
Structural and Geophysical Characterization of the
Western Termination of the South Pyrenean
Triangle Zone
P. Santolaria1,2 , C. Ayala3 , E. L. Pueyo1,4 , F. M. Rubio5, R. Soto1,4 , P. Calvín6 ,
A. Luzón7, A. Rodríguez‐Pintó8, C. Oliván8, and A. M. Casas‐Sainz7

1Associated Unit in Earth Sciences IGME, University of Zaragoza, Zaragoza, Spain, 2Now at GEOMODELS Research
Institute, University of Barcelona, Barcelona, Spain, 3Instituto Geológico y Minero de España (IGME), Madrid, Spain.
Now at Geosciences Barcelona, CSIC, Barcelona, Spain, 4Instituto Geológico yMinero de España, IGME, Zaragoza, Spain,
5Instituto Geológico y Minero de España, IGME, Madrid, Spain, 6Departamento de Física, Laboratorio de
Paleomagnetismo, Universidad de Burgos, Burgos, Spain, 7Departamento de Ciencias de la Tierra, Geotransfer Research
Group, Instituto de Investigación en Ciencias Ambientales (IUCA), Universidad de Zaragoza, Zaragoza, Spain, 8Freelance
geologist

Abstract The South Pyrenean triangle zone represents the southernmost front of the Pyrenees at its
central portion deforming the Upper Eocene‐Miocene Ebro Basin deposits. Two main structures
characterize its western termination, the Barbastro anticline and the San Román backthrust, which
detached on the Barbastro Formation (and lateral equivalents), an Upper Eocene‐Lower Oligocene
syntectonic evaporite‐rich formation that acted as a multidetachment unit. Northward, the south directed
Pyrenean thrust unit (i.e., Gavarnie‐Sierras thrust sheet) detached along the Middle‐Upper Triassic
evaporitic rocks to finally ramp up and glide along the same Upper Eocene‐Lower Oligocene
multidetachment unit. A multidisciplinary approach allowed constructing a detailed structural and
stratigraphic model of the study area. The workflow consisted of (1) constraining the geometry and
structural architecture based on surface geology, interpretation of seismic lines (>900 km), and wells and (2)
obtaining the 3‐D density distribution of the multidetachment unit using gravity stochastic inversion
(more than 7,000 gravity stations and 1,500 density data). The geometry of the sole thrust of the
Gavarnie‐Sierras thrust sheet was controlled by the distribution of the evaporite‐rich units of the Barbastro
Fm. Weak detachments promoted thrust salient formation and thrust flat geometries. The western
termination of the South Pyrenean triangle zone is defined as a westward transition from a ramp‐dominated
and multiple triangle zone to a detachment‐dominated one. Its geometry, kinematics, and location were
controlled by the heterogeneous lithology of the Barbastro Fm. and its basal, halite‐based detachment
southern pinch‐out.

1. Introduction

The occurrence of multiple detachments (i.e., a stratigraphic pile involving two or more décollement units)
impacts the style of deformation in fold‐and‐thrust belts (e.g., Bonini, 2001; Cobbold et al., 2009; Cobbold &
Rodrigues, 2007; Couzens‐Schultz et al., 2003). This feature is relatively common in many fold‐and‐thrust
belts worldwide: the Parry Island (Harrison, 1995), the Central Andes (Dunn et al., 1995; Pichot &
Nalpas, 2009), the Rocky Mountains (e.g., Lebel et al., 1996), the Pyrenees (e.g., Muñoz, 1992), the Kuqa
fold‐and‐thrust belt (e.g., Izquierdo‐Llavall et al., 2018), the Zagros (Sherkati et al., 2006), the Apennines
(e.g., Massoli et al., 2006), and the European Alps (Burkhard & Sommaruga, 1998; von Hagke et al., 2012).
Most studies analyzing the effect of multiple décollements on the geometry and/or kinematics of fold‐and‐
thrust belts deal with different detachment units at different stratigraphic levels (e.g., Bonini, 2001;
Borderie et al., 2018; Couzens‐Schultz et al., 2003; Massoli et al., 2006; Price, 1981; Santolaria et al., 2015).
The mechanical stratigraphy of these systems, alternating ductile and brittle or weak and stiff units, favored
tectonic wedging, delamination of the cover through weak detachments and the formation of triangle zones
(von Hagke & Malz, 2018, and references therein). The term triangle zone has been used in the literature to
define different structures. In this work we use the definition of triangle zone by von Hagke and
Malz's (2018): “structures with a triangular shape in section view accommodating shortening by coeval
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activity of a basal thrust and an associated backthrust of opposite ver-
gence.” These authors stress the importance to address, in addition to
the geometrical analysis, the kinematic and mechanical implications
when defining triangle zones. Depending on whether the triangle
zone involves a single or two or more detachments, von Hagke
and Malz (2018) classified triangle zones into detachment or ramp‐
dominated types, respectively (Figure 1).

The South Pyrenean triangle zone represents a good example to study
the role played by syntectonic evaporitic units on folding and thrust-
ing (Koyi & Sans, 2006; Krzywiec & Vergés, 2007; Sans et al., 1996;
Vergés et al., 1992; Vergés & Burbank, 1996). The geometry, orienta-
tion and extent of the South Pyrenean triangle zone vary along strike,
controlled by the thickness and distribution of the involved foreland
syntectonic evaporitic units (Sans et al., 1996; Figure 2a). These units
were deposited in the Ebro foreland basin, in marine and lacustrine
areas laterally related to alluvial systems sourced in northern struc-
tures (Anadón et al., 1989; Muñoz et al., 2002; Pardo et al., 2004).
Northward, the Pyrenean structures are characterized by their
foreland vergence and detach along an older décollement unit, the
Middle‐Upper Triassic.

The eastern sector of the South Pyrenean triangle zone is wider than
the western one, displays an array of structures and includes three, Lutetian to Lower Oligocene evaporitic
units: Beúda, Cardona, and Barbastro Fms. (e.g., Ortí, 1988; Sans et al., 1996). To the west, the triangle zone
narrows coinciding with the pinch‐out of the older evaporitic unit. In the western sector of the South
Pyrenean triangle zone, the younger evaporitic unit, the Barbastro Fm., acted as a multidetachment unit.
This formation can be divided into several evaporitic subunits (Gil & Jurado, 1994; Sans et al., 1996) sepa-
rated by interbedded terrigenous packages. The western sector of the South Pyrenean triangle zone is mainly
characterized by a continuous structure whose geometry also changes along strike, the Barbastro anticline
(Gil & Jurado, 1998; Martínez‐Peña & Pocoví, 1988; Pardo & Villena, 1979; Riba et al., 1983; Sans, 2003;
Senz & Zamorano, 1992).

This work, based on a multidisciplinary approach, is aimed to analyze the influence of evaporite‐rich facies
distribution on the structural style and kinematics of orogenic frontal structures, using the western termina-
tion of the South Pyrenean triangle zone as a study case. The implications obtained can be extrapolated to
other triangle zones having multidetachment units. The subsurface geometry of the study area was recon-
structed integrating surface geology and seismic reflection profiles supported by well data. Additionally,
gravity data together with a large rock density data set were processed together to perform 3‐D gravity sto-
chastic inversion to map the 3‐D distribution of the low‐density packages within the Barbastro Fm. and lat-
erally equivalent units. This new methodological approach allows understanding the 3‐D distribution and
the lateral density changes of the detachment levels and to evaluate its implications in the final architecture.
Finally, we discuss the kinematic and mechanical implications of the new definition of the Barbastro
anticline structure.

2. Geological Setting
2.1. Geological Setting of the Study Area

The study area encompasses the western termination of the South Pyrenean triangle zone (Figure 2a). It is
located in the South Central Pyrenees between the southernmost Pyrenean thrust sheets and the autochtho-
nous deposits of the Ebro foreland basin.

The WNW‐ESE trending Pyrenean range grew as an asymmetric doubly verging wedge (e.g., Choukroune
& ECORS team, 1989; Martínez‐Peña & Casas‐Sainz, 2003; Muñoz, 1992; Roure et al., 1989; Teixell,
1998; Vergés & García‐Senz, 2001) as a result of the convergence and collision between the Iberian
and European plates from Late Cretaceous to Early Miocene times (e.g., Muñoz, 2002; Roest & Srivastava,

Figure 1. Sketch showing the geometry of detachment‐ and ramp‐dominated
triangle zones (after von Hagke & Malz, 2018) and a specific case illustrating
a ramp‐dominated, multiple‐triangle zone. Simplified and modified from
Couzens‐Schultz et al. (2003), after Banks and Warburton (1986), Jones (1996),
Bonini (2001), and von Hagke and Malz (2018).
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Figure 2. (a) Geological map of the South Central and Eastern Pyrenees. The limits of the Gavarnie‐Sierras thrust sheet
and the South Pyrenean triangle zone are shown by dashed red lines (modified from Muñoz et al., 2018; after Sans
et al., 1996). (b) Simplified geological map of the studied area, see gray frame in (a) and Pyrenean regional map
(center‐right) for location.
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1991; Rosenbaum et al., 2002). The South Central Pyrenees salient is constituted by three main thrust sheets,
detached from the basement along the Middle‐Upper Triassic décollement (Muñoz et al., 2013). The
Gavarnie‐Sierras thrust sheet is the southernmost (Figure 2a, red dashed lines) and youngest one
(Lutetian to Oligocene, see Millán‐Garrido et al., 2000; Muñoz et al., 2013; Oliva‐Urcia, 2018). It
comprises, along strike, the following structural units: Marginal Sierras in the east, the External Sierras in
the west, and their connection, herein named the Sierras Transition Zone (STZ) (Figure 2b).

