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Iberia and its oceanic margins provide evidence of a large rift system developed in three phases: i) late 
Permian–Middle Triassic, ii) Late Jurassic, and iii) Barremian–early Albian. These rifting events were coeval 
with the opening of the Alpine Tethys, the North-Atlantic, and the Bay of Biscay domains, respectiely. The 
three Mesozoic rifting phases controlled the development of Iberian intraplate rift basins, including the 
Maestrat and Garraf basins, which are the focus of this study. Each of these rifting stages was followed by 
a period of decelerated or post-rift thermal subsidence. The first post-rift phase, spanning the Late Triassic 
to the early Late Jurassic, was interrupted by a short-lived interval of rapid syn-rift subsidence during the 
Hettangian, here referred to as the Hettangian event. Rifting cycles 2 and 3 are separated by the Neocomian 
event, which corresponds to an interval of decelerated subsidence. The earliest rifting phase is associated with 
an early inception of saline tectonics in the Maestrat Basin, and was accompanied by magmatism and took 
place in an arid climate setting, whereas the second and third rifting stages were essentially amagmatic and 
occurred under humid (sub)tropical conditions. The structural style during polyphase rifting is characterized 
by extensional systems involving the uppermost part of the crust, with basal faults located at a depth of 7 to 
10km. The Maestrat and Garraf basins developed during the Barremian–early Albian period were bounded 
by decakilometric normal faults with kilometric dip-slip, and were later inverted during the Paleogene 
contraction, giving rise to the fold-and-thrust systems of the Iberian and Catalan Coastal chains. Vertical 
movements, uplift and fault-induced subsidence, and the prevailing climate conditions were the two principal 
controls on the sedimentary record of the Iberian intraplate rift basins.
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INTRODUCTION

	 Rift systems represent the lithosphere response 
to stretching, characterized by the growth and linkage 
of normal faults (Miall, 2010). In eastern Iberia, the 
predominant Mesozoic extensional structure was the half-
graben (Nebot and Guimerà, 2016a, b). In addition to 
vertical movements of uplift and subsidence, as well as 
the interaction and linkage of normal faults through the 
creation and migration of grabens and relay zones, the main 
general factors controlling rift basin stratigraphy include 
eustatic sea-level changes and sediment supply, both of 
which are strongly influenced by climate (Gawthorpe and 
Leeder, 2000). 

	 During the break-up of Pangea, which led to the 
opening of the Western Tethys and the North Atlantic, 
Iberia was repeatedly affected by extensional tectonics. 
One of these Mesozoic rifts, trending NW-SE across Iberia, 
is the Iberian Rift System (Salas et al., 2001). Rifting and 
wrench activity in Iberia persisted intermittently until Late 
Jurassic and mid-Cretaceous times, when Iberia separated 
from Europe in conjunction with the opening of the oceanic 
Bay of Biscay Basin.

	 Depending on the position within the rift, fault 
activity intensified during the Early–Middle Triassic, 
Kimmeridgian, and Barremian, leading to the formation of 
basin depocenters. This increased the shoreline slope towards 
deeper water and caused pulses of relative sea-level change. 
The resulting sedimentary record includes continental to 
marine, mixed carbonate-siliciclastic deposits. Among the 
documented rifting cycles, the Barremian–Aptian phase is 
the least affected by erosion, thereby allowing for a more 
comprehensive characterization of its extensional system.

	 This paper addresses the sedimentary and 
structural evolution of the Mesozoic Iberian Rift System, 
also referred to as the Iberian Basin, which currently 
corresponds to the Iberian and Catalan Coastal chains, a 
system of intraplate fold-and-thrust belts. More precisely 
this paper focuses on the Maestrat Basin located in the 
eastern part of the Iberian Chain and the Garraf Basin 
situated in the Catalan Coastal Chain (Fig. 1).

	 The specific objectives of the study are: (i) to 
characterize the stratigraphy and main unconformities of 
the study area; (ii) to describe the rift and post-rift evolution 
of the basins by field and subsidence techniques; (iii) to 
study the geometry and evolution of the Mesozoic and 
Cenozoic structures by integration of available subsurface 
data, including 2D seismic profiles and exploration wells, 
and new field data; and (iv) to evaluate the depositional and 
structural controls on the process affecting the intraplate 
rift basins and their evolution. The results can be used 

to establish predictive relationships for the improved 
characterization of intraplate rift basins at seismic-scale, 
even when subsurface data are limited.

GEOLOGICAL CONTEXT

	 The study area is located in the E-W-trending, 
N-verging Linking Zone between the NW-SE-trending 
Iberian Chain and the NE-SW-trending Catalan Coastal 
Chain (Guimerà, 1983, 1984, 2018) (Fig. 1A). These chains 
are the result of the Cenozoic inversion of the Late Jurassic–
Early Cretaceous Maestrat and Garraf basins, which were 
one of the most subsident basins of the southern Mesozoic 
Iberian Rift System (Anadón et al., 1979; Guimerà, 1988; 
Salas et al., 2001).

	 Previous studies have described the Iberian 
Rift System as having developed during the Mesozoic 
and undergoing two major rifting phases: in the late 
Permian–Triassic, and the Late Jurassic–Early Cretaceous, 
each followed by periods of reduced extensional activity 
during the Early–Middle Jurassic and the middle Albian–
Maastrichtian (Salas and Casas, 1993; Salas et al., 2001). 
More recently, Salas et al. in Martín-Chivelet et al. (2019) 
refined the interpretation of the Iberian Rift System’s 
evolution, proposing a more detailed model consisting of 
six distinct syn-rift and post-rift phases: (i) late Permian–
Triassic rifting, (ii) Early and Middle Jurassic post-rift, 
(iii) Late Jurassic rifting, (iv) Neocomian (late Berriasian–
Hauterivian) post-rift, (v) Early Cretaceous (Barremian–
early Albian) rifting, and (vi) Late Cretaceous post-rift.

	 The earliest rifting phase was accompanied by 
magmatism and developed under arid climate conditions, 
whereas the second and third rifting stages were essentially 
amagmatic and occurred in a humid subtropical climate 
zone. The second rifting cycle commenced in the 
Kimmeridgian and was associated with intense rifting 
activity in the North Atlantic domain, including the 
Lusitanian Basin (Pimentel and Pena dos Reis, 2016). 
According to Salas et al. in Martín-Chivelet et al. (2019), 
this rifting cycle (Kimmeridgian–early Berriasian) was 
followed by a stage of relative tectonic quiescence of 
decelerated post-rift thermal subsidence during the 
Neocomian (late Berriasian–Hauterivian), characterized 
by the deposition of the Purbeck facies.

	 Rifting resumed during the Barremian and 
persisted until the early Albian. Intraplate extension 
reached its peak during this cycle, in marked contrast to 
the limited coeval extension recorded along the Atlantic 
margin, which underwent thermal subsidence at that time 
(Pimentel and Pena dos Reis, 2016; Stampfli, 2000). The 
initial sedimentary record grades from restricted marine 



A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

G e o l o g i c a  A c t a ,  2 4 . 9 ,  1 - 2 9  ( 2 0 2 6 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 6 . 2 4 . 9

R .  S a l a s  e t  a l . Mesozoic rifting in NE Iberia

3

to lacustrine and alluvial deposits, with accumulations 
of freshwater carbonates and siliciclastics deposited in 
embayment settings, characteristic of the Weald facies 
(e.g., Caja Rodríguez, 2004).

	 During the Aptian, fault activity generated several 
depocenters throughout the rift system and led to significant 
changes in accommodation. The resulting sedimentary 
record includes progradational fluvio-deltaic sands, basinal 
marls, and carbonate platforms, among which the rudist-
dominated Urgonian facies association is particularly 
characteristic (e.g., Bover-Arnal et al., 2010; Salas, 1987; 
Vennin and Aurell, 2001).

	 The progressive cessation of continental rifting 
during the Albian was coeval with the formation of rapidly 

subsiding depocentres in the marginal areas of the basins, 
accompanied by increased sediment fluxes in fluvial and 
deltaic systems (i.e., Escucha Formation; Querol et al., 
1992). The intra-Albian regional unconformity at the base 
of the fluvio-deltaic Utrillas Formation marks the onset of 
the post-rift thermal subsidence stage during the middle 
Albian (e.g., Salas and Casas, 1993).

	 The second and third cycles of accelerated 
subsidence were considered by Salas et al. (2001) as a 
single, complex rifting cycle spanning from the Late 
Jurassic to the early Albian. This interval was characterized 
as displaying two main pulses of rapid subsidence, 
occurring in the Late Jurassic and Early Cretaceous, 
separated by a stage of decelerated subsidence throughout 
the Neocomian.

FIGURE 1. A) Location of the Maestrat and Garraf basins within the Iberian Peninsula. B) Simplified structural map of the Maestrat and Garraf basins 
during Late Jurassic Rifting Cycle 2, the Neocomian event (late Berriasian–Hauterivian) and Early Cretaceous (Barremian–early Albian) Rifting Cycle 
3. Note that this Late Jurassic–Early Cretaceous complex cycle of rifting (sensu Salas et al., 2001) structured the basins into several main fault zones 
and sub-basins. Inset: the location of the cross-sections I and II shown in Fig. 2. Oil-wells: 1= Mirambell-1, 2= Maestrazgo-2, 3= Bovalar-1 and 
Bovalar-2, 4= Salzedella-1, 5= Maestrazgo-1. Modified from Salas et al. in Martín-Chivelet et al. (2019).
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	 During the second and third rifting cycles, rift-
related structures were aligned into two main branches: 
the Pyrenean Rift and the Iberian-Catalan Rift. Both 
diverged from the Bay of Biscay and were bordered by 
the uplifted Hesperian and Ebro hinterland areas, which 
acted as persistent source areas for siliciclastic supply. The 
dominant direction of sedimentary influx was from west 
to east (Salas et al., 2010). Notably, the Columbrets Basin 
(València Trough) underwent extreme Mesozoic crustal 
thinning during these rifting cycles (Etheve et al., 2018; 
Fang et al., 2021; Ramos et al., 2023; Roca, 1996; Roma et 
al., 2018).

