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A B S T R A C T

Thrust and fold nappes are found in the internal and external portion of orogenetic belts, and have been the 
subject of geometric and kinematic characterization during the last century. In spite the extensive studies, there 
is still not a full understanding of the processes and properties that favour thrusting over folding and vice versa. 
We address this issue by numerical modelling with application to a natural case of the Pyrenees, the Eaux- 
Chaudes massif, an Alpine fold-and-thrust structure in the western Axial Zone. The Eaux-Chaudes structure 
consists of a basement-cored recumbent fold nappe with a large reverse limb in ductilely-deformed Upper 
Cretaceous carbonates, transitioning laterally to the east to an imbricate thrust fan that also exhibits ductile 
deformation to the east. The spatio-temporal association of these structural styles at Eaux-Chaudes can be a 
consequence of the pre-orogenic configuration and highlights the need to investigate under which conditions and 
precursor geometries one or the other nappe style are favoured. Here, we present a systematic numerical 
modelling study of the variability in the initial mechanical and geometrical conditions, using the thermo
mechanical staggered finite-difference code LaMEM. We also investigate the mechanism that favour the potential 
migration of fold hinges and lead to the preservation of layer thickness in the reverse fold limbs, and quantify it 
with a new nondimensional parameter, the localisation index (Iloc).

Our results demonstrate the need of a stiff forestop for nappe development. The absence of a forestop causes 
detachment buckle folds in the strong layers. Deep burial and the combination of a thick upper decoupling unit 
and a lower detachment level are essential features favouring viscous behaviour and spatially distributed 
deformation, enabling recumbent folding by progressive hinge migration, and characterized by low and stable 
values of Iloc. On the other hand, shallower conditions, short lengths of the stiff layer and lower friction angles 
inhibit hinge migration. Instead, they enhance instead reverse limb stretching and shearing, which eventually 
results in strain localisation and thrusting. These are characterized by a moderate-to-quick rises of Iloc. Our results 
may be applicable to other orogenic belts and to other parts of the Axial Pyrenean hinterland where the Mesozoic 
cover has been eroded and the Alpine deformation is obscure.

1. Introduction

The pre-orogenic mechanical and geometrical architecture of the 
collided margins controls the evolution of fold and thrust systems 
resulting from inversion tectonics in orogenic belts. This architecture 
depends on the previous geodynamic evolution within the Wilson cycle 
(e.g., Manatschal et al., 2021), including ancient collisions, rifting, 
thermal subsidence, basin infill, etc. Mechanical heterogeneities, due to 

the diverse rheology of the involved rocks or to inherited faults and drive 
the mechanical behaviour during subsequent orogenic deformation (e. 
g., Welbon, 1988; Butler et al., 2006, 2018; Bellahsen et al., 2012; 
Zerlauth et al., 2014). For example, the presence of stiff plutonic bodies 
or faults that act as buttresses can exercise a control on the structural 
style by focusing the deformation (e.g., Bucher, 1956; Wissing and 
Pfiffner, 2003; Bauville and Schmalholz, 2017; Kiss et al., 2020; Spitz 
et al., 2020). On the other hand, weak layers such as shales or evaporites 
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act as detachment horizons for contractional structures, facilitating the 
strong layers (e.g., limestones, sandstones) to travel long distances over 
autochthonous terrains (e.g., Pfiffner, 1993) in thrust- or fold-nappes (e. 
g., Pfiffner, 1993; Epard and Escher, 1996; Erickson, 1996; Costa and 
Vendeville, 2002).

Previous field observation-based studies highlight that geometrical 
factors, such as the alternation of weak and strong sedimentary layers 
and their relative thickness, are key mechanical players in the devel
opment of thrust- and fold-nappes. Thus, when weak layers are rela
tively thick compared to strong ones, they promote the overall folding of 
strong layers over thrusting (e.g., Pfiffner, 1993; Epard and Escher, 
1996; Erickson, 1996; Costa and Vendeville, 2002).

Thrust nappes (or thrust sheets) and fold nappes could be considered 
as the two end-member forms of tectonic superposition driven by 
compression. Dennis et al. (1981) described thrust nappes as allochth
onous sheets over a localized, thin basal thrust surface. These sheets 
display a short or non-existent reverse limb (Fig. 1A) and are commonly 
associated with upper crustal conditions. Conversely, fold nappes 
qualify as allochthonous units showing large-scale overturned or 
recumbent limbs (km-scale), often developed deeper in the crust (e.g., 
Ramsay, 1980; Epard and Escher, 1996; Bastida et al., 2014; Fig. 1B). 
Fold nappes are associated with more distributed deformation, domi
nated by ductile-viscous behaviour, and exhibit sub-horizontal axial 
planes and often long and stretched recumbent limbs that may be 
sheared out into basal thrusts or shear zones.

Although the geometry and kinematics of fold nappe structures are 
well documented after more than a century of studies (e.g., Lugeon, 
1902; Heim, 1906, 1919–1922, Termier, 1906; Argand, 1916; Ramsay, 
1980; Escher et al., 1993; Epard and Escher, 1996; Fernández et al., 
2007; Bastida et al., 2014; Pfiffner, 2014), their mechanical controls are 
still under discussion (e.g., Bauville and Schmalholz, 2017; Spitz et al., 
2020; Kiss et al., 2020), with remaining issues such as the folding 
mechanisms that facilitate the development of km-scale overturned 

limbs (Fig. 1C).
The goal of this work is to study the influence of the tectonic in

heritance (i.e. initial configuration), the mechanical stratigraphy (i.e., 
material properties and their contrasts) and the rheology (e.g., brittle/ 
frictional vs. viscous) on thrust/fold nappe development (Fig. 1C), based 
on numerical modelling and applying the results to the Eaux-Chaudes 
fold-thrust structure in the Pyrenees (Caldera et al., 2023). We also 
address and quantify the mechanisms under which a km-scale over
turned limb can be developed, contrasting the two potential viable 
mechanisms: fixed hinge and stretching vs. hinge migration and rigid 
limb rotation (e.g. Perrin et al., 2013).

2. Fold nappes vs. thrust nappes

Recumbent folds or fold nappes are usually interpreted as formed in 
wide zones of simple shear deformation in compressional settings 
(Bastida et al., 2014). A determinant parameter in their development is 
the original orientation of strong rock layers with respect to the shear 
zone margins (e.g., Ramsay et al., 1983; Dietrich and Casey, 1989; 
Carreras et al., 2005; Llorens et al., 2013). If the layer orientation is 
parallel to the shear zone boundaries (that is, an orientation without 
shortening parallel to the layer in simple shear) and if they are sur
rounded by weaker rocks (i.e. such as a stiff single-layer immersed in a 
weak matrix), an initial buckling instability or an inherited perturbation 
is required to produce folding (e.g. Bucher, 1956; Ramsay et al., 1983; 
Dietrich and Casey, 1989; Carreras et al., 2005). Once nucleated, folds 
start with axial planes at high angle to the layering and the shear di
rection and can evolve into recumbent folds as the shearing progresses 
with time (e.g., Ez, 2000). This case requires a significant amount of 
strain before attaining a large fold amplification. For cases in which the 
initial angle between the strong layer and the shear zone is oblique, the 
required strain is reduced (Bastida et al., 2014). Subsequent kinematic 
evolution within the simple shear zone can produce the stretching of the 

Fig. 1. Simplified sketch of the geometrical features of an idealized thrust nappe (A) and a recumbent fold nappe (B), end-members resulting from tectonic 
shortening. (C) Sketch of an alternance of stiff and weak layers within a thick shear zone indicating the variables that could determine the dominant frictional- 
plastic/brittle or viscous/ductile behaviour and therefore, the resulting structural style.
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reverse fold limb (Bastida et al., 2014). However, in this situation, the 
fold hinges are fixed in the material (i.e., non-mobile hinges) after the 
initial buckling, and stretching is the only method to increase the limb 
length (e.g., Mancktelow, 1999; Frehner, 2011), which may result in the 
shearing out of the recumbent limb during late phases of evolution.

Alternatively, Perrin et al. (2013) on the basis of analogue modelling 
proposed that large, overturned limbs of fold nappes could form by 
progressive fold hinge migration. This implies that material particles are 
travelling with time between structural positions within the fold. In their 
models, progressive shift, rotation, and unfolding of the syncline formed 
during the early stages of a paired fold system (i.e., an anticline-syncline 
pair with a reverse limb in between), controlled the growth of an 
overturned fold limb. This situation leads to rigid rotation of the strong 
layers and tends to preserve the original layer thickness. Perrin et al. 
(2013) aimed to model the thrust and fold propagation in their setup, 
focusing on foreland basins with moderate burial conditions and effec
tive detachment levels. If a forestop condition is added, it tends to favour 
the migration of anticline hinges, because the syncline is fixed by the 
strain shadow created by the stiff forestop; otherwise, the progressive 
migration of the syncline hinge will produce buckle folds (e.g., Epard 
and Groshong, 1995; Homza and Wallace, 1995, 1997; Poblet and 
McClay, 1996; Perrin et al., 2013; Poblet, 2020).

