
  up	
  towards	
  the	
  northwest,	
  
in	
   consistence	
   with	
   the	
   average	
   NW-­‐SE	
   shortening	
   direction	
   as	
   derived	
   from	
   fault-­‐slip	
   data	
   at	
   the	
  
surface.	
  	
  

The	
  combination	
  of	
  geological,	
  P-­‐wave	
  velocity,	
  and	
  earthquake	
  hypocentre	
  data	
  presented	
  in	
  Article	
  
3,	
  helps	
  interpret	
  the	
  Shuilikeng	
  Fault	
  from	
  a	
  regional	
  perspective	
  suggesting	
  that	
  it	
  can	
  be	
  interpreted	
  
to	
  invert	
  a	
  pre-­‐existing	
  rift-­‐related	
  fault	
  that	
  bound	
  the	
  Eocene-­‐aged	
  Hsuehshan	
  Basin.	
  They	
  also	
  show	
  
that	
   the	
   eastern	
   bounding	
   fault	
   of	
   the	
  Hsuehshan	
   Basin	
   (i.e.,	
   the	
   Lishan	
   Fault)	
   can	
   be	
   interpreted	
   to	
  
coincide	
  at	
  depth	
  with	
  a	
  cluster	
  of	
  hypocentres	
  between	
  20	
  km	
  and	
  30	
  km	
  depth.	
  The	
  P-­‐wave	
  velocity	
  
model	
   shows	
   a	
   shallowing	
   of	
   higher	
   velocities	
   beneath	
   the	
   Hsuehshan	
   Range	
   in	
   central	
   Taiwan	
   that	
  
suggests	
   that	
  what	
  was	
   the	
  basement	
  of	
   the	
  Hsuehshan	
  Basin	
  may	
  be	
  currently	
  being	
   involved	
   in	
   the	
  
deformation.	
  Furthermore,	
  the	
  defined	
  deep	
  extension	
  of	
  the	
  bounding	
  faults	
  of	
  the	
  Hsuehshan	
  Range	
  
appear	
   to	
   be	
   corroborated	
   by	
   significant	
   earthquakes	
   that	
   struck	
   this	
   part	
   of	
   Taiwan,	
   such	
   as,	
   for	
  
example,	
   the	
  6.2	
  ML	
  earthquake	
  occurred	
   in	
  eastern	
  Nantou	
  on	
  March	
  27th,	
   2013.	
   In	
  particular,	
  most	
  
events	
   associated	
   with	
   the	
   Nantou	
   earthquake	
   occurred	
   along	
   the	
   deep	
   trace	
   of	
   the	
   Shuilikeng	
   and	
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Lishan	
   faults.	
   The	
   consistence	
   of	
   the	
   Nantou	
   earthquake	
   hypocentres	
   with	
   the	
   interpreted	
   deep	
  
locations	
  of	
  the	
  bounding	
  faults	
  of	
  the	
  Hsuehshan	
  Basin	
  further	
  indicates	
  that	
  these	
  faults	
  are	
  significant	
  
structures	
  contributing	
  to	
  mountain	
  building	
  in	
  central	
  Taiwan.	
  	
  

Surface	
  geology	
  data	
  presented	
  in	
  Article	
  4	
  (in	
  which	
  the	
  study	
  area	
  in	
  expanded	
  southward)	
  indicate	
  
that	
   the	
  orogen	
   in	
   the	
  Alishan	
  area	
  of	
  Taiwan	
   is	
  evolving	
  as	
  an	
   imbricate	
   thrust	
  system	
  above	
  a	
  basal	
  
detachment	
  that	
  in	
  the	
  north,	
  consistently	
  with	
  results	
  from	
  Article	
  1	
  of	
  this	
  thesis,	
  is	
  located	
  at	
  the	
  base	
  
of	
  the	
  syn-­‐orogenic	
  sediments.	
  However,	
  the	
  increasing	
  amount	
  of	
  Miocene	
  sediments	
  involved	
  in	
  the	
  
deformation	
   southward,	
   indicates	
   that	
   in	
   the	
   south	
   it	
   ramps	
   down	
   section	
   to	
   locate	
  within	
  Miocene	
  
rocks.	
   Geological	
   cross-­‐sections,	
   as	
   well	
   as	
   fault	
   contour,	
   stratigraphic	
   cut-­‐off,	
   and	
   branch	
   line	
  maps	
  
realized	
  from	
  the	
  surface	
  geology	
  data,	
  all	
  indicate	
  that	
  there	
  is	
  also	
  a	
  change	
  in	
  elevation	
  of	
  this	
  basal	
  
detachment	
   as	
   it	
   shallows	
   southward	
   along	
   the	
   strike	
   of	
   the	
   mountain	
   belt.	
   In	
   the	
   east,	
   this	
   basal	
  
detachment	
   appears	
   to	
   merge	
   with	
   the	
   Shuilikeng	
   Fault,	
   and	
   to	
   involve	
   pre-­‐Miocene	
   rocks	
   in	
   the	
  
deformation.	
   Furthermore,	
   P-­‐wave	
   velocity	
   data	
   suggest	
   that	
   pre-­‐Miocene	
   rocks	
   are	
   involved	
   in	
   the	
  
deformation	
  beneath	
   the	
  Alishan	
  area.	
   In	
   this	
   area	
   a	
  pre-­‐existing	
  NE-­‐striking	
  extensional	
   fault	
   system	
  
that	
  formed	
  the	
  northern	
  boundary	
  of	
  the	
  Tainan	
  Basin	
   is	
  being	
   inverted	
  together	
  with	
  a	
  deep-­‐seated	
  
north-­‐south	
  fault.	
  These	
  reactivating	
  basement	
  faults	
  are	
  folding	
  the	
  thrust	
  system	
  above	
  it	
  causing	
  the	
  
along-­‐strike	
  changes	
  in	
  elevation	
  of	
  the	
  basal	
  detachment,	
  and	
  the	
  uplift	
  of	
  Pre-­‐Miocene	
  sediments	
  and	
  
basement	
  rocks.	
  	
  

Finally,	
   Article	
   5	
   provides	
   an	
   overall	
   view	
  of	
   the	
   deep	
   structure	
   of	
   the	
   entire	
   study	
   area	
   in	
   south-­‐
central	
  Taiwan.	
  The	
  combination	
  of	
  seismic	
  tomography,	
  earthquake	
  hypocentre,	
  and	
  gravity	
  inversion	
  
data	
  presented	
  in	
  this	
  article	
  indicate	
  that	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  intense	
  
seismicity	
   is	
   taking	
   place	
   near	
   the	
   basement-­‐cover	
   interface.	
   This	
   suggests	
   that	
   the	
   basement-­‐cover	
  
interface	
   is	
  acting	
  as	
  an	
  extensive	
   level	
  of	
  detachment.	
  This	
   level	
  of	
  detachment	
   is	
   located	
  at	
  ≥10	
  km	
  
depth	
  and	
  is	
  deeper	
  towards	
  the	
  south,	
  below	
  the	
  basal	
  detachment	
  proposed	
  from	
  surface	
  geology	
  for	
  
this	
   part	
   of	
   the	
   mountain	
   belt	
   (e.g.,	
   articles	
   1	
   and	
   4	
   of	
   this	
   thesis),	
   and	
   extends	
   westward	
   of	
   the	
  
deformation	
   front,	
   as	
  defined	
  by	
   the	
  Changhua	
  Thrust	
   at	
   the	
   surface.	
  However,	
   across	
   the	
  Shuilikeng	
  
and	
  the	
  Chaochou	
  faults,	
  in	
  consistency	
  with	
  what	
  shown	
  in	
  Article	
  3	
  of	
  this	
  thesis,	
  there	
  appears	
  to	
  be	
  a	
  
change	
  in	
  the	
  style	
  of	
  deformation.	
  Across	
  these	
  faults,	
  earthquake	
  hypocentres	
  define	
  steeply	
  dipping	
  
clusters	
   that	
   extend	
   to	
   greater	
   than	
   20	
   km	
  depth,	
   and	
   rocks	
  with	
   high	
   P-­‐wave	
   velocities	
   are	
   uplifted	
  
along	
  them	
  to	
  form	
  a	
  culmination	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
  ranges	
  of	
  the	
  mountain	
  belt.	
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[1] The structure of the Taiwan mountain belt is thought to be that of an imbricate thrust
and fold belt developed in a forward breaking sequence above a shallowly dipping basal
detachment. In recent years, however, a growing amount of seismicity data from the
internal part of the mountain belt indicates the existence of widespread fault activity in the
middle and lower crust, suggesting that deeper levels of the crust must be involved in the
deformation than predicted by the shallow detachment, imbricate thrust belt model.
To address this issue, we present new geological mapping, together with earthquake focal
mechanism and seismic energy release data from the central part of Taiwan. We concur
with the interpretation that the foreland basin part of the Western Foothills comprises an
imbricate thrust system that is developing as a forward breaking sequence that is
structurally and kinematically linked to a basal detachment at between 7 and 10 km depth.
To the east of the foreland basin, however, in the Hsuehshan and Central Ranges, our data
show the presence of two fault systems. An earlier, inactive thrust system with a
well-developed cleavage is cut by a system of steeply dipping active faults that penetrate to
a depth of 25 to 30 km or more. In the Hsuehshan Range, the second fault system is best
represented by a structural and kinematic model in which this part of the mountain belt
forms a zone of transpression with a structural architecture similar to that of a crustal-scale
positive flower structure. Eastward, in the Central Range, Mesozoic basement rocks are
over thrusting strongly folded and cleaved deep water sediments of the first, now inactive,
thrust system. The involvement of deep crustal levels and Mesozoic basement in the
second fault system is suggestive of the reactivation of preexisting basin-bounding faults
that were located on the Eurasian continental margin.

Citation: Brown, D., J. Alvarez-Marron, M. Schimmel, Y.-M. Wu, and G. Camanni (2012), The structure and kinematics of the
central Taiwan mountain belt derived from geological and seismicity data, Tectonics, 31, TC5013, doi:10.1029/2012TC003156.

1. Introduction

[2] The structure of the faulted and folded rocks involved
in the Taiwan mountain belt (Figure 1) is often presented as
an imbricate thrust and fold belt developed in a forward
breaking sequence above a shallow, east dipping basal
detachment [Suppe, 1980, 1981; Ding et al., 2001; Carena
et al., 2002; Yue et al., 2005; Malavieille and Trullenque,
2009]. The bulk of the data for this interpretation of the
structure come from surface geological observations, shal-
low reflection seismics, and borehole data along the western
flank of the mountain belt, in what is known as the Western
Foothills [Suppe, 1981; Namson, 1981; Mouthereau et al.,
2001, 2002; Hickman et al., 2002; Yue et al., 2005]

(Figure 1). The more internal part of the mountain belt is less
well understood because of difficult access in this area of
high, rugged topography and heavy forest cover. Neverthe-
less, collapsing [Jones and Stewart, 1997] and selective
picking of relocated small-magnitude (between ML 1 and 4)
earthquake hypocenter data appear to validate the interpre-
tation of extending a detachment from beneath the Western
Foothills across the entire mountain belt in central Taiwan
[Carena et al., 2002]. Combining the seismicity data with
surface geological data from published geological maps
from the Western Foothills and the western part of the
Hsuehshan Range (see section 2.1), Yue et al. [2005] have
also interpreted the Taiwan mountain belt to have developed
in a forward breaking sequence above a basal detachment
that extends eastward, with ramps and flats, beneath the
entire mountain belt. In this latter interpretation, the more
internal units are structurally linked to the basal detachment,
forming three imbricate thrust sheets with the largest of
these, the Tili thrust sheet, transporting nearly the entire
Taiwan mountain belt several tens of kilometers westward
[see Yue et al., 2005, Figure 16]. Other orogen-scale struc-
tural interpretations [e.g., Malavieille and Trullenque, 2009]
have added faults and complexities, but maintain the forward
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Figure 1. Geological map of Taiwan [after C.-H. Chen et al., 2000]. The basin morphology and structure
in the Taiwan Strait is from Teng and Lin [2004]. Contours denote the thickness of the Cenozoic sedi-
ments in the basins. Note the orientation of the basin-bounding faults relative to the convergence vector
(8.3 cm/yr toward N49!W [Yu et al., 1997]). The location of the Peikang basement high is shown,
as is that of Figure 2. SKF = Shuilikeng fault, LF = Lishan fault, LV = Longitudinal Valley. Ple/Rec =
Pleistocene/Recent, Pli = Pliocene, Mio = Miocene, Eoc = Eocene, Pz = Paleozoic, Mz = Mesozoic.
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breaking imbricate thrust system with a shallowly dipping,
throughgoing basal detachment.
[3] There is, however, a growing amount of geophysical

data from the internal part of the mountain belt that indicates
widespread fault activity in the middle and lower crust, well
below the level of the proposed detachment [Wu et al., 1997,
2004; Gourley et al., 2007; Mouthereau and Lacombe,
2006; Kaus et al., 2008; Mouthereau et al., 2009; Yamato
et al., 2009; Bertrand et al., 2009, 2012; Wang et al.,
2010; Kuo-Chen et al., 2012]. For example, recent magne-
totelluric experiments show a prominent electrical conductor
that extends into the middle crust, crossing the proposed
detachment [Bertrand et al., 2009, 2012]. Similarly, analy-
ses of seismicity data also indicate that there are several
steeply dipping faults that penetrate into the middle and
perhaps even the lower crust [e.g., Wu et al., 1997, 2004;
Gourley et al., 2007]. On the basis of these data, it has been
suggested that any model for the structural architecture
of the Taiwan mountain belt needs to incorporate a number
of steeply dipping active faults that involve nearly the entire
crust [Wu et al., 1997, 2004; Gourley et al., 2007;
Mouthereau and Lacombe, 2006; Kaus et al., 2008; Yamato
et al., 2009; Bertrand et al., 2009, 2012]. A corollary to this
is that these faults would have to disrupt any forward
breaking sequence and cut the basal detachment proposed in
the imbricate fold and thrust belt model. This proposal
therefore has significant implications for the geometric,
mechanical and kinematic evolution of the Taiwan mountain
belt that are very different from what has so far been pre-
sented on the basis of the imbricate thrust belt model.
[4] While seismicity, GPS, and thermochronological data

can provide significant insights into the kinematics and
mechanics of the Taiwan mountain belt, in order to further
advance our understanding of the structures and the kine-
matics that provide the first-order constraints on these types
of data, much more surface geology data are needed from its
interior. In this paper we present new geological mapping in
the central part of Taiwan which spans nearly the entire
width of the mountain belt (Figure 1). These geological data
are used to propose a revised stratigraphic scheme for the
Hsuehshan Range and to determine the regional structural
geology from which geometically constrained cross sections
are constructed. These data are then integrated with earth-
quake focal mechanism and seismic energy release data to
place constraints on a model for the structural architecture
and kinematics of this part of the mountain belt that takes the
relative deformation sequence and the deep seismicity into
account. Details of the methodologies used in each of these
steps are below. These data and the model interpreted from
them are then discussed in relation to other local- and
regional-scale structural and kinematic interpretations.

2. Geological Background

2.1. Tectonostratigraphic Zones
[5] The Taiwan mountain belt is divided into four roughly

N-S oriented tectonostratigraphic zones that are separated by
major faults (Figures 1 and 2). From west to east these zones
are; the Western Foothills, the Hsuehshan Range, the Central
Range, and the Coastal Range. The Western Foothills,
Hsuehshan Range, and Central Range are forming as the
result of deformation and uplift of Eocene to Miocene

sediments and older continental margin rocks of Eurasia
and the latest Miocene and younger synorogenic sediments
in the foreland basin [e.g., Suppe, 1980; Yue et al., 2005;
Mouthereau et al., 2001]. The Western Foothills form the
frontal part of the mountain belt and is juxtaposed against
the Hsuehshan Range along the Shuilikeng fault. To the east,
the Hsuehshan Range is juxtaposed against the Central
Range along the Lishan fault. The Coastal Range is com-
posed of volcanic rocks and sedimentary basins of the Luzon
arc, which is being thrust obliquely over the Eurasian margin
along the Longitudinal Valley fault [e.g., Yu and Kuo, 2001;
Chen et al., 2007; Shyu et al., 2008]. Below we give an
overview of the outcropping stratigraphy of the Western
Foothills, Hsuehshan Range, and the western part of the
Central Range.

2.2. Stratigraphy
[6] The stratigraphy of the outcropping Eurasian conti-

nental margin in central Taiwan can be broadly divided into
Permian to Cretaceous prerift clastic sediments, marble, and
metaigneous rocks (which we here call basement), Eocene
synrift clastic sediments that are unconformably overlain by
early Oligocene clastics [e.g., Chiu, 1975; Ho, 1988; Teng,
1992; Jahn et al., 1992; Shaw, 1996; Huang et al., 1997,
2001; Lin et al., 2003; Teng and Lin, 2004]. The Oligocene
unconformity is interpreted to represent the rift-to-drift
transition, or breakup unconformity [e.g., Teng, 1992;
Huang et al., 1997, 2001; Lin et al., 2003; Teng and Lin,
2004]. The Oligocene is overlain by Miocene platform
margin to slope clastic sediments which are in turn overlain
by latest Miocene to Holocene synorogenic clastics of the
foreland basin to the Taiwan mountain belt [e.g., Chiu,
1975; Ho, 1988; Teng, 1992; Shaw, 1996; Huang et al.,
1997, 2001; Lin et al., 2003; Teng and Lin, 2004]. Below,
the outcropping stratigraphy of each tectonostratigrapic
zone is presented.
[7] The outcropping stratigraphy of the Western Foothills

consists of Eocene through Miocene clastic sediments of the
Eurasian platform margin and latest Miocene to Pliocene
through Holocene synorogenic sediments [e.g., Teng, 1992]
(Figures 2 and 3). The oldest unit that outcrops comprises
volcanic rocks of the Tsukeng Formation. This formation
was previously assigned either an Eocene or Oligocene age,
but recent studies of large foraminifera and U-Pb dating of
zircons from an ash layer at the top of the sequence indicates
that it is late middle Eocene in age (C-Y. Huang, personal
communication, 2012). A borehole through the Tsukeng
Formation encountered Eocene age rocks of the Paileng
Formation (see below) [Chiu, 1975]. The Tsukeng Forma-
tion is unconformably overlain by Miocene age, mostly
shallow water clastic deposits, although some authors claim
that the Oligocene Shuichangliu Formation is found above
the Tsukeng Formation [e.g., Chiu, 1975; Ho, 1988]. In the
study area, the Miocene can be broadly divided into four
sedimentary sequences, each of which begins with a thick-
bedded sandstone unit at the base and is overlain by thin-
bedded sandstone (locally thick beds) and shale. Because of
differences in the naming and discrimination of individual
formations between the 1:50,000 geological maps in the
study area, in this paper we define the following four
sequences (Figure 3). The early Miocene Takeng Formation
is approximately 800 to 1000 m thick and is overlain by the
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up to 500 m thick Shihmen Formation, which is in turn
overlain by the "250 m thick Nanchuang Formation. The
Nanchuang Formation is conformably overlain by the latest
Miocene to early Pliocene Kueichulin Formation. There is
some discussion as to whether the Pliocene age upper part
of the Kueichulin Formation or the overlying Pliocene
Chinshui shale is the first synorogenic sedimentary unit to
appear in the foreland basin [e.g., Teng, 1987; Covey, 1986].
The Chinshui shale comprises a several hundred meter thick
member at the base of the Pliocene to Pleistocene Cholan
Formation. The Cholan Formation comprises approximately
2.5 km of interbedded mudstone, shale, and sandstone. The
Cholan Formation is conformably overlain by the Pleisto-
cene Toukoshan Formation, a coarsening upward sequence
made up of thick-bedded sandstone with shale interbeds that,
upward, becomes interfingered with, and eventually com-
pletely replaced by, conglomerate. In parts of the map area,
the Toukoshan Formation may reach up to 5 km in thick-
ness. The Toukoshan Formation is overlain by Holocene age
gravels that, in places, are several hundred meters thick.

[8] The stratigraphy of the Hsuehshan Range in the study
area is complicated by a complex structure and the almost
complete lack of fossils. While the rocks in the Hsuehshan
Range are assigned an Eocene and Oligocene age [e.g., Ho,
1988], in light of new structural and fossil data (see below)
[Chen et al., 2009], the stratigraphic sequence accepted up to
now [e.g., Ho, 1988; Lo and Yang, 2002, C.-Y. Huang et al.,
2000] appears to have a number of problems. In this paper,
we propose a new stratigraphic scheme that has arisen from
our mapping in which the oldest stratigraphic unit is the
Chiayang Formation (Figure 3). The Chiayang Formation
begins with a sequence of thick-bedded sandstone at its base
(the Yushan member), followed by an unknown thickness of
strongly folded shale with a penetrative cleavage. It is not
clear what lies below the Chiayang Formation since it is
everywhere in fault contact with the rocks to the west. The
Shipachungchi Formation is interpreted to overlie the
Chiayang Formation, although the contact is not exposed. It
is composed of several hundred meters of thin-bedded
sandstone and mudstone. It is in turn overlain by the Paileng

Figure 3. Schematic tectonostratigraphic columns for the outcropping geology of the different zones in
central Taiwan. The preorogenic and synorogenic units are indicated for the Western Foothills and the
Hsuehshan Range, as is the breakup unconformity. Note that the ages of the formations in the Central
Range are a different scale. Faults with a single arrow head are D1, and those with a double arrow head
are D2 (see section 5.2 for discussion of these two sequences of deformation).

Figure 2. Geological map of the study area in central Taiwan. The locations of the cross sections in Figure 5 and the seis-
mic lines in Figure 6 are shown. A larger-scale version of this map is provided in Figure S1. Ple/Rec = Pleistocene/Recent,
Pli = Pliocene, Mio = Miocene, Eoc = Eocene, Pz = Paleozoic, Mz = Mesozoic.
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Formation. This contact relationship is clear along, and to the
south of, the Choshui River (Figure 2). The lowest part of the
Paileng Formation, the Tachien member, has recently been
dated by large foraminifera from outcrops along the Choshui
River to the south of Wujie (Figure 2) as being late early to
early middle Eocene in age [Chen et al., 2009]. The Paileng
Formation consists of thick-bedded, coarse-grained to pebble
conglomerate quartzite and argillite at its base (the Tachien
member), overlain by interbedded sandstone and bioturbated
argillite, and topped by a several hundred meter thick, coarse-
grained to pebble conglomerate quartzite with minor amounts
of lithofragments and feldspar. The total thickness of the Pai-
leng Formation is not known for sure, but it may be as much as
4 to 5 km, and it makes up a large part of the Hsuehshan Range
(Figure 2). The Paileng Formation is unconformably overlain
by several hundred meters of late early Oligocene inter-
bedded sandstone and shale of the Shuichangliu Formation.
Within our map area of the Hsuehshan Range there are no
Miocene rocks above the Oligocene, although they do appear
farther to the north. There is no evidence, other than in the
Puli Basin, that the Pliocene and younger synorogenic sedi-
ments were ever deposited on top of the Hsuehshan Range.
[9] The eastern part of the Central Range in the study area

is composed of Mesozoic marbles, with lesser lenses of schist
(Figures 2 and 3). These Mesozoic rocks are both uncon-
formably overlain by, and in fault contact with, the Pilushan

Formation (Figure 2), which is made up of slate and phyllite
with, locally, interbeds of sandstone, all of undifferentiated
Eocene age. The Pilushan Formation is thought to have been
deposited in a shallow marine environment [e.g., Huang et
al., 1997]. Strong folding and penetrative cleavage develop-
ment, together with difficult access in the high mountains,
make it impossible to determine the thickness of the Pilushan
Formation. Along its western margin, the Pilushan Formation
is in fault contact with the late Oligocene slate, phyllite and
metasandstone of the Tayuling Formation (Figure 2), which
in turn is overlain by the slate and thin to thick-bedded
sandstone of the early to middle Miocene Lushan Formation
(Figure 3). Intense folding and cleavage development make it
impossible to determine the thickness of these two units.
Foraminifera in both the Tayuling and the Lushan Forma-
tions suggest that they were deposited in an open marine
environment at water depths of between 500 and 1500 m
[Chang, 1976; Huang et al., 1997]. The Lushan Formation
is in contact with the rocks of the Hsuehshan Range to the
west along the Lishan fault (Figure 2).

3. Structure

3.1. Methodology
[10] The study area in Central Taiwan (Figure 2: a larger-

scale version of this map is available in Figure S1 in the

Figure 4. Map of the structural units discussed in the text.
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auxiliary material) covers slightly more than eight 1:50,000
scale topography maps.1 Where available, the 1:50,000 scale
geological maps of the Central Geological Survey were used
as base maps, although all of the structural data and the map
interpretation presented in Figure 2 are from our own data.
There are no data in the north central and southeast parts of
the map presented in Figure 2 because of lack of access. In
the description of the structure that follows, the map area is
divided into a number of individual units that are based on
similarities in structure, stratigraphy, and kinematics. From
west to east these are; the Changhua-Chelungpu imbricate
thrust system, and the Shuangtung, Sun-Moon Lake, Tili,
Lushan, and Tananao Units (Figure 4).
[11] Cross sections that are geometrically constrained

from the surface geological data are presented for the
southern and middle part of the map area in Figure 5. Cross
sections for the northern part of the map area are not
included for reasons related to the structural complexity
found there (see below). The southernmost section is divided
into two parts that are offset by 3 km. The cross sections

were constructed using standard construction techniques
[e.g., Dahlstrom, 1969; Hossack, 1979] in which the thick-
nesses of the formations are taken directly from the surface
geological map, and bedding is projected into the subsurface
using dip data measured along the section. The location of
the basal detachment beneath the Western Foothills is
determined using the geometric controls provided by the
stratigraphy and the bedding dips, as well as reflection
seismic profiles. In other areas, where difficulty in deter-
mining the location of a basal detachment where found, we
use seismic energy release data to place constraints on the
regional interpretation of the deep structure (section 4.2).
Because of the often high, rugged topography and dense
forest cover, the major faults in the map area are typically
poorly exposed along their strike length so satellite images
and air photos are used to interpolate their continuity between
mapped locations. Below, earthquake focal mechanism data
are used to help place further constraints on the kinematics
derived from field data. Field geology and seismicity data all
indicate that the dominant faults have an overall oblique
thrusting through to strike-slip sense of displacement and
therefore plane strain cannot be assumed. For this reason we
have not provided restored sections, since they would mis-
represent the total amount of displacement along most faults.

Figure 5. Upper crustal geological cross sections through the central and southern part of the map area.
See Figure 2 for the location. ChT = Chuanghua thrust, CT = Chelungpu thrust, CuT = Chusiang thrust,
ST = Shuangtung thrust, SKF = Shuilikeng fault, TT = Tili thrust, CF = Chiayang fault, LF = Lishan fault.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/tec/
2012tc003156. Other auxiliary material files are in the HTML. doi:10.1029/
2012TC003156.
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3.2. The Changhua-Chelungpu Imbricate Thrust
System
[12] The buried Changhua thrust and its associated hang-

ing wall ramp anticlines are developed entirely in the
synorogenic Pliocene to Holocene sediments, forming the
frontal structure of the mountain belt in central Taiwan
(Figures 2 and 5). The structure of this poorly exposed thrust
sheet is largely derived from published reflection seismic
and borehole data (Figure 6; the uninterpreted data are
available in Figure S2) and scarce surface geological data.
The reflection seismic data show that the Pakushan anticline
has shallow forelimb and back-limb dips that is well imaged
in seismic HV2 along the Choshui River [see also
Mouthereau et al., 1999;Wang et al., 2003; Yue et al., 2005;
Simoes et al., 2007a]. However, farther south, the Neilin
anticline plunges moderately (25! to 30!) northward and
locally has a steep to slightly overturned forelimb and
moderate back-limb dips (Figure 2).
[13] In the northern part of the map area, the Sanyi thrust

(Figure 2), although not exposed here, has been intersected
by several boreholes. It is interpreted to splay off the foot-
wall of the Chelungpu thrust, placing Pliocene Kueichulin
Formation on top of Holocene gravels [Hung et al., 2009].
The Sanyi thrust outcrops in several places out of our map
area. For example, along the Tachia River it affects the
Holocene gravels and displays an oblique thrusting, top-to-
the-northwest sense of movement [Chen et al., 2003]. The
Sanyi thrust sheet widens considerably northward, but this is
out of the current study area and therefore will not be con-
sidered further here.
[14] To the north of the Choshui River, the Chelungpu

thrust sheet is developed in the Pliocene and younger
synorogenic sediments. In map view (Figure 2), it juxtaposes
the Pliocene Cholan Formation against the Holocene allu-
vium in the Changhua thrust sheet along the Chelungpu
thrust. South of the Choshui River, the Chelungpu thrust
ramps down into the Kuechulin and Nanchuang Formations,
placing them on top of the Holocene sediments and the

Pleistocene Toukoshan Formation in the back limb of the
Neilin anticline (Figure 2). The Chelungpu thrust sheet
forms an overall monoclinal structure with bedding (S0)
that dips shallowly to moderately northeast to southeast
(Figures 7 and S3.1), with some scatter caused by local
structures. The Chelungpu fault zone outcrops only locally
in the map area, so direct observations of its geometry and
kinematics are rare. Where it does outcrop, it is a several tens
of meters wide zone that ranges in deformation style from
highly disrupted and discretely faulted shale to a gouge (see
Figure S3.2). While kinematic indicators are largely absent
in the Chelungpu fault zone, GPS data [Yu et al., 1997,
2003; Bos et al., 2003; Lin et al., 2010; Ching et al., 2011a],
earthquake focal mechanism determinations derived from
the 1999 Chi-Chi and other earthquakes [Kao and Chen,
2000; Chang et al., 2000; K. C. Chen et al., 2002; Wu
et al., 2008a, 2008b] and, locally, striations on the hanging
wall of the 1999 Chi-Chi surface rupture [e.g., Lee and
Chan, 2007] indicate that it is an oblique thrust with a
top-to-the-northwest sense of movement. In the southern
part of the Chelungpu thrust sheet, the Chusiang thrust
(Figure S3.3) splays off of the Chelungpu thrust and puts
Cholan Formation on top of Toukhshan Formation
(Figures 2, 5, and 6). Along the Choshui River there is
minor folding in the hanging wall of the Chusiang thrust,
but overall bedding dips indicate that it is a monoclinal
structure (Figure 2).
[15] Along nearly its entire length in the map area, the

Chelungpu thrust is developed in the Chinshui shale, the
basal member of the Cholan Formation, suggesting that it is
a layer parallel thrust that detaches at this level in the stra-
tigraphy (Figures 2 and 5). However, along the Gan River
(Figures 2 and 8), the Chinshui shale is folded into an
approximately kilometer wide hanging wall anticline that
consists of roughly north and south plunging, box shaped to
nearly isoclinal folds (Figure S3.4). In the back limb, bed-
ding has a moderate, consistently eastward dip that projects
over the anticline formed by the Chinshui shale. Farther
south, along the Cingshuei River, the Nanchuang and

Figure 6. Line drawing of the seismic profiles A (taken from Yue et al. [2005]) and HV2 [Wang et al.,
2002]. The locations of these profiles are shown in Figure 2. The seismic profiles are available in Figure S2.
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Kuechulin Formations are also folded into a series of hang-
ing wall anticlines and synclines immediately above the
Chelungpu thrust (Figure 8) (Figure S3.5). While these two
areas may provide an opportunity to determine hanging wall
cutoffs from which displacement along the Chelungpu thrust
can be determined, we hesitate to do so on the basis of these
two outcrops alone.
[16] Based on bedding dips and the reflection seismic

data, the Changhua and Chelungpu thrusts can be interpreted
to be listric faults that merge with a basal detachment that
dips "6! eastward, forming an imbricate thrust system
(Figures 5 and 6). The dip of the detachment is consistent
with the footwall bedding dips below the Changhua thrust
obtained from the borehole TC-1 (Figure 6), with the inter-
pretation of reflection seismic data, and is in keeping
with the dip interpreted by other studies [e.g., Johnson and
Segall, 2004; Mouthereau and Lacombe, 2006; Simoes

et al., 2007a; Lee and Chan, 2007]. Hanging wall bed-
ding dips are moderate along the area of the cross sections,
and by maintaining formation thicknesses we interpret the
Changhua and Chelungpu thrusts to merge with the basal
detachment at "6 and between 8 and 9 km depth, respec-
tively (Figures 5 and 6). This interpretation places the
location of the 1999 Chi-Chi earthquake [Wu et al., 2008a,
2008b] on the Chelungpu thrust, near where it merges with
the basal detachment. It also fits well with the hypocenter
locations of seismic events within the first 15 min of the
Chi-Chi aftershock sequence [Chang et al., 2007]. Other
interpretations have the Chelungpu thrust splaying off the
basal detachment at "4 to 10 km depth, or even more [Kao
and Chen, 2000; Chen et al., 2001b; Johnson and Segall,
2004; Yue et al., 2005; Mouthereau and Lacombe, 2006;
Mouthereau et al., 2001; Lin, 2007; Lee and Chan, 2007;
Huang et al., 2008; Yanites et al., 2010]. Based on the

Figure 7. Lower hemisphere, equal-area stereographic projections of bedding and cleavage dip
azimuths from the various structural units. These data were plotted using the Stereonet program by
R. W. Allmendinger.
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disruption of seismic reflections, horizontal displacement on
the Changhua thrust in the plane of the seismic profile
appears to be on the order of 500 m [see also Yue et al.,
2005; Mouthereau and Lacombe, 2006; Simoes et al.,
2007a]. In our cross sections, the apparent displacement
along the Chelungpu thrust is a minimum of "15 km if the
intersection of the Cholan Formation with the surface is
restored to its footwall cutoff. We stress, however, that
movement of material out of the plane of section by oblique
thrusting, together with the scarcity of stratigraphic cutoffs,
make it difficult to accurately determine the amount of
displacement for the Chelungpu thrust sheet. Finally, the
fact that to the south of the Choshui River the Chelungpu
thrust cuts down section in the stratigraphy (Figure 2)
indicates the presence of a lateral, or oblique, ramp that
appears to strike roughly NE-SW.

3.3. The Shuangtung Unit
[17] In map view, the Shuangtung Unit comprises middle

to late Eocene through to early Pliocene rocks which are
juxtaposed against the late Miocene to Pleistocene rocks of
the Chelungpu Unit along the Shuangtung thrust in the west,
and in the east against the Eocene and Oligocene rocks of the
Sun-Moon Lake and Tili Units along the Shuilikeng fault

(see section 3.4) (Figure 2). The involvement of the older
platform margin strata in the deformation indicates that the
Shuangtung thrust ramps down into a deeper stratigraphic
level than the basal detachment of the Changhua-Chelungpu
imbricate thrust system.
[18] The Shuangtung thrust outcrops very poorly in the

field and kinematic indicators are largely lacking. Coseismic
and postseismic horizontal GPS velocities associated with
the 1999 Chi-Chi earthquake indicate that it is an oblique
thrust with a top-to-the-northwest sense of movement [Yu
et al., 2003; Lin et al., 2010]. Along the Changping River
(Figure 2), the fault is expressed as a narrow zone of gouge
with a decameter-scale west verging hanging wall anticline–
footwall syncline pair (Figure S3.6). Along the Wu River, a
number of small faults indicate a top-to-the-northwest sense
of movement. In the northern part of the map area, the
Shuangtung thrust takes on a northeast strike, as do bedding
traces in its hanging wall. The Shuangtung thrust has been
poorly imaged in reflection seismic profiling (Figure 6),
where it appears to be a moderately to steeply eastward
dipping fault [see also Wang et al., 2003; Yue et al., 2005;
Simoes et al., 2007a, 2007b].
[19] The surface geology of the Shuangtung Unit com-

prises two wide “en echelon” synclines, the Tahenpingshan

Figure 8. Map of fold axes orientations and plunge values throughout the study area. To the north of the
Choshui River, fold axes plunge overall toward the south, whereas south of the river they take on a north-
ward plunge.
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and Taanshan synclines in the north and south, respectively
(Figure 2). Note that here we interpret the Taanshan and
Chichitashan synclines [C.-S. Huang et al., 2000] to be the
same structure. These synclines are separated by the narrow
Tsukeng anticline that is cored in its southern part by the
Eocene age Tsukeng Formation. These folds are non-
cylindrical (Figure 8), as is shown by the weak great circle
girdle formed by bedding dips within the unit (Figure 7), and
are cut by both the Shuangtung thrust and the Shulilikeng
fault.
[20] In the northern part of the map area, the eastern flank

of the Shuangtung Unit is tightly folded (Figures S3.7 and
S3.8 show vertical bedding along this limb) into the mod-
erately southward plunging Guaosing anticline (Figure S3.9)
and Tachiwei syncline (Figure 2). The eastern limb of the
Tachiwei syncline and the eastern flank of the Taanshan
syncline are cut by the high-angle, brittle Guaosing fault
(Figures S3.10 and S3.11), which merges southward with
the Shuilikeng fault. No kinematic indicators have been
found along the Guaosing fault. Southward, the eastern limb
of the Taanshan syncline becomes steeply west dipping and
is cut by high-angle brittle faults. Several of these faults are
well exposed along the western side of the Chenyulan River
where they can be up to several hundred meters wide breccia
zones that strike into and become lost in the alluvium of the
river valley. In several locations we have found psuedo-
tachylite within the breccia. Kinematic indicators such as
stratigraphic cutoffs and slickenfibers developed on slip
surfaces show that the faults have a complex kinematic
history, but with a dominant sinistral strike-slip sense of
movement.
[21] In both cross sections, the Shuangtung thrust juxta-

poses a hanging wall ramp against a footwall ramp
(Figure 5). We have little control on the dip or location of the
Shuangtung thrust at depth, except that it carries Eocene age
rocks in its hanging wall [Chiu, 1975; C-Y. Huang, personal
communication, 2012]. There are, then, two possibilities
for the interpretation of the structural provenance of the
Shuangtung Unit. In the first, the Shaungtung thrust forms
a ramp up from a deeper stratigraphic level than the
Changhua-Chelungpu imbricate thrust system to form the
bedding-parallel flat beneath it (the detachment). In this
case, the Shuangtung Unit forms part of the imbricate system
and must, therefore, restore back to a position farther east
than that of the synorogenic sediments in the Chelungpu
thrust sheet, indicating that it has accumulated a horizontal
displacement of more than 15 km and has been uplifted more
than 12 km (if a 6! basal detachment dip is assumed) [see,
e.g., Yue et al., 2005]. A second possibility is that the
Shuangtung thrust is linked to the development of the
Shuilikeng fault (see below) and represents a footwall
shortcut breaching through the Changhua-Chelungpu
imbricate thrust system and may involve both basement and
cover rocks [see also Mouthereau and Lacombe, 2006;
Simoes et al., 2007b]. In this scenario (which we prefer), the
Shuangtung Unit has accumulated "10 km of horizontal
displacement and has been uplifted "9 km. Continued
movement along the Shuilikeng fault has resulted in the
eastern margin of the Shuangtung Unit being tightly folded
and faulted. In this latter case, any synorogenic sediments
that may have been deposited above the Miocene in the
Shuangtung Unit in the map area have now been eroded

away, although they do appear above the Miocene in the
Changhua-Chelungpu imbricate thrust system farther to the
south (Figure 2).

3.4. The Sun-Moon Lake Unit
[22] The Sun-Moon Lake Unit is composed of Eocene and

Oligocene sediments of the Paileng and the Shuichangliu
Formations (Figure 2) and represents a yet deeper level of
involvement of the Eurasian margin sediments in the defor-
mation. A deeper level of burial for these rocks has been
suggested by Sakaguchi et al. [2007], who, on the basis of
vitrinite reflection data, determined an increase in tempera-
ture of 90!C from the Shuangtung Unit to Sun-Moon Lake
Unit, across the Shuilikeng fault. They estimate a maximum
temperature of 284!C for the Paileng Formation, and suggest
that the Sun-Moon Lake Unit rocks have been exhumed
from between 9.2 and 9.8 km depth. The Sun-Moon Lake
Unit is bound to the west by the Shuilikeng fault and to the
east by the Tili thrust.
[23] The Shuilikeng fault is a high-angle (Figures S3.12 to

S3.14), roughly linear, locally bifurcating brittle fault zone
that coincides with a pronounced system of valleys that
clearly demarcate the contact between the Shuangtung and
the Sun-Moon Lake and Tili Units along nearly its entire
length in Central Taiwan (Figure 2). Using river incision,
channel morphology, and stream gradients along the Wu and
Peikang rivers, Yanites et al. [2010] and Sung et al. [2000]
suggest that the Shuilikeng fault is currently active, and
has been throughout the Holocene. Furthermore, by com-
paring today’s stream gradients with historical gradients
from earlier mapping, Sung et al. [2000] suggest that the
Shuilikeng fault has been active during the last 80 years. The
Shuilikeng fault is poorly imaged in reflection seismic data,
where it has been interpreted to dip steeply eastward and
extend to deep in the middle crust (i.e., the Shuichangliu
fault of Wang et al. [2002]). Yue et al. [2005] interpret the
Shuilikeng fault to be the westward dipping displaced upper
part of a preexisting extensional fault whose lower part, they
suggest, coincides with an area of high seismic activity
below their interpreted detachment.
[24] The surface geology of the Sun-Moon Lake Unit is

defined by a number of roughly NE striking regional-scale
folds and faults that splay off the Shuilikeng fault zone.
Faults are often difficult to trace along strike, but where
they crop out they are all brittle with mostly a top-to-the-
northwest sense of movement. Here, unlike previous map
interpretations, we recognize a fault along the eastern flank
of the Lileng syncline, which we name the Alenkeng fault
(Figure 2). While this fault has not been seen in outcrop, its
presence is inferred from complex, nearly vertically plung-
ing folds along the eastern margin of the syncline to the
north of the Paikang River, and by the truncation of gently
east dipping Shuichangliu Formation against vertical, west
facing Paileng Formation on the north side of the Nankhan
River (Figure 2). The regional anticlines associated with the
major faults in the Sun-Moon Lake Unit have moderately to
steeply west to northwest dipping forelimbs (Figures S3.15
and 3.16) that, northward, become steep to slightly over-
turned as folds tighten (Figure 2). These steep forelimbs can
often be traced for tens of kilometers along strike, making
them excellent structural markers in the rugged topography
and monotonous stratigraphy of the Paileng Formation.
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Folds have a broad back limb with bedding that dips shal-
lowly to moderately toward the northeast to southwest,
giving the synclines an open to slightly flat-bottomed
geometry (Figure S3.17 and Figures S3.18 to S3.20 show
further details of the stratigraphy and structure in the Sun-
Moon Lake Unit). The folds are everywhere fault propaga-
tion folds, generally with a component of bedding parallel
slip. Throughout most of the Sun-Moon Lake Unit, minor
folds associated with the regional fold system have axes that
(with some exceptions) plunge shallowly to moderately
southward, but take on a more southwesterly plunge north of
the Peikang River, and turn sharply to a nearly east-west
plunge along the Tachia River, giving a scatter in the bedding
dip azimuths (Figures 7 and 8). South of the Choshui River,
fold axes have an overall northward plunge (Figure 8).
[25] In cross section, we have assumed a stratigraphic

thickness template for the Sun-Moon Lake Unit as outlined
in section 2. We interpret the Mesozoic basement to be in the
shallow subsurface on the basis of the velocity structure
determined from seismic tomography [Wu et al., 2007; Lin,
2007]. The regional-scale structure of the Sun-Moon Lake
Unit in the southern part of the map area is that of a hanging
wall ramp composed of a wide antiformal structure with a
number of associated minor folds. On the basis of the surface
geology, in the cross sections we interpret the Shuilikeng
fault to be a steeply east dipping feature that extends to
"10 km depth where it ramps down to a deeper level than
the Western Foothills basal detachment (Figure 5). Below,
we will use seismicity data to interpret how the Shuilikeng
fault extends deeper into the crust and to place constraints on
its kinematics. Further north, between the Peikang and the
Tachia rivers, faults, regional bedding strikes, and fold axes
undergo a pronounced change in orientation toward a more
northeast to easterly strike and plunge (Figures 2, 7, and 8).
This change in the structural orientation is suggestive of a
roughly NE-SW striking lateral, or oblique, footwall ramp.

3.5. The Tili Unit
[26] The surface geology of the Tili Unit is composed of

the Chiayang and Shipachungchi Formations, and the lower
(Tachien) and middle members of the Paileng Formation.
Much of the northeastern part of the Tili Unit is difficult to
access, so we have only a relatively small data set from
there. The Tili Unit is bound to the west by the Tili thrust
and to the east by the Lishan fault. The Tili thrust marks an
abrupt change in the deformation style and metamorphic
conditions in the Taiwan mountain belt. It is the western
limit of cleavage development. South of the Choshui River,
the Tili Unit appears to be offset to the west before it bends
into, and terminates against, the Shuilikeng fault (Figure 2).
On the basis of Raman spectroscopy of carbonaceous
material, Beyssac et al. [2007] estimate metamorphic tem-
peratures in the Tili Unit to range from "350!C to greater
than 450!C, significantly higher than the 284!C determined
for the Sun-Moon Lake Unit [Sakaguchi et al., 2007] [see
also Simoes et al., 2012].
[27] Where it outcrops, the Tili thrust is a wide zone of

deformation in which numerous small faults interact with
each other (see Figure 3.21 for an example of the complex
deformation around the Tili thrust). The largest of these
splays occurs in the southern part of the map area, where the
Minho thrust splays off the Tili thrust to form a several tens

of kilometers long horse. South of the Choshui River, the
Minho and Tili thrusts are offset some 5 to 10 km to the
west. A number of east-west striking, both northward and
southward dipping thrust and strike-slip faults outcrop in this
area. Although it is not possible to trace any one of these
faults in outcrop through the forest and high topography,
using satellite imagery we interpret the offset in the Tili Unit
to be related to them. The Tili Unit contains a moderate to
steeply east to east-southeast dipping (Figure 7) pressure
solution cleavage that is axial planar to minor asymmetric,
west vergent folds found in outcrop (Figure S3.22), and to
the regional fold structure [see also Clark et al., 1993;
Tillman and Byrne, 1995; Fisher et al., 2002]. There is some
local scatter in the dip directions of the cleavage, especially
in the northern and southern parts of the map area where
they are affected by the Lishan and Shuilikeng faults,
respectively.
[28] The regional structure of the Tili Unit is that of

the west verging, moderately southward plunging Tanan
anticline (Figures 2 and 5), which has a several kilometer
wide, steep to slightly overturned forelimb and a wide
(Figure S3.23), moderately eastward dipping back limb
(Figures 2 and 5). The geometry of the Tanan anticline is
that of a fault propagation fold (see Figure S3.24 for an
example of the fold style). As in the Sun-Moon Lake Unit,
bedding dip directions (and here cleavage) take on a com-
plex pattern in the northern part of the map area (Figure 2)
(see also Tillman and Byrne [1995] for details of cleavage
orientations in the northern part of the Tili Unit). The back
limb of the Tanan anticline is cut by the Chiayang fault
(Figure S3.25), which juxtaposes Chiayang Formation
against the Tachien member of the Paileng Formation
(Figure 2). The Chiayang fault can be traced throughout the
map area as a several hundred meter wide zone of brittle
deformation. Sparse kinematic indicators found in outcrops
along the Choshui, Paikang and Tachia rivers suggest that
this is a highly oblique thrust to strike-slip fault. North of the
Choshui River, minor folds in the Tili Unit have an overall
shallow southward plunge, although this can be highly
complex where, locally, folds become reclined (i.e., the fold
axis plunges downdip in the axial plane) (Figure 7). South of
the Choshui River, minor folds in the Tili Unit generally
plunge toward the north. Along its eastern flank, the lower
part of the Paileng Formation in the back limb of the Tanan
anticline has been rotated into a vertical position against the
Lishan fault (Figures 2, 5, and S3.26).
[29] In the cross sections, the Tili thrust is interpreted

to be a relatively steeply dipping fault that penetrates into
the Mesozoic basement, juxtaposing a hanging wall ramp
against a footwall ramp (Figure 5). This interpretation is
based on the fact that along its strike length in the map area
the Tili thrust cuts across the topography from the northeast
to the southwest, suggesting that it is a steeply dipping fea-
ture. An alternative interpretation is that it shallows into a
detachment within the complexly and strongly folded
Chiayang Formation, and/or at the interface with the base-
ment. We stress, though, that there is no geological evidence
to support either of these interpretations. Finally, with the
current data set it is not possible to determine if back rotation
and steepening of the Tili thrust has taken place with the
progressive development of the fault units to the west.
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[30] Eastward, the Tili Unit is bound by the Lishan fault, a
north to northeast striking high-angle fault that has a marked
topographic expression throughout much of central and
northern Taiwan. In several interpretations of the geology of
Taiwan the Lishan fault has been largely ignored [e.g., C.-H.
Chen et al., 2000; Yue et al., 2005]. Others have suggested,
however, that the Lishan fault is a geologically complex,
steeply west dipping structure whose geophysical signature
indicates that it can be traced into the middle and perhaps
even the lower crust and that it has an overall top-to-the-east
oblique thrusting to strike-slip faulting sense of movement
[Clark et al., 1993; Lee et al., 1997; Bos et al., 2003; Wu
et al., 2004; Bertrand et al., 2009, 2012]. Neither of these
interpretations has been supported by a clearly defined fault
surface in the field. In our map area, however, the Lishan
fault outcrops in a number of places, where it is an up to
1 km wide ductile shear zone (Figures S3.27–S3.29) that
juxtaposes the early to middle Eocene [Chen et al., 2009]
lower members of the Paileng Formation to the west against
the middle Miocene Lushan Formation to the east. In the
upper reaches of the Choshui River, near the town of Wujie,
the fault is very well exposed. Here, it is a several hundred
meter wide shear zone that displays a strong strain gradient
from lower strain at the margins to very high strain at its
center. Kinematic indicators, such as sheared boundins,
sheared lithoclasts, and rare subhorizontal lineations indi-
cate a sinistral sense of strike-slip movement. Furthermore,
the Lishan fault has medium metamorphic grade rocks
being exhumed in its hanging wall (up to "450!C [Beyssac
et al., 2007; Simoes et al., 2012]). All of these features
combine to suggest that the Lishan fault penetrates to below
the brittle ductile transition (since ductilely deformed rocks
now appear at the surface), and into rocks that were at
middle to lower crustal metamorphic conditions.

3.6. The Lushan Unit
[31] The Lushan Unit is composed of the deep water

shales and sandstones of the middle Miocene Tayuling and
Lushan Formations, and here we also include the Eocene
Pilushan Formation. The difference in age and depth of
deposition between the Pilushan Formation and the Tayuling
Formation (see section 2.2) is suggestive of either an
unconformity or a structural break. The complexity of the
structure across the contact supports the interpretation of a
fault, although no clearly defined fault was seen in our map
area. The Lushan Unit is bound to the west by the Lishan
fault and to the east by the Chinma fault. Despite its poor
exposure, we have mapped several sections along its western
flank and one complete section in the north (Figure 2).
However, the poor exposure combined with the monotonous
lithology does not provide any marker horizon that allows
correlation of structures to be made from north to south. This
is further complicated by the gradual southward disappear-
ance of bedding in the Lushan Formation. Metamorphic
temperatures in the Lushan Unit are estimated to be <300!C,
significantly less than that determined from the Tili Unit to
the west [Beyssac et al., 2007; Simoes et al., 2012].
[32] Folds in the Lushan Unit have a wavelength of sev-

eral hundred meters to a kilometer, are roughly west verging
(Figure 2), and generally northeast to southwest plunging
(Figure 7). They have steep to overturned forelimbs and
moderately dipping back limbs. Locally, however, minor

folds are very tight, with interlimb angles on the order of
10! to 30!. These folds often plunge downdip in their axial
plane. A spaced axial planar cleavage is developed
throughout the unit (but not always in the thick-bedded
sandstones) (Figure S3.30) and has an overall moderate
southeast dip (Figure 6), although dip directions become
more variable northward (Figure 2). We have observed a
crenulation cleavage in only one outcrop, indicating that a
second phase of folding is not widespread in the Lushan
Unit. Zones of very high strain are found locally along its
western flank. For example, near the western side of the
town of Lushan (Figure 2), one shear zone is several hun-
dred meters wide, contains abundant lithoclasts with sym-
metrical strain shadows (Figure S3.31), rootless folds, and
widely spaced kink bands (Figure S3.32). Unfortunately,
these high-strain zones cannot be traced away from the
outcrop in which they occur, and their kinematics are typi-
cally ambiguous. The western margin of the Lushan Unit is
strongly deformed by the Lishan fault.

