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A B S T R A C T   

Stringers represent fragments of competent, brittle layers, formerly interstratified within a layered evaporite 
sequence (LES) that are entrained and deformed by viscous flow. To resolve the impact of the stringers on the 
deformation style of an extrusive salt sheet, an array of decameter-thick, carbonate stringers, preserved in the 
caprock matrix of the Les Avellanes Diapir (South-Central Pyrenees) was analysed. The diapir exposure was 
mapped in detail to produce a cross-section that shows the stringer assemblage. To understand the dynamic 
behaviour of stringers, this natural prototype has been reproduced using scaled analogue models. In the model, 
stringers were carried into the salt sheet, rotating and deforming while migrating toward the sheet front. The 
array of stringers can be divided into the following three structural domains: 1) a feeder domain mainly hosting 
vertical stringers parallel to the stem wall that rotate to a subhorizontal orientation as they approach the 
allochthonous sheet, 2) a sheet domain containing stack-like sets of subvertical and overturned, to subhorizontal 
stringers, as well as isoclinally and recumbently folded stringers, and 3) a sheet front domain characterised by 
stringers dipping toward the salt sheet front. Compartmentalization of the horizontal flow by the transported 
stringers controlled the deformation in the caprock matrix above. Finally, the similarity between the field ob-
servations and the model is evaluated and discussed to shed light on the Les Avellanes Diapir kinematic evolution.   

1. Introduction 

Salt diapirs are formed by the migration and accumulation of halite 
(hereafter referred to as salt) and other evaporites within different 
geological settings and conditions (Hudec and Jackson, 2007; Jackson 
and Hudec, 2017a). Many studies have been centered on a detailed 
characterization of the diapir adjacent stratigraphy and structure, 
focusing on the interplay between sedimentation and diapirism in order 
to unravel diapir evolution. In these studies, the internal diapir structure 
is often simplified and portrayed as a homogeneous body (e.g. Saura 
et al., 2016). This simplification is useful to highlight salt-sediment in-
teractions as an approach to interpret the diapir structure. However, the 
ductile mobilization of salt disturbs the initial depositional sequence, 
resulting in a complex internal diapir architecture (e.g. Talbot and 

Jackson, 1987; Jackson and Hudec, 2017b; Hudson et al., 2017; Rowan 
et al., 2020; Evans and Jackson, 2021). Additionally, as salt beds within 
diapirs are often not well-imaged on seismic sections and surface out-
crops and mine excavations present limited exposures, the internal 
diapir structure is usually poorly understood. 

Evaporitic sequences contain intervals of halite with other inter-
bedded evaporites and non-evaporite rocks that altogether form layered 
evaporite sequences (LES) (Fiduk and Rowan, 2012; Jackson and 
Stewart, 2017; Rowan et al., 2019). The most reported intrasalt layers 
are sulphates (gypsum or anhydrite), carbonates, and fine-grained sili-
ciclastics, deposited as alternating layers with the salt in the evaporitic 
basin (Warren, 2010, 2016). In addition to these sedimentary layers, 
igneous intrusions are also common (e.g. Faramarzi et al., 2015; Mar-
tín-Martín et al., 2017; Roca et al., 2021). 
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The interbedding of competent, non-saline layers in LES results in a 
stratified rheology that deforms with the salt flow (Rowan et al., 2019; 
Evans and Jackson, 2021) usually disrupting these layers into fragments, 
named stringers (Strozyk, 2017). Stringers display many different pat-
terns of deformation acquired during the complex flow that spans from 
the in situ LES to the diapir. The regional stress regime, the competence 
contrast between strong and weak layers, the deformation rate, and the 
relative thickness of these competent layers control the deformation 
style of the stringers and affect the salt flow (Jackson and Hudec, 
2017b). Therefore, studying the array of stringers is a direct method to 
explore the internal deformation of diapirs as a consequence of salt flow 
dynamics. In this regard, the stringers: 1) produce acoustic horizons that 
can be seismically traced along the interior of salt structures (except 
where they are vertically oriented) (Van Gent et al., 2011; Cartwright 
et al., 2012; Strozyk et al., 2012; Strozyk, 2017; Fiduk and Rowan, 2012; 
Jackson et al., 2014), 2) are usually exposed in mine excavations (Bur-
liga, 1996; Burliga et al., 2005; Schléder et al., 2008; Jackson et al., 

2015; Rowan et al., 2020), 3) can be mapped on exposed salt structures 
(Talbot and Aftabi, 2004; Al-Siyabi, 2005; Reuning et al., 2009; 
Schoenherr et al., 2010; Rowan and Fiduk, 2015; Hudson et al., 2017; 
Kernen et al., 2019; Závada et al., 2021; Cofrade et al., 2023a,b), and 4) 
their polarity with respect to the original orientation of the sedimentary 
bedding can be sometimes identified (Burliga, 1996). 

Furthermore, as the mobilized LES approaches the surface, halite and 
other highly soluble evaporites are dissolved by undersaturated fluids. 
The residue formed after their dissolution and the subsequent accumu-
lation of non-dissolved materials is usually named salt caprock (Posey 
and Kyle, 1988; Jackson and Lewis, 2012; Kernen et al., 2019). This 
caprock grows thicker by integrating these non-dissolved impurities, 
forming a soft, mainly sulphate residue, termed caprock matrix (Hudson 
et al., 2017; Závada et al., 2021). If present, decameter-thick, laterally 
extensive and significantly more resistant stringers (i.e., anhydrite, 
carbonate, and/or sandstone stringers) can be incorporated within the 
caprock matrix as it grows over time. 

Fig. 1. (A) Sketches representing a layered salt sequence with two salt intervals separated by a competent layer (modified from Jackson and Hudec, 2017b). (A.1) 
Undeformed stage. (A.2) Layer-parallel, divergent salt flow causes the stretching and rupture of the intrasalt layer. (A.3) Layer parallel, convergent salt flow causes 
compression and the formation of asymmetrical folds. (A.4) Oblique salt flow relative to the intrasalt layer. (B) Sketch representing a 2D section of a typical salt 
structure focused on the deformation style of the intrasalt layers. (C.1) Internal deformation within a 3D cylindrical diapir or salt stock (after Talbot and Jackson, 
1987). (C.2) Internal deformation along a salt wall. (D.1) Section of the salt flow in an extrusive salt sheet/salt glacier representing an irregular bedrock. Green 
arrows represent flow velocity (after Talbot and Pohjola, 2009). (D.2) Same section as in D.1 representing the deformation of salt layers compared with the salt flow. 
(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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If the caprock is not affected by intense and pervasive deformation 
(as in diapiric breccias, e.g. Leach et al., 2016) and/or diagenetic 
transformations that mask the diapir internal structure, the array of 
more competent stringers potentially retain the structural configuration 
given by the salt flow (Talbot and Jackson, 1987; Jackson et al., 2015). 
Therefore, these stringers preserved within the caprock matrix may 
function as strain markers, and thus, serve as a proxy to constrain the 
diapir evolution. 

The deformation attributed to a flowing LES has classically been 
explored using numerical (Koyi, 2001; Chemia et al., 2008; Chemia and 
Koyi, 2008; Li, 2012; Li et al., 2012; Fuchs et al., 2015), conceptual (e.g. 
Rowan et al., 2019), and analogue models, owing to the scarcity and 
limitations of seismic images and outcrops. Between them, analogue 
models represent an empirical approach to reproduce a wide range of 
salt architectures and can provide guidelines for a better understanding 
of major field observations (e.g. Escher and Kuenen, 1929; Cartwright 
et al., 2012; Warsitzka et al., 2015; Pichel et al., 2019). 

The deformation of LES (Fig. 1A.1) starts from a pre-diapiric stage as 
salt is perturbed by differential loading or tectonics strains (Hudec and 
Jackson, 2007; Rowan et al., 2019). In a generalized scheme, below 
sinking depocenters, salt deflation causes layer-parallel stretching, 
resulting in the fragmentation of the more competent intrasalt layers, 
which form the stringers (Fig. 1A.2) (Van Gent et al., 2011; Rowan and 
Fiduk, 2015; Strozyk, 2017). Alternatively, within the core of 
salt-detached anticlines/salt pillows, convergent salt flow results in 
buckle folding and thrusting of the LES (Fig. 1A.3) (Van Gent et al., 
2011; Jackson et al., 2014, 2015; Pla et al., 2019; Rowan et al., 2019). 
When salt flow is oblique to the layering, a superimposed, asymmetric 
folding is generated (Fig. 1A.4). 

During and following diapir initiation, stringers can be transported 
by the salt flow into the diapir (Fig. 1B) (Jackson and Hudec, 2017b). 
The entrainment potential for the stringers within a diapir reflects the 
balance between the flow velocity of the host salt in the diapir, and the 
size and density of the stringers (Li et al., 2012; Fuchs et al., 2015). In 
turn, primary parameters asserting control on the flow of salt are: 1) 
differential loading, and 2) external tectonic forces. Additionally, the 
bulk properties of the LES are affected by its stratigraphical architecture 
(Chemia and Koyi, 2008; Li, 2012; Peel et al., 2020). 

In the diapiric stage, flow dynamics, and therefore, the deformation 
style of the stringers, is strongly impacted by the geometry of the 
structure (axial symmetric vs. wall-shaped diapirs) (Fig. 1C.1-C.2) 
(Talbot and Jackson, 1987; Chemia et al., 2008; Sarkarinejad et al., 
2018). When diapirs take on a cylindrical shape they induce a flow that 
converges radially at the base producing constriction associated with 
curtain-style folding of the embedded stringers (Fig. 1C.1) (Sarkarinejad 
et al., 2018). However, the general pattern observed in salt walls is 
simpler than in the cylindrical diapirs, therefore, the internal strain and 
distortion of the stringers can be described in 2D symmetry (Jackson 
et al., 2014, 2015) (Fig. 1C.2). At the vent of the diapir, horizontally 
spreading flow over the surface induce the refolding of the stringers 
from near-vertically oriented stringers into recumbent folds with 
near-horizontal axial planes (Fig. 1B) (Jackson and Hudec, 2017b). 

If the salt supply rate in a surfacing diapir surpasses the sedimenta-
tion rate, salt emanates from a feeder diapir, creating an extrusive 
allochthonous structure named salt sheet or salt glacier (Fig. 1B) (Talbot 
and Pohjola, 2009; Jackson and Hudec, 2017b). The pressure caused by 
the rising salt sustains a dynamical bulge over the diapir vent that col-
lapses toward adjacent low areas (Dooley et al., 2015). The rate of 
advance and the area covered by the allochthonous sheet depend on the 
local sedimentation rate, the dissolution rate of the salt, and the 
topography of the adjacent area (McGuiness et al., 1993; Hudec and 
Jackson, 2006; Peel et al., 2020). Within the spreading of an extrusive 
salt sheet, the frictional drag along the salt-bedrock interface creates the 
classical Couette flow profile with faster displacement velocities at the 
top surface of the extrusion (Talbot and Pohjola, 2009; Pichel et al., 
2019). In addition, irregularities of the salt-bedrock interface locally 

affect the velocity profile across the extruding salt sheet and thus, create 
oscillations in the flow velocity (Talbot, 1979; Talbot and Jackson, 
1987). Upstream from a bedrock ridge, the streamlines diverge, so salt 
decelerates and thickens (Fig. 1D.1), inducing the horizontal shortening 
of the cover (Fig. 1D.2). Contrary, downstream the streamlines converge 
(Fig. 1D.1) and salt accelerates inducing downslope oriented stretching 
(Fig. 1D.2) (Dooley et al., 2017). 

