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Inspired by the structural evolution of the South-Central Pyrenean Thrust Salient we have designed an experi-
mental program to investigate the role of the geometry of viscous detachments on the formation of thrust sa-
lients. The precontractional wedge geometry of the salt overburden facilitates propagation of the deformation
front to the forward edge of the viscous detachment. As deformation progresses, interaction between structures
formed above the viscous detachment and the adjacent frictional detachment mostly depends on the angles of the
lateral edges of the weak layer with respect to the shortening direction. The orientation of the oblique structures
defining thrust salients does not generally mimic the edges of the viscous detachment. They can even form at a
high angle to the shortening direction if active structures in the frictional and viscous detachments connect
along-strike. Thrust wedges above frictional and viscous detachments show different kinematic evolution. During
the late stages of deformation frictional wedges propagate forward whereas viscous wedges deform internally by
break-back thrust sequences. Both wedges show along-strike differences of the surface taper that have an impact
on the evolution of the topography and related synorogenic sediment dispersal. Experimental results are
consistent with the structural evolution and tectono-sedimentary relationships observed in the South-Central
Pyrenees.

1. Introduction unevenly distributed salt layer (Bahroudi and Koyi, 2003; Munoz et al.,

2013, 2018), or by the reactivation of salt structures (Rowan and Ven-

Most fold-and-thrust belts involving salt layers exhibit curved
structures in the form of thrust salients (curved structures convex toward
the transport direction) and recesses (curves concave toward the di-
rection of transport) (Marshak, 2004). Examples include the Zagros
fold-and-thrust belt (Sepehr and Cosgrove, 2004; Callot et al., 2007), the
Sierra Madre Oriental (Fischer and Jackson, 1999), the Jura Mountains
(Becker, 2000; Smeraglia et al., 2021), the South-Western Alps (Célini
et al., 2020) and the Pyrenees (Munoz et al., 2018; Camara, 2020).
Deciphering the origin of thrust salients in these fold-and-thrust belts
relies on interpreting the oblique and lateral structures forming these
thrust salients. They have been interpreted as related either to oblique or
transverse basement-involved structural features beneath the salt layer
(Sepehr and Cosgrove, 2004) or structures involving only the suprasalt
succession developed during contractional deformation. Suprasalt
oblique structures may form either by displacement gradient above an

* Corresponding author.

deville, 2006; Callot et al., 2012; Duffy et al., 2018; Santolaria et al.,
2021).

Curved orogens or fold-and-thrust systems have been classified into
primary, progressive, and secondary based on factors such as the timing
between thrusting and rotation, and the presence or absence of vertical
axis rotation (Weil and Sussman, 2004; Weil et al., 2010). Primary
arcuate fold-and-thrust systems are initially formed with a curved ge-
ometry and do not exhibit any vertical axis rotation. These systems
typically occur due to the inversion of faults or basins showing
along-strike changes in orientation. On the other end of the spectrum,
secondary curved systems or oroclines arise from the bending of initially
linear structures around a vertical axis (Marshak, 2004). In progressive
curved systems, the strike of structures undergoes gradual changes
during deformation. In these systems, rotation and thrusting take place
simultaneously (Weil et al., 2010).
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The southern Pyrenees show numerous salients and recesses, but the
most prominent thrust salient is in the South-Central Pyrenees (Fig. 1).
This feature has attracted the attention of structural geologists since the
first half of the last century (Misch, 1934). It was interpreted as a pri-
mary curvature inherited from the geometry of Mesozoic Basins and
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named the South-Pyrenean Central Unit (Séguret, 1972). However,
paleomagnetic data acquired after the 1990’s have demonstrated that
most of the oblique structures have experienced vertical-axis rotations
(Dinares et al., 1992; Sussman et al., 2004; Mochales et al., 2012;
Rodriguez-Pint6 et al., 2016) suggesting that the South-Central
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Pyrenean Thrust Salient is a progressive curvature formed by thrust
displacement gradient (Oliva-Urcia and Pueyo, 2007; Munoz et al.,
2013).

Several analogue modelling studies have focused on the formation
and evolution of thrust salients in salt-detached fold-and-thrust belts,
addressing the main factors controlling them as well as the structures
that develop at the transition from frictional to viscous detachments (see
Santolaria et al., 2024, for an extensive review). These studies have
demonstrated that an uneven distribution of the weak layer at the bot-
tom of the deformed wedge results in the development of thrust salients
and recesses, as deformation propagates farther and faster into the
foreland above a ductile detachment (Cotton and Koyi, 2000; Costa and
Vendeville, 2002; Bahroudi and Koyi, 2003; Vidal-Royo et al., 2009; Li
and Mitra, 2017; Borderie et al., 2018; Pla et al., 2019). Such differences
in the propagation rate between the adjacent frictional and viscous de-
tachments result in thrust wedges with different surface taper, with that
above the viscous detachment being wider and showing a smaller taper
angle, as predicted by Coulomb taper theory (Davis et al., 1983; Davis
and Engelder, 1985). Most experimental studies also conclude that
deformation along the lateral edges of the viscous detachment is char-
acterized by either an array of oblique contractional structures or by
strike-slip faults parallel to the shortening direction. Both would form
parallel to and along the lateral edges of the silicone polygons by their
development as transpressional or strike-slip structures. Models
including oblique orientations of the lateral terminations of the viscous
detachment have shown the development of oblique thrusts following
the initial orientation of the silicone edges (Santolaria et al., 2024).
Thus, structures developed in a contractionally deformed sand package
above an unevenly distributed viscous detachment would mimic the
initial geometry of this detachment. Such a model has been applied to
the interpretation of salt-detached fold-and-thrust belts (see references
above).

However, most experiments have been performed with a similar
setup characterized by a parallel, layer-cake dry silica sand package
above a rectangular silicone prismatic body with lateral edges parallel to
the shortening direction. Very few experiments explore the influence of
an oblique orientation of the viscous silicone lateral edges in the for-
mation of oblique structures in the transitional domains with the fric-
tional detachment (Lickorish et al., 2002; Lujan et al., 2003) or explore
setups in which silicone and the overlying sand layers do not have a
prismatic shape (Pla et al., 2019). Storti et al. (2007) explored the effect
on the structural architecture of an along-strike taper geometry above a
viscous detachment with a rectangular shape.

Our study builds on previous analogue modelling programs but in-
troduces differences in the setup with respect to published work. The
design of our experiments has been inspired by the observed structures
of the South-Central Pyrenean Thrust Salient and the restored distribu-
tion of the salt layer at the bottom of the deformed succession (Munoz
et al., 2013). In addition, shortening has been transmitted to the sand
wedge using the “subduction model” configuration of Graveleau et al.
(2012). With this new approach we bring new ideas, and question some
of the published conclusions about the formation and kinematics of
thrust salient structures in salt-detached fold-and-thrust belts.

2. Geological setting

The Pyrenees are a collisional mountain range between the Iberian
and European plates that formed from Late Cretaceous to Miocene times.
Mountain building occurred as the Iberian plate was subducted beneath
the European one, and the previous rifted margin that developed in the
Bay of Biscay and Pyrenean domain was incorporated into the mountain
belt (Munoz, 1992; Teixell et al., 2018). The structural style of the chain,
as well as its along-strike changes, mostly resulted from the inversion of
the Late Jurassic-Early Cretaceous rift system (Manatschal et al., 2021).
However, the distribution of Upper Triassic salt at the bottom of the
Mesozoic sedimentary package also played a major role, even at the
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crustal scale (Beaumont et al., 2000; Jourdon et al., 2020). The Upper
Triassic salt is unevenly distributed along the Pyrenean orogen due to
the inherited Triassic extensional faults and subsequent erosion
(Lopez-Gomez et al., 2019). In areas where the salt is present, defor-
mation of the overlying sedimentary succession has been decoupled
from that of the basement, resulting in a largely thin-skinned structural
style, such as in the Basque-Cantabrian Pyrenees and the Central Pyr-
enees. In contrast, inversion of the Late Jurassic-Early Cretaceous
extensional fault system and the inherited Variscan structural features
have promoted basement involvement in areas where the Triassic salt is
absent, such as the Cantabrian mountains and the Eastern Pyrenees
(Alonso et al., 1996; Jammes et al., 2014).

This paper focuses on the South-Central Pyrenees, characterized by
the most prominent thrust salient in the Pyrenean fold-and-thrust belt
(Fig. 1). It was previously described as the South Pyrenean Central Unit
(Séguret, 1972), but we prefer to use the term South-Central Pyrenean
Thrust Salient because it does not form a single structural unit, like a
primary arch (Munoz et al., 2013).