Recently, Caldera et al. (2021) described a basement-involved fold 
nappe structure affecting the tabular Mesozoic sedimentary lid in the 
Eaux-Chaudes Area (western Axial Zone of the Pyrenees, France; Fig. 2A 
and B). For this case, it is not appropriate to invoking the ductile closure 
and extrusion of previous extensional basins, as proposed for the Hel
vetic nappes of the Alps along thick basement shear zones (e.g. Bel
hassen et al., 2012; Spitz et al., 2020).

Furthermore, the Eaux-Chaudes nappe constitutes a unique natural 
laboratory to investigate the variables favouring the occurrence of thrust 
nappes or fold nappes, and to gain insight into the meaning of the 
structural variations observed by Caldera et al. (2021) in terms of 
rheology and mechanical stratigraphy (Fig. 1C).

3. Geological setting of the Eaux-Chaudes natural case

The Pyrenees are an asymmetric doubly-verging orogenic wedge (e. 
g. Choukroune and ECORS Team, 1989; Muñoz, 1992; Teixell, 1998) 
developed during the Late Cretaceous-Early Miocene Alpine orogeny 
from the inversion of a hyperextended rift system. After the late Paleo
zoic Variscan orogeny, rifting occurred in the Pyrenean domain in two 
main episodes during the Permian-Triassic and the early Cretaceous, 
culminating in mantle exhumation during the Albian-Cenomanian 
(Jammes et al., 2009; Lagabrielle et al., 2010). The late Cretaceous 
encompassed a short post-rift stage which often produced expansive, 
tabular deposits, followed by the initial orogenic inversion starting in 
mid Santonian times (ca. 84 Ma).

During the first stages of the Pyrenean orogeny, the deformation in 
the west-central Pyrenees was largely accommodated by thin-skinned 
thrusting while the exhumed mantle tract subducted, favoured by 
weak layers (mainly Triassic evaporites and shales) acting as a detach
ment levels (e.g., Lakora thrust and Chaînons Béarnais Belt; Labaume 
and Teixell, 2020). Later convergent deformation progressively involved 
collision of the rifted margins, stacking and uplifting the Iberian base
ment in the Pyrenean Axial Zone.

The Eaux-Chaudes massif is an Upper Cretaceous inlier surrounded 
by Paleozoic basement rocks in the northwestern Axial Zone (Ternet, 
1965). In its western part, in the Ossau valley, the Eaux-Chaudes 
structure consists of a km-scale south-verging, basement-cored recum
bent fold outlined by Upper Cretaceous carbonates (Caldera et al., 2021, 
2023; Fig. 2A and B). Folding is inferred to happen during the early and 
mid-Eocene before the emplacement of the underlying Gavarnie thrust 
that uplifts the whole Axial Zone in the west-central Pyrenees (Labaume 
et al., 2016). The stratigraphic succession (Fig. 3) consists of Upper 
Cretaceous platform carbonates resting directly on top of Paleozoic 

low-grade metasedimentary rocks and granodiorites. Along the uncon
formity between the Paleozoic basement and the Upper Cretaceous, 
occasionally Lower Triassic Buntsandstein conglomerate pods are pre
served (Ternet, 1965), allowing to constraint the polarity of the Meso
zoic sequence wherever deformed. The Upper Cretaceous carbonates, of 
Cenomanian to Santonian age, represent a shelf in the proximal margin 
of the Iberian plate during the Pyrenean post-rift stage. They are fol
lowed by sandstone-shale flysch deposits of Campanian-Maastrichtian 
age (Ternet, 1965), recording flexural subsidence in the first stages of 
the Pyrenean orogeny (Teixell, 1993).

The Paleozoic metasedimentary sequence consists of Silurian weak 
unit mainly composed of black slates, and a thick succession of Devonian 
to Upper Carboniferous stiff limestones and sandstones. A late Carbon
iferous granodiorite, the Eaux-Chaudes pluton (ECP), intruded these 
rocks. Together with the Upper Cretaceous autochthonous succession 
immediately above, it exhibits low deformation during the Alpine 
orogeny (Fig. 2B).

The Eaux-Chaudes fold nappe in the Ossau valley is ~9 km long 
recumbent and detached on the Silurian slates, with a flat-lying over
turned limb (apparently preserving its thickness) showing ductile 
deformation in the Upper Cretaceous carbonates (Caldera et al., 2021, 
2023). RSCM paleothermometry indicates maximum paleotemperatures 
of ~350 ◦C for the recumbent limb of the Eaux-Chaudes structure 
(greenschist facies), consistent with mylonitic foliation and lineation 
observed. On the other hand, the normal limb (which displays second 
order open folds) reached temperatures of 310 ◦C. Caldera et al. (2021)
estimated the burial at 8–10 km, but this comes with large uncertainty 
because of the challenge of evaluating past geothermal gradients. The 
Upper Cretaceous overturned limb is in mechanical contact over an 
autochthonous Cretaceous cover with similar stratigraphy, attached to 
the ECP underneath. Small Upper Triassic remnants are pinched in the 
mechanical contact between the recumbent limb and the autochthonous 
succession, drawing a tight syncline between the overturned limb and 
the latter (Caldera et al., 2021, 2023). The fold structure shows a marked 
strain increase towards the overturned limb, and from south to north. In 
the eastern part of the massif, the Eaux-Chaudes fold nappe passes 
laterally via a transfer zone to a ductile fold-thrust fan, and the recum
bent fold is no longer recognized (Caldera et al., 2023). The 
Eaux-Chaudes massif is in turn overlain by the Lakora thrust units, a 
series of allochthonous sheets that carry Palaeozoic metasediments and 
remnants of its Triassic cover (Buntsandstein and Keuper facies), as well 
as Albian conglomerates (subsequently called North Pyrenean units) 
(Fig. 2B). To the north, these units are thrust by the Chaînons Bearnais 
belt (CBB), a fold-thrust system involving Jurassic to Aptian carbonates 
and Albian-Upper Cretaceous flysch deposits detached on the Upper 
Triassic evaporites, affected by diapirism (Teixell et al., 2016; Labaume 
and Teixell, 2020).

4. Methods

4.1. Numerical method

We use the 3-D thermomechanical staggered finite differences code 
LaMEM (Kaus et al., 2016) to perform 2D parametric numerical simu
lations to investigate the controlling factors and changes in the defor
mation style between thrust nappes (plastic/brittle-localisation) and 
recumbent fold nappes (viscous/ductile-distributed). Drawing on the 
concept of continuum mechanics (e.g., Mase and Mase, 1970; Turcotte 
and Schubert, 2014) the LaMEM code solves partial differential equa
tions that describe rock deformation.

The mechanical problem is defined by the conservation of mass and 
linear momentum equations: 

∂vi

∂xi
=0, (1) 
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−
∂P
∂xi

+
∂τij

∂xj
= ρgi, (2) 

where xi is the Cartesian coordinate system (x,y,z), vi is the component of 
the velocity vector, P is pressure, τij = σij + Pδij represents the compo
nents of the deviatoric Cauchy stress tensor (δij is the Kronecker delta), ρ 
is density and gi is the gravity vector with a value of [0, 0, 9.8] m/s2 (z is 
the vertical orientation in the models).

The simulations were performed using linear and non-dependent on 
temperature visco-elasto-plastic rheology, where the resultant devia

toric strain rate tensor ε̇ij is obtained from the sum of the elastic (ε̇el
ij

)
, 

viscous (ε̇vs
ij

)
, and plastic (ε̇pl

ij

)
, components of the deviatoric strain rate 

tensor, 

ε̇ij = ε̇el
ij + ε̇vs

ij + ε̇pl
ij =

τʹ
ij

2G
+

τij

2ηeff
+ ε̇pl

II
τij

τII
, (3) 

where τíj =
∂τij
∂t + τikωkj − ωikτkj is the Jaumann objective stress rate and 

ωij =
1
2

(
∂vi
∂xj

−
∂vj
∂xi

)

is the spin tensor; G is the elastic shear modulus; ηeff is 

the effective viscosity; and τII is the second invariant of the stress tensor; 

τII =

(
1
2τij τij

)1/2
.

The magnitude of the plastic strain rate 
(

ε̇pl
II

)
is determined by 

applying the Drucker-Prager criterion for plasticity: 

τII ≤ τY = sin(ϕ)P + cos(ϕ)c, (4) 

where τY is the yield stress, ϕ is the friction angle, P is the pressure and c 
the cohesion.

The open-source code LaMEM1 solves the system of equations using a 
staggered-grid finite-difference discretization. A marker-in-cell method 
advects the material properties, and the sticky air approach implements 
a free surface.