	 The Upper Jurassic–Lower Cretaceous Maestrat 
and Garraf basins were bounded by decakilometric 
extensional faults with kilometric normal displacement 
(Figs. 1B, 2). Many of these faults underwent contractional 
reactivation during the Cenozoic (Baqués et al., 2012; 
Nebot and Guimerà 2016a, b; Salas et al., 2001), and were 
later covered by Neogene sediments (Fig. 3). As a result, the 
precise location of some bounding faults, particularly those 
linking the Maestrat and Garraf basins, remain uncertain.

	 The Maestrat Basin was generated by a system of 
extensional faults of listric geometry, as is deduced from 

the depocenters attached to the fault and rocks thinning 
away from it (Fig. 2). Its northern boundary is composed 
of a roughly E-W-trending, south-dipping fault set, with 
the Montalbán and Herbers faults being the major ones. 
The southern boundary is defined by NW-SE-trending, 
northeast-dipping faults, primarily the Penyagolosa and 
Alpeñés faults (Figs. 1B, 2, 3). Due to their listric nature, 
these faults generated wide rollover structures developed in 
their hanging-walls, with depocentres positioned adjacent 
to the fault traces. Moreover, the interaction between 
the rollovers related to the northern and southwestern 
fault boundaries generated a zone of reduced subsidence 
between them, known as the Vistabella Threshold (Figs. 
1B, 2; Salas and Guimerà, 1996). Additional extensional 
faults are present between the main bounding structures, 
predominantly E-W-trending (Xert and Aliaga faults), 
with some oriented NE-SW, such as the Benicàssim 
Fault (Figs. 1B, 3). These internal structures contributed 
to the compartmentalization of the Maestrat Basin into 
several sub-basins: Las Parras, Galve, Oliete, Penyagolosa, 
Cedramán, Orpesa, La Salzadella, El Perelló, and Morella 
(Figs. 1B, 2; Salas et al. in Martín-Chivelet et al., 2019 ; 
Salas and Guimerà, 1996). The Oliete and Cedramán sub-
basins are located in a marginal position relative to the 
major faults, lying to the north and south respectively. 

FIGURE 2. A) and B) Schematic cross-sections of the Maestrat and Garraf basins, respectively, traversing main depocenters and structures. See Fig. 
1 for locations. Modified from Salas et al. in Martín-Chivelet et al. (2019).
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	 The Garraf Basin is bounded to the northwest by 
the NE-SW-trending Penedès Fault (Anadón et al., 1979), 
likely a continuation of the Herbers Fault (Fig. 1B). Several 
faults with a listric geometry subdivide the basin into three 
sub-basins, the largest of which is the Sitges Sub-basin 
(Figs. 1A, 2).

	 Considering the areal extension of the faults and 
the amount of normal displacement required to generate 
the sedimentary thickness recognized in both the Maestrat 
and Garraf basins, the extensional system responsible for 
their formation must have involved the Variscan basement. 
An extensional system rooted in the upper crust (at depths 
of 7-10km) is therefore proposed. This system coincides 
with that inferred for the Cenozoic contractional regime, 
which inverted the Iberian Basin Rift System (Guimerà and 
Álvaro, 1990; Seillé et al., 2015). 

	 The Iberian intraplate rift basins, such as the 
Maestrat and Garraf basins, were inverted during the 
Paleogene contraction during the Alpine Orogeny, leading 
to the formation of the Iberian and Catalan Coastal fold-

and-thrust belts (Nebot and Guimerà, 2016a, b; Salas et 
al., 2001). Subsequently, late Neogene extension related 
to the opening of the Mediterranean overprinted these 
structures, defining the present-day configuration of the 
region (Guimerà, 1988).

MATERIALS AND METHODS

	 The conceptual model of the formation and 
evolution of the Mesozoic Iberian Rift System and its 
Cenozoic inversion is the result of 40 years of fieldwork, 
laboratory analysis, and desk-based research. Over this 
period, 28 stratigraphic sections were measured, totaling 
more than 19km of logged strata, and correlated across the 
study area to: (i) identify key lithofacies variations and their 
stratal relationships, (ii) observe and identify fossil content 
and changes in sedimentary facies, and (iii) characterize 
stacking patterns and stratal terminations. 

	 The burial history of the Maestrat and Garraf basins 
was assessed by subsidence analysis, using conventional 
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back-stripping methodologies (Bond and Kominz, 1984; 
Sclater and Christie, 1980; Steckler and Watts, 1978; Watts, 
1981). Decompacted subsidence curves were calculated 
using an Excel macro created by D. Waltham (Royal Holloway, 
University of London), following the methodology outlined 
by Allen and Allen (1990), and calibrated to the time 
scale of Cohen et al. (2025) and Gale et al. (2020) . Input 
parameters included lithology, unit age, present-day depth, 
estimated paleobathymetry, and eustatic sea-level at the 
time of deposition. Decompaction was carried out using 
porosity-depth relationships and lithology-specific density 
values, while paleobathymetry estimates were derived from 
the interpreted depositional environments. Subsurface data 
from the Maestrazgo-1, Salzedella-1, and Mirambell-1 
wells (Fig. 1B; Lanaja, 1987; Martínez-Abad, 1991) were 
integrated with field observations and stratigraphic data 
from outcropping sections in the Garraf Basin to account 
for the effects of post-Eocene erosion linked to the Alpine 
contractional uplift. This combined dataset enabled a more 
accurate reconstruction of original sediment thicknesses 
and provided key constraints for backstripping analysis. 
The total thicknesses of the Mesozoic successions modeled 
are: 5339m in Maestrazgo-1, 3188m in Mirambell-1, and 
3432m in Garraf. The timing of rift and post-rift phases 
is based on Salas et al. (2001) and Salas et al. in Martín-
Chivelet et al. (2019). To calculate tectonic (unloaded) 
subsidence, we applied the McKenzie (1978) stretching 
model for intracontinental rift basin formation, assuming 
local isostatic equilibrium.

	 To characterize the structure of the area studied, 
geologic mapping at several scales was performed, 
including several thousand strike-and-dip data of bedding 
and faults. Cross-section construction was based on the 
kink method, and its restoration to the end of Mesozoic 
was performed preserving line-length and surface. The 
geometry of the basement fault was reconstructed using 
the Move® software. Seismic profiles and exploration wells 
available were also considered.

RESULTS

Stratigraphy

	 A comprehensive and updated chronostratigraphic 
framework is proposed for the Maestrat and Garraf basins 
(Fig. 4), grounded in the geological evidence presented 
in this subsection and integrating new observations and 
data obtained since Salas et al. (2001). The Mesozoic 
materials in the study area, including both the rocks filling 
the Upper Jurassic–Lower Cretaceous Maestrat and Garraf 
basins and those in their substratum, and the overlying 
Cenozoic sedimentary cover, are subdivided into four 
major sequences bounded by regional unconformities 

(D1-D5) of upper Permian–Triassic, Jurassic, Lower 
Cretaceous, and Upper Cretaceous age (Fig. 4). These 
sequences were deposited during different rifting and 
post-rifting events within the Iberian Rift System (Salas 
and Casas, 1993; Salas et al. in Martín-Chivelet et al., 
2019; Salas et al., 2001).

	 The regional unconformity D1 corresponds 
to the Variscan unconformity, whereas D3 represents a 
syn-rift unconformity at the termination of rifting cycle 
2. Similarly, D4 corresponds to post-rift unconformity 
associated with the end of rifting cycle 3. Both D3 and 
D4 are characterized by distinct angular geometries. In 
contrast, D2 represents a different case. While it has 
previously been interpreted as a post-rift unconformity 
(Salas et al., 2001), this study interprets D2 as an 
erosional surface that marks the onset of a short-lived 
episode of accelerated subsidence during the deposition 
of Hettangian breccias, within a longer-term post-rift 
phase spanning from the Late Triassic to the Oxfordian 
(Fig. 4). Therefore, D2 would not represent a post-rift 
unconformity, but rather an erosional surface associated 
with renewed tectonic activity during the latest Triassic–
earliest Jurassic, herein referred to as the Hettangian 
rifting event. The Garraf Basin contains a discontinuous 
Mesozoic record, with significant gaps, particularly in the 
late Lias, Dogger, and late Neocomian intervals (Fig. 4).