Stringers can also be extruded from a feeder and carried with an 
advancing allochthonous sheet. Moreover, a caprock may form during 
the advance of subaerial extrusions as halite and highly soluble evapo-
rites are progressively dissolved. The effect of the stringers on the flow 
kinematics, the deformation style, and the strain distribution within an 
advancing salt sheet are not understood and have not been reliably 
addressed yet in any modelling or field study. Similarly, neither the 
entrainment potential and transport of stringers in extrusive salt sheets 
nor the deformation of the caprock associated with these salt structures 
during the allochthonous advance are well understood. 

In this framework, we aim to focus on the style of stringer defor-
mation in a viscous salt sheet through field-based-structural mapping of 
a uniquely exposed stringer array in the Les Avellanes Diapir (South- 
Central Pyrenees) together with a complementary scaled analogue 
modelling study. In this diapir, the lack of localised deformation inside 
the carbonate stringers and the surrounding caprock matrix suggests 
that the arrangement of these stringers was produced by salt flow during 
the salt sheet emplacement and then was preserved within the caprock. 
Moreover, the characterization of these stringers allows us to build a 
careful reconstruction of the stringer’s polarity from original sedimen-
tary bedding markers or from the superposed stratigraphical subunits 
that form these stringers. In this sense, to decipher the structural 
configuration of the stringers during the salt sheet advance relative to 
the dynamic characteristics of the viscous flow as well as the associated 
deformation in the caprock, an analogue modelling was performed. 
Accordingly, the comparison between the Les Avellanes Diapir natural 
prototype and the experimental setup allows for a better interpretation 
of the internal structure and kinematics of, not only the allochthonous 
salt body of this specific diapir, but for the stringer-bearing viscous salt 
sheets in general. 

2. Geological setting 

The Les Avellanes Diapir outcrops in the frontal part of the South- 
Central Pyrenean Fold-and-Thrust Belt (SCPB). The Pyrenees is an 
Alpine orogen created by the subduction and subsequent collision of the 
Iberian plate with the European plate, from Late Cretaceous to Miocene 
times (Muñoz, 1992; and 2002; Vergés et al., 2002; Pedreira et al., 2003; 
Chevrot et al., 2015). The Pyrenean orogen consists of a hinterland 
backbone, called the Axial Zone, flanked by two opposite-verging fol-
d-and-thrust belts (Fig. 2A) (Muñoz, 1992; Vergés et al., 2002). The 
SCPB is an orogenic wedge decoupled over the Middle to Upper Triassic 
LES and emplaced over the autochthonous sedimentary sequence of the 
Ebro Foreland Basin (Fig. 2B) (Séguret, 1972; Vergés and Muñoz, 1990; 
Beaumont et al., 2000). The SCPB is formed by three main thrust sheets 
developing in sequence as the orogenic contraction propagated south-
wards from the Axial Zone (Muñoz, 1992, 2002). These are, in order of 
emplacement, the Bóixols/Cotiella Thrust Sheet (Late Cretaceous), the 
Montsec/Peña Montañesa Thrust Sheet (Paleocene-early Eocene), and 
the Serres Marginals Thrust Sheet (Eocene-Oligocene) (Fig. 2C) (Beau-
mont et al., 2000; Garcés et al., 2020; Cruset et al., 2020; Muñoz-López 
et al., 2022). 

The distribution and mobilization of the Triassic salt play a core role 
in the mountain-building processes along the South-Central Pyrenean 
belt (Beaumont et al., 2000; Camara and Flinch, 2017; Muñoz et al., 
2018). The Middle to Upper Triassic salt acts as a major décollement and 
controls the thin-skinned deformation style of the overlying cover. The 
Triassic crops out in the core of the anticlines and the base of exposed 
thrusts, and forms diapirs mainly located at the edges of the major thrust 
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sheets (García-Senz, 2002; Muñoz et al., 2018; Casini et al., 2023) 
(Fig. 2B–C). Diapirism has been previously studied in the northern areas 
of the SCPB, (e.g. Cotiella basin, Lopez-Mir et al., 2015, 2016; 
Sopeira-Sant Gervàs basins, Saura et al., 2016; Organyà basin, García--
Senz, 2002; Casini et al., 2023) where diapirism started during the Early 

Cretaceous rifting stage with later growth during the middle to Late 
Cretaceous post-rift phase. However, it has been proposed that this 
diapirism could have started earlier in pre-orogenic times during a 
Jurassic rifting phase (Burrel and Teixell, 2021; Hudec et al., 2021). 

Along the southern Serres Marginals Thrust Sheet, where the Les 

Fig. 2. (A) Simplified map of the Pyrenees and geographic landmarks (Modified from González-Esvertit et al., 2022, 2023). (B) Geological map of the South-Central 
Pyrenean Fold-and-Thrust Belt (after Cofrade et al., 2023a, modified from Muñoz et al., 2018) highlighting the location of the main diapirs of the Serres Marginals 
Thrust Sheet. 1) Alòs de Balaguer, 2) Les Avellanes Diapir, 3) Estopinyà, 4) Calasanz, 5) Justeu, 6) La Puebla de Castro, 7) Estada, 8) Naval diapir, and 9) Clamosa. (C) 
Cross-section of the South-Central Pyrenean Fold-and-Thrust Belt (after Muñoz et al., 2018). See location in (B). 

G. Cofrade et al.                                                                                                                                                                                                                                



Journal of Structural Geology 176 (2023) 104963

5

Avellanes Diapir is located, there are several other diapirs mostly asso-
ciated with syn-orogenic deformation (Fig. 2) (e.g. Naval diapir, San-
tolaria et al., 2014). The evacuation of salt parallel to the shortening 
direction probably favoured the formation of diapirs and salt extrusions 
in the external part of the SCPB as syn-orogenic deformation and sedi-
mentary loading expulsed the salt forelandward (Cofrade et al., 2022). 
Diapirism along these external areas of the SCPB was probably triggered 
by radial extension along the curved thrusts (Muñoz et al., 2013), and 
the erosion and/or crestal stretching of contractional anticlines (Teixell 
and Barnolas, 1995; Muñoz et al., 2013; Santolaria et al., 2014). 

The Les Avellanes Diapir comprises at the surface a mixture of gypsum 
and mudrocks that enclose decameter to kilometer-sized fragments of 
tabular upper Muschelkalk carbonates (M3), dolerites, and more locally, 
red mudrocks with gypsum interbeds (Salvany and Bastida, 2004; Calvet 
et al., 2004; Cofrade et al., 2023a,b). Dolerite intrusions in the form of 
dykes and sills were emplaced after LES deposition during the Middle to 
Late Triassic (Fig. 3) (Calvet et al., 2004; López-Gómez et al., 2019; 
Ayala et al., 2021). Although salt (halite) is not found at the surface, 
gravimetric studies (Santolaria et al., 2016, 2021) and salty springs 
(Vilanova de la Sal springs, at the Les Avellanes Diapir) reveal the exis-
tence of subsurface accumulations of salt beneath the diapir exposure. In 
addition, wells penetrating the Triassic sequence in the Ebro Foreland 
Basin encountered two main salt successions located in the Middle 
Triassic (middle Muschelkalk facies, M2) and in the Upper Triassic 

(middle Keuper facies, K1–K2) respectively. Both successions also 
include intervals of mudrocks and interbeds of anhydrite. The two main 
salt successions are separated by a decameter-thick carbonate interval 
from the upper Muschelkalk facies (M3, Middle-Upper Triassic) (Fig. 3) 
(Lanaja, 1987; Klimowitz and Torrescusa, 1990; Ortí et al., 1996; 
Camara and Flinch, 2017). Accordingly, the surface exposure of the Les 
Avellanes Diapir is interpreted as a caprock residue accumulated by the 
dissolution of both, the middle Muschelkalk and the lower Keuper salt. 
This caprock contains a matrix formed of strongly dismembered beds of 
mudrocks and former anhydrite (transformed into gypsum at the sur-
face) that encloses the decameter-thick and laterally extensive stringers 
from the M3 interval, as well as bodies of dolerites and stratified 
mudrocks (Cofrade et al., 2023a). The M3 carbonate stringers are the 
main focus of this work. 

Flanking the Les Avellanes Diapir, the overburden stratigraphy is 
divided between the pre-orogenic, and the syn-orogenic sequences 
(Fig. 3). The pre-orogenic sequence spans from the uppermost Triassic to 
the Jurassic. The Upper Triassic strata, forming the roof of the salt, 
comprise marlstones and dolostones overlain by limestones. Overlaying 
the Upper Triassic, the Jurassic succession evolves vertically from 
breccias and evaporites to marine limestones and marlstones (Fig. 3) 
(Pocoví, 1978; Ullastre and Masriera, 2004). The syn-orogenic sequence 
ranges from the Upper Cretaceous to the Oligocene. The Upper Creta-
ceous is mainly formed of calcareous sandstones (Calcària de les Serres 

Fig. 3. Simplified stratigraphical sketch of the Les Avellanes Diapir and adjacent areas (modified from Cofrade et al., 2023b).  
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Fm.) with basal quartz-rich conglomerates, named the Adraén Fm. 
Above, the uppermost Cretaceous gradually passes into a Paleocene 
alternation of lacustrine limestones and sandstones (Tremp Group). The 
overlying lower Eocene is again marine (Alveolina Limestone facies) and 
consists of limestones displaying syn-orogenic growth-strata geometries. 
Its top is an unconformity covered by upper Eocene-Oligocene conti-
nental deposits that are also discordant over older units. The base of the 
upper Eocene-Oligocene is mainly formed by evaporites and conglom-
erates deposited in partially isolated orogenic sub-basins (Teixell and 
Muñoz, 2000). The top of the Oligocene is represented by an alluvial 
conglomeratic succession (reaching a minimum thickness of 700 m in 
the study area), which recorded the uplift and erosion of the Axial Zone. 
These Oligocene conglomerates postdate the tectonic structures in the 
study area (Fillon et al., 2013) as well as the Les Avellanes Diapir (Fig. 3). 
Separating the pre-orogenic and the syn-orogenic sequences, there is a 
regional unconformity whose stratigraphical gap decreases northward 
where the overburden units become thicker and more complete (Fig. 3). 
This unconformity formed at the onset of contractional deformation 
(Santonian-Late Cretaceous) and was associated to the lithospheric 
flexure of the Iberian plate beneath the growing Pyrenean orogen. This 
flexure resulted in the uplift of the pre-orogenic rocks at the forebulge 
areas (present position of the Serres Marginals) and the subsequent 
incision of the syn-orogenic units on the external tip of the former South 
Pyrenean Foreland Basin (Muñoz et al., 2018). 

