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1  | INTRODUC TION

A crustal‐scale antiformal stack is a duplex of crustal thrust sheets with 
high overlap such that the roof thrust becomes folded into an anticlinal 
shape (e.g., Mitra & Boyer, 1986). Such a structure is observed in the 
Pyrenean Axial Zone (e.g., Muñoz, 1992) and the Alpine Lepontine dome 
(e.g., Schmid, Kissling, Diehl, Hinsbergen, & Molli, 2017). Formation of 
such significant structures remains poorly understood, but requires high 
internal shortening in response to a subcritical wedge taper. This can be 
achieved by either increasing critical taper or lowering the surface slope. 
Proposed mechanisms include a lateral strength increase of the mid‐crustal 
décollement (Beaumont, Muñoz, Hamilton, & Fullsack, 2000), erosion of 
the internal orogen (Rushlow, Barnes, Ehlers, & Vergés, 2013) or sediment 
blanketing of the tip of the thick‐skinned wedge (Sinclair, Gibson, Naylor, & 
Morris, 2005). During orogenesis the distribution of shortening between 
pro‐ and retro‐wedges may change significantly and can describe two 
clear phases: early symmetric inversion followed by asymmetric doubly‐
vergent collision. Extensional inheritance likely plays a key role, as shown 
qualitatively by (Erdős, Huismans, van der Beek, & Thieulot 2014).

Analogue and numerical models show that primary controlling 
factors of the lithospheric scale structural style of deformation in 
an orogen are rheology of the crust and mantle (e.g., Burg & Gerya, 
2005), strain weakening (e.g., Warren, Beaumont, & Jamieson, 
2008), convergence rate (e.g., Faccenda, Gerya, & Chakraborty, 
2008) and inherited weakness zones (e.g., Beaumont et al., 2000). 
Noteworthy secondary factors are erosion and sedimentation (e.g., 
Storti & McClay, 1995; Willett, 1999), which remove mass from 
the internal orogen and add mass to the distal wedges, reducing 
the surface slope and thereby altering where shortening will be 
accommodated.

Décollement rheology is known to influence critical taper and 
the distribution of shortening in the overlying wedge (e.g., Davis & 
Engelder, 1985; Ford, 2004). However, can a salt décollement also 
influence crustal deformation in the orogen as a whole? Efficient 
decoupling of the sedimentary cover might allow thin‐skinned de‐
formation to sufficiently change mass distribution at shallow depths 
to affect the crustal deformation in a manner similar to surface pro‐
cesses (Nilfouroushan, Pysklywec, Cruden, & Koyi, 2013). Could a 
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We investigate the factors that control the shortening distribution and its evolution 
through time in orogenic belts using numerical models. We present self‐consistent 
high‐resolution numerical models that simulate the inversion of a rift to generate an 
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acterised by a two‐phase evolution with early symmetric inversion followed by for‐
mation of an asymmetric doubly‐vergent orogen. We show that a weak viscous salt 
décollement promotes gravitational collapse of the cover. When combined with ef‐
ficient erosion of the orogenic core and sedimentation in adjacent forelands, it en‐
sures the thick‐skinned pro‐wedge taper remains subcritical, promoting formation 
of an upper crustal antiformal stack. Rift inheritance promotes a two‐phase short‐
ening distribution evolution regardless of the shallow structure and other factors. 
Comparison to the Pyrenees strongly suggests that this combination of factors led to 
a very similar evolution and structural style.
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highly mobile cover trigger formation of an antiformal stack, and/or 
change distribution of crustal shortening?

