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Abstract 

The Gulf of Cádiz is home to the well-studied modern contourite depositional system, 

which was deposited through the influence of bottom currents sourced from the 

Mediterranean Outflow Water exiting the Straits of Gibraltar since Pliocene to present. 

However, the Late Miocene sedimentary evolution and Mediterranean-Atlantic water-

mass exchange prior and during the Messinian salinity crisis are poorly understood. Some 

progress on the characterisation of an ancient Late Miocene contourite depositional 

system were established from field studies onshore in the Betic and Rifian corridors albeit 

limited due to outcrop availability, but their downstream continuation in the Gulf of Cádiz 

has yet to be identified. This is partially due to the complexity of the area resulting from 

tectonic deformation, whose effect on contourite deposition are ambiguous. 

Consequently, identification and characterisation of the Tortonian to Messinian interval 

in the Gulf of Cádiz could answer questions related to the relationship between the 

Mediterranean and Atlantic during that period, as well as increase our knowledge of 

contourite deposition in tectonically active settings. This thesis presents a regional-scale 

study on the Late Miocene evolution of the Gulf of Cádiz, focusing on the role of bottom 

currents in sedimentation. A detailed seismic stratigraphic analysis was carried out for 

the available seismic and borehole data acquired from scientific and industry sources, to 

characterise the sedimentary and paleoceanographic evolution during the later parts of 

the Late Miocene, assisted by chronostratigraphic correlation. An ancient contourite 

depositional system is identified consisting of three evolutionary stages: initial-drift, 

growth-drift, and maintenance-drift, prior to its burial in the latest Miocene. The 

formation of the Late Miocene contourite depositional system occurred following the 

main emplacement of the regional Gulf of Cádiz allochthonous unit and can be traced 

towards southern West Iberian margin. The results allowed us to reconstruct the evolution 

of the paleo-Mediterranean Outflow Water responsible for the bottom current activity 

depositing the ancient contourite depositional system until its severe weakening or 

cessation during the latest Miocene, which led to the Messinian salinity crisis, as well as 

to suggest its impact on North Atlantic paleoceanographic and climate. This is mainly 

controlled by continuous uplifting and subsequent closure of the Mediterranean-Atlantic 

paleo-gateways. These findings also allowed us to understand the influence of tectonic 

and orbital control on gateway evolution and gravitational processes, and thus on 

contourite deposition. By unravelling these control factors, they enable us to propose 

diagnostic criteria of contourite depositional system in tectonically active margins. 
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of the study area. Red dots indicate location of boreholes (Algarve-2 and U1387); red dotted 

lines indicate location of cross sections in Figures 3 and 4 (Abbreviations – AGDH: Albufeira-

Guadalquivir-Doñana High; ALFZ: Albufeira fault zone; GEFZ: Gil Eanes fault zone; PMFZ: 
Portimão-Monchique fault zone; SMQF: São Marcos-Quarteira fault zone). 

Figure 6-2 Stratigraphic correlation of the seismic units (U1-U6) and boundaries (D1-D7) 

described in the present work, with previous authors in the Deep Algarve, onshore Algarve, 

and Guadalquivir basins (Abbreviations for stratigraphic discontinuities - BFU: basal foredeep 
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unconformity; IMU: intra-Messinian unconformity; LMU; Late Miocene unconformity; MPB: 

Miocene-Pliocene boundary; MPU: Miocene-Pliocene unconformity). 

Figure 6-3 (A) Representative seismic reflection profile (IL 2954) across the study area 

(top) and their interpreted unit boundaries (D1-D7) (bottom). Profile locations are given in 

Figure 1(B). (B)  Enlarged cross-section profile (IL 3150) across the southern sub-basin and 

interpreted seismic units (U1-U6) and evolutionary stages (I-IV). 

Figure 6-4 Borehole and facies correlation between (A) eastern and (B) far eastern Deep 

Algarve basin. Location given in Figure 1(A). 

Figure 6-5 RMS amplitude and variance attributes blend, and time top structure and time 

thickness maps for the units U1 to U6 and respective boundaries D1 to D7 – (A) U1: D1 to D2, 

(B) U2: D2 to D3, (C) U3: D3 to D4, (D) U4: D4 to D5, (E) U5: D5 to D6, and (F) U6: D6 to 

D7. 

Figure 6-6 Distribution of Stage I and II (Unit U1, U2 & U3) deposits in the southern sub-

basin of the Deep Algarve basin and their relationship with bottom currents, illustrated using 

seismic profiles (A) IL 3600, (B) IL 3150 and (C) 2700 from the Algarve-2012 3D seismic 

survey, and (D) thickness maps of Unit U1 and U3. 

Figure 6-7 Evidence of turbidity and bottom current influence during Stage I (Unit U1) 

with the identification of erosional and depositional feature related to contourite depositional 

systems, illustrated using seismic profiles (A) XL 3142, (B) XL 2490, (C) IL 1144, (D) IL 

1771, from the Algarve-2012 3D seismic survey, and (E) RMS amplitude extraction of internal 

horizons 1 and 2 of Unit U1. Location given in Figure 6(D). 

Figure 6-8 Evolution of the Guadalquivir Sands turbidite system (1 to 5) in the southern 

sub-basin of the Deep Algarve basin during Stage III and IV (Unit U4, U5 & U6), illustrated 

using seismic profiles IL 2354, 2554, 2754, 2954, 3154, 3354, and 3554 from the Algarve-

2012 3D seismic survey (Abbreviation – AUGC: Allochthonous unit of the Gulf of Cádiz). 

Figure 6-9 Schematic 4-stage evolutionary block model of the eastern Deep Algarve basin, 

with (A) Stage I (Unit U1), (B) Stage II (Unit U2 and U3), (C) Stage III (Unit U4 and U5), and 

(D) Stage IV (Unit U6). 

Figure 7-1 The distinct stages of the Late Miocene contourite depositional system 

correlated to the paleogeography of Mediterranean-Atlantic gateways: (A) Initial-drift stage 

during the middle to late Tortonian; (B) Growth-drift stage during the latest Tortonian to 

earliest Messinian; (C) Maintenance-drift stage during the early to middle Messinian; and (D) 

Buried-drift stage during the late Messinian (adapted from Martín et al., 2009). 

Figure 7-2 The evolution of the Late Miocene contourite depositional system correlated to 

the eccentricity orbital cycle (Laskar et al., 2004); global sea level (Miller et al., 2011); diapiric 

activity and tectonic events (Duarte et al., 2021); and oceanographic changes during the late 

Tortonian to late Messinian.
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1.1 Prologue 

The Southwest Iberian and Northwest Moroccan continental margins, collectively 

known as the Gulf of Cádiz, are located west of the Strait of Gibraltar. Their proximity to 

the Gibraltar Arc makes them ideal for basin studies to understand the geodynamic 

evolution of the region. The sedimentary record in the Neogene basins of the Gulf of 

Cádiz and the Betic Guadalquivir and Rifian Gharb foreland, complemented by the 

structural features, provide insights into the development of the continental margins from 

the Miocene to the present day (Maldonado et al., 1999; Medialdea et al., 2004; Vergés 

and Fernàndez, 2012). 

Major changes in the plate tectonics, climate, and oceanography, notably the 

Betic-Rif orogeny and the Messinian salinity crisis (MSC), have occurred during the 

Neogene. Nearly half a century since the proposal of a desiccated Mediterranean Sea in 

the Late Miocene by (Hsü et al., 1973), the Messinian salinity crisis remains one of the 

most controversial scientific topics debated today (Rouchy et al., 2006; Roveri et al., 

2014; Lugli et al., 2015). The nature of the isolation of the Mediterranean Sea, as a 

subsequence of the Betic-Rif orogenic uplift and or the glacio-eustatic lowering of sea-

level (Weijermars, 1988; Hodell et al., 1994; Krijgsman et al., 1999) is still widely 

disputed (Roveri et al., 2014). Nevertheless, the restriction of the Mediterranean-Atlantic 

connection resulting in the interruption of the Mediterranean Outflow Water (MOW) 

would have an impact on the bottom-current circulation in the Atlantic (Pérez-Asensio et 

al., 2012), and the sedimentary distribution within the Gulf of Cádiz. 

The presence of contourite and turbidite depositional systems, along with other 

deep marine deposits, are well documented within the Gulf of Cádiz for the Neogene and 

Quaternary (Maldonado et al., 1999; Lopes et al., 2006; Llave et al., 2007; Marchès et al., 

2010; Roque et al., 2012; Brackenridge et al., 2013; Hernández-Molina et al., 2016). 

However, the sedimentary distribution and evolution prior to the Late Miocene are not 

well constrained. A detailed understanding of the Late Miocene sedimentary evolution in 

the Gulf of Cádiz could unravel the interaction between the Atlantic and the 

Mediterranean, and the effects of bottom current dynamics on the development of the 

Southwest Iberian and Northwest Moroccan margins prior, during and after the Messinian 

salinity crisis. 
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1.2 Objectives 

This work aims to understand the Late Miocene continental slope evolution in the 

Gulf of Cádiz, including the Southwest Iberian and Northwest Moroccan continental 

margins.  

The primary objective is the definition of major sedimentary and stratigraphic 

changes in both Southwest Iberian and Northwest Moroccan continental margins during 

the Late Miocene, which includes the Tortonian to Messinian period prior and during the 

Messinian salinity crisis, as well as its relationship with the period since the end of the 

Messinian salinity crisis, which is correlated to the Pliocene to Quaternary. The tasks 

associated are the seismostratigraphic analysis of the Neogene basins in the Gulf of Cádiz 

and the correlation with drilling data and the onshore foreland basins for the establishment 

of a regional chronostratigraphy, followed by the construction of a depositional model to 

describe the slope evolution of the continental margins. 

The secondary objective is the evaluation of the effects of bottom currents to Late 

Miocene sedimentary and slope morphology evolution of the Southwest Iberian and 

Northwest Moroccan margins. This involved the identification of the erosional and 

depositional features of the contourite depositional system and the analysis of its spatial 

distribution and temporal evolution during the Tortonian to Messinian. The conceptual 

and economic implications of contourite deposition in the Gulf of Cádiz during the Late 

Miocene are also discussed. 

 

1.3 Thesis structure 

Results of this work are published or submitted for publication in peer-reviewed 

journals, where the published articles are maintained in the results chapters in this thesis 

with their guidelines and formats of the respective journals. Repetition and overlapping 

of regional information and implications are inevitable more commonly in the 

introduction, literature review and occasionally discussion and conclusion sections of the 

results chapter. Therefore, the thesis is structured in the following format: 

Chapter 1 Introduction 

This chapter presents the preface of the work, including the research history and 

motivation, and highlighting the main objective and the structure of the thesis. 
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Chapter 2 Geological and Oceanographic Framework 

This chapter explains the background of the study, firstly the regional understanding of 

the research area, including the geological and oceanographic context, and secondly the 

conceptual understanding of deep marine sedimentology in consideration to basin 

analysis, including the main processes and their respective deposits.  