The interpretation of the overburden stratigraphy, as well as the 
adjacent tectonic structures and tectonosedimentary relationships, shed 
light on the Les Avellanes Diapir geometry and evolution. The Les Avel-
lanes Diapir is located in the intersection of two structural domains in 
which the tectonic structures affecting the meso-Cenozoic salt-detached 
cover have different trends: 1) an eastern domain where ENE folds and 
thrusts prevail and 2) a western domain where folds and thrusts have a 
main NW trend (Fig. 4A). The outcropping body of the Les Avellanes 
Diapir fossilizes both different trending structures except at its northern 
edge, where two sets of south-dipping extensional faults (ENE-WSW and 
NW-SE) constitute the northern diapir contact and extend outward from 
the diapir exposure (Cofrade et al., 2023b). The hangingwalls associated 
with both sets of extensional faults are filled by upper Eocene-Oligocene 
conglomerates, which also postdate these faults at the NE area. 
Accordingly, they are interpreted as syn-orogenic faults. Additionally, 
the uppermost part of the conglomerate succession onlaps the diapir 
body in the NE and NW boundaries. 

In the southern boundary, the diapir body covers an upper Eocene- 
Oligocene succession that comprises evaporites and conglomerates. At 
the SW boundary, these successions were interpreted as a record of the 
advance of an extrusive salt sheet/salt glacier (Cofrade et al., 2023a). As 
the diapir body covers similar facies along the southern diapir boundary, 
this contact was interpreted and mapped as the base of this salt sheet. 
Therefore, a feeder diapir was probably located along the northern area 
(Cofrade et al., 2023b). 

Taking into account these observations, the diapir evolution is 
interpreted as follows. The mobilization of the Triassic LES in the study 
area was probably associated with the onset of syn-orogenic deforma-
tion in the Serres Marginals, which occurred during the lower Eocene 
(Muñoz, 2017). During the middle to late Eocene forelandward 
migrating salt was accumulated in the anticline cores, expulsed from the 
tectonic development of SCPB. During the late Eocene, the erosion of a 
salt-cored anticline crest located along the northern diapir boundary 
triggered diapirism (Cofrade et al., 2023a). The squeezing of the diapir 
and the subsequent increase in the salt supply rate caused by the 
ongoing Pyrenean contraction provoked the allochthonous advance 
(Fig. 4, B.1). This increasing salt supply rate also caused the subsequent 
migration of the salt toward the diapir body creating the aforementioned 
sets of extensional faults (Cofrade et al., 2022). Therefore, the salt 
advanced southward in subaerial conditions as an extrusive salt sheet, 
covering the adjacent low areas (Fig. 4, B.2). Finally, the salt extrusion is 
postdated by Oligocene conglomerates that onlap the diapir along its 

NW and NE areas (Fig. 4, B.3), pointing toward the welding of the diapir 
stem during the Oligocene. Thus, the Les Avellanes Diapir geometry is 
interpreted as a diapir stem that feeds a southward advancing salt sheet 
or salt glacier (Cofrade et al., 2023b). 

3. The les Avellanes diapir exposure 

The Les Avellanes Diapir exposure includes competent bodies, such as 
the M3 stringers, and soft caprock matrix of two main facies. 

3.1. Competent bodies 

Up to 50 competent bodies are exposed along the surface of the Les 
Avellanes Diapir. These bodies include M3 stringers, stratified mudrock 
intervals, and dolerite intrusions. 

M3 stringers are decameter to kilometer long, up to 40 m-thick, 
tabular bodies of limestones or dolostones embedded within the evap-
oritic caprock matrix (Fig. 3). Stratigraphically, they are usually formed 
by a lower and an upper interval. The lower interval is formed by 
laminated mudstones intercalated with millimeter to centimeter-thick 
layers of marlstones, with a characteristic slate-like fissility (Fig. 5A). 
Parallel lamination, bioturbated textures, and desiccation cracks are 
typically observed in this interval (Fig. 5B). The upper interval is formed 
by well-bedded mudstones and sometimes dolostones. Packstones and 
wackstones of peloids, arranged in 0.5–1.5 m-thick tabular packages 
(Fig. 5C) are also found in certain levels. Beds show mainly planar 
lamination, although low-scale, trough cross-bedding, is sometimes 
observed (Fig. 5D). Both lower and upper intervals have been inter-
preted as inter-to supra-tidal carbonate ramps laterally associated with 
evaporitic environments (Salvany and Bastida, 2004). 

Mudrock intervals preserving stratified facies are also present, 
sometimes attached to the M3 stringer’s boundaries. These mudrocks 
often show parallel lamination and can contain intercalated with beds of 
carbonates (Fig. 5E). Similar mudrock intervals are found in both the 
Muschelkalk and Keuper intervals, so the precise age within the Triassic 
LES cannot be determined with confidence. 

Dolerites form massive, decameter-sized bodies with rounded mor-
phologies (Fig. 5F) that are embedded within the evaporitic caprock 
matrix. Dolerites are mainly constituted by augite and plagioclase, with 
doleritic textures that sometimes become more ophitic towards their 
boundaries. Dolerite bodies are commonly found within most of the 
Pyrenean Triassic diapirs, where they sometimes preserve a contact 
aureole surrounding the host rock. They are interpreted as a network of 
sills and dykes intruding early after the deposition of the LES during the 
Middle-Upper Triassic (Lago-San José et al., 1999). 

3.2. The Les Avellanes Diapir caprock matrix 

Caprock matrix forms the cohesive, generally soft material of the Les 
Avellanes Diapir in which the M3 stringers are enclosed. The caprock is 
mainly made of gypsum mixed with disaggregated intrasalt beds of 
mudrocks and carbonates, forming centimeter to milimiter-sized frag-
ments embedded within the gypsum. The proportion of mudrocks and 
carbonates within the caprock matrix gradually changes from North to 
South. For simplicity, we define two distinct facies 1) “pure gypsum 
caprock” and 2) “dirty gypsum caprock”. 

The pure gypsum caprock has centimeter-thick, coloured bands of 
gypsum with elongated gypsum nodules mainly oriented according to 
the bands and sometimes is associated with intercalated millimeter- 
thick micrite layers (Fig. 6A–B). These facies are found only in the 
northern part of the diapir exposure. In contrast, the dirty gypsum 
caprock shows centimeter to meter-scale clasts of mainly mudrocks and 
carbonates, embedded within the gypsum. The presence of these clasts 
gives a characteristic reddish coloration to these facies (Fig. 6C). At the 
microscale, the dirty gypsum caprock is characterised by the existence of 
micrite replacing the gypsum crystals. This process is incomplete and 
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Fig. 4. (A) Structural map of the Les Avellanes Diapir and adjacent areas. The black line represents the approximate trace of the conceptual cross-sections represented 
in B. (B) Not-to-scale conceptual model showing the emplacement of the salt sheet as inferred by the sedimentological, stratigraphical and structural study of the 
facies along the adjacent sub-basins (Modified from Cofrade et al., 2023a). (B.1) Pre-extrusion stage. (B.2) Syn-extrusion stage. (B.3) Post-extrusion stage. 
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micrite is preferentially accumulated along the margins and exfoliation 
planes of the crystals (Fig. 6D). Dirty gypsum caprock crops out, in the 
central and southern regions of the Les Avellanes Diapir. In addition, in 
the southern boundary of the diapir and bounded to the base of the 
allochthonous contact, there is a megabreccia made of meter-sized, 
banded gypsum and M3 blocks floating in a fine-grained, sulphate-rich 
matrix (Fig. 6E). Moreover, also in the diapir southern boundary, the 
dirty gypsum caprock, frequently contains carbonate breccias, which 
usually appear in elongated blocks. Some of these blocks can have a 
tabular geometry, although such bodies have limited lateral continuity. 
They are characterised by moldic porosity created by the dissolution of 
clasts (Fig. 6F). 

3.3. Les Avellanes Diapir internal structure 

Deformation of the Les Avellanes Diapir exposure shows different 
styles in the caprock matrix and the more competent M3 carbonate 
stringers, that change along the diapir exposure. In this section, the 
deformation and structural configuration of M3 stringers is presented 
and compared with the deformation observed in the caprock matrix. 
However, the deformation of dolerite bodies is not analysed since these 
bodies do not show internal markers that can be used to decipher their 
internal structure. 

3.3.1. M3 stringers structure and deformation 
Internal deformation of the carbonate M3 stringers is controlled by 

the Muschelkalk stratigraphy that accommodates deformation at 
different scales. In the lower interval of the M3 stringers, which is 
formed by alternating thin-bedded laminated limestones with thinner 
marlstone intercalations, deformation mainly consists of pervasive 
centimeter-spaced joints in the limestone layers and apparently non- 

systematic fractures. Locally, decimeter to meter-sized, tight folds with 
a frequent kink geometry are present. In the upper interval, charac-
terised by thick-bedded limestones, deformation is defined by more 
spaced joints and sometimes decameter-sized folds. The interlimb angle 
of such folds is usually larger than in the laminated limestones of the 
lower interval. Thrust faults with a centimetric to metric displacement 
are sometimes observed. These faults are usually detached at the 
boundary between the lower and the upper interval of the M3 succession 
that sometimes acts as a major décollement, dividing the M3 stringers. 
Usually, these individualized stringers only preserve the upper interval 
of the M3 carbonate succession. Additionally, M3 stringers often appear 
brecciated along their boundaries and the grade of deformation is 
gradually reduced inward. By analysing the structural configuration and 
the geometry of the M3 stringers, and considering both lower and upper 
intervals, the internal structure of the Les Avellanes Diapir emerges 
(Fig. 7). 

The M3 stringers are unevenly distributed along the diapir exposure. 
Along the diapir northern boundary, only few stringers are exposed and 
they are separated by hectometer-long distances. Additionally, M3 
stringers and dolerite bodies are mostly absent south of the inward- 
oriented promontory, where the ENE-WSW and NW-SE bounding 
faults join. However, in the central and southern areas, stringers are 
much less separated or appear in direct contact, even showing stack-like 
accumulations. As shown in Fig. 7, in the central areas of the diapir 
exposure, elongated M3 stringers show NW-SE or ENE-WSW trends, 
whereas the M3 stringers located in the southern part of the diapir 
exposure tend to be parallel to the diapir southern boundary. The M3 
stringers have a planar geometry with both normal and reverse polar-
ities, sometimes presenting fold geometries. These folds show interfer-
ence folding patterns and they include upright anticlines, synclines, and 
anticline synforms as well as gently inclined, southward verging, tight 

Fig. 5. (A) Muschelkalk carbonate stringers, M3, lower interval. Fine laminated rhythmic intercalation between limestones and mudrocks. (B) Muschelkalk car-
bonate stringers, M3, lower interval. Desiccation cracks, basal view. These sedimentological features indicate the stratigraphical polarity. (C) Muschelkalk carbonate 
stringers, M3, upper interval. Tabular beds of limestones. (D) Detail of the top of one of the beds shown in C with their characteristic planar lamination and small- 
scale cross-bedding. (E) Mudrocks with laminated carbonates intercalated. (F) Dolerites, close-up view. Chaotically oriented fractures are filled with white sul-
phate cement. 
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folds. These southward-verging folds predominate along the southern 
boundary of the diapir (Fig. 7). 

The structural architecture of the M3 stringers has been studied in a 
NE-SW oriented cross-section that traverses the western part of the 
diapir exposure (Fig. 8). This cross-section reveals the existence of 
several structural domains that complement the map view and are 
linked to the diapir main structure. From North to South, the domains 
are as follows:  

1) Northern domain with vertical stringers. The relatively few M3 
stringers outcropping in this domain appear at the NW and NE 
boundaries (Fig. 7), where they form a set of near-vertical stringers 
oriented matching the trace of the extensional faults that form the 
northern diapir contact (see stereoplot 9 in Fig. 7). These stringers 
are separated by a pure gypsum caprock matrix.  

