
D I G I T A L  G E O L O G Y  I  B A S I N  S C A L E2



D I G I T A L  G E O L O G Y  I  B A S I N  S C A L E 3

B A S I N  S C A L E

Tectonostratigraphic Evolution of the South-
Central Pyrenean Foreland Basins: A Natural 
Laboratory for Play-Based Exploration
AUTHORS

Josep A. Muñoz1 I Pau Arbués1 I Berend van Hoorn2

AUTHORS DETAILS
1  Geomodels Research Institute. Departament de Dinàmica de la Terra i de l’Oceà, Facultat de Ciècies de la Terra, 

Universitat de Barcelona

2 Consultant. Darnius, Girona

ABSTRACT
 

The Pyrenean orogenic system resulted from the inver-
sion of Upper Jurassic-Lower Cretaceous extensional 
basins that developed along the North Iberian-Pyrenean 
margin connecting the Atlantic with the Alpine Tethys. 
These basins together with the Upper Cretaceous to 
Oligocene synorogenic sub-basins of the southern Py-
renean foreland basin that developed during mountain 
building host different source rocks and reservoirs. The 
different petroleum systems in these basins have provid-
ed some hydrocarbons with significant discoveries in the 
Aquitaine Basin. Although no commercial accumulations 
have been found in the South-Central Pyrenees, this is 
an area that has attracted the interest of industries and 
universities for training purposes because of the vari-
ety of depositional systems and structures as well as 
providing a unique opportunity for the understanding of 
petroleum systems and the reasons for the failure of the 
exploration drilling conducted until now. 

Within the southern Pyrenean fold and thrust belt, three 
main thrust sheets developed since Late Cretaceous 
times. They detached into the Upper Triassic evaporites 
and have overthrust Mesozoic and Palaeogene sedi-
ments on top of the autochthonous Palaeogene rocks 
of the Ebro foreland basin. The northern thrust sheet 
involves the Lower Cretaceous extensional basins. These 
basins were reactivated at the onset of contractional 
deformation, and upper Santonian-Maastrichtian syn-

inversion sediments are characterized by a deep sub-
siding trough of slope sediments grading forwards into 
a carbonate platform. This Upper Cretaceous foreland 
basin depocentre was incorporated into the Montsec 
thrust sheet at Paleocene-Early Eocene times. New ba-
sins developed southwards of the previous Upper Cre-
taceous one. They were partitioned by the thrust salient 
geometry of the Montsec-Peña Montañesa thrust sheet. 
The Tremp-Graus Basin, characterized by fluvial to del-
taic systems with subordinate carbonates, piggybacked 
on the Montsec thrust sheet. These depositional systems 
grade into the slope sediments of the Ainsa Basin and 
the more basinal turbiditic systems of the Jaca Basin, 
in the footwall of the Montsec-Peña Montañesa thrust. 
These turbiditic sediments graded forwards into a Low-
er-Middle Eocene carbonate platform, at present crop-
ping out extensively in the Sierras Exteriores imbricates. 
All these sediments were subsequently deformed since 
Middle Eocene times as deformations progressed for-
wards and the Gavarnie-Sierras Marginals thrust sheets 
developed and all the sub-basins shallowed upwards 
into the Upper Eocene-Oligocene synorogenic continen-
tal sediments.

The aim of this paper is to describe the geological evo-
lution of the fold and thrust belt and related basins as a 
framework for the understanding of the petroleum sys-
tems.
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INTRODUCTION
 

The Pyrenees is a unique natural laboratory to investigate 
orogenic processes and foreland basin formation. The size 
of the Pyrenean orogenic system, the knowledge of its litho-
spheric structure and the moderate amount of shortening 
all allow the observation of different structural levels, from 
the interior of the orogen to its adjacent foreland basins. 
Moreover, the preserved Upper Jurassic-Lower Creta-
ceous extensional basins along the North Iberian-Pyrenean 
passive margin at the Iberia-Europe Plate boundary have 
provided a field case study to propose new ideas and re-
fine the existing ones on the kinematic evolution of hyperex-
tended magma-poor margins (Tugend et al., 2014). 

The southern Pyrenees is well known by the quality of the 
exposures and the unusually good preservation of the 
synorogenic strata. These characteristics have promoted 
this fold and thrust belt as an excellent area for training 
purposes, both for the academia and the industry. The 

stratigraphic record is characterized by a huge variety of 
depositional settings, dealing with clastic and carbonate 
successions involved in different tectonic settings.

The objective of this paper is to provide an overview of the 
transition of how a passive margin became involved trough 
compressional reactivation into a foreland thrust belt. An 
additional objective is to provide a geological framework 
for other papers in this volume related to the exploration 
of the Pyrenean mountain belt, of great interest to any pe-
troleum geologist applying exploration concepts to thrust 
belt exploration. This paper aims to provide an update of 
the geological evolution of the southern Pyrenean fold and 
thrust belt and the main involved sedimentary basins that 
were the focus of hydrocarbon exploration during the last 
decades. Regardless of any significant discoveries, several 
petroleum systems have been proven. The different basins 
involved in the South-Central Pyrenees allow the demon-
stration in the field of working petroleum system elements 
and those that are flawed and failed. This specially deals 
with source rock distribution, timing of maturity and trap.