Subsidence analysis 

	 To evaluate the tectonic evolution of the 
Maestrat and Garraf basins (Fig. 1), two previously 
published quantitative subsidence curves from petroleum 
exploration wells (Salas and Casas, 1992, 1993; Salas et 
al., 2001) were reviewed, and a new subsidence curve was 
calculated for the Garraf Basin (Fig. 5). Although the three 
resulting tectonic subsidence curves display a generally 
similar pattern, noticeable differences exist in both their 
shapes and the magnitude of tectonic subsidence. These 
differences primarily reflect the varying locations of the 
data points within the basins and the associated variations 
in sedimentary thickness. Nevertheless, all the curves 
show three distinct phases of tectonic subsidence, each 
characterized by an initial interval of rapid subsidence 
followed by a phase of decelerating subsidence. This 
pattern is usually diagnostic of rifting processes, which 
comprise an initial period of fault-controlled, rapid syn-
rift subsidence, followed by a post-rift phase marked by 
asymptotically decreasing subsidence driven by the thermal 
relaxation of the lithosphere (McKenzie, 1978). Based on 
the interpreted subsidence phases, as well as the structural 
and regional context of the control points, three intervals of 
rapid-to-decelerated subsidence can be distinguished: 1) 
late Permian–Oxfordian, 2) Kimmeridgian–Hauterivian, 
and 3) Barremian–Maastrichtian (Fig. 5).
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FIGURE 4. Lithostratigraphic chart of the Mesozoic Maestrat and Garraf basins and overlying Cenozoic lithostratigraphic units of the Ebro and 
Penedès basins. Inset: the major unconformities and tectonic events of late Paleozoic to Cenozoic age. Note that the base of the middle Albian may 
unconformably overlie strata ranging from the Paleozoic (including metamorphic and igneous rocks) to the Aptian. This complexity is not illustrated in 
the figure in order to maintain clarity and highlight main depositional trends. Based on Albrich et al. (2006), Aurell et al. (2002, 2009, 2016, 2018), 
Bover-Arnal et al. (2016, 2025), Campos-Soto et al. (2017), Canérot (1974), Canérot et al. (1982), Coromines (1997), Garcia et al. (2014), García 
et al. (2004), García-Penas et al. (2024), Giner (1980), Gómez and Goy (2004), Goy et al. (1976), López-Gómez and Arche (1992), Martín-Closas 
et al. (2017), Martín-Martín et al. (2005), Mas et al. (2004), Moreno-Bedmar et al. (2016, 2017), Nebot and Guimerà (2016a, b), Ortí et al. (2017), 
Permanyer (1990), Roca et al. (1994), Salas (1987), Salas and Casas (1993), Salas et al. (1995, 2001), Sánchez-Moya et al. (2004a, b).
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	 During the late Permian–Oxfordian phase of 
tectonic subsidence, the subsidence curves display a late 
Permian–Middle Triassic period of rapid subsidence that 
decelerates during the Late Triassic–early Late Jurassic. 
This trend reflects the initial Rifting Cycle 1, followed by 
a Post-rift Stage 1, which begins with the deposition of the 
Keuper facies (Fig. 4). Post-rift Stage 1 includes a brief 
episode of accelerated subsidence during the Hettangian, 
particularly evident in the subsidence curve of the 
Mirambell-1 well (Fig. 5). This interval of rapid syn-rift 
subsidence, occurring within a broader post-rift phase, is 
interpreted as a distinct Hettangian rifting event, recorded 
by the deposition of the breccias of the Cortes de Tajuña 
Formation (Fig. 4).

	 The next phase of tectonic subsidence 
corresponds to the Kimmeridgian–Hauterivian interval. 
This rifting phase can be subdivided into two stages: an 
initial phase of rapid subsidence during the Kimmeridgian 
to early Berriasian (Rifting Cycle 2), followed by a phase 
of decelerating subsidence throughout the Neocomian 
(Post-rift Stage 2). The final phase of tectonic subsidence 
spans the Barremian–Maastrichtian. This period is marked 
by rapid subsidence until the early Albian (Rifting Cycle 
3), coinciding with the deposition of the Escucha and 
Montmell formations (Fig. 4). The latter part of this rifting 
cycle was again characterized by decelerating subsidence 
rates during the middle Albian to Maastrichtian interval 
(Post-rift Stage 3). The intra-Albian regional unconformity, 
located at the base of the fluvio-deltaic Utrillas Formation 
(D4), marks the onset of the Late Cretaceous post-rift 
thermal subsidence stage, beginning in the middle Albian.

	 The three main rift–post-rift phases identified in 
the Maestrat and Garraf basins closely align with those 
documented in other published quantitative subsidence 
curves from the Iberian Basin (Arche et al., 2004; Salas 
and Casas, 1993; Salas et al., 2001; Stampfli, 2000; Van 
Wees et al., 1998; Van Wees and Stephenson, 1995). 

Structural rift framework.

	 The three major rifting periods (late Permian–
Middle Triassic, Late Jurassic, and Barremian–early Albian) 
are structurally different, each controlled by an independent 
fault system without reactivation of earlier basin-bounding 
structures. A well delimited Maestrat Basin can only be 
clearly identified during the Barremian–Aptian period. The 
main structural characteristics of the three rifting phases, 
the intervening post-rift periods, and the Neocomian event 
of subsidence deceleration are described below.

Late Permian–Middle Triassic rift configuration
	 Triassic rocks crop out in limited areas along the 

northern and southern margins of the Maestrat Basin (Fig. 

3). The Triassic structural and stratigraphic architecture 
is primarily interpreted from seismic profiles and 
borehole data. Upper Permian red beds and the Triassic 
Buntsandstein facies unconformably overlie the Variscan 
basement. The Muschelkalk facies are subdivided into 
lower and upper carbonate units, separated by a middle 
unit composed of halite and anhydrite interbedded 
with lutites. The Keuper facies exhibit a similar 
composition, dominated by halite and anhydrite with 
lutite intercalations. Overlying the Keuper succession is 
the uppermost Triassic carbonate-rich Imón Formation 
(Fig. 4).

FIGURE 5. Backstripped tectonic subsidence for the Maestrat 
(Mirambell-1 and Maestrazgo-1 wells) and Garraf basins. Additional 
information was obtained from outcropping stratigraphic sections, 
considering the effects of Cenozoic erosion. Shaded areas indicate 
the three cycles of Mesozoic syn-rift subsidence and the Hettangian 
rifting event (He). R1=late Permian–Middle Triassic Rifting Cycle 1; 
R2=Kimmeridgian–early Berriasian Rifting Cycle 2; R3=Barremian–
early Albian Rifting Cycle 3.
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	 Correlation of the available petroleum borehole 
data reveals two distinct stratigraphic domains, interpreted 
to be separated by a NNE-SSW-trending normal fault (Fig. 
6). Northwest of this fault, the upper Permian–Triassic 
stratigraphic succession is preserved with a total thickness 
of at least 1450m. Southeast of the fault, a reduced 
succession, comprising only the Buntsandstein and the 
post-rift Keuper facies, is observed in the Salzadella-1 and 
Maestrazgo-1 boreholes, with total thicknesses of 220m 
and 370m, respectively. Northeast of the city of Castelló de 
la Plana (Fig. 6), a 90m-thick carbonate-rich Muschelkalk 
interval overlies 300m of Buntsandstein facies (López 
Gómez et al., 2005).

	 Figure 7 displays two cross-sections through the 
interior of the basin (refer to Fig. 3 for location). The 
acoustic basement, including the lower Muschelkalk, the 
Buntsandstein facies, and the Paleozoic, is cut by high-
angle normal faults oriented NW-SE to WNW-ESE, with 
additional N-S-trending faults also present (Nebot, 2016; 
Nebot and Guimerà, 2016a). These faults define a structural 
framework of horsts, grabens, and semigrabens. Marked 
thickness variations occur within the Middle Muschelkalk 
facies: thicker intervals are associated with downthrown 
blocks of the acoustic basement, while thinner deposits 
are found above basement structural highs. The lower part 
of the Middle Muschelkalk was deposited during active 
extensional tectonics, whereas the upper part rests atop 
pre-existing fault basement (Fig. 7A), indicating that the 
observed thickness variations are primarily of depositional 
origin.

	 The upper part of the Middle Muschelkalk 
evaporites and clays, together with the Upper Muschelkalk 
carbonates observed in the seismic lines (Fig. 7), exhibit 
a relatively uniform thickness. This suggests a reduction 
in normal fault activity within the depocenter of the 
Triassic Basin. Nevertheless, as previously noted, the basin 
margins remained controlled by normal faults (Fig. 6). 
Shortly before and during the sedimentation of the Keuper 
facies, salt migration within the Middle Muschelkalk led 
to the development of salt anticlines and welds, resulting 
in the folding of the Upper Muschelkalk. Consequently, 
the Keuper facies onlap the folded Upper Muschelkalk, 
and locally, growth strata are observed within the Keuper 
succession (Fig. 7B).

Late Jurassic rift configuration 

	 The rocks deposited during this rifting period 
occupy an area wider than the Maestrat Basin. Structures 
bounding them can hardly be identified, as they are usually 
covered by younger rocks. In the northern side of the 
Maestrat Basin (Figs. 8 and 9), the only Upper Jurassic 
faults recognized are currently reversed as thrusts. As a 

result, in the northern thrust-sheet (Calanda Anticline, 
Fig. 9), only Lower Jurassic rocks are preserved beneath 
the Albian Utrillas facies. Further south, and north of the 
Herbers Fault, Upper Jurassic rocks (Polpís Formation) lie 
unconformably over the Lower Jurassic Cuevas Labradas 
Formation.

In the Penyagolosa Sub-basin, only the Polpís Formation 
(Upper Jurassic) is preserved, lying on Triassic rocks, and 
being covered by the Barremian Camarillas Formation 
(Fig. 10). Synsedimentary normal faults of decametric dip-
slip have been recognized in the center of the basin (Serra 
d’Esparreguera) in the Bovalar Formation (Upper Jurassic), 
displaying growth strata in their hanging-wall (Humphrey 
et al., 2022).

