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Abstract Surface processes and inherited structures are widely regarded as factors that strongly influence
the evolution of mountain belts. The first-order effects of these parameters have been studied extensively
throughout the last decades, but their relative importance remains notoriously difficult to assess and
document. We use lithospheric scale plane-strain thermomechanical model experiments to study the effects
of surface processes and extensional inheritance on the internal structure of contractional orogens and
their foreland basins. Extensional inheritance is modeled explicitly by forward modeling the formation of a
rift basin before reversing the velocity boundary conditions to model its inversion. Surface processes are
modeled through the combination of a simple sedimentation algorithm, where all negative topography
is filled up to a prescribed reference level, and an elevation-dependent erosion model. Our results show
that (1) extensional inheritance facilitates the propagation of basement deformation in the retro-wedge and
(2) increases the width of the orogen; (3) sedimentation increases the length scale of both thin-skinned
and thick-skinned thrust sheets and (4) results in a wider orogen; (5) erosion helps to localize deformation
resulting in a narrower orogen and a less well-developed retro-wedge. A comparison of the modeled
behaviors to the High Atlas, the Pyrenees, and the Central Alps, three extensively studied natural examples
characterized by different degrees of inversion, is presented and confirms the predicted controls of surface
processes and extensional inheritance on orogenic structure.

1. Introduction

The crustal structure of collisional orogens around the world shows a wide range of deformation styles from
narrow, asymmetric doubly vergent wedges like the Pyrenees [Muñoz, 1992] to wide, plateau-like orogens
such as the Zagros mountain belt in Iran [Mouthereau et al., 2007]. Recently, Jamieson and Beaumont [2013]
proposed a conceptual temperature-magnitude framework for orogenesis in terms of the progression
from small-cold to large-hot orogens. In the proposed framework, small-cold orogens are defined to be
those in which the upper part of the lithospheric mantle subducts with little internal deformation and bulk
shortening and where crustal thickening and heating are limited. In contrast, large-hot orogens are typically
composed of a central elevated plateau underlain by thick crust and underthrusted continental lithosphere and
characterized by major internal deformation, strong heating and ductile flow of the middle lower crust.

In this framework, the most important controlling factor on the size and overall structure of an orogen is the
amount of convergence between the colliding plates. However, in addition to the amount of convergence,
several other factors have been proposed to provide a first-order control on the structural development
of mountain belts, including bulk crustal strength, inherited weaknesses, and the efficiency of surface process.
While these parameters have been studied extensively in the last decades [e.g., Beaumont et al., 1992;
Willett et al., 1993; Mugnier et al., 1997; Stolar et al., 2006; Buiter, 2012; Jammes and Huismans, 2012; Mouthereau
et al., 2013], questions still remain about their exact effects on the style of orogenic development.

Numerous studies have shown that the strength of the crust and the mantle lithosphere provide first-
order controls on the structural style in both extensional [Buck, 1991; Bassi et al., 1993; Buck et al.,
1999; Huismans and Beaumont, 2003, 2011; Huismans et al., 2005; Jammes and Huismans, 2012] and
contractional [Willett et al., 1993; Beaumont et al., 1994; Ellis et al., 1998; Jammes and Huismans, 2012]
settings. In addition, as Jammes and Huismans [2012] pointed out most recently, the strength of the crust
is highly dependent on inherited compositional and structural weaknesses. Although most orogens
initiate by inversion of passive margins or rifted basins, little is known about how inherited extensional
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structures affect the evolution of these orogens. Previous studies focused mainly on the effect of
inheritance on the scale of half-graben systems [Buiter and Pfiffner, 2003] and moderate inversion of rifted
basins exploring the effects of postrift thermal equilibration [Buiter et al., 2009]. Jammes and Huismans
[2012] demonstrated that rifting inheritance can explain the presence of a lower crustal or mantle
lithospheric body at shallow depth, as inferred for the Pyrenees [Muñoz, 1992] and European Alps [Schmid
and Kissling, 2000], for example. Extensional inheritance also appears to facilitate the propagation of
deformation to the retro-wedge of the orogen [Jammes and Huismans, 2012]. However, their modeling
study focused mainly on the thick-skinned crustal-scale evolution of mountain belts, the numerical model
resolution being insufficient to properly address the link with thin-skinned structures and processes
acting at the Earth’s surface.

The effects of erosional processes on the tectonic evolution of mountain belts have been extensively studied
[see Whipple, 2009, and references therein], and it has been shown that erosion is not only a response to
topographic growth resulting from mountain building but that it has potentially strong feedbacks on
the development of the internal structure of orogens [e.g., Beaumont et al., 1992; Avouac and Burov, 1996;
Willett, 1999]. It has also been shown that syntectonic sedimentation has a strong control on the structure
of thin-skinned fold-and-thrust belts [e.g., Storti and McClay, 1995; Ford, 2004; Simpson, 2006; Bonnet et al.,
2007; Fillon et al., 2012], where the erosion products from the orogenic hinterland can stabilize the belt
in accordance with critical-taper theory [Chapple, 1978; Dahlen, 1990]. However, despite our improved
understanding of the control exerted by surface processes on the evolution of contractional orogens, it is still
unclear how they might affect mountain building in the presence of inherited extensional structures.
Neither has much work been done to decipher which aspects of orogenic structure and evolution can be
ascribed to tectonic inheritance or to surface processes specifically, and which of these provide the prime
control on the structure of individual mountain belts.

Here we study the effect of inherited extensional structures and surface processes on the deformation
style of collisional orogens as well as their adjacent foreland fold-and-thrust belts. Moreover, the interaction
of thin-skinned and thick-skinned tectonics is explored with the use of a shallow frictionally weak
detachment at the base of a predeformation sedimentary layer. We investigate the effects of extensional
inheritance by modeling the formation of a continental rift basin explicitly before the velocity boundary
conditions are inverted to create a contractional environment for the development of a doubly vergent
orogen. In this “accordion”modeling approach (using the term coined by Jammes and Huismans [2012]) the
structure predicted by an extensional model is used as the initial conditions for modeling inversion tectonics.
The effects of sedimentation are included using a simple model where the topography is filled up with
sediments to a reference level, while erosion is modeled with an elevation-dependent algorithm. A first-order
comparison of our model results with natural examples from the High Atlas, the Pyrenees, and the European
Alps suggests that our model experiments can be used to explain characteristic features of these and
other natural systems.

2. Methodology
2.1. Basic Principles

We use a modified version of the Arbitrary Lagrangian-Eulerian finite-element code FANTOM to solve the
Stokes and the heat transport equations [Thieulot, 2011]. We model thermo-mechanically coupled, plane-
strain, incompressible viscous-plastic creeping flows to investigate the behavior of a layered lithosphere
with frictional-plastic and thermally activated power law viscous rheologies in both extensional and
contractional regimes. When stress is below the frictional-plastic yield criterion, deformation is viscous;
frictional-plastic deformation is activated when the stress exceeds the yield criterion. The numerical accuracy
of the finite-element code has been verified through benchmarking against a wide range of analytical
and numerical studies [Thieulot, 2011].