FIGURE 1
Structural map and crustal 

cross-sections of the Pyrenean 

orogenic system. Note the main 

structural changes along the 

orogen. 1: ECORS–Pyrenees 

(from Muñoz, 2002); 2: ECORS–

Arzaq (modified from Teixell, 

1998); 3: Basque–Parentis 

(from Pedreira, 2004; Ferrer 

et al., 2008); 4: Cantabrian–

Armorican Margin (modified 

from Pulgar et al., 1996; 

Álvarez-Marrón et al., 1997). 

See location of the Tremp-Graus 

Basin. Modified from Muñoz, 

2019.
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MAIN GEOLOGICAL FEATURES OF  
THE PYRENEES
 

The Pyrenees is a doubly-vergent collisional orogen that 
resulted from the Mesozoic-Cenozoic interaction between 
the Afro-Iberian and European Plates (Roest and Srivas-
tava, 1991). The range is flanked by two main foreland 
basins: the Aquitaine Basin on the north and the Ebro 
basin on the south (Figure 1).

The Pyrenean double wedge formed above the subduction 
of the Iberian lithospheric mantle and lower crust under the 
European Plate (Figure 1) (Choukroune and ECORS Team, 
1989; Muñoz 1992; Pedreira et al., 2003; Campanyà et al., 
2012; Chevrot et al., 2015, 2018). The Pyrenees is a moun-
tain range produced by tectonic inversion of Triassic and 
Late Jurassic-Early Cretaceous extensional basins. This 
rifting was associated with the post-Variscan fragmentation 
of Europe during the Late Carboniferous to Early Triassic 
times, and to the subsequent opening of the central Atlantic 
Ocean and the Bay of Biscay and the resulting rotation of 
Iberia, mostly during the Early Cretaceous (Figure 2). Con-
vergence occurred from Late Santonian to Middle Miocene 
times as the Afro-Iberian Plates moved generally north-
wards against Europe. As a result, the earlier extensional 
structures were firstly inverted and subsequently incorpo-
rated into the thrust systems.

The Pyrenees display different characteristics along the 
strike. In the east, the Pyrenees is overprinted by the Neo-
gene extensional features related with the opening of the 
Gulf of Lions and the drift of the Corso-Sardo block (Tavani 
et al., 2018). The main part of the range between France 

FIGURE 2
Proposed kinematic models and 

reconstructions of the Iberian 

Plate to explain the opening of 

the Bay of Biscay and Pyrenean 

rift system during Cretaceous 

times. The motion of Iberia 

about an Euler’s pole located: to 

the east of Iberia (A), near Paris 

(B), in the Pyrenean mountain 

range (C); and reconstruction 

at mid-Cretaceous time from 

different tectonic settings: 

Rift-perpendicular (D), after 

Manatschal and Müntener 

(2009), Strike-slip scenario (E) 

after Stampfli and Borel (2002), 

Scissor scenario (F), after 

Advokaat et al. (2014). Modified 

from Tavani et al., 2018.

and Spain corresponds with a continental collisional oro-
gen. Here, the orogen developed over the previously hy-
perextended North-Iberian and European passive margins 
developed along the Pyrenean rift system that connected 
the Atlantic with the Alpine Tethys (Figure 2; Tugend et al., 
2014; Tavani et al., 2018). Further to the west, the oceanic 
crust of the western Gulf of Biscay is involved in the Pyre-
nean orogen but, unlike most oceanic lithosphere, was only 
moderately subducted (Figure 1). Instead, deformation was 
mainly concentrated in the previously thinned continental 
crust south of the North-Iberian margin.

The main factors controlling the Pyrenean structural 
style are the inversion of the inherited (Triassic and Cre-
taceous) extensional structures and the distribution of 
the Triassic salt. Other factors, such as the weakness of 
the inherited Variscan crust and the lithospheric thermal 
state, have also contributed to the structural evolution 
(Jammes and Huismans, 2012; Jammes et al., 2014; Clerc 
and Lagabrielle, 2014). The Triassic salt has resulted 
into decoupling of the Mesozoic cover succession and 
a thin-skinned style in the South-Central Pyrenean fold 
and thrust belt and the Basque-Cantabrian Pyrenees 
(Carola et al., 2015; Muñoz, 1992). Inversion of the Late 
Jurassic-Early Cretaceous extensional system and the 
weaker parts of the Variscan crust have promoted base-
ment involvement and thick-skinned structural style in the 
Axial Zone and Cantabrian Pyrenees. Areas with absence 
of Triassic salt and a relatively weak basement, such as 
the Cantabrian Mountains, are characterized by a thick-
skinned structural style (Alonso et al., 1996).

Constraints on the temporal and spatial evolution of the 
Pyrenees are provided by the preservation of syntectonic 
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anomalies used for the reconstruction of 
the Iberian Plate motion (Bronner et al., 
2011; Nirrengarten et al., 2016).