The South-Central Pyrenean Thrust Salient involves the main struc-
tural units of the southern Pyrenees. It shows an asymmetric geometry in
map view and a general westward plunge of the main folds (Fig. 1). The
western edge is characterized by a system of N-S trending folds, mainly
developed in the eastern part of the Gavarnie thrust sheet and in its
frontal part at the Sierras Exteriores thrust front. These N-S trending
structures are also referred to as the Ainsa Oblique Zone (Munoz et al.,
2013). The eastern part of the South-Central Pyrenean Thrust Salient
consists of NE-SW trending oblique structures that tend to merge east-
wards. East of the thrust salient, the Eastern Pyrenees are narrower, and
the southern Pyrenean thrust sheets are piled one on top of the other
(Fig. 1). There, the Upper Triassic salt is absent, and the Upper Creta-
ceous to Paleocene sediments rest directly above the basement rocks
(Munoz et al., 1986; Verges, 1993). The salt-decoupled Meso-
zoic-Paleogene succession of the South-Central Pyrenean Thrust Salient
has been involved in three main thrust sheets, which from North to
South are: Cotiella-Béixols, Pena Montanesa-Montsec, and Serres Mar-
ginals (Fig. 1). The Mesozoic succession thins southward from the
Cotiella-Béixols Thrust Sheet, where it can be as thick as 6-7 km, to the
frontal parts of the Serres Marginals Thrust Sheet where the total
thickness can be only a few tens of meters (Fig. 1C, section I-I’; Munoz
et al., 2018). These thrust sheets initially developed following a forward
propagating thrust sequence from Late Cretaceous to late Eocene times,
but younger latest Eocene-early Miocene break-back thrust sequences,
as well as out-of-sequence thrusts reactivating former ones, are promi-
nent in the Serres Marginals and Montsec Thrust Sheets, mainly in their
central and eastern areas (Vergés and Munoz, 1990; Munoz, 2002).

The Cotiella-Bdixols Thrust Sheet resulted from the inversion of the
Lower Cretaceous extensional basins at the southern margin of the
Pyrenean rift system. It involved thick syn-rift successions (Berastegui
et al., 1990; Mencos et al., 2015), and Upper Cretaceous postrift sedi-
ments. Sediment accommodation was controlled by a combination of
extension and salt evacuation (McClay et al., 2004; Lopez-Mir et al.,
2014; Saura et al., 2016). The Pena Montanesa-Montsec Thrust Sheet
involves the northern part of the Upper Cretaceous foreland basin
characterized by a strongly subsident turbiditic trough at the footwall of
the Cotiella and Béixols thrusts and a coeval southward-retreating car-
bonate platform (Martin-Chivelet, et al., 2019). The Pena Mon-
tanesa-Montsec Thrust Sheet was emplaced from the Paleocene to the
early Eocene, as recorded by continental to shallow marine sediments
deposited in its footwall (Ager Basin) as well as in the Graus-Tremp
piggy-back basin (Fig. 1C). The lower-middle Eocene sediments of
these basins grade westward into the slope sediments of the Ainsa Basin
in the footwall of the Montsec thrust across the oblique structures at its
western edge (Mutti et al., 1988). The folds of the Ainsa Oblique Zone
controlled the sedimentary infilling of the Ainsa Basin and its transition
to the Jaca Basin (Fernandez et al., 2012). To the north, these folds have
a fault-propagation fold geometry, with fold axes that trend NW-SE to
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N-S and are subhorizontal or southward plunging. Further south, in
contrast, the structural style is characterized by N-S trending detach-
ment folds involving a Triassic salt succession. They are, from east to
west, the Mediano, Olsén, Boltana, and Balces anticlines (Fig. 1) and the
detachment anticlines along the Sierras Exteriores thrust front further
west (Millan et al., 2000). Their fold axes plunge to the north, where
their terminations define a structural depression (Fig. 1).

The Serres Marginals Thrust Sheet is characterized by short-
wavelength folds and thrusts involving an incomplete and thin
Mesozoic-Paleogene succession unconformably covered by upper
Eocene-Oligocene growth sediments. The synorogenic Upper Cretaceous
carbonates progressively thin southwards from a few hundred meters in
the northern imbricates to a few tens of meters in the most frontal ones
(Fig. 1). These Upper Cretaceous sediments unconformably overlie the
Jurassic carbonates and even the Triassic evaporites that were tilted
northwards and partially or totally removed in the south by erosion
(Martin-Chivelet, et al., 2019). In the Serres Marginals Thrust Sheet, the
middle Eocene sediments are absent, except for in the most frontal im-
bricates, contrasting with the thick succession of middle Eocene car-
bonates to the west of the salient, in the Sierras Exteriores thrust front.
These carbonates deposited coevally with the slope and basinal sedi-
ments of the Ainsa-Jaca basins (Fig. 1). The thin to absent middle Eocene
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interval was caused by structural relief and salt inflation of the Triassic
salt in response to evacuation from the bottom of the Pena Montanesa
Montsec Thrust Sheet. The thick salt, together with the thin Mesozoic
succession, favored the development of detachment anticlines and di-
apirs (Poblet et al., 1998; Cofrade et al., 2023; Santolaria et al., 2017).
The Serres Marginals and Pena Montanesa-Montsec thrust sheets are at
present above an autochthonous succession of Paleocene and Eocene
sediments in continuation with the Ebro foreland Basin, as shown by
well and seismic data (Munoz et al., 2018)(Fig. 1C).

North of the South-Central Pyrenean Thrust Salient, the basement
rocks form an antiformal stack, classically referred to as the Axial Zone.
This antiformal stack consists of three main basement-involved thrust
sheets, which from top to bottom are the Nogueres, Orri and Rialp
(Fig. 1; Munoz, 1992). They were transported to the South together with
the cover thrust sheets located toward the foreland. The Nogueres thrust
sheet has the same structural position as the basement of the Gavarnie
thrust sheet further west, but the Upper Triassic salt is absent in the
Gavarnie thrust sheet, and the Upper Cretaceous limestones uncon-
formably overlie the Paleozoic rocks, with the edge of the salt detach-
ment highly oblique to the overall Pyrenean trend (Fig. 1). In map view,
the transition from preserved Upper Triassic evaporites above the
basement units in the east to areas where these evaporites are absent in
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the west coincides with a significant structural bend of the structures
from WNW-ESE to N-S (Fig. 1).

3. Experimental methodology

An experimental program, consisting of four primary models, was
conducted at the Geomodels Analogue Modelling Laboratory at the
University of Barcelona, to examine the influence of viscous detachment
geometry on the development of oblique structures in salt-detached
fold-and-thrust belts. Three additional models were performed to
assess setup and boundary conditions but are not included here. This
study was inspired by the structural evolution of the South-Central
Pyrenean Thrust Salient, with a focus on the angle between the obli-
que edges of the viscous detachment and the shortening direction.

3.1. Experimental program design and procedure

The experiments employed the “subduction model” configuration
developed by Graveleau et al. (2012). Instead of using a moving wall to
drive the contractional deformation, a non-stretchable basal plastic film
affixed to a computer-controlled servomotor, generated contractional
deformation in the model (Fig. 2). As the basal film was rolled at a
constant velocity of 4 mm/h, the fixed wall acted as a backstop at the
base of which a velocity discontinuity localized the rooting of contrac-
tional structures (Fig. 2). The sandbox, with varying widths depending
on the model, was confined by two fixed glass walls on the sides
(Fig. 2A). We utilized the subduction model setup, also known as
conveyor-type or pull-type, to mitigate issues related to the deformation
of the rigid wall when pushing the sand pack, given the substantial
width of the models. Furthermore, this approach aligns more closely
with the boundary conditions of the natural prototype. In principle, de
difference with push-type or indentation experiments is primarily a
matter of reference frame (Buiter, 2012; Graveleau et al., 2012).

The parameter under scrutiny was the geometry of the salt basin.
Various salt basins with trapezium geometries were tested to understand
how the trends of their boundaries in relation to the shortening direction
influenced the propagation of contractional deformation and the verti-
cal axis rotation of resulting structures. The orientation and angle of the
trapezium’s lateral edges with respect to the shortening direction were
determined based on geological constraints. This selection aimed to test
the uncertainties associated with their accurate reconstruction before
the onset of contractional deformation (Fig. 2A). Conversely, certain
orientations were deliberately chosen to deviate from the reconstructed
orientations, serving the purpose of examining differences between
model results and observations.

