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Defining the structural style of fold-thrust belts and
understanding the controlling factors are necessary steps toward
prediction of their long-term and short-term dynamics, including
seismic hazard, and to assess their potential in terms of
hydrocarbon exploration.



(Lacombe and Mouthereau, 2002)

simple-shear 

style “subduction”

pure-shear

style “inversion”

Mouthereau et al,, 2013)



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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Davis et al. (1983)

for a non-cohesive sub-aerial wedge



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
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Conditions de fracturation et état critique

Le prisme est à l’état critique

lorsque le cercle tangente

la droite de néorupture







Dahlen et Suppe, 1988



Enveloppes 

de stabilité

Le prisme est dit « stable » lorsqu’il ne se déforme pas (pas de changement de sa topographie)

 il glisse passivement





Willett et al., 2001





Basement involvement in fold-and-thrust belts : 

what are the evidence?



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. 









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)



Along-strike vatiations of deformation style

and shortening : Western Alps and

Pyrenees



(Bellahsen et al., 2014)



Localization and style of basement-involved deformation varies along the strike of the western
Alpine arc.

In the Oisans (section C3), basement was shortened in a distributed way during the Oligocene
before deformation localized on the frontal ramp that activated the Vercors shallow
decollement. Deformation there was thus first characterized by accretion and thrust stacking
below the wedge (distributed underplating) without wedge widening, and later by frontal
accretion hence orogenic wedge widening during Miocene times.

In contrast, along the Mont Blanc-Aiguilles Rouges section, basement shortened by underplating
below the internal units during the Oligo-Miocene. During the late Miocene -early Pliocene,
basement units were still underplated (lower Aiguilles Rouges) while a very wide cover domain
was accreted in frontal parts (e.g., Jura and Molasse Basin) with the activation of large
basement thrusts. Moreover, both amounts of shortening and shortening across the entire
external zone increase from the Oisans section to the Mont Blanc section. The increase of the
amount of shortening is most likely due to a wider inherited Mesozoic basin in the North (Ultra-
Helvetic/Valaisan).

However, the increase of the shortening values probably has a rheological explanation. Along the
Mont Blanc section, basement shortening remains localized, leading to stacking of basement
slices (section C1). while it is distributed far toward the foreland along the Oisans section
(section C3);
this can be related to the rheology of the crust during collision, the more buried and thermally
weakened crust at the latitude of the Mont Blanc (400°C, 5kb) being more prone to localized
shortening at the orogen-scale.





P-T conditions of deformation in the Pyrenees were very different from the
western Alps, especially in term of burial which remained much shallower.

However, the striking similarity in term of basement shortening style
between sections C1 and D2, and sections C2 and D1, suggests that along-
strike variations in the structural style may also be controlled by difference
in crustal thermicity, with temperature lower to the West than to the East.

This is consistent with the maximum temperature recorded by Raman
Spectroscopy on Carbonaceous Material technique in the NPZ and related the
Cretaceous extension and mantle denudation, higher to the East than to the
West (Clerc & Lagabrielle, 2014). In this perspective, the crust was hotter
and weaker in the East, where, as a consequence, shortening was more
localized than in the West, although the total shortening is similar.

Low-Temperature thermochronology supports that the high geothermal
gradient has lasted 30-50 Ma after extension, hence during convergence in
the NPZ (Vacherat et al., 2014) and probably also in the Axial zone, which
likely favored basement-involved shortening.



Basement control on the kinematics of 

fold-and-thrust belts : 

the Laramide belt case





(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
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Beaudoin et al., 2012
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Marshak et al. (2000)



Erslev (2009)



(Weil and Yonkee, 2012) 



Erslev (1993)





Fan and Carrapa, 2014



Fan and Carrapa, 2014





Ramos, 2010 

Erslev, 1993

English et al., 1993 





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





Chinese 

continental 

margin

Kuanyin High

Peikang High



(Lacombe et al., 2001; 

Modified after Lallemand

and Tsien, 1997)

(Byrne and Liu, 2002)



(Molli and 

Malavieille, 

2011)





?
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 : 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 rheological controls 

of the structure of fold-and-thrust belts



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

(Mouthereau and Petit, 2003)



Correlation between spatial variations of the flexural rigidity of the
lithosphere and the nature and amount of foreland deformation has been
suggested for the Andes FTB (Watts et al., 1995) and Taiwan (Mouthereau
& Petit, 2003).

