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台灣造山運動的機制 

台灣的造山模式 
     - 薄皮與厚皮的構造形式及證據 

      - 基底滑脫面的存在,深度與形貌 

      - 各種模式相對應的野外及地球物理資料觀察  

 

淺層(西部麓山帶)之構造形式 
 

正斷層重新活動的模式與力學機制 
 

新期構造運動 
      - 地殼形變監測方法 

      - 熱定年學與地殼抬升 



key scientific questions need to be addressed  

 How is the 80 cm/yr convergence rate across Taiwan accommodated by 
crustal and lithospheric deformation? (in other terms, what is the 
partitioning of deformation from the western foothills of the central 
range to the Longitudinal valley?)  and what are the physical factors 
controlling this partitioning? 

 What proportion of the deformation is absorbed by large recurring 
earthquakes or aseismic deformation (ductile flow or possibly slow 
events)? and what are the physical factors controlling?  

 Is the interseismic deformation stationary or does it vary with time? 
(lateral variations may actually reveal temporal changes during the 
seismic cycle) ? 

 Does the critical brittle taper model really apply to explain the 
mechanics of mountain building in Taiwan?  

 What is the role played by deep seated upper mantle  processes? 

http://www.tectonics.caltech.edu/taiwan/index.html 



Plate Convergence    
82 mm/yr 



台灣地體構造-古典觀點 
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Tectonic map 
of Taiwan 

Five geological units: 

A. Coastal Plain 

B. Western Foothills 

C. Hsuehshan Range 

D. Central Range 

E. Coastal Range 

(Huang et al., 2000) 



Diachroneity of continent-island arc collision 

Suppe 1984 



Diachroneity of continent-island arc collision 

Suppe 1984 

Time-space  
Equivalence 



Space - Time Equivalence 

Initial collision 

6 Ma 



Space - Time Equivalence 

Initial collision 

4 Ma 

Onset of collision 



Space - Time Equivalence 

Initial collision 

2 Ma 

Onset of collision 



Space - Time Equivalence 

Initial collision 

Present 

Onset of collision 



Major active structures in Taiwan 

Shyu et al. 2005 
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Major active structures in Taiwan 

Shyu et al. 2005 



Accretionary wedge (Thin skin model) : J. Suppe 

Lithospheric collision (Thick skin model): F. Wu 

Continental Subduction: A. Chemeda 

Arc-continent collision: C.Y. Huang 

Slab break-off: L.S. Teng 

Crustal exhumation: C.H. Lin 

many others… 

Current tectonic models of Taiwan  



Current tectonic models of Taiwan  

(Lin et al., 1998) 

(Wu et al., 1997) 

(Wu et al., 1997) 

(Lallemand et al., 2001) 

(Teng et al., 2000) 

(Suppe, 1981) 

(Willett and Brandon, 2002) 



Kinematic Models of Taiwan 

1. Collision with Subduction - Thin-skinned 

Model : Double-wedge model (Suppe) 

2. Collision without Subduction - Thick-skinned 

(Lithospheric) Model (Wu) 

3. Flake Tectonics - Both thin- (Foothills) and 

thick- (Central Range) skinned tectonics + 

mountain collapse (Huang, Teng) 

4. Other Models: a) Obduction then collision; b) Double 

collision; c) Arc-arc collision; d) modified thin-skinned model 



1. Characteristics of Thin-skinned Model 

Accretional Wedge Model – Very Weak 

No basement involved – exists a decollement 
separate sedimentary cover and basement, 
i.e., the boundary is decoupled 

Thrust faults- horizontal displacement is 
predominant, and vertical uplift is minor 
Philippine Sea (PH) Plate as a backstop 

Eurasian (EU) Plate subducted underneath PH 

Particle path  



Thin-skinned model 

Suppe, 1981 



Critical-wedge (thin-skinned ) model 

Davis et al., 1983 

Dahlen et al., 1984 

Barr and Dahlen, 1989 



Retrodeformable cross-section 

Western Foothills: Sedimentary Sequences 
(Late Oligocene to Early Pleistocene) 

Western Central Range: Argillite-Slate Series 
(Eocene to Middle Miocene) 

Eastern Central Range: Tananao Schists 
(Permo-Triassic to Early Tertiary) 

Suppe, 1980 



Underplating underneath  
the HR and CR  

Simoes et al., 2007 

Underplating in the Axial zone of 
the Central Pyrenees  

Sequence of exhumation from North to 
South (2009 Taiwan-France joint 
excursion field guidebook) 



Geological Evidence of Thin-skinned Tectonics 

Pros: 

Southwestern Offshore Taiwan 

Onshore Field evidences 

P-wave velocity  

Earthquake data (1999 Chi-Chi EQ) 