4.2. Model setup

The structure of the Eaux-Chaudes fold nappe originally proposed by 
Caldera et al. (2021) is shown in Fig. 2B. Assuming plane strain, trans
port parallel to the cross-section, and line-length balancing, we per
formed a first-order restoration of the fold structure. In light of the 
uncertainties of these assumptions and of the amount of ductile defor
mation experienced by the overturned limb (e.g., Caldera et al., 2023), 
we considered two end-member options for the restoration to constrain 
the minimum/maximum length of the Upper Cretaceous cover. One 
option assumed no stretching of the recumbent limb (Fig. 2C and E), 
which gave a restored Upper Cretaceous panel 21.3 km long and 12.8 
km of shortening (60%). The second option assumed the formation of 
the entire recumbent limb by ductile/brittle simple shear (Fig. 2D and 

Fig. 2. A) Geological map of the western Eaux-Chaudes massif in the Ossau valley of the French Pyrenees (Caldera et al., 2021). B) Cross section of the Eaux-Chaudes 
recumbent fold nappe in the western side of the Ossau valley (see Fig. 2A for location) (Caldera et al., 2021). C) Restored section of the Eaux-Chaudes fold nappe 
assuming no ductile stretching of the overturned limb (i.e., formed by a migrating fold hinge). D) Alternative restored version considering the entire overturned limb 
as a product of ductile stretching (i.e., blocked or reduced-mobility hinge). E) and F) End-member options to constrain minimum/maximum length of the Upper 
Cretaceous cover due to the uncertainty of ductile deformation. Sketch of the non-ductile overturned limb end-member case shown in C, assuming that there is no 
ductile stretching in the overturned limb (E). Sketch of the entirely-ductile overturned limb end-member case shown in D, assuming that the whole overturned limb 
(blue path) is product of the ductile stretching (F). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

1 https://github.com/UniMainzGeo/LaMEM.
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F). For the more extreme scenario, it implies a discrete shear zone and 
offset between layer cut-offs, resulting in a restored Upper Cretaceous 
length of 16.3 km and a shortening of 7.8 km (48%).

Fig. 4 displays the initial setup of the reference model. Based on the 
restored dimensions, the reference model consists of a 85 × 11 km model 
box with a numerical resolution of 256 × 136 (X and Z directions) ele
ments, and a refinement of the mesh in the Z direction in the bottom part 
of the model (128 elements between − 8 km < Z < − 0.5 km). The model 
is divided into two domains separated by the Lakora thrust detachment 
level of the allochthonous nappes (Fig. 4). The hanging wall represents 

the allochthonous nappes of the Lakora and the North Pyrenean nappes, 
soled by Keuper rocks (i.e., allochthonous Paleozoic-bearing upper 
thrust sheets and Mesozoic rocks of the CBB), while the footwall includes 
two subdomains representing the future Eaux-Chaudes fold nappe and 
its autochthonous footwall (Fig. 4B). We prescribed the Lakora detach
ment as a weak mechanical layer with a flat-ramp-flat geometry (Figs. 2 
and 4). In the reference model, the angle of this ramp is β = 10◦. The 
upper and lower allochthonous nappes (AN) are defined as moderate 
strong units between 8 and 6.6 km of maximum and minimum thick
nesses (Fig. 4) to simulate the North Pyrenean nappes. Both are 

Fig. 3. Synthetic stratigraphic logs of the Eaux-Chaudes massif and surrounding units (modified from Caldera, 2022).
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mechanically equivalent (Table 1), and they are distinguished by having 
a reference point to track the advancing upper allochthonous. The 
Paleozoic rocks of the Eaux-Chaudes nappe form a pile of layers with 
inherited gentle arching, simplified to a north-dipping kink (Fig. 4A and 
B; Caldera et al., 2023). The pile is composed of a basal weak material of 
0.5 km thick to represent the Silurian black slates (grey colour Fig. 4B), 
and a layer of 0.4 km thickness to represent the Devonian-Carboniferous 
metasedimentary rocks (dark brown). The autochthonous footwall was 
defined as a stiff unit of 0.9 km thickness mimicking the Eaux-Chaudes 
granodioritic pluton. The boundary between both Paleozoic subdomains 
was assumed to be steeply dipping (α = 60◦). Finally, on top of both 
subdomains a layer of 0.3 km thickness was defined to represent the 
unconformable Upper Cretaceous limestone (green). On top of this 
initial setup, there is a 3 km thick low viscosity air layer with a free 
surface condition. A total of seven distinct units (mechanically and 
internally homogeneous) were thus used, eight considering the low 
viscosity air unit (Table 1).

From the reference model, named “Rs” (Fig. 4B), we tested several 
mechanical and geometrical variables. The mechanical variables include 
the viscosity (ηUC), cohesion (cUC), and friction angle (ϕUC) of the Upper 
Cretaceous unit, along with the viscosity (ηAN) of the upper allochtho
nous thrust sheets. The geometrical variables encompass the thickness 
(T) of the Lakora weak detachment layer (Keuper), the stiffness of the 
autochthonous basement unit (i.e., the Eaux-Chaudes granite), the 

thickness of the overburden (H) by allocthonous nappes, the thickness of 
the Silurian weak layer (S), the angle of the Lakora footwall ramp (β), 
the angle of the contact between Paleozoic subdomains (α), and the 
length (L) of the Upper Cretaceous. Tables 1 and 2 list the values for the 
geometrical and mechanical parameters of each simulation, in which 
subscripts indicate the values of the modified properties. The range of 
studied values for the different parameters appears between parenthe
ses. For the case of Silurian rocks, characterized by a small grain size and 
a high content of phyllosilicates, we followed the results from Niemeijer 
and Spiers (2005) and Wallis et al. (2015) where very low friction angles 
are observed in the experiments.

In the initial setup, a free-slip boundary condition was applied to the 
left and right sides of the models to allow free vertical displacements and 
a constant strain rate of 10− 15 s− 1 from both sides of the model (Fig. 4A).

Fig. 4. A) Initial setup of the reference simulation. Numerical resolution is 256 × 136 (X x Z) grid points. We applied a mesh refinement of 128 grid points between Z 
= − 0.5 km and Z = − 8km, and 8 grid points for Z > − 0.5 km. A free-slip boundary condition has been applied in the left and the right sides and a free surface at the 
top of the initial setup. B) Structural units of the Eaux-Chaudes massif represented in the reference model. C) Vertical profiles of viscosity showing the vertical and 
horizontal mechanical contrasts for the domains on the left and the right sides in the simulations.

Table 1 
List of the mechanical properties used for each unit in the simulations, based on 
the geology of the Eaux-Chaudes massif. ρ: density; G: shear modulus; η: vis
cosity; c: cohesion; ϕ: friction angle.

Unit ρ (kg/ 
m3)

G 
(GPa)

η (Pa⋅s) c 
(MPa)

ϕ 
(◦)

Granite 2800 10 1024 50 30
Silurian slate 2500 10 1019 1 5
Devonian sandstone and 

limestone
2700 10 1022 1 30

Keuper 2500 10 1018 1 5
Upper Cretaceous 2700 10 5 ×

1021
10 30

Upper North Pyrenean nappe 2700 10 5 ×
1021

1 30

Lower North Pyrenean nappe 2700 10 5 ×
1021

1 30

Table 2 
List of geometrical and mechanical variables and values 
used in each simulation. A sketch of the geometrical 
variables listed can be found in Fig. 4B. Geometrical 
variables: H: thickness of the overburden; T: thickness 
of the upper weak layer; L: length of the Upper Creta
ceous panel; β: angle of the Lakora footwall ramp; α: 
angle of the autochthonous E-C granite; S: thickness of 
the lower Silurian weak layer. Mechanical variables: 
ηUC: viscosity of the Upper Cretaceous panel; ɸUC: fric
tion angle of the Upper Cretaceous panel; cUC: cohesion 
of the Upper Cretaceous panel; ηAN: viscosity of the 
allochthonous nappes.

Variable Reference

ηUC (Pa⋅s) 5 × 1021 (1⋅1022)
cUC (MPa) 10 (1–100)
ϕUC (◦) 30 (5–30)
ηAN (Pa⋅s) 5⋅1021 (1⋅1022)
T (m) 200 (0–400)
H (km) 6.6 (3–10)
S (m) 500 (300–700)
β (◦) 10 (20–90)
α (◦) 60 (10–90)
L (km) 14 (10–22)
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4.3. Evaluation of the grade of localisation and hinge migration

We assessed the deformation of the Upper Cretaceous layer to 
constrain the geometrical differences between thrust and fold nappes. 
This assessment involved tracking the position of a passive tracer grid, 
defined by 400 × 3 markers in the X and Z directions (Figs. 4A and 5). 
For all simulations, we keep constant the initial distance between 
consecutive tracers (l0 = 0.13 km).