3.7. The Tananao Unit
[33] The Mesozoic rocks of the Tananao Unit have been

interpreted to be either unconformably overlain by the
Pulishan Formation [Suppe, 1976; Yue et al., 2005] or to be
in fault contact with it [Clark et al., 1993; Fisher et al.,
2002; Gourley et al., 2007; Beyssac et al., 2007]. The con-
tact between these two units is exposed along the Central
Cross Island Highway, at the Chinma tunnel (Figure S3.33).
Here, the banded marbles that are typical of the Tananao
Unit in the Taroko Gorge (Figure S3.34) are overprinted by
a penetratively developed mylonititic foliation that dips
"60! toward the east (Figure S3.35). Our current mapping
only extends 2 km east of this contact, so in this paper we
will not address the geology of the Mesozoic rocks of the
Tananao Unit.

4. Earthquake Data

[34] In sections 4.1 and 4.2, focal mechanism type maps
and seismic energy release depth slices and cross sections
are presented for earthquake data within the map area. Key
to the interpretation of these data is the accuracy of the
hypocenter location and of the focal mechanism solution
[Wu et al., 2008a, 2008b]. Precise earthquake locations rely
on several factors such as record quality, station coverage,
the adopted methodology of relocation, and the velocity
model. The Central Weather Bureau Seismic Network
(CWBSN) and Taiwan Strong Motion Instrumentation
Program (TSMIP) stations consist of about 900 free-field
stations spread over the entire Taiwan mountain belt, with a
dense array of these within the study region. Events recorded
in both the CWBSN and TSMIP data sets were relocated
using the 3-D velocity model of Wu et al. [2007, 2009]. By
using the 3-D velocity model and dense station coverage, the
root-mean-squares of the traveltime residuals are shortened
to less than 0.15 s [Wu et al., 2003, 2008a]. This, together
with results from recent test explosions, gives an uncertainty
of #2 km in hypocenter locations. First motion polarities
from 834 of the relocated events within the study area were
suitable for focal mechanism determinations, which are
calculated using the genetic algorithm [Wu et al., 2008b] to
explore the entire model space and to assess the robustness
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of solutions. A complete description of the methodology and
the uncertainties involved in the calculation of the focal
mechanisms is given by Wu et al. [2008b].
[35] While small, we stress that the scale of these uncer-

tainties in the location of individual seismic events and focal
mechanisms, together with uncertainties in determining the
exact subsurface location of faults from surface geology,
make it difficult to assign any particular seismic event to the
smaller faults in the map area. It is, however, possible to
distinguish a number of the major bounding faults. Because
of the scale of the analyses and the uncertainties involved,
this data set provides further constraints on the regional
interpretation of the structure and kinematics derived from
the surface geology. Therefore, in this section, we return to
the regional tectonostratigraphic terminology of Western
Foothills, Hsuehshan Range, and Central Range.

4.1. Focal Mechanism Data
4.1.1. Methodology
[36] Focal mechanism data are updated from the database

of Wu et al. [2010] to cover the period from 1991 to 2009
(Data Set S1). Focal mechanism solutions from this data set
were used to determine the P, T, and B axes of each event,
which were then plotted according to the method of Frohlich
[1992, 2001] (Figure 9). Although information such as the
incremental slip direction and fault plane strike are lost in
this analysis, the focal mechanism types provide important
information on fault kinematics, dividing the seismic events
loosely into fields that define thrusts (P axis), extensional
faults (T axis), strike-slip faults (B axis), and “other” faults.
Once the focal mechanism types were characterized in this
way they were plotted in situ in the same volume used for
the energy release analysis (see section 4.2) and depth slices
were cut at 5 km intervals (Figure 10). For the depth slices,
events were projected vertically for a maximum of 2.49 km
either side of the slice, assuring that no single event appears
on two different slices.

Figure 9. Triangular plot showing the fault mechanism dis-
tribution for the study area [after Frohlich, 2001]. These data
are available in Data Set S1.

Figure 10. Fault mechanism depth slices through the map
area. See text for discussion.
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4.1.2. Fault Mechanisms in Central Taiwan
[37] Figure 9 displays an overall random scatter, with a

weak clustering in the thrust field. The depth slices
(Figure 10), however, show a complex distribution of fault
mechanisms, both within a single depth slice and with depth.
In the Western Foothills, the upper 15 km of crust is domi-
nated by strike-slip, extensional, and “other” faults, with a
cluster of these centered at"10 km depth that we interpret to
be related to the basal detachment beneath the Changhua-
Chelungpu imbricate thrust system. Thrust mechanisms are
rare in the upper 15 km of the Western Foothills, but become
more important, along with “other” types, from "15 to
30 km depth. Eastward, the Hsuehshan Range displays a
very complex pattern of fault types. In the northern part of
the map area, the upper 15 km is dominated by strike-slip
and “other” fault mechanisms, with a minor number of thrust
and extensional events that are interpreted to belong to the
faults that splay off the Shuilikeng fault. In the south,
beginning at "10 km depth, the Hsuehshan Range is dom-
inated by a near linear cluster of thrusts that extend to
between 15 and 20 km depth that we interpret to be related to
the Shuilikeng fault. Between "20 to 30 km depth, the
southeastern flank of the Hsuehshan Range is dominated by
thrust and “other” mechanisms, with lesser strike-slip and
rare extensional mechanisms that are interpreted to be
related to the Lishan fault. The upper 10 km of the part of the
Central Range covered in this study is dominated by exten-
sional fault mechanisms, with thrust fault mechanisms
becoming increasingly important in the southeastern part of
the map, from "15 to 25 km depth. We interpret these to be
related to the Chinma fault. Similar results to those outlined
above were obtained in central Taiwan by Wu et al. [2010]
and Mouthereau et al. [2009].

4.2. Seismic Energy Release Data
4.2.1. Methodology
[38] Earthquake hypocenter maps and sections with a

large number of seismic events can provide important
information about the regional geometry of fault systems.
Nevertheless, there are several disadvantages to this meth-
odology. For example, clustering of events may be mis-
leading in the visual inspection of maps and sections, since
small-magnitude events cannot be distinguished from large
ones. With an energy increase of about a factor of 30 for
each unit increase in magnitude, the cumulative energy
released by many small events may not reach the energy of a
single large event, and this can mask the important structures
where major earthquakes occur. Also, in hypocenter cross
sections, events are generally projected over distances of
10 km or more onto the plane of section. Many of these
events may be related to structures that are not present in the
plane of the section, or which intersect it in a completely
different place from where the events are projected. The
advantages of using the cumulative energy release method
are that zones of high-magnitude earthquakes are readily
distinguished and imaged in situ. Following this, we assume
that the highs in cumulative energy release are related to
earthquakes taking place along major faults. A limitation of
the cumulative energy release modeling is the recurrence
time of earthquakes, which can significantly bias the results
locally and may account for areas of low-energy release.

Figure 11. Seismic energy release depth slices for the
study area. Note the coincidence of the linear highs which
are interpreted to be related to the basal detachment, the
Shuilikeng and Lishan faults. The data set from which these
energy releases were calculated is available in Data Set S2.

BROWN ET AL.: STRUCTURE OF CENTRAL TAIWAN TC5013TC5013

15 of 25

37



[39] For our seismic energy release modeling in central
Taiwan, 34,819 events of >ML = 2 were extracted from the
1991 to 2008 database of relocated earthquakes [e.g., Wu
et al., 2008a] (Data Set S2). In accordance with the Taiwan
Central Weather Bureau Seismic Network Earthquake Cata-
logue [Shin, 1993], the local magnitude ML is used to com-
pute the seismic energy release (E, units are in ergs) for each
event using the empirical relation

log E ¼ 9:4þ 2:14 ML & 0:054 ML**2

of Gutenberg and Richter [1956]. The relation used by Jeng
et al. [2002] to study the energy release in the Taiwan sub-
duction zones has also been tested, but without any signifi-
cant change in the results. In this study, cumulative seismic
energy release was determined in a 3-D volume using a dis-
cretized 100 m grid in which the energy is summed for all
events that are located within a sphere of 2 km diameter
centered at each grid point. Horizontal and vertical slices
were then cut through the volume.
4.2.2. Seismic Energy Release in Central Taiwan
[40] The seismic energy released in the Western Foothills

is scattered throughout the upper 30 km of crust, with minor

amounts being released to a depth of at least 40 km
(Figures 11 and 12). There is a marked high that is centered
at about 10 km depth (#5 km) in the central and southern
part of the map area, and a lesser high along its eastern flank
(Figures 11 and 12). The high centered at "10 km depth
approximately coincides with the beginning of the low
P wave velocity perturbation that marks the top of the Peikang
basement high [Wu et al., 2007]. This high in energy release
can be interpreted to image the basal detachment of the
Changhua-Chelungpu imbricate thrust system (Figures 11,
12b, and 12c). The relative increase in cumulative energy
release in the upper 10 km of crust along the eastern flank of
the Western Foothills seems to be related to earthquakes
occurring along Chelungpu and Shuangtung thrusts. There is
a scattering of energy release to "40 km beneath the Western
Foothills. While this is obviously related to elastic strain
release within the Peikang basement high, we cannot asso-
ciate it with any particular faults.
[41] There is an abrupt increase in cumulative energy

release from the Western Foothills to the Hsuehshan Range
that reaches a depth of "30 km (Figures 11 and 12). Along
the western flank of the Hsuehshan Range, the increase in
cumulative energy release dips steeply eastward and projects
to the surface at the location of the Shuilikeng fault
(Figures 11 and 12). Along its eastern flank, there is a
steeply westward dipping to vertical truncation of energy
release that projects to the surface at the location of the
Lishan fault (Figure 11). In the southeastern part of the map
area (Figures 11 and 12c), from "20 to 35 km depth, there is
a steeply west dipping high in the cumulative energy release
that also projects to the Lishan fault at the surface. The high-
energy release in the central part of the Hsuehshan Range is
likely due to activity along the mapped faults that splay off
the Shuilikeng fault (Figure 11).
[42] In the western part of the Central Range, the seismic

energy release is relatively low and is scattered throughout
the crust to a depth of at least 40 km. With the present data
set we are unable to determine any relationship between
cumulative seismic energy release and geological structures
in the western part of the Central Range. Eastward, there is
an abrupt increase in the amount of energy being released in
the upper 20 to 30 km of crust. This area corresponds to the
Western Metamorphic Shear Zone of Gourley et al. [2007],
who suggest that it is a steeply west dipping oblique exten-
sional fault. At the surface, however, the western margin of
this high coincides with the location of the Chinma fault
(Figures 11 and 12), the "60! eastward dipping shear zone
that is transporting the Mesozoic and older crystalline
basement rocks westward over the Paleogene and younger
rocks to the west.

5. Discussion

5.1. Structure and Fault Kinematics
[43] The surface geological mapping presented here indi-

cates that in Central Taiwan, from the buried Changhua
thrust in the west to the Tananao Unit in the east, the
mountain belt can be divided into six distinct, roughly
northeast-southwest trending fault-bounded units (Figure 4).
In this section we bring together the geological and geo-
physical data to discuss the crustal structure of these units
and the kinematics of their bounding faults.

Figure 12. Seismic energy release sections. The sections
labeled A, B, and C and their locations are shown in
Figure 11. SKF = Shuilikeng fault, LF = Lishan fault,
ChF = Chinma fault.
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[44] The surface geological data and the cumulative seis-
mic energy release data presented here both corroborate the
previous interpretations of a gently eastward dipping
detachment at about 7 to 10 km depth below the Western
Foothills (Figure 5) [e.g., Suppe, 1980, 1981; Ding et al.,
2001; Carena et al., 2002; Yue et al., 2005]. For an alter-
native interpretation in which there is extensive basement
involvement see, for example,Mouthereau and Petit [2003],
Mouthereau and Lacombe [2006], and Simoes et al. [2007b]
(and section 5.3). The differences in the depth to the
detachment between the various data sets is a result of the
uncertainties in the methodology of cross section construc-
tion, the choice of migration velocities and lack of a clear
reflection in the seismic profile (Figure 6), and in the loca-
tion of seismic events in the energy release data (Figure 12).
Like the previous interpretations mentioned above, to the
north of the Choshui River we place the detachment to
the Changhua-Chelungpu imbricate thrust system within the
Chinshui shale member of the Cholan Formation synoro-
genic sediments. South of the Choshui River, however, there
is a significant change in the location of this basal thrust as it
ramps down section into the older Miocene rocks, placing
them on top of Pleistocene rocks in the Neilin anticline
(Figure 2) [see also Mouthereau and Lacombe, 2006]. The
seismicity data show that all types of fault mechanisms are
active within this imbricate thrust system and along the
detachment (Figure 10), indicating that it has complex
kinematics and therefore a pure thrusting mechanism
cannot be assumed [see also Wu et al., 2010]. These data,
together with rare kinematic indicators found in the field and
the horizontal component of the surface displacements
determined from the GPS data [e.g., Yu et al., 2003; Bos
et al., 2003; Lin et al., 2010], all indicate that a top-to-the-
northwest (oblique) sense of movement is taking place.
[45] We recognize that there are problems in interpret-

ing the geometry of the Shuangtung thrust at depth (see
section 3.3). On the basis of this study, we suggest that since
it cuts down section through the Miocene and into Eocene
age Paileng Formation rocks it is more likely to be struc-
turally and kinematically linked to the Sun-Moon Lake Unit,
although its eastern flank has been cut by the Shuilikeng
fault. With the current data, however, it is not possible to
determine the nature of this linkage. A possible example of
how a frontal imbricate thrust system links with a regional
transpressive fault system comes from the South Island of
New Zealand [e.g., Walcott, 1998]. In the surface geology,
the Shuangtung thrust places Miocene rocks on top of the
upper part of the Toukoshan Formation, indicating that it
was active during the late Pleistocene to Holocene. The
seismic energy release in the shallow subsurface beneath
the Shuangtung Unit, together with aftershocks of the
Chi-Chi earthquake [R.-Y. Chen et al., 2002] suggest that the
Shuangtung thrust is currently active [see also Sung et al.,
2000].
[46] Unlike the previous interpretations in which the

Western Foothills detachment extends eastward beneath the
Hsuehshan and Central Ranges [e.g., Carena et al., 2002;
Yue et al., 2005], we suggest that it appears to be truncated
by, or is perhaps somehow linked with, the Shuilikeng fault
zone. (Figures 5 and 12). See, for example, the aftershocks
that occurred within the first 24 h of the Chi-Chi earthquake
[Chang et al., 2007]. The data presented here indicate that

the Shuilikeng fault, rather than being a single discrete fea-
ture, comprises a system of faults and folds that splay off the
main fault, resulting in a regional map pattern that is strongly
suggestive of a transpressive or strike-slip system fault zone
(for examples of these types of map patterns, see Sylvester
[1988], Butler et al. [1998], Walcott [1998], Kirkpatrick
et al. [2008], Murphy et al. [2011], and Leever et al. [2011]).
This Shuilikeng fault “system” dominates the structure of the
Sun-Moon Lake Unit in the map area. The bending of folds
(e.g., the Tingkan syncline or the Tsukeng anticline),
together with the bending and truncation of the Tili Unit,
against the Shuilikeng fault indicates that it has a sinistral
component of displacement (Figure 2). However, earthquake
focal mechanisms determined for the Sun-Moon Lake Unit
show that the Shuilikeng fault “system” displays complex
kinematics, with a clear range from strike-slip and “other”
mechanisms in the upper "15 km of crust in the north, to
predominantly thrusting at deeper levels in the southern part.
Beginning at the southern margin of our map area and con-
tinuing farther south, Chang et al. [2007] and Wu et al.
[2010] show that the dominant focal mechanism along the
Shuilikeng fault is strike slip. The seismic energy release data
show that Shuilikeng fault coincides with a significant,
eastward deepening of the seismicity beneath the Hsuehshan
Range (Figure 12), so we therefore interpret the fault zone to
dip steeply eastward and to extend to at least 25 to 30 km
depth. Geomorphological data indicate that the Shuilikeng
fault has been active throughout the Holocene and continues
to be so [Sung et al., 2000; Yanites et al., 2010]. Aftershocks
that took place within the first 24 h after the Chi-Chi earth-
quake also indicate that the Shuilikeng fault is active [cf.
Chang et al., 2007].
[47] The Tili thrust marks a clear structural and meta-

morphic boundary in the Hsuehshan Range. It juxtaposes
lower metamorphic grade rocks of the Sun-Moon Lake Unit
against higher-grade rocks with a well-developed cleavage
in the Tili Unit. It also represents an abrupt change in
structural style from the Sun-Moon Lake Unit, with tighter,
west vergent fault propagation folding becoming dominant
and a well-developed axial planar cleavaged being devel-
oped. From the data presented here we cannot discriminate
the geometry or the kinematics of the Tili thrust.
[48] In this paper we identify a clearly defined zone of

intense ductile strain that coincides with the location of the
Lishan fault. This high-strain zone, together with the recent
finding of large foraminifera that are assigned to the NP14
biozone [Chen et al., 2009] in rocks along the western side
of the Lishan fault confirm that it juxtaposes early to middle
Eocene higher metamorphic grade rocks of the Tili Unit
against middle Miocene lower metamorphic grade rocks of
the Lushan Unit [see also Clark et al., 1993; Lee et al., 1997;
Wu et al., 2004; Beyssac et al., 2007; Bertrand et al., 2009,
2012; Simoes et al., 2012]. Surface structural data and the
seismic energy release data indicate that it is a vertical to
steeply west dipping structure that extends to "35 km depth
(Figure 12) [see also Clark et al., 1993; Tillman and Byrne,
1995; Wu et al., 2004; Chang et al., 2007; Bertrand et al.,
2009, 2012]. This interpretation of the dip and depth of
penetration of the Lishan fault is also justified by the pro-
nounced gradient across it in the Bouguer gravity anomaly,
from a low beneath the Hsuehshan Range to a high beneath
the Central Range [Wu et al., 1997; Yen et al., 1998; Hwang
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et al., 2007]. Locally, rare kinematic indicators point to a
sinistral sense of movement, whereas focal mechanism data
indicate that the overall kinematics are quite complex [Wu
et al., 2004; Chang et al., 2007; Wu et al., 2010]. Modeling
of GPS data suggests that it has a sinistral sense of slip [Bos
et al., 2003]. These data, together with the seismic activity
along parts of the Lishan fault in our map area (Figures 11
and 12) indicate that it is currently active.
[49] To the east of the Lishan fault, the Lushan Unit dis-

plays highly nonclyndrical folding. In general, the structure
displays an overall northwest vergence, which we can
determine from the well developed, moderately southeast
dipping cleavage. This is in agreement with the kinematics
determined by Tillman and Byrne [1995] and Fisher et al.
[2002]. The low P wave velocity modeled in the shallow
subsurface beneath the Lushan Unit [Rau and Wu, 1995;Wu
et al., 2007; Kuo-Chen et al., 2012] suggests that the unit is
on the order of 3 to 5 km thick. However, because of the lack
of seismicity in this part of the Central Range, it is not
possible to determine the deep subsurface structure.
[50] We have very few geological data from the Tananao

Unit, which is being thrust westward over the Lushan Unit
along the Chinma fault (Figure 2). To the east of this fault
there is extensive seismic energy release to a depth of at least
30 km. The change in seismicity from the Lushan to the
Tananao Unit is near vertical, which led Gourley et al.
[2007] to suggest that the Chinma fault dips steeply west-
ward. However, this fault outcrops very well along the
Central Cross Island Highway, where it clearly dips "60! to
the southeast [see also Tillman and Byrne, 1995]. The focal
mechanism data show that the upper 10 km of crust in the
Tananao Unit is dominated by extension [see also Crespi
et al., 1996], whereas thrusting is dominant below this.
[51] Finally, in our map area we identify two areas in

which there are important changes in the structural trend. For
example, to the north of the Paikang River there is a sys-
tematic change in the orientation of structures from a
roughly northerly trend to a more easterly trend along the
Tachia River (Figure 2). This can be seen to affect individual
structures, such as the Hsiaoan anticline (Figure 2) which
becomes turned up on its end along the Tachia River. There
is also a marked change in the earthquake focal mechanisms,
with strike-slip faults becoming more important northward
(Figure 10). A second such structure appears to affect the
area immediately south of the Choshui River. North of the
river, the regional trend of fold axes has an overall southerly
plunge, whereas south of the river it takes on a northerly
plunge (Figure 8). Also, the Tili Unit is offset dextrally to
the south of the river (Figure 2). Southward, the Chelungpu
thrust clearly ramps down into deeper and older stratigraphy,
moving it westward over the top of the Neilin anticline.

5.2. Sequence of Deformation
[52] Based on overprinting relationships within our map

area, we suggest a deformation sequence for mountain
building in this part of Taiwan that consists of two phases
(D1 and D2) (Figure 13). The onset of D1 takes place with
the arrival of the Eurasia continental margin at the subduc-
tion zone (Figure 13a). The Eurasia margin in the Taiwan
area is well known to contain several large rift basins [e.g.,
Teng, 1990, 1992; Huang et al., 2001; Teng and Lin, 2004;
Lin and Watts, 2002; Lin et al., 2003] that have been

variably affected by the deformation related to the Taiwan
orogeny. In Figure 13 we give a schematic representation of
what the Taiwan part of the margin could have looked like
and what the distribution of the preorogenic sediments
involved in the deformation may have been at time T0. Note
that we represent the Hsuehshan Basin as a graben structure
rather than a half graben as suggested by Teng et al. [1991]
and Teng and Lin [2004]. This allows for easier recon-
struction of the original position of the Tili Unit by letting us
place the D1 detachment near the top of the prerift basement
(Figure 13b). It also provides an explanation for the nature
and presence of the Peikang basement high (see also
Figure 1).
[53] We interpret the earliest deformation (D1) associated

with the Taiwan orogeny in our map area to be the devel-
opment and emplacement of the Tili and Lushan Units at
time T1, when the extended continental margin had entered
into the subduction zone (Figure 13b). It is difficult to
accurately constrain the age and timing of emplacement of
these units, but the first appearance of lithic clasts containing
a cleavage in the fore-arc region of the Coastal Range and in
the Western Foothills foreland basin sediments occurred
during the early Pliocene, or some 3.5 to 4 Myr ago [Lee,
1963; Chi et al., 1981; Covey, 1986; Dorsey, 1987; Teng,
1987, 1990; Huang et al., 2006]. This indicates that rocks
with a cleavage (i.e., the Tili and Lushan Units) were
exhumed and being eroded by this time. Consequently, the
leading edge of the continental margin must have entered
into the subduction zone at some time prior to the early
Pliocene if these units where to be deformed and emplaced
by this time. A further indication that the deformation and
emplacement of the Tili and Lushan Units is one of the
earliest events recorded in the map area is given by the
geometric relationships between the rocks in these units and
faults. For example, the Tili Unit is cut by the Shuilikeng
fault system in the southwest (Figure 2) and appears to be
cut by the Lishan fault in the northeast (just out of the cur-
rent map area). Similarly, along its western flank the Lushan
Unit is cut by the Lishan fault and, in the east, by the Chinma
fault. These geometric relationships indicate that activity
along the Shuilikeng, Lishan, and Chinma faults must post-
date the early emplacement of the Tili and Lushan Units. We
therefore suggest that, despite the different metamorphic
conditions undergone by the Tili and Lushan Units, that
there is a close enough similarity in the structural style and in
the orientations of bedding and cleavage between the two to
interpret that they developed as a roughly NW vergent thrust
stack at the same time, early on in the history of the Taiwan
mountain belt, and that they were both being emplaced by at
least the early Pliocene. This is in contrast to the model
presented by Tillman and Byrne [1995], for example, who
suggest that these units were emplaced in two distinct phases
of deformation. The Tili and Lushan Units were subse-
quently breached by, and juxtaposed along, the Lishan fault
at some unknown time. From our data we interpret the Tili
and Lushan Units to now be inactive.
[54] The next phase of the deformation sequence in the

study area (D2) is interpreted to be related to reactivation of
preexisting extensional faults as the full thickness of the
continental margin arrived at the subduction zone (T2 in
Figure 13). This resulted in the formation of the Chinma
fault, the Lishan fault, the Shuilikeng fault system, and the
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emplacement of the Shuangtung Unit and the Changhua-
Chelungpu imbricate thrust system. D2 structures are cur-
rently active and, to the east of the Shuilikeng fault, form a
regional-scale basement culmination (Figure 13c). In this
scenario, the Hsuehshan Range forms a zone of transpres-
sion with a structural architecture similar to that of a crustal-

scale positive flower (or pop-up) structure that is bound by
the Shuilikeng and Lishan faults (Figure 5), and in which
there is a large amount of seismic activity and seismic
energy release (Figures 12 and 13). This structural archi-
tecture was first proposed by Clark et al. [1993] based on
observations in the Tili and Lushan Units in the NE part of

Figure 13
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our map area (Figure 2). Our data suggest that a transpres-
sional structural architecture is developed throughout the
Hsuehshan Range between at least the Tachia River in the
North and the Choshui River in the South. Farther to the
south of our map area, the Shuilikeng fault and the Lishan
fault merge, although little is known about how these faults
interact at the surface. Nevertheless, the geological and focal
mechanism data indicate that they are both steeply dipping
features with complex kinematics that extend well into the
middle and perhaps even the lower crust (Figure 13). Fur-
thermore, the seismic energy release data suggest that they
interact at depth (Figure 11), possibly with the Lishan fault
extending deeper into the crust than does the Shuilikeng
fault (Figure 13c). It is not possible to constrain when this
fault system became active.
[55] As indicated in section 5.1., we are uncertain how the

Shuangtung thrust links with the Changhua-Chelungpu
imbricate system and with this transpressive structure. The
presence of Eocene rocks in the Shuangtung Unit suggests
that the Shuangtung thrust may have developed as a footwall
shortcut fault that was linked to, and eventually cut by the
Shuilikeng fault. See Narr and Suppe [1994] for theoretical
and real examples of how these structures develop. On the
basis of foreland basin sedimentation, geomorphic struc-
tures, and magnetostratigraphy, W.-S. Chen et al. [2000,
2001a], Simoes and Avouac [2006], and Simoes et al.
[2007a, 2007b] suggest a forward breaking fault sequence,
in which the Shuangtung thrust became active at circa
1.1 Ma, the Chelungpu thrust at 0.7 to 0.9 Ma., and the
Changhua at 0.62 to 0.65 Ma.
[56] Uplift and erosion of the Tananao Unit along the

Chinma fault appears to have been taking place by at least
the latest Pleistocene (1.4 Ma), depositing metamorphic
clasts into the fore-arc basin in the Coastal Range [Dorsey,
1987]. Zircon and apatite fission track ages [e.g., Liu et al.,
2001; Lee et al., 2006; Fuller et al., 2006] also indicate
that the Tananao Unit was being exhumed by the early part
of the Pleistocene. At the Chinma Tunnel, along the Central
Cross Island Highway, the Tananao Unit clearly overthrusts
the Lushan Unit providing unequivocal evidence that it
postdates the emplacement of this later unit. Extensive
seismicity indicates that the Chinma fault is still active.

5.3. Tectonic Implications for the Orogen Architecture
[57] On the basis of the data presented here, we agree with

previous authors [e.g., Suppe, 1980, 1981; Namson, 1981;

Ding et al., 2001; Carena et al., 2002; Yue et al., 2005] that
in our map area the Changhua-Chelungpu imbricate thrust
system is structurally linked to a basal detachment at the
base of the synorogenic sediments in the foreland basin.
Southward, involvement of the Miocene in the thrusting
indicates that this basal thrust ramps downward in the stra-
tigraphy (Figure 2) [e.g., Hickman et al., 2002; Mouthereau
et al., 2002; Mouthereau and Lacombe, 2006]. These data
also suggest, however, that a structural and kinematic model
in which the Hsuehshan Range forms a deep-rooted zone of
transpression between the Shuilikeng and Lishan faults
better fits the available data than that of an imbricate thrust
system with a shallow, throughgoing detachment. Depending
on the estimation of theMoho depth [e.g., Rau andWu, 1995;
McIntosh et al., 2005; Wu et al., 2007], the Lishan fault may
be interpreted to cut nearly the entire crust (Figure 13c). In
this scenario, the Hsuehshan Range and its bounding faults
take up a significant amount of the oblique arc-continent
convergence within the Eurasian margin [see also
Mouthereau et al., 2009; Hsu et al., 2009; Wu et al., 2010],
with the western part of the Central Range acting as a vertical
to steeply west dipping backstop to the transpressional belt
[see also Clark et al., 1993; Yamato et al., 2009;Mouthereau
et al., 2009]. A corollary to this is that there is no structural
linkage in the form of a detachment between the Hsuehshan
and Central Ranges, and therefore no (or very limited)
material transfer across the Lishan fault into the Central
Range as has been suggested by others [e.g., Fuller et al.,
2006; Simoes et al., 2007b; Fisher et al., 2007; Bertrand
et al., 2012]. East of the Lishan fault, the Central Range
can be interpreted to be deforming by inversion of pre-
existing extensional faults that affect the prerift basement
(Tananao Unit) (Figure 13c). A key question that arises is
whether or not these reactivated faults are linked to a deep
detachment level beneath the Central Range.
[58] Using geological data and modeling approaches

various authors [e.g., Tillman and Byrne, 1995; Simoes et al.,
2007a; Yamato et al., 2009; Mouthereau et al., 2009; Ching
et al., 2011b] have suggested that there is a basal detach-
ment in the middle to lower crust beneath the Hsuehshan
and Central Ranges. This detachment is thought to either
cut steeply (17!) upsection toward the west with (or with-
out) significant underplating taking place [e.g., Simoes et al.,
2007a; Ching et al., 2011b], to remain as a subhorizontal
feature in the lower crust before ramping steeply upsection
toward the mountain front [e.g., Yamato et al., 2009;

Figure 13. Schematic evolutionary model for the development of the Taiwan mountain belt. (a) The onset of arc-continent
collision. The interpreted precollisional locations of the units described in the text are shown. The extensional detachment is
interpreted for the outermost margin where there was likely to have been a high b factor [McKenzie, 1978]. The Yuli Belt,
which is not mentioned in the text, is the eastern part of the Tananao Unit and is interpreted to be part of the Late Cretaceous
basement [e.g., Yui et al., 2012]. (b) The late Miocene to early Pliocene emplacement, uplift and erosion of the Tili and
Lushan Units. The amount of displacement and thrust sheet stacking represented are purely interpretative. (c) The current
structure in a W-E oriented section along section C–C′ in Figure 5 and eastward across the Central and Coastal Ranges, into
the arc. The location of our study area is indicated by the dashed box and in color. To the east of the study area, shown in
gray, the structure is purely interpretive. The location of a possible deep detachment beneath the Central Range is indicated.
Also indicated is the problematic area for the extrapolation of a detachment across the Lishan fault. The convergence vector
is from Yu et al. [1997] and is only for T2. The Moho is an interpretation based on the velocity models of Rau and Wu
[1995], McIntosh et al. [2005], Wu et al. [2007], and Ustaszewski et al. [2012]. CT = Chelungpu thrust, ST = Shuangtung
thrust, SKF = Shuilikeng fault, LF = Lishan fault, ChF = Chinma fault, LvF = Longitudinal Valley fault.
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Mouthereau et al., 2009], or to be the result of a second phase
of deep level thrusting that ramps stepwise upsection toward
the deformation front [Tillman and Byrne, 1995]. While all of
these models present viable possibilities for a deep basal
detachment, most do not take into account the significance of
a deeply penetrating Lishan fault (except Tillman and Byrne
[1995]) (see Figure 13), and do not fully take into account the
preexisitng three-dimensional structure of the continental
margin.
[59] How a continental margin deforms during conver-

gence depends to a large degree on its preexisting struc-
tural architecture, and how this is oriented relative to the
convergence vector [e.g., Dewey et al., 1986; Brown et al.,
1999, 2011; Manatschal, 2004; Mohn et al., 2010; Byrne
et al., 2011; Reston and Manatschal, 2011; Harris, 2011].
Geological and geophysical data from a number of conti-
nental margins and mountain belts worldwide have shown
that the rift architecture can be very complex and can include
an extensional detachment below the outer margin where
there is a high b factor [e.g., Reston et al., 1996;Manatschal,
2004; Mohn et al., 2010; Reston and Manatschal, 2011].
Reactivation of preexisting basement faults and the inversion
of sedimentary basins along a margin can control the loca-
tion, geometry, and kinematics of structures in the develop-
ing mountain belt including the basal detachment, and will
often result in the development of lateral structures, basement
involvement in thrust sheets, and the formation of basement
culminations [e.g., Laubscher, 1987; Glen, 1985; Hatcher
and Williams, 1986; Rodgers, 1987; Woodward, 1988;
Schmidt et al., 1988; Bryant and Nichols, 1988; Cooper and
Williams, 1989; Narr and Suppe, 1994; Wibberley, 1997;
Perez-Estaun et al., 1997; Butler et al., 1997; Brown et al.,
1997, 1999, 2006; Oncken et al., 1999; Manatschal, 2004;
Mohn et al., 2010; Reston and Manatschal, 2011]. The
Eurasian margin involved in the deformation of the Taiwan
mountain belt has been shown to have contained a number of
deep extensional basins that were active throughout the
Eocene, Oligocene, and Miocene [Lin et al., 2003; Teng and
Lin, 2004; Teng, 1987; Huang et al., 1997, 2001; Byrne
et al., 2011] (Figure 1). The importance of these features
on the development of the three-dimensional structure of the
Taiwan mountain belt is well known [e.g., Wu et al., 1997;
Mouthereau et al., 2002; Mouthereau and Lacombe, 2006;
Wu et al., 2007; Hwang et al., 2007; Byrne et al., 2011]
although still not completely understood. It is possible,
therefore, that an hypothetical extensional detachment
beneath what was the outer margin is now being reactivated
to form a level of deep detachment beneath the Central
Range (Figure 13). This detachment may be a zone of duc-
tile thickening (underplating in the models of Simoes et al.
[2007a] and Ching et al. [2011b]) in the form of duplexing
and/or thrust stacking of extensional fault blocks. We stress,
however, that with the current data sets it is not possible to
unequivocally define such a detachment level beneath the
Central Range, and very difficult to extend it westward
across the Lishan fault and below the Hsuehshan Range to
link it with the Changhua-Chelungpu imbricate thrust system
(Figure 13).
[60] An alternative model for the development of the

Taiwan Orogen is the “lithosphere plate collision” model of
Wu et al. [1997] in which there is no subduction of the
Eurasian margin beneath the Luzon arc, the Central Range

appears as a completely different lithology from the zones to
the west, and there is no detachment beneath the Taiwan
mountain belt. In this model, the Eurasian margin is
indenting the Luzon arc and is deforming along steep faults
that locally involve the whole crust and upper mantle. While
it is commonly accepted that the whole lithosphere is
involved in plate tectonics, including subduction and colli-
sion systems [e.g., Gerya, 2011; Afonso and Zlotnik, 2011],
the overall rheological and structural model put forward by
Wu et al. [1997, Figure 16] for the deforming continental
crust in Taiwan does not appear to fit well with the currently
available geological, thermochonological, and geophysical
data. Nor does it fit well with the tectonic processes deter-
mined from other well known examples from either fossil or
active arc-continent collisions [see, e.g., Brown and Ryan,
2011, and references therein]. Nevertheless, it does bring
to the forefront the problems associated with the interpreta-
tions of, for example, the Lishan fault (or even its existence),
and the need to provide a geological model for the evolution
of the Taiwan mountain belt that accounts for the deep
crustal seismicity.

6. Conclusions

[61] This paper presents new geological mapping in the
Western Foothills, the Hsuehshan Range, and the western
part of the Central Range in central Taiwan that, together
with earthquake focal mechanism and seismic energy release
data, place constraints on the structural architecture, fault
kinematics, and relative timing of the development of the
Taiwan mountain belt. On the basis of similarities in struc-
ture, stratigraphy, and kinematics the Western Foothills,
Hsuehshan Range, and Central Range can be further sub-
divided into six fault-bound units. Structural overprinting
relationships between these units shows that the Taiwan
mountain belt has evolved during at least two distinct, but
progressive phases in the deformation sequence. The rec-
ognition of these two phases is essential for determining the
crustal-scale structural evolution of the mountain belt.
[62] The first stage of deformation (D1) took place during

the late Miocene to early Pliocene and emplaced slope
sediments northwestward to form a thrust stack with the Tili
and Lushan Units (Figure 13). Both these units underwent a
distinct metamorphic grade and deformation style that
includes a penetrative pressure solution cleavage [e.g., Clark
et al., 1993; Tillman and Byrne, 1995; Fisher et al., 2002;
Beyssac et al., 2007; Simoes et al., 2012]. The Tili and
Lushan Units began to provide clasts to the foreland and
fore-arc basins by the early Pliocene [e.g., Covey, 1986;
Dorsey, 1987], thereby placing an upper limit on the age of
the earlier deformation of the Taiwan mountain belt. Our
data suggest that D1 structures are no longer active.
[63] The second phase of deformation (D2) is interpreted,

in part, to involve the reactivation of preexisting extensional
faults on the continental margin and slope to form a basement
culmination. These faults clearly cut the D1 structures [see
also Clark et al., 1993; Tillman and Byrne, 1995; Lee et al.,
1997]. Our data show that D2 structures are currently active
and are responsible for the development of a transpressional
zone within the Hsuehshan Range that is bound by the
Lishan fault in the east and the Shuilikeng fault system in
the west. The imbricate thrust system of the Western
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Foothills is linked to this transpressional zone and is active.
Uplift of the Tananao unit in the east [see Dorsey, 1987] is
coeval with the transpressive deformation in the Hsuehshan
Range and the Western Foothills.
[64] A consequence of the recognition of the two phase

deformation sequence in the Taiwan mountain belt is that it
did not everywhere develop as a forward breaking imbricate
thrust system with a shallowly eastward dipping basal
detachment in the upper crust [e.g., Suppe, 1980, 1981; Ding
et al., 2001; Carena et al., 2002; Yue et al., 2005;
Malavieille and Trullenque, 2009]. Nevertheless, the data
presented here do support the interpretations by these
authors of an imbricate thrust system (the Changhua-
Chelungpu imbricate thrust system) within the foreland
basin sediments of the Western Foothills, but it also shows
that this thrust system is related to the D2 deformation
sequence. The data do not support the extrapolation of an
imbricate thrust system structural architecture eastward into
the Hsuehshan and Central Ranges. Instead, the data sug-
gest that the D2 transpressive fault system active in the
Hsuehshan Range is deeply rooted, affecting nearly the
entire crust. A corollary to this is that the orogen does not
have a wedge-shaped structural architecture with through-
going basal detachment that links the entire mountain belt
from the Changhua thrust in the west to below the Central
Range in the east. It is possible, however, with our data to
interpret a deep detachment level beneath much of the
Central Range (Figure 13c), as some authors have already
indicated [e.g., Tillman and Byrne, 1995; Simoes et al.,
2007a; Yamato et al., 2009; Mouthereau et al., 2009;
Ching et al., 2011b]. This hypothetical detachment may
have formed by the reactivation of an earlier extensional
detachment that had developed on the outer slope of the
margin, in the area with a high b factor (Figure 13).
[65] Finally, in our map area we identify two areas in

which there are important changes in the structural trend:
(1) to the north of the Paikang River there is a systematic
change in the orientation of structures from a roughly
northerly trend to a more easterly trend along the Tachia
River and (2) immediately south of the Choshui River there is
a change in the regional trend of fold axes, and the
Chelungpu thrust ramps down into deeper and older stra-
tigraphy. We interpret these changes in structure to be
caused by the reactivation of preexisitng basement faults that
are related to the Tainan and Taishi basins [see also, e.g.,
Mouthereau et al., 2002; Mouthereau and Lacombe, 2006;
Byrne et al., 2011].
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The Taiwan mountain belt is often cited as an example par excel-
lence of a thin-skinned fold-and-thrust belt (i.e. the sedimentary 
carapace of the margin is detached above the pre-rift basement) 
underlain by a shallow detachment that ramps down into the base-
ment only in the easternmost part of the thrust belt (Suppe 1980, 
1981, 1987; Tillman & Byrne 1995; Wang et al. 2000; Ding et al. 
2001; Carena et  al. 2002; Yue et  al. 2005; Malavieille &  
Trullenque 2009). Although there is general agreement that this 
thin-skinned structural model is correct along much of the western 
part of the orogen, recent studies have suggested that the structure 
and level of crustal involvement in its internal part may differ sig-
nificantly from that model (e.g. Wu et  al. 1997, 2004; Gourley 
et al. 2007; Brown et al. 2012). This change takes place across the 
Shuilikeng fault. Even before it was shown to be a fault, Ichikawa 
et al. (1927) recognized that an important contact existed between 
what today are known to be Miocene rocks to the west and 
Eocene–Oligocene rocks to the east. In more recent compilations 
of Taiwan geology (e.g. Chinese Petroleum Company 1982, 1994; 
Ho 1988; Chen et al. 2000) this contact has been clearly defined as 
a fault (albeit with different names; see below) that extends from 
south of Yushan Mountain in central Taiwan to the north coast 
(Fig. 1). In our study area in central Taiwan (Figs 1 and 2), surface 
geology (e.g. rock ages, structural style, amount of deformation, 
level of exhumation), a significant increase in the number and the 
deeper crustal level of seismic events to the east of the fault and, 
eastward, higher P-wave velocities at shallower depths, all coin-
cide to indicate a significant change across the Shuilikeng fault 
(Fig. 1) (Wang et al. 2000; Kim et al. 2005, 2010; Beyssac et al. 
2007; Lin 2007; Sakaguchi et al. 2007; Simoes et al. 2007, 2012; 
Wu et al. 2007; Yamato et al. 2009; Brown et al. 2012; Kuo-Chen 
et al. 2012). Despite the large amount of data that points toward its 
importance as a major boundary in the Taiwan orogen, the detailed 
structure and kinematics of the Shuilikeng fault are not well 
known. Consequently, it has been interpreted in different ways; for 
example, as a layer-parallel thrust (the Chukou thrust of Suppe 
1981), as a steeply eastward-dipping thrust that extends to deep in 
the middle crust (the Shuichangliu fault of Wang et al. 2002, or the 
Tulungwan thrust of Rodriguez-Roa & Wiltschko 2010), as a 

westward-dipping displaced upper part of a pre-existing west-dip-
ping extensional fault (Yue et al. 2005), or as a steeply east-dip-
ping transpressional fault that penetrates well into the middle crust 
(Brown et al. 2012). Also, Wiltschko et al. (2010) linked it with 
the Chaochou fault in the south. Neither there is any consensus on 
whether the Shuilikeng fault is currently active, although recently 
Sung et al. (2000) and Yanites et al. (2010) have used river inci-
sion, channel morphology and stream gradients along several riv-
ers in central Taiwan to suggest that the Shuilikeng fault has been 
active throughout the Holocene. By comparing today’s stream gra-
dients with those from earlier mapping, Sung et al. (2000) further-
more suggested that it has been active during the last 80 years. 
Nevertheless, even with the large number of earthquakes around it 
(e.g. Wu et al. 2008a), seismicity or changes in global positioning 
system (GPS) velocities are generally not attributed to the Shui-
likeng fault (there are exceptions: Yue et al. (2005) and Bos et al. 
(2003), respectively), and no surface ruptures have been described 
from it.

Despite the uncertainties in whether or not the Shuilikeng fault 
is currently active, there are clear indications from the geological 
and geophysical data that it is a major structural boundary within 
the Taiwan mountain belt. Given the wide range of structural inter-
pretations noted above, it is also clear that more detailed studies of 
the fault are needed to advance our understanding of the structure 
and kinematics of this orogen. In this paper we present the results 
of new 1:25000 scale geological mapping and structural analysis 
along c. 100 km (a little less than one-half of its length) of the 
Shuilikeng fault in central Taiwan (Figs 1 and 2) that further define 
its map pattern, outcropping structure and kinematics. To help cor-
relate these outcrop data with the location and geometry of the 
Shuilikeng fault at depth we integrate them with a collapsed seis-
micity dataset derived from the relocated seismicity database of 
Wu et al. (2008a) updated to 2011. Our field kinematic data are 
augmented by 264 focal mechanism solutions derived from events 
along the Shuilikeng fault that help place further constraints on its 
kinematics and recent activity. Finally, we interpret the regional 
structure and kinematics of the Shuilikeng fault within the context 
of the Taiwan orogen.

The Shuilikeng fault in the central Taiwan mountain belt
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1Institute of Earth Sciences Jaume Almera, ICTJA-CSIC, Lluis Sole i Sabaris s/n, 08028 Barcelona, Spain
2Department of Geosciences, National Taiwan University, Taipei, 106, Taiwan

*Corresponding author (e-mail: gcamanni@ictja.csic.es)

Abstract: For over 200 km along strike the Shuilikeng fault of Taiwan separates Miocene rocks of the West-
ern Foothills from the largely Eocene and Oligocene rocks of the Hsuehshan Range to the east. Despite its 
importance in the Taiwan mountain belt, the structure and kinematics of the Shuilikeng fault are not well 
known. Here, we present results from new geological mapping along 100 km of its strike length. At the sur-
face, the Shuilikeng fault is a steeply east-dipping brittle fault with a series of splays and bifurcations. Along 
its southern part, it cuts an earlier fold and fault system. Outcrop kinematic data vary widely, from thrusting to 
strike-slip. The surface data are integrated with a relocated and collapsed seismicity database to interpret the 
fault location at depth. These data indicate that the Shuilikeng fault can be traced to greater than 20 km depth. 
Some 260 focal mechanisms from this dataset indicate that its kinematics is overall transpressive. From a 
regional perspective, we interpret the Shuilikeng fault to reactivate a pre-existing rift-related basin-bounding 
fault to the east of which rocks in the Hsuehshan Range are being exhumed.
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Geological setting

The Taiwan orogen is forming as the result of the latest Miocene to 
present oblique collision that is taking place between the Luzon arc 
and the rifted margin of the SE part of Eurasia (Suppe 1984; Huang 
et al. 1997, 2000, 2006; Sibuet & Hsu 2004; Byrne et al. 2011). The 
resultant Taiwan mountain belt is divided into four roughly north–
south-oriented tectonostratigraphic zones that are separated by major 
faults (Fig. 1). From west to east, these zones are the Western 
Foothills, the Hsuehshan Range, the Central Range and the Coastal 
Range. The Western Foothills, Hsuehshan Range and Central Range 
are forming as the result of deformation and uplift of Eocene to 
Miocene sediments and older pre-rift continental margin rocks of 
Eurasia and the latest Miocene and younger synorogenic sediments of 
the foreland basin (e.g. Suppe 1980; Byrne et al. 2011; Brown et al. 
2012). In this paper, we discuss the Western Foothills, which structur-
ally form the frontal part of the mountain belt, and the adjacent 
Hsuehshan Range. The latter is a more strongly deformed and varia-
bly metamorphosed zone to the east (Fig. 1). The focus of this paper 
is the boundary between these two tectonostratigraphic zones, the 
Shuilikeng fault. Below we give a brief overview of the outcropping 

stratigraphy and structure of the Western Foothills and the Hsuehshan 
Range. Throughout the paper we follow the stratigraphic scheme and 
nomenclature of Brown et al. (2012).

In our study area in central Taiwan (Figs 1 and 2), the Western 
Foothills are formed by an imbricate thrust system involving latest 
Miocene to present synorogenic clastic sediments of the foreland 
basin that, in their easternmost part, are overthrust by Eocene to 
Miocene unmetamorphosed shallow-water clastic deposits of the 
Eurasian platform along the Shuangtung thrust (e.g. Suppe 1987; 
Ho 1988; Yue et al. 2005; Castelltort et al. 2011; Brown et al. 2012; 
Huang et  al. 2013). The imbricate thrust system that forms the 
Western Foothills appears to be linked to a shallow, gently east-
dipping detachment developed near the top of the Miocene or at the 
base of the Pliocene synorogenic sediments (e.g. Suppe 1980, 1981; 
Ding et al. 2001; Carena et al. 2002; Yue et al. 2005; Brown et al. 
2012). For an alternative interpretation in which there is extensive 
basement involvement the reader should see, for example, 
Mouthereau & Petit (2003), Mouthereau & Lacombe (2006), 
Simoes et  al. (2007) and Rodriguez-Roa & Wiltschko (2010). 
Eastward of the Shuilikeng fault, the Hsuehshan Range is made up 
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Fig. 1. Simplified geological map of the 
Taiwan mountain belt (modified after Chen 
et al. 2000). The locations of the study 
area in Figure 2 and of the crustal cross-
section in Figure 12 are shown. Contours 
offshore indicate the thickness (in km) of 
the Palaeocene to Miocene sediments in 
the basins (from Teng & Lin 2004). ChiF, 
Chinma fault; ChT, Chuanghua thrust; CT, 
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Fig. 2. Geological map of the study area across the Shuilikeng fault in central Taiwan. The location of the map is indicated in Figure 1. The locations of 
the seismicity sections in Figure 10 (from A–A' to H–H') are shown in black. Fault abbreviations: AF, Alenkeng fault; ChF, Chiayang fault; GF, Guaosing 
fault; SkF, Shuilikeng fault; SF, Shenmu fault; ST, Shuangtung thrust; TT, Tili thrust. Fold abbreviations: CS, Chuangyuan syncline; GA, Guaosing 
anticline; HA, Hsiaoan anticline; LS, Lileng syncline; MA, Meitzulin anticline; TA, Tsukeng anticline; TiS, Tingkan syncline; TS, Tachiwei syncline; 
TaaS, Taanshan syncline; TahS, Tahenpingshan syncline.
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of variably metamorphosed Eocene clastic sediments that were 
deposited in the so-called Hsuehshan Basin during rifting of the 
Eurasian margin that are disconformably overlain by post-rift 
Oligocene shale and sandstone (Ho 1988; Huang et al. 1997; Lin 
et al. 2003; Teng & Lin 2004). Along much of the western part of the 

Hsuehshan Range, these rocks are weakly to moderately metamor-
phosed (Beyssac et al. 2007; Simoes et al. 2012) and, at least in the 
central part of the study area, they have been exhumed from between 
9.2 and 9.8 km depth (Sakaguchi et al. 2007). Eastward and south-
ward, however, in the hanging wall of the Tili thrust (Fig. 2), these 
rocks reach lower greenschist facies (Clark et al. 1993) and have a 
penetrative pressure solution cleavage (Clark et al. 1993; Tillman & 
Byrne 1995; Fisher et al. 2002, 2007; Brown et al. 2012).

The Shuilikeng fault at the surface

The Shuilikeng fault crops out poorly along most of its length, lim-
iting direct acquisition of data on its deformation mechanisms, 
geometry and kinematics. Therefore, the approach taken in this 
study was to collect field data along and across it to construct the 
regional map pattern (Fig. 2) and cross-sections (Fig. 3), as well as 
analyse bedding dips and fold axes (Fig. 4). Where possible, fault 
orientation and kinematic indicator data were taken (see below). 
We present local, detailed maps and serial cross-sections from two 
areas to compare and contrast the differences in structural style 
along the strike of the fault (Figs 5 and 6).

Regional map pattern

In central Taiwan, a pronounced system of nearly north–south-
oriented valleys clearly demarcates the contact between the 
Miocene rocks of the Western Foothills and the Eocene to 
Oligocene rocks of the Hsuehshan Range. This contact marks the 
surface trace of the Shuilikeng fault. The rectilinear map pattern 
of the fault, in which its trace cuts roughly straight across the 
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topography, suggests that at the surface it has a steep dip. Within 
the study area, there are also notable changes from north to south 
in the map pattern of the fault (Fig. 2). These changes take place 
across the Choshui River (Figs 2, 3 and 4).

To the north of the Choshui River, the regional structure is that of 
open, symmetric synclines and anticlines developed west of the 
Shuilikeng fault and asymmetric slightly west-verging folds to the 
east (Figs 2 and 3). At a larger scale (Fig. 5), in its hanging wall the 
Shuilikeng fault juxtaposes weakly metamorphosed Eocene and 
Oligocene rocks in the west-verging Hsiaoan anticline (HA in Fig. 2) 
against lower Miocene rocks in open to locally very tight synclines 
and anticlines in its footwall (see section I–I' in Fig. 3). The Hsiaoan 
anticline is non-cylindrical, with a vertical to slightly overturned 
forelimb and with a roughly WSW plunge along the Tachia River 
and a moderate SW plunge farther south (Fig. 4) where its hinge 
appears to merge with the Shuilikeng fault (Fig. 5). Folds in the 
hanging wall of the Shuilikeng fault are cut by several NE–SW-
striking faults. For example, the Alenkeng fault cuts the backlimb of 
the Hsiaoan anticline and places Eocene rocks on top of Oligocene 
(AF in Figs 2, 3 and 5). In this area, to the west of the Shuilikeng 
fault, the Tachiwei syncline and Guaosing anticline (TS and GA in 
Figs 2 and 5) form a gently north- and south-plunging (Fig. 4), tight 
fold pair that, locally, have a slight east vergence (Fig. 5). The 
Guaosing fault (GF in Figs 2, 3 and 5) cuts across the eastern limb of 

the Tachiwei syncline (Fig. 5), suggesting that it either post-dates, or 
is a late feature in the development of the fold pair. Southward, the 
southern limb of the Tingkan syncline (TiS in Fig 2) is overturned 
against the Shuilikeng fault and both limbs are cut by it, suggesting 
that it predates or records progressive deformation along the fault.

