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ABSTRACT

The detailed geological mapping of structural and stratigraphical patterns within the
sedimentary succession of the Estopanya Syncline (South-Central Pyrenees) and surrounding
structures provides insights into the evolution of the adjoining diapirs. The present-day
stratigraphical and geometric relationships between the diapirs and flanking sedimentary
units suggest distinct halokinetic evolution in the ESE and WNW sectors of the studied area.
In the ESE sector, flanking successions are characterized by halokinetic breccias and
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overturned layer attitudes, indicative of an early salt inflation phase during the Late
Cretaceous. The advance of the pyrenean compressional front produced the extrusion of
these diapirs during the middle Ypresian. In the WNW sector, salt diapirism occurred lately,
during the middle Eocene to Oligocene, due to the rotation of the Estopanya Syncline and

the welding of the pre-existing diapirs.

1. Introduction

Rheological properties of salt are especial compared to
other sedimentary rocks as, under certain temperature
and pressure conditions, salt deforms ductile allowing
it to flow (i.e. diapirism, Urai et al., 2008). During dia-
pirism salt migrate to low pressure areas where it can
be accumulated or expulsed forming a variety of
related structures, generally known as diapirs (e.g.
Jackson & Hudec, 2017; Jackson & Talbot, 1986).
When possible, diapirs can be distinguished according
to their shape, been cylindrical or elongated shapes the
most common (i.e. salt plugs or salt walls, respect-
ively). Salt flow results in the reshaping of the adjacent
topography, altering the geometry and position of sur-
rounding sedimentary basins (Andrie et al, 2012;
Counts et al,, 2019; Kalifi et al., 2023; Ribes et al,,
2016). Thereby, salt diapirism leaves a distinctive
imprint on the contemporaneous stratigraphical
record through the deposition of characteristic sedi-
mentary facies and stratal patterns such as diapir mar-
gin breccias and halokinetic sequences (Pichel &
Jackson, 2019; Rowan et al., 2022). Interpretation of
these facies can be used to reconstruct the evolution
of currently deformed complex diapirs. For instance,
in orogenic belts like the Pyrenees tectonic shortening

can obscure the original geometry of pre-existing dia-
pirs by squeezing them, which results in secondary
welding, extrusion, and subsequent salt dissolution.
These processes commonly affect diapirs during
mountain building, which difficult to reconstruct
their position, shape, and dimensions before orogenic
compression and to consider their role in the orogenic
evolution (Duffy et al., 2018; Muioz et al., 2024; San-
tolaria et al., 2021, 2022). Moreover, deformation pro-
duces complex diapir geometries that difficult to
model, without well-established field analogues,
these structures for their use as, for example, for
energy purposes such as the emplacement of hydrogen
salt caverns or geothermal reservoirs (e.g. Dufty et al,,
2023; Ramirez-Perez et al., 2025).

One proved strategy to reconstruct diapirs involves
mapping the present-day geometry of salt exposures
and identify distinctive stratigraphical and sedimento-
logical patterns in the adjacent basins, as made in the
Moroccan Atlas (Martin-Martin et al., 2017; Moragas
et al., 2019; Saura et al., 2014; Teixell et al., 2017;
Vergés et al,, 2017), the Australian Flinders Range
(Rowan, 2017; Vidal-Royo et al., 2021), or the Pyre-
nees itself (Burrel & Teixell, 2021; Cofrade, Cantarero,
et al,, 2023; Cofrade, Gratacos, et al., 2023; Kalifi et al,,
2023; Poprawski et al., 2016; Ramirez-Perez et al.,
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2024; Roca et al., 2016; Saura et al., 2016). To ade-
quately constrain the geometry and nature of diapirs,
geological maps should be adjusted to match the scale
of expected halokinetic-driven disruptions such as
localized rapid facies changes and complex folds and
faults patterns (Pichel & Jackson, 2019; Poprawski
et al., 2016).

The study of diapirism of the Triassic unit (Middle
and Upper Triassic Muschelkalk and Keuper facies) in
the Southern Pyrenees traditionally focused on the
northern part of the fold-and-thrust belt, defining
post-rift (Lower Cretaceous) diapirs that were
deformed during the Pyrenean orogeny (Late Cretac-
eous—Miocene) (e.g. Burrel et al., 2021; Casini et al.,
2023; Gannaway Dalton et al, 2022; Garcia-Senz
et al., 2024; Lopez-Mir et al., 2014, 2015; Saura et al.,
2016). However, the southernmost part of the
Southern Pyrenees also hosts several diapirs which
remained less studied until recent years (e.g. Burrel
& Teixell, 2021; Cofrade, Cantarero, et al., 2023;
Cofrade, Zavada, et al., 2023; Ramirez-Perez et al.,
2024; Santolaria et al., 2014, 2016, 2020, 2022). In
this contribution, we constrain the evolution of the
Estopanya Syncline in the frontal part of the Serres
Marginals Thrust Sheet in the South-Central Pyrenees
presenting a new 1:28,500 geological map of the area.
Detailed mapping, combined with new structural,
stratigraphical, sedimentological, and petrological
data, enables to interpret the evolution of adjacent dia-
pirs during the Pyrenean orogeny, providing a field
study to be used as an analogue for similar salt basins
worldwide.