Viscous flow follows temperature-dependent nonlinear power law rheologies. The effective viscosity ηeff is
specified as

ηeff ¼ f � A�1=n � �ε 1-nð Þ=2n � exp Qþ V � p
nRT

� �
(1)
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where A is the preexponential scaling factor, n is the power law exponent, �ε is the second invariant of the
deviatoric strain rate tensor 1

2
�ε’ij �ε’ij

� �
, Q is activation energy, V is activation volume, p is pressure, T is

temperature, and R is the universal gas constant. A, n, Q, and V are derived from laboratory measurements
carried out on “wet” and “dry” olivine and “wet” quartzite [Karato and Wu, 1993; Gleason and Tullis, 1995]
and are given in Table 1. A factor f is chosen to scale viscosities calculated from the reference wet quartzite
flow law for the lower crust. The effective viscosity of the crust remains largely unconstrained [Huismans and
Beaumont, 2003]; the applied viscosity scaling represents a simple technique that can be used to create
strong lower crust without recourse to additional flow laws that are subject to significant uncertainties.

Frictional-plastic yielding is modeled with a pressure-dependent Drucker-Prager yield criterion, equivalent
to the Coulomb yield criterion, when modeling incompressible deformation in plane strain. Yielding
occurs when

J’2
� �1=2 ¼ p � sin ϕeffð Þ þ C � cos ϕeffð Þ (2)

where J’2 is the second invariant of the deviatoric stress, ϕeff is the effective internal angle of friction given
as p � sin(ϕeff ) = (p� pf ) � sin(ϕ) for pore-fluid pressure pf , and cohesion C. With appropriate choice of
cohesion and effective internal angle of friction [e.g., Lavier et al., 2000], this yield criterion can approximate
the effect of pore-fluid pressure and frictional sliding in rocks. High transient or static fluid pressures or
mineral transformations can cause the weakening of frictional-plastic faults and shear zones [Sibson, 1990;
Streit, 1997; Bos and Spiers, 2002]. In the model, these strain-softening effects are accounted for through a
linear decrease of the effective internal angle of friction from 15° to 2°, with a simultaneous decrease of
the cohesion from 20MPa to 4MPa for accumulated strain values between 0.5 and 1.5 (Figure 1b). We
note that ϕeff (ε)≈ 15° corresponds to the effective internal angle of friction when the pore-fluid pressure
is approximately hydrostatic. Note that strain-healing mechanisms have not been accounted for in
these models.

In addition to solving the Stokes equation for viscous-plastic flows, the heat transport equation is solved in
two dimensions (i = 1, 2):

ρ � Cp � ∂T
∂t

þ vi
∂T
∂xi

� �
¼ ∂

∂xi
� k

∂T
∂xi

� �
þ H (3)

where ρ is density, Cp is heat capacity, t is time, vi and xi are the velocity and spatial components in the
i direction, k is thermal conductivity, and H is heat production per unit volume. The mechanical and thermal

Table 1. Mechanical and Thermal Parameters Used in the Thermomechanical Model Experimentsa

Parameter (Units) Salt Upper Crust/Precollision Sediment Lower Crust Mantle Lithosphere Sublithospheric Mantle

Mechanical Parameters
Thickness (km) 1 21; 3 10 85 480
Reference density (kgm�3) 2300 2800 2800 3360 3300
Internal friction angle ϕeff (ε) 2° 15°–2° 15°–2° 15°–2° 15°–2°
Strain range of softening - 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5
Cohesion (Pa) - 2 · 107–4 · 106 2 · 107–4 · 106 2 · 107–4 · 106 2 · 107–4 · 106

Flow law - Wet Quartz Dry Olivine Wet Olivine
scaling factor (f ) - 1 100 1 1
A (Pa�n s�1) - 8.574 · 10�28 8.574 · 10�28 2.4168 · 10�15 1.393 · 10�14

Q (J mol�1) - 222.81 · 103 222.81 · 103 540.41 · 103 429.83 · 103

n - 4 4 3.5 3
V (m3mol�1) - 3.1 · 10�6 3.1 · 10�6 25 · 10�6 15 · 10�6

R (J mol�1°C�1) 8.3144

Thermal Parameters
Thermal diffusivity (m2 s�1) 1 · 10�6 1 · 10�6 1 · 10�6 1 · 10�6 1 · 10�6

Thermal expansion (K�1) 3.1 · 10-5 3.1 · 10�5 3.1 · 10�5 0 0
Heat productivity (Wm�3) 0.8 · 10�6 0.8 · 10�6 0.8 · 10�6 0 0

aWe note that due to direct matrix solver limitations themaximum effective viscosity difference that can be resolved is 9 orders of magnitude; hence, we use cut
off values of ηmin

eff = 1020 and ηmax
eff = 1028 Pa s.
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systems are coupled through the temperature-dependent rheologies and are solved sequentially for each
model time step. The temperature dependence of the densities is given by

ρ Tð Þ ¼ ρ0 1� α T� T0ð Þð Þ (4)

with the thermal expansion coefficient α = 3.1°10�5°C�1 for the crust and α = 0°C�1 for the mantle. The
reference densities of the individual materials at T0 = 0°C are given in Table 1. A compositional density
contrast of 60 kgm�3 between themantle lithosphere and sublithospheric mantle is applied in order to avoid
small-scale mantle-flow instabilities.

2.2. Model Setup

The models are set up as an idealized representation of the lithosphere and the sublithospheric mantle in a
600 km high and 1200 km wide box (Figure 1a). The lithosphere consists of a 35 km thick crust (25 km
upper crust, 10 km lower crust) and 85 km mantle lithosphere overlying the sublithospheric mantle. The top

Figure 1. (a) Model geometry showing layer thicknesses, the position and size of the weak seed, the lateral velocity
boundary conditions, and the initial temperature profile. All values used for the mechanical and thermal parameters are
listed in Table 1. The lateral velocity boundary condition is set up to achieve mass balance. Extension and contraction are
driven by the velocity boundary conditions and seeded by a small strain-weakened region. The dotted rectangle
demonstrates the size of the excerpts shown in Figures 2–8. (b) Frictional-plastic strain softening is achieved through a
linear decrease of ϕeff from 15° to 2° with a simultaneous decrease of C from 20MPa to 4MPa. (c) The initial strength
profiles of the models. The dashed line represents the fully strain-weakened state of the lithosphere.
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4 km of the crust represent prerift sediments composed of a 3 km thick frictional upper layer overlying a 1 km
thick weak layer representing a décollement level (e.g., salt). This setup allows for modeling the behavior of
prerift sedimentary sequences as well as the deformation of the underlying continental basement, providing
insight into the potential coupling and interaction of thin-skinned and thick-skinned tectonic regimes.