Determining the degree of strain localisation in the Upper Cretaceous 
layer involves using a localisation index (ILoc), defined following the 
localisation factor proposed by Sornette et al. (1993) as: 

s =
l
l0
, (5) 

ILoc = 1 −

[(∑
s⋅
∑

s
∑

s2

)

⋅
1
N

]

, (6) 

where l is the current length between two consecutive passive tracers, l0 
is the initial length, s is the stretching and N the number of tracers (for a 
better understanding see section 6.1). ILoc ranges between 0 and 1, 
ranging from a homogenous distribution of the deformation (ILoc ~ 0) to 
maximum localisation of deformation in a single level (ILoc = 1). The 
analysed area was defined between two reference points defined by 1) 
the cut-off of the E-C nappe and the autochthonous zone (orange point in 
Fig. 5A) and 2) the Lakora thrust cut-off (blue dot in Fig. 5A). The sys
tematic evaluation of ILoc occurs every 10 timesteps, within a bulk 
shortening range from 21.5% (equivalent to 7.6 Ma of simulation time) 
to 46.2% (equivalent to 19.6 Ma of simulation time).

On the other hand, we also tracked the variation of fold limb length 
and the position of hinges during simulations and tested the potential 
migration of fold hinges, as proposed by Perrin et al. (2013). We define 
the hinge migration as the travelling of material particles between 
different structural elements in a fold (i.e., fold hinge and limbs). The 
simplest case is the migration of the hinge through the normal limb, 
producing an increase of the length of the reverse limb. To quantita
tively constrain this process, the method relies on tracking the relative 
position of the final fold inflexion (IA) observed in the last step of the 
simulation during all the incremental steps. The IA of the curvilinear 
recumbent anticline was defined as the point with maximum dip angle 
(IA; green dot in Fig. 5B), which marks the transition from the normal to 
the reverse limb. Then, we tracked the material position of the final 
point IA throughout all the deformation stages (Fig. 5C). For each 
deformation increment, the current inflexion point was identified (IAc; 
red dot in Fig. 5C) and three distances were measured: 1) the length of 

the normal limb, which in the models represents the horizontal distance 
between the IAc and the Lakora footwall cut-off (NLd; blue dot in Fig. 5B 
and C), 2) the length of the reverse limb, which represents the horizontal 
distance from the IAc to the footwall of the fold nappe (ISd; orange dot in 
Fig. 5B and C), and finally, 3) the horizontal distance between the cur
rent IAc and the final IA (IAd; Fig. 5C). The location of the IAc at each 
time step was defined as the origin of coordinates to graphically repre
sent the evolution of these distances (Fig. 5B and C). Note that during 
progressive fold growth, the IA represents a material point located in the 
normal limb that in the last step of the simulations is the inflection point 
of the anticline fold. Additionally, to quantify the effect of plastic 
deformation in the reverse limb, we used the ILoc to divide the reverse 
limb into two segments (labelled by RL and P, and where IS = P + RL; 
Fig. 5B and C) in function of whether the ILoc of the segments was higher 
or lower than a threshold value (ILoc >0.15; justified in the discussion 
section). The distance between the IAc and the first marker, which im
plies a bulk ILoc higher than 0.15, constitutes the segment RL. On the 
other hand, the segment P is the complementary length up to the foot
wall of the fold nappe (i.e. P= IS-RL).

5. Modelling results

We firstly present the results of the reference simulation based on the 
initial configuration described above (Fig. 6). Then, we describe the 
results of the systematic variation of our input parameters (Tables 1 and 
2; Figs. 7–9).

The results are evaluated to reproduce the first-order features of the 
recumbent folding of the Eaux-Chaudes nappe, which are: (1) a flat- 
lying, kilometric scale overturned limb with thickness preserved/con
stant, (2) a sub-horizontal axial plane, (3) a normal limb with second- 
order structures (i.e., folds with a vertical axial plane), and (4) a tight 
syncline between the overturned limb and the autochthonous 
succession.

We performed a total number of 67 simulations varying mechanical 
and/or geometrical variables. During the early deformation stages, all 
the simulations share common features. With the onset of the short
ening, the upper units (i.e., allochthonous nappes in Fig. 6) thicken, and 
the units below are increasingly buried as the simulation progress 
(Fig. 6A and B). The displacement of the upper nappes over the E-C unit 
and towards the foreland (i.e., left side of the simulation; Fig. 6E) usually 
reveals a low-angle, high strain-rate zone through the upper weak layer 
(i.e., the allochthonous Keuper). The E-C granite unit induces a strong 
mechanical heterogeneity in the shortening direction and triggers a 
concentration of the stress within the modelled Devonian and Upper 
Cretaceous layers near the contact between them (Fig. 6C). During these 

Fig. 5. A) Passive tracers extracted from the thrust nappe and fold nappe end-members and from an intermediate case between the two (stretched overturned limb). 
The longitude l between tracers is increasing from the fold nappe to the thrust nappe members as is the ILoc parameter, which can be used as a tracker for quantifying 
the localisation. B and C) Quantification of the hinge migration for a fold nappe end-member by using passive tracers. Tracers in the normal limb are travelling 
towards the inflection point (IA) while the passive tracers in the reverse limb are moving away of it. The sign of tracers is changed as a function of their position in the 
reverse or the normal limb taking as a reference the tracer located in the hinge inflection of the fold (tracer IA).
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initial stages of shortening, the mechanical heterogeneity results in the 
nucleation and growth of a gentle, foreland-verging asymmetric fold. 
The vertical amplification of its frontal part results in the squeezing of 
the upper weak layer (Fig. 6A). The thinning of this layer reduces the 
efficiency of the decoupling in this upper localisation level at the base of 
the upper thrust sheets, indicated by a one-to-two order of magnitude 
drop in the second invariant of the strain rate (i.e., from 10− 12-10− 13 1/s 
to 10− 14-10− 15 1/s) until the end of the simulations. At the same time, a 
low-angle strain localisation zone becomes active within the lower weak 
unit (Fig. 6E and F). The supplementary material (Fig. SMM1-3) includes 
a movie with the temporal evolution of the geometry, the second 
invariant of the stress and strain rate tensors, and the plastic strain.

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.jsg.2024.105314

5.1. Reference model

The results of the reference simulation are presented in Fig. 6 after 
22.7% (Fig. 6A) and 41.6% of bulk shortening (end of the simulation; 
Fig. 6B). By changing one variable or a combination of two variables (see 
Table 2), we performed the other simulations (Figs. 7–9).

The displacement of the allochthonous nappes over the E-C nappe 
enables an upper localisation level during the early stage of the simu
lation (Fig. 6E), and the stress concentration in the stiff basement area 
(Fig. 6C) causes the vertical amplification of the nappe, squeezing the 
upper weak layer and mechanically coupling the allochthonous nappes 
and the E-C nappe.

The reference model shows no general plastic yielding in the Upper 
Cretaceous unit (Fig. 6H). This lack of yielding led to an asymmetrical 
fold growth, where the dip of the reverse limb increased (until vertical) 
and later rotated towards the foreland. Amplification of the lower nappe 
drifts into nappe coupling and the activation of a lower detachment zone 

Fig. 6. A, B) Geometrical configuration after 22% (early stage) and 41.6% bulk shortening (late stage). (C, E, G) Variation of the deviatoric stress, the total second 
invariant of the strain-rate tensor (ε̇II in log scale) and the accumulated plastic strain for 22% of bulk shortening. For this early stage, the maximum deviatoric stresses 
are observed in the footwall of the structure, and the maximum ε̇II and plastic strain along the upper weak level. D, F, H) Plots of the deviatoric stress, the second 
invariant strain-rate and accumulated plastic strain for 41.6% bulk shortening. The maximum stresses occur in the overturned limb, the maximum strain rates in the 
lower weak level and at the top of the autochthonous footwall while the strain localisation in the upper weak level is partially deactivated, causing the coupling 
between the allochthonous and the lower E-C nappes. The accumulated plastic strain is observed mainly in the reverse limb and in front of the structure, with values 
relatively low to moderate compared to the bulk natural strain (i.e., the natural logarithm of the ratio between final and original length of the model) of approx. e 
= 0.89.
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Fig. 7. Effect of the mechanical parameters tested (see text for explanation; the range of values is shown in Table 2). A), D) and G) Final geometry and distribution of 
the second invariant of the strain-rate tensor and plastic strain for a model with ηUC = 1023 Pa s. B), E) and H) Geometry, second invariant of the strain-rate tensor 
and plastic strain plots for a model with ϕUC = 15◦. C), F) and I) Geometry, second invariant of the strain-rate tensor and plastic strain plots for a model with ηAN =

1022 Pa s, which enhances the brittle behaviour of the Upper Cretaceous level.

Fig. 8. Graphical summary of results exploring the effect of the geometrical variables. A) Thickness T = 0 m, B) T = 250 m, C) T = 400 m, D) Ramp angle β = 20◦, E) 
β = 40◦, F) β = 60◦, G) T = 250 m + β = 20◦, H) T = 300 m + β = 20◦ and I) T = 350 m + β = 20◦. Parameter values increase from left to right (see Table 2 for 
additional information).
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within the lower weak unit (i.e., Silurian slates; Fig. 6F). As the simu
lation progresses, the rotation of the reverse limb increases until it be
comes sub-horizontal and completely overturned. The stiff basement 
units (dark brown; “Devonian sandstones and limestones” unit) and the 
reverse limb (Fig. 6D) now concentrate the larger differential stress. This 
leads to the rotation and overturning of the reverse limb, followed by its 
thinning and stretching (Fig. 6B).

