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Basement involvement in fold-and-thrust belts :  

what are the evidence? 



The fold-and-thrust belt / foreland system 

Syn-tectonic deposition 

Orogenic wedge 
Foreland basin 

Foredeep Orogen 



Basal sliding without internal thickening 

a 
Fixed  

Internal thickening until critical angle a is reached 

1. Basal sliding without internal thickening, then 

2. New snow is incorporated in the wedge, a is lowered, then  

3. The wedge will deform internally until a is reached again, and so on 
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Shortening is accommodated in the upper part of the crust 
above a basal décollement dipping toward the hinterland 

 

Implicit assumption of « thin-skinned » tectonic style 

 

Topographic slope and dip of basal décollement define the 
orogenic wedge 

Sedimentary cover 

Basement 

Thrust units 

Hypothesis of thin-skinned tectonics 



Willett et al., 2001 



 

Davis et al. (1983) model however fundamentally meets  
several main restrictions.  

 
  

A first one is related to the assumed homogeneous nature  
of the material of the wedge,  

so that widespread reactivation of preexisting faults in the cover is 
not generally considered.  

 
 

A second one lies in the assumed rigid and undeformable behaviour of 
the substratum below the basal décollement, leading generally to 

implicitely favor thin-skin tectonics styles, 
so that basement-involved shortening is not accounted for.  

 
 



 
 

Reactivation/inversion of basement faults widespreadly 
occurs during orogenic evolution of collided passive 
margins and this process is known to exert a strong 

control on the evolution of orogen 
 
 

Number of regional studies have demonstrated  
the compressional reactivation of preexisting  

extensional structures  
within the cover and the basement  

of foreland thrust belts  
(e.g., Alps, Urals, Andes, Zagros, Rockies, Taiwan, …). 

 



 
Signature of basement-involved shortening in foreland thrust belts ?  

  
   

 
 
 
 

Basement fault reactivation may induce : 
 

-localization of thrusts and folds in the developing shallow thrust 
wedge; 

-inversion of extensional faults and development of crystalline thrust 
sheets; 

- out-of-sequence thrusting and refolding of shallow nappes; 
- development of accommodation structures such as lateral ramps; 

- development of basement uplifts. 
 

  
 



In foreland thrust belts of young but no longer active orogens (e.g., 
Pyrenees-Provence), these signatures can therefore be identified in some 
places by careful structural investigations of the relationships between 

cover and basement. 
 

In more recent orogens (e.g., western Alps), active basement uplifts 
recognized by geodesy or gravimetric investigations may complement 

structural analyses in demonstrating deep basement thrusting. 
 

In still active orogens (e.g., Taiwan, Zagros), seismicity combined with 
structural analyses provides first-order constraints on deep crustal 

deformation.  
 
 
 

In all cases, the study of inversion of preexisting basement (normal) faults is 
generally much easier in forelands than in inner parts of orogens where the 
initial relationships between the basement and its sedimentary cover have 
generally not been preserved and the initial attitude of the faults has been 

strongly modified or erased by later evolution.  



(Lacombe and Mouthereau, 2002) 

simple-shear  

style “subduction” 

pure-shear 

style “inversion” 

Mouthereau et al,, 2013) 



Basement control on the late evolution  

of fold-and-thrust belts :  

the Jura case 















Distribution of Triassic evaporites below the Jura 

(Lienhard, 1984) 



(Philippe, 1995) 



~13,6 km 

~ 3,6 km 

Jura + BM : 30 km 

~30 km 

~20 km 

~20 km 



Most authors consider the formation of the thin-skinned Jura fold-and-
thrust belt as a rather short-lived event.  

 
Near its northern rim a maximum age for the onset of thin-skinned 

deformation is inferred from the Bois de Raube formation, which reveals a 
biostratigraphic age between 13.8 and 10.5 Ma years and whose 
sedimentation predates thin-skinned Jura folding in that area.  

A maximum age of 9 Ma can be inferred from the western front of the 
Jura where this fold-and-thrust belt thrusted the Bresse Graben. 

 
Termination of thin-skinned Jura folding is less well constrained. 

Undeformed karst sediments have been detected in a fold limb located in 
the central part of the fold-and-thrust belt; their biostratigraphic age 
implies that folding terminated before some 4.2–3.2 Ma ago in this area. 

In the case that propagation of the fold-and-thrust belt toward the 
foreland was in sequence, thin-skinned deformation may have operated 

longer in the more external parts of the fold-and-thrust belt.  
 

