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A. RAMOS

This thesis addresses the tectonic and paleogeographic evolution of the SW Iberia Margin from 

the Mesozoic rifting stage to the post-rifting collision of Late Cretaceous through Miocene times and 

transpressive stages of Pliocene and Quaternary. The study is based on onshore field work, and analysis 

of well logs, a large set of 2D and 3D seismic reflection profiles and gravity data of the offshore. 

The main contribution of this thesis is to provide an integrated model for the Mesozoic evolution of 

the Algarve Basin taking into account the main factors that affected the its configuration, such as the 

stratigraphic record, crustal structure, salt tectonics, rifting and compressional deformation.

At present, the SW Iberian margin is located along the convergent Nubia-Iberia plate boundary. In 

Mesozoic times, this passive margin was located to the northeast of the triple junction of the Ligurian 

Tethys, Central Atlantic and Northern Atlantic. Seismic interpretation and gravity modelling shows the 

possible presence of Ligurian Tethys oceanic crust under the Gulf of Cadiz and the existence of anomalous 

density bodies at lower crustal levels interpreted either as pieces of exhumed sub-continental mantle or 

underplated material. Tapering of Iberian crust is characterized by rapid changes in the thickness of the 

upper and lower crust. Gravity modelling also allows the characterization of the Cenozoic contractional 

overprint experienced by this Mesozoic oblique margin. 

The presence of evaporites and the tectonic pulses that triggered their mobilization through diapirism 

in the Algarve Basin also controlled the paleogeographic configuration of the margin. From north to 

south, in the onshore, the evaporite unit, Hettangian in age and source for the salt tectonics, is observed 

to thicken basinward, in fault-controlled depocenters. Salt-related structures are only present in areas of 

thick initial evaporites. In the offshore, multiple salt-structures cored by the Lower Jurassic evaporites 

are documented by seismic reflection data and exploratory drilling. Offshore salt structures include the 

allochthonous Esperança salt nappe, which extends over an area roughly 40x60 km. The amount of salt-

related structures and their typology is observed to be controlled by the distribution of evaporite facies, 

which is in turn controlled by the structure of rift-related faulting. The study of salt tectonics of the 

Algarve Basin contributed on better constraining the paleogeography during the Hettangian and the 

units that were affected by diapirism. The comprehensive image of salt tectonics over the SW Iberian 

passive margin presented in this thesis covers all aspects from initial evaporite facies and thickness to 

the evolution of salt-related structures through Mesozoic extension and Cenozoic basin inversion. 

The SW of Iberia has undergone compression during the Late Cretaceous-Cenozoic, up to present-

day, due to the convergence between Africa and Eurasia. Multiple contractional features and their seismic 

activity have been documented immediately west of the Gulf of Cadiz, in the Atlantic domain. East of the 

Gulf of Cadiz, the Betic-Rif orogen and its active contractional and extensional structures are well known. 

Significant seismic activity reflecting a dominantly compressive stress state has been observed between 

these two domains. The seismic activity spans the entire Gulf of Cadiz, but the features associated with 

this seismicity have remained elusive. 
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During Late Cretaceous-Cenozoic compression, basement discontinuities such as Variscan 

foliation and thrusts were reactivated forming south-verging monoclines. The monoclines, along with 

deep seawater currents, controlled the deposition of the Upper Cretaceous and Cenozoic sediments. 

Compression also lead to the reactivation of other basement structures (e.g., Guadalquivir Bank), which 

are responsible for the present-day seismicity and bathymetry in the area. The compressional phase also 

reactivated the salt tectonics.

In conclusion, the SW Iberian margin was firstly affected by an extensional phase during the 

Mesozoic that resulted into a highly-extended margin the formation of oceanic crust at its deepest part. 

The different extensional tectonic phases that took place in the margin controlled the thickness and 

depositional environments of the Mesozoic sediments.  Initial rifting also contributed to the evaporite 

basin configuration, which, together with the basement structure, triggered diapirism in the SW Iberian 

margin. 
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The Gulf of Cadiz is the oceanographic domain surrounded to the north by the SW Iberian coast, 

to the south by the NW African coast, to the east by the Gibraltar Arc and to the west it extends to 

deep waters, represented by large seamounts and deep abyssal plains. The SW Iberian margin is the 

southwesternmost geological province of Portugal and Spain, which comprises the onshore and offshore 

Algarve Basin and its basin margin. The basin is represented by Mesozoic and Cenozoic sediments lying 

over the Hercynian Iberian Massif. The Mesozoic stratigraphic record started due to the breakup of 

Pangea, followed by Jurassic-Early Cretaceous extension and Late Cretaceous-Cenozoic compression.

The SW Iberian Margin has been the objective of study of several authors during the past decades. 

Besides of scientific publications, several PhD theses have been resulted from the research conducted 

in the area. Rocha (1976) is probably the first complete study of the palaeontology, stratigraphy and 

sedimentology of the Jurassic in the Algarve Basin, being a reference nowadays. The exploration of 

hydrocarbons in the Algarve Basin since the 1974 was initiated with the acquisition of seismic profiles. 

This allowed  to work the offshore portion of the basin (Mougenot 1989). Onshore Algarve Basin was 

mapped by Manuppella (1992) and later enhanced by Terrinha (1998), integrating also seismic data 

from offshore. As a result, Terrinha (1998) is the most complete work about the Algarve Basin from a 

structural geology and tectonics points of view. Later, several studies were carried out in the offshore 

basin to improve the knowledge about the structure of the basin (Lopes, 2002; Roque, 2007). The 

hydrocarbon potential of the offshore Algarve Basin was studied by Matias (2007), who published a 

complete scientific paper about the salt tectonics in the basin years later (Matias et al., 2011). 

Many other authors have contributed to the geological knowledge the Gulf of Cadiz, as the structure in 

the area and the tectonic evolution (Medialdea, 2005), the Cenozoic structure (Duarte, 2011; Iribarren et 

al., 2007), active structures and the nature of the basement (Martínez-Loriente, 2013; Martínez-Loriente 

et al., 2016, 2014). However, the 3D comprehension of the deposition and the evolution of the margin, 

together with its mapping, have remained elusive. The main objective of the thesis was to establish the 

structural evolution of the margin during the Mesozoic and Cenozoic and predict its related depositional 

environments. 

Part of the interest on the SW Iberian Margin is that during the Mesozoic it was located at the junction 

of the Tethys and Central and North Atlantic realms. In addition, it represents the present-day boundary 

between Nubia and Iberia tectonic plates. Moreover, the margin lies west of the Gibraltar Arc, which is 

the westernmost termination of the Alpine orogen.

The Mesozoic paleogeographic configuration of the SW Iberian margin remained elusive from 

previous works, given the lack of agreement in the scientific community about how this margin has been 

configured. 

In order to achieve the main objective of the thesis, the Tethys or Atlantic affinity of the margin becomes 

crucial. The complexity of the margin brings other conditioning factors that were not fully studied and 
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1. INTRODUCTION

had to be solved. These are the crustal structure, the salt tectonics and the inversion tectonics.

Overall, the thesis focuses on the regional comprehension of the SW Iberian margin and its Mesozoic 

and Cenozoic evolution.  The achievement of these goals was possible due to the access to a private large 

data set from an oil and gas company (Repsol) and a seismic acquisition company (TGS). Several studies 

of different topics have been integrated in this thesis in order to obtain a complete understanding of the 

geological processes that have configured the margin since Mesozoic times.
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The Algarve Basin lies along the SW Iberian margin, a tectonically complex area located north of 

the eastern termination of the Fault Zone of Azores-Gibraltar (AGFZ). At present, the AGFZ is a diffuse 

transpressional plate boundary between the Nubian and Iberian plates (Sartori et al., 1994; Fig. 1.1.1a). 

The margin lies over the Iberian Paleozoic massif (Fig. 1.1.1), which crops out to the north (Fig. 1.1.1b). 

To the south and west the margin opens to the Atlantic Ocean, and to the east, the margin is overthrusted 

by the Betic-Rif orogen.

1.1. GEOLOGICAL SETTING
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Figure 1.1.1. (a) Main elements of plate boundaries and relative plate kinematics. (b) Map showing location 
of Cenozoic contractional structures in Iberia and surrounding areas related to the Nuabian-Iberian plate 
boundary. AGFZ: Azores-Gibraltar fracture zone; AUGC: Allochthonous Unit of the Gulf of Cadiz; AWGC: 
Allochthonous Wedge of the Gulf of Cadiz; CPR: Coral Patch Ridge; CPRT: Coral Patch Ridge Thrust; GuB: 
Guadalquivir Basin; GhB: Gharb Basin; GoC: Gulf of Cadiz; GT: Gorringe Thrust; HT: Horseshoe Thrust; MPT: 
Marquês de Pombal Thrust; SH: Seine Hills; SVT: São Vicente Thrust. Adapted using data from: Gomez et al., 
(2000), Michard et al. (2008), De Vicente and Vegas (2009), Gutscher et al. (2009), Medialdea et al. (2009), 
Zitellini et al. (2009), De Vicente and Muñoz-Martín (2013), Duarte et al., (2013) and Martínez-Loriente et al. 
(2013).

1. INTRODUCTION

1.1.1. Tectonic evolution

Over the last two decades several models have been proposed for the regional geodynamic evolution 

of the Gulf of Cadiz (e.g., Gràcia et al., 2003; Gutscher et al., 2002; Maldonado et al., 1999; Terrinha et 

al., 2009; Tortella et al., 1997) that generally agree to define two main phases of evolution. The first 

phase is dominated by extensional tectonics during the Mesozoic, and the second phase is dominated 

by contractional tectonics related to the collision between Iberia and Africa from the Late Cretaceous to 

present-day. 

1.1.1.1. Mesozoic extension

Part of the extensional structure of the Algarve Basin is related to Pangea breakup (Dewey et al., 

1989; Srivastava et al., 1990a, 1990b; Ziegler, 1988). From the beginning of the Algarve Basin formation, 

the basin was affected by stretching and fracturing due to differential displacement between the African 

and American plates, and the Eurasian and American plates. This phase resulted in Triassic rifting and 

the development of the margins of southern Iberia and northern Africa (Heyman, 1989). The boundary 

between the Eurasian and African plates in the region of Iberia began to take shape at Triassic times 

as a transtensive sinistral limit, due to the movement of roughly E-W orientation between Eurasia and 

America and NW-SE between Africa and America (present-day coordinates; Fig. 1.1.2; Dewey et al., 1989; 

Schettino and Turco, 2011; Srivastava et al., 1990a, 1990b). The inherited Hercynian fault system of the 

South Portuguese Margin accommodated these two rifting components (Terrinha et al., 2002). 

The differential movement between Eurasia and America led the aperture of Atlantic Ocean (Bird et al., 

2007; Labails et al., 2010; Manatschal, 2004; Schettino and Turco, 2011; Srivastava et al., 1990a, 1990b; 

Srivastava and Verhoef, 1992; Vissers et al., 2013; Fig. 1.1.2). The main extensional fault orientations, 

accommodating the stretching component, were N-S and NW-SE in the westernmost parts of the basin. 

Meanwhile, the transtensive stretching due to the differential movement between Eurasia and Africa, 

resulted in the formation of faults with E-W to ENE – WSW orientation. These faults are distributed 

from the High Atlas to the Pyrenees, being the Algarve Basin the testimony of the stretched continental 

margin of Eurasia, associated with propagation of the Tethys Ocean to the west (Fourcade et al., 1991). 

The fault systems were active during extension in the SW Iberian margin. The variation of facies and 

thickness increasing from W to E (Terrinha, 1998; Terrinha et al., 2013) is respond to the presence of the 

current N-S fault path, which played a greater role in the Basin subdivision. These fault system,during the 
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Jurassic, prior to rotation of Iberia, had a roughly NE-SW to ENE-WSW orientation.

The extensional phase that underwent the margin was a prolonged multi-stage extensional period 

that started in the Triassic and continued up to the Early Cretaceous. The first extensional phase starts 

in the Triassic and ends in the Sinemurian, and is followed by a short period of marine transgression 

and tectonic quiescence. This was followed by a subsidence phase which ended at the transition to the 

Middle Jurassic (Terrinha et al., 2002). Middle Jurassic reactivation of older extensional basins triggered 

an initial phase of salt tectonics (driven by Hettangian evaporites in the deepest parts of the basin). Salt 

tectonics resulted into the development of diapirs and salt walls onshore (Afonso, 1983; Davison et al., 

2016; Manuppella, 1992; Terrinha, 1998; Terrinha et al., 1990). In the offshore, salt structures were 

documented given the availability of MCS data (Fernández-Puga et al., 2007; Lopes et al., 2006; Maestro 

et al., 2003; Matias, 2007; Terrinha, 1998). 

Extension during Middle Jurassic is dominated by E-W to ENE-WSW trending extensional faults and 

NW-SE to NNW-SSE trending relay or transfer zones. Extensional and salt tectonics continued through 

the Middle and Late Jurassic. This phase culminated in the formation of oceanic crust to the south 

(Sallarès et al., 2011; Fig. 1.1.3). Thickness of the Middle to Upper Jurassic sediments is highly variable 

on account of both salt tectonism and extensional faulting related to the main phase of rifting between 

Iberia and Africa. 

Figure 1.1.2. Early Jurassic to Miocene plate reconstruction of the triple junction formed by the Tethys, Central 
and Northern Atlantic oceans. 1: North Africa; 2: Morocco; 3: North America; 4: Iberia; 5: Eurasia; 6: Adria. 
Modified from Schettino and Turco (2011).
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Five main extensional episodes can be identified during this period of time, separated by regional 

unconformities or hiatuses (Manuppella et al., 1988; Terrinha et al., 2002). These episodes are 

associated with five sedimentary mega-cycles bounded by episodes of inversion or non-deposition 

(Terrinha et al., 2002). The most representative unconformities took place between Middle and Late 

Jurassic, documented onshore (Terrinha et al., 2002). The unconformities correspond to the Toarcian-

Aalenian, the Callovian-Oxfordian, and the Tithonian-Berriasian transition. These episodes of tectonic 

inversion resulted in the partial reactivation of syn-sedimentary extensional faults, and the development 

of small amplitude folds and unconformities. The Lower Cretaceous succession, representing a thermal 

subsidence phase, is capped onshore by a sedimentary hiatus, related to a marine regression, during the 

Valanginian-Hautevirian or Valanginian-Berriasian (Correia, 1989).

Lower Cretaceous sediments mostly drape over the entire basin and they only locally exhibit 

Figure 1.1.3. (a)Location map of the (b) interpretative crustal cross-section of the SW Iberian margin. Taken 
from Sallarès et al. (2011). 

1. INTRODUCTION
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variations in thickness related to ongoing salt tectonism or extensional faulting. This prolonged Jurassic 

to Early Cretaceous extension was related with the opening of the Tethys and North-Atlantic oceans 

(Schettino and Turco, 2011; Fig. 1.1.2). The rapid eastward drifting of the African plate while Iberia 

was fixed during the opening of the Central Atlantic, controlled the spreading of the south Portuguese 

margin, and thus the locus of a new wide plate boundary between both plates. This extensional event 

was responsible for the development of the SW passive margin and the Algarve Basin. 

Middle Jurassic to Early Cretaceous extension was responsible for the main phase of salt tectonism 

documented in the area (Lopes et al., 2006; Matias, 2007; Matias et al., 2011; Terrinha et al., 2009). 

Extrusive salt diapirs in the onshore occur; the Espiche, Loulé, Albufeira, and Faro diapirs (Terrinha, 

1998; Terrinha et al., 1990), associated with the main E-W striking extensional faults. The diapirs and 

salt structures of the onshore Algarve basin have all been reactivated during tectonic inversion (Davison 

et al., 2016).

1.1.1.2. Late Cretaceous-Cenozoic compression

At Santonian times (84 Ma), Iberia was coupled to the African plate (e.g., Dewey et al., 1989) and 

the plate boundary with Eurasia jumped to the Bay of Biscay (Srivastava et al., 1990a, 1990b) while 

Africa was moving northward. This new geodynamic setting resulted in inversion of the northern Iberian 

margin, where the convergence was accommodated, causing the northward subduction of the Iberian 

lithosphere underneath the European plate (Muñoz, 1992) and forming the Pyrenees (Fig. 1.1.1b). The 

inversion of the SW Iberian margin also initiated during the Late Cretaceous (Terrinha, 1998).

Since the Oligocene, the ongoing compressional deformation was transferred to the interior of the 

Iberian plate, while compression in the Pyrenees ceased. The plate boundary jumped again to the SW 

Iberian margin, along the AGFZ (Fig. 1.1.1a), with a N-S convergence between Africa and Eurasia. The 

pronounced topography of Iberia was the result of several episodes of compression during the Alpine 

Orogeny, and extension, as a back-arc extension in the western Mediterranean domain through most 

of the Miocene times (Vergés and Fernàndez, 2012). The building of the intraplate Iberian Chain and 

the deformation of the Iberian Massif can be recognized through basement highs, and its associated 

depressions (Fig. 1.1.1b). The Late Cretaceous-Cenozoic compression led to the formation of new 

contractional structures, the reactivation and deformation of other previous Mesozoic features, such as 

extensional faults and salt tectonics (Terrinha, 1998).

To the west of the Gibraltar Arc formation, this was accompanied by the emplacement of a giant 

chaotic unit emplaced synchronously with the development of the Betic-Rif orogen (Medialdea et al., 

2004) during the Late Tortonian (Flinch and Vail, 1998; Maldonado et al., 1999; Perconig, 1962; Torelli 

et al., 1997; Tortella et al., 1997). This chaotic unit is divided into two sub-units (Iribarren et al., 2007; 

Torelli et al., 1997): one of tectonic origin (Accretionary Wedge of the Gulf of Cadiz; AWGC; Figs. 1.1.1b 

and 1.1.4) and a second one related to gravitational collapse of the first one (Allochthonous Unit of the 

Gulf of Cadiz; AUGC; Fig. 1.1.1b.
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Figure 1.1.4. Multi-channel seismic (MCS) line showing the AWGC (accretionary prism) and the AUGC 
(olistostrome) at the Rharb Valley, in the Moroccan offshore. Taken from Zitellini et al. (2009).

The east-dipping thrusts within the AWGC root into a décollement and occasionally reach up the 

seafloor, exhibiting a geometry compatible with ongoing eastward B-type subduction beneath the 

Gibraltar Arc (Duarte et al., 2013; Gutscher et al., 2002). According to Gutscher et al. (2002) and (2009),  

this movement is a consequence of the active roll back of the east dipping oceanic slab that still exists 

between Iberia and Africa and beneath the Gibraltar Arc (Fig. 1.1.5). The existence of Tethyan oceanic 

lithosphere in the Gulf of Cadiz beneath the accretionary wedge was recently confirmed using seismic 

refraction data (Martínez-Loriente et al., 2014; Sallarès et al., 2011).

The AWGC/AUGC partially overlies a regional unconformity that defines the base of the Betic foredeep 

deposits, the Basal Foredeep Unconformity (BFU; Ledesma, 2000; Maldonado et al., 1999). The BFU is 

roughly equivalent to the base Miocene unconformity in the area of the Algarve Basin and is a key marker 

as it records Miocene and younger deformation.
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Figure 1.1.5. Schematic crustal section across Gibraltar-Arc-SW Iberian margin region. Taken from Duarte et 
al. (2013).

1.1.1.3. Present-day configuration

The Atlantic-Mediterranean transition region consists of two main large-scale tectonic domains: the 

Betic-Rif arcuate orogeny and the Atlas Mountains (Middle, High and Anti Atlas; Fig. 1.1.1b). The Betic-

Rif orogenic system along the southern Iberian margin has associated Neogene basins (Alborán back-

arc basin, Guadalquivir and Gharb foreland basins, and intermountain basins; Fig. 1.1.1b). The tectonic 

units that form the Betics are roughly continuous to the Rif belt across the Gibraltar Strait, producing an 

arcuate shape that has been referred to as the Gibraltar Arc system (e.g., Maldonado et al., 1999). This 

arcuate shape is the result of the southwestward drifting of the Alborán terrane that led to its collision 

with the SE Iberia and NW Africa in the Middle Miocene. The foreland basins, called Guadalquivir and 

Gharb basins, were formed by the flexure of the lithosphere in response to the load of the Betic and Rif 

thrust belts (Crespo-Blanc, 2007; Flinch, 1994; Garcia-Castellanos et al., 2002). The infill of the distal 

parts of both the Guadalquivir and Gharb basins started in middle Miocene. 

Despite the recent collapse of the Betic range in the Alboran Sea, geodetic data show that the Gibraltar 

Arc region is moving westward at a rate of 3.5 mm/yr relatively to Iberia (e.g., Asensio et al., 2014; 

Stich et al., 2006; Fig. 1.1.6). The Iberian-African boundary is interpreted to still undergoing collision, 

as demonstrated by the dominance of reverse fault earthquake mechanisms (e.g., Ribeiro et al., 1996; 

Zitellini et al., 2009), the evidence of recent inversion of Mesozoic basins and high-angle faulting in the 

deeper portions of the Gulf of Cadiz, south and southwest of the Algarve Basin (Terrinha et al., 2009; Fig. 

1.1.1b). Stress strain maps also show compression in the area (Olaiz et al., 2009; Zitellini et al., 2009; 

Fig. 1.1.6). Zitellini et al. (2009) describe a set of almost linear and subparallel, WNW–ESE trending 

vertical dextral strike-slip faults, according to Rosas et al. (2009), the SWIM Faults (Fig. 1.1.1b). These 

faults affect the seafloor, which form a narrow band of deformation over a length of 600 km connecting 

the Gloria Fault (the central part of the AGFZ) to the Rif–Tell Fault Zone. The SWIM Fault Zone forms the 
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southern boundary of the main tectonically and seismically active area of the Gulf of Cadiz (Fig. 1.1.6). 

To the south of the fault zone, earthquake activity is minor and tectonic shortening negligible. Zitellini et 

al. (2009) interpreted the SWIM Fault Zone as a precursor to the formation of a new transcurrent plate 

boundary controlling the present-day plate interaction between Nubia and Iberia (Fig. 1.1.6). 

Further west, it has also been proposed that the southwest Iberia may also be the locus of the 

initiation of closure of the Atlantic Ocean along NE-SW trending structures, namely the Gorringe Bank 

(Fig. 1.1.5), the Marquês de Pombal Thrust (Fig. 1.1.5) or the Horseshoe Thrust (Fig. 1.1.1; Duarte, 2011; 

Duarte et al., 2013; Martínez-Loriente et al., 2016; Ribeiro et al., 1996). These contractional structures 

are deeply rooted into the basement, which some of them root into mantle (e.g., Martínez-Loriente et al., 

2014), showing prominent escarpments in the bathymetry (e.g., Cunha et al., 2012; Terrinha et al., 2009; 

Fig. 1.1.1).

Figure 1.1.6. (a) Proposed NW Nubia - SW Iberiaplate boundary coincident with the SWIM Fault Zone. Open 
circles and stars represent seismic epicentres of different magnitude. (b) Simplified tectonic sketch of the 
area. Arrows represent the relative motion of Africa respect to Eurasia. Taken from Zitellini et al. (2009).

1. INTRODUCTION
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1.1.1.4. Oblique structures

Up to the Early Cretaceous, the structural style was dominated by E-W to ENE-WSW trending 

extensional faults (Maldonado et al., 1999; Moulin et al., 2005; Terrinha, 1998). The extensional fault 

system is segmented by N-S to NW-SE trending faults (Aljezur, Portimão and São Marcos-Quarteira faults; 

Fig. 2.1.1.B). These faults are parallel to the Late Hercynian thrusts documented in the Carboniferous 

basement in the South Portuguese Zone and the Iberian Pyrite Belt (Arthaud and Matte, 1977; 

Manuppella, 1992; Terrinha, 1998). The N-S to NW-SE trending faults acted mainly as transfer faults 

compartmentalizing the Algarve Basin during Mesozoic extension, controlling changes in the deposition 

of the Mesozoic units, which thicken eastwards across these faults (Terrinha, 1998). Manuppella (1988) 

and Manuppella et al. (1988) used these faults to define three sub-basins: the Western, the Budens-

Lagoa/Algoz (Central) and the Eastern sub-basins. During Upper Cretaceous-Cenozoic inversion, many 

of these faults were reactivated as strike-slip features (e.g., Barreto et al., 2015).

The Portimão Fault separates the Algarve Basin into two sub-basins, the Western and the Central-

Eastern sub-basins, each of which has extensional faults with different trends. The two sub-basins are 

also characterized by having different depositional environments and thickness of sediments throughout 

the Jurassic and the Lower Cretaceous units (Correia, 1989; Manuppella, 1988; Terrinha, 1998). Present-

day activity is also observed on the Aljezur Fault, a N-S trending left-lateral strike-slip fault in the Western 

sub-basin that also controls the position of a submarine canyon across the continental shelf and slope. 

The Aljezur Fault controls the formation of Miocene grabens (Terrinha et al., 2009). However, there is no 

evidence that this fault was active during Mesozoic extension. The São Marcos Quarteira Fault (SMQF) 

was active since Triassic through Quaternary times, i.e., during extensional and compressional tectonics, 

affecting the deposition of sediments in both blocks (Terrinha, 1998).

1.1.2. Stratigraphy 

The stratigraphy of the Algarve Basin presented here (Fig. 1.1.7) is defined onshore and offshore 

by Manuppella et al. (1988), Terrinha (1998) and Matias (2007). Mesozoic sedimentation starts with 

red continental alluvial clastics (conglomerates, sandstones and shales) in the Late Triassic (Rhaetian). 

Triassic rocks unconformably rest on low grade metamorphosed Carboniferous flysch sediments and 

Permian rocks that were involved in Hercynian deformation. The overlying Hettangian pelite-evaporitic 

unit is made up of alluvial to shallow lacustrine red shales (Fig. 1.1.7), a thin layer of shallow water 

dolomites and an evaporitic sequence constituted by halite, anhydrite and gypsum. At the Hettangian-

Sinemurian transition, these units are capped by a volcano-sedimentary complex, consisting of basaltic 

lavas and pyroclastic rocks intercalated with clays and dolomites (Fig. 1.1.7). This volcanic event is 

associated with the Central Atlantic Magmatic Province (CAMP; documented onshore by Martins et al., 

2008 and Verati et al., 2007) and the ending of the first extensional episode in the Algarve Basin (Terrinha 

et al., 2002). This unit has not been identified in any well in the entire SW Iberian margin.
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Figure 1.1.7. Simplified stratigraphy of the Algarve Basin with main stratigraphic units and main tectonic 
events. Bold type represents the major tectonic events (adapted from Fernandes et al., 2013; Matias et al., 
2011; Terrinha, 1998).

The Lower Jurassic succession is well exposed in the onshore Western sub-basin in the Algarve. It is 

made up of dolomitic limestones and dolomites (shallow marine water conditions) in the Sinemurian, 

limestones and marls in the Pliensbachian, and pelagic marls in the Lower Toarcian (Terrinha, 1998; 

Fig. 1.1.7). Offshore, Lower Jurassic sediments are only penetrated by two wells in the eastern Algarve 

Basin, the wells GCB-1 and GC6Y-1BIS (Fig. 1.1.8). At the beginning of the Early Jurassic a generalized 

transgression occurred that resulted into the deposition of neritic and pelagic sediments with a thickness 

varying from 150 to 600 m.

In the Western Sub-Basin, the Middle Jurassic is represented by a deepening carbonate cycle, while 

in the Central-Eastern Sub-Basin is also represented by carbonates (marly limestones and marls; Fig. 

1.1.7), only cropping out in the cores of regional anticlines north of Faro (Borges et al., 2012; Marques 

and Rocha, 1988a, 1988b). The Middle Jurassic succession is truncated by the Callovian-Oxfordian 

erosional unconformity, known as the “Callovian regression” (Manuppella et al., 1988; Mouterde, 1971; 

Rocha, 1976), well documented in all the Iberian Mesozoic basins and also affected the neighbouring 

Lusitanian and Betic basins (Alves et al., 2009; García-Hernández et al., 1989; Montenat et al., 1988; 

Pereira and Alves, 2012; Vera, 1988; Wilson, 1988), other Iberian basins (Hiscott et al., 1990; Stapel et al., 
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1996), and the Atlas and External Rif basins of northwest Africa (Aïfa and Zaagane, 2014; Flinch, 1994; 

Zizi, 1996). The thickness of the Middle Jurassic sediments is variable, ranging from ~300 m onshore to 

~1300 m offshore (Corvina-1 well; carbonate facies; Fig. 1.1.8). Roque (2007) suggested a change of the 

depositional environment from neritic in the western part of the basin to bathyal eastwards.

The Jurassic extension ends up with an Upper Jurassic carbonate platform. Onshore, the Upper Jurassic 

show different facies due to sub-basin differentiation and is affected by basin-wide events: Oxfordian-

Kimmeridgian transgression, Kimmeridgian-Valanginian regression and intra-Tithonian transgression 

event (Terrinha, 1998). Thickness varies from 200 m in the west to more than 1600 in the east (Terrinha, 

1998), while offshore ranges from ~125m (Imperador-1 well) to 550 m (Algarve-1 well; Fig. 1.1.8). The 

carbonate platform facies that characterizes the Upper Jurassic succession changes to a more bathyal 

conditions towards the east.

The Lower Cretaceous unit was deposited during the thermal subsidence of the margin, also 

dominated by salt tectonics, after a brief hiatus (the base of this formation is absent; Fig. 1.1.7). Lower 

Cretaceous is represented by a mixed carbonate and siliciclastic succession (Rey, 2009, 2006, 1983), 

with thickness ranging from 500 m to ~1500 m. This unit is characterized by a series of transgressive 

and regressive cycles (Correia, 1989). According to Roque (2007), the Lower Cretaceous succession 

changes from neritic in the west to marginal marine/inner neritic in the central area and neritic to east. 

The Upper Cretaceous succession is almost absent onshore due to uplift during the main phase 

inversion of the Algarve Basin. Some authors postulate that this unit is restricted to thin remnants of 

Cenomanian reefal limestones in the Algarve Basin (Manuppella, 1988), however its existence is still 

under dispute. Upper Cretaceous rocks are only represented in the onshore Algarve Basin locally by 

volcanic products such as dikes and sills (Martins and Munhá, 1993; Martins, 1999) associated with the 

emplacement of the Monchique alkaline laccolith complex (Miranda et al. 2009). The emplacement age 

is well constrained to 72 ± 2 Ma by several whole rock K-Ar and Rb-Sr data (e.g., Bernard-Griffiths et al., 

1997; Macintyre and Berger, 1982). In the eastern extent of the Algarve Basin, the offshore wells drilled 

up to 360 m (Atlantida-2) of a clastic dominated Upper Cretaceous (Fig. 1.1.8). Roque (2007) suggest 

neritic depositional environment for this unit.

Figure 1.1.8. Stratigraphic correlation of the Mesozoic and Paleocene successions along the northern portion 
of the margin. The correlation panel is flattened to the BFU. Note that the Neogene to Quaternary thickness 
is not drawn to scale. Both Mesozoic and Cenozoic strata thicken towards the Algarve-1 well, located in the 
central part of the shelf of the Algarve Basin. Depositional environment for all Mesozoic and Paleogene units 
is neritic, excepting for well Algarve-1 where the Middle and Upper Jurassic were deposited in a bathyal 
environment. The deposition of Mesozoic sediments is affected by the Portimão and the São Marcos Quarteira 
(SMQF) faults, Jurassic-Lower Cretaceous diapiric activity (Ruivo-1 well) and Paleogene thrusts (GC6Y-1BIS 
well). Well stratigraphic composites of the Algarve Basin were taken from Lanaja (1987) and Terrinha (1998). 
Stratigraphic chart from Terrinha (1998) and depositional environments were interpreted by Roque (2007) 
and well reports. Map location in the bottom left of the figure.
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The first Cenozoic sediments, represented by the Paleogene, have not been found in the onshore 

portion of the Algarve Basin. Clastic and carbonate sediments of Paleogene age have only been described 

in offshore wells, reaching thickness values of ~1400 m (Gulf of Cadiz D-1; Fig. 1.1.8). The depositional 

environment is described as neritic through the margin, according to well data from Roque (2007).

The Mesozoic and Paleogene rocks of the Algarve Basin are bounded by a regional erosional 

unconformity, the BFU (Fig. 1.1.8), overlain by Neogene strata. Locally, the entire Mesozoic sequence is 

eroded, setting the Miocene succession directly on top of the Paleozoic basement. The Miocene succession 

is represented by limestones, turbidites and other clastic material that grade upwards into siltstones and 

fine sandstones (Pais et al., 2010). These units were karstified and covered by Pliocene to Pleistocene 

fluvial/marine detrital sediments onshore. Pliocene to Present sedimentation is dominated by the 

Mediterranean Outflow Water (MOW), whose activity started with the opening of the Strait of Gibraltar 

(Hernández-Molina et al., 2014). The current resulted in the deposition of fine-grained contourite drifts; 

strongly controlling the present-day seafloor geometry. In general, the Neogene-Quaternary succession 

is represented by a clastic dominated unit, with intercalations of carbonates, and represented by varied 

thickness, ranging from hundreds of meters up to ~2400 m (Gulf of Cadiz B-1). The youngest sediments 

Algarve Basin are lithified Holocene beach sand and dunes, influenced by frequent climatic oscillations 

and sea-level fluctuations (Moura et al., 2007).



22

1.2. WORK PROCESS

Some aspects of the margin have been elusive up to now and needed to be reviewed, revaluated and 

newly documented. This allowed  to obtain the crustal structure in both onshore and offshore portions 

of the margin and reconstruct the initial Mesozoic geometry of the margin, and decipher the extensional 

and compressional structural evolution as well as the role of the salt tectonics in the final configuration 

of the margin. 

Onshore gives the best opportunity to get a close look to the structures that controlled the evolution 

of, at least, the northern margin of the Algarve Basin. An accurate field work can help to better understand 

the main trend, geometries and timing of faults, the inversion of these features during the Cenozoic, 

the role of the evaporites in controlling the tectonic styles, and their relationship with regional events 

(opening of Tethys and Atlantic oceans). To accomplish these objectives, several field campaigns were 

carried out, taking measurements through all the onshore Algarve Basin, leading to construct a geological 

map and four regional cross-sections. The comprehension of the tectonic structures and phases that 

occurred in onshore can be extrapolated offshore. All these results will be addressed in the Chapter 2.1, 

which is based on the article: Ramos, A., Fernández, O., Terrinha, P., Muñoz, J.A., 2016. Extension and 

inversion structures in the Tethys–Atlantic linkage zone, Algarve Basin, Portugal. Int. J. Earth Sci. 105, 

1663–1679. doi:10.1007/s00531-015-1280-1. 

Compression is documented to be present in the margin since the Late Cretaceous to present-day 

(Terrinha, 1998). Offshore, the presence of contractional structures (e.g., thrust faults) is not obvious on 

seismic. A complete analysis of the tectonosedimentary relationships between the syn-compressional 

sedimentary strata and the inversion structures is needed to address new insights of the features 

responsible for the margin inversion, in terms of timing and kinematics. Offshore tectonic processes 

must be integrated with those occurring onshore. The Chapter 2.2 tries to explain the mechanisms of 

compression in this margin, and it is based on the article: Ramos, A., Fernández, O., Terrinha, P., Muñoz, 

J.A., 2017. Neogene to recent contraction and basin inversion along the Nubia-Iberia boundary in SW 

Iberia. Tectonics 36, 257-286. doi:10.1002/2016TC004262.

The paleogeography of the margin through the Mesozoic was highly affected by salt tectonism. Salt 

structures are quite obvious on seismic and they have been documented in several works through the 

Algarve Basin (Lopes et al., 2006; Matias et al., 2011), but none of these works have studied how the 

distribution of the evaporites facies controlled the salt structures style. New 3D seismic data and other 

2D seismic surveys allowed for a better understanding of the salt tectonics in the margin, along with its 

evolution during Mesozoic and Cenozoic, including the mechanisms of emplacement for the Esperança 

salt sheet. Distribution of the Hettangian evaporite unit is interpreted to be the responsible for the thin-

tectonic deformation during compression. Unravelling salt tectonics is indispensable for comprehending 

the thick-skinned tectonic deformation in the basement below. The Chapter 2.3 deals with the salt 

tectonism and is based on the article: Ramos, A., Fernández, O., Terrinha, P., Muñoz, J.A. Impact of basin 

structure and evaporite distribution on salt tectonics in the Gulf of Cadiz, Southwest Iberian margin 

(submitted in Marine and Petroleum Geology).
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Once the thin- and thick-skinned tectonics are well studied, there are more aspects of the margin to 

be solved, such as the structure of the distal part, and the extension of the sedimentary basin beyond the 

Guadalquivir and Portimão Banks. Several studies have been carried out to investigate the deep structure 

of the SW Iberian margin (González et al., 1996; Gràcia et al., 2003a; Gutscher et al., 2009, 2002; Zeyen 

et al., 2005). The results show a crustal thinning from the proximal margin to the deepest parts (from 

30-32km o 15km). However up to now, there are no studies contributing to the geological explanation 

for the crustal structure of the margin.  

The interpretation of seismic data was also useful to obtain the preliminary basement structure and 

basin architecture. The acquired seismic data are commercial and were recorded down to 12 seconds. 

It is essential then to take into account other geophysical data, such as the gravity, for better defining 

the deepest structure of the crust. The integration between seismic and gravity data can constrain 

the structure of the transition from a normal thick continental crust to the north of the margin to an 

oceanic crust to the south, (Gutscher et al., 2002; Martínez-Loriente et al., 2014; Sallarès et al., 2011). 

This allows understanding the tectonic and paleogeographic evolution of the margin. The Chapter 2.4 

will be focus on this subject and is based on the article: Ramos, A., Fernández, O., Torne, M., Sánchez de la 

Muela, A., Muñoz, J.A., Terrinha, P., Manatschal, G., Salas, M.C. Crustal structure of the SW Iberian passive 

margin: The westernmost remnant of the Ligurian Tethys? Tectonophysics 705, 42-62. doi:10.1016/j.

tecto.2017.03.012.

The comprehension of the crustal structure is the key for obtaining the paleogeographic evolution 

of the SW Iberian margin from the Mesozoic extension to the Late Cretaceous-Cenozoic inversion. The 

regional paleogeographic maps, obtained from the integration of the previous information, help to better 

understand how the tectonic processes affected the margin during each period of evolution. The Chapter 

2.5 deals with this part of the thesis and is based on the article: Ramos, A., Fernández, O., Terrinha, P., 

Muñoz, J.A., Arnaiz, A. Paleogeographic evolution of a segmented oblique passive margin: the case of the 

SW Iberian margin (this paper will be submitted to the Journal of Geological Society).
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1.3. METHODOLOGY

The interpretation of the structure of SW Iberia and the Algarve Basin presented in this thesis are based 

on geological mapping of onshore Portugal and the interpretation of seismic data, well data and gravity 

and magnetic data. Data interpretation has been integrated with regional geological understanding, in 

order to ensure that the obtained conclusions are coherent with the history of Mesozoic extension and 

Cenozoic compression experienced by SW Iberia.

The data required an initial quality control to homogenize the essential data taken from different 

sources into one unified file. The georeferentation of the outcrop measurements, the geological map, 

cross-sections, wells, seismic and gravity data were set using the UTM projection, zone 29 and European 

Datum 50, using the ArcGIS software when necessary.

1.3.1. Field data

Onshore fieldwork was carried out in several campaigns covering the entire onshore Algarve Basin. 

During these campaigns 398 outcrop data were taken (dip data, fault contact, stratigraphic traces…; 

Appendix Table) in an area of roughly 2000 km2 (Fig. 1.3.3). This led to the building of a revised 

geological map of the onshore Algarve Basin and several cross-sections across the basin, in order to 

synthetize the Mesozoic and Cenozoic evolution of the basin margin, as well as to review and redefine 

the geological map done by Manuppella (1992) and Terrinha (1998). Geological mapping was mainly 

supported by 1:25.000 ortophotographs from Bing Maps (https://www.bing.com/mapspreview) and 

1:25.000 topographic cartography maps from Instituto Geográfico do Exército. 

Figure 1.3.1. Map from the onshore Algarve Basin with the overprinted location of the outcrop data taken for 
this thesis. Satellite image from Google Maps. 
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1.3.2. Seismic data

Vintage 2D seismic surveys of the Algarve Basin and a more recent 2D regional seismic reflection 

survey (acquired by TGS in 2001 during the PDT00 and PD000 cruises, TGS, 2005) have been used to 

interpret the offshore structure in the Algarve Basin (Fig. 3). The PDT00-PD00 regional survey consists 

of a set of 58 lines of 2D multichannel reflection seismic data (Fig. 1.3.1). This seismic survey consists of 

NNW-SSE lines spaced every 4 km and ENE-WSW lines spaced every 8 km, and it has a shotpoint interval 

of 12.5 and 15 m. Recording length was 12 s two-way travel time (TWTT). The seismic survey was 

acquired with an streamer length of 6km (TGS, 2005). The interpretation on this survey was performed 

on the migrated stack in time. 

A 3D seismic cube was acquired in 2012 by Repsol in the central part of the offshore margin, from 

south of Faro to the Portuguese-Spanish border (Fig. 1.3.1). The 3D seismic cube covers an extension of 

1500 km2 and it consists of 151 shot lines oriented NNW-SSE and spaced every 375 m, with a recording 

length of 7.2 s TWTT. This 3D cube has also been interpreted, using the pre-stack time and depth migrated 

versions. All seismic data have been unified using UTM projection, zone 29 and European Datum 50 and 

interpreted using Petrel and Geoframe (by Schlumberger).

Figure 1.3.2. Available data in the Algarve Basin used in this thesis. Black lines: PD00 2D seismic survey; 
dashed black lines: 2D vintage seismic; grey line: seismic cube. Most representative wells: Alg-1: Algarve-1; 
Alg-2; Algarve-2; Alm-1: Almonte-1; Asp-1: Asperillo-1; Atl-2-2: Atlantida-2-2; Bet 14-1: Betica 14-1; Bet 18-1: 
Betica 18-1; Bor-1: Bornos-1; Crv-1: Corvina-1; GC B-1: Gulf of Cadiz B-1; GC B-6: Gulf of Cadiz B-6; GB D-1: 
Gulf of Cadiz D-2; GB D-2: Gulf of Cadiz D-2; GB C-3: Gulf of Cadiz C-3; GB 6Y-1bis: Gulf of Cadiz 6Y-1bis; Hue-1: 
Huelva-1; Imp-1: Imperador-1; Mog-1: Moguer-1; Ori 2-1: Orion 2-1; Rui-1: Ruivo-1. 
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Seismic correlation has been based on the interpretation of unconformity bounded sequences 

(Terrinha, 1998; Roque, 2007), which were useful to correlate the reflectors between the MSC seismic 

profiles. Seismic profiles have been interpreted using Petrel (by Schlumberger). Conversion of interpreted 

2D seismic profiles to depth has been performed where necessary using Move 2014.2 (by Midland 

Valley Exploration). Depth conversion has been performed by using an average time-depth relationship 

established from wells along the basin margin (Algarve-1, Algarve-2, Corvina-1, Imperador-1 and 

Ruivo-1; Fig. 1.3.1). As a result, three stratigraphic intervals with an average P-wave velocity were used 

in the conversion (Neogene-Quaternary, Paleogene to Middle Jurassic and Middle Jurassic to Basement; 

Fig. 1.3.2). The time-depth relationship has been calibrated using the depth image of the depth migrated 

3D seismic cube to make it meaningful for the parts of the basin away from wells. 

Figure 1.3.3. Checkshot data from the 5 wells in the Portuguese Algarve Basin. The time-depth relationships 
from Algarve Basin of the 5 wells have been used to define 3 velocity intervals: Neogene-Quaternary (yellow), 
top Paleogene to top Middle Jurassic (green) and top Middle Jurassic to top of Basement (blue). See Fig. 1.3.1 
for location.

1.3.3. Well data

Seismic interpretation was constrained by the calibration with five wells in offshore Portugal (Roque, 

2007), along with 67 wells in the eastern Algarve Basin and Guadalquivir Basin Lanaja, 1987 (the most 

relevant are illustrated in Figure 1.3.1).

All well data were obtained by oil companies from the 1950’ to 1980’. Well data were provided 

by Repsol Exploración in pdf and image files. The formation tops were obtained from reviewing the 

Portuguese wells and from previous works (Matias, 2007; Roque, 2007; Terrinha, 1998; Fig. 1.1.8), and 

from wells of the eastern Algarve Basin (Lanaja, 1987).
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1.3.4. Gravity data

Gravity modelling has been used to constrain the interpretation of deeper seismic horizons (pre-

Jurassic picks, mainly the top of basement) and the crustal scale structure. Gravity modelling was 

performed using offshore free-air gravity anomalies acquired from the global satellite altimetry data 

model V16.1 (Smith and Sandwell, 1997, updated 2007), given that they imaged lateral density contrasts 

within the earth’s crust, but these data are very sensitive to bathymetry. Bouguer anomaly is only imaged 

in the onshore margin and is calculated from the free-air anomaly to reduce the topographic contribution 

to the gravity signal. These gravity anomalies were taken from a recent compilation of gravity data on 

Iberia (Ayala et al., 2016). 

The forward modelling has been performed using GM-SYS (modelling application of Oasis Montaj, 

Geosoft software), which calculates the gravity response of the density models built using the methods 

of  Talwani (1965) and Talwani et al. (1959).

While these regional data covered the entire SW Iberian margin, another more detailed set of gravity 

data were used in the 3D seismic cube, which was acquired by Repsol during the same campaign as the 

seismic data.

1.3.5. Seismic interpretation

Seismic interpretation has been based on the assumption that each stratigraphic unit has a unique 

seismic response across the entire SW Iberian margin. From top to bottom, the first unit is the Cenozoic, 

which is represented by high frequency continuous bright reflectors, and multiple wedge and onlap 

geometries. Internally, the Cenozoic is subdivided into Neogene and Paleogene, which are separated by 

the BFU, represented by a strong reflector truncating the underlying units (Fig. 1.3.4). To the south, within 

the Cenozoic unit, the AWGC/AUGC is displayed by internally chaotic or transparent seismic facies. Its top 

is represented by a sharp transition to layered seismic facies above and below. Cenozoic was deposited 

above this unit forming mini-basins bounded by shale positive structures (e.g., Hernández-Molina et al., 

2016; Medialdea et al., 2009). In some parts of the basin, the base of the AWGC/AUGC truncates or is 

parallel to the underlying sediments.
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Figure 1.3.4. Portion of seismic line 835 across wells Algarve-1 and Algarve-2, in time (a) and seismic 
interpretation (b). BFU: base foredeep unconformity; K1: Lower Cretaceous; J3: Upper Jurassic; J2: Middle 
Jurassic; J1: Upper Jurassic; Tr: Triassic; Ht: Hettangian. The allochthonous Esperança salt unit (Matias et al., 
2011) is also identified (Es). See Fig. 1.3.2 for location.

Figure 1.3.5. Portion of seismic line 816 across the well Imperador-1, in time (a) and seismic interpretation 
(b). See Fig. 1.3.2 for location and Fig. 1.3.4 for acronyms. Data courtesy of TGS.
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The base of the Cenozoic succession consists on another unconformity, which locally truncates the 

units below (Fig. 1.3.5). The Upper Cretaceous succession is not represented in most of the Algarve Basin. 

The Lower Cretaceous sediments instead, are widely preserved. This unit is characterized by bright and 

continuous reflectors, and its depocenters and internal unconformities are related to halokinesis.

The Jurassic tends to lie conformably beneath the Lower Cretaceous. Jurassic is represented by 

bright but short reflectors of low frequency. The boundaries of the Upper, Middle and Lower Jurassic are 

depicted by regional angular unconformities related to rifting phases (Terrinha, 1998), also controlled 

by halokinetic processes. Changes in thickness are interpreted to be controlled by salt tectonics and 

extensional faulting (Fig. 1.3.5). 

The base of the Jurassic succession is deformed by diapirs and salt walls sourced from the underlying 

Hettangian unit. Both top and base are frequently depicted as bright reflectors, while its internal facies 

are chaotic to transparent. This unit marks the base of the halokinetic growth strata and therefore is 

probably the deepest unit that is relatively easy to pick on seismic. Locally, the Hettangian evaporite unit 

extrudes to form parautochthonous and allochthonous salt bodies (Figs. 1.3.5 and 1.3.6). The Esperança 

salt sheet (Matias et al., 2011) is one of this salt bodies and it has been emplaced mostly within the 

Jurassic (Fig. 1.3.6). Above this salt sheet, the Middle Jurassic to Lower Cretaceous mini-basins are 

represented by fanning geometries and strongly tilted and folded reflectors. Although the image is poor 

beneath the salt sheet on seismic, the structure was supported by the surrounding areas.

The base of the Hettangian succession corresponds to the top of the Triassic one, which is irregularly 

distributed through the basin. Triassic sediments were deposited in fault-bounded grabens or half-

grabens (Figs. 1.3.5 and 1.3.6), according to the analogy with the onshore Algarve Basin. This unit is 

represented by mid-high frequency and high amplitude reflectors. The base of the Triassic rocks 

correspond to the top of the basement as a bright reflector segmented by extensional faults (Fig. 1.3.6). 

However, this reflector is sometimes ambiguous on seismic image due to the limited impedance contrast 

of the shallower units of the basement (Hercynian foreland flysch) with the overlying Triassic clastics. 

Offshore, the basement is only constrained by the well GC6Y-1BIS and by a dredge along the Guadalquivir 

Bank (Vegas et al., 2004). The offset of Mesozoic units by extensional faults is interpreted to affect also 

the basement, which helps to carry out the final interpretation of the top basement (Fig. 1.3.6).
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Figure 1.3.6. Portion of seismic line 826 in the central part of the Algarve Basin, in time (a) and seismic 
interpretation (b) in the central part of the basin, north of Guadalquivir Bank. Es: Esperança salt sheet. See 
Fig. 1.3.2 for location and Fig. 1.3.4 for acronyms. Data courtesy of TGS.

1.3.6. Model-driven interpretation

Regional seismic interpretation of the areas, with not much control (located away from the wells in the 

deepest parts of the margin), was carried out based on a few concepts. These consist on the integration 

of all the regional knowledge of the previous works in the SW Iberian margin and other oblique passive 

margins, possibly hyper-extended.

Along with the majority of the eastern margin of the Atlantic Ocean (Peron-Pinvidic et al., 2013; 

Reston and Manatschal, 2011), the surrounding margins of the SW Iberian margin were defined as 

hyper-extended, such as the Western Iberia margin (Manatschal, 2004), the Atlantic Moroccan margin 

(Contrucci et al., 2004) and the Ligurian Tethys (Masini et al., 2014; Mohn et al., 2012).. The implications 
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on considering the SW Iberian margin as a hyper-extended margin are relevant and some definitions 

need to be addressed. 

In the hyper-extended margins, extreme crustal thinning occurs, from 30 to 35 km thick to a few km 

in most cases over a distance of 100-200 km (e.g., Reston and Manatschal, 2011; Fig. 1.3.7). Thinning 

of the crust occurs most rapidly in a necking zone between about 10-20 km wide (Fig. 1.3.7). Other 

characteristic of this type of rifted margins is that at their outer parts, a high velocity, high gradient zone 

beneath thinned crust can be largely serpentinized mantle and there are not thick basalt sequences. 

They are defined as hyper-extended margins.

The seismic image quality is chaotic in the distal parts of the margin, due to the obscuring of the 

overlying AUGC/AWGC. The crustal thinning towards the south and the presence of oceanic crust in 

the deepest parts of the Gulf of Cadiz (e.g., Sallarès et al., 2011) beneath the AUGC/AWGC, along with 

the proximity of hyper-extended margins (W Iberian margin), makes the SW Iberian margin a potential 

candidate of an hyper-extended margin. The model of passive margin evolution of Peron-Pinvidic et al. 

(2013) is proposed to interpret on seismic these areas of uncertainty.

Figure 1.3.7. Schematic section of a typical hyper-extended margin. Taken from Peron-Pinvidic et al. (2013).
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Peron-Pinvidic et al. (2013) define several phases of evolution. The first phase corresponds to the 

initial stretching phase, which defines the proximal domain. During this phase the extensional structures 

sole out at mid-crustal level, and it does not explain the crustal thinning (Fig. 1.3.7). The following phase 

is defined by the thinning and coupling of the continental crust in the necking domain (Fig. 1.3.7). Once 

the continental crust is <~10 km thick, it becomes brittle and the upper and lower crustal conjugate 

structures couple. When the deformation migrates progressively oceanward, the continental crust 

becomes hyperextended (by downward concave detachment faults; Fig. 1.3.7). This phase can led to 

serpentinized mantle exhumation, defining the distal domain along with the hyperextended sub-domain 

(Fig. 1.3.7). The lithospheric breakup is the latest rifting phase of these margins, and marks the onset 

of seafloor spreading and therefore the formation of oceanic crust, observable in the outer and oceanic 

domains (Fig. 1.3.7). 

Moreover, seismic interpretation was also influenced by the concept of oblique passive margin. Most 

of the plate reconstructions of the SW Iberian margin during the Mesozoic, considered this margin as an 

oblique passive margin bounded by transfer faults, located in the linkage between the Ligurian Tethys 

and the Atlantic domain (Frizon de Lamotte et al., 2011; Gràcia et al., 2003; Stampfli and Borel, 2002; 

Vergés and Fernàndez, 2012). Transfer zones are important structural elements in oblique rift systems, 

allowing the accommodation of extension between individual fault and basin segments along the zone 

of deformation (Gawthorpe and Hurst, 1993). Some examples can be found in Rio Grande rift (Mack and 

Seager, 1995) or in the Atlantic margin of southeastern Brazil (e.g., Meisling et al., 2001). The presence 

of transfer zones in the margin affects the distribution and geometry of the main tectonic features and 

stratigraphic units.

1.3.7.	Gravity	modelling	and	potential	field	maps

The interpretation of the offshore structure has been an iterative process involving well-seismic 

correlation, seismic interpretation and gravity modelling.

The 2D gravity modelling results shown in the section 2.4 helped to better constrain the structure of 

the margin, such as the basement geometry and the thickness of the Triassic basins. The crustal structure 

obtained from gravity modelling and the comprehension of salt tectonics, led to complete a coherent 

seismic interpretation of the SW Iberian margin. 

Local gravity anomaly maps were also helpful to interpret in detail the basement extensional faults 

in the area covered by the 3D seismic cube, beneath the Esperança salt structure (Fig. 1.3.8). Residual 

gravity was used in the 3D seismic cube in order to constrain the seismic interpretation. Enhancement 

or filtering is a way to separate signals of different wavelength to isolate and hence enhance anomalous 

features with a certain wavelength. Filtering can be used to enhance anomalies produced by features 

in a given depth range. In the 3D cube, the first vertical derivative (Repsol data) was very helpful to 

interpret the structure above and beneath the Esperança salt structure (Fig. 1.3.8). The enhancement 

sharpens anomalies over bodies and tends to reduce anomaly complexity, allowing a clearer imaging of 

the basement structure.
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Fig. 1.3.8. Basement extensional faults on a map of the first vertical derivative of the residual gravity anomaly 
covering the area of the 3D seismic cube. See Fig. 1.3.1 for location. Data courtesy of Repsol.
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The main results are presented in this section as a result from the interpretation of the onshore and 

offshore structure, after analysing field and geophysical data and integrated with the regional knowledge 

of the SW Iberian margin.

2.1. ONSHORE ALGARVE BASIN

The field work carried out in the onshore portion of the Algarve Basin resulted in a revised 

geological map of the basin and the construction of cross-sections. The map shows the orientation 

and distribution of extensional and contractional structures, and the different stratigraphic units (Fig. 

2.1.1). The extensional faults are north-dipping, strike E-W to WNW-ESE and involve basement. They 

have displacements of tens of meters, juxtaposing Upper Triassic and Lower Jurassic sediments with 

Carboniferous basement (Fig. 2.1.1). 

The paper titled “Extension and inversion structures in the Tethys-Atlantic linkage zone, Algarve 

Basin, Portugal”, included in the appendix 1.1, explains in more details the results of the onshore 

structural study. 

The presence of Middle Jurassic depocenters to the south is controlled by a set of E-W trending 

basin-scale faults. The Algibre Fault and its western continuation, the Espiche Fault (Fig. 2.1.1b), are 

interpreted as southward dipping extensional faults, with a roughly E-W orientation, overprinted by the 

Algibre and Espiche thrusts respectively. These faults mark the northern limit of the Upper Jurassic and 

Lower Cretaceous outcrops, along with the observed salt-related structures. To the east, the Faro-Tavira 

Fault trends ENE-WSW and is parallel to the eastern coastline of Faro, acting as the northern limit for 

the Lower Cretaceous and uppermost Upper Jurassic sediments (Fig. 2.1.1b). The ENE-WSW trending 

Carcavai Fault is interpreted to have formed as a relaying structure between the Algibre and the Faro-

Tavira faults (Fig. 2.1.1b).

In contrast to the dominant E-W trend of extensional faults in the central and eastern parts of the basin, 

the general structural pattern of the western part is dominated by NNE-SSW to N-S trending extensional 

faults (Fig. 2.1.1). Nonetheless, E-W to NE-SW normal faults, which are more common further east, are 

still present (such as the Espiche Fault).

East of the São Marcos Quarteira Fault (SMQF), the Querença margin acted as an extensional transfer 

zone during the Mesozoic (Fig. 2.1.1b) connecting the Algibre and the Faro-Tavira faults. The present-day 

basement-contact geometry along the Querença transfer zone (Fig. 2.1.1b) responds to the reactivation of 

this structure onto a lateral ramp structure in the inversion system, relaying the basin margin basement 

monocline. 
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Figure 2.1.1. (a) Study area location and geological map of the Algarve Basin (modified after Davison et al., 
2016; Manuppella, 1992; Terrinha, 1998). Qt: Quaternary; Plio: Piocene; Mc: Miocene; U. Cr: Upper Cretaceous; 
Ap-Al: Aptian-Albian; Neoc: Neocomian; K/Tit: Kimmeridgian/Tithonian; Kim: Kimmeridgian; Ox/Kim: 
Oxfordian/Kimmeridgian; Cal: Callovian; Baj/Bat: Bajonian/Batonian; Aal/Baj: Aalenian/Bajocian; Pl/Toa: 
Pliensbaquian/Toarcian; Sin: Sinemurian; Hett/Sin: Hettangian/Sinemurian; Hett: Hettangian; U. Tr: Upper 
Triassic; Crb: Carboniferous. (b) Simplified map showing major tectonic features, which have had different 
behaviour since the Late Triassic. (c) Location of the study area. 

The faults changed from being mainly north-dipping in the Triassic-Early Jurassic to south-dipping 

(basinward dipping) in Middle Jurassic-Early Cretaceous (Fig. 2.1.2b,c). Furthermore, a significant change 

in style occurred. The initial extensional phase from Triassic to Early Jurassic triggered the formation 

of closely spaced faults with a limited throw (tens to few hundreds of meters). On the contrary, from 

Pliensbachian onwards, the extension was accommodated along major extensional faults with a greater 

throw (many hundreds of meters) and spacing, cross-cutting the basement weakness surfaces.

At a more local scale, a number of thrusts and contractional structures have been reinterpreted. 

These include the Algibre Thrust (Fig. 2.1.2b), short-cuts that affect the Triassic half-grabens along the 

northern margin of the basin (Fig. 2.1.2), and multiple buttressing related structures along the Algibre 

Fault (Fig. 2.1.2b). 
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Figure 2.1.2. Cross-sections along the Algarve Basin. Ng-Qt: Neogene-Quaternary; L. Cr: Lower Cretaceous; 
U. Jur: Upper Jurassic; M. Jur: Middle Jurassic; L. Jur: Lower Jurassic; Ht/Sin: Hettangian/Sinemurian; Ht: 
Hettangian; U. Tr: Upper Triassic; Crb: Carboniferous basement. See Fig. 2.1.1a map for location.

The Algibre Fault marks the northern limit for the presence of the salt structures (Fig. 2.1.1), and the 

change in thickness of Mesozoic strata towards the south, indicating that the Espiche-Algibre-Faro-Tavira 

corridor was a relevant basin boundary since the deposition of the evaporites, acting as the northern 

boundary for thick evaporite sequences. During the Late Cretaceous-Cenozoic tectonic inversion two 

different structural styles resulted into the Algarve Basin related to the amount of evaporites across this 

corridor. To the north, where the evaporites are thin, the deformation was accommodated by basement-

involved thrusts, whereas to the south of the corridor, the Mesozoic cover is affected by structures 

detaching on the Hettangian evaporites. The hangingwall of the Algibre Fault was detached above 

the Hettangian evaporites. This resulted into folding by buttressing against the Algibre Fault footwall, 

producing E-W trending tight detachment folds (Fig. 2.1.2b) and tightening and overturning the Algibre 

roll-over. The inversion structure is further complicated by the presence, locally, of a south-directed 

thrust that places Lower and Mid-Lower Jurassic rocks on top of the Lower Cretaceous sediments (Fig. 

2.1.2b), rooting into the salt of the Algibre Thrust footwall. 