2. Geological setting

The Pyrenees are a doubly verging Alpine orogen
formed during the Late Cretaceous to Miocene col-
lision between the Iberian and Eurasian Dplates,
which inverted the previously existing Lower Cretac-
eous hyperextended margin (Beaumont et al., 2000;
Labaume & Teixell, 2020; Mouthereau et al.,, 2014;
Muiioz, 1992; Pedrera et al, 2023; Teixell et al,
2018). This orogen is characterized by a central zone
formed by an antiformal stack of basement-involved
thrusts (Axial Pyrenean Zone) flanked by two opposite
verging fold-and-thrust belts (North and South Pyre-
nean Zones) that were emplaced over their respective
autochthonous foreland basins (Aquitaine and Ebro
Basins, Figure 1).

In the South Pyrenean Zone (SPZ), compressional
deformation migrated southwards forming a thrust
sequence detached over the Upper Triassic evaporites
and mudrocks of the Keuper facies. The thrust
sequence is represented by the Boéixols Thrust Sheet
(emplaced during Santonian—Campanian), Montsec
Thrust Sheet (during Maastrichtian—Paleocene), and
Serres Marginals Thrust Sheet (during Middle

Eocene—Oligocene) (Casini et al., 2023; Cruset et al.,
2023; Ford et al., 2022; Meigs, 1997; Puigdefabregas
et al., 1986, 1992; Séguret, 1972; Teixell & Muiioz,
2000; Vergés & Munoz, 1990) (Figure 2). The displace-
ment of the orogenic belt is larger in the central part of
the SPZ than in other parts due to the uneven distri-
bution of the Keuper facies and the occurrence of a
secondary detachment level in the foreland (the
Eocene—Oligocene evaporites of the Barbastro Fm,
Santolaria et al., 2015; Teixell & Muifloz, 2000; Vergés
et al., 1992) (Figure 1). This formed an orogenic sali-
ent known as the South-Central Pyrenean Thrust Sali-
ent (SCPTS, Angrand et al.,, 2020; Muiioz et al., 2013,
2024; Santolaria, Ayala, et al, 2024; Santolaria,
Izquierdo-Llavall, et al., 2024). The studied Estopanya
Syncline is located in the western margin of the
SCPTS, in the frontal part of the Serres Marginals
Thrust Sheet (SMTS, Figure 1).

The diapirs in the SMTS (e.g. Jusseu, Puebla de
Castro, Les Avellanes diapirs) are sourced from
mudrocks, carbonates, and gypsum of the Upper
Triassic Keuper facies (K1 and K2), which constitute
an original Layered Evaporite Sequence (Triassic
LES) that also act as the main detachment level in
the Pyrenees (Burrel & Teixell, 2021; Casas et al.,
2016; Cofrade, Cantarero, et al., 2023; Santolaria
etal, 2014). During diapirism, the intrasalt carbonates
(referred here as Muschelkalk carbonates) and dolerite
bodies were disrupted and incorporated into the dia-
pirs as stringers (Cofrade, Cantarero, et al., 2023;
Cofrade, Zavada, et al, 2023). The current diapir
exposures are formed by an amalgamation of intensely
deformed caprock matrix (mudrocks and gypsum)
and less deformed competent stringers (carbonates,
breccias, and dolerites, Figure 2). The most soluble
salts (halite and other chlorides) have been dissolved
near the surface, but they are reported in depth from
borehole and gravimetric data (Lanaja, 1987; Santo-
laria, Ayala, et al., 2024).

The non-diapiric sedimentary cover in the SMTS is
divided into a pre-orogenic and a syn-orogenic
sequence with a complete absence of the Lower Cre-
taceous stratigraphy (Pocovi, 1978) (Figure 2). The
pre-orogenic sequence (Triassic—Jurassic) pinches
out progressively towards the south and west of the
SMTS, with its maximum thickness in the Montroig-
Camarasa sector (1000 m, Jurado, 1990; Orti et al.,
2017; Salvany, 2017). In the Estopanya Syncline, the
thickness of the pre-orogenic sequence is greatly
reduced (60-150 m) and includes the mudrocks of
the K3 facies (Late Triassic), the oolitic dolostones of
the Isabena Fm (Rhaetian), and the intraformational
breccias of the Cortes de Tajuiia Fm (Hettangian)
(Ramirez-Perez et al., 2024).

The syn-orogenic sequence (late Santonian—
Oligocene) postdates a significant sedimentary hiatus
(the Santonian Unconformity). This unconformity is
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Figure 1. Tectonic and geological framework of the South-Central Pyrenees. (A) Synthetic geological map of the Pyrenees show-
ing the central Axial Pyrenean Zone (APZ), the two opposite-verging Fold-and-Thrust Belts, and their respective foreland basins
(modified from Gonzdlez-Esvertit et al., 2022). (B) Geological map of the South-Central Pyrenean Thrust Salient (SCPTS), which
includes the piggy-back thrust sequence of the Boixols, Montsec, and Serres Marginals Thrust Sheets, emplaced over the auto-
chthonous Ebro Foreland Basin (EFB). Numbers indicate the location of diapirs within the Serres Marginals Thrust Sheet (modified
from Mufioz et al., 2018). (C) Cross-section from the Montsec Thrust Sheet to the Ebro Foreland Basin based on gravimetric and
structural data (modified from Santolaria, Ayala, et al., 2024; after Senz & Zamorano, 1992).

associated with the tectonic inversion, uplift, and ero-  The first unit overlying this hiatus in the Estopanya
sion at the beginning of the Pyrenean orogeny  Syncline is the Adraén Fm (late Santonian), followed
(Garrido-Megias, 1973; Pocovi, 1978) (Figure 2). by the marine Terradets Fm (Campanian—



4 e P. RAMIREZ-PEREZ ET AL.