2) Central domain with subhorizontal or subvertical sets of stacked 
stringers. a) The subhorizontal stacked stringers predominate near 
the northern domain (Fig. 7, stereoplots, 7–8). They show large 
plates of subhorizontal beds with a normal polarity that forms stack- 
like accumulations. Very locally, these stringers are affected by tight, 
predominantly south-verging folds (Fig. 8). b) The steeply dipping 
stringers are mainly present in the central and southern areas of this 
domain (Fig. 7, stereoplot 4). Unlike the subhorizontal ones, they 
show a reverse polarity and locally, these stringers are folded by 
tight, usually faulted steeply inclined folds (Fig. 8). The sub-
horizontal and the steeply dipping stringers form juxtaposed sets and 
are separated by the dirty gypsum caprock.  

3) Southern domain with imbricated stringers. Towards the southern 
diapir boundary, overlapping the late Eocene-early Oligocene syn- 
kinematic sediments (Fig. 7), the M3 stringers are arranged in an 
imbricate thrust system (Fig. 9), verging toward the diapir edge 

(Fig. 7, stereoplots 1–3). These structures extend from the central 
domain to the southern boundary of the diapir (Fig. 8). The M3 
stringers in this domain are again separated by the dirty gypsum 
caprock. 

3.3.2. Les Avellanes Diapir caprock matrix deformation 
The pure gypsum and the dirty gypsum caprocks within the Les 

Avellanes Diapir exposure contain bands (Fig. 6A), as well as elongated 
gypsum nodules that define planar fabrics (Fig. 6B) somewhere 
deformed into folds or by fractures (Fig. 6C). Folds appear in sets of 
asymmetric, disharmonic arrays, ranging from centimeter to meter in 
size (Fig. 6A), resembling flow structures. Fractures are filled with 
fibrous gypsum cement, either cross-cutting or parallel to the caprock 
fabrics, and often present apparently chaotic orientations. However, 
unlike the stringers, the deformation in the caprock matrix is only 
locally developed, and the structural orientations significantly change at 
the outcrop scale. 

4. Analogue modelling 

An experimental program was designed according to the parameters 
of our field prototype, the Les Avellanes Diapir, to simulate the transport 
and expulsion of stringers from a vertical diapir stem into a spreading 
allochthonous salt sheet. The aim is to test the configuration of stringers 
as being a result of dynamically evolving salt flow inside an extrusive 
salt sheet. 

4.1. Analogue materials and scaling 

The experiments are scaled with respect to different analogue ma-
terials according to their physical and mechanical properties. All are 

Fig. 6. (A) Pure gypsum caprock. Note the existence of folded white gypsum nodules. (B) Pure gypsum caprock. Banded facies with elongated gypsum nodules. (C) 
Dirty gypsum caprock. The presence of red mudrocks embedded within the gypsum coloured these facies. Folded planes (white lines) correspond to laminated 
gypsum and carbonates fragments. (D) Microphotograph of the laminae visible in C, crossed-polarised light. Gypsum crystals are partially replaced by micrite 
following the exfoliation planes of the crystals. (E) Megabreccia made of laminated gypsum blocks embedded within a fine matrix. (F) Dolostones breccias with 
centimeter-size moldic porosity. (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. 7. Geological map of the Les Avellanes Diapir (1:5000 scale) showing the distribution and facies of M3 stringers within the diapir exposure. Bedding of the M3 
stringers was measured systematically within the diapir and is shown in equal-area, lower hemisphere stereographic projections where each number represents a 
locality where data was collected. A-A′ refers to the section trace of Fig. 8. 

G. Cofrade et al.                                                                                                                                                                                                                                



Journal of Structural Geology 176 (2023) 104963

11

common analogues used in the physical modelling of salt tectonic 
structures (e.g. Bahroudi and Koyi, 2003; Dooley et al., 2005; Warsitzka 
et al., 2015, 2021a). The materials utilised for this experiment include: 
1) silicone (polydimethylsiloxane, PDMS), used in S1 and S2 layers to 
simulate the viscous behaviour of salt, 2) granular, moderately 
well-rounded, coloured and uncoloured, dry quartz sand, to represent 
the overburden layers and the syn-shortening layers, 3) a granular 
mixture of sand and fillite, used for the intrasalt layer in order to reach 
the desired density of 1140 kg/m3 (Warsitzka et al., 2021b), and 4) glass 
beads, used to simulate the caprock matrix formed on top of the salt 
sheet by the continuous dissolution of the chlorides (Rosenau et al., 
2022). The geometrical and mechanical material properties are sum-
marised in Table 1. 

To approach the dynamical similarity of the model to the Les Avel-
lanes Diapir natural prototype, we followed a standard technique of 
scaling by comparing dimensionless ratios of velocities, geometry, and 
rheology between the model and nature prototype. Both prototype and 
model should also properly satisfy the Cauchy momentum equation 
governed by appropriate scaling (non-dimensional parameters) which 
reflects the interplay between the internal and external forces acting on 
the model (Weijermars and Schmeling, 1986). Thus, the model and the 
natural prototype should have the same (most similar) dimensionless 
dynamic parameters (e.g. Ramberg numbers, Stokes numbers, Reynolds 

numbers, etc.). 
For the scaling analysis, we tested the Ramberg numbers given by 

relation for brittle layers (B): 

RB
m(N) =

⍴B⋅g⋅hB

τC  

and by relation for ductile layers (D): 

RD
m(N) =

⍴D⋅g⋅h2
D

η⋅V  

where ρ is the density of a layer with thickness h, g is the gravitational 
acceleration, τC is the cohesion, η is the viscosity and V is the bulk ve-
locity. Thus, considering the ratio of models’ (m) and prototypes’ (N), 
the Ramberg numbers should be ideally close to 1 or in the first order 
around 1. Based on this scaling analysis (Table 1), we can conclude that 
the presented model is in good correspondence to natural prototypes 
with minor deviations for complex viscous segments. The suggested 
ranges of rock rheological properties and bulk behaviour also restore the 
most probable natural scenario of stringer exhumation. 

Fig. 8. Cross-section of the Les Avellanes Diapir. Numbers refer to the locations represented in Fig. 7. The section under the salt sheet has been projected considering 
the tectonic structures outcropping adjacently. The topographic information used to construct the cross-section was provided by the Institut Cartogràfic i Geològic de 
Catalunya (ICGC), HD-DEM, 2 × 2 m (MET-2) v2.0 (2016–2017) (https://icgc.cat), obtained from 2 m × 2 m resolution, filtered LiDAR data. Thicknesses of the 
adjacent units and stringers were obtained and projected combining the cartographical data with the high-resolution, LiDAR-based topography. 
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4.2. Model setup 

The experiment was performed in a rectangular box (50 cm long, 50 

cm wide) with a backstop wall (fixed wall) and an indenter (moving 
wall) attached to a programmable drive unit (Fig. 10A). The experi-
mental stratigraphy was designed to approximate the field prototype 

Fig. 9. DRON-collected aerial view of the South-central part of the Les Avellanes Diapir. An imbricated set of M3 stringers outcrops dipping northwards resembling a 
nappe structure. 

Table 1 
Scaling and mechanical parameters used in the experimental setup. Ranges are considered rather than exact values to reflect the uncertainty which is given by the 
unknown initial state of deformed rocks (e.g. porosity gradient, composition gradient etc.) or the spatial-temporal behaviour of various zones in a bulk. Thin and 
spatially restricted caprock is excluded from the global scaling analysis since it occurs only for a few selected stages of modelling and its geometrical restoration in a 
frame of deformed bulk is not straightforward. The bulk density of glass beads (model caprock) is noted below Table 1. For more specific rheological properties of the 
glass beads we refer to Rosenau et al. (2022).  

General Model Nature Scaling ratio 

Minimum thickness (m) 0.055 ~1100 5.0⋅10− 5 

Maximum thickness (m) 0.071 ~1420 5.0⋅10− 5 

Length (longitudinal, N–S) (m) 0,5 1.0⋅104 5.0⋅10− 5 

Width (lateral, E-W) (m)  0,5 1.0⋅104 5.0⋅10− 5 

Slope (◦)  1.8 1.8 1 
Density (kg/m3) ~1300 1200–2700 1.35⋅100–6.0⋅10− 1 

Bulk velocity (m/s)  8.33⋅10− 7 1.75⋅10− 9 4.76⋅102 

Time (s) 5.4⋅104 1.57⋅1014 3.43⋅10− 10 

Gravitational acceleration (m/s2) 9.81 9.81 1 
Segmented 
Overburden sediments 
Density (kg/m3) 1610 (±30) 1200– (2400)–2700 1.35⋅100–6.0⋅10− 1 

Thickness (m) 2.0⋅10− 2–3.6⋅10− 2 4.06⋅102–7.16⋅102 4.92⋅10− 5–5.02⋅10− 5 

Coefficient of internal friction 6.3⋅10− 1 6.0⋅10− 1 1.05⋅100 

Cohesion strength (Pa) 7.5⋅101 3.0⋅107 2.5⋅10− 6 

Ramberg number 6 0.44 1.3⋅101 

Intrasalt layer 
Density (kg/m3) 1140 2300–2700 5.0⋅10− 1–4.2⋅10− 1 

Thickness (m) 1.00⋅10− 3 4.00⋅102 2.5⋅10− 5 

Coefficient of internal friction 6.5⋅10− 1 6.3⋅10− 1 1.0⋅100 

Cohesion strength (Pa)*4 7.0⋅101 1.0⋅107–5.0⋅107 7.0⋅10− 6–1.4⋅10− 6 

Ramberg number 0.16 0.18–0.90 0.9⋅10− 1–1.7⋅101 

Salt 
Density (kg/m3) 970 2200 4.4⋅10− 1 

Thickness (m) 3.7⋅10− 2 6.6⋅102 5.6⋅10− 5 

Viscosity (Pa.s) 2.2⋅104 1.0⋅1017–5.0⋅1018 2.2⋅10− 13–4.4⋅10− 15 

Average compression rate (m/s) 8.33⋅10− 7 1.75⋅10− 9 4.76⋅102 

Ramberg number 7.1⋅102 1.0⋅100–5.4⋅101 7.1⋅102–1.3⋅101 

* General values are taken from all the experiments (Segmented values correspond to the exp #4). 
** Model materials were measured at the Institute of Geophysics (CAS in Prague) and GFZ (Potsdam). 
*3 Nature values are averaged based on field observations and/or taken from Ge et al. (2019). 
*4 For phi <0.3 (porosity) of carbonates (Ng and Santamarina, 2023). 
*5 1 order difference between Rm and Rn are given by considering thicker multilayer for the prototype (thicker salt). 
*6 Density of glass beads (the caprock) is 1585 ± 2 kg m− 3 (Rosenau et al., 2022). 
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with a focus on generating stringers during the diapir evolution. Since 
the model is naturally limited by the initial geometrical setup (but-
tressing effect), the stratigraphy is simplified and slightly deviates from 
the natural reference shown in Fig. 3. The model stratigraphy consists of 
two parallel silicone layers, 1.65 cm each (eq. to 330 m in nature), one 
tinted red at the bottom (S1) and one transparent on the top (S2) 
(Fig. 10B). These layers represent the two Triassic salt successions in the 
Pyrenees: the upper Muschelkalk (M2) and the lower to middle Keuper 
(K1 and K2) successions, respectively (Fig. 3). The Keuper K1 and K2 s 
are believed to be thicker than the Muschelkalk M2 (Salvany and Bas-
tida, 2004; Calvet et al., 2004; Camara and Flinch, 2017). However, in 
the Pyrenees, the original depositional thickness of these units is un-
known due to the intense deformation. Therefore, equal silicone layers 
were used to maximize the potential for stringers entrainment. 