The main effect of shortening and basin inversion in the onshore Algarve Basin is the broad southward 

tilt of the basin (Fig. 2.1.2). This regional tilt is related to basin-scale deformation and uplift of the 

basement during the Cenozoic, most probably associated with the presence of a south-directed basin-

scale thrust, rooting into the basement. Tilting and uplift related to this thrust is responsible for the 

regional southward dip of Mesozoic beds and the complete absence of Neogene and Quaternary deposits 

over most of the onshore Algarve Basin. There is also evidence for at least one other contraction-related 

monocline in the basin, which causes a step in the offshore bathymetry in the west (along offshore 

segment of the Carcavai fault), and controls the location of the present-day coastline further to the 

east (Fig. 2.2.1). This basement-involved monocline was probably located along a basement-step of 

extensional origin that focussed the folding during the Alpine contraction.
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2.2. CENOZOIC CONTRACTION AND BASIN INVERSION 

The SW Iberian margin is surrounded by the Gorringe Bank to the west  (Sallarès et al., 2013) and 

the Betic fold and thrust belt to the east (e.g., Crespo-Blanc, 2007; Pedrera et al., 2012; Fig. 1.1.1), which 

represent regional structures that concentrate a significant amount of contractional deformation. 

However, the structures responsible for the seismic activity and Neogene deformation in the Algarve 

Basin have remained elusive. This chapter deals with the documentation of the contractional structures 

linking the AGFZ to the west with the Gibraltar Arc to the east across the Algarve Basin. The observations 

derived from seismic and onshore data interpretation show regional contractional structures responsible 

for the Late Cretaceous-Cenozoic margin inversion. This helps to better document the contractional 

structures that link the Gorringe Bank and the Betics for the first time.

The paper titled “Neogene to recent contraction and basin inversion along the Africa-Iberia boundary 

in SW Iberia” included in the appendix 1.2 summarizes the work done for the detailed understanding of 

the compressional configuration of the margin during the Late Cretaceous and Cenozoic.

Figure 2.2.1. Map showing the available data in the SW Iberian margin with bathymetry coloured for depth, 
and the location of the figures described below in this paper. GB: Guadalquivir Bank; PB: Portimão Bank. High 
resolution bathymetry is taken from the General Bathymetric Chart of Oceans (GEBCO) digital atlas (IOC et al., 
2003). The most representative wells are also depicted in this figure. See figure 1.3.2 for wells nomenclature.
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The most evident contractional structures on seismic in the offshore Algarve Basin are those 

related with the reactivation of pre-existing salt structures, in particular those associated with the 

allochthonous Esperança salt sheet (Figs. 2.2.1 and 2.2.2). In the central portion of the Esperança salt 

sheet south-directed thrusts, active since the Paleogene, resulted from the reactivation of WSW-ENE 

trending salt walls (Fig. 2.2.2). Towards the south, another set of south-directed thrusts detached on the 

allochthonous Esperança salt sheet is interpreted to be the toe-thrust system. However, this contractional 

system is associated with the allochthonous emplacement and gravitationally-driven deformation of the 

Esperança salt sheet in Middle to Late Jurassic times, although it was reactivated during the Cenozoic 

(Fig. 2.2.2). The southern part of the Esperança salt sheet is tilted towards the north due to the uplift of 

the Guadalquivir Bank (Fig. 2.2.2).

Figure 2.2.2. Seismic section across the Esperança salt sheet. (a) Reflection seismic profile (extracted from a 
proprietary 3D seismic cube migrated in depth). (b) Interpretation of (a). Ht: autochthonous evaporitic layer; 
Es: Esperança salt structure. The section is a NNW-SSE trending section through the Esperança salt structure 
shown in Figure 2.2.1 (the precise location is not shown due to confidentiality). Data courtesy of Repsol.
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All the unconformities observable above and around the Guadalquivir Bank are clear indications 

of uplift of this basement high from Paleogene to Present-day. The uplift can be resumed in at least 

two distinct stages: a Late Paleogene (or Early Miocene?) stage, accounting for the erosional truncation 

below the BFU (and acting as a physical barrier for the progression of the AWGC during the Miocene), 

and a Late Pliocene to Quaternary stage that accounts for tilting and truncation at the seabed of Late 

Pliocene and older sediments. Recent uplift accounts for the noticeable drop in bathymetry that occurs 

across the Bank (Figs. 2.2.1 and 2.2.3). Uplift and tilting of the northern flank of the Guadalquivir Bank 

extends up to 10 km north of the Bank, indicating a deep source for the tilt (Fig. 2.2.3). Although no 

thrust responsible for this tilt or uplift has been identified on seismic, a southward vergent basement-

involved thrust is the simplest way to account for the gentle northward tilt of beds north of the Bank and 

the steep drop observed to the south (Fig. 2.2.3). This thrust would also be responsible for the tilting of 

the AUGC and Miocene sediments, along with the differences on Miocene thickness in both sides of the 

Bank (Fig. 2.2.3). In the northern limb of the Bank north-directed back-thrusts accommodate part of the 

compression triggered by the basal regional thrust. 

Most of major extensional faults are not inverted nor affected by the contractional structures. Where 

basement thrusts do actually coincide with a pre-existing extensional fault, they steepen it or cross-cut 

it. Although the Guadalquivir Bank is interpreted to be uplifted during the Late Cretaceous-Cenozoic 

inversion, the differences in depth of Mesozoic sediments across the bank is, in part, the result of the 

presence of a Mesozoic extensional fault pre-dating thrusting (Fig. 2.2.3e). The Guadalquivir Bank 

basement high initially originated as the uplifted footwall of a major (possibly crustal-scale) south-

dipping Mesozoic extensional fault (Fig. 2.2.3).

Towards the west, the bathymetric expression of the Guadalquivir Bank connects with the Portimão 

Bank (Fig. 2.2.1d), which has been interpreted as an inverted Mesozoic fault-bounded basin by Terrinha 

et al. (2009). Thinning of Mesozoic sediments towards the southern extent of the Portimão Bank and 

the steeper bathymetry on the northern flank of the bank (Fig. 2.2.4d) indicate that this is an inverted 

Mesozoic half-graben developed on a south dipping extensional fault. Inversion occurred from Neogene 

to Recent times. As in the case of the Guadalquivir Bank, faults cannot be traced unambiguously on 

seismic, but the interpreted geometry requires the presence of both north- and south-directed thrusts 

underneath the Portimão Bank (Fig. 2.2.4d).

Along the margin, the basement deepens towards the south (Fig. 2.2.4), consistent with a passive 

margin geometry facing to the south. However, the BFU deepening southward describes a stair-steeped 

geometry, interpreted to be limiting the Neogene-Quaternary depocenters (Fig. 2.2.4). At least, three 

steps have been identified in the margin, related to the Late Cretaceous-Cenozoic inversion (Fig. 2.2.4).

Figure 2.2.3. Seismic section across the Guadalquivir Bank. (a) Reflection seismic profile in time. (b) 
Interpretation of the same profile. (c) Depth version of profile in (a). (d) Restoration at Oligocene time (prior 
to the emplacement of the AUGC). (e) Restoration at Early Cretaceous time. The interpretation beneath the 
depth of 3-4 seconds is based on the 3D seismic image north of the Guadalquivir Bank and inferred to its south 
due to the poor seismic image. See Figure 2.2.1 for location and Figure 2.2.2 for legend. Data courtesy of TGS.
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Figure 2.2.4. Cross-sections through the Algarve Basin showing the major contractional structures identified. 
(a) Composite seismic section through the central Algarve Basin. (b) Interpretation of the seismic in (a), 
with interpretation extended onshore and complemented with outcrop data. (c) Seismic section through the 
western Algarve Basin. (d) Interpretation of seismic in (c). Pairs of black dots represent salt welds. See Figure 
2.2.1 for location. Seismic data courtesy of TGS.

Major steps of the basement, such as that south of the Portimão Bank (Fig. 2.2.2d), which coincide 

with a step in the BFU, have been interpreted to indicate a post-Mesozoic uplift. The BFU surface records 

Miocene and younger contractional deformation. (Fig. 2.2.4). To correlate the steps in basement at the 

scale of the basin, the BFU surface has been mapped in 3D (Fig. 2.2.5). The combination between the 

available seismic and the outcrop data allowed to define 4 WSW-ENE trending main steps in the regional 

elevation of the BFU and the basement (Fig. 2.2.5). These steps have been related to Cenozoic to Recent 

shortening. As mentioned above, uplift along the Guadalquivir Bank and the onshore northern limit of 

the basin are interpreted to be related with underlying south-verging basement-involved thrusts. These 

two fault structures, labelled T0 and T3 in Figures 2.2.4 and 2.2.5, bound the domain of contractional 

structures documented here. In between these two structures, two other main steps can be identified: 

i) a monocline shown in the Figure 2.2.4, labelled T2; ii) the T1, which corresponds to the Carcavai fault 

zone, a ENE-WSW contractional fault (e.g., Carvalho et al., 2012). The four main thrusts identified in the 

Algarve Basin locally deviate from their dominant WSW-ENE trend, forming a set of oblique ramps of the 

thrust system with NW-SE orientation (Fig. 2.2.5). In the offshore, thrusts T1, T2 and T3 and the above 

commented oblique structures liking them, also exert a control on the Neogene-Quaternary depocenters 

(Fig. 2.2.5).

Figure 2.2.5. Map of the BFU coloured for dip, with white contours indicating depth below sea-level. Steeper 
parts of the surface indicate steps in the surface, interpreted to be related to erosional geometries or to the 
presence of underlying basement-involved blind thrusts (traces of the thrust tips shown in white lines).
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The basement-involved thrusts control locally the present-day bathymetry, indicating neotectonic 

activity. Moreover, instrumental seismic activity and focal mechanisms in the area coincide with the 

location of these thrusts, along with other surrounding basement thrusts (e.g., Horseshoe Thrusts; Fig. 

2.2.6).

Finally, the results obtained in this section show four main stages of contractional deformation 

identified in the Algarve Basin, consistent with those defined by Terrinha (1998) and Roque (2007): 

1) Late Cretaceous to Paleogene; 2) Late Oligocene; 3) Middle to Late Miocene; and 4) Late Pliocene to 

Present.

Figure 2.2.6. (a) Earthquake epicentres in SW Iberia, sized as a function of magnitude (modified after Palano 
et al. 2013). The earthquakes were recorded between 1951 and 2010, with magnitudes between 2.0 and 
8.0 and depths down to ~30 km. (b) Location of the earthquake epicentres relative to the thrusts described 
in this paper. (c) Lower hemisphere, equal area projection for fault plane solutions, complied from several 
earthquakes; red for strike-slip faulting, black for thrust faulting and blue for normal faulting, modified after 
Palano et al. (2013). (d) Location of the focal mechanisms relative to the thrust faults described in the paper. 
GB: Guadalquivir Bank; PB: Portimão Bank; HT: Horseshoe Thrust; SVT: São Vicente Thrust; SWAT: South West 
Algarve Thrust.
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2.3. SALT TECTONICS

The availability of regional 2D seismic surveys and high-resolution 3D seismic, along with well 

and gravity data, allowed to unravel the structural evolution related to salt tectonics (including the 

emplacement of a large allochthonous salt body) and the initial configuration of the evaporite basin,

The paper titled “Impact of basin structure and evaporite distribution on salt tectonics in the Gulf of 

Cadiz, Southwest Iberian margin” and included in the appendix 1.3 deals with detail of the salt structures 

and the evaporite basin configuration.

The Algarve Basin is characterized by a wide variety of salt structures, such as diapirs, salt walls and 

allochthonous salt bodies (Fig. 2.3.1). Along the northern onshore part of the margin, they only appear 

south of the Algibre Fault, where the salt-related structures relate to major thickness changes in the 

surrounding Jurassic sediments and, locally, in the Lower Cretaceous.

Figure 2.3.1. Map of salt structures and the extensional fault system of the basement in the Algarve Basin 
on the SW Iberian margin. Salt structures mapped in this paper are depicted by pink polygons, their area 
defined by the cut-off of the top of the Lower Jurassic succession. Allochthonous units are shown by lilac 
polygons, mapped according to their greatest lateral extent. Onshore diapirs are taken from Davison et al. 
(2016). GB: Guadalquivir Bank; PB: Portimão Bank. Notice the same orientation and location between the 
basement extensional faults and the salt structures through the margin, from onshore to offshore. The precise 
location of Figures 2.1.2 and 2.1.3 that cross the 3D seismic survey is not shown due to confidentiality issues; 
the outline of the 3D seismic cube is shown nonetheless.
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Figure 2.3.2. (a) Seismic section in time. (b) Interpreted section illustrating various salt-related structures and 
their link to underlying basement structures. See Figure 2.3.1 for location. Data courtesy of TGS.

To the south, offshore, salt structures are more prominent than onshore, with well-developed Jurassic 

salt withdrawal mini-basins (Fig. 2.3.2). To the west, the salt bulbs are more evident and the presence of 

allochthonous bodies increases (Fig. 2.3.1 and 2.3.2). 

Salt structures tend to be located in the footwall of basement extensional faults. The BFU is in most 

of the cases folded above the diapirs (Fig. 2.3.2) and truncates the underlying Jurassic, Lower and Upper 

Cretaceous, and Paleogene sediments. The Miocene sediments onlap the salt-related positive relief of the 

BFU (Fig. 2.3.2).
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Salt structures were triggered by extensional deformation at Early Juraais times and continued 

growing by downbuilding of Mesozoic layers from Early Jurassic to Early Cretaceous (Fig. 2.3.2). 

Paleogene sediments also show thickness variations into mini-basins in the westernmost part of the 

basin. Cenozoic compression during Late Paleogene and Neogene caused the reactivation and squeezing 

of the salt structures. 

The most remarkable allochthonous salt body in the margin is the Esperança salt sheet (e.g., Matias et 

al., 2011), consisting of a highly deformed evaporite unit (Fig. 2.3.3) covering an area roughly 40x60 km 

(Figs. 2.3.1 and 2.3.4). The Esperança salt sheet is considered to be the largest allochthonous salt body 

in the basin (Fig. 2.3.1).

Figure 2.3.3. (a) Seismic section in depth across the Esperança salt sheet. (b) Interpretation of the seismic 
section. The section shows how the base of the Esperança salt sheet truncates progressively younger sediments 
towards the west. The section also illustrates the contrast between the strong control of halokinetics on 
sediments above the allochthonous Esperança salt sheet, and the limited amount of salt-related deformation 
observed below the Esperança salt sheet. The dashed line within the Middle Jurassic is the unconformity 
mapped to generate the map in Figure 2.3.4. See Figure 2.3.1 for location and Figure 2.2.2 for legend. Es: 
Esperança salt sheet. Data courtesy of Repsol.
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Mapping of the Jurassic ramp beneath the Esperança salt sheet has allowed to define the L-shaped 

trace of its source in map view (Fig. 2.3.4). This shape is the result of two trends of basement faults 

striking WSW-ENE and NW-SE. Expulsion rollover anticlines are seen over these basement faults (Fig. 

2.3.2). 

The Esperança salt sheet was emplaced over a feeder ramp climbing up to the south and west. The 

transport of the allochthonous salt triggers the formation of WSW-ESE and NW-SE extensional faults 

detaching on the Esperança salt structure in the northern part (Figs. 2.3.4 and 2.3.5c), with associate 

Mesozoic depocenters. To the south, the frontal contractional structures formed a linked system with 

the extensional ones to the north. Contractional structures at the front consist of NW-SE and WSW-ENE 

thrusts (Fig. 2.3.4), which have folded the overlying sediments. These thrusts were reactivated during the 

Late Cretaceous-Cenozoic contractional event. To the south, the Esperança salt sheet is bounded by the 

Guadalquivir Bank, acting as a backstop for its southward progression. Extension under Esperança salt 

Figure 2.3.4. Map of features associated with the emplacement of the Esperança salt sheet. The intersection 
of the base of the Esperança salt sheet with 3 underlying Jurassic horizons indicates south and west directed 
emplacement, consistent with supra-salt deformation features indicating extension in the north and 
contraction along the southern and western edge of the allochthonous salt. The L-shaped trace of the feeder 
ramp for the Esperança salt sheet is related to the configuration of basement faults that controlled evaporite 
deposition (in this map only a selection of basement faults is shown; a more complete map can be seen in the 
Fig. 2.3.5). See Fig. 2.3.1 for location.
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sheet was firstly accommodated by ENE-WSW to WSW-ENE basement extensional faults during Triassic 

and Early Jurassic (Figs. 2.3.3 and 2.3.5a). During the Jurassic, the extensionwas also accommodated 

by minor-scale extensional faults, mostly dipping towards the north and northwest (Figs. 2.3.3 and 

2.3.5a), affecting Lower and Middle Jurassic sediments and detaching on the autochthonous Hettangian 

evaporite unit (Fig. 2.3.3). The signal of this complex system of Mesozoic and Cenozoic faults is also 

observable on gravity anomaly maps (Fig. 2.3.5b,d).

Figure 2.3.5. Maps of sub- and supra-Esperança structures and their gravimetric signal. (a) Sub-Esperança 
structures: Mesozoic-age extensional faults affecting the basement (brown) and shallow detachment faults 
causing tilting of Jurassic fault blocks (purple). (b) Overlay of the structures in (a) on a map of the first vertical 
derivative of the second-order residual Bouguer anomaly. (c) Supra-Esperança structures: Extensional faults 
(black) and thrusts (red and orange) related to the emplacement of the Esperança salt sheet in the Mesozoic, 
and Cenozoic-age thrusts detached in the Esperança salt sheet formed during contraction (yellow), including 
the reactivation of Mesozoic and Paleogene thrusts during the Neogene (orange). (d) Overlay of the structures 
in (c) on a map of the first vertical derivative of the second-order residual Bouguer anomaly. See Fig. 2.3.1 for 
location. Data courtesy of Repsol.
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The Esperança Salt structure was interpreted as a Roho system (Matias et al., 2011). New data show 

more detailed features of the nappe that suggest a more complex interpretation of its emplacement., The 

Esperança salt sheet is interpreted to be emplaced over a domain of reduced evaporite thickness and 

possibly more rich in anhydrite, interpreted to be a relative basement high during the Mesozoic. North of 

the Esperança salt sheet, a great sediment influx from the margin allowed for the development of thick 

Jurassic depocenters above the Hettangian evaporites that led to the expulsion of the allochthonous salt 

to the south. The L-shaped trend of the allochthonous feeder is interpreted as a variant of a plug-fed 

extrusion (Hudec and Jackson, 2006) in which the feeder is linear, initially a Lower Jurassic salt wall. 

Salt extrusion started in Early Jurassic or in Middle Jurassic. Once the initial canopy was emplaced, it 

was remobilized by roof sedimentation and extensional faults leading to its frontal advacne (Diegel et 

al., 1995; Peel et al., 1995; Schuster, 1995). Thus, the basal ramp of the allochthonous body gradually 

truncated the underlying stratigraphy during its emplacement, similar to the case documented by Ings 

and Shimeld (2006) (Fig. 2.3.6). 

The velocity of emplacement of this salt body is estimated to be less than 1mm/yr, comparable to 

those for the Sigsbee Salt in the Gulf of Mexico (e.g., Peel et al., 1995). Nevertheless, the irregularity of 

the intersections between some Jurassic unconformities and the Esperança salt sheet is an indicative of 

the variability in the direction and velocity of salt emplacement.

Figure 2.3.6. Conceptual model for the development and evolution of the Esperança salt structure. (a) 
Evaporite depocenters formed during the Hettangian in fault-bounded half-grabens are capped by Sinemurian 
units during a period of tectonic quiescence. (b) Reactivation of basement faults during the latter part of the 
Early Jurassic causes initial development of salt rollers due to extension of the overburden. (c) Continued 
extensional faulting of the basement during the Middle Jurassic caused basement fault blocks to tilt further 
basinward, facilitating the development of listric extensional faults and salt evacuation basinward above 
a relative basement high. (d) Welding in the feeder area coincides with the final stages of extension in the 
Late Jurassic. A Roho system developed above the salt sheet with a linked contractional system at the toe. 
(e) During the Early Cretaceous, basement faulting had ceased and evolution of the Esperança salt sheet 
was controlled by sediment-driven salt evacuation. See Figure 7 for legend. Horizontal scale is approximate, 
vertically exaggerated.
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2.4. CRUSTAL STRUCTURE OF THE SW IBERIAN MARGIN

The interpretation of the crustal structure of the SW Iberian margin has been integrated with the 

previous works in the Gulf of Cadiz during the past decades. The first study that documented the crustal 

thinning in the margin concluded that the crust underwent continuous thinning towards the southwest 

(González et al., 1996). Later, a series of geophysical studies were carried out to better define the deep 

structure of the margin. These studies concluded that the crust thins from 30-32 km in the mainland to 

25 km in the central part of the Algarve Basin and to 15 km in the most western parts (Dañobeitia et al., 

1999; Gràcia et al., 2003; Gutscher et al., 2002, 2009; Zeyen et al., 2005).

Interpretation of seismic reflection profiles can shed some light on the processes and domains that 

configured rifted margins. Nevertheless, the depth and accuracy of reflection profiles are not enough 

to interpret the deepest parts of a passive margin. Gravimetric modelling has been carried out in order 

to constrain the crustal configuration of the SW Iberian margin based on the seismic interpretation. 

Other authors used similar techniques to study other rifted margins (Korenaga et al., 2001; Kvarven 

et al., 2014; Mjelde et al., 1998; Nirrengarten et al., 2014; Wilson et al., 2003). Gravity modelling was 

performed in four 2D transects across the SW Iberian margin (Fig. 2.4.1). 

Figure 2.4.1. Map of free-air gravity anomaly offshore and Bouguer anomaly onshore. Black lines show the 
location of the 2D gravimetric profiles presented in this study. Note the ENE-WSW trending positive gravity 
anomaly located offshore (> 40 mGal), and the negative gravity anomaly (<-60 mGal) to the SE. GB: Guadalquivir 
Bank; PB: Portimão Bank.



56

The paper titled “Crustal structure of the SW Iberian passive margin: The westernmost remnant of 

the Ligurian Tethys?”, included in the appendix 1.4 is an attempt at understanding the crustal structure 

of this margin. Four regional 2D lines striking NNW-SSE (Figs. 2.4.2 and 2.4.3), perpendicular to the main 

extensional trend, were interpreted. Crustal thicknesses from previous works (Palomeras et al., 2009; 

Sallarès et al., 2011; Simancas et al., 2003) were used as initial input.2D seismic quality is good enough 

to interpret almost the shallow stratigraphic units, nevertheless, the interpretation was hindered to the 

south of Guadalquivir-Portimão Bank due to the poor image quality under the AUGC/AWGC.

The structure of the margin as interpreted on the 4 profiles (Figs. 2.4.2 and 2.4.3) is characterized by 

both south and north dipping extensional faults, with growth from Triassic to Middle Jurassic. The main 

trend of these Mesozoic extensional faults is ENE-WSW to E-W, relayed by NNW-SSE to NW-SE trending 

transfer zones. 

Throw of the extensional faults and thickness of Jurassic depocenters increases southwards. The 

geometry of basement faults in the highly extended domain was based on the location and tilt of Jurassic 

depocenters. In the highly extended domain the basement faults tend to be low-angle extensional faults, 

indicating larger magnitude of crustal stretching and thinning. Uplift in the Miocene of the Guadalquivir 

and Portimão banks accentuates the apparent throw of the extensional faults. 

The geometry of the seismic interpretation, information from all available seismic data and previous 

2D geophysical modelling (González et al., 1998; Gutscher et al., 2002; Sallarès et al., 2011), were useful 

to build the four gravity models made in this study (Figs. 2.4.2 and 2.4.3).

Gravity modelling validated the top of basement, with little changes on the Triassic depocenters. At 

the crustal scale, the most evident feature resulting from gravimetric modelling is the change in crustal 

thickness from north to south, and four key domains were defined. The northern domain (proximal 

domain) is characterized by crust of a 26-30 km thick (Figs. 2.4.2 and 2.4.3). The incensement of the 

gravity signal to the south is due to the crustal thinning (Figs. 2.4.2 and 2.4.3). The thinning domain is 

wider to the west (Figs. 2.4.2 and 2.4.3). 

In the eastern part of the margin (over the Guadalquivir Bank), the stretching factor (β) increases 

rapidly, while to the west (over the Portimão Bank) the transition is more gradual spreading across a 

broader area. However, the transition in stretching factors from the inner to outer portions of the margin 

is the same.

In the case of Portimão Bank (Fig. 2.4.2a) the gravity anomaly is broad due to the greater width 

of the necking domain. Crustal thinning further east (Fig. 2.4.3b) is more abrupt on account of the 

initial extensional geometry (one major extensional fault) and coincides with an uplifted basement 

(Guadalquivir Bank: Vegas et al., 2004), which explains the narrower and greater positive anomaly. 
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Figure 2.4.2. Composition of observed and forward modelled gravity, density model and final interpretation for 
profiles along lines 805 (a) and 816 (b). The geometry of the sedimentary layers, from Triassic to Quaternary, 
has been derived from the interpretation of MCS data. Extent of the seismic profiles is represented by a black 
box on the density model. The Moho from the profile of Sallarès et al. (2011) has been projected onto the 
density models over the pertinent segments. Points from the compilation by Diaz et al. (2016) lying on the 
modelled profiles (black) and projected from nearby locations (white) are also shown on the density model. 
On the final interpretation note the combination of Mesozoic extensional and Cenozoic contractional features. 
See text for a discussion of the defined crustal domains. PB: Portimão Bank. See Fig. 2.4.1 for location.
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Figure 2.4.3. Composition of observed and forward modelled gravity, density model and final interpretation for 
profiles along lines 826 (a) and 835 (b). The geometry of the sedimentary layers, from Triassic to Quaternary, 
has been derived from the interpretation of MCS data. Extent of the seismic profiles is represented by a black 
box on the density model. The Moho control points from Diaz et al. (2016) are shown on the density model. On 
the final interpretation note the combination of Mesozoic extensional and Cenozoic contractional features. See 
text for a discussion of the defined crustal domains. GB: Guadalquivir Bank. See Fig. 2.4.1 for location.

It is interpreted that fragments of continental crust are still present for some distance south of 

the Guadalquivir-Portimão Bank (Figs. 2.4.2 and 2.4.3). In between the thicker continental crust and 

true oceanic crust, it is therefore inferred the presence of a domain of highly thinned and fragmented 

continental crust underlain by mantle at very shallow depths (12 km depth, Figs. 2.4.2 and 2.4.3). A 

shallow unit of low density mantle material has been interpreted forming the distal domain and best 

fit the gravity anomaly accordingly to the geological setting. The material forming the basement could 

correspond to serpentinized mantle (Figs. 2.4.2 and 2.4.3). To the south, the extent of the distal domain 

remains uncertain, given that the AWGC/AUGC masks the image in the transition to distal domain.

Gravity modelling shows a Moho rising southeastward (and the crustal thinning at the same direction, 

perpendicular to the margin; Fig. 2.4.4), consistent with the data from Diaz et al. (2016). Towards the 

west, the control points for the Moho, taken from González et al. (1996) and Sallarès et al. (2011), show 

the Moho rising towards the southwest (Fig. 2.4.4). This SW direction of the Moho rising coincides with 

the transition from continental to oceanic crust (González et al., 1996; Sallarès et al., 2011), and with 

the presence of extensional faults dipping to the southwest (Fig. 2.3.1). In this part of the margin, the 

abrupt continent-oceanic crust transition (Fig. 1.1.3; Sallarès et al., 2011) is interpreted to correspond 

to a major transfer zone linking the exhumed mantle of the Gorringe Bank and the proposed exhumed 

mantle of the Portimão Bank (Gorringe-Gulf of Cadiz transfer zone; Fig. 2.4.4). To the east, the lateral 

continuity of the passive margin is also interrupted. The eastwards thinning of Mesozoic ends under the 

foreland Guadalquivir basin (Lanaja, 1987). Moreover, the basement rises up to the east, affected by NW-

SE extensional faults. This is interpreted to respond to the presence of another major feature, the NW-SE 

Gulf of Cadiz-Betics transfer zone (Fig. 2.4.4).
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Figure. 2.4.4. Map of the base of the crust derived from seismic interpretation and gravimetric modelling. 
The OCT (ocean-continent transition) derived from gravimetric modelling is shown by the bold dashed line. 
Points with numbers indicate the depth to the base of the crust from the compilation of Diaz et al. (2016). The 
western limit of the Gulf of Cadiz (GoC) segment of the margin is marked by the Gorringe-GoC transfer zone 
along the transition from ocean to continental domains defined by González et al. (1996) and Sallarès et al. 
(2011). The eastern limit of the margin segment is located along the GoC-Betic transfer zone, across which 
Mesozoic thickness drops (dashed contours indicate Mesozoic thickness in this area).
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2.5. PALEOGEOGRAPHY

This chapter documents the regional geologic and paleogeographic evolution of the SW Iberian 

passive margin, from the Mesozoic extension to the Late Cretaceous-Cenozoic inversion, as a segment of 

a passive margin. 

The paper titled “Paleogeographic evolution of a segmented oblique passive margin: the case of the 

SW Iberian margin” and included in the appendix 1.5 explain in more detail the evolution of this margin. 

Geophysical data, well data and onshore data were integrated to build paleogeographic reconstructions 

for the margin for eight periods: 1) Late Triassic, 2) Hettangian, 3) Early Jurassic, 4) Middle Jurassic, 5) 

Late Jurassic, 6) Early Cretaceous, 7) Late Cretaceous and 8) Paleogene.

The initial stages of extension in the margin are Triassic in age. The extensional faults controlled 

the deposition of alluvial to fluvial facies along the entire basin margin, based on outcrop and well data. 

Towards the south, the Triassic unit thickens in order to define two broad and thick depocenters, both 

up to 1000 m thick (Fig. 2.5.1a). The orientation of these depocenters is almost opposite: NE-SW in the 

central basin vs. WNW-ESE to the west (Fig. 2.5.1a). The sedimentation in these depocenters may have 

been dominated by fine grained deposits.

Hettangian evaporites are involved in diapiric structures at present-day. Where deformation of the 

Hettangian unit is significant, particularly in the distal Algarve Basin, the initial thickness has been 

estimated based on the total cross-sectional area of the Hettangian interpreted at present-day, assuming 

the preservation of area on each section and no loss of evaporite through time.. As Triassic, Hettangian 

evaporites also thicken towards the south, up to 600 m thick (Fig. 2.5.1b), to the north and south of the 

Guadalquivir Bank. The trend of the initial Hettangian evaporite thickness coincides with the distribution 

of the evaporite facies, along with outcrops and wells (Fig. 2.5.1b). This trend describes the model of 

bulls-eye pattern, with the most soluble salts (halite) in the basin centre (Nichols, 2009; Rouchy and 

Caruso, 2006).

The Lower Jurassic succession is affected by the initial rifting phase, which causes an irregular 

thickness distribution (Fig. 2.5.1c), due to the basement extensional fault activity and the salt tectonics 

initiated during this period. Thickness tends to increase towards the south, up to 1000 m thick (Fig. 

2.5.1c). Major thickness is localized in two major depocenters, one E-W oriented to the east, and 

another one NNW-SSE to the west (Fig. 2.5.1c). This unit is composed by carbonates deposited in neritic 

environments in the northern margin. To the south, bathyal conditions are interpreted in the higher 

subsidence areas (Fig. 2.5.1c).

Triassic, Hettangian and Lower Jurassic basins are limited to the west by the Gorringe-Gulf of Cadiz 

transfer zone at present day (Fig. 2.5.1a,b,c). This transfer zone lies parallel to the western depocenter of 

these maps (Fig. 2.5.1a,b,c). To the east, these basins extend to the Betic Basin across the Gulf of Cadiz-

Betics transfer zone. The Lower Jurassic map shows how the São Vicente transfer zone limits the two 

main depocenters (Fig. 2.5.1c).
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Figure 2.5.1. Isopach maps of Triassic to Middle Jurassic units of the SW Iberian margin with interpreted 
paleogeographic water depths. (a) Triassic. (b) Hettangian map, with the distribution of evaporitic facies. (c) 
Early Jurassic. (d) Middle Jurassic. See text for a full description of each map. GB: Guadalquivir Bank. G-GoCTZ: 
Gorringe-Gulf of Cadiz transfer zone; GoC-BTZ: Gulf of Cadiz-Betics transfer zone; PB: Portimão Bank; QTZ: 
Querença transfer zone; SMQF: São Marcos Quarteira Fault; SVTZ: São Vicente transfer zone.

The Middle Jurassic succession, limited to the north by the Algibre-Espiche extensional fault, thickens 

to the south, up to 2000 m thick south of the Guadalquivir and Portimão Banks (Fig. 2.5.1d). The 

orientation of the depocenters (NW-SE) is highly affected by the presence of the WNW-ESE transfer zones 

(Fig. 2.5.1d). The Middle Jurassic carbonates were deposited in shallow environments to the north. The 

depositional conditions deepen to the south, attested by the Algarve-1 well (Fig. 2.5.1d; Roque, 2007).

The Upper Jurassic succession is also controlled to the north by Algibre-Espiche fault, thickening 

towards the south as well (Fig. 2.5.2a). Upper Jurassic presents the largest thickness south of the 

Guadalquivir and Portimão Banks, up to 2500 m thick (Fig. 2.5.2a). These are the first sediments that lie 

on the oceanic crust generated during the Late Jurassic, as was interpreted to occur in the southeastern 

Iberian margin (García-Hernández et al., 1989; Vera et al., 2004), as a post-rift unit. The Upper Jurassic 

succession presents neritic environments in the northern margin, whereas bathyal environments 

dominate the deepest parts of the margin (Fig. 2.5.2a). The Upper Jurassic and the following units extend 

south beyond the reach of earlier units.

The Lower Cretaceous sediments reach thickness values up to 1000 m south of the present-day 

shelf-break, with the presence of bathyal environments. The thickening (up to more than 2000 m) 

and deepening of environmental conditions of this unit continue south of the Guadalquivir Bank (Fig. 

2.5.2b). This is interpreted to act as a post-rift unit, as the Upper Jurassic. The NNW-SSE eroded areas are 

interpreted to be related to the inversion of NW-SE transfer features (Fig. 2.5.2b).

The Upper Cretaceous unit is only found offshore and is restricted in an area of roughly 40x70 km, 

controlled by the contractional structures described above (Fig. 2.5.2c) and by salt tectonism. This unit 

reaches thickness up to 600 m and was deposited in a neritic environment (Fig. 2.5.2c).

Paleogene presents thickness up to 1000 m in the distal parts of the basin, with neritic conditions in 

the shallow part of the basin and bathyal conditions interpreted towards the distal parts (Fig. 2.5.2d). 

The deposition of this unit is controlled by the initial development of the contractional structures 

documented in the Algarve Basin (Fig. 2.5.2d). The Paleogene represents the final stage prior to the 

generalized and more intense inversion of the margin. 
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Figure 2.5.2. Isopach maps of Late Jurassic to Paleogene units of the SW Iberian margin with interpreted 
paleogeographic water depths. (a) Late Jurassic. (b) Early Cretaceous. Note an increase in the number of the 
eroded areas, mostly towards the west. c) Late Cretaceous. (d) Paleogene map. See text for a full description 
of each map.  GB: Guadalquivir Bank; PB: Portimão Bank; QTZ: Querença transfer zone; SMQF: São Marcos 
Quarteira Fault; SVTZ: São Vicente transfer zone. 
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CHAPTER 3. DISCUSSION 

This chapter deals with the global discussion derived from the results of this thesis in order to provide 

a complete overview of the evolution of the SW Iberian margin and its regional implications.

3.1. CRUSTAL STRUCTURE AND REGIONAL FRAMEWORK 

The SW Iberian margin was configured as an ENE-WSW trending Mesozoic passive margin that 

opened southward (Fig. 3.1.1). The margin orientation and opening are consistent with it being part of 

the westernmost part of the Ligurian Tethys (Schettino and Turco, 2011), in contrast with the N-S to NE-

SW trending Atlantic margins. 

The transition from continental to oceanic crust is interpreted to also trend ENE-WSW, consistent 

with the regional trend of the margin. During the Jurassic, the SW Iberian margin was separated from the 

Central Atlantic to the west, and the Betic Basin to the east, by the NW-SE regional transfer fault zones 

(Fig. 3.1.1).

I have interpreted the SW Iberian margin as a hyper-extended margin. This is based on: 1) the rapid 

thinning of the continental crust (in about 150 km wide), before reaching the oceanic crust in the deepest 

part of the Gulf of Cadiz (Fig. 3.1.1); 2) the absence of important volcanism (with the exception of the 

CAMP volcanics) and 3) the possible presence of exhumed mantle based on gravity modelling. The crustal 

domains of the margin were defined based on the crustal thicknesses. The domains were assimilated to 

those defined by Manatschal et al. (2010), in order to define the crustal structure of margin (Fig. 3.1.1). 

These domains are defined in the results section, from north to south: proximal, necking, distal and 

oceanic domain.

The width of the necking domain and Cenozoic uplift of basement are the factors that control the 

width and amplitude of the prominent ENE-WSW trending positive gravity anomaly of the Gulf of Cadiz 

(Fig. 3.1.1).

The ocean-continental transition obtained here is gradual towards the southeast. This transition is 

sharpest towards the southwest due to the presence of a NW-SE transform fault (Fig. 3.1.1), consistent 

with the transfer faults of the same orientation documented onshore. The presence of NW-SE transfer 

faults has also been documented in neighbouring basins, such as the Betics (Vera, 1988) and the Atlas 

(Frizon de Lamotte et al., 2008). 

The mentioned ocean-continent transition south of the Algarve Basin was imaged by the a seismic 

refraction profile of Sallarès et al. (2011) and it seem to extend westwards possibly cutting across the 

Gorringe Bank. This transfer fault zone separates the Upper Jurassic exhumed mantle in the Gorringe 

Bank and the southwestern distal domain of the SW Iberian margin. To the east, the Ocean Continent 

Transition (OCT) is offset by a major transfer fault under the Internal Betics, called Gulf of Cadiz-Betics 

transfer zone (Fig. 3.1.1).
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Figure 3.1.1. (a) Map of the main crustal domains of the Gulf of Cadiz and surrounding areas. Bathymetry is 
shown in the background (contours every 200 m). The location of published profiles is shown. The domains 
defined for the Morocco margin are derived by projecting the domains defined by Contrucci et al. (2004). (b) 
Map of the free-air gravity anomaly map (offshore) and Bouguer gravity anomaly (onshore) of the SW Iberian 
margin with the crustal domain distribution based on integrated regional 2D seismic data and gravimetric 
modelling. Thin dashed black lines: crustal domain boundaries.
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NW-SE trending transfer fault zones in the Algarve Basin (Fig. 3.1.5) exert some control on the 

orientation of the Mesozoic and Cenozoic depocenters previously described. The Querença transfer zone 

controlled the evaporite depocenter from which the Esperança salt sheet was sourced (Fig. 3.1.3). The 

control on the depocenters is observable from Triassic to the Upper Jurassic (Figs. 2.5.1 and 2.5.2). The 

difference on the structural style between the Guadalquivir and Portimão Banks is controlled by the 

inferred São Vicente transfer zone (SVTZ; Fig. 3.1.2). The width of the necking domain also seems to be 

controlled by the inferred SVTZ (Fig. 3.1.2). 

The continental crust of the Iberian margin and the Betics foreland experienced thinning towards 

the southeast, accommodated by ENE-WSW extensional faults and dissected by NW-SE transfer faults 

(Vera, 1988; Fig. 3.1.3). The conditions and the margin configuration during the rifting phase of the 

Betics foreland is similar to the SW Iberian margin: initial rifting phase with the deposition of Triassic 

clastics, Upper Triassic evaporites and Lower Jurassic shallow carbonates, followed by a differentiation 

in shallow (Prebetic Zone) and deep (Subbetic Zone) parts of the margin during the Middle Jurassic 

rift climax (e.g., Vera, 1988). The Upper Jurassic oceanization marks the post-rift deposition of Upper 

Jurassic-Lower Cretaceous sediments, which show deepening of sedimentary environments towards the 

southeast.

The margin orientation, crustal structure, polarity of syn- and post-rift sediments, and the timing of 

the main rifting episodes in the southeastern margin (Betics) are similar to those documented in the SW 

Iberian margin. The Betics are therefore interpreted to be the continuation of the Algarve Basin to the 

east, separated by the Gulf of Cadiz-Betics transfer zone (Fig. 3.1.3). 

 Figure 3.1.2. Map of the SW Iberian margin showing the crustal domains, the main extensional faults and the 
transfer faults. GB: Guadalquivir Bank; PB: Portimão Bank; SMQF: São Marcos Quarteira Fault.
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Figure 3.1.3. Three-dimensional sketch of the South Iberian margin comprising the Algarve Basin to the west 
and the Betic Basin to the east at the beginning of the oceanization at the beginning of the Late Jurassic. Notice 
the swells and troughs formed by extensional faulting and the presence of transfer faults that differentiate 
the PB and the GB (SVTZ), and the Gulf of Cadiz from the Betic Basin (GoC-Betic transfer zone). Sketches from 
the Betic Basin are modified from Vera (1988), while those of the Algarve Basin were constructed from the 
sections presented in this thesis.

According to kinematic reconstructions from oceanic magnetic anomalies for the Ligurian Tethys-

Atlantic triple junction (e.g., Schettino and Turco, 2011), the conjugate margin during the Jurassic of SW 

Iberia is the NW African margin. The Jurassic conjugate margin would present a shallowing, in terms 

of facies and thickness, to the south, asymmetric to the SW Iberian margin. Notwithstanding, the NW 

African margin is expected to present structures (e.g., extensional faults, transfer zones) parallel to the 

ones in the SW Iberian margin.  

The observed structural asymmetry of rifted margins was better explained by the concept of the upper 

plate-lower plate (Lister et al., 1986). Their model proposed that rifting is governed by a major low angle 

detachment fault system which separates an “upper plate margin” in the hanging wall of the detachment 

fault from a “lower plate margin” in the footwall of the same fault. The lower plate is represented by 

ocean-ward tilted crustal blocks and extensional rafts overlying highly structured exhumed rocks, while 

the upper plate is less structured (Peron-Pinvidic et al., 2015). The upper plate margins are narrower than 
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the lower plate margins, showing a sharp crustal taper and no well-developed hyper-extended domain 

(e.g., Faleide et al., 2010). Therefore, it is interpreted that the SW Iberian margin crustal architecture 

(Figs. 2.4.2 and 2.4.3) responds to this geometry and can be defined as an upper crust margin., On the 

other side, the NW African margin conjugate margin is expected to be classified as the lower plate.

The correlation between both margins is not easy to determine at present-day. The transition 

between the Iberian and the Nubian plates (displaced ~500 km from each other compared with the 

Mesozoic scenario; Schettino and Turco, 2011) is disrupted by the diffuse plate boundary, interpreted to 

be located along the South West Iberian Margin (SWIM) lineaments (Zitellini et al., 2009). This feature 

coincides with a roughly E-W lineament in the free-air gravity anomaly map (Fig. 3.1.1).

3.1.1. Timing of oceanization

Several authors proposed the presence of Jurassic oceanic crust in the deepest part of the Gulf of 

Cadiz (Gutscher et al., 2002; Martínez-Loriente et al., 2014; Sallarès et al., 2011). Some works suggest 

the oceanization of the margin to have occurred in the Late Jurassic (Bortolotti and Principi, 2005; 

García-Hernández et al., 1989; Vera et al., 2004). The oceanization is consistent with the presence of an 

oceanic crust located between the Iberian and African conjugate margins, at the westernmost part of 

the Ligurian Tethys. However a more precise timing for oceanization has remained elusive due to the 

absence of magnetic anomalies or well data from the oceanic crust. 

In the Southern Iberian margin, several studies have documented submarine volcanic rocks 

interbedded between Middle-Upper Jurassic pelagic sediments. These materials form part of one of 

the deepest units of the Betic Basin (Vera et al., 1997). The volcanic rocks are very rich in potassium, 

generated in the upper mantle and extruded in the seafloor through a thick continental crust (Vera et 

al., 1997) as pillow lava flows, hydroclastites and pillow-breccias, and sills, dykes and small laccoliths 

(Molina and Vera, 2001). The age of these rocks would be between 170 Ma and 157 Ma (Bajocian-

Oxfordian; Portugal-Ferreira et al., 1995; Vera et al., 1997). 

An important plutonic and volcanic event also occurred in the Central and Eastern High Atlas during 

almost the same period of time (175-155±5 Ma; Amrhar et al., 1997; Frizon de Lamotte et al., 2008), 

represented by gabbro intrusions and basalt lava flows.

The break-up of the continental crust between Iberia and Africa should have been a tectonic event 

with regional impact, affecting nearby margins. The most characteristic Jurassic unconformity in the 

External Zones of the Betic Cordillera is the Middle-Upper Jurassic unconformity, documented at the end 

of the Bajocian (García-Hernández et al., 1989). This unconformity is controlled by a drop of the sea level, 

followed by transgression phases culminating in the “Middle Oxfordian transgression. 

The Lusitanian Basin, a nearby Meso-Cenozoic basin is located in the West Portuguese margin and 

also records the unconformity between the Middle and Late Jurassic, in this case Callovian/Oxfordian 

boundary (Montenat et al., 1988). Lower and Middle Jurassic show evidences for block tilting and salt 

extrusion, along a series of west-northwest Jurassic extensional faults (among other orientations). This 
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fault system is fossilized by the unfaulted Oxfordian. This boundary is also represented by an erosional 

unconformity in the Algarve Basin (e.g., Terrinha et al., 2002).

These observations support the possibility that the oceanization of the SW Iberian margin took place 

at the transition between the Middle Jurassic and the Late Jurassic, also coincident with the opening of 

the western Ligurian Tethys (e.g., Bortolotti and Principi, 2005).
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3.2. MESO-CENOZOIC EVOLUTION OF THE SW IBERIAN MARGIN

Based on the results, the overall tectonic evolution of the SW Iberian margin can be summarized 

in four different stages: 1) Triassic-Early Jurassic early rifting; 2) Middle Jurassic rift climax; 3) Late 

Jurassic-Early Cretaceous post-rift; 4) Late Cretaceous-Cenozoic inversion. These stages are represented 

in the restoration of a NNW-SSE regional 2D section (Fig. 3.2.1), perpendicular to the main extensional 

and contractional structures. 

3.2.1. Mesozoic tectonic and paleogeographic evolution

The most evident structures formed during the Triassic-Early Jurassic early-rift are located in the 

onshore Algarve Basin. They consist on extensional faults oriented E-W to NE-SW (Fig. 3.2.2), affecting 

almost the whole onshore basin, and are interpreted to be active since the Triassic to Early Jurassic (Fig. 

3.2.1a,b). These extensional faults extend offshore (Fig. 3.1.2). The orientation and timing are coherent 

with the Jurassic westernmost Ligurian Tethys rifting phase.

The basement extensional faults controlled the deposition of sediments through the margin from 

Triassic to Early Jurassic (Figs. 2.5.1a-c and Fig. 3.2.1). The depocenters of Triassic, Hettangian and Lower 

Jurassic succession describe a ENE-WSW regional axial system in response to the initial rifting phase of 

the margin. The oblique structures (parallel to Hercynian thrusts) slightly conditioned the orientation of 

depocenters (Fig. 2.5.1a-c).

The southward thickening of the Middle Jurassic sediment is due to the migration of the fault 

activity to the south during the rift climax. This is represented by thick packages and deep sedimentary 

environments in the distal domain, south of the Guadalquivir and Portimão Banks (Fig. 2.5.1d). The 

Gorringe-GoC transfer zone controlled the western part of the margin during this period (Fig. 2.5.1d).y

Figure 3.2.1. Restoration of a WNW-ESE regional cross-section during its evolution from the Triassic to 
present-day (a-g). Thicker lines with arrows represent active faults for each period. GB: Guadalquivir Bank. (a) 
Triassic clastics were deposited during the initial rifting phase in fault-bound grabens and half-grabens. (b) 
The Hettangian evaporites deposited during ongoing rifting, with greater thickness basinward. The remaining 
Lower Jurassic sediments deposited in salt withdrawal minibasins, marking the onset of salt tectonics. (c) 
The Middle Jurassic marks the rift climax, with the Guadalquivir Bank acting as an intra-basinal high and 
the development of a highly-extended domain in the distal part of the margin (right end of the section). 
Initial oceanic crust may have formed at the latest Middle or the early Late Jurassic. (d) and (e) represent the 
stages of post-rift (Late Jurassic and Early Cretaceous), with major thickening only in the distal part of the 
margin. Diapirism continued to be active. (f) During the Paleogene, initial inversion occurred mainly along 
the northern margin of the basin and in the Guadalquivir Bank. (g) During the Neogene-Quaternary, inversion 
extended through the entire margin. The AUGC/AWGC was emplaced over the distal domain in Miocene times. 
During the Cenozoic, salt structures were reactivated in compression.
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Another set of faults N-S oriented were formed in the westernmost part of the onshore Algarve Basin 

during Jurassic rifting (Fig. 3.2.2). These faults are dated to be active from the Early to Late Jurassic, and 

respond to the Atlantic rifting, consistent with the faults observed along the western Portuguese margin 

(Alves et al., 2002; Montenat et al., 1988; Soto et al., 2012).

3.2.2. Salt tectonics implications

The Algarve Basin can be subdivided into three main domains based on the deformation style of 

salt-related structures (Fig. 3.2.3). The northern and eastern onshore parts of the margin represent the 

domain with no salt tectonics, given by the reduced thickness of Hettangian evaporites (<100 m). To 

the south and west, the autochthonous evaporite layer thickens and led to the formation of a domain of 

diapirs, including  the Esperança salt sheet. The central and southwest portion of the Algarve Basin is 

represented by a domain of pervasive salt tectonism, with well-developed salt structures. 

The evaporite unit thickens towards the south and west (Fig. 3.2.3a), coinciding with a domain of 

isolated diapirs, salt rollers and salt pillows development (Fig. 2.3.1). Further south, the OCT marks the 

southern limit of the evaporite basin (Fig. 3.2.3b).

The general trend is a northern and eastern basin dominated by claystone and dolomite, while to 

the south the basin is dominated by anhydrite and halite (Fig. 3.2.3a). The distribution is disrupted by 

the presence of the Guadalquivir Bank (Fig. 3.2.3a), as assumed to present anhydritic facies (e.g., well 

CG 6Y-1BIS). Assuming that mineralogy of evaporites play a major role in the mobility of evaporites and 

hence in the style of deformation (e.g., Stewart, 2007), the evaporite facies distribution beyond the wells 

and outcrops (Fig. 3.2.3) was inferred based on the distribution of salt-related structures. 

The original evaporite basin is interpreted to show a bulls-eye pattern with the most soluble evaporites 

Figure 3.2.2. Mesozoic extensional fault system of the Algarve Basin and the salt distribution. West of the 
Portimão fault, along the Espiche fault the outcrop is “shaly diapir”; At Albufeira the outcropping diapir rock 
is gypsum; east of the SMQF the diapirs are halite. It seems there is a gradient towards the east from shale 
through gypsum/anhydrite to halite; this is also compatible with deepening eastwards.
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(halite) in the basin centre (Fig. 3.2.3b). The initial thickness of Hettangian evaporites increases towards 

the south and west. The transition from 400 to 600 m marks the limit between the anhydrite and halite, 

and the domain of isolated diapirs and pervasive salt diapirism (Fig. 3.2.3b). Thickness decreases and 

facies of the evaporites shallow towards the Guadalquivir Bank (Fig. 3.2.3), given that the bank acted as 

an intra-basinal high. Salt structures and evaporitic facies distribution follow the same trend as the ENE-

WSW basement extensional faults (Fig. 3.2.3).
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Figure 3.2.3. (a) Map of Hettangian evaporite facies (in colour) and thickness (isopach contours) across the 
Algarve Basin. The map is based on well and outcrop data, interpreted seismic sections, and the salt tectonic 
style. Overlain is the map of salt-related structures and the boundaries between domains defined based 
on style of salt tectonism. GB: Guadalquivir Bank; PB: Portimão Bank; SMQF: São Marcos Quarteira Fault. 
(b) Basement extensional faults, necking domain and Ocean-Continent Transition (OCT) overlain on the 
Hettangian evaporite facies distribution. Note the coincidence between basement trends and evaporite facies 
limits and domains of salt tectonism.
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3.3. LATE CRETACEOUS-CENOZOIC CONTRACTION

The offshore SW Iberian margin shows a widespread tectonic inversion. The timing for the 

contractional deformation in the SW Iberia has been determined by tectonosedimentary relationships 

between the Mesozoic and Cenozoic sediments, the BFU geometry and the basement structure. 

The Esperança salt sheet records the four main Cenozoic contractional deformation phases Onlap of 

Paleogene onto the two most evolved salt walls in the Esperança salt sheet, indicates that deformation 

started in Late Cretaceous or Paleogene. Thinning or absence of Paleogene over the salt sheet also 

indicates uplift in Late Paleogene or Early Miocene previous to the BFU. The third stage of deformation 

is related to the emplacement of the AWGC and AUGC in the area from Middle to Late Miocene times. The 

last one is dated in Late Pliocene to Present supported by onlap relationships and neotectonic activity. 

These stages of deformation are coherent with those defined by other authors in the area (Roque, 2007; 

Terrinha, 1998).

In the Algarve Basin, the restricted presence of the Upper Cretaceous succession (Fig. 2.5.2c) indicates 

the early inversion of the margin. The Paleogene is better preserved (Fig. 2.5.2d), indicating a possible 

relative quiescence period.

Late Cretaceous and Cenozoic inversion in the onshore Algarve Basin led to the partial reactivation of 

extensional faults, the formation of shortcut structures in the northern part of the basin and basement 

monoclines with ENE-WSW trend and dipping to the south (Fig. 3.3.1). Onshore, the northern monocline 

is responsible for the south-dipping of the basin-boundary (Fig. 3.3.1). Contractional structures are 

interpreted to be formed by reactivating pre-existing discontinuities in the Carboniferous basement, 

with similar orientation and dip (Vegas, 1980), as has been documented within the South-Portuguese 

Zone and the Algarve Basin (Soriano, 1996; Terrinha, 1998).

Figure 3.3.1. Late Cretaceous-Cenozoic contractional structures of the Algarve Basin.
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One of the most peculiar aspects of the inversion experienced in the Algarve Basin is the opposing dip of 

Upper Cretaceous-Cenozoic thrusts and Mesozoic extensional faults (Fig. 3.3.2), as has been documented 

in the onshore Algarve Basin. This is interpreted by firstly, the formation of south-dipping extensional 

faults accommodating increasing extension in the margin during the Mesozoic. The Late Cretaceous-

Cenozoic compression led to the reactivation of north-dipping low-angle thrusts and foliation within 

the Carboniferous and deeper units (e.g., Díaz Azpiazu et al., 2004; Soriano, 1996; Fig. 3.3.2). This led to 

the anomalous inversion style of the SW Iberian margin, in which basement trusts cross-cut previous 

extensional faults (Fig. 3.3.2).

Basement thrusts cross-cutting extensional faults have also been documented in the Moroccan Atlas 

(Domènech, 2015; Teixell et al., 2003), with geometries very similar to those observed in the Algarve 

Basin, in the Cordillera Oriental of the Argentine Andes (Carrera and Muñoz, 2013), and in the northern 

Iberian margin (Tugend et al., 2014). The tectonic uplift of basement structures (likely monoclines) is 

also described in several mountain ranges within the Iberian plate (Casas-Sainz and Gil-Imaz, 1998; De 

Vicente et al., 2007; Fernández-Lozano, 2012; Stapel, 1999). In the eastern Guadalquivir Basin, there are 

NE-SW trending monoclines deforming the overlying Jurassic (Pedrera et al., 2013) in a manner very 

similar to the monoclines described in the Algarve Basin.

Figure 3.3.2. Synthetic crustal cross-section of the SW Iberian Margin at key time steps. (a) At the end of 
Hercynian thrusting (Carboniferous). (b) At the end of Jurassic extension. (c) During Cenozoic thrusting. Black 
lines show faults active at each time step. Dashed black lines show inactive faults. Modified after Vegas et al. 
(2004).
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The main inversion structure of the SW Iberian margin is the T3, coinciding with the location and 

trend of the necking zone (Fig. 3.3.3). This basement thrust is responsible for the reactivation of the 

Guadalquivir and Portimão Banks. In inverted passive margins, the inversion normally initiates in the 

most distal domain (Mohn et al., 2012; Peron-Pinvidic et al., 2008; Tugend et al., 2014). In the SW Iberian 

margin, basement heterogeneities could have played a key role for the inversion. I have interpreted that 

the T3 takes advantage of the tilting of the lower crust and Moho induced during extensional necking 

(Figs. 2.4.2 and 2.4.3). 

To the west, the Algarve Basin relays with contractional structures NE-SW oriented and mainly NW 

directed (e.g., Marquês de Pombal Thrust, Gorringe Thrust, Horseshoe Thrust; Fig. 1.1.1). The amount 

of shortening and the age of deformation in the Algarve Basin is consistent with the deformation of the 

Gorringe Bank. This structure is considered the main contractional structure west of the Algarve Basin 

(Galindo-Zaldívar, 2003; Jiménez-Munt et al., 2010).

East of the Algarve Basin, the structures responsible for the uplift of the Sierra Morena (Stapel, 1999) 

are likely the continuation of contractional basement structures described in the Algarve Basin, which 

are still active nowadays (Herraiz et al., 1996; Stich et al., 2006; Vázquez-Vílchez et al., 2015). This is 

consistent with the interpretation for the Sierra Morena as an upper crust antiform associated with the 

presence of a south-directed crustal-scale blind thrust (De Vicente et al., 2007). This thrust is interpreted 

to be the eastern continuation of the T1 and T2 described in the Algarve Basin.

Figure. 3.3.3. Map of crustal thickness of SW Iberia with crustal domains (proximal, necking, and distal) 
defined through gravimetric modelling and from crustal thickness. Thrusts relevant to the discussion and 
relevant extensional faults are superimposed.
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In the offshore Algarve Basin, post-Paleogene deposits were controlled by the basement monoclines 

related with crustal-scale thrusts (T1, T2 and T3; Fig. 3.3.4). Above the BFU, high reflective wedge-shaped 

set of reflectors could correspond to contourite deposits. The contourites are related with the circulation 

of Mediterranean Outflow Water (MOW) from the Gibraltar strait to the Gulf of Cadiz since Pliocene 

times (Llave et al., 2011). These sediments were channelled between the AUGC, the Guadalquivir Bank 

and the growing antiform. Contourite deposits are dominated by sheeted drifts and mostly constant 

thickness other than around tectonically active structures (Hernández-Molina et al., 2016). The system 

of basement-involved thrusts (T0 through T3 and oblique branches) identified in this study are observed 

to locally control the present-day bathymetry and contourite currents of the MOW (Figure 3.3.4).

Figure 3.3.4. Seabed bathymetry and location of basement thrusts. Black dashed arrows indicate MOW 
currents taken from Hernández-Molina et al. (2016). Note the control exerted locally by thrusts T2, T3 and 
their lateral ramps on the trajectories of the MOW currents.

In a plate scale, south of the Sierra Morena, the subducting lithospheric slab underneath the Betics 

(Vergés and Fernàndez, 2012) is interpreted to be segmented into three parts further to the east, under 

the Algerian Sea (Fichtner and Villaseñor, 2015; Fig. 3.3.5). The tearing of the slab coincides with the 

location of the Gulf of Cadiz-Betic transfer zone, interpreted to be the locus of initiation for the tearing 

event. The segments of the slab identified to the east can be delimited by faults with the same trend as 

the NW-SE transfer faults previously documented (Fig. 3.3.5). It is here suggested that the transfer fault 

zones offset realms of oceanic lithosphere or of OCT that later were subducted.
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Fig. 3.3.5. Illustration of the possible impact of NW-SE transfer zones in the present-day subduction geometry 
under the Alboran Sea. A horizontal slice at 300 km depth coloured for the absolute variations of isotropic 
S velocity (modified from Fichtner and Villaseñor, 2015) reveals a possible segmentation in the subducting 
oceanic slab. Features drawn in the enlarged panel are described as follows: dotted black line: possible 
segments of the Tethyan oceanic slab; white lines: possible transfer faults. 
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CHAPTER 4. CONCLUSIONS

The SW Iberian margin is a segmented Jurassic passive margin inverted from the Late Cretaceous 

to the present-day. The Algarve Basin is the continuation of the Betic Basin and both correspond to the 

westernmost remnant of the Ligurian Tethys.

The SW Iberian margin underwent four main tectonic phases: 1) Triassic-Early Jurassic initial rifting, 

2) Middle Jurassic rifting climax, 3) Late Jurassic-Early Cretaceous post-rift and 4) Late Cretaceous-

Present-day inversion.

Extensional faulting ENE-WSW trending was initially set in the whole margin, rooting into the 

basement and controlling the deposition of the syn-rift sequences (Triassic and Lower Jurassic). Salt 

tectonics was triggered during the first Early Jurassic extensional pulses.

The second phase of rifting caused the southward crustal thinning through major extensional 

faults increasing their throw towards the south. Salt tectonics activity increased during this phase and 

controlled the depocenters in the proximal domain. The oceanization of the margin took place most likely 

in the Middle to Late Jurassic transition. The oceanic crust was covered by deep and thick sediments 

during the Late Jurassic and Early Cretaceous. During this period the extensional faulting ceased but the 

salt tectonics was still active. 