Based on different identifications of oce-
anic magnetic anomalies, such as the J 
anomaly, two end-member plate models 
have been proposed: i) reconstructions 
with an Early Cretaceous ocean all along 
the Pyrenean domain and a separation 
between Iberia and Europe of up to 600 Km 
(Figure 2C; Srivastava et al., 2000; Sibuet 
et al., 2004; Vissers and Meijer, 2012) 
and ii) reconstructions with a separation 
between Iberia and Europe of no more 
of 200 Km along a N-S direction and with 
oceanic crust restricted to the western Bay 
of Biscay (Figure 2A and B; Klitgord and 
Schouten, 1986; Olivet, 1996; Jammes et 
al., 2009; among others). Another differ-
ence between the proposed plate models 
for Iberia concerns about the magnitude 
and timing for the eastward movement of 
Iberia with respect to Europe (Figure 2). 
All the proposed models agree that Iberia 
experienced a left-lateral strike-slip motion 
along the Northern Iberian Margin, as the 
Northern Atlantic oceanic crust propagat-
ed northwards. However, the proposed 
amount of left-lateral strike-slip varies from 
100 Km to several hundreds of kilometres, 
and there is no agreement about its timing. 
From the seventies until recently, it was 
believed that the left-lateral displacement of 
Iberia along the North Pyrenean Fault main-
ly occurred during the Albian and Ceno-
manian and that subsequently this fault 
acted as the main plate boundary during 
the Pyrenean orogeny (Le Pichon and 

sediments since the early stages of the 
convergence. Convergence occurred from 
Late Santonian to Middle Miocene times 
as the Afro-Iberian Plates moved generally 
northwards against Europe. Shortening es-
timates ranging from 120 to 190 km have 
been calculated based on the construction 
of crustal scale balanced cross-sections 
(Muñoz, 1992, 2019; Teixell et al., 2018). 
The moderate amount of deformation has 
resulted into the absence of ductile defor-
mation and related metamorphic process-
es during the convergence (Figure 3).
 

GEODYNAMIC SETTING 
OF IBERIA AND TECTONIC 
EVENTS
 

Structures and sedimentary record of the 
Mesozoic, Palaeogene and Lower Neo-
gene successions in the Pyrenees are re-
lated to the kinematics of the Iberian Plate 
that in turn are the result of the succes-
sive stages of the opening of the Atlantic 
Ocean and its connection with the Alpine 
Tethys. There is a strong debate about 
the evolution of Iberia during the Mesozo-
ic and there are several published plate 
models (Figure 2; Olivet, 1996; Sibuet et 
al., 2004; Vissers and Meijer, 2012; among 
others). See Barnett-Moore et al. (2016) for 
a recent compilation and discussion. This 
current unresolved debate results from the 
ambiguities associated with defining clear 
oceanic crust along the West Iberia and 
Newfoundland margins as well as know-
ing the nature and origin of the magnetic 

FIGURE 3
ECORS cross-section and 

restored section across the 

Central Pyrenees. The amount 

of shortening between Iberian 

and European Plates is mainly 

the result of the reactivation 

of the extensional detachment 

system that produced the 

exhumation of the mantle 

underneath the Aulus basin and 

the amount of crustal thickening 

of the Iberian crust by stacking 

of upper crustal thrust sheets. 

Modified from Muñoz, 2019.
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Sibuet, 1971; Choukroune and Mattauer, 
1978; Olivet, 1996). This implied that strike-
slip motion would have been synchronous 
(transtensional motion) to younger than the 
main extensional event in the Northern Ibe-
rian Margin and the anticlockwise rotation 
of Iberia. The most recent reconstructions, 
however, propose that the transtensional 
motion occurred until the Aptian and was 
followed by orthogonal extension between 
Iberia and Eurasia (Jammes et al., 2009).

Before the main Late Jurassic-Early Cre-
taceous extensional event along the Ibe-
ria-Europe Plate boundary, Triassic rifting, 
Stephano-Permian Late Variscan tecton-
ics, involving strike-slip and extensional 
deformation, and Variscan and pre-Va-
riscan tectono-metamorphic events also 
affected the Pyrenean domain. The Late 
Variscan events are related to the break-
up of Pangea (Figure 4). Most of the Perm-
ian and Triassic deposits are continental, 
including thick series of volcanics. The 
Upper Triassic salt accumulated within the 
Triassic rift basins, which also played a 
role in the location of the subsequent E-W 
trending Cretaceous extensional basins.

The Early and Middle Jurassic is a period 
of relatively tectonic quiescence. Organ-

ic-rich marls were deposited during the 
Early Jurassic and carbonate platforms 
developed during Early and Middle Juras-
sic times (Figure 4).
 
Rifting and crustal thinning started to oc-
cur along the western and northern Iberian 
margins during the Jurassic, resulting in 
progressive opening of the Central Atlantic 
from south to north since Late Jurassic 
times. As a result of the separation be-
tween Iberia and Europe, an hyperextend-
ed rift system developed in the Pyrenean 
domain, which evolved to the exhumation 
of subcontinental mantle and the formation 
of oceanic crust only in the western part 
of the Bay of Biscay (Figure 1; Jammes 
et al., 2009; Clerc and Lagabrielle, 2014; 
Tugend et al., 2014; Masini et al., 2014). 
The Pyrenean rift system is characterized 
by the existence of major transfer faults 
and transfer zones that segmented the 
extensional fault system (Figure 2A; Tavani 
et al., 2018).