Mal Age Stringers—_Caprock )

A 23| , | = |Aauitanian f o = % =8 é
192 — & [o° L2585 >
8 Chattian | © |9 g% &

I S% =10 N8g
NE o =
15 Rupelian |S E[:: $s s
34° P o Volteria =5 52= %
! Thrust £ W hid
I § 2
| Lutetian 3 = £
48 & = )
] = sl £ | §
| 8 % = _E
[0} o = - .© (L) - @
o & ‘c a Lo c O
= @Q c 20 o £
Sl o = DE = 9
3 | O . S © S 0
&1 | S|W]| Ypresian ‘\ , 58 4
%I o g —| Alveolina Limestone Unitb—— EEE]’I v <3 ¥
o e ———— —— = sS4 2
< ¥ 2 S — —— Alveolina [ ] i ,'E\
8’| 56| 0 = limestones =
o ) e %]
[} 2| Thanetian = 2 =
N £ s 3
2} 3| Selandian | 8 . 5 3
© : 2 c £ 5
I 66l o | Danian | 2 S s 2
N ] °
' R O
' =
I % [Maastrich- 3
o . =
Q@ tian
|58 2
1| T e « i)+
O
I ICampanian| / m S8
T o T c.=
| 86 _ |Santonian [Tomf=: "= + s &%
\/ I s ]
i -y | 23 xe
J |Hettangian S >£ 2
20 gon Cortes de I &<
[ Rhaetian of Corte S
20m : Tajufia Fm o=
5 i = ’ : Aisabena Fm B
o | Norian - | 8=
@ o | - 20
E > 3 LA S &
[} ~— B -+ )
| Keuper facies (K1, K2)
& Carni e Muschelkalk | Other signs
1237 arnian \ S
ol e 8oml TN ] : (carbonates)| &y Regional-source
= B m L > =
g 7 e o Local-source
8 |.g|2| Ladini
g 8| 5| Ladinian ‘ .
5 = g 2 \ - Diapir-source
ol .
o pp 7 Break-back thrusting
nisian ) )
247 2 X Piggy-back thrusting
£ o : .
o] ) g § Lithologies Fossils Contacts
2 [ Olenekian| & o 3 ) — —
3 Mline g Breccias Mudrocks 4 Bioclasts Concordant
00Ol 3 Conglomerates Marlstones Nummulites = = = Onlap o
. = Q
— [:E] Sandstones @ Dolostones @ Discocyclina —— Salt sheet base 2.
Not to scale [T=T] . A R e i i i
;11 Calcarenites Gypsum = Alveolina - Dissolution (stringers)
@ Limestones Halite ® Rudists Intrusive

Dolerites

Santonian / Oligocene

}L Microcodium — — i
unconformities

Figure 2. Lithostratigraphical chart units and relationship with diapirism in the studied area, (after Ramirez-Perez et al., 2024). The
thickness of the Triassic LES is uncertain in the Serres Marginals Thrust Sheet due to thrusting and diapirism. The Oligocene succes-
sion is modified from that reported by Garrido-Megias (1972) and Senz and Zamorano (1992). The left side of the figure summar-
izes the main tectonic events of the South Pyrenean Zone, including diapirism in the Estopanya Syncline, with correlation lines

associating these events with their coetaneous sedimentary units.

Maastrichtian). The Late Cretaceous—Paleocene tran-
sition is recorded by the terrestrial Garumnian facies,
exhibiting a general regressive trend compared to the
preceding Late Cretaceous sequence. During the late
Thanetian, a major marine transgression occurred
in the SMTS. The stratigraphical signature of this
transgression is the deposition of the Alveolina Lime-
stone Unit (Ypresian), which in Estopanya comprises
three members as described by Ramirez-Perez et al.
(2024) (Figure 2). The remaining Eocene succession

includes the deltaic Ager Group, which consists of
the Baronia (middle Ypresian), Pasarella (upper
Ypresian), and Ametlla (upper Ypresian—Lutetian)
Fms (Figure 2). Eocene units in Estopanya are post-
dated by the Peraltilla Fm (Lower Oligocene) that
was deposited during the emplacement of several
internal thrusts in the Serres Marginals Thrust Sheet
(e.g. Volteria Thrust, Garrido-Megias, 1973; Meigs,
1997; Teixell & Barnolas, 1996). The top of the Peral-
tilla Fm marks another regional unconformity in the



SMTS, referred to as the Oligocene Unconformity
(Figure 2). This unconformity is overlain by the
Upper Oligocene—Lower Miocene conglomerates
and sandstones of the Sarifiena Fm, which extends
throughout the SPZ and into the Ebro Basin record-
ing the latest out-of-sequence thrusts (Teixell & Bar-
nolas, 1996) (Figures 1 and 2).