To ensure that the deformation localizes in the center of the model rather than at the sides, where
boundary effects may influence the deformation pattern, we initially place a strain-weakened rectangular
seed of 6 by 6 km positioned at the top of the strong, frictional-plastic lower crust. Also note that since the
initial conditions are symmetrical, subduction initiates with a random polarity for each model. For ease
of comparison, we have reoriented some of the models so they all show the same polarity.

The Eulerian grid consists of 2400 elements in the horizontal and 300 elements in the vertical dimension,
respectively. The distribution of the elements is irregular in the vertical direction, with 125 elements in the
upper crust, 125 elements in the lower crust and mantle lithosphere, and 50 elements in the sublithospheric
mantle. Consequently, the resolution in the horizontal direction is equal to 500m for the entire model
domain, while the vertical resolution is 200m in the upper crust, 800m in the lower crust and mantle
lithosphere, and 9.5 km in the sublithospheric mantle. Initially, each cell of the Eulerian grid contains nine
Lagrangian (material) nodes that allow for the tracking of the materials through space and time. Additionally,
a third grid is defined and tracked purely for visualization purposes.

A free surface at the top of the numerical model allows for tracking directly the evolution of the topography,
with minimal surface smoothing applied in a controlled manner, to prevent numerical instabilities.
Velocity boundary conditions are imposed on both vertical sides of the model while a free slip condition is
applied at its base. In extensional mode, material is flowing out through both sidewalls of the model in
the lithosphere with a velocity v = 0.5 cm/yr, while material is flowing in through both sidewalls in the
sublithospheric mantle with a velocity scaled to balance the outflow of lithospheric material (Figure 1a). In
convergencemode, the lateral boundary conditions are inverted. We have not explored the effects of varying
extension and contraction velocities and note that postrift thermal relaxation is not accounted for.

The lateral boundaries are thermally insulated (i.e., heat flow is not allowed through the boundary), while the
top and basal boundaries are set to a constant temperature (Figure 1a). The initial temperature field is
laterally uniform and increases parabolically with depth from the surface (T0 = 0°C) to the base of the crust
(initial Moho temperature, Tm = 550°C) as a result of heat production in the crust (hc=0.8 μWm�3). Below
the Moho, temperature follows a linear gradient to the base of mantle lithosphere (initially at T =1330°C); the
temperature of the sublithospheric mantle is initially constant and uniform.

The numerical models have a depth-dependent rheology in which the crust is characterized by the viscous
creep parameters for wet quartz [Gleason and Tullis, 1995]. A scaling factor flc= 100 is used to obtain a
strong lower crust. The mantle lithosphere is characterized by the viscous flow parameters of dry olivine
[Karato and Wu, 1993], while the sublithospheric mantle is characterized by viscous flow parameters for wet
olivine [Karato and Wu, 1993]. Using these parameters in the reference model, the upper crust (including the
precollision sediments), the upper part of the strong lower crust and the top of the mantle lithosphere
undergo frictional-plastic deformation, while the middle crust, the lower part of the lower crust, and the
lower mantle lithosphere and sublithospheric mantle deform viscously (Figure 1c).

2.3. Surface Processes

The reference model (Model M1) does not account for sedimentation and erosion. The top of the model is
acting as a free surface with only minimal surface smoothing applied to prevent numerical instabilities
(see previous section).

Table 2. List of Model Experiments and Their Varying Parameters

Model Amount of Extension Sedimentation (Start) Erosion Rate Figure

M1 (reference) 50 km - - Figure 2
M2 - - - Figure 4
M3 100 km - - Figure 5
M4 50 km 20 Myr - Figure 6
M5 50 km 20 Myr 4.35 · 10�15 s�1 Figure 7
M6 50 km 20 Myr 8.7 · 10�15 s�1 Figure 8
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In models M2–M4, a simple sedimentation model is applied. Deposition starts after 100 km of crustal
shortening has taken place beyond full inversion and is modeled by filling all topography below a
reference level with sediments at the end of each time step. The delayed initiation of sedimentation
allows for the development of a more than 2 km high orogenic core that could provide a source for the
sediments. This representation of sedimentation is very simple but the resulting geometry of the basin fill

Figure 2. Reference model (M1) with no surface processes, showing deformed Lagrangian mesh and sample isotherms
after (a) 5 Myr (Δx =�50 km) extension, (b) 10 Myr (Δx = 0 km) full inversion, (c) 30 Myr (Δx = 200 km) contraction,
and (f ) 40 Myr (Δx = 300 km) contraction for dashed area in Figure 1. (d and e) Zoomed extracts from Figure 2f to show
the small-scale deformation patterns in the foreland fold-and-thrust belts. (Animations of model evolutions can be found in
the online supporting information.)
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is consistent with natural foreland basin
systems [DeCelles and Giles, 1996]. The
deposited sediments have the same
material properties as the upper crust
and the precollision sediments.

In models M5 and M6, an elevation-
dependent erosion algorithm is
implemented following the equation
Δh=Δt ¼ h · Er , where h is elevation, Δt is

time (s), and Er is the characteristic
inverse erosional timescale (s�1). Er is
scaled such that in model M3 a 4 km high
topography erodes by 1 km in 2 Myr
(later referred to as “moderate erosion
rate”), while in model M4 this will take
place in 1 Myr (later referred to as “high
erosion rate”). The erosion algorithm
used here is deliberately simple as it is
intended for modeling the first-order
effects of erosion without having to
implement computationally demanding
process-based algorithms [e.g., Stolar
et al., 2006].

Note that the two surface-process
algorithms are not mass conserving, a
simplification that allows for the separate

testing of the effects of sedimentation and erosion. Nevertheless, material that was initially deposited in the
model can be eroded when elevated above the reference base level (fixed to the top left node of the model).

3. Results

A list of all models presented and their key parameters is provided in Table 2. Following the reference
model (model M1; Figure 2), a set of models is presented that investigates the effect of varying the amount of
initial extension on the orogens after inversion and contraction (models M2 and M3; Figures 4 and 5).
Subsequently, the effects of surface processes (erosion/deposition) on the evolution of an orogen formed by
inversion of a rift basin are explored (models M4 to M6; Figures 6–8).