Evidence for ongoing deformation from the northern and northwestern 
front of the fold-and-thrust-belt is indeed provided by studies in tectonic 

geomorphology 
 

 



(BRGM, 1980; Truffert et al., 1990) 



(Philippe, 1995) 



(Philippe, 1995) 





(Ustaszewski and Schmid, 2006) 



(Rotstein and Schaming, 2004) 



(Rotstein and Schaming, 2004) 



(Rotstein and Schaming, 2004) 



(Ustaszewski and Schmid, 2006 ) 



(Lacombe and Mouthereau, 2002) 

3, areas of present-day basement-involved shortening inferred from high present-day uplift 

rates 4, areas of present-day basement-involved shortening inferred from both high  

present-day uplift rates and seismicity; 5, areas of present-day basement-involved shortening 

 inferred from seismicity. 



(Lacombe and Mouthereau, 2002) 



(Meyer et al., 1994) 



(Meyer et al., 1994) 



  
Basement control on the kinematics of  

fold-and-thrust belts :  

the Laramide belt case 





De Celles and Coogan (2004) 

The Sevier belt 



(Weil and Yonkee, 2012)  



(Weil and Yonkee, 2012)  



Bird (2002) 



(Weil and Yonkee, 2012)  







Jurassic – Cretaceous: The Western Interior Basin 

DeCelles, 2004  



Late Cretaceous – Paleocene: The Bighorn Basin 

DeCelles, 2004  





Smithson et al. (1979) 



Beaudoin,  

PhD thesis, 

2012 



10 km 



Beaudoin et al., 2012 



E W 

E W 



Erslev (1986) 



10 km 







Stone (1993) 





Bump (2004) 







Erslev (2005) 



Marshak et al. (2000) 



Erslev (2009) 



(Weil and Yonkee, 2012)  



Erslev (1993) 



Ramos, 2010  

Erslev, 1993 

English et al., 1993  





Fan and Carrapa, 2014 





Fission tracks due to 235U. 





Closure T ~  

 

T Apatite = 90 °C  /  T Zircon = 230 °C 



Fan and Carrapa, 2014 



Basement control on along-strike variations  

of fold-and-thrust belts :  

the Taiwan case 





A Plio-Pleistocene 

collision between 

the N-S Luzon 

volcanic arc and 

the ENE Paleogene 

chinese continental 

passive margin 



(Angelier, 1986) 





(Molli and  

Malavieille,  

    2011) 



    (Lacombe et al., 2001;  

Modified after Lallemand 

         and Tsien, 1997) 



Chinese  

continental  

margin 

Kuanyin High 

Peikang High 





? 
 Thin-skinned hypothesis 

Large shortening  

of the sedimentary cover 



(Mouthereau et al., 2002) 

Basement topography 



Structural inheritance and inversion south of the basement 
    highs  

(Mouthereau et al., 2002) 

KTFZ 



(Lacombe and Mouthereau, 2002) 



(Yang et al., 1996) 



(Lacombe et al., 2003; profiles from Yang et al., 1994, 1996, 1997) 



2 very different visions of the structural style in northern Taiwan 



13 km 

8 km 

13 km 

Superimposed  
decoupling in the 
sedimentary cover and 
basement controlled by 
structural inheritance 

(Mouthereau and Lacombe, 2006) 



(Lacombe et al., 2003) 



(Lacombe et al., 2003) 



 NW Taiwan : the position of the salient’s apex coincides with the 
location of the precollisional depocenter (thickest strata) in the basin from 

which the salient formed.  
 

 The NW Taiwan salient mainly formed in response to the along-
strike variation in the pre-orogenic basin thickness, leading to recognize 

this salient as a basin-controlled salient. 
  

It differs from arcs formed in thin-skinned orogens in that deformation 
was accommodated by both thin-skinned shallow thrusts and basement 

faults and therefore that both the cover and the basement are involved in 
collisional shortening.  

 
 « Passive » and/or « active » basement control on geometry 
(segmentation, curvature, ) and kinematics of fold-thrust belts 



   (Lacombe and  

Mouthereau, 2002) 



2 very different visions of the structural style in central Taiwan 

Hung et al., 1999 
 Suppe and Namson, 1979 

 



(Mouthereau and Lacombe,  

             2006) 



(Mouthereau et al., 2002) 



(Mouthereau et al., 2002) 



CTFZ 

S-PTFZ 

(Lacombe and Mouthereau, 2002) 



(Lacombe and Mouthereau, 2002) 





Chichi (Mw=7.9) 



The Chichi earthquake :  
initiation of a thrust ramp dipping 
30° at 11-12 km which connects to 
the Chelungpu thrust (an 
inherited normal fault) 

(Mouthereau et al, 

      2001) 



(Kao et al., 2000) 