The Marginal Sierras unit (Pocoví, 1978, 1979) is a thrust system which records out‐of‐sequence thrusting
and thrust reactivations. It displays a decreasing spacing trend between tectonic structures (from 5 to less
than 1 km) toward the south. Widespread outcrops of Middle‐Upper Triassic rocks reveal a thickened
décollement underneath this unit (Santolaria et al., 2016). The tectonic structures plunge toward the
WNW in the western edge of the Marginal Sierras unit and are covered by Oligocene‐Miocene rocks in
the STZ (Figure 2b). In this latter unit, the allochthonous stratigraphic units crop out at the borders of
Triassic salt diapirs and at the South Pyrenean Frontal Thrust (SPFT) (Figure 3), the surficial expression
of the South Pyrenean Sole Thrust (SPST). To the north of the STZ and in the External Sierras a series of
evenly spaced, N‐S trending, detachment and fault‐propagation folds stand out; they underwent vertical axis
rotations during the Eocene–Oligocene (Mochales et al., 2012, 2016; Muñoz et al., 2013; Pueyo et al., 2002;
Rodríguez‐Pintó et al., 2016). One of these folds, the Balzes anticline (Rodríguez‐Pintó et al., 2016)

Figure 3. Detailed geological map of the western termination of the Barbastro anticline. Numbers indicate the main structural features referred to in the text.
Thin black lines denote outcropping structures, while dashed black lines refer to covered structures.
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changes its trend from N015E in its northern part to N142E in its southern part, where it parallelizes the
Barbastro anticline (Figure 3).

The SPFT displays several salients and reentrants and is partly covered by the Oligo‐Miocene syntectonic
alluvial deposits belonging to the Ebro Basin foreland succession. Right to the south, the Barbastro anticline
(Selzer, 1934) and the San Román backthrust (Martínez‐Peña, 1991; Millán, 1996; Navarro, 1987;
Puigdefàbregas, 1975) represent the southernmost Pyrenean tectonic structures in this sector (Figure 3).

2.2. Stratigraphy

In the Gavarnie‐Sierras thrust sheet, the stratigraphic succession (Figures 3 and 4) includes Middle‐Upper
Triassic evaporites and mudstones, rare Jurassic limestones, Santonian to Maastrichtian limestones, con-
glomerates and sandy limestones, Maastrichtian to Paleocene red beds and fresh water limestones
(Garumnian Facies), and lower Ypresian limestones (Garrido‐Megías & Ríos‐Aragües, 1972; Muñoz et al.,
2013; among others). The uppermost Ypresian to Lutetian limestones built up the mountainous reliefs of
the External Sierras; they integrate a decameter‐thick unit cropping out in the STZ frontal structures and
are not represented in the Marginal Sierras. Upper Lutetian to Priabonian transitional sandstones grading
into mainly mudstones and sandstones (Hogan & Burbank, 1996) top the succession. Finally,
Oligocene‐Miocene detrital facies filling the foreland basin unconformably cover the previously described
units, the STZ and the SPFT (Figure 3).

In the foreland basin, Upper Priabonian‐Middle Rupelian tabular, generally decimeter‐thick, gypsum levels
with interbedded gray, and subordinate red, mudstones (Lucha et al., 2012; Luzón, 2001) integrate the
Barbastro Fm. (Quirantes, 1969), which represents lacustrine evaporite deposition; locally, massive gypsum
packages are present (Barnolas, García‐Sansegundo, et al., 1990). In the southeastern part of the studied area,
the evaporite formation grades northward (close to the Marginal Sierras unit) into alluvial facies (mainly
mudstone and locally derived breccias), but in the lower part of this alluvial succession, 90 m of massive salts
has been identified in wells (Senz & Zamorano, 1992). The Barbastro Fm. is covered by Oligocene‐Miocene,
north‐derived detrital deposits (conglomerate, sandstones, mudstones) belonging to the Peraltilla (Middle
Rupelian to Chattian, Crusafont et al., 1966) and Sariñena (Chattian to Aquitanian, Quirantes, 1969;
Cuenca et al., 1992) Fms. This transition reflects a progradation of the pyrenean alluvial systems and the dis-
appearance of the evaporite lake. Decimeter‐thick lacustrine limestone and gypsum levels are locally inter-
bedded in the detrital succession (see Senz & Zamorano, 1992 and Luzón, 2005 for further details). It is
worth noting that a 30–120 m thick (Barnolas, García Senz, et al., 1990) package of lacustrine limestones
and mudstones with sandstones and rare gypsum represents the transition from the Barbastro Fm. to the
Peraltilla Fm.

In the subsurface, the Monzón‐1 [MO‐1] (Figure 3) well reveals an 886 m thick unit corresponding to the
Barbastro Fm. (Figure 4a). It is integrated by gypsum and marls with interbedded decameter‐thick halite
and anhydrite packages; a 90 m‐thick massive gypsum level tops the unit. Toward the NW, in the
Huesca‐1 [HU‐1] well (Figures 4a and 4d), detrital facies laterally equivalent to the Barbastro Fm. lie on a
100 m thick level of halite and gypsum labeled as the Ebro Basin basal detachment in Figure 4a. The subsur-
face stratigraphy of the Ebro foreland basin in the study area is known from three exploration wells (Gil &
Jurado, 1998; Lanaja, 1987) (Figures 4a and 4d for location) that reveal that the Barbastro, Peraltilla and
Sariñena Fms. unconformably overlie the Triassic to Lower Eocene sequence (Figure 4a).

2.3. The Barbastro Anticline and the San Román Backthrust

The Barbastro anticline is a WNW‐ESE trending, 90 km long structure that runs approximately parallel to
the SPFT, mimicking the curvature of the South Central Pyrenean salient (Figure 2a). To the east, where
the South Pyrenean triangle zone widens, it branches into several thrusts and folds (Sans et al., 1996)
(Figure 2a). In the study area, the Barbastro anticline narrows progressively to the west, changes its trend
from a N120°E to a N150°E and joins finally with the San Román backthrust (Martínez‐Peña &
Pocoví, 1988, Figures 2b and 3).

The anticline is cored by the Barbastro Fm. (Martínez‐Peña & Pocoví, 1988). In its southern limb, the
Peraltilla Fm. strata are arranged in a 30° to 60° (eventually subvertical where in contact with the
Barbastro Fm.) south dipping panel (Barnolas, García‐Sansegundo, & Teixell, 1990) (Figure 3). Still farther
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Figure 4. (a) Correlation of lithological logs of the key available wells in the area. (b) Depth to time graphs synthetized
from sonic log data coming from wells located near the Barbastro anticline. (c) Frequency diagrams of density
measurements of the Ebro Basin units; for further information see Pueyo et al. (2016) and Santolaria et al. (2016).
(d) Location of interpreted seismic lines, petrophysical sampling points and wells; geological map at the background.
(e) Gravity stations classified by surveys; contoured digital elevation model at the background. (f) Bouguer and (g)
regional gravity anomaly maps.
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south, beds of the Sariñena Fm. conformably cover the Peraltilla Fm. deposits and become progressively
horizontal.

The western termination of the Barbastro anticline links with the San Román backthrust, that passes east-
ward to the Bastarás fold system (Figure 3, western sector, McElroy, 1990). To the west of the central sector,
the core of the anticline is characterized by (i) vertical or south verging, tight to isoclinal, meter to
decameter‐scaled folds in the gypsum‐dominated packages and (ii) tight to gentle folds (and seldom thrusts)
with no dominant vergence in mudstone‐dominated levels (Barnolas, García‐Sansegundo, & Teixell, 1990;
Pardo & Villena, 1979). To the east of the central sector, the northern flank of the Barbastro anticline pre-
sents a south dipping overturned panel, which involves well‐bedded gypsum and interbedded sandstones
(Figure 3, central sector). In the eastern sector, from north to south, the Ebro Basin units are deformed by
a sequence of SW verging thrusts, a tight, NE verging anticline which is truncated to the south by a W‐E
trending backthrust that becomes blind to the east, and finally the Azanuy syncline, an 8 km wide gentle
syncline, in whose northern flank the Sariñena Fm. laps onto the Peraltilla Fm. (Senz & Zamorano, 1992,
Figure 3). In this sector, in the southern flank of the Barbastro anticline, a 15 km long, 500 m wide outcrop
of the lower part of the Peraltilla Fm. has been interpreted as belonging to a downward facing hanging‐wall
(Sans et al., 1996); evaporites display here meter‐ to decameter‐scale, south verging east plunging folds
(Pardo & Villena, 1979; Sans et al., 1996).