South of the Choshui River, the Shuilikeng fault takes on an 
anastomosing map pattern in which we can identify two fault-bound 
lenses of steeply west-dipping to locally overturned Miocene rocks 
(Figs 2 and 3). In this area, the Tili thrust (TT in Fig. 2) approaches 
and is cut by the Shuilikeng fault. This is especially apparent along 
the Zhuogun River (Fig. 2) where the cleavage in the hanging wall 
of the Tili thrust is folded into an anticline whose forelimb directly 
abuts the Shuilikeng fault (Fig. 3, section III–III'). Where it abuts the 
Shuilikeng fault, the rocks in the Tili thrust sheet form a kilometre-
scale, tight, west-verging, overall NNE-plunging, anticline with a 
steep to slightly overturned forelimb and a ESE-dipping axial planar 
pressure solution cleavage (Fig. 4) (see sections III–III' and IV–IV' 
in Fig. 3, and section B–B' in Fig. 6). In thin section, we have 
observed rare, fine-grained biotite replacing chlorite along the 
cleavage planes, suggesting that these rocks are in greenschist 
facies, as indicated by Clark et al. (1993), Beyssac et al. (2007) and 
Sakaguchi et al. (2007). To the west, the Miocene rocks are unmeta-
morphosed and, adjacent to the fault, the structure is dominated by 
intense faulting and folding developed on a tens of metres scale 
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(Fig. 6) that, farther west, becomes a complex interaction of kilome-
tre-scale synclines and anticlines (Fig. 2) that are beyond the scope 
of this paper. In the area adjacent to the fault, folds are mildly non-
cylindrical but with a general shallow NNE–SSW plunge, and are 
mainly WNW-verging (Figs 4 and 6). A good example of this can 
be found in the Chenyulan River immediately south of the village of 
Dongpu (Fig. 6). Here, the Eocene Shihpachungchi Formation can 
be observed to directly overlie the Middle Miocene Shimen 
Formation. The Eocene rocks are strongly sheared and tightly folded 
into a west-verging anticline (Fig. 6, section B–B'). The Miocene 
rocks in the footwall form a zone of intense brittle faulting and fold-
ing of several hundred metres in width (Fig. 7). The majority of the 
faults are east-dipping and kinematic indicators such as slickenfi-
bres on slip surfaces and small bedding displacements indicate an 
overall top-to-the-west sense of movement, although we stress that 
the kinematics is highly variable (see the section on kinematics 
below). Fold geometries in this area are often very complex, as 
thick-bedded sandstone units display various degrees of brecciation 
and boundinage whereas more thin-bedded sandstone and shale 
units show disharmonic folding (Fig. 7).

Deformation mechanism and kinematics

In the kinematic analysis of fault-slip data, we adopted the approach 
of Marrett & Allmendinger (1990), which uses the linked Bingham 
distribution of the shortening and extension directions of a popula-
tion of faults to calculate the average incremental principal strain 

axes (i.e. average P and T axes), giving an average fault plane solu-
tion.

Where observed in the field, the Shuilikeng fault is everywhere 
a brittle feature composed of breccia and fault gouge (Fig. 8). Fault 
and slickenfibre orientation data from a number of locations along 
the Shuilikeng fault indicate senses of slip that range from thrust-
ing, to strike-slip, to extension. In several localities, slickenfibres 
developed on slip surfaces, small bedding displacements across 
discrete faults, and minor fold vergence indicate that all three 
senses of movement have taken place at different times in the same 
outcrop. Despite these local complexities, the averaged fault plane 
solutions indicate a nearly NW–SE to east–west average shortening 
direction (P axis in Fig. 9) along the length of the Shuilikeng fault. 
The T axes, however, range from steeply plunging to subhorizon-
tal, resulting in average fault plane solutions for single outcrops 
that range from thrusting to strike-slip (Fig. 9).

The Shuilikeng fault at depth

Fault location and geometry

On the basis of formation thicknesses, bedding dips, reflection seis-
mic data and standard cross-section construction techniques, Brown 
et al. (2012) have interpreted the location of the Shuilikeng fault at 
depth in the upper 10 km. For other interpretations in which the 
Shuilikeng fault (under different names) is interpreted to extend to 
10 km and beyond, the reader should see, for example, Wang et al. 
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(2000) and Rodriguez-Roa & Wiltschko (2010). Here, to interpret 
the location and geometry of the Shuilikeng fault below 10 km depth, 
we use the relocated seismicity database of Wu et al. (2008a; updated 
to 2011 in our study area) which contains events that range up to >7 
ML. In this paper, these data have been further processed using the 
collapsing technique of Jones & Stewart (1997), which involves the 
determination of statistical measurements for standard errors in the 
depth, latitude and longitude for each event and the clustering of 
events with overlapping error spheroids. These collapsed data were 
then plotted in a 3D volume and parallel vertical sections were cut 
10 km apart (Figs 2 and 10). Events were projected onto the sections 
from 4.99 km on either side to avoid having the same event on any 
two sections. The sections are confined to the upper 20 km of crust to 
avoid any interference with earthquakes that could be related to the 
Lishan fault (the structural boundary between the Hsuehshan Range 
and the Central Range; see, e.g. Lee et al. 1997).

The pattern of seismicity in the cross-sections varies signifi-
cantly from north to south across the study area (Fig. 10). In the 
northernmost part (sections A–A' and B–B'), the seismic events 
form a cloud from which we are unable to discriminate any fault 
zone. In the central part of the map area (sections C–C', D–D', 
E–E' and F–F'), however, there is a roughly horizontal open 
cluster of events at 10 km depth (detachment in Fig. 10) that 
nearly coincides with the location of the basal detachment 
beneath the Western Foothills (Carena et  al. 2002; Yue et  al. 
2005; Brown et al. 2012). At c. km 20, between c. 10 and 20 km 
depth, there is a large, tight cluster of hypocentres that dips c. 
45–50° eastward (SkF in Fig. 10). This east-dipping cluster of 
seismicity extends downward from the deep trace of the 
Shuilikeng fault defined in cross-section by Rodriguez-Roa & 
Wiltschko (2010) and Brown et  al. (2012), or along its deep 
trace as defined by Wang et al. (2000). We therefore interpret 
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Fig. 8. Field photographs (their location 
is indicated in Fig. 9). (a) Splay of the 
Shuilikeng fault across the Tachia River 
in the northernmost part of the map area. 
(b, c) Complex fault zone (b) and fault 
breccia (c) that define the Guaosing fault. 
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the Shuilikeng fault in the southernmost 
part of the map area, around Dongpu.
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the Shuilikeng fault to link with this cluster of events and to 
extend to at least 20 km depth. The extensive cloud of seismicity 
to the east of the surface location of the Shuilikeng fault and 
above its interpreted subsurface location, especially in sections 
C–C' and D–D', could possibly be related to the faults in the 
hanging wall of the Shuilikeng fault discussed above. Southward, 
in sections G–G' and H–H', the trace of the Shuilikeng fault is 
less clearly defined from the seismicity pattern, although it can 
still be interpreted to dip moderately eastward (Fig. 10).

Fault kinematics: earthquake focal mechanisms

To gain insight into the kinematics of the Shuilikeng fault at depth 
we have used the database of earthquake focal mechanisms of Wu 
et al. (2008b, 2010), updated to 2011 in our map area (Fig. 11). The 
264 events presented in Figure 11 have been relocated using the 3D 
velocity model of Wu et al. (2007, 2009) and then have been col-
lapsed using the method described in the previous section. In our 
analysis, the map area has been divided into three zones whose 
north–south extent were determined to coincide with the beginning 
of a clear east-dipping band of seismicity in the vertical sections 
(i.e. between sections B–B' and C–C', and F–F' and G–G'), and 
east–west to include what we interpret to be the extent of the 
Shuilikeng fault and the faults in its hanging wall at the surface 
(Fig. 11). These zones were then divided into four 5 km thick bins, 
to a depth of 20 km. The fault types (i.e. strike-slip, thrust, normal 
and other) derived from the focal mechanisms were calculated 
using the technique of Zoback (1992), which takes into account the 
plunge of the P, B and T axes of each fault plane solution. To pro-
vide further information for the interpretation of the kinematics, all 
events within each 5 km thick bin were grouped together and the 
average principal strain axes were calculated using the method of 
Marrett & Allmendinger (1990) (Fig. 11). For the sake of brevity, 
below we describe only the average fault plane solutions.

In the northern part of the study area (area ‘a’ in Fig. 11), there 
are no data in the upper 5 km. In the bin from 5 to 10 km depth, 
the average P and T axes are roughly subhorizontal and trend 
NNW–SSE and ENE–WSW, respectively, resulting in a strike-
slip average fault plane solution. From 10 to 20 km depth, how-
ever, their trend changes, with the P axis remaining horizontal 
and trending NW–SE and the T axis becoming nearly vertical, 
giving a thrust average fault plane solution. In the central part of 
the map area (area ‘b’ in Fig. 11), again, there are no data in the 
first 5 km. In all three bins from 5 to 20 km depth, the average P 
axis is nearly horizontal and trend NW–SE, whereas the average 
T axis is vertical, giving a thrust average fault plane solution at 
all depths. Finally, in the southern part of the map area (area ‘c’ 
in Fig. 11), in the bin from 0 to 5 km depth, the average P and T 
axes are roughly subhorizontal and trend WNW–ESE and NNE–
SSW, respectively, giving a strike-slip average fault plane solu-
tion. However, from 5 to 15 km depth the T axis becomes 
vertical, resulting in a thrust average fault plane solution. There 
are not enough events in the 15–20 km bin to determine statisti-
cally meaningful principal strain axes.

Discussion

By combining surface geology and seismicity data, the Shuilikeng 
fault in central Taiwan can be interpreted to be a brittle fault that 
dips eastward and reaches more than 20 km depth (Fig. 12). For 
about 100 km along its strike-length the map pattern defined by the 
Shuilikeng fault (Fig. 2) is similar to that of other well-known 
transpressive to strike-slip fault systems (Wilcox et  al. 1973; 
Sylvester 1988; Butler et  al. 1998; Walcott 1998; Nicol & Van 
Dissen 2002; Kirkpatrick et al. 2008; Leever et al. 2011; Murphy 
et al. 2011; Dooley & Schreurs 2012). Along its southern end, it 
cuts an earlier fault and fold system, juxtaposing greenschist-facies 
rocks in its hanging wall (with a pressure solution cleavage) against 
unmetamorphosed rocks in its footwall. In the northern part, how-
ever, the relationships between the Shuilikeng fault and structures 
that splay off it are often ambiguous, although from the data given 
in the previous sections we interpret them to be coeval and linked. 
The constraints placed on the Shuilikeng fault dip and location in 
the subsurface by the surface geology (formation thickness and dip, 
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faults, folds etc.) allow it to be extrapolated to a depth of around 
10 km (Fig. 12). Although there are uncertainties in this extrapola-
tion, at 10 km depth it coincides with a cluster of east-dipping seis-
micity that extends to over 20 km depth (Fig. 12). We interpret this 
seismicity to be related to a steeply dipping fault whose upward 
trace projects to the Shuilikeng fault at the surface and, we think, is 
linked to it. Consequently, we interpret the Shuilikeng fault to be an 
active deep-seated main structure of the Taiwan orogen. Westward, 
a subhorizontal cluster of seismicity can be interpreted as the 
detachment to the imbricate stack mapped there, linking it to the 
thick-skinned deformation east of the Shuilikeng fault (Fig. 12). 
More work needs to be carried out to determine how this linkage 
works. Throughout our study area, the kinematics of the Shuilikeng 
fault is somewhat variable in the surface geological data, whereas 
the focal mechanism data more consistently indicate NW-directed 
shortening with strike-slip being active locally in the upper 10 km 
(Figs 9 and 11). Variability in the surface dataset is possibly the 
result of successive, overlapping ruptures, whereas variability in 
the focal mechanism data can, in part, be associated with minor 
faults. It might also be the result of mechanical decoupling between 
the kinematics of the fault core and that of the regional fault that 
has generated it, as suggested for other seismogenic faults (e.g. the 
San Andreas Fault; Chester et al. 1993). Both datasets are consist-
ent, however, with the overall kinematics of the roughly north–
south-striking Shuilikeng fault as being transpressive, with the 
hanging wall moving up toward the NW.

The Eocene rocks of the Hsuehshan Range have been interpreted 
by Teng et al. (1991), Huang et al. (1997) and Teng & Lin (2004) 
to be synrift sediments deposited in a graben or half-graben (the 
Hsuehshan Basin) on the continental margin of Eurasia. Those 
researchers further interpreted the Oligocene and Miocene rocks to 
be post-rift sediments deposited on the margin platform. Although 
there is a general consensus that the eastern bounding fault of the 
Hsuehshan Basin probably coincided with the current Lishan fault 
(Lee et al. 1997; Huang et al. 1997; Lin et al. 2003; Teng & Lin 
2004; Wiltschko et  al. 2010), there is little consensus about the 
location or even the presence of a western bounding fault (for 
exceptions see Huang et al. 1997; Lee et al. 1997). However, for 
just over 200 km the Shuilikeng fault forms a structural boundary 
between predominantly Miocene rocks to the west and Eocene 
rocks of the Hsuehshan Basin to the east (in the north, Oligocene to 
Miocene rocks also appear; Fig. 1). We suggest, therefore, that the 
Shuilikeng fault, which at least in central Taiwan penetrates to 
20 km or more depth (and must, therefore, affect the basement), can 
be interpreted to be a major structure that formed along the western 
margin of the Hsuehshan Basin in the Eocene.

It has been shown that such pre-existing structures on a continen-
tal margin can play an important role in many aspects of the evolu-
tion of an orogen during mountain building (e.g. Wiltschko & 
Eastman 1983; Hatcher & Williams 1986; Laubscher 1987; Rodgers 
1987; Woodward 1988; Schmidt et al. 1988; Narr & Suppe 1994; 
Butler et al. 1997; Pérez-Estaún et al. 1997; Brown et al. 1999). For 
example, their reactivation may lead to the inversion of pre-existing 
rift basins and to the uplift of the synrift rocks and their basement 
(Bonini et al. 2012, and references therein). How the shortening in 
central Taiwan is resolved to form single faults and fault systems is 
in general complex (e.g. Bos et  al. 2003; Gourley et  al. 2007; 
Mouthereau et al. 2009; Wu et al. 2010; Ching et al. 2011) and, in 
many cases, conditioned by the presence of pre-collisional rift 
basins that were present on the Eurasian margin (e.g. Wu et  al. 
1997; Mouthereau et  al. 2002; Mouthereau & Lacombe 2006; 
Hwang et al. 2007; Byrne et al. 2011; Brown et al. 2012). Faults 
bounding the basins around the Peikang Basement High (see Teng 
et  al. (1991), Teng & Lin (2004) and Byrne et  al. (2011) for an 
overview of this feature) (Fig. 1), with their significant amount of 
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seismic activity, are an important example of how this mechanism 
of reactivation of pre-existing basin faults can affect the structural 
development of the mountain belt (Rau & Wu 1995; Mouthereau 
et al. 2002; Mouthereau & Lacombe 2006; Wu et al. 2007; Byrne 
et al. 2011; Chi 2012; Mirakian et al. 2012). In central Taiwan, the 
Shuilikeng fault forms part of this fault system, although how it 
interacts with many of the other faults around the Peikang Basement 
High is still not completely understood. Nevertheless, our data sug-
gest that this part of the Shuilkeng fault is currently active and that 
the western margin of the Hsuehshan Basin is being inverted and 
exhumed along it. Several researchers have shown that P-wave 
velocities also increase eastward across the Shuilikeng fault (Kim 
et al. 2005, 2010; Lin 2007; Wu et al. 2007; Kuo-Chen et al. 2012). 
If we assume that the Eocene rocks in the Hsuehshan Range are 
synrift, then the pre-rift Mesozoic basement beneath them should be 
being exhumed to be within a few kilometres of the surface and 
these rocks should have higher P-wave velocities. This interpreta-
tion is partly corroborated by the thermal data of Sakaguchi et al. 
(2007), who suggested that the Eocene rocks to the east of the 
Shuilikeng fault have been exhumed from c. 10 km depth, which 
would be in agreement with basement rocks reaching the shallow 
subsurface in this part of the Hsuehshan Range. This interpretation 
is also supported by the surface geology (e.g. rock ages, structural 
style, amount of deformation, level of exhumation), the significant 
increase in the number and the deeper crustal level of seismic events 
to the east of the fault and, eastward, higher P-wave velocities at 
shallower depths (Wang et al. 2000; Kim et al. 2005, 2010; Beyssac 
et al. 2007; Lin 2007; Sakaguchi et al. 2007; Simoes et al. 2007, 
2012; Wu et al. 2007; Yamato et al. 2009; Brown et al. 2012; Kuo-
Chen et al. 2012). Based on these data, the regional-scale structure 
of the Hsuehshan Range in the study area can be interpreted to be a 
basement-cored anticlinorium (Brown et  al. 2012; see also Clark 
et al. 1993, for discussion of it as a ‘pop-up’ structure) (Fig. 12). The 
highest structural and topographic level that the basement reaches in 
central Taiwan is over 3000 m above sea level, to the east in the 
Central Range (see fig. 13 of Brown et  al. (2012) for a regional 
interpretation of this structure).

Conclusions

We show that in central Taiwan the Shuilikeng fault is a brittle 
fault along the western limit of the outcropping Oligocene and 
Eocene rocks of the Hsuehshan Range. Although kinematic data 
collected from outcrops along the fault show a degree of variabil-
ity, when combined with an extensive focal mechanism dataset 
from within the hypocentre cluster, the overall fault mechanism is 
clearly transpressive. In its southern part it clearly cuts the Tili 
thrust and the Tingkan syncline. Northward, however, the rela-
tionships between faults and folds splaying off the Shuilikeng 
fault are not so clear, although they appear to be related to the 
transpressive deformation taking place in its hanging wall. On the 
basis of geometrical constraints used for regional cross-section 
construction (Fig. 12), the surface trace of the Shuilikeng fault can 
be extrapolated to c. 10 km depth where, in the central part of our 
study area, it coincides with an east-dipping cluster of seismicity. 
We interpret this cluster of earthquake hypocentres to project from 
greater than 20 km depth, upward along the Shuilikeng fault to its 
location at the surface. As a consequence we interpret the fault to 
be active. This hypocentre cluster may link with a subhorizontal 
cluster to the west, beneath the imbricate stack of the Western 
Foothills, but our data provide no clues as to how this entire sys-
tem works kinematically or mechanically. More work needs to be 
carried out to clarify this. In a regional context, the Shuilikeng 
fault can be interpreted to be reactivating a pre-existing fault that 

was along the western boundary of the Hsuehshan Basin, inverting 
the basin and causing uplift and exhumation of the Eocene synrift 
rocks and most probably its underlying basement.
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INTRODUCTION
In an arc-continent collision orogeny such as 

that of Taiwan, the development of a foreland 
fold-and-thrust belt depends, among other fac-
tors, on the thickness profi le of the subducting 
margin crust, the presence and size of the rift 
basins within it, and the geometry of the plat-
form and slope sedimentary sequences prior to 
collision (Brown et al., 2011; Harris, 2011). The 
response of these primary factors to the defor-
mation is determined, to a large degree, by the 
rheology of the crust, the orientation of the rift 
basins and their bounding faults relative to the 
plate convergence vector, and the convergence 
rate (Sibson, 1995; Poblet and Lisle, 2011).

Many foreland fold-and-thrust belts world-
wide (Rodgers, 1990; Poblet and Lisle, 2011) 
include a deformed sedimentary cover of a rift-
ed continental margin (Fig. 1A) that is detached 
above the underlying basement (basement is de-
fi ned here as any pre-rift rocks), often within or 
at the base of the lowermost postrift sediments, 
to form what is termed a thin-skinned thrust 
system (e.g., Poblet and Lisle, 2011) (Fig. 1B). 
In a thin-skinned thrust system the expected 
distribution of seismicity would be a narrow, 
subhorizontal cluster of events around the basal 
detachment (Ni and Barazangi, 1984; Carena 
et al., 2002), scattered events along individual 
faults above it, and rare events below it where 
rocks are thought to undergo little deformation 
(Davis et al., 1983; Dahlen et al., 1984). In this 
scenario, only in the interior part of the moun-
tain belt, where rocks are exhumed along deeply 
penetrating faults, should any notable increase 

in the seismic velocities at shallow depths be 
expected. If, however, the inherited rift-related 
basin-bounding faults are reactivated, the defor-
mation will penetrate deeper parts of the crust, 
causing the synrift sediments and the underly-
ing basement to be uplifted and exhumed (Jack-
son, 1980) in what is termed basin inversion, 
or thick-skinned deformation (e.g., Poblet and 
Lisle, 2011) (Fig. 1C). In areas undergoing ba-
sin inversion, seismicity can be expected to take 
place along the reactivating rift-related faults 
and display steeply inclined hypocenter clus-
ters that possibly extend into the middle and 
even lower crust (Jackson, 1980; Okada et al., 
2007; Sibson, 2009). The uplift of deeply buried 
sediments and basement will result in increased 
seismic velocities closer to the surface.

Determining the deformation mode of a fore-
land fold-and-thrust belt is important for identi-
fying fault source when assessing seismic haz-
ard in an area, and therefore in developing risk 
models and management protocols for seismic 
risk within this part of the orogen (Loh et al., 
1991; Campbell et al., 2002; Cheng et al., 2007). 
Furthermore, an accurate structural model also 
provides information on the expected geometry 
of faults, which is an important factor in hazard 
modeling because the dip of a fault can greatly 
infl uence the magnitude of an earthquake along 
it, with steeper dips resulting in higher magni-
tude events (Cheng et al., 2007).

In this paper we combine geological data with 
earthquake hypocenters and a three-dimensional 
(3-D) P-wave velocity model to determine the 
structure beneath the Hsuehshan Basin in central 

Taiwan. We fi nd that a model in which preex-
isting, rift-related extensional faults that bound 
the basin are being reactivated and inverted bet-
ter fi ts the available data than does a structural 
model in which there is a shallow, through-going 
basal detachment (e.g., Carena et al., 2002; Yue 
et al., 2005).

GEOLOGICAL BACKGROUND
The rifted continental margin of southeast 

Eurasia has been colliding with the Luzon arc 
of the Philippine Sea plate since at least the 
Late Miocene, resulting in the Taiwan orogen 
(Sibuet and Hsu, 2004). This part of the Eur-
asian continental margin contains a number of 
Eocene rift basins (Lin et al., 2003; Teng and 
Lin, 2004; Yang et al., 2006); the sediments of 
the Eocene Hsuehshan Basin currently occupy a 
signifi cant part of the Taiwan orogen (Lin et al., 
2003) (Fig. 2A). The basin is bound to the west 
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Basin inversion deformation

Rifted continental margin
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Post-rift sedimentary cover
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Figure 1. Evolution from rifted continen-
tal margin to foreland fold-and-thrust belt. 
In this fi gure, plane strain is assumed. A: 
Idealized rifted continental margin. B: Thin-
skinned deformation style: rift-related faults 
are inactive and only sedimentary cover of 
A is involved in deformation. C: Basin inver-
sion (or thick-skinned deformation) style: 
rift-related faults are reactivated and cause 
deepening in level of deformation.

ABSTRACT
On 27 March 2013, a 6.2 ML earthquake occurred at 19 km depth in eastern Nantou, central 

Taiwan. Over a 2 week period it was followed by more than 680 aftershocks that ranged to 5 
ML. Most events occurred below the ~10-km-deep detachment fault predicted for this part of 
the mountain belt, coinciding with other precisely located hypocenters that indicate that much 
of the crust in this area is seismically active. We combine geological data with a three-dimen-
sional (3-D) P-wave velocity model derived from local tomography and earthquake hypocen-
ters to determine a model for the structure of central Taiwan. Much of the surface geology of 
the area comprises the uplifted Eocene rocks of the Hsuehshan Basin. The 3-D P-wave velocity 
model shows a shallowing of higher velocities across the Hsuehshan Basin and hypocenter 
data indicate that its western bounding fault is clearly defi ned by an eastward-dipping band 
of events that extends to >20 km depth. The eastern bounding fault is interpreted to coincide 
at depth with a cluster of events between 20 and 30 km depth. These data suggest that the pre-
existing, rift-related extensional faults of the Hsuehshan Basin are currently being reactivated 
and the basin is being inverted. We present hypocenter data from the Nantou sequence that 
corroborate this interpretation and show the importance of choosing the correct structural 
model when assessing seismic risk.
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by the Shuilikeng fault and to the east by the 
Lishan fault. The synrift sediments of these ba-
sins are overlain by Oligocene to Late Miocene 
postrift platform and slope sediments that can 
be as much as several kilometers thick and are 
variably deformed within the orogen. The onset 
of synorogenic deposition might have begun as 
early as the latest Miocene, and continues today. 
The sedimentary package within the foreland 
basin can reach 6 km or more in thickness, and 
the deformation front is within it.

The Eocene synrift rocks of the Hsueh shan 
Basin now occupy topographically higher ground 
and structurally overlie Pleistocene rocks of the 
foreland basin along the Shuilikeng fault (Brown 
et al., 2012; Camanni et al., 2013) (Fig. 2B). This 
suggests that inversion of the Hsuehshan Basin 
is taking place and that the synrift sediments and 
their underlying basement rocks are being up-
lifted and exhumed (Clark et al., 1993; Brown et 
al., 2012).

BASIN INVERSION
To test the hypothesis that inversion of the 

Hsuehshan Basin is taking place, we use a 3-D 
P-wave velocity model revised from Wu et al. 
(2007), and earthquake hypocenters that have 
been relocated using this model (e.g., Wu et al., 
2008), which we collapse using the methodol-
ogy of Jones and Stewart (1997) (Fig. 3A). We 
then add the geologically determined fault inter-
pretation (Fig. 3B) in order to evaluate whether 
ongoing seismic activity is consistent with a 
shallow detachment or requires inversion of 
deep-seated rift-related extensional faults that 
bound the Hsuehshan Basin.

From km 0 to roughly the Shuilikeng fault 
at km 30, the P-wave velocities in all 3 sections 
of Figure 3 display an ~8-km-thick low-velocity 
zone that correlates well with the Miocene and 
younger postrift and synorogenic sediments. 

Eastward, this low P-wave velocity zone shal-
lows, and higher velocities appear closer to the 
surface (with minor complications in section 
C-C′). The shallowing of higher P-wave veloc-
ity material to the east of the Shuilikeng fault 
(SkF in Fig. 3) is clearly indicated by the 5.5 km 
s–1 isovelocity line, which we interpret to be the 
top of the low-grade metasedimentary basement 
clastics intersected in boreholes in western Tai-
wan (Chiu, 1975; Shaw, 1996). This shallow 
high-velocity zone is a robust feature that has 
been recognized in a number of other studies, 
regardless of the method of tomographic inver-
sion (Rau and Wu, 1995; Kim et al., 2005, 2010; 
Lin, 2007; Kuo-Chen et al., 2012).

All 3 sections display east-dipping clusters 
of hypocenters between approximately km 30 
and 50, and ~10–20 km depth. Particularly in 
sections B-B′ and C-C′, this cluster projects to 
the surface at the mapped location of the Shui-
likeng fault (Fig. 3) and, in section B-B′, joins 
westward with a thin, subhorizontal cluster of 
hypocenters that marks the location of the basal 
detachment known to be in this area (Carena et 
al., 2002; Yue et al., 2005; Brown et al., 2012), 
forming a linked fault system. In sections B-B′ 
and C-C′, a cluster of hypocenters at approxi-
mately km 50 and between 20 and 30 km depth 
is interpreted to project to the surface at the loca-
tion of the Lishan fault (LF in Fig. 3; for a simi-
lar interpretation, see Wu et al., 2004; Gourley et 
al., 2007). Farther east, at approximately km 80, 
an open to tight cluster of hypocenters appears 
to be associated with the Chinma fault (ChF in 
Fig. 3), which places Mesozoic basement on top 
of Eocene and younger slope-derived sediments.

NANTOU EARTHQUAKE SEQUENCE
Hypocenters from the Nantou earthquake 

sequence (Fig. 4) have been relocated using 
the same 3-D velocity model and collapsing 

methodology as those shown in Figure 3. The 
majority of the hypocenters plot along the deep 
trace of the Shuilikeng fault and a number of 
them, including the main shock, plot within 
the cluster interpreted to be associated with 
the Lishan fault. Focal mechanisms that we 
determined for the four events of ML > 4 have 
reverse fault-plane solutions (Fig. 4). The co-
incidence of the Nantou earthquake hypocen-
ters with the interpreted deep locations of the 
bounding faults of the Hsuehshan Basin deter-
mined from the data presented herein further 
indicates that these faults are important struc-
tures contributing to mountain building in cen-
tral Taiwan.

DISCUSSION AND CONCLUSIONS
The combination of geological, P-wave ve-

locity, and earthquake hypocenter data present-
ed here suggests that the basin inversion model 
(Fig. 1C) for deformation in central Taiwan is 
a viable alternative to the previously accepted 
thin-skinned model (e.g., Davis et al., 1983; 
Dahlen et al., 1984; Suppe, 1987; Carena et al., 
2002; Yue et al., 2005; Malavieille and Trul-
lenque, 2009) (Fig. 1B). Signifi cant seismic ac-
tivity along the margins of the Hsuehshan Basin 
and shallowing of higher P-wave velocity mate-
rial in the area occupied by the Hsuehshan Basin 
provide strong evidence that the reactivation of 
its bounding faults and the uplift and exhuma-
tion of its synrift sediments and basement rocks 
compose the dominant deformation style in this 
part of central Taiwan. The data show that the 
deformation reaches at least 30 km beneath the 
Hsuehshan Basin, further suggesting that base-
ment rocks must be involved in the deformation 
in this region (see also Wu et al., 1997, 2004; 
Gourley et al., 2007; Brown et al., 2012; Ch-
uang et al., 2013). However, we cannot deter-
mine if there is a deep level of detachment at 
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these depths beneath the Hsuehshan and Cen-
tral ranges with the current data sets.

The Nantou earthquakes highlight the need 
for a revised structural model for central Tai-
wan that provides a more precise framework for 
seismic risk assessment than the currently used 
thin-skinned model. We suggest that a model in 
which preexisting basins that were located on 
the Eurasian margin are being inverted along 
deep penetrating faults provides a viable expla-
nation for the Nantou earthquake sequence, and 
therefore gives a new perspective for identifying 

fault source when assessing seismic risk in the 
area. In the light of this new structural model, 
the Shuilikeng and the Lishan faults are both 
candidates for future damaging earthquakes 
such as the Nantou main shock.
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Figure 3. A: Uninterpreted verti-
cal sections through three-di-
mensional (3-D) P-wave veloc-
ity model (Wu et al., 2007) and 
relocated (Wu et al., 2008) and 
collapsed seismicity used in this 
study. ChF—Chinma fault, LF—
Lishan fault, SkF—Shuilikeng 
fault. B: Interpreted vertical sec-
tions. Hypocenters are projected 
from 4.99 km on either side of 
sections (section locations are 
in Fig. 2). Spatial uncertainty of 
hypocenters was determined as 
horizontal and vertical location 
errors following Wu et al. (2008), 
and can be found in hypocenter 
database (available from authors 
or at http://seismology.gl.ntu.edu.
tw/download_04.htm). Data were 
collapsed using 3-D spatial un-
certainty of 4 standard deviations 
(methodology of Jones and Stew-
art, 1997) to truncate confi dence 
ellipsoid and estimated variance 
in data. Hypocenter movements 
were compared with χ2 distribu-
tion and repeated until minimum 
misfi t was reached. For compari-
son, uncollapsed seismicity data 
are provided in Figure DR1 in the 
GSA Data Repository1. Faults on 
interpreted sections are derived 
from surface geological and hy-
pocenter data only. Dashed white 
line indicates 5.5 km s–1 isoveloc-
ity line that we use as reference 
for top of basement. 

Figure 4. P-wave velocity 
model B-B′ with geologically 
determined faults and col-
lapsed 27 March to 15 April 
2013 Nantou, central Taiwan, 
sequence hypocenters. SkF—
Shuilikeng fault, LF—Lishan 
fault, ChF—Chinma fault. Red 
star indicates location of 6.2 
ML main shock. Hypocenters 
have been projected from 
4.99 km on either side of sec-
tion, for total of 418 events.
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Structural complexities in a foreland thrust belt
inherited from the shelf-slope transition:
Insights from the Alishan area of Taiwan
Joaquina Alvarez-Marron1, Dennis Brown1, Giovanni Camanni1, Yih-Min Wu2, and Hao Kuo-Chen3

1Institute of Earth Sciences JaumeAlmera, ICTJA-CSIC, Barcelona, Spain, 2Department of Geosciences, National TaiwanUniversity,
Taipei, Taiwan, 3Institute of Geophysics, National Central University, Jhongli, Taiwan

Abstract The Alishan area of Taiwan spans the transition from the platform with full thickness of the
Eurasian continental margin in the north to the thinning crust of its slope in the south. This part of the
foreland thrust and fold belt includes important along-strike changes in structure, stratigraphy, and seismic
velocities. In this paper we present the results of new geological mapping from which we build geological
cross sections both across and along the regional structural trend. Fault contour, stratigraphic cutoff, and
branch line maps provide 3-D consistency between the cross sections. Minimum shortening is estimated to
be ~15 kmwith displacement overall to the northwest. A Pwave velocity model helps constrain the structure at
depth by providing insight into the possible rock units that are present there. P wave velocities of ≥5.2 km/s
point toward the presence of basement rocks in the shallow subsurface throughout much of the southeastern
part of the area, forming a basement culmination. The changes in strike of thrusts and fold axial traces, the
changing elevation of thrusts and stratigraphic contacts, and the growing importance of Middle Miocene
sediments that take place from north to south are interpreted to be associated with a roughly northeast striking
lateral structure coincident with the northern flank of this basement culmination. These transverse structures
appear to be associated with the inversion of Eocene- and Miocene-age extensional faults along what was
the shelf-slope transition in the Early Oligocene, uplifting themargin sediments and their higher Pwave velocity
basement during Pliocene-Pleistocene thrusting.

1. Introduction

The oblique collision that is taking place in Taiwan between the southeastern part of the continental margin
of Eurasia and the leading edge of the intraoceanic Philippine Sea Plate means that the entire profile of the
margin, from the full thickness of the crust (platform) in the north to the thinning crust of the slope toward the
ocean-continent transition just offshore southern Taiwan, is now involved in the deformation within the foreland
thrust and fold belt [e.g., Teng, 1990; Huang et al., 1997; Teng and Lin, 2004; Hsu et al., 2004; Lin et al., 2003, 2008;
Eakin et al., 2014] (Figure 1). This makes Taiwan an ideal laboratory in which to study the importance that the
preexisting structural architecture and the different morphological parts of a continental margin have on the
early evolution of a foreland thrust and fold belt. The extensional tectonic history of the southeastern margin
of Eurasia began with rifting in the Early Eocene and culminated with the development of oceanic crust in the
South China Sea by Late Eocene to Early Oligocene times [e.g., Sibuet and Hsu, 1997, 2004; Lin et al., 2003; Li et al.,
2007]. At this time the shelf-slope break (or necking zone of Mohn et al. [2012]) was located just north of its
current position [cf. Teng, 1987; Lin et al., 2003] (see inset for Figure 1). Rifting resulted in a number of deep,
roughly northeast trending basins that were filled with Eocene-age clastic sediments and then unconformably
overlain by Oligocene-age sediments [Teng, 1992; Lin et al., 2003, 2008; Teng and Lin, 2004]. Extension on the
outer part of the margin (slope), although minor, was also widespread during the Middle to Late Miocene
[Lin et al., 2003; Ding et al., 2008], resulting in the development of a number of extensional basins and changes in
the associated Miocene stratigraphy. A number of models have been proposed for how the convergent history
between the Eurasian and Philippine Sea plates progressed from intraoceanic subduction in the Miocene to
todays arc-continent collision [e.g., Suppe, 1984; Teng, 1987; Lee and Lawver, 1994; Hall, 1996, 2001; Sibuet and
Hsu, 1997, 2004; Yu et al., 1997; Malavielle et al., 2002; Li et al., 2007]. All agree that the Philippine Sea Plate in
the vicinity of Taiwan is moving northwestward relative to Eurasia (Figure 1) and that since about the Middle
Miocene the subduction zone has advanced westward, causing the leading edge of the Philippine Sea Plate to
obliquely override the slope of the continental margin in that direction (see, for example, the GPS data of
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Yu et al. [1997] and Ching et al. [2011]). In this scenario, the ocean-continent transition, the Early Oligocene
and todays shelf-slope break, and the major extensional basins on the slope of the continental margin in the
southwest of Taiwan (all oriented approximately N60°E) are nearly perpendicular to the convergence vector
but highly oblique to the westward advance of the overriding upper plate [Lin et al., 2003; Hsu et al., 2004;
Yeh and Hsu, 2004; Yu et al., 1997; Yu, 2004; Li et al., 2007; Ching et al., 2011] (Figure 1).

Figure 1. Geological map of Taiwan [after Chen et al., 2000]. Basin locations and structure in the Taiwan Strait is from
Teng and Lin [2004]. Contours in the offshore basins denote the depth to the top of the Mesozoic basement. The
locations of the B and Yichu faults are shown, as are the current shelf-slope break and its estimated location along the southern
flank of the Peikang high at the beginning of the Oligocene. The location of Figure 3 is also shown. SKF=Shuilikeng fault,
LF=Lishan fault, LV=Longitudinal Valley. The inset shows the tectonostratigraphic units and the tectonic setting discussed in
the text (WF=Western Foothills, HR=Hsuehshan Range, CR=Central Range, CoR=Coastal Range). The convergence vector of
8.3 cm/yr between the Philippine Sea Plate and the southeastern part of the Eurasian Plate is also given. OCB=ocean-continent
boundary, and the �200 isobath marks the current shelf-slope break. East of the Luzon Trough is the Luzon arc.
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The Early Oligocene change from platform to slope in the southeast Eurasian margin took place across the
Alishan area (Figure 1). This makes the Alishan area of particular interest for the study of how inherited structural
and sedimentological features of the continental margin are influencing the development of this part of the
foreland thrust and fold belt. With this aim, and also to further the understanding of this important area in the
geology of Taiwan, we present the results of new geological mapping and geological cross sections that we
integrate with available borehole data, and a Pwave (Vp) velocity model. The 3-D interpretation obtained for the
structure of the Alishan area provides insights on the role that inherited continental margin features play during
the development of thrust systems. For the sake of clarity, throughout the paper, a distinction is made between
the Alishan area (shown by the box in Figure 1) and the topographic feature of the Alishan Ranges.

2. Geological Background
2.1. Tectonostratigraphic Zones of Taiwan

The Taiwan orogen can be divided into four roughly N-S oriented tectonostratigraphic zones (Figure 1). These
zones are separated by major faults and comprise parts of the continental margin and the colliding volcanic
arc [Teng, 1992; Huang et al., 1997; Lin et al., 2003; Sibuet and Hsu, 1997, 2004]. From west to east these zones
are the Western Foothills, the Hsuehshan Range, the Central Range, and the Coastal Range. The Western
Foothills, Hsuehshan Range, and Central Range are formed as the result of shortening and uplift of the
continental margin of Eurasia [Suppe, 1980; Yue et al., 2005; Mouthereau et al., 2001]. The Coastal Range is
composed of volcanic rocks and sedimentary basins of the Luzon arc, which is accreting obliquely and end-on to
the Eurasian margin along the Longitudinal Valley fault [Yu and Kuo, 2001; Chen et al., 2007; Shyu et al., 2008].
In this paper we focus on the Alishan area, part of the Western Foothills in what is geographically known as
central Taiwan (Figure 1).

2.2. Stratigraphy

The stratigraphy of the Alishan area determined from outcrop and borehole data comprises Mesozoic to recent
sediments (Figure 2a). The Mesozoic rocks are predominantly Cretaceous (with minor Jurassic) prerift clastic
sediments of the Eurasianmargin basement of southeast China [Chiu, 1975;Ho, 1988; Jahn et al., 1992]. Above this
basement there are Eocene synrift clastic sediments that are unconformably overlain by Early to Late Oligocene
clastics [Chiu, 1975; Ho, 1988; Teng, 1992; Shaw, 1996; Lin et al., 2003; Teng and Lin, 2004]. The Early Oligocene
unconformity is interpreted to represent the rift-to-drift transition (or breakup unconformity) in the margin and
its subsequent thermal subsidence during the opening of the South China Sea [Teng, 1992; Huang et al., 1997,
2001; Lin et al., 2003; Teng and Lin, 2004]. Oligocene rocks are not present everywhere [Chiu, 1975; Shaw, 1996;
Lin et al., 2003]. Where present they are conformably overlain by Neogene clastics, and where they are not
present, the Neogene may unconformably overlie either the Eocene or the Mesozoic [Lin et al., 2003, 2008]. The

Figure 2. (a) Simplified stratigraphic column showing the formation names discussed in the text. (b) Stratigraphic columns of boreholes MLN-1, HM-3, and SKH-1
(taken from Chiu [1975] and Yang et al. [2007]) with an interpretation of the relationships between them. The interpreted location of the Changhua thrust in HM-3 is shown.
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Miocene largely comprises preorogenic shallow water sediments deposited along a delta front within several
systems of Miocene-age rift basins [Ho, 1988; Lin et al., 2003]. The Late Miocene through Holocene rocks make
up the synorogenic sediments to the Taiwan orogen. Thickness changes on the order of several hundreds to
greater than 1000 m are common in all of the preorogenic sequences [e.g., Chiu, 1975; Ho, 1988; Shaw, 1996],
both across thrusts and within a single thrust sheet [Yang et al., 2007; Tensi et al., 2006; Rodriguez-Roa and
Wiltschko, 2010]. For example, theMiocene sequences increase in thickness from~1000m in boreholeMLN-1 to
~1500m in borehole HM-3, and more than 2750m in borehole SKH-1 (Figure 2b). Our mapping suggests that
these changes are in part due to structural repetitions within individual formations (see below).

The nomenclature used for the various stratigraphic units throughout the Western Foothills is variable (for an
overview of this problem, see Yang et al. [2007], Tensi et al. [2006], and Rodriguez-Roa and Wiltschko [2010]).
Therefore, in this work we have adopted the nomenclature shown in Figure 2a. It maintains continuity with
that used in our previous mapping to the north of Alishan [Brown et al., 2012; Camanni et al., 2014], which
is based on the stratigraphic sequence presented in the Central Geological Survey 1:50,000 scale map 32
(Puli) [Huang et al., 2000]. The only difference here is that we have changed the name Shihmen Formation to
Nankang Formation, which is the more generally used name in this area. The ages are consistent with
correlations done by Shea et al. [2003] and Tensi et al. [2006].

Cretaceous rocks do not outcrop in the study area, but have been reported from several boreholes in western
Taiwan [Chiu, 1975; Jahn et al., 1992]. Their thickness is unknown. About 300m of Eocene rocks have been
intersected in borehole HM-3 (Figure 2b), although their base was not reached [Chiu, 1975; Shaw, 1996]. In our
cross-section interpretations, the thickness of the Eocene ranges from 500 to > 1000m and it is called the
Paileng Formation. Oligocene rocks do not crop out in the study area, but they have also been intersected in
borehole HM-3 (Figure 2b) where they are up to ~500m thick [Chiu, 1975]. We therefore use this as the
maximum thickness for the Oligocene, letting it thin and disappear eastward where the Miocene directly
overlies the Eocene. We call the Oligocene rocks the Shuichangliu Formation.

The Miocene rocks are divided into four formations (Figure 2a) that, from bottom to top, are the Early Miocene
Takeng Formation, the Early to Middle Miocene Nankang Formation (part of it corresponds with the Shihmen
Formation), the Middle to Late Miocene Nanchuang Formation, and the Late Miocene to Early Pliocene
Kueichulin Formation. The Takeng Formation only outcrops in the NE part of the map area, in the core of the
Takeng anticline, where it is approximately 500 to 800 m thick, although the base is not seen. The Nankang
Formation outcrops along much of the eastern part of our map area, where it comprises predominantly highly
folded and faulted Shihti shale (the basal part on Nankang), hampering a determination of the stratigraphic
thickness. Borehole SHK-1 intersected about 600m of Nankang Formation without reaching its base (Figure 2b).
The Nanchuang Formation outcrops throughout the map area, although several kilometers to the north it is
absent within the Miocene sequence. In many areas it is intensely folded and faulted making it difficult to
estimate its thickness. In the eastern part of our map area, along the southern part of the Chenyulan River
(Figure 3), the Nanchuang Formation is approximately 800m thick, whereas in the west, along the Cingshui River,
we have mapped a little over 1000m of it. Borehole SHK-1 (Figure 3) intersects ~1500m of Nanchuang but does
not mention folding. The latest Miocene to Early Pliocene Kueichulin Formation has very significant changes in
thickness in the map area, ranging from about 2000m thick in the hanging wall of the Chelungpu thrust to
~500m thick in the Lukushan syncline (Figure 3). The SHK-1 borehole intersected ~1500m of Kueichulin
Formation (Figure 2b).

There is some uncertainty as to whether or not the Kueichulin Formation is the first synorogenic sedimentary
unit to appear in the foreland basin of the Taiwan mountain belt. Yu and Chou [2001]; Lin and Watts [2002],
and Lin et al. [2003] argue on the basis of geometric relationships observed between the Nanchuang and
the Kueichulin Formations in reflection seismic data that there is an angular unconformity between the two
that marks the onset of synorogenic sedimentary deposition in the foreland basin. Teng [1987]; Covey [1986],
and Hong [1997] suggest, however, that the first appearance of slate clasts derived from the rising Taiwan
mountain belt to the east is in the Pliocene Chinshui shale, and that these are the first synorogenic sediments.
We place the onset of synorogenic sedimentation within the Kueichulin Formation (Figure 2a).

The Chinshui shale comprises a several hundred meter thick unit at the base of the Pliocene to Pleistocene
Cholan Formation. The Cholan Formation comprises up to 2500m of interbedded mudstone, shale, and
sandstone. To the north of the Choshui River (and within themap area), the contact between the Cholan and the
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Figure 3. Geological map of the Alishan area. Section A is from Brown et al. [2012]. The locations of the geological sections shown in Figures 4 and 5 are shown.
Sections A to E also correspond to the locations of the vertical P wave velocity sections shown in Figure 8. The names of individual structures discussed in the
text are also provided. The locations of reflection seismic lines A and HV 2 from Wang et al. [2002] are given.
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Figure 4
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Kueichulin formations is not exposed but is thought to be tectonic [e.g., Yue et al., 2005; Yang et al., 2007;
Rodriguez-Roa and Wiltschko, 2010], whereas to the south it is a conformable sedimentary contact [e.g., Nagel
et al., 2013] (see also section 3 below). The Cholan Formation is conformably overlain by the Pleistocene
Toukoshan Formation, a coarsening upward sequencemade up of thick-bedded sandstone with shale interbeds
that, upward, becomes interfingered with, and eventually completely replaced by conglomerate. TheToukoshan
Formation can reach up to 4000m in thickness. To the south of the Alishan area (and out of our map area), the
Toukoshan Formation conglomerate disappears as the Pleistocene in that area was deposited in a marine
environment that was typically nearshore to foreshore [Covey, 1984; Chen et al., 2001; Nagel et al., 2013]. The
Toukoshan Formation is overlain by Holocene-age gravels that, in places, are several hundred meters thick.

3. Structure of the Alishan Area
3.1. Methodology

A number of authors [e.g., Yang et al., 2006, 2007; Mouthereau and Lacombe, 2006; Rodriguez-Roa and
Wiltschko, 2010; Tsai et al., 2012] have investigated the structure of parts of the Alishan area, generally
presenting cross sections that are largely based on the 1:100,000 geological map [Chinese Petroleum
Company (CPC), 1986], borehole, and reflection seismic data of the Chinese Petroleum Company (CPC). In this
study, new geological field mapping was carried out at a 1:50,000 scale over most of the Alishan area; the
easternmost part was mapped at 1:25,000 scale [Camanni et al., 2014]. Where available, the 1:50,000 scale

Figure 4. Geological cross sections through the Alishan area. Their locations are shown in Figure 3. The projected locations
of the boreholes are shown. The names of individual structures discussed in the text are also provided. The branch points
used to construct the maps in Figure 6 are also given. ChT =Changhua thrust, CT = Chelungpu thrust, ST = Shuangtung
thrust, FT = Fengshan thrust, and SkF= Shuilikeng fault.

Figure 5. Roughly along strike geological sections F-F′ and G-G′ (see Figure 3 for location) through (a) the Changhua and (b)
the Chelungpu thrust sheets. The projected location of the boreholes is shown. Note the shallowing in elevation of thrust
surfaces and stratigraphic contacts toward the south, between sections A and B. A transverse fault beneath the Changhua
thrust in F-F′ corresponds to that mentioned in Figure 2. CLS =Choshui lateral structure.
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geological maps of the Central Geological Survey and the CPC 1:100,000 scale map [CPC, 1986] were used as
reference maps. The geological map (Figure 3), structural data, and cross sections presented below are,
however, our own. The stratigraphic scheme used in themapping (Figure 2a) is based on a number of sources
[e.g., CPC, 1986; Huang et al., 2000; Chiu, 1975; Ho, 1988] and our own observations. In the description of the
structure that follows, the map area is divided into the Changhua, Chelungpu, and Shuangtung thrust sheets
forming a linked thrust system. Cross sections have been constructed in several orientations in order to better
illustrate the 3-D variation of the structures (Figures 4 and 5). The cross sections were constructed using
standard techniques in which the location of faults in the shallow subsurface (~5 km) is determined using the
geometric controls provided by the observed outcropping and borehole stratigraphic contacts and the
bedding dips [e.g., Dahlstrom, 1969; Hossack, 1979]. Boreholes HM-3, MLN-1, and SKH-1 provide further
constraints on the frontal part of some cross sections, in the Changhua and Chelungpu thrust sheets. Two of
the sections have been line length and area balanced, and restored (Figure 6). We stress, however, that errors
may have been introduced into the cross sections because of the uncertainties in the stratigraphic
thicknesses [e.g., Judge and Allmendinger, 2011; Allmendinger and Judge, 2013]. Therefore, fault contour and
branch line maps with hanging wall and footwall stratigraphic cutoff lines are used to maintain consistency
between all sections (Figure 7). These maps, together with the two restored sections, provide minimum
estimates of shortening and displacement directions.

3.2. The Changhua Thrust Sheet

The Changhua thrust sheet is bound to the west by the Changhua thrust and to the east by the Chelungpu
thrust. In the southernmost part of the map area the Changhua thrust interacts in some indeterminate way
with the Meishan fault (Figure 3). In our interpretation the Meishan fault acts as a lateral tear fault to the
Changhua thrust. Some map interpretations [e.g., CPC, 1986; Liu et al., 2004; Mouthereau and Lacombe,
2006; Yang et al., 2007; Rodriguez-Roa and Wiltschko, 2010] extend the Changhua thrust (with a different
name) farther southward, but we have not found any evidence for this in our surface mapping. Although
we interpret the buried Changhua thrust to be at ~1000 m depth in borehole HM-3 (Figures 2 and 4). In
the northern part of the map area it is also buried, but has been imaged by reflection seismic data along
the Choshui River (Figure 3) and intersected in borehole MLN-1 (Figure 2) [Wang et al., 2002]. Only two
outcrops of the Changhua thrust were found during our mapping; both in the central part of the map area
where it places Toukoshan Formation sandstones on top of Holocene gravels. The Neilin anticline, in the
hanging wall of the Changhua thrust, plunges between 5° and 25° both northward and southward. It is
cored by rocks of the Cholan Formation and locally has a steep to overturned forelimb and a gently dipping
backlimb. Northward, it plunges beneath the Holocene gravels along the Choshui River (Figure 3).

Figure 6. Restored sections B-B′ and D-D′. Both sections have been restored using only the Pliocene, Miocene, and pre-
Miocene sedimentary packages while conserving the area and line length. In the restoration it is assumed that the top of
the Kueichulin is horizontal. Vertical and horizontal scales are the same. The estimated minimum shortening is 15 km. Fault
abbreviations are as in Figure 4. See.
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Southward, the Neilin anticline disappears and immediately below the Chelungpu thrust there is an area
with widely dispersed, shallow bedding dips that form the open Chunglun anticline (Figure 3).