The trapezium viscous detachment was segmented into two parts to
replicate the control on salt distribution exerted by extensional faults of
the Pyrenean rifted margin before the onset of the contractional defor-
mation. Model construction began with an inner transparent silicone
layer overlaying the basal plate with a specific trapezium geometry
(Fig. 2A and B). This inner silicone layer, 7 mm thick, was surrounded by
white quartz sand throughout the sandbox (Fig. 2A and B). The inner
silicone was covered by an 8 mm thick blue sand layer while the rest of
the model was covered by an 8 mm thick white sand layer (Fig. 2B). A
second 5 mm thick blue silicone layer was added in front of the inner and
lower one following the trapezium geometry of the salt basin (Fig. 2B).
This outer silicone layer was surrounded by white sand except over the
inner silicone, where the added sand was blue (Fig. 2B). Both silicone
layers represent the same Triassic evaporite level offset by an Early
Cretaceous extensional fault, and the blue sand above the inner silicone
represents the synrift basin. Such a configuration reproduces the rifted
margin before tectonic inversion and could correspond to the exten-
sional faults along the Cotiella-Boixols thrust front. After that, two
additional 3 mm thick blue and white layers were added covering the
entire model to simulate the lower postrift Upper Cretaceous succession
in the Southern Pyrenees (Fig. 2B).
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Then, the rig was systematically tilted 0.6° towards the backstop
before the deposition of each layer of the following unit formed by
alternating green, white, and black quartz sand, reaching 4.2° tilting
after deposition of the entire unit (Fig. 2C). This wedge-shaped unit
simulates the northward thickening of the Upper Cretaceous sediments
in the southern Pyrenees, including most of the postrift succession and
the first foreland basin deposits. This sand wedge was confined between
the backstop and the rotation axis of the table that was located at 59 cm
from the backstop, at the front of the silicone trapezium. The uplifted
area beyond the rotation axis was subsequently scraped off at the
regional elevation of the last sand layer of the wedge, eroding part of the
underlaying pre-wedge units (Fig. 2C). This geometry simulates the
erosion of the forebulge that occurred at Late Cretaceous times by lith-
ospheric flexure during the early stages of contractional deformation
(Fig. 2C). Finally, a 3 mm thick layer of reddish sand covered the entire
model simulating the unconformable Paleocene succession in the Pyr-
enean foreland (Fig. 2C). This final configuration reproduces the strat-
igraphic template at early Eocene times before the development of the
South-Central Pyrenean Thrust Salient as deduced from the construc-
tion of partially restored cross sections (Munoz, 2002). Total shortening
reached 22 cm, and syn-contractional sedimentation and erosion were
not considered in any of the models.

Upon completion of the experiment, the models were covered by a
thick post-kinematic unit to preserve topography and prevent silicone-
related movement. Models were preserved and serially sliced after
24-48 h, with manual cross-section cuts at 1 cm intervals.

3.2. Analogue materials and scaling

The materials used in the experimental program were those classi-
cally used in analogue modelling: quartz sand to simulate the brittle
behavior of upper crust rocks (Lohrmann et al., 2003); and a silicone
putty (polydimethylsiloxane or PDMS) to simulate the viscous behavior
of salt (Dell’Ertole and Schellart, 2013).

The 99.8% pure quartz sand has a mean grain size of 199 pm and a
sub-rounded grain shape. It has a bulk density of 1500 kg/m°>, a mean
coefficient of friction (¢) of 0.59, an average angle of internal friction (¥)
of 30-35°, and a low apparent cohesive strength of ~78-142 Pa (ring
shear test, Ferrer et al., 2017).

White and colored sands have the same mechanical properties and
were used to depict the location and style of the main structures.

The silicone made by Bluestar has an average density of 972 kg /m>
and a viscosity of 1.6-10* Pa s at laboratory strain rates and room
temperature (values provided by Dell’Ertole and Schellart, 2013).
Transparent and blue silicones have identical mechanical properties.

The models were dynamically scaled in accordance with the meth-
odology proposed by Hubbert (1937), Davy and Cobbold (1988), and
Schellart (2000). The scaling parameters are shown in Table 1.

In all models, sand was glued to the non-stretchable plastic film at
the base to increase basal friction (Pla et al., 2019), with the friction
value at the base equal to the internal sand friction in the frictional
domain (Larroque et al., 1995).

3.3. Recording techniques

Overhead and oblique time-lapse pictures, captured every 60 s with a
high-resolution digital camera, documented the kinematic evolution of
the models during deformation. Models’ surface topography was
recorded every 2 cm of shortening using a submillimeter resolution
white light scanner (SidioPro from Nub3D). Animations of the models
based on these surfaces can be found in the supplementary material. The
vertical sections cut at 1 cm intervals at the experiments’ end were
photographed using high-resolution digital cameras to reconstruct and
analyze the final structure of the models and their along-strike structural
variation.
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Table 1

Dynamic scaling of the analog modeling experimental program. The scaling
ratio is the Model to Nature ratio of a given magnitude or parameter. ¢, devia-
toric stress (Pa); p, density (kg/m3); g, gravitational acceleration (m/s2); L,
length (m); &, strain rate (s-1); 1, viscosity (Pa-s); t, time (s); V, velocity (m/s).
*Mean apparent cohesive strength.

Parameter Equation  Model Nature Scaling
ratio

Length 1cm 1 km 10°

Density

Sand/Brittle Rocks 1500 kg/m> 2567 kg/m®  0.58

Polymer/Décollements 972 kg/m?® 2200 kg/m® 0.4

Gravity 9.8 m/s? 9,8 m/s> 1

Cohesion 110 Pa* 50 x 10°Pa 2.2 x 10°°

Deviatoric stress c=pgl 121Pa 2.34 x 107 5.2 x107°

Pa
Viscous layer 1.6 x 10* Pa 10'® Pas 1.6 x 10714
viscosity s

Strain rate e=0/n 3.24 x 10®

Time t=1/e 1h 37000 y 3.1x107°

Velocity V=Le 0.5 cm/h 13.5 mm/y 3.24 x 10°

4. Experimental results

The following section describes the experimental results, primarily
focusing on the selected overhead views of the models at various
evolutionary stages and the final cross sections. The main features of the
models will be described, but our primary emphasis will be on the
structures developed in the transitional areas between the frictional and
viscous domains. To aid in the description and subsequent comparison
with the natural prototype, we established a coordinate system where
the backstop corresponds to the north (Fig. 2A).

4.1. Model 1

In Model 1, the viscous domain is characterized by a right trapezium,
widening toward the foreland with an eastern leg (or lateral edge)
parallel to the shortening direction. The western leg forms an angle of
27° with this direction and an internal angle of 117° with the edge of the
trapezium adjacent to the backstop (Fig. 2A). In the early stages of
shortening, a thrust (T1 in Fig. 3A) formed with a continuous E-W trend
hindward of the northern edge of the inner silicone polygon (Fig. 3A).
Deformation progressed forward, and after 60 mm of shortening, once it
reached the silicone, the entire sand wedge above the viscous detach-
ment was internally deformed by layer-parallel shortening, as
commonly observed (Koyi et al., 2004; Santolaria et al., 2021). The
thrust front then jumped to the pinch-out of the outer silicone polygon
(foreland edge of the trapezium) synchronously with nucleation of a
structure over the step between the two silicone layers (Fig. 2A and 3B,
S1). Regardless of their trend — parallel or oblique to the shortening
direction - the lateral edges of the viscous domain were activated as
strike-slip faults (Fig. 3B), with the eastern one as a left-lateral strike-slip
fault system and the western one as a single right-lateral strike-slip fault.
Immediately afterward (Fig. 3B), thrust 2 developed in the western
frictional area (T2w) and propagated into the viscous domain (T2c). In
the eastern frictional domain, a second thrust (T2e) formed with a
convex geometry. It struck with an E-W trend in the frictional domain
and turned to a NE-SW trend in the transitional area with the viscous
domain (Fig. 3B).

At 78 mm of shortening, thrust 3 developed in the western frictional
area (T3w) to continuously build up the brittle thrust wedge (Fig. 4a).
This thrust showed an WNW-ESE trend, oblique to the previous ones,
and formed a sharp bend to a N-S trend in the transitional area with the
viscous domain (Fig. 3C). This bend resulted from the linkage of the
eastern tip of T3w with the active thrust front at the southern edge of the
silicone polygon, also referred to the frontal décollement pinch-out
(Costa and Vendeville, 2002). Where these two thrusts connected, a
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new thrust propagated into the sand wedge above the viscous detach-
ment, located over the step between the two silicone layers (T3c in
Fig. 3D). This structure had already initiated earlier, as revealed by the
rising topography (Fig. 3C-S1). At that moment, the western strike-slip
fault became inactive and experienced a southward translation and a
clockwise vertical-axis rotation (hereinafter VAR). In fact, this fault was
a tear fault bounding the viscous detachment at the early stages, with an
oblique slip because of the southward displacement and synchronous
uplift of the sand pack above the viscous detachment (Fig. 3C and 4b).
Strain compatibility between forward displacement of the sand wedge
above the viscous domain and the divergent lateral edges of the silicone
trapezium resulted in a divergent displacement pattern in the viscous
domain. This displacement is emphasized in the models by the orien-
tation of the scratch lines done by the scraper during levelling of the
sand layers (Fig. 3C and D). These lines were initially parallel to the
lateral edges of the sandbox and, thus, to the shortening direction.