As a result, the SW Iberian margin was configured during the Mesozoic as a hyper-extended margin 

facing towards the SE and culminating in an oceanic crust, configured from north to south by a proximal, 

necking, distal and oceanic domain. The crustal thinning towards the southeast was responsible for the 

increase of the depositional space towards the same direction, and thus, the deepening of the depositional 

environments and thicker sequences. However, this trend was disturbed by the Guadalquivir Bank, an 

intra-basinal high during the Mesozoic. The regional E-W trend on the depositional environments is also 

affected by a NW-SE orientation, corresponding to intra-marginal transfer zones.

To the east and to the west, the margin was limited by two NW-SE transfer zones connecting with the 

Ligurian Tethys to the east and the Central Atlantic to the west. 

Four main basement contractional structures are E-W to NE-SW oriented and are responsible for the 

inversion of the margin, which are parallel to the Mesozoic extensional fault system but with an opposite 

vergence. These contractional structures, which were originated from the reactivation of foliation and 

thrust faults within the Hercynian basement, controlled the deposition of the Upper Cretaceous and 

Cenozoic sediments, along with the MOW currents (contourite deposits), were responsible for the 

seismicity in the Gulf of Cadiz, and reactivated the salt tectonics and the Guadalquivir and Portimão 

Banks. 

The inversion is controlled by the passive margin structure, attested by the main shortening in the 

necking domain. The contractional structures documented in the SW Iberian margin link the shortening 

in Gorringe Bank in the west to the Betics in the east, thus outlining the inversion tectonics structure of 

the SW Iberian margin.
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Introduction

The Algarve Basin in the Gulf of Cadiz is a Meso-Cenozoic 
sedimentary basin located on the southwestern margin of the 
Iberian Peninsula, north of the Africa–Iberia plate bound-
ary (Fig. 1). Rifting occurred during the breakup of Pangea, 
associated with the opening of the North-Central Atlantic 
and Tethys oceans. The Mesozoic sedimentary record of the 
basin spans from the Late Triassic to the Early Cretaceous, 
with the main depocenter located in the central part of the 
offshore Algarve Basin. The basin extends to the offshore as 
far as 100 km south, as recognized on several seismic sur-
veys. The southern margin of the basin is defined by the Gulf 
of Cadiz Basement High (GoCBH), a ENE–WSW trend-
ing structure with bathymetric relief (Fig. 1). Oceanic lith-
osphere extends beyond the GoCBH (Sallarès et al. 2011), 
interpreted to be the westernmost part of the Tethys Ocean 
(Martínez-Loriente et al. 2013), which has partially been 
subducted under the Gibraltar Arc (Gutscher et al. 2002).

Two main tectonic phases have been documented for the 
Gulf of Cadiz and the Algarve basins: a Mesozoic phase 
dominated by extensional tectonics, and a compressional 
phase from Late Cretaceous to Quaternary (mainly during 
Cenozoic), related to the collision between Iberia and Africa 
(Tortella et al. 1997; Terrinha 1998; Maldonado et al. 1999; 
Gutscher et al. 2002; Gràcia et al. 2003; Terrinha et al. 2009). 
Terrinha (1998) developed a detailed tectonic model for the 
Mesozoic basin onshore, along with a kinematic model for 
the offshore Cenozoic basin, linked to the geodynamic evo-
lution of the Gulf of Cadiz and the Betic Cordillera. How-
ever, the relationship between the onshore Mesozoic basin 

Abstract The Algarve Basin is a Meso-Cenozoic sedi-
mentary basin overlying Carboniferous basement, located 
in the southwestern margin of the Iberian Peninsula. Its 
structure reveals a protracted tectonic history comprising 
various pulses of Mesozoic extension followed by Ceno-
zoic compression. This work deals with the structure along 
the northern margin, where the Mesozoic extensional struc-
tures and Cenozoic inversion structures crop out. The strike 
of the extensional structures ranges from E–W to N–S, as 
controlled by a shift from Tethyan-dominated extension in 
the east to Atlantic-dominated extension in the west. Con-
tractional structures are inverted extensional structures, 
following their same trends. It is argued that the thick-
ness of the Hettangian evaporite layer exerts a strong con-
trol on the structural style throughout the basin during the 
extensional and inversion episodes. The basin is affected 
by thick-skinned deformation along the northern margin, 
where salt is thin or absent, basement involved fault sys-
tems and short-cut structures. Basinward, as the Hettangian 
salt thickens, the margin is affected by thin-skinned defor-
mation, with listric and down-to-the-basin growth faults, 
diapirism and salt-cored detachment folds. The aim was to 
discuss the key tectonic features, the relevance of salt, and 
understand the nature, timing, and significance of all these 
structures in the regional tectonic evolution.
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Introduction

The Algarve Basin in the Gulf of Cadiz is a Meso-Cenozoic 
sedimentary basin located on the southwestern margin of the 
Iberian Peninsula, north of the Africa–Iberia plate bound-
ary (Fig. 1). Rifting occurred during the breakup of Pangea, 
associated with the opening of the North-Central Atlantic 
and Tethys oceans. The Mesozoic sedimentary record of the 
basin spans from the Late Triassic to the Early Cretaceous, 
with the main depocenter located in the central part of the 
offshore Algarve Basin. The basin extends to the offshore as 
far as 100 km south, as recognized on several seismic sur-
veys. The southern margin of the basin is defined by the Gulf 
of Cadiz Basement High (GoCBH), a ENE–WSW trend-
ing structure with bathymetric relief (Fig. 1). Oceanic lith-
osphere extends beyond the GoCBH (Sallarès et al. 2011), 
interpreted to be the westernmost part of the Tethys Ocean 
(Martínez-Loriente et al. 2013), which has partially been 
subducted under the Gibraltar Arc (Gutscher et al. 2002).
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Gulf of Cadiz and the Algarve basins: a Mesozoic phase 
dominated by extensional tectonics, and a compressional 
phase from Late Cretaceous to Quaternary (mainly during 
Cenozoic), related to the collision between Iberia and Africa 
(Tortella et al. 1997; Terrinha 1998; Maldonado et al. 1999; 
Gutscher et al. 2002; Gràcia et al. 2003; Terrinha et al. 2009). 
Terrinha (1998) developed a detailed tectonic model for the 
Mesozoic basin onshore, along with a kinematic model for 
the offshore Cenozoic basin, linked to the geodynamic evo-
lution of the Gulf of Cadiz and the Betic Cordillera. How-
ever, the relationship between the onshore Mesozoic basin 
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and its deeper counterparts, in the Gulf of Cadiz and west 
toward the Atlantic Ocean, has not been fully resolved.

This paper presents a revision of the interpretation of the 
tectonic architecture of the onshore, northern margin of the 
Algarve Basin, and its significance in defining the transition 
between the Tethys and the Atlantic extensional domain. 
An improved understanding of the Mesozoic extensional 
systems also sheds light on the relationship between Meso-
zoic extension and Cenozoic contraction, and the role of 
the salt in the structural evolution of the Algarve Basin.

Geological setting

Stratigraphy

The stratigraphy of the Algarve Basin presented here (Fig. 2) 
is defined onshore and offshore by Manuppella (1988), 

Terrinha (1998), and Matias (2007). Mesozoic sedimentation 
starts with red continental alluvial clastics in the Late Trias-
sic (Rhaetian; Fig. 3d). Triassic rocks unconformably rest on 
low-grade metamorphosed Carboniferous flysch sediments 
and Permian rocks that were involved in Variscan deforma-
tion (Fig. 4). The overlying Hettangian pelite–evaporitic unit 
is made up of alluvial to shallow lacustrine red shales (Fig. 2), 
a thin layer of shallow water dolomites, and an evaporitic 
sequence constituted by halite, anhydrite, and gypsum. At the 
Hettangian–Sinemurian transition, these units are capped by 
a volcano-sedimentary complex consisting of basaltic lavas 
and pyroclastic rocks intercalated with clays and dolomites 
(Fig. 2). This volcanic event is associated with the Central 
Atlantic Magmatic Province (CAMP; Martins et al. 2008; 
Verati et al. 2007) and the ending of the first extensional epi-
sode in the Algarve Basin (Terrinha et al. 2002).

Limestones and dolomitic limestones of the Early Juras-
sic give way gradually to more marly units during the 

Fig. 1  a Main elements of plate 
boundaries and relative plate 
kinematics. AGFZ Azores–
Gibraltar fracture zone. b 
Geologic map of the Betic–Rif 
system showing the principal 
tectonic units and associated 
Neogene basins (modified from 
Iribarren et al. 2007). GoCBH 
Gulf of Cadiz Basement High
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Middle Jurassic, and the Late Jurassic consists of lime-
stones (Fig. 2).

The Lower Cretaceous was deposited during the lat-
est phase of extension, after a brief hiatus, and is repre-
sented by a mixed carbonate and siliciclastic succession 
(Rey 1983, 2006, 2009; Fig. 2). The Upper Cretaceous and 
Paleogene are absent due to uplift during the main phase 
of basin inversion. Upper Cretaceous rocks are only repre-
sented locally by volcanic products such as dikes and sills 
(Martins 1999; Martins and Munhá 1993) associated with 
the emplacement of the Monchique alkaline laccolith com-
plex (Miranda et al. 2009). The emplacement age is well 
constrained to 72 ± 2 Ma by several whole-rock K–Ar and 
Rb–Sr data (e.g., McIntyre and Berger 1982; Bernard-Grif-
fiths et al. 1997). Sedimentary rocks of Late Cretaceous and 
Paleogene age have only been described in offshore wells. 
The Mesozoic rocks of the Algarve Basin are bounded by 
a regional erosional unconformity, overlain by Neogene 

strata (Fig. 3f). Locally, the entire Mesozoic sequence is 
eroded, setting the Miocene directly on top of the Paleo-
zoic basement. The Miocene is represented by limestones 
that grade upwards into siltstones and fine sandstones (Pais 
et al. 2000). These units were karstified and covered by 
Pliocene to Pleistocene fluvial/marine detrital sediments. 
The youngest sediments Algarve Basin are lithified Holo-
cene beach sand and dunes, influenced by frequent climatic 
oscillations and sea level fluctuations (Moura et al. 2007).

Structure and evolution

The extensional evolution of the Algarve Basin starts with 
rifting in the Mid–Late Triassic along the sinistral tran-
stensional boundary between Iberia and Africa. The rela-
tive motion of both plates was controlled by the differen-
tial movement of Africa with respect to Eurasia and North 
America, associated with the breakup of Pangea and the 

Fig. 2  Simplified stratigraphy of the Algarve Basin with main stratigraphic units and main tectonic events. Bold type represents the major tec-
tonic events (adapted from Terrinha 1998; Matias et al. 2011; Fernandes et al. 2013)
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development of the westernmost Neo-Tethys (Srivastava 
et al. 1990; Dewey et al. 1989). As a result, a new ENE–
WSW trend extensional fault system dominated the basin. 
Extension lasted into the Early Cretaceous. During this 
time the structural style of the basin was dominated by 
extensional faulting and diapirism (Terrinha 1998; Mal-
donado et al. 1999; Matias et al. 2005).

Four main unconformities or hiatuses can be identi-
fied in the Jurassic to Early Cretaceous succession, defin-
ing five sedimentary mega-cycles (Fig. 2, Manuppella 

1988; Terrinha et al. 2002). These unconformities have 
been interpreted as episodes of inversion or non-depo-
sition between extensional episodes, based on inversion 
structures identified onshore and offshore (Terrinha 1998; 
Lopes 2002) and later defined by Terrinha et al. (2002). 
The first extensional phase starts in the Triassic and ends 
in the Sinemurian and is followed by a short period of 
marine transgression and tectonic quiescence. Subse-
quent extension is punctuated by three episodes of inver-
sion that occurred in the Toarcian–Aalenian, the Callo-
vian–Oxfordian, and the Tithonian–Berriasian transition. 
These episodes of tectonic inversion resulted in the partial 
reactivation of syn-sedimentary extensional faults and the 
development of small amplitude folds and unconformities. 
Terrinha et al. (2002) proposed three kinematic models for 
the inversion episodes: reversal of the shear movement of 
the Iberia–Africa plate boundary, ridge push, and com-
pression induced by thermal collapse. The last extensional 
phase took place in the Early Cretaceous and lasted until 
the Cenomanian. Within this phase there is the presence 
of a major unconformity, related to a marine regression 
(Correia 1989), during the Valanginian–Hauteirian in the 
central-eastern sub-basin, or during the Valanginian–Ber-
riasian in the western sub-basin.

The extensional fault system is compartmentalized by 
N–S to NW–SE trending faults (Aljezur, Portimão and São 
Marcos-Quarteira faults, Fig. 5b). These faults controlled 
changes in the deposition of the Mesozoic units, which 
thicken eastwards across these faults (Terrinha 1998). 

Fig. 4  Praia do Telheiro landscape. Triassic unconformably on top of Carboniferous vertical layers. Notice the south-dipping of the basin mar-
gin. White line bedding plane, dotted white line unconformity. Latitude and longitude: 37.051607N, −8.980471W

Fig. 3  Outcrops of the Algarve Basin. a Upper Jurassic rollover, 
located in the hanging-wall of the Algibre Thrust. Normal polarity 
toward the north. It corresponds to the minor rollover of Fig. 12b. 
An equivalent image of the outcrop can be explored here: https://
goo.gl/maps/iBnr9Z6NdZJ2; latitude and longitude: 37.169755N, 
−8.2552556W. b N–S extensional fault affecting the Upper Juras-
sic in the western sub-basin. Latitude and longitude: 37.063481N, 
−8.792303W. c Bajocian SW-dipping extensional faults fossilized by 
Bathonian sediments. 37.003903, −8.942807. d South-directed thrust 
affecting the Triassic unit in the margin of the basin. It is analogous 
to the thrusts in Fig. 10c. An equivalent image of the outcrop can be 
explored here: https://goo.gl/maps/rM6USoYiSLM2; latitude and 
longitude: 37.2631981N, −8.2932982W. e Highly steeped flank of 
Lower Cretaceous below the Algibre Thrust. See Fig. 12b. Latitude 
and longitude: 37.164728N, −8247658W. f Erosional unconform-
ity between the Lower Cretaceous and the Miocene, south of the 
Albufeira diapir. See Fig. 12b. Latitude and longitude: 37.080496N, 
−8.261459W. g Praia do Cilheta outcrop: Oxfordian faulting and an 
inverted Middle/Upper Jurassic rollover during the Cenozoic. Red 
line faults, dashed red line interpreted fault, white line bedding plane, 
dotted white line unconformity. Latitude and longitude: 37.008546N, 
−8.948964W

◂
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Manuppella (1988) and Manuppella et al. (1988) used the 
Portimão and São Marco Quarteira faults to define three 
sub-basins: the western, the Budens-Lagoa/Algoz (central) 

and the eastern sub-basins. Nevertheless, in this article, we 
propose a simpler subdivision into only two sub-basins 
based on the dominant structural features. We will refer to 

Fig. 5  a Study area location and geological map of the Algarve 
Basin (modified from Manuppella 1992; Terrinha 1998 and Davi-
son et al. 2015). Qt Quaternary, Plio Piocene, Mc Miocene, U. Cr 
Upper Cretaceous, Ap–Al Aptian–Albian, Neoc Neocomian, K/Tit 
Kimmeridgian/Tithonian, Kim Kimmeridgian, Ox/Kim Oxfordian/
Kimmeridgian, Cal Callovian, Baj/Bat Bajonian/Batonian, Aal/Baj 

Aalenian/Bajocian, Pl/Toa Pliensbaquian/Toarcian, Sin Sinemurian, 
Hett/Sin Hettangian/Sinemurian, Hett Hettangian, U. Tr Upper Tri-
assic, Crb Carboniferous. b Simplified map showing major tectonic 
features, which have had different behavior since the Late Triassic. c 
Location of the study area

Fig. 6  Mesozoic extensional fault system of the Algarve Basin and 
the salt distribution. West of the Portimão fault, along the Espiche 
fault the outcrop is “slay diapir”; At Albufeira the outcropping dia-

pir rock is gypsum; east of the SMQF the diapirs are halite. It seems 
there is a gradient toward the east from shale thru gypsum/anhydrite 
to halite; This is also compatible with deepening eastwards
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the western and the central-eastern sub-basins, separated by 
the Portimão Fault (Fig. 5b). The central-eastern sub-basin 
is dominated by E–W to ENE–WSW trending extensional 
faults (Fig. 6), a trend inherited from the Variscan structural 
grain of the South Portuguese Zone (Terrinha 1998). In the 
western sub-basin, extensional fault orientation is N–S to 
NE–SW, parallel to the Atlantic margin of Iberia, cross-cut-
ting some E–W structures that extend from the central-east-
ern sub-basin. The central-eastern basin and the offshore 
Algarve Basin are also characterized by Mesozoic salt 
tectonism of varying intensity (Terrinha 1998; Maldonado 
et al. 1999; Matias et al. 2005; Figs. 3, 4).

From Late Cretaceous to Quaternary, the basin under-
went tectonic inversion due to the convergence between 
Africa and Iberia. East of the Algarve Basin, convergence 
led to the formation of the arcuate Betic–Rif mountain 
belt and the formation of an eastward subduction under 
the Gibraltar Arc (e.g., Royden 1993; Lonergan and White 
1997; Gutscher et al. 2002; Duarte et al. 2011). Basin 
inversion is characterized by the deformation of ENE–
WSW to E–W trending Mesozoic extensional faults (Ter-
rinha 1998; Lopes et al. 2006) and the truncation of these 
faults by thrusts (Figs. 10b, 11a). Shortening was mainly 
accommodated by E–W-oriented folds formed by but-
tressing against extensional faults (Fig. 12b) and south-
directed short-cutting of partially reactivated extensional 
faults. Basin inversion has resulted as well in the reactiva-
tion of previously developed salt structures. Diapirs were 
squeezed against extensional faults to form thrusts (Loulé 
and Albufeira diapirs, Fig. 12a; Davison et al. 2015). Inver-
sion is also expressed along the basin margin by the general 
southward dip of the onshore Mesozoic basin. The uplift 
of the Iberian Peninsula, including the SW Iberian margin, 
is related to the Cenozoic convergence between Africa and 
Iberia, which favored the formation of intra-plate mountain 
ranges (Fernández-Lozano 2012). The recent uplift and 

south tilting of the margin basin are registered in the coast 
by an erosional unconformity between Lower Cretaceous 
and the overlying south-dipping Miocene (Fig. 3f; Terrinha 
1998).

Multi-phase deformation of the Algarve Basin: 
from extension to inversion

The multi-stage tectonic history of the Algarve Basin pre-
sented above has resulted in a complex superposition of 
extensional and contractional structures (Fig. 6). Firstly, 
the structural fabric is heterogeneous as it varies with the 
different extensional phases. This is further complicated by 
the fact that the Algarve Basin formed as an E–W trending 
rift basin in the vicinity of the N–S trending north-central 
Atlantic Ocean rift margin. Tectonic inversion due to the 
N–S convergence between Iberia and Africa later strongly 
overprinted many of the extensional structures of the basin 
(Fig. 7). In this section we aim to discuss the different gen-
erations of extensional structures that have been observed 
in the basin and their role in the extensional history of the 
basin. In order to do this, we will simplify the history of 
rifting into two main stages, an early rift stage (Late Trias-
sic to Early Jurassic) and the main rift stage (Early Jurassic 
to Early Cretaceous), and describe the associated structures 
prior to inversion (Fig. 6).

Late Triassic to Early Jurassic extension

The present-day northern limit of the Algarve Basin is 
marked by the outcrop of Carboniferous basement uncon-
formably underlying a generally southward dipping Triassic 
to Lower Jurassic sequence. This basement–basin uncon-
formity is roughly E–W trending (Fig. 5). Along this mar-
gin, extensional faults are preserved (Fig. 6). These faults 

Fig. 7  Late Cretaceous–Cenozoic contractional structures of the Algarve Basin
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are north-dipping, strike E–W to WNW–ESE, and involve 
basement. They have displacements of tens of meters, jux-
taposing Upper Triassic and Lower Jurassic sediments with 
Carboniferous basement (Figs. 6, 7). This extensional sys-
tem was active from the Late Triassic to Early Jurassic. The 
age of the end of deformation can be inferred from the out-
crops in Telheiro beach, in the western sub-basin (Fig. 8). 
Here, a north-dipping fault and its associated half-graben 
filled with Upper Triassic—Hettangian rocks are covered by 
Sinemurian sediments. A similar relationship is also seen at 
an outcrop of Pliensbachian age located at Praia do Belixe 
(Fig. 9), where syn-sedimentary extensional faults are filled 

with hydrothermal quartz (Ribeiro and Terrinha 2007). 
These syn-sedimentary faults are eroded by intra-Pliens-
bachian and Early Toarcian unconformities (Fig. 9), attest-
ing for syn-rifitng vertical movements of the basin.

These early rifting extensional faults extend a few 
kilometers north of the present-day limit of Juras-
sic outcrop, as observed in isolated outcrops of Upper 
Triassic within the Carboniferous basement (Manup-
pella 1992, one such example seen in Fig. 10A). This 
indicates that the present-day northern limit of Juras-
sic outcrops is not the original limit of the extensional 
basin; uplift of the basin margin during Cenozoic 

Fig. 8  a Triassic–Hettangian growth faults in Praia do Telheiro out-
crop. The onlaps of Sinemurian carbonates cover the blind exten-
sional fault and the sedimentary complex of Hettangian age. Dashed 
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(modified after Terrinha 1998). b Location of Praia do Telheiro and 
Praia do Belixe outcrops. See Fig. 5a for location and legend. Lati-
tude and longitude: 37.051607N, −8.980471W

Fig. 9  Praia do Belixe outcrop interpreted photographs. a Pliensbachian extensional faults filled with hydrothermal quartz. b Extensional faults 
eroded by intra-Pliensbachian and Early Toarcian unconformities. Blue line outcrop splay, red line extensional fault. See Fig. 9a for location



 Int J Earth Sci (Geol Rundsch)

1 3

are north-dipping, strike E–W to WNW–ESE, and involve 
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Fig. 10  a Geological map with location of outcrops. See Fig. 5a for 
location and legend. b Pico Alto outcrop. An equivalent image of the 
outcrop can be explored here: https://goo.gl/maps/GgeYcPvmz2n. 
Latitude and longitude: 37.2604932N, −8.2332851W. c Querença 

cross section. Detail of the extensional fault to the right of the cross 
section can be explored here: https://goo.gl/maps/7xf6NRiC2kE2; 
latitude and longitude: 37.1832447N, −7.9656067W. d Schematic 
evolution of the basin-basement contact
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inversion has removed Jurassic strata to the north of the 
present outcrop limit.

Uplift of the basin margin imposes a southward regional 
dip on the Algarve Basin, which means that the Late Trias-
sic—Early Jurassic fault system does not crop out basin-
ward (to the south), as it is covered by the post-faulting 

Sinemurian carbonates. However, it is interpreted that 
this fault system extends south over the entire onshore 
Algarve Basin. Proof of this is the change in thickness and 
facies of Hettangian units to the south. Along the northern 
margin of the basin, this unit is only a few meters thick 
and dominated by pelites. To the south and to the east, it 

Fig. 11  Key outcrops from W to E showing the Algibre. See Fig. 5a 
for location. Solid lines represents observed outcrop and dashed 
lines represents interpreted bedding and faults. a Tunes outcrop. 
See Fig. 3e for more detail about the rollover structure on the left 
of the figure. Detail of the highly steeped Tithonian can be explored 
here: https://goo.gl/maps/pLdZNp8Dv5x; latitude and longitude: 
37.1621192N, −8.25151W. b Ribera de Algibre outcrop. Detail 

of the highly deformed Oxfordian in the footwall of the Algibre 
Thrusts can be explored here: https://goo.gl/maps/f5XaNB7mmiH2; 
latitude and longitude: 37.1830056, −8.0842423. c Penedos Altos 
outcrop. Extensional fault affecting the Oxfordian can be explored 
here: https://goo.gl/maps/1phYa221f2m; latitude and longitude: 
37.183179N, −7.9901272W
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becomes thick enough and rich enough in evaporites to 
feed the Loulé, Albufeira (Figs. 5b, 12b), and Faro dia-
pirs (Figs. 5b, 12a; Terrinha et al. 1990, 1998), or even the 
allochthonous Esperança salt nappe (Matias et al. 2011). 
It is interpreted that the increase in subsidence toward the 
southeast was related to a greater amount of extensional 
fault activity.

Early Jurassic to Early Cretaceous extension

After a period of tectonic quiescence with regional thermal 
subsidence during the Sinemurian, extension was recom-
menced in the Pliensbachian. During this stage there was 
a clear basinward migration of deformation. This second 
phase of extension also brought along a change in the 

dominant vergence of faults, which changed from being 
mainly north-dipping in the Triassic–Early Jurassic to 
south-dipping (basinward dipping) faults. Furthermore, a 
significant change in style occurred. The initial extensional 
phase from Triassic to Early Jurassic triggered the forma-
tion of closely spaced faults with a limited throw (tens to 
few hundreds of meters). The orientation and spacing of 
these faults is interpreted to be related to the reactivation of 
the north-dipping basement foliation (Vegas 1980). From 
Pliensbachian, the extension was accommodated along 
major extensional faults with a greater throw (many hun-
dreds of meters) and spacing, cross-cutting the basement 
weakness surfaces.

Extension during the Jurassic also led to a focalization 
of deformation away from the basin margin. Along the 

Fig. 12  Cross sections along the Algarve Basin. Ng-Qt Neogene–
Quaternary, L. Cr Lower Cretaceous, U. Jur Upper Jurassic, M. Jur 
Middle Jurassic, L. Jur Lower Jurassic, Hett/Sin Hettangian/Sinemu-

rian, Hett Hettangian, U. Tr Upper Triassic, Crb Carboniferous. See 
Fig. 5a map for location
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northern margin of the basin, no post-Sinemurian exten-
sional faults can be observed, whereas to the south, signifi-
cant depocenters of Middle and Late Jurassic are present. 
The presence of these depocenters is controlled by a set of 
E–W trending basin-scale faults. These extensional struc-
tures are named the Algibre, Espiche, Carcavai, and the 
Faro-Tavira faults (Fig. 5b).

The Algibre Fault (Figs. 10b, 11) marks the northern 
limit of the Upper Jurassic and Lower Cretaceous outcrops. 
To the north of this fault, the Lower Jurassic carbonates 
crop out extensively, with pervasive karstification and brec-
ciation inferred to reflect a prolonged phase of subaerial 
exposure and tectonic quiescence prior to the Mid-Juras-
sic (which is not karstified). The Algibre Fault is also the 
northern limit of the observed salt-related structures. Man-
uppella (1992), Terrinha (1998), and other authors inter-
preted the main feature in this area to be the Algibre Thrust, 
an E–W regional south-directed thrust, extending from Por-
timão to Querença (Fig. 5). However, detailed fieldwork 
and observations of changes in stratigraphy and structural 
style across the Algibre Fault indicate that this is actually 

a complex zone with at least two features: an extensional 
Algibre Fault and a reverse fault, the Algibre Thrust.

The Algibre Fault is interpreted to be a south-dipping 
extensional fault bounding a half-graben to the north 
(Fig. 12b). It is interpreted that the Algibre Fault initiated 
its activity at Late Triassic times, defining the boundary 
between an area of greater subsidence to the north and an 
area of thicker evaporite deposition during the Hettangian 
to the south. When extension restarted in the Middle Juras-
sic, this fault continued to grow, with faulting and evacua-
tion of Hettangian evaporites resulting in a rollover geom-
etry of Jurassic and Cretaceous beds that thickened against 
the fault (Fig. 13a). At present, within the hanging-wall of 
the Algibre Fault, the Upper Jurassic and Lower Cretaceous 
layers form an overturned anticline with northward ver-
gence due to Cenozoic inversion (Figs. 3f, 12b).

The Espiche Fault (Figs. 5b, 9c) is a WSW–ENE struc-
tural feature that is also a northern limit for outcrops of 
Upper Jurassic and thick Lower Cretaceous sediments. It is 
interpreted as a southeastwards dipping normal fault, over-
printed by a southeast vergent thrust, the Espiche Thrust 

Fig. 13  a Restitution of the 
rollover structure at the end of 
the Mesozoic extensional phase, 
in the Early Cretaceous, and b 
the reconstruction of the same 
structure inverted during the 
Cenozoic compressional phase. 
Ng-Qt Neogene–Quaternary, L. 
Cr Lower Cretaceous, U. Jur 
Upper Jurassic, M. Jur Middle 
Jurassic, L. Jur Lower Jurassic, 
Hett/Sin Hettangian/Sinemu-
rian, Hett Hettangian, U. Tr 
Upper Triassic, Crb Carbonifer-
ous. See Fig. 12 for location
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(Fig. 12c), in which the Lower Jurassic rocks thrust over 
the Lower Cretaceous sediments. The presence of pelites 
and evaporites along the fault and their relationships with 
the adjacent sediments suggest that a salt wall developed 
along the extensional fault that was subsequently reacti-
vated and squeezed to form a thrust during the pre-Miocene 
basin inversion (Terrinha 1998). The Espiche Fault is the 
western continuation of the Algibre Fault (Figs. 5b, 10), 
partly offset by the Portimão Fault. The presence of Middle 
Jurassic and limited Lower Cretaceous outcrops in the foot-
wall (to the north) of the Espiche Fault indicates that this 
extensional boundary was not as prominent as the Algibre 
Fault.

The Faro-Tavira fault is an ENE–WSW trending, south-
dipping regional extensional fault, parallel to the coast 
(Figs. 5b, 9a). The Faro-Tavira Fault controls the geometry 
of the eastern coastline of Faro and marks the northern limit 
of lower Cretaceous and the uppermost Jurassic (Tithonian) 
outcrops in the easternmost portion of the basin. Inversion 
of this fault led to a greater amount of uplift and erosion 
of this part of the basin (as evident in the greater amount 
of basement uplift and the vitrinite reflectance data (Fer-
nandes et al. 2013). There is only one documented salt 
structure north of the Faro-Tavira fault, the Faro diapir. 
This diapir is interpreted to have developed in the footwall 
of the Faro-Tavira fault by evacuation of salt in its hanging-
wall depocenter (Fig. 11a).

The last of the major extensional faults in the onshore 
basin is the Carcavai Fault zone. It is an ENE–WSW 
trending structure extending from the basement outcrop 
NE of the Loulé diapir, and at least 150 km into the off-
shore, south of Portimão (Fig. 5b; Noiva 2009; Carvalho 
et al. 2012). During the Upper Jurassic this fault acted as 
an extensional fault down throwing to the SE, while in its 
northeast termination, it is a NW dipping extensional fault 
(Terrinha 1998; Fig. 12a). This fault is not a major paleo-
geographical boundary, and it is interpreted to have formed 
as a structure relaying throw between the Algibre and the 
Faro-Tavira faults and acting as locus of growth for the 
Loulé diapir. During basin inversion, the fault was reac-
tivated in contraction, and the Loulé diapir was squeezed 
(Terrinha et al. 1990 and Terrinha et al. 1994b; Davison 
et al. 2015).

In contrast to the dominant E–W trend of extensional 
faults in the central-eastern sub-basin, the general structural 
pattern of the western sub-basin is dominated by NNE–
SSW to N–S trending normal faults (Figs. 2f, 6). None-
theless, E–W to NE–SW normal faults, which are more 
common further east, are still present (such as the Espiche 
Fault). The presence of these two, almost perpendicular sets 
of faults indicates the interference of two different regional 
extensional systems. On the one hand, E–W-to-NE–SW 
faults are related to Tethyan rifting. N–S to NE–SW faults, 

on the other hand, are associated with extension along the 
proto-Atlantic rift from Early to Late Jurassic, an orienta-
tion consistent with that observed further north along the 
western Portuguese margin (Alves et al. 2002; Montenat 
et al. 1998; Soto et al. 2012). Extension on these two dif-
ferently oriented fault systems also seems to have shifted in 
time from the Tethyan domain system in the Early Jurassic 
to the Atlantic domain system in the Late Jurassic (Terrinha 
1998).

Middle Jurassic to Early Cretaceous extension was 
responsible for the main phase of salt tectonism docu-
mented in the area (Lopes et al. 2006; Matias 2007; Ter-
rinha et al. 2009; Matias et al. 2011). Other than the evi-
dence for salt movement in the footwall of the Algibre 
Fault, extrusive salt diapirs in the onshore also occur; the 
Espiche, Loulé, Albufeira, and Faro diapirs (Terrinha et al. 
1990; Terrinha 1998), associated with the main E–W-strik-
ing extensional faults. Salt diapirism is not reported north 
of the Algibre Fault due to the almost complete absence of 
evaporites in the Hettangian, which highlights the relevance 
of the Algibre Fault as a relevant paleogeographical basin 
boundary since the Late Triassic. The diapirs and salt struc-
tures of the onshore Algarve basin have all been reactivated 
during tectonic inversion (Davison et al. 2015).

Oblique, basin compartmentalizing faults

The Algarve Basin is dissected by several regional-scale 
faults (Portimão, SMQF, Aljezur; Terrinha 1998), which 
are parallel to the Late Variscan thrusts documented in the 
Carboniferous basement in the South Portuguese Zone and 
the Iberian Pyrite Belt (Arthaud and Matte 1977; Manup-
pella 1992; Terrinha 1998) and acted mainly as transfer 
faults compartmentalizing the Algarve Basin during Meso-
zoic extension. During Cenozoic inversion, many of these 
faults were reactivated as strike-slip features (Fig. 5b; Bar-
reto et al. 2015).

The Portimão Fault strikes roughly N–S (Fig. 5b). This 
fault is interpreted to have acted as transfer fault dur-
ing the Mesozoic. As mentioned above, the Portimão 
Fault separates the Algarve Basin into two sub-basins, the 
western and the central-eastern sub-basins, each of which 
has extensional faults with different trends. The two sub-
basins are also characterized by having different deposi-
tional environments and thickness of sediments throughout 
the Jurassic and the Lower Cretaceous (Manuppella et al. 
1988; Correia 1989 and Terrinha 1998). During the Early 
to Middle Jurassic, both sub-basins are dominated by hemi-
pelagic sedimentation. The main difference between both 
basins during this time is a greater sediment thickness in 
the central-eastern sub-basin which is in excess of 1000 m 
in contrast with less than 500 m in the western sub-basin. 
The central-eastern sub-basin also records intervals of more 
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(Fig. 12c), in which the Lower Jurassic rocks thrust over 
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The Algarve Basin is dissected by several regional-scale 
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are parallel to the Late Variscan thrusts documented in the 
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pella 1992; Terrinha 1998) and acted mainly as transfer 
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zoic extension. During Cenozoic inversion, many of these 
faults were reactivated as strike-slip features (Fig. 5b; Bar-
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fault is interpreted to have acted as transfer fault dur-
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confined sedimentation and even an event of uplift and sub-
aerial erosion, represented by a Callovian erosion uncon-
formity and depositional hiatus that lasted until the Late 
and Middle Oxfordian in the Algarve and Lusitanian basins 
(Terrinha et al. 2002).

During the Late Jurassic, the differentiation on sedimen-
tation between the two sub-basins increased, with thick-
nesses varying from 200 m in the west to more than 1600 m 
in the east. Despite the larger amount of subsidence, the 
eastern sub-basin developed internal compartments and 
important lateral facies differentiation, especially in the 
Late Oxfordian to Early Kimmeridgian. From the upper 
Kimmeridgian and through the Lower Cretaceous, the sedi-
mentary environment becomes uniform throughout the sub-
basin with the generalized development of internal plat-
form facies. In contrast with the western sub-basin, where 
the Lower Cretaceous presents a marine-like facies and a 
thickness up to 500 m, it presents continental and littoral 
facies, reaching a thickness of roughly 1500 m (Terrinha 
1998).

Present-day activity is also observed on the Aljezur 
Fault (Fig. 5b), a N–S trending left-lateral strike-slip fault 
in the western sub-basin that also controls the position of 
a submarine canyon across the continental shelf and slope. 
The Aljezur Fault extends around 60 km northwards into 
the Variscan basement where it controls the formation of 
Miocene grabens (Terrinha et al. 2009). However, there 
is no evidence that this fault was active during Mesozoic 
extension.

The SMQF is the third of the major compartmentaliz-
ing faults of the Algarve Basin (Fig. 5b). This fault extends 
from the non-rifted Paleozoic basement into and across the 
Algarve rift and post-rift Basin. Inspection of the geologi-
cal maps and field work shows that the SMQF was active 
since Triassic through Quaternary times, i.e., during exten-
sional and compressional tectonics. Palain (1976) showed 
how this fault affected the distribution of the clastic Tri-
assic–Hettangian facies and thickness. It has also been 
reported that the onshore occurrence of salt diapirs is com-
mon on the hanging-wall of the SMQF (e.g. Terrinha et al. 
1999). Various works (e.g., Manuppella 1988 and Manup-
pella 1992) showed that the thickness of the Jurassic and 
Cretaceous hanging-wall (i.e., northeast of the fault) are 
considerably thicker than the foot-wall sequences.

This argues in favor of the role of a transfer fault for 
the SMQF during rifting (Fig. 6), creating a hanging-wall 
block with higher subsidence and sub-basin development, 
important salt basins, and thicker sedimentary sequences.

While in the non-rifted basement and Triassic clastics 
the SMQF is mapped as a discrete fault, in the Jurassic car-
bonate sequences of the hanging-wall, the SMQF forms a 
diffuse deformation corridor that materializes as a series 
of dextral strike-slip transpressive duplexes, some of them 

deeply rooted in the pelite–evaporite complex, as shown 
by sheared gypsum mylonites squeezed out along faults 
parallel to the SMQF. At the Triassic–basement contact 
the discrete dextral offset is visible (Fig. 5a) as well as the 
up-thrown displacement of the northeastern hanging-wall 
block.

Finally, east of the SMQF, the Querença margin would 
have acted as an extensional transfer zone during the Meso-
zoic (Fig. 5b) along with the Carcavai fault zone, connect-
ing the Algibre and the Faro–Tavira faults. The Querença 
zone was later reactivated as a lateral ramp structure in the 
inversion system, relaying the basin margin basement mon-
ocline (Fig. 7).

Late cretaceous to Quaternary inversion and shortening

The main effect of shortening and basin inversion in the 
onshore Algarve Basin is the broad southward tilt of the 
basin. This regional tilt is related to basin-scale deformation 
and uplift of the basement during the Cenozoic (Fernández-
Lozano 2012), most probably associated with the presence 
of a south-directed basin-scale thrust, rooting into the base-
ment. Tilting and uplift related to this structure are respon-
sible for the regional southward dip of Mesozoic beds and 
the complete absence of Neogene and Quaternary deposits 
over most of the onshore Algarve Basin. There is also evi-
dence for at least one other contraction-related monocline 
in the basin, which causes a step in the offshore bathym-
etry in the west (along offshore segment of the Carcavai 
fault) and controls the location of the present-day coastline 
further to the east (Fig. 7). This basement-involved mono-
cline was probably located along a basement step of exten-
sional origin which focussed the folding during the Alpine 
contraction.

It is interpreted that at this basin-scale, and along the 
northern margin of the basin where Hettangian evaporites 
are almost absent, Cenozoic inversion reactivated pre-
existing discontinuities in the Carboniferous basement. As 
a result, the regional thrusts formed with ENE–WSW trend 
and dipping to the north. This trend is related to the reac-
tivated fabric, which is probably the pervasive Variscan-
age foliation of the meta-sedimentary basement, which is 
known regionally to dip toward the north and crops out 
along the northern margin of the basin (Vegas 1980). The 
foliation is documented to be reactivated in multiple south-
directed thrusts within the outcrop of the South Portuguese 
Zone and the northern margin of the Algarve Basin (Sori-
ano Clemente 1996; Terrinha 1998). In some cases, this 
caused the partial reactivation of pre-existing Triassic faults 
and the formation of shortcuts (Fig. 10d), and in others it 
led to the formation of monoclines with no evident rupture 
(Fig. 7), but completely deforming the overlying Mesozoic 
cover and its associated faults.
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confined sedimentation and even an event of uplift and sub-
aerial erosion, represented by a Callovian erosion uncon-
formity and depositional hiatus that lasted until the Late 
and Middle Oxfordian in the Algarve and Lusitanian basins 
(Terrinha et al. 2002).

During the Late Jurassic, the differentiation on sedimen-
tation between the two sub-basins increased, with thick-
nesses varying from 200 m in the west to more than 1600 m 
in the east. Despite the larger amount of subsidence, the 
eastern sub-basin developed internal compartments and 
important lateral facies differentiation, especially in the 
Late Oxfordian to Early Kimmeridgian. From the upper 
Kimmeridgian and through the Lower Cretaceous, the sedi-
mentary environment becomes uniform throughout the sub-
basin with the generalized development of internal plat-
form facies. In contrast with the western sub-basin, where 
the Lower Cretaceous presents a marine-like facies and a 
thickness up to 500 m, it presents continental and littoral 
facies, reaching a thickness of roughly 1500 m (Terrinha 
1998).

Present-day activity is also observed on the Aljezur 
Fault (Fig. 5b), a N–S trending left-lateral strike-slip fault 
in the western sub-basin that also controls the position of 
a submarine canyon across the continental shelf and slope. 
The Aljezur Fault extends around 60 km northwards into 
the Variscan basement where it controls the formation of 
Miocene grabens (Terrinha et al. 2009). However, there 
is no evidence that this fault was active during Mesozoic 
extension.

The SMQF is the third of the major compartmentaliz-
ing faults of the Algarve Basin (Fig. 5b). This fault extends 
from the non-rifted Paleozoic basement into and across the 
Algarve rift and post-rift Basin. Inspection of the geologi-
cal maps and field work shows that the SMQF was active 
since Triassic through Quaternary times, i.e., during exten-
sional and compressional tectonics. Palain (1976) showed 
how this fault affected the distribution of the clastic Tri-
assic–Hettangian facies and thickness. It has also been 
reported that the onshore occurrence of salt diapirs is com-
mon on the hanging-wall of the SMQF (e.g. Terrinha et al. 
1999). Various works (e.g., Manuppella 1988 and Manup-
pella 1992) showed that the thickness of the Jurassic and 
Cretaceous hanging-wall (i.e., northeast of the fault) are 
considerably thicker than the foot-wall sequences.

This argues in favor of the role of a transfer fault for 
the SMQF during rifting (Fig. 6), creating a hanging-wall 
block with higher subsidence and sub-basin development, 
important salt basins, and thicker sedimentary sequences.

While in the non-rifted basement and Triassic clastics 
the SMQF is mapped as a discrete fault, in the Jurassic car-
bonate sequences of the hanging-wall, the SMQF forms a 
diffuse deformation corridor that materializes as a series 
of dextral strike-slip transpressive duplexes, some of them 

deeply rooted in the pelite–evaporite complex, as shown 
by sheared gypsum mylonites squeezed out along faults 
parallel to the SMQF. At the Triassic–basement contact 
the discrete dextral offset is visible (Fig. 5a) as well as the 
up-thrown displacement of the northeastern hanging-wall 
block.

Finally, east of the SMQF, the Querença margin would 
have acted as an extensional transfer zone during the Meso-
zoic (Fig. 5b) along with the Carcavai fault zone, connect-
ing the Algibre and the Faro–Tavira faults. The Querença 
zone was later reactivated as a lateral ramp structure in the 
inversion system, relaying the basin margin basement mon-
ocline (Fig. 7).

Late cretaceous to Quaternary inversion and shortening

The main effect of shortening and basin inversion in the 
onshore Algarve Basin is the broad southward tilt of the 
basin. This regional tilt is related to basin-scale deformation 
and uplift of the basement during the Cenozoic (Fernández-
Lozano 2012), most probably associated with the presence 
of a south-directed basin-scale thrust, rooting into the base-
ment. Tilting and uplift related to this structure are respon-
sible for the regional southward dip of Mesozoic beds and 
the complete absence of Neogene and Quaternary deposits 
over most of the onshore Algarve Basin. There is also evi-
dence for at least one other contraction-related monocline 
in the basin, which causes a step in the offshore bathym-
etry in the west (along offshore segment of the Carcavai 
fault) and controls the location of the present-day coastline 
further to the east (Fig. 7). This basement-involved mono-
cline was probably located along a basement step of exten-
sional origin which focussed the folding during the Alpine 
contraction.

It is interpreted that at this basin-scale, and along the 
northern margin of the basin where Hettangian evaporites 
are almost absent, Cenozoic inversion reactivated pre-
existing discontinuities in the Carboniferous basement. As 
a result, the regional thrusts formed with ENE–WSW trend 
and dipping to the north. This trend is related to the reac-
tivated fabric, which is probably the pervasive Variscan-
age foliation of the meta-sedimentary basement, which is 
known regionally to dip toward the north and crops out 
along the northern margin of the basin (Vegas 1980). The 
foliation is documented to be reactivated in multiple south-
directed thrusts within the outcrop of the South Portuguese 
Zone and the northern margin of the Algarve Basin (Sori-
ano Clemente 1996; Terrinha 1998). In some cases, this 
caused the partial reactivation of pre-existing Triassic faults 
and the formation of shortcuts (Fig. 10d), and in others it 
led to the formation of monoclines with no evident rupture 
(Fig. 7), but completely deforming the overlying Mesozoic 
cover and its associated faults.
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At a more local scale, a number of thrusts and contrac-
tional structures have been unambiguously documented in 
the area. These include the Algibre Thrust (Fig. 12b), short-
cuts that affect the Triassic half-grabens along the northern 
margin of the basin (Figs. 7, 10), and multiple buttressing 
structures along the Algibre Fault (Fig. 12b).

Perhaps the best defined contractional structure is the 
inversion of the Algibre fault and its associated thrust. 
During Cenozoic inversion, the hanging-wall of the Algi-
bre Fault was detached above the Hettangian evaporites 
and folded by buttressing against the Algibre Fault foot-
wall, producing E–W trending tight detachment folds 
(Fig. 11) and tightening and overturning the Algibre rollo-
ver (Figs. 12b, 13b). The inversion structure is further com-
plicated by the presence, locally, of a south-directed thrust 
that places Lower and Mid-Jurassic rocks on top of the 
Early Cretaceous (Figs. 11a, 12b), rooting into the salt of 
the footwall.

The example of the Algibre Fault illustrates how the 
pattern of basin inversion was influenced by the presence 
of a thick Hettangian salt unit. This unit only presents 
thicknesses in excess of a few tens of meters to the south 
of the Espiche–Algibre–Faro–Tavira corridor. To the south 
of this corridor, deformation during shortening was domi-
nated by decoupling between basement deformation and 
deformation of the Mesozoic cover. This decoupling is 
evident for both the abundant buttressing structures in the 
hanging-wall of the Algibre Fault (Figs. 11, 13b), which 
detach within the Hettangian evaporites, and in the reacti-
vation of diapirs throughout the basin. On the other hand, 
north of the Espiche–Algibre–Faro–Tavira corridor, short-
ening structures propagate from the basement through the 
Mesozoic units above without any decoupling (Figs. 11, 
12). In summary, evaporites played a key role in defin-
ing two different structural styles during inversion of the 
basin: one dominated by thick-skinned thrusts where salt 
is very thin and one dominated by decoupling of the Mes-
ozoic cover above the basement where salt deposits were 
originally thicker.

Conclusions

1. The Algarve Basin is interpreted to have formed mainly 
as the consequence of N–S-to-NW–SE-directed exten-
sion (in present-day orientation) that is consistent with 
extension along the westernmost end of the Tethys. 
The related E–W to ENE–WSW fault trend dominates 
the central-eastern sub-basin.

2. The influence of Atlantic domain extension is observed 
in the western sub-basin of the Algarve Basin. In this 
sub-basin, the dominant trend of extensional faults is 
NE–SW to N–S.

3. The Algarve Basin is the result of the interaction 
between two major phases of Mesozoic extension (Tri-
assic–Early Sinemurian and Pliensbachian–Early Cre-
taceous) and one phase of Alpine compression (mainly 
Cenozoic). Minor extension prevailed through the 
earliest extensional phase, which is characterized by 
north-dipping faults, whereas faults with greater throw 
generated during the second extensional phase are pre-
dominantly southward dipping. Extensional structures 
were inverted during the Cenozoic as south to south-
east-directed structures throughout the basin accompa-
nied by buttressing on the major extensional faults.

4. Extension played a key role in defining the loca-
tion of evaporite deposition, which was greater to the 
south of the Algibre–Espiche and Faro–Tavira faults. 
In turn, evaporites played a key role in differentiating 
two structural styles during basin inversion from north 
to south. The northern margin of the basin (evaporite 
poor) is dominated by thick-skinned deformation in 
both extension and inversion. Southward, the basin 
records thin-skinned deformation above the evaporites 
in both extension and inversion, decoupled above the 
deeper basement-rooted structures.

5. This basin is a great example of reactivation of struc-
tures: Both extensional faults and basin compart-
mentalizing faults formed along previously existing 
Variscan structures. These structures were in turn reac-
tivated during inversion of the basin, which also caused 
the reactivation of Variscan-age fabrics in contraction.
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Abstract The SW of Iberia is currently undergoing compression related to the convergence between
Nubia and Iberia. Multiple compressive structures, and their related seismic activity, have been
documented along the diffuse Nubia-Iberia plate boundary, including the Gorringe bank west of the Gulf of
Cadiz, and the Betic-Rif orogen to the east. Despite seismic activity indicating a dominant compressive stress
along the Algarve margin in the Gulf of Cadiz, the structures at the origin of this seismicity remain elusive.
This paper documents the contractional structures that provide linkage across the Gulf of Cadiz and play a
major role in defining the present-day seismicity and bathymetry of this area. The structures described in
this paper caused the Neogene inversion of the Jurassic oblique passive margin that formed between the
central Atlantic and the Ligurian Tethys. This example of a partially inverted margin provides insights into the
factors that condition the inversion of passive margins.

1. Introduction

Since the end of the Mesozoic, the Iberian microplate has been trapped between the converging African and
Eurasian plates [Dewey et al., 1989; Rosenbaum et al., 2002]. As a consequence, the paleogeographic and
tectonic evolution of Iberia as well as their surrounding margins during the Cenozoic have been strongly
linked to the Alpine orogeny and to the closing of the Tethys Ocean [e.g., Ziegler, 1988; Dewey et al., 1989].
Cenozoic N-S convergence between Africa and Eurasia is thus the cause of the development of a number
of mountain chains in the internal parts of the Iberian microplate and along its northern and southern
margins (the Pyrenean-Cantabrian chain, the Spanish Central System, the Sierra Morena, and the Betic-Rif
chain; Figure 1b) [De Vicente et al., 2004; Vergés and Fernàndez, 2012]. These mountain chains are interpreted
to represent the westernmost termination of the Alpine-Himalayan orogenic system [Dewey et al., 1973;
Şengör, 1984; Dercourt et al., 1986].

From the Late Cretaceous and throughout the Cenozoic, deformation in Iberia migrated from north to south,
as the Iberian microplate progressively welded with the Eurasian plate. Orogenic deformation in the Iberian
plate initiated along the Pyrenean-Cantabrian chain along its northern border in Late Cretaceous. By the early
Miocene, orogenic deformation, and the Nubia-Iberia boundary, had migrated to the south of Iberia, to the
Betic-Rif system [Srivastava et al., 1990a, 1990b]. West of Iberia, the Azores-Gibraltar Fracture Zone (AGFZ),
and its eastern continuation along the Southwest Iberian Margin lineaments [Zitellini et al., 2009] in the
southern Gulf of Cadiz, is interpreted as the current Nubia-Iberia plate boundary in the Atlantic Ocean
(Figure 1a) by some authors [e.g., Maldonado et al., 1999; Zitellini et al., 2009].

The present-dayNubia-Iberia plate boundary between theAGFZ and theGibraltar Arc (the link between the Rif
and Betic orogens) has been described as a diffuse plate boundary by Sartori et al. [1994]. The transition from
the AGFZ, which originates as a transform in themid-Atlantic, into the contractional systems of Iberia has been
the subject of study in recent years [e.g.,Maldonado et al., 1999; Zitellini et al., 2009]. This has led to the identi-
fication ofmultiple contractional features with neotectonic activity (and potential tsunamigenic hazard) at the
eastern terminationof theAGFZ immediatelywest of theGulf of Cadiz, namely, theGorringe Thrust, Horseshoe
Thrust, Marquês de Pombal Thrust, and the Coral Patch Ridge (Figure 1) [Gràcia et al., 2003a; Terrinha et al.,
2003; Zitellini et al., 2004; Jiménez-Munt et al., 2010; Sallarès et al., 2013,Martínez-Loriente et al., 2014, 2016].

Previous structural interpretations of the Gulf of Cadiz have concentrated on the Algarve Basin as part of the
SW Iberian passive margin [e.g., Terrinha, 1998; Matias et al., 2011]. Thus, the structures responsible for the
seismic activity and Neogene deformation in the Gulf of Cadiz remained elusive [Carrilho et al., 2004]. In
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Figure 1. (a) Main elements of plate boundaries and relative plate kinematics. (b) Map showing the location of Cenozoic
contractional structures in Iberia and surrounding areas related to the Nubia-Iberia plate boundary. AGFZ: Azores-
Gibraltar Fracture Zone, AUGC: Allochthonous Unit of the Gulf of Cadiz, AWGC: Allochthonous Wedge of the Gulf of Cadiz,
CPR: Coral Patch Ridge, CPRT: Coral Patch Ridge Thrust, GuB: Guadalquivir Basin, GhB: Gharb Basin, GoC: Gulf of Cadiz,
GT: Gorringe Thrust, HT: Horseshoe Thrust, MPT: Marquês de Pombal Thrust, SH: Seine Hills, SVT: São Vicente Thrust.
Adapted using data from Gomez et al. [2000], Michard et al. [2008], De Vicente and Vegas [2009], Gutscher et al. [2009],
Medialdea et al. [2009], Zitellini et al. [2009], De Vicente and Muñoz-Martín [2013], Duarte et al. [2013], and Martínez-Loriente
et al. [2013].
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this paper we aim to document the contractional structures that link the AGFZ and the Gibraltar Arc across
the Algarve Basin and are the locus of major instrumental seismic activity. We will demonstrate that these
features are, at least in part, responsible for the deformation and uplift of the SW Iberian margin from
Oligocene to present.

The partial inversion of passive margins, similar to that documented here for the SW Iberian margin, is a com-
mon feature to the western and northern Iberian margins [Peron-Pinvidic et al., 2008; Duarte et al., 2013;
Tugend et al., 2014; Druet, 2016]. Partial inversion has also been documented in other parts of the Tethyan
domain [e.g., Gardosh and Druckman, 2006; Arsenikos et al., 2013] and the North Atlantic [e.g., Boldreel and
Andersen, 1993; Vågnes et al., 1998; Lundin and Doré, 2002; Johnson et al., 2005; Doré et al., 2008]. The inversion
of oblique to transformmargins has even been explored in areas such as the Svalbard-West Barents margin of
Norway [e.g., Faleide et al., 2008; Indrevær et al., 2016], the Otway Basin of Australia [Hill et al., 1994], or the
Santos Basin of Brazil [Cobbold et al., 2001]. In recent years there have been an increasing interest in the
geological evolution of passive margins, mainly since new concepts on hyperextended margins were
proposed [Peron-Pinvidic and Manatschal, 2009; Brune et al., 2016]. As a result, the influence of the rift
inheritance, particularly the distribution of the different rifts domains and the rift architecture, has been
proposed to play a significant role on margin inversion and subsequent continental collision [Roca et al.,
2011; Tugend et al., 2014]. However, a problem arises when considering the relative role that other factors
may have contributed to the compressional deformation of margins other than the rift inheritance, such as
prerift inheritance or obliquity of the deformation axis during the subsequent tectonic events.

Within this context, the example presented here of the SW Iberian margin provides key insight into the
elements that control the initial stages of inversion of a passive margin. In particular, inherited heterogene-
ities at different scale and of different nature appear to be the main controlling factor in the configuration
of the inverted margin. We will propose that the pattern of inversion observed in this margin is the conse-
quence of crustal heterogeneities inherited from the (prerifting) Paleozoic Variscan orogeny, the structure
of the rifted margin, and its Mesozoic mechanical stratigraphy.

2. Geological Setting
2.1. Tectonic and Geodynamic History of the Algarve Margin Since the Mesozoic

The evolution of southern Iberia during the Mesozoic was dominated by rifting associated to the westward
propagation of the Tethys and to the opening of central and North Atlantic [Handy et al., 2010; Schettino
and Turco, 2011]. The southern margin of Iberia developed during this time as a transtensional rift margin
connecting the central Atlantic with the Ligurian Tethys [Handy et al., 2010]. Rifting of southern Iberia led
to the development of a thick Mesozoic sequence of sediments in fault-controlled depocenters unconform-
ably overlying a Paleozoic basement. Mesozoic extension in the Algarve Basin was dominated by the devel-
opment of roughly E-W trending extensional faults and the presence of NW-SE trending transfer zones or
faults [Terrinha, 1998; Ramos et al., 2016].

The Algarve Basin is the only remnant of the southern Iberian rift margin that was not overprinted by the
Betic orogenic system in the Cenozoic. At the time of the opening of the North Atlantic in the Early
Cretaceous, Iberia was an isolated microplate, separated from Eurasia by the Bay of Biscay-Pyrenean rift
system and from Africa by a transcurrent oceanic ridge-transform system [Sallarès et al., 2011].

Evolution of southern Iberia since Late Cretaceous has been dominated by the convergence between Africa
and Eurasia and the progressive southward migration of deformation and orogeny across the Iberian plate
previously discussed. Deformation in the Late Cretaceous to Cenozoic intraplate mountain chains of Iberia
is deep rooted, involving basement and, where present, inverting preexisting Mesozoic rift basins. In addition
to the generation of intraplate relief, the relative motion of Africa, Iberia-Eurasia, and the western
Mediterranean also led to the development of the Betic-Rif orogen from late Oligocene to middle Miocene
[Lonergan and White, 1997].

2.2. Stratigraphy

The Algarve Basin started to develop during the Triassic, with the deposition of siliciclastic continental sedi-
ments unconformably overlying the Carboniferous flysch deformed in the foreland of the Variscan foreland
and infilling roughly E-W trending half-grabens [Terrinha, 1998; Ramos et al., 2016] (Figure 2). Triassic

Tectonics 10.1002/2016TC004262

RAMOS ET AL. CONTRACTION AND INVERSION IN SW IBERIA 3



sediments are covered by Hettangian evaporites and terrigenous clastics (Figure 2), which are capped in turn
by a volcanic-sedimentary complex, Hettangian-Sinemurian in age, and associated with the central Atlantic
Magmatic Province [e.g., Martins et al., 2008]. During a period of Sinemurian tectonic quiescence, shallow
water limestones and dolomites were deposited in the basin (Figure 2). From Pliensbachian to Toarcian (at
the transition to the Middle Jurassic), the basin recorded progressive deepening with the development of
marly facies with abundant ammonoid fauna [Terrinha et al., 2002].

Extensional and salt tectonics controlled the basin configuration during the Middle and Late Jurassic, affect-
ing sediment distribution and thickness. During this time, deposition was dominated by carbonates
[Terrinha, 1998; Ramos et al., 2016] (Figure 2). An allochthonous salt body (the Esperança Salt) sourced from
the lowermost Lower Jurassic (Hettangian) evaporite layer was emplaced progressively from mid-Jurassic
up to Miocene times in the eastern half of the Algarve Basin [Matias, 2007].

The Lower Cretaceous, represented by siliciclastics and carbonates (Figure 2), shows variations in thickness
related to the ongoing salt tectonism and locally to basement-involved extensional faulting. Overall,

Figure 2. Synthetic stratigraphy of the Algarve Basin with the main tectonic events and the seismic character for each
stratigraphic unit interpreted in this work.
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Cretaceous sediments reflect a shallowing of the basin and a reduction in accommodation space. The Lower
Cretaceous sediments are followed by a very condensed Upper Cretaceous succession or an equivalent
sedimentary hiatus and/or an angular unconformity at the base of the Paleogene, reflecting regional uplift
during this time. The Paleogene is partially preserved in the offshore, represented by shallow water
carbonates (Figure 2). Above the Paleogene, Miocene deposits overlie the Basal Foredeep Unconformity
(BFU) (Figure 2 [Ledesma, 2000; Maldonado et al., 1999]) and are a mix of siliciclastics and carbonates in the
proximal areas of the basin and turbidite-dominated clastics in the deeper parts. The BFU is a key marker
as it records Miocene and younger deformation.

Finally, the Pliocene-Quaternary succession consists of siliciclastics (Figure 2). Pliocene to Present sedimen-
tation in the Gulf of Cadiz is controlled by the Mediterranean Outflow Water (MOW), whose activity
started with the opening of the Strait of Gibraltar in Pliocene times [Hernández-Molina et al., 2014]. This
current resulted in the deposition of fine-grained contourite drifts, strongly controlling the present-day
seafloor geometry.

2.3. Shortening Structures

To date, the contractional deformation and basin inversion experienced elsewhere in Iberia have only been
documented to affect the Algarve Basin to a small extent as mostly isolated features in the onshore and
the offshore.