We could not find outcrops of the Meishan fault, although there is a topographic expression left from the
1906 7.1 ML Meishan earthquake. Based on fault plane solutions of recent earthquakes the Meishan fault is
interpreted to be a dextral strike slip fault [e.g., Wu et al., 2010], which is in keeping with different map
interpretations in the area [CPC, 1986; Liu et al., 2004]. The Meishan fault appears to form part of the eastern
extension of the B and Yichu faults (Figure 1) and is interpreted to be so in what follows.

In the cross sections shown in Figure 4, the Changhua thrust is the frontal expression of the basal thrust,
extending from the branch points of the Chelungpu thrust to the surface, except in section A-A′ where it
ramps from the basal thrust. The Changhua thrust has been interpreted to be predominately within the
synorogenic sediments (Figures 4 and 5) before ramping gently down into the Miocene formations toward
the east and south (except in section A-A′). There is a significant change in depth of the Changhua thrust
along strike, from ~7 km deep in the north to about 3 km in the south (compare the branch points of
Chelungpu thrust (CT) between sections A-A′ and E-E′ in Figure 4, as well as section G-G′ in Figure 5b), as it
climbs progressively up the stratigraphic section in its footwall. The hanging wall and footwall cutoff maps
(Figure 7a) of the top Cholan and Kueichulin Formations indicate that the displacement along the Changhua
thrust was overall toward the west-northwest. By restoring these cutoffs along the displacement direction
the horizontal displacement of the Changhua thrust is estimated to be approximately 5 km in section A-A′
and lessening southward to about 2.5 km (Figure 6). Note that in cross sections A-A′, D-D′, and E-E′, the tip line
is buried by the synorogenic sediments, as shown in the seismic line farther north [Wang et al., 2002]
(Figure 3). Our interpretation of the shallowing of the Changhua thrust southward from the Choshui River is in
agreement with other cross sections through the area [e.g.,Mouthereau and Lacombe, 2006; Yang et al., 2007;
Rodriguez-Roa and Wiltschko, 2010], although our estimations of displacement vary.

3.3. The Chelungpu Thrust Sheet

The Chelungpu thrust sheet is bound to the west by the Chelungpu thrust and to the east by the Shuangtung
thrust. It includes the Chusiang thrust to the north and displays important changes southward. North of the
Choshui River it carries only rocks of the Cholan and Toukoshan Formations, whereas southward the
Chelungpu thrust merges with the Chusiang thrust and cuts down the stratigraphic section to involve the

Figure 7. Maps of (a) the contours of the basal thrust surface with the branch lines of the Changhua, Chelungpu, and Shuangtung thrusts. Various hanging wall and
footwall stratigraphic cutoffs in the Changhua thrust sheet. The contours for the Changhua thrust are shown as solid lines beginning at the branch line. The
displacement direction of the Changhua thrust is shown by the arrow. (b) Contours of the Chelungpu thrust, its branch line from the basal thrust, and various hanging
wall and footwall stratigraphic cutoffs. The branch line of the Chusiang thrust is also shown. The displacement direction of the Chelungpu thrust is shown by the
arrow. (c) Contours of the Shuangtung thrust and its branch line from the basal thrust. The displacement direction of the Shuangtung thrust is shown by the arrow.
The branch line of the Fengshan thrust is also shown. A general displacement direction of about N70°W can be determined from these reconstructions. Thrust
abbreviations are the same as those in Figure 4. Numbers represent depth of contour in km.
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Kueichulin and Nanchuang Formations (Figure 3). The hanging wall of the Chusiang thrust comprises the
northeast plunging Lugu syncline. Immediately southward, the Kueichulin Formation has a number of minor
thrusts within it, although it is often not possible to trace these faults for long distances. Nevertheless, they
appear to form a thrust system that may significantly thicken the Kueichulin Formation (borehole SHK-1
intersects some 1500m of Kueichulin Formation in this area). The base of the Cholan Formation in this part of
the Chelungpu thrust sheet is at greater than 1400m above sea level, indicating a large change in elevation
of this contact with respect to its depth of ~7 km below sea level along the Choshui River (Figure 5b) [see also,
Yue et al., 2005; Yang et al., 2007; Rodriguez-Roa and Wiltschko, 2010; Brown et al., 2012].

In cross section, the Chelungpu thrust is interpreted to be at the base of the Cholan Formation in the north
(section A-A′), whereas southward it ramps down section to form a flat near the top of the Nanchuang
Formation (Figure 4). This interpretation is in keeping with others in this area [e.g., Yang et al., 2007;
Rodriguez-Roa and Wiltschko, 2010], although some authors interpret it to cut steeply down into the
Miocene and older rocks along the Choshui River [e.g., Yue et al., 2005; Mouthereau and Lacombe, 2006].
Despite ramping down the stratigraphic section southward, the depth of the Chelungpu thrust and its
branch line shallows along strike from ~7 km deep along the Choshui River (section A-A′) to ~3 km farther
south (sections D-D′ and E-E′): a roughly 4 km change in elevation (Figure 5b). Hanging wall and footwall
stratigraphic cutoffs indicate that the displacement direction was overall northwestward (Figure 7b).
The amount of displacement along the Chelungpu thrust is difficult to determine because of the change
in stratigraphic thicknesses that take place across it. Nevertheless, we estimate that the horizontal
displacement is ~7 km throughout the Alishan area (Figure 6), which is in keeping with other cross-section
interpretations in the area [e.g., Yang et al., 2007; Rodriguez-Roa and Wiltschko, 2010]. Because of the
increase in thickness of the Miocene stratigraphy across the Chelungpu thrust (Figure 2b), we interpret it
to have reactivated a previous extensional fault (Figure 6).

3.4. The Shaungtung Thrust Sheet

The Shuangtung thrust sheet is bound to the west by the Shuangtung thrust and to the east by the
Shuilikeng fault. The thrust sheet widens significantly from less than 5 km along the Choshui River to ~25 km
in the central part of the Alishan Ranges (Figure 3). As it does, the Miocene stratigraphic sequence thickens
and the Nanchuang Formation becomes an important stratigraphic unit. The Shuangtung thrust sheet
comprises two regional-scale fault panels that are separated by the Fengshan thrust. The eastern part of the
Shaungtung thrust sheet is dominated by the Hoshe anticlinorium (and the smaller Tungfushan syncline).
The Hoshe anticlinorium comprises a system of northwest verging, variably plunging folds that terminate
northward against the Shuilikeng fault [Camanni et al., 2014] and can be traced southward for several
kilometers before they are lost in an area without access (Figure 3). A number of mostly northwest verging
thrusts (there is one significant exception to this) have been mapped, but their along-strike continuity is
difficult to constrain. The Hoshe anticlinorium is flanked to the west by the broad, flat-bottomed Lukushan
syncline. Access to much of the area occupied by the Lukushan syncline is restricted, and the area is heavily
forested, making field and remote sensing observations difficult. The Lukushan syncline is bound to the west
by the Fengshan thrust. The thrust panel below the Fengshan thrust is comprised by the Fenchihu
anticlinorium, a system of northwest verging, variably plunging folds developed in the Nanchuang and
Kueichulin Formations. The Fengshan thrust appears to be a splay off the Shuangtung thrust, but difficulty in
accessing the area in the steep topography where the two merge makes the interpretation of how these two
faults interact somewhat uncertain.

In cross section, at the surface the Shuangtung thrust is a steep reverse fault, dipping ~80° (this is well-
constrained in sections C-C′, D-D′, and E-E′). The regional-scale structure of the Shaungtung thrust sheet in
the Alishan area is that of a dome consisting of two anticlinoria separated by the Lukushan syncline.
Pervasive, km-scale folding in the Shuangtung thrust sheet is indicative of significant horizontal shortening.
While it is not possible to quantify the shortening because of uncertainties in the stratigraphy, we estimate
the horizontal shortening across the Shuangtung thrust to be less than 5 km and the displacement direction
is toward the west-northwest (Figures 6 and 7c). Using the stratigraphic template given in Figure 2 there
does, however, appear to be an important amount of vertical displacement (see, for example, the elevation of
the Takeng Formation in the Takeng anticline). This can be interpreted based on two points. First, in the
northern part of the map area the involvement of the Takeng Formation (the base of the Miocene) in the
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thrusting indicates that the Shuangtung thrust penetrates to at least this level in the stratigraphy and perhaps
deeper. Second, in our interpretation, the branch points of the Shaungtung thrust is interpreted to mark the
location in which the basal thrust ramps down eastward into the Eocene synrift and, we think, the basement
rocks (Figures 4, 6, and 7) (see section 5). The branch line of the Shuangtung thrust indicates that it changes from
southeast to east dipping as it deepens toward the northeast (Figure 7c).

4. Tomography Data
4.1. Methodology

To further constrain the structure at a depth greater than 5 km, especially within and beneath the Shuangtung
thrust sheet, we use the Pwave (Vp) velocity model derived from the TAIGER “local” tomography [Kuo-Chen et al.,
2012]. The horizontal resolution of the model in the Alishan area is 4 km by 4 km, and the vertical resolution
is 2 km. See Kuo-Chen et al. [2012] for an overview of the model setup and the data handling. Horizontal slices
were cut at various depths through the Alishan area (Figure 8), and vertical sections (Figure 9) were cut along
the line of the west-east geological cross sections shown in Figure 4.

4.2. P Wave Velocity Model

Within the upper 8 km of the crust in the Alishan area there is a marked change in Vp from less than 4.4 km/s in
the northwest andwest to greater than 5.6 km/s in the southeast (Figure 8). This is outlined by the change in strike
of the 4.6 through to 5.4 km/s isovelocity lines from roughly north-south in the north to a northeast-southwest
across the Alishan area. This change in strike roughly coincides with similar changes in the strikes of the
Chelungpu and Shuangtung thrusts at the surface (shown in gray in Figure 8). The Vpmodel clearly indicates the
presence of a shallow velocity high in the southeast part of the area, especially in the area of the Shuangtung
thrust sheet. At a depth of 10 km the velocities range between 5.6 and 5.8 km/s, indicating that rocks with similar
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Figure 8. Horizontal cuts at 4, 6, 8, and 10 km depth through the P wave velocity model with various isovelocity lines shown.
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physical properties arewidespread at this depth.We interpret these velocities to image the presence of basement
rocks everywhere at this depth within the Alishan area (Figure 9) (also see section 5).

In the vertical sections, low velocities (<4.6 km/s) in the west and northwest correspond to the Miocene and
younger sediments (Figure 9). The pronounced west to east shallowing of higher velocities starts beneath the
Chelungpu thrust sheet and takes on a dome-shape in the area of the Shuangtung thrust sheet. This is particularly
well-illustrated by the 5.2 km/s isovelocity line as it shallows from ~8km depth in the west to about 3 km depth
in the Shuangtung thrust sheet (Figures 4 and 8). We interpret this feature as a shallowing of the basement
rocks as it is uplifted by reverse activation of two deep faults, one striking N-E that we name the Choshui lateral
structure (CLS) (see Figure 5), and another striking approximately N-S (Figure 9b) (also see section 5).

5. Discussion

The Alishan area of Taiwan provides new data on the importance of the morphological and structural
architecture in the early convergent history of a rifted continental margin. It encompasses the shelf-slope
break (or necking zone), which is known to be an area of change in the amount of extension, from low β
factors on the platform to increasingly higher β factors on the slope and with, commonly, a corresponding

Figure 9. (a) Vertical sections through the P wave velocity model with the fault interpretations taken from Figure 3 plotted
on them. The locations are shown in Figure 3. The 5.2 km/s isovelocity line is shown. Thrust abbreviations are the same as
those in Figure 4. (b) Simplified geological cross sections from Figure 4 with an interpretation of the basement constrained
by the Vp model. Note that we do not interpret the structure east of the Shuilikeng fault (SkF). CLS =Choshui lateral
structure. CLS and the N-S fault are shown in Figure 10.
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change in fault style from high angle to listric [e.g., Manatschal, 2004; Reston, 2009; Reston and Manatschal,
2011; Mohn et al., 2012]. The structure of the Alishan area presented in this paper shows that the change in
basement structure from the platform to the slope, together with changes in the postrift sedimentary
carapace all play a significant role early on in the structural history of the thrust belt evolution. In many
orogens worldwide, the involvement of the platform or slope in the deformation can be shown to have taken
place, but it is not always straightforward from the final rock record exactly how or when this happened [e.g.,
Flöttmann and James, 1997; Faulds and Varga, 1998; Smith, 1999; Butler et al., 2006; Zanchi et al., 2006;
Yagupsky et al., 2008]. This makes the Alishan area of considerable importance in placing more precise
constraints on the early stages of development of a thrust belt within the complex structural and
sedimentological context that is the shelf-slope break of a continental margin.

The new surface geological data and velocity models presented above confirm that there are significant
changes that take place in the structure from north to south across the Alishan area. These observations
coincide with interpretations by Rodriguez-Roa and Wiltschko [2010],Yang et al. [2006, 2007], andMouthereau
and Lacombe [2006], but adding more data to, for example, the change in strike and detachment level of
the fault and fold systems. The location and geometry of the basal thrust to the east of the branch line with
the Chelungpu thrust is not well constrained. But interpolating geometries in 3-D of hanging wall and
footwall stratigraphic cutoffs and the fault contours (Figures 4–6) from those of the better constrained Changhua
and Chelungpu thrusts to the basal thrust provides the model with consistency. One of the important results of
our study is that the estimated minimum shortening across the Alishan area is about 15 km. As stated in
section 3.1, we realize that there are uncertainties in this estimation, but they are overall in keeping with the
shortening calculated by Rodriguez-Roa and Wiltschko [2010]. Mouthereau and Lacombe [2006] and Yang et al.
[2007] do not provide shortening for all of Alishan. Another of the important results is that while the Changhua
and Chelungpu thrusts cut down the hanging wall stratigraphic section toward the south, they also display a
4 km shallowing in elevation. This change in elevation is perhaps best visualized by comparing the location of
the contact between the Cholan and Kueichulin formations in the southern limb of the Lugu syncline, which
shows a ~7 km change in elevation from north to south (Figures 3 and 5b). In their cross sections, Yang et al.
[2007] also interpret (but do not explicitly say) that there is a shallowing of the Changhua and Chelungpu thrusts
southward from the Choshui River to the Alishan area, whereas Rodriguez-Roa and Wiltschko [2010] do not
interpret this to happen.Mouthereau and Lacombe [2006] have both thrusts ramping continuously down section.
Finally, while we make certain assumptions about the changes in thickness of sediments of all ages, the
appearance of the Nanchuang Formation in the Miocene and its increasing importance southward across
the Alishan area is obvious and significant. We interpret the changes in strike of the faults and fold axial traces,
the change in elevation of the Changhua and Chelungpu thrusts, the change in elevation of stratigraphic
contacts, and the growing importance of the Nanchuang Formation, all of which take place from north to south
across the Alishan area, to be associated with a roughly northeast striking feature that we call the Choshui
lateral structure (Figure 10).

Many of the structural and stratigraphic changes that we outline above have been attributed to the Alishan
area being located along the southern flank of the Peikang High [e.g., Mouthereau et al., 2002; Cheng et al.,
2003;Wu et al., 2007; Byrne et al., 2011], which comprises a number of approximately east-northeast trending
extensional faults in the footwall to the exposed thrust system. Many of these are buried beneath synorogenic
sediments but have been either imaged in reflection seismic data or sampled in boreholes [Yang et al., 1991;
Chen and Yang, 1996; Lin et al., 2003]. The Meishan fault (Figure 3) is a notable exception to this. In map view,
a number of these faults are often grouped and represented by two major faults called the “B” and Yichu
faults [e.g., Chen and Yang, 1996; Lin et al., 2003] (Figure 1). Most known faults along the southern flank of the
Peikang High are thought to be Miocene in age [Lin et al., 2003, 2008; Ding et al., 2008], although Eocene-age
extensional faults have also been interpreted to occur in this area [Lin et al., 2003, 2008; Li et al., 2007; Tang and
Zheng, 2010]. The Peikang High itself is interpreted as an Eocene-age feature with the Taishi and Hsuehshan
basins to the north and east, respectively [e.g., Lin et al., 2003]. To the south of it are the shelf-slope break
(Alishan), the slope, and finally the ocean-continent transition of the Eurasian margin. We therefore interpret
some of the faults affecting the basement along the southern flank of the Peikang High to be Eocene in age, and
that this area formed the shelf-slope transition (or necking zone) of the Eurasianmargin at the time of continental
break up in the Early Oligocene. The present day shelf-slope break is farther south (Figure 3) due to the
progradation of theMiocene to recent sediments onto the slope [Ho, 1988; Yu and Lin, 1991]. Other features, such
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Figure 10. (a) Schematic diagram showing the interpreted 3-D hanging wall and footwall structure to the basal thrust sys-
tem across the Alishan area. Numbers represent depth of contours in km. The terminology used in the text is explained.
Note that the footwall structure is shown in gray, whereas the basal thrust surface is shown by contours in black. The
Meishan fault, which is part of the B and Yichu fault system, is interpreted to be related to the Choshui lateral structure.
Fault abbreviations are as in Figure 4. (b) Simplified geological map rotated into the same orientation as Figure 10a. The
basal thrust contours, the Shuangtung and Chelungpu cut-off lines, the Choshui lateral structure, and the lateral culmination
wall are shown. Black arrow indicates the general transport direction of thrusts and is oblique to both the N-S fault and the CLS.
Fault abbreviations are as in Figure 4. (c) Horizontal cut at 6 km depth through the P wave velocity model with the location
of the N-S fault and the CLS. It is rotated into a similar orientation as Figures 10a and 10b.
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as the changes in thickness of the Miocene sediments, and the increasing importance of the Nanchuang
Formation southward can be attributed to the widespread Middle to Late Miocene-age extension that affected
the area [e.g., Lin et al., 2003; Yang et al., 2006; Rodriguez-Roa and Wiltschko, 2010]. Changes in thickness of the
Miocene stratigraphy across, for example, the Chelungpu thrust indicate that reactivation of the Miocene-age
faults is also taking place. This may, in part, account for changes in strike of the various thrusts in the Alishan area.
Direct evidence for the reactivation of Eocene-aged extensional faults is difficult to infer from the surface
geology alone. The P wave velocity model presented in Figures 7 and 8 may, however, provide key insights into
this important question.

The Pwave velocity model indicates that rocks with relatively high velocities are close to the surface beneath
the Shuangtung thrust sheet as it widens southward through the Alishan area (Figures 8 and 9). We interpret
a Vp of ≥ 5.2 km/s to be indicative of the presence of the Mesozoic clastic sedimentary basement rocks
intersected in boreholes in western Taiwan [Chiu, 1975; Ho, 1988; Shaw, 1996]. While Chen and Yang [1996]
and Tang and Zheng [2010] give these rocks a slightly lower Vp (≤ ~5 km/s), 5.2 km/s is in agreement with
laboratory measurements of Vp of weakly metamorphosed polymictic clastic sediments (the bulk of the
Cretaceous rocks found in boreholes in western Taiwan is arkosic sandstone, slate, and graywacke [Chiu,
1975]) at depths of 5 to 10 km [Christensen, 1989; Christensen and Mooney, 1995]. We suggest, then, that the
5.2 km/s isovelocity line (Figures 8 and 9) marks the approximate location of the contact between the
Mesozoic basement and the overlying Eocene rocks. We stress, though, that 5.2 km/s provides only an
estimate for the location of the top of the basement, as it is not possible to differentiate between it and the
overlying Eocene rocks (of similar composition) on the basis of Vp. Nevertheless, if we accept that a Vp of
5.2 km/s is near the basement-synrift contact, then basement rocks are at a relatively shallow level in the crust
beneath the Shuangtung thrust sheet (Figure 9b). This interpretation is different from that of Yang et al. [2007]
and Tsai et al. [2012] who put large thicknesses of Miocene and younger rocks at depth in the Shunagtung
thrust sheet, and more in agreement with Rodriguez-Roa and Wiltschko [2010] who put Paleogene and
older rocks. As can be seen from Figures 7 and 8, the Miocene and younger rocks have a much lower Vp than
do the rocks under the Shuangtung thrust sheet, suggesting that they are not present there [see also, Rau
and Wu, 1995; Kim et al., 2005, 2010; Wu et al., 2007; Kuo-Chen et al., 2012] (Figure 9).

Although we can interpret the uplift of basement rocks in the Shuangtung thrust sheet, this uplift does not
account for the change in elevation of the Changhua and Chelungpu thrusts, and the stratigraphic contacts in
their hanging walls (Figure 5). We therefore propose that there is reactivation and inversion of a NE striking
extensional fault system (i.e., B and Yichu faults in Figure 1) that is resulting in the formation of the NE
striking Choshui lateral structure (Figure 10). Inversion of this fault system is resulting in basement rocks
(with velocities > 5.2) being uplifted, forming what is structurally termed a basement culmination. In this
interpretation, the N-S fault (Figure 10) is a feature that is needed at depth to accommodate the uplift of these
basement rocks. The basement culmination is developing in such a way that the Changhua-Chelungpu thrusts
are being folded over the culmination wall developed in the hanging wall of the Choshui lateral structure
(Figure 10). In this way, the basement culmination accounts for the north-south changes in elevation of
structures (including branch lines) and stratigraphic contacts, as well as the change in strike and shallowing of the
Vp isovelocity lines (which coincide with the change in strike of thrusts and with the southward change in
elevation of stratigraphic contacts). The folding of the Changhua-Chelungpu thrusts above the basement
culmination suggests that the sequence of thrusting initiated with the emplacement of the Shuantung thrust
followed by the Chelungpu thrust, then the Changua thrust and later the development of the basement
culmination. Today, all appear to be active at the same time. Based on the amount of uplift that can be
determined from the change in elevation of stratigraphic contacts and the faults in our cross sections, we estimate
that there is a minimum of 3 km of vertical displacement across this culmination wall (Figure 10a). It appears that
there is displacement transferred westward along a deeper detachment level in the region to the south of the
culmination wall. It is not possible to determine the horizontal displacement with the current data set.

6. Conclusions

In this paper we have mapped important changes in structure, stratigraphy, and seismic velocities across the
Alishan area of Taiwan. Our new geological mapping, together with the geological cross sections, fault
contour, stratigraphic cutoff, and branch line maps provide an estimate of a minimum amount of horizontal
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shortening of about 15 km. Displacement directions along the Changhua, Chelungpu, and Shuangtung
thrusts are, overall, roughly northwest directed. There is a several kilometer change in elevation of the
location of the Changhua and Chelungpu thrusts, and stratigraphic contacts as they shallow southward. The
P wave velocity model shows an increase in Vp from northwest to southeast across the area, with a Vp of
≥ 5.2 km/s coming to within 3 km of the surface within the Shuangtung thrust sheet. This higher Vp is
interpreted to indicate the presence of basement rocks in the shallow subsurface throughout much of the
southeastern part of the Alishan area.

The change in elevation of the thrust surfaces and stratigraphic contacts, taken together with the presence
of higher Vp rocks (>5.2 km/s) in the shallow subsurface, suggests that there is a basement culmination
forming beneath the Alishan area. This basement culmination can, in part, be explained by the uplift of
rocks with these physical properties along the Shuangtung thrust. There are, however, changes in the
Changhua and Chelungpu thrust surfaces and stratigraphic contacts in their hanging walls that suggest
that there is uplift of rocks beneath the basal thrust that must account for a change of greater than 7 km in
elevation of the base of the Cholan Formation. We interpret this to be the result of reactivation of
preexisting northeast striking faults that affected the basement, folding the thrust system above it. We
furthermore interpret it to be related to the B and Yichu group of faults found in the foreland and possibly
their northeast extension into the Western Foothills. In this scenario, the changes in strike and elevation
of fault surfaces and stratigraphic contacts that take place from north to south are associated with a feature
that we call the Choshui lateral structure, which we interpret to reactivate the northeast striking basement
faults (Figure 10).
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   1	
  

Abstract	
  
	
  
The	
  Taiwan	
  mountain	
  belt	
  is	
  generally	
  thought	
  to	
  develop	
  above	
  a	
  shallow,	
  through-­‐going	
  basal	
  detachment	
  
confined	
   to	
   within	
   the	
   sedimentary	
   cover	
   of	
   the	
   Eurasian	
   continental	
   margin.	
   A	
   number	
   of	
   datasets,	
  
however,	
   such	
   as	
   surface	
   geology,	
   earthquake	
   hypocenter,	
   and	
   seismic	
   tomography	
   data	
   among	
   others,	
  
suggest	
  that	
  crustal	
  levels	
  below	
  the	
  interpreted	
  location	
  of	
  the	
  detachment	
  are	
  also	
  currently	
  being	
  involved	
  
in	
   the	
   deformation.	
   In	
   this	
   paper,	
   we	
   combine	
   seismic	
   tomography,	
   earthquake	
   hypocenter,	
   and	
   gravity	
  
inversion	
  data	
  to	
  investigate	
  the	
  deformation	
  that	
  is	
  taking	
  place	
  at	
  depth	
  beneath	
  south-­‐central	
  Taiwan.	
  We	
  
found	
  that	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  most	
  of	
  the	
  deformation	
  is	
  taking	
  place	
  near	
  
the	
  basement-­‐cover	
  interface	
  that	
  is	
  acting	
  as	
  an	
  extensive	
  level	
  of	
  detachment.	
  This	
  level	
  of	
  detachment	
  is	
  
located	
  at	
   ≥10	
   km	
  depth,	
   below	
   the	
  basal	
   detachment	
  proposed	
   from	
   surface	
   geology	
   for	
   this	
   part	
  of	
   the	
  
mountain	
  belt,	
  and	
  extends	
  westward	
  of	
  the	
  deformation	
  front	
  of	
  the	
  mountain	
  belt	
  as	
  defined	
  by	
  geological	
  
structures	
  at	
   the	
   surface.	
  Beneath	
   this	
   level	
  of	
  detachment,	
   inherited	
  extensional	
   faults	
   appear,	
   locally,	
   to	
  
maintain	
  the	
  bulk	
  of	
  their	
  extensional	
  displacement.	
  However,	
  across	
  the	
  Shuilikeng	
  and	
  the	
  Chaochou	
  faults,	
  
earthquake	
   hypocenters	
   define	
   steeply	
   dipping	
   clusters	
   that	
   extend	
   to	
   greater	
   than	
   20	
   km	
   depth.	
   We	
  
interpret	
   these	
   clusters	
   to	
   be	
   related	
   to	
   deformation	
   that	
   is	
   taking	
   place	
   along	
   a	
   deep-­‐penetrating,	
   east-­‐
dipping	
  ramp	
  that	
  joins	
  westward	
  with	
  the	
  detachment	
  at	
  the	
  basement-­‐cover	
  interface.	
  Basement	
  rocks	
  are	
  
uplifted	
  along	
  this	
  ramp	
  to	
  form	
  a	
  basement	
  culmination	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
  ranges.	
  	
  
	
  
1.	
  Introduction	
  
	
  
The	
   Taiwan	
   mountain	
   belt	
   has	
   been	
   forming	
   since	
   the	
   Late	
   Miocene	
   as	
   a	
   result	
   of	
   the	
   oblique	
   collision	
  
between	
  the	
  southeast	
  continental	
  margin	
  of	
  Eurasia	
  and	
  the	
  Luzon	
  volcanic	
  arc	
  on	
  the	
  Philippine	
  Sea	
  Plate	
  
(Byrne	
  et	
  al.,	
  2011;	
  Huang	
  et	
  al.,	
  2006;	
  Sibuet	
  and	
  Hsu,	
  2004;	
  Suppe,	
  1981,	
  1984;	
  Teng,	
  1990)	
  (Fig.	
  1).	
  Studies	
  
of	
  the	
  structure	
  of	
  the	
  western	
  flank	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  have	
  led	
  many	
  authors	
  to	
  suggest	
  that	
  it	
  is	
  
evolving	
   by	
   thrusting	
   above	
   a	
   shallowly	
   east-­‐dipping	
   basal	
   detachment	
   that	
   extends	
   all	
   the	
  way	
   eastward	
  
beneath	
   the	
  orogen	
   (Carena	
  et	
  al.,	
  2002;	
  Ding	
  et	
  al.,	
  2001;	
  Malavieille	
  and	
  Trullenque,	
  2009;	
  Suppe,	
  1980,	
  
1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005).	
  Although	
  both	
  along-­‐	
  and	
  across-­‐strike	
  variations	
   in	
   the	
  
depth	
  and	
  stratigraphic	
  location	
  of	
  the	
  basal	
  detachment	
  have	
  been	
  proposed,	
  it	
   is	
  generally	
  thought	
  to	
  be	
  
confined	
  to	
  within	
  the	
  sedimentary	
  cover	
  of	
  the	
  margin,	
  either	
  at	
  the	
  base	
  of	
  the	
  syn-­‐orogenic	
  sediments	
  or	
  
within	
   the	
   older	
   platform	
   and	
   slope	
   sediments	
   (Brown	
   et	
   al.,	
   2012;	
   Suppe,	
   1976,	
   1980,	
   1981;	
   Suppe	
   and	
  
Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005).	
  	
  
	
  
There	
  are,	
  however,	
  a	
  number	
  of	
  pieces	
  of	
  evidence	
  in	
  the	
  surface	
  geology	
  (Alvarez-­‐Marron	
  et	
  al.,	
   in	
  Press;	
  
Brown	
  et	
  al.,	
  2012;	
  Camanni	
  et	
  al.,	
  2014a),	
  as	
  well	
  as	
   in	
  magnetotelluric	
   (Bertrand	
  et	
  al.,	
  2009,	
  2012),	
  GPS	
  
(Chuang	
   et	
   al.,	
   2013),	
   earthquake	
   hypocentre	
   (Gourley	
   et	
   al.,	
   2007;	
   Lacombe	
   and	
   Mouthereau,	
   2002;	
  
Lacombe	
  et	
  al.,	
  2001;	
  Mouthereau	
  and	
  Petit,	
  2003;	
  Wu	
  et	
  al.,	
  1997,	
  2004,	
  2014;	
  Wu	
  et	
  al.,	
  2008;	
  Yue	
  et	
  al.,	
  
2005)	
  and	
  seismic	
  tomography	
  data	
  (Camanni	
  et	
  al.,	
  2014b;	
  Huang	
  et	
  al.,	
  2014;	
  Kim	
  et	
  al.,	
  2005,	
  2010;	
  Kuo-­‐
Chen	
   et	
   al.,	
   2012;	
   Lin,	
   2007;	
   Rau	
   and	
   Wu,	
   1995;	
   Wu	
   et	
   al.,	
   2007)	
   which	
   suggest	
   that	
   rocks	
   below	
   the	
  
interpreted	
  detachment,	
  an	
  even	
  the	
  basement	
   (here	
  we	
  define	
   it	
  as	
  any	
  pre-­‐Eocene	
  rifting	
  rocks,	
  but	
   it	
   is	
  
often	
   defined	
   by	
   others	
   as	
   any	
   pre-­‐Miocene	
   rocks)	
   may	
   also	
   be	
   involved	
   in	
   the	
   deformation	
   in	
   much	
   of	
  
Taiwan.	
   For	
   example,	
   combining	
   surface	
   geological	
   and	
   borehole	
   data,	
   Hickman	
   et	
   al.	
   (2002);	
   Hung	
   et	
   al.	
  
(1999)	
   interpret	
   the	
   basal	
   detachment	
   to	
   cut	
   down	
   section	
   to	
   lie	
   near	
   the	
   basement-­‐cover	
   interface.	
  
Similarly,	
   seismic	
   activity	
   beneath	
   the	
   interpreted	
   location	
   of	
   the	
   basal	
   detachment	
   in	
   west-­‐central	
   and	
  
southwestern	
  Taiwan	
  also	
  led	
  Mouthereau	
  and	
  Petit	
  (2003)	
  and	
  Yue	
  et	
  al.	
  (2005)	
  to	
  postulate	
  the	
  presence	
  
of	
   a	
   second,	
   deeper	
   detachment	
   surface	
   that	
   lies	
   either	
   near	
   the	
   basement-­‐cover	
   interface	
   or	
  within	
   the	
  
basement.	
  Furthermore,	
  on	
  the	
  basis	
  of	
  surface	
  geological,	
  borehole	
  and	
  seismicity	
  data,	
  Mouthereau	
  et	
  al.	
  
(2002),	
  Mouthereau	
  et	
  al.	
  (2001),	
  Lacombe	
  and	
  Mouthereau	
  (2002),	
  and	
  Mouthereau	
  and	
  Lacombe	
  (2006),	
  
interpret	
   the	
   basement	
   (note	
   that	
   they	
   call	
   basement	
   any	
   pre-­‐Miocene	
   rocks)	
   to	
   be	
   involved	
   in	
   the	
  
deformation	
  along	
  much	
  of	
  westernmost	
  Taiwan.	
  Eastward,	
  Brown	
  et	
  al.	
   (2012),	
  Camanni	
  et	
  al.	
   (2014a,b),	
  
and	
   Chuang	
   et	
   al.	
   (2013)	
   use	
   either	
   surface	
   geology,	
   seismicity,	
   or	
   GPS	
   data	
   to	
   interpret	
   the	
   basal	
  
detachment	
  to	
  ramp	
  down	
  into	
  the	
  middle	
  crust	
  and	
  to	
   involve	
  basement	
   in	
  the	
  deformation.	
  These	
   latter	
  
observations	
   are	
   further	
   corroborated	
   by	
   the	
   presence	
   of	
   high	
   P-­‐wave	
   velocities	
   close	
   to	
   the	
   surface,	
  
suggesting	
   that	
   basement	
   rocks	
   are	
   being	
   uplifted	
   (e.g.,	
   Alvarez-­‐Marron	
   et	
   al.,	
   in	
   Press;	
   Camanni	
   et	
   al.,	
  
2014b).	
  Furthermore,	
   in	
  much	
  of	
  Taiwan	
  Wu	
  et	
  al.	
   (1997,	
  2004,	
  2014)	
  and	
  Gourley	
  et	
  al.	
   (2007)	
  have	
  used	
  
earthquake	
  hypocenter	
  data	
  to	
  suggest	
  that	
  there	
  are	
  a	
  number	
  of	
  steeply	
  dipping	
  faults	
  that	
  penetrate	
  into	
  
the	
  middle	
  and	
  perhaps	
  even	
  the	
  lower	
  crust.	
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These	
   observations	
   suggest	
   that	
   deformation	
   that	
   is	
   taking	
   place	
   near	
   the	
   basement-­‐cover	
   interface	
   and	
  
within	
   the	
   basement	
  may	
   be	
   playing	
   a	
  more	
   significant	
   role	
   in	
   the	
   structural	
   development	
   of	
   the	
   Taiwan	
  
orogeny	
  than	
  predicted	
  by	
  the	
  model	
  with	
  a	
  detachment	
  confined	
  to	
  within	
  the	
  sedimentary	
  cover.	
  To	
  help	
  
place	
  further	
  constraints	
  on	
  the	
  structural	
  architecture	
  of	
  the	
  Taiwan	
  mountain	
  belt,	
  in	
  this	
  paper	
  we	
  use	
  a	
  P-­‐
wave	
   tomography	
   model	
   together	
   with	
   a	
   three-­‐dimensional	
   gravity	
   inversion	
   to	
   define	
   a	
   proxy	
   for	
   the	
  
basement-­‐cover	
  interface	
  in	
  south-­‐central	
  Taiwan	
  (Figs.	
  1	
  and	
  2).	
  We	
  then	
  use	
  earthquake	
  hypocenter	
  data	
  
to	
   evaluate	
   the	
   location	
   and	
   the	
   geometry	
  of	
   deep-­‐seated	
   faults	
   that	
   are	
   contributing	
   to	
   the	
  deformation	
  
that	
  is	
  taking	
  place	
  in	
  this	
  part	
  of	
  Taiwan.	
  	
  
	
  
2.	
  Geological	
  setting	
  
	
  
The	
  outcropping	
  geology	
  of	
  the	
  south-­‐central	
  part	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  (Figs.	
  1	
  and	
  2)	
  is	
  made	
  up	
  of	
  
Eocene	
   to	
   Miocene	
   sediments	
   of	
   the	
   continental	
   margin	
   overlain	
   by	
   Pliocene	
   to	
   Holocene	
   syn-­‐orogenic	
  
sediments	
  of	
  the	
  foreland	
  basin	
  (Brown	
  et	
  al.,	
  2012;	
  Hickman	
  et	
  al.,	
  2002;	
  Hung	
  et	
  al.,	
  1999;	
  Lacombe	
  et	
  al.,	
  
1999;	
  Mouthereau	
  et	
  al.,	
  2001;	
  Rodriguez-­‐Roa	
  and	
  Wiltschko,	
  2010;	
  Yue	
  et	
  al.,	
  2005).	
  Basement	
  rocks	
  do	
  not	
  
crop	
  out	
  within	
  the	
  study	
  area,	
  although	
  they	
  have	
  been	
  intersected	
  in	
  a	
  number	
  of	
  boreholes	
  (Chiu,	
  1975;	
  
Jahn	
   et	
   al.,	
   1992;	
   Mouthereau	
   et	
   al.,	
   2002;	
   Shaw,	
   1996).	
   This	
   basement	
   predominantly	
   comprises	
   clastic	
  
sediments	
  of	
  Jurassic	
  and	
  Cretaceous	
  age	
  (Chiu,	
  1975;	
  Shaw,	
  1996).	
  Only	
  in	
  one	
  borehole	
  in	
  the	
  southern	
  part	
  
of	
  the	
  study	
  area	
  (CLI-­‐1,	
  Fig.	
  2)	
  has	
  marble	
  been	
  found,	
  from	
  which	
  a	
  Pb-­‐Pb	
  isochron	
  age	
  of	
  242	
  ±	
  22	
  Ma,	
  or	
  
Triassic,	
  has	
  been	
  determined	
  (Jahn	
  et	
  al.,	
  1992).	
  
	
  
In	
  this	
  part	
  of	
  Taiwan,	
  the	
  mountain	
  belt	
  can	
  be	
  roughly	
  divided	
  in	
  four	
  tectonostratigraphic	
  zones	
  separated	
  
by	
  major	
  faults	
  (Figs.	
  1	
  and	
  2).	
  From	
  west	
  to	
  east	
  these	
  zones	
  are:	
  the	
  Coastal	
  Plain,	
  the	
  Western	
  Foothills,	
  
the	
  Hsuehshan	
  Range,	
  and	
  the	
  Central	
  Range.	
  The	
  Coastal	
  Plain	
  is	
  made	
  up	
  of	
  weakly	
  deformed	
  Pliocene	
  to	
  
Holocene	
  syn-­‐orogenic	
  sediments	
  of	
  the	
  foreland	
  basin,	
  while	
  the	
  Western	
  Foothills	
  comprise	
  a	
  west-­‐verging	
  
thrust	
  system	
  that	
   imbricates	
   the	
  Miocene	
  pre-­‐orogenic	
  and	
  the	
  younger	
  syn-­‐orogenic	
  sediments	
   (Alvarez-­‐
Marron	
  et	
   al.,	
   in	
  Press;	
  Brown	
  et	
   al.,	
   2012;	
  Hickman	
  et	
   al.,	
   2002;	
  Hung	
  et	
   al.,	
   1999;	
   Lacombe	
  et	
   al.,	
   1999;	
  
Rodriguez-­‐Roa	
   and	
   Wiltschko,	
   2010;	
   Yue	
   et	
   al.,	
   2005).	
   The	
   boundary	
   between	
   the	
   Coastal	
   Plain	
   and	
   the	
  
Western	
  Foothills	
  is	
  generally	
  thought	
  to	
  coincide	
  with	
  the	
  tip	
  line	
  of	
  the	
  Changua	
  Thrust	
  (Ching	
  et	
  al.,	
  2011b;	
  
Hsu	
  et	
  al.,	
  2009;	
  Yu	
  et	
  al.,	
  1997)	
  (Fig.	
  2),	
  which	
  is	
  usually	
  presented	
  as	
  the	
  deformation	
  front	
  of	
  the	
  Western	
  
Foothills	
  thrust	
  system.	
  Although,	
  in	
  the	
  southwestern	
  part	
  of	
  the	
  study	
  area,	
  some	
  authors	
  place	
  it	
  farther	
  
west	
  (Lin	
  and	
  Watts,	
  2002;	
  Shyu	
  et	
  al.,	
  2005;	
  Yang	
  et	
  al.,	
  2007).	
  The	
  Western	
  Foothills	
  thrust	
  system	
  appears	
  
to	
  be	
  linked	
  to	
  an	
  east-­‐dipping	
  basal	
  detachment	
  that,	
  in	
  the	
  northern	
  part	
  of	
  the	
  map	
  area,	
  is	
  located	
  at	
  the	
  
base	
  of	
  the	
  syn-­‐orogenic	
  sediments	
  (Brown	
  et	
  al.,	
  2012;	
  Carena	
  et	
  al.,	
  2002;	
  Suppe,	
  1981;	
  Yue	
  et	
  al.,	
  2005),	
  
while	
  in	
  the	
  south	
  it	
  cuts	
  down	
  section	
  into	
  Miocene	
  sediments	
  (Alvarez-­‐Marron	
  et	
  al.,	
  in	
  Press;	
  Hickman	
  et	
  
al.,	
  2002;	
  Lacombe	
  et	
  al.,	
  1999;	
  Mouthereau	
  et	
  al.,	
  2001;	
  Suppe,	
  1976;	
  Suppe	
  and	
  Namson,	
  1979)	
  and,	
  locally,	
  
lies	
  within	
  undifferentiated	
  pre-­‐Miocene	
  rocks	
  (Hickman	
  et	
  al.,	
  2002;	
  Hung	
  et	
  al.,	
  1999).	
  	
  
	
  
In	
  the	
  north	
  of	
  the	
  study	
  area,	
  the	
  Western	
  Foothills	
   is	
  juxtaposed	
  against	
  the	
  Hsuehshan	
  Range	
  across	
  the	
  
Shuilikeng	
   Fault	
   (Brown	
   et	
   al.,	
   2012;	
   Camanni	
   et	
   al.,	
   2014a)	
   (Fig.	
   2).	
   The	
  Hsuehshan	
   Range	
   is	
  made	
   up	
   of	
  
variably	
   metamorphosed	
   (Beyssac	
   et	
   al.,	
   2007;	
   Sakaguchi	
   et	
   al.,	
   2007;	
   Simoes	
   et	
   al.,	
   2012)	
   Eocene	
   and	
  
Oligocene	
  clastic	
   sediments	
   that	
  were	
  deposited	
   in	
   the	
  so-­‐called	
  Hsuehshan	
  Basin	
   (Ho,	
  1988;	
  Huang	
  et	
  al.,	
  
1997;	
  Teng	
  and	
  Lin,	
  2004).	
  The	
  Hsuehshan	
  Range	
  is	
  juxtaposed	
  against	
  the	
  Central	
  Range	
  in	
  the	
  east	
  across	
  
the	
  Lishan	
  Fault	
  (Brown	
  et	
  al.,	
  2012;	
  Camanni	
  et	
  al.,	
  2014b;	
  Clark	
  et	
  al.,	
  1993;	
  Lee	
  et	
  al.,	
  1997).	
  Southward,	
  
the	
  Central	
  Range	
  is	
  juxtaposed	
  against	
  the	
  Western	
  Foothills	
  along	
  the	
  Chaochou	
  Fault	
  (Mouthereau	
  et	
  al.,	
  
2002;	
   Tang	
   et	
   al.,	
   2011;	
  Wiltschko	
   et	
   al.,	
   2010).	
   The	
   outcropping	
   geology	
   of	
   the	
   Central	
   Range	
  within	
   the	
  
study	
  area	
   is	
  made	
  up	
  of	
  Miocene	
  rocks	
  of	
  the	
  Lushan	
  Formation	
  (Beyssac	
  et	
  al.,	
  2007;	
  Brown	
  et	
  al.,	
  2012;	
  
Lee	
   et	
   al.,	
   2006;	
   Simoes	
   et	
   al.,	
   2007;	
   Tillman	
   and	
   Byrne,	
   1995;	
   Wiltschko	
   et	
   al.,	
   2010)	
   which	
   comprises	
  
variably	
   metamorphosed	
   slates	
   with	
   a	
   well-­‐developed	
   cleavage	
   (Brown	
   et	
   al.,	
   2012;	
   Fisher	
   et	
   al.,	
   2002;	
  
Stanley	
  et	
  al.,	
  1981;	
  Wiltschko	
  et	
  al.,	
  2010).	
  	
  
	
  
3.	
  Methodologies	
  used	
  
	
  
3.1.	
  Tomography	
  and	
  earthquake	
  hypocenter	
  data	
  
	
  
In	
  what	
  follows	
  in	
  Section	
  4,	
  we	
  use	
  the	
  3D	
  P-­‐wave	
  velocity	
  model	
  of	
  Wu	
  et	
  al.	
   (2007)	
   in	
  combination	
  with	
  
earthquake	
  hypocentre	
  data	
  to	
  investigate	
  the	
  deep	
  structure	
  of	
  south-­‐central	
  Taiwan	
  and,	
  in	
  particular,	
  the	
  
location	
  and	
  geometry	
  of	
   the	
  basement-­‐cover	
   interface.	
  The	
   reader	
   is	
   referred	
   to	
  Wu	
  et	
  al.	
   (2007)	
   for	
   the	
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data,	
   the	
   methodology	
   used	
   in	
   the	
   tomogaphy	
   inversion,	
   and	
   the	
   resolution	
   testing.	
   Importantly	
   for	
   this	
  
study,	
  the	
  horizontal	
  resolution	
  of	
  the	
  model	
  in	
  the	
  study	
  area	
  is	
  7.5	
  km	
  in	
  the	
  WNW-­‐ESE	
  direction	
  by	
  12.5	
  
km	
  in	
  the	
  NNE-­‐SSW	
  direction,	
  whereas	
  the	
  depth	
  resolution	
  is	
  2	
  km	
  from	
  0	
  to	
  6	
  km	
  depth,	
  3	
  km	
  from	
  6	
  to	
  9	
  
km	
   depth,	
   4	
   km	
   from	
   9	
   to	
   25	
   km	
   depth,	
   and	
   then	
   5	
   km	
   to	
   the	
   base	
   of	
   our	
   data	
   set	
   at	
   30	
   km	
   depth.	
  
Earthquake	
   hypocenter	
   data	
   from	
   1990	
   to	
   2011	
   are	
   located	
   in	
   the	
   3D	
   P-­‐wave	
   velocity	
   model	
   using	
   the	
  
methodology	
   of	
   Wu	
   et	
   al.	
   (2008).	
   Hypocentres	
   were	
   subsequently	
   collapsed	
   (relocated)	
   using	
   the	
  
methodology	
  of	
  Jones	
  and	
  Stewart	
  (1997).	
  	
  
	
  
In	
   the	
  description	
  of	
   the	
   velocity	
  model	
   that	
   follows	
   in	
   Section	
  4.2,	
   vertical	
   and	
  horizontal	
   slices	
  were	
   cut	
  
through	
  the	
  volume	
  and	
  the	
  collapsed	
  hypocenters	
  were	
  projected	
  on	
  to	
  them.	
  The	
  vertical	
  sections	
  were	
  cut	
  
perpendicular	
   to	
   the	
   strike	
   of	
   the	
   surface	
   geological	
   structures	
   and	
   perpendicular	
   to	
   the	
   strike	
   of	
   the	
  
extensional	
  fault	
  systems	
  imaged	
  offshore	
  southwest	
  Taiwan	
  and	
  beneath	
  its	
  western	
  Coastal	
  Plain	
  (e.g.,	
  Lin	
  
et	
  al.,	
  2003).	
  Horizontal	
  slices	
  were	
  cut	
  through	
  the	
  nodal	
  points	
  of	
  the	
  velocity	
  model	
  grid.	
  
	
  
Since	
  defining	
  an	
  accurate	
  location	
  and	
  geometry	
  for	
  the	
  top	
  of	
  the	
  basement	
  is	
  of	
  primary	
  importance	
  in	
  this	
  
study,	
  we	
  use	
  a	
  P-­‐wave	
  velocity	
  of	
  5.2	
  km/s	
  as	
  a	
  proxy	
  for	
  this	
  surface.	
  Tests	
  made	
  using	
  P-­‐wave	
  velocities	
  
between	
  5	
  km/s	
  and	
  5.5	
  km/s	
  have	
  overall	
  a	
  similar	
  geometry	
  and	
  plot	
   in	
  a	
  similar	
   location	
  (see	
  Fig.	
  DR	
  3).	
  
However,	
   we	
   choose	
   a	
   velocity	
   of	
   5.2	
   km/s	
   since	
   it	
   is	
   consistent	
   with	
   laboratory	
  measurements	
   of	
   Vp	
   of	
  
weakly	
  metamorphosed	
  polymictic	
  clastic	
  sediments	
  at	
  a	
  depth	
  of	
  between	
  5	
  and	
  15	
  km	
  (Christensen,	
  1989;	
  
Christensen	
  and	
  Mooney,	
  1995)	
  and	
  with	
  the	
  temperatures	
  thought	
  to	
  occur	
  at	
  these	
  depths	
  in	
  Taiwan	
  (Wu	
  
et	
   al.,	
   2013;	
   Zhou	
   et	
   al.,	
   2003).	
   It	
   is	
   also	
   consistent	
  with	
   estimates	
   of	
   Lester	
   et	
   al.	
   (2013)	
   and	
   Eakin	
   et	
   al.	
  
(2014)	
  who	
   interpret	
   the	
  basement	
  offshore	
  of	
   southwestern	
  Taiwan	
   to	
  have	
  a	
  P-­‐wave	
  velocity	
   above	
  5.0	
  
km/s.	
  It	
  is,	
  however,	
  slightly	
  higher	
  than	
  the	
  c.	
  <	
  5	
  km/s	
  given	
  to	
  basement	
  by	
  Chen	
  and	
  Yang	
  (1996)	
  and	
  Tang	
  
and	
  Zheng	
  (2010).	
  Finally,	
  we	
  stress	
  that	
  a	
  P-­‐wave	
  velocity	
  of	
  5.2	
  km/s	
  provides	
  only	
  a	
  proxy	
  for	
  the	
  location	
  
and	
  geometry	
  of	
  the	
  basement-­‐cover	
  interface	
  and	
  may	
  not	
  correspond	
  to	
  it	
  everywhere.	
  	
  
	
  
3.2.	
  Three-­‐dimensional	
  gravity	
  modeling	
  
	
  
In	
  order	
  to	
  test	
  the	
  validity	
  of	
  the	
  interpretation	
  that	
  the	
  top	
  of	
  the	
  basement	
  may	
  coincide	
  with	
  the	
  5.2	
  km/s	
  
P-­‐wave	
   velocity	
   surface,	
   we	
   carried	
   out	
   a	
   three-­‐dimensional	
   stochastic	
   gravity	
   inversion	
   of	
   the	
   Bouguer	
  
anomaly	
  data	
   (Fig	
  3	
  A).	
   The	
  data	
  and	
   its	
  distribution	
   can	
  be	
   found	
   in	
  Yen	
  et	
   al.	
   (1995)	
   and	
  Yen	
  and	
  Hsieh	
  
(2010).	
  The	
  stochastic	
  inversion	
  was	
  done	
  using	
  Geomodeller	
  software	
  (Gibson	
  et	
  al.,	
  2013).	
  The	
  model	
  was	
  
discretized	
   in	
  voxels	
  of	
  1000	
  m	
  x	
  1000	
  m	
  x	
  250	
  m	
  to	
  obtain	
   smooth	
   interfaces.	
   In	
  order	
   to	
   filter	
   the	
  noise	
  
from	
  the	
  short	
  wavelength	
  component	
  of	
  the	
  calculated	
  Bouguer	
  anomaly	
  introduced	
  by	
  the	
  topography	
  we	
  
continued	
  the	
  observed	
  anomaly	
  upward	
  to	
  4000	
  m.	
  The	
  inversion	
  was	
  set	
  to	
  run	
  for	
  15x106	
  iterations.	
  The	
  
RMS	
  of	
  the	
  inversion	
  ranges	
  from	
  28	
  mGal	
  in	
  the	
  first	
  iteration	
  to	
  0.6	
  mGal	
  in	
  the	
  last.	
  	