Cons: 

Gravity modeling 

Earthquake data 



Tectonic map 
of Taiwan 

Five geological units: 

A. Coastal Plain 

B. Western Foothills 

C. Hsuehshan Range 

D. Central Range 

E. Coastal Range 

(Huang et al., 2000) 
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• N1:early Neogene 

• N2:late Neogene 

• O:Oligocene 

• K:Cretaceous 
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Lin et al., 2008 



Structures in southern offshore Taiwan 



Tectonostratigraphy of Taiwan 



Mesozoic-Paleozoic to Oligocene 



Miocene to Holocene 



(Courtesy of A.T. Lin) 

 Structural comparisons  

between onshore and  

offshore southern Taiwan 

 Five structural units 

developed in four tectonic 

settings. 

 oceanic subduction → 

initial arc-continent collision  

→advanced arc-continent 

collision → final arc 

subduction 

Four tectonic settings 



Wide-angle Seismic Profiles 

(Yeh et al., 1989; Shih et al., 1989) 



P-wave velocity of 5.5 km is the boundary between sedimentary rocks and basement 

(南橫剖面) 



南迴剖面 



嘉義地區震源分佈圖(1022地震後), A linear belt of earthquake foci located 

between 10-12 km deep is seen in lower left figure (饒瑞君等, 2002) 



Fault-Fold geometry of a Decollement fault 
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Fault-Fold geometry of a Decollement fault 





(Yue et al., 2005) 









1991-2001 

Carena, Suppe & Kao 2002 



Taiwan Main Detachment 

10 
Sea Level 

Suture Zone 

Island Arc 

Carena et al., 2002 



Taiwan Main Detachment 

10 
Sea Level 

km 

Carena et al., 2002 



Hsu et al. (2003) 



Mechanism of Rebound Thrust 

During the Chi-Chi earthquake the Central Range subsided 

about 60 cm. But average uplift rate of the Central Range is 

~1 cm/yr. If recurrence interval is about 1000 years, then 

the mountain is uplifting with a net of 9.4 (10-0.6) m 

during last 1kyr! 

Original topography 

Coseismic vertical motion 



(Yue et al., 2005) 



Decollement faults in western Taiwan  
Fold and Thrust Belt 

Field Evidences 

Locations of detachments in Taiwan 

    - Pre-Miocene : bottom of Wuchihshan Fm 

    - Miocene: Nanchuang Fm. 

    - Pliocene: Chinshui Fm. 

Depth of basal Detachment ~10 km depth 





Gravity model shows that the material undernearth Central 

Range is not compensated by thin-skinned tectonics 



After Wu et al., 1997 

2. Characteristics of Thick-skinned Model 



 Vertical Uplift dominant – vertical tectonics, uniform 
uplift 

Geological boundary (i.e., Foothills/ Slate Belt) would 
be a major displacement boundary 

High-angle reverse faults and also reactivated normal 
faults  

 Low T, high P and high density material beneath CR 
(Lithospheric thickening)-Roots beneath CR (isostacy 
or dynamic) 

 Thickening of PH into Luzon island 
 Sedimentary/basement is coupled, Out-of-Plane 

movement 

2. Characteristics of Thick-skinned Model 



Thick-skinned interpretation of structures in Central and north Taiwan 

All reverse faults are 
interpreted as 
reactivated normal faults 



Stratigraphic observations 

Teng et al. 1991 

The Hsüehshan Range: a 
Paleogene Graben 
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Hsüehshan Range 
 

• an inverted Paleogene 
graben 
 
 
 

Thick-skinned Tectonics: 

Central Range 
 

• the easterly adjacent 
basement high 
 

• exposed in a crustal-scale 
backfold that overprints 
earlier W-facing structures  

Stratigraphic observations 



3.Modified Thin-skinned Tectonics 

Mountain Collapse in the Central Range (east 
rim) and Coastal Range– Crespi and Byrne 

Crustal Peeled-off  Model (黃奇瑜) 
Subducted Oceanic crust – Remnant arc 

(Chemenda, Malavieille) 
Slab break-off (板塊拆離) of EU plate (Teng, 

Lallemand, Wang) 
Crustal exhumation: (Lin) 
Many others 





台
灣
式
碰
撞 

Flake tectonics 

Eurasian Continent was peeled off at upper part whereas subducted 
in the lower part  

(黃奇瑜) 



Low-V zone 

High-V Zone 

Subducted Oceanic crust – Remnant arc (Chemenda, Malavieille) 



Continental Subduction and Slab Break-off  



Malavielle & Trullenque 2008 

Diachroneity of continent-island arc collision 

this work 



Lallemand et al. (2000) 
Slab Break-off Model  



  



Continental Subduction and Crustal Exhumation 

Lin, 2002 (Terra Nova) 



(Lin et al., 1998) 



Tomographic evidence for the Eurasian lithosphere 
subducting beneath south Taiwan 

(a) 3-D hypocentral distribution of the 6,782 local earthquakes with magnitudes larger than 3.5. Red squares denote the 
98 stations that recorded P-wave arrival times from the local and teleseismic events from March 1995 to October2005. (b) 
Red circles show the epicentral locations of the 1,108 teleseismic events used in this study. 