After exhumation of the mantle along the 
axis of the Pyrenean rift system, thermal 
subsidence set in during the Late Ceno-
manian to Turonian causing the area to 
subside to below global sea level. Rapid 
overstepping of the basin margins, rapid 

FIGURE 4
Chronostratigraphic diagram 

showing the stratigraphic record 

and relationships between the 

main basins and thrust sheets 

of the South-Central Pyrenees. 

Note the main tectonic events 

that have occurred in the 

Pyrenean domain after the 

Variscan orogeny.
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decrease in clastic influx and high sea 
levels are the main signals accompanying 
the transgression. Synchronously, thermal 
metamorphism affected the deep basins in 
the hyperextended to exhumed mantle do-
mains (Albarède and Michard-Vitrac, 1978; 
Golberg et al., 1986; Montigny et al., 1986).

During the Senonian and Paleocene, 
northwest Europe was affected by in-
traplate compressional stresses that can 
be related to the Alpine collision of Africa 
and Europe (Ziegler, 1987). These stress-
es induced the inversion of Mesozoic 
basins in Central Europe. One of the best 
places where the start of the collision has 
been studied and dated is the completely 
inverted basins of the Central Pyrenees, 
where inversion geometries can be ob-
served in great detail.

Deformation in this early collisional phase 
is characterized by the reactivation of the 
extensional fault system that formed the 
Upper Jurassic-Lower Cretaceous Pyre-
nean rift basins and was mainly focused 
in the thinned crust (hyperextended and 
necking domains). The inception of the 
contraction caused (1) shortening, inver-
sion and erosion of formerly subsiding 
areas uncovering older rocks to the north, 
(2) reactivation of the salt structures that 
formed both during the Early Cretaceous 

extensional stage as well as during the 
passive margin evolution of the Pyrenean 
basins, and (3) asymmetric subsidence 
with formation of a foreland basin system 
with a mixed siliciclastic-carbonate plat-
form and a deep-marine clastic system 
that expanded beyond the limits of the 
Cretaceous postrift basin.

During the Palaeogene, subsequent large-
scale overthrusting detached and trans-
ported former Mesozoic basins (Séguret, 
1972; Garrido Megías and Ríos-Aragües, 
1972). The main Mesozoic depocentres of 
the South-Central Pyrenees have been dis-
placed for tens of kilometres to the south 
(Muñoz et al., 2018). Yet, from restored 
cross-sections and palaeomagnetic con-
straints, it is possible to reconstruct them 
to their original positions (Figure 3; Muñoz 
et al., 2013).
 

THE MAIN STRUCTURAL UNITS 
OF THE SOUTH-CENTRAL 
PYRENEES
 

Three major thrust sheets constitute 
the southern fold and thrust belt in the 
South-Central Pyrenees (Figures 6 and 
7). From north to south (and in order of 
emplacement), these thrust sheets are: 

FIGURE 5
Structural map of the South-

Central Pyrenees with location 

of the seismic and well data.
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started to develop during Early Lutetian 
times (the age of the onset of folding in its 
hanging wall; Séguret, 1972; Fernández et 
al., 2012; Muñoz et al., 2013), transferring 
displacement along the Sierras Exteriores 
thrust in its leading edge. Displacement 
continued until the Gavarnie thrust was 
tilted, folded and passively transported 
southwards from Late Eocene times by 
the Guarga and related basement thrusts 
(Figure 8B). The Late Eocene-Oligocene 
age of the Guarga thrust is demonstrated 
by the relationships between the base-
ment cut-off line in its hanging wall and 
the Guarga synclinorium (Fernández et 
al., 2012) and the age of the growth strata 
preserved in its core (Puigdefàbregas, 
1975; Fernández-Bellon, 2004). Motion 
on deep post-Gavarnie thrust sheets was 
responsible for the Late Eocene-Oligocene 
structures observed in the Jaca basin and 
Sierras Exteriores (Figure 8B; Labaume et 
al., 1985; Teixell, 1996).

the Cotiella-Bóixols thrust sheet devel-
oped during the Late Cretaceous, the 
Peña Montañesa-Montsec thrust sheet 
formed during the Paleocene-Late Ypre-
sian (both located within the present-day 
Tremp-Graus Basin) and the Sierras Ex-
teriores-Serres Marginales thrust sheet 
developed during Lutetian-Oligocene 
times and that extend south of the Tremp-
Graus Basin westwards where it forms 
the floor of the Ainsa and Jaca Basins. 
Southward displacement of these thrust 
sheets was coeval with the basement 
thrusts in the Axial Zone (Figures 7 and 
8; Séguret, 1972; Cámara and Klimowitz, 
1985). In the Sierras Exteriores-Serres 
Marginales, displacement is mainly ac-
counted for by the Gavarnie, Bielsa and 
Guarga basement thrusts that moved 
mostly diachronously and in succession 
(Figure 9; Séguret, 1972; Cámara and 
Klimowitz, 1985; Martínez-Peña and Ca-
sas-Sainz, 2003). The Gavarnie thrust 