Early Cretaceous rift configuration

	 The Maestrat and Garraf basins developed 
during the Late Jurassic-Early Cretaceous. These basins 
are limited by extensional faults of decakilometric lateral 
extent and kilometric dip-slip displacement (Nebot and 
Guimerà, 2016a, b; Marín et al., 2021, 2025; Marín Pérez, 
2025; Salas et al., 2001), which can be well identified for 
the Early Cretaceous.

	 The Garraf Basin is bounded by NE-SW trending 
faults, with downthrown hanging walls located to the SE 
and displacement increasing in that direction. These faults 
generated several sub-basins, specifically the El Montmell, 
El Vendrell and Sitges sub-basins, within a basin architecture 
that exhibits a progressive increase in subsidence from the 
NW toward the SE (Fig. 2).

	 As explained above, during the Early Cretaceous 
extensional phase, the Maestrat Basin was divided into 
several sedimentary sub-basins bounded by normal faults 
(Fig. 1). The geological period in which this basin was 
most clearly defined was during the Barremian and Aptian. 
During this time, the sedimentary basin was formed by a 
network of extensional faults oriented approximately E-W, 
NW-SE, and NE-SW, giving the basin a triangular shape in 
map view (Fig. 1).

	 The faults that define the Maestrat Basin are: 
the Herbers Fault to the north, which connects with the 
Montalbán Fault, both having a general E-W trend but 
including inflections where they change to a NE-SW 
orientation, and the Penyagolosa Fault to the southwest, 
oriented NW-SE (Fig. 1). Between these two main faults, 
there are other faults that separate the various sub-basins, 
chiefly the Xert Fault, oriented E-W, which separates La 
Salzedella Sub-basin to the south from the Morella Sub-
basin to the north, the Aliaga Fault to the north of the 
Galve Sub-basin, and the Benicàssim Fault, oriented NE-
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FIGURE 6. Interpretation and correlation of petroleum exploration wells after Martínez-Abad (1991).
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SW, which bounded the Orpesa Sub-basin during the 
late Aptian (Fig. 1). All these faults involve the Variscan 
basement.

	 Three geological cross-sections (Figs. 8, 9 and 
11), and the corresponding restoration by the end of the 
Mesozoic, were elaborated to characterize the structure 
of the Maestrat Basin. Figure 8A shows a reconstruction 
of the geometry of the Maestrat Basin, after restoring its 
present-day structure (Fig. 8B) to its state at the end of 
the Mesozoic. The main sub-basins display the greatest 
sedimentary thicknesses adjacent to their bounding faults, 
with thickness progressively decreasing away from these 

structures. These include: i) the Penyagolosa Sub-basin, 
bounded to the SW by the Penyagolosa normal fault, and ii) 
La Salzedella and Morella sub-basins, bounded to the north 
by the Herbers Fault, but being divided to the SE by the 
Xert Fault (Fig. 1B). Several secondary faults are present in 
the hanging-wall of these two main faults. 

The increase in thickness of the syn-rift rocks toward the 
bounding faults of the sub-basins (Figs. 1B, 8, 11), indicates 
that these faults have a listric geometry, that should branch in 
a basal fault deep in the basement (Fig. 8A). The combination 
of this fault configuration, Herbers and Xert faults in the 
north, and Penyagolosa Fault to the southwest, produced a 
less subsided area, the Vistabella threshold, where a thinner 
sequence of materials was deposited (Figs. 1B and 2). 

	 The main depocenters are found in the hanging 
wall of the main bounding normal faults (Fig. 1B). The 
highest thickness is recorded in La Salzedella Sub-basin, 
within the hanging-wall of the Xert Fault (Fig. 11A), where 
approximately 4000m of Upper Jurassic-Lower Cretaceous 
strata are inferred, compared with ~500m in the footwall to 
the north. Comparison of Barremian–Aptian successions 
exposed near the Xert Fault with those farther south 
indicates the presence of a sedimentary wedge of that age, 
which thins southward (Fig. 11A). In the Penyagolosa Sub-
basin, ~2500m of sedimentary rocks are inferred in the 
hanging-wall of the fault, versus ~500m in the footwall (Fig. 
10). North of the Morella Sub-basin, within the hanging 
wall of the Herbers Fault, ~2200m of Upper Jurassic–Lower 
Cretaceous rocks are present, whereas only ~200m occur in 
the footwall (Fig.12). Farther west, in the Castellote section 
(Fig. 9), the Herbers Fault juxtaposes ~930m in the hanging 
wall against ~335m in the footwall, highlighting the overall 
eastward thickening of the Maestrat Basin. By comparing 
the present-day structure with its restoration to the end 
of Mesozoic, the estimated extension during the Lower 
Cretaceous is 3915m (5%), whereas for the late Permian to 
Mesozoic period it is 5740m (8%). These values should be 
regarded as minimum estimates, as decametric- to metric-
scale slip normal faults cannot be represented at the scale 
of the section, despite their widespread occurrence in the 
Mesozoic record (Nebot, 2016). 

	 The Galve Sub-basin (Fig. 1B) is bounded by 
the Penyagolosa and Aliaga faults. It contains a thick 
sedimentary succession of 2300m in their common 
hanging wall, but only 320m in the footwall of the Aliaga 
Fault (Guimerà and Salas, 1996). An especial case is the 
Orpesa Sub-basin (Fig. 1B), which is bounded to the NE 
by the Benicàssim Fault. In its hanging wall, ~3000m of 
Upper Jurassic to Lower Cretaceous rocks are present, 
~1500m of which belonging to the Benassal Formation, 
whereas ~1000m of syn-rift rocks are recorded in its 
footwall (Humphrey et al., 2022; Salas et al., 1995).

Monchén salt
anticline

Muela de Monchén Sync. Mirambell anticline

Growth strata

Fan-shaped reflectors
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FIGURE 7. Seismic lines depicting the synsedimentary structures pre-
sent in the Triassic materials (modified from Nebot, 2016). Decoupling 
of the cover above Middle Muschelkalk evaporites is clearly depicted, 
as well as drape folds above basement faults. For location, see Fig. 3.
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Mesozoic basin evolution 

	 The sedimentary infill of the Upper Jurassic–
Lower Cretaceous Maestrat and Garraf basins, along with 
their Triassic to Middle Jurassic substratum, is subdivided 
into four major sequences bounded by five regional 
unconformities (D1-D5; Fig. 4). These major sequences 
correspond to an updated interpretation of the rifting and 
post-rift phases associated with the evolution of the Iberian 
Rift System, as originally proposed by Salas and Casas 
(1993), Salas et al. (2001), Salas et al. in Martín-Chivelet 
et al. (2019). This revised framework defines six distinct 
phases: (i) the late Permian–Middle Triassic Rifting Cycle 
1, (ii) the Late Triassic–Middle Jurassic Post-rift Stage 1, 
including an Hettangian event of rapid syn-rift subsidence, 
(iii) the Late Jurassic Rifting Cycle 2, (iv) the Neocomian 
event (late Berriasian–Hauterivian) of decelerated 
subsidence, (v) the Early Cretaceous (Barremian–early 
Albian) Rifting Cycle 3, and (vi) the Late Cretaceous Post-
rift Stage 2 (Figs. 4 and 5). These evolutionary phases are 
described in the following subsections.

Late Permian–Middle Triassic Rifting Cycle 1.

	 The late Permian–Middle Triassic evolution of 
the Iberian and Catalan-Valencian basins was controlled 
by crustal extension related to the westward propagation 

of the Tethys and the southward propagation of the Arctic-
North Atlantic rift systems, as well as their interaction 
within the North Atlantic-Iberian domain (Ziegler, 1988). 
The basement faults that define these basins (Esteban 
and Robles, 1979) likely resulted from the extensional 
reactivation of the late Hercynian shear zones (Arthaud 
and Matte, 1977; Capote, 1983; Vegas and Banda, 1982). 
The Triassic succession attains thicknesses of up to 1200m 
(Virgili et al., 1983).

	 In the Maestrat Basin, the first stage of extensional 
activity (late Permian–Ladinian) led to the development 
of a high-angle normal fault system that fragmented the 
Variscan basement into a system of horsts, grabens and 
half-grabens (Nebot and Guimerà, 2016c). These faults 
were active during the deposition of the upper Permian 
red beds and the Buntsandstein facies, persisting until the 
deposition of lower part of the Middle Muschelkalk facies. 
This prolonged tectonic activity progressively infilled 
the fault-controlled topography, generating significant 
variations in depositional thickness. The fault system was 
overstepped by the upper part of the Middle Muschelkalk, 
marking a decline in extensional activity that continued 
until the deposition of the Upper Muschelkalk carbonates, 
which exhibit a nearly uniform thickness (Fig. 7). However, 
subsidence curves indicate that Rifting Cycle 1 persisted 
until the Ladinian Upper Muschelkalk (Fig. 5). Accordingly, 

0 m

SSW NNE

4
8.3

FIGURE 8. Geological section across the Maestrat Basin. A) Its restoration at the end of Cretaceous. B) Present-day geological section. For location, 
see Fig. 3.
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Post-rift Stage 1 is considered to begin with the deposition 
of the Upper Triassic Keuper facies. A similar pattern is 
observed in subsidence curves for the late Permian–Triassic 
interval calculated in the Iberian and Ebro basins by Arche et 
al. (2004). In the Triassic Catalan basin, the Ladinian stage 
was a period of widespread and rapid syn-rift subsidence 
where extensive carbonate successions deposited at this time 
(Mercedes-Martín et al., 2014a, b; Tucker et al., 1993).