  
	
  
The	
  starting	
  densities	
  used	
  in	
  the	
  model	
  were	
  obtained	
  from	
  the	
  conversion	
  of	
  the	
  P-­‐wave	
  velocities	
  derived	
  
from	
   the	
   tomography	
   data	
   using	
   the	
  method	
  of	
   Barton	
   (1986).	
   From	
   these	
   starting	
   densities,	
   a	
   four-­‐layer	
  
input	
   density	
   model	
   was	
   built	
   and	
   the	
   modeling	
   program	
   was	
   allowed	
   to	
   modify	
   the	
   densities	
   and	
   the	
  
surfaces	
   between	
   the	
   layers	
   until	
   a	
   close	
   match	
   between	
   the	
   observed	
   and	
   the	
   calculated	
   anomaly	
   was	
  
obtained	
  (Fig.	
  3).	
  The	
  model	
  comprises	
  a	
  sedimentary	
  cover	
  with	
  a	
  density	
  of	
  2.4	
  g/cm3	
  with	
  its	
  base	
  located	
  
at	
   the	
   5.2	
   km/s	
   isovelocity	
   surface;	
   a	
  middle	
   crustal	
   layer	
   with	
   a	
   density	
   of	
   c.	
   2.7	
   g/cm3	
   with	
   its	
   bottom	
  
located	
  at	
   the	
  6.2	
  km/s;	
  a	
   lower	
  crustal	
   layer	
  with	
  a	
  density	
  of	
  2.9	
  g/cm3;	
  and	
  a	
  basal,	
  upper	
  mantle	
   layer	
  
with	
  a	
  density	
  of	
  3.25	
  g/cm3	
  down	
  to	
  60	
  km	
  depth.	
  The	
  depth	
  distribution	
  of	
  the	
  layer	
  interfaces	
  are	
  given	
  in	
  
Fig.	
  DR	
  1.	
  The	
  location	
  of	
  the	
  Moho	
  was	
  chosen	
  to	
  lie	
  between	
  the	
  c.	
  7.5	
  to	
  7.8	
  km/s	
  isovelocity	
  surfaces.	
  This	
  
is	
  in	
  agreement	
  with	
  other	
  interpretations	
  of	
  the	
  Moho	
  in	
  Taiwan	
  by	
  Wu	
  et	
  al.	
  (2007)	
  and	
  Ustaszewski	
  et	
  al.	
  
(2012).	
  Its	
  depth	
  and	
  shape	
  are	
  also	
  in	
  agreement	
  with	
  that	
  derived	
  from	
  travel	
  time	
  inversion	
  of	
  PmP	
  phases	
  
(Hsu	
  et	
  al.,	
  2011),	
  receiver	
  functions	
  (Wang	
  et	
  al.,	
  2010a,b),	
  and	
  two-­‐dimensional	
  gravity	
  modeling	
  (Yen	
  et	
  al.,	
  
1998).	
  	
  
	
  
4.	
  Results	
  
	
  
4.1.	
  The	
  basement-­‐cover	
  interface	
  
	
  
After	
   the	
   gravity	
   inversion,	
   the	
   main	
   features	
   of	
   the	
   observed	
   Bouguer	
   anomaly	
   are	
   recovered	
   in	
   the	
  
calculated	
  model,	
  with	
   a	
   RMS	
  misfit	
   of	
   0.6	
  mGal,	
  which	
   is	
   less	
   than	
   the	
   2%	
   of	
   the	
   total	
   amplitude	
   of	
   the	
  
Bouguer	
  anomaly	
  (Figs.	
  3	
  B	
  and	
  C).	
  Finally,	
  the	
  location	
  and	
  geometry	
  of	
  the	
  5.2	
  km/s	
  isovelocity	
  surface	
  can	
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be	
  modeled	
  using	
  the	
  Bouguer	
  data,	
  with	
  vertical	
  misfits	
  that	
  are	
  mostly	
  less	
  than	
  +	
  3	
  km	
  (Fig.	
  4),	
  well	
  within	
  
the	
  vertical	
   resolution	
  of	
   the	
  tomography	
  model	
  being	
  used.	
  The	
  close	
  coincidence	
  between	
  the	
   input	
  and	
  
the	
  modeled	
  surfaces	
  suggests	
  that	
  using	
  the	
  5.2	
  km/s	
  isovelocity	
  surface	
  as	
  a	
  proxy	
  for	
  the	
  basement-­‐cover	
  
interface	
  is	
  reasonable	
  in	
  the	
  interpretation	
  of	
  the	
  tomography	
  data	
  that	
  follows.	
  	
  
	
  
The	
  basement-­‐cover	
   interface	
  as	
  defined	
  by	
   the	
  5.2	
  km/s	
   isovelocity	
   surface	
   (Fig.	
  4	
  A)	
  deepens	
   southward	
  
beneath	
   the	
   Coastal	
   Plain	
   and	
   the	
   Western	
   Foothills	
   from	
   c.	
   8-­‐10	
   km	
   to	
   c.	
   15	
   km,	
   whereas	
   it	
   shallows	
  
eastward	
  to	
   less	
   than	
  4	
  km	
  depth	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
   ranges.	
  An	
  exception	
  to	
   this	
  overall	
  
trend	
  occurs	
  in	
  the	
  central	
  part	
  of	
  the	
  map	
  area	
  where,	
  immediately	
  to	
  the	
  west	
  of	
  the	
  Changhua	
  thrust,	
  it	
  
begins	
   to	
  shallow	
  defining	
  a	
  basement	
  high	
   that	
  we	
  call	
   the	
  Alishan	
  Uplift	
   (Alvarez-­‐Marron	
  et	
  al.,	
   in	
  Press)	
  
(AU,	
  Fig.	
  4	
  A).	
  The	
  depth	
  of	
  the	
  basement-­‐cover	
  interface	
  determined	
  in	
  this	
  way	
  is	
  overall	
  deeper	
  than	
  that	
  
previously	
  proposed	
  from	
  beneath	
  the	
  Coastal	
  Plain,	
  where	
  its	
  location	
  is	
  derived	
  from	
  borehole	
  and	
  seismic	
  
reflection	
  data	
  (Lin	
  et	
  al.,	
  2003).	
  The	
  differences	
  in	
  depth	
  between	
  the	
  two	
  interpretations	
  is	
  on	
  the	
  order	
  of	
  
several	
  kilometers	
  (see	
  Fig.	
  DR	
  2	
  for	
  comparison	
  and	
  a	
  misfit	
  calculation).	
  These	
  differences	
  can	
  be	
  related	
  to	
  
a	
  number	
  of	
  factors,	
  including;	
  1)	
  the	
  vertical	
  resolution	
  of	
  the	
  P-­‐wave	
  velocity	
  model	
  used	
  here,	
  2)	
  the	
  depth	
  
conversion	
   of	
   time-­‐migrated	
   seismic	
   reflection	
   data	
   by	
   Lin	
   et	
   al.	
   (2003)	
   and,	
   3)	
   the	
   choice	
   of	
   5.2	
   km/s	
   as	
  
marking	
  top	
  basement.	
  Mouthereau	
  et	
  al.	
  (2002)	
  also	
  produce	
  a	
  top-­‐basement	
  contour	
  map,	
  but	
  in	
  their	
  case	
  
this	
  implies	
  any	
  pre-­‐Miocene	
  rocks	
  so	
  it	
  is	
  not	
  possible	
  to	
  do	
  a	
  direct	
  comparison	
  with	
  our	
  results.	
  There	
  are	
  
also	
   significant	
   differences	
   between	
   the	
   top	
   of	
   the	
   basement	
   presented	
   here	
   and	
   that	
   intersected	
   in	
   the	
  
seven	
  boreholes	
  within	
  the	
  western	
  part	
  of	
  the	
  study	
  area	
  (Fig.	
  2)	
  (WG-­‐1	
  at	
  -­‐3054m;	
  PK-­‐2	
  and	
  PK-­‐3	
  at	
  -­‐1467m	
  
and	
  -­‐1962,	
   respectively;	
  LC-­‐1	
  at	
   -­‐2320m;	
  HP-­‐1	
  at	
   -­‐4023m;	
  PCC-­‐1	
  at	
   -­‐3373m;	
  and	
  CLI-­‐1	
  at	
   -­‐4612)	
   (e.g.,	
  Chiu,	
  
1975;	
  Jahn	
  et	
  al.,	
  1992;	
  Shaw,	
  1996).	
  Despite	
  these	
  inconsistencies	
  in	
  the	
  depth	
  between	
  interpretations,	
  the	
  
overall	
   geometry	
   of	
   the	
   top	
   of	
   the	
   basement	
   obtained	
   by	
   the	
   5.2	
   km/s	
   isovelocity	
   surface,	
   especially	
   its	
  
southward	
  deepening,	
   is	
   consistent	
  between	
  models.	
  Note	
   that	
   the	
   interpretation	
  presented	
  here	
  extends	
  
into	
   the	
   Western	
   Foothills,	
   Hsuehshan,	
   and	
   Central	
   ranges	
   whereas	
   those	
   of	
   Lin	
   et	
   al.	
   (2003)	
   and	
  
Mouthereau	
  et	
  al.	
  (2002)	
  do	
  not.	
  
	
  
4.2.	
  The	
  basement-­‐cover	
  interface	
  and	
  earthquake	
  hypocenters	
  
	
  
Having	
  established	
  our	
  working	
  definition	
  for	
  the	
  basement-­‐cover	
  interface	
  as	
  well	
  as	
  its	
  geometry,	
  we	
  now	
  
proceed	
  with	
  the	
  descriptions	
  of	
  the	
  velocity	
  and	
  hypocenter	
  data	
  using	
  this	
  interface	
  as	
  a	
  reference.	
  In	
  the	
  
P-­‐wave	
  velocity	
  sections	
  oriented	
  perpendicular	
  to	
  the	
  strike	
  of	
  the	
  surface	
  structures,	
  the	
  basement-­‐cover	
  
interface	
   (the	
   5.2	
   km/s	
   isovelocity	
   line)	
   shows	
   a	
  marked	
   shallowing	
   from	
  west	
   to	
   east	
   (Fig.	
   5	
   A),	
  with	
   the	
  
change	
  taking	
  place	
  approximately	
  at	
  the	
  Shuilikeng	
  fault	
  in	
  the	
  north	
  (sections	
  A-­‐A´,	
  B-­‐B´,	
  and	
  C-­‐C´)	
  and	
  the	
  
Chaochou	
   fault	
   in	
   the	
   south	
   (sections	
   D-­‐D´,	
   E-­‐E´,	
   and	
   F-­‐F´).	
   West	
   of	
   the	
   Shuilikeng	
   and	
   Chaochou	
   faults,	
  
earthquake	
  hypocenters	
   form	
  a	
  well-­‐defined,	
   sub-­‐horizontal	
   cluster	
  near	
   the	
  basement-­‐cover	
   interface.	
  As	
  
the	
  basement-­‐cover	
  interface	
  deepens	
  to	
  the	
  south,	
  however,	
  there	
  is	
  a	
  significant	
  reduction	
  in	
  the	
  number	
  
of	
   events	
   (i.e.,	
   in	
   sections	
   E-­‐E´	
   and	
   F-­‐F´)	
   (see	
   also	
   Fig.	
   6).	
   In	
   sections	
   B-­‐B´	
   through	
   to	
   E-­‐E´	
   the	
   hypocenter	
  
cluster	
  extends	
  several	
  kilometers	
  west	
  of	
  the	
  deformation	
  front	
  defined	
  by	
  the	
  Changhua	
  Thrust	
  (see	
  also	
  
Fig.	
  6).	
  Section	
  A-­‐A´	
  is	
  a	
  notable	
  exception	
  to	
  this.	
  Furthermore,	
  in	
  the	
  collapsed	
  data	
  set	
  it	
  is	
  not	
  possible	
  to	
  
make	
  a	
  direct	
   correlation	
  between	
  any	
   fault	
  mapped	
  at	
   the	
   surface	
   and	
   the	
  hypocenter	
  data	
   forming	
   this	
  
sub-­‐horizontal	
   cluster,	
  although	
  other	
  authors	
  have	
  attempted	
   this	
  with	
  un-­‐collapsed	
  data	
   (e.g.,	
  Wu	
  et	
  al.,	
  
2003).	
  From	
  approximately	
  the	
  Shuilikeng	
  and	
  Chaochou	
  faults	
  to	
  the	
  east,	
  hypocenters	
  form	
  a	
  moderately	
  
east-­‐dipping	
   cluster	
   that	
   locally	
   extends	
   to	
   a	
   depth	
   of	
   more	
   than	
   20	
   km.	
   This	
   feature	
   is	
   particularly	
   well	
  
developed	
  in	
  sections	
  A-­‐A´,	
  E-­‐E´,	
  and	
  F-­‐F´	
  (Fig.	
  5	
  A).	
  Farther	
  east,	
  seismicity	
  is	
  diffuse.	
  This	
  deepening	
  of	
  the	
  
seismicity	
  coincides	
  with	
  a	
  marked	
  shallowing	
  of	
  the	
  basement-­‐cover	
  interface	
  (Figs.	
  5	
  and	
  6).	
  An	
  exception	
  
to	
   this	
   relationship	
  between	
   the	
  basement-­‐cover	
   interface	
  and	
   the	
   seismicity	
   is	
  a	
  well-­‐defined	
  cluster	
   that	
  
begins	
  near	
  the	
  Shuilikeng	
  fault	
  and	
  extends	
  westward	
  in	
  sections	
  B-­‐B´,	
  C-­‐C´	
  and	
  G-­‐G´.	
  This	
  cluster	
  (named	
  TF	
  
in	
  Figs.	
  5	
  and	
  6)	
  is	
  related	
  to	
  a	
  series	
  of	
  earthquakes	
  that	
  began	
  after	
  the	
  1999	
  Chi-­‐Chi	
  event	
  (Wu	
  et	
  al.,	
  2004)	
  
that,	
   in	
  3D,	
  has	
  a	
   tubular	
   shape,	
  and	
   in	
  which	
   strike-­‐slip	
   focal	
  mechanisms	
  dominate	
   (Wu	
  et	
  al.,	
   2010).	
  To	
  
date	
  we	
  are	
  unable	
  to	
  correlate	
  this	
  cluster	
  of	
  events	
  with	
  any	
  structure.	
  	
  
	
  
In	
   the	
  sections	
  cut	
  perpendicular	
   to	
  the	
  extensional	
   faults	
   imaged	
  offshore	
  southwest	
  Taiwan	
  and	
  beneath	
  
the	
  Coastal	
   Plain,	
   the	
   southward	
  deepening	
  of	
   the	
  basement-­‐cover	
   interface	
   is	
   particularly	
  well-­‐defined	
   in	
  
sections	
  J-­‐J´	
  and	
  K-­‐K´	
  (Fig.	
  5	
  B).	
  In	
  the	
  sections	
  that	
  cross	
  the	
  Shuilikeng	
  and	
  Chaochou	
  faults	
  (G-­‐G´	
  through	
  to	
  
J-­‐J´)	
   the	
   marked	
   shallowing	
   of	
   the	
   basement-­‐cover	
   interface	
   is	
   also	
   imaged.	
   In	
   sections	
   G-­‐G´	
   to	
   I-­‐I´,	
  
hypocenters	
   form	
   sub-­‐horizontal	
   clusters	
   near	
   the	
   basement-­‐cover	
   interface,	
   although	
   in	
   section	
   H-­‐H´	
   a	
  
weakly	
  developed	
  vertical	
  cluster	
  can	
  also	
  be	
  identified;	
  it	
  extends	
  down	
  to	
  a	
  little	
  over	
  15	
  km	
  depth.	
  Section	
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J-­‐J´	
  displays	
  moderately	
  SSE-­‐dipping,	
  tight	
  to	
  open	
  clusters	
  of	
  hypocenters	
  together	
  with	
  the	
  sub-­‐horizontal	
  
events.	
  Together	
  they	
  define	
  an	
  overall	
  deepening	
  of	
  the	
  basement-­‐cover	
  interface	
  with	
  a	
  rugose	
  or	
  step-­‐like	
  
geometry.	
  Section	
  K-­‐K´	
  shows	
  very	
  clearly	
  the	
  SE-­‐deepening	
  of	
  the	
  basement-­‐cover	
  interface	
  and,	
  where	
  it	
  is	
  
at	
  its	
  deepest,	
  the	
  almost	
  complete	
  absence	
  of	
  seismicity	
  (Figs.	
  5	
  B	
  and	
  6).	
  	
  
	
  
Throughout	
   the	
   study	
   area,	
   there	
   is	
   a	
   notable	
   difference	
   between	
   the	
   location	
   of	
   the	
   deformation	
   front	
  
defined	
  by	
   the	
  Changhua	
   thrust	
   tip	
   line	
  and	
   the	
  western	
   limit	
  of	
   the	
  seismicity	
   (as	
  defined	
  by	
  a	
   significant	
  
reduction	
   in	
   the	
  number	
  of	
  earthquakes).	
  To	
  demonstrate	
   this,	
  all	
  hypocenters	
   from	
  0	
  to	
  30	
  km	
  depth	
  are	
  
projected	
  onto	
  a	
  map	
  of	
  the	
  surface	
  geology	
  of	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  within	
  the	
  study	
  
area	
  (Fig.	
  7).	
  In	
  the	
  northern	
  part	
  of	
  the	
  map	
  area	
  (coinciding	
  with	
  section	
  A-­‐A´)	
  the	
  majority	
  of	
  the	
  seismicity	
  
is	
  east	
  of	
  the	
  deformation	
  front,	
  whereas	
  southward	
  it	
  is	
  far	
  to	
  the	
  west	
  and	
  even	
  extends	
  into	
  the	
  offshore.	
  
In	
   the	
   southwest,	
  where	
   the	
   sedimentary	
   package	
  of	
   the	
   Tainan	
  Basin	
   is	
   thickest,	
   there	
   are	
   also	
   very	
   few	
  
events.	
   The	
   distribution	
   of	
   hypocenters	
   suggests	
   that	
   the	
   Changhua	
   thrust	
   does	
   not	
   everywhere	
   coincide	
  
with	
   the	
   western	
   limit	
   of	
   the	
   deformation.	
   This	
   observation	
   is	
   also	
   corroborated	
   by	
   other	
   studies	
   of	
  
seismicity,	
   GPS,	
   and	
   geomorphology	
   data	
   which	
   place	
   the	
   deformation	
   front	
   farther	
   to	
   the	
   west	
   in	
   the	
  
southwestern	
  part	
  of	
  the	
  map	
  area	
  (Lin	
  and	
  Watts,	
  2002;	
  Shyu	
  et	
  al.,	
  2005;	
  Yang	
  et	
  al.,	
  2007).	
  
	
  
5.	
  Discussion	
  
	
  
One	
  of	
  the	
  basic	
  tenets	
  in	
  the	
  geometric,	
  mechanical,	
  numerical,	
  and	
  analogue	
  modeling	
  of	
  mountain	
  belts	
  is	
  
that	
  at	
  shallow	
  depths	
  beneath	
  their	
  flanks	
  there	
  is	
  a	
  through-­‐going,	
  gently-­‐dipping	
  basal	
  detachment	
  above	
  
which	
   a	
   fold-­‐and-­‐thrust	
   belt	
   develops	
   (e.g.,	
   Poblet	
   and	
   Lisle,	
   2011;	
   Rodgers,	
   1990).	
   In	
   this	
   model,	
   the	
  
sedimentary	
  cover	
  of	
  a	
  continental	
  margin	
  is	
  detached	
  above	
  a	
  basement	
  that	
  is	
  not	
  extensively	
  involved	
  in	
  
the	
  deformation	
  (Buiter,	
  2012;	
  Chapple,	
  1978;	
  Dahlen	
  et	
  al.,	
  1984;	
  Dahlstrom,	
  1970;	
  Davis	
  et	
  al.,	
  1983;	
  Fitz-­‐
Diaz	
  et	
  al.,	
  2011;	
  Pérez-­‐Estaún	
  et	
  al.,	
  1988,	
  1994;	
  Price,	
  1981).	
  This	
  level	
  of	
  detachment	
  is	
  often	
  located	
  in	
  a	
  
zone	
  of	
  weakness	
   in	
   the	
   crust	
   that,	
   in	
   a	
   number	
  of	
   thrust	
   belts,	
   coincides	
  with	
   the	
   interface	
  between	
   the	
  
basement	
   and	
   the	
   sedimentary	
   cover	
   (Chapple,	
   1978;	
   Dahlstrom,	
   1970;	
   Price,	
   1981;	
   Rodgers,	
   1990;	
  
Srivastava	
  and	
  Mitra,	
  1994).	
  While	
  this	
  simplified	
  view	
  of	
  thrust	
  belt	
  architecture	
  is	
  widely	
  accepted,	
  how	
  a	
  
continental	
   margin	
   deforms	
   during	
   collision	
   depends	
   to	
   a	
   large	
   degree	
   on	
   its	
   prior	
   morphological	
   and	
  
structural	
  architecture.	
  In	
  particular,	
  that	
  of	
  the	
  basement,	
  the	
  structure	
  of	
  its	
  platform	
  and	
  slope,	
  and	
  of	
  its	
  
post-­‐rift	
   sedimentary	
   carapace	
   (e.g.,	
   Brown	
   et	
   al.,	
   2011;	
   Thomas,	
   2006).	
   Below	
   we	
   will	
   discuss	
   how	
   the	
  
evolving	
  structure	
  of	
  south-­‐central	
  Taiwan	
  appears	
  to	
  be	
  controlled	
  by	
  a	
  number	
  of	
  these	
  factors.	
  	
  
	
  
The	
  Eurasian	
  continental	
  margin	
  that	
  is	
  entering	
  into	
  the	
  collision	
  currently	
  taking	
  place	
  in	
  Taiwan	
  has	
  been	
  
extensively	
  studied,	
  in	
  particular	
  in	
  the	
  offshore	
  to	
  the	
  southwest	
  (Ding	
  et	
  al.,	
  2008;	
  Eakin	
  et	
  al.,	
  2014;	
  Huang	
  
et	
  al.,	
  2004;	
  Lester	
  et	
  al.,	
  2014;	
  Li	
  et	
  al.,	
  2007;	
  Lin	
  et	
  al.,	
  2003;	
  McIntosh	
  et	
  al.,	
  2013;	
  Tang	
  and	
  Zheng,	
  2010;	
  
Yang	
  et	
  al.,	
  2006).	
  This	
  area	
  of	
  the	
  margin	
  comprises	
  the	
  platform	
  (full	
  thickness	
  of	
  the	
  continental	
  crust),	
  the	
  
slope	
  (starting	
  at	
  the	
  200	
  m	
  bathymetry	
  contour,	
  Figs.	
  1	
  and	
  2),	
  and	
  the	
  continent-­‐ocean	
  transition.	
  On	
  the	
  
outer	
   platform	
   to	
   slope	
   areas	
   of	
   the	
  margin	
  Miocene	
   extension	
   resulted	
   in	
   the	
   development	
   of	
   the	
   deep	
  
Tainan	
  Basin	
  offshore	
  southwest	
  Taiwan	
   (Figs.	
  1	
  and	
  2)	
   (Ding	
  et	
  al.,	
  2008;	
  Huang	
  et	
  al.,	
  2004;	
  Lester	
  et	
  al.,	
  
2014;	
  Li	
  et	
  al.,	
  2007;	
  Lin	
  et	
  al.,	
  2003;	
  Tang	
  and	
  Zheng,	
  2010;	
  Yang	
  et	
  al.,	
  2006).	
  The	
  Tainan	
  Basin	
  comprises	
  
two	
  fault-­‐bound	
  depocentres	
  called	
  the	
  Northern	
  and	
  Southern	
  depressions,	
  separated	
  by	
  a	
  structural	
  high	
  
called	
  the	
  Central	
  Uplift	
  (Fig.	
  8,	
  section	
  X-­‐X´).	
  The	
  thickness	
  of	
  the	
  Oligocene	
  and	
  Miocene	
  sediments	
  in	
  the	
  
Tainan	
  Basin	
  offshore	
  reaches	
  up	
  to	
  6	
  km,	
  and	
  these	
  are	
  overlain	
  by	
  up	
  to	
  7	
  km	
  (in	
  the	
  Southern	
  Depression)	
  
of	
  Pliocene	
  to	
  Holocene	
  syn-­‐orogenic	
  sediments	
  (Lin	
  et	
  al.,	
  2003).	
  The	
  Tainan	
  Basin	
  is	
  bound	
  to	
  the	
  north	
  by	
  a	
  
system	
  of	
  SSE-­‐dipping	
  extensional	
  faults	
  that	
  have	
  been	
  grouped	
  together	
  and	
  called	
  “B”	
  (Lin	
  et	
  al.,	
  2003)	
  or	
  
Meishan	
  (Yang	
  et	
  al.,	
  2007)	
  and	
  Yichu	
  faults	
   (Fig.	
  2)	
   (Lin	
  et	
  al.,	
  2003).	
  Although	
  there	
  are	
  a	
  number	
  of	
  very	
  
different	
  structural	
   interpretations	
   for	
   the	
  extensional	
   fault	
  geometries	
  of	
   the	
  Tainan	
  Basin	
  (e.g.,	
  Chen	
  and	
  
Yang,	
  1996;	
  Huang	
  et	
  al.,	
  2004;	
  Lin	
  et	
  al.,	
  2003),	
  the	
  overall	
  regional-­‐scale	
  architecture	
  can	
  be	
  interpreted	
  to	
  
project	
   onshore	
   where	
   it	
   appears	
   to	
   be	
   imaged	
   by	
   the	
   step-­‐like	
   geometry	
   of	
   the	
   hypocenter	
   cluster	
   and	
  
overall	
  southward	
  deepening	
  of	
  the	
  basement-­‐cover	
  interface	
  in	
  section	
  J-­‐J´	
  (Fig.	
  8).	
  
	
  
While	
   this	
   rugose	
   geometry	
   of	
   the	
   hypocenter	
   cluster	
   is	
   not	
   well-­‐developed	
   everywhere	
   (in	
   the	
   offshore	
  
Lester	
  et	
  al.	
  (2013)	
  and	
  Eakin	
  et	
  al.	
  (2014)	
  have	
  imaged	
  a	
  similar	
  rugose	
  detachment	
  at	
  the	
  basement-­‐cover	
  
interface),	
   from	
   the	
   Shuilikeng	
   and	
   Chaochou	
   faults	
   to	
   the	
   west	
   there	
   is	
   nevertheless	
   a	
   well-­‐defined	
  
clustering	
   of	
   hypocenters	
   near	
   the	
   basement-­‐cover	
   interface	
   as	
   we	
   define	
   (Fig.	
   5).	
   The	
   clustering	
   of	
  
hypocenters	
  at	
  the	
  basement-­‐cover	
  interface	
  suggests	
  that	
  it	
  is	
  acting	
  as	
  a	
  detachment	
  surface	
  (Fig.	
  8).	
  This,	
  
taken	
  together	
  with	
  the	
  rugose	
  nature	
  of	
  the	
  hypocenter	
  cluster	
  imaged	
  in	
  section	
  J-­‐J´	
  may	
  indicate	
  that	
  the	
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original	
   basement	
   structure	
   of	
   the	
   continental	
   margin	
   (i.e.,	
   section	
   X-­‐X´	
   in	
   Fig.	
   8)	
   is	
   preserved	
   in	
   the	
  
southwestern	
   part	
   of	
   the	
   Taiwan	
   mountain	
   belt.	
   It	
   may	
   also	
   indicate	
   that	
   the	
   extensional	
   fault	
   systems	
  
developed	
  on	
  the	
  outer	
  platform	
  to	
  slope	
  maintain	
  at	
  least	
  some	
  of	
  their	
  original	
  extensional	
  displacement	
  in	
  
this	
  part	
  of	
  the	
  mountain	
  belt	
  (Fig.	
  8).	
  However,	
  the	
  development	
  of	
  the	
  Alishan	
  Uplift	
  in	
  the	
  central	
  part	
  of	
  
the	
  map	
   area	
   appears	
   to	
   indicate	
   that	
   these	
   faults	
   are	
   locally	
   being	
   reactivated	
   (Alvarez-­‐Marron	
   et	
   al.,	
   in	
  
Press).	
  This	
  interpretation	
  is	
  similar	
  to	
  that	
  of	
  other	
  authors	
  that	
  suggest	
  that	
  pre-­‐existing	
  extensional	
  faults	
  
in	
  the	
  Coastal	
  Plain	
  and	
  Western	
  Foothills	
  of	
  south-­‐central	
  Taiwan	
  are	
  being	
  reactivated	
  (e.g.,	
  Lacombe	
  and	
  
Mouthereau,	
  2002;	
  Mouthereau	
  et	
  al.,	
  2002;	
  Mouthereau	
  and	
  Lacombe,	
  2006;	
  Mouthereau	
  and	
  Petit,	
  2003;	
  
Suppe,	
  1986).	
  	
  
	
  
In	
  the	
  northern,	
  western,	
  and	
  southern	
  part	
  of	
  the	
  study	
  area	
  the	
   limits	
  of	
  this	
  detachment	
  are	
  defined	
  by	
  
the	
  seismicity	
  front	
  (as	
  defined	
  in	
  Section	
  4.2).	
  In	
  the	
  north,	
  it	
  has	
  an	
  overall	
  northeast	
  trend,	
  similar	
  to	
  the	
  
outcropping	
   structural	
   trend	
   (e.g.,	
   Alvarez-­‐Marron	
   et	
   al.,	
   in	
   Press)	
   and	
   to	
   the	
   interpreted	
   location	
   of	
   the	
  
north-­‐western	
  flank	
  of	
  the	
  Tainan	
  Basin	
  as	
  defined	
  by	
  the	
  “B”	
  and	
  Yichu	
  faults	
  (Fig.	
  7).	
  In	
  the	
  south,	
  however,	
  
it	
  appears	
  to	
  be	
  related	
  to	
  thickening	
  of	
  the	
  sedimentary	
  package	
  in	
  the	
  Southern	
  Depression	
  of	
  the	
  Tainan	
  
Basin.	
  Furthermore,	
   the	
  deep	
   level	
   (≥10	
  km)	
  of	
   the	
  hypocenter	
  cluster	
  along	
   the	
  basement-­‐cover	
   interface	
  
make	
  it	
  difficult	
  to	
  link	
  the	
  geometry	
  of	
  the	
  thrust	
  systems	
  developed	
  at	
  the	
  surface	
  (Alvarez-­‐Marron	
  et	
  al.,	
  in	
  
Press;	
  Hickman	
  et	
  al.,	
  2002;	
  Lacombe	
  et	
  al.,	
  1999;	
  Mouthereau	
  et	
  al.,	
  2001;	
  Suppe,	
  1976;	
  Suppe	
  and	
  Namson,	
  
1979)	
  to	
  a	
  detachment	
  at	
  this	
  depth	
  (see	
  also	
  Yue	
  et	
  al.	
  (2005)	
  for	
  a	
  discussion	
  of	
  this	
  point).	
  This	
  suggests	
  
that	
  there	
  might	
  be	
  a	
  deeper,	
  active	
  level	
  of	
  detachment	
  near	
  the	
  basement-­‐cover	
  interface	
  that	
  is	
   located	
  
beneath	
   the	
  basal	
   thrust	
  of	
   the	
  upper	
   thrust	
   system	
   throughout	
   a	
   large	
  part	
  of	
   south-­‐central	
   Taiwan.	
   The	
  
basal	
   thrust	
   of	
   the	
   upper	
   thrust	
   system	
   is	
   at	
   the	
   base	
   of	
   the	
   syn-­‐orogenic	
   sediments	
   in	
   the	
   north	
   and	
  
southwards	
  cuts	
  down	
  section	
  into	
  Miocene	
  sediments.	
  The	
  deformation	
  front	
  of	
  the	
  upper	
  thrust	
  system	
  is	
  
located	
   at	
   the	
   tip	
   line	
   of	
   the	
   Changhua	
   Thrust,	
   whereas	
   that	
   of	
   the	
   lower	
   detachment	
   is	
   defined	
   by	
   the	
  
seismicity	
  front	
  (Fig.	
  7).	
  Both	
  appear	
  to	
  be	
  active	
  at	
  the	
  same	
  time,	
  although	
  seismicity	
  seems	
  to	
  be	
  largely	
  
taking	
  place	
  along	
  the	
  deeper	
  of	
  the	
  two.	
  
	
  
There	
  is	
  a	
  considerable	
  change	
  in	
  the	
  surface	
  geology	
  across	
  the	
  Shuilikeng,	
  Lishan,	
  and	
  Chaochou	
  faults	
  (Fig.	
  
8)	
   that	
   is	
   clearly	
  expressed	
   in	
   the	
  P-­‐wave	
  velocity,	
  density,	
   and	
  hypocenter	
  data	
   (Figs.	
  4,	
  5,	
   and	
  6).	
   To	
   the	
  
west	
  of	
  these	
  faults	
  the	
  deformation	
  is	
  confined	
  to	
  shallow	
  crustal	
  levels,	
  whereas	
  to	
  the	
  east	
  the	
  hypocenter	
  
cluster	
  deepens	
  to	
  greater	
  than	
  20	
  km	
  depth	
  and	
  coincides	
  with	
  higher	
  P-­‐wave	
  velocity	
  and	
  denser	
  material	
  
close	
  to	
  the	
  surface.	
  In	
  the	
  northern	
  part	
  of	
  the	
  study	
  area,	
  Brown	
  et	
  al.	
  (2012)	
  and	
  Camanni	
  et	
  al.	
  (2014b)	
  
suggest	
  that	
  this	
  is	
  related	
  to	
  inversion	
  of	
  the	
  Hsuehshan	
  Basin	
  and	
  the	
  uplift	
  of	
  basement	
  rocks	
  between	
  the	
  
Shuilikeng	
  and	
  Lishan	
  faults	
  (sections	
  A-­‐A´	
  in	
  Figs.	
  5	
  A	
  and	
  8).	
  With	
  the	
  current	
  data	
  set	
  we	
  can	
  interpret	
  this	
  
same	
   process	
   (uplift	
   of	
   basement	
   rocks)	
   to	
   extend	
   southward	
   along	
   the	
   Chaochou	
   Fault,	
   where	
   the	
   sub-­‐
horizontal	
   cluster	
   imaged	
   to	
   the	
   west	
   takes	
   on	
   an	
   eastward	
   dip	
   and	
   extends	
   to	
   20	
   km	
   or	
   more	
   depth	
  
(sections	
  E-­‐E´	
  and	
  F-­‐F´	
  in	
  Figs.	
  5	
  A	
  and	
  8).	
  In	
  this	
  interpretation	
  the	
  sub-­‐horizontal	
  hypocenter	
  cluster	
  located	
  
at	
  the	
  basement-­‐cover	
  interface	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  ramps	
  down	
  section	
  to	
  
merge	
  with	
  the	
  Chaochou	
  Fault	
  that	
  uplift	
  the	
  higher	
  velocity,	
  denser	
  basement	
  rocks	
  in	
  the	
  east	
  to	
  near	
  the	
  
surface.	
  This	
  interpretation	
  implies	
  that	
  the	
  Shuilikeng,	
  Lishan,	
  and	
  Chaochou	
  faults	
  are	
  linked	
  together	
  and	
  
in	
  some	
  way	
  are	
  rooted	
  into	
  the	
  middle	
  or	
  even	
  lower	
  crust	
  along	
  this	
  east-­‐dipping	
  hypocenter	
  cluster	
  (Fig.	
  
8).	
  This	
  interpretation	
  is	
  in	
  keeping	
  with	
  those	
  of	
  Ching	
  et	
  al.	
  (2011a),	
  Mouthereau	
  et	
  al.	
  (2002),	
  Tang	
  et	
  al.	
  
(2011),	
  and	
  Wiltschko	
  et	
  al.	
  (2010)	
  who	
  also	
  interpret	
  the	
  Chaochou	
  fault	
  to	
  be	
  rooted	
  deep	
  in	
  the	
  crust.	
  This	
  
type	
  of	
   feature	
   is	
   common	
  to	
  many	
  mountain	
  belts	
  where	
   the	
  basal	
  detachment	
  of	
   the	
   foreland	
   fold-­‐and-­‐
thrust	
   belt	
   ramps	
   down	
   into	
   the	
   middle	
   or	
   lower	
   crust,	
   resulting	
   in	
   the	
   development	
   of	
   a	
   regional-­‐scale	
  
basement	
  culmination	
  (e.g.,	
  Cook	
  et	
  al.,	
  1979;	
  Coward,	
  1983;	
  Hatcher	
  and	
  Williams,	
  1986;	
  Pérez-­‐Estaún	
  et	
  al.,	
  
1988).	
   A	
   corollary	
   to	
   this	
   is	
   that,	
   in	
   south-­‐central	
   Taiwan,	
   to	
   the	
  west	
   of	
   these	
   faults	
   the	
   basement-­‐cover	
  
interface	
  appears	
  to	
  be	
  acting	
  as	
  a	
  detachment,	
  whereas	
  to	
  the	
  east	
  it	
  is	
  not.	
  Unlike	
  in	
  the	
  examples	
  of	
  the	
  
fossil	
   orogens	
   referred	
   to	
   above,	
  with	
   the	
   current	
   data	
   set	
   from	
   south-­‐central	
   Taiwan	
   it	
   is	
   not	
   possible	
   to	
  
determine	
  how	
  (or	
  even	
  if)	
  the	
  detachment	
  extends	
  eastward	
  into	
  the	
  internal	
  part	
  of	
  the	
  mountain	
  belt	
  that	
  
is	
  the	
  Central	
  Range.	
  
	
  
6.	
  Conclusions	
  
	
  
The	
  combination	
  of	
  seismic	
  tomography,	
  earthquake	
  hypocenter,	
  and	
  gravity	
  inversion	
  data	
  presented	
  in	
  this	
  
paper	
  help	
  define	
  the	
  deep	
  structure	
  of	
  the	
  south-­‐central	
  Taiwan	
  mountain	
  belt.	
  In	
  this	
  paper	
  we	
  define	
  the	
  
basement-­‐cover	
   interface	
   to	
   coincide	
   with	
   a	
   P-­‐wave	
   velocity	
   of	
   5.2	
   km/s.	
   This	
   interpretation	
   is	
   further	
  
validated	
  by	
   the	
   inversion	
  of	
   the	
  Bouguer	
  anomaly	
  data.	
  These	
  data	
  suggest	
   that	
   in	
   the	
  west,	
  beneath	
   the	
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Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills,	
  the	
  mountain	
  belt	
  is	
  evolving	
  above	
  a	
  southward	
  deepening	
  level	
  of	
  
detachment	
   that	
   is	
   illuminated	
   by	
   sub-­‐horizontal	
   clusters	
   of	
   earthquake	
   hypocenters	
   located	
   near	
   this	
  
basement-­‐cover	
   interface.	
   This	
   detachment	
   appears	
   to	
   be	
   below	
   the	
   basal	
   thrust	
   of	
   the	
   thrust	
   system	
  
mapped	
  at	
  the	
  surface.	
  In	
  much	
  of	
  south-­‐central	
  Taiwan,	
  the	
  western	
  limit	
  of	
  the	
  seismicity	
  that	
  defines	
  the	
  
detachment	
  does	
  not	
  coincide	
  with	
  the	
  deformation	
  front	
  as	
  defined	
  by	
  the	
  tip	
  line	
  of	
  the	
  Changhua	
  thrust.	
  
Eastward,	
  the	
  detachment	
  at	
  the	
  basement-­‐cover	
  interface	
  joins	
  with	
  an	
  east-­‐dipping	
  hypocenter	
  cluster	
  that	
  
is	
   interpreted	
  to	
   form	
  a	
  ramp	
  that	
  extends	
   to	
  greater	
   than	
  20	
  km	
  depth,	
   into	
   the	
  middle	
  crust.	
  Above	
  this	
  
ramp,	
  basement	
  rocks	
  (P-­‐wave	
  >	
  5.2	
  km/s)	
  are	
  uplifted	
  to	
  near	
  the	
  surface,	
  forming	
  a	
  basement	
  culmination	
  
beneath	
   the	
   Hsuehshan	
   and	
   Central	
   ranges.	
   The	
   uplift	
   of	
   these	
   basement	
   rocks,	
   together	
   with	
   the	
  
juxtaposition	
  of	
  higher	
  metamorphic	
  grade	
  rocks	
  across	
  the	
  Shuilikeng,	
  Lishan	
  and	
  Chaochou	
  faults	
  suggests	
  
that	
  these	
  faults	
  form	
  a	
  linked	
  fault	
  system	
  that	
  extends	
  downward	
  into	
  the	
  middle	
  crust	
  at	
  the	
  location	
  of	
  
the	
  ramp.	
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Figure	
  captions	
  
	
  
Figure	
   1.	
   Tectonic	
   setting	
   and	
  major	
   tectonostratigraphic	
   zones	
   of	
   the	
   Taiwan	
  mountain	
   belt.	
   The	
   -­‐200	
  m	
  
isobath	
  marks	
   the	
   current	
   location	
   of	
   the	
   shelf-­‐slope	
   break	
   in	
   the	
   Eurasian	
  margin.	
   The	
   structures	
   on	
   the	
  
Eurasian	
  margin	
  and	
  the	
  location	
  of	
  the	
  deformation	
  front	
  offshore	
  southwestern	
  Taiwan	
  are	
  from	
  Lin	
  et	
  al.	
  
(2008);	
  Lin	
  et	
  al.	
  (2003)	
  and	
  Yeh	
  et	
  al.	
  (2012).	
  The	
  location	
  of	
  Fig.	
  2	
  is	
  shown.	
  	
  
	
  
Figure	
  2.	
  Major	
  geological	
  features	
  of	
  the	
  study	
  area.	
  Fault	
  traces	
  are	
  from	
  our	
  own	
  field	
  data.	
  The	
  structure	
  
offshore	
   south-­‐central	
   Taiwan	
   is	
   from	
   Lin	
   et	
   al.	
   (2003),	
   as	
   are	
   the	
   contours	
   representing	
   the	
   top	
   of	
   the	
  
basement.	
  Fault	
  abbreviations:	
  BF,	
   “B”	
  Fault;	
  ChF,	
  Chaochou	
  Fault;	
  ChT,	
  Changhua	
  Thrust;	
   LF,	
   Lishan	
  Fault;	
  
SkF,	
  Shuilikeng	
  Fault;	
  YF,	
  Yichu	
  Fault.	
  The	
  locations	
  of	
  the	
  boreholes	
  discussed	
  in	
  the	
  text	
  are	
  shown,	
  as	
  is	
  the	
  
location	
  of	
  Figs.	
  3,	
  4,	
  6,	
  and	
  7.	
  	
  
	
  
Figure	
  3.	
  (A)	
  Map	
  of	
  the	
  observed	
  and	
  (B)	
  calculated	
  Bouguer	
  anomaly	
  data,	
  and	
  (C)	
  the	
  misfit	
  map	
  showing	
  
the	
  difference	
  between	
  them.	
  The	
  observed	
  Bouguer	
  anomaly	
  data	
  are	
  from	
  Yen	
  et	
  al.	
  (1995)	
  and	
  Yen	
  and	
  
Hsieh	
  (2010).	
  Fault	
  abbreviations	
  are	
  as	
  in	
  Fig.	
  2.	
  Location	
  of	
  the	
  maps	
  is	
  given	
  in	
  Fig.	
  2.	
  	
  
	
  
Figure	
  4.	
  (A)	
  Depth	
  distribution	
  of	
  the	
  5.2	
  km/s	
  isovelocity	
  surface	
  which	
  we	
  interpreted	
  to	
  be	
  at	
  or	
  near	
  the	
  
basement-­‐cover	
   interface,	
   (B)	
  depth	
  distribution	
  of	
   the	
  calculated	
  basement-­‐cover	
   interface	
  modeled	
   from	
  
the	
  gravity	
  data,	
  and	
   (C)	
  misfit	
  map	
  showing	
   the	
  difference	
  between	
  them.	
  Note	
   the	
  coincidence	
  between	
  
the	
  major	
  features	
  in	
  A	
  and	
  B.	
  Fault	
  abbreviations	
  are	
  as	
  in	
  Fig.	
  2.	
  AU,	
  Alishan	
  Uplift.	
  Location	
  of	
  the	
  maps	
  is	
  
given	
  in	
  Fig.	
  2.	
  	
  
	
  
Figure	
  5.	
  (A)	
  Vertical	
  sections	
  through	
  the	
  3D	
  P-­‐wave	
  velocity	
  model	
  (Wu	
  et	
  al.,	
  2007)	
  and	
  the	
  relocated	
  (Wu	
  
et	
   al.,	
   2008)	
   and	
   collapsed	
   seismicity	
   dataset.	
   These	
   sections	
   are	
  orthogonal	
   to	
   the	
   structural	
   grain	
   of	
   the	
  
mountain	
  belt,	
  and	
  (B)	
  orthogonal	
  to	
  the	
  strike	
  of	
  basin-­‐bounding	
  faults	
   located	
  on	
  the	
  margin	
  and	
  imaged	
  
beneath	
  the	
  Coastal	
  Plain.	
  Hypocenters	
  were	
  collapsed	
  using	
  the	
  methodology	
  of	
  Jones	
  and	
  Stewart	
  (1997).	
  
Collapsing	
  involves	
  the	
  determination	
  of	
  statistical	
  measurements	
  for	
  standard	
  errors	
  in	
  the	
  depth,	
   latitude	
  
and	
  longitude	
  for	
  each	
  event	
  (ERH	
  and	
  ERZ	
  in	
  the	
  database	
  of	
  Wu	
  et	
  al.	
  (2008))	
  and	
  the	
  clustering	
  of	
  events	
  
with	
   overlapping	
   error	
   spheroids.	
   A	
   3D	
   spatial	
   uncertainty	
   of	
   4	
   standard	
   deviations	
  was	
   used	
   to	
   truncate	
  
confidence	
   ellipsoid	
   and	
   estimated	
   variance	
   in	
   the	
   data.	
   Hypocenter	
   movements	
   were	
   compared	
   with	
   χ2	
  
distribution	
   and	
   repeated	
   until	
   a	
  minimum	
  misfit	
  was	
   reached.	
   For	
   comparison	
   between	
   the	
   un-­‐collapsed	
  
and	
  collapsed	
  hypocenter	
  locations	
  see	
  Fig.	
  DR	
  3.	
  Hypocenters	
  (which	
  are	
  shown	
  as	
  black	
  dots)	
  are	
  projected	
  
from	
  4.99	
  km	
  on	
  either	
  side	
  of	
  the	
  sections.	
  Seismic	
  events	
  range	
  up	
  to	
  >7	
  ML.	
  Dashed	
  white	
   line	
   indicates	
  
the	
  5.2	
  km/s	
  isovelocity	
  line.	
  The	
  surface	
  location	
  of	
  the	
  major	
  faults	
  (fault	
  abbreviations	
  are	
  as	
  in	
  Fig.	
  2)	
  and	
  
the	
  points	
  of	
  intersection	
  between	
  sections	
  are	
  shown.	
  The	
  location	
  of	
  the	
  sections	
  is	
  indicated	
  in	
  Fig.	
  2.	
  	
  
	
  
Figure	
  6.	
  Horizontal	
  slices	
  through	
  the	
  3D	
  P-­‐wave	
  velocity	
  model	
  (Wu	
  et	
  al.,	
  2007)	
  and	
  the	
  relocated	
  (Wu	
  et	
  
al.,	
   2008)	
   and	
   collapsed	
   seismicity	
   dataset	
   used	
   in	
   this	
   study.	
   The	
   depth	
   intervals	
   are	
   dependent	
   on	
   the	
  
vertical	
  resolution	
  of	
  the	
  3D	
  P-­‐wave	
  velocity	
  model.	
  Hypocenters	
   (shown	
  as	
  black	
  dots)	
  are	
  projected	
  from	
  
0.99	
  km	
  on	
  either	
  side	
  of	
  the	
  horizontal	
  slices.	
  Seismic	
  events	
  range	
  up	
  to	
  >7	
  ML.	
  Dashed	
  white	
  line	
  indicates	
  
the	
  5.2	
  km/s	
  isovelocity	
  line.	
  Fault	
  abbreviations	
  are	
  as	
  in	
  Fig.	
  2.	
  Location	
  of	
  the	
  maps	
  is	
  given	
  in	
  Fig.	
  2.	
  
	
  
Figure	
  7.	
  Geological	
  map	
  of	
  the	
  Coastal	
  Plain	
  and	
  Western	
  Foothills	
  within	
  the	
  study	
  area,	
  and	
  the	
  collapsed	
  
earthquake	
  hypocenters	
  from	
  0	
  to	
  30	
  km	
  depth.	
  The	
  blue	
  line	
  marks	
  the	
  seismicity	
  front	
  that	
  is	
  defined	
  by	
  a	
  
marked	
  reduction	
   in	
  the	
  number	
  of	
  earthquakes.	
  Note	
  how	
  the	
  seismicity	
  front	
  does	
  not	
  coincide	
  with	
  the	
  
Changhua	
  Thrust	
  tip	
  line,	
  which	
  is	
  often	
  presented	
  as	
  the	
  deformation	
  front	
  of	
  the	
  mountain	
  belt.	
  Colors	
  and	
  
location	
  of	
  the	
  map	
  are	
  given	
  in	
  Fig.	
  2.	
  	
  
	
  
Figure	
  8.	
  Schematic	
  block	
  diagram	
  showing	
  the	
  interpreted	
  deep	
  structure	
  beneath	
  the	
  study	
  area.	
  Section	
  X-­‐
X´	
  is	
  drawn	
  using	
  the	
  sedimentary	
  thicknesses	
  offshore	
  southwest	
  Taiwan	
  proposed	
  by	
  Lin	
  et	
  al.	
  (2003).	
  Note	
  
how	
  the	
  deepening	
  of	
  the	
  basement	
  shown	
  in	
  section	
  X-­‐X´	
  can	
  be	
  interpreted	
  to	
  project	
  onshore	
  to	
  section	
  J-­‐
J´,	
  where	
  the	
   large-­‐scale	
  structural	
  architecture	
  appears	
  to	
  be	
  preserved.	
  Eastward,	
  the	
  basement	
  shallows	
  
across	
  the	
  Shuilikeng	
  and	
  Chaochou	
  faults.	
  The	
  basement	
  cover	
  interface	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  
Western	
  Foothills	
  appears	
  to	
  be	
  acting	
  as	
  an	
  extensive	
  zone	
  of	
  detachment	
  (DT)	
  that,	
  eastward,	
  merges	
  with	
  
the	
  deep	
  trace	
  of	
  the	
  Shuilikeng	
  and	
  Chaochou	
  faults.	
  Fault	
  abbreviations	
  are	
  as	
  in	
  Fig.	
  2.	
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3.1.	
  Summary	
  of	
  results	
  

3.1.1.	
  The	
  structure	
  and	
  kinematics	
  of	
  the	
  Shuilikeng	
  Fault	
  

3.1.1.1.	
  The	
  Shuilikeng	
  Fault	
  at	
  the	
  surface	
  

The	
  Shuilikeng	
  Fault	
  at	
  the	
  surface	
  clearly	
  demarcates	
  the	
  contact	
  between	
  the	
  Miocene	
  rocks	
  of	
  the	
  
Western	
  Foothills	
  and	
  the	
  Eocene	
  to	
  Oligocene	
  rocks	
  of	
  the	
  Hsuehshan	
  Range	
  (Geological	
  maps	
  1	
  and	
  
2).	
   In	
   particular,	
   results	
   of	
   the	
  mapping	
   indicate	
   that,	
   rather	
   than	
  being	
   a	
   single	
   discrete	
   feature,	
   the	
  
Shuilikeng	
  Fault	
  is	
  defined	
  by	
  a	
  fault	
  system	
  with	
  faults	
  and	
  folds	
  that	
  splay	
  off	
  the	
  main	
  fault	
  in	
  both	
  its	
  
hanging	
  wall	
  and	
  footwall	
  (such	
  as,	
  for	
  example,	
  the	
  Guaosing	
  and	
  Alenkeng	
  faults;	
  Geological	
  map	
  2).	
  
Results	
  of	
  the	
  mapping	
  also	
  indicate	
  that	
  there	
  are	
  notable	
  changes	
  in	
  the	
  map	
  pattern	
  of	
  the	
  fault	
  that	
  
take	
   place,	
   from	
   north	
   to	
   south,	
   across	
   the	
   Choshui	
   River	
   (Geological	
   map	
   2).	
   To	
   the	
   north	
   of	
   the	
  
Choshui	
  River,	
  the	
  Shuilikeng	
  Fault	
  has	
  a	
  rectilinear	
  map	
  pattern	
  in	
  which	
  its	
  trace	
  cuts	
  roughly	
  straight	
  
across	
  the	
  topography,	
  suggesting	
  that	
  it	
  has	
  a	
  steep	
  dip	
  at	
  the	
  surface.	
  South	
  of	
  the	
  Choshui	
  River,	
  the	
  
Shuilikeng	
  Fault	
  displays	
  an	
  anastomosing	
  map	
  pattern	
  in	
  which	
  two	
  fault-­‐bound	
  lenses	
  of	
  steeply	
  west	
  
dipping	
  to	
   locally	
  overturned	
  Miocene	
  rocks	
  can	
  be	
   identified	
   (Geological	
  map	
  2).	
   In	
   this	
  area,	
   the	
  Tili	
  
Thrust	
  approaches	
  and	
  is	
  cut	
  by	
  the	
  Shuilikeng	
  Fault.	
  This	
  is	
  especially	
  apparent	
  along	
  the	
  Zhuogun	
  River	
  
(Geological	
  map	
  2)	
  where	
  the	
  cleavage	
   in	
  the	
  hanging	
  wall	
  of	
  the	
  Tili	
  Thrust	
   is	
   folded	
   into	
  an	
  anticline	
  
whose	
  forelimb	
  directly	
  abuts	
  the	
  Shuilikeng	
  fault,	
  suggesting	
  that	
  the	
  Tili	
  Thrust	
  and	
  the	
  cleavage	
  in	
  its	
  
hangingwall	
  are	
  older	
  features	
  that	
  likely	
  pre-­‐dated	
  the	
  emplacement	
  of	
  the	
  Shuilikeng	
  Fault.	
  	