3. Data and Methods

This work integrates surface and subsurface data coming from different surveys and methods (Figure 4).
Surface data (stratigraphic and structural measurements) consist of 2,810 bedding measurements
(Barnolas, García‐Sansegundo, & Teixell, 1990; Barnolas, García Senz, et al., 1990; Barnolas, Teixell,
et al., 1990, 1994; GEODE, 2011; Martínez‐Peña & Pocoví, 1988; McElroy, 1990; Millán, 1996;
Luzón, 2005; Rodríguez‐Pintó, 2012; Santolaria et al., 2016; Senz & Zamorano, 1992; this work) compiled
in a geological map (Figures 2b and 3). Subsurface information comes from five exploration wells
(Figures 4a, 4b, and 4d) for location), seismic reflection profiles (Figure 4d), and gravity data (Figure 4e).
Petrophysical information (Figures 4c and 4d for sampling locations) includes density data coming from
Santolaria et al. (2016), Pueyo et al. (2016), and new measurements carried out in this work. The workflow
consisted of (1) constraining the structure from surface geology, seismic reflection profiles, and well data
complemented with gravity maps and (2) obtaining the 3‐D density distribution of the Barbastro Fm. and
lateral equivalents using gravity inversion. The density contrast between evaporitic units (Triassic and
Eocene, [c]2.25 g/cm3) on one side and nonevaporitic rocks (e.g., Oligocene detrital facies, [c]2.40 g/cm3;
Cretaceous limestones, [c]2.67 g/cm3) or basement rocks ([c]2.75 g/cm3) on the other, makes possible to
use the gravimetric method (Calvín et al., 2018; Izquierdo‐Llavall et al., 2019; Pinto et al., 2005; Santolaria
et al., 2016). In this work, the gravimetric data set has a dense coverage (more than 1 point per km2) that
allowed to model evaporite units and to detect lateral facies changes. This approach represents an efficient
tool to assess the 3‐D distribution of evaporite‐rich detachments and allows to discuss its impact in the
structural style and evolution of fold‐and‐thrust belts.

3.1. Seismic Reflection Profiles and Well Data

A total of 42 two‐dimensional seismic reflection profiles (totaling more than 900 km, Figure 4d) was com-
piled from a public database repository (info.igme.es/SIGEOF/) and interpreted in this study. The most
representative lines are here shown as composite lines (CL1 to CL4) or as a single line (HL‐7). The density
of seismic profiles is high, with low‐medium quality and heterogeneous seismic processing. This drawback
was solved thanks to feedback between seismic interpretation and gravity modeling. Available seismic sec-
tions are high‐resolution tiff files showing shot points location. They were vectorized and converted into segy
files by means of Image 2seg software developed by the Institut de Ciènces del Mar (CSIC; Farran, 2008) and
then reduced to a common datum bymeans of the Kingdom Suite software (by IHSMarkit) where they were
interpreted.

Interpretation of seismic reflection profiles was constrained with five exploration wells (Figure 4a for litho-
logical logs; Figure 4d for location). Apart from the lithological description of the logs, synthetized by
Lanaja (1987) and partially reinterpreted in this work, partial density and sonic logs are also available
(info.igme.es/SIGEOF/).
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3.2. Time‐to‐Depth Conversion and 3‐D Reconstruction of the Study Area

We performed the time‐to‐depth conversion to avoid structural ambiguities and to provide a depth basis for
gravity inversion and cross‐section restoration. Time‐to‐depth conversion was based on a 3‐D velocity model
represented by a velocity voxet built from (i) sonic logs (Figure 4b)) and (ii) key structural and stratigraphic
time‐based surfaces (see supporting information for further details). The depth‐time curves corresponding to
the Ebro Basin wells exhibit gentler slopes than lines of the STZ wells (Figure 4b). Applying a linear regres-
sion, we obtained a simplified seismic velocity of 4,387 and 5,226 m/s, respectively for the two areas. This
points out the necessity of considering two different seismic velocity domains, and consequently we ruled
out a simplistic time‐to‐depth conversion approach (Figure S1, supporting information).

Interpreted horizons (as XY‐Time point clouds) were converted through the seismic velocity voxet
(Figure S1, supporting information) and the output depth‐based horizons double‐checked against the actual
well depth. Misfits between depth converted horizons and true depth are below 80 m in the Gavarnie‐Sierras
Unit and below 130 m in the Ebro Basin continental sequence. Finally, depth‐based point clouds were used
to construct key structural and stratigraphic surfaces.

3.3. Gravity Data, 3‐D Gravity Inversion, and Density Data

A total of 7,376 gravity stations was used to obtain the Bouguer anomaly (Figure 4f): 5,469 stations from
IGME and SITOPO databases (Ayala et al., 2016), 903 stations from Santolaria et al. (2016) and 1,004 new
stations acquired in this work. Up to six anchor points together with areal overlapping between different
surveys were considered to ensure a robust link between datasets. In addition, the new data were pro-
cessed using the same parameters as the ones used for the gravity stations from the databases. We did
not detect any mismatch between the different surveys and consequently the three data sets were merged
to obtain a continuous, harmonized Bouguer anomaly map. To model relatively shallow density varia-
tions, a residual gravity anomaly was obtained by subtracting from the Bouguer anomaly a linear regional
field (displaying a N120°E trend) that reflects the contribution of the structures in the middle to lower
crust and upper mantle.

Previous 2.5‐D gravity forward modeling in the study area (Santolaria et al., 2016) highlighted the necessity
of considering a density variation (from 2.2 to 2.5 gr/cm3) within the Upper Eocene units (basically Barbastro
Fm. and lateral equivalents). For this reason, we performed a complete 3‐D gravity inversion specifically
focused on these geological units. The 3‐D gravity model was obtained by stochastic inversion using 3‐D
GeoModeller software from Intrepid Geophysics (e.g., Guillen et al., 2008). The model is based on key strati-
graphic and structural surfaces coming from the interpolation of the interpreted and depth‐converted
seismic horizons.

The 3‐D gravity model has dimensions of 80 × 70 km (5,600 km2), its top is at the topographic surface (that
comes from a 100 m accuracy digital elevation model, Figure 4e) and the bottom is at −6,500 m, including
the upper part of the Paleozoic basement. To carry out the inversion, each unit is discretized in voxels of
500 × 500 × 200 m. The total number of cells is 1,008,000 (160 × 140 × 45 cells); in each cell the density value
was assigned according to its unit.

The 3‐D gravity model includes 290 representative bedding dips, contacts of target units, and the main faults
and thrusts traces. Density data come from a petrophysical dataset (>3,000 density values): 1,109 samples
from Santolaria et al. (2016), 429 additional samples acquired during this study (Figure 4c), and density data
from the Iberian Range and Ebro Basin (Pueyo et al., 2016). The stratigraphic pile was divided into seven
units, each characterized by its density range: (1) Basement, (2) Triassic‐Jurassic rocks of the Ebro
Basin, (3) autochthonous Cretaceous to Eocene, (4) Barbastro Fm. and lateral equivalents, (5) Oligocene‐
Miocene terrigenous units (Peraltilla and Sariñena Fms.), (6) Middle‐Upper Triassic evaporites, and
(7) nonevaporitic rocks involved in the Gavarnie‐Sierras thrust sheets.

In the GeoModeller software, the calculations of the inversion are based on the Monte Carlo Markov chain
method (Tarantola, 2005), a well‐known and widely used mathematical method in geophysical inversion
(e.g., Anderssen et al., 1972; Anderssen & Seneta, 1971; Keilis‐Borok & Yanovskaya, 1967; Press, 1968,
1970). It consists of minimizing the gravimetric misfits (difference between observed and calculated gravity
anomalies) by changing the lithological boundaries, the density or both parameters in each iteration. In this
case, we considered the geometry to be well constrained by the seismic profiles and allowed varying only the
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density. The main objective was to delineate the distribution of low‐density materials within the Barbastro
Fm. and lateral equivalents which tentatively would correspond to evaporite and terrigenous facies, respec-
tively. This method allowed constraining the density variations within the target unit as a whole and, there-
fore, specific evaporitic detachments (subunits within the target) cannot be discretized. In other words, as
set, this method allows to detect lateral density variations rather than vertical changes. Thus, we have
allowed densities to vary within ±0.01–0.08 g/cm3 except for the Barbastro Fm. and lateral equivalents
where densities can vary within ±0.15 g/cm3. The inversion was run for 25 × 106 iterations and at the
end of the inversion, the RMS of the misfits (difference between observed and calculated residual anomaly)
was 0.43 mGal. A thorough description of the modeling process can be found in Guillen et al. (2008).

