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Structure of orogenic belts controlled by
lithosphere age
Frédéric Mouthereau1,2*, Anthony B. Watts3 and Evgueni Burov1,2

The structure of a mountain belt reflects the manner in which
plate convergence is accommodated in Earth’s lithosphere.
However, the extent to which orogenic structure is precondi-
tioned by the thermo-mechanical conditions of the converging
plates is debated1–9. Here we re-process and analyse existing
data on the amount and style of contractional deformation in
30 orogens worldwide and compare this with the lithospheric
strength and age of the colliding plates. We find a correlation
between orogenic deformation, and specifically the depth at
which the crust decouples from the underlying plate, and the
age of the lithospheric plate at the time of collision. Orogens
formed from Phanerozoic lithosphere, which has high geother-
mal gradients and weak mantle, are characterized by several
under-thrust faults that form in the mid-to-lower crust and
moderate amounts of deformation, at less than 35% crustal
strain. In contrast, orogens formed on older lithospheric plates,
which have greater strength and higher-viscosity mantle, are
characterized by a large detachment fault and large amounts
of deformation, at about 70% crustal strain. We conclude
that inherited lithospheric strength influences the style and
amount of plate-tectonic contraction during mountain building,
and thus the stability of continental subduction. Our results
emphasize the influence of the deep Earth on the structural
style of collisional orogens.

The processes by which plate convergence in collisional orogenic
belts is variably partitioned into underthrusting (simple-shear) and
vertically distributed (pure-shear) crustal strain are still strongly
debated4–9. Possible models include changes in plate interactions
caused by contrasts in lower plate buoyancy6,7 or episodic growth
of eclogitic roots in arc regions and associated changes in slab
geometry8. Other types ofmodels favour variable crustal andmantle
mechanical properties related to the abundance of weak mineral
phases or fluids in the lower crust9 and inherited continental
lithospheric strength4,5. Identification of the first-order controls
on deformation styles in convergent plate boundaries, however,
requires a global approach that considers the distribution of
shortening in orogenic belts and the configuration and age of the
basement that underlies their associated foreland basins.

It has been shown that the effective elastic thickness, Te, a
proxy for the long-term strength of the lithosphere, correlates with
thermo-tectonic age, which we define as age since the last tectonic
event. It also correlates with thermal thickness, and seismic S-wave
speeds10–12. Archean provinces (>1.5Gyr) are generally thicker,
colder and stronger (Te > 60 km) than younger Late Proterozoic
and Phanerozoic provinces (<1Gyr and Te < 30 km) and are also
largely devoid of seismicity2. Strength decrease with decreasing age
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reflects the decreasing thickness of the thermal boundary layer
and progressively less depleted composition of the sub-continental
mantle and buoyancy13. On the other hand, thermo-mechanical
numerical models show that local crustal and mantle strength
variations, inherited from former tectonic events, control changes
in the distribution of shortening in collision belts14. Hence,
inherited lithosphere properties may control structural styles. Yet,
these properties are still poorly understood,which requires in-depth
investigation of shortening data in fold and thrust belts.

We present here a compilation of estimates of crustal shortening
from an analysis of about 50 geological cross-sections from 30
collision belts. Each section was constructed and restored using
balancing techniques constrained by stratigraphic data from wells,
seismic reflection profiles and field geological mapping (Table 1
and Methods). Crustal shortening, R, is calculated as a ratio, in
per cent, of the amount of horizontal shortening accumulated since
the initiation of deformation, to the original, undeformed length of
pre-collisional stratigraphic markers.

The distribution of shortening estimated for mountain ranges
that have reached a steady-state geometry (Supplementary Informa-
tion S2) suggests that the largest shortening is expected in regions
characterized by both high convergence rate and a shallow-dipping
detachment in the sedimentary cover (thin-skinned tectonic style).
Such regions are typical of underthrusting, suggesting simple-shear
subduction of the underlying crust and lithospheric mantle (Sup-
plementary Information S4). Conversely, the smallest amounts of
crustal shortening are typical of regions involving deeper basement-
involved deformation where reverse reactivation of inherited faults
is a common geological feature (thick-skinned tectonic style),
inferring pure-shear deformation of the lithosphere. A range of
shortening values may therefore reflect different properties of the
pre-existing lithosphere, independently of plate convergence rates.