3.1. Reference Model: Model M1

The reference model starts in extensional mode with 50 km extension applied in 5 Myr before the velocity
boundary conditions are reversed, creating contraction for the rest of the model experiment. The reference
model has a weak decoupling horizon in the middle crust and a strong lower crust, with crustal scaling
factors fuc = 1 and flc = 100. Neither sedimentation nor erosion is allowed for during the experiment. The
model run can be divided into four phases that each display fundamentally different behavior (Figure 2).
During Phase 1, extension leads to the formation of a largely symmetric continental rift basin bounded by
two well-defined frictional-plastic normal shear zones. By the end of this phase (at t= 5 Myr and 50 km
extension) the strong lower crust is ruptured (Figure 2a), the rift basin is about 4 km deep at its deepest point,
while the rift shoulders reach up to 1 km above the reference level. The prerift sediments display very little
deformation. The relative degree of strain weakening (varying between 0 and 1) is used to visualize
the distribution of frictional-plastic strain-weakened areas at the end of extension that provide the inherited
structures for inversion (e.g., Figure 3). At the end of the extensional phase, strain weakening has occurred
on highly discrete extensional shear zones in the upper crust and within the mantle lithosphere that
will provide the inherited weak zones for the contraction phase (Figure 3a).

Phase 2 starts with the inversion of the velocity boundary conditions. By t=10 Myr (after 50 km contraction,
equal to the amount of initial extension), the extensional basin is fully inverted. A mildly asymmetric

Figure 3. The spatial distribution of strain-weakening values on a
scale of 0 to 1, where 0 (green) represents no strain weakening and
1 (yellow) represents full strain-weakening for models M1 and M3.
The sections present the state of the crust at the end of the exten-
sional phase for (a) model M1 (5 Myr and Δx =�50 km) and (b) model
M3 (10 Myr and Δx =�100 km).
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keystone structure with a lower crustal/mantle-lithospheric root is uplifted along the inverted frictional-
plastic shear zones (Figure 2b). At this point, one of the inherited frictional-plastic shear zones is preferred
over the other, leading to the initiation of continental subduction. The prerift sediment layer on top of the
keystone structure gradually thins out as material slides down along the décollement layer toward the
foredeep depressions on either side of the keystone block. At the same time, the first thin-skinned thrust
sheets form in the footwall of the uplifted central block.

During Phase 3, deformation migrates into the subducting plate and starts building up the pro-wedge as a
result of the continuing contraction (note that we use the terms pro-wedge and retro-wedge to define the
deformed parts of the lower and upper plate, respectively, as defined by Ellis et al. [1998]). An outward
propagating sequence of basement thrust sheets forms (Figure 2c) with thin-skinned deformation focused in
the footwall of the active basement thrusts throughout the entire model experiment (see also Figures 2d
and 2e). The sequence is only disrupted by the formation of a crustal-scale pop-up structure early on in
its development, after abandonment of the first basement thrust sheet. The initial keystone structure that
makes up the bulk of the retro-wedge is slowly translated along the inverted normal fault bounding the
overriding plate, with thin-skinned deformation occurring in the footwall of the basement fault above the
shallow décollement. The overriding plate itself remains relatively undeformed until 30 Myr.

During the final phase, pro-wedge deformation continues while the entire mass of the initial keystone
structure, including its lower crustal root, is thrusted onto the overriding plate, bending it gently down
toward the subduction zone. Deformation penetrates the previously undeformed basement of the overriding
plate and two thick-skinned thrust sheets form, widening the retro-wedge significantly (Figure 2f). The
displacement along the individual basement thrusts in the retro-wedge is notably less than in the pro-wedge.

3.2. Model Sensitivity to the Amount of Extension: Models M2 and M3

Models M2 and M3 test the effect of the amount of extension on the structural style of lithospheric inversion.
In model M2, the effect of extensional inheritance is removed by running the model in contractional
mode only (model M2; Figure 4). In model M3, in contrast, the extensional mode is run until full crustal
breakup before inverting the velocity boundary conditions (model M3; Figure 5). Neither sedimentation nor
erosion is allowed for in these experiments. These two models investigate end member values in terms of
initial crustal extension (zero versus full crustal breakup).
3.2.1. Pure Contraction: Model M2
The effects of extensional inheritance on mountain building can be understood best in comparison to a
purely contractional model. In the absence of extension, the development of model M2 (Figure 4) can be
divided into two phases. During Phase 1, shortening results in the uplift of a symmetrical keystone structure,
narrower than in the reference model with extension, with foreland depressions developing on either side.
The keystone structure incorporates very little lower crustal material and no mantle lithosphere at all.
Continental subduction is initiated as soon as deformation localizes preferentially on one of the shear zones
bounding the keystone structure, accommodating shortening within the strong lower crust and mantle
lithosphere. The small lower crustal root of the keystone structure remains close to the top of the
undeformed lower crust of the overriding plate throughout the model experiment. With continued crustal
shortening, thin-skinned thrust sheets form in the footwall of the keystone structure, detaching in the
décollement layer at the base of the preorogenic sediments, while deformation in the crust propagates
toward the foreland in the subducting plate with the formation of a basement thrust sheet (Figure 4a).

Subsequently, shortening is accommodated in turn by the formation of new basement thrust sheets
propagating to the foreland, and by the formation of thin-skinned thrusts in the precollision sediments in the
footwall of the active basement thrust sheet (Figures 4b–4d). The overriding plate remains relatively
undeformed throughout the model evolution, developing a single basement thrust sheet and only limited
thin-skinned deformation after 300 km of contraction (Figures 4c and 4d).
3.2.2. Full Breakup: Model M3
In model M3, 100 km of initial extension results in full crustal breakup (Figure 5a). The model experiment can
be divided into four phases (Figures 5a–5f). During the first phase, early rupture of the strong lower crust is
followed by the formation of a wide, asymmetric rift basin with three rotated upper crustal fault blocks
that are situated directly on top of the extended mantle lithosphere. The strain-weakening plot reveals that a
fourth extensional shear zone is in the process of being activated (Figure 3b). This phase ends with full
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crustal breakup after 10 Myr and 100 km of extension, leading to exhumation of mantle lithosphere
(Figure 5a). The rift basin is about 5 km deep at its deepest point, while the rift flanks reach elevations up to
1.5 km. The prerift sediments display only minor deformation as they slide off from the tilted corners of the
rotated fault blocks. No significant thin-skinned fault activity is apparent at this stage.

Phase 2 starts at the onset of inversion. During this phase, which lasts until 20 Myr, inversion of the preexisting
extensional structures leads to a wider and more complex asymmetric keystone structure, which is uplifted
along the most external inverted normal faults. Several smaller inversion structures develop in between
thesemaster faults, reflecting the complex structure of the rift basin (Figure 5b). The keystone structure involves
only a marginally larger amount of lower crust and mantle lithosphere at its root, in comparison with the
reference model that experienced less extension (Figure 2b). Thin-skinned deformation of the prerift sediments
is minimal at this stage, with a few thrusts developing in the footwalls of the inverted extensional structures.