4. Bouguer and Residual Gravity Anomaly Map

The Bouguer anomaly map shows a long wavelength gradient displaying a decreasing trend from NW to SE
and ranging from −120 to −40 mGal (Figure 4f). Superimposed on this gradient (regional signature,
Figure 4g), there are relative maxima and minima of medium to short wavelength associated with local den-
sity variations mainly related to (1) Triassic salt accumulations within the Pyrenean thrust sheets and (2)
Eocene evaporites in the Barbastro anticline (see Santolaria et al., 2016 for further details). The residual
anomaly map (Figures 5a and 5b) shows gravity values ranging from −17 to 12 mGal. In the northern part
of the studied area, values change from positive to negative from west to east (Figure 5a, A and B labels,
respectively). The central area features several N110°E to N130°E trending, short to medium wavelength
highs and lows. To the east, a continuous gravity high (10 mGal) stands out among surrounding gravity lows
(Figure 5a, C label). Westward, a series of constantly spaced ([c]11 km) gravity lows are aligned N100°E
(Figure 5a, D label). Among them, the lowest values (−17 mGal) correlate with Triassic salt diapirs and with
the southernmost portions of the Balzes (−10 mGal) and Nasarre (−4 mGal) anticlines, thus suggesting the
presence of Triassic low‐density rocks in their cores. To the south, the residual anomaly is characterized by a
trendless distribution of highs and lows (Figure 5a, E and F labels). In the Marginal Sierras, gravity lows
broadly coincide with Triassic evaporites accumulations (Figure 5a, E label), whereas in the STZ positive
values dominate (Figure 5a, F label) suggesting smaller volumes of low‐density rocks underneath.

To the south, a N100°E elongated, continuous gravity low (−14 mGal) almost perfectly matches the outcrop
of the Barbastro Fm. (Figure 5a, label G and Figure 5b). The southern boundary of this gravity low mimics
the limit between the Barbastro and Peraltilla Fms. Its northern limit features two positive salients: (i) the
eastern one correlates with the Azanuy syncline and (ii) the western one has no direct correlation with
the evaporites of the Barbastro Fm. The second observation implies the necessity to consider a relative
high‐density body below the outcropping Barbastro Fm. evaporites. Note how the anomaly associated with
the Barbastro anticline is reduced to a relatively narrow low toward the edge of the study area where the
expected low gravity signal is overprinted by the closeness of the Marginal Sierras Unit. To the west of sector
G, the gravity low gradually disappears as the Barbastro anticline laterally passes to the San Román back-
thrust and its gravity signal becomes part of a widespread (3 to 9 mGal) plateau in the Ebro Basin
(Figure 5a, label H). Southeast of this plateau, gravity values abruptly drop to define a 17 km wide, N045°
E trending gravity low (−8 mGal, Figure 5b, I label). In turn, to the east, this gravity low progressively passes
to a relative high (Figure 5a, J label). This trimodal pattern within the Ebro Basin may respond to
subsurface‐related density variation since at surface, only flat‐lying, homogeneous Oligocene to
Quaternary alluvial‐fluvial sediments crop out (Figure 5b).

5. Geometry From Seismic Profiles
5.1. Seismic Stratigraphy

The interpretation of available seismic profiles, wells and surface data allowed distinguishing the following
seismic sequences, characterized by different reflectivity patterns and seismic facies (Figure 6): (1) the
Paleozoic basement, (2) the Lower Triassic to Jurassic succession, (3) the Cretaceous to Eocene marine lime-
stones and marls, (4) the Barbastro Fm. evaporites and their laterally equivalent terrigenous facies, and (5)
the Oligocene‐Miocene alluvial deposits belonging to the Peraltilla and Sariñena Fms. The Paleozoic base-
ment (1) is represented by transparent seismic facies. Upward, a medium to high reflectivity package show-
ing disrupted reflectors represents unit (2). Unit (3) is imaged as a high‐reflective package displaying parallel
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and continuous reflectors that thicken toward the north. The Barbastro Fm. evaporites and their lateral
stratigraphic equivalents (4) display parallel reflectors with different reflectivity, from base to top, they
are: BFm1, a poorly reflective to transparent package; BFm2, a relatively thin group of continuous
reflectors that may change laterally into semitransparent seismic facies; BFm3, a transparent package

Figure 5. (a) Residual gravity map. To facilitate the correlation with surface geology, residual anomaly contours are
plotted together with the geological map (b). Capital letters in (a) label the features referred to in the text.
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with scarce, discontinuous reflectors topped by a thin, highly reflective set of two reflectors, and BFm4, with
variable thickness and showing a series of well‐developed, parallel, and continuous reflectors, displaying in
places semitransparent facies at its base. In the Ebro Basin, these subunits are relatively easy to recognize
but, conversely, in the Barbastro anticline and underneath the Gavarnie‐Sierras thrust sheet, these
reflectors are scarcer and display poorer definition (Figure 6). Transparent to semitransparent subunits
(BFm1 and almost all BFm3) are interpreted as evaporite‐rich intervals whereas subunit BFm2 and the
top of BFm3 may correlate with denser lithologies. Finally, BFm4 coincides with the uppermost Barbastro
Fm. where the reflective succession corresponds to limestones, sandstones and mudstones and the
underlying semitransparent facies is likely linked to massive gypsum (Figure 3; see also seismic detail in
CL2, Figure 7). To simplify the stratigraphic interpretation, BFm4 also includes the transition to the
overlying Peraltilla Fm. represented in most of the area by alternating limestones and mudstones. It is
worth mentioning that the seismic facies‐lithology correlation should be taken with caution since lateral
lithology facies transition may occur (see below). The topmost unit (5) is a poorly reflective package with
scarce, discontinuous reflectors. This unit correlates with conglomerates, sandstones and mudstones of
the Peraltilla and Sariñena Fms. whose limits can be tracked from surface geology in the Ebro Basin but
not in the Gavarnie‐Sierras thrust sheet where they are labeled generically as Oligocene‐Miocene
(Figure 7). Time‐based thicknesses of these Ebro Basin units and subunits change laterally. BFm1 ranges
from 480 ms in the west to 130 ms to the east and disappears to the south. BFm2 presents a trendless
thickness variation between 88 to 120 ms whereas BFm3 and BFm4 thicken to the east from 170 to
220 ms and 91 to 140 ms, respectively. The topmost unit (5) reaches a maximum thickness of 1,270 ms.
Note that these time‐based thicknesses are a function of the true stratigraphic thickness and the seismic
velocity.

In the Ebro Basin, the five seismic packages are well represented (Figure 6). The Barbastro anticline is gen-
erally characterized by chaotic to transparent seismic facies. However, some scarce and discontinuous reflec-
tors can still be drawn in the Barbastro anticline and correspond to reflective subunits within the Barbastro
Fm., as BFm2 and/or BFm4. In the Gavarnie‐Sierras thrust sheet, a set of parallel reflective horizons appears
commonly disrupted by faults or stratigraphic truncations. They are located on top of parallel reflectors
representing the autochthonous deposits of the Ebro Basin. In the Pyrenean domain, seismic imaging is poor
and further interpretations must be derived from surface geology and wells. The Middle‐Upper Triassic

Figure 6. Main seismic packages and facies (labeled 1 to 5) and key horizons by structural domain: Ebro Basin (left and
center) and Gavarnie‐Sierras thrust sheet (right).
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evaporites are recognized as chaotic seismic facies occurring in some specific structures such as salt diapirs
or within the core of hangingwall anticlines.

5.2. Seismic Profile Interpretation
5.2.1. Seismic Composite Line‐1; External Sierras and Western Termination of the San
Román Backthrust
To the north, flat‐lying, well‐defined reflectors become a north dipping panel that parallelizes (dorsal block)
the SPST underneath and defines the southern limb of the Jaca Basin synclinorium (Figure 7, CL1). To the
south, the SPST flattens. The structure of the External Sierras is poorly imaged and shows the flat‐lying
reflectors of the western flank of the Nasarre anticline. Below the Cretaceous to Lutetian sequence,
Triassic evaporites represent about one third of the cover, which explain the −3 mGal gravity low. To the
south, the SPFT truncates the Peraltilla and Sariñena Fms., whose reflectors define a south dipping panel
interpreted as the template of the hanging wall ramp of the San Román backthrust where the BFm4 is
involved (Figure 7, CL1, HU‐03 seismic line). The backthrust splays into secondary thrusts which pass
to a fold system at surface. Underneath the San Román backthrust, highly reflective seismic facies having
flat‐lying reflectors depict no evidences of deformation (except for a small scale thrust) and continue the
north, below the SPST, where their definition is poorer. The San Román backthrust roots in the southern
tip point of a north directed, flat‐lying thrust that links, through BFm4, with the SPST (e.g., McElroy, 1990;
Millán, 1996). To the south, reflectors in the Ebro Basin are mainly horizontal.