Figure 3. Map showing the available data in the SW Iberian margin with bathymetry colored for depth and the location of the figures described below in this paper.
GB: Guadalquivir Bank, PB: Portimão Bank. High-resolution bathymetry is taken from the General Bathymetric Chart of Oceans (GEBCO) digital atlas [IOC et al., 2003].
The most representative wells are also depicted in this figure as follows: Alg-1: Algarve-1, Alg-2: Algarve-2, Alm-1: Almonte-1, Asp-1: Asperillo-1, Atl-2-2: Atlantida-2-2,
Bet 14-1: Betica 14-1, Crv-1: Corvina-1, GCB-1: Gulf of Cadiz B-1, GCB-6: Gulf of CadizB-6, GCD-1: Gulf of CadizD-1, GCD-2: Gulf of CadizD-2, GCD-2: Gulf of CadizC-3, GC
6Y-1Bis: Gulf of Cadiz6Y-1Bis, Hue-1: Huelva-1, Imp-1: Imperador-1, Mog-1: Moguer-1, Ori 2-1: Orion 2-1, Rui-1: Ruivo-1. See Figure 1b for the location.
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2.3.1. Onshore Structures
Contractional structures are mainly observed along the northern margin of the basin, which crops out due to
approximately 350m of Plio-Pleistocene uplift of southern Portugal [Feio, 1951; Dias and Cabral, 1997;
Terrinha, 1998]. This uplift causes southward tilting of the Paleozoic basement and the overlying Mesozoic
along the northern outcrop limit of the Algarve Basin (Figure 4). Dips of Mesozoic beds are as high as 32°
toward the south and form a continuous monocline along the entire northern outcrop margin of the
Algarve Basin. This southward tilt of beds has led to the presence of a clear break in topography, such that
the basin is flanked to the north by a sudden rise of topographic relief in the order of up to 200m
(Figure 4). In addition to the regional southward tilt, the basin margin is also characterized by south directed
shortcut structures that developed in the footwall of E-W trending extensional faults that bound Triassic
half-grabens (Figure 4) [Terrinha, 1998; Ramos et al., 2016].

Further basinward, the Algibre Thrust (Figures 3 and 4), described by Manuppella [1992] and Terrinha [1998],
is a laterally continuous E-W trending, southward directed thrust that can be correlated to the west with the
Espiche Thrust [Ramos et al., 2016] (Figure 3). The Algibre Thrust detaches on the regionally ubiquitous Early
Jurassic evaporite level [Ramos et al., 2016] (Figure 4). In its footwall, Mesozoic beds are characterized by
multiple E-W trending tight folds, produced by buttressing against a southward dipping Mesozoic exten-
sional fault (Figure 4) [Ramos et al., 2016]. Age for the Algibre thrust cannot be constrained precisely, but
the youngest materials in its footwall are Early Cretaceous in age.

Throughout the onshore portion of the basin, isolated salt structures also record shortening and reactivation.
The Loulé Salt diapir (Figure 3) displays various pulses of shortening, associated to progressive exhumation of
the diapir [Terrinha et al., 1990]. The Albufeira Diapir (Figures 3 and 4) also shows two phases of contractional
deformation [Terrinha et al., 2013; Ramos et al., 2016], attested by the deformed and thrusted Miocene
overlying isoclinal folds of the Lower Cretaceous.
2.3.2. Offshore Structures
In the offshore, the Portimão Bank (Figure 3) was documented by Roque [2007] and Terrinha et al. [2009] to be
a Mesozoic graben inverted from Neogene times to present day. To the east of the Portimão Bank, the
Guadalquivir Bank (Figure 3) is a prominent bathymetric high, but its precise nature has remained elusive.
Other than the Portimão Bank, no contractional structures have been documented within the offshore
Algarve Basin.

The most evident Cenozoic contractional feature in the Gulf of Cadiz lies to the south of the Algarve Basin but
provides key timing relationships discussed in this paper. It is a giant chaotic unit emplaced synchronously
with the development of the Betic-Rif orogen. This chaotic unit is divided into two subunits: one of tectonic
origin and a second one related to gravitational collapse of the first one. The first one is the Accretionary

Figure 4. Cross section along the onshore central Algarve Basin. Extensional motion on the southward dipping Algibre fault from Jurassic to Cretaceous times was
responsible for the formation of the rollover structure, later inverted during Cenozoic compression. Inversion also led to the formation shortcuts and inversion of
extensional faults in the northern sector of the figure. Notice the Algibre Thrust detaching on the Hettangian evaporite unit in the footwall of the Algibre fault.
Modified after Ramos et al. [2016]. See Figure 3 for the location.
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Wedge of the Gulf of Cadiz (AWGC), also labeled GCIW, Gulf of Cadiz Imbricated Wedge, by some authors),
and the second one is the Allochthonous Unit of the Gulf of Cadiz (AUGC), labeled HGU, Horseshow
Gravitational Unit, by some authors) [Torelli et al., 1997; Iribarren et al., 2007]. The Accretionary Wedge of
the Gulf of Cadiz (AWGC) consists of a thick chaotic, mélange-like assemblage of Mesozoic to Cenozoic rocks
affected by west migrating thrust system. The AWGC developed as the outermost structure of the Betic-Rif
orogen during the Miocene as the orogenic arc progressed westward driven by the roll back of the
Gibraltar subducted oceanic slab [Gutscher et al., 2002]. Disagreement exists as to the ongoing activity of
the accretionary wedge [Gutscher et al., 2002, 2009; Medialdea et al., 2004; Iribarren et al., 2007]. The AUGC
is an olistostrome, gravitationally emplaced submarine debris flows sourced from the AWGC [Iribarren
et al., 2007; Gutscher et al., 2009]. It buried the front of the AWGC along the entire front of the Betic and
Rif, over the Guadalquivir and Gharb forelands and their extension toward offshore. To the west, the lack
of a shallow continental mass allowed the AUGC to spread downslope into the deep ocean [Torelli et al.,
1997]. Locally, the AUGC is seen to be incorporated into the accretionary wedge [Thiebot and Gutscher,
2006]. There is general agreement that the AUGC was emplaced by Late Tortonian [Perconig, 1962; Torelli
et al., 1997; Tortella et al., 1997; Flinch and Vail, 1998; Maldonado et al., 1999]. It overlies a regional unconfor-
mity that defines the base of the Betic foredeep deposits (BFU) [Maldonado et al., 1999; Ledesma, 2000].

2.4. Present-Day Configuration

The Mesozoic to Cenozoic Algarve Basin sits between the Atlantic oceanic thrusts (Gorringe, Marquês de
Pombal, and Horseshoe Thrusts) and the Betic-Rif orogen (Figure 1b), areas of knownMiocene to present con-
tractional deformation. This area is dominated at present day by transpressional to compressional stress due
to its location relative to the plate boundary between theNubian and Iberian plates [Zitellini et al., 2009;DeMets
et al., 2010]. The Algarve Basin, and the broader Gulf of Cadiz, has been documented as a tectonically active
domain by many authors [Gràcia et al., 2003a, 2003b; Duarte et al., 2009, 2010; Terrinha et al., 2009; Zitellini
et al., 2009; Duarte, 2011; Martínez-Loriente et al., 2013, 2014]. Seismicity, as indicated by focal mechanisms,
is coherent with N-S to NW-SE directed shortening across the Gulf of Cadiz [Zitellini et al., 2009; Palano et al.,
2013; Custódio et al., 2015, 2016]. The Guadalquivir and Portimão Banks, which define the southern boundary
of the Algarve Basin (Figure 3), have been identified as tectonically active features since the Neogene [Ribeiro
et al., 1979; Mougenot, 1989; Terrinha, 1998; Gràcia et al., 2003a; Zitellini et al., 2004; Terrinha et al., 2009].

3. Data and Methods

The observations and interpretation of the structure of SW Iberia and the Algarve Basin presented in this
paper are based on interpretation of seismic data, well data, geological mapping of onshore Portugal, and
gravity and magnetic data. Data have been integrated with regional geological understanding to ensure that
the interpretation is coherent with the history of Mesozoic extension and Cenozoic compression experienced
by SW Iberia.

Vintage 2-D seismic surveys of the Gulf of Cadiz and a more recent 2-D regional seismic reflection survey
(acquired by TGS in 2001 during the PDT00 and PD000 cruises [TGS, 2005]) have been used to interpret
the offshore structure in the Gulf of Cadiz (Figure 3). The PDT00-PD00 regional survey consists of a set of
58 lines of 2-D multichannel reflection seismic data. This seismic survey consists of NNW-SSE lines spaced
every 4 km and ENE-WSW lines spaced every 8 km, and it has a shot point interval of 12.5 and 15m.
Recording length was 12 s two-way travel time (TWTT). The interpretation on this survey was performed on
the migrated stack in time.

A 3-D seismic cube was acquired in 2012 by Repsol in the central part of the offshore margin, from south of
Faro to the Portuguese-Spanish border (Figure 3). It covers an area of 1500 km2 and it consists of 151 shot
lines oriented NNW-SSE and spaced every 375m, with a recording length of 7.2 s TWTT. This 3-D cube has also
been interpreted, using the prestack time and prestack depth migrated versions.

Seismic interpretation was constrained by the calibration with 5 wells in offshore Portugal [Roque, 2007]
along with 67 wells in the Gulf of Cadiz and Guadalquivir Basin [Lanaja, 1987] (the location of the most
relevant wells is shown in Figure 3). Portuguese wells have been tied to seismic using their individual check
shot data or average interval velocities (Figure 2) when check shot data was of poor quality or not available.
The interval velocities have been calibrated using the depth image of the depth-migrated 3-D seismic cube to
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make it meaningful for the deeper portions of the basin where no wells are available. Seismic profiles have
been interpreted using Petrel (by Schlumberger). Conversion of 2-D seismic profiles to depth has been
performed where necessary using Move 2014.2 (by Midland Valley Exploration).

Seismic correlation has been based on the interpretation of unconformity-bounded sequences [Terrinha,
1998; Roque, 2007]. The seismic response is different in every stratigraphic unit. Paleozoic is represented
by transparent and chaotic seismic facies, sometimes stratified (e.g., Figure 8). The basement is followed by
the first Mesozoic sediments, the Triassic, represented by middle-to-high-frequency and high-amplitude
reflectors (e.g., Figure 9). The roof of this section coincides with the base of the Hettangian evaporites,
describing a strong reflector (Figure 9). Evaporite seismic facies are made of chaotic and transparent reflec-
tors. Salt tectonic structures are typically represented by positive and irregular strong reflectors, deforming
the overlying and surrounding sediments (Figure 8). The seismic image shows a poor quality beneath salt
structures (Figure 10).

Lower Jurassic shows low-frequency and high-amplitude reflectors (e.g., Figure 5). Middle and Upper Jurassic
show similar seismic response (e.g., Figures 5 and 9) and present some unconformities, such as the Bajocian-
Bathonian and the Callovian-Oxfordian among the most representative. The Lower Cretaceous, represented
bymiddle-to-high-frequency andmedium-amplitude reflectors, tends to onlap the Upper Jurassic (e.g., Figure 5).
The Upper Cretaceous and the Paleogene, where present, lay over an erosional unconformity over the last unit.
They are represented by strong middle-amplitude and middle-frequency reflectors (e.g., Figure 6). Neogene and
Quaternary are depicted by high-frequency and low-amplitude continuous reflectors, and onlap the BFU, while
its roof represented the seafloor (e.g., Figure 6).

The AUGC is depicted by a highly irregular roof and an erosional flat base, with chaotic and transparent
internal facies (e.g., Figure 6). The AWGC has a similar seismic response, although the southward dipping
reflectors suggest the presence of imbricated thrusting (Figure 10) [Gutscher et al., 2002]. To the south and
southeast the image beneath is obscured by both bodies (AUGC and AWGC).

Seismic interpretation has also been integrated with published onshore data [Ramos et al., 2016]. Finally,
gravity and magnetic modeling [Ramos et al., 2015] have been used to constrain the deeper seismic horizons
(pre-Jurassic picks, mainly the top of basement) and the crustal-scale structure.

4. Contractional Structures of the Algarve Basin

The preservation of the overall Mesozoic age rift architecture of the Algarve Basin gives a false impression
that the basin has not experienced major inversion and merely subsided in the Cenozoic as the foredeep
to the Betic-Rif orogen. In this section we aim to demonstrate that contractional structures of Cenozoic
age are more common in the area than previously documented. To do this we will provide an overview of
known and newly documented contractional structures, from the onshore basin margin to the offshore.

Multiple scales of contractional deformation features in the offshore Algarve Basin can be observed on 2-D
and 3-D reflection seismic data. On one hand, there are thrusts detaching within the Mesozoic sediments that
can be clearly identified on seismic activity, and their activity dated is based on stratigraphic unconformities.
On the other hand, there are angular relationships and observations which cannot be tied down to specific
structures visible on seismic but can be ascribed to basement-involving structures, possibly thick-skinned
blind thrusts.
4.1.1. Reactivated Salt Structures in the Eastern Algarve Basin
The contractional structures most evident on seismic in the offshore Algarve Basin are those associated with
the deformation of salt bodies, mainly in the allochthonous Esperança Salt (Figures 3 and 5), which shows
squeezing of salt structures in its central part (Figure 5). Salt accumulations related with the salt structures
that formed during the rifting stage of the Algarve Basin were the weakest parts of the basin and the areas
prone to localize and record the subsequent contractional deformation.

In the central part of the profile of Figure 5, an antiform cored by imbricated Lower Cretaceous and Jurassic
sediments can be observed (Figures 5 and 6). Structural relief related with this contractional structure is of
1.7 km. Unfolding of the top of Cretaceous to a restored geometry (Figure 5c) indicates that shortening on
this structure was in the order of 2.5 km. Onlap of the Paleogene onto the Lower Cretaceous and the thinning
of Quaternary sediments over this structure demonstrate that this antiform grew from Paleogene until recent
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times. Different stages of growing are emphasized by the three main unconformities observed in the growth
package (Figure 6). Paleogene sediments onlap the Lower Cretaceous unit on the southern limb of the
antiform, evidencing the earliest stages of folding. Above, the BFU unconformity truncates the imbricated
Jurassic to Paleogene sediments in the core of the antiform, revealing a period of more intense shortening
and erosion. It is worth noting that the BFU connects with the basal surface of the AUGC (Figure 6),
demonstrating the synchronicity between antiformal growing and the emplacement of the AUGC.

Figure 5. Seismic section across the Esperança Salt. (a) Reflection seismic profile (extracted from a proprietary 3-D seismic cube migrated in depth). (b) Interpretation
of Figure 5a. (c) Restoration at Early Cretaceous time. Black dashed line: inferred fault and horizon, Ht: autochthonous evaporitic layer, Es: Esperança Salt. The section
is a NNW-SSE trending section through the 3-D seismic survey shown in Figure 3 (the precise location is not shown due to confidentiality). Data courtesy of Repsol.

Tectonics 10.1002/2016TC004262

RAMOS ET AL. CONTRACTION AND INVERSION IN SW IBERIA 9



The AUGC is sandwiched between its basal contact and an unconformity within the late Miocene (labeled
LMU on Figure 6), which truncates Miocene growth sediments and is folded by the antiform (Figure 6).
Above the LMU, a highly reflective wedge-shaped set of reflectors could correspond to contourite deposits
related with the circulation of Mediterranean OutflowWater from the Gibraltar strait to the Gulf of Cadiz since
Pliocene times [Llave et al., 2011], channeled between the AUGC and the Guadalquivir Bank and the growing
antiform. These sediments, as well as the younger succession above, show a growth geometry at both sides
of the anticline. They also have experience a regional northward tilting and moderate deformation by the
reactivation of the internal structures of the AUGC (Figure 6). Despite Pliocene sediments being dominated
by contouritic deposits, onlap onto the late Pliocene unconformity [Hernández-Molina et al., 2016] and trun-
cation below the Early Quaternary Unconformity [Hernández-Molina et al., 2016] observed in this section are
interpreted to respond to tectonic causes and not primary sedimentary geometry [see also Hernández-Molina
et al., 2016]. The symmetrical arrangement of the Pliocene-Quaternary sedimentary growth wedges at both
sides of the antiform demonstrates the progressive tilting of their limbs. This geometry significantly differs
from the wedge-shaped contourite drifts deposited in the adjacent structural lows (Figure 6). Contourite

Figure 6. (a) Seismic section of the detailed Cenozoic unit over the Esperança Salt in Figure 5b. (b) Seismic interpretation
showing the main unconformities within the Cenozoic sediments described by Hernández-Molina et al. [2016], along with
the onlaps and erosional truncations resulting from different tectonic pulses. See Figure 5 for the legend. BFU = Basal
Foredeep Unconformity, LMU = Late Miocene Unconformity, LPU = Late Pliocene Unconformity, EQU = Early Quaternary
Unconformity.
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deposits are dominated by sheeted drifts andmostly constant thickness other than around tectonically active
structures [Hernández-Molina et al., 2016].

The internal structure of the antiform consists of two thrusts involving the Jurassic and Lower Cretaceous
sediments. However, normal throw of the Jurassic across the northern thrust and the presence of a localized,
thick Upper Jurassic/Lower Cretaceous depocenter strongly affected by extensional faults demonstrate
extensional faulting, downbuilding, and salt evacuation, indicating the existence of a salt wall that has been
subsequently squeezed to form a thrust weld. The southern thrust would also correspond to a thrust weld
formed by shortening of a salt wall (Figure 5c). This salt wall could correspond to a feeder connecting the
autochthonous Hettangian Salt horizon with the allochthonous Esperança Salt nappe. The reconstructed
geometry of the section in Figure 5 at Early Cretaceous time (Figure 5c) shows that none of the salt walls
accommodated any shortening prior to the Late Cretaceous.

The section in Figure 5 also contains two other sets of contractional features. For one, Figure 5c shows a set of
shortening structures already present at Early Cretaceous times along the southern end of the section. These
are part of a south directed fold-and-thrust system detached on the allochthonous Esperança Salt. This sys-
tem is interpreted to be the toe-thrust system associated to the allochthonous emplacement and gravitation-
ally driven deformation of the Esperança Salt in Middle to Late Jurassic times. Folds and thrusts record
syntectonic thinning and thickening of Middle to Upper Jurassic sediments, defining a pre-Cretaceous age
for the thrusting. Folding of overlying units is interpreted to relate to a later reactivation.

The last set of contractional features observed on this section (Figure 5) is related to the AUGC. The base of
the AUGC is seen to tectonically erode Paleogene sediments and climb up stratigraphically toward the north.
The chaotic facies of this body are in response to highly deformed sediments due to intense thrusting and
sedimentary reworking during transport. The top of this body is highly irregular due to postemplacement
mobilization of sediments, probably driven by shale tectonism (documented by the abundant shale diapirs
in the Gulf of Cadiz) [Medialdea et al., 2009]. The resulting minibasins are infilled by late Miocene sediments.
4.1.2. Guadalquivir Bank
The Guadalquivir Bank is an elongated ENE-WSE seamount 50 km long and 30 km wide (Figure 3) constituted
by a core of Paleozoic basement that locally crops out at the seafloor as testified by dredging [Malod and
Mougenot, 1979; Gràcia et al., 2003a, 2003b]. To the SW, this bathymetric high links with another positive
bathymetric structure, the Portimão Bank (Figure 3).

Figure 5 ends short of the crest of the Guadalquivir Bank (note outline of 3-D seismic survey in Figure 3). The
basement that can be seen on the southern end of the section rising up toward the south is the northern
flank of the Guadalquivir Bank. Just as the basement is tilted to the north, overlying Mesozoic and
Cenozoic sediments (ranging from Paleogene to Quaternary, including the base of the AUGC) are dipping
to the north. Within the Cenozoic package, late Miocene to late Pliocene age sediments that onlap and blan-
ket the AUGC are dipping north and truncated at the seabed above the Guadalquivir Bank (above the AUGC
at the right end of the section; Figure 6). These sediments are in turn onlapped by sediments of latest
Pliocene to Quaternary age (Figure 6), which are truncated by the seabed and are the same sediments
involved in the antiform resulting from the reactivation of salt walls in the center of the section (Figure 6).

The northward dip of Mesozoic to Cenozoic sediments on the northern limb of the Guadalquivir Bank is
observed also on 2-D seismic lines (Figures 7–9 and 11). It is also associated to truncation of the most recent
sediments at the seabed observed in the Figures 6 and 9 and by contouritic moats in Figures 7 and 8.
Likewise, erosion associated to the BFU is seen to locally remove the entire Paleogene and truncate the
top of the Lower Cretaceous over the Guadalquivir Bank (Figures 8 and 9) before being draped by
Miocene sediments. As in the case of Figure 6, late Pliocene sediments are clearly tilted and erosionally trun-
cated at the seabed above the Guadalquivir Bank in the sections in Figures 8b and 9b. Quaternary sediments
are also observed to onlap tilted Pliocene sediments in Figure 8b. All these geometries are clear indications of
uplift of the Guadalquivir Bank from Paleogene to Present, in at least two distinct stages: a late Paleogene (or
early Miocene?) stage, accounting for the erosional truncation below the BFU, and a late Pliocene to
Quaternary stage that accounts for tilting and truncation at the seabed of late Pliocene and older sediments.

Paleogene or early Miocene uplift of the Guadalquivir Bank explains why the bank acted as a barrier to the
progression during the middle to late Miocene of the AUGC in its southern flank (Figures 3, 7, 8, and 11).
The AUGC was only capable of overcoming this physiographical barrier locally (e.g., Figure 5) in areas of
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lesser uplift of the bank. Recent uplift also accounts for the noticeable drop in bathymetry (in the order of
200–400m) that occurs across the bank (Figures 7 and 8) and that conditions present-day sea bottom
contouritic currents (MOW) and erosion (note the localization of contouritic moats on both flanks of the
bank in Figure 7 and on the southern flank of the Bank in Figure 8).

The 3-D seismic cube reveals the presence of north directed thrusts in the northern flank of the Guadalquivir
Bank, affecting the sediments ranging from basement to Early Cretaceous (Figure 9). These are interpreted as
back thrusts accommodating part of the contractional deformation due to the uplift of the Guadalquivir Bank
by the basal regional thrust. In some cases, based on the thickening of pre-Cretaceous sediments in their
hanging wall, they seem to reactivate previous Triassic-Jurassic extensional faults.

Beyond the geometries that are related to Cenozoic shortening and uplift, some geometries observed on the
seismic profiles already discussed prove the relevance of the Guadalquivir Bank as a structural high during
basin extension in the Mesozoic. The section in Figure 8, for instance, shows that the basement high under
the Guadalquivir Bank can be interpreted as the footwall of a major extensional fault dipping toward the
south/southeast. In this case, the hanging wall of the extensional fault has been uplifted by approximately
2 km by Cenozoic thrusting (see Figures 8c and 8d) and deeply eroded by the BFU before being “onlapped”
by the AUGC and later sediments. The equivalent Mesozoic in the footwall of the thrust responsible for uplift

Figure 7. (a) Seismic section across the Guadalquivir Bank in TWTT and (b) its interpretation. Note the bathymetric relief of the Guadalquivir Bank and its lack of inner
reflectivity. The onlap of Miocene to Quaternary sediments on both flanks indicates the presence of pre-Miocene sediments at seabed on the Guadalquivir Bank.
Note also the northward tilt of sediments on the north of the Bank and the southward steepening of the AUGC andMiocene sediments on the south. See Figure 3 for
the location. Data courtesy of TGS.
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Figure 8. Seismic section across the Guadalquivir Bank. (a) Reflection seismic profile in time. (b) Interpretation of the same
profile. (c) Depth version of profile in Figure 8a. (d) Restoration at Oligocene time (prior to the emplacement of the AUGC).
(e) Restoration at Early Cretaceous time. The interpretation beneath the depth of 3–4 s is based on the 3-D seismic image
north of the Guadalquivir Bank and inferred to its south due to the poor seismic image. Extensional faults interpreted north
of the Guadalquivir Bank are projected from 3-D seismic interpretation (see Figure 9). See Figure 3 for the location and
Figure 5 for the legend. BFU = Basal Foredeep Unconformity, LPU = Late Pliocene Unconformity, EQU = Early Quaternary
Unconformity. Data courtesy of TGS.

Tectonics 10.1002/2016TC004262

RAMOS ET AL. CONTRACTION AND INVERSION IN SW IBERIA 13



of the bank is interpreted to be in the order of 4 to 6 km deeper than that in the hanging wall of the thrust
(the base of the AUGC that is assumed to lie over Paleogene and Mesozoic sediments, as in Figure 5, is at a
depth of nearly 4 km). This difference in depth of Mesozoic sediments across the Guadalquivir Bank can also
be seen on other sections through the area (e.g., Figures 7 and 11b if the Mesozoic south of the bank is also
inferred to lie under the base of the AUGC). It is difficult to account for this throw merely by Cenozoic uplift;
we interpret that Mesozoic extensional faulting predating thrusting can account for part of this vertical offset
(Figures 8d and 8e).

The relationship of the Guadalquivir Bank basement high with Mesozoic sediments to the north is not as
clear on seismic due to poor image quality. Locally, where image is good enough, onlap and thinning of

Figure 9. (a) Reflection seismic profile in depth across the northern flank of the Guadalquivir Bank and the southwestern
portion of the Esperança Salt and (b) its corresponding interpretation. See Figure 5 for the legend. The section is the
southern portion of a NNW-SSE trending section through the 3-D seismic survey shown in Figure 3 (the precise location is
not shown due to confidentiality). BFU = Basal Foredeep Unconformity, LPU = Late Pliocene Unconformity, EQU = Early
Quaternary Unconformity. Data courtesy of Repsol.
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Cretaceous and Jurassic sediments onto the basement high can be seen, inferred to represent infill of a basin
flanking a basement high (Figure 8e). In other cases, progressive depositional thinning of the Jurassic and
Lower Cretaceous sediments toward the Guadalquivir Bank (Figures 5 and 9) indicate that the basement
under the Guadalquivir Bank was already dipping gently to the north prior to Cenozoic deformation. This
is consistent with the interpretation of the Guadalquivir Banks as a basement high during Mesozoic

Figure 10. Representative section across the Portimão Bank. (a) Reflection seismic profile in time. (b) Interpretation of the profile in Figure 10a. (c) Depth version of the
profile. See Figure 3 for the location and Figure 5 for the legend. The interpretation of the deep section south of the Portimão Bank is inferred. Data courtesy of TGS.
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extension by previous authors [Terrinha, 1998; Matias, 2007]. Our observations indicate that the Guadalquivir
Bank basement high initially originated as the uplifted footwall of a major (possibly crustal scale) south
dipping Mesozoic extensional fault (Figure 7d). This structure was later inverted by a south verging thrust
that caused further uplift of the Guadalquivir Bank from Paleogene to Present.
4.1.3. Portimão Bank
In contrast to the Guadalquivir Bank, which is a basement-cored structure, the Portimão Bank (Figures 3, 10,
and 11d) has been interpreted as an inverted Mesozoic fault-bounded basin by Terrinha et al. [2009]. The
Mesozoic nature of sediments in the half-graben is supported by the presence of the Dom Carlos diapir
(Figure 10), evident on bathymetry as a dome structure, and interpreted to be constituted by Early Jurassic
Salt (the only evaporitic unit known in the region) [Terrinha et al., 2009]. At the core of the bank, wedging
of Mesozoic sediments toward the south and the steeper bathymetry on the northern flank of the bank
(Figure 10) indicate that this is an inverted Mesozoic half-graben developed on a south dipping extensional
fault. Inversion is of Neogene to recent times, as inferred from the folding of constant-thickness Paleogene
strata, thickness variations observed in Miocene and younger sediments, and present-day bathymetry
(Figure 10). As with the Guadalquivir Bank, its uplift from late Paleogene or early Miocene times is recorded
by the tipping of the AWGC along the southern flank of the bank (Figure 10). To the south, the Mesozoic and
Paleogene units beneath the AWGC are deformed in monoclines (Figure 10), suggesting compaction folding
over basement rotated blocks. The Neogene-Quaternary sediments and the seabed also show deformation
in the Portimão Bank, coherent with the monocline geometry affecting the sediments below (Figure 10),
suggesting a recent reactivation for these thrust faults. The continuous growth of the Dom Carlos diapir
through Neogene times to present day was probably partly driven by contractional reactivation.

Inversion of the Portimão Bank Mesozoic half-graben is consistent with N-S to NW-SE shortening and with
present-day seismic activity that indicates NNW-SSE directed compression [Dewey et al., 1989; Srivastava

Figure 11. Cross sections through the Algarve Basin showing themajor contractional structures identified. (a) Composite seismic section through the central Algarve
Basin. (b) Interpretation of the seismic in Figure 11a, with interpretation extended onshore and complemented with outcrop data. (c) Seismic section through the
western Algarve Basin. (d) Interpretation of seismic in Figure 11c. The black dots represent the salt welds. See Figure 3 for the location. BFU = Basal Foredeep
Unconformity, LPU = Late Pliocene Unconformity, EQU = Early Quaternary Unconformity. Seismic data courtesy of TGS.
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et al., 1990b; Roest and Srivastava, 1991; Maldonado et al., 1999; Zitellini et al., 2001, 2009; Rosenbaum et al.,
2002; Muñoz-Martín et al., 2012; Palano et al., 2013; Custódio et al., 2015]. Faults cannot be traced unambigu-
ously on seismicity, but present-day positive bathymetry and the rapid thickening of Jurassic and Cretaceous
sediments into the Portimão Bank cannot be accounted for only by salt tectonics but can be better explained
as an inverted Mesozoic fault-bounded graben (Figure 10). Unlike the Guadalquivir Bank, there is no change
in the regional level of bathymetry on both sides of the Portimão Bank. Major bathymetric changes occur
toward the north of the bank (Figure 10) and are associated with southward steepening of Jurassic sediments
and the localization of contouritic moats (Figure 10). To the south of the Portimão Bank there is an increase in
depositional space for the Neogene-Quaternary (this space includes the AUGC and the AWGC).

5. Discussion
5.1. Regional Basement Uplift

Significant Neogene to Recent uplift of the basement along the northern margin of the Algarve Basin has
been documented by inspection of the Pliocene marine unconformity [Feio, 1951; Dias and Cabral, 1997].
Likewise, uplift of the basement at the edge of the southern part of the Algarve Basin (which coincides with
the southern limit of SW-Iberia continental crust) is occurring at Present across the Guadalquivir Bank (as
discussed above; Figure 7). The uplift of basement at both locations trends WSW-ENE, parallel to the trend
of the inherited Mesozoic extensional faults and perpendicular to the dominant direction of present-day
convergence between Africa and Eurasia [Olaiz et al., 2009; Pérez-Peña et al., 2010; Muñoz-Martín et al., 2012].

The origin of the basement uplift at these and other locations cannot be identified on seismic or in the field as
nomajor basement thrusts are observed on either. However, there are multiple indications that uplift is being
caused by southward verging, deep-rooted blind thrusts. For instance, the uplift observed along the northern
margin of the basin is regional, causing an elevated topography to the north. This regional uplift and the
southward tilt of Mesozoic units along the basin margin can be consistent with uplift generated by a south-
ward directed contractional structure of crustal scale (along the style of deformation discussed by Fernández-
Lozano [2012]; between 0 km and 10 km in Figure 11b). This interpretation is also compatible with the inter-
pretation of Terrinha [1998] that the tilting at the basin margin is related to broad antiformal folding during
the Cenozoic.

Likewise, uplift and tilting of the northern flank of the Guadalquivir Bank extend up to 10 km north of the
bank, indicating a deep source for the tilt. Although no thrust responsible for this tilt or uplift has been iden-
tified on seismicity, a southward vergent basement involving thrust is the simplest way to account for the
gentle northward tilt of beds north of the bank and the steep drop observed to the south. This thrust would
be equivalent in nature to that proposed before for the northern outcrop margin of the basin (between 0 km
and 10 km in Figure 11b). A southward vergence of thrusting is also supported by the fact that the tilt of the
AUGC and Miocene sediments on the southern limb of the bank is much greater than that on the northern
limb (Figures 7 and 8). Likewise, Miocene to Recent depositional space (including the space taken by the
AUGC, emplaced in the Miocene) south of the bank is considerably greater (2000m or more).

The northern basin margin and the Guadalquivir Bank are in the order of 100 km apart. Over this distance, the
basement must rise from approximately 5 km depth just north of the Guadalquivir Bank to hundreds of
meters above sea level along the northern basin margin (Figure 11b). Southward deepening of the basement
is consistent with the expected passive margin geometry (deepening oceanward). However, documented
Plio-Pleistocene uplift of the basin margin [Feio, 1951; Dias and Cabral, 1997; Terrinha, 1998] along with the
geometry of the BFU and overlying Neogene sediments in the offshore indicates that at least part of this
difference in depth of the basement is related to Cenozoic deformation. The geometry of the BFU is charac-
terized by deepening southward across relatively rapid steps. At least three of these steps can be identified in
outcrop and subsurface.

As has already been discussed, the northernmost step in the BFU occurs across the northern outcrop limit of
the basin (Figures 4 and 11). This step in the BFU is related to a relatively narrow southward verging mono-
cline, less than 5 km wide, for which a south directed blind thrust is the most likely culprit.

A similar monocline geometry can be seen locally on some seismic profiles, close the coast. Figure 12,
for instance, was shot across one of these monoclines (although incompletely). Basement, which lies at
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Figure 12. Seismic section across the shelf break in the proximal margin of the Algarve Basin and the underlying thrust T2.
(a) Reflection seismic profile. (b) Interpretation of the same seismic profile. (c) Depth version of profile in Figure 12b. Black
dashed line: inferred fault. See Figure 3 for the location and Figures 5 and 6 for the legend. Data courtesy of TGS.
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roughly 7 km in depth on the southern end of the image, rises progressively, in a broad monocline, over a
distance of approximately 25 km to a depth of around 4 km (an uplift of roughly 3 km). Part of the change
in depth of the basement is linked to extension, as can be seen by the thinning of the Mesozoic from 5 km
on the south to less than 3 km in the north. This Mesozoic thinning is interpreted to be linked to the
configuration of extensional faults and half-grabens. However, not the entire geometry is Mesozoic in
origin; of the 3 km of uplift, only 2 km can be accounted for by Mesozoic extension based on the change
of thickness of the Mesozoic. The remaining 1 km of uplift is of post-Paleogene times. In Figure 12, the
BFU (or top Paleogene) is seen to rise by approximately 1 km from south to north. This uplift is
accompanied by a significant northward onlap of Miocene and Pliocene sediments and overall thinning of
the Miocene-Quaternary sediments by nearly 1 km. Furthermore, the present-day shelf break (possibly
controlled by contourite currents) is located exactly above the step in the basement and slightly offset
relative to the step in the BFU, indicating a possible neotectonic control. All these elements indicate that
at least 1 km of uplift is accommodated at this location during the Neogene to Present across a step less
than 10 km wide.

The Guadalquivir Bank is the location of the third monoclinal step in the basement and in the BFU (Figures 8
and 11b). The Guadalquivir Bank also has a combined origin for the basement high. On one hand, the entire
Mesozoic section is seen to thin southward onto the Guadalquivir Bank (Figure 8), indicating that the
Guadalquivir Bank was relative high during this time. Above this, Neogene to Quaternary sediments are seen
to also thin onto the bank as well as being uplifted and truncated at the seafloor (Figure 8), related to
Cenozoic contraction and uplift.

The geometry in these three well-documented locations (the basin outcrop margin, the northern end of
Figure 12, and the Guadalquivir Bank) indicates that the uplift of the basement, related to Cenozoic shorten-
ing, occurs at discrete locations, few kilometers across, separated by long intervening segments (tens of kilo-
meters) with relatively constant basement depth. Across these narrow areas both the basement and BFU are
uplifted by southward verging monoclinal structures.

Figure 13. Map of the BFU colored for dip, with white contours indicating depth below sea level. Steeper parts of the surface indicate the steps in the surface, inter-
preted to be related to erosional geometries or to the presence of underlying basement-involving blind thrusts (traces of the thrust tips shown in white lines).
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The timing of the BFU relative to the basement uplift structures mentioned above makes the BFU an ideal
surface to discriminate structures that have uplifted due to basement uplift in the Cenozoic. Note, for
instance, that a major step in the basement seen south of the Ruivo well (Figure 11b) that is interpreted to
respond to a major Mesozoic extensional fault has no major impact on the BFU geometry, whereas other
major steps such as that south of the Portimão Bank (Figure 11d) does coincide with a step in the BFU,
indicating a post-Mesozoic uplift.

To correlate the steps in basement at the scale of the basin, the BFU surface has been mapped in 3-D
(Figure 13). This map shows a number of WSW-ENE trending steps, which, in combination with the available
seismic and outcrop data, have been used to define four main steps in the regional elevation of the BFU and
of the basement (Figure 14a) related to Cenozoic to recent shortening. Uplift along the Guadalquivir Bank
and the onshore northern limit of the basin are interpreted to be related to underlying south verging
basement-involving thrusts. These two fault structures, labeled T0 and T3 in Figures 11 and 13, bound the
domain of contractional structures documented in this paper. In between these two structures two other
main steps can be identified. One is the monocline in Figure 10, labeled T2. The fourth structure is T1
(Figures 11b and 11d). Toward the west T1 corresponds to the Carcavai fault zone, an ENE-WSW compres-
sional fault [e.g., Carvalho et al., 2012].

The four main thrusts identified in the Algarve Basin locally deviate from their dominant WSW-ENE trend,
forming a set of oblique ramps of the thrust system with NW-SE orientation (Figure 13). One of the most
prominent of these is that formed onshore, where the northern thrust (T0) merges with thrust T1
(Figure 13). This oblique ramp is responsible for the jog in themap expression of the northern outcropmargin
of the basin. Other oblique ramps are also visible between T2 and T3, at the western end of the Guadalquivir

Figure 14. Structural maps of SW Iberian margin. (a) Depth map of the top of basement and location of the main thrust faults responsible for its uplift in Cenozoic
times. (b) True vertical thickness (TVT) of the Neogene/Quaternary succession and location of basement thrusts. Note the impact of thrusts on the location of
post-Oligocene depocenters. (c) Seabed bathymetry and location of basement thrusts. The black dashed arrows indicate the MOW currents taken from Hernández-
Molina et al. [2016]. Note the control exerted locally by thrusts T2, T3, and their lateral ramps on the trajectories of the MOW currents. (d) Depth map of the BFU and
basement thrust traces, with an overlay of Mesozoic age extensional faults in grey andMesozoic depocenters greater than 3500m thick in grey shade. See discussion
in text.
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Bank (Figure 13). The western margin of the Algarve Basin is also characterized by a swing in the strike of
basement thrusts to a NW-SE strike (Figure 13).

Thrust T2 runs south of the present-day southern Portuguese coastline and parallel to it east of Faro. T1 also
runs roughly parallel to the coast east of Faro up to the Spanish border (in the order of 50 km) and accounts
for the basement uplift that brings the outcrop margin of the basin some 20 km south in the eastern Algarve.
At least in this eastern sector, it appears that both T1 and T2 probably exert a control on the present-
day coastline.

In the offshore, thrusts T1, T2, and T3 also exert a control on the Neogene-Quaternary depocenters (Figure 14
b) and the present-day bathymetry and contouritic moats (Figures 7, 8, and 14c). Whereas the correlation
between individual thrusts and Neogene-Quaternary depocenters or bathymetry is not one to one, it is
evident that thrusts T2 and T3 exert a strong control on the thickness of Neogene-Quaternary sediments
(Figure 14b) and bathymetry locally follows the trend of the main thrusts (particularly T3 and the western part
of T2; Figure 14c). The oblique structures linking the main thrusts also have a marked impact on the trace of
the basement outcrop (as discussed above) and in controlling some Neogene-Quaternary depocenters (for
structures linking T3 and T2) and bathymetry in the central part of the basin and along its western limit.

5.2. Neotectonics

The system of basement-involving thrusts (T0 through T3 and oblique branches) identified in this study are
observed to locally control the present-day bathymetry and contourite currents of the MOW (Figure 14c). This
correlation may indicate neotectonic activity of these thrusts, but it could also result from present-day
currents and seabed adapting to an inherited (pre-Quaternary) bathymetry (Figure 14). However, when
overlying the map of thrusts identified in this study on maps of instrumental seismicity [Ribeiro et al., 1996;

Figure 15. (a) Earthquake epicenters in SW Iberia, sized as a function of magnitude (modified after Palano et al. [2013]). The earthquakes were recorded between
1951 and 2010, with magnitudes between 2.0 and 8.0 down to ~30 km depth. (b) Location of the earthquake epicenters relative to the thrusts described in this
paper. (c) Lower hemisphere, equal area projection for fault-plane solutions, complied from several earthquakes: red for strike-slip faulting, black for thrust faulting,
and blue for normal faulting, modified after Palano et al. [2013]. (d) Location of the focal mechanisms relative to the thrust faults described in the paper. GB:
Guadalquivir Bank, PB: Portimão Bank, HT: Horseshoe Thrust, SVT: São Vicente Thrust, SWAT: Southwest Algarve Thrust.
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Pedrera et al., 2011], it can be seen that the main cluster of seismic events in the Gulf of Cadiz sits immediately
north of the Guadalquivir and Portimão Banks and associated thrust T3 (Figure 15b). This thrust is the one
that has the strongest imprint on bathymetry, hence indicating that bathymetric expression of the thrusts
can be related to neotectonic activity. Furthermore, thrusting on T3 is supported by the fact that focal
mechanisms estimated in this area are compatible with an E-W to WSW-ENE trending thrust (Figures 15c
and 15d) and the location of the epicenters is consistent with a northward dipping T3, as surface dipping
to the north mapped from epicenters by Palano et al. [2016]. A similar relationship can be observed
between minor clusters further north and the T2 thrust and for the minor oblique thrusts between T2 and T1
(Figure 15b). The fact that the other focal mechanisms derived for the Algarve Basin indicate strike slip along
N-S and E-W conjugates or NW-SE and NE-SW conjugates (Figure 15d) is taken to respond to the presence of
NW-SE to N-S trending tear faults and lateral ramps in the main thrust system defined by T0–T3 (Figure 13).
The intermediate depth of these earthquakes [Palano et al., 2013], ranging from crust to mantle, supports the
idea that these events are linked to basement or crustal faults. We therefore consider that the basement
thrust system described in this paper and their associated structures (tear faults and lateral ramps) are the
most likely culprits for the seismic activity recorded in the Algarve Basin.

The two other evident clusters of seismic activity that can be seen in the vicinity of the Algarve Basin lie in the
area of the Horseshoe, Marquês de Pombal, and São Vicente Thrusts to the west (Figures 15a and 15b) and
south of the Portimão Bank and the T3 Thrust. The cluster south of the Portimão Bank runs along a NE-SW
trend that cannot be correlated to any known structure (Figures 15a and 15b) but is parallel to the thrusts
further west (Gorringe, Horseshoe, Marquês de Pombal, and São Vicente) and is therefore interpreted to
be associated to a structure not yet identified on seismic and proposed here as the Southwest Algarve Thrust
(Figure 15b). This structure has not been documented on seismic as it lies under the AWGC and poor seismic
image precludes its identification.

The generalized absence of seismic activity to the south of the Algarve Basin, in the domain nowadays
covered by the AUGC and AWGC (Figure 16), coincides with the area that could potentially be interpreted
to be oceanic crust [Sallarès et al., 2011; Martínez-Loriente et al., 2014] and indicates that deformation

Figure 16. Synthetic crustal cross section of the SW Iberian Margin at key time steps. (a) At the end of Variscan thrusting (Carboniferous). (b) At the end of Jurassic
extension. (c) During Cenozoic thrusting. The black lines show the faults active at each time step. The dashed black lines show the inactive faults. Modified after Vegas
et al. [2004].
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within the AUGC and the AWGC is reduced at present, or nonseismic and shallow and dominated by defor-
mation related to shale and evaporite mobility [Medialdea et al., 2004].

5.3. Timing

The tectono-sedimentary relationships observed so far in the Algarve Basin are consistent with two main
broad stages of basin evolution: one lasting from Triassic to Early Cretaceous dominated by extensional
tectonics and one lasting from possibly Late Cretaceous, and certainly from Oligocene, to Present dominated
by compressional tectonics. These two stages are in turn coherent in the framework of Mesozoic opening of
the Tethys and Atlantic Oceans and the mainly Cenozoic convergence between Africa and Eurasia [Schettino
and Turco, 2011].

As discussed above, multiple unconformities in the Miocene to Recent sediments in the Algarve Basin record
the contractional deformation of the offshore structures (e.g., Figure 6) [Hernández-Molina et al., 2016]. The
oldest Cenozoic contractional deformation is that related to the reactivation of salt walls documented in
the Esperança Salt area of Paleogene age (Figure 5). A similar magnitude of Paleogene deformation has
not been recognized for other structures in the area with the available data. Nonetheless, the Paleogene is
observed to thin (depositionally) onto some of the offshore thrusts (for instance, onto the monocline related
to T2; on the northern end of Figure 10), indicating that basement uplift might have started as early as
Paleogene. Thrusting on T2 and tilting and folding north of the Esperança Salt in the Paleogene could tenta-
tively be the source of the shortening absorbed by the salt walls on the Esperança Salt.

The Paleogene is also observed to thin or be absent over the other two basement thrusts in the offshore (as
occurs above the Guadalquivir Bank in Figure 8 or above all the thrusts in Figures 11b and 11d). However, in
some cases this thinning or absence of the Paleogene can be interpreted to be either depositional (recording
Paleogene age uplift) or erosional (implying late Paleogene or early Miocene uplift prior to incision by the
BFU). In many cases, the case for late Paleogene or early Miocene pre-BFU uplift and truncation of the
Paleogene or even Cretaceous is evident (Figure 8).

For the remainder of the Neogene to Quaternary two main stages of deformation are observed in the area.
For one, emplacement of the AWGC and AUGC in the area is of middle to late Miocene age. Sediments that
seal movement of these units are later folded in late Pliocene times and onlapped by latest Pliocene
and Quaternary sediments (consistent with the tectonic control on contourite deposits proposed by
Hernández-Molina et al. [2016]). More recent deformation has not been documented based on seismic inter-
pretation, but evidence of neotectonic activity discussed above indicates that one final stage of deformation
is currently active.

The stages of deformation documented in the offshore Algarve Basin are consistent with those defined by
other authors in the area [Terrinha, 1998; Roque, 2007] who interpret four main stages of contractional
deformation: (1) Late Cretaceous to Paleogene, (2) late Oligocene, (3) middle to late Miocene, and (4) late
Pliocene to Present.

5.4. Tectonic Inheritance and Basin Inversion of the Algarve Basin

Extension during the Mesozoic in southern Iberia led to the development of E-W toWSW-ENE trending exten-
sional faults [Terrinha, 1998; Vera, 1998; Martínez del Olmo, 2002; Ramos et al., 2016] that controlled Triassic-
Jurassic depocenters (units synchronous with the main stage of extension). This trend is strongly coincident
with the strike of Cenozoic contractional structures (thrusts and monoclines of the BFU) and roughly perpen-
dicular to present-day maximum shortening directions [Olaiz et al., 2009; Pérez-Peña et al., 2010; Muñoz-
Martín et al., 2012]. The strike of the extensional faults, perpendicular to shortening, coupled with the fact that
some faults are interpreted to have had low angle of dip prior to Cenozoic shortening (e.g., faults south of the
Guadalquivir Bank; Figure 7), makes them good candidates for reactivation [Letouzey, 1990]. However, there
appears to be no direct correlation between inversion and preexisting extensional structures (Figure 14d).
Only the Portimão Bank has been documented as an inverted half-graben (Figure 10) [Terrinha et al.,
2009]. For the rest, onshore extensional faults have been observed to accommodate buttressing but no fault
reactivation [Ramos et al., 2016]. And in the offshore the only contractional structure that coincides with a
major basin-bounding extensional fault is thrust T3, whose trace coincides with the northern limit of a major
Mesozoic depocenter. However, as opposed to reactivating the fault responsible for the depocenter, thrust
T3 dips in the opposite direction and causes inversion by steepening the extensional fault.
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This opposing dip of Cenozoic thrusts and Mesozoic extensional faults is one of the most peculiar aspects of
the inversion experienced by the Algarve Basin. Throughout the basin, thrusts are north dipping (south direc-
ted), while the extensional faults are dominantly south dipping (Figures 5, 9, 11, and 14). This style has already
been documented at outcrop scale in the Algibre Thrust by Ramos et al. [2016]. Also, in a context equivalent
to the offshore Algarve Basin, inversion in the NW Iberian passive margin shows similar contractional struc-
tures, where major extensional faults are inverted by a thrust fault with opposing dip [Tugend et al., 2014].

A possible origin for this anomalous inversion style in the SW Iberianmargin is the impact of basement fabrics
on structural development. SW Iberia was located in the foreland fold-and-thrust belt of the Variscan orogen.
Basement in the area is dominated by strongly deformed Carboniferous flysch sediments affected by north-
ward dipping, southward directed thrusts and by regional cleavage dipping to the N/NE (Figure 16a) [Vegas,
1980; Soriano, 1996; Díaz Azpiazu et al., 2004; Marques et al., 2010; Pereira et al., 2012]. During Mesozoic
extension, initial extension (in the Triassic) probably reactivated this fabric leading to small-displacement,
northward dipping normal faults with relatively shallow detachments [Terrinha, 1998; Ramos et al., 2016].
As extension progressed, southward dipping regional-scale faults became more efficient at accommodating
increasing extension, leading to the regional pattern of WSW-ENE striking, southward dipping faults (Figure 1
b). Finally, basin inversion during the Cenozoic led to the reactivation of the low-angle thrusts and cleavage
within the Carboniferous and deeper units (now near midcrustal depths; Figure 16c).

A similar style of inversion has been documented in the Moroccan Atlas. Teixell et al. [2003] and Domènech
[2015] have documented multiple examples where thrusts steepen or crosscut preexisting extensional faults
dipping in the opposite direction. The result is geometries very similar to those observed in the Algarve Basin
(Figure 17a). Teixell et al. [2003] and Domènech [2015] have not proposed a cause for this style of inversion,
but a similar basement and the location of the High Atlas in a context similar to the Algarve with respect
to the Variscan orogen (southern foreland [Simancas et al., 2005]) provide support to the analogy in the
deformation style.

Carrera and Muñoz [2013] also describe a similar example of tectonic inversion in the Cordillera Oriental of the
Argentine Andes. There, the basement fabrics in the Precambrian sedimentary rocks caused the Andean con-
tractional structures to develop differently from the Cretaceous extensional system.

5.5. Thick-Skinned Cenozoic Deformation in the Iberian Plate

The tectonic style of broad basement uplifts described in this paper for the Algarve Basin is not unique in the
Iberian plate. The mountain ranges found in the interior of the Iberian plate (Figure 1b) are also characterized
by thick-skinned contractional features.

These mountain ranges also display structures that in detail are analogous to those described in the Algarve
Basin. For instance, in the eastern Guadalquivir Basin, immediately south of the eastern termination of the
Sierra Morena, Pedrera et al. [2013] describe NE-SW trending monoclines deforming the overlying Jurassic
in a manner very similar to the stair-stepped geometry seen in the Algarve Basin, also of late Miocene age
(Figure 17b).

The southern border thrust of the eastern segment of the Spanish Central System is also similar to the Algarve
structures. It is a blind thrust and is expressed at surface by a large NE-SW fold propagation fault (Figure 17c)
[De Vicente et al., 2007]. The basement in the hanging wall of this thrust (of granitic composition) is cut by two
north directed back thrusts (Figure 17c) [De Vicente et al., 2007], as occurs in the Guadalquivir Bank (Figures 7
and 8). Along the northern margin of the chain, the subhorizontal schistosity of the Variscan basement (meta-
sediments) favors the formation of thrusts that generate a sequence of monoclines and tight anticlines with
barely any fault displacement in the sedimentary cover similar to the nature of thrusts T0 to T3 (Figure 17d)
[De Vicente et al., 2007]. The difference in tectonic styles between north and south resides in the different
basement lithology [De Vicente and Muñoz-Martín, 2013].

5.6. Shortening Estimates and Correlation to Other Structures

Shortening is accommodated in the SW Iberian margin by thrusts or zones of distributed basement shearing.
The uplift caused by these structures can range from 1 km (e.g., monoclines in Figure 11) to 3 km
(Guadalquivir Bank in Figure 8). At the highest spot of the Guadalquivir Bank, at its western end, the uplift
caused by thrusting has been estimated to be in excess of 5 km, probably related to the intersection of a
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frontal and lateral ramp of thrust T3 (Figure 13). The horizontal shortening required to generate these
magnitudes of uplift is difficult to estimate and depends greatly on the estimates of depth to detachment.
Restoration of some key profiles (e.g., Figure 8) and estimates of the unfolded (or untilted) length of the
preinversion units allow us to estimate a horizontal shortening for the entire margin of roughly 5–10 km.
This represents a shortening of less than 10% of the entire SW Iberian margin in the Algarve Basin, which
is roughly 150 km wide at present day [e.g., Terrinha, 1998].

The amount of shortening estimated for the Algarve Basin can therefore be considered to be consistent with
the approximately 20 km of NW-SE shortening estimated for the Gorringe Bank (the main contractional struc-
ture west of the Algarve Basin on the Nubia-Iberia boundary) [Galindo-Zaldívar, 2003; Jiménez-Munt et al.,
2010]. The age of deformation for the Gorringe Bank (Oligocene to Miocene; according to Jiménez-Munt
et al. [2010]) is also broadly consistent with the earliest stages of deformation documented here for the
Algarve Basin.

Estimates of basement shortening to the east along the Nubia-Iberia boundary are hindered by the presence
of the allochthonous units of the Betic-Rif orogen that mask the basement structure. Furthermore, the pre-
sence of subduction processes east of the Gibraltar Arc [Pedrera et al., 2011; Vergés and Fernàndez, 2012]

Figure 17. Analogue examples for the basement-involved tectonic style in SW Iberia. (a) Cross section through the high Atlas of Morocco, modified after Teixell et al.
[2003], and the Portimão Bank (Figure 9). (b) South directed monocline in the Betics, modified after Pedrera et al. [2013], and the monocline above T2 (Figure 12). (c)
Simplified cross section of the Tortuero back thrusting system and the back thrusts on the Guadalquivir Bank (Figure 9). (d) Sepúlveda imbricate thrust system (Mioc:
Miocene, K: Cretaceous) and section across the Algarve Basin (Figure 11b). Both sections are vertically exaggerated. (Figures 17c and 17d) The examples are cross
sections across the Spanish Central System, modified after De Vicente et al. [2007]. (e) Small inset location map for the sections presented in this figure. L., M., and U.
Jurassic: Lower, Middle, and Upper Jurassic respectively; Mioc: Miocene; Pg: Paleogene.
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implies that the magnitude of Africa-Eurasia convergence is greater eastward and that it is absorbed by other
mechanisms not seen west of the Gibraltar Arc. Nonetheless, Neogene deformation under the Guadalquivir
foreland basin such as that documented by Pedrera et al. [2013] or the structures responsible for the uplift of
the Sierra Morena [Stapel, 1999] are the likely continuation of the Cenozoic thrusts described in the Algarve
Basin. In particular, T2 and T1 can be correlated to the east with the southern limit of the Sierra Morena
(Figure 1b). The Sierra Morena is a currently tectonically active mountain chain [Herraiz et al., 1996; Stich et al.,
2006] and has also recorded significant uplift during the Neogene [Stapel, 1999]. Its southern margin is
defined by a very sharp lineament (easily seen on satellite imagery and topography) that runs from the north-
ern coast of the Gulf of Cadiz for over 200 km to the ENE (Figure 1b). This orientation crosscuts the Variscan
structural trend (WNW-ESE in the Sierra Morena) and is perpendicular to the present-day maximum horizon-
tal stress [Cloetingh and Burov, 1996], which supports the interpretation of the Sierra Morena range as an
upper crust antiform associated to the presence of a south directed crustal-scale blind thrust [De Vicente
et al., 2007].

5.7. Alternative Interpretations for Basement Deformation

Two alternatives have been contemplated for interpreting the source of basement deformation in the
Algarve Basin. One is the possible origin of some of the basement structures (in particular the Guadalquivir
Bank) as a westward propagating Subduction-Transform Edge Propagator (STEP) fault [Govers and Wortel,
2005]. The presence of a STEP fault along the northern limit of the Alborán block in an early stage of its evolu-
tion was proposed by van Hinsbergen et al. [2014]. Whereas the Guadalquivir Bank is indeed in a position that
could be consistent for a STEP fault ahead of the propagating Gibraltar Arc subduction zone, such an inter-
pretation would not account for the origin of the other basement structures observed in the basin.
Furthermore, STEP faults are expected to lead dominantly to subsidence, not uplift as is observed in the
Guadalquivir Bank. Neither could a STEP fault account for uplift as early as Oligocene (when the Gibraltar sub-
duction zone was much further east [Vergés and Fernàndez, 2012]) nor is it compatible with the lack of evi-
dence of slab tear along strike of the Guadalquivir Bank under the Betics [Vergés and Fernàndez, 2012].

The second alternative interpretation for basement deformation is strike-slip dominated deformation, in line
with observations of strike-slip features in the area [Zitellini et al., 2009; Carvalho et al., 2012]. Once again, this
possibility would be at odds with the dominant deformation mechanism observed for Cenozoic deformation
in the Iberian plate. Furthermore, the main structures generating basement uplift in the Algarve Basin are
mostly perpendicular to the maximum horizontal stress [Olaiz et al., 2009; Muñoz-Martín et al., 2012] and
the recent convergence between Africa and Eurasia [Rosenbaum et al., 2002], making contractional structures
the most likely elements driving deformation in the area. Extensional faulting of Cenozoic age in this area is
limited to areas of mobile substrate (shale or evaporites [e.g.,Medialdea et al., 2004;Matias et al., 2011]) and is
therefore inferred to be related to shallow causes and not basement deformation.

5.8. Implications for Initial Stages of Passive Margin Inversion

Just as the inheritance of basement fabric appears to have had a strong control on inversion, crustal-scale
structure may also have played a role in the localization of inversion structures. Some of the locations of
major basement uplift documented in this margin coincide with the extensional faults with the largest
throws (for instance T3 in Figure 11b or T2 in Figure 11d). Crustal-scale control on inversion is also observed
in the western and northern Iberian margin. In the western Iberian margin Peron-Pinvidic et al. [2008] inter-
pret that inversion locates only above continental mantle exhumed during extension. In northern Iberia,
Tugend et al. [2014] suggest that inversion concentrates on thrusts that crosscut basinward dipping,
crustal-scale faults in the domains of greatest extension of the margin. However, in both cases, inversion
occurs in the most distal domain, similar to that documented by Mohn et al. [2012]. In the case of SW
Iberia, however, crustal heterogeneities could be responsible for inversion across the necking domain of
the rifted margin.

Finally, shortening is also observed in the shallowest units of the Algarve Basin. Contraction within the
Mesozoic stratigraphy is driven by shortening at crustal scale, but its tectonic style and the wavelength of
its structures are controlled by the Triassic evaporites acting as a detachment.

The result is a system in which deformation is partitioned and localized by the presence of heterogeneities
within the rifted structure of the margin, the prerift basement, and the synrift stratigraphy.

Tectonics 10.1002/2016TC004262

RAMOS ET AL. CONTRACTION AND INVERSION IN SW IBERIA 26



6. Conclusions

The convergence of Africa and Eurasia during the Cenozoic has led to the formation of a system of roughly
E-W to NE-SW regional-scale thrusts that extend from the Gorringe Bank in the west to the Betic orogen in the
east (the Guadalquivir Basin and Sierra Morena). Four main, south verging thrusts, spaced at 20–50 km, have
been identified in this system. Each thrust is associated to a southward dipping monocline, and they are
interpreted to be deeply rooted in the basement and reactivate inherited Paleozoic northward dipping fabric
(cleavage and thrusts). Extensional faults related to Mesozoic rifting are in most cases folded and steepened
by these thick-skinned thrusts, leading to an inverted margin in which extensional faults have not been
reactivated. Deformation in Mesozoic and Cenozoic strata is accommodated by buttressing, minor thrusting,
and reactivation of diapirs.