The two silicone layers were separated by a brittle, 2 mm-thick, sand 
layer that simulates the M3 Muschelkalk layer, and is named the intra-
salt layer (Fig. 10B). In the reference sequence portrayed in Fig. 3, the 
M3 unit ranges from 20 to 80 m thick, so the value used in the model (2 

mm of thickness, eq. to 40 m in nature) favours the expulsion of stringers 
formed by the fragmentation of this layer. The intrasalt layer is divided 
into two differently coloured intervals each 1 milimeter-thick, blue at 
the bottom and green at the top. This subdivision represents the main 
stratigraphical facies of the M3 stringers and allows the identification of 
their polarity (Fig. 3). On top of the S2 layer, a multilayer sequence 
composed of five sand layers, alternating red, blue and uncoloured sand, 
was deposited as the overburden. These layers are placed around a 
rectangular area with no deposited overburden that acts as a vertical 
(wall-shaped) conduit of the silicone. 

In the model, the overburden layers represent the suprasalt, pre- 
orogenic to syn-orogenic sequence, ranging from the Late Triassic to 
the Eocene (Fig. 3). Overburden layers become progressively thicker 
towards the moving wall (3.6 cm, eq. to 720 m) and gradually wedge 
towards the fixed wall (2 cm, eq. to 400 m) with an overall slope of 1.8◦

(Fig. 10B). The thickness change is representative of the southward 
wedging of the overburden in the Les Avellanes Diapir area, changing 
from around 1200 m thick at the north to around 800 m thick at the 

Fig. 10. Analogue model setup. North is oriented to the right. (A) Map view of the model. (B) Downbuilding phase, experimental stratigraphy before the active 
extrusion. (C) Contractional phase, experimental stratigraphy during and after the active extrusion. 

G. Cofrade et al.                                                                                                                                                                                                                                



Journal of Structural Geology 176 (2023) 104963

14

south (Cofrade et al., 2022). However, the overburden thickness in the 
model was reduced to avoid its rapid subsidence. The slope represents 
the orogenic wedge created during the Oligocene, which dips fore-
landward (Garcés et al., 2020). 

On top of the overburden, syn-shortening layers (green coloured 
sand) are sieved during the extrusion of the silicone behind and in front 
of the spreading silicone body (Fig. 10C). This simulates the deposition 
of the late Eocene-early Oligocene units, covered by the allochthonous 
salt sheet. 

4.3. Procedure 

The general procedure can be divided into a downbuilding phase and 
a contractional phase where shortening was applied to the model. 
During the downbuilding phase (Fig. 10B), overburden layers were 
sieved on top of the silicone layer (S2) forcing its flow and ascension 
through the vertical conduit due to loading. When the silicone reached 
the surface, a new layer was sieved, so the silicone remained concealed 
within the conduit. In turn, the overburden adjacent to the diapir 
gradually sank, producing a primary weld surrounding the stem and 
isolating the diapir from the source layer. After the sedimentation of the 
overburden, the silicone was left to spread for 1 h, forming an elevated 
bulge-shaped summit on top of the conduit. To simulate salt dissolution 
near the surface and the subsequent formation of the caprock matrix, 
this topography was manually removed, and instead, glass beads (model 
caprock/carapace) were sieved on top of the extruded silicone. 

Next, the contractional phase was simulated by applying shortening 
(Fig. 10C). This was achieved by a software-controlled, motor-driven 
worm screw attached to the moving wall. Shortening was applied at a 
constant rate of 3 mm/h for 15 h, reaching a total shortening of 45 mm 
(eq. to 900 m). This squeezed the diapir conduit and induced the lon-
gitudinal extrusion of the silicone (Table 1). Glass beads were system-
atically added at 2 h intervals on top of the extruded silicone and over 
the feeder simulating the caprock matrix/carapace growth in nature. 
The dissolution of the chlorides during the longitudinal extrusion was 
not considered. Syn-shortening deposition was also added during this 
phase at the same intervals as the model caprock, covering the over-
burden (Fig. 10C). When the velocity of the extrusion dropped signifi-
cantly, the experiment was stopped. Then, the model was covered by 
post-kinematic sand and soaked with a gelling agent to preserve the 
final topography and to avoid further silicone flow. Finally, the model 
was sliced parallel to the shortening axis in vertical serial sections (1 cm 
thick). 

4.4. Monitoring 

The experiment was captured by two independent camera systems 
for further analysis. At first, a single camera (Canon EOS 1300D, 18Mpx, 
lens Canon EF-S 18–55 mm f3.5–5.6 IS II) was used for quick and direct 
overhead imaging. The same camera was later utilised to produce a 
sequence of images during the sectioning of the model. 

To provide a detailed dynamical analysis of the overhead evolution, 
state-of-the-art strain monitoring methods were applied to derive 
quantitative deformation (strain) data from the model (e.g. Adam et al., 
2005; Warsitzka et al., 2013, 2015, 2021a; Krýza et al., 2019, 2021, 
2022). The model surface was monitored by a stereoscopic system of two 
digital 12-bit monochrome CCD cameras with a resolution of 29 meg-
apixels (LaVision Imager M-lite 12 M) at a time interval of 120 s (0.01 Hz 
frequency). The recorded stereoscopic images were processed with DIC 
techniques performed by DaVis software (2D-/3D Stereo Digital Image 
Correlation, DaVis software), which provided surface topography 
together with the incremental surface 3D displacement field with high 
accuracy (≤0.1 mm) (e.g. Adam et al., 2013; Warsitzka et al., 2013, 
2021a). The model analysis was focused on a volumetric and iso-
volumetric part of the strain rate tensor. Thus, we derived the diver-
gence of the velocity field and the shear strain rate that corresponds to 

extension/compression and horizontal movement along fault zones 
(Krýza et al., 2019, 2021). In our case, the strain analysis was applied in 
the model caprock on the salt sheet, since uncovered silicone is trans-
parent for the analysis. In addition, spatial averaging of these parame-
ters over selected model subdomains helped us to distinguish the 
prevalence of the respective deformation regime in various areas during 
model evolution. Calculations span for 2 h and 1 h intervals and are 
plotted in strain vs. time graphs to observe the variation of the strain 
regime, which is further supported by the structural evolution in the 
model. 

4.5. Model results 

4.5.1. Overhead strain pattern evolution 
During the downbuilding phase, the salt analogue (silicone, from 

now on salt) ascended through the stem filling the diapir conduit at a 
pace equivalent to the sedimentation rate of the overburden layers 
(Fig. 11A and 12 A.1). Therefore, both divergence and shear strain rates 
over the stem remained positive and were increasing over time 
(Fig. 12A.2–A.3, Area 1). 

Initially, the intrasalt layer, visible through the transparent S2, 
formed a symmetrical, vertical isoclinal anticline oriented parallel to the 
stem walls (Fig. 11A). This anticline was carried upwards by the ascent 
of salt, its hinge being subsequently stretched. Steeply inclined, tight to 
isoclinal folds were also present in the anticline limbs. At the end of the 
downbuilding phase, this anticline broke along its hinge splitting into 
two fragments. Steeply inclined folds were also stretched and dismem-
bered within the stem creating stringers, which were also oriented 
parallel to the walls. These stringers were transported into the upper 
section of the stem and transposed to recumbent folds. 

During the contractional phase, shortening squeezed the diapir stem 
and triggered the extrusive advance of an allochthonous salt sheet 
(Figs. 11B and 12B.1-B.2), which was moving initially downslope 
(Fig. 12B.1). Thus, the salt flow accelerated, spreading over the syn- 
shortening strata as the dynamic bulge above the stem collapsed 
asymmetrically downslope. Therefore, the stem acted as the feeder of 
the allochthonous extrusion (Figs. 11B and 12B.1). The slope of the 
overburden wedge (Fig. 10B) focused the salt advance direction south-
ward resulting in an asymmetric salt sheet. After only 2 h of shortening 
(6 mm of squeezing), the salt sheet quickly covered an area approxi-
mately 6 cm wide (Fig. 11B). Accordingly, the divergence and shear 
strain rates attained maximum values during this phase. They were 
higher over the spreading salt sheet (Fig. 12B.2–B.3, Area 2) compared 
with the feeder (Fig. 12B.2–B.3, Area 1). 

Model caprock deformation on top of the salt sheet was recorded in 
the overhead view by the development of extensional faults and minor 
folds. The areas directly on top of the feeder core remained mostly un-
deformed, although surrounding these areas, extensional faults contin-
uously developed oriented in two E-W oriented belts, located North and 
South from the feeder (Figs. 11B and 12B). These faults dismembered 
the model caprock into rafts which glided over the sheet towards the 
sheet front. In addition, the horizontal flow out of the feeder carried the 
stringers into the advancing sheet, also moving towards the salt sheet 
front (Fig. 11B). Bounding the stringers’ traces, extensional and 
compressional bands were also developed, gradually migrating toward 
the salt sheet front along with the stringers. 

Localised divergence and shear strain further confirmed the observed 
deformation in the model caprock and was reflected by the development 
of extensional structures. Therefore, over the feeder, the surrounding 
extensional belts correspond to areas with high values of positive 
divergence and relatively high shear deformation rates. The undeformed 
areas on the feeder registered close to zero strain (Fig. 12B.2–B.3, Area 
1). Local deformation within the salt sheet was mainly observed along E- 
W fringes matching the traces of the stringers. Negative divergence 
values were detected upstream from the traces of stringers, concordantly 
with the orientation of the compressional bands. Divergence maximums 
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were located downstream, where the rafts were stretched. Similarly, the 
higher shear strain values were also concentrated along the boundaries 
of stringers (Fig. 12B.2–C.2, Area 2). 

As the syn-shortening layers were sieved northward from the feeder 
and southward from the salt sheet front, the transported caprock rafts 
and stringers accumulated and gradually disaggregated to form a 
debrite-like deposit at these lateral limits of the flow (Fig. 11B). As the 
salt sheet advanced upsection climbing on the syn-shortening sedi-
mentary layers, these debrites were finally overridden by the advancing 
salt sheet. 

Along the fixed wall, a detached anticline gradually developed by 
salt inflation (Figs. 11B and 12B). This anticline was nucleated during 

the downbuilding phase as salt flowed toward this area due to the 
gradual sinking of the overburden next to the diapir. The resulting salt 
bulge was subsequently amplified during the contractional phase as a 
consequence of the strong buttressing effect exerted by the fixed wall. 
Therefore, the development of this anticline changed the general slope 
orientation, so the salt sheet progressively advanced uphill during the 
contractional phase (Figs. 11C and 12C). 