In the hanging wall of the T3w thrust, an anticline developed,
bounded northwards by two NW-SE to N-S trending backthrusts, at an
angle with the edge of the silicone polygon but not rooted in the silicone
(Fig. 3C-F and 4b). Along the eastern edge of the silicone polygon, the
strike-slip fault progressed southwards to connect with the frontal
structure. It connected with the T2e thrust by a push-up structure obli-
que to the edge of the silicone. Synchronous thrusting in the western
brittle wedge (T3w and T2w) occurred together with the internal
deformation of the sand wedge above the viscous detachment. The SW
corner of the silicone polygon deformed into a N-S trending anticline in
continuation with the thrust front. It plunged northward, defining a
depression between it and the southern tip of thrust T3w (Fig. 3D-F, S1).
This SW structure acquired a prominent arcuate geometry as shortening
progressed because of the divergent displacement pattern in the viscous
domain and the related vertical-axis rotations (Fig. 3C-D). This rotation
triggered the formation of NE-SW trending extensional faults (Fig. 3D
and E).

With continued shortening, the central thrust front advanced relative
to the footwall but retreated with respect to the backstop because of the
internal deformation. An out-of-sequence thrust (T3c) nucleated behind
the frontal thrust and accommodated a significant amount of shortening
within the thrust wedge above the viscous domain (Fig. 3D). After 158
mm of shortening, thrust T3c continued to be active (Fig. 3D and E). This
thrust developed synchronously with the main activity of the SW thrust
salient and the clockwise VAR near the western boundary of the viscous
domain. T3c died out eastward and was relayed by an anticline in the
hanging wall of the thrust front. At the eastern edge of the viscous
domain, the N-S trending left-lateral strike-slip fault continued to be
active. However, a lateral ramp of the frontal thrust developed parallel
to the strike-slip fault, taking the shortening component related to the
divergent displacement pattern of the viscous domain (Fig. 3D and E).

At 165 mm of shortening, a new thrust (T4w) formed in the western
frictional area, with a similar geometry to thrust T3w but with a shorter
N-S trending portion in the transitional area to the viscous domain, as
constrained by the available space (Fig. 3E). This lateral structure con-
nected with the N-S trending portion of the western thrust front of the
viscous domain, defining a continuous thrust salient with a structural
depression that coincided with the edge of the silicone (Fig. 3E and F). In
the eastern lateral structure, a diapir pierced the surface. At 193 mm of
shortening, a new thrust developed in the eastern frictional domain that
intersected the N-S trending structure at the diapir (T4e, Fig. 3F). The
thrust front in the viscous domain advanced slightly, mainly in its
eastern part.

The cross-sectional structural style of Model 1 in the frictional do-
mains was characterized by a brittle Coulomb wedge with a taper angle
of about 25° formed by the stacking of thrust sheets that generally
developed in a foreland-propagating sequence, although synchronous
thrusting occurred (Fig. 4a and e). The notably high wedge taper angle
observed here is indicative of wedges developed under high basal fric-
tion conditions, such as those observed in models with glued sand on the
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Fig. 3. Selected top view images of Model 1 with incremental shortening and interpretation of the model (F). The location of the undeformed position of the silicone
polygon as well as the internal step between the two silicone layers are indicated by pink dashed lines, and the labelled faults are explained in the text. Green colour
corresponds to the slumped lower green layers. Illumination from the SE. Yellow lines in Fig. 3F correspond to the location of the final cross sections in Fig. 4. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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labelled on Fig. 3F. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mylar film at the base (Huiqi et al., 1992). In contrast, the thrust wedge
above the viscous detachment showed a lower taper, involved fewer
thrusts and displayed a lower topography in the hinterland (Fig. 4b-d,
movie S1).

4.2. Model 2

In Model 2 the viscous domain is characterized by a scalene trape-
zium with the legs forming angles of 45° (west) and 19° (east) with the
shortening direction. The western leg has an internal angle of 135° with
the backstop edge of the trapezium. (Figs. 2 and 5). The initial thrust in

bl
thrust 1 (T1w)

/ A

T & /
7 Anticline nucleated at the step /
between silicone layers !
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the frictional domain, labelled thrust 1, formed after 16.5 mm of
shortening but, contrary to model 1, T1 did not extend into the viscous
domain. Instead, deformation was transmitted forward into the sand
wedge above the silicone domain, leading to the development of an
anticline just south of the step connecting the two silicone layers (Figs. 2
and 5A-B, S2). This observed pattern is linked to the lower distance
between the backstop and the northern edge of the silicone trapezium.

At 30 mm of shortening, the thrust front rapidly progressed to the
southern pinch-out of the silicone, occurring earlier than in the previous
model, because the shorter distance between the northern silicone edge
and the backstop. However, this shift was limited to the eastern portion.

Anticline nucleated él the step
between silicone lgyers
/

/Ondeformed

_xiscous domain

Thrust front active at the southern
edge of the silicone polygon

westward south of intersection
of T3w with the silicone edge
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Fig. 5. Overhead evolution and interpretation of Model 2. The pink polygons indicate the shape and original location of the silicone polygon and the internal step
between the two silicone layers, and the labelled faults are explained in the text. Green colour corresponds to the slumped lower green layers. Illumination from the
SE. Yellow lines in Fig. 5F correspond to the location of the final cross sections in Fig. 6. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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The southwestern corner of the viscous domain remained unaffected,
and the western boundary of the deformed viscous domain ran parallel
to the shortening direction along a diffuse boundary. This boundary was
defined by a line connecting the western tip of the thrust front of the
viscous domain with the intersection of the active thrust front within the
western frictional domain and the lateral edge of the silicone polygon
(Fig. 5B, movie S2). As shortening increased, a new thrust developed in
the western frictional area (T2w in Fig. 5B), also showing a sharp bend
to a short N-S trend portion as it connected with the edge of the silicone
polygon. Synchronously, the thrust front along the southern silicone
edge propagated westward to the southward prolongation of the inter-
section between thrust T2w and the silicone edge (Fig. 5B). The eastern
edge of the silicone polygon evolved to a transpressional zone, where a
highly oblique thrust subparallel to the silicone edge formed, connecting
with the thrust front in the eastern frictional domain (T2e in Fig. 5B).

As the model progressed, at 52 mm of shortening, a new thrust (T3w)
formed in the western frictional domain and showed similar geometric
features as described for older thrusts. This led to the gradual reduction
of the triangular undeformed area at the SW corner of the silicone
polygon, as new thrusts continued to develop in the western frictional
wedge and the thrust front of the viscous detachment propagated
westward (Fig. 5C and D). Concurrently, the thrust wedge above the
viscous detachment underwent internal deformation with the structural
growth of the central anticline (and related thrust and backthrust), the
propagation of thrust T2c into the central domain, and the imbrication
of the eastern thrust front (T2e and T3e) (Fig. 5C-D and 6). After 100
mm of shortening, new silicone-cored detachment anticlines formed
along the thrust front, laterally linked with each thrust in the western
frictional domain (Fig. 5D-E). These anticlines formed initially with a
NW-SE trend and a NW plunge, but acquired a more N-S trend due to
clockwise VAR resulting from the divergent displacement at the foreland
corners of the silicone polygon (Fig. 5D-E). The areas of linkage between
the thrusts of the western frictional wedge and the frontal detachment
anticlines corresponded to structural depressions, aligned parallel to the
oblique silicone edge (Fig. 5E-F). Simultaneously, near the eastern
boundary of the thrust salient, a system of minor strike slip faults
developed, connecting the eastern imbricate wedge with the frontal
structure along and parallel to the edge of the silicone (Fig. 5D). The
westward plunge of the anticline in the middle of the silicone polygon
became more prominent.

After 125 mm of shortening, the frontal part of the thrust wedge
above the viscous domain was internally deformed as shown by the
decrease in distance between the thrust front and thrust T3c (compare
Fig. 5D, E and F). This internal deformation increased eastward,
resulting in the WSW-ENE trend of the eastern part of the thrust salient,
where two synchronous thrusts developed. While the wedge above the
viscous detachment deformed and reduced in width, the adjacent thrust
wedges in the frictional domains accreted new thrusts and advanced
forwards. Consequently, the salient geometry of the most frontal struc-
ture became less prominent than in previous stages (see S2).

The final stage illustrated that structures formed in transitional areas
between the frictional and viscous domains displayed an oblique trend
with respect the silicone edges. In the western transitional zone between
the frictional and viscous domains, structures formed with a NW-SE to
N-S orientation at a significant angle to the edge of the silicone. These
structures evolved and connected as shortening continued. The struc-
tural depression that formed between the structures of both domains
also developed a slightly oblique orientation relative to the initial
orientation of the lateral edge of the silicone polygon, resulting from the
deformation-induced slight change in orientation (Fig. 5F). Similarly,
the thrust and related structures that initially developed along the
eastern edge were also transported progressively forwards and their
final trend also deviated from the initial orientation of the silicone edge.
The final geometry of the thrust front along the southern edge of the
viscous detachment changed significantly along strike, evolving from an
imbricate stack in the east, to a single large displacement thrust, to a
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system of laterally stacked detachment anticlines in the west (Fig. 6). In
this model, the base of the upper silicone layer had a small depression
resembling a minor extensional fault near its southern edge. This feature
was unintentionally created during the model-building process. How-
ever, it had no impact on the evolution of the frontal structures, as the
silicone accumulation was preserved as a dead zone in the footwall of
the sole thrust (Fig. 6).