At least four main stages of shortening have been documented for the thrusts and associated structures
inverting the SW Iberian margin: Late Cretaceous to early Paleogene, late Paleogene to early Miocene, middle
to late Miocene, and late Pliocene to present day. The present-day kinematics of these thrusts is compatible
with themain compressive direction calculated from earthquakemechanisms and fromGPS plate kinematics.
These thrusts are considered to be responsible for the present-day seismic activity observed in SW Iberia.
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Abstract10

The SW Iberian margin developed as a passive margin during Mesozoic times and was later inverted11

during the Cenozoic Alpine orogeny. The initial syn-rift deposits include a Lower Jurassic evaporite unit 12

of variable thickness. In the onshore, this unit is observed to thicken basinward (i.e., southward), in fault-13

controlled depocenters, and salt-related structures are only present in areas of thick initial evaporites. In 14

the offshore, multiple salt-structures cored by the Lower Jurassic evaporites are interpreted seismic 15

reflection data and exploratory drilling. Offshore salt structures include the allochthonous Esperança Salt 16

Nappe, which extends over an area roughly 40x60km. The abundance of salt-related structures and their 17

geometry is observed to be controlled by the distribution of evaporite facies, which is in turn controlled 18

by the structure of rift-related faulting. This paper presents a comprehensive study of salt tectonics over 19

the entire onshore and offshore SW Iberian passive margin (south Portugal and southwest Spain),20

covering all aspects from initial evaporite composition and thickness to the evolution of salt-related 21

structures through Mesozoic extension and Cenozoic basin inversion. 22

Keywords: salt diapir, salt canopy, passive margin, salt tectonics, Algarve Basin23

1. Introduction24

Many passive margin basins containing evaporite units and their related salt tectonics have been 25

studied worldwide at local to basin scale during the past decades: Gulf of Mexico (e.g., Diegel et al., 26

1



1995; Peel et al., 1995), offshore Morocco (e.g., Tari et al., 2000; Tari and Jabour, 2013), Kwanza Basin 27

(e.g., Duval et al., 1992; Hudec and Jackson, 2002, 2004), Santos and Campos basins  (e.g., Davison et 28

al., 2012; Fiduk and Rowan, 2012; Mohriak et al., 1995) or Nova Scotia (e.g., Ings and Shimeld, 2006; 29

Tari et al., 2012) to name a few. In most cases, post-depositional deformation of evaporite units coupled 30

to the dimension of the systems makes it difficult to understand the initial configuration of the basin and 31

the impact of factors such as evaporite distribution on structural evolution.32

The Mesozoic evaporite basin of the Algarve Basin contains many of the elements observed in salt-33

related deformation in passive margins worldwide. Despite a relatively complex evolution, from 34

extension in the Mesozoic to compression in the Cenozoic, the dimension of the basin and data 35

availability make it a good basin to study the different factors that govern the evolution of a mid-size36

evaporite basin in a passive margin.37

The Algarve Basin is located in the SW Iberian margin (Fig. 1) and developed as a passive margin 38

during the Mesozoic, with evaporites being deposited during the early phase of rifting in the earliest 39

Jurassic. This margin underwent compression during Cenozoic as the result of the Alpine orogeny (e.g., 40

Dewey et al., 1989; Ziegler, 1988) and it is partially inverted at the present-day (Ramos et al., 2017a).41

The Cenozoic N-S convergence between the African and Eurasian plates led to the development of the 42

Betic-Rif chain (Gibraltar Arc; e.g, Vergés and Fernàndez, 2012).43

2

44

45

Figure 1. a) Map showing the distribution of basins containing salt structures (pink areas) in southern 46

Iberia and NW Africa. Modified from Alves et al. (2006) and Hudec and Jackson (2007) RIF-AL: Atlas; 47

BE: Betic; ER: Essaouira; GoC: Gulf of Cadiz; LU: Lusitania b) Map of the geological framework of the 48

area comprised by the Gulf of Cadiz and the Gibraltar Arc (Betic-Rif orogen arc), showing the principal 49

tectonic units and associated basins (modified from Iribarren et al., 2007). AB: Algarve Basin. AUGC: 50

Allochthonous Unit of the Gulf of Cadiz; AWGC: Accretionary Wedge of the Gulf of Cadiz; GB: 51

Guadalquivir Bank; N-Ib?: possible Nubia-Iberia plate boundary (Zitellini et al., 2009); PB: Portimão 52

Bank.53

3



1995; Peel et al., 1995), offshore Morocco (e.g., Tari et al., 2000; Tari and Jabour, 2013), Kwanza Basin 27

(e.g., Duval et al., 1992; Hudec and Jackson, 2002, 2004), Santos and Campos basins  (e.g., Davison et 28

al., 2012; Fiduk and Rowan, 2012; Mohriak et al., 1995) or Nova Scotia (e.g., Ings and Shimeld, 2006; 29

Tari et al., 2012) to name a few. In most cases, post-depositional deformation of evaporite units coupled 30

to the dimension of the systems makes it difficult to understand the initial configuration of the basin and 31

the impact of factors such as evaporite distribution on structural evolution.32

The Mesozoic evaporite basin of the Algarve Basin contains many of the elements observed in salt-33

related deformation in passive margins worldwide. Despite a relatively complex evolution, from 34

extension in the Mesozoic to compression in the Cenozoic, the dimension of the basin and data 35

availability make it a good basin to study the different factors that govern the evolution of a mid-size36

evaporite basin in a passive margin.37

The Algarve Basin is located in the SW Iberian margin (Fig. 1) and developed as a passive margin 38

during the Mesozoic, with evaporites being deposited during the early phase of rifting in the earliest 39

Jurassic. This margin underwent compression during Cenozoic as the result of the Alpine orogeny (e.g., 40

Dewey et al., 1989; Ziegler, 1988) and it is partially inverted at the present-day (Ramos et al., 2017a).41

The Cenozoic N-S convergence between the African and Eurasian plates led to the development of the 42

Betic-Rif chain (Gibraltar Arc; e.g, Vergés and Fernàndez, 2012).43

2

44

45

Figure 1. a) Map showing the distribution of basins containing salt structures (pink areas) in southern 46

Iberia and NW Africa. Modified from Alves et al. (2006) and Hudec and Jackson (2007) RIF-AL: Atlas; 47

BE: Betic; ER: Essaouira; GoC: Gulf of Cadiz; LU: Lusitania b) Map of the geological framework of the 48

area comprised by the Gulf of Cadiz and the Gibraltar Arc (Betic-Rif orogen arc), showing the principal 49

tectonic units and associated basins (modified from Iribarren et al., 2007). AB: Algarve Basin. AUGC: 50

Allochthonous Unit of the Gulf of Cadiz; AWGC: Accretionary Wedge of the Gulf of Cadiz; GB: 51

Guadalquivir Bank; N-Ib?: possible Nubia-Iberia plate boundary (Zitellini et al., 2009); PB: Portimão 52

Bank.53

3



The interest in salt tectonics in the Algarve Basin has increased in recent years in part due to the 54

potential petroleum systems of the basin (Matias et al., 2011). Initially, in the onshore, a series of salt 55

structures such as diapirs and salt walls were described (Afonso, 1983; Davison et al., 2016; Manuppella, 56

1992; Terrinha, 1998; Terrinha et al., 1990). The availability of seismic and gravity data led to the57

identification of more salt structures in the offshore portion of the SW Iberian margin (e.g., Fernández-58

Puga et al., 2007; Lopes et al., 2008; Maestro et al., 2003; Matias, 2007; Terrinha, 1998). One of the most 59

interesting elements of the margin is the presence of an allochthonous salt nappe in the center of the 60

northern Algarve Basin, the so-called Esperança salt structure (Matias, 2007; Matias et al., 2011; 61

Terrinha, 1998). Most recently, Ramos et al. (2016) discussed the influence of the interaction of basement 62

and salt structures on extension and contraction in the onshore part of the basin.63

Matias et al. (2011) presented for the first time a description of salt-related structures, their 64

distribution and the implications on petroleum systems in the western Algarve Basin based on the 65

interpretation of a regional 2D multi-channel reflection seismic (MCS) survey. In this paper we present a 66

more detailed description of salt-related structures that also extends to comprise the entire Algarve Basin.67

This study reveals significant variability in the structural style throughout the basin. The aim of this paper 68

is to tie the origin of this variability to the structural evolution of the margin and to the initial 69

configuration of the evaporite basin.70

2. Geological Setting71

The Algarve Basin is oriented roughly E-W (Fig. 1) and lies along the southwestern margin of Iberia,72

in the Gulf of Cadiz. The Algarve Basin has been historically used to refer to the Mesozoic basin 73

cropping out along southern Portugal and its southward offshore extension. In this paper we will use the 74

name Algarve Basin to refer to the sedimentary basin that developed along the northern Gulf of Cadiz and 75

the immediate onshore in Portugal, and even present in some Mesozoic outcrops in the southwestern76

Spain, near the Portuguese borded. To the south and west the Algarve Basin opens to the Atlantic Ocean. 77

The continuation of the southern Iberian margin east of the Gulf of Cadiz is at present overthrust by the 78

Betic-Rif orogen (Crespo-Blanc, 2007; Fernández-Ibáñez and Soto, 2017; Flinch et al., 1996; Iribarren et 79

al., 2009; Platt et al., 2013; Ramos et al., 2017b).80

2.1. Tectono-stratigraphic evolution81

4

The Algarve Basin started to develop in Late Triassic times, due to the break-up of Pangea (Schettino 82

and Turco, 2009; Terrinha, 1998). Late Triassic red beds unconformably overlie a basement made up by 83

Carboniferous flysch and older rocks. Rifting continued into Hettangian times. It is during this period that 84

the key evaporitic units were deposited in the basin (e.g., Terrinha, 1998). Hettangian evaporites, as found 85

onshore and in the offshore wells, consist of halite, anhydrite and gypsum and are interbedded with 86

alluvial to lacustrine red shales, shallow water limestones and dolomites (e.g., Terrinha, 1998; Fig. 2).87

Dark grey siltstones are also interbedded with the salt, documented in the Loulé salt mine (Davison et al., 88

2016).89

Late Triassic to Hettangian rifting was followed by tectonic quiescence during the Sinemurian,90

characterized by the development of a regional shallow water carbonate platform (Terrinha, 1998). From 91

Pliensbachian to Callovian times the margin underwent renewed rifting (along ENE-WSW trending 92

faults) due to the westward propagation of the Tethys (Ramos et al., 2017b; Ramos et al., 2016; Terrinha, 93

1998). Basement faulting and related thickness changes triggered initial salt tectonics in the area. 94

Deposition during this time was dominated by carbonates.95

Oceanization of the southern Iberian margin is interpreted to have occurred during the Middle to Late 96

Jurassic (García-Hernández et al., 1989; Gutscher et al., 2002; Martínez-Loriente et al., 2014; Sallarès et 97

al., 2011; Vera et al., 2004). The basin continued to be dominated by carbonates through the Late 98

Jurassic. The Early Cretaceous, was characterized by a significant clastic input and limited subsidence99

(Terrinha, 1998). There was no further accommodation space generated during the Late Cretaceous, with 100

only the development of very local depocenters related to salt tectonics (Lopes and Cunha, 2007).101

During the Cenozoic, the convergence between Iberia and Africa led to the inversion of basins along 102

the SW Iberian margin, causing uplift and local inversion of pre-existing Mesozoic faults and salt-related 103

structures (Ramos et al., 2017a). Cenozoic sediments are clastic-dominated, and in general thicken 104

southward (Ramos et al., 2017a). Within the Cenozoic, the transition from a condensed Paleogene section 105

to the Miocene is marked by the BFU (Basal Foredeep Unconformity, Maldonado et al., 1999), an 106

unconformity formed in response to the initial pulses of uplift in this area. After the Miocene, from 107

Pliocene to Present, sedimentation was dominated by the Mediterranean Outflow Water (MOW) and the 108

deposition of contourite drifts that control the present-day seafloor geometry (e.g., Hernández-Molina et 109

al., 2016, 2014; Llave et al., 2011).110
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2.2. Age of Mesozoic evaporites111

Vintage wells in the Spanish Algarve Basin reported the evaporites encountered below the Lower 112

Jurassic carbonates as Keuper facies (Late Triassic) based on their stratigraphic position (Lanaja, 1987).113

However, more recently, a series of onshore paleontological dating of the evaporites in the onshore 114

Algarve Basin, along with an oil well in the south Portuguese shelf (Ruivo-1), reported the evaporitic unit 115

to be Hettangian in age (Doubinger et al., 1970; Palain, 1979; Terrinha, 1998). This dating is similar to 116

that proposed for evaporites of the Lusitanian basin further north (Wilson, 1988). In this study we have 117

therefore assumed that the Algarve Basin evaporites are Hettangian in age.118

Nonetheless, to the east, in the Betics, recent studies confirm the age of the evaporite unit as Late 119

Triassic (e.g., Pérez-Valera, 2005). To the west, in the Morocco-Nova Scotia margin and in the Grand 120

Banks, evaporites are dated to be of Late Triassic to Hettangian in age (Tari et al., 2012; Welsink and 121

Tankard, 2012), dating that is consistent with that for evaporites in the Atlas domain (Saura et al., 2014)122

and the Essaouiria Basin in Morocco (Hafid, 2000). A possible Late Triassic age or diachronicity of 123

evaporite deposition across the Algarve Basin cannot be ruled out.124

2.3. Structural configuration of the Gulf of Cadiz and Algarve Basin125

The present-day configuration of the Gulf of Cadiz is the result of Mesozoic extensional structures126

overprinted by Cenozoic compression. The central and western parts of the Gulf of Cadiz are mostly 127

floored by oceanic or transitional crust (Gutscher et al., 2002; Martínez-Loriente et al., 2014; Ramos et 128

al., submitted grav; Sallarès et al., 2011) and are crossed by the Iberia-Africa plate boundary (Zitellini et 129

al., 2009; Fig. 1a). The transition from the continental to the oceanic domain occurs south of the Portimão 130

and Guadalquivir Banks (Fig. 1, Ramos et al., submitted grav). The Portimão Bank is an inverted 131

Mesozoic graben, whereas the Guadalquivir Bank is a basement high that acted as an intra-basinal high 132

during the Mesozoic that has been further uplifted since Miocene times (Ramos et al., 2017a; Terrinha, 133

1998). The Portimão and Guadalquivir Banks acted as a backstop to the propagation of the AWGC (the 134

Accretionary Wedge of the Gulf of Cadiz, related to eastward-directed subduction under the Gibraltar 135

Arc) and the AUGC (the Allochthonous Unit of the Gulf of Cadiz, an olistostromic mass reworking 136

material from the AWGC) (Gutscher et al., 2002; Iribarren et al., 2007; Maldonado et al., 1999; 137

Medialdea, 2005; Medialdea et al., 2004; Somoza et al., 1999; Torelli et al., 1997; Tortella et al., 1997;138

Fig. 1b). To the north of the Portimão and Guadalquivir Banks lies the Algarve Basin.139

6

2.4. The Hettangian evaporite basin140

Onshore, along the northern margin of the evaporite basin of the Algarve Basin, Hettangian 141

sediments are in the order of 100m thick and locally up to 200m. In the west, the Hettangian is dominated 142

by shales, dolomites and anhydrites, with locally interbedded volcanic rocks (Rocha, 1976) whereas 143

further east it becomes dominated by shales (e.g., Almonte-1 well in Lanaja, 1987; Fig. 2). Basinward (to 144

the south), the Hettangian sediments become thicker in fault-controlled depocenters and richer in 145

evaporites which led to the development of salt structures during the Middle to Late Jurassic (Matias et 146

al., 2011; Ramos et al., 2016). Onshore, the increase of halite basinward is observed from the Albufeira 147

diapir to the Loulé diapir (Terrinha, 1998; Terrinha et al., 1990). Offshore, in distal areas of the basin, the 148

Hettangian succession is dominated by halite (GC C-1, Orion 2-1; Fig. 2). From these areas, halite grades 149

laterally into anhydrite and shale interlayered with carbonates, both eastwards (Asperillo-1 and Almonte-150

1 wells, Lanaja, 1987) and southwards to the Guadalquivir Bank (GC 6Y-BIS well, Lanaja, 1987; Fig. 2). 151

This latter trend indicates that the Guadalquivir Bank was a relative high during the deposition of 152

Hettangian sediments.153
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Figure 2. Correlation panels showing variability of the Hettangian and Upper Triassic evaporite unit 158

across the Algarve Basin. a) Panel oriented roughly NW to SE crossing the Algarve Basin from the 159

onshore in the north (left) to the Guadalquivir Bank in the south (right). b) Panel running roughly SW to 160

NE along the basin axis from the center of the basin (left) to its eastern margin (right). See Figure 3 for 161

location. Stratigraphy for the wells has been obtained from Lanaja (1987), Matias et al. (2011), Rocha 162

(1976) and Roque (2007).GB: Guadalquivir Bank.163
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3. Data-set165

The observations and interpretations presented in this paper are based on geological mapping of the 166

northern margin of the Algarve Basin (Manuppella, 1992; Ramos et al., 2016), interpretation of reflection 167

seismic data over the entire Algarve Basin, and data from hydrocarbon exploration wells Lanaja (1987), 168

Matias (2007), Rocha (1976) and Roque (2007).169

Seismic data consist of several publically available vintage 2D MCS surveys covering the entire 170

Algarve Basin (www.info.igme.es/visorweb/), a regional 2D seismic survey (PDT00-PD00) covering the 171

offshore western Algarve Basin and a 1500 km2 3D seismic survey (Fig. 3), shot by Repsol in 2012. The 172

PDT00-PD00 survey was acquired by TGS-NOPEC in 2001. This seismic survey consists on a set of 58 173

lines of 2D MCS profiles, oriented NNW-SSE and ENE-WSW and migrated in time (TGS, 2005).174

175

176

Figure 3. Available data in the Algarve Basin used in this study. Wells: Alg-1: Algarve-1; Alg-2; 177

Algarve-2; Alm-1: Almonte-1; Asp-1: Asperillo-1; Atl-2-2: Atlantida-2-2; Bet 14-1: Betica 14-1; Bet 18-178

1: Betica 18-1; Bor-1: Bornos-1; Crv-1: Corvina-1; GC B-1: Gulf of Cadiz B-1; GC B-6: Gulf of Cadiz179

B-6; GB D-1: Gulf of Cadiz D-2; GB D-2: Gulf of Cadiz D-2; GB C-3: Gulf of Cadiz C-3; GB 6Y-1bis:180

Gulf of Cadiz 6Y-1bis; Hue-1: Huelva-1; Imp-1: Imperador-1; Mog-1: Moguer-1; Ori 2-1: Orion 2-1; 181

Rui-1: Ruivo-1. See Fig. 1b for location.182

9



3. Data-set165

The observations and interpretations presented in this paper are based on geological mapping of the 166

northern margin of the Algarve Basin (Manuppella, 1992; Ramos et al., 2016), interpretation of reflection 167

seismic data over the entire Algarve Basin, and data from hydrocarbon exploration wells Lanaja (1987), 168

Matias (2007), Rocha (1976) and Roque (2007).169

Seismic data consist of several publically available vintage 2D MCS surveys covering the entire 170

Algarve Basin (www.info.igme.es/visorweb/), a regional 2D seismic survey (PDT00-PD00) covering the 171

offshore western Algarve Basin and a 1500 km2 3D seismic survey (Fig. 3), shot by Repsol in 2012. The 172

PDT00-PD00 survey was acquired by TGS-NOPEC in 2001. This seismic survey consists on a set of 58 173

lines of 2D MCS profiles, oriented NNW-SSE and ENE-WSW and migrated in time (TGS, 2005).174

175

176

Figure 3. Available data in the Algarve Basin used in this study. Wells: Alg-1: Algarve-1; Alg-2; 177

Algarve-2; Alm-1: Almonte-1; Asp-1: Asperillo-1; Atl-2-2: Atlantida-2-2; Bet 14-1: Betica 14-1; Bet 18-178

1: Betica 18-1; Bor-1: Bornos-1; Crv-1: Corvina-1; GC B-1: Gulf of Cadiz B-1; GC B-6: Gulf of Cadiz179

B-6; GB D-1: Gulf of Cadiz D-2; GB D-2: Gulf of Cadiz D-2; GB C-3: Gulf of Cadiz C-3; GB 6Y-1bis:180

Gulf of Cadiz 6Y-1bis; Hue-1: Huelva-1; Imp-1: Imperador-1; Mog-1: Moguer-1; Ori 2-1: Orion 2-1; 181

Rui-1: Ruivo-1. See Fig. 1b for location.182

9



The 3D seismic cube recorded up to 12 seconds TWT and was pre-stack migrated in time and in 183

depth (migration up to 6000m depth). Ship-borne gravity data was acquired with the 3D seismic survey, 184

and the corrected free-air gravity data has also been used to further qualitatively constrain seismic 185

interpretation.186

Seismic interpretation was calibrated taking into account 5 wells in offshore Portugal (e.g., Roque, 187

2007), along with 14 wells in the Spanish Gulf of Cadiz and Betics (Lanaja, 1987), using Petrel (software 188

by Schlumberger).189

4. Seismo-stratigraphy190

Interpretation of seismic data throughout the Algarve Basin has been guided by the tie with the 191

available wells and propagated based on seismic character and geometric relationships of the interpreted 192

intervals. Examples of seismic facies and geometries are shown in Figure 4 and described here from 193

bottom to top. 194

195

Figure 4. a) Synthetic stratigraphy of the Algarve Basin. b-e) Illustration of seismic facies for each of the 196

intervals at different locations within the basin. See Figure 5 for the location of individual images. Data 197

courtesy of TGS (b, c, e) and Repsol (d).198

The deepest unit interpreted on seismic is the pre-rift Paleozoic basement, imaged as chaotic or 199

occasionally transparent facies. The top of this unit is locally marked by a bright reflector. Where a bright 200

top of basement reflector is absent, the top of basement has been placed where the seismic facies change201

10

from chaotic below to layered seismic facies above. Layered seismic facies with high amplitudes above 202

the Paleozoic correspond to Triassic red beds, deposited in grabens and half-grabens identified by the lack 203

of lateral continuity of Triassic reflectors. Locally, Triassic units are also characterized by chaotic facies.204

Although the correlation of this unit is difficult, Triassic has been identified by intersecting seismic 205

profiles.206

Above the Triassic clastics, the Hettangian evaporitic unit is characterized by a high-amplitude 207

reflector at its top, with highly irregular geometry (e.g., Fig. 4). The base of the Hettangian evaporites is 208

also seen as a strong reflector that is clearly visible away from the salt structures but often masked under 209

salt structures. Internally, the autochthonous evaporites display transparent or chaotic seismic facies.210

Allochthonous salt bodies have a similar seismic response: a bright top and base and internally 211

transparent or chaotic facies, or even stratified facies in some local areas.212

In the basins developed above the Hettangian evaporites, the first unit identified is the Lower Jurassic213

carbonate sequence, characterized by low frequency, high amplitude reflectors of limited lateral 214

continuity. In some areas, the Lower Jurassic succession presents transparent facies. Above this unit, the 215

Middle and Upper Jurassic sediments show a similar seismic response but with greater lateral continuity 216

of reflectors. Locally, the Middle Jurassic succession presents internal unconformities which are 217

interpreted to correspond to those described by Terrinha (1998), with the Bajocian-Bathonian 218

unconformity as the most easily identifiable discontinuity. The contact between the Middle and Upper 219

Jurassic rocks is also usually represented by an angular unconformity (Callovian-Oxfordian contact; 220

Terrinha et al., 2002), characterized by the onlap of the Upper Jurassic reflectors. The top of the Upper 221

Jurassic succession is a high amplitude reflector, normally affected by gentle folding. The Jurassic 222

carbonates (mostly limestones, dolomites and marls) are covered by the Lower Cretaceous sediments,223

which display mid to high frequency and medium amplitude reflectors of good lateral continuity. Locally,224

the Lower Cretaceous sediments are represented by nearly transparent facies.225

Upper Cretaceous and Paleogene and sediments are absent or highly condensed over most of the 226

area. Where present, Upper Cretaceous and Paleogene are represented by strong low amplitude and low 227

frequency laterally continuous reflectors and tend to onlap the top of the Lower Cretaceous. Finally, the 228

shallowest layered package corresponds to the Neogene-Quaternary succession. This unit is characterized 229

by high frequency and low amplitude continuous reflectors. The unit is bounded at the top by the seafloor, 230
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while its base is represented by an erosional surface corresponding to the BFU (Basal Foredeep 231

Unconformity). The units immediately beneath the BFU (Paleogene, Lower Cretaceous and Upper 232

Jurassic) are truncated by this surface. The lowermost Miocene sediments onlap onto the relief defined by 233

the BFU. Internally, the Neogene-Quaternary unit shows several unconformities that suggest continuous 234

syn-depositional uplift (Hernández-Molina et al., 2016; Adrià Ramos et al., 2017). To the south, at a 235

depth similar to the Neogene-Quaternary unit, the AUGC/AWGC (Allochthonous Unit of the Gulf of 236

Cadiz/Accretionary Wedge of the Gulf of Cadiz, Late Miocene in time) are identified as a body with a 237

relatively flat or gently folded base that truncates underlying sediments and an irregular top with chaotic 238

to transparent internal facies. Its top is onlapped by Miocene to Recent sediments.239

5. Salt structures and tectonic styles240

Integration of field mapping, well data and seismic interpretation has made it possible to map the salt 241

structures of the Algarve Basin (Fig. 5). The basin is characterized by a variety of types of salt structures, 242

of which diapirs, salt walls and allochthonous salt bodies are the most relevant. Structural style of the salt 243

structures in the Algarve Basin depends on the variation in the lithological characteristics and thickness 244

variations of the Hettangian evaporitic layer, from the proximal areas to the distal parts of the basin, as 245

well as on the location of structures with respect the extensional fault system that resulted from crustal 246

thinning of the SW Iberian margin. This section describes the different type of salt-related features, their 247

origin and evolution, and their distribution.248

12

249

Figure 5. Map of salt structures and the basement extensional fault system in the Algarve Basin on the 250

SW Iberian margin. Autochthonous and parautochthonous salt structures mapped in this paper are 251

depicted by pink polygons, their area defined by the cut-off of the top of the Lower Jurassic. 252

Allochthonous units are shown by lilac polygons, mapped according to their greatest lateral extent. 253

Onshore diapirs are taken from Davison et al. (2016).GB: Guadalquivir Bank; PB: Portimão Bank. Notice 254

the same orientation and location between the basement extensional faults and the salt structures through 255

13
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the margin, from onshore to offshore. The precise location of Figures 13 through 16 and 19, that cross the 256

3D seismic survey, are not shown due to confidentiality issues; the outline of the 3D seismic cube is 257

shown nonetheless.258

5.1. Onshore and proximal-offshore e salt structures (marginal Algarve Basin)259

Along the northern and eastern, onshore margin of the Algarve Basin, Hettangian evaporites are thin, 260

dominated by anhydrite interbedded with abundant shales and they do not develop any significant diapiric 261

deformation. Major structures in the evaporites onshore only appear in the basin south of the Algibre 262

Fault (Ramos et al., 2016) (Fig. 5). South of this fault evaporite thickness increases significantly and so 263

does halite content (in excess of 90% halite in the Loulé diapir, for instance Lopes et al., 1998).264

Along the Algibre Fault and to the south, numerous salt diapirs have been documented in the area 265

(Davison et al., 2015; Ramos et al., 2016; Terrinha, 1998; Figs. 5 and 6). Diapirs are mostly located in the 266

hanging-wall of the regional Algibre Fault (Fig. 5). To the east, diapirs lie in the footwall of NE-SW 267

trending extensional faults (Fig. 5). Diapirs developed during the Jurassic and Early Cretaceous and were 268

subsequently reactivated and squeezed during the Paleogene-Miocene contractional deformation (Davison 269

et al., 2016).270

Thick evaporites south of the Algibre Fault also act as a major décollement level between the Triassic 271

red beds and the overlying Mesozoic. For instance, the roll-over geometry of the Jurassic syn-rift 272

sediments in the hangingwall of the Algibre extensional fault and the subsequent tightening of the roll-273

over anticline during the Cenozoic inversion suggest decoupling of the Mesozoic succession from the 274

basement and Triassic sediments along the Hettangian evaporites (Fig. 6; Ramos et al., 2016). This 275

decoupling also accounts for the development of a minor Jurassic extensional roll-over structure in the 276

footwall of the Algibre Fault that was thrust over Cretaceous sediments during Cenozoic inversion by the 277

Algibre Thrust (Fig. 6).278

South of the Algibre structures the Hettangian evaporites also fed the Albufeira diapir (Fig. 6). This 279

diapir developed in the footwall of a non-outcropping basement-involved extensional fault that controlled 280

the deposition of the Jurassic succession. The relatively constant thickness of Upper Jurassic sediments 281

overlying the diapir suggest that the salt layer was welded in the hangingwall of the Algibre Fault at that 282

time, as the extensional roll-over continued to develop. The diapir subsequently collapsed during 283
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continuous extensional deformation until Early Cretaceous times. Finally, the diapir was reactivated 284

during the Cenozoic in contraction to form the observed thrusts, some of them inverting the previous 285

extensional faults (Fig. 6).286

287

Figure 6. Cross section of two onshore salt related structures: the Algibre rollover, the Algibre Thrust and 288

the Albufeira diapir. Evaporite thickness is controlled by the extensional Algibre Fault. See Figure 5 for 289

location and Figure 7 for legend. Modified from Ramos et al. (2016).290

Offshore, in the present-day shelf area, salt rollers developed related to listric extensional faults 291

detached on the Hettangian evaporites. Locally, these rollers evolved to diapirs similar to the onshore salt 292

structures, with their source layers possibly welding at the end of the Middle Jurassic (for instance, the 293

diapir under the Ruivo-1 well on Fig. 7). 294

The present-day shelf-break area is marked by the presence of diapirs that grew at least until the Late 295

Jurassic and possibly the Early Cretaceous, inferred to be sourced by a thicker initial salt layer. This is the 296

case of the diapir/salt wall under the Imperador-1 well (although later squeezed by Cenozoic 297

compression, Fig. 8). Despite the lack of good quality seismic profiles in the area, it is interpreted that the 298

diapirs pierced by the wells Gulf of Cadiz C1 and Orion 2-1 (Figs. 3 and 5) are analogous to the 299

Imperador-1 structure. In the case of the Orion 2-1 diapir, the draping of Upper Miocene sediments on the 300

diapir’s caprock (Fig. 2) indicates diapirism, most probably driven by compression, lasted well into the 301

Miocene in this area.302

303
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5.2. Salt structures in the deep offshore (distal Algarve Basin)304

Most of the salt structures have developed in the distal parts of the Algarve Basin (Fig. 5). They are 305

mainly evidenced by antiforms involving the BFU and part of the Neogene succession and in general by 306

areas where the bottom of the Miocene sediments is structurally above the regional elevation (e.g., Figs. 307

7, 8 and 11). Thick packages of reflectors are adjacent to or in between these antiforms and they 308

correspond to extensional basins or minibasins filled by Jurassic-Early Cretaceous sediments. Geometry 309

of the depocenters and the adjacent antiforms cored by transparent seismic facies suggest that minibasins 310

were formed by diapirism (Figs. 7 and 8). These structures and some of the faults were reactivated during 311

the Late Cretaceous to Present contractional deformation. 312

In the deeper part of the basin short wavelength folds involving mostly the Upper Jurassic and Lower 313

Cretaceous sediments, but also the Paleogene and Lower Miocene packages, have been interpreted as 314

minibasins developed between salt diapirs. Some of these minibasins developed above thin sheets of 315

allochthonous salt (Fig. 7). These allochthonous salt bodies developed from the diapirs in the footwall of 316

the basement-involved extensional faults and, in general, extend less than 10km away from the main salt 317

stock (Fig. 7). 318
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320

Figure 7. a) Seismic section in time. b) Interpreted section illustrating various salt-related structures and 321

their link to underlying basement structures. See Figure 5 for location. Data courtesy of TGS.322

The persistence along strike of salt structures above some of basement-involved faults on multiple 323

seismic profiles has been interpreted to mean that some of these salt structures are in fact salt walls, as 324

opposed to merely isolated diapirs (Fig. 9). As a general trend, the interpretation of the 2D seismic lines 325

show that salt walls possibly become more dominant in the southern and western part of the Algarve 326

Basin (Fig. 5). The western portion of this basin also has a greater presence of allochthonous bodies 327

(mainly salt tongues, Fig. 10) and tear-drop diapirs with broader bulbs (Figs. 5 and 8).328
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329

Figure. 8 a) Seismic section in time across the Imperador-1 well in the western Algarve Basin. b)330

Interpretation of the seismic line showing numerous salt pillows, diapirs and allochthonous salt bodies. 331

Note locally the presence of extensional and reverse faulting detaching on the Hettangian autochthonous 332

salt unit, and the location of many salt structures above the footwall of basement extensional faults. See 333

Figure 5 for location and Figure 7 for legend. Data courtesy of TGS.334

335
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336

337

Figure 9. Oblique 3D view of 3 parallel seismic sections across a salt wall formed above the footwall of a 338

Mesozoic-age extensional fault. BFU: Basal Foredeep Unconformity. See Figure 5 for location. Data 339

courtesy of TGS.340
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341

342

Figure 10. Oblique 3D view of two intersecting seismic sections across an allochthonous salt wing. See 343

Figure 5 for location and Figure 9 for legend. Data courtesy of TGS.344

In this western part of the Algarve Basin, salt structures grow by downbuilding of the Mesozoic 345

layers from Early Jurassic to Early Cretaceous (Figs. 7 and 8). Paleogene sediments locally thicken into 346

minibasins (e.g., south of well Ruivo-1 on Fig. 7) or expulsion features (e.g. Paleogene fault and 347

depocenter on the southern part of Fig. 8).348

Growth of salt structures by downbuilding is interpreted to have ended mostly by Paleogene times in 349

agreement with the distribution and thickness of the Paleogene sediments. Generalized downbuilding and 350

passive growth of diapirs is only seen to continue past the Paleogene in the westernmost part of the study 351

area (Fig. 11, and Dom Carlos diapir on the Portimão Bank; refer to Fig. 9 of Ramos et al., submitted).352

Thickening of Miocene units towards these diapirs and the position of the salt bulbs within Miocene 353

sediments indicate that downbuilding activity lasted at least into the Early or Middle Miocene. Such 354

prolonged activity with similar overburden thickness possibly indicates a greater initial salt layer 355
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thickness in the westernmost Algarve Basin than further east and north. Bathymetric relief above these 356

diapirs (< 100 m) reflects reactivation due to squeezing of the salt stems.357

358

Figure 11. a) Seismic section in time across the westernmost Algarve Basin. b) Interpretation of the 359

seismic line. Diapirs on this section have been active since Early Jurassic times to present. See Figure 5360

for location and Figure 7 for legend. Data courtesy of TGS.361

The easternmost part of the Algarve Basin is characterized by the presence of isolated diapirs (Fig. 362

5). The diapirs in this area mobilize large amounts of salt, generating large bulbs or associated 363

allochthonous sheets (Fig. 12). However, spacing between salt structures is in general more similar to that 364
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of the onshore and near-offshore part of the basin. In this eastern part of the basin, the control of 365

basement-involved faults on the location of salt structures is more difficult to ascertain due to the poor 366

quality of reflection seismic profiles, but it is assumed to be similar to that observed over the rest of the 367

basin.368

369

370

Figure 12. a) Seismic section in time across the eastern Algarve Basin. b) Interpretation of the seismic 371

section. Es: Esperança salt structure. See Figure 5 for location and Figure 7 for legend. Data courtesy of 372

Repsol.373

In this sector, the BFU, which truncates the Upper Jurassic and Lower Cretaceous, is folded above 374

diapirs, while the Upper Cretaceous and Paleogene is absent over large areas (Fig. 12). Miocene 375

sediments onlap the deformed BFU over the diapir crests, in a manner similar to that observed in the 376

western part of the basin. This is assumed to record Early Miocene compression and squeezing of diapir 377

stems. The lack of Upper Cretaceous and Paleogene over parts of the eastern Algarve Basin is in part 378

interpreted as a result of the shallower position of this part of the basin (less tectonic and thermal 379
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subsidence during the Mesozoic) and also due to Late Cretaceous to Late Paleogene uplift of the 380

basement (as recorded by the truncation of Lower Cretaceous strata below the BFU on Fig. 12).381

5.3. The Esperança Salt Nappe382

Perhaps the most striking feature of the Hettangian evaporite basin of the Algarve Basin is the 383

Esperança Salt Nappe (Matias, 2007; Matias et al., 2011; Terrinha, 1998). This is the largest384

allochthonous salt body of the margin and is located in the transition between the western Algarve Basin,385

dominated by salt walls, diapirs and minor allochthonous bodies, and the eastern part of the basin isolated 386

diapirs (Fig. 5). It extends over an area of approximately 1800 km2, from the offshore Portugal-Spain 387

border, in the east, to south of Faro in the west. To the north it is limited by the present-day shelf-break,388

whereas to the south it is limited by the Guadalquivir Bank. 389

390

Figure 13. a) Seismic section in depth across the Esperança salt structure. b) Interpretation of the 391

seismic section. The section shows how the base of the Esperança salt structure truncates progressively 392

younger sediments towards the west. It also illustrates the contrast between the strong control of 393
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halokinetics on sediments above the allochthonous Esperança salt structure, and the limited amount of 394

salt-related deformation observed below the salt structure, except for the eastern part of the section. The 395

dashed line within the Middle Jurassic is the unconformity mapped to generate the map in Fig. 17. See 396

Figure 5 for location and Figure 7 for legend. Es: Esperança Salt. Data courtesy of Repsol.397

The Esperança salt body imaged on 2D seismic (Matias et al., 2011) but it is now better characterized 398

by combining regional 2D seismic with 3D seismic. The Esperança salt structure is characterized by a 399

continuous strong reflector at its base and a highly irregular top above which multiple minibasins have 400

developed (Fig. 13). The base of the Esperança salt structure is a very smooth surface and is observed to 401

truncate underlying Jurassic sediments (Figs. 13, 14 and 16) indicating the salt body climbed up 402

stratigraphy from east to west (Fig. 13) and from north to south (Figs. 14 and 16). The base of the 403

allochthonous salt is highly continuous and smooth and is not affected by Jurassic age faulting, unlike the 404

autochthonous Hettangian evaporite unit. The age of the sediments underlying the Esperança salt405

structure is correlated from wells Ruivo-1 and Imperador-1 in the Portuguese offshore, given the good 406

image quality of the 2D seismic profiles. Despite the uncertainties in the interpretation, it is believed that 407

the westernmost tip of the Esperança Salt is emplaced on top of Upper Jurassic or even Lower Cretaceous 408

sediments (Fig. 15). Below the Esperança Salt, the thickness of Jurassic sediments varies, but overall 409

thickness of the entire Mesozoic above and below the allochthonous salt remains mostly constant across 410

the area (Figs. 13 and 16)., Jurassic sediments thin and young towards the west above the allochthonous 411

salt layer, with only some Upper Jurassic capping the Esperança Salt at its leading edge (Fig. 13).412

24

413

Figure 14. a) Composite seismic section in time across the central Algarve Basin. b) Interpretation of the 414

composite seismic section in time showing a detail of the truncations of Lower and Middle Jurassic 415

horizons under the Esperança Salt. The right panel of the seismic composite is from the PSTM version of 416

the 3D volume, the left panel is from the PDT00-PD00 survey. The dashed line within the Middle 417

Jurassic is the unconformity mapped to generate the map in Figure 17. See Figure 5 for location and 418

Figure 7 for legend. Data courtesy of TGS and Repsol.419
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420

Figure 15. a) Composite seismic section in time across the central Algarve Basin. b) Interpretation of the 421

composite seismic section across the western termination of the Esperança salt structure (Es) showing the 422

correlation of sub-salt horizons. The two panels on the right are from the 3D seismic PSTM volume (in 423

contrast to the PSDM version on Figure 13) and the left panel is from the PDT00-PD00 survey. See 424

Figure 5 for location and Figure 7for legend. Data courtesy of TGS and Repsol.425
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427

Figure 16. a) Composite section in time between a 2D seismic line and an inline from the 3D seismic 428

cube across the Esperança salt structure and the area that connect both autochthonous and allochthonous 429

salt unit to the north b) Interpretation of the seismic section. The base of the Esperança Salt ramps up to 430

the south, truncating Jurassic units below. Note that the southward tilt of the basement and Mesozoic 431

units along the northern end of the section is related to Cenozoic inversion. The dashed line within the 432

Middle Jurassic is the unconformity mapped to generate the map in Fig. 17. See Figure 5 for location and 433

Figure 7 for legend. Data courtesy of TGS and Repsol.434

The source of the allochthonous salt of the Esperança salt structure has been mapped by picking the 435

intersection between the base of the Esperança Salt and three Jurassic markers: the base of the Sinemurian 436

(the top of the autochthonous evaporite unit), a Middle Jurassic unconformity (unconformity shown on 437

Figs. 13, 14 and 16), and the top of the Middle Jurassic. The trace of the two deeper intersections (the 438

base of Sinemurian and the Middle Jurassic unconformity) indicates the source for the allochthonous salt 439

is elongate and over 80km long (Fig. 17). Both intersections define a roughly L-shaped trace in map view:440

trending WSW-ENE along the north and NNW-SSE along the east of the Esperança Salt (Fig. 17). The 441
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relative position of the intersections indicates that salt was emplaced over a feeder ramp that climbs up to 442

the south and west. This pattern is consistent with the trace of the intersection of the top of the Middle 443

Jurassic and the base of the Esperança Salt (Fig. 17). 444

445

Figure 17. Map of features associated with the emplacement of the Esperança Salt. The Lower Jurassic 446

salt ramp refers to the intersection between the top Lower Jurassic and the base of the Esperança Salt 447

structure. Grey thin lines: bathymetry contour lines separated each 100m. The intersection of the base of 448

the Esperança Salt with 3 underlying Jurassic horizons indicates south and west directed emplacement, 449

consistent with supra-salt deformation features indicating extension in the north and contraction along the 450

southern and western edge of the allochthonous salt. The L-shaped trace of the feeder ramp for the 451

Esperança Salt is related to the configuration of basement faults that controlled evaporite deposition. In452

this map only a selection of basement faults is shown; a more complete map can be seen in Figure 19.453

The extensional collapse of the overburden by south-dipping extensional supra-salt faults in the 454

northern portion of the Esperança body, suggest that the overall transport of the allochthonous salt is 455

28

south and west directed. This extension is reflected in WSW-ENE and NW-SE extensional faults of 456

variable throw and dimension, and their associated Mesozoic depocenters (Figs. 13 and 16). South and 457

west directed progression of the allochthonous salt also led to the formation of thrusts and shortening 458

features along the southern and western edges of the Esperança Salt (Figs. 13 and 16). The strike of these 459

contractional features is consistently NW-SE WSW-ENE (perpendicular to salt emplacement). When 460

these features are mapped out, a clear pattern emerges (Fig. 17) in which the northern and northeastern 461

portions of the Esperança salt structure are bordered by the feeder ramp and dominated by supra-salt 462

extensional collapse features, whereas the southern and western edges are dominated by supra-salt thrusts 463

and folds. 464

The origin of the L shape in the feeder ramp is interpreted to relate to the geometry of the basins from 465

which the Esperança Salt is sourced. Regional mapping and seismic interpretation reveal the presence of 466

both WSW-ENE and NW-SE trending basement faults (as already indicated by Matias et al., 2011, and 467

Ramos et al., 2016). The inflection in the feeder ramp coincides with the intersection of two trends of 468

basement faults striking WSW-ENE and NW-SE (Fig. 17). These landward-dipping faults are interpreted 469

to have led to thicker evaporite deposition immediately to the north and east of the Esperança Salt (Fig. 470

18). After an early stage of limited basement faulting and sedimentation during the Early Jurassic, an 471

increase in basement faulting and sediment accumulation during the Middle Jurassic led to salt inflation 472

in the footwall of the basement faults leading to the development of diapirs and salt rollers (Fig. 18). 473

Sediments above these diapirs and salt rollers collapsed above basinward-dipping listric extensional faults 474

driving initial expulsion of salt (Fig. 18). Where seismic quality permits rollover anticlines related to the 475

process of expulsion can be mapped to strike parallel to the basement-involved faults and the feeder ramp 476

(Fig. 17). Once the initial canopy was emplaced, it was remobilized by roof sedimentation leading to its 477

allochthony (e.g., Diegel et al., 1995; Peel et al., 1995; Schuster, 1995; Fig. 18). The result of this process 478

is that the basal ramp of the salt sheet gradually truncates the underlying stratigraphy during 479

emplacement. This mechanism of emplacement can be accounted for with a limited amount of salt. The 480

final configuration observed for the northern margin of the Esperança Salt is conditioned by the inversion 481

of Mesozoic extensional faults which imposes a southward tilt on this part of the basin (Fig. 16).482

483
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484
Figure 18. Conceptual model for the development and evolution of the Esperança salt structure. a) 485

Evaporite depocenters formed during the Hettangian in fault-bounded half-grabens are capped by 486

Sinemurian units during a period of tectonic quiescence. b) Reactivation of basement faulting during the 487

latter part of the Early Jurassic causes initial development of salt rollers due to extension of the 488

overburden.  c) Continued extensional faulting of the basement during the Middle Jurassic caused 489

basement fault blocks to tilt further basinward, facilitating the development of listric extensional faults 490

and salt evacuation basinward above a relative basement high. d) Welding in the feeder area coincides 491

with the final stages of extension in the Late Jurassic. A roho system developed above the salt sheet with 492

a linked contractional system at the toe. e) During the Early Cretaceous, basement faulting had ceased and 493

evolution of the Esperança salt structure was controlled by sediment-driven salt evacuation. The 494

30

Continent-Ocean Boundary is located south of the sketch. This sketch do not incorporate horizontal nor 495

vertical scale. Horizontal scale is approximate to the Figure 16, and vertically exaggerated. See Figure 7 496

for legend.497

The structure of the basement under the Esperança Salt (and the overlying sub-salt Jurassic 498

sediments) has been interpreted based on the integration of seismic interpretation with gravity data (Fig. 499

19, Ramos et al., submitted grav). As discussed for the geometry of the feeders, basement-involved faults 500

under the Esperança Salt trend both WSW-ENE (parallel to the SW Iberia passive margin) and NW-SE (a 501

trend interpreted to represent transfer faults in the Mesozoic extensional system, Matias et al., 2011; 502

Ramos et al., 2016). The western edge of the Esperança Salt coincides with a basement high (Figs. 13 and 503

15) defined by a series of NW-SE faults (Fig. 19a). Likewise, towards the south the Esperança Salt is 504

bounded by the Guadalquivir Bank (Fig. 19a), which was an intra-basinal high throughout the Mesozoic 505

(Ramos et al., 2017a), and acted as a backstop for the salt advance to the south.506

507

508
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Figure 19. Maps of sub- and supra-Esperança structures and their gravimetric signal. a) Sub-Esperança 509

structures: Mesozoic-age extensional faults affecting the basement (brown) and shallow detachment faults 510

causing tilting of Jurassic fault blocks (purple). b) Overlay of the structures in (a) on a map of the first 511

vertical derivative of the second-order residual Bouguer anomaly. c) Supra-Esperança structures: 512

Extensional faults (black) and thrusts (red and orange) related to the emplacement of the Esperança Salt513

in the Mesozoic, and Cenozoic-age thrusts detached in the Esperança Salt formed during contraction 514

(yellow). d) Overlay of the structures in (c) on a map of the first vertical derivative of the second-order 515

residual Bouguer anomaly. See Fig. 5 for location. Data courtesy of Repsol 516

Above the basement, and under the Esperança Salt, Early and Middle Jurassic sediments are 517

observed to thin and thicken in response to ongoing basement faulting and halokinesis of the 518

autochthonous evaporite layer, but without major salt-related structures (e.g. salt diapirs or salt walls).519

These sub-Esperança Jurassic units are faulted into tilted blocks, with some faults detaching within the 520

autochthonous evaporite (Figs. 13, 14 and 20). Faults detached within the autochthonous evaporite layer 521

appear to be distributed over most of the area, but due to limited sub-salt imaging, they are only seen 522

unambiguously in some sectors. Where these faults can be mapped (Fig. 19a) they have reduced throw 523

(hundreds of meters), are only a few kilometres long, and do not have a measurable gravimetric response 524

(Fig. 19a,b) which differentiates them from basement-involved faults.525

526

527

Figure 20. Seismic section in depth across the Esperança Salt showing a detail of sub-salt deformation. 528

Transparent facies below the Middle Jurassic (J2) are interpreted to correspond to the Lower Jurassic (J1) 529

in line with similar facies on other sections in the area. An alternative interpretation with a thinner Lower 530

Jurassic and thicker autochthonous Hettangian evaporite layer cannot be completely ruled out. This 531
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Extensional faults (black) and thrusts (red and orange) related to the emplacement of the Esperança Salt513

in the Mesozoic, and Cenozoic-age thrusts detached in the Esperança Salt formed during contraction 514

(yellow). d) Overlay of the structures in (c) on a map of the first vertical derivative of the second-order 515

residual Bouguer anomaly. See Fig. 5 for location. Data courtesy of Repsol 516

Above the basement, and under the Esperança Salt, Early and Middle Jurassic sediments are 517

observed to thin and thicken in response to ongoing basement faulting and halokinesis of the 518

autochthonous evaporite layer, but without major salt-related structures (e.g. salt diapirs or salt walls).519

These sub-Esperança Jurassic units are faulted into tilted blocks, with some faults detaching within the 520

autochthonous evaporite (Figs. 13, 14 and 20). Faults detached within the autochthonous evaporite layer 521

appear to be distributed over most of the area, but due to limited sub-salt imaging, they are only seen 522

unambiguously in some sectors. Where these faults can be mapped (Fig. 19a) they have reduced throw 523

(hundreds of meters), are only a few kilometres long, and do not have a measurable gravimetric response 524

(Fig. 19a,b) which differentiates them from basement-involved faults.525

526

527

Figure 20. Seismic section in depth across the Esperança Salt showing a detail of sub-salt deformation. 528

Transparent facies below the Middle Jurassic (J2) are interpreted to correspond to the Lower Jurassic (J1) 529

in line with similar facies on other sections in the area. An alternative interpretation with a thinner Lower 530

Jurassic and thicker autochthonous Hettangian evaporite layer cannot be completely ruled out. This 531
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section is taken from the PSDM version of the 3D seismic cube (limited to 6km depth). The PSTM 532

version of the 3D seismic does not provide adequate imaging of the subsalt section. See Figure 5 for 533

location and Figure 7 for legend. Data courtesy of Repsol.534

The style of deformation of the subsalt Jurassic contrasts with that observed above the Esperança Salt535

and the areas surrounding the Esperança Salt. The sediments above the Esperança Salt are influenced by 536

the intense diapirism (Figs. 13 and 16) and the development of a linked extensional-contractional system537

(as discussed above). The structure above the Esperança Salt is further complicated by the presence of 538

post-Mesozoic shortening (Ramos et al., 2017a) that causes reactivation of some salt structures in 539

compression (e.g., uplifted tip of the allochthon and deformation of Cenozoic and Mesozoic sediments in 540

Fig. 13, or tightening of the diapir in the south-central portion of Fig. 16, and thrusts in Fig. 5 in (Ramos 541

et al., 2017a). Contractional structures dominantly reactivate pre-existing salt structures trending WSW-542

ENE and they cause folding of Mesozoic, Paleogene and Neogene strata. In contrast, some of the older 543

thrusts and folds associated with the Jurassic emplacement of the allochthonous salt do not affect 544

Neogene strata (southern end of Fig. 16). The gravimetric response of this complex system of Mesozoic 545

and Cenozoic supra-salt extensional and contractional faults is also observed on gravity anomaly maps 546

(Fig. 19c,d). Despite deformation on the allochthonous salt body being mostly fossilized, local collapse 547

and reactivation of some salt structures have continued throughout the Cenozoic(e.g., Fig. 13).548

549

6. Discussion550

The interpretation and mapping of salt-related structures in the Algarve Basin makes it possible to 551

characterize the Hettangian evaporite basin and its evolution. This has been done by firstly defining 552

domains within the basin that show different styles of deformation. The extent of these domains can be 553

correlated with the evaporite facies and their initial thickness. The relationship between individual salt 554

structures and their surrounding sediments then makes it possible to define how salt-related structures 555

evolved in the basin.556

6.1. Domains of salt tectonics and their relation to the Hettangian evaporite basin557

The Algarve Basin can be subdivided into three main domains based on the deformation style 558

observed for salt-related structures (Fig. 21a). The northern and eastern onshore margin of the basin is 559

mostly devoid of salt-related structures due to the reduced thickness of the Hettangian evaporites (mostly 560
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<100m). In this sector the Hettangian succession is mostly dominated by claystone and anhydrite561

(onshore column by Rocha, 1976, wells Almonte-1 and Villamanrique-1 in Fig. 2). This domain devoid 562

of any major salt-related structures defines a roughly 30km wide strip running along the northern and 563

eastern onshore basin margin.564

To the south and west, as the evaporite units thicken, a domain of isolated diapirs, salt rollers salt 565

pillows developed (Fig. 6, northern end of Figs. 7 and 8 and the eastern end of Fig. 12). In this domain 566

halite is predominant and shales and dolomite tend to be reduced or absent (wells Ruivo-1, Asperillo-1, 567

GC C-1 in Fig. 2). This domain covers the onshore closest to the present-day coast and a swathe 30-60km 568

wide of the shallowest offshore (Fig. 21). Its northern boundary is locally marked by major basin-569

bounding faults (e.g., the Algibre Fault, Figs. 4 and 6). In the central part of the basin, a extension of this 570

domain is seen along the Guadalquivir Bank and in the area now covered by the Esperança Salt (Fig. 571

21a): under the Esperança Salt, autochthonous salt-related structures are mostly limited to salt rollers 572

(Figs. 14 and 20), although some pillows and diapirs also exist (Figs. 13 and 15).573

Finally, the central and southwest portion of the Algarve Basin is dominated by intense salt 574

tectonism. In this area diapirs are ubiquitous, with well-developed bulbs in most cases and locally 575

developing allochthonous salt wings. Most diapiric structures in this domain are controlled by underlying 576

basement-involved faults. Salt walls developed above the footwall of Mesozoic extensional faults (Fig. 9,577

southern portion of Figs. 7 and 8). Despite the lack of well control in this domain, it is interpreted to be a 578

halite rich domain (in line with observations from wells Orion 2-1and GC C-1, Fig. 2).579

The map of salt-related structures in the Algarve Basin (Fig. 5) has been used in conjunction with the 580

available well and outcrop data to infer the distribution of the dominant evaporitic facies of the581

Hettangian basin (Fig. 21a), assuming that mineralogy of evaporites plays a major role in the mobility of 582

evaporites and hence in the style of deformation (e.g., Stewart, 2007; van Keken et al., 1993; Wagner and 583

Jackson, 2011; Zulauf et al., 2009). This map reveals a northern and eastern margin of the basin 584

dominated by claystone and dolomite, fringed to the south by a domain rich in anhydrite. Towards the 585

south and west evaporitic facies are interpreted to transition to a halite-rich environment. The result is a 586

bulls-eye pattern with the most soluble salts in the basin center (consistent with the observations of587

Nichols, 2009, and the example of the North Sea Zechstein basin in Stewart, 2007) . This trend is only 588

locally disrupted along the Guadalquivir Bank (Fig. 21a), that acted as an intra-basinal high during the 589
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Mesozoic and is assumed to present a facies equivalent to shallower parts of the basin (as documented by 590

well GC 6Y-1BIS).591

The map of evaporite facies has been complemented with an estimate of the original stratigraphic592

thickness of the Hettangian (Fig. 21a). Thickness has been calculated from outcrop data, seismic sections,593

or well observations where deformation of the Hettangian is limited (e.g., GC 6Y-1BIS, Asperillo-1, 594

Almonte-1). Where deformation of the Hettangian unit is significant, particularly in the distal Algarve 595

Basin, the initial thickness has been estimated based on the total cross-sectional area of the Hettangian 596

interpreted at present-day, assuming the preservation of area on each section and no loss of evaporite 597

through time. These estimates provide a conservative estimate of initial evaporite thickness: the 598

magnitude of initial thickness may be incorrect, but the relative values and trends observed are assumed 599

to be representative. The result is a map that indicates progressive thickening to the south and west. The600

transition in thickness from 400 to 600m appears to be particularly relevant as it marks the transition from 601

anhydrite to halite dominated facies as well as from the domain of isolated diapirism to the domain of 602

pervasive salt tectonism (Fig. 21a).603

The map of evaporite facies and of deformation styles also reveals the relevance of Triassic to 604

Jurassic basement structures on basin evolution. The main trend observed in the map in Figure 21 is an E-605

W trend dominated by the WSW-ENE trend of basement-involved extensional faults. The extent of 606

evaporites and salt structures along the northern margin of the basin is controlled by faults such as the 607

Espiche-Algibre and Faro-Tavira faults (Fig. 21b). Southward and offshore salt structures are controlled 608

by the progressive thickening of evaporites and the increase of the proportion of halite, as well as the 609

structure of the passive margin. The greatest, concentration of allochthonous bodies (aside from the 610

Esperança Salt) in the basin coincides with the western part of basin where the margin’s necking domain 611

is broadest (as defined by Ramos et al., 2017b; Fig. 21b). Further to the east, in the area of the 612

Guadalquivir Bank and well GC 6Y-1BIS, the necking domain is narrower. There, the relative uplift of 613

the shoulder of the necking fault resulted in a thinner evaporitic succession with prevalence of anhydrite 614

that limited salt tectonism. To the south and southeast the transition to the oceanic crust underneath the 615

AWGC (ocean-continent transition, as defined by Ramos et al., 2017b) marks the present-day southern 616

limit of the evaporite basin.617
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The general E-W trend discussed above is interrupted by NW-SE trending transfer faults oblique to the 618

general trend of the WSW-ENE extensional faults (Ramos et al., 2016). One of these transfer faults, the619

São Marcos-Quarteira Fault (SMQF; Figs. 5 and 21), marks a boundary between evaporite facies 620

observed in onshore and offshore diapirs (Fig. 21b). Its offshore continuation is not evident, but it is 621

probably relayed by a set of faults with equivalent trend that lie further to the east (Fig. 21b). This set of 622

faults controlled the evaporite depocenter from which the Esperança Salt was sourced (Fig. 19a and 623

discussion in Section 5.3) and accounts for the presence of pervasive diapirism in the central part of the 624

Algarve Basin (Fig. 21b). Finally, another major lineament of NW-SE trend (Gulf of Cadiz-Betics 625

transfer zone, Fig. 21b) limits the evaporite basin to the east. The Gulf of Cadiz-Betics transfer zone is 626

interpreted to represent a major step in the paleogeography of the southern Iberian passive margin, 627

causing a major southward shift in the northern limit of the Mesozoic passive margin from the Gulf of 628

Cadiz to the Betic basin (Fig. 21b, Fig. 1a; Ramos et al., 2017b). To the west, the evaporite basin is 629

limited by the also NW-SE trending Gorringe-Gulf of Cadiz transfer zone (Fig. 21; Ramos et al., 2017b).630
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631

632
Figure 21. a) Map of Hettangian evaporite facies (in color) and thickness (isopach contours) across the 633

Algarve Basin. The map is based on well and outcrop data, interpreted seismic sections, and the salt 634

tectonic style. Overlain are the map of salt-related structures (as in Fig. 5) and the boundaries between 635

domains defined based on style of salt tectonism. GB: Guadalquivir Bank; PB: Portimão Bank; SMQF: 636
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São Marcos Quarteira Fault. b) Basement extensional faults (as in Fig. 5), necking domain and Ocean-637

Continent Transition (OCT; from Ramos et al., 2017b) overlain on the Hettangian evaporite facies 638

distribution. Note the coincidence between basement trends and evaporite facies limits and domains of 639

salt tectonism.640

6.2. Development of the allochthonous Esperança Salt641

As has been discussed, the allochthonous Esperança salt structure is sourced from the Hettangian 642

evaporites that deposited in fault bound depocenters to the north and east of the present-day allochthonous 643

body (Fig. 17). The source area for the allochthonous salt is interpreted to be a halite rich domain in 644

which the Hettangian was at least 600m thick (Fig. 21a). The Esperança Salt was emplaced over a domain 645

of reduced evaporite thickness and possibly more rich in anhydrite (Fig. 21), interpreted to be a relative 646

basement high during the Mesozoic (Fig. 22). The Esperança salt structure lies along the offshore 647

prolongation of the SMQF (Fig. 5) which is known to have acted as a significant paleogeographic limit 648

during Mesozoic rifting, with deepening od Mesozoic deposition in the eastern block (Ramos et al., 2016; 649

Terrinha, 1998). The SMQF defines the western limit of the depocenters sorcing the Esperança Salt.650

651

Figure 22. Synthetic illustration of an along strike (WSW-ENE) cross-section of the Algarve Basin in 652

Early Cretaceous times. Es: Esperança Salt structure; SMQF: São Marcos Quarteira Fault. Salt structures 653

are nucleated by the basement-involved extensional fault system. The Esperança salt structure progressed 654

basinward over a relatively uplifted area, where the autochthonous evaporitic unit is thinner than in other 655

parts of the margin and few salt structures have been identified. See Figure 7 for legend.656

The result of the interference of NW-SE and WSW-ENE trending basement faults is the L-shaped 657

feeder documented for the Esperança Salt (Fig. 17). Basement faulting was also directly responsible for 658
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the process of initial salt expulsion. After a period of tectonic quiescence during the middle Early Jurassic 659

(Ramos et al., 2016), renewed extension along basement faults in the late Early Jurassic and Middle 660

Jurassic led to the development of the system of salt structures and tilting that drove salt expulsion (Fig. 661

18). 662

The velocity of Esperança salt structure frontal advance is not straightforward to calculate due to the 663

converging geometry of flow expected based on the feeder ramp geometry (Fig. 17). However, an 664

estimate of a progression of approximately 20-30km in a time span of 35Ma (during the Early Jurassic up 665

to the end of the Middle Jurassic) yields a global rate of less than 1mm/yr. This rate is lower than rates 666

quoted in Hudec and Jackson (2006)Hudec & Jackson (2006) and comparable to rates that can be 667

extracted for the Sigsbee Salt in the Gulf of Mexico (e.g., Peel et al., 1995). Nonetheless, the irregularity 668

of the intersection of both the Middle Jurassic unconformity and the top of the Middle Jurassic (Fig. 17) 669

is indicative of the variability in the direction and velocity of salt emplacement. Therefore, locally higher 670

and lower velocities than those estimated are to be expected.671

6.3. Timing and evolution of diapiric structures672

As has been widely discussed above, salt structures are related to the location of basement faults. 673

During the main extensional phase of evolution of the margin (Early to Late Jurassic), most diapiric 674

structures developed in the footwall of extensional faults (Fig. 23a-e). Diapirism continued to develop 675

passively during the thermal subsidence stage of the SW Iberian passive margin in the Early Cretaceous 676

(Fig. 23f). 677

Shortening and inversion of the margin during the Late Paleogene and Neogene (Adrià Ramos et al., 678

2017) caused the reactivation of diapirs and the squeezing of their stems (generating secondary welds, 679

Fig. 23g,h). The deformation seems to be fossilized by the most recent sediments (Pliocene to present-680

day; Figs. 7 and 8), as documented by Ramos et al. (2017a). In some instances, the Hettangian evaporite 681

layer acts as a detachment for south-directed thrusting (Algibre Thrust on Fig. 6, thrust south of the 682

Imperador-1 well on Fig. 8, and thrusting in Fig. 5 of Ramos et al. (2017a). This late folding and thrusting 683

causes folding of the BFU, which is onlapped by Neogene to Recent sediments (Adrià Ramos et al., 684

2017), and of the AUGC/AWGC (Fernández-Puga et al., 2007). In the westernmost sectors of the Algarve 685

Basin, some diapirs continue to have a bathymetric (e.g., Fig. 11), indicating a growth until Recent. Late 686
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stages of growth have been recorded in the diapirs that have not been pinched-off during the contractional 687

deformation. Over the rest of the basin, most diapirism ceased by Late Cretaceous or Paleogene times.688

Onshore, the Hettangian evaporite level played a major role in localizing deformation during the 689

Cenozoic inversion of the margin (Ramos et al., 2016). In the central and eastern Algarve Basin, the most 690

recent activity recorded on most salt structures can be correlated to this Cenozoic phase of deformation.691

692

Figure 23. Schematic evolution of a diapir in the SW Iberian margin. Note the nucleation of the diapir 693

above the footwall of a basement fault. The evolution of diapirism can be summarized by 3 phases: 1a-e)694

reactive to active diapirism (Early Jurassic - Late Jurassic) with the possible development of 695

allochthonous salt bodies; f) passive diapirism (Early Cretaceous); g-h) diapir reactivation during 696

contractional deformation (Paleogene - Present-day). Grey arrows: direction of strain; grey circles;697

tentative strain ellipses. See Figure 7 for legend.698

8. Conclusions699

The Mesozoic basement structure of the Algarve Basin controlled the distribution of facies and 700

thickness of the Hettangian evaporite unit. This played a critical role in controlling the distribution of salt 701

tectonic styles and evolution of individual salt structures though time. Salt structures in the Algarve Basin702

started to develop in the Early Jurassic and ceased growing in the Early Cretaceous, being mostly 703

fossilized by Late Cretaceous to Paleogene times. In the western Algarve Basin passive downbuilding has 704

continued to Neogene times, whereas in the central and eastern Algarve Basin Neogene activity of salt 705

structures has been limited to shortening related to Cenozoic inversion.706
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The facies distribution of the evaporite basin follows a concentric pattern, with the most proximal 707

facies towards the north and north-east. To the south, the absence of evaporates is due to the ~500 km 708

eastward drifting of the NW African conjugate margin (e.g., Schettino and Turco 2011). The NW African 709

margin would present a symmetric evaporitic facies distribution interpreted in the SW Iberian margin 710

(swallowing of evaporites to the south), completing and closing the concentric facies pattern to the south.711

In the center of the basin, where the facies were supposedly dominated by halite and the thickness of the 712

initial evaporite unit was greatest, salt tectonics was more intense. The general concentric pattern of facies 713

and thickness distribution is broken in the distal domain of the passive margin due to rift-related uplift of 714

this area.715

Within the domain of most intense salt tectonics in the central and eastern Algarve Basin, the 716

Esperança salt structure is a large salt canopy emplaced from Middle Jurassic to Early Cretaceous times 717

within Mesozoic strata. It is sourced from an L-shape linear feeder along its northern margin. Above the 718

allochthonous salt, deformation of the overburden is accommodated through extensional faults to the 719

north and contractional faults to the south.720
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At present, the SW Iberian margin is located along the convergent Iberia-Nubia plate boundary. In Mesozoic
times, themarginwas located at the triple junction of the Ligurian Tethys, Central Atlantic and Northern Atlantic.
The characterization of its crustal structure has allowed us to propose a configuration for this triple junction and
to determine the role that this transformmargin playedwithin the plate kinematic system. In this paperwe pres-
ent an integrated study based on the interpretation of a 2D regional multichannel seismic survey consisting of 58
profiles, tiedwith onshore geology and exploratorywells, and on gravimetricmodeling performedover fourNW-
SE trending profiles.
Integrated interpretation of MCS data combined with 2D gravity modeling reveals a complex pattern in the
southward crustal thinning of SW Iberia and supports the possible presence of oceanic crust under the Gulf of
Cadiz. The tapering of Iberian crust is characterized by steps with rapid changes in the thickness of the crust,
and thinning to b10 km under the outer portions of the margin. Based on gravimetric modeling results and
the structures interpreted on reflection seismic profiles, 3 crustal domains reflecting progressive thinning have
been defined for the SW Iberianmargin. These domains trend roughlyWSW-ENE, parallel to themain extension-
al fabric of themargin. Gravimetricmodeling results are compatiblewith the presence of exhumed sub-continen-
tal mantle in the distal part of themargin. Integratedmodeling also supports the fact that Cenozoic contraction is
responsible for major uplift along the Guadalquivir Bank. Margin inversion and the pre-existing extensional
crustal structure are responsible for the areal distribution and amplitude of the prominent positive gravity anom-
aly observed in the Gulf of Cadiz.
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1. Introduction

The SW Iberian margin is part of the transform to oblique margin
that connected the Ligurian Tethys with the Atlantic (Fig. 1). Left-lateral
translation of the Iberianplate during the opening of the Central Atlantic
in the Early toMiddle Jurassic led to the development of transformmar-
gins along southern Iberia and northwestern Nubia. Oceanic crust ac-
creted between Iberia and Nubia during the Mesozoic (Bortolotti and
Principi, 2005; Schettino and Turco, 2011) and was later mostly
subducted during the emplacement of the Betic-Rif orogen (Gutscher
et al., 2012; Schettino and Turco, 2011; Spakman and Wortel, 2004;
van Hinsbergen et al., 2014; Vergés and Fernàndez, 2012). This orogen
also largely overprinted the former passive margin structure, which is
either inverted within the orogen or buried under its thrust system.
The only segment of the Iberia-NW Nubia transform margin that has
been preserved almost intact to present day is the SWmargin of Iberia,
running along the northern border of the Gulf of Cadiz (Fig. 1).