Based on the stratigraphical and sedimentological
study of the basin-filling sedimentary units in the east-
ern limb of the Estopanya Syncline, Ramirez-Perez
et al. (2024) proposed a Late Cretaceous to Oligocene
diapir evolution for the Estopanya and Boix Synclines
(Figure 2). Accordingly, present-day salt exposures in
Estopanya evolved from buried salt walls that dis-
rupted the Late Cretaceous carbonate platforms grow-
ing atop. This process led to the erosion of these
platforms resedimenting them as breccias in the adja-
cent basins. The progressive growth of salt structures
diminished the sedimentation of the Paleocene succes-
sion in the Boix Syncline, resulting in a more con-
densed stratigraphical record (Main Map, Figure 2).
During the Ypresian, the deposition of diapir-derived
euhedral quartz grains containing anhydrite
inclusions within the Alveolina Limestone Unit indi-
cates the presence of exposed diapirs near the Estopa-
nya and Boix Synclines. Probably, the internally
accommodated shortening in the SMTS associated to
its emplacement (Middle Eocene-Oligocene), trig-
gered the squeezing of pre-existing diapirs leading to
high extrusion rates that was further enhanced by
the Oligocene break-back reactivation. This shorten-
ing caused a main diapiric phase in the frontal part
of the SMTS, promoting salt expulsion and welding
(Burbank et al., 1992; Burrel & Teixell, 2021; Teixell
& Muioz, 2000).

3. Methods

The geological map presented in this study, the Main
Map, covers an area of 196 km? and it is presented at
1:28,500 scale. The cartographic work was developed
at 1:10,000 scale combining Remote Sensing Mapping
techniques based on the interpretation of high-resol-
ution LiDAR data, DEM, and available orthophoto-
graphs and extensive fieldwork along the exposed
margins of the Estopanya Salt Wall and the Estopanya
Syncline, which are better preserved in the eastern part
of the Main Map (see Supplementary Material). The
Main Map is based on previously published geological
maps from the IGME’s Mapa Geoldgico Nacional
1:50,000 series, including the Fonz sheet (Teixell
et al, 1994), Monzén sheet (Garcia-Senz et al,
1990), Benabarre sheet (Vilar, 1996), Os de Balaguer
sheet (Teixell & Barnolas, 1996), as well as additional
regional maps (Burrel & Teixell, 2021; Cofrade, Grata-
c0s, et al., 2023; Muioz et al., 2018). Data from pre-
vious maps was simplified to represent the best the
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focus of this study, the geological reinterpretation of
the Estopanya Syncline. Therein, some of the pre-
viously mapped units are shown together in the
Main Map and only structural and bedding data
acquired during fieldwork has been included, although
data from the previous maps was also considered
during reinterpretation. Structural and bedding
measurements were obtained directly in the field
using a compass-clinometer georeferenced with Field-
Move software. These data were later digitalized using
QGIS (v3.26 and v3.32). The topographic base for
mapping relied on two HD-DEM datasets provided
by the Spanish National Geographic Institute (IGN)
with resolutions of 2x2 m and 5x5 m (MDTO02
and MDTO05), v2.0 (2015-2021). These DEMs were
combined and used as source layers for the northern
and southern parts of the map, respectively. The
Main Map is accompanied by a larger-scale geological
map that highlights the structural context within the
western termination of the South-Central Pyrenean
Thrust Salient and a lithostratigraphical chart indicat-
ing the main tectonic and diapiric events observed at
Estopanya. A structural cross-section was developed
following NO60E azimuth in the western sector and
NO74E in the eastern segment to show the structural
characteristics of the mapped area (cross-section I-T,
see Supplementary Material 2). In this cross-section
the trace of the basal Serres Marginals Thrust has
been inferred based on the previously published sec-
tions (e.g. Santolaria, Izquierdo-Lavall et al., 2024).
Quaternary deposits were excluded from the final
map and section.

4, Results

This contribution focuses on the Estopanya Syncline, a
NNW-SSE oriented fold flanked by extensive diapir
exposures formed by Triassic salts. The major struc-
tures delimiting the study area are the Blancafort Syn-
cline (E), the Canelles Anticline (ESE), the Tragd
Syncline (S-SE), the Baldellou syncline (S), the Sant
Quilez Syncline (W), and various small-scale struc-
tures to the N-N'W (Figure 3).

The Estopanya Syncline consists of a 7 km long by 2
km wide asymmetric fold showing a comparatively
more steeply dipping eastern than western limb (see
cross-section, Supplementary Material 2). The clo-
sures of the fold are also distinct. The northern closure
is structurally more complex and characterized by sev-
eral low-amplitude roughly N-S-oriented folds delim-
ited by parallel faults and thrusts, while the southern
closure shows an uninterrupted sedimentary succes-
sion. The orientation of the syncline is parallel to the
main axes of the flanking structures and the trace of
the Serres Marginals Thrust, that is hindered by Oligo-
cene units in the study area. The Estopanya Syncline is
delimited at its eastern limb by the Estopanya Salt
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Figure 3. (A) Structural map of the western South Pyrenean Thrust Salient, highlighting key diapir exposures and structures next
to the Estopanya Syncline (ES) (modified from Cofrade, Gratacds, et al., 2023). The figure contains the trace of the Main Map area
(red square), the I-I" cross-section (Supplementary Material 2), and the most significant structures discussed in the text.