Chapter 3 Methodology 

This chapter catalogues the dataset and methods used, and the dynamics in which the 

work is carried out in relation to research collaborations. 

Chapter 4 Latest Miocene restriction of the Mediterranean Outflow 

Water: a perspective from the Gulf of Cádiz 

This chapter focuses on latest Miocene sedimentary evolution in the Gulf of Cádiz, 

simultaneous to the evolution of the Messinian salinity crisis, and its paleoceanographic 

implications for the Mediterranean-Atlantic gateway exchange. It is presented in the form 

of a research article published in Geo-Marine Letters 41, 23 - doi:10.1007/s00367-021-

00693-9. 

Chapter 5 Late Miocene Contourite Depositional System of the Gulf of 

Cádiz: The sedimentary signature of the paleo-Mediterranean 

Outflow Water 

This chapter focuses on the Late Miocene seismostratigraphic work of Gulf of Cádiz, and 

the discovery of its Late Miocene contourite depositional system. It is presented in the 

form of a research article published in Marine Geology 442, 106605 - 

doi:10.1016/j.margeo.2021.106605. 

Chapter 6 Late Miocene evolution of the eastern Deep Algarve basin: 

interaction of bottom currents and gravitational processes in a 

foredeep setting 

This chapter focuses on the Late Miocene evolution of the Deep Algarve basin, depicting 

the interaction of the paleo-Mediterranean Outflow Water with the Guadalquivir Sands 

turbidite depositional system. It is presented in the form of a research article ready for 

submission to SCI journals. 
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Chapter 7 Discussion and Critical Evaluation 

This chapter discusses the results in chapters 4, 5 and 6 and correlates the stratigraphic 

changes towards a regional evolution for the Gulf of Cádiz during the Late Miocene and 

its conceptual and economic implications. 

Chapter 8 Conclusion 

This chapter recapitulates the work, including the summary of main findings and 

suggestions for future research efforts. 
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2.1 Morphological setting 

The physiography of the continental slope margins of the Gulf of Cádiz below the 

shelf break at 100-140 m is made up of a steeper upper slope (2°-3°) between the depths 

of 150-400 m, a gentler middle slope (1°-2°) which is separated into two wide terraces 

between depths of 500-750 m and 800-1200 m by a northeast trending ridge, and a smooth 

lower slope (0.5°-1°) (Hernández-Molina et al., 2006). Below we summarised the main 

morphostructural domains and morphosedimentary sectors: 

 

Figure 2-1: Geological map showing key structures and domains of the Betic–Rif Orogen and 

the Gulf of Cádiz (Hernández-Molina et al., 2016). Key: (Neogene basins) DAB – Deep Algarve 

basin; AlB – Alentejo basin; CB – Cádiz basin; DB – Doñana basin; GuB – Guadalquivir basin, 

RB – Rharb/Gharb basin; SB – Sanlúcar basin; TGB – Taza-Guercif basin; (Faults) Betics - SF – 

Socovos Fault; TF – Tiscar Fault; Rif - JF – Jehba Fault; NF – Nekor Fault; Alboran - AF – 

Alboran Ridge Fault; YF – Yusuf Fault; Atlantic - CF – Cádiz Fault; QF – Quarteira Fault; PH – 

Portimão High; BH – Basement High; SVF – São Vicente Fault; PF – Portimão Fault; MPF – 

Marquês de Pombal Fault; AF – Arrábida Fault; (Map annotations) 1 – reverse and thrust faults; 

2 – normal faults; 3 – strike slip faults; 4 – faults; 5 – contact below sediment; 6 – inferred faults; 

7 – blind faults; 8 – AUGC ; 9 – salt diapirs; 10 – Nubia–Iberia plate convergence; 11 – Integrated 

Ocean Drilling Program (IODP) Expedition 339 sites; 12 - exploration wells. 



Geological Framework 

Page | 23 

 

2.1.1 Morphostructural features 

The Southwest Iberian and Northwest Moroccan margins consist of three main 

morphostructural domains (Maldonado et al., 1999; Zitellini et al., 2009; Hernández-

Molina et al., 2016): a. The Hercynian Massif basement, including the South-Iberian 

paleomargin of the Iberian Massif and the North-Moroccan paleomargin of the Moroccan 

Meseta; b. Neogene basins, including the onshore Guadalquivir and Gharb foreland 

basins and the offshore foredeep Deep Algarve, and wedge-top Doñana, Sanlúcar, and 

Cádiz basins in the Gulf of Cádiz; and c. the external front of the Betic-Rif orogeny 

engulfing the Gulf of Cádiz accretionary wedge (GCAW) (Duarte et al., 2011), firstly 

introduced as the “olistostrome unit” (Maldonando et al., 1999), later known as the 

allochthonous unit of the Gulf of Cádiz (AUGC) (Medialdea et al., 2004); or the Atlantis 

accretionary wedge (Gutscher et al., 2002).  

The Iberian Massif and the Moroccan Meseta are representations of the Variscan 

orogeny between the Baltica-Laurentia and Gondwana (Palomeras et al., 2017) in the 

Devonian to Carboniferous (Matte, 1986). The separation of the two Hercynian Massifs 

occurred with the break-up of Pangaea forming the paleomargins of the westernmost 

segment of the Neo-Tethys Ocean (Sallarès et al., 2011; Palomeras et al., 2017). In the 

Gulf of Cádiz, there are also the presence of Paleozoic-Mesozoic basement highs: 

Guadalquivir, Portimão, and Albufeira banks, as offshore prolongation of the Hercynian 

basement (Medialdea et al., 2004) (Fig. 2-1). 

The Neogene basins of the Gulf of Cádiz are basins formed above the AUGC and 

Mesozoic and Paleogene paleomargins underlain by the Hercynian continental crust 

(González et al., 1998), juxtaposed against the external fronts of the Betic-Rif orogeny. 

These basins, formed from the foredeep subsidence within the Gulf of Cádiz, are 

consisted of Late Miocene, Pliocene, and Quaternary sedimentary deposits (Maldonado 

et al., 1999). In the Southwest Iberian margin, the Algarve, Doñana, Sanlúcar, and Cádiz 

basins are separated by basement highs and NE-trending diapiric ridges: Doñana, 

Guadalquivir, and Cádiz Diapiric Ridges (Hernández-Molina et al., 2016). The eastern 

part of the Algarve basin is a continuation of the Guadalquivir foreland basin of the Betic 

Cordillera into the Southwest Iberian margin and the Gulf of Cádiz, where its larger part 

is located offshore as the foredeep Deep Algarve basin, bounded by both the Guadalquivir 

bank, and the Guadalquivir or Gulf of Cádiz allochthonous front (Lopes et al., 2006; 

Hernández-Molina et al., 2016). Whereas the Doñana, Sanlúcar, and Cádiz basins are 
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known as wedge-top basins, located on top of the allochthonous unit or accretionary 

wedge (Fig. 2-1). 

The external front of the Gulf of Cádiz allochthonous unit consist of westward 

advancing imbricated sheets or wedges, which can be divided into features of three 

distinct phases: the thrusting of the Betic-Rif orogenic front; followed by gravitational 

sliding of the chaotic masses, while extensional collapse occurs at the back of the 

advancing sheets. The tectonic and gravity transport facilitated thrust sheets development 

westward leading to new cycles of the emplacement of the allochthonous unit (Medialdea 

et al., 2004). 

Further east, the Gibraltar Arc is divided into external and internal zones. The 

horseshoe shaped external thrust belts extend from the Prebetic and Subbetic of Spain, 

the Prerif, Mesorif and Intrarif of Morocco, towards the Tell Mountains of NW Algeria, 

with Triassic to Lower Miocene deposits (Medialdea et al., 2004; Vergés and Fernàndez, 

2012; Flecker et al., 2015). Whereas, the internal arc consists of mainly Paleozoic to 

Triassic metamorphic complexes of the Internal Betics of Spain and the Internal Rif of 

Morocco, and the extensional Alborán basin (Comas et al., 1999; Medialdea et al., 2004; 

Flecker et al., 2015). Upper Cretaceous to Lower Miocene deep marine Flysch of Campo 

de Gibraltar complexes are sandwiched in between the two zones by overthrusting 

(Medialdea et al., 2004; Vergés and Fernàndez, 2012; Flecker et al., 2015). 

 Further west lies the transition from continental slope to the basin plains of 

African oceanic crust (Medialdea et al., 2004). At the base of the lower slope and rise are 

the deeper Horseshoe (~4800 m) and shallow Seine (~4300-4400 m) abyssal plains, 

separated in between by the Coral Patch Ridge and Seamount of NE-SW orientation 

(Medialdea et al., 2004). The seaward migration of the allochthonous unit of the Gulf of 

Cádiz is constrained by this ridge and further diverged into two lobes and progressively 

thins into the respective basin plains (Medialdea et al., 2004). The Horseshoe abyssal 

plain is also bounded in the north by the NE-SW Gorringe bank and the São Vicente cape 

(Medialdea et al., 2004; Lopes et al., 2006). 

2.1.2 Morphosedimentary features 

The present day morphosedimentary features in the middle slope of the Gulf of 

Cádiz is mapped into five different sectors in relation to the contourite depositional 

system (Hernández-Molina et al., 2003): a. proximal scour and sand-ribbons sector; b. 
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overflow-sedimentary lobe sector; c. channels and ridges sector; d. contourite-deposition 

sector; and e. submarine canyon sector. The spatial distribution of these features is largely 

controlled by the interaction between the middle slope of the Gulf of Cádiz with the 

evolving oceanographic processes, notably the Mediterranean Outflow Water 

(Hernández-Molina et al., 2003). 

The proximal scour and sand ribbons sector is located at the eastern most section 

of the Gulf of Cádiz, just off the Straits of Gibraltar (Kenyon and Belderson, 1973). This 

sector consists of a southeastern erosional domain of mainly erosive scour alignments and 

abrasion surface, and a northwestern depositional domain of sand dunes and sand-ribbon 

fields (Hernández-Molina et al., 2003).  

Adjoining to this sector in the seaward direction at depths of 750-1600 m above 

the Cádiz basin is the overflow sedimentary lobes. The sand and mud fan-shaped 

sedimentary lobes and wave fields in this sector resulted from the erosional and 

depositional process, with downslope gravitational influence (Nelson et al., 1993; 

Hernández-Molina et al., 2003). These processes gave rise to sedimentary features such 

as mega-sedimentary lobes with bedforms, scours and furrows, notably the 55 km long 

and 0.8-1.7 km wide Gil Eanes channel (Kenyon and Belderson, 1973; Hernández-Molina 

et al., 2003). 