  

Where	
  observed	
  in	
  the	
  field,	
  the	
  Shuilikeng	
  Fault	
  is	
  everywhere	
  a	
  brittle	
  feature	
  composed	
  of	
  a	
  fault	
  
core	
   of	
   breccia	
   and	
   fault	
   gouge,	
   bound	
   by	
   an	
   up	
   to	
   several	
   hundreds	
   metre	
   wide	
   damage	
   zone	
   of	
  
intense	
  faulting	
  and	
  folding.	
  Fault	
  and	
  slickenfibre	
  orientation	
  data	
  collected	
  within	
  the	
  fault	
  core	
  from	
  a	
  
number	
   of	
   locations	
   along	
   the	
   Shuilikeng	
   Fault	
   indicate	
   senses	
   of	
   slip	
   that	
   range	
   from	
   thrusting,	
   to	
  
strike-­‐slip,	
   to	
   extension.	
   In	
   several	
   localities,	
   slickenfibres	
   developed	
   on	
   slip	
   surfaces,	
   small	
   bedding	
  
displacements	
   across	
   discrete	
   faults,	
   and	
   minor	
   fold	
   vergence	
   indicate	
   all	
   three	
   different	
   senses	
   of	
  
movement	
  have	
   taken	
  place	
  at	
  different	
   times	
   in	
   the	
   same	
  outcrop.	
  Despite	
   these	
   local	
   complexities,	
  
the	
  averaged	
  fault	
  plane	
  solutions	
  indicate	
  a	
  nearly	
  NW-­‐SE	
  to	
  E-­‐W	
  average	
  shortening	
  direction	
  (P	
  axis).	
  
The	
   T	
   axes,	
   however,	
   range	
   from	
   steeply	
   plunging	
   to	
   sub-­‐horizontal,	
   resulting	
   in	
   average	
   fault	
   plane	
  
solutions	
  for	
  individual	
  outcrops	
  that	
  go	
  from	
  thrusting	
  through	
  to	
  strike-­‐slip.	
  For	
  further	
  details	
  on	
  the	
  
kinematics	
  of	
  the	
  Shuilikeng	
  Fault	
  at	
  the	
  surface	
  see	
  Figure	
  9	
  of	
  Article	
  2	
  included	
  in	
  this	
  thesis.	
  	
  

The	
   damage	
   zone	
   of	
   the	
   Shuilikeng	
   Fault	
   comprises	
   a	
   high	
   strain	
   zone	
   in	
  which	
   rocks	
   in	
   both	
   the	
  
hanging	
  wall	
  and	
  footwall	
  are	
   intensely	
  deformed.	
  A	
  good	
  example	
  of	
  this	
  damage	
  zone	
  can	
  be	
  found	
  
along	
   the	
   Chenyulan	
   River	
   immediately	
   south	
   of	
   the	
   village	
   of	
   Dongpu,	
   in	
   the	
   southern	
   part	
   of	
   the	
  
mapped	
  area	
  in	
  central	
  Taiwan	
  (Geological	
  map	
  2).	
  Here,	
  the	
  Eocene	
  Shihpachungchi	
  Formation	
  in	
  the	
  
hanging	
  wall	
   of	
   the	
   Shuilikeng	
   Fault	
   can	
   be	
   observed	
   to	
   directly	
   overlie	
   the	
  Middle	
  Miocene	
   Shimen	
  
Formation.	
  The	
  Eocene	
  rocks	
  are	
  strongly	
  sheared	
  and	
  tightly	
  folded	
  into	
  a	
  west-­‐verging	
  anticline.	
  The	
  
structure	
  of	
  the	
  Miocene	
  rocks	
  in	
  the	
  footwall	
  comprises	
  a	
  several	
  hundred	
  metre	
  wide	
  zone	
  of	
  intense	
  
brittle	
  faulting	
  and	
  folding	
  (Fig.	
  3.1).	
  The	
  majority	
  of	
  the	
  faults	
  are	
  east-­‐dipping	
  and	
  kinematic	
  indicators	
  
such	
   as	
   slickenfibres	
   on	
   slip	
   surfaces	
   and	
   small	
   bedding	
   displacements	
   indicate	
   an	
   overall	
   top-­‐to-­‐the-­‐
west	
   sense	
   of	
   movement.	
   Fold	
   geometries	
   in	
   this	
   area	
   are	
   often	
   very	
   complex,	
   as	
   thick-­‐bedded	
  
sandstone	
   units	
   display	
   various	
   degrees	
   of	
   brecciation	
   and	
   boudinage,	
   whereas	
   more	
   thin-­‐bedded	
  
sandstone	
  and	
  shale	
  units	
  show	
  disharmonic	
  folding	
  (Fig.	
  3.1).	
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Fig.	
  3.1.	
  Sketch	
  and	
  photographs	
  of	
  the	
  damage	
  zone	
  developed	
  within	
  the	
  Miocene	
  that	
  defines	
  the	
  Shuilikeng	
  
Fault	
   in	
  the	
  southernmost	
  part	
  of	
  the	
  map	
  area	
  along	
  the	
  Chenyulan	
  River.	
  Note	
  the	
  disharmonic	
  folding	
  of	
  the	
  
thin-­‐bedded	
   sandstone	
   and	
   shale	
   units	
   and	
   the	
   brecciation	
   of	
   the	
   thick-­‐bedded	
   sandstone	
   units.	
   Figure	
   from	
  
Article	
  2	
  included	
  in	
  this	
  thesis.	
  

3.1.1.2.	
  The	
  Shuilikeng	
  Fault	
  at	
  depth	
  

On	
  the	
  basis	
  of	
  the	
  surface	
  geology	
  data,	
  the	
  Shuilikeng	
  Fault	
  can	
  be	
  interpreted	
  to	
  be	
  steeply	
  east-­‐
dipping	
  and	
  to	
  extend	
  deeply	
  into	
  the	
  crust.	
  Earthquake	
  hypocentres	
  helped	
  to	
  place	
  constraints	
  on	
  the	
  
location	
   and	
   geometry	
   of	
   the	
   Shuilikeng	
   Fault	
   at	
   depth.	
   In	
   particular,	
   earthquake	
   hypocentres	
   from	
  
beneath	
   the	
   surface	
   trace	
   of	
   the	
   Shuilikeng	
   Fault	
   are	
  mainly	
   distributed	
   in	
   an	
   east-­‐dipping	
   cluster	
   of	
  
seismicity	
  (Fig.	
  3.2).	
  This	
  east-­‐dipping	
  cluster	
  of	
  seismicity,	
  that	
  starts	
  at	
  nearly	
  10	
  km	
  and	
  extends	
  to	
  c.	
  
20	
   km	
   depth,	
   can	
   be	
   interpreted	
   to	
   illuminate	
   the	
   Shuilikeng	
   Fault	
   at	
   depth.	
   Earthquake	
   focal	
  
mechanisms	
   from	
  within	
   this	
  east-­‐dipping	
  cluster	
  of	
   seismicity,	
  and	
   in	
  particular	
   the	
  average	
  principal	
  
strain	
  axes	
  derived	
  from	
  them,	
  indicate	
  that	
  the	
  average	
  shortening	
  direction	
  is	
  nearly	
  NW-­‐SE-­‐oriented	
  
in	
  consistence	
  with	
  the	
  fault-­‐slip	
  data	
  collected	
  in	
  the	
  field.	
  For	
  further	
  details	
  on	
  the	
  kinematics	
  of	
  the	
  
Shuilikeng	
   Fault	
   at	
   depth	
   see	
   Figure	
   11	
   of	
   Article	
   2	
   included	
   in	
   this	
   thesis.	
   Furthermore,	
   high	
   P-­‐wave	
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velocities	
  shallow	
  across	
   the	
  Shuilikeng	
  Fault	
  and	
  clearly	
  define	
  a	
  culmination	
  beneath	
   the	
  Hsuehshan	
  
Range	
  (Fig.	
  3.2).	
  	
  

 
Fig.	
   3.2.	
  A,	
   Uninterpreted,	
   and	
  B,	
   interpreted	
   vertical	
   section	
   through	
   the	
   P-­‐wave	
   velocity	
  model	
   of	
  Wu	
   et	
   al.	
  
(2007).	
  Hypocentres	
  are	
  projected	
  from	
  4.99	
  km	
  on	
  either	
  side	
  of	
  the	
  sections.	
  The	
  dashed	
  white	
  line	
  indicates	
  the	
  
5.5	
  km/s	
   isovelocity	
   line,	
  which	
  was	
  used	
  as	
  a	
   reference	
   for	
   the	
   top	
  of	
   the	
  basement.	
  Location	
  of	
   the	
  section	
   is	
  
given	
  in	
  Geological	
  map	
  1.	
  Figure	
  modified	
  after	
  Article	
  3	
  included	
  in	
  this	
  thesis.	
  

The	
  Shuilikeng	
   Fault	
  was	
  highly	
   active	
   in	
   central	
   Taiwan	
  during	
   the	
  27	
  March	
  2013	
  6.2	
  ML	
  Nantou	
  
earthquake	
  (e.g.,	
  Chuang	
  et	
  al.,	
  2013)	
  (Fig.	
  3.3).	
   In	
  particular,	
  a	
  number	
  of	
  the	
  hypocentres	
  associated	
  
with	
  this	
  seismic	
  event,	
  including	
  the	
  main	
  shock,	
  plot	
  along	
  the	
  deep	
  trace	
  of	
  the	
  Shuilikeng	
  Fault	
  and	
  
have	
  thrust	
  focal	
  mechanisms.	
  The	
  coincidence	
  of	
  the	
  Nantou	
  earthquake	
  hypocentres	
  with	
  the	
  location	
  
of	
  the	
  Shuilikeng	
  Fault	
  indicates	
  that	
  this	
  fault	
  is	
  a	
  significant	
  structure	
  contributing	
  to	
  mountain	
  building	
  
in	
  central	
  Taiwan.	
  It	
  also	
  indicates	
  that	
  a	
  good	
  knowledge	
  of	
  this	
  fault	
  was	
  required	
  not	
  only	
  for	
  better	
  
understanding	
   how	
   the	
   Taiwan	
  mountain	
   belt	
   is	
   evolving,	
   but	
   also	
   for	
   identifying	
   fault	
   source	
   when	
  
assessing	
  seismic	
  hazard,	
  as	
  well	
  as	
  for	
  correctly	
  developing	
  risk	
  models	
  and	
  management	
  protocols	
  for	
  
seismic	
  risk	
  in	
  this	
  part	
  of	
  the	
  orogen.	
  

	
  

Fig.	
  3.3.	
  P-­‐wave	
  velocity	
  model	
  from	
  Fig.	
  3.2	
  with	
  
the	
   geologically	
   determined	
   faults	
   and	
   the	
  
collapsed	
   March	
   27th	
   to	
   April	
   15th	
   2013	
   Nantou	
  
sequence	
   hypocentres.	
   The	
   red	
   star	
   indicates	
   the	
  
location	
   of	
   the	
   6.2	
   ML	
   main	
   shock.	
   Hypocentres	
  
have	
  been	
  projected	
   from	
  4.99	
   km	
  on	
   either	
   side	
  
of	
   the	
   section	
   for	
   a	
   total	
   of	
   418	
   events.	
   Figure	
  
from	
  Article	
  3	
  included	
  in	
  this	
  thesis.	
  

3.1.2.	
  Deep	
  structure	
  beneath	
  south-­‐central	
  Taiwan	
  

3.1.2.1.	
  Basement-­‐cover	
  interface	
  

A	
  key	
  for	
  understanding	
  the	
  deep	
  structure	
  of	
  south-­‐central	
  Taiwan	
  is	
  the	
  location	
  and	
  geometry	
  of	
  
the	
   basement-­‐cover	
   interface	
   because	
   it	
   provides	
   information	
   on	
   basement	
   involvement	
   and	
   on	
   the	
  
possible	
  reactivation	
  of	
  pre-­‐existing	
  structures.	
  The	
  trend	
  of	
  the	
  basement-­‐cover	
  interface	
  as	
  defined	
  by	
  
P-­‐wave	
   isovelocity	
   surfaces	
   comprised	
  between	
  5.2	
   and	
  5.5	
   km/s,	
   and	
   tested	
  using	
  Bouguer	
   anomaly	
  
inversion	
   data,	
   shows	
   significant	
   changes	
   beneath	
   the	
   study	
   area	
   in	
   south-­‐central	
   Taiwan	
   (Fig.	
   3.4).	
  
Beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
   the	
  basement-­‐cover	
   interface	
  appears	
   to	
  deepen	
  
from	
   c.	
   8-­‐10	
   km	
   in	
   the	
   northern	
   part	
   of	
   the	
   map	
   area,	
   to	
   c.	
   15	
   km	
   depth	
   in	
   its	
   southern	
   part.	
   An	
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exception	
   to	
   this	
   overall	
   southward	
   deepening	
   is	
   represented	
   by	
   the	
   Alishan	
   area	
   of	
   the	
   Western	
  
Foothills	
  in	
  the	
  central	
  part	
  of	
  the	
  study	
  area.	
  Here,	
  the	
  basement-­‐cover	
  interface	
  shallows	
  to	
  less	
  than	
  5	
  
km	
  depth	
  defining	
  a	
  basement	
  culmination,	
  here	
  called	
  the	
  Alishan	
  uplift	
  (AU	
  in	
  Fig.	
  3.4).	
  The	
  shallowing	
  
of	
  the	
  basement-­‐cover	
  interface	
  in	
  this	
  location	
  within	
  the	
  study	
  area	
  appears	
  to	
  be	
  taking	
  place	
  across	
  
the	
  onshore	
  projection	
  of	
  the	
  northern	
  bounding	
  fault	
  of	
  the	
  Tainan	
  Basin,	
  the	
  “B”	
  Fault,	
  and	
  across	
  a	
  
nearly	
  north-­‐south-­‐oriented	
  feature	
  that	
  bound	
  this	
  basement	
  culmination	
  in	
  the	
  west.	
  

 
Fig.	
  3.4.	
  A,	
  Depth	
  distribution	
  of	
  the	
  5.2	
  km/s	
  isovelocity	
  surface	
  in	
  south-­‐central	
  Taiwan	
  from	
  the	
  P-­‐wave	
  velocity	
  
model	
  of	
  Wu	
  et	
  al.	
  (2007)	
  which	
  is	
  interpreted	
  to	
  be	
  at	
  or	
  near	
  the	
  basement-­‐cover	
  interface,	
  B,	
  depth	
  distribution	
  
of	
   the	
   calculated	
   basement-­‐cover	
   interface	
   modelled	
   from	
   the	
   gravity	
   data,	
   and	
   C,	
   misfit	
   map	
   showing	
   the	
  
difference	
  between	
  them.	
  Note	
  the	
  coincidence	
  between	
  the	
  major	
  features	
  in	
  A	
  and	
  B.	
  AU,	
  Alishan	
  Uplift.	
  Figure	
  
from	
  Article	
  5	
  included	
  in	
  this	
  thesis.	
  	
  

However,	
   the	
  most	
   prominent	
   features	
   that	
   can	
   be	
   recognized	
   throughout	
   the	
   study	
   area	
   is	
   that	
  
across	
   the	
   Shuilikeng	
   and	
   the	
   Chaochou	
   faults	
   there	
   is	
   a	
   significant	
   eastward	
   shallowing	
   of	
   the	
  
basement-­‐cover	
   interface	
   (Fig.	
   3.4).	
   This	
   shallowing	
   of	
   the	
   basement-­‐cover	
   interface	
   results	
   in	
   the	
  
occurrence	
  of	
  basement	
  rocks	
  at	
   less	
   than	
  4	
  km	
  depth	
  beneath	
  the	
  Hsuehshan	
  Range	
   in	
  the	
  northern	
  
half	
   of	
   the	
  map	
   area,	
   and	
   beneath	
   the	
   Central	
   Range	
   in	
   its	
   southern	
   half.	
   This	
   shallow	
   high	
   velocity	
  
material	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
   ranges	
   is	
  a	
   robust	
   feature	
   that	
  has	
  been	
  recognized	
   in	
  a	
  
number	
  of	
  other	
  studies,	
  regardless	
  of	
  the	
  tomographic	
  inversion	
  used	
  (e.g.,	
  Kim	
  et	
  al.,	
  2010;	
  Kim	
  et	
  al.,	
  
2005;	
  Lin,	
  2007;	
  Rau	
  and	
  Wu,	
  1995).	
  	
  

3.1.2.2.	
  Deep-­‐seated	
  fault	
  systems	
  

The	
   locations	
   and	
   geometries	
   of	
   deep-­‐seated	
   faults	
   show	
   significant	
   changes	
   from	
   beneath	
   the	
  
Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills,	
  to	
  beneath	
  the	
  tectonostratigraphic	
  zones	
  in	
  the	
  east.	
  Beneath	
  
the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills,	
  earthquake	
  hypocentres	
  form	
  a	
  well-­‐defined,	
  sub-­‐horizontal	
  
cluster	
  near	
   the	
  basement-­‐cover	
   interface	
  as	
  defined	
   in	
   the	
  previous	
  paragraph	
   (Fig.	
  3.5).	
   Earthquake	
  
hypocentres	
   concentrated	
   in	
   this	
   location	
  of	
   the	
   crust	
   suggest	
   that	
   in	
   this	
   part	
   of	
   the	
   study	
   area	
   the	
  
basement-­‐cover	
   interface	
   is	
   acting	
   as	
   an	
   extensive	
   fault	
   zone	
   along	
   which	
   rocks	
   of	
   the	
   sedimentary	
  
cover	
  are	
  being	
  detached	
  from	
  the	
  underlying	
  basement.	
  The	
  earthquake	
  hypocentre	
  data	
  also	
  indicate	
  
that	
  this	
  detachment	
  is	
  roughly	
  horizontal	
  to	
  moderately	
  SSE-­‐dipping,	
  and	
  locally	
  has	
  a	
  rugose,	
  or	
  step-­‐
like,	
  geometry	
  (Fig.	
  3.5).	
  This	
  rugose	
  geometry	
  appears	
  to	
  reflect	
  the	
  large-­‐scale	
  structure	
  of	
  the	
  Tainan	
  
Basin	
   imaged	
   offshore	
   to	
   the	
   west	
   (Fig.	
   3.5).	
   Furthermore,	
   seismic	
   activity	
   at	
   the	
   basement-­‐cover	
  
interface	
   appears	
   to	
   extend	
  westward	
   of	
   the	
   Changhua	
   Thrust,	
  which	
   forms	
   the	
   surface	
   deformation	
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front	
  of	
  the	
  imbricate	
  thrust	
  system	
  that	
  defines	
  the	
  shallow	
  structure	
  of	
  the	
  Coastal	
  Plain	
  and	
  Western	
  
Foothills,	
  suggesting	
  that	
  deformation	
  at	
  depth	
  in	
  this	
  location	
  of	
  the	
  thrust	
  belt	
  might	
  extend	
  more	
  to	
  
the	
  west	
  than	
  at	
  the	
  surface	
  (see,	
  for	
  example,	
  Figure	
  7	
  of	
  Article	
  5	
  included	
  in	
  this	
  thesis).	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
Fig.	
  3.5.	
  Schematic	
  block	
  diagram	
  showing	
  the	
  interpreted	
  deep	
  structure	
  beneath	
  the	
  study	
  area	
  in	
  south-­‐central	
  
Taiwan.	
  The	
   locations	
  of	
  the	
  sections	
  are	
  given	
   in	
  the	
  small	
  map	
  of	
  south-­‐central	
  Taiwan	
  at	
  the	
  top	
  on	
  the	
   left.	
  
Section	
  X-­‐X´	
  is	
  drawn	
  using	
  the	
  sedimentary	
  thicknesses	
  offshore	
  southwest	
  Taiwan	
  proposed	
  by	
  Lin	
  et	
  al.	
  (2003).	
  
Note	
  how	
  the	
  deepening	
  of	
  the	
  basement	
  shown	
  in	
  section	
  X-­‐X´	
  can	
  be	
  interpreted	
  to	
  project	
  onshore	
  to	
  section	
  J-­‐
J´,	
  where	
  the	
  large-­‐scale	
  structural	
  architecture	
  appears	
  to	
  be	
  preserved.	
  Eastward,	
  the	
  basement	
  shallows	
  across	
  
the	
   Shuilikeng	
   and	
   Chaochou	
   faults.	
   The	
   basement-­‐cover	
   interface	
   beneath	
   the	
   Coastal	
   Plain	
   and	
   the	
  Western	
  
Foothills	
   appears	
   to	
   be	
   acting	
   as	
   an	
   extensive	
   zone	
   of	
   detachment	
   (DT)	
   that,	
   eastward,	
  merges	
  with	
   the	
   deep	
  
trace	
  of	
  the	
  Shuilikeng	
  and	
  Chaochou	
  faults.	
  Figure	
  from	
  Article	
  5	
  included	
  in	
  this	
  thesis.	
  	
  

From	
  approximately	
   the	
  Shuilikeng	
  and	
  Chaochou	
   faults	
   to	
   the	
  east,	
  however,	
  hypocentres	
   form	
  a	
  
moderately	
  east-­‐dipping	
  cluster	
  that	
  locally	
  extends	
  to	
  a	
  depth	
  of	
  more	
  than	
  20	
  km.	
  In	
  the	
  northern	
  part	
  
of	
   the	
  map	
  area,	
  as	
  already	
  described	
   in	
   the	
  paragraph	
  on	
  the	
  deep	
  structure	
  of	
   the	
  Shuilikeng	
  Fault,	
  
this	
  east-­‐dipping	
  cluster	
  extends	
  downward	
  from	
  the	
  location	
  of	
  the	
  Shuilikeng	
  Fault	
  (Fig.	
  3.2).	
  Similarly,	
  
in	
  the	
  southern	
  part	
  of	
  the	
  map	
  area,	
  it	
  appears	
  to	
  extend	
  downward	
  from	
  the	
  shallow	
  location	
  of	
  the	
  
Chaochou	
  Fault	
  (Fig.	
  3.5).	
  For	
  further	
  details	
  on	
  the	
  distribution	
  of	
  earthquake	
  hypocentres	
  beneath	
  this	
  
part	
  of	
  the	
  study	
  area	
  see	
  Figure	
  5	
  of	
  Article	
  5	
  included	
  in	
  this	
  thesis.	
  	
  

In	
  central	
  Taiwan,	
  the	
  deep	
  part	
  of	
  the	
  Shuilikeng	
  Fault	
  appears	
  also	
  to	
  join,	
  at	
  nearly	
  20	
  km	
  depth,	
  a	
  
steeply	
   west-­‐dipping	
   to	
   sub-­‐vertical	
   elliptical	
   cluster	
   of	
   hypocentres	
   (Fig.	
   3.2).	
   This	
   cluster	
   of	
  
hypocentres	
  extends	
  from	
  20	
  to	
  30	
  km	
  depth	
  downward	
  from	
  the	
  shallow	
  location	
  of	
  the	
  Lishan	
  Fault,	
  
which	
  bounds	
   the	
  Hsuehshan	
  Range	
   in	
   the	
  east.	
   Finally,	
   farther	
   east	
   (Fig.	
   3.2),	
   an	
  open	
   to	
   tight	
   east-­‐
dipping	
   cluster	
   of	
   hypocentres,	
   extending	
   from	
   5	
   to	
   15	
   km	
   depth,	
   appears	
   to	
   illuminate	
   the	
   Chinma	
  
Fault,	
   which	
   places	
   basement	
   rocks	
   on	
   top	
   of	
   Eocene	
   and	
   younger	
   slope-­‐derived	
   sediments	
   that	
  
constitute	
  the	
  western	
  part	
  of	
  the	
  Central	
  Range	
  within	
  the	
  study	
  area.	
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3.2.	
   Discussion:	
   the	
   influence	
   of	
   variously	
   oriented	
   extensional	
   basement	
   faults	
   inherited	
  
from	
  the	
  Eurasian	
  margin	
  on	
  the	
  structural	
  development	
  of	
  the	
  south-­‐central	
  Taiwan	
  thrust	
  
belt	
  

3.2.1.	
  Introduction	
  to	
  the	
  discussion	
  

It	
   is	
  a	
  common	
   feature	
   in	
  a	
  number	
  of	
   thrust	
  belts	
  worldwide	
   that	
  develop	
  on	
  a	
   rifted	
  continental	
  
margin	
   that	
   their	
   structure	
   is	
   variably	
   influenced	
   by	
   extensional	
   basement	
   faults	
   inherited	
   from	
   the	
  
continental	
   margin	
   (e.g.,	
   Thomas,	
   2006).	
   A	
   distinction	
   has	
   been	
  made	
   in	
   the	
   literature	
   between	
   the	
  
influence	
  of	
  inherited	
  extensional	
  faults	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  a	
  developing	
  thrust	
  belt,	
  
and	
   that	
  of	
   those	
  at	
  an	
  angle	
   to	
   it	
   (e.g.,	
  Brown	
  et	
  al.,	
  1999;	
  Butler	
  et	
  al.,	
  2006).	
   Inherited	
  extensional	
  
basement	
  faults	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  a	
  developing	
  thrust	
  belt	
  are	
  those	
  that	
  are	
  better	
  
documented.	
   During	
   the	
   structural	
   development	
   of	
   a	
   thrust	
   belt,	
   such	
   faults	
   can	
   be	
   fully	
   or	
   partially	
  
inverted	
  often	
   resulting	
   in	
   the	
  uplift	
  of	
  basement	
   rocks	
   (e.g.,	
  Bonini	
  et	
  al.,	
  2012;	
  Coward	
  et	
  al.,	
  1999;	
  
Coward	
  et	
   al.,	
   1991;	
  De	
  Paola	
   et	
   al.,	
   2006;	
  Di	
  Domenica	
   et	
   al.,	
   2014;	
   Jackson,	
   1980;	
  Madritsch	
   et	
   al.,	
  
2008;	
  Molinaro	
  et	
  al.,	
  2005;	
  Noguera	
  and	
  Rea,	
  2000;	
  Sibson,	
  1995).	
  In	
  addition,	
  they	
  can	
  determine	
  the	
  
localization	
   of	
   the	
   deformation	
   within	
   the	
   sedimentary	
   cover	
   in	
   their	
   hanging	
   walls	
   causing	
   the	
  
development	
  of	
  compressive	
  structures	
  such	
  as	
  buttresses	
  and	
  back-­‐thrusts	
  (e.g.,	
  Casciello	
  et	
  al.,	
  2013;	
  
de	
  Graciansky	
  et	
  al.,	
  1989;	
  Gillcrist	
  et	
  al.,	
  1987),	
  and	
  can	
  be	
  truncated	
  by	
  newly-­‐formed	
  thrusts	
  resulting	
  
in	
  the	
  development	
  of	
  footwall	
  shortcuts	
  displacing	
  lenses	
  of	
  basement	
  rocks	
  (e.g.,	
  Calamita	
  et	
  al.,	
  2010;	
  
Cooper	
  et	
   al.,	
   1989;	
  Hayward	
  and	
  Graham,	
  1989;	
  McClay,	
  1989).	
  On	
   the	
  other	
  hand,	
   the	
   influence	
  of	
  
inherited	
  extensional	
  basement	
   faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  a	
  developing	
  thrust	
  belt	
   is	
  
less	
  well-­‐studied.	
  Such	
  oriented	
  faults	
  are	
  generally	
  thought	
  to	
  be	
  reactivated	
  as	
  strike-­‐slip	
  faults	
  during	
  
the	
  structural	
  evolution	
  of	
  a	
  thrust	
  belt,	
  often	
  resulting	
  in	
  the	
  development	
  of	
  lateral	
  structures	
  (Brown	
  
et	
  al.,	
  1999;	
  Butler	
  et	
  al.,	
  2006;	
  Turner	
  et	
  al.,	
  2010),	
  or	
  wide	
  strike-­‐slip	
  deformation	
  zones	
  (Dooley	
  and	
  
Schreurs,	
  2012;	
  Naylor	
  et	
  al.,	
  1986)	
  within	
   the	
  deforming	
   sedimentary	
  cover	
  above	
   them.	
   It	
  has	
  been	
  
also	
   shown	
   that	
   this	
   interpretation	
   in	
   which	
   inherited	
   faults	
   at	
   an	
   angle	
   to	
   the	
   orientation	
   of	
   a	
  
developing	
   thrust	
   belt	
   are	
   reactivated	
   as	
   strike-­‐slip	
   faults	
   is	
   particularly	
   valid	
   for	
   inherited	
   faults	
  with	
  
significant	
   extensional	
   displacements	
   (Turner	
   et	
   al.,	
   2010).	
   Conversely,	
   minor	
   variations	
   in	
   sediment	
  
thickness	
  across	
  inherited	
  extensional	
  faults	
  can	
  cause	
  the	
  development	
  of	
  a	
  through-­‐going	
  detachment	
  
at	
   the	
   basement-­‐cover	
   interface	
   above	
   which	
   several	
   closely	
   spaced	
   newly-­‐formed	
   thrusts	
   are	
  
developed	
  within	
  the	
  sedimentary	
  cover	
  (Turner	
  et	
  al.,	
  2010).	
  	
  

Although	
   the	
   south-­‐central	
   Taiwan	
   thrust	
   belt	
   is	
   developing	
   over	
   the	
   Eurasian	
   continental	
  margin,	
  
which	
  has	
  been	
  shown	
  to	
  contain	
  a	
  number	
  of	
  fault-­‐bound	
  rift-­‐related	
  basins	
  (e.g.,	
  Lin	
  et	
  al.,	
  2003),	
  early	
  
studies	
   on	
   its	
   structure	
   (Suppe,	
   1976,	
   1980b,	
   1981;	
   Suppe	
   and	
   Namson,	
   1979),	
   and	
   interpretations	
  
based	
   on	
   earthquake	
   hypocentres	
   and	
   analogue	
  modelling	
   data	
   (Carena	
   et	
   al.,	
   2002;	
  Malavieille	
   and	
  
Trullenque,	
  2009;	
  Yue	
  et	
  al.,	
  2005),	
  led	
  a	
  number	
  of	
  authors	
  to	
  suggest	
  that	
  the	
  south-­‐central	
  part	
  of	
  the	
  
orogen	
   is	
   evolving	
   by	
   thrusting	
   above	
   a	
   shallowly	
   east-­‐dipping	
   basal	
   detachment	
   (i.e.,	
   Taiwan	
   main	
  
detachment	
  of	
  Carena	
  et	
  al.,	
  2002)	
   located	
  within	
  the	
  sedimentary	
  cover	
  of	
  the	
  margin	
  (Carena	
  et	
  al.,	
  
2002;	
   Ding	
   et	
   al.,	
   2001;	
   Malavieille	
   and	
   Trullenque,	
   2009;	
   Suppe,	
   1976,	
   1980b,	
   1981;	
   Suppe	
   and	
  
Namson,	
   1979;	
   Yue	
   et	
   al.,	
   2005).	
   This	
   structural	
   interpretation	
   implies	
   that	
   deformation	
   throughout	
  
south-­‐central	
  Taiwan	
  is	
  confined	
  to	
  within	
  the	
  sedimentary	
  cover	
  of	
  the	
  Eurasian	
  margin,	
  and	
  that	
  the	
  
inherited	
  extensional	
  basement	
  structure	
  of	
   the	
  margin	
  has	
  not	
   influenced	
  the	
  structure	
  of	
   the	
  thrust	
  
belt.	
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There	
  are,	
  however,	
  a	
  number	
  of	
  other	
  pieces	
  of	
  evidence	
  in	
  magnetotelluric	
  (Bertrand	
  et	
  al.,	
  2009,	
  
2012),	
   GPS	
   (Chuang	
   et	
   al.,	
   2013),	
   earthquake	
   hypocentre	
   (Gourley	
   et	
   al.,	
   2007;	
   Lacombe	
   and	
  
Mouthereau,	
  2002;	
  Lacombe	
  et	
  al.,	
  2001;	
  Mouthereau	
  and	
  Petit,	
  2003;	
  Wu	
  et	
  al.,	
  2004;	
  Wu	
  et	
  al.,	
  2014;	
  
Wu	
  et	
  al.,	
  1997;	
  Wu	
  et	
  al.,	
  2008a;	
  Yue	
  et	
  al.,	
  2005)	
  and	
  seismic	
   tomography	
  data	
   (Huang	
  et	
  al.,	
  2014;	
  
Kim	
  et	
  al.,	
  2010;	
  Kim	
  et	
  al.,	
  2005;	
  Kuo-­‐Chen	
  et	
  al.,	
  2012;	
  Lin,	
  2007;	
  Rau	
  and	
  Wu,	
  1995;	
  Wu	
  et	
  al.,	
  2007)	
  
which	
   suggest	
   that	
   rocks	
   below	
   the	
   interpreted	
   detachment,	
   and	
   even	
   the	
   basement	
   may	
   also	
   be	
  
involved	
  in	
  the	
  deformation	
  in	
  much	
  of	
  south-­‐central	
  Taiwan.	
  Results	
  of	
  this	
  thesis	
  not	
  only	
  support	
  this	
  
idea,	
   but	
   also	
   add	
   new	
   data	
   that	
   provide	
   further	
   constraints	
   on	
   this	
   structural	
   interpretation.	
   The	
  
location	
  of	
  the	
  recognized	
  deep-­‐seated	
  faults	
  within	
  deep	
  crustal	
  levels	
  suggests	
  that	
  these	
  deep-­‐seated	
  
faults	
  might	
  be	
  somehow	
  reusing	
  segments	
  of	
  extensional	
  basement	
  faults	
  inherited	
  from	
  the	
  Eurasian	
  
continental	
  margin.	
  In	
  the	
  following	
  two	
  paragraphs,	
  an	
  interpretation	
  of	
  the	
  relationships	
  between	
  the	
  
recognized	
   deep-­‐seated	
   fault	
   systems	
   and	
   extensional	
   basement	
   faults	
   inherited	
   from	
   the	
   Eurasian	
  
margin	
  is	
  provided	
  in	
  relation	
  to	
  their	
  orientation	
  with	
  respect	
  to	
  the	
  overall	
  north-­‐south	
  structural	
  grain	
  
of	
  the	
  thrust	
  belt,	
  as	
  well	
  as	
  to	
  their	
  location	
  within	
  the	
  thrust	
  belt.	
  	
  

3.2.2.	
  Inherited	
  faults	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan	
  

The	
  deep-­‐seated	
  fault	
  systems	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan	
  recognized	
  
in	
   this	
   study	
  are	
   located	
  beneath	
   the	
  Hsuehshan	
  and	
  Central	
   ranges	
  and	
  appear	
   to	
  extend	
  downward	
  
from	
  the	
  shallow	
   location	
  of	
  major	
  mapped	
  faults	
  such	
  as,	
   for	
  example,	
   the	
  Shuilikeng	
  and	
  the	
  Lishan	
  
faults	
   in	
   the	
   central	
   part	
   of	
   the	
   study	
   area,	
   and	
   the	
   Chaochou	
   Fault	
   in	
   the	
   southern	
   part	
   of	
   it.	
   This	
  
suggests	
   that	
   deep-­‐seated	
   faults	
   and	
   faults	
   mapped	
   at	
   the	
   surface	
   are	
   likely	
   linked	
   to	
   form	
   deep-­‐
penetrating	
  through-­‐going	
  faults	
  that	
  extend	
  from	
  the	
  surface	
  to	
  the	
  middle	
  to	
  lower	
  crust	
  (Fig.	
  3.5).	
  In	
  
the	
  central	
  part	
  of	
  the	
  study	
  area,	
  the	
  Shuilikeng	
  and	
  the	
  Lishan	
  faults	
  coincide	
  with	
  the	
  bounding	
  faults	
  
of	
  the	
  Hsuehshan	
  Range,	
  which	
  is	
   largely	
  made	
  up	
  of	
  Eocene	
  syn-­‐rift	
  rocks	
  that	
  were	
  deposited	
  within	
  
the	
   Hsuehshan	
   Basin,	
   which	
   was	
   located	
   on	
   the	
   Eurasian	
   continental	
   margin	
   prior	
   to	
   the	
   Taiwan	
  
orogeny	
  (Ho,	
  1988;	
  Huang	
  et	
  al.,	
  1997;	
  Teng,	
  1990;	
  Teng	
  and	
  Lin,	
  2004;	
  Teng	
  et	
  al.,	
  1991).	
  These	
  Eocene	
  
rocks	
  now	
  structurally	
  overlie	
  Miocene	
  post-­‐rift	
  sediments,	
  and	
  have	
  been	
  exhumed	
  from	
  nearly	
  10	
  km	
  
depth	
   (Sakaguchi	
   et	
   al.,	
   2007).	
   These	
   evidences,	
   together	
  with	
   the	
   shallowing	
   of	
   the	
   basement-­‐cover	
  
interface	
  across	
   the	
  Shuilikeng	
  Fault,	
   suggest	
   that	
   the	
  Shuilikeng	
  and	
  the	
  Lishan	
   faults	
   likely	
  coincided	
  
with	
   the	
   basin-­‐bounding	
   faults	
   of	
   the	
   Hsuehshan	
   Basin	
   (for	
   an	
   interpretation	
   of	
   the	
   Lishan	
   Fault	
   as	
  
coinciding	
  with	
  the	
  eastern	
  bounding	
  fault	
  of	
  the	
  Hsuehshan	
  Basin	
  see	
  also	
  Huang	
  et	
  al.	
  (1997);	
  Lee	
  et	
  
al.	
  (1997);	
  Lin	
  et	
  al.	
  (2003);	
  Teng	
  and	
  Lin	
  (2004))	
  and	
  that	
  they	
  are	
  currently	
  being	
  inverted	
  causing	
  the	
  
inversion	
  of	
  the	
  Hsuehshan	
  Basin	
  (see	
  also	
  Clark	
  et	
  al.,	
  1993,	
  for	
  discussion	
  of	
  the	
  Hsuehshan	
  Range	
  as	
  a	
  
“pop-­‐up”	
  structure).	
  	
  

Results	
   of	
   this	
   thesis	
   indicate,	
   furthermore,	
   that	
   a	
   similar	
   process	
   in	
   which	
   basement	
   rocks	
   are	
  
uplifted	
   can	
   be	
   interpreted	
   to	
   extend	
   southward	
   to	
   the	
   Central	
   Range	
   in	
   the	
   hanging	
   wall	
   of	
   the	
  
Chaochou	
  Fault.	
  Although	
  the	
  Chaochou	
  Fault	
  was	
  interpreted	
  to	
  be	
  rooted	
  deep	
  into	
  the	
  crust	
  (Ching	
  
et	
   al.,	
   2011;	
  Mouthereau	
   et	
   al.,	
   2002;	
   Tang	
   et	
   al.,	
   2011;	
  Wiltschko	
   et	
   al.,	
   2010),	
   further	
   studies	
   are	
  
needed	
   to	
   determine	
   whether	
   it	
   coincides	
   or	
   not	
   with	
   an	
   inherited	
   extensional	
   fault	
   which	
   is	
   being	
  
currently	
  inverted.	
  However,	
  the	
  uplifting	
  of	
  basement	
  rocks	
  in	
  its	
  hanging	
  wall,	
  together	
  with	
  its	
  deep	
  
extension,	
  suggest	
  that	
  the	
  Shuilikeng,	
  Lishan,	
  and	
  Chaochou	
  faults	
  are	
  likely	
  linked	
  together	
  to	
  form	
  a	
  
fault	
  system	
  in	
  some	
  way	
  rooted	
  into	
  the	
  middle	
  or	
  even	
  the	
  lower	
  crust.	
  	
  

This	
  deep-­‐penetrating	
  fault	
  system	
  appears	
  to	
  join	
  westward	
  with	
  the	
  detachment	
  at	
  the	
  basement-­‐
cover	
  interface,	
  suggesting	
  that	
  it	
  might	
  form	
  a	
  ramp	
  of	
  it.	
  However,	
  with	
  the	
  datasets	
  presented	
  in	
  this	
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study,	
  no	
  constraints	
  can	
  be	
  placed	
  on	
  the	
  possible	
  deep	
  continuation	
  of	
   this	
  detachment	
   in	
  the	
  east,	
  
beneath	
  the	
  Hsuehshan	
  and	
  Central	
  ranges.	
  	
  

3.2.3.	
  Inherited	
  faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan	
  

Beneath	
   the	
   Coastal	
   Plain	
   and	
   the	
   Western	
   Foothills	
   deformation	
   at	
   depth	
   appears	
   to	
   be	
  
concentrated	
   along	
   a	
   deep-­‐seated	
   detachment	
   located	
   at	
   the	
   basement-­‐cover	
   interface.	
   This	
  
detachment	
   is	
  made	
  up	
  of	
  SSE-­‐dipping	
   steps	
   forming	
  an	
  angle	
   to	
   the	
  structural	
  grain	
  of	
   south-­‐central	
  
Taiwan,	
  alternated	
  with	
  sub-­‐horizontal	
  segments.	
  The	
  orientation	
  of	
  the	
  SSE-­‐dipping	
  steps	
  is	
  similar	
  to	
  
that	
  of	
  the	
  extensional	
  basement	
  fault	
  systems	
  located	
  on	
  the	
  Eurasian	
  margin	
  as	
  derived	
  using	
  seismic	
  
reflection	
  data	
   from	
  offshore	
  of	
  southwest	
  Taiwan	
  (e.g.,	
  Lin	
  et	
  al.,	
  2003;	
  Figs.	
  1.1	
  and	
  3.5),	
  suggesting	
  
that	
  SSE-­‐dipping	
   steps	
  may	
  coincide	
  with	
   segments	
  of	
  pre-­‐existing	
  extensional	
   fault	
   systems	
   inherited	
  
from	
  the	
  Eurasian	
  margin.	
  Such	
  inherited	
  extensional	
  faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐
central	
   Taiwan	
   appear	
   to	
   be	
   active	
   (i.e.,	
   illuminated	
   by	
   earthquake	
   hypocentres)	
   in	
   their	
   upper	
   parts	
  
where	
  they	
  juxtapose	
  basement	
  rocks	
  in	
  their	
  footwalls	
  against	
  rocks	
  of	
  the	
  sedimentary	
  cover	
  in	
  their	
  
hanging	
   walls.	
   This	
   evidence	
   suggests	
   that	
   seismicity	
   along	
   SSE-­‐dipping	
   inherited	
   faults	
   beneath	
   the	
  
study	
  area	
  is	
  likely	
  related	
  to	
  the	
  detachment	
  of	
  the	
  sedimentary	
  cover	
  from	
  the	
  basement	
  rather	
  than	
  
due	
  to	
  their	
  inversion.	
  This	
  is	
  further	
  corroborated	
  by	
  the	
  southward	
  deepening	
  of	
  the	
  basement-­‐cover	
  
interface	
   across	
   these	
   SSE-­‐dipping	
   faults,	
   which	
   suggests	
   that	
   they	
   likely	
   maintain	
   the	
   bulk	
   of	
   their	
  
extensional	
  displacements.	
  	
  

Nevertheless,	
  inherited	
  faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  the	
  thrust	
  belt	
  appear	
  to	
  have	
  a	
  
significant	
   control	
  on	
   the	
   structural	
  development	
  of	
   the	
  Coastal	
  Plain	
  and	
  Western	
  Foothills	
   in	
   south-­‐
central	
  Taiwan.	
   In	
  particular,	
   they	
  determine	
   the	
  geometry	
  of	
   the	
  detachment	
  at	
   the	
  basement-­‐cover	
  
interface,	
   which	
   appears	
   to	
   have	
   a	
   number	
   of	
   steps	
   coinciding	
  with	
   inherited	
   extensional	
   faults	
   that	
  
define	
   a	
   step-­‐like	
   geometry	
   for	
   it.	
   This	
   rugose	
   geometry	
   for	
   the	
   detachment	
   at	
   the	
   basement-­‐cover	
  
interface	
  differs	
  significantly	
  from	
  that	
  often	
  suggested	
   in	
  other	
  foreland	
  thrusts	
  belts	
  worldwide	
  such	
  
as,	
   for	
   example,	
   the	
   southern	
   Canadian	
   Rocky	
   Mountains	
   (e.g.,	
   Price,	
   1981),	
   the	
   Valley	
   and	
   Ridge	
  
province	
  of	
   the	
   central	
   and	
   southern	
  Appalachians	
   (Rodgers,	
   1990),	
   and	
   the	
   central	
  Himalayan	
   thrust	
  
belt	
   (Srivastava	
   and	
   Mitra,	
   1994),	
   where	
   the	
   detachment	
   at	
   the	
   basement-­‐cover	
   interface	
   is	
   often	
  
presented	
   as	
   a	
   nearly	
   flat	
   surface.	
  However,	
   this	
   rugose	
   geometry	
   for	
   the	
  detachment	
   appears	
   to	
  be	
  
confined	
  to	
  its	
  westernmost	
  part.	
  Eastward,	
  for	
  example,	
  it	
  appears	
  to	
  be	
  smoother	
  (see,	
  for	
  example,	
  
Figure	
  5	
  of	
  Article	
  5	
  included	
  in	
  this	
  thesis).	
  This	
  can	
  be	
  related	
  to	
  the	
  different	
  amount	
  of	
  deformation	
  
in	
   these	
   two	
   areas,	
   as	
   well	
   as	
   to	
   the	
   lack	
   of	
   extensional	
   faults	
   in	
   the	
   internal	
   part	
   of	
   the	
   Western	
  
Foothills.	
   Furthermore,	
   the	
   rugose	
   geometry	
   for	
   the	
   detachment	
   can	
   be	
   an	
   artefact	
   in	
   earthquake	
  
hypocentre	
  data,	
  and	
  more	
  data	
  are	
  needed	
  to	
  definitively	
  prove	
  this	
  geometry.	
  	
  

While	
  this	
  model	
  in	
  which	
  pre-­‐existing	
  extensional	
  fault	
  systems	
  at	
  an	
  angle	
  to	
  the	
  structural	
  grain	
  of	
  
the	
   thrust	
  belt	
   appear	
   to	
  maintain	
   their	
  original	
  displacement	
  may	
  explain	
   local	
   structures	
  within	
   the	
  
Coastal	
   Plain	
   and	
   Western	
   Foothills	
   in	
   south-­‐central	
   Taiwan,	
   the	
   Alishan	
   area	
   represents	
   a	
   notable	
  
exception	
  to	
   this.	
   In	
   this	
  area,	
   there	
   is	
  a	
  significant	
  shallowing	
  of	
   the	
  basement-­‐cover	
   interface	
  across	
  
the	
  northern	
  bounding	
  fault	
  of	
  the	
  Tainan	
  Basin,	
  the	
  “B”	
  Fault.	
  This	
  can	
  be	
  interpreted	
  to	
  be	
  developing	
  
as	
  the	
  result	
  of	
  the	
  inversion	
  of	
  this	
  fault,	
  which	
  appears	
  to	
  be	
  reactivating	
  together	
  with	
  a	
  nearly	
  north-­‐
south	
  oriented	
  basement	
  fault.	
  This	
   interpretation	
   is	
  similar	
  to	
  that	
  of	
  other	
  authors	
  that	
  suggest	
  that	
  
pre-­‐existing	
   extensional	
   faults	
  within	
   the	
   Coastal	
   Plain	
   and	
  Western	
   Foothills	
   of	
   south-­‐central	
   Taiwan	
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are	
  being	
   inverted	
   (e.g.,	
   Lacombe	
  and	
  Mouthereau,	
   2002;	
  Mouthereau	
  et	
   al.,	
   2002;	
  Mouthereau	
   and	
  
Lacombe,	
  2006;	
  Mouthereau	
  and	
  Petit,	
  2003;	
  Suppe,	
  1986).	
  	
  

3.2.4.	
  Implications	
  for	
  the	
  interpretation	
  of	
  the	
  structure	
  of	
  south-­‐central	
  Taiwan	
  

The	
   new	
   structural	
   interpretation	
   derived	
   from	
   this	
   study	
   in	
   which	
   the	
   Shuilikeng,	
   Lishan,	
   and	
  
Chaochou	
  faults	
  appear	
  to	
  be	
  deep-­‐penetrating	
  through-­‐going	
  features	
  that	
  extend	
  from	
  the	
  surface	
  to	
  
the	
   middle	
   to	
   lower	
   crust,	
   has	
   significant	
   implications	
   for	
   how	
   the	
   south-­‐central	
   part	
   of	
   the	
   Taiwan	
  
thrust	
   belt	
   is	
   interpreted.	
   In	
   particular,	
   it	
   implies	
   that	
   these	
   features	
  would	
   cut	
   across	
   the	
   suggested	
  
basal	
  detachment	
  (e.g.,	
  Carena	
  et	
  al.,	
  2002;	
  Ding	
  et	
  al.,	
  2001;	
  Malavieille	
  and	
  Trullenque,	
  2009;	
  Suppe,	
  
1976,	
  1980b,	
  1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005)	
  and	
  would	
  extend	
  below	
  it.	
  There	
  might	
  
not	
   be,	
   therefore,	
   a	
   structural	
   linkage	
   in	
   the	
   form	
   of	
   a	
   shallow	
   detachment	
   between	
   the	
   Western	
  
Foothills,	
  the	
  Hsuehshan	
  Range,	
  and	
  the	
  Central	
  Range	
  that	
  cut	
  across,	
  respectively,	
  the	
  Shuilikeng	
  and	
  
the	
  Lishan	
  Fault	
  in	
  central	
  Taiwan,	
  and	
  between	
  the	
  Western	
  Foothills	
  and	
  the	
  Central	
  Range	
  across	
  the	
  
Chaochou	
   Fault	
   in	
   the	
   south.	
   	
   A	
   consequence	
   to	
   this	
   is	
   that	
   there	
  might	
   not	
   be	
   transfer	
   of	
  material	
  
between	
   the	
   Western	
   Foothills,	
   the	
   Hsuehshan	
   and	
   Central	
   ranges	
   in	
   central	
   Taiwan,	
   and	
   that	
   the	
  
outcropping	
   syn-­‐rift	
   sediments	
   of	
   the	
   Hsuehshan	
   Basin	
   and	
   the	
   underlying	
   basement	
   were	
   uplifted	
  
along	
  deep-­‐penetrating	
  faults	
  rather	
  than	
  transported	
  as	
  thrust	
  sheets	
  from	
  internal	
  parts	
  of	
  the	
  orogen	
  
above	
  a	
  shallow	
  detachment	
  as	
   implied	
  by	
  previous	
  structural	
   interpretations	
  of	
  south	
  central	
  Taiwan	
  
(e.g.,	
  Carena	
  et	
  al.,	
  2002;	
  Suppe,	
  1976,	
  1980b,	
  1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  et	
  al.,	
  2005).	
  	
  

A	
  large	
  part	
  of	
  the	
  deformation	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  in	
  south-­‐central	
  
Taiwan	
   is	
   taking	
   place	
   at	
   the	
   southward	
   deepening	
   basement-­‐cover	
   interface,	
   which	
   is	
   acting	
   as	
   a	
  
regional	
   level	
   of	
   detachment.	
   Because	
   of	
   its	
   overall	
   location	
   at	
   ≥10	
   km	
   depth	
   (in	
   particular	
   in	
   the	
  
southern	
  part	
  of	
  the	
  map	
  area	
  where	
  the	
  basement-­‐cover	
   interface	
  appears	
  to	
  be	
   located	
  at	
  c.	
  15	
  km	
  
depth),	
  this	
  detachment	
  is	
  difficult	
  to	
  relate	
  with	
  the	
  imbricate	
  thrust	
  system	
  developed	
  at	
  the	
  surface	
  
(e.g.,	
  Alvarez-­‐Marron	
  et	
  al.,	
  2014;	
  Brown	
  et	
  al.,	
  2012;	
  Suppe,	
  1976,	
  1981;	
  Suppe	
  and	
  Namson,	
  1979;	
  Yue	
  
et	
   al.,	
   2005).	
   Furthermore,	
   deformation	
   along	
   the	
   detachment	
   at	
   the	
   basement-­‐cover	
   interface	
  
extending	
  westward	
  of	
  the	
  deformation	
  front	
  of	
  the	
  shallow	
  imbricate	
  thrust	
  system	
  (i.e.,	
  the	
  Changhua	
  
Thrust)	
  further	
  indicates	
  the	
  difficulty	
  of	
  relating	
  the	
  detachment	
  at	
  the	
  basement-­‐cover	
  interface	
  with	
  
the	
  imbricate	
  thrust	
  system	
  developed	
  at	
  the	
  surface.	
  The	
  possibility	
  of	
  the	
  frontal	
  part	
  of	
  the	
  mountain	
  
belt	
   in	
  this	
  region	
  evolving	
  above	
  two	
  different	
  detachment	
   levels	
  (a	
  deeper	
   level	
  of	
  detachment	
  near	
  
the	
  basement-­‐cover	
  interface,	
  and	
  the	
  shallower,	
  east-­‐dipping	
  basal	
  thrust	
  of	
  the	
  upper	
  thrust	
  system)	
  
could	
  be	
  an	
  option	
  that	
  should	
  be	
  further	
  investigated.	
  A	
  similar	
  model	
  in	
  which	
  the	
  external	
  part	
  of	
  the	
  
thrust	
  belt	
  is	
  evolving	
  above	
  two	
  levels	
  of	
  detachment	
  was	
  previously	
  proposed	
  by	
  a	
  number	
  of	
  authors,	
  
such	
  as,	
  for	
  example,	
  Lacombe	
  and	
  Mouthereau	
  (2002),	
  Rodriguez-­‐Roa	
  and	
  Wiltschko	
  (2010),	
  Yue	
  et	
  al.	
  