Wall and two minor-scale structures known as the
Boix Syncline and the Estanya Structural Unit (Figure
3). The Estopanya Salt Wall extends southward deli-
miting also the southern closure of the Estopanya Syn-
cline. The western limb of this syncline is
characterized by a sharp contact with an upright
turn anticline and the Castillo6 Diapir.

Attending to the stratigraphy, three principal units
can be distinguished in the studied area: (1) the Trias-
sic salts associated with diapirs that bound the Estopa-
nya Syncline; (2) the pre- and syn-orogenic
sedimentary cover within the studied structures; and
(3) the Oligocene units that onlap the study area post-
dating the studied diapirs and folds (Figure 3). The
next section describes the structure and stratigraphy
of the Estopanya Syncline in the main parts of this
fold (i.e. northern and southern closures and eastern
and western limbs, Main Map), paying special

attention to the observed geometries, stratigraphical
contacts, and sedimentary facies.

4.1. Structure of the northern closure of the
Estopanya Syncline

The northern closure of the Estopanya Syncline com-
prises the area between the Pilza and Purroi de la
Solana villages (northern sector of the Main Map,
Figure 3). The closure of the syncline is characterized
by an E-W oriented thrust that places the Estopanya
Syncline, in the southern hanging wall, on top of a
footwall depicting Late Cretaceous and Lower to
Middle Paleocene units. These units form a south-dip-
ping panel in the westernmost part of the northern
closure, but they become overturned to the east,
suggesting a very verticalized fold between them.
This E-W thrust passes laterally into a confined diapir



near the Pilza village. The Triassic exposed in the
northern sector is mainly formed by altered mudrocks
and gypsums with scarce stringers that appear only in
a small area NNW of Purroi de la Solana, depicting
heterometric bodies of dolerite and Muschelkalk car-
bonates that override the Oligocene conglomerates
in the north, forming an irregular contact between
the Triassic and the Sarifiena Fm at this point (Main
Map).

4.2. Structure of the eastern limb of the
Estopanya Syncline

The eastern limb of the Estopanya Syncline is limited
by the NNW-SSE oriented Estopanya Salt Wall, which
forms the largest salt exposure in the study area
(Figure 3). The salt wall is the NNW continuation of
the Canelles Anticline and is confined to the east by
the Blancafort Syncline and to the west by the Boix
and Estopanya Synclines. The northern boundary is
set by the conglomerates of the Sarifiena Fm, that
postdate the salt wall in this point (Figure 3).

The NNW margin of the eastern limb of the Esto-
panya Syncline corresponds to the Estanya Structural
Unit (ESU), characterized by an east-dipping middle
Ypresian succession that is emplaced by a thrust
over the west-dipping Paleocene strata of the Estopa-
nya Syncline (Main Map). The eastern boundary of
the ESU is defined by an irregular contact between
folded middle Ypresian limestones and the Keuper
facies of the Estopanya Salt Wall. Stringers in this sec-
tor run parallel to the salt wall margins and exhibit a
bimodal pattern: steeply dipping stringers dominate
south of the Estanya village while sub-horizontal strin-
gers prevail to the north. The latter display high-
amplitude folds with a predominant WNW-ESE
axes and host the unique karstic lakes in the area
(the Estanya lakes).

South of the Estanya village, the trace of the Estopa-
nya Salt Wall is NNW-SSE, parallel to the axes of the
surrounding structures (i.e. the Blancafort Syncline in
the east and the Estopanya and Boix Synclines in the
west, Figure 3). In both cases, the contact between
the Estopanya Salt Wall and the flanking sedimentary
units is sharp and involves halokinetic structures such
as flaps, as suggested by the steeply dipping to over-
turned Late Cretaceous strata (Figure 4(A)). This con-
tact in the Estopanya and Boix Synclines also includes
halokinetic sequences depicted by the deposition of
monomictic breccias that wedge and steepen laterally
towards the diapir, transitioning rapidly basinwards
into the well-stratified, gently dipping limestones of
the Terradets Fm (Ramirez-Perez et al., 2024). In the
Boix Syncline, it is common to found euhedral quartz
grains within the Ypresian limestones, coming from
the erosion of the Keuper facies. However, these grains
were not found in the Late Cretaceous breccias
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(Ramirez-Perez et al., 2024). Stringers in this sector
of the map are comparatively more continuous than
in the north, forming sub-vertical bodies with tight,
often faulted, recline folds at the centre of the salt wall.