The silicone exhibited an overall tendency to flow forward, facili-
tating the development of a simple, far-travelled thrust sheet (Fig. 6c¢).
Nonetheless, the inflated salt area in the frontal areas of the viscous
domain, coupled with the thin overburden, also facilitated the formation
of thrust imbricates and tight detachment anticlines. This, in turn,
contributed to the structural relief observed during the internal defor-
mation of the thrust wedge by break-back thrust sequences (Fig. 6).

4.3. Model 3

In Model 3, the geometry of the silicone polygon was a truncated
scalene trapezium with a larger internal angle of 150° between the
western leg and the backstop edge, resulting in a more extensive viscous
detachment surface compared to all other models (Fig. 2A). The model
results were akin to those observed in Model 2 (See S2 and S3).

After 35 mm of shortening, a first E-W trending thrust developed
uniformly along the model without apparent segmentation across the
lateral edges of the silicone polygon (T1 in Fig. 7A). Nevertheless, the
amount of shortening accommodated along T1 diminished eastward
above the viscous detachment because a portion of the shortening was
transferred forward, localized above the central step between the two
silicone layers and at the southern silicone pinch-out (Fig. 7A). A central
thrust (T3c) originated at the step between the two silicone layers and
connected with a newly formed thrust in the eastern frictional wedge
(T3e) along an oblique SW-NE segment within the transitional zone with
the viscous domain. T3e emerged at a greater distance into the foreland
than expected based on the positions of the preceding thrusts, suggesting
that the location of T3e may have been influenced by the presence and
positioning of T3c (Fig. 7A-B).

As shortening continued, new forward-propagating thrusts formed in
the western frictional wedge (T2w and T3w). In the transitional area of
the western frictional domain, each thrust curved to a N-S trend and,
further south, connected to the N-S trending folds developed above the
viscous detachment (Fig. 7C). These folds displayed a northward plunge
and together with their related thrusts they emerged from the thrust
front (Fig. 7C). Thrusts of the frictional domain and detachment folds of
the viscous domain connected at the silicone edge and formed a struc-
tural depression. The thrust front at the southern silicone pinch-out
migrated westward as new NW-SE to N-S trending structures formed,
connecting with progressively younger thrusts in the western frictional
wedge (Fig. 7C). Clockwise VAR occurred, larger than the anti-clockwise
rotation observed at the eastern edge of the silicone polygon.

In the later stages of shortening (after 180 mm), the thrust wedge
above the viscous detachment underwent internal deformation. Out-of-
sequence thrusts formed north of the thrust front (T4c, backthrusts and
related pop-up; Fig. 8c and d). Thrusts of the western frictional thrust
wedge were also reactivated and propagated eastward into the viscous
detached thrust wedge along the structural depression (Fig. 7D).

The evolution of structures in the transitional area of the eastern
lateral edge of the silicone polygon was simpler than in the western
counterpart. The silicone edge was activated as an oblique thrust since
the early stages of shortening, and the thrusts in the eastern frictional
thrust wedge merged into the oblique frontal thrust. The trend of this
oblique frontal thrust progressively changed to form a higher angle with
the shortening direction. The transitional area between domains
featured a large anticline as successive frontal thrusts sheared in a break
back sequence the overturned forelimb (Fig. 8e).

Serial cross-sections illustrate the along-strike structural differences
controlled by the geometry of the viscous detachment (Fig. 8).
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Fig. 6. Final cross sections across Model 2 illustrating the along-strike variation of the structural style between frictional and viscous domains. The black and bright
blue are the lower and upper silicone layers, respectively, and the labelled faults are explained in the text. See locations in Fig. 5F. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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between the two silicone layers, and the labelled faults are explained in the text. Green colour corresponds to the slumped lower green layers. Illumination from the
SE. Yellow lines in Fig. 7D correspond to the location of the final cross sections in Fig. 8. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
4.4. Model 4

Model 4 is characterized by an isosceles trapezium with both lateral
edges converging forward (Figs. 2 and 9). This symmetrical setup
resulted in a symmetrical structural pattern during the contractional
deformation.

After 25 mm of shortening, the first thrust (T1) developed along the
entire model and the entire length of the silicone polygon was activated.
Thrust T1 was segmented across the lateral edges of the silicone poly-
gon, particularly on the eastern side (T1e). Simultaneously, the central
step between the two silicone layers influenced the location of the sec-
ond thrust in the adjacent frictional domains, occurring further into the
foreland than might be expected, akin to Model 3 (T2w and T2e,
Fig. 9A). These thrusts formed bends from E-W to NW-SE and NE-SW in
the western and eastern transition zones, respectively, connecting with
the silicone lateral edges at the southern prolongation of the northern
corners of the silicone polygon. This emphasized the impact of the weak
detachment geometry on the transitional areas between frictional and
viscous domains (Fig. 9A). During these early stages of shortening,
strike-slip faults formed along the northern portions of the lateral edges
of the silicone polygon. However, they evolved quickly to oblique faults
and backthrusts (Fig. 9).

At 50 mm of shortening, all the thrusts were active (synchronous
thrusting). Afterward, the thrust wedge above the viscous detachment
was deformed by out-of-sequence thrusts and anticlines that developed
between the thrust front and thrust T2c (Fig. 9B-D). Tight silicone-cored
detachment anticlines formed, and the silicone locally extruded to the
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surface (Fig. 9D).

In the transitional domain at both lateral sides of the viscous
detachment, oblique antiformal stacks formed (Fig. 10b, e). They
developed by the stacking of the oblique portion of the thrusts con-
necting the successive new thrusts of the frictional domains with the
silicone edge, south of the northern corners of the silicone polygon
(Fig. 9).

The final structure above the viscous domain comprised a far-
travelled thrust sheet, featuring few thrusts and defining a horizontal
surface taper (Fig. 10c, d). Most of the shortening occurred in the frontal
structures, where out-of-sequence thrusts developed. A noteworthy
observation from these model results is that the frontal thrust, which
originated during the initial stages at the southern pinch-out of the sil-
icone, became fossilized by the sand sourced from the hanging wall of
the out-of-sequence thrusts (Fig. 10c, d). The frontal imbricates were
entirely overridden by these thrusts, rendering them invisible in the top
images (compare Figs. 9 and 10).

5. Discussion

The comparison of our model results to previous modelling studies
and natural examples provides new insights into the influence of the
inherited geometry of viscous detachments on salt-involved fold-and-
thrust belts and the formation of thrust salients.

This experimental program was motivated by the structural evolu-
tion observed in the South-Central Pyrenees. The experimental setups
were designed based on the main stratigraphic and structural features
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Fig. 8. Final cross sections across Model 3 illustrating the along-strike variation of the structural style between frictional and viscous domains. The black and dark
blue are the lower and upper silicone layers, respectively, and the labelled faults are explained in the text. See locations in Fig. 7D. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

observed in the Pyrenean fold-and-thrust belt. Our model results suc-
cessfully reproduced the main features of previous analogue modelling
studies (see reviews by Graveleau et al., 2012 and Santolaria et al.,
2024), as well as observations from other salt detached fold-and-thrust
belts. Notably, our models introduced innovative ideas and conclu-
sions arising from specific modelling configurations. The main differ-
ence of this work with previous analogue modelling studies is the
combination of an initial wedge geometry of the sand package thick-
ening towards the backstop above the silicone layer (Smit et al., 2003)
with different geometries of the viscous detachment as modelled by
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many authors (i.e., Cotton and Koyi, 2000; Bahroudi and Koyi, 2003;
Lujan et al., 2003; Vidal-Royo et al., 2009; Wu et al., 2014; Li and Mitra,
2017; Borderie et al., 2018; Pla et al., 2019; Miro et al., 2023; Werf et al.,
2023; Santolaria et al., 2024, among others).

5.1. Geometry of the structures and thrust sequence

The structural style of the models was largely dependent on the ge-
ometry and distribution of the viscous detachment. The initial sand
wedge geometry used in our experiments facilitated the forward
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SE. Yellow lines in Fig. 9D correspond to the location of the final cross sections in Fig. 10. (For interpretation of the references to colour in this figure legend, the
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propagation of deformation above the viscous detachment, causing the
thrust front to advance early to the southern pinch-out of the silicone.
In all the models presented, the hinterland pinch-out of the silicone
polygon was located in front of the backstop. Model 1 featured a silicone
trapezium with its edge 2 cm farther from the backstop than in the other
models (Fig. 2A). This spatial difference influenced the location and
characteristics of the first thrust formed during the early stages of
shortening. Whereas the first frontal thrust in Model 1 displayed a
consistent strike and displacement, the initial thrust in other experi-
ments was segmented across the lateral edges of the silicone polygon,
and the displacement above the viscous detachment decreased due to
the forward progression of deformation (Figs. 3, 5, 7 and 9). Moreover,
this thrust emerged at a greater distance from the backstop in both
frictional and viscous domains (Fig. 11). These observations indicate
that the presence of a viscous layer influences deformation in the adja-
cent frictional domains, aligning with similar findings in the experi-
ments by Li and Mitra (2017) and Borderie et al. (2018). At early stages
of shortening both the area above the step between the two silicone
layers and the forward pinch-out of the silicone polygon were activated
(Fig. 6A, 7A and 9A and 11). Therefore, a prominent thrust salient
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formed since the early stages of contraction, also as observed in previous
modelling studies (Cotton and Koyi, 2000; Lujan et al., 2003; Li and
Mitra, 2017; Werf et al., 2023; among many others).