Mantle 

Lower crust 

Upper crust 

Western Foothills 



(Lacombe et al., 2001) 



(Deffontaines et al., 1997) 



2010 March 4, Mw 6.3 Jia-Shian earthquake 

(Rau et al,  

   2013) 



(Rau et al, 2013) 2010 March 4, Mw 6.3 Jia-Shian earthquake 



(Chuang et al, 

      2013) 

ML 6.2 and ML 6.5  
2013 Nantou  
earthquakes 



ML 6.2 and ML 6.5 2013 Nantou earthquakes 
(Chuang et al, 

      2013) 



(Chuang et al, 

      2013) 

The earthquakes occur on essentially the same 30° 
dipping fault plane ramping up from ~20 km depth 

near a cluster of 1999 Chi-Chi earthquake 
aftershocks to the shallow detachment and the 

Chi-Chi fault plane. 

ML 6.2 and ML 6.5 2013 Nantou earthquakes 



Tensi et al., 2006 



The degree of basement involvement vs thin-skinned deformation 
increases as the lithosphere weakens (rheology of the lower crust) 

(Mouthereau and Petit, 2003) 



Taiwan : no longer an example of thin-skinned accretionary 

wedge ?   

Still open questions : 

90% underplating since 1.5 Ma 

 (Simoes et al., 2007) 

50% underplating (Fuller et al., 2006) 
25% underplating (Barr et al., 1991) 

Suppe (1980) 



Two end-member models explain exhumation  

in the Taiwan Central Range 

1. Subduction of EUR crust 
 

Burial of Eurasian rocks followed by 

underplating/exhumation below a 

shallow continental wedge 

2. Collision of EUR crust 
 

Little burial of Eurasian rocks  

in a thick collision wedge that exhumes  

deep structural levels in a dome-like  

manner 



Taiwan : inverted Tertiary rifted margin 

Shortening : ~35 % 

 
Decoupling  within  
middle-lower crust 
h ~ 20 km 

Thick-skinned tectonic 
style 

“pure-shear” 

Chuang et al. (2013) Convergence 80 km/Ma  
Erosion rate 6-8 km/Ma  



  Some first-order controlling factors  

of the structure of fold-and-thrust belts 

  



Displacement  

Accreted thickness 

Erosion 

h(x) a inheritance 

u 

e 

h 



Shortening 

Linear erosion 



Taiwan : inverted Tertiary rifted margin 

Shortening : ~35 % 

 
Decoupling  within  
middle-lower crust 
h ~ 20 km 

thick-skinned tectonics 
style 

“pure-shear” 

Chuang et al. (2013) 

Convergence 80 km/Ma  
Erosion rate 6-8 km/Ma  



Mouthereau et al. (2007) 

Zagros : inverted Mesozoic rifted margin 

Shortening : ~37 % 

 
Decoupling  within  
middle-lower crust 
h ~ 15-20 km 

Thick-skinned tectonic 
style 

“pure-shear” 

Convergence 7km/Ma  
Erosion rate <2 km/Ma  



Décollement 
  h <10 km 

Thin-skinned tectonics 
style  
“simple shear” 

Schulte-Pelkum et al. (2005) 

Long et al. (2011) 

Convergence 50 km/Ma 
 Erosion rate3-5 km/Ma  

Himalaya : « underthrusting of a  

paleo-proterozoic craton 

Shortening : ~ 70 % 



Two main modes of accretion - why? 

h > 15-20 km h < 10 km 



Estimates of shortening in 30 fold-and-thrust belts 
worldwide 

Courtesy of  F. Mouthereau 



Shortening /structure 

Thin-skinned ~40-75%  
Thick-skinned ~20-40% 



(18,633 Te values) 

Mouthereau et al. (2013) 

Gravimetry + flexure analysis 



Thermotectonic age of continents  

= age of the last tectono-magmatic event 

Artemieva (2006) 



pure-shear 

style “inversion” 

simple-shear 

style  

“subduction” 

Mouthereau et al. (2013) 



17.5-32 % 

Young lithosphere 

Shortening vs depth to décollement 

UC=Quartz 

LC=Diabase 

MTL=Olivine 

Mouthereau et al. (2013) 



35-70% 

Old lithosphere 

UC=Quartz 

LC=Diabase 

MTL=Olivine 

Shortening vs depth to décollement 

Mouthereau et al. (2013) 





Thermal inheritance Mantle composition = f(age) 

“Inversion” : Taiwan, Zagros “Subduction” : Himalaya 

Young margin Old lithosphere 

+ 

Control by mantle strength ?  



Thank you  
for your attention… 
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