4.3. The diapir exposures of the southern
closure of the Estopanya Syncline

The southern closure of the Estopanya Syncline com-
prises the area between the Camporrells and Nacha
villages. It is delimited to the south by a diapir
exposure that extends until the Tragé and Baldellou
Synclines (southern sector of the Main Map, Figure
3). Salt exposure is predominantly NE-SW oriented,
almost perpendicular to those in the eastern sector.
The southern boundary of the diapir is irregular,
with a salt overhang that slightly truncates the Late
Cretaceous—Paleocene succession of the Tragé Syn-
cline (Figure 3). In contrast, in the northern boundary
of the diapir, the closure of the Estopanya Syncline
shows a basal pre-orogenic sequence that is concor-
dant with the underlaying Keuper facies (Figure
4(B)). Along this contact, the Late Triassic and Jurassic
units wedge laterally, placing the Late Cretaceous suc-
cession of the Estopanya Syncline unconformably over
the diapir (Figure 3). The stringers in this sector are
parallel to the diapir boundary and are seen as vertical
and continuous bodies.

To the west of Camporrells, the contact between the
diapir exposure and the Baldellou Syncline follows the
trace of the Volteria Thrust, that places the Trago Syn-
cline in the hanging wall on top of the Baldellou Syn-
cline, fossilized by the Sarifiena Fm in the footwall
(Figure 3). The Volteria Thrust can be traced until
the Sant Quilez Syncline, although it is partially
obscured by the Oligocene conglomerates of the Sari-
fiena Fm and the Triassic salt exposures of the Nacha
village (Figure 4(C)). In Nacha, this salt occupies a
comparatively more elevated topographic position
than the surrounding Oligocene Peraltilla Fm (Figure
4(C)). However, the contact between these units is
rapidly postdated to the north by the Sarifiena Fm.
The stringer array in Nacha consists of discontinuous
bodies showing vertical to sub-horizontal dips, parallel
to the salt contact. Some of the stringers were trans-
ported within the salt and are currently located over
the Oligocene Peraltilla Fm (Main Map).

4.4. The diapir exposures of the western limb of
the Estopanya Syncline

The western limb of the Estopanya Syncline encom-
passes the area between the Nacha and Purroi de la
Solana villages. It is delimited to the west by an almost
continuous salt exposure that is oriented parallelly to
the axes of the Sant Quilez and Estopanya Synclines
(western sector of the Main Map). This sector is
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Figure 4. Field images illustrating stratigraphical contacts and geometries between diapir exposures and flanking sedimentary
successions. (A) In the eastern limb of the Estopanya Syncline, well-exposed onlap geometries are observed in the Late Cretaceous
succession. The dips are sub-vertical to overturned, suggesting flap geometries affecting the Adraén and Terradets Formations.
The contact between the Estopanya Salt Wall and the Estopanya and Boix Synclines is characterized by halokinetic breccias (red
square), rapid lateral facies changes, and wedging geometries, supporting this interpretation (following Ramirez-Perez et al.,
2024). (B) At the southern closure of the Estopanya Syncline, a concordant pre-orogenic sequence is observed over diapir
exposures. Northeastward, Late Triassic units are overlain by a Jurassic succession, progressively onlapping the diapir. (C) At
Nacha village, an allochthonous salt body is observed in the hanging wall block of the Volteria Thrust. The imbrication of the
Muschelkalk stringers in the frontal part suggest a small salt advance forming a flaring diapir with an overhanging contact
over the folded Peraltilla Member (Lower Oligocene). To the north of Nachj, the salt is postdated by the Sarifiena Member, con-
straining an Oligocene age for the salt overhang and the emplacement of the Volteria Thrust (image from Ayuntamiento de Baells
— Gorka Martinez Llurda).

subdivided into NW and SW domains by a small
asymmetric upright anticline (Figure 3). The eastern
boundary of this anticline is a sharp contact with the
Estopanya Syncline that is often obscured by Quatern-
ary deposits. The western termination of the anticline
includes verticalized Paleocene beds placed in the
footwall of the Sant Quilez back-thrust, though the
contact is obscured by Oligocene conglomerates that
truncate the latter Paleocene beds (Figure 3). The
northern and southern closures of the anticline consist
of gently dipping Paleocene strata partially covered by

salt exposures (allochthonous contacts in the Main
Map).

Extending to the north, the Sant Quilez back-thrust
forms the western boundary of the Castilld Diapir,
which is bounded by the Estopanya Syncline in the
east and by a complex area in the north predominated
by a NW-SE oriented weld. The geographical centre of
the diapir coincides with the Castillé del Pla village
(Figure 3). Comparatively, this diapir is more poly-
gonal than the Estopanya Salt Wall and it contains
less stringers due to its lack or because they are



covered under Quaternary deposits (see Fonz sheet,
Teixell et al., 1994). In the south, the salt of the Castillo
Diapir overhangs the Paleocene units of the upright
anticline. The western contact of the salt is abrupt
against the Sant Quilez Syncline whereas, in the east,
the salt is constrained to the footwall of a normal
fault that displaces the western limb of the Estopanya
Syncline in its hanging-wall (cf. Senz & Zamorano,
1992). In the north, it is difficult to trace the bound-
aries of the Castillo Diapir because the absence of
stringers hinders to differentiate it from other salt
exposures owing to the weld in the north of the
study area (see Figure 3).

5. Discussion

5.1. Halokinetic stratigraphy and timing of
diapirism in Estopanya

The present-day geometry of the Estopanya Syncline
and adjacent salt structures is the result of an interplay
between halokinesis and tectonic shortening during
the Pyrenean orogeny.