As deformation continued, active structures above frictional and
viscous detachments interacted with each other and tended to connect
and link in the transitional areas. The nature of this interaction depen-
ded largely on the angle of the silicone edges relative to the shortening
direction.

Strike-slip and tear faults developed along the lateral edges of the
silicone polygon only when the angle of these edges with respect to the
shortening direction was small (<20°) (Figs. 3 and 9). These faults
mainly developed at early stages and only persisted if the lateral silicone
edge was parallel to the displacement vector (Fig. 3). Strike-slip faults
formed along slightly oblique edges evolved into tear faults with an
oblique reverse displacement (Fig. 9) or became inactive and passively
deformed (Fig. 3).

At about 50 mm of shortening, the majority of thrusts became active,
resulting in synchronous thrusting in all thrust wedges (Fig. 12). Thrusts
within the frictional thrust wedges were activated concurrently with the
development of the thrust front. In the thrust wedge of the viscous
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Fig. 10. Final cross sections across Model 4 illustrating the along-strike variation of the structural style between frictional and viscous domains. The black and dark
blue are the lower and upper silicone layers, respectively, and the labelled faults are explained in the text. See location in Fig. 9D. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Graphical plot illustrating the distance of the deformation front with respect to the backstop versus cumulative shortening. To enhance clarity, only the three
most representative models are included in the plot. The discrepancy between model 1 and models 2 and 4 at early stages of shortening arises from the larger distance
between the back edge of the silicon trapezium and the backstop (see Fig. 2A). In all models, the distance of the thrust front in the viscous domain retreated towards
the backstop, while the thrust front in the frictional domain advanced. Consequently, the distance between both fronts decreased with increasing shortening,
gradually reducing the prominence of the salient. Each data point on the plot represents a measurement of the deformation front taken along cross sections of the

scanned top surfaces of the models. See locations across the models in Fig. 12.

domain, both the thrust front and the thrust nucleated over the step
between the silicone layers were active, along with thrusts near the
backstop (Fig. 12). Subsequently, upon reaching the critical height of the
wedge, the thrust wedges above the frictional detachment advanced
forward through the successive accretion of new thrusts, with limited
internal deformation through synchronous thrusting. Simultaneously,
the thrust wedge above the viscous detachment retreated in relation to
the backstop and underwent primarily internal deformation, charac-
terized by imbrication and out-of-sequence thrusts at the frontal parts of
the wedge where the sand package above the silicone was thinner
(Figs. 3-10 and 12).

The occurrence of out-of-sequence thrusts and the backward prop-
agation of the deformation into thrust wedges above a viscous detach-
ment were consistent with findings in prior analogue modelling
experiments (Cotton and Koyi, 2000; Costa and Vendeville, 2002; Li and
Mitra, 2017; Borderie et al., 2018). In experiments involving a
constant-thickness sand package above the viscous detachment, the
thrust front migrated forward, but farther and faster compared to the
adjacent frictional domains (Cotton and Koyi, 2000; Costa and Vende-
ville, 2002; Lujan et al., 2003; Li and Mitra, 2017; Werf et al., 2023).
Consequently, the deformation front advanced incrementally at an
increasingly greater distance during the formation of a new frontal
thrust, before the pinch-out of the silicone was reached (see distance of
the deformation front/shortening plots in Cotton and Koyi, 2000; Lujan
et al., 2003; Li and Mitra, 2017). In contrast, experiments featuring an
initial sand wedge thickening toward the backstop facilitated rapid
forward migration of the deformation to the silicone pinch-out and
intensified the backward internal deformation of the thrust wedge as
shortening persisted (Smit et al., 2003; and our experiments). As a result,
the thrust front of the viscous domain gradually retreated in our model
results (Figs. 11 and 12). Consequently, the distance between the thrust
fronts in the viscous and adjacent frictional domains decreased, and the
thrust salient progressively became less pronounced (Figs. 11-13).

The interaction between structures in different domains depended on
the geometry of the viscous detachment and the distance between active
structures. Models with a lateral edge of the silicone trapezium forming
an internal angle with the backstop trend greater than 90°, leaving a
frictional area between the backstop and the lateral silicone edge along
the shortening direction, illustrated such interaction (Fig. 2A, 3 and 5,
and 7). With this configuration, the SW corner of the viscous detachment
was not activated initially as deformation jumped to its forward edge
farther east. The triangular frictional area of the transitional domain

16

between the NE-SW silicone edge and the western frictional wedge
buffered the propagation of deformation (Fig. 7). This SW corner of the
viscous detachment progressively activated as new thrusts propagated
ahead of the western frictional wedge. Each of these thrusts curved to-
ward the western edge of the silicone, forming N-S to NW-SE trending
folds and thrusts highly oblique to, and plunging toward, the lateral
silicone edge (Fig. 13). At the same time, the southern viscous frontal
structure propagated to the west, also curving to form a system of N-S to
NW-SE trending folds plunging toward the western edge of the silicone
and connecting with coeval structures in the frictional thrust wedge
(Fig. 13). The intersection of the two sets of plunging structures formed a
structural depression near, but aligned slightly oblique to, the edge of
the viscous detachment (Fig. 13). The oblique to lateral structures were
best developed when the angle between the oblique edge of the silicone
polygon and the shortening direction was 45° (Fig. 5). The trend of these
oblique structures was modified by clockwise vertical-axis rotation
related to the divergent displacement pattern of the sand wedge above
the viscous detachment as recorded by lines tracking sand grains during
the experiments (Fig. 13). Divergent displacement vectors have already
been reported in previous studies modelling thrust salients above
viscous detachments (Bahroudi and Koyi, 2003).

The step joining the two silicone layers of the viscous detachment,
reproducing an inherited extensional fault, nucleated a thrust with
minor displacement. This developed primarily close to the lateral edges
of the silicone polygon that formed internal angles of <90° with the
backstop trend (eastern sides of Figs. 5 and 7 and both sides of Fig. 9; see
Fig. 13). This structure interacted with a newly formed thrust in the
adjacent frictional detachment, changing its orientation in the transi-
tional domain and increasing the spacing with respect to the previous
thrust front (Figs. 5, 7, 9 and 13). The asymmetry of the trapezium also
controlled the plunge of this structure, which in models 4 and 5 was
westwards (Figs. 5, 7 and 13).

During the late stages of the experiments, the initial frontal thrust of
the viscous domain significantly reduced or even ceased growth, as
shown by the unconformity at the bottom of the sand sourced from the
active thrust front (Figs. 10 and 12). At that point, internal deformation
of the thrust wedge above the viscous detachment was accommodated
mainly by out-of-sequence stacking of thrust sheets involving the
thinner external parts of the sand wedge (Figs. 6, 8, 10 and 12). This was
an unexpected result, as such a thrust sequence is known to be enhanced
by synorogenic sedimentation, as observed in the field and demon-
strated by numerical and analogue experiments (Vergés and Munoz,
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Fig. 12. Topographic evolution for three representative cross sections across the frictional and viscous domains of each model (locations shown in insets of each
panel). The surface topography of the models was documented at every 2 cm of shortening utilizing a submillimeter-resolution white light scanner (SidioPro from
Nub3D). For each panel showing one cross section, the profiles at the top depict the evolution of topography (bottom left scale) and the main part of the panel
illustrates the incremental change in elevation with increasing shortening (bottom to top; scale in lower right of figure). This plot provides a visual representation of

the distribution of deformation for each time interval.
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Fig. 13. Sketch illustrating a summary of the modelling results. It shows the
asymmetry of the structural evolution controlled by the geometry of the viscous
detachment, with a particular emphasis on the angle of the lateral oblique edges
of the silicone trapezium in relation to the shortening direction. Notably, there
is a sharp distinction between the western side, characterized by an upper
(northern) internal angle of the trapezium greater than 90° and the eastern
side, where this angle is smaller than 90°. The numbers in the sketch denote a
temporal sequence of deformation. Displacement vectors (thin grey lines with
arrows) were determined by tracking sand scratches from the sequence of
overhead images. See text for explanation.

1990; Fillon et al., 2013; Pla et al., 2019). Thus, more realistic experi-
ments including syntectonic sedimentation would most probably
enhance the internal deformation of the thrust wedge, not only above
the viscous detachment by a break-back thrust sequence, but also within
the adjacent frictional wedges. During the last stages of shortening,
active structures aligned approximately along strike. The thrust fronts of
the frictional domains connected across the oblique structures of the
lateral edges of the silicone trapezium with the most active thrust inside
the thrust wedge of the viscous domain (Figs. 3, 5, 7 and 9; structure 6 of
Fig. 13).