At the end of the contractional phase, the salt sheet gradually slowed 
down, finally covering an area 13 cm wide (Fig. 11C and 12C.2). 
Therefore, both shear strain and divergence trends approached zero 
during the end of this phase (Fig. 12B.3–C.3, Area 1 and Area 2). Sur-
rounding the feeder, some areas of the model caprock still recorded 

Fig. 11. Overhead pictures showing the evolution of the model and interpreted sketches. The areas where extensional and compressional structures were prefer-
entially developed have been coloured. North is oriented to the right. (A) End of downbuilding phase after the deposition of the overburden sequence. (B) 
Contractional phase after 2 h of shortening (6 mm total shortening, eq. to 600 m in the nature prototype). (C) End of the contractional phase after 15 h of shortening 
(45 mm of total shortening, equivalent to 2600 m in the nature prototype). 
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Fig. 12. Strain maps produced by the stereographic system of strain quantification (LaVision GmbH software). From top to bottom: 1) Topographic relief, 2) 
divergence and 3) shear strain rates, in overhead view. From left to right: (A) End of the downbuilding phase after the sedimentation of the model caprock (eq. to 
Fig. 11A). (B) Contractional phase after 2 h, 6 mm of total shortening (eq. to Fig. 11B). (C) End of the contractional phase after 15 h, and 45 mm of total shortening 
(eq. to Fig. 11C). Velocities (white arrows) in A.2, B.2 and C.2 are represented as scaled vectors (see factors plotted). Calculated strain divergence (2D) and shear 
strain components in Area 1 and 2 are plotted vs. time to complement each map. Area 1 corresponds to the feeder region and Area 2 corresponds to the salt sheet 
region (see red polygons for location). North is oriented to the right. (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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extensional structures (Fig. 11C). However, in the salt sheet front, E-W 
belts of compressional structures developed and gradually propagated 
backward. In this frontal area of the salt sheet, small, millimeter-scale 
folds formed, and rafts were imbricated creating thrusts and back- 
thrust systems. Concordantly, negative divergence was detected in the 
sheet front, matching the area where compressional structures were 
localised. In addition, shear strain rates in the salt sheet area were above 
the values in the feeder area, reflecting the development of these 
compressional structures (Fig. 12B.3–C.3). 

4.5.2. Cross-sectional architecture and stringer configuration 
Cross-sections of the experiment show the 3D structural style at the 

end of the model evolution. The model salt structure was characterised 
by an asymmetrical salt sheet that advanced over the syn-shortening 
sedimentary layers (Fig. 13). We describe the internal architecture of 
the model first in the diapir stem and then in the salt sheet. 

The core of the diapir stem and its base is occupied by the S1, while 
S2 is located near the walls and within the dynamic bulge over the stem 
(Fig. 13C). The salt over the northern flank of the diapir was 

progressively covered after the deposition of the third syn-shortening 
layer forming a north-dipping shoulder (Fig. 13A–B). The syn- 
shortening layers of this shoulder gradually thicken towards the diapir 
(Fig. 13A–C). Locally, this shoulder collapsed into the stem as exten-
sional faults nucleated at cusps of the onlapping strata (Fig. 13B, section 
C2). In addition, primary welds developed below the overburden to the 
North and South from the stem as the salt escaped from the source layer 
toward the stem and into the allochthonous body (Fig. 13C). In conse-
quence, while few stringers remained within the lower part of the diapir 
stem, most of them are found in the upper section, divided into two 
subvertical sets. Consecutive cross-sections of the model revealed that 
both sets of stringers are striking perpendicular to the shortening di-
rection and rotated southward over the stem and over the southern flank 
of the diapir. The stringers located closer to the northern flank reached 
the top section of the feeder, where they form isoclinal and recumbent 
folds. The limbs of these folds are subhorizontally stacked and display 
alternating polarities (Fig. 13C, sections C1, and C3). 

The allochthonous salt has a base dipping to the North, updip over 
cutoffs of the syn-shortening layers. The salt top is mostly subhorizontal 

Fig. 13. (A) Overhead view of the model with interpreted structures at the end of the contractional phase. (B) 3D view of the model at the end of the contractional 
phase with 2D divergence to highlight the areas of stretching and shortening. (C) Interpreted cross-sections of the model at the end of the experiment and sketches of 
the diapir and salt sheet highlighting the structural style and the distribution of the stringers. Red and blue arrows represent stretching and shortening of the model 
caprock, respectively. Stringers in the sketches are coloured red or blue to represent their stratigraphical polarity. The location of the cross-sections is indicated in 
Fig. 13A and B. North is oriented to the right. (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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and slightly dipping towards the salt sheet advance direction (Fig. 13C). 
The salt sheet displays an inverted stratigraphy with the S1 salt unit in 
the core and upper section of the salt sheet, and the S2 salt unit along the 
base (Fig. 13C). Stringers within the salt sheet are divided into two 
subparallel sets according to their position, one set located near the 
basal contact and the other closer to the salt sheet surface. These two sets 
of stringers reveal two different structural styles: 1) highly discontin-
uous stringers with gently inclined folds verging southward and 
recumbent folds close to the top of the salt sheet (Fig. 13C, sections C1, 
C3 and C4); and 2) rarely folded, more continuous overturned stringers 
parallel to the base of the salt sheet (Fig. 13C, sections C2 and C3). At the 
front of the salt sheet, discontinuous fragments of stringers are mostly 
dipping toward the frontal lobe and some of them are imbricated. 

Toward the fixed wall shortening arched the detached anticline 
along this wall. This was coupled with a progressive extensional thin-
ning of its crest, developing collapsed grabens. As shortening increased, 
small roof overthrusts developed at the front limb of the anticline. The 
salt also extruded locally, assisted by these faults. At the core of the 
anticline, the intrasalt layer is mostly continuous or affected by low- 
amplitude asymmetric folding. 

5. Discussion 

The experiment described above explored the extrusion of a stringer- 
bearing salt sequence, shedding light on the compartmentalization of 
the internal flow caused by the encased stringers. These stringers were 
folded and fragmented in consecutive steps during the salt sheet advance 
and finally, a few of them were imbricated when the sheet advance was 
decelerating. The model presented achieved: 1) the formation of 
stringers by the dismembering of the intrasalt layer; 2) the exhumation 
and folding of these stringers within the salt flow; 3) the development of 
a salt sheet; and 4) the deformation, migration, and accumulation of the 
stringers within the allochthonous body. 

In this section, the experiment evolution is interpreted by relating 
the position, and the deformation style of the stringers with the hori-
zontal salt flow. Then, the internal architecture of the Les Avellanes 
Diapir is discussed to evaluate the diapir geometry and to interpret its 
evolution from the configuration of the M3 stringers preserved in the 
evaporitic caprock matrix. 

5.1. The internal structure of a diapir as a consequence of the salt flow 

The structural configuration of the stringers and the model caprock 
deformation observed during the model evolution can be interpreted 
relative to the salt flow. These interpretations are supported by the strain 
maps (Fig. 12), portraying the role of the stringers within the internal 
deformation of an advancing salt sheet. 

5.1.1. Internal structure during the downbuilding phase 
As the intrasalt layer was gradually stretched (Figs. 11A and 12A), 

two sets of E-W oriented stringers formed within the stem. Natural ex-
amples show that verticalized stringers dominate near diapir boundaries 
and tend to line the diapir core where older layers are found (Hudson 
et al., 2017; Alsop et al., 2016), and thus, the model reproduced this 
configuration. The stringers over the diapir vent were refolded into 
isoclinal, recumbent folds (Fig. 13C, sections C1, C2, and C3). This ge-
ometry is explained by the gravitational collapse of the viscous flow, 
where the silicone (salt) started spreading over the vent of the diapir 
(Talbot and Jackson, 1987; Talbot et al., 1999; Jackson and Hudec, 
2017b). As the hinges of the folded stringers were gradually closed by 
vertical shortening and horizontal spreading of the host salt, the fold 
pattern formed horizontal stack-like configurations with alternating 
polarities. 

5.1.2. Internal structure during the contractional phase 
The rapid allochthonous advance at the beginning of the 

contractional phase was mainly sustained by shortening, which caused 
an enhanced salt supply rate since salt was continuously expelled from 
the feeder due to the squeezing of the diapir conduit. In nature, 
allochthonous emplacements occur when the salt supply rate exceeds 
the local sedimentation rate (McGuiness et al., 1993; Koyi, 1998). The 
sum of sedimentary loading and tectonic shortening results in an 
enhanced salt flow toward the surface, which may form allochthonous 
bodies locally, even if they are covered by a strong roof (Dooley et al., 
2015; Duffy et al., 2018; Peel et al., 2020; Cofrade et al., 2023a). 

During the allochthonous salt advance initiation, the diapir structure 
rotated southward, S2 occupied the core of the salt sheet, while S1 was 
near its top and bottom surfaces (Fig. 13C). Accordingly, the vertical 
stringers within the stem rotated as they entered the allochthonous 
body, lining the core of the salt sheet. The uneven deformation between 
the top and the bottom sets of the stringers can be related with the 
Couette flow profile within the salt sheet (Talbot and Pohjola, 2009; 
Pichel et al., 2019). Therefore, faster flow near the surface of the salt 
sheet probably favoured the deformation of the stringers in the upper set 
(Fig. 13C, sections C2, C3, and C4). On the contrary, slower flow near 
the base of the sheet induced a smaller degree of deformation in the 
bottom set of the stringers, which were more continuous and rarely 
reached the frontal portion of the flow (Fig. 13C, sections C2, C3, and 
C4). 

The deformation of the model caprock was controlled by the kine-
matics of the underlaying horizontal flow of the salt. This is reflected by 
the type and distribution of the structures developed during the model 
evolution, and by the location of the strain (Figs. 11 and 12). The model 
caprock overlying the dynamic bulge above the feeder was not intensely 
deformed. This is linked to a small degree of lateral diffluence, where the 
flow transforms from vertical to horizontal (Buisson and Merle, 2002, 
2004). (Fig. 12B.2). Within the salt sheet, the deformation of the model 
caprock was mainly concentrated along the surfacing stringers 
(Fig. 12B.2–B.3). Strain variation registered over the salt sheet was 
controlled by the compartmentalization of the flow induced by the fol-
ded stringers. The stringers transported inside the salt sheet behaved as 
transient obstacles forming levee-style embankments that locally con-
cealed the horizontal flow, thus changing the flow velocity profile. Thus, 
the deceleration of the flow immediately upstream from the stringers 
produced the compression linked with the thrusting and folding of the 
model caprock, and the acceleration downstream produced the 
stretching associated with caprock fragmentation. This process was 
similar to how salt-sediment interface irregularities induce deformation 
in brittle layers on top of flowing salt (Dooley et al., 2017; de Oliveira 
Santos et al., 2023). Additionally, as the flow carried the stringers to-
ward the salt sheet front, the belts of local contraction and extension in 
the model caprock simply migrated downstream (Fig. 11B). The 
embankment effect was temporary and eventually the salt overflowed 
some of the surfacing stringers, which sank into the salt sheet. Therefore, 
the deformation of the model caprock was dynamically changing with 
respect to the configuration of the stringers during the salt sheet 
advance. 