	 Late Permian and Early Triassic sedimentation began 
under continental conditions within isolated grabens, which 
later coalesced. The fluvial red beds of the Buntsandstein 
facies, which onlap the D1 unconformity, reach thicknesses 
of up to 600m. In its upper parts, the Buntsandstein includes 
thick Anisian anhydrites and salts, particularly in the central 
part of the study area (Fig. 3). Toward the southeast and east, 
these evaporites and red beds grade into the carbonates of the 
Muschelkalk facies, reflecting the transgression of the Tethys 
Sea. The Lower Muschelkalk (Anisian in age) and the Upper 
Muschelkalk (Ladinian) are separated by basal Ladinian 
shales and evaporites. Combined, these carbonate units reach 
thicknesses of up to 300m in the Catalan Coastal Chain and 
the València Basin. 

	 By the time the upper part of the Buntsandstein was 
deposited, the Catalan-Valencian and Iberian rift systems 
were well established, with the latter extending from the 
València-Maestrat area to Cantabria, where it linked with the 
evolving Bay of Biscay rift. Despite this connectivity, Middle 
Triassic transgressions (Calvet et al., 1990) do not appear to 
have progressed northwestward across the rift shoulder of the 
Bay of Biscay (Arche and López-Gómez, 1996; Sopeña et 
al., 1988). Throughout the Triassic, sedimentation broadly 
overstepped the margins of the rifted Iberian basins, driven 
in part by rising eustatic sea levels (Haq et al., 1987, 1988) 

and possibly also by shallow lithospheric necking levels 
(Kooi et al., 1992). 

Late Triassic–Middle Jurassic Post-rift Stage 1

	 Carnian and Norian strata, up to 200m thick, mark 
the beginning of the Post-rift Stage 1 and are represented 
by typical evaporitic and red-bed deposits of the Keuper 
facies (Ortí-Cabo, 1982-83). During the deposition of the 
Keuper facies, however, the reactivation of certain normal 
faults within the acoustic basement (upper Permian–
Lower Muschelkalk) triggered the Middle Muschelkalk 
salt flow (Fig. 7B). This process led to the formation of 
salt anticlines and welds, increasing depositional thickness 
variations within the Keuper facies.

	 The Rhaetian consists of dolostones that grade 
laterally into evaporites (Arche and López-Gómez, 1996; 
Sopeña et al., 1988). Accordingly, by Late Triassic, much of 
eastern and southeastern Iberia was submerged beneath a 
broad basin that formed part of the Peri-Tethyan platform. 
Furthermore, volcanic rocks of both tholeiitic and alkaline 
affinities were also extruded during the Middle and Late 
Triassic.

	 At the end of the Triassic, and prior to the 
deposition of the Liassic platform carbonates, a significant 
rifting event affected the Iberian Basin (Fig. 5). Locally, 
Hettangian breccias unconformably overlie a truncated and 
tilted Triassic succession (Aurell et al., 1992; Campos et 
al., 1996; Guimerà, 1988; Roca and Guimerà, 1992; Roca 
et al., 1994; San Román and Aurell, 1992), marking the D2 
unconformity (Fig. 4). These breccias, which constitute the 
Cortes de Tajuña Formation, recorded a tectonically driven 
collapse of carbonate platforms, resulting from extensional 

and

FIGURE 9. Geologic section across the Castellote area (modified after Nebot, 2016). A) Its restoration at the end of Cretaceous. B) Present-day 
geological section. For location, see Fig. 3.
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FIGURE 10. Detailed geologic map (A) and geologic section (B) of the Penyagolosa area. For location, see Fig. 3.
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tilting of fault blocks and related footwall uplift. From 
the elevated margins of the footwall blocks, sedimentary 
breccias were shed into adjacent, rapidly subsiding 
hanging wall blocks, where interfinger with thick 
dolomite and evaporite units. Pre-Jurassic erosion and 
extensional tilting of basement blocks generated angular 
unconformities between the Jurassic and underlying 
Keuper or uppermost Muschelkalk units in the Catalan 
Coastal Chain (Esteban and Julià, 1973), and between 
the Jurassic and the top of the Buntsandstein in the 
eastern Iberian Chain, notably in Cedrillas-Corbalán and 
Desert de les Palmes areas (Aurell et al., 1992; Roca and 
Guimerà, 1992). The Hettangian continental rifting event 
(Figs. 4 and 5) was also recognized in the Lusitanian basin 
by Stapel et al. (1996) and could be related to the onset of 
rift systems in the Central Atlantic-Alpine domain and the 
opening of the Neotethys (Stampfli and Kozur, 2006).

However, considering the brief Hettangian subsidence 
pulse, characterized by block rotation, erosion, and the 
development of the basal erosional surface D2, within 
a broader post-rift interval, an alternative interpretation 
involving salt tectonics may be considered. These features 
could also be consistent with the extension of a thin 
overburden over a mobile detachment. Indeed, Vendeville 
and Jackson (1992) describe examples of reactive 
diapirism initiated by slow regional extension rates.

	 In contrast to the South Iberian margin and 
the Bay of Biscay, where continued rifting controlled 
Jurassic evolution (Le Vot et al., 1996; Vera, 2001), the 
Early to Middle Jurassic development of the Catalan-
Valencian and Iberian rift systems were mainly controlled 
by thermal subsidence (Fig. 5). This period of relative 
tectonic quiescence favored the establishment of extensive 
carbonate platforms passing basinwards to deeper marine 
marls (Fig. 4) that overlain pre-existing extensional 
structures (Salas et al., 2001, 2010). In certain areas, 
such as the Desert de les Palmes, north of Castelló de la 
Plana (Fig. 6), the Lower and Middle Jurassic succession 
directly overlies Buntsandstein facies (Guimerà, 1988; 
Roca et al., 1994).

	 During the deposition of the Sinemurian to 
Oxfordian successions, minimal fault activity resulted 
in the progressive overstepping of the basin margins. 
However, unlike the typical evolution of post-rift thermal 
sag basins, Pliensbachian to Bajocian volcanic activity 
occurred along the western margin of the study area (Lago 
et al. in Vera, 2004; Martínez et al., 1997; Vera, 2001).

	 The Sinemurian–Carixian carbonate platform 
(Fig. 4) is extensively dolomitized in the northern part of 
the Catalan Coastal Chain, particularly in the Garraf and 
Montmell massifs (Fig. 1). An intra-Sinemurian erosional 

unconformity in this area separates a basal dolomitic-
breccia from an overlying succession of a thin terrigenous 
siliciclastic interval and thick Upper Jurassic dolomites 
(Esteban, 1973; Salas, 1987). In contrast, Domerian 
to Toarcian successions elsewhere are characterized by 
pelagic marls containing open marine biota, such as 
ammonites. The Aalenian to Oxfordian interval includes 
successions of monotonous nodular ammonite-bearing 
carbonates, as well as limestones with sponges and 
microbial filaments, all of which exhibit a clear Tethyan 
faunal affinity (Bulard, 1972; Canérot, 1991; Fernández, 
1985; Gómez, 1979).

	 Lower and Middle Jurassic strata reach thicknesses 
of up to 1km, with notable thickness variations observed 
within the early Lias. At least eight lower-rank depositional 
sequences can be consistently correlated across the basin. 
The unconformities bounding these sequences align more 
closely with the supercycles of the Exxon global sea-
level curve than with its third-order cycles (Aurell, 1990; 
Giner, 1980; Salas, 1987; Salas et al., 1992). During the 
Middle Jurassic, a paleotopographic high in the central 
Iberian Chain caused localized variations in the regional 
facies distribution. In contrast, the Garraf Basin records a 
significant stratigraphic gap, with the late Pliensbachian 
to Oxfordian interval notably absent (Salas, 1987). 

Late Jurassic Rifting Cycle 2.

	 The Late Jurassic rifting cycle extended from the 
Kimmeridgian to the middle Berriasian and coincided 
with the northward propagation of rifting from the Central 
Atlantic into the North Atlantic domain, ultimately leading 
to the gradual opening of the oceanic North Atlantic 
Basin (Le Vot et al., 1996; Vergés and Garcia-Senz, 2001; 
Ziegler, 1988). This period was marked by intense rifting 
activity in the North Atlantic domain, particularly in the 
Lusitanian Basin (Pimentel and Pena dos Reis, 2016). 
Meanwhile, along the South Iberian margin, a transform 
margin regime began in the Oxfordian and persisted until 
the Aptian (Vera, 2001). In contrast, Pedrera et al. (2020) 
characterized the South Iberian rifted margin as oblique, 
featuring rift segments partitioned by transfer faults. In 
this region, rifting persisted into the Albian.

	 In the Iberian Basin, this rifting cycle led to the 
progressive dismantling of the Lower and Middle Jurassic 
carbonate platforms and the initiation of a new system 
of extensional basins, including the Cameros, Maestrat, 
Columbrets, and South Iberian basins (Salas et al., 2010). 
These Upper Jurassic basins are discordantly superimposed 
on the older Triassic Iberian rift structures. The sedimentary 
and structural records preserved within them allow for the 
recognition of at least four distinct depositional sequences 
(Salas et al., 2001).
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	 Syn-rift subsidence commenced in the Maestrat 
Basin during the earliest Kimmeridgian and in the Cameros 
Basin during the early Tithonian. The syn-rift sedimentary 
infill of these basins reaches thicknesses of up to 5km and 
is bounded by two major unconformities. In the Cameros 
Basin, the basal unconformity represents a stratigraphic gap 
spanning from the early Tithonian to the Barremian (Mas 
et al., 1993), whereas in the Maestrat Basin, this gap is 
considerably narrower, affecting only the upper part of the 
latest Oxfordian Planula ammonite biozone (Aurell, 1991). 
The upper boundary of the syn-rift succession is marked 
by a prominent intra-Berriasian unconformity (D3), which 
preceded the onset of the Neocomian event of decelerated 
subsidence (Figs. 4 and 5).