The channels and ridges sector are located centrally in the Neogene basins of the 

Southwest Iberian margin (Algarve, Doñana, Sanlúcar, and Cádiz basins) (Nelson et al., 

1993). The main features here include the five main contourite channels of 10 to more 

than 100 km in length: Cádiz, Guadalquivir, Huelva, Diogo Cão, and Gusano Channels 

(García, 2002; Hernández-Molina et al., 2003). These erosive features can be incised till 

up to 350 m in depth and 10 km in width and are generally positioned along the slope 

margins of the Gulf of Cádiz or diverted downslope into the valley along the southwestern 

flanks of basement highs and diapiric ridges in the Gulf of Cádiz (Nelson et al., 1993; 

Hernández-Molina et al., 2003). The channels are established above relict drifts, which 

were affected by tectonism and diapirism (Hernández-Molina et al., 2003). 

Located along the slope margin south off the coast of Portugal, the 80 km long 

Alvarez Cabral moat bounds the contourite deposition sector (Hernández-Molina et al., 

2003). This sector is composed of the Faro-Albufeira elongated and separated mounded 

drift, and the Faro-Cádiz and Bartolomeu Dias sheeted drifts (Llave et al., 2001). 

Erosional features over the drift make up the fifth morphological element in this sector 
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(Hernández-Molina et al., 2003). The morphological contrast between the channels and 

ridges, and contourite deposition sectors is controlled by the complex pattern of contour-

parallel or valley-perpendicular flow paths of the Mediterranean Outflow Water (Nelson 

et al., 1993).  

The final morphosedimentary sector in the Gulf of Cádiz is the submarine canyons 

sector, which lies west of the Alvarez Cabral moat until around the São Vicente Cape. 

They are the Portimão, the Lagos, the Sagres, and the São Vicente Canyons. Separated 

by the canyons are the Portimão, Lagos, and Sagres sheeted drifts arranged from east to 

west respectively (Hernández-Molina et al., 2003). 

 

Figure 2-2 Morphosedimentary map of contourite depositional system on middle slope of 

Gulf of Cádiz. Sedimentary deposit types and bedforms are shown for five morphosedimentary 

sectors (Hernández-Molina et al., 2003; 2006). 

 

2.2 Stratigraphic framework 

2.2.1 Mesozoic - Paleogene 

Above the Paleozoic basement rocks of the Hercynian Massif, seven pre-Miocene 

seismostratigraphic units, correlated to commercial wells drilled offshore in the Gulf of 

Cádiz, are described in Maldonado et al. (1999). In the order of older to younger units, 
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the Triassic to Early Jurassic Units TR1 and TR2 consists of halite and clay-anhydrite 

evaporitic deposits of early rift-sag succession; followed by dolomites and limestones of 

Lower to Middle Jurassic Unit LJ from carbonate platforms developed on Tethyan rift 

tilted crustal blocks (Lopes et al., 2006; Terrinha et al., 2019a). The Upper Jurassic to 

Lower Cretaceous Units UJ-LK1 (~157-125 Ma) and Middle Cretaceous unit LK2 (~125-

94 Ma) consists of half-graben fillings of progradational to aggradational carbonate fans, 

debris apron, and slope facies separated by an angular uniformity (~125-113 Ma). In the 

Deep Algarve basin, the Lower Cretaceous sediments consist of dolomites, sandstones, 

and interbedded limestones and marly limestones (Lopes et al., 2006).  

The Upper Cretaceous to Uppermost Eocene Unit UK-UE represents the final 

phase of the extension and the evolution to passive margin with thin to absent limestone, 

marls, and clays, filling the half-graben, onlapping underlying deposits, and draping over 

structural highs. This unit can be correlated with Unit B of (Lopes et al., 2006), and the 

Guia Conglomerate onshore Algarve (Pais et al., 2000). However, Terrinha et al., (2019b) 

argued for a lack of Cenomanian to Burdigalian sedimentary deposits onshore. Whereas 

separated by a hiatus, the Eocene to Lower Miocene Unit UO-LM consists of the 

basinward progradation and aggradation of carbonate shelf platform over the margins, 

forming the paleoslope for the Neogene depositional system. (Lopes et al., 2006), 

interpreted this micritic to dolomitic limestone sequence, named Unit C, as bounded by a 

regional unconformity at the Oligocene-Miocene boundary (OMB). These Paleogene 

sediments are absent in the onshore Algarve basin (Lopes et al., 2006).  

2.2.2 Neogene - Quaternary 

The Neogene stratigraphy of the Gulf of Cádiz has been less studied compared to 

the Quaternary deposits. Maldonado et al. (1999) divided the Neogene deposits into four 

seismostratigraphic units in the Miocene, with reference to the allochthonous unit of the 

Gulf of Cádiz or the “olistostrome”: Pre-olistostrome Unit M1; Syn-olistostrome Unit M2 

(Upper Tortonian); the Olistostrome Unit (AUGC); and the Post-olistostrome Unit M3 

(Messinian), and two units in the Pliocene: Unit P1 (Lower Pliocene) and Unit P2 (Upper 

Pliocene). 

Unit M1 consists of Langhian, Serravallian, to Lower Tortonian deposits, 

equivalent to the Atlántida group described by (Riaza and Martínez del Olmo, 1996). 

Whereas the Aquitanian to Lower Tortonian Unit D of (Lopes et al., 2006) correspond to 
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this unit combined with the previously mentioned Unit LM. This unit is characterised by 

wedge geometry depression filling with progradational to aggradational reflector 

configurations, evolving from carbonate to siliciclastic in character with age increasing 

landwards (Maldonado et al., 1999; Lopes et al., 2006). They are also correlated to the 

onshore Lagos-Portimão Formation dated from Lower Burdigalian to Upper Serravallian 

and the Lower Tortonian Fine Sands and Sandstones Unit (Antunes et al., 1981). Unit M1 

is bounded at the top by the intra-Tortonian basal foredeep unconformity (BFU) 

(Maldonado et al., 1999; Lopes et al., 2006). The Upper Tortonian Unit M2 is deposited 

as a wedge on top of the basal foredeep unconformity and interfingers with the 

allochthonous unit at its front, while the basal foredeep unconformity becomes obscure 

under the chaotic mass of the allochthonous unit, which is characterised by diffractions 

and hyperbolic reflections (Maldonado et al., 1999; Lopes et al., 2006). Coevally, active 

overthrusting occurred within the allochthonous unit of Gulf of Cádiz which caused 

deposition of slope facies at its front, before merging into hemipelagic facies away from 

the allochthonous unit of Gulf of Cádiz in the northwest. Unit M2, which is the equivalent 

of the Bética group in Riaza and Martínez del Olmo (1996), is also found within the 

depression on top the allochthonous unit. The emplacement of the Gulf of Cádiz 

allochthonous unit ended in the late Tortonian (Gràcia et al., 2003). Separated by an 

erosional unconformity, the Messinian Unit M3 is draped over both the Unit M2 and the 

allochthonous unit of the Gulf of Cádiz, filling the depressions formed by the 

overthrusting and backthrusting. Unit M3 is equivalent to the Andalucía group, consisting 

of the siliciclastic Guadiana and the Guadalquivir sands (Riaza and Martínez del Olmo, 

1996; Lopes et al., 2006). The Guadiana sands represents depositional fan lobe which 

originated from the northern margin, whereas the Guadalquivir sands originated from the 

Guadalquivir valley in the northeast, prograding southwestwards into the Gulf of Cádiz. 

Onshore Algarve basin, Unit M2 and M3 are correlated to the uppermost Tortonian to 

Messinian Cacela Formation (Antunes et al., 1981). In Lopes et al. (2006), the 

olistostromic-allochthonous unit, Units M2 and M3 are interpreted as a single Unit E, 

divided into subunits E0, E1 and E2 respectively. 

The Lower Pliocene Unit P1 is consisted of interbedded clays and sandy clays 

hemipelagites, with minor sandy turbidites of deep-sea fans sourced from the Guadiana 

and the Guadalquivir (Riaza and Martínez del Olmo, 1996). It is equivalent to the alluvial 

Galvana Conglomerates onshore Algarve (Pais et al., 2000) and the Zanclean Unit F of 

(Lopes et al., 2006). Deposition of Unit P1 is controlled by the basin morphology at the 
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end of the Miocene. The base of this unit is interpreted as a basin-wide erosional 

unconformity (Nelson et al., 1993) of uppermost Messinian age (Lopes et al., 2006). The 

Upper Pliocene Unit P2 is consisted of sand and clay deposits from hemipelagic and 

turbiditic processes, separated from Unit P1 by an intra-Pliocene unconformity (Lopes et 

al., 2006). This unit is equivalent to the Olhos de Agua Sands onshore Algarve (Pais et 

al., 2000), and the Piacenzian Unit G1 of Lopes et al. (2006). The onset of contouritic 

deposits due to the is also witnessed within this unit. This unit is also bounded at the top 

by a late Pliocene unconformity. The Pliocene (P) units were also studied in detail by 

Hernández-Molina et al. (2016), where they are also divided into three main units (PI, PII 

and PIII) separated by the early Pliocene discontinuity (EPD) and intra-Pliocene 

discontinuity (IPD) respectively. These units are further divided into two subunits each 

(P1 to P6). The basal Miocene-Pliocene boundary (MPB) is identified from 

biostratigraphic data and cyclostratigraphic tuning of resistivity logs for both the Algarve-

2 exploration well and the U1387 site of the Integrated Ocean Drilling Program (IODP) 

Expedition 339 (Hernández-Molina et al., 2016), replacing previous interpretations from 

the lithologic transitions of clay-sand with no robust justification in Expedition 339 

Scientists (2013) and Hernandez-Molina et al., (2014). The Pliocene units (PI to PIII) in 

the Deep Algarve basin consists of basal high amplitude reflections with lobate and 

tabular geometry interbedded with wedge-shaped chaotic seismic facies and evolve 

upward into weaker acoustic response, which represented turbiditic and debritic sands 

proximal to the margins (Hernández-Molina et al., 2016). This trend is opposite for the 

wedge-top basins, which indicated the development of large, muddy sheeted drifts due to 

the strengthening of the Mediterranean Outflow Water, representing the initial-drift stage 

of the Gulf of Cádiz contourite depositional system (Hernández-Molina et al., 2016). 

The latest Pliocene to Quaternary deposits of Unit P/Q onlap and prograde 

basinward above the late Pliocene basal unconformity (Maldonado et al., 1999), and is 

equivalent to Units G2 and G3 of Lopes et al. (2006). These deposits also show significant 

facies and thickness variations controlled by the structure of the margin, the sediment 

sources and the Pliocene-Quaternary eustatic sea-level fluctuations (Rodero et al., 1999). 