Figure 1 shows that shortening estimates vary significantly
between the world’s orogenic belts. Shortening is strongest in
the Himalayan and the North-America Cordilleran fold and
thrust belts, where it reaches 52–71%, and weakest in the peri-
Mediterranean and Alpine domains, where it is in the range of 23–
46%. The sub-Andean thrust belts are characterized by intermediate
values of 30–42%.

Figure 2a shows a plot of crustal shortening against the Te
of the flanking foreland basin. The Te estimates have been
derived from a global compilation15. The figure demonstrates a
bi-modal dependence of the amount of shortening on tectonic-
style. Thick-skinned belts are distinctively associated with about
two times smaller amounts of crustal shortening than thin-
skinned belts, and there is a reasonably well-defined increase in
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Table 1 | Shortening data, Te estimates, age of collision and age of foreland lithosphere.

Name Te (km)
±20%

Shortening (%)
±(1−σ) at 95%

N Age of collision
(Myr)

Ref. Age of thermal
reset (Myr)

Ref. tT−S±20% (Myr)

ALAI 53± 11 35±7 1 25 1 300 56 275±55
ALB 40±8 25.7±5.5 2 20 2–3 250 55 230±46
APN 17±3 35± 16 2 5 4–5 250 56 245±49
APP 52± 10 34±7.46 5 375 6–7 1,050 56 675± 135
BOL 71± 14 37.77±5.21 5 60 8–12 950 56 890± 178
BR 52± 10 50± 10 1 200 13 1,900 56 1,700±340
CAN 35±7 52.17± 10.43 1 65 14 2,000 58 1,935±387
CANT 11±2 59.14±7.12 2 310 15–16 1,800 15 1,490±298
COL 51± 10 30.6±6 2 60 17–18 950 56 890± 178
CPT 28±6 59.5±4.9 2 110 19–20 1,600 56 1,409±298
DIN 12±2 32±6.4 1 30 21 250 56 220±44
EH 44±9 63± 10.18 1 50 22–24 1,800 56 1,750±350
HAT 16±3 25.71±5.14 1 65 25 200 25 135±27

NA 11±2 23.33±4.67 1 30 26 250 56 220±44
NEP 92± 18 71.73±5.51 3 50 27–29 1,800 56 1,750±350
NP 10±2 35±7 1 65 30 250 56 185±37
NWI 65± 13 65± 13 2 50 31–32 1,800 56 1,750±350
PAK 55± 11 64± 12.8 1 50 33 1,800 56 1,750±350
PER 51± 10 28.9±5.78 1 60 34 950 57 890± 178
POT 53± 11 46.15±7.53 2 13 35–36 1,800 58 1,687±337
RHE 43±9 52± 10.4 1 325 37 1,490 37 1,165±233
SA 9±2 24±4.8 1 30 38 250 57 220±44
SEV 43±9 62.5± 12.5 1 145 39 1,700 58 1,555±311
SP 13±3 46.25±20.45 4 65 40–43 250 56 185±37
SPA 49± 10 30.33± 10.5 3 60 44–46 950 56 890± 178
SUL 49± 10 45.42± 1.41 2 50 35–36 1,800 56 1,750±350
TA 14±3 34.5±6.9 1 5 47 55 57 50± 10
TAD 54± 11 35±7 1 52 48 300 56 248±49
TS 34±7 26±5.9 2 25 49–50 300 56 275±55
ZA 43±9 37±7.4 4 20 51–54 250 55 230±46

tT−S is the age of foreland lithosphere at the time of shortening. Errors in shortening data (20% in average) account for N individual estimates and scattering of measurements within a 95% confidence
interval. ForN= 1 (data from single restored cross-section), a consistent average error of 20% is assumed. Ref. column points to bibliographic references from Supplementary Information S1. Abbreviations:
ALAI, Alai Ranges; ALB, Alborz; APN, Apennines; APP, Appalachians; BOL, Sub-Andean Bolivian thrust belt; BR, Brooks Ranges; CAN, Canadian Rockies; CANT, Cantabrian Mountains; COL, Sub-Andean
Colombian thrust belt; CPT, Carpathians; DIN, Dinarides; EH, Eastern Himalayas thrust belt; HAT, High Atlas; NA, Northern Alps; NEP, Nepalese thrust belt; NP, Northern Pyrenees; NWI, North-western
Himalaya; PAK, Pakistan Himalayan thrust belt; PER, Peruvian thrust belt; POT, Potwar Plateau; RHE, Rheno-hercynian thrust belt; SA, Southern Alps; SEV, Sevier thrust belt; SP, Southern Pyrenees; SPA,
Sierras Pampeanas; SUL, Sulaiman Range; TA, Taiwan; TAD, Tadjik thrust belt; TS, Tien-Shan; ZA, Zagros.