(Wang et al, 2006, GRL, VOL. 33) 



Results  

•A high-velocity zone (65–80 km thick)  

is imaged clearly from the surface 

down to a depth of 300 km 

•Dipping angle of the subducted plate 

in section A-B is smaller than that in 

section C-D (Figure 3), reflecting the 

decrease of the convergence rate of the 

Eurasian plate from the south to north 

• No background earthquakes 

deeper than 120 km are observed, 

implying Taiwan is not dominated by 

the subduction of Eurasian plate 

beneath Philippine Sea plate at present 

but in the past. 

•A good correlation between the active 

volcano and the low-velocity (low-V) 

anomaly, which also exists at upper 

boundary of the subducted Eurasian 

plate 

(N24o) (N23o) 
(a–b) Tomographic images 

determined without considering 

the subducted Eurasian and 

Philippine Sea plates in the 

velocity model. (c–d) considering 

the subducted Eurasian slab 

( down to 600 km). 



Results of synthetic recovery-test and checkerboard resolution test (CRT): (a) input model and (b) 

inversion results determined by using local and teleseismic data simultaneously. Red color represents low 

velocity while blue color indicates high velocity. The velocity-perturbation scale is shown on the right. (c–e) 

Input and inverted CRT results along the sections A–B and C–D. 



Implication and Conclusion 

 Tomographic images indicate that the upper part of the continental 

Eurasia plate is peeled off to build the mountains while its lower 

part subducts beneath the oceanic Philippine Sea plate. 

 Assuming that the plate convergence rate is constant at 7 cm/yr 

[Seno et al., 1993], it takes about 4–5 Ma for the subducted Eurasian 

plate to reach a depth of 300 km. This is remarkably consistent with 

geological inferences that the orogeny of Taiwan was initiated in the 

early Pliocene (5 Ma) [e.g., Teng, 1990]. 

 This velocity model, in general, agrees with the models such as arc-

continent collision and thin-skinned collision proposed by previous 

studies. The mountain building, active seismicity and crustal 

deformation in the central region of Taiwan are mainly caused by 

the Eurasian continental plate subducted beneath south Taiwan and 

colliding with the subducting Philippine Sea slab. 

. 



造山模式比較 

• 黃奇瑜: Flake tectonics 

• 林正洪: Mantle subduction (crustal exhumation) 

• 鄧屬予: Lithosphere break-off and subduction 

• Lallemand: 3-D break-off + T1 plate boundary 

• Wang: Subduction + remnant arc (oceanic plate)+ 

crustal peeled-off + break-off (?)  

黃、林模式 

同: EU plate, 地殼部分崛起形成中央山脈; 地函部分
隱沒 

異: 有無板塊拆離及地函上湧 

鄧模式:整個岩石圈隱沒及地函上湧 



Summary-1 



Summary-2 

(Lin et al., 1998) 

(Wu et al., 1997) 

(Wu et al., 1997) 

(Lallemand et al., 2001) 

(Teng et al., 2000) 

(Suppe, 1981) 

(Willett and Brandon, 2002) 



Why are those models so different? 

Arc-continental collision? Continental subduction? Lithospheric collision? 

Slab break-off? 

Not to Scale 

薄皮理論 

厚皮理論 



Unknowns! 

? 

Deep Structure? 



Suppe et al.,  
2009 

deep tomographic 

and structural cross 

section of central 

Taiwan showing the 

vertical lower 

continental crust and 

deep plate boundary 

imaged to depths of 

~ 80 km 



3D mapping of deep structure under Taiwan to depths of ~100km 
Suppe, et al., 
2009 



TAIGER (TAiwan Integrated GEodynamics 
Research) Project for Testing Models of 

Taiwan Orogeny 

 

台灣大地動力學國際合作研究計畫  

總主持人：吳大銘 教授 

台灣計畫主持人：王乾盈 教授 



Why Study Taiwan? 

台灣年輕造山帶：Taiwan is young, geologically 
speaking (~4 m.y. since the beginning; vs ~10 my for New 
Zealand, ~35 my for Himalaya, ~ 120 my for Alps…)  

 

台灣快速造山：Taiwan is active (the most active?); 
rising at >1.5 cm/yr (or 15 km in the last million year?) 
with earthquakes telling us where and how deformation 
are taking place 

 

現生材料：For old mountain ranges many assumptions 
are needed in reconstructing its history or understand the 
mechanisms.    For Taiwan such a problem is lessened. 