Here, we build on previous work (Erdős et al., 2014; Erdős, 
Huismans, & van der Beek, 2015) that investigates the role of rift 
inheritance and surface processes using lithosphere scale high‐res‐
olution 2D thermo‐mechanical models. Critically, we use a highly 
mobile cover (viscous salt décollement layer) instead of the mod‐
erately mobile cover (frictional‐plastic décollement layer) used by 
Erdős et al. (2014), Erdős et al. (2015). To investigate the combined 
effect of rift inheritance and a highly mobile cover we present a novel 
measurement of the shortening distribution between the pro‐ and 
retro‐wedges through time (Data S1). We compare our results with 
the Pyrenees, an orogen with a crustal‐scale antiformal stack (e.g., 
Muñoz, 1992) and two‐phase shortening distribution, and where a 
similar shortening distribution analysis was performed (Grool et al., 
2018).

2  | METHODS

We use a modified 2D version of FANTOM (see Data S1), a high 
resolution (500 × 200 m in upper 25 km), thermo‐mechanically cou‐
pled, arbitrary Lagrangian‐Eulerian finite element code (Thieulot, 
2011; Erdős et al., 2014). Localisation of deformation is incorporated 
through strain weakening of frictional‐plastic materials. Surface pro‐
cesses were included with simple algorithms for elevation‐depend‐
ent erosion and sedimentation up to 0 m base level.

Our models consist of a laterally homogeneous continental crust, 
comprising 3 km of pre‐orogenic sediments underlain by a 1 km thick 
décollement layer, 21 km of upper crust and 10 km of strong lower 
crust (Figure 1). The lithospheric mantle extends to 120 km depth and 

sub‐lithospheric mantle to 600 km depth. Convergence is imposed on 
both sides for a total convergence rate of 10 km/My. Initial localisation 
of deformation is seeded by a small weak seed at the top of the lower 
crust. Rift inheritance is generated by first extending for 50 km (e.g., 
Jammes & Huismans, 2012). Model 1 has a highly mobile cover with a 
weak viscous décollement layer representing salt with an effective vis‐
cosity of �eff=1019Pa ⋅s. To show the influence of décollement rheol‐
ogy and rift inheritance, supplementary models S1 and S2 use a weak 
frictional décollement (�eff=2◦) that is at least 10 times stronger than 
the décollement in Model 1 and no rift inheritance, respectively. The 
supplementary models are similar to earlier work (Erdős et al., 2014; 
Erdős et al., 2015) and are included for comparison with Model 1 and 
for new quantitative analysis of the shortening distribution between 
pro‐ and retro‐wedges.

3  | RESULTS

3.1 | Effects of salt, surface processes and 
extensional inheritance

Model 1 is characterised by a three‐phase evolution. Phase 0 is the 
pre‐orogenic rift phase, where at t = 5 My, 50 km of extension re‐
sults in a narrow, roughly symmetrical rift bounded by two sets of 
conjugate frictional‐plastic shear zones that are seeded in the lower 
crust, one through the upper crust and one through the lithospheric 
mantle (Figure 2a). The pre‐rift sedimentary cover has slid off the rift 
margins. No sediments were deposited in the rift.

Phase 1 initial lithospheric shortening leads to symmetric inver‐
sion of the rift zone. Inherited extensional shear zones are prefer‐
entially reactivated during the first 25 km of convergence, restoring 
crustal thickness, followed by uplift of a symmetric central block 

F I G U R E  1   (a) Model geometry showing layer thickness, initial strength profile indicating the strong coupling of the lower crust and 
lithospheric mantle, thermal profile and velocity boundary conditions. The model's resolution is 500 × 200 m in the top 25 km, 500 × 800 m 
in the 100 km below that and 500 × 9800 m for the remaining 475 km. (b) Strain weakening of frictional materials is simulated by linearly 
reducing effective angle of internal friction �eff from 15° to 2° and cohesion C from 20 MPa to 4 MPa with increasing strain � in the range 
0.05<𝜀<1.05
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(Figure 2b). The strain rate plot shows that both conjugate shear 
zones in the upper crust and upper mantle lithosphere are active 
simultaneously during this phase.