(2005).	
  Most	
  of	
  them,	
  however,	
  suggest	
  that	
  the	
  deeper	
  level	
  of	
  detachment	
  is	
  located	
  somewhere	
  into	
  
the	
  basement,	
  rather	
  than	
  at	
  the	
  basement-­‐cover	
  interface.	
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3.3.	
  Conclusions	
  

The	
   multidisciplinary	
   methodological	
   approach	
   adopted	
   in	
   this	
   study,	
   in	
   which	
   surface	
   geology,	
  
earthquake	
   hypocentres,	
   focal	
   mechanisms,	
   and	
   P-­‐wave	
   velocity	
   data	
   were	
   combined	
   together,	
   has	
  
proven	
   to	
   be	
   a	
   valuable	
   tool	
   for	
   investigating	
   how	
   the	
   active	
   Taiwan	
  mountain	
   belt	
   is	
   deforming.	
   In	
  
particular,	
  the	
  integration	
  of	
  structural	
  data	
  collected	
  in	
  the	
  field	
  with	
  earthquake	
  hypocentre	
  and	
  focal	
  
mechanism	
  data,	
  revealed	
  the	
  location,	
  linkage,	
  structure	
  and	
  kinematics	
  of	
  active	
  fault	
  systems.	
  P-­‐wave	
  
velocity	
  data	
  helped	
  place	
  constraints	
  on	
  the	
  trend	
  of	
  the	
  basement-­‐cover	
  interface	
  beneath	
  the	
  study	
  
area	
   from	
  which	
   insights	
  on	
   the	
  degree	
  and	
  mode	
  of	
  basement	
   involvement	
   in	
   the	
  deformation	
  were	
  
derived.	
  	
  

Although	
   the	
   Taiwan	
   mountain	
   belt	
   is	
   often	
   presented	
   as	
   evolving	
   above	
   a	
   shallow	
   basal	
   thrust	
  
located	
   within	
   the	
   sedimentary	
   cover	
   of	
   the	
   Eurasian	
   margin,	
   results	
   of	
   this	
   study	
   indicate	
   that	
   the	
  
structure	
   of	
   the	
   south-­‐central	
   part	
   of	
   the	
   mountain	
   belt	
   may	
   differ	
   significantly	
   from	
   this	
   structural	
  
model.	
  In	
  particular,	
  they	
  indicate	
  that	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  of	
  the	
  mountain	
  belt	
  
are	
  evolving	
  above	
  a	
  detachment,	
  which	
  coincides	
  with	
  the	
  basement-­‐cover	
  interface.	
  Locally,	
  beneath	
  
this	
   detachment,	
   pre-­‐existing	
  basement	
   extensional	
   fault	
   systems	
   inherited	
   from	
   the	
   Eurasian	
  margin	
  
appear	
   to	
  preserve	
   their	
   extensional	
   displacements.	
   In	
   the	
   east,	
   however,	
   the	
   Shuilikeng,	
   Lishan,	
   and	
  
Chaochou	
  faults	
  appear	
  to	
  form	
  a	
  through-­‐going	
  linked	
  fault	
  system	
  that	
  extend	
  from	
  the	
  surface	
  to	
  at	
  
least	
   the	
  middle	
   crust.	
   In	
   the	
   hangingwall	
   of	
   the	
   Shuilikeng	
   and	
   the	
   Chaochou	
   faults,	
   the	
   Hsuehshan	
  
Range	
   and	
   the	
   western	
   portion	
   of	
   the	
   Central	
   Range	
   are	
   defined	
   by	
   a	
   notable	
   shallowing	
   of	
   the	
  
basement-­‐cover	
  interface	
  with	
  the	
  development	
  of	
  a	
  regional	
  basement	
  culmination	
  in	
  which	
  basement	
  
rocks	
  are	
  uplifted	
  to	
  near	
  the	
  surface.	
  While	
  for	
  the	
  Hsuehshan	
  Range	
  this	
  structure	
  can	
  be	
  interpreted	
  
as	
  the	
  result	
  of	
  the	
  inversion	
  of	
  a	
  basin	
  that	
  was	
  located	
  on	
  the	
  Eurasian	
  continental	
  margin	
  prior	
  to	
  the	
  
Taiwan	
   orogeny	
   (i.e.,	
   the	
   Hsuehshan	
   Basin),	
   more	
   studies	
   are	
   needed	
   to	
   determine	
   the	
   mode	
   of	
  
basement	
  involvement	
  beneath	
  the	
  Central	
  Range.	
  	
  

Furthermore,	
   observing	
   the	
   relationships	
   between	
   the	
   angle	
   that	
   fault	
   systems	
   inherited	
   from	
   the	
  
Eurasian	
  margin	
   form	
  with	
   the	
   structural	
   grain	
   of	
   south-­‐central	
   Taiwan	
   and	
   their	
   structural	
   response	
  
when	
  they	
  become	
  involved	
  in	
  the	
  deformation,	
  an	
  example	
  for	
  how	
  variously	
  oriented	
  inherited	
  faults	
  
influence	
   the	
   structural	
   development	
   of	
   south-­‐central	
   Taiwan	
   was	
   provided.	
   In	
   particular,	
   inherited	
  
basement	
  faults	
  sub-­‐parallel	
  to	
  the	
  structural	
  grain	
  of	
  south-­‐central	
  Taiwan,	
  such	
  as	
  the	
  Shuilikeng	
  and	
  
the	
  Lishan	
  faults	
  (and,	
  likely,	
  also	
  the	
  Chaochou	
  Fault),	
  are	
  being	
  inverted	
  when	
  they	
  become	
  involved	
  in	
  
the	
  deformation.	
  On	
  the	
  contrary,	
  most	
  of	
   the	
   inherited	
  basement	
   faults	
  at	
  an	
  angle	
  to	
  the	
  structural	
  
grain	
  of	
   south-­‐central	
   Taiwan	
  appear	
  not	
   to	
   invert	
  but	
  do	
  have,	
  however,	
   a	
   significant	
   control	
  on	
   the	
  
geometry	
   of	
   the	
   detachment	
   at	
   the	
   basement-­‐cover	
   interface	
   beneath	
   the	
   external	
   part	
   of	
   the	
  
mountain	
  belt.	
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Geological	
  map	
  1.	
  Geological	
  map	
  of	
  the	
  study	
  area	
  in	
  south-­‐central	
  Taiwan.	
  This	
  map	
  is,	
  in	
  part,	
  the	
  result	
  of	
  fieldwork	
  carried	
  out	
  by	
  colleagues	
  from	
  ICTJA	
  before	
  the	
  beginning	
  
of	
  this	
  Ph.D.	
  thesis	
  and,	
   in	
  part,	
   the	
  result	
  of	
   the	
  fieldwork	
  the	
  Ph.D.	
  student	
  carried	
  out	
   in	
  collaboration	
  with	
  them	
  during	
  this	
   thesis.	
  The	
  exact	
  extension	
  of	
   the	
  area	
  mapped	
  
during	
  this	
  thesis	
  is	
  given	
  in	
  the	
  paragraph	
  on	
  the	
  methodology	
  of	
  this	
  thesis.	
  The	
  location	
  of	
  the	
  cross-­‐sections	
  A-­‐A´	
  and	
  B-­‐B´	
  in	
  Fig.	
  1.8	
  is	
  given,	
  as	
  it	
  is	
  the	
  location	
  of	
  Geological	
  
map	
  2	
  and	
  of	
  the	
  section	
  in	
  Fig.	
  3.2.	
  The	
  location	
  of	
  the	
  map	
  is	
  given	
  in	
  Fig.	
  1.4.	
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Geological	
  map	
  2.	
  Geological	
  map	
  of	
  the	
  study	
  area	
  across	
  the	
  Shuilikeng	
  Fault	
  in	
  central	
  Taiwan.	
  The	
  location	
  of	
  the	
  map	
  is	
  given	
  in	
  Geological	
  map	
  1.	
  Geological	
  map	
  modified	
  
after	
  Article	
  2	
  included	
  in	
  this	
  thesis.	
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The	
   Shuilikeng	
   Fault,	
   in	
   the	
   Central	
   Taiwan	
   fold-­‐and-­‐thrust	
   belt,	
   is	
   a	
   roughly	
   north-­‐south	
   striking	
   zone	
  
comprised	
  of	
   a	
   number	
   of	
   high-­‐angle	
   faults	
   and	
   fault	
   splays	
   that	
   juxtaposes	
   the	
  Miocene	
   rocks	
   of	
   the	
  Western	
  
Foothills	
  against	
  the	
  Eocene	
  and	
  Oligocene	
  rocks	
  of	
  the	
  Hsuehshan	
  Range.	
  Geomorphologically,	
  it	
  coincides	
  with	
  a	
  
pronounced	
  system	
  of	
  valleys	
  that	
  clearly	
  demarcates	
  the	
  contact	
  between	
  these	
  two	
  tectonostratigraphic	
  units	
  in	
  
Central	
  Taiwan.	
  Using	
  river	
   incision,	
  channel	
  morphology,	
  and	
  stream	
  gradient	
  along	
  the	
  Wu	
  and	
  Peikang	
  rivers,	
  
YANITES	
   et	
   al.	
   (2010)	
   and	
   SUNG	
   et	
   al.	
   (2000)	
   suggest	
   that	
   the	
   Shuilikeng	
   Fault	
   is	
   currently	
   active,	
   and	
   has	
   been	
  
throughout	
   the	
   Holocene.	
   However,	
   because	
   of	
   the	
   absence	
   of	
   Pleistocene	
   and	
   Pliocene	
   sediments	
   they	
   are	
  
unable	
   to	
  put	
   any	
   constraints	
  on	
  older	
   activity.	
   The	
  Shuilikeng	
  Fault	
   is	
  poorly	
   imaged	
   in	
   reflection	
   seismic	
  data,	
  
where	
   it	
   has	
   been	
   interpreted	
   to	
   dip	
   steeply	
   eastward	
   and	
   extend	
   to	
   deep	
   in	
   the	
   middle	
   crust	
   (i.e.,	
   the	
  
Shuichangliu	
  Fault	
  of	
  WANG	
  et	
  al.,	
  2002).	
  YUE	
  et	
  al.	
  (2005)	
  interpret	
  the	
  Shuilikeng	
  Fault	
  to	
  be	
  the	
  westward-­‐dipping	
  
displaced	
   upper	
   part	
   of	
   a	
   pre-­‐existing	
  Miocene-­‐age	
   extensional	
   fault	
  whose	
   lower	
   part,	
   they	
   suggest,	
   coincides	
  
with	
  an	
  area	
  of	
  high	
  seismic	
  activity	
  below	
  their	
  detachment.	
  On	
  the	
  basis	
  of	
  new	
  surface	
  geological	
  mapping	
  we	
  
suggest	
  that	
  the	
  Shuilikeng	
  Fault,	
  rather	
  than	
  being	
  a	
  single	
  discrete	
  feature,	
  consists	
  of	
  a	
  main	
  fault	
  zone	
  with	
  a	
  
linked	
  system	
  of	
  associated	
  faults	
  that	
  affect	
  much	
  of	
  the	
  Hsuehshan	
  Range.	
  All	
  faults	
  (from	
  west	
  to	
  east,	
  Alenkeng	
  
Fault,	
   Checheng	
   Fault,	
   Tili	
   Fault)	
   and	
   folds	
   that	
   have	
   been	
   so	
   far	
   mapped	
   in	
   the	
   Hsuehshan	
   Range	
   merge	
  
southward	
  with	
  the	
  Shuilikeng	
  Fault,	
  resulting	
  in	
  a	
  regional	
  map	
  pattern	
  that	
  is	
  strongly	
  suggestive	
  of	
  a	
  strike-­‐slip	
  
or	
  transpressive	
  fault	
  system.	
  Bending	
  of	
  folds	
  into	
  the	
  Shuilikeng	
  Fault	
  System	
  in,	
  e.g.,	
  the	
  Tingkan	
  Syncline	
  and	
  
the	
   Tsukeng	
   Anticline,	
   suggests	
   a	
   left	
   lateral	
   (top-­‐to-­‐the-­‐northwest)	
   sense	
   of	
   displacement	
   along	
   it.	
   Focal	
  
mechanisms	
   are	
   in	
   keeping	
   with	
   field	
   observations	
   and	
   suggest	
   shallow	
   oblique	
   to	
   strike-­‐slip	
   faulting	
   (e.g.,	
  
northern	
  sector)	
  and	
  deeper	
  thrust	
  faulting	
  (e.g.,	
  southern	
  sector).	
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INTRODUCTION	
  

The	
  Shuilikeng	
  Fault	
   System	
   (SKFS),	
   in	
   the	
  Central	
   Taiwan	
  mountain	
  belt,	
   is	
   a	
   roughly	
  N-­‐S	
   striking	
   fault	
   zone	
  
comprised	
  of	
  a	
  number	
  of	
  high-­‐angle	
  faults	
  and	
  fault	
  splays	
  mostly	
  E-­‐dipping	
  that	
  juxtaposes	
  the	
  Miocene	
  rocks	
  of	
  
the	
  Western	
  Foothills	
  (i.e.	
  platform	
  sediments	
  of	
  the	
  Shuangtung	
  Unit)	
  against	
  the	
  Eocene	
  and	
  Oligocene	
  rocks	
  of	
  
the	
  Hsuehshan	
  Range	
  (i.e.	
  platform	
  sediments	
  of	
  the	
  Sun-­‐Moon	
  Lake	
  Unit).	
  We	
  present	
  a	
  new	
  surface	
  geological	
  
mapping	
  integrated	
  with	
  earthquake	
  seismic	
  energy	
  release	
  and	
  focal	
  mechanisms	
  data	
  as	
  well	
  as	
  with	
  GPS	
  data	
  to	
  
better	
  constrain	
  the	
  structural	
  architecture	
  and	
  kinematics	
  of	
  the	
  SKFS	
  in	
  Central	
  Taiwan.	
  
	
  

BACKGROUND	
  

The	
  Shuilikeng	
  Fault	
  marks	
  a	
  “jump”	
  in	
  the	
  crustal	
  level	
  of	
  involvement	
  of	
  the	
  platform	
  margin	
  between	
  its	
  two	
  
sides;	
   SAKAGUCHI	
   et	
   alii	
   (2007)	
   on	
   the	
   basis	
   of	
   vitrinite	
   reflectance	
   data	
   have	
   recently	
   suggested	
   an	
   increase	
   in	
  
temperature	
  of	
  ∼90	
  °C	
  from	
  the	
  Shuangtung	
  Unit	
   to	
  the	
  Sun-­‐Moon	
  Lake	
  Unit,	
  across	
  the	
  Shuilikeng	
  Fault.	
  Using	
  
river	
  incision,	
  channel	
  morphology,	
  and	
  stream	
  gradient	
  along	
  the	
  Wu	
  and	
  Peikang	
  rivers,	
  YANITES	
  et	
  alii	
  (2010)	
  and	
  
SUNG	
  et	
  alii	
   (2000)	
   suggest	
   that	
   the	
  Shuilikeng	
  Fault	
   is	
   currently	
   active,	
   and	
  has	
  been	
   throughout	
   the	
  Holocene.	
  
However,	
  because	
  of	
  the	
  absence	
  of	
  Pleistocene	
  and	
  Pliocene	
  sediments	
  they	
  are	
  unable	
  to	
  put	
  any	
  constraints	
  on	
  
older	
  activity.	
  The	
  Shuilikeng	
  Fault	
  is	
  poorly	
  imaged	
  in	
  reflection	
  seismic	
  data,	
  where	
  it	
  has	
  been	
  interpreted	
  to	
  dip	
  
steeply	
  eastward	
  and	
  extend	
  to	
  deep	
  in	
  the	
  middle	
  crust	
  (i.e.	
  the	
  Shuichangliu	
  Fault	
  of	
  WANG	
  et	
  alii,	
  2002).	
  YUE	
  et	
  
alii	
   (2005)	
   interpret	
   the	
   Shuilikeng	
   Fault	
   to	
   be	
   the	
   westward-­‐dipping	
   displaced	
   upper	
   part	
   of	
   a	
   pre-­‐existing	
  
Miocene-­‐age	
   extensional	
   fault	
   whose	
   lower	
   part,	
   they	
   suggest,	
   coincides	
   with	
   an	
   area	
   of	
   high	
   seismic	
   activity	
  
below	
  their	
  detachment.	
  
	
  

REMARKABLE	
  OBSERVATIONS	
  	
  

Surface	
  geology	
  

On	
  the	
  basis	
  of	
  new	
  surface	
  geological	
  mapping	
  we	
  suggest	
  that	
  the	
  Shuilikeng	
  Fault,	
  rather	
  than	
  being	
  a	
  single	
  
discrete	
  feature,	
  consists	
  of	
  a	
  system	
  of	
  associated	
  faults	
  and	
  folds	
  that	
  affect	
  much	
  of	
  the	
  Hsuehshan	
  Range	
  (Sun-­‐
Moon	
  Lake	
  Unit)	
  and	
  the	
  eastern	
  part	
  of	
  the	
  Western	
  Foothills	
  (Shuangtung	
  Unit).	
  Geomorphologically,	
  it	
  coincides	
  
with	
  a	
  pronounced	
  system	
  of	
  valleys	
  that	
  clearly	
  demarcates	
  the	
  contact	
  between	
  these	
  two	
  tectonostratigraphic	
  
units	
  along	
  nearly	
  its	
  entire	
  length	
  in	
  Central	
  Taiwan.	
  	
  

All	
  faults	
  (from	
  north	
  to	
  south,	
  Alenkeng	
  Fault	
  and	
  Checheng	
  Fault)	
  and	
  folds	
  (mostly	
  related	
  to	
  the	
  kinematics	
  
of	
  the	
  SKFS)	
  that	
  have	
  been	
  so	
  far	
  mapped	
  in	
  the	
  Sun-­‐Moon	
  Lake	
  Unit	
  merge	
  southward	
  with	
  the	
  SKFS,	
  resulting	
  in	
  
a	
  regional	
  map	
  pattern	
  that	
  is	
  strongly	
  suggestive	
  of	
  a	
  strike-­‐slip	
  or	
  transpressive	
  fault	
  system.	
  The	
  roughly	
  NNE-­‐
SSW	
  striking	
  Tili	
  Thrust	
  marks	
  the	
  western	
  limit	
  of	
  cleavage	
  development	
  (cleavage	
  front)	
  in	
  the	
  Taiwan	
  mountain	
  
belt	
  and	
  juxtaposes	
  the	
  Tili	
  Unit	
  against	
  the	
  Sun-­‐Moon	
  Lake	
  Unit;	
  its	
  truncation	
  by	
  the	
  SKFS	
  suggests	
  that	
  it	
  is	
  an	
  
older	
  feature.	
  Bending	
  of	
  fold	
  traces	
  into	
  the	
  SKFS	
  as	
  well	
  as	
  its	
  overall	
  framework	
  suggest	
  a	
  top-­‐to-­‐the-­‐NW	
  sense	
  
of	
  displacement	
  along	
  it.	
  

The	
  surface	
  geology	
  of	
  the	
  Shuangtung	
  Unit	
  is	
  mostly	
  comprised	
  of	
  folds	
  with	
  axial	
  traces	
  at	
  high	
  angle	
  to	
  the	
  
Shuilikeng	
  Fault	
  that	
  appear	
  to	
  be	
  cut	
  by	
  it.	
  To	
  the	
  north	
  the	
  eastern	
  flank	
  of	
  the	
  unit	
  is	
  tightly	
  folded	
  into	
  the	
  N-­‐S	
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trending	
  Kuohsing	
  Anticline	
  and	
  Tachiwei	
  Syncline.	
  The	
  eastern	
  limb	
  of	
  the	
  Tachiwei	
  Syncline	
  is	
  cut	
  by	
  the	
  Kuohsing	
  
Fault	
  that	
  merge	
  southward	
  with	
  the	
  SKFS	
  and	
  should	
  be	
  part	
  of	
  it.	
  At	
  the	
  southern	
  edge	
  of	
  the	
  map	
  area	
  a	
  map	
  
scale	
   weakly	
   ESE-­‐dipping	
   duplex	
   with	
   a	
   top-­‐to-­‐the-­‐WNW	
   direction	
   of	
   tectonic	
   transport	
   and	
   related	
   NNE-­‐SSW	
  
trending	
  folds	
  have	
  been	
  recognized.	
  	
  

	
  
Earthquake	
  focal	
  mechanisms	
  

Earthquake	
   focal	
  mechanisms	
  are	
  updated	
   from	
   the	
  database	
  of	
  WU	
  et	
  alii	
   (2010)	
   to	
   cover	
   the	
  period	
   from	
  
1991	
   to	
   2009.	
   They	
   suggest	
   that	
   the	
   strain	
   to	
   the	
   E	
   of	
   the	
   Shuilikeng	
   Fault	
   (i.e.	
   Hsuehshan	
   Range)	
   is	
   mostly	
  
partitioned	
  in	
  shallow	
  (∼0-­‐15	
  km	
  depth)	
  highly	
  oblique	
  to	
  strike-­‐slip	
  faulting	
  (northern	
  sector)	
  and	
  deeper	
  (∼15-­‐30	
  
km	
  depth)	
  thrust	
  faulting	
  (central-­‐southern	
  sector).	
  

	
  
Seismic	
  energy	
  release	
  

The	
  SKFS	
  beneath	
  the	
  Hsuehshan	
  Range	
  is	
  highlighted	
  by	
  and	
  coincides	
  with	
  an	
  abrupt	
  increase	
  in	
  the	
  density	
  
and	
   depth	
   (up	
   to	
   ∼30	
   km)	
   of	
   cumulative	
   seismic	
   energy	
   release	
   along	
   a	
   steeply	
   eastward	
   dipping	
   zone.	
   The	
  
western	
  bound	
  of	
  the	
  zone	
  projects	
  to	
  the	
  surface	
  at	
  the	
  location	
  of	
  the	
  map	
  trace	
  of	
  the	
  Shuilikeng	
  Fault.	
  

	
  
GPS	
  data	
  

Horizontal	
  velocity	
  components	
  of	
  continuous	
  GPS	
  measurements	
  for	
  the	
  years	
  2005	
  through	
  2009	
  (courtesy	
  
of	
  Yu	
  Shui-­‐Beih)	
  are	
  mainly	
  NW-­‐directed	
  and	
  show	
  a	
  general	
  increase	
  going	
  from	
  NW	
  to	
  SE;	
  all	
  the	
  GPS	
  stations	
  in	
  
each	
  unit	
  in	
  Central	
  Taiwan	
  provide	
  similar	
  velocities	
  and	
  the	
  main	
  velocity	
  variations	
  coincide	
  with	
  the	
  bounding	
  
faults	
  between	
  the	
  units,	
  thus	
  demonstrating	
  that	
  they	
  are	
  active.	
  Across	
  the	
  Shuilikeng	
  Fault	
  GPS	
  data	
  show	
  an	
  
increase	
   of	
   horizontal	
   velocity	
   from	
   ∼22,8	
   mm/yr	
   (Shuangtung	
   Unit)	
   to	
   ∼24,2	
   mm/yr	
   (Sun-­‐Moon	
   Lake	
   Unit).	
  
Horizontal	
   velocity	
   components	
   in	
   the	
   Sun-­‐Moon	
   Lake	
  Unit	
   illustrate	
   the	
   overall	
   obliquity	
   between	
   the	
   present	
  
surface	
  velocity	
  field	
  and	
  the	
  surface	
  trace	
  of	
  the	
  Shuilikeng	
  Fault.	
  

GPS	
  vertical	
  velocity	
  components	
  show	
  a	
  general	
  uplift	
  to	
  the	
  east	
  of	
  the	
  Shuangtung	
  Fault	
  (western	
  boundary	
  
of	
  the	
  Shuangtung	
  Unit)	
  and	
  a	
  general	
  subsidence	
  to	
  the	
  west	
  of	
  it.	
  

	
  
REFERENCES	
  

SAKAGUCHI	
  A.,	
  YANAGIHARA	
  A.,	
  UJIIE	
  K.,	
  TANAKA	
  H.	
  &	
  KAMEJAMA	
  M.	
  (2007)	
  -­‐	
  Thermal	
  maturity	
  of	
  a	
  fold-­‐thrust	
  belt	
  based	
  
on	
  vitrinite	
  reflectance	
  analysis	
  in	
  the	
  Western	
  Foothills	
  complex,	
  Taiwan.	
  Tectonophysics,	
  443,	
  220-­‐232.	
  

SUNG	
  Q.,	
  CHEN	
  Y.C.,	
  TSAI	
  H.,	
  CHEN	
  Y.G.	
  &	
  CHEN	
  W.S.	
   (2000)	
   -­‐	
  Comparison	
  Study	
  on	
  the	
  Coseismic	
  Deformation	
  of	
   the	
  
1999	
   Chi-­‐Chi	
   Earthquake	
   and	
   Long-­‐term	
   Stream	
   Gradient	
   Changes	
   Along	
   the	
   Chelungpu	
   Fault	
   in	
   Central	
  
Taiwan.	
  Terrestrial	
  Atmospheric	
  and	
  Oceanic	
  Sciences,	
  11,	
  735-­‐750.	
  

WANG	
  C.Y.,	
  LI	
  C.L.,	
  SU	
  F.C.,	
  LEU	
  M.T.,	
  WU	
  M.S.,	
  LAI	
  S.H.	
  &	
  CHERN	
  C.C.	
  (2002)	
   -­‐	
  Structural	
  Mapping	
  of	
   the	
  1999	
  Chi-­‐Chi	
  
Earthquake	
   Fault,	
   Taiwan,	
   by	
   Seismic	
  Reflection	
  Methods.	
   Terrestrial	
   Atmospheric	
   and	
  Oceanic	
   Sciences,	
   13,	
  
211-­‐226.	
  

WU	
  Y.	
  M.,	
  HSU	
  Y.	
  J.,	
  CHANG	
  C.	
  H.,	
  TENG	
  L.	
  S.	
  &	
  NAKAMURA	
  M.	
  (2010)	
  -­‐	
  Temporal	
  and	
  spatial	
  variation	
  of	
  stress	
  field	
   in	
  
Taiwan	
   from	
   1991	
   to	
   2007:	
   Insights	
   from	
   comprehensive	
   first	
   motion	
   focal	
   mechanism	
   catalog.	
   Earth	
   and	
  
Planetary	
  Science	
  Letters,	
  298,	
  306–316.	
  

YANITES	
   B.J.,	
   TUCKER	
   G.E.,	
  MUELLER	
   K.J.,	
   CHEN	
   Y.G.,	
  WILCOX	
   T.,	
   HUANG	
   S.Y.	
   &	
   SHI	
   K.W.	
   (2010)	
   -­‐	
   Incision	
   and	
   channel	
  
morphology	
  across	
  active	
  structures	
  along	
  the	
  Peikang	
  River,	
  central	
  Taiwan:	
  Implications	
  for	
  the	
  importance	
  of	
  
channel	
  width.	
  Geological	
  Society	
  of	
  America	
  Bulletin,	
  122,	
  1192-­‐1208.	
  

YUE	
   L.F.,	
   SUPPE	
   J.	
   &	
   HUNG	
   J.H.	
   (2005)	
   -­‐	
   Structural	
   geology	
   of	
   a	
   classic	
   thrust	
   belt	
   earthquake:	
   the	
   1999	
   Chi-­‐Chi	
  
earthquake	
  Taiwan	
  (Mw	
  =	
  7.6).	
  Journal	
  of	
  Structural	
  Geology,	
  27,	
  2058-­‐2083.	
  

	
  
	
   	
  

	
  

F



	
  

	
   145	
  

Abstract	
   3	
   -­‐	
   The	
   structure	
   and	
   kinematics	
   of	
   the	
   central	
   Taiwan	
   mountain	
   belt	
   derived	
   from	
  
geological,	
  GPS,	
  and	
  seismicity	
  data	
  
	
  
Joaquina	
  Alvarez-­‐Marron1,	
  Dennis	
  Brown1,	
  Martin	
  Schimmel1,	
  Yih-­‐Min	
  Wu2,	
  Shui-­‐Beih	
  Yu3,	
  and	
  Giovanni	
  
Camanni1	
  

	
  
1Institute	
  of	
  Earth	
  Sciences	
  Jaume	
  Almera,	
  ICTJA-­‐CSIC,	
  Lluis	
  Sole	
  i	
  Sabaris	
  s/n,	
  08028	
  Barcelona,	
  Spain	
  
2Department	
  of	
  Geosciences,	
  National	
  Taiwan	
  University,	
  Taipei,	
  106,	
  Taiwan	
  	
  
3Institute	
  of	
  Earth	
  Sciences,	
  Academica	
  Sinica,	
  Nankang,	
  Taipei,	
  Taiwan	
  
	
  
Presented	
  at:	
  2011	
  AGU	
  Fall	
  Meeting,	
  Abstract	
  T43J-­‐03.	
  San	
  Francisco	
  (USA)	
  
	
  
Type	
  of	
  presentation:	
  oral	
  
	
  
Abstract:	
  
	
  

The	
  structure	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  is	
  thought	
  to	
  be	
  that	
  of	
  an	
  imbricate	
  thrust	
  and	
  fold	
  belt	
  developed	
  
above	
  a	
  shallowly	
  dipping	
  basal	
  detachment.	
  In	
  recent	
  years,	
  however,	
  a	
  growing	
  amount	
  of	
  seismicity	
  data	
  from	
  
the	
  internal	
  part	
  of	
  the	
  mountain	
  belt	
  indicates	
  the	
  existence	
  of	
  widespread	
  fault	
  activity	
  in	
  the	
  middle	
  and	
  lower	
  
crust,	
   suggesting	
   that	
   deeper	
   levels	
   of	
   the	
   crust	
  must	
   be	
   involved	
   in	
   the	
   deformation	
   than	
   is	
   predicted	
   by	
   the	
  
imbricate	
  thrust	
  belt	
  model.	
  To	
  address	
  this	
  issue,	
  we	
  present	
  new	
  geological	
  mapping,	
  long-­‐term	
  GPS,	
  earthquake	
  
focal	
  mechanism,	
  and	
  seismic	
  energy	
  release	
  data	
  from	
  the	
  central	
  part	
  of	
  Taiwan.	
  We	
  suggest	
  that	
  the	
  foreland	
  
basin	
   part	
   of	
   the	
  Western	
   Foothills	
   comprises	
   an	
   imbricate	
   thrust	
   system	
   that	
   is	
   structurally	
   and	
   kinematically	
  
linked	
  to	
  a	
  basal	
  detachment	
  at	
  between	
  7	
  and	
  10	
  km	
  depth.	
  To	
  the	
  east	
  of	
  the	
  foreland	
  basin,	
  in	
  the	
  Hsuehshan	
  
Range,	
   our	
   data	
   show	
   the	
   presence	
   of	
  major	
   faults	
   that	
   are	
   steeply	
   dipping	
   and	
  which	
   penetrate	
   25	
   to	
   30	
   km	
  
depth,	
  or	
  more.	
  This	
   indicates	
   that	
  much	
  deeper	
   levels	
  of	
   the	
  crust	
  are	
   involved	
   in	
   the	
  deformation,	
  and	
   that	
  a	
  
structural	
   and	
   kinematic	
   model	
   in	
   which	
   this	
   part	
   of	
   the	
   mountain	
   belt	
   forms	
   a	
   zone	
   of	
   transpression	
   with	
   a	
  
structural	
   architecture	
   similar	
   to	
   that	
   of	
   a	
   crustal-­‐scale	
   positive	
   flower	
   structure	
   better	
   fits	
   the	
   available	
   data.	
  
Eastward,	
   in	
   the	
  Central	
  Range,	
  deep-­‐water	
  sediments	
  appear	
   to	
   form	
  an	
  allochthon	
  that	
   is	
  being	
  overthrust	
  by	
  
Mesozoic	
  basement	
  rocks.	
  The	
  involvement	
  of	
  such	
  deep	
  crustal	
  levels	
  and	
  Mesozoic	
  basement	
  in	
  the	
  deformation	
  
if	
   suggestive	
   of	
   the	
   reactivation	
   of	
   pre-­‐existing	
   basin-­‐bounding	
   faults	
   that	
   where	
   located	
   on	
   the	
   Eurasian	
  
continental	
  margin.	
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The	
  structure	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  is	
  thought	
  to	
  be	
  that	
  of	
  an	
  imbricate	
  thrust	
  and	
  fold	
  belt	
  developed	
  
above	
  a	
  shallowly	
  dipping	
  basal	
  detachment.	
  In	
  recent	
  years,	
  however,	
  a	
  growing	
  amount	
  of	
  seismicity	
  data	
  from	
  
the	
  internal	
  part	
  of	
  the	
  mountain	
  belt	
  indicates	
  the	
  existence	
  of	
  widespread	
  fault	
  activity	
  in	
  the	
  middle	
  and	
  lower	
  
crust,	
   suggesting	
   that	
   deeper	
   levels	
   of	
   the	
   crust	
  must	
   be	
   involved	
   in	
   the	
   deformation	
   than	
   is	
   predicted	
   by	
   the	
  
imbricate	
  thrust	
  belt	
  model.	
  To	
  address	
  this	
  issue,	
  we	
  present	
  new	
  geological	
  mapping,	
  long-­‐term	
  GPS,	
  earthquake	
  
focal	
  mechanism,	
  and	
  seismic	
  energy	
  release	
  data	
  from	
  the	
  central	
  part	
  of	
  Taiwan.	
  We	
  suggest	
  that	
  the	
  foreland	
  
basin	
   part	
   of	
   the	
  Western	
   Foothills	
   comprises	
   an	
   imbricate	
   thrust	
   system	
   that	
   is	
   structurally	
   and	
   kinematically	
  
linked	
  to	
  a	
  basal	
  detachment	
  at	
  between	
  7	
  and	
  10	
  km	
  depth.	
  To	
  the	
  east	
  of	
  the	
  foreland	
  basin,	
  in	
  the	
  Hsuehshan	
  
Range,	
   our	
   data	
   show	
   the	
   presence	
   of	
  major	
   faults	
   that	
   are	
   steeply	
   dipping	
   and	
  which	
   penetrate	
   25	
   to	
   30	
   km	
  
depth,	
  or	
  more.	
  This	
   indicates	
   that	
  much	
  deeper	
   levels	
  of	
   the	
  crust	
  are	
   involved	
   in	
   the	
  deformation,	
  and	
   that	
  a	
  
structural	
   and	
   kinematic	
   model	
   in	
   which	
   this	
   part	
   of	
   the	
   mountain	
   belt	
   forms	
   a	
   zone	
   of	
   transpression	
   with	
   a	
  
structural	
   architecture	
   similar	
   to	
   that	
   of	
   a	
   crustal-­‐scale	
   positive	
   flower	
   structure	
   better	
   fits	
   the	
   available	
   data.	
  
Eastward,	
   in	
   the	
  Central	
  Range,	
  deep-­‐water	
  sediments	
  appear	
   to	
   form	
  an	
  allochthon	
  that	
   is	
  being	
  overthrust	
  by	
  
Mesozoic	
  basement	
  rocks.	
  The	
  involvement	
  of	
  such	
  deep	
  crustal	
  levels	
  and	
  Mesozoic	
  basement	
  in	
  the	
  deformation	
  
if	
   suggestive	
   of	
   the	
   reactivation	
   of	
   pre-­‐existing	
   basin-­‐bounding	
   faults	
   that	
   where	
   located	
   on	
   the	
   Eurasian	
  
continental	
  margin.	
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INTRODUCTION	
  

The	
  structural	
  architecture	
  of	
  the	
  central	
  part	
  of	
  the	
  Taiwan	
  orogen	
  has	
  been	
  classically	
  interpreted	
  as	
  a	
  west-­‐
verging	
  fold-­‐and-­‐thrust	
  belt	
  developed	
  above	
  a	
  shallowly	
  east-­‐dipping	
  detachment	
  (Suppe,	
  1981;	
  Ding	
  et	
  al.,	
  2001;	
  
Carena	
  et	
  al.,	
  2002).	
  Nevertheless,	
  earthquake	
  seismicity	
  (Brown	
  et	
  al.,	
  in	
  review;	
  Wu	
  et	
  al.,	
  1997),	
  magnetotelluric	
  
(Bertrand	
  et	
  al.,	
  2009)	
  and	
  geological	
  (Brown	
  et	
  al.,	
  in	
  review)	
  data	
  suggest	
  that	
  a	
  transpressive,	
  thick-­‐skinned	
  style	
  
of	
  deformation,	
   that	
   is	
   reactivating	
  pre-­‐existing	
  basement	
   faults	
   (Mouthereau	
  et	
  al.,	
  2002),	
  may	
  better	
  describe	
  
the	
  evolving	
  structure	
  of	
  the	
  interior	
  of	
  the	
  central	
  Taiwan	
  mountain	
  belt.	
  In	
  the	
  study	
  area,	
  the	
  change	
  from	
  one	
  
structural	
   style	
   to	
   the	
  other	
   takes	
  place	
  across	
   the	
   Shuilikeng	
   fault	
   system.	
  Therefore,	
  determining	
   its	
   structure	
  
and	
   kinematics	
   has	
   important	
   implications	
   for	
   understanding	
   how	
   the	
   entire	
   Taiwan	
  mountain	
   belt	
   is	
   growing.	
  
Here,	
  we	
  present	
  the	
  results	
  of	
  new	
  structural	
  mapping	
  along	
  the	
  Shuilikeng	
  fault	
  system	
  which	
  is	
  then	
  combined	
  
with	
  earthquake	
  focal	
  mechanism	
  data	
  to	
  better	
  resolve	
  its	
  structure	
  and	
  kinematics.	
  

	
  
GEOLOGICAL	
  BACKGROUND	
  

In	
   the	
   study	
   area,	
   the	
   western	
   part	
   of	
   the	
   central	
   Taiwan	
   mountain	
   belt	
   can	
   be	
   divided	
   into	
   two	
  
tectonostratigraphic	
   zones	
   separated	
  by	
   the	
  Shuilikeng	
   fault	
   system;	
   the	
  Western	
  Foothills	
   to	
   the	
  west,	
  and	
   the	
  
Hsuehshan	
  Range	
   to	
   the	
  east.	
  The	
  Western	
  Foothills	
   comprises	
  unmetamorphosed	
  Eocene	
   to	
  Miocene	
  platform	
  
sediments	
   that	
   are	
   thrust	
   over	
   Late	
   Miocene	
   to	
   Recent	
   synorogenic	
   sediments	
   of	
   the	
   foreland	
   basin.	
   The	
  
Hsuehshan	
   Range	
   is	
   made	
   up	
   of	
   weakly	
   metamorphosed	
   Eocene	
   and	
   Oligocene	
   clastics	
   that,	
   eastward	
   and	
  
southward	
  reach	
  lower	
  greenschist	
  facies	
  and	
  have	
  a	
  penetrative	
  pressure	
  solution	
  cleavage	
  in	
  the	
  hangingwall	
  to	
  
the	
   Tili	
   thrust.	
   The	
   juxtaposition	
   of	
   these	
   two	
   zones	
   across	
   the	
   Shuilikeng	
   fault,	
   together	
   with	
   its	
   structural	
  
architecture,	
   kinematics,	
   and	
   seismicity	
   suggest	
   that	
   it	
   is	
   a	
   steeply	
   east-­‐dipping	
   transpressive	
   fault	
   system,	
  with	
  
linked	
  splays	
  and	
  fault	
  zone	
  bifurcations,	
  that	
  appears	
  to	
  extend	
  into	
  the	
  middle	
  and	
  perhaps	
  even	
  the	
  lower	
  crust	
  
(Brown	
  et	
  al.,	
  in	
  review,	
  Wang	
  et	
  al.,	
  2002).	
  River	
  channel	
  incision	
  and	
  morphology	
  (Yanites	
  et	
  al.,	
  2010),	
  as	
  well	
  as	
  
changes	
  in	
  the	
  stream	
  gradient	
  (Sung	
  et	
  al.,	
  2000)	
  along	
  the	
  main	
  rivers	
  in	
  the	
  interior	
  of	
  the	
  mountain	
  belt,	
  show	
  
that	
  the	
  Shuilikeng	
  fault	
  system	
  has	
  been	
  active	
  throughout	
  the	
  Holocene.	
  	
  
	
  
FIELD	
  DATA	
  

Throughout	
  the	
  study	
  area,	
  the	
  Shuilikeng	
  fault	
  system	
  is	
  defined	
  by	
  the	
  structural	
  juxtaposition	
  of	
  the	
  Eocene	
  
and	
  Oligocene	
  rocks	
  against	
  the	
  Miocene.	
  The	
  main	
  fault	
  zone	
  has	
  a	
  marked	
  geomorphological	
  signature	
  defined	
  
by	
   a	
   series	
   of	
   roughly	
   N-­‐S-­‐sriking	
   valleys.	
  While	
   it	
   crops	
   out	
   poorly,	
   it	
   can	
   be	
   an	
   up	
   to	
   kilometre-­‐wide	
   zone	
   of	
  
intense	
  brecciation,	
  or	
  a	
  several	
  kilometre-­‐wide	
  area	
  of	
  complex	
   faulting	
  and	
   folding.	
  The	
  structural	
   style	
  of	
   the	
  
Shuilikeng	
  fault	
  system	
  changes	
  from	
  north	
  to	
  south.	
  

To	
   the	
   north,	
   it	
   is	
   defined	
  by	
   steeply	
   dipping	
   diverging	
   splays	
   and	
  by	
   non-­‐cylindrical	
   folds	
   branching	
   off	
   the	
  
Shuilikeng	
  fault.	
  In	
  the	
  Hsuehshan	
  Range	
  these	
  diverging	
  features	
  are	
  north-­‐northeast-­‐striking	
  with	
  the	
  folds	
  being	
  
largely	
   asymmetric	
   and	
   west-­‐northwest-­‐verging.	
   In	
   the	
   Western	
   Foothills	
   they	
   are	
   north-­‐striking	
   and	
   roughly	
  
parallel	
  to	
  the	
  surface	
  trace	
  of	
  the	
  Shuilikeng	
  fault.	
  For	
  example,	
  the	
  easternmost	
  margin	
  of	
  the	
  Western	
  Foothills	
  
is	
  deformed	
  by	
  the	
  steeply	
  dipping	
  nearly	
  north-­‐striking	
  Guaosing	
  fault	
  splaying	
  off	
  the	
  Shuilikeng	
  fault	
  and	
  by	
  the	
  
associated	
   north-­‐trending	
   Tachiwei-­‐Guaosing	
   syncline-­‐anticline	
   pair.	
   Minor	
   faults	
   related	
   to	
   the	
   Guaosing	
   fault	
  
show	
  a	
  composite	
  kinematics	
  with	
  left-­‐lateral	
  transpressive	
  senses	
  of	
  movement	
  being	
  dominant.	
  

To	
  the	
  south,	
  the	
  structure	
  of	
  the	
  Hsuehshan	
  Range	
  is	
  dominated	
  by	
  right-­‐lateral	
  east-­‐striking	
  strike-­‐slip	
  faults	
  
while	
  that	
  of	
  the	
  Western	
  Foothills	
  is	
  defined	
  by	
  a	
  rejoining	
  splay	
  branching	
  off	
  the	
  Shuilikeng	
  fault	
  and	
  isolating	
  a	
  
lens-­‐shaped	
  horse	
  of	
  Miocene	
  rocks.	
  For	
  most	
  of	
  its	
  length	
  the	
  rejoining	
  splay	
  is	
  defined	
  by	
  a	
  wide	
  north-­‐striking	
  



	
  148	
  

breccia	
  zone	
  developed	
  into	
  a	
  very	
  thick-­‐bedded	
  sandstone	
  unit.	
  Kinematic	
  indicators	
  such	
  as	
  slickenfibres	
  show	
  a	
  
complex	
  kinematic	
  pattern,	
  with	
  a	
  slight	
  dominance	
  of	
  right-­‐	
  and	
  left-­‐lateral	
  strike-­‐slip	
  senses	
  of	
  movement.	
  	
  

In	
  its	
  southernmost	
  part,	
  the	
  Shuilikeng	
  fault	
  is	
  defined	
  by	
  a	
  several	
  hundred	
  meters-­‐wide	
  high	
  strain	
  zone	
  of	
  
intense	
   faulting	
   and	
   folding.	
   The	
   resultant	
   geometries	
   are	
   very	
   complex	
  with	
   the	
   thick-­‐bedded	
   sandstone	
   units	
  
being	
   largely	
  brecciated	
  and	
  the	
  thin-­‐bedded	
  sandstone	
  and	
  shale	
  units	
  undergoing	
  very	
  disharmonic	
   folding.	
   In	
  
that	
  part	
  of	
  the	
  map	
  area,	
  the	
  structure	
  of	
  the	
  Western	
  Foothills	
  is	
  defined	
  by	
  a	
  north-­‐northeast-­‐oriented	
  horsetail	
  
fanlike	
  map	
  pattern	
  branching	
  off	
   the	
  Shuilikeng	
   fault	
  comprising	
  a	
  km-­‐wavelength	
  regional	
  anticlinorium	
  highly	
  
folded	
  and	
  faulted	
  along	
  its	
  limbs.	
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INTRODUCTION	
  

The	
   structure	
   of	
   the	
   faulted	
   and	
   folded	
   rocks	
   of	
   the	
   Eurasian	
   continental	
   margin	
   involved	
   in	
   the	
   Taiwan	
  
mountain	
   belt	
   is	
   often	
   presented	
   as	
   an	
   imbricate	
   thrust	
   and	
   fold	
   belt	
   developed	
   above	
   a	
   shallowly	
   eastward-­‐	
  
dipping	
  basal	
  detachment	
   (e.g.,	
  Suppe,	
  1980,	
  1981).	
  The	
  bulk	
  of	
   the	
  data	
   for	
   this	
   interpretation	
  of	
   the	
  structure	
  
comes	
   from	
   surface	
   geological	
   observations,	
   shallow	
   reflection	
   seismics,	
   and	
   borehole	
   data	
   along	
   the	
   western	
  
flank	
  of	
   the	
  mountain	
  belt,	
   in	
  what	
   is	
  known	
  as	
  the	
  Western	
  Foothills.	
  The	
  more	
   internal	
  parts	
  of	
   the	
  mountain	
  
belt	
  are	
  less	
  well	
  understood	
  because	
  of	
  difficult	
  access	
  in	
  the	
  areas	
  of	
  high	
  rugged	
  topography	
  and	
  heavy	
  forest	
  
cover.	
   Nevertheless,	
   collapsing	
   and	
   selective	
   picking	
   of	
   relocated	
   small	
   magnitude	
   (between	
   ML	
   1	
   and	
   4)	
  
earthquake	
  hypocenter	
  data	
  appears	
  to	
  validate	
  the	
  interpretation	
  of	
  extending	
  a	
  detachment	
  from	
  beneath	
  the	
  
Western	
  Foothills	
  across	
   the	
  entire	
  mountain	
  belt.	
  Combining	
   these	
  seismicity	
  data	
  with	
  surface	
  geological	
  data	
  
from	
  published	
  geological	
  maps	
  from	
  the	
  Western	
  Foothills	
  and	
  the	
  western	
  part	
  of	
  the	
  Hsuehshan	
  Range,	
  others	
  
have	
   also	
   interpreted	
   the	
   basal	
   detachment	
   to	
   extend	
   eastward,	
   with	
   ramps	
   and	
   flats,	
   beneath	
   the	
   entire	
  
mountain	
  belt.	
  In	
  this	
  latter	
  interpretation,	
  the	
  more	
  internal	
  units	
  are	
  structurally	
  linked	
  to	
  the	
  basal	
  detachment,	
  
forming	
  three	
  imbricate	
  thrust	
  sheets	
  with	
  the	
  largest	
  of	
  these,	
  the	
  Tili	
  thrust	
  sheet,	
  transporting	
  nearly	
  the	
  entire	
  
Taiwan	
  mountain	
  belt	
  at	
  least	
  several	
  10’s	
  of	
  kilometres	
  westward.	
  

There	
   is,	
   however,	
   a	
   growing	
   amount	
   of	
   geophysical	
   data	
   from	
   the	
   internal	
   part	
   of	
   the	
  mountain	
   belt	
   that	
  
indicates	
  widespread	
  fault	
  activity	
  in	
  the	
  middle	
  and	
  lower	
  crust,	
  well	
  below	
  the	
  level	
  of	
  the	
  proposed	
  detachment	
  
(e.g.,	
   Wu	
   et	
   al.,	
   1997,	
   2004).	
   For	
   example,	
   recent	
   magnetotelluric	
   experiments	
   show	
   a	
   prominent	
   electrical	
  
conductor	
  that	
  extends	
  into	
  the	
  middle	
  crust,	
  crossing	
  the	
  proposed	
  detachment.	
  Similarly,	
  analyses	
  of	
  seismicity	
  
data	
  also	
  indicate	
  that	
  there	
  are	
  several	
  steeply	
  dipping	
  faults	
  that	
  penetrate	
  into	
  the	
  middle	
  and	
  perhaps	
  even	
  the	
  
lower	
  crust.	
  On	
  the	
  basis	
  of	
  these	
  data,	
  it	
  has	
  been	
  suggested	
  that	
  any	
  model	
  for	
  the	
  structural	
  architecture	
  of	
  the	
  
Taiwan	
  mountain	
  belt	
  needs	
  to	
  incorporate	
  a	
  number	
  of	
  steeply	
  dipping	
  faults	
  that	
  involve	
  nearly	
  the	
  entire	
  crust.	
  
A	
  corollary	
  to	
  this	
  is	
  that	
  these	
  faults	
  would	
  have	
  to	
  cut	
  the	
  basal	
  detachment	
  proposed	
  in	
  the	
  imbricate	
  fold	
  and	
  
thrust	
  belt	
  model.	
  This	
  proposal	
  therefore	
  has	
  significant	
  implications	
  for	
  the	
  geometric,	
  mechanical	
  and	
  kinematic	
  
evolution	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  that	
  are	
  very	
  different	
  from	
  what	
  has	
  so	
  far	
  been	
  presented	
  on	
  the	
  basis	
  of	
  
the	
  imbricate	
  thrust	
  belt	
  model.	
  

While	
  geophysical	
  and	
  thermochronological	
  data	
  can	
  provide	
  significant	
  insights	
  into	
  the	
  geometry,	
  kinematics,	
  
and	
  mechanics	
  of	
  the	
  Taiwan	
  mountain	
  belt,	
  in	
  order	
  to	
  further	
  advance	
  our	
  understanding	
  of	
  the	
  structures	
  that	
  
provide	
  first	
  order	
  controls	
  on	
  these	
  types	
  of	
  data	
  much	
  more	
  surface	
  geology	
  data	
  is	
  needed	
  from	
  its	
  interior.	
  In	
  
this	
  paper	
  we	
  present	
  new	
  geological	
  mapping	
  in	
  the	
  central	
  part	
  of	
  Taiwan	
  which	
  spans	
  nearly	
  the	
  entire	
  width	
  of	
  
the	
  mountain	
  belt.	
  

	
  
STRUCTURE	
  AND	
  KINEMATICS	
  

Our	
   surface	
   geological	
  mapping	
   presented	
  here	
   indicates	
   that	
   in	
   Central	
   Taiwan,	
   from	
   the	
   buried	
  Changhua	
  
thrust	
   in	
   the	
  west	
   to	
   the	
   Tananao	
  Unit	
   in	
   the	
   east,	
   the	
  mountain	
   belt	
   can	
   be	
   divided	
   into	
   six	
   distinct,	
   roughly	
  
northeast-­‐southwest	
  trending	
  fault	
  bounded	
  units.	
  