At the late stages, the resulting structure (Fig. 6B) resembles a fold 
nappe structure with a sub-horizontal and thinned overturned limb and 
underlain by a tight synform where the upper weak layer has been 
nearly squeezed out between the synform limbs (similar to a welded 
contact). The geometry of the overturned limb appears continuous, but 
it exhibits strong thinning, and a high strain-rate zone is visible within it 
(Fig. 6F). All these observations qualitatively point to a change from 
dominantly viscous behaviour in the overturned limb during the early to 
mid-stages of the simulation (Fig. 6G) to an increased plasticity during 
the late stages (Fig. 6H).

5.2. Intrinsic mechanical controls on nappe development

To explore the influence of mechanical parameters on the develop
ment of fold/thrust nappes we carried out a series of simulations by (i) 
increasing the viscosity of the Upper Cretaceous layer (model ηUC; 
Fig. 7A–D and G), (ii) reducing the friction angle to 15◦ of the Upper 
Cretaceous (model ɸUC; Fig. 7B–E and H) and (iii) increasing the 

viscosity of the allochthonous nappes to 1022 Pa s (model ηAN; Fig. 7C–F 
and I).

In all these models (i.e., varying ηUC, ηAN and ϕUC), the upper weak 
layer (i.e., Keuper allochthon) almost squeezed out along the footwall 
ramp of the Lakora thrust (Fig. 7A–C). The reduction of the thickness of 
the upper weak layer enhances the coupling between the E-C nappe and 
the upper allochthonous nappes, reducing the transport of the latter and 
facilitating the decoupling in the lower weak layer (i.e., the Silurian 
unit). This is documented by drops of the second invariant of the strain 
rate tensor within the upper weak layer with shortening, which points to 
the solidary translation of both units (Fig. 7D–F).

The results of the simulations increasing ηUC or decreasing ϕUC are 
very similar, and there is a positive enhancement of the brittle/plastic 
over the viscous/ductile behaviour of the Upper Cretaceous layer, 
especially for ϕUC = 15◦ (Fig. 7E and H). When compared to the refer
ence simulation, both cases show a loss of continuity in the Upper 
Cretaceous unit. This loss occurs over a thin and localized level, marked 
by high strain rate values (10− 13-10− 12 s− 1). This level cross-cuts the 
reverse limb of the structure, as shown in Fig. 7D and E. The E-C nappe is 
transported over this level without changing the length of neither the 
reverse nor the normal limb, and qualitatively pointing to an absence of 
anticline hinge migration after yielding. The resulting structure shows a 
relatively short, overturned limb with a gently-to-moderately dipping 
axial plane, being akin to a cut-off hanging wall anticline as in standard 
thrust tectonics (Fig. 7A and B).

Fig. 9. Final geometry for models varying: A-C) the burial thickness (H), D-F) the initial length of Upper Cretaceous basin (L), G-I) the angle of the of the E-C foot- 
wall (α), J-K) the thickness of the Silurian weak layer and L) the absence of a strong forestop (or granite with similar properties than Devonian layer). Subindexes 
indicate the parameter values. (see Table 1 for additional information).
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As the viscosity of the allochthonous nappes increases, it also am
plifies the (frictional) plasticity that affects the E-C nappe. However, this 
increase is minor compared to the previous ηUC or ϕUC variables 
(Fig. 7G–I). Shearing of the Upper Cretaceous is also observed, and the E- 
C nappe is then transported over a thin strain-localized level, also cross- 
cutting the reverse limb (Fig. 7F and I). The structure developed is 
thicker and possesses a larger overturned limb than those for variables 
ηUC and ϕUC, probably induced by a major extrusion and migration of the 
Silurian-analogue weak material towards the core of the anticline.

5.3. Geometrical controls on nappe development

We performed a second series of model runs to test the impact of the 
initial configuration of the mechanical units (dimensions, angles, burial, 
etc.) on the results. The geometrical variables tested are listed in Table 2, 
and the results are presented in Figs. 8 and 9. Briefly, we tested the 
following variables: 1) the thickness of the upper weak layer (T; series of 
models T0-400), 2) the angle of the Lakora ramp (β; series of models β20- 

90), 3) thickness and ramp angle combined (T+β; series of models T250- 

400+β20-40), 4) the depth of burial (H; series of models H3-10), 5) the 
length of the Upper Cretaceous panel (L; series of models L9.7-21.7), 6) the 
angle of the strong granite forestop (α; series of models α10-90) and 7) the 
thickness of the lower weak detachment layer (S; series of models S300- 

700). In addition, the potential effect of lacking a strong mechanical unit, 
similar to the natural case east of the E-C granite (Ng; model No Granite), 
also underwent evaluation.

Increasing the thickness of the upper weak layer (models T0-400; 
Fig. 8A–C) promotes a major displacement of the upper allochthonous 
units over the E-C nappe due to an enhanced decoupling. During 
displacement, there is a reduction of the shear transmission downwards, 
but it is not completely prevented. This is manifest from the limited 
progress of the E-C nappe towards the foreland margin of the simulation 
(Fig. 8A–C). This reduction of shear transmission hampers the activation 
of the lower weak level and prevents an efficient detachment and 
amplification of the frontal part of the nappe. In summary, the 
allochthonous thrust sheets and the E-C nappe are not coupled, and the 
displacement of the latter is inhibited, resulting in a geometry consisting 
of a fold with a short reverse limb and moderately dipping axial plane. 
Finally, the nappe shows additional large-scale secondary upright folds. 
For the case of a model without an upper weak layer (model T0; Fig. 8A), 
neither a thrust nor a fold nappe develops, and instead a long- 
wavelength anticline with marked layer thickening forms. The lower 
weak layer then extrudes toward the core of the fold.

For an initial setting with the Lakora footwall ramp angle larger than 
the reference model (i.e., β > 10◦, but keeping T invariant) (model Rs; 
Fig. 6), larger strains are concentrated along the footwall ramp, pro
moting 1) stretching, thinning and segmentation of the Devonian layer 
along the normal limb, 2) shear localisation in the reverse limb, affecting 
Upper Cretaceous and Devonian units, and enhanced plastic deforma
tion (Fig. 8D–F), and 3) thinning-out of the upper weak layer. 
Geometrically, the latter results lead to the “welding” of the thrust 
contacts between the E-C and upper nappes.

Increasing the β value (Fig. 8D–F) enhances the stress transmission 
normal to the Lakora footwall ramp which hinders the displacement of 
the upper nappes over the E-C nappe towards the foreland, promoting 
the early coupling of both structural units due to the squeezing of the 
upper weak layer over the footwall ramp area. It also causes the early 
activation of the lower shear zone through the lower weak unit. The 
Upper Cretaceous and the Devonian layers are lifted vertically near the 
Lakora footwall ramp and also on the strong granite area, and a large 
amplitude, km-scale upright fold is then developed. The early coupling 
makes the E-C nappe layers shear off, leading to a larger displacement of 
the E-C nappe over a thin and localized surface on top of the autoch
thonous units (Fig. 8E and F).

However, for the model with β = 20◦ (model β20; Fig. 8D), longer 
overturned limbs are promoted compared to the reference model. The 

overturned limb of the structure is very gently-dipping forming a low 
angle with the autochthonous footwall.

Simulations combining increased thickness and ramp angle (i.e., 
variables T+β combined; models T250-400+β20-60; Fig. 8G–I and SMI1) 
produce final geometries with large and sub-horizontal overturned 
limbs and axial planes, favouring fold nappe development. In general, 
the increase in β enhances the efficiency of the stress transmission and 
the displacement of the allochthonous units towards the E-C nappe 
(Fig. 8G–I and SMI1). This is a remarkable difference from the series of 
models T250-400 and β = 10, which did not reproduce large, sub- 
horizontal overturned limbs and axial planes (Fig. 8A–C). The increase 
to 20◦ promotes the activation of the lower shear zone within the lower 
weak Silurian layer, without the shearing off the E-C nappe forelimb as 
happens when T is < 250 m (Fig. 8D), and this results in a large and sub- 
horizontal reverse limb (Fig. 2B and 8G-I).

As in the series of models β20-90, in the performed simulations with β 
> 20◦ (provided in the supplementary material), both the Upper 
Cretaceous and Devonian layers show thinning and boudinage in the 
overturned limb, and in the Devonian of the normal limb, and the 
structure is resolved in a thin strain-localized level (also affecting the 
Devonian of the normal limb) that controls the structural transport 
(Fig. SMI1).

In these combined T+β simulations, the existence of a thicker weak 
Keuper layer (T > 250 m; Fig. 8G and H) promotes the decoupling be
tween the upper allochthonous and the lower E-C nappes. This leads to 
the formation of horizontal axial planes and fold nappe overturning due 
to the high capacity to flow of this low-viscosity layer. This layer can be 
extruded from the footwall syncline (Fig. 8H). For these simulations (i. 
e., β = 20◦ and T > 250 m), the overturned limbs fairly maintain the 
thickness of the Upper Cretaceous layer, although a bit of thinning is 
observed near the footwall syncline, especially for simulations where the 
upper weak layer is thinner than the reference model (Fig. 8G). When T 
≥ 350 m (maintaining β = 20◦) secondary gentle folds form in the 
normal limb (Fig. 8H and I).