FIGURE 6
Simplified structural map 

South-Central Pyrenees with 

location and names of the main 

synorogenic basins. Locations 

of the cross-sections.
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whereas the lower Gavarnie-Sierras Exte-
riores thrust sheet occupies a wide area 
(Figure 6), only disrupted along its north-
ern edge by a minor fold and thrust sys-
tem (Sierras Interiores; Figure 8B) in the 
footwall of the eroded Peña Montañesa 
thrust. As a consequence of the changes 
in thrust geometry and imbrication, the 
basement thrust sheets along the Axial 
Zone plunge westwards and the structural 
relief decreases in the same direction 
(Figure 6). The change in structural relief 
is not sharp and occurs across a wide 
area that coincides with the extent of the 
N-S trending structures of the Ainsa basin 
area.
 

SYNOROGENIC BASINS OF THE 
SOUTH-CENTRAL PYRENEES
 

Since the initial stages of the Pyrenean 
collision during Late Santonian-Campan-
ian times, two foreland basins developed, 
one in each side of the orogenic belt (Fig-
ures 1 and 9). The northern foreland ba-
sin, the Aquitaine Basin, consists of an up 
to several kms thick succession of Upper 
Cretaceous turbidites overlain by an up to 
4-km-thick Palaeogene series. Most of the 
latter are represented by continental de-
posits as only marine platform sediments 
of Early Ypresian age are observed. The 

A major structural change does occur 
between the central and the west-cen-
tral southern Pyrenees. In the Central 
Pyrenees, east of the Ainsa area, the 
basement thrust sheets form an antiformal 
stack with a significant structural relief 
(Muñoz, 1992). Southwards, the Mesozoic 
cover sequence is detached along the 
Triassic evaporites to form the Bóixols, 
Montsec and Serres Marginals thrust 
sheets (Figure 7). In the Axial Zone, Tri-
assic evaporites also decouple Mesozoic 
units from antiformally stacked basement 
units. In the West-Central Pyrenees, there 
are no Triassic evaporites between Upper 
Cretaceous and Palaeozoic rocks along 
the Axial Zone (Figure 8). As a result, 
the Mesozoic and Palaeogene cover is 
coupled to the basement and basement 
thrust sheets are mostly imbricated, 
instead of stacked one on top of each 
other, constituting an imbricate hinterland 
dipping duplex (Cámara and Klimowitz, 
1985; Labaume et al., 1985; Teixell, 1996, 
1998). Change in thrusting geometry in 
turn leads to a more distributed structural 
relief in the West-Central Pyrenees. As 
basement thrust sheets are located fur-
ther south in the west-central than in the 
Central Pyrenees, the cover thrust sheets 
are widely exhumed in the west. Thus, the 
western lateral equivalents of the Peña 
Montañesa-Montsec and Cotiella-Bóixols 
thrusts have been uplifted and eroded, 

FIGURE 7
Geological cross-sections 

across the South-Central 

Pyrenees. A: Cross-section 

along the Ribagorçana valley, 

modified from Teixell and 

Muñoz, 2000. B: Cross-section 

along the Pallaresa valley 

following the ECORS-Pyrenees 

deep seismic reflection profile. 

See location on Figure 6. From 

Muñoz et al., 2018.
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UPPER CRETACEOUS BASIN 
OF THE SOUTH-CENTRAL 
PYRENEES
 

As a result of the inversion of the rift 
basins, thick (up to 3.5 km) turbiditic se-
quences were deposited close to the pre-
vious rift margin (Figure 11). Depocentre 
distribution of the syninversion turbidites 
was mainly controlled by the geometry of 
the main rift bounding extensional faults. 
The upper Santonian-Campanian Basin 
was segmented by oblique and trans-
verse ridges, mainly related with NW-SE 
striking faults and related salt structures 
(Figure 11). Depocentres confined by 
these reliefs have a stepped geometry in 
map view inherited from the right stepped 
attitude of the main rift bounding Early 
Cretaceous extensional faults. Late Santo-
nian-Campanian depocentres are laterally 
displaced from the synrift depocentres 
and are located along the previous relay 
ramp zones of the extensional fault system 
(Figure 11). Such depocentre distribution 
is distinctive of the early stages of basin 
inversion.

The Upper Santonian-Maastrichtian slope 
sediments grade southwards into a suc-
cession of carbonates, which can be as 
thick as 1600 m in the Montsec thrust 
sheet (Figures 4 and 7). These carbonates 
thin towards the south to a few tens of me-
tres in the frontal imbricates of the Sierras 
Exteriores-Serres Marginals thrust sheets. 
They extend into the forebulge as defined 
by the area where syn-orogenic thin Upper 
Cretaceous sediments were deposited 

Aquitaine basin mainly developed in the 
footwall of the north-Pyrenean frontal 
thrust and was not significantly involved 
in the north-Pyrenean thrust system (Fig-
ure 3).