Distribution of contouritic drift deposition and erosional features are influenced by the 

bottom currents of Mediterranean outflow (Nelson et al., 1993). According to Hernández-

Molina et al. (2016) the latest Pliocene to earliest Quaternary units (PQ) is represented by 

the transitional-drift stage, bounded by two prominent hiatuses, late Pliocene 

discontinuity (LPD) and early Quaternary discontinuity (EQD), which eroded or 
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interrupted deposition of interbedded contourites and turbidite indicated by the cyclic 

swings in amplitudes. The Quaternary sequence (QI to QIII), on the other hand, consists 

of mounded geometry with repetitive trend with weak to transparent acoustic facies which 

evolve upwards into high amplitude facies truncated by an erosional surface (Hernández-

Molina et al., 2016). In the Deep Algarve basin, the seismic trend together with upslope 

progradation reflections, represent a mounded elongated and separated drift in the 

growth-drift stage. Whereas in the wedge top basins, high to very high amplitude 

aggrading sandy sheeted drifts with lateral progradation resulted from Mediterranean 

Outflow Water intensification following tectonic constriction and deformation in the 

basins (Hernández-Molina et al., 2016). 

 

2.3 Geodynamic evolution 

The Southwest Iberian and Northwest Moroccan continental margins are located 

on the eastern end of the Azores-Gibraltar fracture zone (AGFZ) and are formed during 

the continental break-up of the North America with Iberia and Africa respectively 

(Newfoundland-Iberia & Nova Scotia-Morocco E-W trending rifts) in the Early Jurassic 

(~190 Ma) (Srivastava et al., 1990; Sibuet et al., 2012). Sinistral transtension of the Neo-

Tethys transfer zone separated Africa from Iberia in a NW-SE transtensional setting, 

forming the Algarve basin (Dewey et al., 1989; Srivastava et al., 1990; Terrinha, 1998; 

Terrinha et al., 2002; Ramos et al., 2016). This regime lasted from the Early Jurassic until 

at least the Cenomanian (~92 Ma) (Dewey et al., 1989; Terrinha et al., 2019a), interrupted 

by short-lived compressional episodes (Terrinha et al., 2019b). Five phases of extension 

were recorded for the Southwest Iberian margin, including: Triassic to Early Jurassic 

(Hettangian), Early to Middle Jurassic (Sinemurian-Toarcian), Middle Jurassic 

(Aalenian-Bajocian), Middle to Late Jurassic (Callovan-Oxfordian), Early Cretaceous 

(Cenomanian) (Terrinha et al., 2019a). 

At present, a WNW-ESE convergence at a rate of approximately 4-5 mm/y is 

active between the Iberian sub-plate of Eurasia and the Nubian sub-plate of Africa (Argus 

et al., 1989; Fernández-Ibáñez et al., 2007), where the lineaments within the SWIM Fault 

Zone are interpreted as the Nubian-Iberian plate boundary (Zitellini et al., 2009). The 

interaction between these two plates has been driven by two mechanisms since the Late 

Cretaceous (Zitellini et al., 2009): a. an oblique lithosphere collision which has 
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accommodated by dextral wrenching across the SWIM Fault Zone; and b. subduction 

associated to the emplacement of Gibraltar Arc and the formation of the GCAW. 

The onset of N-S convergence for Iberia and Africa occurred in the Santonian 

(~85 Ma), continuing throughout the Paleocene and Early Eocene at a rate of about 2 

mm/y (Terrinha, 1998; Vergés and Fernàndez, 2012), and even into the Middle Eocene 

in the Alentejo basin (Pereira et al., 2011). Alpine deformation migrated from the north 

to south of Iberia as it collides with Europe towards the north building up the Pyrenean 

orogenic system (Vergés and Fernàndez, 2012; Ramos et al., 2017). The compressional 

setting in the Southwest Iberian and Northwest Moroccan margins is observed in the 

sedimentary record with basin inversion structures (Terrinha et al., 2002). Due to the 

regional compression during this period, halokinesis of Upper Triassic evaporites (Lopes 

et al., 2006) caused the thin-skinned decoupling of the External and Internal Betics. 

Simultaneously, the compression also produced a SE dipping partial subduction of the 

Ligurian-Tethys Ocean (Vergés and Fernàndez, 2012).  

From the Oligocene until the Early Miocene (~30-20 Ma), subduction and 

rollback of the Ligurian-Tethys oceanic slab sped up until the continental collision, which 

had rapidly developed the fold and thrust belt of the Betic-Rif orogenic system, coeval to 

the opening of the Alborán basin (Vergés and Fernàndez, 2012). As subduction was 

inhibited by the continental-oceanic transition at the Betics (McKenzie, 1969; Buiter, 

2000), there was a shift to an eastward dipping subduction for the consumption of 

Ligurian-Tethys Ocean at the west, and the westward rollback of the subduction slab from 

its initial NW direction (Martínez del Olmo et al., 2008; Vergés and Fernàndez, 2012). 

Consequently, the lateral tearing occurred at the eastern end of the subduction slab in the 

Middle Miocene (~18-16 Ma) (Wortel and Spakman, 2000). The orogenic build-up of the 

Betic-Rif fold and thrust belt went through its denudation and deposited the Guadalquivir 

Allochthon in the Guadalquivir foreland basin, and the Prerifaine nappes in the Gharb 

foreland basin (Torelli et al., 1997; Berástegui et al., 1998; Flinch and Vail, 1998; 

Maldonado et al., 1999; Gràcia et al., 2003; Medialdea et al., 2004). Whereas the Gibraltar 

arc started to migrate westwards and partially developed the Gulf of Cádiz accretionary 

wedge (Berástegui et al., 1998; Vergés and Fernàndez, 2012) and initiated radial 

expulsion of the Gulf of Cádiz allochthonous unit from the Early-Middle Miocene 

(Maldonado et al., 1999; Medialdea et al., 2004; Terrinha et al., 2009) (Fig. 2-3). 
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2.3.1 Late Miocene  

During the late Tortonian (~8 Ma), the continuous westward slab rollback drove 

compression in the Gulf of Cádiz accretionary wedge and the westward drift of the 

Alborán Domain (Lonergan and White, 1997; Gutscher et al., 2002; Duggen et al., 2003; 

van Hinsbergen et al., 2014), before slab detachment with a lateral rupture propagation 

westward from the central-eastern Betic region (Zeck, 1997; Wortel and Spakman, 2000; 

Spakman and Wortel, 2004; Garcia-Castellanos and Villaseñor, 2011). However, other 

modes such as lithospheric delamination (Seber et al., 1996; Calvert et al., 2000) and 

convective removal (Platt and Vissers, 1989) have also been proposed. These eventually 

led to lithospheric thinning and the regional exhumation of the Gibraltar Arc, firstly in 

the Betic (~7.8 Ma) (Krijgsman et al., 2006; Betzler et al., 2006) and slightly later in the 

Rif (~7 Ma) (Capella et al., 2017b; Tulbure et al., 2017), forming various small 

intramontane basins in the Betics and the Rif (Iribarren et al., 2009). The external fronts 

and the allochthonous units of the Betic, Rif and Gulf of Cádiz were fossilised around the 

late Tortonian (Berástegui et al., 1998; Negro et al., 2007; Iribarren et al., 2007), but 

reactivation in the Gulf of Cádiz due to a Late Miocene initiation of NW-SE convergence 

emplaced new allochthonous wedges by gravitational sliding, with the Triassic salt and 

uncompacted Middle Miocene marls or mud acting as the detachment layer (Argus et al., 

1989; Medialdea et al., 2004). The overloading and overpressure of the Gulf of Cádiz 

allochthonous unit also enhanced diapirism of these evaporites and marls from the late 

Tortonian to the Messinian (Maestro et al., 2003; Medialdea et al., 2004; Lopes et al., 

2006). As the thrust imbrication advanced basinward, extensional collapse and roll-over 

structures developed coevally as reactivation of landward thrust fronts (Maestro et al., 

2003), causing high rates of subsidence since the late Messinian (Maldonado et al., 1999). 

This increasing subsidence formed the flexural depocentres in the Algarve basin (Lopes 

et al., 2006), and the creation of the Cádiz basin (Medialdea et al., 2004). 

2.3.2 Pliocene - Quaternary 

The sedimentary record since the early Pliocene is undeformed (Zitellini et al., 

2009) as the Betic-Rif orogeny slowed down in the Late Miocene (Vergés and Fernàndez, 

2012). Coevally, the flexural subsidence since late Messinian lasted until the Quaternary 

(Terrinha, 1998; Lopes et al., 2006). The Gulf of Cádiz also consists of the location of the 

African-Eurasian plate boundary which has been considered as diffuse  (Sartori et al., 

1994), where the SWIM Fault Zone were identified as making this boundary (Zitellini et 
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al., 2009). The SWIM dextral strike slip faults cut through the Gulf of Cádiz accretionary 

wedge producing a counter-clockwise rotation, shifted from the N-S orientation since at 

least the beginning of the Calabrian age (1.8 Ma) (Rosas et al., 2009; Zitellini et al., 2009; 

Duarte et al., 2011). Whereas west of the Gulf of Cádiz, compressional features such as 

the Gorringe Thrust, Horseshoe Thrust, Marquês de Pombal Thrust, and the Coral Patch 

Ridge, are found deeply rooted into the basement (Terrinha et al., 2003; Gràcia et al., 

2003; Zitellini et al., 2004; Sallarès et al., 2013; Ramos et al., 2017). The thick-skinned 

deformation led to margin inversion, and are accommodated by buttressing, thrusting and 

reactivation of diapirs (Ramos et al., 2017). 

 

Figure 2-3 Crustal kinematic model showing evolution of the Betic–Rif orogenic system and 

its timing, with a constant rate of Africa convergence from Late Cretaceous to present (Vergés 

and Fernàndez, 2012)  
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2.4 Oceanographic setting 

2.4.1 Present-day setting 

At present, the water circulation in the Gulf of Cádiz is closely related to the anti-

estuarine exchange of water masses between the Atlantic Ocean and the Mediterranean 

Sea (Sánchez-Leal et al., 2017) through the Strait of Gibraltar, henceforth referred to as 

the Gibraltar Gateway. This configuration has been established since the end of the 

Messinian salinity crisis, the Miocene-Pliocene boundary (5.332 Ma) (Duggen et al., 

2003; Roveri et al., 2014). At the surface, the cool and less saline Atlantic Inflow Water 

(AIW) flows eastwards into the Mediterranean Sea through the Gibraltar Gateway; while 

near the bottom the warmer and more saline Mediterranean Outflow Water exits the 

Mediterranean Sea into the Gulf of Cádiz before flowing westward (Rogerson et al., 2012; 

Sánchez-Leal et al., 2017). Whereas westward of the Gulf of Cádiz, the Mediterranean 

Outflow Water flows in between the Modified Antarctic Intermediate Water (AAIW) 

(Louarn and Morin, 2011) and the North Atlantic Deep Water (NADW) (Ambar et al., 

2002; Criado-Aldeanueva et al., 2006) (Fig. 2-3). 

The Atlantic Inflow Water is composed of the North Atlantic Superficial Water 

(NASW) (0-100 m) and the Eastern North Atlantic Central Water (ENACW) (100-700 

m; 12-16 °C, 34.7-36.25‰ TDS - total dissolved solids) (Criado-Aldeanueva et al., 2006). 