For this succession of models changing variables T and β, the thick
ness of the overturned limb does not change substantially during 
deformation, which points to a potential mechanism of hinge migration 
and rigid rotation of the overturned limb, instead of limb stretching and 
shearing. In any case, the geometries obtained in models with T+β 
indicate dominantly viscous rather than plastic behaviour.

Varying the burial depth (series of models H3-10; Fig. 9A–C) leads to a 
significant variation of the structural results. The simulation with an 
initial H < 5 km (shallower conditions; Fig. 9A) results in the cut-off of 
the Upper Cretaceous short reverse limbs, producing thrust ramp anti
clines. Thrust nappes displace over a localized detachment located in the 
Silurian weak level, as observed in prior ηUC and ϕUC simulations 
(Fig. 7A and B). The UC layers maintain their original thickness 
(Fig. 9A), even with thinning in the reverse limb of the structure, which 
points to a dominantly plastic/frictional behaviour.

Conversely, for H > 5 km the resulting structures always have a 
continuous overturned limb. Higher burial favours the conservation of 
the thickness of the UC layer and larger overturned limbs, pointing to a 
dominantly viscous behaviour of the Upper Cretaceous layer (Fig. 9B 
and C).

For a series of models varying the initial length of the UC layer (L), 
shorter layer lengths produce structures resembling thrust nappes 
(models L9.7-21.7; Fig. 9D). On the other hand, larger original layers 
(Fig. 9E and F) increase the dip of the structural elements (i.e., reverse 
and normal limbs and fold axial plane) towards the hinterland. In 
addition, for such cases the reverse limb of the structure is also relatively 
short, and the Silurian weak level is thickened in the core of the fold 
(Fig. 9E). Furthermore, for L > 17.7 km, secondary folds appear in the 
hinge and normal limb leading to an increase in the structural relief of 
the E-C nappe.

The contact angle between the granite and stiff autochthonous E-C 
footwall (model α10-90; Fig. 9G–I) is also relevant. For α ≤ 60◦ (model Rs; 
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Figs. 6 and 9G and H), the simulated nappes show a thinned and 
stretched reverse limb. On the other hand, when α = 90◦ (Fig. 9I) early 
coupling between the upper allochthonous nappes and the E-C nappe 
occurs due to the amplification of an upright fold in the contact between 
stiff granite and lower detachment layer level. The high α angle causes 
the weaker level to extrude. The E-C nappe is sandwiched in between the 
push of the upper nappes and the granite, shearing off the Devonian and 
Upper Cretaceous layers in the forelimb (Fig. 9I). Fig. 9J and K displays 
the results of models that vary the initial thickness of the lower weak 
layer, simulating the Silurian in the natural case (simulations S300 and 
S700). For S300 model, with a thickness lower than the reference model, 
the E-C nappe panel shows less advance towards the foreland than the 
reference model. Activation of the Silurian detachment occurred only at 
the late steps of the simulations due to the absence of nappe coupling 
until that point. This results in a fold with a short reverse limb, with 
thickness constant due to the limb rotation (Fig. 9J). On the contrary, an 
increase of the lower weak thickness (model S700; Fig. 9K) results in 
longer reverse limbs and shearing off the Upper Cretaceous and Devo
nian layers. Furthermore, the weak layer is thickened in the fold cores, 
which results in an increase of the structural relief.

Finally, the absence of the strong footwall body, which in this 
simulation was replaced by a deformable basement with mechanical 
properties similar to the Devonian (model Ng; Fig. 9L), produces the 
development of large-scale upright buckle folds and prevented the 
development of thrust/fold nappes. This highlights the importance of a 
strong footwall unit in the development of fold nappe structures.

6. Synthesis and discussion

For a more quantitative analysis of the structural transition between 
fold and thrust nappes, we analysed and categorized the modelling re
sults using various geometrical and mechanical variables.

6.1. Quantification of the strain localisation factor (ILoc)

We used the UC layer to constrain the evolution of the degree of 
strain localisation (ILoc; see methodology section). In the current simu
lations, the region expected to acquire the higher strain localisation is 
the overturned limb, and hence, the ILoc factor permits to quantitatively 
discriminate between cases with uniform thickness (low ILoc values) 

from cases with strongly heterogeneous thinning of the overturned limb 
(ILoc near 1).

Fig. 10 displays the results of the analysis for a series of selected 
models (Fig. 10A) and all simulations (Fig. 10B). The general trend of 
the Iloc is to increase with time. The data reveal three basic evolution 
patterns: 

1) Simulations that evolve with a fast increase of ILoc up to stabilisation 
at high values (ILoc > 0.7). Models with a tendency towards thrusting, 
with high accumulated plastic strain and strong shearing and thin
ning of the reverse fold limb, display this trend. Examples of this type 
are the simulations with low initial burial (e.g., H3; Fig. 9A), high 
viscosity of the allochthonous nappes (e.g., ηAN; Fig. 7C), low fric
tional angles (e.g., ϕUC; Fig. 7B) or moderate to short dimension of 
the UC panel (e.g., L9.7; Fig. 9D). This type corresponds to the cate
gory labelled as “thrust nappes” (Fig. 10A).

2) Simulations with a flat distribution in time and low values of ILoc 
(<0.15). This type corresponds to models displaying fold nappe ge
ometries, with the Upper Cretaceous level keeping a homogenous 
thickness without low stretching, and overall dominated by viscous 
flow. There are few simulations displaying this trend (Fig. 10B), but 
examples are those characterized by a thick initial upper weak layer 
(e.g., model T300 + β20; Figs. 8H and 10A). This type corresponds to 
the category labelled as “fold nappes”.

3) Simulations with an initial flat trend but displaying a moderate in
crease of the ILoc after some deformation. This type corresponds to 
simulations resulting in hybrid geometries between fold and thrust 
nappes, showing gradual stretching and thinning of the overturned 
limb, without losing its continuity, and low plastic deformation. 
Most of the models performed correspond to this type, such as the 
reference simulation (e.g., Rs model; Figs. 6 and 10A). This type 
corresponds to the category labelled as “fold nappes with stretched 
recumbent limb”.

An attempt to define the boundaries between these three main cat
egories was calibrated using as a reference the last step of the simula
tions, in which the amount of shortening is maximum. The first category 
labelled as “fold nappe” was defined when ILoc < 0.15 and corresponds 
to idealized fold nappes in which the thickness of the overturned limb is 
constant, the stretching of the overturned limb is relatively low, and the 

Fig. 10. A) Evolution of the localisation index ILoc with respect to the simulation time for the reference simulation and for selected parameters varied from it as 
shown in Tables 1 and 2 This diagram illustrates the recumbent fold nappe (β = 20◦ + T = 300) and the thrust nappe (H = 3 km) end-members. Thrust nappes exhibit 
a fast rise of the index and fold nappes show low and stable behaviour of the index through time. Fold nappes with stretched reverse limb possess features from fold 
nappes (initial stable slope) and thrust nappes (moderate rise), attesting for the limb stretching. B) Evolution of the ILoc with time plotted for all simulations un
distinguished. The most frequent trends correspond to “thrust nappes” and “fold nappes with stretched limb”, and only in three cases we observe homogenous 
thickness and little localisation corresponding to the “fold nappe” case.
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deformation was accommodated in a dominant viscous behaviour; a 
second type labelled as “fold nappes with stretched reverse limb” alludes 
to fold nappes with ILoc between 0.15 and 0.6, where the overturned 
limb is continuous but shows moderately to strong thinning and 
stretching; and finally, a third type represents ILoc > 0.6 and makes 
reference to thrust nappes, where the reverse limb is not continuous 
between both walls and the dominant behaviour is plastic (Fig. 10). 
Because there is a general tendency to increase ILoc with time, these 
boundaries cannot be defined as a strictly straight line in the diagram 
and were defined using a positive slope.

6.2. Quantification of the fold hinge migration

A passive tracer grid predefined in the UC unit served as the tool for 
assessing fold hinge migration during deformation (Fig. 4A and 5). This 
mechanism accounts for the observation of long recumbent limbs with 
preserved thicknesses, a feature that is in general difficult to explain by a 
fixed-hinge mechanism and limb stretching (Fig. 11). For more detailed 
explanation, see methodology section.