An asymmetric orogen develops during Phase 2 (Figure 2c, d, e). 
Strain localisation on a single large‐scale shear zone initiates asymmet‐
ric subduction of lower crust and mantle lithosphere and abandonment 
of other, previously active shear zones (Figure 2c). Initial narrow thin‐
skinned fold‐and‐thrust belts not only root back into the deep shear 
zones, but also link to the gravitationally unstable cover that slides off 
the uplifting keystone block. At t = 14.5 My and 95 km of convergence, 
syn‐orogenic sedimentation in a wedge‐top basin promotes wide thin‐
skinned thrust sheets in the outer pro‐wedge (Figure 2d). Below and at 
the same time, thick‐skinned deformation propagates outward along 
the mid‐crustal décollement due to progressive growth of the pro‐
wedge. As the crustal antiformal stack grows, over‐steepening of its 
trailing edge reactivates the retro‐wedge (Figure 2d).

After 225 km of convergence (27.5 My; Figure 2e) the thin‐
skinned pro‐wedge fold‐and‐thrust belt has efficiently propagated 
outward. The crustal antiformal stack continues to grow by frontal 
accretion of thrust sheets while the uplifting internal zone is contin‐
ually eroded.

The contrasting behaviour of models with a less efficient 
décollement horizon and no extensional inheritance is illustrated 
in Data  models S1 and S2 (Figure 3). Model S1 is identical to Model 
1 except a stronger frictional décollement. It exhibits a clear cou‐
pling between shallow and deep structures. Thin‐skinned leading 
edge structures root back into an active crustal‐scale shear zone, 
before being carried passively above the next crustal imbricate as 
deformation propagates forward. The décollement level is there‐
fore active only at its leading edge, linking back to a single crustal 
structure. In contrast with Model 1, an antiformal stack does 
not form (Figure 3a). However, retro‐wedge development is very 

F I G U R E  2   Evolution of Model 1, 
with a weak viscous salt décollement 
and extensional inheritance. The white 
line at the centre is tracked to measure 
the shortening distribution, ignoring the 
red part above topography. Strain rate 
plots (left) show the square root of the 
second invariant of the deviatoric strain 
rate tensor. Grey dashed lines mark fully 
strain weakened areas. (a) Rift phase. (b) 
Symmetric inversion. (c) Onset of collision 
and asymmetry, retro‐wedge abandoned. 
(d) Retro‐wedge reactivated and dominant 
wide thin‐skinned outer pro‐wedge fold‐
and‐thrust belt. (e) Final configuration. 
Well‐developed retro‐wedge, antiformal 
pro‐wedge and wide thin‐skinned outer 
pro‐wedge fold‐and‐thrust belt
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similar to Model 1. Model S2 has no rift inheritance and features 
the same frictional décollement as Model S1 (Figure 3b). The first 
shear zone that cuts through the crust and lithospheric mantle is 
inclined, immediately creating the subduction asymmetry result‐
ing in a highly asymmetric orogen with a wide pro‐wedge and neg‐
ligible retro‐wedge shortening. The pro‐wedge deformation style 
is the same as in S1.

3.2 | Shortening distribution

Quantitative analysis of the shortening distribution between the 
pro‐ and retro‐wedges reveals that both models with rift inherit‐
ance show a very similar shortening distribution. Initial inversion 
during Phase 1 is roughly symmetric (Figure 4a). After Phase 1 the 
retro‐wedge is briefly abandoned and then reactivated in Phase 
2. During asymmetric orogenic growth in Phase 2, the shortening 

rate of the retro‐wedge is only ~18%‐20% of the overall con‐
vergence rate, with deformation focussed into the pro‐wedge. 
Overall, rift inheritance models accommodate more shortening in 
the retro‐wedge than the model without extensional inheritance, 
stabilising at around 18%‐20% of total convergence after ~100 km 
(Figure 4c). In Model S2 (no inheritance) shortening is quickly con‐
centrated almost exclusively into the pro‐wedge and retro‐wedge 
shortening stabilises to around 6% of total convergence after only 
50 km.