shortening with Te within each group. For thin-skinned regions,
deformation localizes in the shallow and weak sedimentary cover
of the underthrust cratonic basement. Evidence for this process is
provided by seismological data in Himalayan thrust belts, where the
underthrusting of an eclogitized cratonic lower crust and mantle is
imaged beneath the Tibetan plateau16. Thick-skinned thrust belts
exhibit low amounts of shortening that reflects the partitioning of
deformation between the sedimentary cover detached at shallow
levels and crustal-scale ramps, connecting brittle upper layers to
ductile mid- to lower crust in a relatively short distance. Although
imaging of the deep structure of thrust belts is problematic, seismic
reflection profiles in the Western Alps indicate that upper crustal
thrustsmay connect in a wedge of thickened deep crust17.

The partial, positive, correlation of amount of shortening
with Te observed in Fig. 2a suggests that although there may
be some relationship between shortening and Te (specifically in
thin-skin belts) it may not apply globally. This may be because
the long-term strength of the mantle is the primary control on
Te whereas crustal shortening also depends on the rheological
stratification of the crust, which may be mechanically decoupled or
coupled with the mantle12.

The shortening data from Fig. 2a include collisional orogens of
different ages, ranging from Palaeozoic to Cenozoic, and involve
lithosphere of different ages, ranging from Proterozoic to Cenozoic.

In the oceans, there is a link between Te and the age of the
lithosphere at the time of loading. There might be a similar link in
the continents. Unfortunately, the global Te dataset that we have
used is based on a mix of forward and inverse (that is, spectral)
modelling techniques. The Te derived from forward modelling of
the gravity and topography of individual orogenic belts, mainly
reflect the strength of the lithosphere at the onset of shortening.
‘Spectral’ Te reflects the cumulative effect of all the loads that have
acted on the lithosphere through time, including the foreland basin
initiating event as well as erosion and other processes that may have
modified the lithosphere until the present day.

These considerations suggest that we should not just consider
the shortening in relation to Te, but its relationship to the age of the
lithosphere at the time of collision. We can calculate this age from
the difference between the age of the foreland basement and the age
of shortening. Indeed, many workers10,11,18 consider the age of the
lithosphere at the time of loading, tT−S, as a proxy for the long-term
strength of the lithosphere.

A plot of the shortening R against tT−S shows a bimodal
distribution (Fig. 2b). Thin-skinned thrust belts are associated
with foreland ages larger than 1Gyr, with R∼ 60± 10%, whereas
thick-skinned belts are younger than 1Gyr, with R∼30±10%. The
correlation between the amount of shortening and tT−S suggests a
link between the long-term integrated strength of the continental

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo1902
http://www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NGEO1902 LETTERS

60°

1,900

30°

60

0

%

0°

¬30°

¬60°

0 20 40 60 >80

Te (km)

180° 270° 0° 90° 180°

COL

PER

BOL

SPA

DIN

APN

CAN

SEV APP

RHE

HAT
1,700

2,000

1,050

1,800

200
250 250 230

TS

NWI NEP EH

300

230

55

950

950

950

950

1,600

1,800

1,490

BR

CANTCANT CPT

ZA

ALB

Figure 1 | Shortening (R) in collisional orogens and global Te structure of the lithosphere (2◦×2◦). Shortening values (white vertical bars) for external
domains of a collision segment (black thick solid lines) were calculated from balanced and restored cross-sections specified in Table 1. Current mean
thermo-tectonic ages (Myr) of the colliding foreland continental lithosphere are shown for each thrust belt segment. Because the Te data are based on
spectral and forward models, we limited the upper Te bound to 80 km because of the uncertainty of spectral results in resolving how high Te is.