Figure 7. CL1, CL, CL3, and CL4 composite lines (this work) and HL‐7 seismic profile (interpretation after Sans et al., 1996) illustrating the lateral variation of
the Barbastro anticline and the San Román backthrust. Vertical scale in two‐way time. See Figure 2b for location. Zoomed‐in details highlight thinning‐
thickening trends within the Barbastro Fm. Original seismic composite sections are found in Figure S2; see supporting information.
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5.2.2. Seismic Composite Line‐2; San Román Backthrust and Sierras Transition Zone West
To the north, Triassic evaporites in the Naval diapir feature chaotic seismic facies bounded by a nearly ver-
tical thrust that truncates the Sariñena Fm. (Figure 7, CL2). South of the diapir, the structure is constrained
by the HU‐1 well. The Triassic to Early Ypresian sequence is duplicated by the Costeán thrust (this study).
The hanging wall sequence is fossilized by the STZ unconformity, which is truncated by a secondary thrust.
The SPST is drilled at −3,068 m (time equivalent: 1.4 s) and the basement is recognized at −4,458 m (time
equivalent: 1.8 s). In contrast to CL1, the SPST here detaches along BFm1 rather than along BFm4. The
SPST shows a flat geometry to finally ramp over the Barbastro and Peraltilla Fms., right to the North of
an incipient Barbastro anticline where it is fossilized by the STZ unconformity. Rooted in the SPST,
several north dipping thrusts (Balzes, Salas, Alcanadre sheets) involve a southward‐thinning Cretaceous
to Eocene succession. These thrusts die out into Middle‐Upper Eocene units, which show wide, gentle folds
locally truncated or covered by younger Eocene units. Nearly horizontal reflectors corresponding to
Oligocene‐Miocene rocks lie unconformably at their top.

The continuation at depth of the San Román backthrust (Figure 7, CL2) is revealed by south dipping reflec-
tive facies of the Peraltilla and Sariñena Fms., which are detached along BFm4 evaporites. Reflectors and the
backthrust are slightly folded by a deeper‐seated and south directed thrust system detached along the base of
BFm1. Like in CL1, the San Román backthrust roots in the southern tip point of a south directed thrust
detached along the base of BFm4 that connects with the SPST. A close look around the tip point
(Figure 7, CL2, detail) demonstrates that this detachment level thins close to the hanging wall inflection
point (i.e., the tip point) and suggests salt evacuation from a mobile detachment.
5.2.3. Seismic Composite Lines‐3 and 4; Barbastro Anticline and Sierras Transition Zone
West of the STZ, the Costeán thrust sheet and Naval anticline are fossilized by the STZ unconformity which
is, in its turn, truncated by the Naval thrust (Figure 7, CL3). The Salas thrust sheet shows a hanging wall
anticline folding the base of Middle‐Upper Eocene units which suggests its lateral termination eastward
(Figure 7, CL3). The described system is unconformably topped by the Oligo‐Miocene, flat‐lying reflectors.
The SPST is detached along BFm3 and describes a horizontal to north dipping geometry from north to south.

Field observations west of Barbastro village (Figure 3) evidence a north verging thrust of the Barbastro Fm.
over the Sariñena Fm., where alluvial sediments, interbedded within the Barbastro Fm., define an over-
turned forelimb (Barnolas, García‐Sansegundo, & Teixell, 1990). A gravity high extends into the outcropping
evaporites (Figure 5), suggesting the presence of a denser body underneath, likely the footwall of the
north‐verging thrust. These evidences together with few isolated and discontinuous reflectors within trans-
parent to chaotic seismic facies helped us to interpret the Barbastro anticline as a duplex system featuring up
to three foreland‐verging thrusts detached along the base of BFm1 and up to two hinterland‐verging passive
roof thrusts detached along BFm3 or BFm4 (Figure 7, CL3 and CL4). Hence, the floor sequence involves the
BFm1 and two subunits and the roof sequence, decoupled along the BFm3 and four subunits, groups the
BFm3 and four detachments and the Peraltilla and Sariñena Fms.

South of the Barbastro anticline, Triassic to Jurassic rocks overlie the basement and gradually disappear to
the north under the Ebro erosional unconformity which is overlain by the Ebro Basin autochthonous succes-
sion. Seventeen kilometers south of the Barbastro anticline, the Peralta de Alcofea anticline (Figure 3) arises
as a gentle fold related to the tip point of a flat‐lying blind thrust (Peralta de Alcofea blind thrust) detached
along the base of BFm3 (Figure 7, CL3 and CL4). In between both anticlines, a 6–7 km wide, gentle syncline
sinks into the BFm3 subunit. This evaporitic subunit accommodates folding by a [c]40% thinning (Figure 7,
CL4, detail). Again, suggesting outward migration of evaporites.
5.2.4. Seismic Line HL‐7; Barbastro Anticline and Azanuy Syncline
Following the interpretation by Sans et al. (1996), the Barbastro anticline is a south directed, BFm1‐
detached, duplex system with antiformal geometry and involves a floor sequence most likely consisting of
BFm1 and 2 (Figure 7, HL‐7). The uppermost thrusts detach along BFm3. Toward the hinge of the antiform,
in its front, this thrust is folded. This is evidenced by downward facing hanging wall folds which are trun-
cated by a hinterland‐verging thrust underlying the southern limb of the Barbastro anticline. The interpreted
thrust stacking and north directed backthrusting is compatible with a duplex geometry involving
foreland‐verging duplexing and hinterland‐verging thrusting as observed in our western sections. To the
north, the gentle, symmetric Azanuy syncline shows a northern limb which is affected by a
hinterland‐verging thrust and truncated by a south directed thrust system (Figures 3 and 7). Below the
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Azanuy syncline, south directed thrusts describe a flat geometry. Conversely to western transects, the defor-
mation in the Ebro Basin is localized in two locations; the Barbastro anticline to the south of the Azanuy
syncline and the northern thrust system to the north (Figure 7, HL‐7).

6. Main Structural Features in Map View and 3‐D

Seismic coverage allows the construction of key surfaces based on the interpolation of discrete horizons. Key
modeled surfaces are relatively large, thus guaranteeing a reliable lateral continuation and profile to profile
correlation. We have considered a total of 13 surfaces: seven of them are stratigraphic contacts (tops of the
basement, BFm2, BFm3, BFm4, and Peraltilla Fm., and the Ebro and STZ unconformities) and the other
six tectonic structures (the San Román and Barbastro anticline main backthrusts, the SPST and
Alcanadre, Salas, Balzes, and Costeán thrusts). Surface interpolation was performed using the Move soft-
ware package (by Midland Valley & Petroleum Experts). From west to east and north to south, the
Barbastro Fm. seismic subunits thin and shallow. BFm1 varies from more than 1,400 m below the
Gavarnie‐Sierras thrust sheets and disappears to the southeast of the studied area. From west to east,
BFm2 and BFm4 thins from 280 to 120 m and 250 to 100 m, respectively. As an exception, BFm3 shows a
trendless variation between 300 and 450 m. South of the Barbastro anticline and from west to east, the top
of BFm1, BFm2, BFm3, and BFm4 shallow from −2,850 to −1,675 m, −2,560 to −1,540 m, −2,180 to
1,150 m, and −1930 to 1,050 m, respectively.

6.1. The Western Termination of the South Pyrenean Triangle Zone

The seismic interpretation of our case study shares some of the inherent uncertainties found in other triangle
zones and salt related structures: for example, poorly reflective facies, seismic artifacts such as pull‐ups and
pull‐downs (Figure 7, CL2 and CL3, respectively), shadow areas (Jardin et al., 2007; Jones & Davison, 2014;
von Hagke &Malz, 2018), and time‐to‐depth conversion misfits against true depths. These drawbacks result
from the structural style within the triangle zone (stacked thrusts and steeply dipping strata and faults) and
the heterogeneity of the Barbastro Fm. The hinterland verging thrust of the eastern sector (Figure 7, CL1) is
well imaged and our interpretation agrees with previous works (e.g., Martínez‐Peña, 1991; McElroy, 1990;
Millán, 1996). However, the central sector, where evaporitic content and structural complexity increases,
is not fully imaged in seismic lines. Conversely, our interpretation is enriched by evidence coming from field
and gravity data and conceptual structural models. For example, the innermost hinterland‐verging back-
thrust crops out to the east of the central sector and its continuation at depth is explained by a gravity high
related to presence of the SPST as its footwall. Although the quality of seismic profiles does not allow an
unequivocal interpretation of the target structure, these elements led us to interpret the Barbastro anticline
as a duplex system.

To illustrate the termination of the triangle zone, six serial cross sections (see Figure 8a for location) were
built based on the interpolated surfaces and on the interpretation of surface geology, seismic and well data.
These cross sections highlight along‐strike changes in the geometry of the Barbastro anticline and San
Román backthrust (Figure 8b). North of the easternmost section (Figure 8b, A), the deformation concen-
trates (i) in a foreland‐verging thrust system that links with a hinterland‐verging thrust and, to the south,
(ii) in an antiformal stack depicting hinterland‐directed thrusts at the front. These structures change later-
ally to a foreland‐verging, floor duplex system decoupled from a hinterland‐verging roof duplex system.
These floor and roof duplexes link at their southern tip. North of these duplexes, the SPFT is buried below
the STZ unconformity and backthrusted (Figure 8b, B and C) or, alternatively, it is folded and exhumed
(Figure 8b, D). To the west, the south directed floor sequence duplex is reduced to a single thrust and a
related gentle hanging wall anticline (Figure 8b, E) which indicates the lateral termination of the duplex sys-
tem and the transition to the San Román backthrust (Figure 8b, E). Farther west, the San Román backthrust
grades into a hinterland‐verging thrust and a fault‐propagation fold (Figure 8b, F) which is finally reduced to
a residual structure near its tip point.