These authors documented that regions with low Equivalent Elastic
Thickness (Te) correlate with thick-skinned deformation whereas regions
with high Te correlate with thin-skinned deformation. The idea behind is
that a strong lithosphere is less easily deformed so that shortening is
localized in a narrow zone at shallow depth, while a weaker lithosphere
enables crust-mantle decoupling and shortening of the whole crust.

Mouthereau & Petit (2003) emphasized that the local increase of plate
coupling and inhomogeneities in a prefractured margin as in Taiwan can
affect the rigidity of the layered continental lithosphere, supporting a
mechanical relationship between its strength and the structural style.



(Reston and Manatschal, 2011; Cloetingth et al., 2005)



Passive margins are key players in the collisional processes as the arrival of
theirproximal, poorly thinned parts into the subduction zone mark the onset of
collision. The transition between continental and oceanic crusts is often marked by a
wide domain of progressively thinner continental crust, with occasional locally
exhumed sub-continental mantle.

Differential stretching of the lithosphere modifies its rheological properties which
will subsequently control deformation style during collision (Cloetingh et al., 2005). As
the crust thins and cools during progressive rifting, the reduction in overburden
pressure and temperature makes the rocks which originally deformed by plastic creep
gradually become more prone to brittle failure. The result is that the initial weak
zones in the middle crust and deep crust disappear and that the entire crust becomes
brittle. The important consequences of the progressive embrittlement of originally
ductile rocks during lithospheric extension are (1) that lateral flow or displacement
of particular layers within the crust should become progressively more difficult as
rifting proceeds, and (2) that the upper crust becomes coupled to the mantle (Reston
& Manatschal, 2011).

 For thick-skinned FTBs that developed from former passive margins, the
occurrence of weak mechanical layers within the proximal margin lithosphere (the
middle and most of the lower crust are expectedly ductile) may explain
thatcontractional deformation be distributed within most of the crust, giving rise to
basement- involved tectonic style. In contrast, because these weak crustal levels are
usually lacking indistal parts of the margins as a result of thinning, these stronger
lithospheric domains are more prone to localized deformation in a continental
subduction style.
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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 kmh < 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)



Mouthereau et al. (2013)





There are increasing lines of evidence of basement-involved shortening in FTBs,
even in the ‘archetypal’ thin-skinned belts. This basement involvement is often
associated with basement inversion tectonics.

The pre-orogenic deformation of the basement may control the geometry,
kinematics and mechanics of FTBs, either at the scale of the whole belt (e.g., belt
curvature, segmentation and along-strike variations of structural styles, sequence
of deformation, localization of contractional deformation and % of shortening) or at
the scale of tectonic units (reactivation of inherited basement faults, basement-
cored folding). In some cases however, inherited basement (normal) faults are not
reactivated whereas newly-formed compressional shear zones develop, which brings
into question the bulk rheology of the crust vs the rheology of preexisting fault
zones available for reactivation.

In basement-involved, thick-skinned FTBs, shortening is distributed throughout the
whole crust and is usually lower than in their thin-skinned counterparts, which likely
requires/reflects a specific thermo-mechanical behavior of the underlying
lithosphere (e.g, hot and young, hence weak). In FTBs resulting from inversion of
former proximal passive margins, basement thrusting that occurs in a rather
localized way in their inner parts requires structural inheritance and/or a hot
crustal temperature either inherited from a recent (pre- orogenic) rifting event or
resulting from syn-orogenic underthrusting and heating.



Basement-involvement in FTBs raises the question of the way the orogen is
mechanically coupled to the foreland and how orogenic stresses are transmitted
through the heterogeneous basement of the foreland/plate interior. Development
of thick-skinned belts within cratons remains somewhat enigmatic and likely
requires specific boundary conditions (strong interplate coupling, such as provided
by flat-slab subduction) ensuring efficient transmission of stresses
(crustal/lithospheric stress guide) and propagation of deformation in the pro- and
retro-foreland by crustal/lithospheric buckling or deep crustal decollement, in
addition to local structural and/or possible physical/compositional weakening.



Thank you 
for your attention…
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