The absence of erosion during the experiments did not promote the
formation of silicone diapirs. However, two small diapirs formed during
the experiments, both related to slumping of sand in the frontal struc-
tures (Figs. 3 and 9).

5.2. Surface topography

The final surface elevation in all experiments revealed higher
topography and a narrower wedge above the frictional detachments, in
contrast to lower topography and a wider wedge above the viscous
detachment, aligning with predictions from Coulomb taper theory
(Davis et al., 1983). This pattern has been consistently illustrated in
numerous analogue and numerical modelling studies (Costa and Ven-
deville, 2002; Bahroudi and Koyi, 2003; Hardy et al., 2009; Graveleau
et al., 2012; Vendeville et al., 2017) (Fig. 14). Nevertheless, there were
some differences observed among the models that are not fully predicted
by Coulomb taper theory.

It is worth noting that in analogue experiments, the topography of
the thrust wedge is influenced by various factors, including the height
and geometry of the backstop. Consequently, taper angles vary signifi-
cantly among different experiments, and their comparison with natural
examples is not straightforward (see reviews by Buiter, 2012; Graveleau
et al., 2012). Despite these challenges, the evolution of surface topog-
raphy remains a valuable parameter for comparing different
experiments.

The surface taper in the frictional domain, away from the influence
of the viscous detachment, was characterized by a high angle, of about
24°, (Fig. 14b). However, in the transitional area between the frictional
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Fig. 14. Simplified sections across representative selected areas of the models
showing the structural topography and the variation of the surface taper ac-
cording to the position with respect to the viscous detachment with a trapezium
geometry (location shown in A). Similarly to Fig. 13, these sections do not
precisely correspond to specific cross-sections of the models but aim to sum-
marize and illustrate the main structural features and surface taper observed in
the model experiments.

detachment and the viscous detachment, the thrusts curved to connect
with the active frontal structures at the forward edge of the viscous
detachment (Fig. 13). Consequently, the distance to the thrust front
increased in the transitional area, leading to a reduction in surface taper
even though the wedge did not involve the silicone layer along sections
parallel to the shortening direction (Fig. 14c; compare Figs. 3B, 5B and
8A). In this area, surface topography was not governed by thrust wedge
mechanics (i.e. the critical taper theory) but by thrust kinematics.
Similar relationships have been proposed by Li and Mitra (2017).
Despite the lower taper, the elevation of the sand wedge was the same
and was the highest among all the models (Fig. 14).

The taper of the thrust wedge involving the viscous detachment
depended on the position of the silicone layer with respect to the
backstop along cross-sections parallel to the transport direction
(Fig. 14). In the sections across a lateral edge of the silicone trapezium
displaying an internal angle with the backstop edge greater than 90°, the
final surface taper geometry consisted of two distinct juxtaposed wedges
(Fig. 14d). The internal wedge above the rear frictional detachment,
showed the same surface taper angle (24°) as the frictional thrust wedge
away from the influence of the viscous detachment (Fig. 14b and d). In
the adjacent external wedge, developed above the viscous domain, the
surface taper decreased to horizontal or even negative values (Fig. 14d).
The final topography is significantly less than in the previous models.
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Similar taper values of composite wedges have been described in ex-
periments involving a rear frictional domain between the backstop and
the viscous domain (Lujan et al., 2003; Li and Mitra, 2017).

A section across the entire viscous detachment showed the lowest
height and surface taper, in accordance with the predictions of Coulomb
taper theory (Fig. 14e and supplementary animations S1-S4). However,
three discrete parts can be distinguished. In the internal part, the
topography increased as the sand wedge behind the silicone polygon
started to deform. The critical maximum height was less than in other
areas because deformation propagated forward since the initial stages.
The thrust wedge located above the viscous detachment displayed a
horizontal surface taper above a mostly undeformed sand pack. Finally,
the frontal wedge showed the maximum height, acquired through in-
ternal deformation during the last stages of deformation (Figs. 1 and 5-7
and 94e).

Finally, sections across the internal corners of the silicone polygons,
across lateral edges of the trapezium showing an internal angle with the
backstop base smaller than 90°, exhibited a distinct structural style and
surface taper (Fig. 14f). In such sections, even though the width of the
involved viscous detachment was small and restricted to the internal
part, the surface had a negative angle, subparallel to the basal angle. The
highest topography was observed in the frontal structure, which is
related to the oblique antiformal stack developed along the lateral edges
of the viscous detachment, as explained in the previous section (Fig. 6f,
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9e and 10 and 12f).

These topographic differences may have a significant impact on the
sedimentary routing system of synorogenic sediments as will be dis-
cussed below.

5.3. Comparison with the central South-Pyrenean Thrust Salient

The experimental results of this study are consistent with the main
features of the South-Central Pyrenean Thrust Salient. Importantly, they
provide new ideas for the interpretation of the available surface and
subsurface data. In addition, they bring new insights to the under-
standing of other salt-detached fold-and-thrust belts, such as the Jura
Mountains, Zagros or South-Western Alps.

The Triassic salt distribution at the base of the South Pyrenean thrust
sheets, inherited from pre-orogenic tectonic events, has been inferred
through a combination of surface and subsurface data sets (Munoz et al.,
2013, 2018). We reproduced this distribution with a scalene trapezium
geometry in models 2 and 3, where the lateral edges trend SW-NE - the
western edge formed an internal angle greater than 90° with the back-
stop edge of the trapezium, while the eastern edge formed an angle
smaller than 90°, (setup Fig. 2A and 13). This geometric arrangement
served to elucidate the observed asymmetry and structural evolution in
the South-Central Pyrenean Thrust Salient. Moreover, the deformation
and interaction of the viscous and brittle thrust wedges, and the

late middle Eocene (43-40 Ma)
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Fig. 15. Oblique view showing the topography of Model 2 (top) and comparison with the paleogeographic reconstruction of the South-Central Pyrenean Thrust
Salient at late middle Eocene times (bottom, based on the reconstruction by Garcés et al., 2020).
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consequent surface topography, also illustrated the main
tectono-stratigraphic features observed in the piggy-back basins,
including the distribution and routing of synorogenic sediments
(Fig. 15).

According to our modelling results, the South-Central Pyrenean
Thrust Salient can be interpreted as a progressive curvature with a
divergent thrust displacement (Munoz et al., 2013). However, in the
models, structures were only slightly curved during deformation, and
the observed obliquity mainly resulted from either the connection of
active structures in the frictional and viscous domains across transitional
areas at a given time or the activation of the oblique silicone edges if
properly oriented (Fig. 13). In both cases, the final orientation of the
oblique structures did not coincide with the original orientation of the
lateral edges of the viscous detachment.

The Ainsa Oblique Zone, in the western part of the South-Central
Pyrenean Thrust Salient, is characterized by N-S trending folds that
grew during the middle to late Eocene late stages of the Ainsa Basin infill
(Munoz et al., 2013). In the southern part of the basin, these folds are
salt-cored detachment anticlines. They show a prominent northward
plunge and propagated westward along the Sierras Exteriores thrust
front (Figs. 1 and 15) (Millan et al., 2000; Mochales et al., 2012;
Rodriguez-Pinto et al., 2016). In the northern part of the basin, folds
mainly plunge southwards, and they show a different style with
fault-propagation fold geometries curving westwards into the WNW-ESE
Pyrenean trend (Figs. 1 and 15). The structural depression between both
sets of structures (Ainsa-Jaca basins) was controlled by the location of
the oblique edge of the Triassic salt and localized the turbiditic systems
sourced from proximal sediments located further east (Fig. 15). All these
features have been reproduced in our experiments, in the transitional
areas along the lateral edges of the viscous detachment with a northern
internal angle of the trapezium greater than 90°, oblique to the short-
ening direction (models 1, 2 and 3; Figs. 5, 7, 13 and 15). The N-S
trending structures of the Ainsa Oblique Zone have also been recently
studied using analogue models (Werf et al., 2023). These authors illus-
trated in their model results the formation of oblique structures along
the transitional area between frictional and viscous domains. However,
their model, with a setup characterized by a lateral edge of the viscous
detachment parallel to the shortening direction, did not reproduce the
structural depression along the silicone edge and all the related struc-
tural features.

One significant difference between observations and model results is
the recorded amount of vertical-axis rotation during westward propa-
gation of the deformation along the viscous thrust front. This rotation is
up to 55°-70° in the Boltana and Mediano anticlines (Mochales et al.,
2012; Munoz et al., 2013) but only up to 36° in our models (Figs. 3, 5
and 7). Werf et al. (2023) also obtained a similar value of clockwise
vertical-axis rotation in their model.