Geometrically, the Barbastro anticline duplex system can be ascribed to a ramp‐dominated, multiple triangle
zone (see section 8) whereas the San Román backthrust represents the hinterland‐verging thrust of a
detachment‐dominated triangle zone (von Hagke & Malz, 2018). Approximately 60 km along strike, this
structural gradation represents the transition from a ramp to a detachment‐dominated triangle zone and
the lateral termination of the latter (Figure 8). South of the Barbastro anticline, the Peralta de Alcofea
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anticline is defined as a detachment fold that can be interpreted as an incipient pop‐up structure (in the
sense of Butler, 1982) associated with the Barbastro anticline duplex system. This structure runs parallel
to the southern flank of the Barbastro anticline and extends, at least, 3–4 km.

In the studied area, the deformation in the Ebro Basin extends from the tip of the triangle zone to the SPFT
(Figure 8a) and mimics its salient and reentrants geometry. Therefore, the deformed area is 15 km wide and
it narrows to the west, as the SPFT extends to the south along the front of the STZ. The base of BFm1 repre-
sents its lower boundary. Toward its western termination, it narrows to a 7 km wide area whose southern
limit coincides with the San Román backthrust tip line (Figure 8a). In this case, the lower boundary is repre-
sented by the BFm4 detachment rather than the BFm1 one as it happens to the east.

Figure 8. (a) Ebro Basin key structural traces: Blue lines represent the intersection of the south directed floor sequence
thrust with the north directed roof sequence duplex backthrusts (red lines). (b) Serial cross sections of the western
termination of the South Pyrenean triangle zone. Black‐, blue‐ and red‐lined structures correspond to the South Pyrenean
Sole Thrust, the foreland‐verging and the hinterland verging duplexes, respectively.
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Figure 9. (a) The structural meaning of the following map elements is detailed in the synthetic section at the bottom of
the map. The depth contour maps of the South Pyrenean Sole Thrust and the San Román and Barbastro anticline
outermost backthrust are displayed together with geological map at the background. Solid thick green line corresponds to
the location of the BFm1 basal detachment, the tens to hundred‐meter thick basal detachment in this area of the
Ebro Basin. Dashed thick lines represent the SPST footwall cutoffs of the top of BFm1 (light blue), BFm3 (dark blue), and
the BFm1 basal detachment (dark gray and black; two end‐member cutoff possibilities after from Muñoz et al., 2018).
Gray‐shaded areas represent the density transition between low‐density rocks (evaporites, southeast) to higher
density rocks (detrital, west, and north) through the Barbastro Fm. and lateral equivalents. This density transition
has been extracted from the gravity inversion voxet showed in (b). (b) Three‐dimensional view of the density voxet
resulting from the gravity inversion where key horizons and structures are digitalized. Number labels correspond to
gravity modeled units (Units 1 to 5 are similar to seismic facies units). Letter labels are used to localize voxet sections
referred to in the text.

10.1029/2019TC005891Tectonics

SANTOLARIA ET AL. 16 of 26



6.2. The South Pyrenean Sole Thrust and the Gavarnie‐Sierras Thrust Sheet

Aiming to integrate most of these results in map view, we contoured the geometry at depth of the SPST
(Figure 9a). To the east, the SPST exhibits a 10 km wide thrust flat (Marginal Sierras Unit) that steepens
up to 30° to the north. To the west, the SPST gradually deepens and forms a 23 km wide convex thrust flat
along the STZ. Its front is characterized by a 7 km band parallel to the Barbastro anticline where the SPST
shallows and steepens up to 60° to the north (Figure 8b, D). West of the STZ thrust flat, a N‐S trending lateral
rampwith a depth offset of about 1.5–2 kmmarks the transition toward the External Sierras. There, the SPST
depicts an E‐W trending, 25° northward dipping, regular thrust ramp (Figure 9a).

Rooted on the SPST, the External Sierras thrust sheets plunge into the STZ conglomerates and either merge
the SPST thrust (Alcanadre thrust sheet) or continue eastward. For example, the Balzes thrust sheet progres-
sively dies out and is relayed by the Costeán thrust sheet while the Salas thrust sheet extends further east and
splays into twominor thrusts (Figure 3). Structural wavelength varies laterally along the STZ from 2–3 km in
the west to 4.5–5.5 km to the east and it decreases again in the Marginal Sierras (Figure 3).

7. Gravity Inversion: Facies Distribution in the Barbastro Fm. and Laterally
Equivalent Units

Gravity inversion was focused on modeling the 3‐D density distribution of the Barbastro Fm. and laterally
equivalent units. The output result is a voxet (Figure 9b) where each cell is defined by a constant density
resulting from the inversion. The density variations within the Barbastro Fm. and equivalent units show
low‐, medium‐, and high‐density facies (blue to red, Figure 9b) that correlate with evaporites, evaporitic
and marly‐sandy facies and marls‐sands to conglomerates, respectively. Thus, the following description
focuses on the density distribution within Barbastro Fm. and lateral equivalents, our main target (Unit 4,
Figure 9b).

To the south (Figure 9b, A‐B and B‐I sections), low‐density values point to a main evaporite composition of
the Barbastro Fm. From B to C, density grades from low (2.2–2.35 g/cm3) to intermediate values (2.35–2.5 g/
cm3). Medium‐density values continue to the east (Figure 9b, C‐D section) as they approach the core of the
Barbastro anticline. D‐E section displays a progressive intermediate‐to‐low‐density transition, whereas E‐F
section shows a rapid change from low‐ to high‐density values (2.5–2.7 g/cm3) that continues to the north in
section F‐G. To the east (section H‐D), the Barbastro anticline core features a subtle transition from low‐ to
intermediate‐density values. This density distribution grades abruptly to the east (section D‐H) where it
passes to high‐density values that extend to the north (section H‐F).

Based on these density variations and considering the density to lithology equivalences, we were able to con-
struct a map depicting the lithological transition between the Barbastro Fm. evaporites (low density) and its
lateral detrital equivalents (high density) (Figure 9a, gray bands). Broadly, the evaporites dominate in the
southeastern sector, coinciding with the Barbastro anticline and the Ebro Basin to the south. Along the east-
ern sector, the low‐ to high‐density transition shows a N090°E to N110°E trend, which coincides with the
transition between evaporite to terrigenous facies north of the Azanuy syncline (Senz & Zamorano, 1992)
and helps to validate the applied technique based on gravity inversion. From the western limit to the east,
transition occurs along a N080°E trending area that takes a N‐S orientation. This one coincides with the
end of the outcrop of the Barbastro Fm. evaporites, and the transition between the Barbastro anticline
and the San Román backthrust. Besides, it is aligned with the N‐S lateral ramp of the SPST. Connection
between western and eastern facies transitions is obscured by the accumulation of Triassic evaporites coring
the Balzes anticline (Figure 9a).

8. Discussion
8.1. The Mechanical Stratigraphy of the Barbastro Fm. and Lateral Equivalents: A
Multidetachment Evaporitic Unit

The Barbastro Fm. has been described as an evaporite‐rich unit. However, our results indicate that it did not
behave as a décollement unit prone to undergo a significant amount of diapiric accumulation as interpreted
previously (Almela, 1965; Martínez‐Peña & Pocoví, 1988; Riba & Llamas, 1962; Ríos, 1948). It can be rather
considered as a multidetachment unit where low‐strength detachment subunits localized deformation.
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Contractional structures systematically detached along the base of BFm1 (regional glide horizon for the
Barbastro anticline duplex system), BFm1 itself (detachment horizon for the STZ thrust units), BFm3, and
the base of BFm4 (Figures 7 and 9a). These subunits consist of pure halite, and a mix of halite, anhydrite,
and mudstones (Gil & Jurado, 1998), and massive gypsum [MO‐1 well]. In addition to acting as fault gliding
horizons, BFm3 and BFm4 show some evidence of thinning‐thickening trends that suggest restricted eva-
porite migration (Figure 7, details in CL2 and 4, Gil & Jurado, 1998). In the Barbastro anticline and south-
ward, field observations, well log lithological descriptions and the gravity inversion suggest that these
detachments are interbedded with low to medium density rocks such as evaporites and shales (Figure 9b).
North of the N120°E trending density transition (Figure 9a), gravity inversion suggests that the evaporitic
content considerably diminishes (Figure 9). Therefore, evaporitic detachments appear interbedded with
rocks of higher density (mainly sandstones and mudstones) (Figure 9b). The spatial distribution of these
detachments defines the mechanical stratigraphy of the system, which controlled the structural and kine-
matic evolution of the triangle zone and the Gavarnie‐Sierras thrust sheet (see section 8.3).