Below the Atlantic Inflow Water, the Modified Antarctic Intermediate Water (AAIW) 

circulates above the Mediterranean Outflow Water with an average of 10 °C, 35.62‰ 

TDS and ~4.16 ml/L dissolved oxygen (Louarn and Morin, 2011). Whereas flowing 

beneath the Mediterranean Outflow Water, the North Atlantic Deep Water is a colder (3-

7 °C) and less saline (34.95-35.2‰) water mass (O'Neill-Baringer and Price, 1999; 

Criado-Aldeanueva et al., 2006). Beyond the Gulf of Cádiz, the Antarctic Bottom Water 

(AABW) circulates in the abyssal plains of the Central Atlantic (Fig. 2-3). 

a. Mediterranean Outflow Water (MOW) 

The Mediterranean Outflow Water is composed of mainly the Levantine 

Intermediate Water (LIW) and Western Mediterranean Deep Water (WMDW), produced 

by downwelling of warm, dense, and highly saline water masses in the constricted east 

and west basins of the arid Mediterranean Sea (Ambar and Howe, 1979; Millot, 2009). 

With a pressure gradient existing between the denser Mediterranean Sea and the less 

dense Atlantic Ocean, juxtaposed through the Gibraltar Gateway, the Mediterranean 
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Outflow Water accelerates through the lower half of this 300 m deep and 13 km wide 

strait with a velocity of approximately 300 cm/s (Ambar and Howe, 1979; Mulder et al., 

2003) and cascades into the Gulf of Cádiz as a strong bottom current with an overflow 

rate of 0.67 ± 0.28 Sv (Serra et al., 2010; Rogerson et al., 2012).  

The Mediterranean Outflow Water enters the Gulf of Cádiz at 250-300 m before 

being deflected northward at the Camarinal Sill due to Coriolis Effect (Ambar and Howe, 

1979; Mulder et al., 2003) before settling within the mid-slope as an intermediate water 

mass (Hernandez-Molina et al., 2014) towards the NW with velocities of 60-100 cm/s 

(Cherubin et al., 2000). It flows between 500 and 1400 mbsl (meters below sea level) 

below the surficial Atlantic Inflow Water and above the North Atlantic Deep Water 

further westward into the Atlantic Ocean. Systematically decelerating along the 

Southwest Iberian margin (Hernández-Molina et al., 2003) due to decreasing salinity as 

it descends and mixed with overlying waters, the Mediterranean Outflow Water reaches 

neutral buoyancy off the São Vicente Cape at a depth of ~1400 m (O'Neill-Baringer and 

Price, 1997), and exits the Gulf of Cádiz through 3 branches: a. northward along the mid-

slope of Portuguese Margin; b. westward into the Atlantic Ocean; and c. southward to the 

Canary Islands before veering west. The Mediterranean Outflow Water increases the 

density of the North Atlantic, drives the Atlantic Meridional Overturning Circulation 

(AMOC) deep convection by ~15%, and increases the surface temperature by 1 °C 

(Rogerson et al., 2012; Hernandez-Molina et al., 2014). 

In the Gulf of Cádiz, the flow pathway of the Mediterranean Outflow Water is 

controlled by the complex morphology of the Southwest Iberian margin continental slope 

and locally enhanced where diapiric ridges and basement highs existed obliquely to the 

flow direction (Hernández-Molina et al., 2016). These NE-SW oriented ridges and margin 

uplifts are responsible for splitting up the Mediterranean Outflow Water into multiple 

cores and vertical layering (Nelson et al., 1999; Maestro et al., 2003; Millot, 2009). The 

Mediterranean Outflow Water splits into two cores after exiting the Gibraltar Gateway 

(Fig. 2-4): a. the warmer and less saline Mediterranean Upper Core (MU) (13-14 °C; 

35.7-37‰), and b. the cooler and more saline Mediterranean Lower Core (ML) (10.5-

11.5 °C; 36.6-37.5‰) (Madelain, 1970; Ambar and Howe, 1979). The MU flows parallel 

along the slope of the Southwest Iberian margin at a depth between 500-800 m, whereas 

ML flows NW at 20-30 cm/s between 800-1400 m (Marchès et al., 2007; Llave et al., 

2007). At 7° W, a minor branch detaches from the ML towards the southwest (Madelain, 

1970), while the major flow concentrates westwards before further parting into three 
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branches at 7° 20′ W: the Southern (SB), the Principal (PB), and the Intermediate (IB) 

branches (Madelain, 1970). The Mediterranean Outflow Water, acting as bottom current 

in the Gulf of Cádiz, generates the world’s most extensive contourite depositional system 

along the Southwest Iberian margin during the Pliocene and Quaternary (Hernández-

Molina et al., 2016) (Fig. 2-3). 

 

Figure 2-4 The pathway of Mediterranean Outflow Water (MOW) in the Gulf of Cádiz after 

it exits Gibraltar Gateway, with the distribution of depositional and erosional along the mid-slope. 

Seven Integrated Ocean Drilling Program (IODP) Exp. 339 sites shown as solid white circles and 

two exploration wells shown as blue circles. Key: (Neogene basins) AB – Algarve basin; AlB – 

Alentejo basin; CB – Cádiz basin; DB – Doñana basin; SB – Sanlúcar basin (Hernández-Molina 

et al., 2016). 

 

2.4.2 Palaeoceanographic setting 

The Mediterranean and the Paratethys were linked with the Indian Ocean up until 

the Late Burdigalian (~17Ma), where it then opened and closed intermittently due to the 

collision of the Arabian and African plates with Eurasia (Rögl, 1999; Hüsing et al., 2009). 
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After the final closure of the eastern Tethys gateway during the Middle Miocene Climate 

Transition (14-11 Ma), the Tethyan Indian Saline Water (TISW) that fed into the circum-

equatorial current of the Indian Ocean was terminated (Woodruff and Savin, 1989; Rögl, 

1999) and redirected westwards into the Atlantic as the Mediterranean Outflow Water 

and became more stratified (Hüsing et al., 2009; Hamon et al., 2013).  

a. Pre-Messinian salinity crisis  

Before the Messinian salinity crisis, the Mediterranean-Atlantic connection cut 

through the Betic Corridor in the south of Spain and the Rifian Corridor in the north of 

Morocco (Santisteban and Taberner, 1983; Simon, 2017; Krijgsman et al., 2018), 

henceforth referred to as the Betic and Rifian Gateway respectively (Fig. 2-5). The Betic 

Gateway consisted of the Guadalquivir basin in the west, divided into four separate sub-

gateways: a. the North-Betic Strait; b. the Guadix Strait; c. the Zagra Strait; and d. the 

Guadalhorce Strait, whereas the Rifian Gateway is separated into two main gateways: the 

North- and South-Rifian Corridors (Capella et al., 2018) (Fig. 2-4). 

These complex gateways became closed progressively due to a combination of 

tectonic, eustatic and climatic factors during the latest Miocene (Flecker et al., 2015). 

Evident from the biostratigraphic constraint on marine to continental transitions and 

hiatuses in these gateways, the Betic Gateway connection was terminated in the late 

Tortonian (Krijgsman et al., 2018), starting from the North-Betic Strait at 7.6 Ma (Garcés 

et al., 2001). In the Guadix Strait, a hiatus separates marine deposits last dated ~7.8 Ma 

from the continental deposits of ~5.5 Ma (Hüsing et al., 2010); while in the Zagra Strait, 

marine-continental transition occurred at 7.37-7.24 Ma within the Granada basin (Garcia-

Garcia et al., 2009; Corbí et al., 2012). The Guadalhorce Strait was the last connection to 

close in the Betic Gateway during the late Tortonian (van der Schee et al., 2018), which 

conforms to the regional uplift of the area (Jiménez-Bonilla et al., 2015). The restriction 

of the Betic Gateway since the Early Tortonian (Martín et al., 2009) has led to the 

deposition of evaporites of the Tortonian salinity crisis (TSC) in isolated basins within 

these gateways (Krijgsman et al., 2000). In the Rifian Gateway, The North-Rifian 

Corridor became closed roughly in the latest Tortonian (7.35-7 Ma) (Tulbure et al., 2017; 

Capella et al., 2018), whereas the South-Rifian Corridor became closed later in the earliest 

Messinian (7.1-6.9 Ma) (Capella et al., 2017b, 2018). As such, there was no direct 

evidence for a Mediterranean-Atlantic connection through southern Spain nor northern 
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Morocco (Krijgsman et al., 2018) even one million years or more before the evaporitic 

precipitation of the Messinian salinity crisis (Flecker et al., 2015).  

 

Figure 2-5 (Top) The Betic-Rif region indicating locations of all known Mediterranean-

Atlantic seaways that existed during late Miocene and Pliocene; (Bottom) Temporal evolution of 

the marine-continental transitions of the gateways and simplified Mediterranean sedimentary 

succession (Flecker et al., 2015; Krijgsman et al. 2018). 
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b. Messinian salinity crisis 

As both the Betic and Rifian Gateways became closed in the early Messinian 

(Martin et al., 2001) as a result of the African-Iberian convergence (Spakman et al., 2018), 

the exchange between the Atlantic and the Mediterranean became restricted with a near 

complete disconnection during the late Messinian (5.97-5.33 Ma) (Krijgsman et al., 1999; 

Simon and Meijer, 2015). There was dramatic change in salinity of the Mediterranean 

Sea reaching gypsum saturation of ~130‰ or higher (Flecker et al., 2015), leading to the 

deposition of thick evaporites of the Messinian salinity crisis (Hsü et al., 1973); whereas 

it was a quiet hemipelagic environment in the Gulf of Cádiz (van der Schee et al., 2016).  

The closure of the Betic and Rif Gateways however meant that another marine 

connection with the open Atlantic Ocean is necessary for preservation of the salt giant 

within the Mediterranean at least until the end of the halite stage (5.55 Ma) (Krijgsman 

and Meijer, 2008). It is thought that the Gibraltar Gateway would have been established 

as the single Atlantic-Mediterranean connection during the late Miocene even before the 

restriction of the Mediterranean that led to the Messinian salinity crisis (Nelson et al., 

1993; Capella et al., 2018). The Gibraltar Gateway would have been consisted of two 

separate shallow straits (northern & southern) before the Zanclean flood (Garcia-

Castellanos et al., 2009).  

c. Post-Messinian salinity crisis 

At the end of the Messinian and the beginning of the Pliocene (5.33 Ma), the 

Atlantic-Mediterranean connection was thought to be re-established through the Gibraltar 

gateway, ending the Messinian salinity crisis as the Atlantic Ocean immediately 

penetrated the Mediterranean in the form of the Atlantic Inflow Water (Hsü et al., 1973; 

Garcia-Castellanos et al., 2009; van der Schee et al., 2016). After the Messinian salinity 

crisis, warming of the Atlantic Ocean in the earliest Pliocene suggested the immediate 

onset of weak Mediterranean Outflow Water bottom current from the Mediterranean (van 

der Schee et al., 2016). However, the onset of the Mediterranean Outflow Water in the 

seismic reflection profiles only began since the late early Pliocene (~4.5-3.5 Ma) as 

suggested by the limited degree of contourite deposition in the beginning of the Pliocene 

(Expedition 339 Scientists, 2013; Hernandez-Molina et al., 2014). The Mediterranean 

Outflow Water is then enhanced during the late Pliocene to the Quaternary (~3.2-2.1 Ma) 

indicated by erosional features (Hernandez-Molina et al., 2014). The intensification of 
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the Mediterranean Outflow Water (Roque et al., 2012) is due to the sea level change from 

low- to high-stand (Nelson et al., 1993), evident with the change in the sedimentary 

stacking pattern of the contourite depositional system occurred after 2.1 Ma (Hernandez-

Molina et al., 2014). Similar cycle of sea level change can be observed since the last sea 

level low-stand of Late Pleistocene to the high sea level Holocene (Nelson et al., 1993), 

establishing the present-day circulation. 