At the end of the contractional phase, the advance of the salt sheet 
was progressively hindered due to the change of the topographic slope 
produced by the inflation of the anticline along the fixed wall, and the 
accumulation of syn-shortening layers in the foreland of the extrusion 
(Fig. 13A). The decelerating advance was manifested in the general 
reduction of the divergence and the shear strain values in both the feeder 
and salt sheet areas (Fig. 12C). In consequence, the salt sheet body 
thickened and compressional structures (folds and thrusts) developed in 
the model caprock at the salt sheet front (Fig. 11C). This is compatible 
with negative values of divergence in this domain. Therefore, at the end 
of the model evolution, the salt sheet was divided between two 
distinctive zones perpendicular to the shortening direction (E-W), 
located over the feeder and in the salt sheet front, respectively. Exten-
sion prevailed over the feeder and shortening along the salt sheet front. 
In salt glaciers, the destabilisation of the caprock caused by the 
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diffluence of the flow over the feeder results in the development of 
extensional faults, which stretches the caprock and dismembers it into 
rafts that glide toward the advancing lobe (Yin and Groshong, 2007; 
Závada et al., 2021). Whereas extensional structures prevail in the 
feeder domain, the frontal parts of a salt glacier are usually characterised 
by concentric folds and faults (Talbot et al., 1999; Cosgrove et al., 2009; 
Talbot and Pohjola, 2009; Frumkin et al., 2021; Santolaria et al., 2021; 
Závada et al., 2021). Concentric folding may be formed as gliding 
caprock from the feeder slumps and accumulates at the leading edge of 
the flow (Jackson and Hudec, 2017b; Závada et al., 2021). In addition, 
the inhibition of the salt sheet advance may be also caused by progres-
sive dissolution from the leading edge upstream (towards the core) of 
the salt flow. 

5.2. Understanding the architecture of the Les Avellanes Diapir based on 
modelling results 

The assemblage of the M3 stringers observed in the Les Avellanes 
Diapir present three distinctive structural domains distributed coher-
ently along the diapir geometry (northern, central and southern do-
mains) that are compared with the model (Figs. 7–9). In the northern 
domain, just a few stringers are exposed and they are widely separated 

(Fig. 14A.1). Additionally, in the NW and NE corners, some subvertical 
M3 stringers are oriented parallel to the stem wall and slightly south-
ward, these M3 stringers adopt a subhorizontal configuration (Fig. 14B). 
In the model, the stringers in the feeder formed isoclinal and recumbent 
folds, with the limbs piled up vertically changing from vertical to hori-
zontal (Fig. 14C). The vertical configuration and the separation of the 
M3 stringers in the northern boundary of the Les Avellanes Diapir are in 
agreement with a feeder domain, which is interpreted along the north-
ern boundary of the diapir (Fig. 14A.2). This interpretation is further 
supported by the salt sheet southward sense of advance (Cofrade et al., 
2023a). Within the central part of the diapir, most of the exposed M3 
stringers are accumulated (Fig. 14A.1). Here, the array of M3 stringers is 
characterised by juxtaposed subvertical and subhorizonal sets of stacked 
stringers with alternating polarities (Fig. 14B). Some of the M3 stringers 
are folded, compatible with the style of recumbent folds, and some are 
verging towards the advance direction (Fig. 14C). This is compatible 
with the salt sheet domain where horizontal flow dominates 
(Fig. 14A.2). In the southern domain of the diapir, the M3 stringers 
adopt a configuration that resembles a tectonically imbricated structure 
(Fig. 9). In the last stage of the model evolution, shortening was also 
observed in the model caprock of salt sheet front and some stringers 
were imbricated (Fig. 14C). The imbricated pattern of the M3 stringers 

Fig. 14. (A.1) Simplified map of the interior of the Les Avellanes Diapir. Legend is located in Fig. 7. The trace of the cross-section in B is indicated. (A.2) Interpreted 
map of the Les Avellanes Diapir regarding the structural configuration of the M3 stringers. (B) Cross-section from Fig. 8 with the interpreted areas according to the 
configuration of the stringers. (C) Interpreted cross-sections (sketches) from Fig. 13. 
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along the southern boundary of the Les Avellanes Diapir suggest that the 
caprock was shortened, so the southern area of the Les Avellanes Diapir is 
interpreted as the salt sheet front domain (Fig. 14A.2). Moreover, the 
location of this domain is also supported by the stratigraphical re-
lationships between the diapir and the late Eocene-early Oligocene host 
sequence (Cofrade et al., 2023a). Therefore, although the structural 
configuration of the M3 stringers in both the model and the Les Avellanes 
Diapir present variability and complexity, the northern, central and 
southern domains in the Les Avellanes Diapir are associated with the 
feeder, salt sheet and salt sheet front domains respectively, thus 
revealing the diapir geometry. 

5.2.1. The configuration of the stringers in the Les Avellanes Diapir and the 
diapir evolution 

Both the model and the Les Avellanes Diapir share similarities that 
can serve to interpret the evolution of the viscous flow within the 
advance of the salt sheet. Prior to the development of the allochthonous 
sheet, the Triassic LES was already exposed at the surface in the northern 
boundary of the diapir body, where a wall-shaped diapir was located. As 
observed in the model, fragments of the M3 stringers were ascending 

vertically in the diapir stem along two main paths striking parallel to the 
walls, thus lining the core of this diapir which was probably occupied by 
the M2 salt interval. As the M3 stringers were transported near the 
surface, they probably formed tight recumbent folds due to the vertical 
shortening and horizontal flow over the vent of the stem (Fig. 15A). This 
configuration was also observed by Hudson et al. (2017) in the Onion 
Creek Diapir where similar stringers, in both size and nature, were 
preferentially exposed along the diapir boundaries, whereas the core 
was dominated by a gypsum-rich caprock matrix. 

The orogenic shortening continuously squeezed the vertical stem, 
promoting the allochthonous extrusion of the salt, so the core-to-wall 
zoning in the stem rotated as it entered the salt sheet. (Fig. 15B). The 
stringers were transported within the salt stem and expelled from the 
feeder separated in two main sets. The stringers currently exposed near 
the diapir surface were probably carried near the top surface of the salt 
sheet. The upper set of stringers adopted a subhorizontal configuration 
over the feeder domain as salt started to spread downhill. When entering 
into the salt sheet domain, these gently dipping folds preferentially 
rotated toward the advance direction, thus verging southward. These 
folded stringers were disrupted as the flow stretched the folds, which 

Fig. 15. Conceptual sketch showing the interpreted evolution of the Les Avellanes Diapir during the late Eocene-early Oligocene. North is oriented to the right. (A) 
Initial stage. Previously to the allochthonous salt extrusion, the gravitational collapse of the dynamical bulge over the diapir vent folds the M3 stringers intor-
ecumbent folds, their limbs alternating polarities. (B) Early salt sheet stage. Stringers are transported toward the spreading salt sheet. 1–2 The stringers are rotated 
and broken as the host salt is advancing southwards. (C) Intermediate salt sheet stage and gradually decelerating salt flow advance. 1–2 Rotated folds are further 
fragmented along their hinge zones into individual limb-long stringers, the upper limbs overriding the lower limbs. Upturned stringers block the salt flow inducing 
compression and stretching upstream and downstream, respectively. At each such obstacle, longitudinally oriented stringers compartmentalise the horizontal flow. 
Stringers approach each other and stack together. (D) Salt sheet final stage. Minimum advance. 1–2 The caprock matrix starts accumulating preferentially along the 
salt sheet front. The hindering of the salt sheet front induces backwards propagating compression, so the stringers embedded in the caprock matrix are imbricated. 
The caprock matrix gradually thickens embedding the stringers array. 

G. Cofrade et al.                                                                                                                                                                                                                                



Journal of Structural Geology 176 (2023) 104963

21

became fragmented. Some folds were broken preferentially along the 
hinges (Fig. 15B). As seen in model sections (Figs. 13C and 14C), another 
set of stringers may remain in the subsurface, carried near the base of the 
salt sheet. 

During the salt sheet advance, the horizontal flow piled up these 
rotated fragments of the stringers, forming juxtaposed stacks of sub-
horizontal to subvertical stringers. The stack-like accumulations of 
stringers that appear in the salt sheet domain in the Les Avellanes Diapir 
are interpreted as the stacked limbs of these folded stringers. In addition, 
as observed in the model, these stacks of stringers probably created 
embankments that modified the flow within the salt sheet, concentrating 
the deformation along the stringer’s margins (Fig. 15C). 

As the ongoing shortening probably welded the diapir stem, the 
allochthonous advance in the Les Avellanes Diapir progressively decel-
erated. The welding of the stem is supported by the Oligocene con-
glomerates that postdate the northwest diapir boundary (Cofrade et al., 
2023b). In addition to the welding of the stem and the corresponding 
decrease in salt supply the advance was hindered since: 1) the salt 
gradually dissolved inhibiting the flow, 2) the syn-shortening sedimen-
tation increased in thickness southwards, overlapping parts of the salt 
sheet front; and 3) the regional slope changed during the emplacement 
of the Serres Marginals Thrust Sheet (Teixell and Muñoz, 2000; Cofrade 
et al., 2023a). As seen in the model, the consequence of the decelerating 
flow is the shortening of the caprock matrix located in the frontal parts 
of the salt sheet. The imbrication of the stringers at the salt sheet front 
domain in the Les Avellanes Diapir may suggest that these stringers were 
already embedded within the growing caprock matrix. In addition, the 
M3 stringers in this frontal location were mostly subhorizontally ori-
ented, so the shortening of the caprock produced the imbrication of the 
stringers along the salt sheet front (Fig. 15D). 

5.2.2. Preservation of the stringers array 
Since the array of M3 stringers in the Les Avellanes Diapir mostly 

matches the configuration reproduced in the model, and the M3 
stringers and the caprock matrix are not significantly disturbed (brec-
ciated or fragmented), we can assume that the stringers array was pre-
served after the emplacement of the salt sheet (Figs. 7 and 14A.1). The 
preservation of the stringers array was probably caused by the growth of 
the evaporitic caprock matrix that encloses these stringers. 

The growth of the caprock matrix probably was continuous during 
salt sheet advance as the emplacement occurred in a subaerial envi-
ronment, which favours the progressive dissolution of salt. This suggests 
that during the salt sheet advance, a balance was established between 
salt supply and salt dissolution. This balance allowed for both, a 
continuous advance of the salt sheet, and the deformation of the M3 
stringers within the salt flow. However, in salt glaciers, the proportion of 
salt decreases in the frontal part relative to the feeder, whereas the 
caprock proportion increases (Závada et al., 2021, 2023). Thus, in a 
similar fashion, the caprock thickness in the Les Avellanes Diapir was 
probably inhomogeneous during salt sheet advance. 

The distribution of the two main caprock facies described along the 
Les Avellanes Diapir exposure (pure gypsum caprock and dirty gypsum 
caprock) may reflect the proposed inhomogeneous growth of the 
caprock. The pure gypsum caprock outcrops along the feeder area 
(northern area of the Les Avellanes Diapir), while the dirty gypsum 
caprock covers the central and southern areas of the diapir, where the 
salt sheet is located (Figs. 7, 8 and 15). Therefore, the presence of 
mudrocks and carbonates mixed within the gypsum gradually increases 
toward the salt sheet front. Besides, in the salt sheet front, carbonate 
breccias with abundant moldic porosity (Fig. 6F) and gypsum crystals 
partially replaced by carbonates (Fig. 6D) are also observed. These ob-
servations agree with a higher degree of alteration at the frontal part of 
the salt sheet. In addition, within the dirty gypsum caprock, some gyp-
sum crystals are partially replaced by carbonates (Fig. 6D). 