Phase 3 of the model evolution and onward is very similar to that of the reference model (Figures 5c
and 5d). Deformation migrates into the subducting plate, building up the pro-wedge through an outward
propagating sequence of basement thrust sheets. This sequence is again temporarily interrupted by
the formation of a crustal-scale pop-up structure (Figure 5c; compare to Figure 2c). Thin-skinned
deformation in the pro-wedge is concentrated in the footwall of the active basement thrusts. The keystone
structure forming the retro-wedge is progressively transported along the inverted normal fault bounding
the overriding plate, with minor thin-skinned deformation in the footwall of the basement fault above
the shallow décollement. During the final phase, the keystone structure and adjacent thick-skinned
basement thrusts are transported onto the overriding plate, bending it down toward the subduction
zone. At this stage, after slightly more convergence than in the case of the reference model, a new thick-
skinned thrust forms in the previously undeformed basement of the overriding plate (Figure 5f). The
displacement along the individual basement thrusts in the retro-wedge is notably less than in the pro-wedge.

Figure 4. Pure contractional model M2 after (a) 15 Myr (Δx = 150 km) contraction and (d) 30 Myr (Δx = 300 km) contraction
respectively; (b and c) zoomed extracts from Figure 4d to show the small-scale deformation patterns in the foreland fold-
and-thrust belts. Sedimentation and erosion are not accounted for. The small pockets of syntectonic sediments present
in the model are artifacts resulting from the surface smoothing.
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3.3. The Effect of Sedimentation: Model M4

Model M4 has the same rheological setup as the reference model, with decoupling in the middle crust, a
scaling factor fuc = 1 for the upper crust and flc = 100 for the lower crust (Figure 6). Sedimentation is
included, while erosion is not accounted for in this model. The experiment can be divided into four different
phases, similar to the reference model. As sedimentation is only initiated after full inversion, the first two
phases are identical to those of the reference model, with formation of a symmetric rift basin during

Figure 5. Model M3 undergoes extension until full crustal breakup before activating the inversion mode. Sedimentation
and erosion are not accounted for. Presenting the same model properties as in the reference model (Figure 2) after
(a) 10 Myr (Δx =�100 km) extension, (b) 20 Myr (Δx = 0 km) after full inversion, (c) 40 Myr (Δx = 200 km) contraction, and
(f) 50 Myr (Δx = 300 km) contraction, respectively. (d and e) Zoomed extracts from Figure 5f to show the small-scale
deformation patterns in the foreland fold-and-thrust belts.
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extension and subsequent inversion resulting in the uplift of a mildly asymmetric keystone structure. The
main characteristics of the third phase are similar to the reference model, with an outward propagating
basement thrust sequence building up the pro-wedge. However, both the thin-skinned and thick-skinned
thrust sheets forming after the onset of sedimentation are significantly longer than those in the reference
model (see Figures 6b and 6c). Upon the onset of deposition, a wide and deep foreland basin forms in
the footwall of the active basement thrust sheet. In comparison with the reference model without
sedimentation, this basement thrust remains active for a longer time and accommodates more displacement,
while the subsequent basement thrust forms further out below the foreland (Figure 6a). During the final
phase, the initial keystone structure migrates slightly further into the overriding plate compared to the
reference model and the basement thrusts forming in the retro-wedge accommodate more displacement,
resulting in a more strongly developed retro-wedge and an overall wider orogen (Figure 6d).

3.4. Effect of Erosion: Models M5 and M6

Models M5 (Figure 7) and M6 (Figure 8) have the same basic setup as model M4 but include elevation-
dependent erosion in addition to deposition. Erosion is active from the model start but it has a negligible
effect in the extensional and inversion phases, as high-elevation topography is only present after uplift of the
keystone structure. This means that the initial extension and the early inversion phases are practically
identical to those of the reference model.
3.4.1. Moderate Erosion Rate: Model M5
When applying a moderate erosion rate combined with deposition (model M5; Figure 7), a wide domain of
basement thrust sheets forming in the third phase becomes exposed in the internal part of the orogen. At
the same time, the foreland basins are shallower than the ones observed in model M4, resulting in the
deposition of thinner sedimentary successions (Figure 7a). Both the thick-skinned and thin-skinned thrust
sheets developing in this model are marginally shorter than in model M4, but still significantly longer than
in the reference model. The main effect of erosion is that the developing orogen is narrower (see also

Figure 6. Model M4 including a simple sedimentation model. Presenting the same model properties as in the reference
model (Figure 2) after (a) 30 Myr (Δx = 200 km) contraction and (d) 40 Myr (Δx = 300 km) contraction. (b and c) Zoomed
extracts from Figure 6d showing the small-scale deformation patterns in the foreland fold-and-thrust belts.
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Figure 9). The initial keystone structure migrates more rapidly into the overriding plate and thick-skinned
basement deformation in the retro-wedge starts 3 Myr earlier than in the reference model. Despite a
significant amount of erosion of the retro-wedge, the lower crustal root of the initial keystone structure is
brought only slightly closer to the surface (Figure 7d) in comparison to the previous models.
3.4.2. High Erosion Rate: Model M6
In case of more efficient erosion (model M6), the surface exposure of basement structures is more extensive,
and the orogen is narrower than in model M5 with moderate erosion (Figures 8 and 9). The initial keystone
structure is almost completely removed by erosion and, as a result, the retro-wedge is extremely narrow
with all displacement focused along the inverted normal fault. The lower crustal root of the keystone
structure has been translated up the inverted normal fault ramp, thrusted over the weak décollement layer,
and exposed at the surface, sliced in between two basement units at a very external position. The load of
the retro-wedge is significantly less than in the previous models, resulting in a shallow retro-foreland
basin with little thin-skinned deformation. Moreover, there is no basement deformation penetrating the
overriding plate, resulting in the absence of the fourth phase described in the previous models.

4. Discussion
4.1. Assumptions and Limitations

The aim in this paper is to explore the effects of extensional inheritance and surface processes on the
development of doubly vergent orogens. Nevertheless, there are a number of other parameters that exert a
significant control on the structural development of such orogens.

One such parameter is the strength of the crust. We have chosen a strong lower crust in our models
because it allows for coupling to the frictional-plastic upper mantle lithosphere, resulting in lower crustal

Figure 7. Model M5 including simple sedimentation and erosion models. Sedimentation is accounted for with the same
algorithm as in model M4. Erosion is modeled using a simple elevation-dependent algorithm. We have scaled the
erosion rate so that a 4 km high topography would erode 1 km in 2 Myr. Presenting the same model properties as in the
reference model (Figure 2) after (a) 30 Myr (Δx = 200 km) contraction and (d) 40 Myr (Δx = 300 km) contraction. (b and c)
Zoomed extracts from Figure 7d showing the small-scale deformation patterns in the foreland fold-and-thrust belts.
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subduction as observed in many orogens, such as the Pyrenees [e.g., Etude Continentale et Océanique par
Reflexion et Refraction Sismique (ECORS) Pyrenees Team, 1988; Muñoz, 1992], the Himalaya [Schulte-Pelkum
et al., 2005; Nábelek et al., 2009], or the Central Alps [e.g., Schmid et al., 1996]. A weak lower crust could
potentially result in a significantly different deformation style at depth and a reduced ability of the crust to
support topography.