The existence of highly thinned crust in SW Iberia was initially doc-
umented in 1990s along a transect extending from onshore Iberia to the
eastern end of the Horseshoe Abyssal Plain (González et al., 1996) (Fig.
1). Based on wide-angle seismic reflection data and gravity modeling,
these authors concluded that the crust underwent a strong but contin-
uous thinning from 31 km onshore Iberia to b15 km in the Horseshoe
Abyssal Plain. Subsequently, a number of geophysical studies have
been conducted to investigate the deep structure of the Gulf of Cadiz
(Dañobeitia et al., 1999; Gràcia et al., 2003; Gutscher et al., 2002,
2009; Zeyen et al., 2005). The results of these studies show that the
crust gently thins from 30 to 32 km under the Iberian mainland to
25 km in the central part of the Gulf of Cadiz and to 15 km in its most
western parts. More recently, Sallarès et al. (2011) have published a re-
fraction seismic profile running from the southern Portuguese coast to
the deeper western end of the Gulf of Cadiz, which records an abrupt
thinning of the continental crust and the transition to oceanic crust oc-
curring in the western Gulf of Cadiz (Fig. 1). Gutscher et al. (2009) and
Martínez-Loriente et al. (2014) proposed the prolongation of this oce-
anic crust to the east under the Gibraltar arc (Fig. 1) (Spakman and
Wortel, 2004; van Hinsbergen et al., 2014; Vergés and Fernàndez,
2012).

The nature and origin of the crust under the Gulf of Cadiz is still
under dispute. Some authors postulate that the Gulf is floored by
Avalonian continental crust north of the Guadalquivir and Portimão
Banks (Gràcia et al., 2003; Tortella et al., 1997; Zeyen et al., 2005). Ac-
cording to these authors, the transition to the Atlantic oceanic domain
is located to the west and no oceanic crust is interpreted south of the
Banks. Alternative interpretations suggest that south of Guadalquivir
and Portimão Banks (Fig. 1), there is a corridor of oceanic crust identi-
fied on seismic refraction profiles and seismic tomography interpreted
as a remnant of the Ligurian Tethys (Gutscher et al., 2002;
Martínez-Loriente et al., 2014; Sallarès et al., 2011). Plate kinematic re-
constructions that are based on magnetic lineations in the Atlantic
(Roeser et al., 2002; Schettino and Turco, 2011; Stampfli and Borel,
2002) suggest a Middle to Late Jurassic age for the first oceanic crust
formed along southern Iberia. Nevertheless, the absence ofwell-defined
magnetic anomalies in the area has not permitted the dating of this pos-
sible oceanic crust or assigning it unambiguously to the Atlantic or Te-
thyan domains.

Gràcia et al. (2003) and Zeyen et al. (2005) identified the Guadalqui-
vir-Portimão Bank as a feature across which dramatic crustal thinning
occurred. This thinning coincides with an ENE-WSW striking gravity
anomaly high that extends along the Guadalquivir and Portimão
Banks (Fig. 2).The gravity anomaly shows three local highs reaching
maximum values above 100 mGal over the Guadalquivir Bank (Fig. 2).
This gravity anomaly has been poorly sampled by deep seismic sound-
ing. Reflection profile GC1 (Dañobeitia et al., 1999) was acquired cross-
ing the western part of the anomaly, and refraction profile of Sallarès et
al. (2011)was acquired west of the anomaly. As a result, the precise na-
ture of the Gulf of Cadiz gravity anomaly is still under debate.

The aim of this paper is to provide a geological framework that ac-
counts for the diverse observations made on the crustal structure of
the Gulf of Cadiz. The ultimate objective is to understand the crustal
structure of the SW Iberian margin and to determine the: 1) the role it
played during theMiddle to Late Jurassic rifting-drifting stages through
to the present-day collisional stage, and 2) its relation to the Nubia-Ibe-
ria diffuse plate boundary. In order to achieve these goals we use com-
mercial multichannel seismic reflection (MCS) profiles and published
gravity data to construct four profiles that represent the structure of
the Gulf of Cadiz.

2. Evolution of the Gulf of Cadiz - Algarve Basin

The Algarve Basin is located along the southern margin of Portugal
and extends both onshore and offshore in the Gulf of Cadiz. The evolu-
tion of the basin has been documented by many authors; the descrip-
tion contained here is derived from the work of Ramos et al. (2016)
and Terrinha (1998) and authors therein, and summarized in Fig. 3.

Rifting in the Algarve Basin initiated in the Triassic, with the genera-
tion of isolated half-grabens trending roughly E-W. Triassic siliciclastic
continental sediments unconformably overlie Carboniferous flysch de-
posits belonging to the foreland of the Variscan orogen. Triassic sedi-
ments are overlain by earliest Jurassic sediments: Hettangian
evaporites and coeval terrigenous clastics, whose distribution is strong-
ly controlled byE-Wtrendingextensional faults. The initial clastic-evap-
oritic series are capped by a volcanic-sedimentary complex Hettangian-
Sinemurian in age that is associated with the Central Atlantic Magmatic
Province (CAMP; e.g., Martins et al., 2008). Sinemurian to Toarcian sed-
iments blanket the isolated basins of the first phase of extension and re-
cord progressive deepening of the basin. This Early Jurassic subsidence
phase ended at the transition to the Middle Jurassic (Terrinha et al.,
2002).

Middle Jurassic reactivation of older extensional basins triggered
an initial phase of salt tectonism (involving Hettangian evaporites).
Extension at this time was dominated by E-W to ENE-WSW trending
extensional faults and a NW-SE to NNW-SSE trending relay or
transfer zones. Extension and salt tectonism continued through the
Middle and Late Jurassic. Middle to Late Jurassic sediments are
dominated by carbonates and have highly variable thickness on
account of both salt tectonism and extensional faulting. Lower Creta-
ceous siliciclastics mostly draped over the entire basin and they only
locally exhibited variations in thickness related to ongoing salt tecto-
nism or extensional faulting. During the Late Cretaceous sedimenta-
tion was very localized and Upper Cretaceous sediments are mostly
absent in the basin. The Paleogene is restricted to the offshore as
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shallow water carbonates. A hiatus at Late Cretaceous-Paleogene
times together with an angular unconformity between the Upper
Cretaceous and Lower Paleogene successions are evidence of incipi-
ent regional uplift during this time.

Sedimentation resumed in the Oligocene with the early pulses of
compression between Iberia and Nubia. The base of theMiocene is rep-
resented in the Gulf of Cadiz by a regional unconformity (BFU: base
foredeep unconformity; Ledesma, 2000). N-S to NW-SE directed short-
ening during the Neogene led to the partial inversion of the passive
margin, with the development of southward directed thrusts that
have resulted in a stair-stepped topography and bathymetry (Ramos
et al., 2017). During compression, most likely during the Tortonian,
the Accretionary Wedge of the Gulf of Cadiz (AWGC; chaotic and mé-
lange-like assemblage of Mesozoic to Cenozoic sediments, Fig. 1) was
tectonically emplaced along the entire front of the Betic and Rif into
the Atlantic, due to the westward emplacement of the Betic-Rif orogen
(Iribarren et al., 2007; Torelli et al., 1997; Gutscher et al., 2002, 2012).
The AWGC is partially reworked in the Allochthonous Unit of the Gulf
of Cadiz (AUGC; Fig. 1), a gravitationally emplaced submarine debris
flows sourced from the AWGC (Iribarren et al., 2007).

3. Data

3.1. Reflection seismic and hydrocarbon exploratory wells

Interpretation of the offshore structure of the Algarve Basin and Gulf
of Cadiz is based on a 2D regional seismic survey acquired by TGS in
2001 (PDT00-PD00) and 2D vintage seismic lines property of Repsol
covering the proximal Gulf of Cadiz (Fig. 4). The PDT00-PD00 survey
consists of 58 lines of 2Dmultichannel reflection profiles (MCS), striking

both NNW-SSW and ENE-WSW. These lines, record down to 12 s TWT
(two-way time) and were acquired with an streamer length of 6 km,
and migrated in time (TGS, 2005).

The seismic interpretation is tied to onshore geology (Ramos et al.,
2016), to 5 wells in the Portuguese offshore (Roque, 2007) and up to
39 wells in the Spanish Gulf of Cadiz area (Lanaja, 1987) (Fig. 4).

Interpretationwas performed in Petrel (Schlumberger) taking into ac-
count the unconformity bounded sequences defined by Roque (2007)
and Terrinha (1998), which were useful to correlate the MCS seismic re-
flectors through the margin. Seismic sections and their interpretation
were converted to depth usingMove 2015.1 (byMidland Valley Explora-
tion). Average velocities for three stratigraphic intervals (Neogene-Qua-
ternary, top Paleogene to top Middle Jurassic and top Middle Jurassic to
Basement) were derived from the check-shot data from wells Algarve-1,
Algarve-2, Corvina-1, Imperador-1 and Ruivo-1 (Fig. 5).

Besides formation picks, density values for each stratigraphic unit
were derived from the logs available for these 5 wells. Vintage well
logs of the Spanish Gulf of Cadiz did not fulfil the quality criteria to be
used to obtain density values.

3.2. Gravity

Onshore Bouguer gravity anomalies have been taken from a recent
compilation of gravity data on Iberia (Ayala et al., 2016). Offshore,
free-air gravity anomalies come from the global satellite altimetry
data model V16.1 (Smith and Sandwell, 1997, updated 2007) (Fig. 2).
The gravity anomaly in theGulf of Cadiz is characterized by thepresence
of an elongated NE-SW gravity high composed by three local highswith
values ranging from 40 to 110mGal. The highest values, above 100 and
80 mGal, coincide with the Guadalquivir and Portimão Banks,

Fig. 2.Map of free-air gravity anomaly offshore and Bouguer anomaly onshore. Black lines show the location of the 2D gravimetric profiles presented in this study. Note the ENE-WSW
trending positive gravity anomaly located offshore (N40 mGal), and the negative gravity anomaly (b−60 mGal) to the SE. GB: Guadalquivir Bank; PB: Portimão Bank.

Fig. 1. a) Location of the study area. Traces of refraction seismic profiles acquired between SW Iberia and NW Africa are fromMartínez-Loriente et al. (2014) (P1); González et al. (1996)
(P2); Sallarès et al. (2011) (P3); and Contrucci et al. (2004) (P4). The location of the continent-ocean boundary (COB) defined on these lines is shown. The reflection seismic lines
interpreted in this work are represented by white lines, while their prolongation to the SE for gravimetric modeling is marked with black dotted lines. AB: Algarve Basin; AUGC:
Allochthonous Unit of Gulf of Cadiz; AWGC: Accretionary Wedge of Gulf of Cadiz; GB: Guadalquivir Bank; GoB: Gorringe Bank; HAP: Horseshoe Abyssal Plain; PB: Portimão Bank.
SWIM faults come from Zitellini et al. (2009). Bathymetry is taken from the General Bathymetric Chart of Oceans (GEBCO) digital atlas (IOC et al., 2003) and topography from
European Environment Agency (EEA). (b) Plate reconstruction at end of Triassic (203 Ma) and (c) at end of Jurassic times (151 Ma) modified after Schettino and Turco (2011), Seton
et al. (2012), and Sibuet et al. (2012). 1: NW Nubia, 2: North America, 3: Iberia, 4: Armorica-Greenland.
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Fig. 4. Data in the Gulf of Cadiz used in this study. The most representative and complete wells shown in this figure are: Alg-1: Algarve-1; Alg-2; Algarve-2; Alm-1: Almonte-1; Asp-1:
Asperillo-1; Atl-2-2: Atlantida-2-2; Bet 14-1: Betica 14-1; Bet 18-1: Betica 18-1; Bor-1: Bornos-1; Crv-1: Corvina-1; GC6-X-1; Gulf of Cadiz 6-X-1; GC B-1: Gulf of Cadiz B-1; GC B-2:
Gulf of Cadiz B-2; GB D-1: Gulf of Cadiz D-2; GB D-2: Gulf of Cadiz D-2; GB 6Y-1Bis: Gulf of Cadiz 6Y-1Bis; Hue-1: Huelva-1; Imp-1: Imperador-1; Mar-1: Marismas-1; Mog-1:
Moguer-1; Ori 2-1: Orion 2-1; Rui-1: Ruivo-1.

Fig. 3. Tectono-sedimentary diagram of the Algarve Basin showing the main stratigraphic units and tectonic events.
(Modified from Ramos et al. (2016).)
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shallow water carbonates. A hiatus at Late Cretaceous-Paleogene
times together with an angular unconformity between the Upper
Cretaceous and Lower Paleogene successions are evidence of incipi-
ent regional uplift during this time.

Sedimentation resumed in the Oligocene with the early pulses of
compression between Iberia and Nubia. The base of theMiocene is rep-
resented in the Gulf of Cadiz by a regional unconformity (BFU: base
foredeep unconformity; Ledesma, 2000). N-S to NW-SE directed short-
ening during the Neogene led to the partial inversion of the passive
margin, with the development of southward directed thrusts that
have resulted in a stair-stepped topography and bathymetry (Ramos
et al., 2017). During compression, most likely during the Tortonian,
the Accretionary Wedge of the Gulf of Cadiz (AWGC; chaotic and mé-
lange-like assemblage of Mesozoic to Cenozoic sediments, Fig. 1) was
tectonically emplaced along the entire front of the Betic and Rif into
the Atlantic, due to the westward emplacement of the Betic-Rif orogen
(Iribarren et al., 2007; Torelli et al., 1997; Gutscher et al., 2002, 2012).
The AWGC is partially reworked in the Allochthonous Unit of the Gulf
of Cadiz (AUGC; Fig. 1), a gravitationally emplaced submarine debris
flows sourced from the AWGC (Iribarren et al., 2007).

3. Data
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Interpretation of the offshore structure of the Algarve Basin and Gulf
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2001 (PDT00-PD00) and 2D vintage seismic lines property of Repsol
covering the proximal Gulf of Cadiz (Fig. 4). The PDT00-PD00 survey
consists of 58 lines of 2Dmultichannel reflection profiles (MCS), striking

both NNW-SSW and ENE-WSW. These lines, record down to 12 s TWT
(two-way time) and were acquired with an streamer length of 6 km,
and migrated in time (TGS, 2005).
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ternary, top Paleogene to top Middle Jurassic and top Middle Jurassic to
Basement) were derived from the check-shot data from wells Algarve-1,
Algarve-2, Corvina-1, Imperador-1 and Ruivo-1 (Fig. 5).

Besides formation picks, density values for each stratigraphic unit
were derived from the logs available for these 5 wells. Vintage well
logs of the Spanish Gulf of Cadiz did not fulfil the quality criteria to be
used to obtain density values.

3.2. Gravity

Onshore Bouguer gravity anomalies have been taken from a recent
compilation of gravity data on Iberia (Ayala et al., 2016). Offshore,
free-air gravity anomalies come from the global satellite altimetry
data model V16.1 (Smith and Sandwell, 1997, updated 2007) (Fig. 2).
The gravity anomaly in theGulf of Cadiz is characterized by thepresence
of an elongated NE-SW gravity high composed by three local highswith
values ranging from 40 to 110mGal. The highest values, above 100 and
80 mGal, coincide with the Guadalquivir and Portimão Banks,

Fig. 2.Map of free-air gravity anomaly offshore and Bouguer anomaly onshore. Black lines show the location of the 2D gravimetric profiles presented in this study. Note the ENE-WSW
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Fig. 4. Data in the Gulf of Cadiz used in this study. The most representative and complete wells shown in this figure are: Alg-1: Algarve-1; Alg-2; Algarve-2; Alm-1: Almonte-1; Asp-1:
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Fig. 3. Tectono-sedimentary diagram of the Algarve Basin showing the main stratigraphic units and tectonic events.
(Modified from Ramos et al. (2016).)
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respectively (see Fig. 1a). The Guadalquivir Bank is a basement high
along which the metamorphosed slates and greywackes of Carbonifer-
ous age of the South Portuguese Zone locally crop out at the seafloor
(Vegas et al., 2004). The Portimão Bank is a bathymetric high related
to an inverted Mesozoic basin (Terrinha et al., 2009). To the north of
these Banks, a NE-SW gravity low, with values in a range of −20 to
−40 mGal delineates the presence of a large submarine valley that in-
cises the continental slope (Terrinha et al., 2009).The Iberian margin is
characterized by positive gravity values (above 20 mGal) that extend
from SW Iberia mainland (Fig. 2). As pointed out by Torne et al.
(2015), the regional gravity high that delineates the southwestern
Variscan terranes of the OssaMorena and South Portuguese zones is re-
lated to the combination of a slight thinning of the crust towards the
shoreline and to the presence of a somewhat denser crust relative to
the average of the Alpine Iberia (15 to 20 kg/m3 denser). These results
agree with previous seismic studies which found that the mid/lower
crust was intruded by a regional high velocity/reflective body and that
the base of the crust is located at about 31–32 km (e.g., Carbonell et
al., 2004; Palomeras et al., 2009).

By contrast, the central region of the Gulf is characterized by a grav-
ity low (below−100mGal) that roughly delineates the presence of the

low density rocks forming the accretionary wedge (AWGC in Figs. 1a
and 2). The wedge thickens towards the east where it reaches thick-
nesses between 10 km (Thiebot and Gutscher, 2006) and 11.5 km
(Iribarren et al., 2007). It consists of a low-density pile of sediments de-
formed by westward verging imbricate thrust system. Thus the Gulf of
Cadiz shows a contrasting duality, the northern segment with predom-
inance of positive free-air gravity anomalies which contrasts with the
negative character of its southern areas (Fig. 2). As expected for the off-
shore free-air gravity anomaly map, short wavelength anomalies corre-
late to local bathymetry features, but this correlation is not observed for
its medium to long-wave length component as this is associated to
deeper density lateral variations (see Figs. 1a and 2).

4. Seismic interpretation and gravity modeling

4.1. Seismic interpretation strategy

The interpretation of the offshore structure has been an iterative
process involving well-seismic correlation, seismic interpretation and
gravity modeling. Interpretation was started from the well locations
with wells tied to the time seismic (using the time-depth functions in

Fig. 5. Checkshot data from the 5 wells in the Portuguese Algarve Basin. See Fig. 4 for location. The time-depth relationships from the 5wells have been used to define 3 velocity intervals:
Neogene-Quaternary (yellow), top Paleogene to topMiddle Jurassic (green) and topMiddle Jurassic to top of Basement (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
(Data courtesy of Repsol.)

Fig. 6. Portion of seismic line 835 across wells Algarve-1 and Algarve-2 in time (a), and seismic interpretation (b). BFU: base foredeep unconformity; K1: Lower Cretaceous; J3: Upper
Jurassic; J2: Middle Jurassic; J1: Upper Jurassic; Tr: Triassic; Ht: Hettangian. The allochthonous Esperança salt unit (Matias et al., 2011) is also identified (Es). See Fig. 4 for location.
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Fig. 5). Wells offshore Portugal make it possible to constrain horizons
down to Middle Jurassic age (Figs. 6 and 7).

Interpretation of seismic profiles has been performed to map the
main stratigraphic units defined by Terrinha (1998) (Triassic, Jurassic,
Cretaceous and Cenozoic) (Figs. 6, 7 and 8) as well as the main faults,
salt diapirs and allochthonous salt bodies (Matias et al., 2011). Each
unit has characteristic seismic facies that make it possible to correlate
them across faults and salt structures. The Cenozoic is dominated by
continuous bright reflectorswithmultiplewedge and onlap geometries.
It can be subdivided internally into the Neogene and Paleogene that are
separated by a regional unconformity interpreted to be the base of the
Betic foredeep (BFU; Ledesma, 2000). This unconformity, which is easily
identified on seismic, corresponds with a strong reflector that truncates
underlying units where they are folded or tilted (for instance, in Fig. 6
over the diapir north of well Algrave-1, or south of well Algarve-2).

Along the southern end of some seismic sections (e.g., Figs. 10, 12),
the AWGC/AUGC complex is at the same structural position that the
Paleogene and Neogene successions. These bodies display internally
chaotic or transparent seismic facies. Their top and base are not
defined by any characteristic reflectivity but rather by a sharp transition
to layered seismic facies above and below (e.g., Fig. 10). Cenozoic sedi-
ments deposited above the AWGC/AUGC form mini-basins bounded
by shale structures sourced from the allochthonous bodies (e.g.,

Hernández-Molina et al., 2016; Medialdea et al., 2009). At their base,
the AWGC/AUGC can be observed to truncate or be parallel to the un-
derlying Neogene and Paleogene beds (Figs. 12, 13).

The base of the Cenozoic is defined by another, less prominent un-
conformity. The base Cenozoic unconformity only locally truncates the
units below (e.g., south of well Imperador-1 on Fig. 7). Below this un-
conformity the Cretaceous is characterized by bright and continuous re-
flectors of lower frequency than the Cenozoic. The Upper Cretaceous is
absent in most of the offshore Gulf of Cadiz and the Cenozoic is under-
lain directly by the Lower Cretaceous. Thickness changes and internal
angularities in the Lower Cretaceous related to halokinesis are frequent
throughout the area (as in the onshore, Ramos et al., 2016).

The Upper Jurassic lies mostly conformably under the Cretaceous
and is dominated bymostly bright but short reflectors of low frequency.
The Middle and Lower Jurassic below have a similar seismic facies. An-
gularities observed within the Jurassic package could correspond to re-
gional unconformities that punctuate rifting of the margin (such as
those defined by Terrinha, 1998)and were used to interpret the bound-
aries between the Lower, Middle and Upper Jurassic. In the proximity of
salt diapirs and in somemini-basins, unconformities within the Jurassic
are controlled by halokinetic processes. However, major changes in
thickness of the Jurassic across basement faults are interpreted to be
controlled by extensional faults (for instance, change in thickness across

Fig. 7. Portion of seismic line 816 across the well Imperador-1, in time (a) and seismic interpretation (b). See Fig. 4 for location and Fig. 6 for acronyms.
(Data courtesy of TGS.)
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Fig. 5). Wells offshore Portugal make it possible to constrain horizons
down to Middle Jurassic age (Figs. 6 and 7).
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Cretaceous and Cenozoic) (Figs. 6, 7 and 8) as well as the main faults,
salt diapirs and allochthonous salt bodies (Matias et al., 2011). Each
unit has characteristic seismic facies that make it possible to correlate
them across faults and salt structures. The Cenozoic is dominated by
continuous bright reflectorswithmultiplewedge and onlap geometries.
It can be subdivided internally into the Neogene and Paleogene that are
separated by a regional unconformity interpreted to be the base of the
Betic foredeep (BFU; Ledesma, 2000). This unconformity, which is easily
identified on seismic, corresponds with a strong reflector that truncates
underlying units where they are folded or tilted (for instance, in Fig. 6
over the diapir north of well Algrave-1, or south of well Algarve-2).

Along the southern end of some seismic sections (e.g., Figs. 10, 12),
the AWGC/AUGC complex is at the same structural position that the
Paleogene and Neogene successions. These bodies display internally
chaotic or transparent seismic facies. Their top and base are not
defined by any characteristic reflectivity but rather by a sharp transition
to layered seismic facies above and below (e.g., Fig. 10). Cenozoic sedi-
ments deposited above the AWGC/AUGC form mini-basins bounded
by shale structures sourced from the allochthonous bodies (e.g.,

Hernández-Molina et al., 2016; Medialdea et al., 2009). At their base,
the AWGC/AUGC can be observed to truncate or be parallel to the un-
derlying Neogene and Paleogene beds (Figs. 12, 13).

The base of the Cenozoic is defined by another, less prominent un-
conformity. The base Cenozoic unconformity only locally truncates the
units below (e.g., south of well Imperador-1 on Fig. 7). Below this un-
conformity the Cretaceous is characterized by bright and continuous re-
flectors of lower frequency than the Cenozoic. The Upper Cretaceous is
absent in most of the offshore Gulf of Cadiz and the Cenozoic is under-
lain directly by the Lower Cretaceous. Thickness changes and internal
angularities in the Lower Cretaceous related to halokinesis are frequent
throughout the area (as in the onshore, Ramos et al., 2016).

The Upper Jurassic lies mostly conformably under the Cretaceous
and is dominated bymostly bright but short reflectors of low frequency.
The Middle and Lower Jurassic below have a similar seismic facies. An-
gularities observed within the Jurassic package could correspond to re-
gional unconformities that punctuate rifting of the margin (such as
those defined by Terrinha, 1998)and were used to interpret the bound-
aries between the Lower, Middle and Upper Jurassic. In the proximity of
salt diapirs and in somemini-basins, unconformities within the Jurassic
are controlled by halokinetic processes. However, major changes in
thickness of the Jurassic across basement faults are interpreted to be
controlled by extensional faults (for instance, change in thickness across

Fig. 7. Portion of seismic line 816 across the well Imperador-1, in time (a) and seismic interpretation (b). See Fig. 4 for location and Fig. 6 for acronyms.
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the basement fault on the southern end of Fig. 7, or thickness changes on
Figs. 8 and 11).

The Hettangian evaporite interval, which is deformed into diapirs
and salt walls, is the base of the Jurassic succession in the basin. The
top and base of the Hettangian evaporites are frequently bright
reflectors, and the unit is internally chaotic to transparent. This unit is
the deepest unit that is easiest to pick as it is at the base of diapir-related
folding and marks the base of halokinetic growth strata. Locally,
Hettangian salt is extruded and forms parautochthonous and allochtho-
nous salt bodies (e.g., Matias et al., 2011). Figs. 6 and 8 show one
such instance where salt is extruded to form a broad allochthonous
salt body (the Esperança Salt) that is emplacedmostly within the Juras-
sic. Image below this salt body is poor but control on the sub-salt struc-
ture is supported by the image in surrounding areas (for instance on Fig.
8). Above the Esperança Salt, mini-basins of Middle Jurassic to Lower
Cretaceous developed, with fanning geometries, strong tilting and
folding.

Below the Jurassic, the presence of Triassic clastics and volcanics de-
posited in fault-bounded grabens or half-grabens has been interpreted,
by analogy with the onshore (Manuppella, 1992; Ramos et al., 2016;
Terrinha, 1998) (for instance, see the half-grabens on the southern
end of Fig. 8). The irregular distribution of the Triassic is confirmed by
the fact that the only well in the offshore that drilled through the
Hettangian evaporites (GC6Y-1BIS, Fig. 4) did not encounter Triassic

deposits above the basement. The top of the Triassic unit was mapped
on seismic by picking the base of the Hettangian evaporites.

The base of the Triassic has been defined by picking the top of the
basement. The position of the top of the basement in the offshore is
constrained by well GC6Y-1BIS (Fig. 4) and by its outcrop at the seabed
along the Guadalquivir Bank (Vegas et al., 2004). The top of the base-
ment has been interpreted as a bright reflector at the base of fault-
bounded growth packages (southern end of Fig. 8). This reflector is
sometimes ambiguous on seismic data as the basement is often charac-
terized by reflective facies: its shallower units are Variscan foreland
flysch deposits which have limited impedance contrast with the overly-
ing Triassic clastics. The final interpretation of the top of basement has
therefore been constrained based on geometric relationships (it is ex-
pected to be offset by the same faults as the overlying Mesozoic units).

4.2. Main features of the Algarve Basin

Seismic interpretation of the available 2D surveys has made it possi-
ble to achieve two key targets. The first one has been to map the base-
ment faults that control the structure of the basin. The most evident
faults are the extensional faults that developed during Mesozoic rifting
(Figs. 6, 7, 8 and 9a). These faults are observed to trend mostly in a
WSW-ENE direction (similar to those on the onshore, Ramos et al.,
2016) (Fig. 9a). At the western and eastern ends of the basin, some

Fig. 8. Portion of seismic line 826 in the central part of theAlgarve Basin, in time (a) and seismic interpretation (b) in the central part of the basin, north of Guadalquivir Bank. Es: Esperança
Salt. See Fig. 4 for location and Fig. 8 for acronyms.
(Data courtesy of TGS.)
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NW-SE trending faults are observed. Thickness of the Mesozoic is con-
trolled by these faults (Fig. 9a).

Roughly N-S directed compression during the Mesozoic caused the
partial inversion of the basin (Ramos et al., 2017) resulting in the pres-
ent-day configuration of the basement of the basin (Fig. 9b). The faults
responsible for inversion are not evident on seismic and have been in-
ferred from multiple criteria, mainly from the tilting and truncation of
Mesozoic andCenozoic units and the geometry of the BFUunconformity
(Ramos et al., 2017) (Fig. 10). Despite the inversion of the basin, an
overall deepening of the basement towards the south and west is still
observed (Fig. 9b), consistentwith rifting that generated greater accom-
modation space in that same direction (Fig. 9a).

The second key target achieved through seismic interpretation was
to define the offshore extent of the Algarve Basin. Previous authors
have considered the Guadalquivir and Portimão Banks as the southern
limit of the Algarve Basin (e.g., Gràcia et al., 2003; Matias et al., 2011;
Terrinha et al., 2002). This interpretation was mostly driven by the ob-
served thinning of Mesozoic units onto the Guadalquivir Bank (Figs. 8,
10). Both Banks were interpreted to respond to the same structure.
This interpretation has been revised in favor of a combined origin. The

Guadalquivir Bank is interpreted as a Mesozoic extensional horst now
being carried on top of a southward vergent thrust (Ramos et al., 2017
and Fig. 10). The basement in the Guadalquivir Bank is interpreted to
be relatively shallow (b2 kmunder the seabed, and locally outcropping)
(Malod and Mougenot, 1979; Vegas et al., 2004) and uplifted in the
order of 5 km in Neogene times due to a major south-directed thrust
(Fig. 10). On the other hand, the bathymetric relief of the Portimão
Bank is due to the inversion of a Mesozoic extensional half-graben
(Ramos et al., 2017; Terrinha et al., 2009 and Fig. 11). As opposed to
the Guadalquivir Bank, it is not a basement high, and hence basement
depth does not change as dramatically across this feature (Fig. 9b).
Thus, the Guadalquivir and Portimão Banks are not considered to be
the southern limit of the Algarve Basin.

The southern extent of the basin cannot be mapped precisely. How-
ever,Mesozoic units are observed to extend south of the Portimão Bank,
under the AWGC, possibly over continental basement (Fig. 12). It is fur-
ther south that oceanic crust can be easily picked on seismic (Fig. 13).
The oceanic crust is characterized by a top bright, continuous reflector
seen clearly even below the AWGC at roughly 8 s TWT (two-way
time). The continent-ocean boundary seen on Fig. 13 is at a location

Fig. 9. (a) Vertical thickness ofMesozoic (Triassic to Lower Cretaceous) in the SW Iberianmargin,with themainMesozoic extensional faults overlain.Wells on the onshore that encounter
Mesozoic sediments are shown in black.Wells that encountered no autochthonousMesozoic are shown in grey. The Betica 14-1was finalized upon reaching the top of the autochthonous
Mesozoic (Upper Jurassic) and no reliable thickness value can be derived. The Betica 18-1 well drilled 2700 m of Mesozoic (Upper and Lower Cretaceous, Jurassic and Triassic). (b)
Structural map of the top of basement, affected by Mesozoic extensional faults and Cenozoic thrusts (thrusts from Ramos et al., 2017). Wells reaching the basement are represented in
the figure. The Betica 18-1 well encountered the basement at 4280 m bsl, but has not been incorporated in the map due to lack of constraint from MCS profiles. See Fig. 4 for complete
well names and location of MCS profiles.
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the basement fault on the southern end of Fig. 7, or thickness changes on
Figs. 8 and 11).

The Hettangian evaporite interval, which is deformed into diapirs
and salt walls, is the base of the Jurassic succession in the basin. The
top and base of the Hettangian evaporites are frequently bright
reflectors, and the unit is internally chaotic to transparent. This unit is
the deepest unit that is easiest to pick as it is at the base of diapir-related
folding and marks the base of halokinetic growth strata. Locally,
Hettangian salt is extruded and forms parautochthonous and allochtho-
nous salt bodies (e.g., Matias et al., 2011). Figs. 6 and 8 show one
such instance where salt is extruded to form a broad allochthonous
salt body (the Esperança Salt) that is emplacedmostly within the Juras-
sic. Image below this salt body is poor but control on the sub-salt struc-
ture is supported by the image in surrounding areas (for instance on Fig.
8). Above the Esperança Salt, mini-basins of Middle Jurassic to Lower
Cretaceous developed, with fanning geometries, strong tilting and
folding.

Below the Jurassic, the presence of Triassic clastics and volcanics de-
posited in fault-bounded grabens or half-grabens has been interpreted,
by analogy with the onshore (Manuppella, 1992; Ramos et al., 2016;
Terrinha, 1998) (for instance, see the half-grabens on the southern
end of Fig. 8). The irregular distribution of the Triassic is confirmed by
the fact that the only well in the offshore that drilled through the
Hettangian evaporites (GC6Y-1BIS, Fig. 4) did not encounter Triassic

deposits above the basement. The top of the Triassic unit was mapped
on seismic by picking the base of the Hettangian evaporites.

The base of the Triassic has been defined by picking the top of the
basement. The position of the top of the basement in the offshore is
constrained by well GC6Y-1BIS (Fig. 4) and by its outcrop at the seabed
along the Guadalquivir Bank (Vegas et al., 2004). The top of the base-
ment has been interpreted as a bright reflector at the base of fault-
bounded growth packages (southern end of Fig. 8). This reflector is
sometimes ambiguous on seismic data as the basement is often charac-
terized by reflective facies: its shallower units are Variscan foreland
flysch deposits which have limited impedance contrast with the overly-
ing Triassic clastics. The final interpretation of the top of basement has
therefore been constrained based on geometric relationships (it is ex-
pected to be offset by the same faults as the overlying Mesozoic units).

4.2. Main features of the Algarve Basin

Seismic interpretation of the available 2D surveys has made it possi-
ble to achieve two key targets. The first one has been to map the base-
ment faults that control the structure of the basin. The most evident
faults are the extensional faults that developed during Mesozoic rifting
(Figs. 6, 7, 8 and 9a). These faults are observed to trend mostly in a
WSW-ENE direction (similar to those on the onshore, Ramos et al.,
2016) (Fig. 9a). At the western and eastern ends of the basin, some

Fig. 8. Portion of seismic line 826 in the central part of theAlgarve Basin, in time (a) and seismic interpretation (b) in the central part of the basin, north of Guadalquivir Bank. Es: Esperança
Salt. See Fig. 4 for location and Fig. 8 for acronyms.
(Data courtesy of TGS.)
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NW-SE trending faults are observed. Thickness of the Mesozoic is con-
trolled by these faults (Fig. 9a).

Roughly N-S directed compression during the Mesozoic caused the
partial inversion of the basin (Ramos et al., 2017) resulting in the pres-
ent-day configuration of the basement of the basin (Fig. 9b). The faults
responsible for inversion are not evident on seismic and have been in-
ferred from multiple criteria, mainly from the tilting and truncation of
Mesozoic andCenozoic units and the geometry of the BFUunconformity
(Ramos et al., 2017) (Fig. 10). Despite the inversion of the basin, an
overall deepening of the basement towards the south and west is still
observed (Fig. 9b), consistentwith rifting that generated greater accom-
modation space in that same direction (Fig. 9a).

The second key target achieved through seismic interpretation was
to define the offshore extent of the Algarve Basin. Previous authors
have considered the Guadalquivir and Portimão Banks as the southern
limit of the Algarve Basin (e.g., Gràcia et al., 2003; Matias et al., 2011;
Terrinha et al., 2002). This interpretation was mostly driven by the ob-
served thinning of Mesozoic units onto the Guadalquivir Bank (Figs. 8,
10). Both Banks were interpreted to respond to the same structure.
This interpretation has been revised in favor of a combined origin. The

Guadalquivir Bank is interpreted as a Mesozoic extensional horst now
being carried on top of a southward vergent thrust (Ramos et al., 2017
and Fig. 10). The basement in the Guadalquivir Bank is interpreted to
be relatively shallow (b2 kmunder the seabed, and locally outcropping)
(Malod and Mougenot, 1979; Vegas et al., 2004) and uplifted in the
order of 5 km in Neogene times due to a major south-directed thrust
(Fig. 10). On the other hand, the bathymetric relief of the Portimão
Bank is due to the inversion of a Mesozoic extensional half-graben
(Ramos et al., 2017; Terrinha et al., 2009 and Fig. 11). As opposed to
the Guadalquivir Bank, it is not a basement high, and hence basement
depth does not change as dramatically across this feature (Fig. 9b).
Thus, the Guadalquivir and Portimão Banks are not considered to be
the southern limit of the Algarve Basin.

The southern extent of the basin cannot be mapped precisely. How-
ever,Mesozoic units are observed to extend south of the Portimão Bank,
under the AWGC, possibly over continental basement (Fig. 12). It is fur-
ther south that oceanic crust can be easily picked on seismic (Fig. 13).
The oceanic crust is characterized by a top bright, continuous reflector
seen clearly even below the AWGC at roughly 8 s TWT (two-way
time). The continent-ocean boundary seen on Fig. 13 is at a location

Fig. 9. (a) Vertical thickness ofMesozoic (Triassic to Lower Cretaceous) in the SW Iberianmargin,with themainMesozoic extensional faults overlain.Wells on the onshore that encounter
Mesozoic sediments are shown in black.Wells that encountered no autochthonousMesozoic are shown in grey. The Betica 14-1was finalized upon reaching the top of the autochthonous
Mesozoic (Upper Jurassic) and no reliable thickness value can be derived. The Betica 18-1 well drilled 2700 m of Mesozoic (Upper and Lower Cretaceous, Jurassic and Triassic). (b)
Structural map of the top of basement, affected by Mesozoic extensional faults and Cenozoic thrusts (thrusts from Ramos et al., 2017). Wells reaching the basement are represented in
the figure. The Betica 18-1 well encountered the basement at 4280 m bsl, but has not been incorporated in the map due to lack of constraint from MCS profiles. See Fig. 4 for complete
well names and location of MCS profiles.
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consistent with the continent-ocean boundary documented by Sallarès
et al. (2011). Despite the lack of reliable seismic image further to the
east, it is interpreted that the southern limit of the Algarve Basin in
that direction also lies at the transition to the oceanic crust proposed
to be present by Gutscher et al. (2002), Martínez-Loriente et al.
(2014), and Sallarès et al. (2011).

To the east, the Algarve Basin is known to terminate roughly along
the present-day coast of SW Spain, where the basement rises (Fig. 9b).
Control on the depth of the basement in this area is provided mainly
by onshorewells (Fig. 4). Seismic profiles in this area are of limited qual-
ity, but some extensional faults have tentatively been mapped to strike
NW-SE (Fig. 9a).

Thewestern termination of theAlgarve Basin is the only one that has
been observed on seismic (Fig. 14). This limit of the basin is character-
ized by mostly southwestward dipping extensional faults that cause a
drastic drop of the basement towards the southwest. The bathymetry

in this area is strongly controlled by contouritic currents of theMediter-
ranean Outflow Water and submarine canyons, but the overall NW-SE
trend in the sea bottom runs parallel to the interpreted basement faults.
The transition into the oceanic domain on this side of the basin has not
been identified on seismic. However, the basement on seismic profiles
in this area is interpreted to drop down to 8 s TWT, which is similar to
the depth of the top of oceanic crust in Fig. 13 with a similar water col-
umn. It is therefore inferred that the continent-ocean boundary does
not lie far to the west (or even within the profile).

4.3. Interpreted structure

To represent the structure of the Gulf of Cadiz, four cross-sections
have been interpreted following key seismic profiles (Fig. 15). These
sections strikeNNW-SSE,with the objective of intersecting the southern
limit of the Algarve Basin and the prominent positive gravity anomaly

Fig. 10. Portion of seismic line 828 across the Guadalquivir Bank in time (a) and seismic interpretation (b). The interpretation below 3–4 s of TWT is inferred due to the poor deep seismic
quality. Interpretation of the northernflank of theGuadalquivir Bank is based on the interpretation performed on 3D seismic (c) of the same structure slightly along strike by (Ramos et al.,
2017). See Fig. 4 for location.
(Data courtesy of TGS.)
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that runs along the Guadalquivir and Portimão Banks (Fig. 2). Interpre-
tation on these sections was driven by seismic (e.g., Figs. 6 through 11)
for the shallower Algarve Basin (the area north of the Guadalquivir and
Portimão Banks).

The structure of the shallow Algarve Basin is characterized by both
south and north dipping extensional faults, with growth from Triassic

toMiddle Jurassic (Fig. 15). Throw on the faults and thickness of Jurassic
depocenters increases progressively southwards (Figs. 9a and 15).
Thickness changes in the Jurassic are partly controlled by salt tectonics
(e.g., mini-basin south of Imperador-1 in Fig. 7) and partly fault-driven
(e.g., Mesozoic half-graben in Fig. 11). In the case of the Lower Creta-
ceous and Paleogene, thickness changes are largely controlled by salt

Fig. 11. Portion of seismic line 805 across the Portimão Bank in time (a) and seismic interpretation (b). The Portimão Bank is imaged as an invertedMesozoic graben. See Fig. 4 for location
and Fig. 8 for acronyms.
(Data courtesy of TGS.)

Fig. 12. Portion of seismic line 805 south of the PortimãoBank, across a distal portion of theAWGC, in time (a) and seismic interpretation (b). Note thatMesozoic units are visible under the
AWGC and the top of the basement is imaged around 7 s of TWT. See Fig. 4 for location and Fig. 8 for acronyms.
(Data courtesy of TGS.)
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consistent with the continent-ocean boundary documented by Sallarès
et al. (2011). Despite the lack of reliable seismic image further to the
east, it is interpreted that the southern limit of the Algarve Basin in
that direction also lies at the transition to the oceanic crust proposed
to be present by Gutscher et al. (2002), Martínez-Loriente et al.
(2014), and Sallarès et al. (2011).

To the east, the Algarve Basin is known to terminate roughly along
the present-day coast of SW Spain, where the basement rises (Fig. 9b).
Control on the depth of the basement in this area is provided mainly
by onshorewells (Fig. 4). Seismic profiles in this area are of limited qual-
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NW-SE (Fig. 9a).
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ized by mostly southwestward dipping extensional faults that cause a
drastic drop of the basement towards the southwest. The bathymetry

in this area is strongly controlled by contouritic currents of theMediter-
ranean Outflow Water and submarine canyons, but the overall NW-SE
trend in the sea bottom runs parallel to the interpreted basement faults.
The transition into the oceanic domain on this side of the basin has not
been identified on seismic. However, the basement on seismic profiles
in this area is interpreted to drop down to 8 s TWT, which is similar to
the depth of the top of oceanic crust in Fig. 13 with a similar water col-
umn. It is therefore inferred that the continent-ocean boundary does
not lie far to the west (or even within the profile).

4.3. Interpreted structure

To represent the structure of the Gulf of Cadiz, four cross-sections
have been interpreted following key seismic profiles (Fig. 15). These
sections strikeNNW-SSE,with the objective of intersecting the southern
limit of the Algarve Basin and the prominent positive gravity anomaly

Fig. 10. Portion of seismic line 828 across the Guadalquivir Bank in time (a) and seismic interpretation (b). The interpretation below 3–4 s of TWT is inferred due to the poor deep seismic
quality. Interpretation of the northernflank of theGuadalquivir Bank is based on the interpretation performed on 3D seismic (c) of the same structure slightly along strike by (Ramos et al.,
2017). See Fig. 4 for location.
(Data courtesy of TGS.)
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that runs along the Guadalquivir and Portimão Banks (Fig. 2). Interpre-
tation on these sections was driven by seismic (e.g., Figs. 6 through 11)
for the shallower Algarve Basin (the area north of the Guadalquivir and
Portimão Banks).

The structure of the shallow Algarve Basin is characterized by both
south and north dipping extensional faults, with growth from Triassic

toMiddle Jurassic (Fig. 15). Throw on the faults and thickness of Jurassic
depocenters increases progressively southwards (Figs. 9a and 15).
Thickness changes in the Jurassic are partly controlled by salt tectonics
(e.g., mini-basin south of Imperador-1 in Fig. 7) and partly fault-driven
(e.g., Mesozoic half-graben in Fig. 11). In the case of the Lower Creta-
ceous and Paleogene, thickness changes are largely controlled by salt

Fig. 11. Portion of seismic line 805 across the Portimão Bank in time (a) and seismic interpretation (b). The Portimão Bank is imaged as an invertedMesozoic graben. See Fig. 4 for location
and Fig. 8 for acronyms.
(Data courtesy of TGS.)

Fig. 12. Portion of seismic line 805 south of the PortimãoBank, across a distal portion of theAWGC, in time (a) and seismic interpretation (b). Note thatMesozoic units are visible under the
AWGC and the top of the basement is imaged around 7 s of TWT. See Fig. 4 for location and Fig. 8 for acronyms.
(Data courtesy of TGS.)
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withdrawal inmini-basins (e.g., depocenters flanking the structure near
well Algarve-1 on Fig. 6) and by erosion during uplift (e.g., over diapir
south of well Imperador-1 on Fig. 7).

To the south of these Banks, image qualitymakes it difficult to define
the structure unambiguously. Initial gravity modeling of key sections in
the area (Giraldo et al., 2014; Ramos et al., 2015) demonstrated that the
basement on the southern side of the Guadalquivir-Portimão Bank lies
5–7 km deeper than under the Algarve Basin, indicating that the crust
needs to be significantly thinner. Thinning of the crust is consistent
with the interpreted drop in the top of the basement and southward in-
crease in Mesozoic accommodation space (Fig. 9). However, greater
thickness of Miocene-Present sediments and the presence of the
AWGC and AUGC south of the Guadalquivir-Portimão Bank pose
major challenges to correlate Mesozoic horizons from the Algarve
Basin into deeperwater areas. Interpretation to the south of theGuadal-
quivir and Portimão Banks was therefore focused on identifying the
base of the AWGC/AUGC and the most likely top of basement (e.g.,
Figs. 10 and 12).

4.4. Gravity modeling

The four representative cross-sections presented in Fig. 15 were
modeled for their gravimetric response with three objectives: 1) to val-
idate the interpreted depth to basement, particularly relevant in areas of
poor seismic imaging; 2) to constrain the structure to the south of the
Guadalquivir-Portimão Bank, where the AUGC/AWGC obscures the

deep structure; and 3) to characterize the crustal structure of the pas-
sive margin by combining gravity with available well log data to con-
straint densities at upper crustal levels and available seismic wide
angle and refraction data to constraint the depth to the base of the
crust and the densities atmid-lower crustal and uppermost lithospheric
mantle levels. For the sedimentary cover and geometry of top of base-
ment, the gravity models shown in Fig. 16 were built using the geome-
try derived from the seismic interpretation discussed above (Fig. 15)
andwell log data. For the deeper part of the profiles, from top basement
to the base of the crust we have used information from all available
wide-angle and refraction seismic data, and previous 2D crustal and
lithosphere geophysical modeling (Fernàndez et al., 2004; González et
al., 1998; Gutscher et al., 2002; Zeyen et al., 2005). Along the Iberia con-
tinental margin, Moho depths were taken from the compilation of Diaz
et al. (2016) and the profiles of Palomeras et al. (2009). For the distal
parts of the profiles we have taken the data from Gutscher et al.
(2012). For the continental domain of the westernmost profiles Moho
depths were taken from Sallarès et al. (2011). Well logs were mainly
used to constrain the density of the main sedimentary units while the
density of the crystalline crust were converted from P-wave velocities
to densities by using the Brocher (2005) empirical relationship. The
crust is modeled as: sedimentary layers with densities that range from
2200 to 2600 kg/m3, an underlying upper/middle crust with an average
density of 2750 kg/m3, while for the lower crust and uppermost litho-
spheric mantle we have used 2900 and 3300 kg/m3, respectively. The
forward modeling has been performed using GM-SYS (modeling

Fig. 13. Portion of a seismic profile GM01 across the outer Gulf of Cadiz in time (a) and seismic interpretation (b). Note the bright continuous reflectors under the AWGC interpreted to be
the top of oceanic crust. See Fig. 4 for location.
(Data courtesy of Repsol.)

Fig. 14. Portion of reflection seismic profile 854 across thewestern portion of themargin (a) and the corresponding interpretation (b). The triangle on the seabedmarks the location of the
transfer discussed in Fig. 18. See Fig. 4 for location.
(Data courtesy of TGS.)
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application of Oasis Montaj, Geosoft software), which calculates the
gravity response of the density models built using the methods of
(Talwani, 1965; Talwani et al., 1959). For all transects (Figs. 16 and
17) the calculated gravity values lie very close to measurements.

5. Results: crustal structure of the SW Iberian margin

The results of the modeling process are 4 profiles (Figs. 16 and 17)
that capture the key aspects of the SW Iberian passive margin. These

Fig. 15. Interpretation of depth converted seismic profiles through the Algarve Basin, shown fromwest (top) to east (bottom): a) Line 805; b) Line 816; c) Line 826; and d) Line 835. The
control points on the depth of Moho from the compilation of Diaz et al. (2016) and the profile of Sallarès et al. (2011) are shown. Average interval densities are shown in the legend. GB:
Guadalquivir Bank; PB: Portimão Bank. See Figs. 1a and 4 for location.
(Data courtesy of TGS.)
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used to constrain the density of the main sedimentary units while the
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crust is modeled as: sedimentary layers with densities that range from
2200 to 2600 kg/m3, an underlying upper/middle crust with an average
density of 2750 kg/m3, while for the lower crust and uppermost litho-
spheric mantle we have used 2900 and 3300 kg/m3, respectively. The
forward modeling has been performed using GM-SYS (modeling

Fig. 13. Portion of a seismic profile GM01 across the outer Gulf of Cadiz in time (a) and seismic interpretation (b). Note the bright continuous reflectors under the AWGC interpreted to be
the top of oceanic crust. See Fig. 4 for location.
(Data courtesy of Repsol.)

Fig. 14. Portion of reflection seismic profile 854 across thewestern portion of themargin (a) and the corresponding interpretation (b). The triangle on the seabedmarks the location of the
transfer discussed in Fig. 18. See Fig. 4 for location.
(Data courtesy of TGS.)
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application of Oasis Montaj, Geosoft software), which calculates the
gravity response of the density models built using the methods of
(Talwani, 1965; Talwani et al., 1959). For all transects (Figs. 16 and
17) the calculated gravity values lie very close to measurements.

5. Results: crustal structure of the SW Iberian margin

The results of the modeling process are 4 profiles (Figs. 16 and 17)
that capture the key aspects of the SW Iberian passive margin. These

Fig. 15. Interpretation of depth converted seismic profiles through the Algarve Basin, shown fromwest (top) to east (bottom): a) Line 805; b) Line 816; c) Line 826; and d) Line 835. The
control points on the depth of Moho from the compilation of Diaz et al. (2016) and the profile of Sallarès et al. (2011) are shown. Average interval densities are shown in the legend. GB:
Guadalquivir Bank; PB: Portimão Bank. See Figs. 1a and 4 for location.
(Data courtesy of TGS.)
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Fig. 16. Composition of observed and forwardmodeled gravity, densitymodel and final interpretation for profiles along lines 805 (a) and 816 (b). The geometry of the sedimentary layers,
from Triassic toQuaternary, has been derived from the interpretation ofMCS data (Fig. 15). Extent of the seismic profiles is represented by a black box on the densitymodel. Densities used
are also shown in the table on Fig. 15. The Moho from the profile of Sallarès et al. (2011) has been projected onto the density models over the pertinent segments. Points from the
compilation by Diaz et al. (2016) lying on the modeled profiles (black) and projected from nearby locations (white) are also shown on the density model. On the final interpretation
note the combination of Mesozoic extensional and Cenozoic contractional features (from Ramos et al., 2017). See text for a discussion of the defined crustal domains. PB: Portimão
Bank. See Fig. 2 for location.
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Fig. 16. Composition of observed and forwardmodeled gravity, densitymodel and final interpretation for profiles along lines 805 (a) and 816 (b). The geometry of the sedimentary layers,
from Triassic toQuaternary, has been derived from the interpretation ofMCS data (Fig. 15). Extent of the seismic profiles is represented by a black box on the densitymodel. Densities used
are also shown in the table on Fig. 15. The Moho from the profile of Sallarès et al. (2011) has been projected onto the density models over the pertinent segments. Points from the
compilation by Diaz et al. (2016) lying on the modeled profiles (black) and projected from nearby locations (white) are also shown on the density model. On the final interpretation
note the combination of Mesozoic extensional and Cenozoic contractional features (from Ramos et al., 2017). See text for a discussion of the defined crustal domains. PB: Portimão
Bank. See Fig. 2 for location.
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profiles follow the seismic lines shown in Fig. 15, and are extended to-
wards the south, into the region of the negative free-air gravity anomaly
(Fig. 2).

Modeling results demonstrate that the originally interpreted top of
basement is regionally valid. Locally, however, gravimetricmodeling re-
veals that depocenters under the Hettangian evaporites are thicker than
initially interpreted. Results have therefore been used to fine tune the
interpretation in these sectors (revised interpretation shown in Figs.
16 and 17). The final interpreted thickness of some of these Triassic
depocenters ismuch greater than that observed onshore (few hundreds
of meters, Ramos et al., 2016) but in line with thicknesses observed in
basins such as the High Atlas or Essaouira (Domènech et al., 2015;
Ellouz et al., 2003; Le Roy and Piqué, 2001).

At the crustal scale, gravimetric modeling supports the interpreta-
tion of thinning of the crust towards the axial parts of the Gulf of

Cadiz. The transition from the thick crust along the northern end of
the profiles to the thin crust along the southern end of the profiles is
interpreted as defining four key domains. The northernmost domain
(proximal domain, Figs. 16 and 17) is characterized by a limited amount
of thinning (the pre-rifting crust is 20–26 km thick, equivalent to β be-
tween 1.25 and 1.6). This proximal domain has approximately constant
crustal thickness, water depth and depth to basement. From this do-
main to the south the first increase in the gravity signal occurs above
the point where the crust starts to thin significantly along with an in-
crease in water depth. Thinning is gradual in the eastern profiles
(lines 826, 835, Fig. 17). In thewest, crustal thinning concentrates across
oneor two relatively narrow steps, 10 to 15 kmwide (lines 805, 816, Fig.
16). The domain of thinning (necking domain) is wider in the west (in
the order of 75 km, line 805, Fig. 16) and becomes narrower towards
the east (b50 km wide, line 835, Fig. 17).