Therefore, the observed replacement process in the dirty gypsum 
facies also supports the suggested alteration trend. Since the gypsum 

that forms the caprock matrix is also significantly altered in subaerial 
conditions, the interpreted transformation trend in the Les Avellanes 
Diapir can be associated with the growth of an early and thus, thicker 
caprock along the salt sheet frontal domain. Moreover, due to the salt 
flow deceleration occurring during the final phase of the model evolu-
tion, the caprock along the frontal lobe of the salt sheet was shortened, 
and some rafts were imbricated here. Therefore, if the M3 stringers were 
already embedded in the thicker caprock matrix along the salt sheet 
frontal domain, the shortening of this part of the caprock may also 
explain the observed imbrication of the M3 stringers in this domain. 
However, the distribution of the caprock matrix facies could also reflect 
depositional variations in the proportion of mudrock, carbonate, and 
sulphate beds relative to the salt in the Triassic LES. Specifically, well 
logs penetrating the undeformed Triassic LES beneath the Ebro Foreland 
Basin tend to show an increase in mudrock and carbonate interbeds 
towards the stratigraphical top of the upper Keuper salt interval, 
equivalent to the K2 salt in the Pyrenees (Jurado, 1990). Assuming that 
the stratigraphy in the Pyrenean basin does not significantly change, as 
the Triassic LES mobilizes and deforms during the diapir and salt sheet 
stages, the upper and dirtier salt in the Triassic LES interval is more 
prompted to be located in the frontal lobe of the salt sheet. Accordingly, 
the increasing proportion of mudrocks within the frontal parts of the Les 
Avellanes Diapir can reflect this dirty salt interval at the top section of the 
Triassic LES, and not a stronger alteration of an early formed, thicker 
caprock. Thus, further investigation regarding the diagenesis of this 
caprock and the original stratigraphy of the Triassic LES is required to 
fully constrain this hypothesis. 

Finally, as the stem was welded, the salt supply decreased so the 
balance between the salt supply vs the salt dissolution was disturbed. 
Therefore, after the advance of the salt sheet the caprock matrix growth 
rate increased. The rest of the caprock matrix grew rapidly as salt dis-
solved top-to-down, so the M3 stringers array was finally immobilised 
and preserved. However, the M3 stringers array may became further 
compacted as salt dissolved completely, without significantly changing 
its deformation (i.e. folded stringers cannot be refold by this mecha-
nism). Finally, the salt sheet was buried by the Oligocene strata, post-
dating the salt extrusion, and contributing to the preservation of the 
stringers array. 

6. Conclusions 

The array of thick, carbonate M3 stringers within the interior of the 
Les Avellanes Diapir was reproduced using analogue models to under-
stand the structural evolution of these stringers. The model allowed us to 
understand the evolution of the strain during diapirism in order to 
characterise the internal structure of this diapir. In this regard, the 
stringers array shows several characteristic configurations depending on 
the dynamics of the flow, which varied along the diapir geometry. 

In the feeder domain, the stringers are vertically oriented, striking 
parallel to the walls of the stem. Toward the salt sheet domain, the 
stringers mainly adopt a subhorizontal position creating a characteristic 
array of recumbent and horizontally oriented folds. This configuration 
resulted as stringers reached the uppermost part of the stem, where the 
flow diverged and spread horizontally. The model caprock on top was 
stretched along two E-W oriented bands that surround an area of low 
deformation over the core of the feeder. The diffluence of the flow 
induced this deformation as the salt accelerated overflowing the stem 
walls. 

During the allochthonous advance, the stringers were transported 
within the salt sheet aligned in two sets, one near the surface and the 
other near the base of the salt sheet. These two sets of stringers reflected 
the bulk rotation of the diapir zoning, which occurred during the initi-
ation of the allochthonous advance. The Couette flow profile across the 
allochthonous extrusion with higher flow velocities at the top of the 
extrusion explains that the stringers closer to the surface were more 
fragmented and deformed than the stringers carried along the base, 

G. Cofrade et al.                                                                                                                                                                                                                                



Journal of Structural Geology 176 (2023) 104963

22

which were more continuous and showed less deformation. In this re-
gard, the upper array of stringers formed recumbent and gently inclined 
folds verging toward the direction of advance. These folds were broken 
within the advancing flow and rotating, so their limbs were subse-
quently imbricated, creating stacks of subvertical and overturned to 
subhorizontal stringers. 

In addition, the strain measured on the surface of the model was 
concentrated along the trace of the surfacing stringers. These stringers 
concealed the horizontal flow forming levee-style embankments, com-
parable with the effect of base-salt irregularities. Thus, the salt decel-
erated upstream and then accelerated downstream from these docked 
stringers, registering alternating bands of compression and extension in 
the model caprock. These bands migrated from the feeder toward the 
sheet along with the stringers, so the deformation of the model caprock 
evolved with time. 

As salt supply dropped, the advance of the salt sheet was hindered, 
and the flow decelerated. At the frontal lobe of the sheet, the deceler-
ating flow induced the development of compressional structures in the 
model caprock (folds and thrusts), which gradually propagated back-
ward from the frontal lobe. 

The preservation of the stringer array in the Les Avellanes Diapir was 
possible since the large and competent M3 stringers were trapped in a 
rapidly growing caprock matrix, which probably started to form when 
the salt advance was terminated. Finally, the caprock matrix completely 
embedded the stringers and then was buried below synorogenic sedi-
ments, further preserving the studied array from intense mechanical 
alterations. Therefore, the Les Avellanes Diapir exemplifies a field 
approach to understand the diapir internal architecture based on the 
array of competent stringers. These stringers adopted a configuration 
produced by the salt flow, which supports the inferred geometry of the 
diapir and enables further understanding of the diapir evolution. In this 
regard, the Les Avellanes Diapir is proposed as an excellent analogue to 
investigate the internal deformation of an allochthonous salt body. 
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González-Esvertit, E., Canals, À., Bons, P.D., Murta, H., Casas, J.M., Gomez-Rivas, E., 
2022. Geology of giant quartz veins and their host rocks from the Eastern Pyrenees 
(Southwest Europe). J. Maps 1–13. https://doi.org/10.1080/ 
17445647.2022.2133642. 

Hudec, M.R., Dooley, T.P., Burrel, L., Teixell, A., Fernandez, N., 2021. An alternative 
model for the role of salt depositional configuration and preexisting salt structures in 
the evolution of the Southern Pyrenees, Spain. J. Struct. Geol. 146, 104325 https:// 
doi.org/10.1016/j.jsg.2021.104325. 

Hudec, M.R., Jackson, M.P.A., 2006. Advance of allochthonous salt sheets in passive 
margins and orogens. AAPG Bull. 90 (10), 1535–1564. https://doi.org/10.1306/ 
05080605143. 

Hudec, M.R., Jackson, M.P.A., 2007. Terra infirma: understanding salt tectonics. Earth 
Sci. Rev. 82 (1–2), 1–28. https://doi.org/10.1016/j.earscirev.2007.01.001. 

Hudson, S., Tuttle, T., Wood, M., 2017. Source within the seal—distribution and 
implications of organic shale-bearing stringers within the onion Creek diapir, 
northern paradox basin, Utah. Geol. Intermountain West 4, 215–229. https://doi. 
org/10.31711/giw.v4.pp215-229. 

Jackson, C.A.-L., Jackson, M.P.A., Hudec, M.R., Rodriguez, C., 2014. Internal structure, 
Kinematics, and growth of a salt wall: insights from 3-D seismic data. Geology 42 (4), 
307–310. https://doi.org/10.1130/g34865.1. 

Jackson, C.A.-L., Lewis, M.M., 2012. Origin of an anhydrite sheath encircling a salt diapir 
and implications for the seismic imaging of steep-sided salt structures, Egersund 
Basin, northern North Sea. J. Geol. Soc. 169 (5), 593–599. https://doi.org/10.1144/ 
0016-76492011-126. 

Jackson, C.A.-L., Stewart, S.A., 2017. Composition, tectonics, and hydrocarbon 
significance of Zechstein supergroup salt on the United Kingdom and Norwegian 
Continental shelves. In: Permo-Triassic Salt Provinces of Europe, North Africa and 
the Atlantic Margins, pp. 175–201. https://doi.org/10.1016/b978-0-12-809417- 
4.00009-4. 

Jackson, C., Jackson, M., Hudec, M., Rodriguez, C., 2015. Enigmatic structures within 
salt walls of the Santos Basin—part 1: geometry and kinematics from 3D seismic 

reflection and well data. J. Struct. Geol. 75, 135–162. https://doi.org/10.1016/j. 
jsg.2015.01.010. 

Jackson, M., Hudec, M., 2017a. Salt structures. In: Salt Tectonics: Principles and Practice. 
Cambridge University Press, Cambridge, pp. 61–254. https://doi.org/10.1017/ 
9781139003988.006. 

Jackson, M., Hudec, M., 2017b. Internal deformation in salt bodies. In: Salt Tectonics: 
Principles and Practice. Cambridge University Press, Cambridge, pp. 181–228. 
https://doi.org/10.1017/9781139003988.011. 

Jurado, M.J., 1990. El triásico y el liásico basal evaporíticos del subsuelo de la cuenca del 
Ebro. In: Ortí, F., Salvany, J.M. (Eds.), Formaciones evaporíticas de la Cuenca del 
Ebro y cadenas periféricas, y de la zona de Levante. Nuevas aportaciones y guía de 
superficie. 

Kernen, R.A., Giles, K.A., Poe, P.L., Gannaway Dalton, C.E., Rowan, M.G., Fiduk, J.C., 
Hearon, T.E., 2019. Origin of the neoproterozoic rim dolomite as lateral carbonate 
caprock, Patawarta salt sheet, Flinders Ranges, South Australia. Aust. J. Earth Sci. 67 
(6), 815–832. https://doi.org/10.1080/08120099.2019.1588695. 

Klimowitz, J., Torrescusa, S., 1990. Notas sobre la estratigrafia y facies de la serie triásica 
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Lago-San José, M., Arranz-Yagüe, E., Bastida-Cuairan, J., Galé-Bornao, C., 1999. Las 
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geoquímica. Cuad. Geol. Iber. 20, 13–35. 

Pedreira, D., Pulgar, J.A., Gallart, J., Díaz, J., 2003. Seismic evidence of Alpine crustal 
thickening and wedging from the western Pyrenees to the Cantabrian Mountains 
(north Iberia). J. Geophys. Res. 108 (B4), 2204. https://doi.org/10.1029/ 
2001JB001667. 

Peel, F.J., Hudec, M.R., Weijermars, R., 2020. Salt Diapir downbuilding: fast analytical 
models based on rates of salt supply and sedimentation. J. Struct. Geol. 141, 104202 
https://doi.org/10.1016/j.jsg.2020.104202. 

Pichel, M., Finch, L., Gawthorpe, R.L., 2019. The impact of Pre-Salt Rift Topography on 
salt tectonics: a discrete-element modeling approach. Tectonics 38 (4), 1466–1488. 
https://doi.org/10.1029/2018tc005174. 

Pla, O., Roca, E., Xie, H., Izquierdo-Llavall, E., Muñoz, J.A., Rowan, M.G., Ferrer, O., 
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