4  | DISCUSSION

Model 1 shows that a highly mobile cover in combination with sur‐
face processes is sufficient to promote formation of a crustal anti‐
formal stack. A weak salt décollement allows efficient decoupling 

F I G U R E  3   Compilation of 
supplementary models after 27.5 My. 
(a) Model S1, with a frictional shale 
décollement (�eff=2◦), does not feature 
gravitational collapse of the cover. 
(b) Model S2, with a frictional shale 
décollement and without extensional 
inheritance, is highly asymmetric and its 
retro‐wedge is limited to a single low‐
offset shear zone Model S2: no inheritance + shale + surface processes
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F I G U R E  4   (a) Pro‐ and retro‐wedge shortening rate of Model 1, plotted against total convergence. (b) Pro‐and retro‐wedge shortening 
rate of the Eastern Pyrenees, plotted against total convergence (note difference in scale). (c) Shortening distribution between the pro‐ and 
retro‐wedges, plotted against total convergence. Central Pyrenean data (black box) from Beaumont et al. (2000). East Pyrenean data from 
Grool et al. (2018) 
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of the cover. Together with the mid‐crustal décollement, this forms 
a system of stacked, interacting décollements or nested critical 
wedges. The salt décollement cannot support the high surface slope 
necessary for the critical taper associated with the mid‐crustal dé‐
collement, leading to gravitational collapse of the cover. Combined 
with surface processes that further reduce the surface slope (e.g., 
Storti & McClay, 1995; Willett, 1999), the thick‐skinned pro‐wedge 
taper is subcritical, promoting thick‐skinned underthrusting in 
the core of the orogenic wedge (Rushlow et al., 2013; Sinclair et 
al., 2005). This, in turn, again generates gravitational collapse of 
cover on the uplifting crustal antiformal stack. This positive feed‐
back loop promotes an antiformal stack flanked by a wide low taper 
thin‐skinned fold‐and‐thrust belt in the pro‐wedge (Figure 5a). This 
structure emerges naturally in our model, not relying on prescribed 
weak zones and S‐point (Beaumont et al., 2000) or a hinterland that 
is even thicker than the antiformal stack itself (Malavieille, 2010) to 
force formation of an antiformal stack. With a more competent fric‐
tional décollement, the fold‐and‐thrust belt cannot gravitationally 
collapse, thus avoiding the feedback loop that generates a crustal‐
scale antiformal stack (Models S1, S2). Thus, only a salt décollement 
combined with surface processes can promote formation of a crus‐
tal‐scale antiformal stack. With less effective crustal strain weaken‐
ing, this effect may not be sufficient to generate an antiformal stack.

Model 1 also shows that a two‐phase shortening distribution is 
primarily controlled by rift inheritance. In Model 1 the early sym‐
metric inversion (Phase 1) is caused by the pre‐existing rift sym‐
metry. In Phase 2 strain weakening and geometrical incompatibility 
of the two shear zones promotes asymmetric shear localisation in 
the lithospheric mantle upon collision of the intact lower crust and 
lithospheric mantle. Without rift inheritance, asymmetric shortening 
is established from the moment the first lithospheric shear zone is 
formed, effectively skipping Phase 1 entirely (Model S2).

In all our models, the onset of asymmetric shortening distribu‐
tion in the upper crust (Phase 2) coincides perfectly with the onset 
of asymmetric subduction of the lithospheric mantle. All models with 

rift inheritance accommodate ~80% of shortening in the pro‐wedge, 
regardless of thin‐skinned décollement rheology. This suggests that 
it is the subduction asymmetry in the lithospheric mantle that con‐
trols shortening distribution in the upper crust. Thus, one could use 
the onset of asymmetric shortening to date the onset of lower lith‐
osphere subduction.