Another parameter that has a potentially significant bearing on the structural development of the presented
accordion models is the length of the postrift thermal relaxation period. By inverting the velocity boundary
conditions directly after the rifting phase we have minimized the effect of postrift thermal relaxation.
Allowing the rifted lithosphere to cool before the onset of shortening is expected to result in a deeper brittle-
ductile transition, and an overall strengthening effect on the extended area. Buiter et al. [2009] showed
that thermal relaxation renders basin inversion more difficult, although this effect is counteracted by strain
weakening and erosion. Here we have not explored the effect of thermal relaxation on subsequent
orogenesis and its consequences remain to be evaluated.

A third model characteristic that we have to keep in mind when interpreting the results is that we added a
prerift sediment layer to the models rather than modeling synrift to early postrift sedimentation. This
choice is the result of current model limitations. The applied sedimentation model allows only for filling the
available accommodation space up to a given reference level, with no upper limit on the amount of material
available for deposition. The application of this deposition model during the rifting stage of the model
would result in an unreasonable rift geometry with an unrealistically thick (i.e., over 20 km) sedimentary basin.
We avoid this by starting sedimentation after the formation of significant positive topography. However, the
lack of synrift and postrift sedimentation implies that we cannot explore their potential effects, such as
thermal blanketing.

Figure 8. Model M6 allowing for simple sedimentation and enhanced erosion processes. Sedimentation and erosion are
accounted for using the same algorithms as in model M5, but we have scaled the erosion rate so that in this model a 4 km
high topography would erode 1 km in 1 Myr. Presenting the samemodel properties as in the reference model (Figure 2) after
(a) 30 Myr (Δx = 200 km) contraction and (d) 40 Myr (Δx = 300 km) contraction. (b and c) Zoomed extracts from Figure 8d
showing the small-scale deformation patterns in the foreland fold-and-thrust belts.
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Finally, it is worth pointing out that the
initial geometry of the models (e.g., the
exact size and position of the week
seed, the thickness of the crust and the
relative thicknesses of the upper and
lower crust, and position of crustal weak
zones) have a controlling effect on the
model development.

4.2. The Effects of
Extensional Inheritance

The main observed difference between the
purely contractional model M2 and the
models incorporating explicitly modeled
extensional inheritance is provided by the
development and structure of the initial
keystone structure and the retro-wedge. In
the contractional model, the keystone
structure constitutes the bulk of the small,
undeveloped retro-wedge throughout the
model evolution. It has no internal structure
and is more or less stationary at the tip of
the overriding plate, with the retro-shear
zone accommodating very little
displacement after the initiation of
subduction. The overriding plate remains
largely undeformed at all times, with only
minor thin-skinned deformation connected
to the retro-shear zone (Figure 4). In
contrast to the pure contractional case,

models including extensional inheritance show pronounced retro-wedge deformation. After initial inversion
and buildup of the orogenic wedge, deformation propagates into the overriding plate. The keystone
structure that develops during the inversion of models with extensional inheritance (accordion models) is
significantly larger than in the purely contractional case and involves a significant lower crustal and mantle
lithospheric root. The main factors that control the degree of retro-wedge deformation are (1) the
preexistence of strain-weakened frictional-plastic shear zones that allow reactivation and promote transport
of the keystone structure onto the overriding plate and (2) the loading of the retro-wedgemantle lithosphere
by the inverted keystone structure, providing access for thickened pro-wedge crust to be translated to the
retro-side of the orogen. Thermal relaxation of the growing and thickening crustal-scale orogenic wedge
enhances decoupling between the subducting lower crust and the upper crust, thereby further facilitating
thrusting of pro-wedge crust onto the retro-wedge. Following initial translation of the keystone structure
onto the retro-wedge, further shortening of the retro-wedge crust allows for the development of new thick-
skinned thrust sheets in the previously undeformed basement of the overriding plate (Figure 2f) and the
formation of a thin-skinned thrust belt on top. Model M3, which extends until full crustal breakup before
inversion, exhibits a more complex keystone structure as it includes several inverted normal faults (Figures 3b
and 5). However, this does not affect the overall model evolution significantly. Translation of the keystone
structure onto the overriding plate is slower; hence, the first basement thrust sheets in the overriding plate
form 5 Myr (and 50 km convergence) later, but the general structure is very similar to that of the reference
model (compare Figures 2f and 5f). We therefore conclude that the amount of extension experienced by
the crust beyond breakup of the rigid lower crust does not strongly affect the overall deformation style in
our models.

Additionally, an interesting aspect of our accordion models is that they generate self-consistent inherited
weakness zones during extension (e.g., Figure 3), and these weakness zones are preferentially used during

Figure 9. Topographic profiles from top to bottom for model M1,
model M4, model M5, and model M6, after 40 Myr (Δx = 300 km).
Key: FB: foreland basin; FFTB: foreland fold-and-thrust belt; WTB:
wedge-top basin. The vertical dashed lines indicate the surface
traces of the most external basement thrust sheets.
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the initial phases of inversion. They exert a first-order control on where and how subduction initiates. The
initial rifted basin developing during extension is generally very slightly asymmetric by the end of the 50 Myr
extensional phase. This asymmetry becomes more evident with the increased amount of extension in
model M3. The polarity of the following subduction correlates perfectly with the direction of this asymmetry
(see the supporting information) pointing to the controlling nature of the inherited extensional weakness
zones. The earlier models of Jammes and Huismans [2012] did not have sufficient resolution to resolve this.

4.3. The Effects of Synorogenic Sedimentation

The effects of sedimentation on the evolution of an inverted rift basin can be best understood by comparing the
referencemodels M1 (Figure 2) andM4 (Figure 6). Syntectonic sedimentation leads to the development of a wide
and deep sedimentary fold-and-thrust belt in the foreland depression in front of the pro-wedge. As a result of
sediment loading, the active frontal basement thrust remains active for a longer time and accommodates more
displacement, while the subsequent new basement thrust forms farther out below the foreland. In the presence
of extensional inheritance (model M4; Figure 6) the additional mass of the initial keystone structure loading the
overriding plate is sufficient to create a deep foreland depression that can accommodate a significant amount of
synorogenic sediments. Sedimentation also significantly affects thin-skinned deformation on both sides of the
orogen, creating complex sets of long thrust sheets and pop-up structures, with generally more displacement
along the base of the individual units than observed in the reference model (Figures 6b and 6c).