The south-Pyrenean foreland basin is 
wider in platform and has a thicker sed-
imentary sequence than the Aquitaine 
Basin. Its filling is characterized by an 
alternation of marine sediments (Late Cre-
taceous and Early-Middle Eocene) and 
continental deposits (Paleocene and Late 
Eocene-Miocene). Contrary to the Aquit-
aine Basin, the south Pyrenean foreland 
basin has been progressively incorporated 
into the thrust system and basin depocen-
tres have evolved from strongly subsiding 
foreland troughs to piggyback basins as 
deformation progressed into the foreland 
(Figures 3 and 10). The autochthonous 
part of the south-Pyrenean foreland basin, 
southwards of the south-Pyrenean frontal 
thrust, is known as Ebro Basin. It is mainly 
filled by continental sediments of the last 
stage of the foreland basin, above Early 
Priabonian evaporites. These evaporites 
represent the closing of the Ebro Basin 
(Figures 9 and 10). Upper Eocene-Lower 
Miocene continental clastics filled the en-
closed basin and progressively backfilled 
and buried the south-Pyrenean thrust 
system during its latest stages of develop-
ment (Coney et al., 1996).

Three main depocentres can be distin-
guished: the Upper Cretaceous deposi-
tional system and the Paleocene-Middle 
Eocene Graus-Tremp basin and the Palae-
ogene Ainsa-Jaca basins.

FIGURE 8
Cross-sections showing the 

structure of the Jaca, Ainsa 

and Tremp-Graus Basins 

across and their relationships 

with the main thrust sheets of 

the South-Central Pyrenees. 

A: Section across the Jaca 

Basin, modified from Labaume 

et al. (2016). B: Section across 

the N-S trending folds of the 

Ainsa Basin, from Muñoz et 

al. (2013). See location on 

Figure 6.
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ward displacement of the Montsec thrust sheet (Figure 10; 
Puigdefàbregas et al., 1986, 1992).

The basin fill is up to 2 km thick and made up of fluviodel-
taics with minor carbonate systems. The structure of the 
Montsec thrust sheet is that of broad synclinorium includ-
ing a series of gentle folds, with E-W to SE-NW trend (Fig-
ures 4 and 6).

The basin fill is made up of two major allogroups, namely 
Ager and Montanyana (Nijman and Nio, 1975) (Figure 10). 
The Ager Group consists mainly of fine-grained prodelta 
strata, with significant sandstone bodies deposited in 
delta fronts or lower delta plain depositional environments. 
The deltaic systems were fed from the northern basin 
margin with sediment transport towards the W, following 
the main structural axis of the basin. The Montanyana 
Group is largely represented by alluvial to deltaic systems. 
Another clastic source was also the uplifted area along 
the northern and eastern basin margin, and sediment flux 
continued to the northwest, following the main basin axis, 
to feed the slope depositional systems in the Ainsa Basin 

on top of inflated Triassic salt (Figure 11). Uplift in the 
forebulge area is expressed by the tilting and erosion of 
the pre-orogenic Mesozoic succession (Jurassic prerift 
and Upper Cretaceous postrift sequences). According to 
van Hoorn (1970) and Nagtegaal (1972), the shelf is the 
source area for most of the carbonate turbidite facies.

The Upper Cretaceous sediments are characterized by 
a shallowing upward succession into the red beds of the 
Garumnian facies in the east and shallow water carbon-
ates in the west.
 

PALEOCENE-MIDDLE EOCENE  
GRAUS-TREMP BASIN
 

During the Early Eocene, a thick succession of mainly 
marine and lateral equivalent continental sediments show 
strong lateral variations in facies and thickness as a re-
sult of basin partitioning and development of piggyback 
basins (Tremp-Graus and Ager Basins) during the south-

FIGURE 9
Palaeogeographic 

reconstructions of the Pyrenees 

and the adjacent foreland 

basins, showing the position 

of the different depocentres or 

sub-basins. The foreland basins 

(Aquitaine and Ebro, north 

and south, respectively) were 

connected to the Atlantic Ocean. 

The South Pyrenean foreland 

basin was disconnected to the 

Atlantic during Late Eocene 

times and became a restricted 

and endorheic basin filled first 

by the last marine sediments 

(salt in the centre) and then 

continental sediments. The 

presence of a new salt horizon 

in the sedimentary succession 

as well as the subsequent burial 

by conglomerates strongly 

controlled the geometry and 

kinematics of the younger 

most fold and thrust structures. 

Modified from Berástegui et al., 

2010.
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water siliciclastic complexes in the Jaca Basin, located 
westwards (Hecho Group; Figures 11, 13 and 14) (Mutti 
et al., 1972). The Lower Eocene part of the Ainsa slope 
complex developed in the footwall of the Peña Montañe-
sa-Monsec thrust sheet in a foredeep setting (Figure 10). 
Sedimentation occurred synchronously with a deep-water 
fold and thrust system in the footwall of the Montsec thrust 
as its hanging wall was displaced southwards (Muñoz et 
al., 1994). The slope sediments were primarily fed from 
a fluviodeltaic complex located in the east, on top of the 
Montsec thrust sheet (Figure 10; the Montañana Group 
of the Graus-Tremp piggyback basin) (Nijman and Nio, 
1975). Southwards, the turbiditic trough of the Ainsa Basin 
was bound by a carbonate platform (Figure 10) (Barnolas 
et al., 1991). This platform retreated in front of the Peña 
Montañesa-Montsec thrust sheet as the thrust sheet 
moved southwards. Slope sediments onlap the back-
stepped margin of the platform and incorporated resedi-
mented carbonates triggered by the tilting of the platform 
(Arbués et al., 2011).