	 In the Maestrat Basin, the Late Jurassic syn-rift 
depositional system was dominated by shallow marine 
carbonates (Fig. 4; Salas et al., 1995). The onset of rifting 
coincided with a major sea-level rise, which, combined 

with rapid subsidence of tilted blocks, led to the drowning 
of a c. 50m thick, shallow-water Oxfordian sponge-rich 
carbonate ramp. This was followed by the deposition 
of up to 800m thick limestones of the Kimmeridgian 
Polpís Formation, including anoxic basinal marls 
(Ascla Formation) in the evolving hangingwall blocks. 
Laterally, these deposits transition into thin-bedded 
lime mudstones and sponge buildups (Salas and Casas, 
1993). Geochemical analyses of minerals and organic 
matter from the Ascla Formation, along with oil shows 
in the Maestrazgo-1 well and Amposta field, confirm 
that the Ascla Formation constitutes the source rock 
for the Amposta oil (Permanyer and Salas, 2005; Rossi 
et al., 2001; Salas and Permanyer, 2003). The overlying 
Tithonian to Berriasian succession comprises a variety 
of carbonate platform depositional settings, including 
tidal flats and fringing oolitic-bioclastic shoals, which 
grade basinward into hemipelagic Calpionella limestones, 
reaching thicknesses of up to 1000m. 

0 m
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Neocomian

Barremian
Lower Jurassic

Middle Jurassic

Upper Jurassic

Artoles Fm.

Morella and
Xert Fms.

Forcall and
Peñarroya Fms.

Benassal Fm.

Aptian

Albian and Upper Cretaceous

Oligocene-lower Miocene?

Neogene Quaternary

A

B13 km

Xert Fault

FIGURE 11. Geological section across the La Salzedella Sub-basin depocenter. A) Restoration at the end of the Cretaceous. B) The present-day cross-
section (at the SSW end, the Neogene SE tilting of bedding was removed). 13 km of thrust-sheet displacement is deduced, which was transferred to 
thrusts to the North. For location, see Fig. 3.
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FIGURE 12. Detailed geologic map (A) and geologic section (B) of the Herbers area. For location, see Fig. 3.
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Neocomian event

	 The Neocomian event in the Maestrat Basin began 
during the late Berriasian and ended in the Hauterivian 
(Figs 4 and 5). This interval was marked by relative tectonic 
quiescence and decelerating subsidence. In large areas of 
the Maestrat and Garraf basins, the Neocomian record is 
absent, and basal Barremian deposits rest unconformably 
(D3) on the eroded Jurassic substratum. As a result, 
Barremian units locally overlie Jurassic formations directly. 
In the Garraf Basin and the northern part of the Maestrat 
Basin, upper Berriasian to Hauterivian strata were either not 
deposited or subsequently eroded, producing a stratigraphic 
hiatus of this age (Salas, 1987; Salas et al., 2001).

	 In the Maestrat basin, marine Neocomian 
sedimentation, reaching thicknesses of up to 775m, was 
largely confined to the depocentral parts of the sub-basins. 
In contrast, freshwater carbonates of the Herbers and 
Mangraners formations were deposited in marginal settings, 
exceptionally, within the depocenter of La Salzedella Sub-
basin during the early Valanginian.

	 Overall, the Neocomian sedimentary record in the 
La Salzedella and Morella sub-basins indicates a brackish 
estuarine environment, represented by the Mangraners, 
Polacos, Bastida, Llàcova, and Herbers formations (Fig 
4), with significant freshwater discharges recorded in the 
Mangraners and Herbers formations. Shallow marine 
carbonate production, associated with the Polacos, Bastida, 
and Llàcova formations, was dominated by molluscs, 
calcareous algae, benthic foraminifera such as Valdanchella 
miliani (early Valanginian), and small requienid rudists. 
Marginal oolitic-bioclastic shoals and coralgal boundstones 
were also abundant. During the Hauterivian, deeper marine 
basinal marls with ammonites of the Gaita Formation were 
restricted to the depocentral area of the La Salzedella Sub-
basin (Fig. 1B; Garcia et al., 2014). In the Garraf basin 
the Neocomian succession (Fig. 4) comprises up to 50m 
of freshwater carbonates from the Mangraners Formation, 
overlain by up to 150m of shallow marine limestones from 
the Polacos Formation, also dominated by Valdanchella 
miliani, dasycladacean algae, and small requienid rudists. 

	 In the Galve and Penyagolosa sub-basins, located 
in the westernmost part of the Maestrat Basin (Fig. 1B), 
Neocomian sedimentation was dominated by siliciclastic 
deposits comprising two main lithostratigraphic units: Mora 
and El Castellar formations (Fig. 4). The Mora Formation, 
dated to the upper Berriasian–Valanginian and reaching 
up to 140m in thickness, consists of white sandstones 
interbedded with red shales, interpreted as fluvial to 
transitional deposits. The overlying El Castellar Formation, 
Valanginian to middle Hauterivian in age and 80-140m 
thick, is made up of green shales and sandstones deposited 

in a muddy alluvial plain with channels, capped by lacustrine 
limestones (Caja et al., 2007). In the Galve sub-basin, 
Aurell et al. (2016) proposed two new lithostratigraphic 
units, likely equivalent to the Mora Formation, named the 
Aguilar de Alfambra and Galve formations, deposited in 
transitional coastal plane to restricted lagoon settings and 
in alluvial floodplain environments, respectively, with a 
combined thickness of up to 350m.

Early Cretaceous Rifting Cycle 3

	 Rifting resumed during the Barremian and 
persisted until the early Albian, coinciding with the 
gradual opening of the oceanic North Atlantic Basin. The 
onset of seafloor spreading in the Bay of Biscay–Pyrenean 
domain was diachronous. In the Western Galicia Bank, it 
commenced after the M0 magnetic anomaly, which marks 
the base of the Aptian. On the Asturian margin and the 
Le Danois Bank, proto-oceanization began during the early 
Albian (Madarieta Txurruka et al., 2025). Conversely, 
the Basque–Cantabrian Basin and the Pyrenean paleorift 
represent failed rifts where mantle exhumation ceased in the 
early Cenomanian without progressing to full oceanization 
(Pedrera et al., 2021). The Late Jurassic transtensional 
rifting in the Bay of Biscay culminated in mid-Aptian crustal 
separation and the onset of sea-floor spreading (Tugend 
et al., 2015; Vissers and Meijer, 2012). In the Maestrat 
and Garraf basins, intraplate extension peaked during the 
Early Cretaceous, in marked contrast to the limited coeval 
extension recorded at the Atlantic margin, which was 
undergoing thermal subsidence at that time. The initial syn-
rift deposits grade from restricted marine to lacustrine and 
alluvial environments. These include significant volumes of 
freshwater carbonates of the Cantaperdius Formation and 
siliciclastic supplies deposited in embayment and estuarine 
settings, corresponding to the Weald facies and represented 
by the Camarillas and Mirambell formations (Fig. 4). 

	 The upper part of the Barremian succession, 
reaching thicknesses of up to 1100m, includes the shallow-
marine carbonates and marls rich in oysters of the Artoles 
Formation, the continental red clays and sandstones 
containing dinosaur remains of the Morella Formation, the 
coastal mixed carbonate-siliciclastic deposits of the Cervera 
del Maestrat Formation, and the marine sandstones, sandy 
limestones, marls and limestones rich in Palorbitolina 
lenticularis of the Xert Formation (Fig. 4; Bover-Arnal et 
al., 2016).

	 From oldest to youngest, the uppermost 
Barremian–lowermost Albian succession (up to 650m 
thick) comprises: i) the basinal marls, marly-limestones and 
limestones with Palorbitolina lenticularis and ammonoids 
of the Forcall Formation, ii) the platform carbonates with 
rudists and corals of the Villarroya de los Pinares Formation, 
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and the marls and limestones with rudists, corals and 
Mesorbitolina texana of the Benassal Formation (Fig. 4; 
Bover-Arnal et al., 2014, 2016; Canérot et al., 1982; Salas, 
1987; Salas et al., 1992). The thickness of the Benassal 
Formation varies significantly, ranging from 80-200m to 
nearly 1500m in the Orpesa sub-basin (Fig. 1B;  Martín-
Martin et al., 2013; Roca and Guimerà, 1992; Roca et al., 
1994; Salas, 1987). The Benassal Formation is overlain 
by the lower Albian sandstones and clays of the Escucha 
Formation (Bover-Arnal et al., 2025; Moreno-Bedmar et 
al., 2008), deposited in a widespread tidally-influenced 
deltaic system. This formation reaches thicknesses of up to 
500m and contains thick coal layers (Querol et al., 1992).