Fig. 17. Composition of observed and forwardmodeled gravity, densitymodel and final interpretation for profiles along lines 826 (a) and 835 (b). The geometry of the sedimentary layers,
from Triassic toQuaternary, has been derived from the interpretation ofMCS data (Fig. 15). Extent of the seismic profiles is represented by a black box on the densitymodel. Densities used
are also shown in the table on Fig. 15. The Moho control points from Diaz et al. (2016) are shown on the density model. On the final interpretation note the combination of Mesozoic
extensional and Cenozoic contractional features (from Ramos et al., 2017). The geometry on the southern end of the profiles is partly inferred from that seen on the western profiles
(Fig. 16). See text for a discussion of the defined crustal domains. GB: Guadalquivir Bank. See Fig. 2 for location.
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Gravimetric modeling also suggests that the most pronounced thin-
ning of the continental crust occurs at the southern end of the necking
domain, just underneath the gravity high. At this location, the Moho is
modeled to be only 15 km deep and the crust 10 km thick or less
(Figs. 16, 17). The crust in this area is known to be continental. Carbon-
iferous basement rocks have been dredged from the Guadalquivir Bank
(Vegas et al., 2004) and the Portimão Bank is a Mesozoic graben that
must have developed over continental crust.

South of the necking domain we have interpreted the presence of a
domain of highly attenuated continental crust (distal domain). Conti-
nental crust in the distal domain has been interpreted to be faulted
and rotated by low-angle extensional faults (Figs. 16, 17). This interpre-
tation is partly based on observationsmade on seismic data, such as the
folded geometry of Mesozoic strata south of the Portimão Bank (Fig. 12)
or the local presence of diapirs rising from the deep Mesozoic strata
south of the Guadalquivir Bank (our interpretation in Fig. 10 and
Medialdea et al., 2004).

We have assumed that serpentinized mantle could be present in the
distal domain by exhumation of theuppermost lithosphericmantle dur-
ing Jurassic extension. The gravity contribution of serpentinized mantle
bodies is in the range of 20 to 30mGal. Althoughwe do not have any di-
rect evidence for the presence of Jurassic exhumed mantle in the study
region, we have assumed its presence by affinity with what is observed
in the West Iberian Atlantic Margin (e.g., Peron-Pinvidic and
Manatschal, 2009). Serpentinized sub-continental mantle exhumed in
the Late Jurassic to Early Cretaceous has also beendocumented in neigh-
boring areas such as the Gorringe Bank (Cornen et al., 1999;
Jiménez-Munt et al., 2010) or the Rif (Michard et al., 2007).

In the longer profiles (Fig. 16), a thin high density crust has been
interpreted in the southernmost part. This crust has been interpreted
as a possible oceanic crust (density of 2900 kg/m3), driven by the obser-
vations on reflection seismic in this area (Fig. 13) and by the work of
previous authors (e.g., Gutscher et al., 2009; Martínez-Loriente et al.,
2014; Sallarès et al., 2011).

The effect of Cenozoic inversion of the SW Iberianmargin is also ob-
served on the modeled profiles. Inversion in this margin has localized
mainly in the necking and distal domains. In the west the necking do-
main is broad and the transition to the distal domain is gradual and lo-
cated south of the Portimão Bank (Fig. 16a). In this sector, Cenozoic
contraction caused the inversion of pre-existing rift structures, but did
not cause major uplift of the basement. Towards the east the necking
domain becomes narrower and the transition to the distal and oceanic
domains becomes very sharp (Fig. 17b). This transition is located imme-
diately south of theGuadalquivir Bank. To account for this geometry, we
interpret that the extensional structure of the southern flank of the Gua-
dalquivir Bankwas originally similar to that south of the Portimão Bank.
Cenozoic inversion in the Guadalquivir Bank subsequently occurred
along crustal-scale thrusts that caused major uplift along the Bank and
folded and tilted the pre-existing extensional structure into its pres-
ent-day geometry.

According to our preferred interpretation, the width of the necking
and distal domains accounts for the varying wavelength of the positive
gravity anomaly of the Gulf of Cadiz. In the case of Portimão Bank (Fig.
16a) the anomaly is broad due to the greater width of the necking do-
main and is not related to a basement high (the top of the basement is
in the order of 8 km deep; Figs. 11 and 15a). On the other hand, crustal
thinning further east (Fig. 17b) is more abrupt on account of the super-
position of the initial extensional geometry and subsequent basement
uplift (Guadalquivir Bank: Ramos et al., 2017; Vegas et al., 2004). This
explains the narrower and stronger positive anomaly.

6. Discussion

The present-day crustal structure of the SW Iberianmargin is the re-
sult of the superposition of Mesozoic extension and Cenozoic to Present
shortening. The discussion below will first describe the more recent

contractional overprint before discussing the original crustal structure
related to extension.

6.1. Inversion of the SW Iberian margin

The effects of Cenozoic shortening are most evident in the eastern
part of the Algarve Basin, in particular along the Guadalquivir Bank
(Figs. 10 and 17). In this eastern part of the basin, the Guadalquivir
Bank is uplifted by at least 2 km due to Cenozoic basement-involving
thrusting (Ramos et al., 2017). To the west, the Portimão Bank is ob-
served to be mildly inverted with no evidence of significant thrusting
in the basement (Fig. 11; Ramos et al., 2017). This difference in themag-
nitude of Cenozoic shortening accounts for the differences in the geom-
etry of the transition from thenecking to the distal domains. In thewest,
the necking domain is broad and it transitions gradually into the distal
domain. The result is a broad high in the Moho (Figs. 16 and 18a). In
the east, this structure has been strongly overprinted by contraction
and uplift, resulting in what appears as a narrow antiformal geometry
of the Moho (Fig. 17). The geometry of the distal domain is also
interpreted to be highly affected by uplift and tilting due to contraction
(Figs. 17). The contractional overprint leads to the shallow in the base of
the crust becoming much narrower and offset further southeast in the
eastern sections (Fig. 18a). The offset observed in the base of the crust
coincides with the trace of a NW-SE trending thrust identified by
Ramos et al. (2017)that also causes a major step in the map trace of
the necking zone (Fig. 18b), supporting the crustal nature of these
thrusts.

The main inversion structure in the Gulf of Cadiz coincides in loca-
tion and strike with the necking zone along the Guadalquivir Bank
(Figs. 17, 18b). This raises the possibility that the thrust under the Gua-
dalquivir Bank takes advantage of the tilting of the lower crust and
Moho induced initially during extensional necking (Fig. 17). The locali-
zation of inversion along the necking zone contrasts with the inversion
documented by Tugend et al. (2014) along northern Iberia and Druet
(2016) along northwest Iberia, where thrusting is located in the distal
domain or the continent-ocean transition. The possibility of similar
structures in the deep part of the modeled profiles cannot be ruled out
but they cannot be identified due to the masking by the AWGC/AUGC.

Inversion of the Guadalquivir Bank can help explain the apparent
lack of isostatic equilibrium of the structure based on the interpreted
crustal structure. Based on the water column (b1 km) and relatively
shallow depth to basement (b1 km below seabed) in the Guadalquivir
Bank on line 826 (Fig. 15c), the Moho would be expected to be in the
order of 28 km deep (by comparison with the onshore Iberian Moho
at 32 km depth and assuming a 2800 kg/m3 average crustal density
and Airy isostasy). This value is significantly deeper than estimates
from DSS (Diaz et al., 2016) and our model (Fig. 17a) that place it at
24 or 15 km depth respectively. This contrasts with the Portimão Bank
where under roughly 2 km of water and 8 km of sediments, the Moho
is expected at 18 km depth, in line with our model (Fig. 16a). The rele-
vance of flexure in supporting isostatic disequilibrium cannot be ig-
nored. Flexure of the lithosphere west of the Gibraltar Arc subduction
could be responsible for the broad negative anomaly observed south
of the lines 826 and 835 (Fig. 2).

6.2. Extensional crustal structure of SW Iberia

What remains at crustal level after discounting the effects of Cenozo-
ic contraction is a gross southeastward directed thinning of the SW Ibe-
rianmargin (Fig. 18b). Southeastward thinning is the result of extension
in the Mesozoic, which was dominated by WSW-ENE to E-W faulting,
with NW-SE trending transfer faults (Fig. 9b; trends also in the onshore:
Ramos et al., 2016).

The orientation of the crustal domains resulting from thinning in the
westernmost Algarve Basin rotates to a southwestward direction (Fig.
18b). This western margin of the basin coincides with a sharp rise in
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Gravimetric modeling also suggests that the most pronounced thin-
ning of the continental crust occurs at the southern end of the necking
domain, just underneath the gravity high. At this location, the Moho is
modeled to be only 15 km deep and the crust 10 km thick or less
(Figs. 16, 17). The crust in this area is known to be continental. Carbon-
iferous basement rocks have been dredged from the Guadalquivir Bank
(Vegas et al., 2004) and the Portimão Bank is a Mesozoic graben that
must have developed over continental crust.

South of the necking domain we have interpreted the presence of a
domain of highly attenuated continental crust (distal domain). Conti-
nental crust in the distal domain has been interpreted to be faulted
and rotated by low-angle extensional faults (Figs. 16, 17). This interpre-
tation is partly based on observationsmade on seismic data, such as the
folded geometry of Mesozoic strata south of the Portimão Bank (Fig. 12)
or the local presence of diapirs rising from the deep Mesozoic strata
south of the Guadalquivir Bank (our interpretation in Fig. 10 and
Medialdea et al., 2004).

We have assumed that serpentinized mantle could be present in the
distal domain by exhumation of theuppermost lithosphericmantle dur-
ing Jurassic extension. The gravity contribution of serpentinized mantle
bodies is in the range of 20 to 30mGal. Althoughwe do not have any di-
rect evidence for the presence of Jurassic exhumed mantle in the study
region, we have assumed its presence by affinity with what is observed
in the West Iberian Atlantic Margin (e.g., Peron-Pinvidic and
Manatschal, 2009). Serpentinized sub-continental mantle exhumed in
the Late Jurassic to Early Cretaceous has also beendocumented in neigh-
boring areas such as the Gorringe Bank (Cornen et al., 1999;
Jiménez-Munt et al., 2010) or the Rif (Michard et al., 2007).

In the longer profiles (Fig. 16), a thin high density crust has been
interpreted in the southernmost part. This crust has been interpreted
as a possible oceanic crust (density of 2900 kg/m3), driven by the obser-
vations on reflection seismic in this area (Fig. 13) and by the work of
previous authors (e.g., Gutscher et al., 2009; Martínez-Loriente et al.,
2014; Sallarès et al., 2011).

The effect of Cenozoic inversion of the SW Iberianmargin is also ob-
served on the modeled profiles. Inversion in this margin has localized
mainly in the necking and distal domains. In the west the necking do-
main is broad and the transition to the distal domain is gradual and lo-
cated south of the Portimão Bank (Fig. 16a). In this sector, Cenozoic
contraction caused the inversion of pre-existing rift structures, but did
not cause major uplift of the basement. Towards the east the necking
domain becomes narrower and the transition to the distal and oceanic
domains becomes very sharp (Fig. 17b). This transition is located imme-
diately south of theGuadalquivir Bank. To account for this geometry, we
interpret that the extensional structure of the southern flank of the Gua-
dalquivir Bankwas originally similar to that south of the Portimão Bank.
Cenozoic inversion in the Guadalquivir Bank subsequently occurred
along crustal-scale thrusts that caused major uplift along the Bank and
folded and tilted the pre-existing extensional structure into its pres-
ent-day geometry.

According to our preferred interpretation, the width of the necking
and distal domains accounts for the varying wavelength of the positive
gravity anomaly of the Gulf of Cadiz. In the case of Portimão Bank (Fig.
16a) the anomaly is broad due to the greater width of the necking do-
main and is not related to a basement high (the top of the basement is
in the order of 8 km deep; Figs. 11 and 15a). On the other hand, crustal
thinning further east (Fig. 17b) is more abrupt on account of the super-
position of the initial extensional geometry and subsequent basement
uplift (Guadalquivir Bank: Ramos et al., 2017; Vegas et al., 2004). This
explains the narrower and stronger positive anomaly.

6. Discussion

The present-day crustal structure of the SW Iberianmargin is the re-
sult of the superposition of Mesozoic extension and Cenozoic to Present
shortening. The discussion below will first describe the more recent

contractional overprint before discussing the original crustal structure
related to extension.

6.1. Inversion of the SW Iberian margin

The effects of Cenozoic shortening are most evident in the eastern
part of the Algarve Basin, in particular along the Guadalquivir Bank
(Figs. 10 and 17). In this eastern part of the basin, the Guadalquivir
Bank is uplifted by at least 2 km due to Cenozoic basement-involving
thrusting (Ramos et al., 2017). To the west, the Portimão Bank is ob-
served to be mildly inverted with no evidence of significant thrusting
in the basement (Fig. 11; Ramos et al., 2017). This difference in themag-
nitude of Cenozoic shortening accounts for the differences in the geom-
etry of the transition from thenecking to the distal domains. In thewest,
the necking domain is broad and it transitions gradually into the distal
domain. The result is a broad high in the Moho (Figs. 16 and 18a). In
the east, this structure has been strongly overprinted by contraction
and uplift, resulting in what appears as a narrow antiformal geometry
of the Moho (Fig. 17). The geometry of the distal domain is also
interpreted to be highly affected by uplift and tilting due to contraction
(Figs. 17). The contractional overprint leads to the shallow in the base of
the crust becoming much narrower and offset further southeast in the
eastern sections (Fig. 18a). The offset observed in the base of the crust
coincides with the trace of a NW-SE trending thrust identified by
Ramos et al. (2017)that also causes a major step in the map trace of
the necking zone (Fig. 18b), supporting the crustal nature of these
thrusts.

The main inversion structure in the Gulf of Cadiz coincides in loca-
tion and strike with the necking zone along the Guadalquivir Bank
(Figs. 17, 18b). This raises the possibility that the thrust under the Gua-
dalquivir Bank takes advantage of the tilting of the lower crust and
Moho induced initially during extensional necking (Fig. 17). The locali-
zation of inversion along the necking zone contrasts with the inversion
documented by Tugend et al. (2014) along northern Iberia and Druet
(2016) along northwest Iberia, where thrusting is located in the distal
domain or the continent-ocean transition. The possibility of similar
structures in the deep part of the modeled profiles cannot be ruled out
but they cannot be identified due to the masking by the AWGC/AUGC.

Inversion of the Guadalquivir Bank can help explain the apparent
lack of isostatic equilibrium of the structure based on the interpreted
crustal structure. Based on the water column (b1 km) and relatively
shallow depth to basement (b1 km below seabed) in the Guadalquivir
Bank on line 826 (Fig. 15c), the Moho would be expected to be in the
order of 28 km deep (by comparison with the onshore Iberian Moho
at 32 km depth and assuming a 2800 kg/m3 average crustal density
and Airy isostasy). This value is significantly deeper than estimates
from DSS (Diaz et al., 2016) and our model (Fig. 17a) that place it at
24 or 15 km depth respectively. This contrasts with the Portimão Bank
where under roughly 2 km of water and 8 km of sediments, the Moho
is expected at 18 km depth, in line with our model (Fig. 16a). The rele-
vance of flexure in supporting isostatic disequilibrium cannot be ig-
nored. Flexure of the lithosphere west of the Gibraltar Arc subduction
could be responsible for the broad negative anomaly observed south
of the lines 826 and 835 (Fig. 2).

6.2. Extensional crustal structure of SW Iberia

What remains at crustal level after discounting the effects of Cenozo-
ic contraction is a gross southeastward directed thinning of the SW Ibe-
rianmargin (Fig. 18b). Southeastward thinning is the result of extension
in the Mesozoic, which was dominated by WSW-ENE to E-W faulting,
with NW-SE trending transfer faults (Fig. 9b; trends also in the onshore:
Ramos et al., 2016).

The orientation of the crustal domains resulting from thinning in the
westernmost Algarve Basin rotates to a southwestward direction (Fig.
18b). This western margin of the basin coincides with a sharp rise in
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the Moho that trends NW-SE (Fig. 18a), parallel to the transfer faults of
the extensional system. It is therefore proposed that southeastward
thinning is due to margin-perpendicular extension, whereas crustal
thinning across the western end of the margin occurs across transfer
faults (e.g., Fig. 14).

This proposed orientation of themargin accounts for themain differ-
ence between our models and the interpretation of Sallarès et al.
(2011). These authors interpret continental crust to transition directly
to oceanic crust at the point where crust thins to b10 km immediately
south of the Portimão Bank. This rapid transition contrasts with the
more gradual transition suggested by ourmodeling (Fig. 16). The differ-
ence arises because the continent-ocean transition in the profile of

Sallarès et al. (2011) occurs across the transform system bounding the
Algarve Basin to the west (Fig. 18a). On the other hand, the transects
presented in this paper are drawnperpendicular to thedominant exten-
sional faults and therefore provide an image of the transition from con-
tinental to oceanic crust in the direction of extension.

The orientation of this margin is consistent with that expected from
the relative motion between Iberia and NW Nubia during the Jurassic
(Fig. 1b and c; Schettino and Turco, 2011). This trend is noticeably dif-
ferent to the N-S to NE-SW trend of the Atlantic margins (Fig. 1) and
makes the SW Iberian passive margin the likely westward continuation
of the southern Iberian passivemargin (currently inverted in the Betics)
and possibly the Ligurian Tethys.

Fig. 18. a)Map of the base of the crust derived from seismic interpretation andgravimetricmodeling. The COT (continent-ocean transition)derived from gravimetricmodeling is shownby
the bold dashed line. Points with numbers indicate the depth to the base of the crust from the compilation of Diaz et al. (2016). Thewestern limit of the Gulf of Cadiz (GoC) segment of the
margin ismarkedby theGorringe-GoC transfer zone along the transition from continental to oceandomains defined byGonzález et al. (1996) and Sallarès et al. (2011). The eastern limit of
themargin segment is located along theGoC-Betic transfer zone, acrosswhichMesozoic thickness drops (dashed contours indicateMesozoic thickness in this area from themap in Fig. 9a).
b) Map of crustal thickness of SW Iberia with crustal domains (proximal, necking, and distal) defined through gravimetric modeling and from crustal thickness. Thrusts relevant to the
discussion, mapped by Ramos et al. (2017), and relevant extensional faults from Fig. 9a are superimposed.
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Fig. 19. a) Map of the main crustal domains of the Gulf of Cadiz and surrounding areas. Bathymetry is shown in the background (contours every 200 m). The location of bibliographic
profiles is shown. The domains defined for the Morocco margin are derived by projecting the domains defined by Contrucci et al. (2004). b) Map of the free-air gravity anomaly map
(offshore) and Bouguer gravity anomaly (onshore) of the SW Iberian margin with the crustal domain distribution based on integrated regional 2D seismic data and gravimetric
modeling. Thin dashed black lines: crustal domain boundaries.
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Oceanization in southern Iberia is understood to have occurred dur-
ing the Late Jurassic (García-Hernández et al., 1989; Vera et al., 2004),
an age similar to the age of ophiolites of the Ligurian Tethys
(Bortolotti and Principi, 2005). In this context, it is possible that the
thin, relatively high density crust interpreted at the southern end of
the 4 profiles (Figs. 16 and 17) is actually Late Jurassic oceanic crust.

The prominent ENE-WSW trending positive gravity anomaly of the
Gulf of Cadiz is therefore interpreted to represent the locus of extreme
crustal thinning and the presence of high density bodies (serpentinized
mantle) in the transition from continental to oceanic crust, as observed
further north in the Iberian Atlantic and Cantabrian margins
(Peron-Pinvidic and Manatschal, 2009; Tugend et al., 2014). It is
interpreted that the rise in the mantle is locally driven by thinning of
the lower crust (Figs. 17a,b), indicating heterogeneous thinning of the
crust during rifting. The width of the necking domain and the Cenozoic
inversion are the factors that control the width and amplitude of the
positive anomaly.

6.3. Regional context

The continent-ocean transition proposed fromgravimetricmodeling
(Fig. 17) trends roughly WSW-ENE (Fig. 18b), consistent with the re-
gional trend of themargin. It provides a better estimate of the northern
limit of oceanic crust in the Gulf of Cadiz than those proposed to date
(e.g., Gutscher et al., 2009; Martínez-Loriente et al., 2014).

The lateral continuity of the passive margin as mapped in Fig. 18b is
limited to both east andwest. To the east, interpretation of vintage seis-
mic andwell data that shows a rapid eastward rise in the basement and
decrease in Mesozoic thickness just east of the present-day coastline
(Fig. 9). The basement remains relatively shallow and the Mesozoic is
absent under the foreland Guadalquivir Basin (Lanaja, 1987). This tran-
sition is interpreted to occur across a NW-SE zone of transfer (already
proposed by Lanaja, 1987) dominated by NW-SE striking extensional
or transtensional faults, labelled Gulf of Cadiz-Betics transfer zone in
Fig. 18a.

To thewest, a similar transition is inferredwhere theMoho becomes
shallow, west of the Portimão Bank (Fig. 18a). This transition is ob-
served to be controlled by westward dipping extensional faults (Figs.
9, 14) that drop the top of basement to depths similar (10-12 km)
with that of the oceanic crust interpreted in the Horseshoe Abyssal
Plain by Martínez-Loriente et al. (2014). The faults identified along the
western Algarve Basin coincide in location (see triangle on the seabed
in Fig. 14) with a sudden rise in the Moho that trends NW-SE (based
on the profiles of González et al., 1996 and Sallarès et al., 2011; Fig.
18a). This is interpreted to represent another NW-SE trending transfer
zone that in this case may link the site of Mesozoic mantle exhumation
of the Gorringe Bank with the proposed exhumed mantle of the
Portimão Bank (Gorringe-Gulf of Cadiz transfer, Fig. 19).

The SW Iberian passive margin in the Gulf of Cadiz is therefore
interpreted to correspond to a segment of the transform margin that
connected the Central Atlantic and the Ligurian Tethys during the Juras-
sic and Cretaceous. Assuming oceanization of this margin occurred in
the Late Jurassic (Bortolotti and Principi, 2005; García-Hernández et
al., 1989; Vera et al., 2004), oceanic crust would have formed as part
of the Iberia-Africa conjugate (Fig. 1c), at thewesternmost end of the Li-
gurian Tethys.

To the south, the contact with the Nubia plate is not identifiable in
our models due to their limited length. Nonetheless, the SWIM linea-
ments (Zitellini et al., 2009) continue to be a good candidate for the lo-
cation for this boundary. The SWIM lineaments coincide with the
location of a roughly E-W trending boundary in the free-air gravity
anomaly (Fig. 19) whichmay reflect the boundary between both plates.
In the eastern portion this boundary is between Nubia continental crust
and possibly Tethyan oceanic crust. In the center and to the west, the
boundary juxtaposes oceanic crust on both sides (Fig. 19). The nature

of the crust south of the Gorringe Bank is not certain but has been pro-
posed by Martínez-Loriente et al. (2014) to be Tethyan.

7. Conclusions

Integrated seismic interpretation and gravimetric modeling have
made it possible to propose a crustal structure in a regional context
for the SW Iberian margin. The crustal structure of the SW Iberianmar-
gin is observed to result from the superposition of Mesozoic extension
and Cenozoic inversion of the margin. The result of Mesozoic extension
was a southward thinning of the SW Iberian margin. This structure is
best preserved in thewestern Gulf of Cadizwhere the effects of Cenozo-
ic inversion are less strong, and indicates that crustal thinning occurs in
a stepped manner across a zone nearly 100 km wide.

The SW Iberian margin is interpreted to correspond to the western-
most segment of the Ligurian Tethys. In this context, the Gulf of Cadiz
represents a segment of the margin comprised between the Betic mar-
gin in the east and a possibly Atlantic domain to the west.

The large positive gravity anomaly of the Gulf of Cadiz corresponds
to the zone of greatest crustal attenuation, where the continental crust
is interpreted to be as thin as 10 km or less. Cenozoic inversion in the
eastern Gulf of Cadiz concentrated in this domain of thin continental
crust, causing folding at crustal level. The result is a larger amplitude
and narrower gravity anomaly.
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Oceanization in southern Iberia is understood to have occurred dur-
ing the Late Jurassic (García-Hernández et al., 1989; Vera et al., 2004),
an age similar to the age of ophiolites of the Ligurian Tethys
(Bortolotti and Principi, 2005). In this context, it is possible that the
thin, relatively high density crust interpreted at the southern end of
the 4 profiles (Figs. 16 and 17) is actually Late Jurassic oceanic crust.

The prominent ENE-WSW trending positive gravity anomaly of the
Gulf of Cadiz is therefore interpreted to represent the locus of extreme
crustal thinning and the presence of high density bodies (serpentinized
mantle) in the transition from continental to oceanic crust, as observed
further north in the Iberian Atlantic and Cantabrian margins
(Peron-Pinvidic and Manatschal, 2009; Tugend et al., 2014). It is
interpreted that the rise in the mantle is locally driven by thinning of
the lower crust (Figs. 17a,b), indicating heterogeneous thinning of the
crust during rifting. The width of the necking domain and the Cenozoic
inversion are the factors that control the width and amplitude of the
positive anomaly.

6.3. Regional context

The continent-ocean transition proposed fromgravimetricmodeling
(Fig. 17) trends roughly WSW-ENE (Fig. 18b), consistent with the re-
gional trend of themargin. It provides a better estimate of the northern
limit of oceanic crust in the Gulf of Cadiz than those proposed to date
(e.g., Gutscher et al., 2009; Martínez-Loriente et al., 2014).

The lateral continuity of the passive margin as mapped in Fig. 18b is
limited to both east andwest. To the east, interpretation of vintage seis-
mic andwell data that shows a rapid eastward rise in the basement and
decrease in Mesozoic thickness just east of the present-day coastline
(Fig. 9). The basement remains relatively shallow and the Mesozoic is
absent under the foreland Guadalquivir Basin (Lanaja, 1987). This tran-
sition is interpreted to occur across a NW-SE zone of transfer (already
proposed by Lanaja, 1987) dominated by NW-SE striking extensional
or transtensional faults, labelled Gulf of Cadiz-Betics transfer zone in
Fig. 18a.

To thewest, a similar transition is inferredwhere theMoho becomes
shallow, west of the Portimão Bank (Fig. 18a). This transition is ob-
served to be controlled by westward dipping extensional faults (Figs.
9, 14) that drop the top of basement to depths similar (10-12 km)
with that of the oceanic crust interpreted in the Horseshoe Abyssal
Plain by Martínez-Loriente et al. (2014). The faults identified along the
western Algarve Basin coincide in location (see triangle on the seabed
in Fig. 14) with a sudden rise in the Moho that trends NW-SE (based
on the profiles of González et al., 1996 and Sallarès et al., 2011; Fig.
18a). This is interpreted to represent another NW-SE trending transfer
zone that in this case may link the site of Mesozoic mantle exhumation
of the Gorringe Bank with the proposed exhumed mantle of the
Portimão Bank (Gorringe-Gulf of Cadiz transfer, Fig. 19).

The SW Iberian passive margin in the Gulf of Cadiz is therefore
interpreted to correspond to a segment of the transform margin that
connected the Central Atlantic and the Ligurian Tethys during the Juras-
sic and Cretaceous. Assuming oceanization of this margin occurred in
the Late Jurassic (Bortolotti and Principi, 2005; García-Hernández et
al., 1989; Vera et al., 2004), oceanic crust would have formed as part
of the Iberia-Africa conjugate (Fig. 1c), at thewesternmost end of the Li-
gurian Tethys.

To the south, the contact with the Nubia plate is not identifiable in
our models due to their limited length. Nonetheless, the SWIM linea-
ments (Zitellini et al., 2009) continue to be a good candidate for the lo-
cation for this boundary. The SWIM lineaments coincide with the
location of a roughly E-W trending boundary in the free-air gravity
anomaly (Fig. 19) whichmay reflect the boundary between both plates.
In the eastern portion this boundary is between Nubia continental crust
and possibly Tethyan oceanic crust. In the center and to the west, the
boundary juxtaposes oceanic crust on both sides (Fig. 19). The nature

of the crust south of the Gorringe Bank is not certain but has been pro-
posed by Martínez-Loriente et al. (2014) to be Tethyan.

7. Conclusions

Integrated seismic interpretation and gravimetric modeling have
made it possible to propose a crustal structure in a regional context
for the SW Iberian margin. The crustal structure of the SW Iberianmar-
gin is observed to result from the superposition of Mesozoic extension
and Cenozoic inversion of the margin. The result of Mesozoic extension
was a southward thinning of the SW Iberian margin. This structure is
best preserved in thewestern Gulf of Cadizwhere the effects of Cenozo-
ic inversion are less strong, and indicates that crustal thinning occurs in
a stepped manner across a zone nearly 100 km wide.

The SW Iberian margin is interpreted to correspond to the western-
most segment of the Ligurian Tethys. In this context, the Gulf of Cadiz
represents a segment of the margin comprised between the Betic mar-
gin in the east and a possibly Atlantic domain to the west.

The large positive gravity anomaly of the Gulf of Cadiz corresponds
to the zone of greatest crustal attenuation, where the continental crust
is interpreted to be as thin as 10 km or less. Cenozoic inversion in the
eastern Gulf of Cadiz concentrated in this domain of thin continental
crust, causing folding at crustal level. The result is a larger amplitude
and narrower gravity anomaly.
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Abstract10 

The SW Iberian margin is an oblique passive margin developed during the Mesozoic, as part of the 11 

opening of the westernmost Ligurian Tethys. The Algarve Basin developed on the SW Iberian margin and 12 

its sedimentary record was strongly conditioned by the tectonic evolution of the margin. The Algarve 13 

Basin was dominated during the Mesozoic by ENE-WSW trending extensional faults, and their associated 14 

depocenters. These extensional structures were segmented by oblique NW-SE transfer zones. Two major 15 

NW-SE transfer zones connected the Algarve Basin to the Gorringe Bank in the west and to the Betic 16 

Basin in the east. The SW Iberian margin was later partially inverted during Late Cretaceous to Cenozoic 17 

times, due to convergence between Africa and Iberia. Inversion of the Algarve Basin and the SW Iberian 18 

margin was controlled by both the ENE-WSW and NW-SE structures formed during the passive margin 19 

phase. The passive margin evolution of the Algarve Basin during the Mesozoic and up to the Paleogene 20 

(prior to the main phase of margin inversion) is documented in this paper through paleogeographic 21 

reconstructions based on field geology in the onshore, and seismic interpretation and well data in the 22 

offshore.23 

24 

Keywords: oblique passive margin, SW Iberian margin, depositional environment, Tethys-Atlantic link,25 

margin inversion26 
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Introduction28 

The structural framework of oblique rift systems is known to control deposition of syn-rift sediments 29 

(e.g., Gawthorpe and Hurst, 1993; Gawthorpe and Leeder, 2000). As a rift system progresses into a30 

passive margin, the impact of the early segmentation can persist under the blanketing effect of post-rift 31 

sedimentation and can condition the subsequent evolution of petroleum systems (e.g., Meisling et al., 32 

2001). The south Iberian margin is one such segmented oblique passive margin, developed in the Jurassic 33 

as part of the linkage between the Central Atlantic and the Ligurian Tethys. The Mesozoic Betic and 34 

Algarve Basins developed on this margin (Fig. 1), compartmentalized by roughly NW-SE trending 35 

transfer zones (Ramos et al., 2017b). Whereas the Betic Basin has been mostly overthrust by the Betic 36 

orogen and covered by the Cenozoic Guadalquivir foreland basin, the Algarve Basin in the Gulf of Cadiz, 37 

remains preserved and is only partially inverted by Cenozoic compression (Ramos et al., 2017a). This 38 

makes the Algarve Basin an ideal candidate to explore the Mesozoic development of the SW Iberian 39 

oblique rifted margin.40 
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41 

Fig. 1. (a) Tectonic map of southwest Iberia, showing the main tectonic units and their associated basins 42 

(modified from Iribarren et al., 2007). AUGC: Allochthonous Unit of the Gulf of Cadiz; AWGC: 43 

Accretionary Wedge of the Gulf of Cadiz; GB: Guadalquivir Bank; PB: Portimão Bank; GoC: Gulf of 44 

Cadiz; SMQF: São Marcos Quarteira Fault. (b) Location of the southwest Iberian margin. (c) Simplified 45 

geological map of the onshore Algarve Basin showing major tectonic features. Modified after (Ramos et 46 

al., 2016).47 

Several authors have worked on the evolution of the Algarve Basin and the broader SW Iberian 48 

margin (Lopes et al., 2006; Matias, 2007; Roque, 2007; Terrinha, 1998). The control of oblique transfer 49 

faults on the distribution and thickness of Mesozoic sediments has been addressed by multiple authors 50 

(Correia, 1989; Manuppella et al., 1988; Palain, 1976; Ramos et al., 2016; Terrinha, 1998; Terrinha et al., 51 

2013). These studies have been limited to the onshore outcrop of the Algarve Basin and do not address52 

3 
 



the role of the oblique transfer zones in the more extensive offshore Algarve Basin. Furthermore, previous 53 

studies have not addressed the role of the Algarve Basin in the broader regional context of the southern 54 

Iberian passive margin that developed during the Mesozoic.55 

This paper tries to document the regional geologic and paleogeographic evolution of the Algarve 56 

Basin from Mesozoic extension to Cenozoic inversion, as a segment of the broader southern Iberian57 

margin. This analysis is based on field geology, interpretation of 2D and 3D reflection seismic data along 58 

with well data and the integration of knowledge of the southern Iberian passive margin. A sequentially 59 

restored section of the margin and isopach maps of syn- to post-rift units have been used to describe the 60 

evolution of the margin and depositional environments.61 

62 

Geological setting63 

The Algarve Basin is the westernmost segment of the SW Iberian margin and at present-day extends 64 

from the onshore of southern Portugal into the Gulf of Cadiz. It lies north of the present-day transform 65 

plate boundary between Africa (Nubia) and Iberia. To the west, the SW Iberian passive margin transitions 66 

to the Central/North Atlantic oceanic domain across the Gorringe-Gulf of Cadiz transfer zone (Ramos et 67 

al., 2017b) (Fig. 1a). To the east, the Algarve Basin is bounded by the Gulf of Cadiz-Betic transfer zone68 

(Ramos et al., 2017b; Fig. 1a) which separates it from the Mesozoic Betic Basin.69 

Tectonic evolution70 

The Algarve Basin, started to develop in Triassic times, during the break-up of Pangea (Terrinha, 71 

1998). Rifting intensified in Jurassic times, influenced by rifting and opening of the Central Atlantic and 72 

the westernmost Ligurian Tethys (Terrinha, 1998; Fig. 2). Rifting culminated in break-up and 73 

oceanization of the margin in Late Jurassic times (e.g., Vera et al., 1997; Fig. 2). During the Cenozoic the 74 

margin was partially inverted as the result of the convergence between Africa (Nubia) and Eurasia75 

(Ramos et al., 2017a).76 
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77 

Fig. 2 Palinspastic reconstruction of the SW Iberian margin at the Early Jurassic (a) and Late Jurassic (b). 78 

AB: Atlas Basin; BB: Betic Basin; IB: Iberia; NA: North America; NWA: Northwest Africa; RF: Rif 79 

Basin.80 

The structure of the SW Iberian margin is dominated by the thinning of continental crust towards the 81 

south (Ramos et al., 2017b), controlled by roughly WSW-ENE trending extensional faults active 82 

throughout the Jurassic (Matias, 2007; Ramos et al., 2016; Terrinha, 1998). To the south and southwest,83 

the presence of oceanic crust has been proposed by gravity modelling and refraction seismic data 84 

(Gutscher et al., 2002; Martínez-Loriente et al., 2014; Ramos et al., 2017b; Sallarès et al., 2011).85 

Mesozoic depocenters were mainly controlled by basement faulting during the Triassic and Jurassic. Salt 86 

tectonism, which was triggered and controlled by basement faulting, was active from Jurassic to 87 

Cretaceous times, and was the main control on the development of Cretaceous depocenters (Matias et al., 88 

2011).89 

The Mesozoic extensional system was compartmentalized by several transfer faults and diffuse 90 

transfer zones in the onshore Algarve Basin (Arthaud and Matte, 1977; Barreto et al., 2015; Manuppella, 91 

1992; Ramos et al., 2016; Terrinha, 1998). These faults are oriented from N-S (Portimão Fault) to NW-92 

SE (São Marcos - Quarteira Fault and Querença transfer zone; Fig. 1b) and are parallel to Late Variscan 93 

thrusts documented in the Carboniferous basement in SW Iberia (Arthaud and Matte, 1977; Manuppella, 94 

1992; Ramos et al., 2016; Terrinha, 1998). In the onshore, Terrinha (1998) documented the control these 95 

faults exerted on the deposition of the Mesozoic. In general, the eastern blocks of these faults recorded96 

shallower bathymetry but greater accommodation space during the Mesozoic. The Portimão Fault has 97 

been used previously to sub-divide the onshore Algarve Basin into a western and central-eastern sub-98 

basins (Ramos et al., 2016), These sub-basins recorded different depositional environments and 99 
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subsidence history mainly through the Jurassic and Early Cretaceous (Manuppella, 1988; Manuppella et100 

al., 1988; Ramos et al., 2016; Terrinha, 1998) .101 

Rifting of the SW Iberian margin is interpreted to finalize with continental break-up during the late 102 

Middle Jurassic to earliest Late Jurassic (García-Hernández et al., 1989; Vera, 1988). This is the age of 103 

Ligurian Tethys ophiolites (Bortolotti and Principi, 2005) and is synchronous with volcanism in 104 

neighbouring Mesozoic basins, such as the Betics (Vera et al., 1997) and the Atlas (Frizon de Lamotte et 105 

al., 2008).106 

Cenozoic compression led to the inversion of some extensional faults and salt structures, and the107 

development of E-W to NE-SW striking, south-directed basement thrusts that tilted pre-existing 108 

extensional structures (Ramos et al., 2017a; Terrinha et al., 2009). Most of the oblique transfer faults were 109 

also inverted in transpression (Barreto et al., 2015; Ramos et al., 2016; Terrinha, 1998). Within the 110 

Mesozoic and Cenozoic sedimentary cover, shortening was accommodated by minor thrusts detaching on 111 

evaporites, reactivation of diapirs and buttressing against extensional faults (Ramos et al., 2016; 2017a).112 

Stratigraphy113 

The stratigraphy of the Algarve Basin (and the broader Gulf of Cádiz) has been described by several 114 

authors in the onshore and the shallow offshore (Lopes, 2002; Manuppella et al., 1988; Matias, 2007; 115 

Roque, 2007; Terrinha, 1998). The stratigraphy of the basin is summarized in Figures 3 and 4.116 

Mesozoic and Cenozoic sediments lay unconformably over Paleozoic flysch basement 117 

(Carboniferous and older) deformed in the foreland of the Variscan orogen. The earliest sediments of the 118 

basin are Upper Triassic red continental alluvial clastics filling half-grabens and grabens trending 119 

roughly E-W. Paleocurrent directions and provenance studies indicate drainage of the SW Iberian margin 120 

towards the W and SW as well as sediment sourcing from the North American continent in the SW 121 

(Palain, 1976; Pereira et al., 2016).122 

According to Palain (1976), the greatest thickness of Triassic in the onshore (250 m; Terrinha, 1998)123 

occurs in the central part of the onshore Algarve Basin, probably related to the extensional to 124 

transtensional character of the São Marcos Quarteira Fault (SMQF; Terrinha, 1998). Triassic sediments 125 

have not been described in the offshore as they have not been encountered by any of the exploratory wells 126 

drilled in the area (Fig. 4). Only well GC6Y-1BIS drilled deep enough but encountered Carboniferous 127 
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rocks directly underlying Hettangian evaporites, which is interpreted to mean that this well drilled the 128 

uplifted footwall of a Triassic extensional fault.129 

130 

Fig. 3. Tectono-sedimentary diagram of the Algarve Basin showing the main stratigraphic units, from 131 

west to east, and from the onshore to the continental slope. Modified after Ramos et al. (2016).132 

Triassic sediments are overlain by Hettangian evaporites and coeval terrigenous clastics and 133 

carbonates. The Hettangian evaporite unit crops out along the northern margin of the basin where it is 134 

normally less than 200 m thick. Southward, but still onshore, Hettangian evaporites are responsible for 135 

diapirism south of the Espiche-Algibre Fault (a major Mesozoic extensional fault; Terrinha, 1998; Ramos 136 

et al, 2016; Fig. 1c). Hettangian evaporites are also encountered by wells in the onshore and offshore 137 

(e.g., Almonte-1; Asperillo-1; Gulf of Cadiz B-1; Ruivo-1, Orion 2-1, GC6Y-1BIS, Moguer-1). The 138 

Hettangian unit drilled by these wells is less than 500 m thick when not affected by diapirism (GC6Y-139 

1BIS, Moguer-1). In these wells this unit is dominated by anhydrite and shales, similar to the northern 140 

outcrop, in contrast to the halite-dominated diapirs in the onshore and offshore.141 
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Hettangian evaporite unit is locally overlain by a Hettangian-Sinemurian volcanic-sedimentary 142 

complex associated with the Central Atlantic Magmatic Province (Martins et al., 2008; Verati et al., 143 

2007). This unit is composed of basaltic lavas and pyroclastic rocks interlayered with dolomites and red 144 

shales, and is less than 160 m thick where present.145 
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Fig. 4. Stratigraphic correlation of Mesozoic and Paleocene along the northern portion of the margin. The 147 

correlation panel is flattened to the BFU. Note that the Neogene to Quaternary thickness is not drawn to 148 

scale. Both Mesozoic and Cenozoic strata thicken towards the Algarve-1 well, located in the central part 149 

of the shelf of the Gulf of Cadiz. Depositional environment for all Mesozoic and Paleogene units is 150 

neritic, excepting for well Algarve-1 where the Middle and Upper Jurassic were deposited in a bathyal 151 

environment. The deposition of Mesozoic sediments is affected by the Portimão and the São Marcos 152 

Quarteira (SMQF) faults, Jurassic-Lower Cretaceous diapiric activity (Ruivo-1 well) and Paleogene 153 

thrusts (GC6Y-1BIS well). Well stratigraphic composites of the Gulf of Cadiz were taken from Lanaja 154 

(1987), and those located in the Algarve Basin are taken from Terrinha (1998). Stratigraphic chart from 155 

Terrinha (1998) and depositional environments were interpreted by Roque (2007) and well reports. Map 156 

location in the bottom left of the figure.157 

The remaining Lower Jurassic is dominated by carbonates. It is less than 1000 m thick in the onshore 158 

and up to 500 m in some wells. It is locally absent above salt diapirs (e.g., Ruivo-1 well). The Lower 159 

Jurassic can be internally subdivided into two sub-units: the Sinemurian and the Pliensbachian-Toarcian. 160 

Sinemurian shallow water limestones and dolomites are roughly 100-200 m thick in the west to 500 m161 

thick in the east, and are considered to record a phase of tectonic quiescence (Terrinha, 1998). Above the 162 

Sinemurian, the Pliensbachian to Toarcian is represented by hemipelagic dolomites, limestones and marls 163 

deposited in a shallow water environment. The Pliensbachian-Toarcian is up to 200 m thick in the 164 

Western sub-basin (west of the Portimão Fault), whereas it locally reaches 600 m thickness in the east165 

(Terrinha, 1998). Thickness changes of this unit are interpreted to be controlled by renewed extensional 166 

faulting (Ramos et al., 2016; Terrinha, 1998) and salt diapirism. Profuse ammonoids record the 167 

progressive deepening of the basin, a subsiding phase that ended at the transition to the Middle Jurassic 168 

(Terrinha et al., 2002).169 

Sedimentation of the Middle Jurassic was mainly hemipelagic in the Western sub-basin (up to 250 m170 

thick) as well as in in the Central-Eastern sub-basin (up to 500 m thick). The Middle Jurassic expands 171 

significantly in the offshore wells (up to 1200 m) and is still interpreted to have deposited in a shallow 172 

water setting (except for slope to deep water conditions interpreted for well Algarve-1; Roque, 2007). The 173 

Middle Jurassic shows numerous internal unconformities which have been interpreted to represent mild 174 

pulses of inversion during rifting (Terrinha, 1998; Terrinha et al., 2002). At the top, the Middle Jurassic is 175 

truncated by the Callovian-Oxfordian erosional unconformity (Terrinha et al., 2002). This unconformity 176 
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is equivalent to the regional “Callovian regression or crisis” (Manuppella et al., 1988; Mouterde, 1971; 177 

Rocha, 1976), which also affected the neighbouring Lusitanian and Betic basins (Alves et al., 2009; 178 

García-Hernández et al., 1989; Montenat et al., 1988; Pereira and Alves, 2012; Vera, 1988; Wilson, 179 

1988), other Iberian basins (Hiscott et al., 1990; Stapel et al., 1996), and the Atlas and External Rif basins 180 

of northwest Africa (Aïfa and Zaagane, 2014; Flinch, 1994; Zizi, 1996). This unconformity in SW Iberia 181 

possibly indicates the age of continental break-up.182 

Above the Callovian-Oxfordian unconformity, the Upper Jurassic succession is also strongly 183 

differentiated in the two sub-basins. The Upper Jurassic is up to 200 m thick in the west and dominated 184 

by limestones and marls deposited in an internal platform setting. It is over 1600 m thick in the east and 185 

dominated by limestones and marls deposited between internal and external platform settings.  Frequent 186 

lateral facies changes within the Oxfordian to Lower Kimmeridgian are interpreted to indicate internal 187 

fault-related compartmentalization of the Central-Eastern sub-basin (Terrinha, 1998), whereas the Upper 188 

Kimmeridgian to Tithonian are uniform throughout the sub-basin (Terrinha, 1998). Wells in the offshore 189 

encounter a variable thickness of Upper Jurassic due to syn-sedimentary extensional faulting, salt 190 

tectonism (e.g., Imperador-1, Ruivo-1) and erosion and truncation during the Cenozoic (e.g., GC6Y-191 

1BIS). Thickness in the offshore is less than 1100 m and most wells encounter carbonates deposited in 192 

shallow water settings (other than the Algarve-1 well in which bathyal conditions are recorded; Roque, 193 

2007).194 

The Lower Cretaceous often overlies a major unconformity. This unit is represented onshore by 195 

shallow marine limestones and marls, alternating with detrital lithologies (Terrinha, 1998). This unit is 196 

thicker in the Central-Eastern sub-basin (roughly 1500 m thick) than in the Western sub-basin (500 m). 197 

To the east the facies are marine-dominated, while to the west the facies are continental and littoral 198 

(Correia, 1989; Terrinha, 1998). Variations in the thickness of the Lower Cretaceous unit in offshore 199 

wells, up to 1000 m and dominated by shallow water settings, are due to ongoing salt tectonism (Ramos 200 

et al., under review).201 

Upper Cretaceous sediments are mostly absent in the onshore portion of the Algarve Basin due to 202 

Cenozoic inversion and uplift (Ramos et al., 2016; Terrinha, 1998). Offshore, this unit is not well 203 

preserved, and is only drilled by a few isolated wells in the Gulf of Cadiz (e.g., GC6-X1).204 
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As with the Upper Cretaceous, the Paleogene is also absent in the onshore. In the offshore this unit is 205 

of limited variable extent and is represented by shallow water carbonates. The Paleogene represents the 206 

final unit deposited in a passive margin setting prior to Cenozoic inversion.207 

Mesozoic to Paleogene rocks are bounded at the top by a regional erosional unconformity related to 208 

the initiation of contractional deformation and subsidence in the area (Basal Foredeep Unconformity, 209 

BFU; Ledesma, 2000; Maldonado et al., 1999). The BFU is covered and onlapped by Miocene shallow 210 

marine limestones that grade upwards into siltstones and fine sandstones. In the onshore, this unit was 211 

later karstified and covered by Pliocene to Pleistocene fluvial and marine clastic sediments. In the deeper 212 

offshore, Pliocene to Present sediments are controlled by the Mediterranean Outflow Water (MOW), 213 

resulting in the deposition of fine-grained contourite drifts due to deep sea currents (Hernández-Molina et 214 

al., 2014). Lithified Holocene beach sand and dunes are the youngest sediments in the Algarve Basin.215 

Along the southern Algarve Basin, and overlying the BFU and Lower Miocene sediments, a mélange216 

unit was emplaced synchronously with the development of the Betic-Rif orogen (Gutscher et al., 2002).217 

This unit is divided in two sub-units of different origin: the Accretionary Wedge of the Gulf of Cadiz 218 

(AWGC) and the Allochthonous Unit of the Gulf of Cadiz (AUGC). The AWGC consists of an east-219 

thickening mélange of Mesozoic to Cenozoic sediments affected by west-directed imbricate thrusts. The 220 

AUGC is an olistostrome, gravitationally emplaced as a submarine debris flows sourced from the AWGC 221 

(Iribarren et al., 2007; Torelli et al., 1997).222 

223 

Available Data224 

Observations, interpretation and results presented here are based on the integration of multiple data225 

sources: 2D and 3D reflection seismic data, well data, and geological mapping of the onshore Algarve 226 

Basin.227 

The 2D seismic data used in this work consists of two different sets of seismic reflection surveys: a 228 

set of vintage 2D seismic surveys covering the Spanish Gulf of Cadiz (www.info.igme.es/visorweb/), and 229 

a more recent 2D seismic survey acquired by TGS in 2001 during the PDT00 and PD00 cruises (TGS, 230 

2005; Fig. 5). The PDT00-PD00 regional survey comprises a set of 58 lines of 2D multichannel reflection 231 

seismic data (Fig. 5). The survey has a shotpoint interval of 12.5, and consists of a two perpendicular sets 232 
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of lines: one oriented NNW-SSE spaced every 4km and other oriented ENE-WSW spaced every 8km233 

(Fig. 5). Recording length was 12 seconds of two-way travel time (TWTT). The interpretation on this 234 

survey was performed on the pre-stack time migration.235 

236 

Fig. 5. Data available in the Gulf of Cadiz used in this study. Alg-1: Algarve-1; Alg-2; Algarve-2; Alm-1: 237 

Almonte-1; Asp-1: Asperillo-1; Atl-2-2: Atlantida-2-2; Bet 14-1: Betica 14-1; Bet 18-1: Betica 18-1; Bor-238 

1: Bornos-1; Crv-1: Corvina-1; GC6-X-1: Gulf of Cadiz 6-X-1; GC B-1: Gulf of Cadiz B-1; GC B-2: 239 

Gulf of Cadiz B-2; GC D-1: Gulf of Cadiz D-2; GC D-2: Gulf of Cadiz D-2; GC 6Y-1Bis: Gulf of Cadiz 240 

6Y-1Bis; Hue-1: Huelva-1; Imp-1: Imperador-1; Mog-1: Moguer-1; Ori 2-1: Orion 2-1; Rui-1: Ruivo-1. 241 

2D seismic profiles are complemented by a 3D seismic volume acquired by Repsol in 2012 in the 242 

central part of the Gulf of Cadiz (Fig. 5). The seismic cube covers an area of 1500 km2 acquired in 151 243 

shot lines oriented NNW-SSE, with a shotpoint spacing of 18.5m and shotlines spaced every 375 m. The 244 

recording length is 7.2 seconds of TWTT. This 3D cube has been interpreted in the pre-stack time and 245 

depth migrated versions.246 

Seismic interpretation of 2D and 3D seismic surveys was constrained by the calibration with five 247 

wells in offshore Portugal (Roque, 2007; Terrinha, 1998) and a further 67 wells in the Gulf of Cadiz and 248 

Guadalquivir Basin (Lanaja, 1987; the most relevant are illustrated in Figure 3). 249 
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Seismic profiles were interpreted in time and converted to depth using seismic velocities derived 250 

from checkshots from the 5 Portuguese wells. Three stratigraphic intervals were defined based on their 251 

average velocities: Neogene-Quaternary, top Paleogene to top Middle Jurassic and top Middle Jurassic to 252 

Basement. The depth image of the depth migrated 3D seismic cube was also used to calibrate the interval 253 

velocities, and therefore gain confidence in the depth conversion of 2D lines in the deeper portions of the 254 

basin.255 

The interpretation converted to depth was interpolated to obtain a grid for interpreted horizons. These 256 

surfaces were used to calculate the vertical thickness for each stratigraphic unit. In this manner, isopach 257 

maps were constructed honouring the seismic interpretation, the well data and the field data.     258 

Seismic interpretation259 

Seismic interpretation was carried out based on the unconformity bounded sequences defined by 260 

(Terrinha, 1998) and (Roque, 2007). These units have been correlated on seismic throughout the basin. 261 

The published data from the onshore Algarve Basin (Manuppella, 1992; Ramos et al., 2016; Terrinha, 262 

1998) was also integrated with the seismic interpretation.  This section includes a description of the 263 

seismic-stratigraphic units from the bottom to the top.264 

265 

Fig. 6. Illustration of seismic facies for each interpreted interval. (a) Reflection seismic profile and (b) 266 

interpretation of the profile. Velocities used for depth conversion are shown on the right. See Fig. 5 and 8 267 

for location of the seismic image. Data courtesy of TGS.268 
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The deepest unit interpreted corresponds to the Paleozoic basement. It is characterized by chaotic 269 

seismic facies. The basement occasionally presents stratified seismic facies. The basement has been 270 

interpreted by picking its top, which is a bright reflector that is locally discontinuous and frequently offset 271 

by extensional faulting (Fig. 6). Recent understanding of inversion of the margin (Ramos et al., 2017a)272 

and gravity modelling (Ramos et al., 2017b) helped to constrain the picking of the top of basement in 273 

areas where this pick is uncertain.274 

The following unit is the Triassic, represented by a package of mid-high frequency and high 275 

amplitude reflectors (Fig. 6). The Triassic depocenters are bounded by high angle basement-involved 276 

extensional faults.  Triassic depocenters are larger offshore than those observed in the onshore (e.g., 277 

Ramos et al., 2016), indicating that extensional faults are possibly more spaced offshore. Smaller 278 

depocenters such as those observed in the onshore may also present offshore but it has not been possible 279 

to interpret them on the available seismic.280 

Above, the Hettangian evaporites are imaged on seismic by transparent to chaotic seismic facies. 281 

This unit is bounded at the top by an irregular high-amplitude reflector and at its base by a smooth but 282 

faulted mid-amplitude reflector that can be occasionally obscured by diapirism (Fig. 6). Allochthonous 283 

salt bodies sourced from the Hettangian evaporite unit have a similar seismic response (Fig. 6). Due to 284 

their deposition during extension, Hettangian evaporites were originally thicker in the grabens and in the 285 

centre of the basin, while they thinned towards the basin margin.286 

The Lower Jurassic shows low frequency and high amplitude reflectors (Figs. 6 and 7). Sinemurian is 287 

represented by a roughly constant thickness package at the base and a variable thickness Pliensbachian–288 

Toarcian package. Thickness changes in the upper Lower Jurassic relate to extensional tectonics and salt 289 

tectonics. The uppermost part of the Lower Jurassic is truncated by an erosional unconformity and is 290 

unconformably overlain by the Middle Jurassic (Fig. 7). This unconformity is more accused in the areas 291 

affected by salt tectonism (Figs. 6 and 7).292 

293 
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294 

Fig. 7. Illustration of the main unconformities correlated throughout the Algarve Basin. (a) Reflection 295 

seismic profile and (b) the corresponding interpretation. The sedimentary units in this illustration are 296 

affected by salt tectonism and motion on basement faults. Black dotted line: unconformity. From top to 297 

bottom: Ng-Qt: Neogene-Quaternary; Pg: Paleogene; BFU: Basal Foredeep Unconformity; K1: Lower 298 

Cretaceous; J3: Upper Jurassic; J2: Middle Jurassic; J1: Lower Jurassic; Ht: Hettangian; Tr: Triassic; Bt: 299 

Basement. The other unconformities do not have a name. See Fig. 5 for location. Data courtesy of TGS.300 

301 

The Middle and Upper Jurassic successions show similar seismic response, with reflectors with 302 

greater lateral continuity than in the Lower Jurassic unit. The Upper Jurassic lays unconformably over the 303 

Middle Jurassic, with more pronounced angularities in the flanks of salt withdrawal minibasins (Fig. 7). 304 

The top of the Upper Jurassic is an unconformity marked by a gently folded high amplitude reflector. 305 

This unconformity is onlapped by the Lower Cretaceous, which is characterized by mid to high frequency 306 

and medium amplitude reflectors of good lateral continuity (Figs. 6 and 7). The Lower Cretaceous is 307 

represented locally by nearly transparent facies. Towards its roof, the Lower Cretaceous is truncated in 308 

some areas by the base of the Upper Cretaceous or Paleogene (Figs. 6 and 7). Where present, these units 309 

are highly condensed and are represented by strong mid-amplitude and mid-frequency continuous 310 

reflectors. These units onlap the top of the Lower Cretaceous (Figs. 6 and 7). 311 

312 

The Mesozoic is capped by the regional BFU, a bright reflector that truncates underlying tilted strata 313 

and is very continuous throughout the entire study area (Fig. 6). Neogene-Quaternary units onlap the BFU 314 

and are represented in seismic by high frequency and variable amplitude continuous reflectors (Figs. 6 315 

and 7). The top of this unit is the seafloor (Figs. 6 and 7). 316 

317 
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Finally, the AWGC and the AUGC are seismically identified in this paper as a single unit, bounded 318 

at its top by a highly irregular reflector, which is in turn onlapped by Miocene to Recent sediments (e.g., 319 

Fig. 11). Their base describes a relative smooth geometry, truncating the underlying sediments. Internally, 320 

these units have chaotic to transparent facies. To the south, the AUGC/AWGC obscures the imaging of 321 

deeper reflectors. 322 

323 

Structure of the Algarve Basin324 

The structure of the Algarve Basin is dominated by extensional tectonics and can be illustrated by the 325 

geometry of the top of the basement (Fig. 8). Extensional faults that involve the basement trend mainly 326 

WSW-ENE (Fig. 8). 327 
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328 

Fig. 8. (a) Isobath map of the top of basement with the main structures overlain. The wells reaching the 329 

basement are shown. (b) Map of thickness between the top of basement and the Moho with and overlay of 330 

the main extensional faults and crustal domains (depth to Moho and crustal domains according to Ramos 331 

et al. (2017b).332 

The extensional faults and their impact on basement structure can also be seen on the regional section 333 

in Figure 9. On this section, the basement and the bathymetry are observed to drop from north to south,. 334 
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This trend is locally interrupted by structures uplifted during Cenozoic inversion (namely, the 335 

Guadalquivir Bank). Offshore, seismic interpretation along with gravity modelling (Ramos et al., 2017b)336 

indicate that fault-bounded basement grabens are filled with major Triassic depocenters, thicker than 337 

those onshore. Extensional faults also control the location of the greater depocenters of Lower and Middle 338 

Jurassic in the offshore portion of the basin. Extensional faults are also observed to control the location of 339 

salt structures. The geometry and structure of the domain south of the Guadalquivir Bank below the 340 

AUGC/AWGC, is inferred based on gravity modelling, peak rifting time (inferred to occur during the 341 

Middle Jurassic, prior to continental breakup; Ramos et al., 2017b).342 
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Fig. 9. Cross-section through the central Algarve Basin showing the major structures identified in 344 

offshore and onshore. See text for a detailed description. Black dots represent salt welds. See Fig. 5 for 345 

location. Seismic data courtesy of TGS.346 

Oblique transfer zones347 

Besides the margin-parallel extensional faults, the offshore prolongation of the oblique structures 348 

defined in the onshore has also been interpreted. The SMQF and the Querença transfer zone (QTZ) 349 

cannot be identified on seismic data as discrete faults. However, the offshore prolongation of the QTZ 350 

coincides with the presence of NW-SE trending extensional faults that define the northeastern boundary 351 

of the Esperança salt sheet and a domain of dominantly NW-SE trending faulting to the east (Fig. 8a). 352 

The SMQF in turn coincides with lateral ramps of the Cenozoic south-directed thrusts defined by Ramos 353 

et al. (2017a) (Fig. 8a). The offshore prolongation of the Portimão Fault, however, appears to have no354 

impact on the extensional or inversion structure of the Algarve basin, although it does have recent 355 

activity, as shown by its coincidence with a submarine canyon with its same N-S trend (Terrinha et al., 356 

1999).357 

In the western part of the Algarve Basin, a set of features are observed to align along a NW-SE trend:358 

a decrease in the crustal thickness (Fig. 8b) and southwestward drop in the basement (Figs. 8a and 10); a 359 

southwestward thickening of Mesozoic depocenters and increased diapirism (Fig. 10); an drop in the 360 

bathymetry in a SW direction (Fig. 10); a change in tectonic style between the Portimão Bank (inverted 361 

half-graben) and the Guadalquivir Bank (inverted basinward dipping extensional fault; Ramos et al., 362 

2017a); the presence of lateral ramps in the inversion thrust system (Ramos et al., 2017a; Fig. 8a); and a 363 

change in the character of the crustal necking domain (Ramos et al., 2017b; Fig. 8a). The coincidence of 364 

these features along a NW-SE trend is inferred to indicate the possible presence of a previously 365 

unidentified NW-SE transfer zone akin to the SMQF and QTZ. This zone of alignment has been called 366 

the São Vicente transfer zone (SVTZ; Fig. 8a). 367 
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368 

Fig. 10. (a) Seismic section along the axis of the Algarve Basin, trending roughly from west to east. (b) 369 