R 
(%

)

BOL

TS

T

PER

TA

SP

ZAAPN
ALAI

BOL

Depths to decoupling levels

H = 20 + 7 km

H ≥ 7 km

APP
SPA
COL
PER

TAD
DIN
ALB

TS

NP

NA

HAT SA

NEP

CPT

RHE CAN

SUL

0
0 20 40 60 80 100

10

20

30

40

50

60

70

80

R 
(%

)

0

10
Thin-skinned
Thick-skinned

Thin-skinned
Thick-skinned

20

30

40

50

60

70

80

0 500 1,000
tT-S, age of the lithosphere at the time of shortening (Myr)Te (km)

1,500 2,000 2,500

a b

ALB

CAN

NWI

NEP

PAKEH

SEV
CPT

RHE

BR

ZA
SP

NP APN

HAT

SA

POTSUL
ALAI/TAD

NA

CANT

TA

DIN

APP

NWI

SEV

CANT

PAK
EH

POT BR

Figure 2 | Shortening in thrust belts plotted against proxies of the long-term lithosphere strength. a, Shortening versus Te in foreland basins.
b, Shortening against age of the foreland lithosphere at the time of shortening tT−S. Grey quadrangles in b denote the range of shortening values predicted
by modelling (Supplementary Information S2). Errors on shortening data account for the number of individual estimates and scattering of measurements
with a confidence interval of 95%. It is 20% on average. Where the shortening value is constrained by a single restored cross-section, a consistent average
error of 20% was assumed.

lithosphere and the structural styles in fold and thrust belts.
Pertinent to this link is the current debate on whether continental
lithospheric strength resides mainly in the crust or the mantle19.
Because continental Te exhibits both low and high values (larger
than crustal thickness), then the mantle must be involved in the
support of long-term geological loads, as it is in the oceans19. The
demonstratedR−tT−S relations are consistentwith this proposition.
Otherwise, tectonic styles as expressed by shortening estimates
would be more similar between the different orogens and show
little correlation with tT−S. Interestingly, continental Te also shows
a bi-modal distribution19, which may result from a jump-like
increase, for a given age, in flexural strength if the crust and mantle
are mechanically coupled together. Our results also confirm the

inferences from numerical modelling, which show that the stability
of underthrusting during collision is favoured in the case of a
stronger lithosphere20 (Supplementary Fig. S4).

The dependence of the amount of shortening on the age of
the lithosphere at the time of collision suggests control by sub-
crustal mantle properties, which are also age-dependent21. Yet,
thermal models predict saturation of the geotherm after 0.6–1Gyr
in continents12. Hence, shortening data can not only reflect a
dependence on temperature. Pre-orogenic stretching and thin-
ning induce rheological weakening by grain-size reduction and/or
phase changes in mid-crustal shear zones, as seen for example
in Alpine-type margins22. Together with melt infiltration in the
mantle peridotite23 the lithosphere becomes mechanically unstable
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and weak during extension. Initiation of deeply-rooted tectonic
inversion in the crust is further facilitated where serpentinized,
frictionally weak and hydratedmantle are present. Suchmechanical
weakening of the extended Phanerozoic mantle lithosphere pro-
motes inversion of deeply-rooted normal faults as crustal thrust
ramps, but this process is not applicable to cratons that are charac-
terized by an anhydrous depleted sub-continentalmantle18.

Figure 3 shows two endmember rheological yield-stress en-
velopes calculated for pre-1Gyr, that is cratonized lithosphere and
young Phanerozoic, 50Myr, lithosphere. Average thermal thick-
nesses of 180 and 100 km are assumed for the old and young
lithosphere, respectively, which reflectTe values of 70 km and 25 km
respectively. Such Te values are representative of the Himalaya
and Taiwan forelands (Supplementary Information S3). In the case
of young lithosphere, the low ductile strength is consistent with
the low bulk differential stress <300MPa measured in the middle
crust, as in Taiwan24. This view reflects the relative weakness of the
Phanerozoic crust, where basement-involved deformation occurs
above a mid-to-lower crustal decoupling level. Using equations
for steady-state mountain building (Supplementary Information
S2) and assuming a depth of 20 km for deep-seated decoupling
and a sediment cover detached above 7 km, we predict shortening
of 17.5–32.5%, which is within the range of shortening values
observed for thick-skinned belts (Fig. 2). In regions where high
convergence rates involve Archaean and Proterozoic cratonized
lithospheres (for example, Himalaya), however, the high strength
of both the crust and mantle precludes initiation of deep crustal
shear zones. Where large convergence is lacking, as in the case
of retro-arc orogenic belts, underthrusting of cratonized litho-
sphere is permitted owing tomantle weakening by syn-convergence
thinning, delamination and magmatism in back arc regions25.
Assuming the main decoupling levels are positioned in the up-
permost sedimentary cover <7 km, we obtain shortening values

of 35–70%, which correspond to greater amounts of shortening
observed in thin-skinned belts.