The eastern edge of the South-Central Pyrenean Thrust Salient can
also be explained by a viscous detachment with an original SW-NE
trending oblique lateral edge, but with a northern internal angle of the
silicone trapezium smaller than 90° (Figs. 13 and 15). This initial
inherited geometry would explain the higher structural elevation in the
eastern part of the South-Central Pyrenean Thrust Salient provided by
the westward plunge of the frontal and internal structures developed
during earlier and faster activation above the eastern part of the viscous
detachment (Figs. 4, 7 and 13). The eastern oblique structures in the
models experienced less VAR than the western oblique structures, as also
recorded in nature (Fig. 13, Sussman et al., 2004; Munoz et al., 2013).
The final orientation of the eastern oblique structures in the models
differed from the initial orientation of the silicone edge by as much as
30° (Figs. 5, 7 and 9).

The thrust sequence and internal deformation of the thrust wedge
above the viscous detachment in the central and frontal parts of the
thrust salient were also consistent with the observations made in our
natural prototype, despite the absence of synorogenic sedimentation in
the experimental program. This frontal part was characterized by
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hindward-migrating internal deformation, with the development of
synchronous thrusts and related tight folds and out-of-sequence thrusts.
This structural style resulted from a thin mechanical stratigraphy above
the viscous detachment and resembled the structures observed along the
entire front of the South-Central Pyrenean Thrust Salient (Figs. 1, 6, 9
and 10) (Millan et al., 2000; Munoz et al., 2018).

The top views of the models exhibited antiformal geometries that
could be interpreted as structures related to salt inflation, as there was
no clear surface evidence of thrust imbrication. However, sections across
these antiforms revealed thrust repetitions of the thin stratigraphic units
(i.e., Fig. 10). In the eastern part of the South-Central Pyrenean Thrust
Salient, the relief of frontal structures, such as the Sant Mamet antiform
(Fig. 1), have been explained by either thrust imbrication (Munoz et al.,
2018) or salt inflation (Séguret, 1972; Burrel and Teixell, 2021). Model
results, along with the observed out-of-sequence thrusts enhanced by
synorogenic sedimentation in the external parts of the Serres Marginals
thrust sheet and Sierras Exteriores (Vergés and Munoz, 1990) would
support the thrust-imbrication hypothesis. Internal deformation of the
thrust front above the viscous detachment would also explain the
absence of stratigraphic record in the Serres Marginals thrust sheet at the
frontal parts of the South-Central Pyrenean Thrust Salient during the
middle Eocene (Fig. 15). This frontal part would have experienced uplift
once the adjacent frictional thrust wedges advanced forward, connect-
ing and interacting with the internal structures of the viscous thrust
wedge (Figs. 13-15).

The final surface topography of the models, which was controlled by
the geometry of the viscous detachment, also aligns with the distribution
and dispersal pattern of the synorogenic sediments preserved in the
piggy-back and foreland basins of the South-Central Pyrenees (Figs. 14
and 15). The smaller surface taper and lower topography of the wedge
above the central part of the viscous detachment explains the preser-
vation of the proximal parts of the synorogenic sediments in the South-
Central Pyrenean Thrust Salient, represented by alluvial fans (Beamud
et al., 2011; Vincent, 1999). These proximal sediments were sourced
from the adjacent uplifted areas and graded laterally (westward) into
fluvio-deltaic sediments and the coeval slope systems of the Ainsa-Jaca
basins (Fig. 15). According to the models, the transition to deeper sed-
iments coincides approximately with the structural depression initially
located along the oblique western boundary of the viscous detachment,
although it was progressively transported forward while also changing
its orientation slightly (Fig. 15). A significant result of the experiments is
the difference in structural relief between the two oblique lateral edges
of the silicone trapezium (Fig. 15). The eastern oblique edge experienced
uplift since the early stages, while the western one was characterized by
a structural depression.

In summary, the South-Central Pyrenean Thrust Salient can be
considered as a combination of a progressive curvature with a primary
influence. It is not a primary arch because the oblique structures are not
parallel to the inherited edges of the Upper Triassic salt detachment. The
oblique structures may form at a high angle to the salt edge (in cases of a
lateral edge of the silicone trapezium with a northern internal angle
greater than 90°) or a moderate to small angle (lateral edge of the sili-
cone trapezium with a northern internal angle smaller than 90°, Fig. 13).

6. Conclusions

The experimental program presented in this work suggests that the
South-Central Pyrenean Thrust Salient can be interpreted as a result of
the contractional deformation of the Jurassic-Cretaceous sediments
above a Triassic salt layer showing an initial inherited trapezium ge-
ometry widening forward, with lateral edges trending SW-NE. The
wedge geometry of the suprasalt Mesozoic succession in the South-
Central Pyrenees, marked by a northward increase in thickness, facili-
tated the forward propagation of contractional deformation above the
viscous Triassic detachment since the early stages. This fast propagation
triggered the activation of the salt pinch-out and promoted the
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development of the oblique structures along the lateral edges of the salt
basin.

Our modelling results demonstrate that none of the oblique struc-
tures exhibited the same orientation as the lateral edges of the viscous
layer that caused them to form. The angle between the suprasalt struc-
tures and the edge of the detachment depended on the internal angle of
the silicone polygon near the backstop. When this angle exceeded 90°, a
frictional transitional area was positioned at the rear of the viscous
domain (Fig. 13). In such a configuration, oblique structures within the
transitional area between frictional and viscous domains formed at a
high angle to the lateral edge of the viscous detachment. Additionally, a
structural depression developed along this lateral edge as the structures
above the western frictional detachment curved and linked with the
active structures at the thrust front of the viscous domain located toward
the foreland. These features are entirely consistent with observations in
the Ainsa Oblique Zone, at the western part of the South-Central Pyr-
enean Thrust Salient (Figs. 13 and 15).

The observed asymmetry of the South-Central Pyrenean Thrust
Salient can be attributed to the uneven distribution of the Triassic
evaporites. In our experiments, we replicated this asymmetry through
the eastern lateral edge of the silicone trapezium, forming an internal
angle smaller than 90° with the trend of the backstop. In this scenario,
and in contrast to the western lateral edge, the transitional area with the
frictional domain is located in front of the silicone (Fig. 13). An oblique
thrust developed along this edge, evolving into an antiformal stack
slightly oblique to the initial orientation of the silicone edge. These
features, along with the westward plunge of the main folds, are also
consistent with the characteristics of the eastern edge of the South-
Central Pyrenean Thrust Salient (Figs. 13 and 15).

Thrust kinematics differ in the thrust wedges developing above
frictional and viscous detachments. In the frictional domains, the thrust
sequence evolved from synchronous thrusting to forward propagation in
the absence of syntectonic sedimentation. On the contrary, the thrust
wedge above the viscous detachment deformed internally by a break-
back thrust sequence once the adjacent and internal frictional wedges
acquired a critical height to advance forwards. Out-of-sequence thrusts
in the viscous domain interacted and connected with the progressively
new-formed thrusts in the adjacent frictional domains along the tran-
sitional domain, where oblique structures formed. A consequence of this
contrasting kinematics in the different domains is that the thrust salient
depicted by the active structures was initially larger and decreased in
prominence as deformation progressed. All these kinematic relation-
ships described from the experimental results are also observed in the
South-Central Pyrenean Thrust Salient.

The surface taper angle and the related topography showed higher
values in the frictional domains than in the viscous domain. However,
the taper also exhibited significant variations along strike, depending on
the orientation of the oblique lateral edges of the viscous detachment. In
cross sections across the lateral edges with a frictional transitional area
behind (internal angle of the silicone trapezium greater than 90°), the
final thrust wedge comprised two juxtaposed wedges: the internal one
with a steeper angle and the external one with a horizontal to negative
angle (Fig. 14). The lowest topography was situated at the boundary
between these two wedges, initially positioned along the oblique edge of
the viscous detachment. In contrast, sections across oblique lateral edges
with the frictional transitional area forward of the silicone showed a
surface taper characterized by negative values, with the highest relief
located at the frontal antiformal stack. Sections across frictional tran-
sitional areas displayed a smaller surface taper compared to adjacent
frictional domains (Fig. 14). The final topography observed in the
models nicely explains the main paleogeographic reconstructions
interpreted in the South-Central Pyrenean Thrust Salient, including the
location of the Ainsa Basin and the westward sediment transport into the
low.

In summary, the structures that evolved in the frictional and viscous
domains interacted with each other, leading to modifications in their
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location, spacing, orientation, kinematics, and surface taper, particu-
larly in the transitional areas. This interaction depended on the geom-
etry of the viscous detachment. These results should be considered when
interpreting the observed geometry and original configuration of salt-
detached fold-and-thrust belts. Often, there is a tendency to interpret
the observed oblique structures as reproducing the initial edges of the
salt layer, regardless of their nature (fault or pinch-out). The results from
the models and the structures observed in the South-Central Pyrenean
Thrust Salient highlight that, in cases involving an unevenly distributed
salt layer, most oblique structures show different geometries and ori-
entations. In general, they do not necessarily mimic the original limits of
the salt detachment.
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