5  | PYRENE AN DOUBLY‐VERGENT 
OROGEN

Here, we compare the geometry and evolution of Model 1 to the 
Pyrenean orogen (Figure 5b). The Pyrenees are often used as a 
type example of a mountain belt that resulted from inversion of a 
salt‐rich, narrow, mantle‐exhuming rift (e.g., Muñoz, 1992; Jammes, 
Manatschal, Lavier, & Masini, 2009).

The crustal antiformal stack in the Pyrenean Axial Zone ex‐
hibits nearly complete overlap between thrust sheets (Figure 5b) 
(Muñoz, 1992). Model 1 reproduces this antiformal stack geometry 
(Figure 5a). The same factors that promote an antiformal stack in 
Model 1 are found in the Pyrenees: Erosion efficiently removes mass 
from the central orogen (e.g., Rushlow et al., 2013); Sedimentation 
adds mass to the forelands (e.g., Sinclair et al., 2005); Thrusting of 
the cover above a salt décollement allows mass to migrate outward, 
particularly in the pro‐wedge, to form a wide fold‐and‐thrust belt 
(e.g., Cámara & Flinch, 2017; Vergés et al., 1998).

The evolution of the shortening distribution in the Eastern 
Pyrenees, based on a thorough field study and balanced cross‐
sections (Grool et al., 2018), fits remarkably well with that of our 
models that include rift inheritance (Models 1 and S1), both quali‐
tatively and quantitatively (Figure 4, note different scale of panels 
a and b). Phase 1 shortening in the Eastern Pyrenees is charac‐
terised by roughly symmetric rift inversion. Phase 2 is initiated 
simultaneously with the onset of asymmetric subduction of the 
lithospheric mantle, resulting in temporary abandonment of the 

F I G U R E  5   (a) Cartoon of Model 1 after 
225 km of convergence showing factors 
(in blue) driving basal accretion and 
growth of an antiformal stack. The retro‐
wedge is reactivated and transported by 
over‐steepened trailing edge pro‐wedge 
thrust sheets migrating onto the upper 
plate as the antiformal stack grows. (b) 
Cartoon of Central Pyrenees showing 
the same mechanism of shallow structure 
forcing underthrusting, growth of an 
antiformal stack, and reactivation of 
the retro‐wedge. This section does not 
distinguish between pre‐ and syn‐
orogenic sediments. Modified after 
Muñoz (1992) and Beaumont et al. (2000)
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retro‐wedge. Over‐steepening of the growing pro‐wedge trailing 
edge allows the upper thrust sheets to migrate onto the upper 
plate, reactivating the retro‐wedge albeit modestly. Pyrenean 
shortening is distributed roughly 80% and 20% between the pro‐ 
and retro‐wedges, respectively, as in Models 1 and S1.

The depth of the mid‐crustal décollement in the reconstruc‐
tion of Muñoz (1992) is significantly shallower than in our models. 
However, we did not set out to fully reproduce all details of the 
Pyrenees, and the depth of this décollement remains poorly con‐
strained. Changing the depth of this décollement would probably 
not significantly change our main findings.

The combined effects of a highly mobile cover, orogen erosion 
and foreland sedimentation may also explain antiformal stack‐like 
structures in the Central Alps (Schmid et al., 2017) and in the frontal 
zone of the Himalayas (Mercier, Braun, & Beek, 2017).

6  | CONCLUSIONS

Our numerical modelling results show that the presence of a weak 
viscous (salt) décollement can strongly control crustal deformation in 
a convergent orogen. The development of a crustal‐scale antiformal 
stack is promoted by the combined effects of gravitational collapse of 
the cover above the salt décollement off the uplifting orogenic core, 
efficient erosion of the orogenic core and deposition of sediments in 
the foreland. Rift inheritance results in a two‐phase orogenic evolu‐
tion, with Phase 1 symmetric rift inversion and Phase 2 asymmetric 
main collision, triggered by asymmetric subduction of the lithospheric 
mantle. The onset of asymmetric shortening can be used to date the 
onset of subduction. Comparison to the Pyrenees shows that these 
controlling factors and resulting geometries are found in nature.
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