 

Figure 2-6 Deep marine sedimentary environment encompassing deposits of pelagic 

settling, density, and bottom current processes (Shanmugam, 2003). 

 

2.5 Deep-marine sedimentary depositional systems 

The continental slopes of the Gulf of Cádiz generally consist of mixed contourite and 

turbidite depositional system (Hernández-Molina et al., 2003). However, there are four 

main sedimentary deposits of deep-marine environment: pelagites, mass-transport 

deposits (MTD), turbidites and contourites, shown in association in a conceptual model 

(Fig. 2-6). The depositional processes associated with the deposits are illustrated in figure 

2-7, where contourites are formed from reworking and deposition due to bottom currents, 

with its facies model based on (Stow and Faugères, 2008); turbidites are deposited from 

density current with its standard facies model based on (Bouma, 1962a), and pelagites 
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deposited from the vertical settling of pelagic materials (Rebesco et al., 2014), with mass-

transport deposits considered under density current deposits. These deposits are discussed 

in depth in the following section. 

 

Figure 2-7 Conceptual diagram of the three main deep-marine sedimentary processes and 

the facies model of their respective depositional products (Rebesco et al., 2014). 

 

2.5.1 Pelagic and hemipelagic deposits 

Pelagites developed through the process of vertical settling under the influence of 

gravity, where biogenic and very fine-grained terrigenous material, including other 

detritus which fall slowly to the seafloor (Stow and Smillie, 2020; Fig. 2-8). Pelagic 
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settling is continuous, with a very slow accumulation rate of <1 cm ka-1, which can 

increase through flocculation and organic pelletisation in high productive areas (Stow and 

Smillie, 2020). Hemipelagites are also fine-grained sediments which involve both vertical 

settling and additional slow lateral advection of the biogenic and terrigenous material 

through the water column (Fig. 2-8), which could include calcareous or siliceous mud or 

marl (Stow and Tabrez, 1998). The driving force behind the lateral advection include 

inertia from river or turbid layer plumes, diffusion of glacial meltwater, internal tides, 

waves, and other slow currents. Hemipelagic deposition is a continuous process with huge 

range of depositional rates, dependant on the nature of sediment inputs, e.g., 2 cm ka−1 

with little terrigenous input, 10 cm·ka−1 for black shales with high upwelling, >20 

cm·ka−1 for high latitude glaciomarine environment (Stow and Smillie, 2020). 

 

 

Figure 2-8 Composite model for the hemipelagic and pelagic processes, distinguishing the 

sediment supply from terrigenous and biological sources, and its dispersion and settling through 

the water column (Stow and Smillie, 2020). 

 



Geological Framework 

Page | 43 

 

2.5.2 Turbidite depositional system 

 

Figure 2-9 Schematic model showing the turbiditic channel-levee system, compared in 

large-scale differences with the contourite drift in Figure 2-15 (Rebesco et al., 2014). 

a. Conceptual theory of turbidites 

Turbidite studies evolved from the recognition of flysch or tectonically induced 

deposits in the Alpine orogeny since the 1820s (Mutti et al., 2009). This idea was 

pioneered by Kuenen (1937), which led to the first experiments carried out on turbidity 

currents, and the discovery of these currents as the cause for graded bedding (Kuenen and 

Migliorini, 1950). Initially, they were introduced as resedimented shallow marine or 

fluvial sands deposited in the deep marine environments by turbid density currents 

triggered by slope instability (Migliorini, 1943). This was followed by overwhelming 

studies in the 1950s and 1960s which concluded the role of turbidity currents in depositing 

these deep marine sands (Stanley, 1988). Sanders (1965) defined turbidites strictly as 

deposits formed from turbulent suspension of turbidity currents. Through time, it has been 

simplified as “deposits of turbidity currents” (Middleton and Hampton M.A., 1973; 

Meiburg and Kneller, 2010; Stow and Smillie, 2020). Contrastingly, Mutti et al. (1999) 

defined turbidites as deposits of sediment-gravity flows, which include turbidity currents 

among others. Turbidity currents are downslope moving sediment-laden gravity flows 

due to its density difference with the ambient water (Meiburg and Kneller, 2010; Pohl et 

al., 2019). They have Newtonian rheology where sediments are supported by fluid 

turbulence while deposition occurs through suspension settling (Middleton and Hampton 

M.A., 1973; Shanmugam, 2012). These periodic downslope turbulent flows can produce 

a broad spectrum of gravity-driven features on the continental slope to the abyssal plain 

(Mulder, 2011).  
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The first turbidites facies model was introduced by Bouma (1962) as the Bouma 

Sequence, which was based on outcrop studies of the Eocene-Oligocene Annot 

Sandstones in the Maritime Alps. The Bouma Sequence describes a single turbidite bed 

as consisting of five depositional divisions: Ta, basal massive or normal graded; Tb, lower 

parallel laminae; Tc, ripples, wavy or convolute laminae; Td, upper parallel laminae; and 

Te, laminated to homogenous mud, with base missing variations of decreasing thickness 

and coarseness developing downstream of a submarine fan or “cone” (Fig. 2-10; Bouma, 

1962). This model depicts turbidity current as an unsteady and non-uniform waning flow, 

where it decreases in velocity and competence through time and distance (Allen, 1985; 

Shanmugam, 2012). This normally graded sequence is attributed to the decay of initial 

turbulence in the turbidity current (Middleton and Hampton, 1973). As the Bouma 

Sequence Te was inadequate in representing all the different divisions of the muddy 

turbidite facies in a low-density turbidity current (Piper, 1985), Stow and Shanmugam 

(1980) proposed a new facies model for the fine-grained turbidites based on three 

contrasting areas, equivalent to the (C)DE division of the Bouma Sequence. This 

sequence consists of nine divisions: T0, silt lamina; T1, silt-mud convolute laminae; T2, 

silt-mud low-amplitude climbing ripples; T3, silt-mud thin regular laminae; T4, silt-mud 

thin indistinct laminae; T5, silt-mud thin wispy/convolute laminae; T6, graded mud; T7, 

ungraded mud; and T8, bioturbated mud (Fig. 2-10; Stow and Shanmugam, 1980). 

Similarly, Lowe, (1982) proposed a coarse-grained turbidites facies model, where they 

are deposited by high-density turbidity currents. The Lowe Sequence consists of six 

divisions: R1, traction gravel; R2, traction carpet gravel; R3, suspension gravel; S1, 

traction coarse sand-fine gravel; S2, traction carpet coarse sand-fine gravel; and S3 

suspension coarse sand-fine gravel (Fig. 2-10; Lowe, 1982). To distinguish the two types 

of turbidity currents, high density turbidity currents are concentrated, which correspond 

to the dense basal layer of the frontal (head and body) flow; whereas low density turbidity 

currents are diluted, which correspond to the trailing (tail) suspension cloud in a turbulent 

flow (Fig. 2-11; Stow and Smillie, 2020). However, these vertical sequences are still not 

able to represent the entire spectrum of turbiditic deposits (Walker, 1984), such as the 

lateral variation between the divisions (Shanmugam, 2016).  
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Figure 2-10 Ideal Bouma sequence (centre) showing Ta to Te divisions (Bouma, 1962); fine-

grained turbidites (right) showing T0 to T8 divisions (Stow and Shanmugam, 1980), equivalent 

to the Tc to Te divisions; and coarse-grained turbidites (left) showing R1 to R3 and S1 to S3 

divisions (Lowe, 1982) equivalent to Ta division (Shanmugam, 2000).  

 

 

Figure 2-11 Structure of a turbiditic flow, consisting of the head, body, and tail (Stow and 

Smillie, 2020) 
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As turbidite research moved towards modern examples, models based on modern 

suprafan lobe were developed (Normark, 1970; Middleton and Hampton M.A., 1973). 

However, a universal facies association model for the “Deep Sea Fan” was introduced by 

Mutti and Ricci Lucchi, (1972), based on outcrop studies of the Miocene Marnoso-

Arenacea of northern Apennines and the Eocene Hecho Group of south-central Pyrenees. 

The model subdivided an ancient submarine fan system into seven facies A-G: slope, 

canyon, channel, lobe, lobe fringe, levee, and basin plain (Fig. 2-12). Facies associations 

are then used to distinguish the inner-, middle-, and outer-fan segments of the submarine 

fan (Mutti and Ricci Lucchi, 1972). A further study by Mutti (1985) added to the different 

type of turbidite systems: attached lobes, detached lobes, and channel-levee complexes. 

 

 

Figure 2-12 Submarine fan system facies and their associations (Mutti and Ricci Lucchi, 

1972) 
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Since the 1970’s, significant advances in technology such as seismic surveys and 

borehole drilling with the rise of the oil and gas industry led to an increase interest in 

turbiditic processes and systems, especially on sandy turbidites and their exploration 

potential (Mutti et al., 2009). The introduction of the basin floor fan model by Vail et al. 

(1991) used in the context sequence stratigraphy for the interpretation of sandy turbidites 

as reservoir sands (Shanmugam, 2016). However, different perspective from scientific 

experts on the definition and characteristic of turbidites still exists (Shanmugam, 2012). 

For example, the deposition of sandy turbidites in the dense basal layer of plastic rheology 

and laminar flow attributed to high density turbidity currents as opposed to debris flow 

(Shanmugam, 2016). Whereas Postma and Cartigny (2014) divided the stratified high 

density and the non-stratified low density turbidity currents in relation to Froude number 

(Fr): supercritical (Fr>1) and subcritical (Fr<1) flows, which led to idea that the 

deposition of sandy submarine fan are dominated by the hydraulic jumps in turbidity 

currents. Nevertheless, the wealth of knowledge on turbidite studies has allowed it to 

dominate the interpretation for deep-marine sedimentary facies, despite the ever-growing 

presence of other deep-water processes, such as the ones related to bottom current 

circulation (Rebesco et al., 2014) and other gravity-driven processes including slides, 

slumps, and debris flows (Haughton et al., 2009).  