In the southern sector of the studied area, the base of BFm1 grades from a 100 m thick level of halite and
gypsum [HU‐1 well] into a carbonate‐mudstone succession with interbedded sandstones, limestones, and
anhydrite nodules (Gil & Jurado, 1998) [MO‐1 & ES‐1 wells]. This gradation suggests that the salt‐rich
detachment pinches out in this area. Being aware that this facies change is gradual and the transition area
can expand from 2 to 50 km (Arenas & Pardo, 1999; Ezquerro, 2017), we suggest that the pinch‐out of this
halite‐based detachment is most likely located at the base of the outermost ramp that defines the triangle
zone (Figure 9a). This hypothesis implicitly considers that this pinch‐out controlled the location of the flat
to ramp thrust transition, as observed to the east of the South Pyrenean triangle zone (Sans et al., 1996).
The BFm1 basal detachment extends from this southern pinch‐out to its structural truncation represented
by the autochthonous Upper Eocene cutoff lines proposed by Muñoz et al. (2018) (Figure 9a). The base of
BFm1 acted as a regional detachment, eventually interpreted as the Cardona Fm., for the Pyrenean triangle
zone in the studied area and further east (Muñoz et al., 2018; Sans et al., 1996; Senz & Zamorano, 1992).
Cutoff relations between BFm1 and BFm3 and the geometry of the SPST indicate that the
Gavarnie‐Sierras thrust sheet detached along BFm1 as a whole (not necessarily its base) describing a thrust
flat along the STZ. Laterally, from east to west, BFm1may present a N‐S incompetent to competent mechan-
ical transition controlling the location of the lateral ramp between the STZ and the External Sierras Unit
(Figure 9a). This transition may coincide with the northern continuation of the N‐S, low‐ to high‐density
transition defined from gravity inversion in the Ebro Basin (Figure 9a).

Shallower detachment subunits (BFm3 and 4) extend farther south, beyond the tip line of the Barbastro anti-
cline duplex system, as evidenced by: (i) the presence of evaporites (mainly halite) which can represent more
than 50% of the lithological content of these subunits in the southernmost wells [SA‐1 and ES‐1] (Gil &
Jurado, 1998; Lanaja, 1987) and (ii) the occurrence of the Peralta de Alcofea anticline, linked to
thickening‐thinning of salt levels (Figure 7). In the STZ, their continuation toward the north is uncertain
because shallower detachments are truncated by the SPST (Figure 9a). Along the central and eastern sectors,
BFm3 represents a weak, glide horizon along which both the Gavarnie‐Sierras thrust sheet and the Peralta
the Alcofea blind forethrust detached. Only the BFm4 detachment extends westward beyond the low to high,
N‐S density transition (Figure 9a).

8.2. Time Constraints on the Gavarnie‐Sierras Thrust Sheet and the Barbastro Duplex
System Evolution

The Gavarnie‐Sierras thrust sheet underwent a period of folding and thrusting together with vertical axis
rotation during the Middle‐Late Eocene (McElroy, 1990; Millán, 1996; Millán‐Garrido et al., 2000;
Mochales et al., 2012; Muñoz et al., 2013; Nichols, 1987; Oliva‐Urcia et al., 2019; Oliva‐Urcia &
Pueyo, 2007; Poblet et al., 1998; Pueyo et al., 1997; Puigdefàbregas, 1975; Rodríguez‐Pintó et al., 2016). At
the STZ, however, this event is difficult to analyze because neither the description of lithological logs from
well data nor the resolution of seismic reflection profiles are detailed enough to distinguish between Middle
and Upper Eocene units. The composite lines shown in this work highlight the occurrence of growth strata,
onlap relationships, and erosional truncations possibly related to this deformation event (Figure 7, CL2, 3,
4). Unfortunately, reliable timing constraints are not widely recognizable and, besides, their lateral continu-
ity is sometimes doubtful. From seismic profiles, interpreted relative timing evidences suggest that frontal
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thrusts and folds were relatively short‐lived structures developed during the Early‐Middle Eocene and
subsequently fossilized, as evidenced by the continuity of reflectors above the STZ unconformity
(Oligocene in age, Figure 7, CL3–5). These reflectors are truncated by inner thrusts meaning either that
these structures were active from Early‐Middle Eocene to the Oligocene or that they were emplaced
according to a hanging wall sequence or reactivated out‐of‐sequence during the Oligocene.

Subsequently, the Gavarnie‐Sierras thrust sheet detached and moved southward. The SPST main southward
displacement event postdates the deposition of the Barbastro Fm., that was clearly overthrusted. In addition,
the Peraltilla Fm. is the youngest unit overthrust by the SPST. This thrust was fossilized by the STZ uncon-
formity during the latest Rupelian. All in all, the main event of southward displacement on the SPST can be
bracketed between the Rupelian and the Early Chattian and is therefore partly coeval with the deposition of
the Peraltilla Fm. (Figure 10, see also Senz & Zamorano, 1992). The Gavarnie‐Sierras thrust sheet detached
along the Triassic evaporites, whose southern pinch‐out might have governed the location of the frontal
cut‐off of the SPST. Nevertheless, the emplacement of this thrust sheet was largely controlled by the
Barbastro Fm. detachments. Weak detachments favored the formation of a thrust salient and thrust flat
geometries, as it occurs in the STZ. Conversely, their lateral transition to more competent lithologies
promote the formation of thrust reentrants in the Marginal and External Sierras.

Synchronously to the deposition of the Sariñena Fm. (Chattian to Aquitanian), most of the shortening was
transferred from the lower detachment level (Triassic evaporites) to the upper one (Barbastro Fm. and lateral
equivalents) and accommodated by the Barbastro anticline duplex system and the San Román backthrust.
Their coeval activity is evidenced by the Sariñena Fm. which is unconformably overlying the Peraltilla
Fm. at the western termination of the Barbastro anticline and along its northern limb (Luzón, 2005). The
basal blind thrust that connects the SPST and the San Román backthrust is gently folded by the lateral

Figure 10. Evolutionary reconstruction of the formation of the Barbastro anticline duplex system illustrated by (a) cross section D (Figure 8 for location) and
(b) two restoration solutions. It is worth mentioning that the distinction between the Peraltilla and Sariñena Fms. in the Gavarnie‐Sierras is done after
restoration, and both solutions are displayed and labeled as Pb (Piggyback) and Bb (Break‐back) solutions. In the STZ, below the Sariñena Fm., seismic imaging
does not allow to differentiate these Oligocene‐Miocene units (Figure 7).
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termination of the floor duplex sequence and hence backthrusting may predate or be coeval to the emplace-
ment and the activation of the floor detachment (base of BFm1). It is worth noticing that the Barbastro Fm.
and its equivalents favored the emplacement of the Gavarnie‐Sierras thrust sheet during Late Eocene–
Oligocene times whereas the basal detachment activated afterward (Figure 10). The activation of the basal
detachment triggered the formation of the Barbastro anticline duplex system which is likely related to the
emplacement of the youngest basement thrust, north of the study area (i.e., Guarga basement thrust,
Early Chattian to Aquitanian; Millán Garrido et al., 2006), that is recorded in the External Sierras
(Labaume et al., 2016) and in the Marginal Sierras (Millán‐Garrido et al., 2000; Santolaria et al., 2015).

8.3. Origin and Growth of the Western Termination of the South Pyrenean Triangle Zone

The origin of the Barbastro anticline has been related to different salt tectonics processes, such as diapiric
thickening (Martínez‐Peña & Pocoví, 1988), buoyancy, and differential loading, combined with thrusting
(Gil & Jurado, 1998) and expressed as an antiformal stack (Sans et al., 1996) or as a detachment fold
(Barnolas, García‐Sansegundo, & Teixell, 1990; García‐Sansegundo et al., 1991). Our interpretation gives
more weight to thrust stacking by duplexing than pure diapirism. However, a component of buckling or salt
accumulation cannot be completely discarded as evidenced by the numerous, vertical‐axis folds found in the
outcropping Barbastro Fm. (Senz & Zamorano, 1992) and the salt migration processes inferred from seismic
lines (Figure 7, details in CL2 and 4).

The Barbastro anticline duplex system and the San Roman backthrust represent a good example of
how deformation evolves laterally in a triangle zone termination. In this case, a well‐developed multidetach-
ment duplex system interpreted as a ramp‐dominated, multiple triangle zone type grades laterally into
a detachment‐dominated triangle zone (von Hagke & Malz, 2018) (Figure 8), which dies out in a
fault‐propagation fold.

The restoration of the triangle zone (Figure 10) can be done according to two end‐member solutions with
different mechanical implications: piggy‐back or break‐back emplacement sequences (Figure 10).
Intermediate solutions are also feasible, and would include oscillating sequences (Smit et al., 2003), out‐
of‐sequence thrusting or coeval thrust activity. A common feature of earlier interpretations of the
Barbastro anticline, that we also incorporate, is that deformation was channelized through a detachment
directly overlying the Ebro Eocene marls, that is, the base of BFm1. Then, the basal, south directed,
flat‐lying thrust detached along BFm1 and ramped up as it encountered a mechanically weaker Ebro
Basin cover (piggy‐back emplacement sequence solution) or the outer pinch‐out of the basal detachment
(break‐back emplacement sequence solution) (Figure 10). In the first case, the basal thrust ramped up and
ended in the BFm3 level (7.5 km ahead of the SPFT), where it linked to a hinterland verging (passive) roof
thrust. This defined a first triangle zone. Newly formed forethrust and backthrust (i.e., new triangle zones)
led to the foreland propagation of the triangle tip. Regarding the break‐back sequence solution, the south-
ernmost triangle zone predated the formation of the inner duplex system. In this solution, the formation
of backthrusts took place behind the leading edge of deformation. Within this framework, the outermost
gentle anticline (Peralta de Alcofea anticline, Figures 3 and 7) can be interpreted as an incipient (piggy‐back
sequence solution) or unsuccessful (break‐back sequence solution) pop‐up structure related to the frontal
triangle zone.