Fig. 12 illustrates several examples of the evolution of hinge migra
tion in the framework of the three main categories distinguished by the 
localisation index (Fig. 10A). For the case of the “thrust nappe” category 
(e.g., model H3; Fig. 9A), the IA tracer trajectory (green curve) migrates 
during the early stages of fold growth, but it quickly becomes fixed to the 
material particles (approx. 11.0 Ma), up to the end of the simulations 
(Fig. 12A). This indicates that in this category, the hinge of the fold is 
blocked and cannot migrate (e.g., Fig. 11). On one hand, the normal 
limb NL always shows a positive tendency with time, with a reduction of 
its distance with respect to the IA and thus indicating that part of the 
deformation was accommodated by the progressive shortening of the 

normal limb. On the other hand, the IS during the early stages was 
located relatively near the IA, but relatively soon in the model run 
(approx. 9.2 Ma) the relative distance between both markers started to 
increase. An analysis using the ILoc >0.15 condition shows that the major 
increase in distance is due to plastic deformation (P) and the length of 
the “low deformed” reverse limb was relatively short and constant 
during all time.

For the case of the “fold nappe” category (e.g., model T300 + β20; 
Fig. 8H), the trajectory of the IA tracer describes a continuous positive 
tendency, with displacement of the material particle from the normal 
limb towards the inflection point (reached in the last step by the defi
nition of the IA). The NL and IS curves show also a similar trend, with a 
tendency to increase their relative distances respect to the IA (Figs. 11 
and 12B). The strain localisation analysis indicates that the ILoc threshold 
remains not exceeded (i.e., ILoc > 0.15). Therefore, distributed viscous 
flow mainly accommodated the deformation (very low plastic defor
mation). For the example shown in Fig. 12B, there was a migration of the 
hinge equivalent to 4 km.

Finally, for the case of “fold nappe with stretched reverse limb” 
category (e.g., Rs model; Fig. 6), the IA, NL and IS trajectories show 
trends between the previous two cases. The IA displays a large interval 
of time with hinge migration until approx. 17.7 Ma of simulation time, 
when it became fixed and remained until the end of the simulation 
(Figs. 11 and 12C). Pre-stage before blocking of the fold hinge causes the 
ILoc to rise over 0.15 (approx. 13.7 Ma), resulting in the stretching of the 
reverse limb by viscous and plastic flow until the end of the simulation.

Therefore, the numerical modelling presented here indicates that the 
migration of the fold hinge is a plausible mechanism in recumbent 
folding and contributes to preserve the thickness of the recumbent limbs 
(e.g., Figs. 11, 12B and C).

Fig. 11. Sketch of the principal mechanisms under which the thrust and fold nappe end-members may evolve from an initial flat layer. A sedimentary panel with a 
fixed area (blue dots) is subjected to layer-parallel compression and shear is developed above and below the panel. The fixed area acts as a buttress, first nucleating a 
buckling anticline, and the structure is then translated to the foreland. Progressive deformation can lead to an idealized thrust nappe (blocked hinge) or to an 
idealized recumbent fold nappe, in which the thickness of the recumbent limb is preserved (mobile hinge). Mobility of the hinge is defined by the transport of the 
material particles (red dots) through the different structural elements. Between both end-members, a potential type is defined by the stretching of the recumbent limb 
and less efficient migration of the fold hinge. (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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6.3. On the influence of geometrical and mechanical variables in the 
nappe geometry

Fig. 13 summarizes the effect of changing the different variables on 
the Iloc parameter (Fig. 4; Tables 1 and 2). The diagram is divided into 
the three defined categories: thrust nappes, fold nappes with stretched 
reverse limb and fold nappes. The red points indicate the reference 
simulation.

On one hand, from Fig. 13, thrust nappe geometries are sighted when 
there is an increase of mechanical variables such as the viscosity of the 
upper allochthonous nappes (ηAN) or the viscosity of the Upper Creta
ceous (ηUC), or when there is a decrease of the frictional angle of the 
Upper Cretaceous layer (ϕUC). The geometrical variables that promote 
thrust nappes are short L and H, thin detachment levels (T), and, in 
general, moderate/large angles of the Lakora ramp (β) or the forestop 
(α). On the other hand, the variables promoting fold nappes preserving 
layer thickness are very restricted. The systematic series of models 
reveal a positive enhancement of fold nappe occurrence only for mod
erate values of viscosity of the upper allochthonous nappes (ηAN) or with 
an increase in the thickness of the upper detachment level (T). In gen
eral, the most likely situation in the series of performed models is the 
development of fold nappes with stretched limbs and very heterogenous 
strain distribution.

From a kinematic and mechanical perspective, the development of 

thrust vs. fold nappes is relevant for the spatial distribution of stress and 
strain rate (Fig. 14). In synthesis, common features of all the simulations 
showing a thrust-nappe result are the development of a high-strain 
deformation band cross-cutting through the Upper Cretaceous layer (e. 
g., Figs. 14A and E or 7D-F) and the accumulation of elevated plastic 
strain in the reverse limb (e.g., Figs. 7G–I and 14G), indicating pre
dominant plastic-brittle conditions. From a geometrical point of view, 
this causes the development of short or very short reverse limbs in 
hanging-wall anticlines, and overall low structural relief. As for the 
localisation index, the process is characterised by a “fast” increase of the 
ILoc, passing from conditions of distributed strain (low ILoc) to moderate/ 
high values > 0.4–0.6 in a short time. Additionally, this is also coinci
dent with the blocking of the fold hinge migration which enhances the 
early plastic yield of the material and the extreme stretching of the 
overturned limb (Figs. 10A, 11 and 12). The spatial transition from little 
deformed to highly deformed is rapid (e.g., Figs. 7B and 12A).

On the other hand, continuity of the reverse limbs and moderate 
structural relief characterize the fold nappe end member (Fig. 14B). In 
contrast to thrust nappes, plastic strain is very low, stress and strain rates 
are moderate/low, and high strain zones cross-cutting the overturned 
limb are not formed (Figs. 12B and 14F and H). The fold nappes exhibit 
km-scale overturned limbs without significant heterogeneous stretching 
and strain localisation (e.g., Fig. 11), and dominated by viscous flow 
(ILoc <0.15; Figs. 10A and 12B). However, it is essential to consider this 

Fig. 12. Plot of the variation of the position of the three passive tracers with respect to the fold inflection. A) Thrust nappe end-member, where the hinge migration is 
locked from 13 Ma onwards and the plasticity (P) is increasing (ILoc > 0.15) from the early simulation time, causing an extreme stretching and thrusting of the reverse 
limb at the end. B) Fold nappe end-member; hinge migration is active until the end of the simulation and there is no plasticity in the reverse limb (P = 0 and ILoc <

0.15). C) Stretched reverse limb case (0.15 < ILoc < 0.6), showing mixed features between the fold nappe and thrust nappe end-members, where the migration of the 
hinge is active until 13Myr and then it is inhibited, which results in the stretching of the reverse limb.
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end member as an idealized or very restrictive structure, and probably 
the more usual cases in nature are with ILoc > 0.15 with stretched 
overturned limbs (Figs. 10B and 11).

Figs. 8G and I and 9B present more realistic recumbent folds, where 
the reverse limbs are stretched, but without attaining the plastic yielding 
during the early/intermediate stages of deformation. Accordingly, the 
ILoc, never overcomes the thrusting boundary (Fig. 10A). Overturned 
limbs show continuous thinning, and they can achieve plastic yield 
during the last stages, producing the progressive localisation of defor
mation. Such localisation may represent the basal thrust observed in 
some natural fold nappes. The resulting structures show many of the 
first-order features observed in natural examples (i.e., a flat-lying 
reverse limb of kilometric scale, a normal limb with second-order 
structures, a sub-horizontal axial plane and a tight syncline between 
the recumbent limb and an autochthonous succession), as in the Helvetic 
nappes of the Swiss Alps (e.g., Ramsay et al., 1983; Pfiffner, 1993).

6.4. Application to the Eaux-Chaudes fold nappe and comparison with 
other cases

Our modelling results highlight the important mechanical and 
geometrical controls by the mechanical stratigraphy and the tectonic 
inheritance, features that we interpret played a fundamental role in the 
development of the Eaux Chaudes fold nappe during the Alpine defor
mation of the Pyrenean hinterland. For this specific natural case, two 
main factors arise as first-order controls: (1) the presence of a stiff for
estop in the shortening direction to produce a buttress condition (i.e., 
the Eaux-Chaudes granite), and (2) the existence of two weak layers (i.e., 
the Keuper and the Silurian) that favoured the structural decoupling and 
localisation of the deformation.

Based on previous numerical models applied to the Helvetic Alps by 
Kiss et al. (2020) and Spitz et al. (2020), the development of nappe 
structures with large-scale stratigraphic overturning or/and 

displacement requires a viscosity contrast of about three orders of 
magnitude between the strong key levels and the upper and lower weak 
detachment levels. In situations with lower viscosity contrast or without 
an upper weak level, fold nappe structures with large displacement did 
not form (e.g., Fig. 8A).