During Middle Eocene times, deformation progressed 
into the footwall of the Peña Montañesa thrust sheet. As a 
result, the Gavarnie thrust sheet developed and the floor 
of the Ainsa Basin was deformed by the Sobrarbe fold 
system (Figures 5 and 8). The Ainsa Basin changed from 
a foredeep to a piggyback basin and its infill developed a 
shallowing-upward sequence (Figure 12). The upper parts 
of the slope complex and its carbonate and deltaic equiv-
alents as well as the fluviodeltaic complex above (Sobrar-
be deltaic system and Escanilla Fm.) (Dreyer et al., 1999) 
were sedimented during fold growth (Poblet et al., 1998). 
Westwards, the fluvial red beds of the Escanilla Fm. grade 
laterally into the deltaic sandstones of the Sobrarbe delta, 
which in turn are the lateral equivalent of the upper part of 

in the footwall of the Montsec thrust sheet (Figure 11; Mutti 
et al., 1988).
 

AINSA-JACA BASINS
 

The Ainsa-Jaca Basins originated as a foredeep ahead 
of the innermost thrusts in the Early Eocene and evolved 
into a piggyback setting as the thrust front propagated 
towards the foreland (Figure 10). The foredeep filled 
mostly with a slope complex in the Ainsa Basin, which 
is up to 4000 m thick, 40 km long and 30 km wide. The 
slope complex had a fluviodeltaic source in the east in 
the Graus-Tremp and Ager Basins and evolved to the NW 
into a basin-floor complex in the Jaca Basin (Figure 10). 
The basin-floor complex consists of the classically termed 
outer-fan sandstone lobes, which are replaced downcur-
rent by basinal sandstone and mudstone interbeddings. 
The individual sandstone-dominated lobe elements are 
several tens of metres thick, more than 15 Km wide and 
up to 80 Km long.

Similarly to the Upper Cretaceous basin, the slope to basin-
al sediments of the Ainsa-Jaca Basin grades southwards 
into a carbonate platform, which stepped forwards (south-
wards) as deformation progressed (Figures 10, 11 and 13).

The Ainsa slope complex is as much as a 4 km thick suc-
cession of primarily mudstones with several encased tur-
bidite systems, each one being a few hundreds of metres 
thick (Arbués et al., 2007). These sediments, described as 
the San Vicente Formation (Van Lunsen, 1970; De Federi-
co, 1981), are the main infill of the well-known Ainsa Basin 
and represent the proximal slope facies of the deeper 

FIGURE 10
Palaeogeography of the Tremp-

Graus and Ainsa-Jaca Basins 

during Middle Eocene times. 

From Arbués et al., 2011.
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Eocene turbidite sequences of the Jaca Basin as well 
as the overlying Upper Eocene-Oligocene clastics (Fig-
ure 13). This system has been detached in Lower-Middle 
Eocene marls on top of the carbonate succession that has 
provided a good detachment horizon. The south-dipping 
panel of Upper Cretaceous-Lower Eocene carbonates is 
disrupted in its upper part by thrusts, but mainly by the 
structure that was drilled by the Ayerbe de Broto well, 
which has been interpreted as a hanging wall structure of 
the Oturia-Fiscal thrust (Figure 13).

Basement-involved thrusts merge upwards into a detach-
ment underneath the continuous Upper Cretaceous rocks, 
suggesting the presence on a weak horizon on top of the 
Triassic succession, most probably evaporites of the Ke-
uper facies. However, the northern edge of the evaporites 
is not well constrained. It should be located southward 
the Broto well, where Keuper rocks were not encountered, 
and most probably southward the Ayerbe de Broto struc-
ture (Figure 13).

The Upper Eocene continental sediments of the Escanilla 
Fm. and Campodarbe group are unconformably overlain 
by the Oligocene-Miocene continental sediments, which 
are preserved in the core of the Guarga synclinorium and 
in the thrust front where they were deposited synchro-
nously with the frontal thrust structures (Puigdefàbregas, 
1975; Luzón, 2005).

the slope sediments of the San Vicente Fm. (Figure 12). 
Above these beds, fluvial sediments of the Escanilla Fm. 
are Bartonian to Priabonian in age (Bentham, 1992; Ben-
tham et al., 1992; Mochales et al., 2012a). The middle 
to upper part of the Escanilla Fm. is equivalent to the 
Campodarbe Group (Puigdefàbregas, 1975), which lies 
unconformably on top of the Middle Eocene limestones in 
the western limb of the Boltaña anticline (Figure 5).