Late Cretaceous Post-rift Stage 2

	 During the Late Cretaceous, the Iberian Peninsula 
constituted a separate tectonic plate, as the result of its 
rifting from Europe since the late Permian and its ~35° 
counter-clockwise rotation during the Aptian (Vissers 
and Meijer, 2012). The separation of the Iberian Plate 
from Europe was a diachronous process spanning the 
latest Tithonian to the early Cenomanian. Break-up at 
the southernwestern corner of Iberia is dated to the late 
Tithonian in the Gorringe Bank (Pedrera et al., 2021), 
whereas in the Basque–Cantabrian Basin and the Pyrenean 
paleorift, it was completed by the early Cenomanian. The 
Iberian continental block was flanked by passive margins 
facing the Tethys and the North Atlantic. Its northern 
margin underwent accelerating extension from the late 
Aptian to the early Cenomanian. This passive-margin 
stage persisted until the early Santonian, followed by the 
onset of the Alpine orogeny in the late Santonian. During 
the Paleogene, the Alpine orogeny exerted a contractional 
tectonic regime along the Tethyan margin of Iberia (Le Vot 
et al., 1996; Tavani et al., 2018; Tugend et al., 2015; Vissers 
and Meijer, 2012; Ziegler, 1988).

	 Following the final rifting pulse in the early 
Albian, the Iberian Basin entered a phase of tectonic 
quiescence. From that point until the Maastrichtian, its 
evolution was mainly controlled by lithospheric thermal 
relaxation and eustatic sea-level rise. As a result of the 
overall Late Cretaceous transgression, extensive shallow-
marine carbonate platforms developed across large areas 
of northwestern Iberia (Alonso et al., 1993; Haq et al., 
1987, 1988), punctuated by short-lived sea-level falls and 
episodes of continental sedimentation (e.g., Martín-Closas 
et al., 2025).

	 Throughout most of the study area, the base of 
the middle Albian to Upper Cretaceous major sequence 
lies unconformably (D4) over Aptian, Barremian, 
Neocomian, Jurassic, Triassic, and Paleozoic strata, as 
well as metamorphic and igneous rocks. This stratigraphic 

complexity beneath the middle Albian is not illustrated 
in Figure 4, in order to maintain visual clarity, avoid 
overcomplicating the stratigraphic depiction, and focus 
on the main depositional trends. The D4 unconformity is 
onlapped by the fluvial siliciclastic Utrillas Formation, a 
homogeneous yet diachronous unit ranging in age from 
the middle to late Albian (Fig. 4). During the Cenomanian 
transgression, an extensive carbonate platform developed, 
linking the Atlantic and Tethys domains. The overlying 
Turonian–Coniacian succession begins with pelagic 
carbonates that transition upward into thick dolomitic 
facies. The Senonian succession exhibits a pronounced 
shallowing-upward character, transitioning from open 
marine enviornments to sublittoral, lagoonal, and ultimately 
freshwater carbonate settings. Aurell et al. (2022) described 
the Allueva Formation as a new lithostratigraphic unit 
within Las Parras Sub-basin (Fig. 1B). This continental 
unit, locally reaching up to 70m in thickness, is dated 
to the middle–late Campanian. The Upper Cretaceous 
lithostratigraphic units progressively onlap toward the 
NW (Canérot et al., 1982; Floquet et al., 1982; García-
Mondéjar, 1989; Viallard, 1973). This Upper Cretaceous 
major sequence is up to 500m thick in the Maestrat Basin 
and 250m in the Garraf Basin. It can be subdivided into 
twelve transgressive-regressive depositional sequences, 
which in turn can be grouped into four second-order cycles 
or megasequences (Alonso et al., 1993). Most of these 
sequences correlate well with those of the Exxon sea-level 
curve. 

Cenozoic contractional inversion

From the Late Cretaceous onwards, the convergence 
between the African and Eurasian plates caused crustal 
contraction. As a result of this, some of the normal faults 
that had defined the Maestrat Basin were inverted and 
became thrust faults; moreover, new thrusts were also 
generated. As a result, a belt of folds and thrusts developed, 
known as the Linking Zone between the Iberian Chain 
and the Catalan Coastal Chain (Guimerà, 1983, 1984, 
1994; Fig. 3). This deformation mainly took place between 
the late Eocene and the Early Miocene (González et al., 
1998; Guimerà, 2004, 2018), although evidence of local 
deformation of Late Cretaceous age has been recognized 
NW of Montalbán (Aurell et al., 2022).

The Linking Zone is a triangular-shaped unit located 
in the area where the major NE-SW and NW-SE basement 
faults of the Catalan Coastal and Iberian chains intersect. 
Its structure is strongly influenced by the Mesozoic 
normal faults that originally formed the Maestrat Basin. 
The northern margin of the Linking Zone consists of a 
thrust and fold belt, oriented approximately E-W, with 
two inflections where it trends more NE-SW. This belt 
extends from Portalrubio (in Aragón, north of Teruel) to 
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FIGURE 13. A) Table summarizing the Late Jurassic–Cretaceous deformation history of the Central Iberian Rift System. The North Atlantic, Bay of 
Biscay-Parentis, and Pyrenean-Basque-Cantabrian rift systems reviewed in this work are also indicated. Data compiled from Asti et al. (2022), Borel 
(1997), Etheve et al. (2018), Pimentel and Pena dos Reis (2016), Ramos et al. (2023), Salas and Casas (1993), Salas et al. (2001), Salas et al. in 
Martín-Chivelet et al. (2019), Stampfli (2000), Stampfli et al. (2002), Tavani et al. (2018), and Tugend et al. (2015). B) Schematic reconstruction of 
the Iberia-Eurasia and North Atlantic margins, and adjacent areas during mid-Cretaceous times, showing the main basins. Modified from Tavani et 
al. (2018).
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the Catalan Mediterranean coast at Vandellós (Fig. 3). Due 
to the movement along these thrusts, the Mesozoic cover 
was displaced northward, placing the materials that form 
the Linking Zone above the structures of the Iberian Chain, 
the Ebro Basin, and the Catalan Coastal Chain. South of the 
thrust and fold belt, deformation progressively diminishes, 
transitioning into a slightly deformed area where the strata 
remain nearly horizontal, only occasionally affected by 
minor folding.

The Cenozoic horizontal shortening, calculated 
from the section shown in Fig. 7 between the inverted 
Penyagolosa and Herbers faults, is 9.3km: 8.3km of reverse 
displacement along the Penyagolosa and Herbers fauts, 
plus internal deformation within the thrust sheet (Fig. 
8), and an additional 1km resulting from the inversion of 
the three thrusts north of the Herbers Fault (Fig. 12 B). In 
this section, the thrust-system north of the Herbers Fault 
is not represented because it is covered by unconformable 
Cenozoic. In the section shown in Fig. 9, thrusts north 
of the Herbers Fault were characterized, and a horizontal 
shortening of 9.1 km was deduced. Hence, a total horizontal 
shortening of 18.4 km can be inferred by combining these 
two sections, between the inverted Penyagolosa Fault and 
the northernmost thrust of the Linking Zone.

	 Accordingly, the Cenozoic contractional thrust 
system appears to be strongly influenced by the pre-existing 
Mesozoic extensional faults. Two interpretations are 
proposed: i) complete coincidence of the basal fault in both 
systems, as proposed in Fig. 2; or ii) partial coincidence, with 
the Cenozoic basal thrust locally truncating the Mesozoic 
basal extensional fault (Fig. 9), as interpreted by Nebot 
(2016) and Nebot and Guimerà (2016b, d), both resulting in 
a similar surficial structure that forms the Calders Monocline 
through up-ramp thurst-sheet displacement.

DISCUSSION 

Controls on sedimentation and accommodation.

	 The main control on sediment distribution, 
facies development, and sedimentary environments was 
the structural configuration of the rift basin margins. 
This structural arrangement created differences in 
accommodation in footwall and hanging wall settings. In 
some parts of the basins, particularly during the Aptian, 
climate-induced base-level changes also caused carbonate 
platform segmentation, progradation, incision, and 
retrogradation (Bover-Arnal et al., 2009, 2014, 2015, 2022, 
2024). Variations in accommodation are also important 
because, under similar climatic and lithological conditions, 
the size of a drainage basin controls freshwater and sediment 
discharge at its outlet. This, in turn, affects the development 

and extent of alluvial fans and fan deltas along graben 
margins. This control becomes particularly significant 
during the Barremian in the Galve and Penyagolosa sub-
basins, where the Weald facies, represented by the Mora, 
Castellar and Camarillas formations, accumulated (Caja 
et al., 2007; Liesa et al., 2006; Navarrete et al., 2013). 
Accommodation also varies depending on the relative 
position within each tilted semigraben. In the Maestrat 
Basin, La Salzedella and Penyagolosa sub-basins contain 
the thickest Upper Jurassic–Lower Cretaceous syn-rift 
successions, up to 4.3km and 2.5km, respectively, adjacent 
to their bounding Xert and Penyagolosa master faults. Stratal 
geometries in these sub-basins typically display wedge-
shaped patterns that thin toward the uplifted shoulders and 
the Vistabella threshold (Fig. 2A). Similarly, the Sitges 
Sub-basin is the most subsiding semigraben in the Garraf 
Basin, accumulating more than 2.2km of sediments near El 
Vendrell Fault (Fig. 2B).

Mesozoic plate tectonics

	 Evidence from biota and sedimentary facies 
indicates that, since the Late Jurassic, the Iberian Basin was 
connected to the Alpine Tethyan domain (Mas et al., 1993; 
Salas and Casas, 1993; Salas et al., 2001). Alvaro et al. 
(1979) interpreted the Iberian Basin as an aulacogen, a failed 
rift arm of a triple junction associated with the Alpine Tethys. 
The diachronous onset of syn-rift subsidence indicates that 
the Iberian Basin may have propagated toward the northwest. 