The numerical simulations presented here show that tectonic in
heritance in the form of a basement forestop controls the nappe initia
tion by concentrating stress in the contact between the strong layers 
(immersed between weak layers) and the forestop (Fig. 6C). Similar 
results have been obtained by Bauville and Schmalholz (2017), Kiss 
et al. (2020), and Spitz et al. (2020) in simulating the Helvetic nappes, 
which indicates to a common mechanism of nappe initiation. If the 
mechanical heterogeneity of the viscous contrast between the simulated 
granitic and metasedimentary basement was absent (Fig. 9L), neither a 
fold nor a thrust nappe was produced, but large-scale upright buckle 
folds formed instead. The push and shear stress provided by the Lakora 
thrust and the upper allochthonous nappes (e.g., the Ultrahelvetic 
nappes in the case of the Alps) concentrated the stress along the contact 
between the E-C pluton and the Upper Cretaceous limestone interface, as 
suggested by the reference simulation (Fig. 6C). This led to the activa
tion of the Silurian lower detachment of the E-C nappe and the growth of 
the structure. Hence, the Eaux-Chaudes pluton (with apparently no signs 
of significant ductile deformation during the Alpine compression) 
played an essential role for recumbent folding. This example highlights 
the role of tectonic inheritance and mechanical heterogeneities arising 
from pre-alpine rocks during the Pyrenean orogeny, such as also docu
mented for the Alps (e.g., Wissing and Pfiffner, 2003; Kiss et al., 2020). 
However, in contrast to the Helvetic nappes of the Alps, in the case of the 
Eaux-Chaudes massif we cannot invoke the ductile closure of precursor 
extensional basins and the extrusion of their sedimentary infill. Indeed, 
the results indicate that mechanically developing a fold nappe requires a 
minimum initial burial condition of ~5 km in depth (Fig. 9A–C), which 
is in accordance with the proposal by Caldera et al. (2021) of 
emplacement conditions under 8–10 km of rock. Our results also 
emphasize the role of the upper Keuper allochthonous weak layer, 
enabling the decoupling between structures but also allowing the 
growth of the recumbent fold given its capacity to flow and migrate.

The multilayered character of the models with weak rocks such as 
slates, shales or evaporites between stiffer layers triggered the devel
opment of the upper and lower shear zones (Fig. 6E and F) that are 
necessary for the development of the fold nappe structure. In addition, 
model set ups with a thicker upper detachment level (T ~250–350 m) 
favour the development of recumbent fold structures because they allow 
the decoupling from the allochthonous upper nappes since the early 
steps of the convergence (e.g., Fig. 6E). However, for settings with very 
large thickness of the upper weak layer the shear stress transmission 
downwards becomes less efficient and may inhibit the activation of the 
Silurian basal detachment (for T > 350 m; Fig. 8C). On the other hand, 
an excessive thinning of the upper weak layer reduces the efficiency of 
decoupling between this weak layer and the E-C nappe (e.g., Fig. 8F) 
positively enhancing the shear transmission downwards, and causing 
that the low angle shear zone within the lower weak level becomes the 
only active level until the end of the simulation (Fig. 6E and F). Pfiffner 
(1993) made similar observations, where high ratios between the 
thickness of the weak to the stiff layers favoured the development of fold 
nappes. From a qualitative interpretation based on the final geometry, 
the simulations with ILoc displaying moderate to low values (≪0.6 
Figs. 8G–I, 10A and 12B) are the cases that most closely resemble to the 
E-C natural example.

Furthermore, the cases where 1) the upper allochthonous nappes and 
the E-C nappe are relatively coupled and 2) the lower shear zone is 
active, are the optimum situations for the mechanism of fold hinge 
migration and limb rotation (and unfolding?) as ways to overturn the 
forelimb during the early deformation steps. Even though both ampli
fication mechanisms by limb stretching and hinge migration coexist in 
all our simulations, geometries approaching recumbent fold nappes 

Fig. 13. Range of variation of the index of localisation for each variable tested 
and structural style developed. The red point indicates the reference simulation, 
while numbers indicate the range of values used for each variable. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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similar to the E-C natural example are those formed by a mobile-hinge 
mechanism (Figs. 8G–I, 11 and 12B, C). However, the scarcity of 
structural markers confirming mobile hinges challenges a direct com
parison of the E-C or other natural examples with the model kinematics, 
as previously pointed out by Mercier et al. (2007).

Therefore, the interpretation proposed here is that the Eaux-Chaudes 
fold nappe results from an asymmetric detachment fold developed by 
limb rotation, with limb overturning during the early deformational 
steps and later amplified by progressive hinge migration with only 
moderate stretching of the overturned limb. Epard and Groshong 
(1995), Homza and Wallace (1997), Poblet and McClay (1996), Perrin 
et al. (2013) and Poblet (2020) also invoked similar scenarios to 
describe the migration of fold hinges, with a focus on the migration of 
the forelimb synclines in thrust tectonics. In the study case, the presence 
of the strong footwall granitic forestop blocked the migration of syncline 
hinge and forced the migration of the anticline hinge.

This study is a first approach addressing the influence of the me
chanical stratigraphy and the tectonic inheritance. The rheologies 
considered in our simulations are linear and non-dependent on tem
perature, which is a simplification. Introducing a non-linear rheology 
and depth-dependent temperature profile would decrease the effective 
viscosity and enhance a heterogenous distribution of viscosity during 

the deformation, and may produce strain localisation at the base of the 
nappe, as inferred by Bauville et al. (2013). A priori these features could 
favour the development of the “strain localisation fold nappe” case 
against the “fold nappe” situation. Complex mechanical coupling with 
temperature (i.e. thermomechanical), grain size variation (i.e. reduc
tion) or using strain-rate dependent flow laws to simulate rock behav
iour may be considered to better understand the processes under which a 
fold nappe is developed, which will be the object of further studies (e.g. 
Guardia, 2024).

7. Conclusions

We present mechanical simulations that reproduce the first order 
features, the structural elements, and the scale of the Eaux-Chaudes case 
of the Pyrenees and other similar fold nappes. Our modelling also re
veals the main mechanical and geometrical factors controlling the for
mation of thrust nappes vs fold nappes. Modelling results emphasize the 
need of weak detachment layers above and below the Eaux-Chaudes fold 
nappe, as well as a stiff footwall forestop to localize deformation, rep
resented by the Eaux-Chaudes granitic pluton.

The E-C recumbent fold nappe was developed between both weak 
detachments within a low angle shear zone. The thickness of both layers 

Fig. 14. Final geometry (A and B), second invariant of the differential stress (C and D), second invariant of the strain rate tensor (E and F) and plastic natural strain 
(G and H) after 41.6% of shortening for a typical example of a thrust nappe (left; model H3) and of a recumbent fold nappe (right; model T300+ β20).
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(Silurian and allochthonous Keuper) is very relevant to allow the 
detachment of the structure but also to permit the fold growth due to the 
migration of the hinge and the shear transmission from the Lakora and 
North Pyrenean overlying nappes. The combination of both decoupling 
units are essential features favouring viscous behaviour and spatially 
distributed deformation (low values and stable paths of the localisation 
index, ILoc), enabling recumbent folding by progressive hinge migration.

Also key was the existence of a forestop, such as the Eaux-Chaudes 
granite, causing stress concentration in the overlying stiff layers. 
Model runs without forestop produced detachment buckle folds in the 
stiff layers, hindering fold nappe development.

The E-C was developed by (1) the plausibility of the migration of the 
anticline hinge and (2) the rotation of the forelimb followed by the 
translation of the E-C nappe. The first mechanism is characterized by the 
continuity of the key layers (Upper Cretaceous and Devonian) and ILoc 
<0.6, while the second mechanism can be identified by an interrupted 
key layer (cross-cut by a low angle shear zone) and ILoc >0.6, which is a 
reflex of an extreme stretching process.

To preserve the overturned limb thickness as observed in the natural 
case, it is required the migration of the recumbent fold hinge. Otherwise, 
in scenarios where the migration of hinges is not plausible, the defor
mation is accommodated by strong stretching and shearing of the 
reverse limbs.

In the model runs, shallower burial conditions (H), short lengths of 
the stiff layers (L), lower friction angles of these layers (ϕ), stiffer upper 
nappes burying the target structure (ηAN), and stiffer simulated Upper 
Cretaceous layer (ηUC) hinder hinge migration, enhancing reverse limb 
stretching and shearing, which eventually results in strain localisation 
and thrusting (i.e., thrust nappes), well tracked by a rapid increase of the 
ILoc. It is also evidenced that the intrinsic mechanical properties (ɸ, ηUC) 
of the Upper Cretaceous layer determine whether folding or thrusting 
dominates. The main features of the initial geometrical configuration 
and the mechanical properties of the rocks involved in the deformation 
suggest that both the mechanical and geometrical inheritance are key 
factors that must not be ignored for an understanding of the alternative 
development of thrust nappes and fold nappes. The concepts here ach
ieved may apply to other natural examples of recumbent fold nappes (e. 
g. the Helvetic Alps, with a stiff granite footwall and a weak supra-nappe 
cover), or to other areas of the Axial Zone of the Pyrenees where 
recumbent folding could have formed in the upper Paleozoic meta
sedimentary basement where comparable mechanical and geometrical 
conditions were attained during the Alpine orogeny.
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