The structure of the Jaca Basin is characterized by a syn-
formal geometry with the southern limb lying parallel to the 
sole thrust that shows a prominent footwall ramp above the 
north-dipping to subhorizontal reflectors of the autochtho-
nous foreland (Figure 13). The synform is asymmetric with 
a significant thinner Mesozoic to Upper Eocene succession 
in the southern limb. In this limb, the unconformity between 
the Lower and Middle Eocene turbidites, characteristic of 
the sedimentary infilling of the Jaca Basin, and their south-
ern carbonate counterparts is very prominent (Puigdefàbre-
gas, 1975; Labaume et al., 1985, 2016). Turbidites show an 
onlap above the truncated carbonates (Figure 13). Tilting of 
the platform resulted in occasional failure and the formation 
of resedimented carbonates, which are interlayered with 
the turbidites (carbonates megaturbidites; Labaume et al., 
1985).

In the northern limb of the Jaca synclinorium, a system 
of thrusts and related folds involves the Lower-Middle 

FIGURE 11
The Late Cretaceous South 

Pyrenean foreland basin 

in the Central Pyrenees: 

facies distribution of the 

upper Santonian-Campanian 

synorogenic sediments 

preserving present coordinates. 

Flysch depocentres in the 

wedge-top are shaped by basin 

inversion and contractional salt 

tectonics. Key to abbreviations: 

OR: Organyà, SC: Sant 

Corneli, SG: Sant Gervàs, 

AU: Aulet, R: Riu, LA: Las 

Aras, T: Turbón, S: Serrado, 

CO: Cotiella, PS: Pobla de 

Segur sub-basin, IS: Isábena 

sub-basin, ES: Ésera sub-basin. 

Palaeocurrent patterns and 

supply areas from van Hoorn 

(1970). Modified from García-

Senz et al., 2019.
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taceous times resulted in the formation 
of strong subsiding troughs in the hyper-
extended rift domains and in the footwall 
of the reactivated main extensional faults 
where contractional deformation was local-
ized (Figures 7 and 11). The segmented 
nature of the rift system (Tavani et al., 
2018; Lescoutre, 2019) controlled the in-
version tectonics during this first orogenic 
phase as well as the distribution of the 
syninversion depocentres that were later-
ally shifted with respect to the synrift de-
pocentres by the reactivated extensional 
faults and transfer zones (Figure 11). Such 
inversion tectonic features and related 
dispersion of syninversion sediments are 
crucial for the geohistory that formations 
of interest for the play-based exploration 
have experienced.

Structural style was also controlled by the 
distribution of the upper Triassic evapo-
rites and the presence of salt structures 
that developed during the extensional 
deformation and passive margin evolution. 

CONCLUDING REMARKS
 

The South-Central Pyrenees provide a 
unique opportunity to integrate a large 
variety of geological observations into 
consistent tectonostratigraphic models, 
which are relevant not only for the under-
standing of development of fold and thrust 
belts and related sedimentary basins, but 
also to develop sedimentary models for a 
significant variety of depositional systems 
and finally for the application of the play-
based exploration workflow in order to 
evaluate the prospectivity of sedimentary 
basins.

The main structural features of the Pyr-
enees have been strongly controlled by 
the inherited structural grain of the Creta-
ceous extensional basins that developed 
along the North Iberian-Pyrenean passive 
margin. These are the basins that host 
the most prolific petroleum systems. The 
inversion of these basins during Late Cre-

FIGURE 12
Seismic line SP-14 along the 

Ainsa Basin, trending parallel 

to the main structures. See 

Figure 5 for location. Modified 

from Muñoz et al., 2018.
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Such variety of geological processes, struc-
tures and depositional environments, made 
visible through excellent outcrops, enables 
the South-Central Pyrenees to be a natural 
training ground in which play concepts for 
hydrocarbon exploration can be developed, 
which then could be applied elsewhere in 
other sedimentary basins globally.
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The uneven distribution of the Triassic 
evaporites resulted in along-strike chang-
es from thin-skinned to thick-skinned tec-
tonic deformations.

Squeezed diapirs and salt walls and de-
formation of adjacent minibasins, partially 
controlled by gravitational extensional 
collapse of the passive margin (McClay et 
al., 2004; Muñoz and García-Senz, 2010; 
López-Mir et al., 2014, 2016; Saura et al., 
2016), are common structural elements in 
the Cotiella-Bóixols thrust sheet offering 
the opportunity to better understand the 
relation between sedimentation and salt 
diapirism.

Thrust salient and re-entrants developed 
because of the uneven distribution of 
Triassic evaporates controlling sediment 
dispersal in the foreland basin. Thus, the 
deltaic sediments of the Tremp-Graus 
piggyback basin grade into the deeper 
facies of the strongly subsiding Ainsa and 
Jaca Basins across the oblique structures 
of the thrust salient. This enables us to 
track the sedimentary evolution from the 
proximal fluvial and deltaic sediments into 
the slope and basinal turbidites adjacent 
to the thrust front and their interaction with 
a carbonate platform in the foreland.

FIGURE 13
Composite line SP28-JAT84 

across the eastern part of the 

Jaca Basin. See Figure 5 for 

location. From Muñoz et al., 

2018.
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