In both solutions (and in intermediate ones) shortening accommodated by the foreland‐verging floor duplex
must have a counterpart in hinterland‐verging thrusting in the roof duplex sequence. The localization of
deformation at the tip of the basal décollement can be explained by the mechanical stratigraphy and/or
the southward decrease of the effective thickness of the décollement. This would explain the location of
the Barbastro anticline and its geometry, that is probably parallel to the shoreline of the evaporitic lakes
formed in the foreland basin beyond the SPST front. The delamination of the Ebro Basin sequence, and con-
sequently the formation of the triangle zone, would be favored by halite‐based, low‐strength shallow detach-
ments. The nearly horizontal disposition and the low friction of these roof detachments entailed a
nonpreferential structural vergence situation (Davis & Engelder, 1985) that could promote underthrusting
(Jamison, 1993).

Mechanical constraints involved in the occurrence and evolution of backthrusts in Mohr‐Coulomb wedges
(see, e.g., Buiter, 2012; Dahlen et al., 1984; Dean et al., 2013; Hilley & Strecker, 2004) can provide a frame for
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testing some of the features of the proposed models. According to the critical taper theory under
Mohr‐Coulomb behavior, in a simple approximation the square of the width of the wedge is proportional
to shortening and to the thickness of the involved (deformed) layer and inversely proportional to the opening
angle of the wedge (Dahlen, 1990). The width of the foreland wedge associated with the Barbastro anticline
ranges between 7.5 and 9.5 km, and the thickness of the thickened unit (that can be considered to build the
wedge) is 2 km. Having these figures in mind, the wedge opening angle should be about 21–30°, a high value
(at the limits of stable configurations, see Buiter, 2012) when compared with standard values obtained for
orogenic belts and accretionary prisms but consistent with the geometry obtained from cross sections.

On the other hand, if we apply the critical taper equation (see, e.g., Davis et al., 1983; Suppe, 2007) a very low
taper angle is expected in salt detached systems with a very low basal friction (Davis & Engelder, 1985), as it
is expected in our case, regarding the evaporite composition of the Ebro Basin detachments. We consider
here that for subaerial wedges the term [1 − (ρf/ρ)] can be equaled to 1, because the fluid (air) density over
rock density in negligible. The apparent contradiction between the actual values obtained (21–30°) and the
very low taper angles estimated from the critical taper equation (Davis et al., 1983) can be related to (1) an
unexpected, evaporite‐based, strong detachment (or a weaker brittle wedge, Suppe, 2007). Or (2) the
above‐invoked transition from a weak to a frictional basal décollement, that would allow the increase of
the wedge slope angle. In both cases, hypothetical gravitational spreading of the wedge (Mourgues
et al., 2014) would be prevented by its intracutaneous development (see, e.g., Poblet & Lisle, 2011).

In the two proposed end‐member evolutionary models (piggy‐back and break‐back sequences, Figure 10)
the blocking of the earlier frontal thrust had important consequences in the evolution of the thrust sequence,
but the reason for the triggering of subsequent thrusts is completely different, from the mechanical point of
view, in both models. In the piggy‐back sequence model, the first formed thrust was probably blocked by the
steep dip of the backthrust limiting the triangle zone. This makes its reactivation difficult for standard values
of friction coefficients (Byerlee, 1978) and favors the development of forethrusts in the footwall, thus defin-
ing the self‐similar growth of the wedge. The shallow dip of forethrusts (25°) is controlled by the low friction
angle (in average) of the unit, particularly, of its basal thrust: angle of 45°‐f/2 between fractures and the sub-
horizontal s1 axis, taking into account a low‐strength décollement and a low deformation rate. This rate can
be roughly estimated in 0.5 mm/year in average (displacement of 8 km during a time span between the
Rupelian and Aquitanian, Puigdefàbregas et al., 1992; Vergés et al., 1992). A more accurate dating of the
syn‐tectonic series based on magnetostratigraphic will shed some light on this issue. In the break‐back
model mechanical constraints are similar, with the difference that the blocking of the earlier thrust would
result in the development of thrusts in its hangingwall, that in their turn, would be blocked because of
the steep dip of their forelimbs against the southern margin of the triangle zone. Nevertheless, in both cases
an important factor that must be taken into account is that the steep dip of the backthrusts limiting south-
ward the triangle zone is not conditioned by the original dip of foreland‐dipping fractures (that would be
meaningless in this scenario) but rather by the dip of the forelimb of the floor sequence duplexes.
Large‐scale analogs of this kind of geometrical features can also be found at the tip of basement‐involved
mountain ranges (Brocher et al., 2004; Turienzo et al., 2020).

On the other hand, erosion could have contributed to keep the orogenic wedge under subcritical conditions
in the triangle zone (see, e.g., Konstantinovskaya & Malavieille, 2011, and references therein). Erosion
toward the Ebro Basin contributed tomaintain themovement of the hinterland verging roof thrusts (without
actual mass transfer, for what erosion of the hangingwall was amuchmore effective process) by lowering the
upper slope angle of the tectonic wedge (see, e.g., DeCelles & Mitra, 1995) and sustain the development of
the triangle zone (Mugnier et al., 1997). Conversely, limited aggradation by sedimentation on top of the
wedge did not probably have much influence in its evolution.

Results from analog modeling embrace both solutions. A common observation in salt detached system
models is that deformation nucleates, at some point during the modeling, in the outer pinch‐out of the
ductile horizon and that there is not a systematic fold‐and‐thrust emplacement sequence (Costa &
Vendeville, 2002; Santolaria, Vendeville, et al., 2015; Smit et al., 2003; among others). Along the eastern sec-
tor (HL‐7 seismic section, Figure 7), where tectonic activity is registered in the Azanuy syncline, Senz and
Zamorano (1992) concluded that the deformation in the Ebro Basin satisfies a piggy‐back emplacement
sequence which could be extrapolated to the analyzed cross section.
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9. Conclusions

A combined and integrated workflow including the interpretation of seismic reflection profiles supported by
surface geology and exploration well data together with the interpretation of the gravity anomalies and 3‐D
stochastic inversion has proven to be a powerful approach to study deformed multidetachment evaporitic
units and specifically the western termination of the South Pyrenean triangle zone. In the South Pyrenean
triangle zone, density contrasts between the Eocene and Triassic evaporitic units and nonevaporitic rocks,
from the Paleozoic basement to Oligocene alluvial rocks, makes the gravity prospecting and modeling a sui-
table approach which is here used to delineate the changes in the subsurface distribution of lower density
facies (i.e., evaporitic subunits) within the Barbastro Fm. In particular, the 3‐D stochastic inversion of the
gravity data, has been useful to understand the 3‐D density variations of low‐density (salt) units and their
implications in the overall geometry and the related changes in the structural style and may have a wider
applicability in other regions if a significant contrast in the density of the involved rocks is observed.

In the Ebro Basin, the Barbastro anticline is here interpreted as a ramp‐dominated, multiple‐triangle zone
detached along a halite‐based gliding horizon at the base of the Ebro Basin autochthonous Barbastro Fm.
Still in this multidetachment unit, shallower detachments favored the delamination of the cover and the
decoupling of the floor and roof duplex systems. The duplex system progressively disappears to the west
as the evaporitic content dramatically diminishes as evidenced by facies modeling derived from gravity
inversion. The Barbastro anticline connects with the San Román backthrust to the west. This structure
represents the hinterland‐verging thrust of a detachment‐dominated triangle zone. All in all, the western ter-
mination of the South Pyrenean triangle zone is defined as the transition from a ramp‐dominated,
multiple‐triangle zone to a detachment‐dominated triangle zone that dies out to the west.

Apart from the impact in the Ebro Basin deformation, the 3‐D distribution of the detachment unit exerted a
significant control on the structural style and kinematics of Pyrenean structures, represented by the
Gavarnie‐Sierras thrust sheet. Distribution of detachment units influenced the location of thrust salients
and reentrants, structural spacing, and geometry.

Data Availability Statement

Data sets (seismic profiles as tiff files, well, density, and gravity data) for this research are available in the
SIGEOF repository, the Geophysical Information System of the IGME (Spanish Geological Survey). To
access the data, use the web application (info.igme.es/SIGEOF/). To visualize and request the data, choose
the wanted data set in the drop downmenus and perform and areal search with the following bounding lim-
its, in geographical coordinates: N: 42.4932; S: 41.7653; W: −0.3503; E: 0.6676. The work identifiers for the
data collected during the aforementioned projects are “8700” and “8900,” for DR3AM and “8600” and
“8800” (gravity and petrophysics, respectively), for KINESAL. The data are available under request and free
of charge. The license information is found in this site (http://info.igme.es/SIGEOF/doc/LICENCIA_USO_
IGME_EN.pdf). For further information, see this site (http://info.igme.es/SIGEOF/doc/ManualSIGEOF.
pdf).
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