In the eastern sector, Late Cretaceous units onlap
the Estopanya Salt Wall (Figure 4(A)). Distinctive
facies such as halokinetic breccias, an absence of dia-
pir-derived clasts in the flanking sedimentary rocks,
and wedging geometries along the contact, point to
salt inflation next to the Estopanya and Boix Synclines
since, at least, during the Maastrichtian (Ramirez-
Perez et al., 2024). Salt inflation formed the flap geo-
metries that characterize the Terradets and Adraén
Fms on both flanks of the Estopanya Salt Wall in
this region. In the NE domain, the Ypresian units of
the Estanya Structural Unit directly overlay the Esto-
panya Salt Wall. This contact is also interpreted as
an onlap suggesting that the Estopanya Salt Wall was
already exposed during the early to middle Ypresian,
flanking laterally these carbonate platforms. The Keu-
per quartz grains found within the Ypresian carbon-
ates of the Boix Syncline will additionally support
diapir exposure (Ramirez-Perez et al., 2024).

The contact between the southern closure of the
Estopanya Syncline and the Estopanya Salt Wall is
interpreted as concordant attending the stratigraphical
continuity between the diapiric and the non-diapiric
Triassic units (Figure 4(B)). East of this point, the
pre-orogenic unit wedges against the diapir, whereas
to the west the contact is more complex, leading to
multiple interpretations of its nature (Figure 4(B)).
Probably, this contact results from a combination of
an onlap of the Late Cretaceous units over both the
diapir and an overhanging diapir flare. In this sense,
small-scale allochthonous salt emplacements occur-
ring along the diapir margin (i.e. salt flares) are likely
suggested to occur covering the hinge of the Tragd
Syncline or in the northern part of the SW closure
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of the Estopanya Syncline (allochthonous contacts in
the Main Map). Otherwise, the contact could also be
produced by the erosion of the pre-orogenic units by
the Santonian Unconformity and the onlap of the
Late Cretaceous succession over the eroded flank of
an inflated salt structure. Thereby, the absence of
any wedging geometry, overturned strata, or haloki-
netic breccias, as those observed in the eastern sector
of the Main Map, indicates that the most proximal
part of this contact has not been preserved.

The contact between the diapir and Peraltilla Fm in
Nacha provides insights into the diapir’s evolution
during the Oligocene. The irregular shape of the con-
tact and the topographic position of the Triassic rela-
tive to the Peraltilla Fm (Lower Oligocene) suggest the
presence of allochthonous salt at this location (Figure
4(C)). The salt is onlapped by the Sarifiena Fm in the
north, indicating that salt emplacement probably
occurred during the Lower—Upper Oligocene, concur-
rently with the break-back reactivation of the SMTS
frontal part (Meigs, 1997). The more extensive salt
advance in Nachd compared to other mapped areas,
likely reflects either (i) the occurrence of a palaeovalley
(cf. Cofrade, Cantarero, et al., 2023); or (ii) that salt
was transported on the hanging-wall of Volteria
Thrust, elevating it over the surrounding detrital
units, which is a more probable hypothesis (Teixell
& Barnolas, 1996).

The contacts observed between the diapir and the
flanking units in the western sector are also probably
allochthonous at some points along the main normal
fault trace. In this regard, due to the small area covered
by the salt, it is proposed the occurrence of salt flares at
the flanks of hanging diapirs. The observed onlap of
the Oligocene conglomerates against the diapir in
the western part of the map suggests a rapid diapir
rise in Estopanya during the Oligocene, which prob-
ably caused the observed salt flares. Similar contacts
are described in other diapirs of the SMTS that were
also buried during the Upper Oligocene—Miocene
(Burrel & Teixell, 2021; Cofrade, Gratacds, et al.,
2023; Cofrade, Zavada, et al., 2023).

5.2. Evolution of diapirism in Estopanya

The stratigraphical contacts of studied diapirs suggest
that diapirism occurred at different times in the ENE
and WSW sectors of the studied area.

Stratigraphical relationships in the eastern limb of
the Estopanya Syncline indicate a Late Cretaceous dia-
pirism that evolved from shallowly buried salt-inflated
structures at the time of deposition of the Terradets
Fm (Maastrichtian). These structures uplift continu-
ously during the sedimentation of the Tremp Group
(Maastrichtian—Paleocene), producing a condensed
succession in the Boix Syncline (Ramirez-Perez
et al, 2024). The lower Eocene units onlap the
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Estopanya Salt Wall and contain diapir-derived frag-
ments, indicating an exposure of the pre-existing dia-
pirs as salt walls slightly before to the arrival of the
compressional onset into the SMTS (Ramirez-Perez
et al., 2024).