Interpretation of the seismic profile showing a deepening of the basement and thickening of Mesozoic 370 

towards the west. The triangles on the seabed marks the location of the São Vicente transfer zone and the 371 

SMQF. See Fig. 5 for location and Fig. 9 for legend. Data courtesy of TGS.372 

To the west, the Algarve Basin is limited by a set of southwest dipping extensional faults that cause a 373 

sudden drop of the basement towards the southwest (Fig. 11). This drop in the basement is coincident 374 

with a similar southwestward drop in the bathymetry. This set of faults is interpreted to represent the 375 

Gorringe-GoC transfer zone (Ramos et al., 2017b), which offsets this passive margin from the Algarve 376 

Basin to a position equivalent to that occupied at present by the Gorringe Bank. West of this system of 377 

transfer faults, the crust is much thinner and interpreted to be oceanic in nature (Sallarès et al., 2011).378 

To the east, we interpret the Algarve Basin is bound by a similar system of faults. Some of these have 379 

been identified on seismic east of the QTZ (Fig. 8a). The main zone of transfer is however interpreted to 380 

occur in the onshore. This NW-SE transfer, the Gulf of Cadiz-Betics transfer zone (Ramos et al., 2017b)381 

(Fig. 8), connects the Algarve Basin with the Betic domain (Ramos et al., 2017b).382 
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383 

Fig. 11. Reflection seismic profile across the western portion of the Algarve Basin (a) and the 384 

corresponding interpretation (b). The triangle on the seabed marks the location of the Gorringe-GoC 385 

transfer zone. See Fig. 5 for location and Fig. 9 for legend. Data courtesy of TGS.386 

Salt tectonics387 

The basement structure of the Algarve Basin is locally masked by salt tectonics. Diapirs are 388 

prominent throughout the Basin, with intervening salt withdrawal mini-basins filled mainly with Jurassic 389 

and Lower Cretaceous sediments (Fig. 12). Some diapirs developed allochthonous salt units that were 390 

emplaced within the Jurassic successions and extended up to 10 km away from their source (Fig. 12). The 391 

most prominent allochthonous salt body in the Algarve Basin is the Esperança salt sheet (Matias et al., 392 

2011), located in the central part of the offshore basin, north of the Guadalquivir Bank (Fig. 8a).393 
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394 

Fig. 12. (a) Seismic section in time across the Ruivo-1 well. (b) Interpreted section illustrating various 395 

salt-related structures. See Figs. 5 and 8 for location and Fig. 9 for legend. Data courtesy of TGS.396 

The Esperança salt sheet is characterized by a strong, continuous reflector at its base, which is not 397 

affected by Jurassic age faulting. Its roof is imaged as a bright reflector with a highly irregular geometry 398 

(Fig. 13). Above the Esperança salt sheet, Jurassic sediments young and thin towards the west and south. 399 

This unit is interpreted to have been emplaced progressively from Early Jurassic to Early Cretaceous, 400 

truncating successively younger sediments westwards and southwards (Fig. 13). 401 
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402 

Fig. 13. (a) Seismic section in depth across the Esperança salt sheet. (b) Interpretation of the seismic 403 

section. The section is a WSW-ENE trending section through the 3D seismic survey shown in Figure 5 404 

(the precise location is not shown due to confidentiality). Note that despite intense salt-related405 

deformation above the Esperança salt sheet layer, diapirism sourced from the autochthonous layer is 406 

minimal. See Fig. 9 for legend. Data courtesy of Repsol. Modified after Ramos et al. (under review).407 

Cenozoic inversion 408 

The extensional structures of the Algarve Basin are partially overprinted by Cenozoic inversion. 409 

Inversion led to the development of thin-skinned structures (thrusts detaching within the Mesozoic layers, 410 

Figs. 9 and 12) and basement-involving structures (mainly south-directed blind thrusts; (Ramos et al., 411 

2017a). One of these south-directed thrusts is responsible for the uplift of the Guadalquivir Bank (Fig. 412 

14). The mainly WSW-ENE trending basement thrusts are linked by numerous NW-SE trending lateral 413 

ramps that coincide with the key oblique transfer zones of the extensional system (Fig. 8).414 
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415 

Fig. 14. (a) Portion of a 3D seismic line across the northern flank of the Guadalquivir bank in depth and 416 

(b) its interpretation. Note that the Guadalquivir Bank acted as an intra-basinal high during the Mesozoic 417 

(Jurassic sediments thin onto the northern flank of the basement high). The Guadalquivir Bank was 418 

subsequently uplifted in the Neogene, causing the erosive truncation of Paleogene and older sediments. 419 

Locally, the entire Mesozoic is eroded. Modified after Ramos et al., 2017a). See Fig. 5 for location and 420 

Fig. 9 for legend. Data courtesy of TGS.421 

Structure of the Mesozoic to Paleogene sedimentary cover422 

The description of the 3D structure of the Algarve Basin is completed with isobath maps for the main 423 

stratigraphic horizons from Triassic to the BFU (Fig. 15). 424 
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425 

Fig. 15. Isobath maps in meters of the following units: a) Triassic; b) Hettangian; c) Lower Jurassic; d) 426 

Middle Jurassic; e) Upper Jurassic; f) Lower Cretaceous; g) Upper Cretaceous; h) BFU. See text for a 427 

detailed description.428 

The maps of these units show a general pattern of southward deepening in the central and eastern 429 

parts of the basin. In the western part of the basin the horizons tend to deepen towards the southwest and 430 

west (Fig. 15). Another general feature common in all maps, with the exception of the Upper Cretaceous, 431 
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is the presence of an intra-basinal high that becomes wider in the most recent maps, corresponding to the 432 

Guadalquivir Bank (Fig. 15).433 

The deepest units (Triassic to Middle Jurassic) show shorter wavelength highs and lows due to the 434 

control exerted by basement extensional faults (Figs. 8 and 11). The geometry of the Lower Jurassic to 435 

Early Cretaceous is also controlled by syn-sedimentary salt tectonic structures. Younger units present 436 

smoother geometries as they post-date extensional faulting and most salt movement, and are only affected 437 

by broad inversion structures (e.g., Figs. 8 and 9).438 

439 

Tectonic evolution of the SW Iberian margin440 

The evolution of the SW Iberian margin can be illustrated with the restoration of the regional 2D 441 

section presented in Fig. 8 (Fig. 16)., This section is oriented NNW-SSE, perpendicular to the main 442 

extensional and contractional structures. For this restoration we assumed plane-strain deformation. The 443 

process of backstripping involved removing fault displacement for each stratigraphic interval, and 444 

decompacting sediments sequentially using compaction curves based on Sclater and Christie (1980). For 445 

the purpose of compensating for thermal subsidence, we have assumed, based on fault throw and 446 

thickness in depocenters, that the peak in rifting took place in the Middle Jurassic. The stretching factor 447 

used for thermal subsidence estimates (modelled according to McKenzie; 1978) was computed from the 448 

crustal thickness relative to unstretched crust (from Palomeras et al., 2009; Ramos et al., 2017b). At each 449 

step, the section was compensated for Airy isostasy and for thermal subsidence. Throughout, salt was 450 

restored according to the methodology of Rowan (1993).451 
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Fig. 16. Restoration of a WNW-ESE regional cross-section during its evolution from the Triassic to 453 

present-day (a-g). Thicker lines with arrows represent active faults for each period. GB: Guadalquivir 454 

Bank. (a) Triassic clastics were deposited during the initial rifting phase in fault-bound grabens and half-455 

grabens. (b) The Hettangian evaporites deposited during ongoing rifting, with greater thickness 456 

basinward. The remaining Lower Jurassic deposited in salt withdrawal minibasins, marking the onset of 457 

salt tectonics. (c) The Middle Jurassic marks the rift climax, with the Guadalquivir Bank acting as an 458 

intra-basinal high and the development of a highly-extended domain in the distal part of the margin (right 459 

end of the section). Initial oceanic crust may have formed at the latest Middle or the early Late Jurassic. 460 

(d) and (e) represent the stages of post-rift (Late Jurassic and Early Cretaceous), with major thickening 461 

only in the distal part of the margin. Diapirism continued to be active. (f) During the Paleogene, initial 462 

inversion occurred mainly along the northern margin of the basin and in the Guadalquivir Bank. (g) 463 

During the Neogene-Quaternary, inversion extended through the entire margin. The AUGC/AWGC was 464 

emplaced over the distal domain in Miocene times. During the Cenozoic, salt structures were reactivated465 

in compression.466 

Extension initiates over the entire section at Triassic times. Extension is greater towards the south of 467 

the section. At this time, it is assumed that the SW Iberian margin formed a continuous rift with NW 468 

Africa, its future conjugate margin.  During the Early Jurassic and then the Middle Jurassic, extensional 469 

faulting concentrated gradually in the southern half of the section. We interpret that continental break-up 470 

occurs at Middle Jurassic times, with the exhumation of deeper crustal units or even sub-continental 471 

mantle in the most distal domain (southern end of the section; Ramos et al., 2017b).472 

During the Late Jurassic most extensional fault activity has ceased. In most of the basin, sediments of 473 

this age thicken mainly due to ongoing salt tectonism. In the more distal parts, sediments infill the 474 

accommodation space generated by break-up and thermal subsidence. The Lower Cretaceous sediments 475 

are even more restricted in extent to salt withdrawal basins. During this stage, thermal subsidence is most 476 

relevant in the most distal part of the margin.477 

The Paleogene marks the onset of inversion. The development of the first shortening structures is 478 

coeval with the generation of accommodation space in the offshore. Finally, subsidence increases during 479 

Neogene inversion due to flexure in the foreland of the Betic-Rif orogen, causing a significant deepening 480 

of the most distal part of the section.481 
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482 

Accommodation space and depositional environments483 

The depositional environments and sediment thickness in the onshore of the Algarve Basin have been 484 

described by several authors (Manuppella et al., 1988; Terrinha, 1998; Terrinha et al., 2002). In an 485 

attempt to extend this analysis into the offshore, isopach thickness maps for each unit from Triassic to 486 

Paleogene (generated from the maps in Figure 15) have been used to infer the magnitude of subsidence 487 

and the possible depositional environments. For each time interval, we have generated an isopach map 488 

with an overlay of the interpreted depositional environments (in terms of water depths; Figs.17 and 18). 489 

Beyond the points of well and outcrop control, the definition of depositional environments is based on the 490 

assumption that greater thickness equates to greater tectonic subsidence and possibly deeper water setting. 491 

This general assumption is modulated locally to account for the interpreted geodynamic evolution of the 492 

margin (e.g., progressive deepening to the south during the Jurassic, the role of the Guadalquivir High as 493 

an intra-basinal high, ...) and to account for salt tectonics where relevant. Furthermore, the offshore 494 

environments are interpreted to be possibly controlled by the same transfer features as documented 495 

onshore (SMQF, Portimão Fault, Querença transfer, SVTZ) or their lateral equivalents. 496 

For all maps, the northern limit of deposition cannot be established firmly. In the case of the Lower 497 

Cretaceous and Paleogene, there is no evidence of deposition north of the present-day outcrop limit of the 498 

basin. However, for Triassic and Jurassic intervals there is the possibility that sediments once extended 499 

beyond the present-day outcrop limit but they have been eroded after Neogene uplift. Hence, the northern 500 

limit of deposition shown on Triassic and Jurassic maps is inferred.501 

Triassic 502 

Triassic is represented by limited thickness (up to 200 m thick) along the northern and eastern basin 503 

margins. The presence of isolated Triassic outcrops north of the present-day outcrop limit of the basin, in 504 

areas uplifted by Cenozoic inversion, indicates that the northern margin of the Triassic basin possibly 505 

extended north of the preserved outcrops. Moguer-1, located in the onshore Guadalquivir Basin, is the 506 

only well that drilled Triassic (46 m of proximal continental sediments). Outcrops and wells record 507 

alluvial to fluvial facies throughout the entire basin margin.508 
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Fig. 17. Isopach maps of Triassic to Middle Jurassic units of the SW Iberian margin with interpreted 510 

paleogeographic water depths. (a) Triassic. (b) Hettangian map, with the distribution of evaporitic facies 511 

(Ramos et al., under review). (c) Early Jurassic. (d) Middle Jurassic. See text for a full description of each 512 

map. GB: Guadalquivir Bank. G-GoCTZ: Gorringe-Gulf of Cadiz transfer zone; GoC-BTZ: Gulf of 513 

Cadiz-Betics transfer zone; PB: Portimão Bank; QTZ: Querença transfer zone; SMQF: São Marcos 514 

Quarteira Fault; SVTZ: São Vicente transfer zone.515 

To the south and west, seismic interpretation and gravimetric modelling (Ramos et al., 2017b) reveal 516 

broader depocenters, up to 1000 m thick (Fig. 17a), running in a WSW-ENE direction north of the 517 

Guadalquivir Bank. The Triassic thins again over the Guadalquivir Bank, which acted as an intra-basinal 518 

high during the Mesozoic extension. The Triassic is even locally absent in well GC 6Y-1BIS, which is 519 

interpreted to drill a tilted basement block in the footwall of a minor extensional fault. Neogene inversion 520 

caused local erosion of the Triassic above the Guadalquivir Bank (Fig. 14.521 

Two main depocenters are interpreted to have developed during the Triassic. A NW-SE trending 522 

depocenter formed along the western margin of the Algarve Basin, west of the SVTZ. An ENE-WSW 523 

trending depocenter developed east of the SVTZ and west of the Querença transfer zone (Fig. 17a). In 524 

both of these depocenters, sediments may be dominated by finer grained deposits.525 

Beyond the SW Iberian margin, Triassic sediments are known to extend eastward into the Betic 526 

Basin, based on numerous outcrops of Triassic in the Betic orogen (Pérez-Valera, 2005) and its presence 527 

under the Betic foredeep documented by wells (Lanaja, 1987). Towards the west, the Gorringe-GoC 528 

transfer zone marks the transition into an oceanic domain (Sallarès et al., 2011) younger than Triassic. 529 

The southern limit of the margin at this time is interpreted to be in continuity with the NW African 530 

conjugate.531 

Hettangian532 

The Hettangian evaporite unit is observed to be thin (<200 m) along the northern outcrop limit of the 533 

basin and in the wells in the eastern Algarve Basin (e.g., Moguer-1, Almonte-1 and Villamanrique-1 in 534 

Fig. 16b). Basinward, this unit is strongly involved in diapiric structures. Therefore, thickness 535 

encountered by wells Orion 2-1 or Ruivo-1 is not considered representative of true initial stratigraphic 536 

thickness. To represent the initial, pre-diapiric deposition of this unit, the total cross-sectional area of the 537 
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Hettangian at present-day on dip sections (NW-SE) was used to estimate initial thickness assuming the 538 

preservation of area and no loss of evaporite through time. For most allochthonous salt bodies, the 539 

distance from the source area is negligible at the basin scale. However, for the allochthonous Esperança 540 

salt sheet, the corresponding volume has been assumed to be sourced to the N and E of the allochthonous 541 

nappe (Ramos et al., under review).542 

The isopach thickness map obtained in this way is a conservative estimate of initial thickness and can 543 

be considered to honour adequately lateral variations in initial evaporite thickness. The isopach map 544 

shows that the Hettangian evaporite unit mainly thickens towards the south and west, up to roughly 600 m 545 

(Fig. 17b). The thickening took place from the Algibre-Espiche extensional fault, which differentiates the 546 

evaporite basin between halite to the north and anhydrite to the south (Fig. 17b). This south- and 547 

westward thickening trend is interrupted by an area of limited initial thickness along the Guadalquivir 548 

Bank and under the present-day location of the Esperança salt sheet (Fig. 17b). The source of the 549 

Esperança salt sheet is interpreted to be in the depocenter that formed to the east of the QTZ (Fig. 17b). 550 

The trends in the initial thickness of the evaporite unit coincide with the variations in the dominant 551 

evaporite facies encountered in outcrop and wells. Along the basin margins, where original thickness was 552 

smaller, facies are dominated by shales and anhydrite (Fig. 17b). Central parts of the basin with thicker 553 

original evaporites are dominated by halite (Fig. 17b). The distribution follows the model of a bulls-eye 554 

pattern, with the most soluble salts in the basin centre (Nichols, 2009). This trend is disrupted by the 555 

presence of the Guadalquivir Bank as a structural high during the Hettangian (Fig. 17b) on which 556 

anhydrite-dominated facies are present (documented by well Gulf of Cadiz 6Y-1BIS). 557 

As with the Triassic, the Hettangian basin is limited to the west by the Gorringe-Gulf of Cadiz 558 

transfer zone at present day. To the south it connected with the conjugate NW African margin. And to the 559 

east it extends into the Betic Basin across the Gulf of Cadiz- Betic transfer. In the Betic Basin, the 560 

evaporite basin is not merely Hettangian but is also known to have started developing in the Late Triassic561 

(e.g., De Torres and Sánchez, 1990; Vera, 1983).562 

Lower Jurassic563 

The Lower Jurassic (excluding Hettangian evaporites) is less than 500 m thick along the northern 564 

outcrop of the basin (Fig. 17c). Its thickness distribution is irregular, but increases basinward (to south 565 
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and west), with major depocenters in the central part of the basin up to 1000 m thick (Fig. 17c). This 566 

southward thickening is interpreted to respond mainly to ongoing extensional faulting and subsidiarily to 567 

salt evacuation. As with underlying units, the Lower Jurassic thins onto the Guadalquivir Bank.568 

Two main depocenters can be identified. One is in the central part of the basin with a roughly E-W569 

trend, controlled by extensional faults with the same orientation. The second depocenter lies to the west,570 

with a NNW-SSE orientation that is roughly parallel to the Gorringe-GoC transfer zone and associated 571 

faults (Fig. 17c). The SVTZ separates the two main depocenters and the QTZ coincides with the eastern 572 

limit of the eastern depocenter (Fig. 17c). 573 

Onshore exposures of Lower Jurassic carbonates and wells in the Guadalquivir Basin show shallow 574 

marine carbonates, likely deposited in neritic conditions. Offshore, the only well reaching the Lower 575 

Jurassic is the GC 6Y-1BIS which also documents a neritic environment. It is therefore interpreted that 576 

the Lower Jurassic was deposited throughout the margin as a shallow platform. Bathyal conditions are 577 

interpreted to have been possible in the high subsidence areas, possibly resulting in the deposition of finer578 

grained carbonates (e.g., marls). Local disruptions of these trends are to be expected around salt 579 

structures.580 

We interpret that to the south and west of the Algarve Basin there is no Lower Jurassic as the basin 581 

transitions to a post-Early Jurassic oceanic domain towards the south and across the Gorringe-Gulf of 582 

Cadiz transfer. To the east, the Early Jurassic basin is continuous but offset to the south across the Gulf of 583 

Cadiz-Betic transfer.584 

Middle Jurassic585 

The northern limit of Middle Jurassic deposition is mainly controlled onshore by the E-W Algibre 586 

and ESE-WNE Espiche extensional faults (Ramos et al., 2016; Fig. 17d). In the hangingwall of these 587 

faults, the Middle Jurassic is a few hundreds of meters thick. From there, this unit progressively thickens 588 

towards the south. A local L-shaped depocenter developed above the source area of the Esperança salt 589 

sheet (Fig. 17c) which is interpreted to relate to evacuation of salt during the emplacement of the 590 

Esperança salt sheet.591 
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From the Guadalquivir and Portimão Banks to the south, thickness of the Middle Jurassic is 592 

interpreted to increase up to 2000 m. This is assumed to represent the climax in the generation of rifting-593 

related accommodation space.594 

WNW-ESE transfer zones controlled the deposition of Middle Jurassic. A NW-SE orientation of 595 

depocenters can be observed in the vicinity of these transfer zones, particularly along the QTZ and SMQF 596 

and west of the SVTZ.597 

Middle Jurassic carbonates in the present-day onshore and the near offshore were deposited in a 598 

neritic environment (Roque, 2007; Terrinha, 1998). To the south, the basin is known to deepen at least in 599 

the Algarve-1 well in which a bathyal environment has been identified (Roque, 2007). This is a possible 600 

reflection of the influence of salt tectonics on depositional environments in the basin, as the Algarve-1601 

well sits in the depocenter associated with the expulsion of the salt that fed the Esperança salt sheet. As 602 

with the Lower Jurassic, it is expected that smaller salt structures also controlled facies and thickness 603 

distribution locally.604 

Upper Jurassic605 

The Upper Jurassic follows roughly the same pattern as the Middle Jurassic: its northern limit is 606 

controlled by the Espiche-Algibre extensional faults, and thickness increases to the south, with the 607 

greatest thickness (2500 m) south of the Portimão and Guadalquivir Banks (Fig. 18a). The southward 608 

thickening trend is only interrupted locally by thinning onto the Guadalquivir Bank. Other local thickness 609 

variations in the Upper Jurassic are interpreted to be due to salt motion (e.g., thinning and thickening of610 

the Upper Jurassic seen on Figs. 10 and 12).611 
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Fig. 18. Isopach maps of Late Jurassic to Paleogene units of the SW Iberian margin with interpreted 613 

paleogeographic water depths. (a) Late Jurassic. (b) Early Cretaceous. Note an increase in the number of 614 

the eroded areas, mostly towards the west. c) Late Cretaceous. (d) Paleogene map. See text for a full 615 

description of each map. GB: Guadalquivir Bank; PB: Portimão Bank; QTZ: Querença transfer zone; 616 

SMQF: São Marcos Quarteira Fault; SVTZ: São Vicente transfer zone.617 

Neritic conditions were stablished near the shore during the Late Jurassic, attested by well data (Roque, 618 

2007; Fig. 18a). South of the Guadalquivir-Portimão Bank, the margin deepen to bathyal and abyssal 619 

environments (Fig. 18a), as the case of the Middle Jurassic (Fig. 17d).620 

Lower Cretaceous621 

The extent of Lower Cretaceous is limited to the north by the onshore Espiche-Algibre extensional 622 

fault (Fig. 18b). The presence of this unit is confirmed in the offshore by wells in the inner part of the 623 

Gulf of Cadiz and in the Portuguese platform (Fig. 18b).624 

The Lower Cretaceous presents thicknesses between 500 and 1000 m through the proximal part of 625 

the margin, except for a restricted area south of the present-day shelf-break, where this unit reaches 626 

thickness values of more than 1000 m.. To the south of the Guadalquivir Bank the thickness increases up 627 

to more than 2000 m and we interpret the deepening of the environmental conditions in the same direction 628 

(Fig. 18b). The Lower Cretaceous is interpreted to be a distinctly post-rift unit, with local thickness 629 

changes driven only by salt tectonics.630 

This unit is also subject to significant erosion during Cenozoic inversion. The Guadalquivir Bank is 631 

the site of a broad eroded area that also truncates into underlying units (Fig. 14. To the west and east there 632 

are other eroded areas that are the result of Cenozoic inversion. The roughly NNW-SSE trend of the 633 

eroded areas in the western Algarve basin are interpreted to be due to the inversion of oblique structures, 634 

associated to NW-SE trending transfer features.635 

Upper Cretaceous636 

The Upper Cretaceous succession has been only found in offshore wells in the northeastern part of 637 

the Gulf of Cadiz (Fig. 18c). This unit is restricted to an area of roughly 70x40km, possibly controlled by 638 
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the contractional structures documented by Ramos et al. (2017a) and by ongoing salt tectonism,. This unit 639 

presents thickness up to 600 m and was deposited in a neritic environment.640 

Paleogene641 

The Paleogene has been recognized in some wells in the offshore, which document neritic conditions 642 

(Fig. 18d). It covers almost the entire offshore margin, as most of the Mesozoic units and represents the 643 

final unit deposited prior to generalized inversion of the margin. Its thickness reaches over 1000 m in the 644 

distal parts of the basin (Fig. 18d). In this area, the depositional environment is also interpreted to deepen. 645 

The locally irregular thickness pattern of the Paleogene possibly indicates the initial development of 646 

contractional structures as well as ongoing salt tectonism in the westernmost Algarve Basin. Erosion of 647 

the Paleogene is more generalized than for previous units and controlled by Neogene inversion.648 

649 

Discussion650 

Mesozoic and Cenozoic paleogeography of the SW Iberian margin651 

Margin evolution has strong impact on deposition in the SW Iberian margin. Three main stages were 652 

identified: early rift, rift climax to post-rift, and inversion. The early-rift phase (Triassic to Early Jurassic)653 

was responsible for the formation of a WSW-ENE trough, between the basin margin to the north and the 654 

Guadalquivir Bank to the south. To the west, a NW-SE depocenter developed, controlled by the 655 

Gorringe-Gulf of Cadiz transfer zone (Fig. 17). To the south, beyond the Guadalquivir Bank, another 656 

depocenter is interpreted to have developed. The paleobathymetry in this depocenter increases south of 657 

the Guadalquivir Bank, and it possibly extended onto the conjugate NW African margin. The depocenters 658 

generated during this phase of early rifting, and the intra-basinal high of the Guadalquivir Bank were 659 

strongly controlled by basement extensional faults.660 

As in the case of the Algarve Basin, the Betic Basin was dominated by the presence of fault-661 

controlled depocenters (highly subsiding settings) and intra-basinal highs (shallow settings) during this 662 

early rift stage (Vera, 1988; Fig. 19). The sediments deposited in the Betic Basin during the initial rifting 663 

phase are similar to those in the Algarve Basin: Triassic continental deposits, Upper Triassic evaporites 664 

and shallow carbonated from the Lower Jurassic (Vera, 1988).665 
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666 

Fig. 19. Three-dimensional sketch of the South Iberian margin comprising the Algarve Basin to the west 667 

and the Betic Basin to the east at the moment of oceanization, at the beginning of the Late Jurassic. 668 

Notice the swells and troughs formed by extensional faulting and the presence of transfer faults that 669 

differentiate the PB and the GB (SVTZ), and the Gulf of Cadiz from the Betic Basin (GoC-Betic transfer 670 

zone). Sketches from the Betic Basin are modified from Vera (1988), while those of the Algarve Basin 671 

were constructed from the sections from Ramos et al. (2017b).672 

The rift climax (Middle Jurassic) led to the southward migration of the fault activity, increasing the 673 

thickness and the deepening for the depositional environments in the distal domain, mostly south of the 674 

Guadalquivir and Portimão Banks. The Gorringe-Gulf of Cadiz transfer zone controls the geometry of the 675 

western domain of the margin during this period. The following post-rift sequences (Upper Jurassic and 676 

Lower Cretaceous) post-date any extensional basement fault activity and follow the same pattern as the 677 

Middle Jurassic, with major thickness in the southernmost domains. The units deposited during rift 678 

climax to post-rift have ENE-WSW trending depocenters located mainly beyond the Guadalquivir Bank679 

(Fig. 18a,b).680 
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The Upper Cretaceous records the initial inversion of the margin. The location of the Upper 681 

Cretaceous depocenter indicates that the input of clastics possibly occurred from the eastern margin of the 682 

basin, across the GoC-Betic transfer zone (Fig. 18c). Paleogene sediments are more widespread than the 683 

Upper Cretaceous (Fig. 18d), and record a period of relative quiescence prior to the more pronounced 684 

inversion that took place during Neogene times.685 

Oblique structures686 

The oblique faults and transfer zones of the Algarve Basin played a key role in the margin evolution 687 

during the Mesozoic and Cenozoic. The presence of a NW-SE trending depocenter in the western portion 688 

of the basin is controlled by the Gorringe-GoC transfer zone and SVTZ (see the maps of the Figs. 17 and 689 

18).690 

At a smaller scale, the SVTZ separates the Portimão Bank and Guadalquivir Bank, allowing for the 691 

major difference in tectonic style between both (basin vs intra-basinal high). The impact of the SVTZ can 692 

also be seen at crustal level, where it is possible that this transfer zone defines the boundary between the 693 

narrower necking zone of the eastern Algarve Basin and the broader necking zone observed in the 694 

westernmost Algarve Basin (Fig. 8b).695 

To the east, the QTZ defines the eastern limit and source area of the Esperança salt sheet and a 696 

domain of pervasive salt structures (e.g., Fig. 17). The SVTZ, SMQF, and QTZ also control the location 697 

and trend of smaller magnitude depocenters north of the Guadalquivir Bank during the rift to post-rift 698 

stages (Figs. 17 and 18). The SMQF is also described onshore and offshore as a transfer fault controlling 699 

the deposition of Mesozoic sediments (Barreto et al., 2015; Ramos et al., 2016; Terrinha, 1998).700 

This relevant role of oblique structures during extension observed in the Algarve Basin has also been 701 

observed in the Betic Basin (Vera, 1988, Fig. 19). 702 

The role of Mesozoic extensional transfer zones in controlling basin architecture continued into the 703 

Cenozoic as they were inverted/reactivated during the margin inversion. The main thrusts of the 704 

contractional fault system are relayed by WNW-ESE lateral ramps, which are parallel to and coincide in 705 

location with the SVTZ, SMQF and QTZ (Figs. 18c,d). We interpret that the lateral ramps are inverted 706 

extensional features from previous transfer zones.707 
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The control of oblique structures on the contractional deformation can also be seen throughout the 708 

broader SW Iberian margin. To the west, the shortening in the Gorringe Bank is estimated to be 20km 709 

(Galindo-Zaldívar, 2003; Jiménez-Munt et al., 2010), in contrast of the 5-10 km of shortening calculated 710 

in the Algarve Basin (Ramos et al., 2017a). This difference in shortening is assumed to indicate 711 

compartmentalization of shortening along the SW Iberian margin across the NW-SE Gorringe-GoC 712 

transfer zone.713 

To the east, NW-SE transfer zones may also be controlling the process of subduction of the oceanic 714 

crust of the Gulf of Cadiz under the Gibraltar Arc. The subducting lithospheric slab is interpreted to tear 715 

under the Betics (Vergés and Fernàndez, 2012) and further east three segments can be identified under the 716 

Algerian Sea, according to Fichtner and Villaseñor (2015; Fig. 20). The potential tear described by 717 

Vergés and Fernández (2012) coincides in location with the Gulf of Cadiz-Betic transfer zone, which 718 

might have acted as the locus of initiation for the tearing event. Likewise, the segments of the subducting 719 

oceanic slab identified by Fichtner and Villaseñor (2015) are offset in the same NW-SE trend as the 720 

transfer zones described in this paper (Fig. 20). This raises the possibility that the passive margin transfer 721 

zones may have played a role in the configuration of the subduction process.722 
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Fig. 20. Illustration of the possible impact of NW-SE transfer zones in the present-day subduction 724 

geometry under the Alboran Sea. A horizontal slice at 300km depth coloured for the absolute variations 725 

of isotropic S velocity (modified from Fichtner and Villaseñor, 2015) reveals a possible segmentation in 726 

the subducting oceanic slab. Features drawn in the enlarged panel are described as follows: dotted black 727 

line: possible segments of the Tethyan oceanic slab; white lines: possible transfer faults. 728 

729 

Conclusions730 

The SW Iberian margin is a segmented oblique passive margin formed during the Mesozoic as part of731 

the opening of the westernmost Ligurian Tethys. The margin was subsequently partially inverted during 732 

the Late Cretaceous to present-day due to convergence between Africa and Iberia.733 

The evolution of the SW Iberian margin and the Algarve Basin was dominated by ENE-WSW 734 

extensional faults that controlled the development of the main depocenters. Mesozoic rifting was 735 

compartmentalized at different scales by oblique NW-SE trending transfer zones. At a more local scale, 736 

within the SW Iberian margin, transfer faults also partially controlled the deposition of the syn-rift737 

Mesozoic sediments and the tectonic style during extension and inversion. Differences in the 738 

development of salt tectonics within the Algarve Basin can also be accounted for by the presence of NW-739 

SE trending transfer zones. At the more regional scale, the SW Iberian margin was separated from rifting 740 

in the Betic Basin and the present-day Gorringe Bank by two major NW-SE transfer zones. It is also 741 

proposed here that NW-SE trending transfers may have also had an impact on the development of the 742 

subduction of Gulf of Cadiz oceanic crust under the Betics and Alboran Sea.743 
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APPENDIX  2

Dip data 



Outcrop 
Nº Latitude Longitude 

Elevation 
(m) Stratigraphy 

Dip 
Direction Dip 

1 37,15866404 -8,306972 104 Lower Cretaceous 352 20 
2 37,19873901 -8,297421 94 Lower Jurassic 342 24 
3 37,19906799 -8,297355 96 Lower Jurassic 316 16 
4 37,23725997 -8,279315 126 Lower Jurassic 326 12 
5 37,15937901 -8,303943 90 Lower Cretaceous 353 20 
6 37,250137 -8,283293 164 CVS 159 12 
7 37,25002502 -8,283694 163 CVS 221 52 
8 37,25008001 -8,283937 161 CVS 224 45 
9 37,17303196 -8,208851 53 Oxfordian 358 36 
10 37,16941299 -8,208455 44 Oxfordian 241 21 
11 37,16985698 -8,208564 43 Kimmeridgian-Tithonian 351 20 
12 37,16578899 -8,203435 64 Quaternary 204 18 
13 37,18362702 -8,211252 47 Upper Jurassic 31 20 
14 37,21632499 -8,233972 95 Upper Jurassic 194 28 
15 37,23163202 -8,206286 105 Lower Jurassic 77 26 
16 37,23186596 -8,204005 109 Lower Jurassic 178 23 
17 37,24135403 -8,187589 245 Triassic 228 23 
18 37,25197096 -8,184177 238 Triassic 176 16 
19 37,13605402 -8,255464 97 Oxfordian 209 12 
20 37,13630799 -8,247068 108 Oxfordian 232 23 
21 37,14182303 -8,251681 101 Oxfordian 187 19 
22 37,14191004 -8,251105 102 Oxfordian 196 21 
23 37,14804802 -8,217438 126 Lower Jurassic 282 22 
24 37,193662 -8,01192 92 Carboniferous 83 55 

25 37,23984101 -8,020584 151 
Contact Carboniferous-
Triassic 140 16 

26 37,26569499 -8,291037 76 Carboniferous 33 62 
27 37,25284796 -8,287265 155 CVS 218 30 
28 37,21025599 -7,991277 182 Carboniferous 50 50 
29 37,21025599 -7,991277 182 Triassic 208 23 
30 37,19877203 -8,004377 141 Triassic 340 20 
31 37,20110597 -7,997323 172 Lower Jurassic 360 33 
32 37,19638101 -7,979835 174 Carboniferous 336 35 
33 37,19638101 -7,979835 174 Triassic 306 47 
34 37,19392603 -7,98146 163 Carboniferous 50 55 
35 37,19368103 -7,981976 161 Carboniferous 10 16 
36 37,19423398 -7,982774 159 Carboniferous 14 12 
37 37,19452098 -7,983532 158 Carboniferous 28 23 
38 37,19331902 -7,986147 169 Carboniferous 23 11 
39 37,19187104 -7,988042 166 Carboniferous 6 19 
40 37,19113 -7,989223 165 Carboniferous 52 35 
41 37,18937399 -7,989118 178 Carboniferous 70 28 
42 37,18937399 -7,989118 178 Triassic 255 38 
43 37,23649797 -8,004419 208 Triassic 117 10 



A. RAMOS

281

Outcrop 
Nº Latitude Longitude 

Elevation 
(m) Stratigraphy 

Dip 
Direction Dip 
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Triassic 140 16 
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28 37,21025599 -7,991277 182 Carboniferous 50 50 
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30 37,19877203 -8,004377 141 Triassic 340 20 
31 37,20110597 -7,997323 172 Lower Jurassic 360 33 
32 37,19638101 -7,979835 174 Carboniferous 336 35 
33 37,19638101 -7,979835 174 Triassic 306 47 
34 37,19392603 -7,98146 163 Carboniferous 50 55 
35 37,19368103 -7,981976 161 Carboniferous 10 16 
36 37,19423398 -7,982774 159 Carboniferous 14 12 
37 37,19452098 -7,983532 158 Carboniferous 28 23 
38 37,19331902 -7,986147 169 Carboniferous 23 11 
39 37,19187104 -7,988042 166 Carboniferous 6 19 
40 37,19113 -7,989223 165 Carboniferous 52 35 
41 37,18937399 -7,989118 178 Carboniferous 70 28 
42 37,18937399 -7,989118 178 Triassic 255 38 
43 37,23649797 -8,004419 208 Triassic 117 10 
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44 37,24142603 -8,097738 299 Lower Jurassic 149 18 
45 37,22979798 -8,118037 268 Lower Jurassic 2 19 
46 37,22837197 -8,11643 262 Lower Jurassic 130 29 
47 37,22253196 -8,106715 215 Lower Jurassic 322 15 
48 37,21750701 -8,100242 259 Lower Jurassic 151 20 
49 37,19953998 -8,08573 184 Lower Jurassic 173 34 

50 37,150144 -8,109844 192 
Contact Kimmeridgian-
Tithonian 338 21 

51 37,14830702 -8,122231 170 Upper Jurassic 151 14 
52 37,14920699 -8,124373 154 Upper Jurassic 20 18 
53 37,16126201 -8,251196 86 Upper Jurassic 348 70 
54 37,16195896 -8,251348 84 Upper Jurassic 358 85 
55 37,16523201 -8,248752 77 Lower Cretaceous 13 58 
56 37,16276698 -8,247386 78 Upper Jurassic 179 81 
57 37,16670203 -8,248476 95 Lower Cretaceous 10 59 
58 37,16748498 -8,248511 119 Upper Jurassic 331 48 
59 37,16784398 -8,247957 126 Upper Jurassic 215 40 
60 37,16803199 -8,248406 130 Upper Jurassic 350 49 
61 37,16666004 -8,246886 108 Lower Cretaceous 6 53 
62 37,16698299 -8,24605 115 Upper Jurassic 358 31 
63 37,164108 -8,236795 92 Lower Cretaceous 351 63 
64 37,16837397 -8,23353 132 Lower Jurassic 24 29 
65 37,22751098 -8,240673 126 Lower Jurassic 332 28 
66 37,25208596 -8,247706 153 Triassic 146 21 
67 37,24624202 -8,244851 193 Lower Jurassic 192 22 

68 37,24750701 -8,246137 190 
Contact Triassic-Lower 
Jurassic 160 27 

69 37,19710998 -8,308561 96 Lower Jurassic 351 24 
70 37,25508903 -8,243802 126 Triassic 193 22 
71 37,26022798 -8,233355 230 Carboniferous 84 17 
72 37,26022798 -8,233355 230 Hettangian 339 35 
73 37,26061002 -8,227828 260 Lower Jurassic 109 55 
74 37,18320902 -7,965625 162 Lower Jurassic 188 40 
75 37,13391102 -8,140772 88 Hettangian 218 28 
76 37,13391102 -8,140772 88 CVS 218 14 
77 37,133922 -8,14078 87 Kimmeridgian 122 13 
78 37,17435203 -7,997558 315 Upper Jurassic 28 25 
79 37,17935602 -7,998114 314 Upper Jurassic 208 28 
80 37,17391399 -8,000777 329 Oxfordian 321 20 
81 37,17552097 -8,002564 356 Upper Jurassic 303 36 
82 37,18234601 -7,999406 296 Upper Jurassic 324 21 
83 37,18465699 -7,99223 215 Upper Jurassic 251 42 
84 37,243377 -8,089803 276 Hettangian 185 34 
85 37,24462104 -8,08907 256 Contact Hettangian-CVS 201 30 
86 37,246096 -8,087919 249 Triassic 182 30 
87 37,24756502 -8,089424 269 Triassic 190 21 
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88 37,25022501 -8,107833 340 Hettangian 148 22 
89 37,25233901 -8,088449 372 Carboniferous 29 38 
90 37,25641496 -8,091891 423 Lower Jurassic 330 40 
91 37,25275601 -8,086606 377 Carboniferous 28 52 
92 37,25263699 -8,08406 364 Carboniferous 52 28 
93 37,25194003 -8,082444 352 Carboniferous 26 22 
94 37,24877997 -8,083467 283 Carboniferous 10 12 
95 37,24655299 -8,081528 247 Triassic 168 34 
96 37,15191199 -8,108254 180 Oxfordian 171 28 
97 37,17583797 -8,091238 139 Oxfordian 219 17 
98 37,176467 8,093839 182 Oxfordian 183 6 
99 37,173988 -8,098514 227 Oxfordian 313 28 
100 37,17329901 -8,106642 279 Oxfordian 168 27 
101 37,18181804 -8,093734 165 Oxfordian 6 61 
102 37,186457 -8,100893 127 Oxfordian 209 20 
103 37,18583096 -8,100868 138 Oxfordian 245 25 
104 37,18318596 -8,101332 157 Oxfordian 58 27 
105 37,18742704 -8,110111 119 Lower Jurassic 192 32 
106 37,18550599 -8,116316 109 Oxfordian 186 32 
107 37,19454696 -8,103299 123 Lower Jurassic 171 34 
108 37,25073497 -8,048265 242 Triassic 201 34 
109 37,25127501 -8,042379 235 Carboniferous 319 28 
110 37,248252 -8,034816 243 Triassic 201 54 
111 37,248567 -8,032053 254 Carboniferous 66 40 
112 37,23996598 -8,10774 262 Lower Jurassic 358 23 
113 37,22955901 -8,166081 198 Lower Jurassic 218 19 
114 37,12313198 -8,215742 51 Upper Jurassic 322 9 
115 37,12363003 -8,195383 39 Upper Jurassic 257 22 
116 37,17632898 -8,079331 114 Kimmeridgian 11 42 
117 37,17537696 -8,079183 92 Kimmeridgian 2 37 
118 37,16819602 -8,086809 138 Upper Jurassic 208 10 
119 37,16768397 -8,086611 140 Upper Jurassic 185 22 
120 37,16617296 -8,084941 158 Upper Jurassic 195 23 
121 37,16279799 -8,081027 185 Upper Jurassic 192 19 
122 37,15982703 -8,073259 160 Upper Jurassic 143 48 
123 37,15784504 -8,069982 143 Upper Jurassic 329 52 
124 37,170609 -8,058312 147 Upper Jurassic 26 41 
125 37,17231003 -8,056715 135 Upper Jurassic 284 70 
126 37,19298198 -8,083393 138 Lower Jurassic 134 38 
127 37,20576103 -8,124066 282 Lower Jurassic 159 12 
128 37,19586996 -8,134843 170 Lower Jurassic 165 35 
129 37,16650799 -8,134516 210 Oxfordian? 198 4 
130 37,13496102 -8,15151 83 Upper Jurassic 144 25 
131 37,23196403 -8,203607 128 Lower Jurassic 92 9 
132 37,18710702 -7,97902 213 Hettangian-Lower Jurassic 184 20 
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133 37,14986597 -8,023524 219 Oxfordian 236 12 
134 37,15425901 -8,022483 257 Oxfordian 267 28 
135 37,15734699 -8,021138 267 Oxfordian 187 17 
136 37,16542999 -8,025536 240 Oxfordian 59 12 
137 37,17837903 -8,02213 175 Kimmeridgian 359 33 
138 37,19552999 -8,0227 182 Hettangian 210 39 
139 37,20792901 -8,028415 258 Lower Jurassic 210 47 
140 37,21161 -8,031938 265 Hettangian 194 20 
141 37,22917504 -8,039898 191 Lower Jurassic 258 50 
142 37,22828798 -8,037312 193 Lower Jurassic 163 23 
143 37,22960302 -8,035509 176 Lower Jurassic 164 16 
144 37,23210401 -8,023879 208 CVS 278 28 
145 37,23337999 -8,018045 186 Hettangian 167 55 
146 37,23545501 -8,017572 189 Triassic 210 24 
147 37,23641499 -8,017448 200 Carboniferous 72 77 
148 37,23641499 -8,017448 200 Hettangian 233 24 
149 37,23790504 -8,013837 188 Carboniferous 28 22 
150 37,23599598 -8,00891 189 Triassic 206 36 
151 37,22829703 -8,004877 218 Triassic 208 37 
152 37,22357299 -8,00578 243 Hettangian 194 18 
153 37,206144 -7,992396 231 Hettangian 278 21 
154 37,19429601 -8,213826 71 Lower Jurassic 208 3 
155 37,17628598 -8,197181 101 Oxfordian 226 10 
156 37,17395204 -8,191293 123 Oxfordian 316 20 
157 37,17403603 -8,189106 131 Oxfordian 119 10 
158 37,17417299 -8,186431 137 Oxfordian 57 9 
159 37,17557101 -8,180456 123 Oxfordian 228 10 
160 37,17682804 -8,175002 100 Oxfordian 286 10 
161 37,17859704 -8,195097 72 Oxfordian 240 13 
162 37,171845 -8,191296 127 Oxfordian 208 15 
163 37,16565899 -8,188726 119 Kimmeridgian 167 28 
164 37,16516797 -8,186981 116 Kimmeridgian 132 35 
165 37,16037302 -8,185143 102 Kimmeridgian 127 10 
166 37,15780397 -8,182195 112 Kimmeridgian 47 19 
167 37,15567597 -8,182289 125 Kimmeridgian 242 27 
168 37,15302603 -8,181246 146 Kimmeridgian 228 20 
169 37,13346996 -8,155671 88 Kimmeridgian 78 34 
170 37,15000201 -8,126141 138 Kimmeridgian 312 24 
171 37,151611 -8,115763 205 Kimmeridgian 154 29 
172 37,15184997 -8,119764 189 Kimmeridgian 175 21 
173 37,152014 -8,118333 191 Kimmeridgian 196 20 
174 37,14456903 -8,269358 84 Kimmeridgian 309 22 
175 37,15098102 -8,272646 68 Kimmeridgian 321 23 
176 37,19687001 -8,286261 56 Lower Jurassic 19 12 
177 37,23318896 -8,337121 148 Lower Jurassic 21 18 
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178 37,23172498 -8,347903 159 Quaternary 204 14 
179 37,23056199 -8,353623 133 CVS 338 38 
180 37,23208004 -8,35413 84 Triassic 175 35 
181 37,23400402 -8,355173 66 Triassic 174 43 
182 37,235367 -8,35196 70 Triassic 149 28 
183 37,23855497 -8,346598 89 Triassic 131 16 
184 37,24306896 -8,336543 114 Triassic 162 25 
185 37,24335101 -8,333492 135 Hettangian 163 27 
186 37,24128102 -8,333074 161 Contact Hettangian-CVS 169 36 
187 37,25268401 -8,323299 191 Triassic 147 18 
188 37,24877603 -8,329324 197 Triassic 141 15 
189 37,24594303 -8,329197 201 Hettangian 130 26 
190 37,26069703 -8,319932 149 Hettangian 135 32 
191 37,25888897 -8,335583 119 Triassic 166 27 
192 37,27219096 -8,312443 104 Carboniferous 331 19 
193 37,264878 -8,312666 148 Triassic 254 11 
194 37,26980497 -8,235547 165 Carboniferous 25 44 
195 37,26812197 -8,23364 161 Triassic 191 25 
196 37,178317 -8,221113 78 Hettangian 207 47 
197 37,17832304 -8,221123 80 Oxfordian 208 20 
198 37,17905704 -8,229357 132 Upper Jurassic 160 22 
199 37,17856804 -8,233145 141 Upper Jurassic 164 48 
200 37,17445504 -8,243766 159 Upper Jurassic 155 30 
201 37,23803597 -8,174778 241 CVS 42 38 
202 37,23882303 -8,173414 250  Lower Jurassic 58 13 
203 37,24313702 -8,173702 320  Lower Jurassic 64 25 
204 37,24735798 -8,172196 331 Hettangian 179 28 
205 37,17464598 -7,896803 269 Triassic 213 19 
206 37,17596898 -7,894828 267 Carboniferous 60 52 
207 37,16105598 -7,899778 296 Oxfordian 137 42 
208 37,13991003 -7,891184 184 Oxfordian 183 24 
209 37,13534701 -7,89027 151 Oxfordian 150 21 
210 37,13079203 -7,874549 161 Upper Jurassic 238 10 
211 37,13861796 -7,867974 217 Upper Jurassic 152 26 
212 37,13522103 -7,868732 180 Upper Jurassic 159 32 
213 37,12664902 -7,894652 147 Oxfordian 46 10 
214 37,08390903 -7,871815 128 Upper Jurassic 183 25 
215 37,09918002 -7,848568 197 Upper Jurassic 272 46 
216 37,10142402 -7,848076 184 Upper Jurassic 245 35 
217 37,10532001 -7,846357 219 Oxfordian 353 46 
218 37,10368303 -7,832872 309 Oxfordian 2 10 
219 37,10124498 -7,826738 350 Oxfordian 7 53 
220 37,10053998 -7,828898 365 Oxfordian 195 27 
221 37,10980601 -7,858705 251 Oxfordian 259 10 
222 37,10523301 -7,874322 213 Oxfordian 77 10 
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223 37,10046404 -7,883532 154 Oxfordian 4 19 
224 37,13640497 -8,394754 85 Lower Cretaceous 278 19 
225 37,136093 -8,396865 74 Lower Cretaceous 263 10 
226 37,13510703 -8,404709 68 Lower Cretaceous 282 25 
227 37,15530398 -8,531541 26 Middle Jurassic 116 47 
228 37,17915804 -8,544619 66 Middle Jurassic 

  229 37,19274804 -8,605407 28 Middle Jurassic 28 20 
230 37,19173802 -8,604869 43 Middle Jurassic 12 36 
231 37,19140199 -8,604856 47 Middle Jurassic 28 30 

232 37,19125598 -8,604756 47 
Contact Middle Jurassic-
Hettangian 

  233 37,19116696 -8,603745 78 Middle Jurassic 
  234 37,19329203 -8,603964 69 Lower Cretaceous 168 14 

235 37,19345002 -8,604016 72 Lower Cretaceous 118 33 
236 37,19368899 -8,603995 62 Lower Cretaceous 200 22 
237 37,19382503 -8,603837 57 Lower Cretaceous 172 40 
238 37,19391899 -8,603592 52 Lower Cretaceous 139 51 
239 37,19371699 -8,604823 31 Lower Cretaceous 158 33 
240 37,16226197 -8,680131 32 Triassic 137 21 
241 37,163936 -8,706228 74 Lower Jurassic 6 45 
242 37,16448703 -8,706317 67 Lower Jurassic 156 48 
243 37,16112697 -8,709752 62 Lower Jurassic 162 30 
244 37,10327399 -8,723114 48 Lower Cretaceous 242 10 
245 37,10463102 -8,719158 50 Lower Cretaceous 132 41 
246 37,10095899 -8,741444 16 Lower Jurassic 334 33 
247 37,10147498 -8,743335 45 Lower Jurassic 345 72 
248 37,10134598 -8,742618 54 Lower Jurassic 344 68 
249 37,11965198 -8,756011 62 Lower Jurassic 

  250 37,11707002 -8,754479 65 Lower Jurassic 68 36 
251 37,113544 -8,756091 50 Lower Jurassic 125 82 
252 37,11341701 -8,759042 35 Lower Jurassic 152 37 
253 37,15087197 -8,740685 40 Hettangian 146 30 
254 37,15069897 -8,740699 50 Hettangian 168 12 
255 37,14979598 -8,741912 74 Lower Jurassic 144 44 
256 37,15144001 -8,733754 56 Lower Jurassic 133 47 
257 37,15904399 -8,717901 31 Lower Jurassic 23 18 
258 37,16251904 -8,711052 36 Triassic 144 38 
259 37,16323402 -8,709909 41 Carboniferous 37 70 
260 37,13825997 -8,781341 95 Carboniferous 104 11 
261 37,09283299 -8,803103 59 Middle Jurassic 272 67 
262 37,09198801 -8,789871 42 Middle Jurassic 112 34 
263 37,08799697 -8,756754 84 Middle Jurassic 320 38 
264 37,10677503 -8,70735 63 Lower Cretaceous 180 26 
265 37,09263098 -8,725486 30 Lower Cretaceous 147 9 
266 37,08668503 -8,723166 2 Lower Cretaceous 107 6 
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267 37,08606896 -8,720192 0 Lower Cretaceous 160 4 
268 37,08565498 -8,718889 1 Lower Cretaceous 114 8 
269 37,08550402 -8,717522 1 Lower Cretaceous 95 14 
270 37,085947 -8,728492 2 Lower Cretaceous 136 10 
271 37,08532196 -8,729282 2 Lower Cretaceous 104 7 
272 37,084681 -8,730327 3 Lower Cretaceous 140 5 
273 37,085644 -8,689643 3 Lower Cretaceous 71 41 
274 37,08556898 -8,690497 3 Lower Cretaceous 91 26 
275 37,085587 -8,691365 3 Lower Cretaceous 105 14 
276 37,08521099 -8,693718 5 Lower Cretaceous 105 4 
277 37,08500898 -8,695227 4 Lower Cretaceous 106 5 
278 37,08487202 -8,696946 6 Lower Cretaceous 125 3 
279 37,08431798 -8,700309 5 Lower Cretaceous 117 4 
280 37,08428998 -8,702028 9 Lower Cretaceous 120 9 
281 37,08524996 -8,685114 9 Lower Cretaceous 113 9 
282 37,084595 -8,68278 9 Lower Cretaceous 85 8 
283 37,08458 -8,732757 13 Lower Cretaceous 133 7 
284 37,08371297 -8,735112 17 Lower Cretaceous 149 13 
285 37,07175401 -8,773115 18 Lower Cretaceous 203 14 
286 37,07191402 -8,771497 34 Lower Cretaceous 163 22 
287 37,07753903 -8,751112 58 Lower Cretaceous 178 11 
288 37,08562396 -8,778952 20 Lower Cretaceous 350 16 
289 37,08284101 -8,817781 40 Hettangian 174 18 
290 37,08222804 -8,820039 16 CVS 

  291 37,08339798 -8,820934 17 Hettangian 47 32 
292 37,08460297 -8,821224 29 Hettangian 6 29 
293 37,06586497 -8,81027 13 Lower Cretaceous 78 12 
294 37,06734002 -8,808074 14 Lower Cretaceous 50 22 
295 37,06674599 -8,807681 11 Lower Cretaceous 359 19 
296 37,06620201 -8,807736 18 Lower Cretaceous 14 23 
297 37,08163996 -8,832267 34 Triassic 166 18 
298 37,07557599 -8,83149 41 Middle Jurassic 309 21 
299 37,07381797 -8,829881 32 Upper Jurassic 215 18 
300 37,07224896 -8,828705 25 Upper Jurassic 343 21 
301 37,071608 -8,827452 18 Upper Jurassic 326 31 
302 37,06628901 -8,824084 18 Lower Cretaceous 270 12 
303 37,06555702 -8,821048 9 Lower Cretaceous 142 40 
304 37,065784 -8,819739 10 Lower Cretaceous 120 33 
305 37,06571099 -8,818964 11 Lower Cretaceous 

  306 37,06585198 -8,818009 9 Lower Cretaceous 122 28 
307 37,06600796 -8,817366 10 Lower Cretaceous 115 18 
308 37,06603303 -8,81674 9 Lower Cretaceous 113 12 
309 37,06603303 -8,816497 7 Lower Cretaceous 329 14 
310 37,06566699 -8,81473 7 Lower Cretaceous 209 16 
311 37,06518897 -8,813867 7 Upper Jurassic 134 23 
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312 37,06489996 -8,825854 7 Lower Cretaceous 280 24 
313 37,06426604 -8,826978 19 Lower Cretaceous 298 13 
314 37,06372096 -8,828169 20 Lower Cretaceous 1 22 
315 37,06383697 -8,827716 18 Lower Cretaceous 333 10 
316 37,06837803 -8,823228 56 Upper Jurassic 23 7 
317 37,06987596 -8,817205 79 Lower Cretaceous 240 22 
318 37,07364002 -8,808876 21 Upper Jurassic 147 17 
319 37,06678002 -8,803007 71 Upper Jurassic 311 18 
320 37,06764202 -8,805612 82 Upper Cretaceous Basalt 120 16 
321 37,06867701 -8,805953 80 Upper Jurassic 335 20 
322 37,06767303 -8,796158 25 Upper Jurassic 173 21 
323 37,06592004 -8,795841 6 Lower Cretaceous 152 15 
324 37,04660696 -8,878423 7 Upper Jurassic 230 15 
325 37,04542 -8,877785 2 Upper Jurassic 181 23 
326 37,04530198 -8,876777 10 Upper Jurassic 125 23 
327 37,04469304 -8,875017 14 Upper Jurassic 129 20 
328 37,04489202 -8,873847 14 Upper Jurassic 193 16 
329 37,04544296 -8,876098 22 Fault 313 77 
330 37,04426296 -8,880288 10 Upper Jurassic 207 11 
331 37,04667703 -8,871348 11 Upper Jurassic 179 20 
332 37,06019503 -8,873644 28 Upper Jurassic 313 60 
333 37,06614501 -8,85528 37 Triassic 255 21 
334 37,06512602 -8,854667 42 Hettangian 119 34 
335 37,064289 -8,855324 32 CVS 179 28 
336 37,05747896 -8,854873 14 Middle Jurassic 229 20 
337 37,05456499 -8,855388 12 Upper Jurassic 126 11 
338 37,07067903 -8,851313 47 Upper Jurassic 156 26 
339 37,070674 -8,851317 46 Triassic 140 20 
340 37,07333098 -8,846722 35 Triassic 162 10 
341 37,06368098 -8,841209 23 Upper Jurassic 153 44 
342 37,06097899 -8,83899 16 Upper Jurassic 122 9 
343 37,06098796 -8,838953 16 Lower Cretaceous 116 36 
344 37,06106599 -8,837512 17 Lower Cretaceous 152 13 
345 37,06078503 -8,840399 13 Upper Jurassic 237 16 
346 37,06025404 -8,841316 10 Upper Jurassic 140 25 
347 37,05887002 -8,886979 59 Middle Jurassic 329 16 
348 37,04196104 -8,892615 25 Upper Jurassic 261 18 
349 37,04219498 -8,893164 10 Upper Jurassic 290 27 
350 37,04043997 -8,895124 10 Upper Jurassic 263 30 
351 37,04390799 -8,895827 30 Upper Jurassic 249 10 
352 37,04519402 -8,893298 40 Upper Jurassic 344 13 
353 37,06980497 -8,893254 49 CVS 173 32 
354 37,06762198 -8,892948 48 Lower Jurassic 103 34 
355 37,06051103 -8,894875 32 Lower Jurassic 125 48 
356 37,05389796 -8,897429 30 Lower Jurassic 113 45 
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357 37,04908398 -8,898125 12 Lower Jurassic 140 37 
358 37,04809802 -8,896761 10 Middle Jurassic 170 13 
359 37,08246399 -8,899993 80 Triassic 207 7 
360 37,02373702 -8,93781 31 Upper Jurassic 148 24 
361 37,02933697 -8,936267 41 Upper Jurassic 156 36 
362 37,03064396 -8,93582 46 Upper Jurassic 155 9 
363 37,039768 -8,932085 52 Upper Jurassic 180 25 
364 37,053128 -8,924699 60 Middle Jurassic 52 22 
365 37,06082803 -8,923088 71 Middle Jurassic 330 20 
366 37,07457997 -8,917299 97 Lower Jurassic 299 26 
367 37,07726402 -8,917453 105 Triassic 192 17 
368 37,073751 -8,912875 88 Lower Jurassic 359 30 
369 37,06974001 -8,91274 86 Lower Jurassic 149 39 
370 37,06798199 -8,918844 75 Middle Jurassic 211 25 
371 37,06242898 -8,940435 105 Lower Jurassic 181 32 
372 37,06500004 -8,940996 94 Hettangian 142 36 
373 37,07277903 -8,935327 95 Hettangian 178 22 
374 37,072068 -8,934223 91 Hettangian 120 12 
375 37,07339401 -8,927376 107 Quaternary 336 8 
376 37,06640803 -8,928517 85 Lower Jurassic 172 14 
377 37,06737497 -8,929632 86 CVS 141 30 
378 37,02140903 -8,921772 27 Upper Jurassic 224 7 
379 37,02183802 -8,920961 5 Upper Jurassic 174 13 
380 37,02296002 -8,920022 20 Upper Jurassic 175 11 
381 37,00424801 -8,947432 9 Upper Jurassic 179 16 
382 37,00557402 -8,934673 14 Middle Jurassic 114 21 
383 37,004981 -8,941403 18 Middle Jurassic 118 12 
384 37,01458097 -8,95341 43 Middle Jurassic 50 9 
385 37,02512003 -8,963122 10 Middle Jurassic 187 22 
386 37,025963 -8,964643 10 Upper Jurassic 147 16 
387 37,023259 -8,994914 76 Upper Jurassic 68 14 
388 37,02240396 -8,993986 58 Upper Jurassic 164 13 
389 37,02116503 -8,992266 51 Upper Jurassic 134 13 
390 37,04632298 -8,978521 26 Hettangian 281 10 
391 37,075089 -8,884536 114 Hettangian 162 30 
392 37,08354098 -8,918726 95 Hettangian 181 16 
393 37,05511602 -8,971691 84 Hettangian 155 42 
394 37,05402402 -8,973116 77 Hettangian 161 42 
395 37,02884302 -8,98721 69 Fault 

  396 37,03006301 -8,987207 10 Lower Jurassic 44 29 
397 37,03056199 -8,988268 26 Lower Jurassic 45 21 
398 37,04894702 -8,983416 64 Triassic 254 20 
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APPENDIX  3

Well data 
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Map 2.1. Location map of the wells present in the SW Iberian margin.
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APPENDIX  4

Gegological map of the Algarve Basin
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