The identification of turbidites on the seismic scale has also been studied 

(Mitchum, 1985; Posamentier and Erskine, 1991; Liu and Watkins, 1992; Prather et al., 

1998). Posamentier and Erskine (1991) introduced key recognition criteria for the 

lowstand or basin floor fans, which includes: lateral pinchout geometry, high-amplitude 

continuous reflection onlapping highs, internal bidirectional downlapping, low-relief 

external mounding, and association with unconformity basinward. Whereas Prather et al. 

(1998) classified seismic facies for turbidites and other deep-water deposits on intraslope 

basins, calibrated to lithologic information from boreholes (Fig. 2-13). The evolution of 

accommodation space resulted in the transition from sand prone ponded basin-fill 

succession (including convergent-baselapping, and localised chaotic and draping facies), 

to the shale prone slope-bypass succession (including convergent-thinning, and 

widespread chaotic and draping facies), where turbiditic deposits have been summarised 

and identified for the convergent and high reflectivity or impedance facies (Prather et al., 

1998). 
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Figure 2-13 Idealised seismic facies and geometries identified in intraslope basins containing 

turbidites and other deep-water deposits (Prather et al., 1998). 
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b. Mass-transport deposits (MTDs) 

Downslope processes responsible for the sediment gravity-flow deposits are not 

limited to turbidity currents, but an entire spectrum of gravity-driven processes, such as 

slides, slumps, and debris flow (Middleton and Hampton, 1973; Haughton et al.,2009). 

In fact, there is a transition between the different types of sediment gravity-flows, from 

cohesive, laminar debris flows to non-cohesive, low density turbidity currents of turbulent 

behaviour (Haughton et al., 2009). However, the definition for “sediment gravity flows” 

also include that of subaqueous and subaerial environments (Middleton and Hampton, 

1973). The term mass-transport deposits (MTD) and mass-transport complexes (MTC) 

has since been popularised to describe the deposits formed en masse or resulting from 

mass-wasting (Posamentier and Martinsen, 2011). Mass-transport deposits are generally 

used to refer single event typically in outcrop-scale (Jackson et al., 2009), while mass-

transport complexes are used commonly in seismic interpretation to refer features large 

enough to be imaged (Weimer and Shipp, 2004). 

Dott (1963) first proposed a scheme for only the subaqueous mass-transport 

processes, which classified them based on mechanical behaviour: elastic, elastic and 

plastic, plastic, and viscous fluid types. The initial classification of mass transport 

processes by Dott (1963) composed of three basic types: slide, slump, and debris flow; 

and did not include turbidity currents, whereas creep and rockfall were added later 

(Posamentier and Martinsen, 2011; Fig. 2-14). Nardin et al., (1979) reclassified mass 

movement processes according to flow behaviours: elastic (rockfalls, slides and slumps), 

plastic (debris flows, mudflows, and inertial grain flows), and viscous fluid flows. A slide 

is “a coherent mass of sediment or a rigid body that moves along a planar glide plane and 

shows no internal deformation”; whereas a slump is “a coherent mass of sediment that 

moves on a concave-up glide plane and undergoes rotational movements causing internal 

deformation” (Dott, 1963). In other words, slides and slumps represent translational and 

rotational shear-surface movements respectively (Shanmugam, 2016). On the other hand, 

debris flow is “a sediment mass of plastic rheology in a laminar state primarily supported 

by the cohesive strength of matrix” (Nardin et al., 1979). These processes can transport 

coarse grained sediments and travel up to hundreds of kilometres on the continental slope. 

A list of primary sedimentary structures attained from borehole data and attributed to 

MTDs include angular bedding contacts, shear zones, faults, partially and fully mixed 

layers, highly distorted stratified sediments with convoluted folds and clasts of lithified 

or semi-lithified structures (Tripsanas et al., 2007). 
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For seismic analysis in deep-water depositional systems, mass-transport 

complexes are rather distinctive due to their large size, distinct morphology, and chaotic 

internal character (Embley, 1980; Moscardelli et al., 2006; Moscardelli and Wood, 2008). 

Their seismic character can be identified by a change in sedimentation patterns from non-

chaotic, parallel reflectors to lack of internal reflectors. These can be identified as chaotic, 

low amplitude or transparent amplitudes (Embley, 1980; Garziglia et al., 2008; 

Moscardelli and Wood, 2008). Examples from Garziglia et al. (2008) also identified 

mass-transport complexes with the following traits: pronounced vertical relief, basal 

scours, chaotic internal reflectivity, and rapid thinning. The different type of mass-

transport deposits may be individually recognized by their seismic features: slides are 

continuous blocks with high-amplitude, continuous reflections; slumps are contorted 

layers with low- and high-amplitude reflections and deformed geometry, whereas debris 

flow are detached blocks with low-amplitude to semi-transparent chaotic reflections 

(Moscardelli et al., 2006). Their external morphology can comprise sheets, lobes and 

channels fill and reach greater thicknesses when successive flows are amalgamated 

(Posamentier and Martinsen, 2011). Whereas the staging area of a mass-transport deposit 

can be characterised by arcuate scars commonly observed at shelf-slope break or mid-

slope settings (Posamentier and Martinsen, 2011). On the larger scale classification, three 

types of mass-transport complexes have been grouped from 32 examples studied 

(Moscardelli and Wood, 2008): shelf-attached systems, which are fed by shelf-edge deltas; 

slope-attached systems, which are caused by upper-slope catastrophe; and locally 

detached systems, which are small collapses triggered by local instabilities in the seafloor. 

A different classification by Gong et al. (2014) shows only two types: localised detached 

mass-transport complexes, resulting from small-scale mass-wasting confined to 

submarine canyons; regional attached mass-transport complexes, resulting from large-

scale mass-wasting in a semi-confined or unconfined setting.  
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Figure 2-14 Types of mass transport processes, modified after the initial classification of Dott 

(1963), based on their mechanical behaviour (Posamentier and Martinsen, 2011). 

 

c. Turbidites and mass transport deposits in the Gulf of Cádiz 

During the last three decades, the Mediterranean Sea has been at the centre for 

research for both turbidites and mass transport deposits, including submarine canyons, 

channels, and fans (Piper and Savoye, 1993; Mulder et al., 2001; Kenyon et al., 2002; 

Camerlenghi et al., 2010; Mulder and Etienne, 2010; Migeon et al., 2011, 2012; Würtz, 

2012; Gamberi et al., 2014, 2015). On the other side of the straits of Gibraltar, the Gulf 

of Cádiz is known more for its contourite studies (Nelson et al., 1999; Llave et al., 2007; 

Roque et al., 2012; Hernández-Molina et al., 2016). However, gravity flow deposits have 

also been well studied. The most obvious features are the submarine canyons on the 

continental margin south and west of Portugal. Located around the São Vicente Cape, 

they consist of (from east to west) Faro, Portimão, Lagos, Sagres, and São Vicente 

Canyons (Hernández-Molina et al., 2003). Dominant downslope processes during the 

Pliocene-Pleistocene boundary, correlated to erosion linked to sea level lowstand (Llave 

et al., 2001; Llave, 2004), resulted in the incision of submarine canyons perpendicular to 

the slope connecting to the deep valleys (Marchès et al., 2007). Tectonic activity also 
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supported the initiation of gravity processes along zone of weaknesses, such as the N-S 

Portimão Fault underlying the Portimão Canyon (Lopes et al., 2006). The transition of 

dominance from downslope gravity processes to Mediterranean Outflow Water-related 

processes towards present day has led to partial filling within these submarine canyons 

(Marchès et al., 2007), during which mass wasting process also occurred on the flanks of 

the canyons (Llave et al., 2007). 

Mass movement processes are also present east of these submarine canyons in the 

Deep Algarve basin, where debrites of different compositions originating from the shelf 

and upper slope have been identified for two periods, during the early Pliocene and early 

Pleistocene (Ducassou et al., 2016). The lower Pliocene bioclastic debrites occurred 

during a phase of dominant gravity flow deposits between 4.5 to 3.5 Ma after an older 

phase between 5.2 to 4.5 Ma which included terrigenous turbidites and slumps, whereas 

the lower Pleistocene terrigenous debrites is dated between 1.66 to 1.25 Ma (Ducassou et 

al., 2016). During the early Pliocene, the downslope mass transport and turbiditic systems 

are mainly sourced from the Guadalquivir and Guadiana Rivers, northeast and north of 

the Deep Algarve basin respectively (Riaza and Martínez del Olmo, 1996; Ledesma, 

2000), while diapirism could also trigger gravity flows (Roque et al., 2012; Brackenridge 

et al., 2013). Synchronous gravitational collapse breccias can be found in outcrops in 

areas adjacent to the Cádiz basin and the Strait of Gibraltar (Esteras et al., 2000), 

indicating basinwide tectonic activity. The strengthening of Mediterranean Outflow 

Water -related bottom currents since the late Pliocene would dominate over gravity flow 

deposits by reworking and redistribution, except in the northeast of the basin where higher 

clastic influx downslope from the north prevails (Brackenridge et al., 2013). 

Another feature of downslope gravitational influence is the Gil Eanes channel and 

the mega-sedimentary lobes previously described in 2.1.2 Morphosedimentary features 

(Kenyon and Belderson, 1973; Hernández-Molina et al., 2003). Four other inactive 

secondary channels were also identified, where these were also once connected to the 

deep core of the Mediterranean Outflow Water which spills over the sedimentary levee 

(Mulder et al., 2003). The Gil Eanes channel drains the downwelling currents and forms 

debritic or turbiditic depositional lobes at the end, due to mass-wasting at the channel 

head or transitioned into turbidity currents with loss of flow competence at the channel 

mouth (Mulder et al., 2003). 

The most prominent feature in the Gulf of Cádiz however is the allochthonous 

unit previously described in 2.1.1 Morphostructural features (Medialdea et al., 2004). 
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This allochthonous unit, also known as the “Olistostrome” unit (Maldonado et al., 1999), 

is formed from the mechanism of mass gravity sliding and collapse along the slope, where 

it gave rise to thrusting and extensional collapse on the back (Flinch and Vail, 1998; 

Maestro et al., 2003) and are emplaced in the oceanic domain and tectonically reactivated 

(Gràcia et al., 2003). Age of emplacement for the allochthonous unit of the Gulf of Cádiz 

is generally agreed as late Tortonian (Maldonado et al., 1999; Somoza et al., 1999; 

Gutscher et al., 2002), similar to both the Guadalquivir (Perconig, 1960) and Gharb 

(Flinch and Vail, 1998) basins. The affected area covers from the Betic-Rif external front, 

extending along the continental shelf, upper and middle slope, towards the abyssal plain 

(Medialdea et al., 2004). The allochthonous mass advance was restricted by structural 

high including the Guadalquivir bank and Portimão basement high in the upper to middle 

slope, and the Gorringe bank and Coral Patch (Medialdea et al., 2004).  
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2.5.3 Contourite depositional system 

 

Figure 2-15 Schematic model showing the contourite drift, compared in large-scale 

differences with the turbiditic channel-levee system in Figure 2-9 (Rebesco et al., 2014). 

a. Conceptual theory of contourites 

Contourites were firstly introduced as deep marine deposits of thermohaline-

induced contour currents (Hollister, 1967). A recent review by (Rebesco et al., 2008) 

shows a widely accepted definition for contourites as “deposits of bottom currents”. In 

full, contourites are defined as “sediments deposited or substantially reworked by the 

persistent action of bottom currents” (Rebesco et al., 2014). According to (Shanmugam, 

2012), bottom currents are defined as “a deep-water component of water masses that 

winnow, rework and deposit sediment on the seafloor for a sustained period of time”. 