One option to explain Lower Eocene diapirism in
Estopanya is the occurrence of different scale and
orientation salt-inflated structures that were reacti-
vated or squeezed slightly before the orogenic onset.
The deformation of these diapirs influenced stress dis-
tribution and subsequent diapirism in the studied
area. In this sense, present-day structures in Estopanya
account for a larger shortening in the NW part of
Estopanya Syncline, involving different welds and
thrusts, than in the SE, where diapirs are still preserved
(Main Map). These structures in Estopanya resemble
the ones produced in models of salt deformation
during tectonic shortening (e.g. Dooley et al., 2019).
In them, diapirs oblique to the main contractive forces
usually narrow forming secondary welds such as those
of the western limb of the Estopanya and Boix Syn-
clines. Contrarily, diapirs oriented parallel to the
shortening direction remain open extruding salt
during shortening (Duffy et al., 2021; Rowan & Ven-
deville, 2006). Following these models, diapirs in Esto-
panya should be expected to show a N-S orientation.
However, the trace and position of the studied ones
(e.g. the Estopanya Salt Wall) do not completely
agree this trend, being oblique to the main direction
of the Pyrenean contraction (N-S).

The current position of diapirs and welds in Esto-
panya could be explained by the pre-existence of com-
paratively wider salt walls in the ESE sector than in the
WNW. During shortening, narrow salt walls were
rapidly squeezed forming the present-day welds,
whereas the principal diapirs do not arrive to weld
due to their major extension (cf. Duffy et al., 2021).
Another possibility is to consider a clockwise rotation
affecting the Estopanya Syncline during shortening,
which agree with studies reporting a Middle Eocene—
Oligocene rotation of the frontal structures of the
South-Central Pyrenean Thrust Salient (e.g. Mufioz
et al., 2013; Sussman et al., 2004). The two proposed
possibilities about diapir evolution agree with
accepted studies on salt basin evolution and could,
therein, also have occurred in Estopanya. Further fol-
lowing these works, during welding and basin rotation
salt is preferentially evacuated from shortened areas
(future welds) into nearby relay zones (e.g. Dooley
et al., 2019; Duffy et al., 2021). Shortening and diapir
squeezing since the Lower Eocene in Estopanya was
probably traduced in a similar salt flow leading to (i)
the sourcing and growth of already exposed diapirs
(the Estopanya Salt Wall) and (ii) the production of
new salt-inflated regions next to the welding areas,
forming buried salt structures as those in the western
part of the Estopanya Syncline (the Castillé Diapir).

Diapirs were reactivated during the Lower Oligocene
in Estopanya due to the break-back reactivation of
the Serres Marginals Thrust Sheet and grew, at least,
until the Upper Oligocene, as depicted by the contacts
observed in the western part of the study area and in
the northern part of the Estopanya Salt Wall. Prob-
ably, after compression some of the previously formed
secondary welds were reactivated as collapse struc-
tures, sinking the Estopanya Syncline into the salt
beneath and lowering it topographically in the hang-
ing-wall of normal faults.

6. Concluding remarks

The structural and stratigraphical features mapped in
the Estopanya Syncline and adjacent salt bodies reveal
a complex history of diapirism in this sector of the
Serres Marginals Thrust Sheet of the Southern
Pyrenees.

Diapirism in the eastern and western limbs of the
Estopanya Syncline occurred at different stages of
the Pyrenean orogeny. In the eastern limb, the onlap
of the Late Cretaceous succession on the diapiric
Triassic facies and the presence of halokinetic geome-
tries and distinctive breccias along the diapir margin
indicates the inflation of a salt wall that likely extended
to the southern closure of the Estopanya Syncline. The
onlap towards the diapir and the composition of the
middle Ypresian limestones in the Boix Syncline
suggest that the Estopanya Salt Wall was already
exposed during the Lower Eocene, slightly before the
onset of the compressional shortening in the Serres
Marginals Thrust Sheet.

In contrast, no stratigraphical evidence of Late Cre-
taceous to Ypresian diapirism is observed west of the
Estopanya Syncline. Diapirism in this sector was prob-
ably influenced by the existence of different scale and
orientation diapirs around the Estopanya Syncline
since the Lower Eocene. Their welding and basin
rotation (Eocene—Oligocene) likely produced salt eva-
cuation sourcing already exposed diapirs and forming
new salt-inflated structures that, during the Lower Oli-
gocene break-back thrusting, extruded as new diapirs
and allochthonous salt flares.

Software

Field data collection was conducted using FieldMove®
(Petroleoum Experts Limited) software, installed on a
tablet device equipped with a GPS system with a typi-
cal accuracy of +2 m. Digital Elevation Models
(DEMs) with LiDAR-based resolutions of 2x2 m
and 5x5 m (provided by IGN, https://
centrodedescargas.cnig.es) were integrated into the
device, along with geological and topographical
maps from the MAGNA 1:50,000 series (https://info.
igme.es), serving as guidance layers during fieldwork.
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The collected data was initially visualized in Google
Earth and subsequently imported into a georeferenced
digital environment using QGIS (v3.26 and 3.32),
where the Main Map was constructed. Data filtering
and curation were also performed in QGIS, leveraging
a pre-existing cartographic database imported into the
project file to fine-tune the accuracy of the Main Map.
Data layers were then exported individually as vector
files and merged in Inkscape (v1.2.2), where the final
Main Map canvas was developed. The applied colour
palette aligns with previously published geological
maps from adjacent areas (e.g. Les Avellanes Diapir,
Cofrade, Gratacos, et al.,, 2023). Structural, bedding,
and lithological symbols were sourced from standard
vector-based geological libraries and, when necessary,
slightly adapted to enhance symbol clarity and the
visibility.
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