Plate tectonic reconstructions suggest that the late 
Permian to Hettangian evolution of the rifted Iberian Basin 
was driven by the westward propagation of the Tethys and 
the southward propagation of the Arctic-North Atlantic 
rift systems, as well as by their interaction within the 
Iberian-North Atlantic domain. The Late Jurassic to Early 
Cretaceous rifting cycles in the Iberian Basin coincided 
with the progressive opening of the North Atlantic and 
with sinistral oblique extension within the Bay of Biscay 
rift, preceding the mid-Aptian crustal separation between 
Iberia and Europe. Rifting activity persisted in the Iberian 
Basin during the initial stages of seafloor spreading in the 
Bay of Biscay and only ceased in the early Albian. Crustal 
separation along the North-Iberian margin was diachronous, 
with final separation between the Iberia and Eurasia plates 
achieved in the early Cenomanian (Pedrera et al., 2021).

Recent plate-kinematic reconstructions (Nirrengarten 
et al., 2018; Tugend et al., 2015) partition Late Jurassic–
Early Cretaceous deformation between Iberia and Eurasia 
among three transtensional trough corridors corresponding 
to the principal rift systems: the Iberian basin, the Pyrenean-
Basque-Cantabrian, and the Bay of Biscay-Parentis, separated 
by two intervening microcontinental blocks (the Landes High 
and the Ebro Block).
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	 During the Late Cretaceous Post-rift Stage 2, 
Iberia was an independent plate. Beginning in the late 
Santonian, however, its northern margin evolved into an 
active margin, initiating the Pyrenean orogeny. Subsequent 
Iberia-Eurasia convergence drove contraction along the 
Tethyan margin of the Iberian Plate, and intraplate stresses 
transmitted into cratonic Iberia ultimately produced the 
Paleogene–Miocene inversion of the Iberian Basin and the 
formation of the Iberian and Catalan Coastal chains.

Late Jurassic-Early Cretaceous rift systems around 
Iberia

	 Several late Permian–Mesozoic basins are 
distributed around the Iberia-Eurasia plate boundary and 
the North Atlantic Iberian margin (Fig. 13). Late Jurassic 
to early Albian rifting is not recorded synchronously across 
the Iberia and Eurasia plates, as indicated by subsidence 
analyses from different basins. The reviewed basins (Fig, 
13) display similar subsidence phases, which are slightly 
diachronous and tend to become younger from the western 
Jeanne d’Arc and Lusitanian basins toward the northeastern 
Iberian and Pyrenean rift systems (Asti et al., 2022; Borel, 
1997; Stampfli, 2000; Tavani et al., 2018; Tugend et al., 
2015).

	 Most of these basins underwent two syn-rift cycles, 
the first during the Late Jurassic–Berriasian pp., and the 
second during the Barremian–Albian pp. (Fig. 13) These 
two cycles are separated by a Neocomian event (Berriasian 
pp.–Hauterivian) of reduced subsidence, characterized by 
significant uplift and erosion within the Iberian rift system, 
particularly in the Maestrat and Garraf basins (Salas and 
Casas, 1993; Salas et al., 2001). This Neocomian phase 
of reduced subsidence was also recorded in several other 
basins (Fig. 13), including the Basque-Cantabrian and 
Aquitaine basins (Stampfli, 2000), the Parentis Basin 
(Brunet, 1991), the Arzacq and Tarbes basins (Brunet, 
1984), and the Bujaraloz oil exploration well, located on 
the SW margin of the present-day Cenozoic Ebro Basin 
(Vargas et al., 2009).

 
Cenozoic contractional inversion

As a result of the Iberia-Eurasia convergence since 
the late Cretaceous, a contractional tectonic regime was 
established in the present-day Iberian Chain, leding to 
the inversion of the Mesozoic Iberian Rift System and the 
development of a complex thrust system (Álvaro et al., 
1979; Guimerà, 2018; Guimerà et al., 2004; Liesa et al., 
2018; Salas et al., 2001). A crustal thickening resulted 
from this contraction (Gómez-Ortiz et al., 2005; Guimerà 
et al., 2016; Rey Moral et al., 2003), and extensive areas 
of the chain were uplifted to elevations above 1000m 
(Casas-Sainz and Cortés Gracia, 2002; Casas-Sainz and de 

Vicente, 2009; Guimerà and González, 1998; Vergés and 
Fernández, 2006). 

In this context, the Maestrat and Garraf basins 
experienced a mild inversion of the major Mesozoic normal 
faults that bounded them (Penyagolosa, Xert, Herbers 
and Montmell faults), whereas most of the contraction 
was located in the Linking Zone, a newly formed fold-
and-thrust system north of the Xert and Herbers faults 
(Guimerà, 1983, 1984, 2018; Nebot and Guimerà, 2016a, 
b; Salas et al., 2001). A total contraction of 18.4km was 
estimated from the structural cross-sections across the 
Maestrat Basin.

CONCLUSIONS 

Since the late Permian, and concurrently with the 
opening of the Alpine Tethys, the North Atlantic, and 
the Bay of Biscay domains, three main rifting phases 
developed across Iberia and its oceanic margins: (i) late 
Permian–Middle Triassic, (ii) Late Jurassic, and (iii) 
Barremian–early Albian. These phases were separated by 
post-rift periods or events of relative tectonic quiescence.

The Maestrat and Garraf basins formed through 
these rifting phases involving extensional systems that 
affected the uppermost crust, with basal faults reaching 
depths of 7 to 10km. These basins are most distinctly 
defined during the Barremian–early Albian phase, 
whereas the sedimentary records from earlier phases are 
more widespread.

The Hettangian rifting event firstly recognized in 
eastern Iberia in this work may be associated with the 
onset of rift systems in the Central Atlantic-Alpine 
domain and the opening of the Neotethys following the 
Carnian. This period corresponds to the final closure of 
the Paleotethys in the Mediterranean and Middle East 
regions. 

During the late Permian–Middle Triassic rifting 
phase, high-angle normal faults oriented NW–SE to 
WNW–ESE, along with additional N–S-trending faults, 
created a structural framework of horsts, grabens, and 
semigrabens. These structures involved the Variscan 
basement and overlying successions, including the upper 
Permian, Triassic Buntsandstein, Lower Muschelkalk, 
and the lower part of the Middle Muschelkalk These 
units exhibit thicker successions on the hanging walls 
of the extensional faults, including growth strata. In 
contrast, the remaining Triassic units show no significant 
variations in thickness. The Upper Muschelkalk, 
however, is interpreted as a syn-rift unit, as evidenced by 
the subsidence curves presented in this study and those 
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reported in the literature for the Triassic Iberian Basin. 
The syn-rift nature of the Upper Muschelkalk is also 
evidenced in the correlation of petroleum wells of the 
Maestrat Basin, where a post-Buntsandstein high-angle 
normal fault oriented NNE-SSW controlled the Middle 
Triassic as syn-rift and the Keuper as post-rift. From 
the Upper Triassic Keuper facies to the Oxfordian, the 
results suggest that sedimentation took place during a 
post-rift phase.

Rifting during the Late Jurassic is less well defined, 
as its structures are largely obscured by younger 
overlying rocks. However, faults from this period have 
been identified in the northern part of the Maestrat 
Basin, where they have since been reactivated as thrusts. 
Furthermore, both north and south of the Maestrat Basin, 
uppermost Jurassic rocks lie unconformably over Lower 
Jurassic and Triassic units, respectively. Following the 
Late Jurassic Rifting Cycle 2, the reduction or cessation 
of subsidence throughout the Neocomian has been 
interpreted as an interval marked by relative tectonic 
quiescence and decelerating subsidence between the 
Late Jurassic and the Barremian–early Albian rift cycles 

The Maestrat and Garraf basins are best defined 
during the Barremian–early Albian rifting phase. The 
Maestrat Basin is bounded by two major faults: the E–W-
trending Herbers Fault to the north and the NW–SE-
trending Penyagolosa Fault to the southwest. Additional 
E–W-trending faults within this region divide La 
Salzedella, Morella, and Galve sub-basins. In the latest 
Aptian (Benassal Formation), the Orpesa Sub-basin 
developed, bounded to the northwest by the NE–SW-
trending Benicàssim Fault. The Garraf Basin is bounded 
by NE-SW faults, being their downthrown hanging wall 
located to the SE, and their displacement increasing in 
this direction. Hence subsidence is increasing from El 
Montmell to Sitges sub-basins.

During the late Eocene to Early Miocene tectonic 
inversion of the Maestrat and Garraf basins, several normal 
faults were reactivated as thrusts, and new thrust faults 
also formed. In the northern part of the Maestrat Basin, 
the Linking Zone fold-and-thrust belt developed just 
north of the Herbers Fault, which experienced only minor 
inversion. In the southwest, the central segment of the 
Penyagolosa Fault was inverted by several kilometers, with 
the amount of inversion decreasing towards the northwest 
and southeast. These contractional structures were 
strongly influenced by the earlier Mesozoic extensional 
framework. The total contraction is estimated at 18.4km 
in a NNE–SSW direction. The faults bounding the Garraf 
Basin were only slightly inverted during the Cenozoic 
contraction. Instead, new thrusts formed northwest of the 
basin, uplifting it and exposing it to erosion.
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