Concerning the thin-skinned deformation of sedimentary fold-and-thrust belts, our model results are in good
agreement with recent modeling results of Fillon et al. [2012], who demonstrated a strong correlation
between thin-skinned thrust sheet length and the thickness of synorogenic sediments loading the foreland
fold-and-thrust belt.

4.4. The Effects of Erosion

The effects of erosion on orogenic evolution in the presence of extensional inheritance can be best
understood by comparing models M4, M5, and M6 (Figures 6–8; see also Figure 9). Erosion facilitates the
localization of deformation by reducing the load (and therefore the gravitational stresses) in the core of the
orogenic wedge, thus leading to a decrease in wedge width [e.g., Willett, 1999]. Moreover, simple mass
budget considerations also require that the wedge width decreases with increasing erosion rate, all else
remaining equal [Dahlen, 1990; Whipple and Meade, 2004]. In the model with a moderate erosion rate
(model M5), basement is extensively exposed in the central part of the orogen. As the internal mass of the
orogen is reduced by erosion, orogenic loading becomes less effective in creating foreland depressions. As
a result, the foreland fold-and-thrust belts are thinner and less developed than the ones observed in model
M4 that does not include erosion (Figure 6). Reduced synorogenic loading in turn limits the effect of
sedimentation on basement structure. Even with moderate amounts of deposition, the elongation of both
the thick-skinned and the thin-skinned thrust sheets is still apparent. Higher erosion rates enhance
localization of deformation into a very narrow orogenic wedge (Figure 9), preventing the migration of
deformation into the undeformed basement of the overriding plate and resulting in a less developed retro-
wedge (e.g., model M6; Figure 8).

4.5. Interaction of Thin-Skinned and Thick-Skinned Tectonics

The pretectonic sediments, including a weak basal décollement horizon, allow for investigating the interaction
between thin-skinned and thick-skinned tectonic styles. Both the accordion and the pure contractional models
show that the thin-skinned thrust sheets are generally rooted in the footwall of new basement thrusts that are
formed in an outward propagating sequence (e.g., model M1; Figures 2d and 2e). Following the formation of
a new basement thrust, the earlier, more proximal thin-skinned deformation is abandoned and a new thin-
skinned thrust is activated in front of the basement thrust sheet. In contrast, thin-skinned thrusts forming
ahead of basement deformation in the foreland do not affect the position of a new basement thrust below
the foreland. Thus, it is the thick-skinned basement deformation that drives thin-skinned deformation in the
sedimentary cover, the coupling in the opposite sense being significantly less efficient.

In the absence of syntectonic sedimentation (e.g., model M1; Figures 2d and 2e) the individual thin-skinned
thrust sheets have very similar length scale and their regular activation in an “accretion cycle” [e.g., Hoth et al.,
2007] can be understood from minimum-work principles [Hardy et al., 1998; Masek and Duncan, 1998].
When syntectonic sedimentation is included (e.g., model M4; Figures 6b and 6c), the thin-skinned thrust
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sheets forming in the foreland fold-and-thrust belts become significantly longer. Basement deformation and
sediment loading interact in forcing both the thin- and thick-skinned fold-and-thrust belt structure.
While sediment loading results in longer thin- and thick-skinned thrust sheets, basement deformation
triggers thin-skinned thrust formation where the basement shear zones reach the basal décollement. As a
result, the thin-skinned thrust sheets observed in the models with syntectonic sedimentation display
different length scales. The introduction of erosion in the models does not affect the general behavior of the
thin-skinned fold-and-thrust belts forming in the forelands, as most erosion takes place in the internal
parts of the orogen. Both the preorogenic and synorogenic sediments are gradually eroded from these
models, leaving a growing area of basement rocks exposed in the orogenic core.

5. Comparison With Natural Systems

The lithosphere-scale thermo-mechanical models presented here demonstrate the fundamental influence of
lithospheric strength, extensional inheritance, and surface processes on the structural evolution of mountain
belts. In the following sections we will summarize the first-order structure of three orogens formed by
inversion of a prior rift or rifted passive margin displaying different deformation styles: the High Atlas, the
Pyrenees, and the Central Alps. We will compare these observations to our results in order to assess how we
could explain the observed differences in the framework of our models.

Figure 10. Natural examples. Crustal-scale cross sections from (a) the Central High Atlas redrawn after Arboleya et al. [2004]
and Ayarza et al. [2005], (b) the Central Pyrenees after Muñoz [1992] and Beaumont et al. [2000], and (c) the European
Central Alps after Schmid and Kissling [2000].
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5.1. The High Atlas

The Moroccan High Atlas Mountains provide a good example of an intracontinental mountain belt [Rodgers,
1987; Ziegler et al., 1995] and formed during Cenozoic times within the interior of the African plate, due to
compression resulting from the convergence between Africa and Europe [Teixell et al., 2003]. The chain
developed from the inversion of Jurassic rift and transtensional basins and is made up of Mesozoic sediments
deposited in these basins, with minor pre-Mesozoic and Cenozoic occurrences [Arboleya et al., 2004, and
references therein]. Pre-Mesozoic Hercynian basement rocks are only exposed at the surface in eroded
antiforms. The High Atlas, similar to other intracontinental mountain belts, experienced moderate crustal
shortening, yet it has very high topography, with peaks over 4000m [Teixell et al., 2003]. The anomalous
topography is commonly associated with amantle contribution to the uplift [e.g., Teixell et al., 2003;Missenard
et al., 2006]. In the central part of the orogen, most of the Alpine deformation is accommodated in a 100 km
wide belt (Figure 10a after Arboleya et al. [2004] and Ayarza et al. [2005]). Deformation is mostly restricted to
the upper crust, while the approximately 13–15 km thick lower crust under thrusts the overriding plate with
the mantle lithosphere [Wigger et al., 1992; Ayarza et al., 2005]. The estimated total shortening along this
section is in the order of 30 km [Teixell et al., 2003].

Most of the contractional deformation is accommodated along the North and South High Atlas fronts,
with minor thin-skinned folding in the forelands and a number of crustal-scale, thick-skinned inverted
extensional structures present in between (Figures 10a). Synorogenic erosion and sedimentation is
very limited across the belt. These characteristics are to first order consistent with the early inversion stage of
Model M1 (Figure 2b). The North and South High Atlas fronds can be seen as analogues for the shear zones
on either side of the keystone structure in our accordion models, with no major inverted normal faults
observed at more distal positions from the orogen.