Our study shows that the amount of shortening and the age
of the foreland lithosphere at the time of collision are correlated.
This correlation can be only partly explained by the age dependence
of the thermal state. Plates seem to strengthen with age not only
because of a colder thermal regime but probably also as a result of
dehydration of mantle lithosphere. In terms of the Wilson cycle, it
is the age-dependent crust and mantle properties of the deformed
lithosphere that are mainly responsible for the differences that we
observe in shortening and lithospheric strength between orogens.
We infer that shortening data, which are useful for reconstructing
plate movements at collisional plate boundaries26, also provide a
means to quantify the role of inherited lithosphere strength in
the distribution of tectonic strain. Because isostatic models predict
that shortening will be reflected in topography data, the results of
this study provide new insights in our understanding of the links
betweenEarth surface processes and deep processes in themantle.

Methods
Shortening data given in Table 1 were obtained from balanced and restored
cross-sections. To ensure a robust comparison, the shortening data were selected
to match the same external parts of orogens, where syn-convergence burial can be
considered as limited. This is required to ensure the preservation of cross-sectional
area during deformation, a prerequisite for using balancing techniques. With
this approach, the compilation is intended to present shortening for the same
pre-collisional portions of the foreland lithosphere. Thick- and thin-skinned
styles of deformation are therefore defined in our study in a way that avoids any
a priori assumptions on rheological behaviour. Cross-sections were carefully
selected so that inferred shortening values best capture the long-term evolution
of fold and thrust belts.

The parameter tT−S is defined as the difference between the age of collision and
the age of the last thermal resetting event, which is derived from regional constraints
on the age of the last main crust-forming magmatic event or major compressional
or extensional event. The Te map was constructed using an updated database of
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18,633 individual Te estimates for continent and ocean (see Supplementary Fig. S1
showing data points). Te data were obtained both from inverse (that is, spectral)
modelling based on the spectral admittance and coherence between Bouguer
gravity anomaly data and forward modelling of the gravity anomalies and the
present-day topography/bathymetry. A large majority of the estimates are based on
spectral methods, which do recover high Te but have difficulties recovering how
high Te is if the latter exceeds 65–70 km. For this reason the spectral Te data used for
Fig. 1 were limited to 65 km. The final maps were, however, re-gridded with a limit
of 85 km to incorporate the data from forward models (for example, in foreland
basins) that better recover Te magnitude and show that the oldest continents may
have Te values up to∼125 km12.

For comparison with shortening data in Fig. 2, a range of predicted shortening
values for both thrust belts/lithosphere age couples were computed using
the kinematic field defined for steady-state mountain ranges (Supplementary
Information S2). Shortening is obtained by introducing weak zones in Phanerozoic
and Proterozoic-Archaean lithospheres, as defined by yield stress profiles. In Fig. 3,
a temperature-dependent nonlinear power-law rheology based on laboratory
experiments on wet quartzite, diabase and dry olivine is assumed for ductile
flow in the upper crust, lower crust and the mantle (Supplementary Information
S3). An average depth of decoupling at 20 km was considered for Phanerozoic
lithosphere, which is consistent with low crustal ductile strength. Here, a strain
weakening mechanism may be the most efficient process that localizes shear
zones, as suggested by the observational constraints (Fig. 3 and Supplementary
Information S3). An additional detachment above 7 km was considered to account
for possible independent decoupling in the sedimentary cover. For Proterozoic
and Archaean lithosphere, yield stress profiles show that lower crustal levels are
mechanically coupled to the mantle. The main decollement is therefore localized in
the sedimentary cover, which is here taken to vary above 7 km. The methodology
adopted to compute continental geotherms, yield stress envelopes and Te is
presented in Supplementary Information S3.
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