These	
  data	
  corroborate	
  the	
  previous	
  interpretations	
  of	
  a	
  gently	
  eastward-­‐dipping	
  detachment	
  at	
  about	
  7	
  to	
  10	
  
km	
  depth	
   below	
   the	
  Western	
   Foothills.	
   Like	
   the	
   previous	
   interpretations,	
   to	
   the	
   north	
   of	
   the	
   Choshui	
   River	
  we	
  
place	
  the	
  detachment	
  to	
  the	
  Changhua-­‐	
  Chelungpu	
  imbricate	
  thrust	
  system	
  within	
  the	
  Chinshui	
  shale	
  member	
  of	
  
Cholan	
  Formation	
  synorogenic	
  sediments.	
  South	
  of	
  the	
  Choshui	
  River,	
  however,	
  there	
  is	
  a	
  significant	
  change	
  in	
  the	
  
location	
  of	
  this	
  basal	
  detachment	
  as	
  it	
  ramps	
  down	
  section	
  into	
  the	
  older	
  Miocene	
  rocks,	
  placing	
  them	
  on	
  top	
  of	
  
Pleistocene	
   rocks	
   in	
   the	
   Neilin	
   anticline.	
   Rare	
   kinematic	
   indicators	
   found	
   in	
   the	
   field	
   indicate	
   a	
   top-­‐to-­‐the-­‐
northwest	
  (oblique)	
  sense	
  of	
  movement	
  is	
  taking	
  place.	
  



	
  150	
  

Unlike	
  previous	
  interpretations,	
  we	
  suggest	
  that	
  the	
  detachment	
  beneath	
  the	
  Changhua-­‐Chelungpu	
  imbricate	
  
thrust	
  system	
  does	
  not	
  continue	
  eastward	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
   ranges.	
   Instead,	
   it	
  appears	
   to	
  be	
  
truncated	
  by,	
  or	
   is	
  perhaps	
  somehow	
   linked	
  with,	
   the	
  Shuilikeng	
   fault.	
  We	
  recognise	
   that	
   there	
  are	
  problems	
   in	
  
interpreting	
   the	
   geometry	
   of	
   the	
   Shuangtung	
   thrust	
   at	
   depth.	
   In	
   this	
   study,	
  we	
   suggest	
   that	
   since	
   it	
   cuts	
   down	
  
section	
  through	
  the	
  Miocene	
  and	
  into	
  Eocene-­‐aged	
  Paileng	
  Formation	
  rocks	
  it	
  is	
  more	
  likely	
  to	
  be	
  structurally	
  and	
  
kinematically	
   linked	
   to	
   the	
  Sun-­‐Moon	
  Lake	
  Unit,	
  although	
   its	
  eastern	
   flank	
  has	
  been	
  cut	
  by	
   the	
  Shuilikeng	
   fault.	
  
With	
  the	
  current	
  data,	
  however,	
  it	
  is	
  not	
  possible	
  to	
  determine	
  the	
  nature	
  of	
  this	
  linkage.	
  In	
  the	
  surface	
  geology,	
  
the	
  Shuangtung	
  thrust	
  places	
  Miocene	
  rocks	
  on	
  top	
  of	
  the	
  upper	
  part	
  of	
  the	
  Toukoshan	
  Formation,	
  indicating	
  that	
  
is	
  was	
  active	
  during	
  the	
  late	
  Pleistocene	
  to	
  Holocene.	
  

We	
  suggest	
  that	
  the	
  Shuilikeng	
  fault,	
  rather	
  than	
  being	
  a	
  single	
  discrete	
  feature,	
  comprises	
  a	
  system	
  of	
  faults	
  
and	
   folds	
   that	
   splay	
   off	
   the	
   main	
   fault,	
   resulting	
   in	
   a	
   regional	
   map	
   pattern	
   that	
   is	
   strongly	
   suggestive	
   of	
   a	
  
transpressive	
  or	
  strike-­‐slip	
  system	
  fault.	
  This	
  Shuilikeng	
  fault	
  “system”	
  dominates	
  the	
  structure	
  of	
  the	
  Sun-­‐Moon	
  
Lake	
  Unit	
  in	
  the	
  map	
  area.	
  The	
  bending	
  of	
  folds	
  (e.g.,	
  the	
  Tingkan	
  syncline	
  or	
  the	
  Tsukeng	
  anticline),	
  together	
  with	
  
the	
  bending	
  and	
  truncation	
  of	
  the	
  Tili	
  Unit,	
  against	
  the	
  Shuilikeng	
  fault	
  indicates	
  that	
  it	
  has	
  a	
  sinistral	
  component	
  
of	
  displacement.	
  

The	
  Tili	
  thrust	
  marks	
  a	
  clear	
  structural	
  and	
  metamorphic	
  boundary	
  in	
  the	
  Hsuehshan	
  Range.	
  It	
  juxtaposes	
  lower	
  
metamorphic	
  grade	
  rocks	
  of	
  the	
  Sun-­‐	
  Moon	
  Lake	
  Unit	
  against	
  higher	
  grade	
  rocks	
  with	
  a	
  well-­‐developed	
  cleavage	
  of	
  
the	
   Tili	
   Unit.	
   It	
   also	
   represents	
   an	
   abrupt	
   change	
   in	
   structural	
   style	
   from	
   the	
   Sun-­‐Moon	
   Lake	
   Unit,	
   with	
   fault	
  
propagation	
  folding	
  becoming	
  dominant	
  and	
  a	
  well-­‐developed	
  axial	
  planar	
  cleavaged	
  being	
  developed.	
  

We	
  confirm,	
   for	
   the	
   first	
   time,	
   the	
  presence	
  of	
  a	
  clearly	
  defined	
  zone	
  of	
   intense	
  ductile	
  strain	
   that	
  coincides	
  
with	
  the	
  location	
  of	
  the	
  Lishan	
  fault.	
  This	
  high	
  strain	
  zone,	
  together	
  with	
  the	
  recent	
  finding	
  of	
   large	
  foraminifera	
  
that	
  are	
  assigned	
  to	
  the	
  NP14	
  biozone	
  in	
  rocks	
  along	
  the	
  western	
  side	
  of	
  the	
  Lishan	
  fault	
  confirm	
  that	
  it	
  juxtaposes	
  
Early	
   to	
   Middle	
   Eocene	
   higher	
   metamorphic	
   grade	
   rocks	
   of	
   the	
   Tili	
   Unit	
   against	
   Middle	
   Miocene	
   lower	
  
metamorphic	
  grade	
  rocks	
  of	
  the	
  Lushan	
  Unit.	
  

To	
  the	
  east	
  of	
  the	
  Lishan	
  fault,	
  the	
  Lushan	
  Unit	
  displays	
  highly	
  nonclyndrical	
  folding.	
  In	
  general,	
  the	
  structure	
  
displays	
  an	
  overall	
  northwest	
  vergence,	
  which	
  we	
  can	
  determine	
  from	
  the	
  well	
  developed,	
  moderately	
  southeast-­‐
dipping	
   cleavage.	
  Nevertheless,	
   it	
   is	
  not	
  possible	
   to	
  determine	
   the	
  deep	
   subsurface	
   structure	
   in	
   this	
  part	
  of	
   the	
  
Central	
  Range	
  because	
  of	
  the	
  lack	
  of	
  seismicity.	
  There	
  is	
  only	
  a	
  minor	
  increase	
  in	
  both	
  the	
  horizontal	
  and	
  vertical	
  
components	
  of	
  GPS	
  velocity	
  vector	
  from	
  the	
  Tili	
  Unit	
  to	
  the	
  Lushan	
  Unit.	
  

We	
  have	
  very	
  little	
  geological	
  data	
  from	
  the	
  Tananao	
  Unit,	
  which	
  is	
  being	
  thrust	
  westward	
  over	
  the	
  Lushan	
  Unit	
  
along	
  the	
  Chinma	
  fault.	
  This	
  fault	
  outcrops	
  very	
  well	
  along	
  the	
  Central	
  Cross	
  Island	
  Highway,	
  where	
  it	
  clearly	
  dips	
  
ca.	
  60o	
  to	
  the	
  southeast.	
  

	
  
RELATIVE	
  DEFORMATION	
  SEQUENCE	
  

We	
   interpret	
   the	
   earliest	
   deformation	
   associated	
   with	
   the	
   Taiwan	
   orogeny	
   in	
   our	
   map	
   area	
   to	
   be	
   the	
  
development	
  and	
  emplacement	
  of	
  the	
  Tili	
  and	
  Lushan	
  units.	
  It	
  is	
  not	
  possible	
  to	
  accurately	
  constrain	
  the	
  age	
  and	
  
timing	
  of	
  emplacement	
  of	
  these	
  units,	
  but	
  the	
  first	
  appearance	
  of	
  lithic	
  clasts	
  containing	
  a	
  cleavage	
  in	
  the	
  forearc	
  
region	
   of	
   the	
   Coastal	
   Range	
   and	
   in	
   the	
   Western	
   Foothills	
   foreland	
   basin	
   sediments	
   occurred	
   during	
   the	
   Early	
  
Pliocene,	
  or	
  some	
  3.5	
  to	
  4	
  My	
  ago.	
  This	
  indicates	
  that	
  these	
  rocks	
  were	
  above	
  sea	
  level	
  and	
  being	
  eroded	
  by	
  this	
  
time.	
  Further	
  indications	
  that	
  this	
  is	
  one	
  of	
  the	
  earliest	
  events	
  recorded	
  in	
  the	
  map	
  area	
  is	
  given	
  by	
  the	
  geometric	
  
relationships	
  between	
  faults.	
  For	
  example,	
  the	
  Tili	
  Unit	
  is	
  cut	
  by	
  the	
  Shuilikeng	
  fault	
  system	
  in	
  the	
  southwest	
  and	
  
appears	
  to	
  be	
  cut	
  by	
  the	
  Lishan	
  fault	
   in	
  the	
  northeast	
  (out	
  of	
  the	
  current	
  map	
  area).	
  Similarly,	
  along	
   its	
  western	
  
flank	
  the	
  Lushan	
  Unit	
  is	
  cut	
  by	
  the	
  Lishan	
  fault	
  and,	
  in	
  the	
  east,	
  by	
  the	
  Chinma	
  fault.	
  These	
  geometric	
  relationships	
  
indicate	
  that	
  activity	
  along	
  the	
  Shuilikeng,	
  Lishan,	
  and	
  Chinma	
  faults	
  must	
  post-­‐date	
  the	
  emplacement	
  of	
  the	
  Tili	
  
and	
  Lushan	
  units.	
  We	
  therefore	
  suggest	
  that,	
  despite	
  the	
  different	
  metamorphic	
  conditions	
  undergone	
  by	
  the	
  Tili	
  
and	
  Lushan	
  units,	
  that	
  there	
  is	
  a	
  close	
  enough	
  similarity	
  in	
  the	
  structural	
  style	
  and	
  in	
  the	
  orientations	
  of	
  bedding	
  
and	
  cleavage	
  between	
  the	
  two	
  to	
   interpret	
  that	
  they	
  developed	
  at	
  the	
  same	
  time,	
  early	
  on	
   in	
  the	
  history	
  of	
  the	
  
Taiwan	
   orogeny,	
   and	
   that	
   they	
   were	
   both	
   being	
   emplaced	
   by	
   at	
   least	
   the	
   Early	
   Pliocene.	
   These	
   units	
   were	
  
subsequently	
  juxtaposed	
  along	
  the	
  Lishan	
  fault	
  at	
  some	
  unknown	
  time.	
  

The	
  second	
  phase	
  of	
  deformation	
  related	
  to	
  the	
  Taiwan	
  orogeny	
  that	
  we	
  see	
  in	
  the	
  current	
  study	
  area	
  is	
  the	
  in-­‐
sequence	
  development	
  of	
  the	
  Shuangtung,	
  Chelungpu,	
  and	
  Changhua	
  units,	
  respectively.	
  On	
  the	
  basis	
  of	
  foreland	
  
basin	
  sedimentation,	
  geomorphic	
  structures,	
  and	
  magnetostratigraphy,	
  it	
  has	
  been	
  estimated	
  that	
  the	
  Shuangtung	
  
thrust	
  became	
  active	
  at	
  ca.	
  1.1	
  Ma,	
  the	
  Chelungpu	
  thrust	
  at	
  0.7	
  to	
  0.9	
  Ma.,	
  and	
  the	
  Changhua	
  at	
  0.62	
  to	
  0.65	
  Ma.	
  

The	
  last	
  fault	
  activity	
  to	
  start	
  in	
  the	
  study	
  area	
  is	
  related	
  to	
  the	
  Shuilikeng	
  fault	
  system,	
  and	
  possibly	
  the	
  Lishan	
  
fault.	
  The	
  Shuilikeng	
  fault	
  system	
  is	
  active	
  and	
  has	
  been	
  so	
  throughout	
  the	
  Holocene.	
  Our	
  mapping	
  clearly	
  shows	
  
that	
   it	
   affects	
   the	
   eastern	
   margin	
   of	
   the	
   Shuangtung	
   Unit	
   and	
   therefore	
   post-­‐dates	
   its	
   emplacement.	
   At	
   the	
  
moment,	
   it	
   is	
  not	
  possible	
  to	
  place	
  any	
  constraints	
  on	
  the	
  age	
  of	
  activity	
  along	
  the	
  Lishan	
  fault.	
  Although,	
  within	
  
our	
  map	
  area,	
  seismic	
  activity	
  along	
  its	
  southern	
  part	
  indicates	
  that	
  it	
  is	
  active.	
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INTRODUCTION	
  

One	
  of	
  the	
  basic	
  tenets	
  in	
  the	
  geometric,	
  mechanical,	
  numerical,	
  and	
  analog	
  modeling	
  of	
  mountain	
  belts	
  is	
  that	
  
there	
  is	
  a	
  through-­‐going,	
  gently	
  dipping	
  basal	
  detachment	
  at	
  shallow	
  depths	
  beneath	
  their	
  flanks,	
  above	
  which	
  a	
  
foreland	
  thrust	
  and	
  fold	
  belt	
  develops.	
  The	
  Taiwan	
  mountain	
  belt	
   is	
  often	
  cited	
  as	
  an	
  example	
  par	
  excellence	
  of	
  
this	
   sort	
   of	
   thrust	
   and	
   fold	
   belt	
   (Suppe,	
   1980,	
   1981;	
   Carena	
   et	
   al.,	
   2002),	
   and	
   it	
   has	
   consequently	
   served	
   as	
   an	
  
important	
  example	
  for	
  the	
  development	
  of	
  the	
  critical	
  wedge	
  model	
  (Davis	
  et	
  al.,	
  1983;	
  Dahlen	
  et	
  al.,	
  1984).	
  But,	
  
does	
  this	
  through-­‐	
  going	
  detachment	
  model	
  indeed	
  apply	
  to	
  the	
  Taiwan	
  thrust	
  belt?	
  

The	
  Taiwan	
  thrust	
  belt	
  has	
  been	
  forming	
  since	
  the	
  Late	
  Miocene	
  as	
  the	
  result	
  of	
  the	
  collision	
  of	
  the	
  Luzon	
  arc	
  
with	
   the	
   southeast	
   Eurasian	
   margin.	
   In	
   the	
   surface	
   geology,	
   the	
   Taiwan	
   orogen	
   can	
   be	
   divided	
   into	
   four	
   N-­‐S	
  
oriented	
   tectonostratigraphic	
   zones	
   that	
   are	
   separated	
  by	
  major	
   faults.	
   From	
  west	
   to	
  east	
   these	
   zones	
   are;	
   the	
  
Western	
   Foothills,	
   the	
   Hsuehshan	
   Range,	
   the	
   Central	
   Range,	
   and	
   the	
   Coastal	
   Range.	
   The	
   Western	
   Foothills,	
  
Hsuehshan	
  Range,	
  and	
  the	
  Central	
  Range	
  are	
  comprised	
  of	
   the	
  rocks	
   from	
  the	
   imbricated	
  continental	
  margin	
  of	
  
Eurasia	
  and	
  the	
  foreland	
  basin.	
  It	
  is	
  these	
  three	
  zones,	
  and	
  the	
  structures	
  that	
  mark	
  the	
  boundaries	
  between	
  them,	
  
in	
  particular	
  the	
  Shuili-­‐Keng	
  and	
  Lishan	
  faults,	
  that	
  are	
  of	
  interest	
  to	
  this	
  paper.	
  The	
  Coastal	
  Range	
  is	
  comprised	
  of	
  
volcanic	
   rocks	
   and	
   sediments	
   of	
   the	
   Luzon	
   arc,	
   which	
   is	
   being	
   thrust	
   over	
   the	
   Eurasian	
   margin	
   along	
   the	
  
Longitudinal	
  Valley	
  Fault.	
  

By	
  far,	
  the	
  bulk	
  of	
  the	
  data	
  for	
  constructing	
  the	
  structural	
  architecture	
  of	
  the	
  Taiwan	
  thrust	
  belt,	
  including	
  its	
  
basal	
  detachment,	
  has	
  come	
   from	
  surface	
  geological	
  observations	
  and	
  shallow	
  reflection	
  seismic	
  data	
  along	
   the	
  
western	
  flank	
  of	
  the	
  thrust	
  belt.	
  On	
  a	
  geometric	
  basis	
  for	
  geological	
  cross-­‐section	
  construction,	
  the	
  shallow	
  basal	
  
detachment	
   determined	
   from	
   there	
   was	
   then	
   extrapolated	
   eastward	
   beneath	
   the	
   whole	
   thrust	
   belt.	
   Recently,	
  
selective	
   picking	
   of	
   relocated	
   earthquake	
   hypocenter	
   data	
   has	
   been	
   presented	
   as	
   a	
   validation	
   of	
   the	
   shallow	
  
detachment	
   model	
   (Carena	
   et	
   al.,	
   2002).	
   Nevertheless,	
   with	
   a	
   growing	
   amount	
   of	
   seismicity	
   data	
   indicating	
  
widespread	
   activity	
   in	
   the	
   middle	
   and	
   lower	
   crust,	
   particularly	
   beneath	
   the	
   central	
   part	
   of	
   the	
   thrust	
   belt,	
  
researchers	
   have	
   begun	
   to	
   challenge	
   the	
   shallow	
   detachment	
   model	
   (Wu	
   et	
   al.,	
   1997,	
   2004).	
   These	
   authors	
  
suggest	
   that	
  any	
  model	
   for	
   the	
  structural	
  architecture	
  of	
   the	
  Taiwan	
  thrust	
  belt	
  needs	
  to	
   incorporate	
  nearly	
   the	
  
entire	
  crust	
  and	
  include	
  a	
  number	
  of	
  steeply	
  dipping	
  faults	
  that	
  penetrate	
  to	
  the	
  lower	
  crust,	
  where	
  they	
  possibly	
  
link	
  with	
  a	
  deep	
  detachment.	
  This	
  interpretation	
  has	
  significant	
  implications	
  for	
  the	
  geometrical,	
  mechanical	
  and	
  
kinematic	
  evolution	
  of	
  the	
  thrust	
  belt	
  that	
  is	
  different	
  from	
  what	
  has	
  so	
  far	
  been	
  predicted	
  by	
  the	
  wedge-­‐	
  shaped	
  
shallow	
  detachment	
  model.	
  

Here	
  we	
  present	
  an	
  imaging	
  approach	
  that	
  uses	
  cumulative	
  seismic	
  energy	
  release	
  data	
  to	
  resolve	
  the	
  crustal-­‐
scale	
   structure	
   in	
   central	
   Taiwan.	
   By	
   using	
   this	
   approach	
  we	
   are	
   able	
   to	
   determine	
   the	
   locations	
   of	
   the	
  major	
  
structures	
  at	
  depth	
  beneath	
  much	
  of	
   the	
  Taiwan	
   thrust	
  belt.	
  We	
  show	
  that	
  a	
  model	
   in	
  which	
   the	
  deep	
  crust	
  of	
  
Taiwan	
  is	
  being	
  deformed	
  may	
  be	
  more	
  appropriate	
  than	
  the	
  shallow	
  detachment	
  model.	
  

	
  
SEISMIC	
  ENERGY	
  RELEASE	
  APPROACH	
  

Earthquake	
   hypocenter	
   maps	
   and	
   sections	
   with	
   a	
   large	
   number	
   of	
   seismic	
   events	
   can	
   provide	
   important	
  
information	
   about	
   the	
   geometry	
   of	
   fault	
   systems.	
   There	
   are,	
   however,	
   several	
   disadvantages.	
   For	
   example,	
  
clustering	
  of	
  events	
  may	
  be	
  misleading	
  in	
  the	
  visual	
  inspection	
  of	
  these	
  maps	
  and	
  sections,	
  since	
  small	
  magnitude	
  
events	
   cannot	
   be	
   distinguished	
   from	
   large	
   ones.	
  With	
   an	
   energy	
   increase	
   of	
   about	
   a	
   factor	
   of	
   30	
   for	
   each	
   unit	
  
increase	
  in	
  magnitude,	
  the	
  cumulative	
  energy	
  released	
  by	
  many	
  small	
  events	
  may	
  not	
  reach	
  the	
  energy	
  of	
  a	
  single	
  
large	
  event,	
  and	
  this	
  can	
  mask	
  the	
  important	
  structures	
  along	
  which	
  major	
  earthquakes	
  occur.	
  Also,	
  in	
  hypocenter	
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cross-­‐sections	
  events	
   are	
   generally	
  projected	
  over	
  distances	
  of	
   10’s	
  of	
   km’s	
  onto	
   the	
  plane	
  of	
   section.	
  Many	
  of	
  
these	
  events	
  may	
  be	
  related	
  to	
  structures	
  that	
  are	
  not	
  present	
  in	
  the	
  plane	
  of	
  the	
  section,	
  or	
  which	
  intersect	
  it	
  in	
  a	
  
completely	
  different	
  place	
  from	
  where	
  the	
  events	
  are	
  projected.	
  The	
  advantages	
  of	
  using	
  the	
  cumulative	
  energy	
  
release	
   method	
   are	
   that	
   zones	
   of	
   high	
   magnitude	
   earthquakes	
   are	
   readily	
   distinguished	
   and	
   imaged	
   in-­‐situ.	
  
Following	
   this,	
  we	
   assume	
   that	
   the	
   highs	
   in	
   cumulative	
   energy	
   release	
   are	
   related	
   to	
   earthquakes	
   taking	
   place	
  
along	
   the	
   major	
   structures.	
   A	
   limitation	
   of	
   the	
   cumulative	
   energy	
   release	
   modelling	
   is	
   the	
   recurrence	
   time	
   of	
  
earthquakes,	
  which	
  can	
  significantly	
  bias	
  the	
  results	
  locally	
  and	
  may	
  account	
  for	
  areas	
  of	
  low	
  energy	
  release	
  such	
  
as	
  in	
  the	
  western	
  part	
  of	
  the	
  Central	
  Range.	
  Nevertheless,	
  the	
  large	
  number	
  of	
  events	
  recorded	
  in	
  the	
  study	
  area	
  
over	
  the	
  15	
  year	
  period	
  used	
  here	
  provides	
  an	
  important	
  new	
  view	
  of	
  the	
  crustal	
  structure.	
  

For	
  our	
  modelling	
  in	
  central	
  Taiwan,	
  we	
  extracted	
  34,818	
  events	
  (>ML	
  =	
  2)	
  from	
  the	
  1991	
  to	
  2008	
  database	
  of	
  
relocated	
   earthquakes.	
   In	
   accordance	
   with	
   the	
   Taiwan	
   Central	
   Weather	
   Bureau	
   Seismic	
   Network	
   Earthquake	
  
Catalogue,	
   the	
   local	
  magnitude	
  ML	
   is	
  used	
  to	
  compute	
   the	
  seismic	
  energy	
   release	
   (E,	
  units	
  are	
   in	
  ergs)	
   for	
  each	
  
event	
  using	
  the	
  empirical	
  relation	
  

logE=9.4+2.14ML	
  -­‐0.054ML**2	
  

In	
  this	
  study,	
  cumulative	
  seismic	
  energy	
  release	
  was	
  determined	
  in	
  a	
  3D	
  volume	
  using	
  a	
  discretized	
  100m	
  grid	
  
in	
  which	
  the	
  energy	
  is	
  summed	
  for	
  all	
  events	
  that	
  are	
   located	
  within	
  a	
  sphere	
  of	
  2	
  km	
  diameter	
  centred	
  at	
  each	
  
grid	
  point.	
  Horizontal	
  and	
  vertical	
  slices	
  were	
  then	
  cut	
  through	
  the	
  volume.	
  

	
  
SEISMIC	
  ENERGY	
  RELEASE	
  IN	
  CENTRAL	
  TAIWAN	
  

The	
   seismic	
   energy	
   being	
   released	
   by	
   earthquakes	
   in	
   the	
   Western	
   Foothills	
   of	
   central	
   Taiwan	
   is	
   largely	
  
scattered	
  throughout	
  the	
  upper	
  30	
  km	
  of	
  crust,	
  with	
  minor	
  amounts	
  being	
  released	
  to	
  a	
  depth	
  of	
  at	
  least	
  40	
  km.	
  
There	
  is	
  a	
  relatively	
  higher	
  amount	
  of	
  energy	
  being	
  released	
  along	
  its	
  eastern	
  flank,	
  and	
  a	
  marked	
  high	
  occurs	
  in	
  
the	
  central	
  and	
  southern	
  part	
  of	
  the	
  map	
  area	
  that	
  is	
  centred	
  at	
  about	
  10	
  km	
  depth.	
  The	
  subhorizontal	
  cumulative	
  
energy	
  release	
  high	
  located	
  at	
  ca.	
  10	
  km	
  depth	
  beneath	
  the	
  Western	
  Foothills	
  can	
  be	
  interpreted	
  to	
  image	
  a	
  basal	
  
detachment.	
   This	
   detachment	
   coincides	
   with	
   the	
   one	
   that	
   has	
   been	
   inferred	
   from	
   earthquake	
   hypocenter	
  
locations,	
   but	
   is	
   several	
   kilometres	
   deeper	
   than	
   that	
   determined	
   from	
   geological	
   cross-­‐section	
   balancing	
  
techniques.	
  The	
  relative	
  increase	
  in	
  cumulative	
  energy	
  release	
  in	
  the	
  upper	
  10	
  km	
  of	
  crust	
  along	
  the	
  eastern	
  flank	
  
of	
  the	
  Western	
  Foothills	
  seems	
  to	
  be	
  related	
  to	
  earthquakes	
  occuring	
  along	
  faults	
  within	
  the	
  zone.	
  

There	
   is	
   an	
  abrupt	
  deepening	
   in	
   the	
   zone	
  of	
   cumulative	
  energry	
   release	
  beneath	
   the	
  Hsuehshan	
  Range	
   that	
  
reaches	
   a	
   depth	
  of	
   ca.	
   30	
   km.	
  Along	
   its	
  western	
   flank,	
   there	
   is	
   a	
   steeply	
   eastward	
  dipping	
   zone	
  of	
   high	
   energy	
  
release	
   that	
   projects	
   to	
   the	
   surface	
   at	
   the	
   location	
   of	
   the	
   Shuilikeng	
   fault.	
   Along	
   its	
   eastern	
   flank,	
   a	
   steeply	
  
westward	
  dipping	
  to	
  vertical	
  truncation	
  of	
  energy	
  release	
  projects	
  to	
  the	
  surface	
  at	
  the	
  location	
  of	
  the	
  Lishan	
  fault.	
  
This	
   zone	
   coincides	
   very	
   well	
   with	
   the	
   area	
   of	
   high	
   conductivity	
   imaged	
   by	
   Bertrand	
   et	
   al.	
   (2009).	
   In	
   the	
  
southeastern	
  part	
  of	
   the	
  map	
  area,	
   from	
  ca.	
   20	
   to	
  35	
   km	
  depth,	
   there	
   is	
   a	
  near	
   vertical	
   high	
   in	
   the	
   cumulative	
  
energy	
  release	
  that	
  projects	
  to	
  the	
  Lishan	
  fault	
  at	
  the	
  surface.	
  The	
  high	
  energy	
  release	
   in	
  the	
  central	
  part	
  of	
  the	
  
Hsuehshan	
  Range	
  is	
  likely	
  due	
  to	
  faults	
  that	
  have	
  been	
  mapped	
  within	
  it.	
  

In	
   the	
   western	
   part	
   of	
   the	
   Central	
   Range,	
   the	
   seismic	
   energy	
   release	
   is	
   relatively	
   low	
   and	
   is	
   scattered	
  
throughout	
   the	
   crust	
   to	
   a	
   depth	
   of	
   at	
   least	
   40	
   km.	
  With	
   the	
   present	
   dataset	
  we	
   are	
   unable	
   to	
   determine	
   any	
  
relationship	
   between	
   cumulative	
   seismic	
   energy	
   release	
   and	
   geological	
   structures	
   in	
   the	
   western	
   part	
   of	
   the	
  
Central	
  Range.	
  Eastward,	
  there	
  is	
  an	
  abrupt	
  increase	
  in	
  the	
  amount	
  of	
  energy	
  being	
  released	
  in	
  the	
  upper	
  20	
  to	
  30	
  
km	
  of	
  crust.	
  At	
  the	
  surface,	
  however,	
   the	
  western	
  margin	
  of	
  this	
  high	
  coincides	
  with	
  the	
   location	
  of	
  the	
  Chinma	
  
Tunnel	
  fault,	
  a	
  moderately	
  east-­‐dipping	
  thrust	
  that	
  is	
  uplifting	
  Mesozoic	
  and	
  older	
  crystalline	
  basement	
  rocks	
  and	
  
placing	
  them	
  on	
  top	
  of	
  Paleogene	
  and	
  younger	
  rocks	
  to	
  the	
  west.	
  

The	
   cumulative	
   seismic	
   energy	
   release	
   data	
   corroborates	
   the	
   previous	
   interpretations	
   of	
   a	
   detachment	
   at	
  
about	
  10	
  km	
  depth	
  beneath	
   the	
  Western	
  Foothills,	
  but	
   it	
   also	
   suggests	
   that	
   this	
  detachment	
  does	
  not	
   continue	
  
eastward	
   at	
   this	
   shallow	
   level	
   beneath	
   the	
   Hsuehshan	
   and	
   Central	
   ranges.	
   Instead,	
   the	
   Western	
   Foothills	
  
detachment	
   appears	
   to	
   ramp	
   steeply	
   down	
   into	
   the	
   lower	
   crust	
   beneath	
   the	
  Hsuehshan	
  Range	
  where	
   it	
   either	
  
continues	
   eastward	
   at	
   this	
   deep	
   level,	
   or	
   is	
   truncated	
   by	
   the	
   Lishan	
   fault.	
   Recently,	
  modeling	
   approaches	
   have	
  
suggested	
   that	
   the	
  basal	
  detachment	
  beneath	
   the	
  Hsuehshan	
  and	
  Central	
   ranges	
   is	
   steeply	
  dipping	
  and	
   located	
  
somewhere	
   in	
   the	
   middle	
   to	
   lower	
   crust.	
   It	
   is	
   not	
   possible	
   to	
   resolve	
   this	
   with	
   the	
   data	
   set	
   presented	
   here,	
  
however,	
  since	
  the	
  cumulative	
  seismic	
  energy	
  release	
  beneath	
  the	
  western	
  part	
  of	
  the	
  Central	
  Range	
  is	
  too	
  low	
  to	
  
allow	
   faults	
   to	
   be	
   illuminated	
   and	
   a	
   structural	
   linkage	
   to	
   be	
   established	
   between	
   it	
   and	
   the	
   structure	
   of	
   the	
  
Hsuehshan	
  Range.	
  

We	
  suggest	
  that	
  a	
  model	
  in	
  which	
  the	
  Western	
  Foothills	
  and	
  Hsuehshan	
  Range	
  is	
  a	
  zone	
  of	
  transpression	
  with	
  a	
  
structural	
  architecture	
  similar	
  to	
  that	
  of	
  a	
  crustal-­‐scale	
  positive	
  flower	
  structure	
  better	
  fits	
  the	
  available	
  data	
  than	
  
the	
  shallow	
  through-­‐going	
  detachment	
  model.	
  In	
  this	
  transpression	
  model,	
  there	
  is	
  a	
  suite	
  of	
  linked,	
  active	
  faults	
  
whose	
  kinematics	
  range	
  from	
  oblique	
  thrusting	
  through	
  to	
  strike-­‐slip	
  and	
  extensional	
  faulting,	
  all	
  of	
  which	
  respond	
  
to	
  the	
  same	
  regional	
  geodynamic	
  stress	
  field.	
  The	
  Western	
  Foothills	
  detachment	
  ramps	
  down	
  into	
  the	
  lower	
  crust	
  
along	
  the	
  western	
  flank	
  of	
  the	
  Hsuehshan	
  Range	
  and	
  is	
  truncated	
  by	
  the	
  Lishan	
  fault.	
  This	
  implies	
  that	
  there	
  is	
  no,	
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or	
  very	
  limited	
  material	
  transfer	
  across	
  the	
  Lishan	
  fault	
  and	
  therefore	
  no	
  structural	
   linkage	
  in	
  the	
  form	
  of	
  a	
  fault	
  
between	
   the	
   Hsuehshan	
   and	
   Central	
   ranges.	
   The	
   western	
   part	
   of	
   the	
   Central	
   Range	
   is,	
   therefore,	
   acting	
   as	
   a	
  
steeply	
  west-­‐dipping	
  backstop	
   to	
   the	
   transpressional	
   thrust	
  belt	
   that	
   is	
  developing	
   in	
   the	
  Hsuehshan	
  Range	
  and	
  
Western	
  Foothills.	
  With	
  the	
  current	
  available	
  data	
  sets	
  it	
  is	
  not	
  possible	
  to	
  resolve	
  what	
  is	
  happening	
  at	
  depth	
  in	
  
the	
  Central	
  Range,	
  although	
  the	
  east-­‐dipping	
  Chinma	
  Tunnel	
  fault	
  is	
  clearly	
  active	
  and	
  important.	
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New	
  surface	
  geological	
  mapping	
  in	
  the	
  central	
  part	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  indicates	
  that	
  the	
  structure	
  of	
  

the	
  Western	
  Foothills	
  is	
  that	
  of	
  an	
  imbricate	
  thrust	
  system	
  developed	
  above	
  a	
  shallowly	
  dipping	
  basal	
  detachment.	
  
On	
   the	
   contrary,	
   the	
   Hsuehshan	
   Range	
   appears	
   to	
   form	
   a	
   zone	
   of	
   transpression,	
   deeply	
   rooted	
   into	
   the	
   crust,	
  
bounded	
   by	
   the	
   Shuilikeng	
   fault	
   to	
   the	
  west	
   and	
   by	
   the	
   Lishan	
   fault	
   to	
   the	
   east.	
   Seismicity	
   data	
   help	
   to	
   place	
  
constraints	
  on	
  this	
  composite	
  scenario.	
  In	
  a	
  W-­‐E	
  section,	
  the	
  Hsuehshan	
  Range	
  is	
  juxtaposed	
  against	
  the	
  Western	
  
Foothills	
   across	
   a	
   zone	
   of	
   intense	
   seismic	
   activity	
   that	
   penetrates	
   into	
   the	
   middle	
   crust	
   and	
   projects	
   to	
   the	
  
Shuilikeng	
  fault	
  at	
   the	
  surface.	
  Tomography	
  data	
  suggest	
  that	
  high	
  Vp	
  material,	
   that	
   is	
   thought	
  to	
  represent	
  the	
  
Mesozoic	
   crystalline	
   basement,	
   is	
   progressively	
   uplifted	
   eastward	
   to	
   form	
  a	
   basement	
   culmination	
   beneath	
   the	
  
Hsuehshan	
   Range	
   and	
   the	
   western	
   portion	
   of	
   the	
   Central	
   Range.	
   Basement	
   involvement	
   in	
   the	
   deformation	
  
reaches	
  its	
  peak	
  in	
  the	
  Tananao	
  Complex	
  of	
  the	
  eastern	
  Central	
  Range	
  where	
  it	
   is	
  thrust	
  over	
  the	
  Miocene	
  slope	
  
sediments	
  along	
  the	
  Chinma	
  fault.	
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The	
  Taiwan	
  orogen	
   is	
   forming	
  as	
   the	
  result	
  of	
  oblique	
  convergence	
  between	
  the	
  Eurasian	
  and	
  Philippine	
  Sea	
  
plates.	
  Part	
  of	
  the	
  oblique	
  component	
  of	
  the	
  convergence	
  is	
  taken	
  up	
  along	
  the	
  suture	
  zone	
  between	
  the	
  two,	
  but	
  
stress	
  is	
  translated	
  westward	
  into	
  the	
  mountain	
  belt	
  in	
  a	
  very	
  complex	
  way.	
  How	
  these	
  stresses	
  are	
  resolved	
  at	
  the	
  
frontal	
  part	
  of	
   the	
  orogen	
  to	
   form	
   individual	
   faults	
   is,	
   in	
  many	
  cases,	
  conditioned	
  by	
  pre-­‐collisional	
  structures	
   in	
  
the	
   Eurasian	
  margin	
   basement.	
   In	
   central	
   Taiwan,	
   the	
   Shuilikeng	
   fault	
   system	
   bounds	
   the	
   eastern	
   flank	
   of	
   the	
  
Western	
  Foothills	
  imbricate	
  thrust	
  system,	
  marking	
  the	
  eastward	
  transition	
  from	
  a	
  thin-­‐skinned	
  to	
  a	
  thick-­‐skinned	
  
deformational	
  style.	
  At	
  the	
  surface,	
  it	
  comprises	
  a	
  brittle,	
  steeply	
  dipping	
  fault	
  system	
  with	
  a	
  series	
  of	
  splays	
  and	
  
bifurcations	
  and	
  variable	
  kinematics.	
  Seismicity	
  data	
  suggest	
  that	
  it	
  dips	
  moderately	
  to	
  steeply	
  eastward	
  and	
  can	
  
be	
   traced	
   to	
   greater	
   than	
   20	
   km	
  depth.	
   Individual	
   earthquake	
   focal	
  mechanisms,	
   together	
  with	
  mean	
   principal	
  
stress	
   axes	
   and	
   fault	
   plane	
   solutions,	
   indicate	
   predominately	
   strike-­‐slip	
   fault	
   mechanisms.	
   The	
   Shuilikeng	
   fault	
  
appears	
  to	
  be	
  reactivating	
  a	
  pre-­‐existing,	
  basin-­‐bounding	
  fault	
  to	
  the	
  east	
  of	
  which	
  a	
  basement-­‐cored	
  culmination	
  
is	
  developing	
  in	
  the	
  Hsuehshan	
  Range.	
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New	
   geological	
   mapping	
   in	
   the	
   central	
   Taiwan	
   mountain	
   belt,	
   together	
   with	
   a	
   new	
   collapsed	
   data	
   set	
   of	
  
relocated	
   seismicity,	
   indicate	
   that	
   the	
   basal	
   detachment	
   beneath	
   the	
   thin-­‐skinned	
   Western	
   Foothills	
   possibly	
  
ramps	
   down	
   in	
   the	
   crystalline	
   basement	
   along	
   their	
   eastern	
   flank.	
   Consequently,	
   the	
   basement	
   appears	
   to	
   be	
  
involved	
   in	
   the	
   deformation	
   in	
   the	
   more	
   internal	
   Hsuehshan	
   Range.	
   Furthermore,	
   seismic	
   tomography	
   data	
  
indicate	
  a	
  shallowing	
  of	
  high	
  Vp	
  velocity	
  material	
  beneath	
  the	
  Hsuehshan	
  Range.	
  Therefore,	
  we	
  propose	
  that	
  the	
  
crystalline	
   basement	
   is	
   possibly	
   being	
   uplifted	
   along	
   the	
   eastern	
   flank	
   of	
   the	
   Western	
   Foothills	
   to	
   form	
   a	
  
basement-­‐cored	
   culmination	
   beneath	
   the	
   Hsuehshan	
   Range	
   in	
   which	
   basement	
   rocks	
   appear	
   to	
   be	
   located	
   at	
  
shallower	
  structural	
   level	
   than	
  the	
  basement	
  rocks	
  beneath	
  the	
  Western	
  Foothills.	
  This	
  structural	
  architecture	
   is	
  
similar	
   to	
   that	
   in	
   other	
   orogens	
   worldwide,	
   where	
   the	
   thin-­‐skinned	
   foreland	
   fold-­‐and-­‐thrust	
   belt	
   ends	
  
hinterlandward	
  with	
  a	
  ramp	
  down	
  into	
  the	
  middle	
  to	
  lower	
  crust	
  and,	
  subsequently,	
  the	
  involvement	
  of	
  basement	
  
rocks	
   in	
   the	
   deformation.	
   However,	
   we	
   are	
   uncertain	
   if	
   this	
   basement	
   culmination	
   is	
   somehow	
   linked	
   to	
   the	
  
outcropping	
  basement	
  rocks	
  of	
  the	
  Tananao	
  Complex	
  in	
  the	
  Central	
  Range	
  or	
  if	
  two	
  different	
  types	
  of	
  basement	
  
rocks	
  are	
  juxtaposed	
  across	
  the	
  Lishan	
  fault.	
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The	
  structure	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  is	
  thought	
  to	
  be	
  that	
  of	
  an	
  imbricate	
  thrust	
  and	
  fold	
  belt	
  developed	
  
in	
  a	
  forward-­‐breaking	
  sequence	
  above	
  a	
  shallowly	
  dipping	
  basal	
  detachment.	
  In	
  recent	
  years,	
  however,	
  a	
  growing	
  
amount	
  of	
  seismicity	
  data	
  from	
  the	
  internal	
  part	
  of	
  the	
  mountain	
  belt	
  indicates	
  the	
  existence	
  of	
  widespread	
  fault	
  
activity	
   in	
   the	
   middle	
   and	
   lower	
   crust,	
   suggesting	
   that	
   deeper	
   levels	
   of	
   the	
   crust	
   must	
   be	
   involved	
   in	
   the	
  
deformation	
  than	
  is	
  predicted	
  by	
  the	
  shallow	
  detachment,	
  imbricate	
  thrust	
  belt	
  model.	
  To	
  address	
  this	
  issue,	
  we	
  
present	
  new	
  geological	
  mapping,	
  together	
  seismicity	
  and	
  local	
  tomography	
  data	
  from	
  the	
  central	
  part	
  of	
  Taiwan.	
  
We	
  concur	
  with	
   the	
   interpretation	
   that	
   the	
   foreland	
  basin	
  part	
  of	
   the	
  Western	
  Foothills	
   comprises	
  an	
   imbricate	
  
thrust	
  system	
  that	
  is	
  developing	
  as	
  a	
  forward	
  breaking	
  sequence	
  that	
  is	
  structurally	
  and	
  kinematically	
  linked	
  to	
  a	
  
basal	
  detachment	
  at	
  between	
  7	
  and	
  10	
  km	
  depth.	
  To	
  the	
  east	
  of	
  the	
  foreland	
  basin,	
  however,	
   in	
  the	
  Hsuehshan	
  
and	
  Central	
  ranges,	
  our	
  data	
  show	
  the	
  presence	
  of	
  two	
  fault	
  systems;	
  an	
  earlier,	
  inactive	
  thrust	
  system	
  with	
  a	
  well-­‐
developed	
  cleavage	
  that	
  is	
  cut	
  by	
  a	
  system	
  of	
  steeply	
  dipping	
  active	
  faults	
  that	
  penetrate	
  to	
  a	
  depth	
  of	
  25	
  to	
  30	
  km	
  
or	
  more.	
  In	
  the	
  Hsuehshan	
  Range,	
  the	
  second	
  fault	
  system	
  is	
  best	
  represented	
  by	
  a	
  structural	
  and	
  kinematic	
  model	
  
in	
  which	
  this	
  part	
  of	
  the	
  mountain	
  belt	
  forms	
  a	
  zone	
  of	
  transpression	
  with	
  a	
  structural	
  architecture	
  similar	
  to	
  that	
  
of	
   a	
   crustal-­‐scale	
   positive	
   flower	
   structure.	
   The	
   shallowing	
   of	
   higher	
   velocities	
   beneath	
   the	
   Hsuehshan	
   Range	
  
suggests	
   that	
   basement	
   rocks	
   are	
   closer	
   to	
   the	
   surface	
   than	
   beneath	
   the	
   Western	
   Foothills.	
   Eastward,	
   in	
   the	
  
Central	
  Range,	
  Mesozoic	
  basement	
  rocks	
  are	
  over	
  thrusting	
  strongly	
  folded	
  and	
  cleaved	
  deep	
  water	
  sediments	
  of	
  
the	
   first,	
   now	
   inactive,	
   thrust	
   system.	
   The	
   involvement	
   of	
   deep	
   crustal	
   levels	
   and	
   Mesozoic	
   basement	
   in	
   the	
  
second	
  fault	
  system	
  is	
  suggestive	
  of	
  the	
  reactivation	
  of	
  pre-­‐existing	
  basin-­‐bounding	
  faults	
  that	
  where	
   located	
  on	
  
the	
  Eurasian	
  continental	
  margin.	
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Gravity	
  data	
  from	
  the	
  central	
  part	
  of	
  the	
  Taiwan	
  mountain	
  belt	
  define	
  an	
  approximately	
  60	
  km	
  E-­‐W	
  by	
  100	
  km	
  
N-­‐S	
  area	
  of	
  negative	
  Bouguer	
  anomaly	
  (from	
  -­‐25	
  to	
  -­‐60	
  mGal)	
  roughly	
  coinciding	
  with	
  an	
  expanse	
  of	
  low	
  relief	
  in	
  
the	
  central	
  part	
  of	
  the	
  study	
  area.	
  This	
  minimum	
  appears	
  to	
  be	
  divided	
  into	
  two	
  well-­‐defined	
  lows,	
  separated	
  by	
  
the	
   Shuilikeng	
   fault.	
   The	
   western	
   low	
   correlates	
   with	
   the	
   location	
   of	
   the	
   Pliocene-­‐Pleistocene,	
   synorogenic	
  
sediments	
   of	
   the	
  Western	
   Foothills,	
   whereas	
   the	
   eastern	
   one	
   appears	
   at	
   the	
   location	
   of	
   the	
   Puli	
   Basin	
   in	
   the	
  
Hsuehshan	
  Range.	
  The	
  boundaries	
  of	
  this	
  low	
  in	
  the	
  gravity	
  anomaly	
  are	
  well-­‐defined	
  in	
  the	
  vertical	
  derivative	
  of	
  
the	
  Bouguer	
  anomaly.	
  In	
  this	
  region,	
  the	
  contours	
  have	
  an	
  approximately	
  N-­‐S	
  trend.	
  To	
  the	
  north,	
  there	
  is	
  a	
  slight	
  
increase	
  in	
  the	
  Bouguer	
  anomaly	
  and	
  also	
  a	
  change	
  in	
  its	
  strike	
  as	
   it	
  becomes	
  NE-­‐SW.	
  This	
   is	
  consistent	
  with	
  the	
  
structure	
  fabrics	
  in	
  the	
  mountain	
  belt,	
  which	
  also	
  shows	
  a	
  change	
  from	
  a	
  north-­‐south	
  strike	
  towards	
  a	
  northeast-­‐
southeast	
   strike.	
   To	
   the	
   east,	
   the	
   zone	
   of	
   negative	
   Bouguer	
   anomaly	
   shows	
   a	
   steep	
   gradient	
   across	
   the	
   Lishan	
  
fault,	
  which	
  separates	
  the	
  Hsuehshan	
  Range	
  from	
  the	
  Central	
  Range.	
  There	
  is	
  also	
  a	
  notable	
  change	
  in	
  the	
  vertical	
  
derivative	
  of	
  the	
  Bouguer	
  anomaly	
  across	
  this	
  fault.	
  The	
  gradient	
  in	
  the	
  Bouguer	
  anomaly	
  becomes	
  steeper	
  in	
  the	
  
eastern	
  flank	
  of	
  the	
  mountain	
  belt.	
  	
  

Preliminary	
   results	
   of	
   the	
   2D	
   gravity	
   models	
   across	
   selected	
   transects	
   in	
   Central	
   Taiwan	
   are;	
   1)	
   the	
   depth	
  
change	
   of	
   the	
   top	
   of	
   the	
   basement	
   from	
   deeper	
   in	
   the	
  Western	
   Foothills	
   to	
   shallower	
   in	
   the	
   Hsuehshan	
   and	
  
Central	
  ranges	
  that	
  appears	
  in	
  the	
  seismic	
  velocity	
  models	
  can	
  be	
  modeled	
  and,	
  2)	
  there	
  is	
  a	
  change	
  in	
  the	
  density	
  
of	
  the	
  basement	
  across	
  the	
  Lishan	
  fault.	
  The	
  modeling	
  is	
  compatible	
  with	
  a	
  higher	
  density	
  Mesozoic	
  basement	
  on	
  
the	
  eastern	
  side	
  of	
  the	
  fault.	
  We	
  stress,	
  however,	
  that	
  modeling	
  of	
  these	
  data	
  need	
  to	
  be	
  further	
  constrained	
  by	
  
analyses	
  and	
  comparison	
  with	
  seismic	
  velocity	
  models	
  and	
  surface	
  geology	
  data.	
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Because	
  of	
  the	
  oblique	
  nature	
  of	
  the	
  collision	
  that	
  is	
  taking	
  place	
  between	
  the	
  southeastern	
  margin	
  of	
  Eurasia	
  
and	
  the	
  western	
   limit	
  of	
   the	
  Philippine	
  Sea	
  Plate	
   (the	
  Luzon	
  Arc),	
  Taiwan	
  provides	
  and	
   ideal	
   laboratory	
   to	
  study	
  
what	
   influence	
   the	
   differing	
   morphological	
   parts	
   of	
   the	
   margin	
   (platform	
   and	
   slope)	
   have	
   on	
   the	
   structural	
  
development	
  of	
  a	
  thrust	
  belt.	
  The	
  Taiwan	
  mountain	
  belt	
  is	
  generally	
  thought	
  to	
  develop	
  above	
  a	
  shallow,	
  through-­‐
going	
  basal	
  detachment	
  confined	
  to	
  within	
  the	
  sedimentary	
  cover	
  of	
  the	
  Eurasian	
  continental	
  margin.	
  A	
  number	
  of	
  
datasets,	
   such	
  as	
  surface	
  geology,	
  earthquake	
  hypocenter,	
  and	
  seismic	
   tomography	
  data	
  suggest,	
  however,	
   that	
  
crustal	
   levels	
   below	
   the	
   interpreted	
   location	
  of	
   the	
  detachment	
   are	
   also	
   involved	
   in	
   the	
  deformation.	
  Here,	
  we	
  
combine	
   these	
  data	
   sets	
  with	
   gravity	
  data	
   to	
   investigate	
   the	
  deformation	
   that	
   is	
   taking	
  place	
  at	
  depth	
  beneath	
  
south-­‐central	
  Taiwan.	
  We	
  find	
  that	
  beneath	
  the	
  Coastal	
  Plain	
  and	
  the	
  Western	
  Foothills	
  most	
  of	
  the	
  deformation	
  is	
  
taking	
  place	
  near	
   the	
  basement-­‐cover	
   interface	
   that	
   is	
   acting	
   as	
   an	
  extensive	
   level	
   of	
   detachment.	
   This	
   level	
   of	
  
detachment	
  is	
  located	
  at	
  ≥10	
  km	
  depth,	
  below	
  the	
  basal	
  detachment	
  proposed	
  from	
  surface	
  geology	
  for	
  this	
  part	
  
of	
   the	
   mountain	
   belt,	
   and	
   extends	
   westward	
   of	
   the	
   deformation	
   front	
   of	
   the	
   mountain	
   belt	
   as	
   defined	
   by	
  
geological	
  structures	
  at	
  the	
  surface.	
  Beneath	
  this	
  level	
  of	
  detachment,	
  inherited	
  extensional	
  faults	
  appear,	
  locally,	
  
to	
  maintain	
  the	
  bulk	
  of	
  their	
  extensional	
  displacement.	
  However,	
  across	
  the	
  Shuilikeng	
  and	
  the	
  Chaochou	
  faults,	
  
earthquake	
  hypocenters	
   define	
   steeply	
  dipping	
   clusters	
   that	
   extend	
   to	
   greater	
   than	
  20	
   km	
  depth.	
  We	
   interpret	
  
these	
  clusters	
  to	
  be	
  related	
  to	
  deformation	
  that	
  is	
  taking	
  place	
  along	
  a	
  deep-­‐penetrating,	
  east-­‐dipping	
  ramp	
  that	
  
joins	
  westward	
  with	
  the	
  detachment	
  at	
  the	
  basement-­‐cover	
  interface.	
  Basement	
  rocks	
  are	
  uplifted	
  along	
  this	
  ramp	
  
to	
  form	
  a	
  basement	
  culmination	
  beneath	
  the	
  Hsuehshan	
  and	
  Central	
  ranges.	
  	
  
	
  
	
  
	
  



	
  

	
  
	
  



	
  

	
  
	
  