5.2. The Pyrenees

The Pyrenees (Figure 10b) are a collisional orogen formed between the Late Cretaceous (90Ma) and Early
Miocene (20Ma) as a result of convergence between the Iberian and European plates [Roest and Srivastava,
1991; Rosenbaum et al., 2002; Vissers and Meijer, 2012]. The range is dominated by inversion tectonics
[Muñoz et al., 1986], owing to thrusting along inherited extensional structures that were originally formed
during Triassic to Cretaceous rifting and transtension, associated with anticlockwise rotation of the Iberian
plate with respect to Europe [Roest and Srivastava, 1991; Rosenbaum et al., 2002]. Here we focus on the
Central Pyrenean Etude Continentale et Océanique par Reflexion et Refraction Sismique seismic section
[ECORS Pyrenees Team, 1988] and the associated balanced section restoration [Muñoz, 1992].

Underthrusting of the Iberian crust below the European crust results in an asymmetric wedge, featuring a
wide southern pro-wedge and a narrower northern retro-wedge. In the center of the belt, the Axial Zone
comprises a south vergent antiformal stack of upper crustal thrust sheets [Muñoz, 1992]. The Axial Zone is
flanked toward the south by the South Pyrenean Unit, a fold-and-thrust belt consisting of Mesozoic and
Cenozoic sedimentary rocks. North of the Axial Zone, in the North Pyrenean Unit, basement and cover rocks
form steep, north vergent thrust sheets, and pop-up structures [Muñoz, 1992; Capote et al., 2002].

The presence of a dense, presumably lower crustal, body preserved at shallow depth below the North Pyrenean
Unit as inferred from gravity data [Torné et al., 1989], together with the inverted extensional structures of
the retro-wedge, are features that can only be observed in and explained by our accordion models and are a
direct result of extensional inheritance. Moreover, the active imbrication of thick-skinned thrust sheets with
a wide thin-skinned foreland fold-and-thrust belt in the pro-wedge, coupled with the relatively slow retro-
wedge deformation and shallower retro-foreland basin, can all be observed at the intermediate stage of
development in the accordionmodels ofM1 andM5 (Figures 2c and 7a). The widespread exposure of basement
structures in the axial zone is well reproduced by model M5, including moderate erosion (Figure 7a). The
estimated 160km of shortening [Beaumont et al., 2000] is also consistent with the modeled amount of
contraction at these intermediate model stages.

5.3. The Central Alps

The European Alps record the closure of the Tethys ocean basins (Piémont-Ligurian Ocean) during
convergence of the African and European plates [Stampfli et al., 2001]. The crustal structure is well
constrained by several crustal-scale deep seismic transects crossing the Alps. Although these sections show
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significant along strike variation, some first-order crustal-scale features are observed in all of them. These
common features are (1) east-south-east to south directed subduction of the European lithosphere, (2) a
seismic gap between the European and Adriatic (or Apulian) Moho, and (3) strong decoupling between
upper and lower crust, with the lower crust underthrusting along with the mantle lithosphere and
upper crustal shortening resulting in the main body of the orogen [Schmid et al., 1996; Schmid and Kissling,
2000; Schmid et al., 2004]. Here we focus on the profile crossing the Central Alps, NFP-20 EAST&EGT
(Figure 10c) [after Schmid and Kissling, 2000]. Note that both extension and convergence in the Alps have
progressed significantly further than in the other two examples, i.e., several hundred kilometers of oceanic
lithosphere have been subducted below the Alps and orogenic shortening is estimated at ~300 km [Schmid
et al., 1996; Stampfli et al., 2001].

The most dominant features of the internal part of this section is the stacking of crustal-scale thrusts
derived from the European margin (i.e., Helvetic and Briançonnais units) under the Penninic nappes
(Figure 10c). This complex structure is reproduced to first order in our model M5 (Figure 7d), along with
the Insubric back thrust and to a lesser extent the development of the Austroalpine nappes. The 300 km of
shortening estimated for this section after the subduction of the Piemont-Ligurian Ocean [Schmid et al.,
1996, Table 1] is consistent with the amount of contraction at this stage of model development. It has to
be noted, however, that due to the incorporation of an oceanic domain the materials accreted in the
orogen are much more heterogeneous than in our models, leading to richer structural styles such
as recumbent fold nappes and out-of-sequence thrusting. Some of the complexities introduced by the
extensional inheritance and the strike slip deformation accommodated along the Insubric line, along
with the significant erosion of the internal part of the orogen can explain the existence of lithospheric
mantle fragments at shallow depths.

6. Conclusions

In this study we have used thermo-mechanical model experiments to explore the effects of surface processes
and extensional inheritance on the structural evolution of contractional orogens and their foreland basins.
Bearing in mind the model limitations, we draw the following conclusions:

1. Extensional inheritance plays a fundamental role, facilitating the migration of deformation into the unde-
formed basement of the overriding plate. Moreover, a significant amount of lower crustal/mantle-
lithospheric material is preserved at shallow depths in the presence of extensional inheritance but high
erosion rates are needed to bring this material to the surface.

2. The amount of extension experienced by the crust beyond breakup of the rigid lower crust until full crus-
tal breakup does not affect the overall deformation style strongly. An initial keystone structure that
later delimits the retro-wedge becomes somewhat larger andmore complex when extension is allowed to
run to full crustal breakup, but the general features remain largely unaffected.

3. In case of the accordion models, the asymmetry of the extensional structures developed during the initial
rifting phase controls the polarity of the subduction during the subsequent contraction.

4. Sedimentation results in longer basement thrust sheets as well as longer thin-skinned thrust sheets and a
generally wider orogenic belt. The active frontal basement thrust remains active for a longer time,
accommodating more displacement, while subsequent basement thrusts form further out below the
foreland, creating longer thrust sheets. In the presence of inherited extensional structures this is also true
in the retro-wedge, even though the thrust sheets developing there are consistently shorter than those
developing in the pro-wedge.

5. In the presence of preorogenic and/or synorogenic sediments, thin-skinned fold-and-thrust belts form
above the basement thrust sheets. The thin-skinned thrust sheets are generally rooted in the footwall
of the basement thrusts as they form in an outward propagating sequence. Following the formation of a
new basement thrust, the earlier, more proximal thin-skinned deformation sequence is abandoned
in favor of a new thin-skinned thrust forming in front of the new basement thrust sheet. In contrast, the
thin-skinned thrusts forming ahead of the basement deformation structures in the foreland do not affect
the position of a new basement thrust.

6. Erosion removes material from the internal part of the orogen, narrowing the wedge and reducing the
orogenic load on the colliding plates, hence limiting the space available for deposition in the foreland
basins and thereby limiting the effects of sedimentation on foreland structures described above.
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High erosion rates also enhance localization of deformation into a narrow orogenic wedge, preventing
its migration into the undeformed basement of the overriding plate.

7. The crustal structure at different stages of the accordion models presented in this study show good
first-order correlation with structural features observed in the High Atlas, the Central Pyrenees, and
the Central Alps.
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