Why are those models so different? 

Arc-continental collision? Continental subduction? Lithospheric collision? 

Slab break-off? 

Not to Scale 

薄皮理論 

厚皮理論 



 



What is TAIGER? 
（五項工作） 

•  天然地震：陸地寬頻網  Land broadband instruments 
to enhance the existing broadband networks for recording 
both local earthquakes and teleseisms (Ongoing) 
 

• 天然地震：海底寬頻網  Marine broadband deployment 
around the island to increase the aperture of the available 
broadband networks (2007/10) 
 

•  人工震源：Land explosions for low-fold wide angle  and 
CMP profile reflections across the island along three 
transects  (2008/02) 

  



How TAIGER (Ct’d) 

 

• 海陸聯炸：Marine MCS and reversed sea-
land wide-angle profiling using airgun 
signals along six transects (2008/4) 

 

• 大地電磁：Magnetotellurics along several 
transects (O) 



TAIGER2008~2009 (陸地爆炸、海陸聯測)  

空氣槍 

2009 海陸聯測 2008 陸地炸測 

RV Marcus Langseth 

炸點 

texans 

higher resolution, shallower velocity structures 

http://upload.wikimedia.org 

海上震測 MCS 





井深60m，井徑12英吋 



井口灌水泥 



警車監送炸藥 



Passive Seismology 
（天然地震） 

陸地地震儀： 
60＋100 

海底地震儀： 
60 



Active Seismology  

（人工震源） 

• 北中南三線：1000 
kg shots along T4b, 
T5, T6 

• CDP線：30 Km (30 
shots) CMP line 
across Lishan fault 



Transects  1, 2, 3,4,5,6: 

MCS/OBS/airgun transects. 

150 IRIS 

Sea-Land  Profiles   
（海陸聯炸） 



500 Kg Dili Test Shot 
• 60 m deep hole 
• 150 Texans 

 

人工震源：地利500kg 爆炸測試 



2008. 02 

2004~2013 Geophysical Experiments  



Mainland China 

2009. 04 

2004~2013 Geophysical Experiments  



2013. 05 

2004~2013 Geophysical Experiments  



Thoughts behind TAIGER 
Experimental Design 

• 中部造山：General models of mountain building 
in Central Taiwan 

• 東部隱沒帶：Problems of the 
northeastern/eastern Taiwan plate boundary 

• 南部向東隱沒：Problems related to the 
subduction of Eurasian plate under Southern 
Taiwan 

• 台灣海峽：Tectonics of Taiwan Strait 

• 掉落的板塊：Lost slabs east of Taiwan? 



What can TAIGER do? 

Improved image of the upper mantle under 
Taiwan (上部地函） 

Locating earthquakes and determine focal 
mechanisms of offshore earthquakes（外海地
震） 

Mapping S-splitting in the crust and upper 
mantle to determine foliation（地殼及上部地
函的方向變形） 

Hunt for detachment fault（滑脫面） 



TECTONIC SETTING 

3D Vp tomography 

(Kuo-Chen et al., 2012, JGR) 
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3D Vp tomography 

(Kuo-Chen et al., 2012, JGR) 

TECTONIC SETTING 



(Kuo-Chen et al., 2012, JGR) 

TECTONIC SETTING 



Preliminary MT profile across Taiwan 

Resistive Central Range 
Lower crustal conductive 
zone 



Volumetric strain:  

(Kuo-Chen et al., 2012, JGR) 

Crustal thickness: 
~50 km 

(Ching et al., 2011, JGR) 

Uplift rate: 
~25 mm/yr 

TECTONIC SETTING 



Erosion rate: 
~ 30 mm/yr 

(Dadson et al., 2003, Nature) (Ching et al., 2011, JGR) 

Uplift rate: 
~25 mm/yr 

6.5 Ma young mountain: a “snapshot” for an initial orogeny   

TECTONIC SETTING 



• From Vp/Vs tomography, the α-β quartz transition may occur at ~24±3 km 
beneath the Central Range. 

• This phase transition (low density layer) might play an important role for the 
mountain building process. 

 



Evidence of Reactivation on pre-existing Normal Faults 

Abrupt change of facies and stratigraphic 
thickness across major thrust (reverse) faults 

High-angle dipping reverse faults at depth 
(>10km) 

Change of strtigraphic separation from pre-
extensional units to syn-extensional units 

The presence of high pore pressure zones 
between the Miocene Nanchuang and 
Pliocene Niaotsui Formation. 