Sediments are eroded and transported away when velocity of bottom currents picks up 

parallel to the margin; and are deposited when velocity drops usually disrupted by 

topographic highs (Rebesco et al., 2014). Contourite deposits are generally well sorted 

and composed of less mud due to the winnowing away action of the finer-grained 

sediments, whereas turbidites in comparison are poorly sorted and are generally mud-rich 

facies (Shanmugam, 2012, 2017). These alongslope currents are divided into four major 

types: thermohaline-induced geostrophic, caused by continuous equilibrium between 

Coriolis and pressure gradient forces resulted from density, temperature and salinity 

variations in a water mass; wind-driven, caused by sea surface wind-stress which are 

propagated to the sea floor; tide-driven, caused by flood and ebb currents found within 

submarine canyon; and internal wave-/tide-driven, caused by baroclinic gravity waves 

oscillating along a pycnocline (Southard and Stanley, 1976; Shanmugam, 2008, 2017). 
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They are also affected by climatic or seasonal variability, and their relationship with 

turbiditic systems in various basin margin settings. Upwelling and downwelling are also 

important processes in contourite formation at restricted regions and topographic barriers 

(Rebesco et al., 2008).  

 

Figure 2-16 Summary of traction sedimentary structures in contourite deposits. (Martín-

Chivelet et al., 2008). 
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On identifying contourites through facies association and their diagnostic 

sedimentological criteria however, there are two main contrasting perspectives among 

scientific experts on contourites, which are: firstly, through traction structures; and 

secondly, bioturbation (Rebesco et al., 2008, 2014). As there is no unique facies sequence 

for contourites, traction structures which are commonly found within contourites are used 

as its indication (Rebesco et al., 2014). A summary of traction sedimentary structures by 

(Martín–Chivelet et al., 2008) is shown in figure 2-16. Bedforms or traction structures are 

also used to reconstruct the bottom-current velocity, as depicted in the bedform-velocity 

matrix by (Stow et al., 2009) (Fig. 2-17). They can be divided into longitudinal and 

transverse bedforms based on their spatial relationship with the flow (Rebesco et al., 

2014).  

 

Figure 2-17 Bedform-velocity matrix for bottom current deposits (Stow et al., 2009). 
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Figure 2-18 The standard contourite facies model with five divisions and modifications with 

partial sequences from the standard model (Stow & Faugères, 2008, modified after Gonthier et 

al., 1984). 
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The standard contourite facies model (Stow and Faugères, 2008; Fig. 2-18), first 

introduced by Faugères et al. (1984) and Gonthier et al. (1984) supports the diagnosis of 

bioturbation together with differentiation of sandy and muddy contourite facies initially 

demonstrated by (Stow and Lovell, 1979) on lithology and texture, which includes three 

main facies: homogenous mud, mottled silt and mud, and sand and silt. The cyclic 

bigradational sequence of coarsening then fining upwards in the facies model labelled C1 

to C5 (Fig. 2-18, Stow and Faugères, 2008) illustrates the shift of strength of the bottom 

current flow from weak to strong and back (Hüneke and Stow, 2008). These changes may 

Figure 2-19 Conceptual depositional model for the sedimentary facies (Facies 1 to 7), 

facies associations (FA-A to FA-D), geochemical element associations (GEA-1 to GEA-3) 

and depositional processes in different contouritic physiographic domains of a modern 

contourite drift (de Castro et al., 2021a). 
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be due to increased erosion on fine-grained particles or increased coarser sediment supply 

(Mulder et al., 2013). However, (Mulder et al., 2013) recognised sharp contacts between 

facies as opposed to the transitional change, while (Stow and Faugères, 2008) proposed 

partial sequences as modifications for the inclusion of coarser contourites facies alongside 

the generally muddy facies with bioturbation in the standard model (Fig. 2-18).  

The latest development on the small (sedimentary facies) scale identification of 

contourite deposits shows a continuum of facies associations depicting the range of facies 

from proximal to distal environment in relation to a contourite channel in both modern 

and ancient contourite depositional systems (de Castro et al., 2021a; de Weger et al., 

2021). The six facies recently proposed by de Castro et al. (2021a) based on a modern 

Figure 2-20 Conceptual depositional model with sedimentary facies (F1 to F9) and their 

associations related to their dominant depositional process and associated current velocities 

linked to different depositional and erosional elements from the proximal continental slope to 

an ancient contourite drift (de Weger et al., 2021).  
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contourite system, the Huelva drift and associated channel in the Gulf of Cadiz (Fig. 2-

19), which include: hemipelagites (F1); silty contourite (F2); fine-grained sandy 

contourite (F3); bottom current reworked sand (F4); coarse-grained sandy contourite 

(F5); fine-grained turbidite (F6); and cohesive debrite (F7). The association of the 

sedimentary facies and geochemical elements provide five representative facies models 

in a continuum of depositional environments: distal contourite drift (FA-A: F1 and F2); 

channel-drift transition (FA-B: F1, F2 and F3); contourite channel with turbidite influence 

(FA-C: F1, F2, F3, F and F6); contourite channel core (F5); and upslope side (FA-D: F1, 

F6 and F7) (de Castro et al., 2021a; Fig 2-19), which also taken into account their 

relationship with gravity flow processes in the form of bottom current reworked sand (de 

Castro et al., 2020). Similar facies and their associations, with minor variations, are also 

identified in ancient contourite outcrops within the Rifian corridor onshore Morocco (de 

Weger et al. 2021; Fig. 2-20). 

 

The bottom current deposits can also be identified by depositional and erosional 

features in large (seismic facies) scale, forming contourite depositional systems (CDS) 

(Hernández-Molina et al., 2003, 2008). They are associations of contourite drifts which 

are usually extensively accumulated (Rebesco et al., 2014). A simple classification of 

these drifts based on morphology by (Faugères and Stow, 2008) comprises of the self-

explanatory: sheeted drifts, mounded drifts, and mixed drift systems. On seismic-

reflection data, the seismic characteristics of the drifts could be recognised using a triple-

stage approach: with an analysis on the overall architecture of the deposit including gross 

Figure 2-21 Erosional features on slopes associated to bottom current action (Hernández-

Molina et al., 2008). 

 



Geological Framework 

Page | 61 

 

geometry and large-scale depositional units, the internal architecture including structure 

and sub-units, and the seismic attributes and facies in the sub-units (Rebesco et al., 2008). 

The morphology such as erosional (Fig. 2-21) and depositional (Fig. 2-22) features 

observed on seismic are used as identification criteria for contouritic drifts and deposits 

(Hernández-Molina et al., 2008), whereas structures and thicknesses are used to identify 

the distribution of the channels as well as depocentres from the action of bottom currents. 

 

 

 

Figure 2-22 Depositional features or drifts associated to contourite deposits and bottom-

current action (Hernández-Molina et al., 2008). 
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b. Mixed / hybrid contourite-turbidite deposits 

Contourites and turbidites represent two extreme sedimentary facies when one of 

the two processes shapes a continental margin. However, other sedimentary and 

oceanographic processes occur in the same area but with less energy. In mixed systems 

the interaction between alongslope and downslope processes produces numerous 

scenarios, since there is a large variability of features and deposits. Alternations of 

turbidites and contourites are frequent, at different scales, from single decametric beds to 

large sedimentary bodies (Mulder et al., 2008).  

The first model for the interaction between alongslope and downslope currents 

illustrated that turbidity currents carried the sediments downslope, while the fine-grained 

particles in suspension were pirated by oblique, alongslope currents (Stanley, 1988). The 

contouritic levees (e.g., mounded contourite drifts) are formed parallel to the slope trend 

while turbiditic levee (e.g., deep sea fans) occur perpendicular to the slope (Faugères et 

al., 1999), where their combination will develop elongated and asymmetric levees with 

mixed or hybrid traits of both processes, depending on the level of interaction and strength 

between turbidity and bottom currents. However, it is still not fully understood the 

interaction between these two processes, as contrasting interpretations of bottom current 

direction in relation to the downstream turbidity current being raised from recent 

examples (Gong et al., 2013, 2018; Palermo et al., 2014; Sansom, 2018; Fonnesu et al., 

2020, Rodrigues et al., 2021; Fig. 2-23). This is particularly hard for the identification of 

large-scale features and systems, where there is a lack of unambiguous and widely 

accepted diagnostic criteria. 

Different types of mixed depositional system have been proposed by Mulder et al. 

(2008), such as low-frequency alternations, high frequency alternations, redistribution of 

gravity deposits by bottom-currents or synchronous interaction between bottom and 

turbidity currents. Low-frequency alternation represents bottom current settling on a pre-

existing morphology developed by turbidity currents or vice-versa, where deposit 

distribution controlled by previous configurations at a margin scale. High-frequency 

alternation, on the other hand, represents intercalations of turbidite and bottom current 

deposits at individual beds or successions, where the two processes alternate in time. 

Reworking and redistribution of sediments by bottom-currents require the existence of 

gravitational or turbiditic processes in the same setting but alternating in time, which 
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could form sedimentary lobes with massive, clean, well sorted coarse silts to find sands. 

Synchronous interaction of bottom and turbidity currents can occur when these processes 

are balanced or at the boundary of the two depositional environments correspond to 

alternations of contourites, turbidites and their transitional facies. 

 

 

Figure 2-23 Conceptual model for mixed depositional systems, with interpretations for (A) 

down-current migrating submarine channels and down-slope elongated mounded drifts, and (B) 

up-current migrating submarine channels and elongated levees (Rodrigues et al., 2021). 
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c. Contourites in the Gulf of Cádiz 

Contourites and mixed deposits studies in the Gulf of Cádiz has been well 

documented in the literature, where it has been the focal point of the topic for the past 

three decades, which includes the scientific cruise Integrated Ocean Drilling Program 

(IODP) Expedition 339 (Hernández-Molina et al., 2016, 2006; Hernandez-Molina et al., 

2014; Hernández-Molina et al., 2014; Llave et al., 2007). In fact, the first contourite facies 

model was developed here in the 1980s (Gonthier et al., 1984). The interaction of 

Mediterranean Outflow Water flowing along the middle slope of the Gulf of Cádiz after 

exiting the Gibraltar Gateway since the Pliocene to present (Hernández-Molina et al., 

2014), developed one of the most extensive and complex contourite depositional system 

described. The Gulf of Cádiz contourite depositional system is classified as a detached 

combined drift fan which has been partly conditioned by Pliocene-Quaternary tectonics 

(Hernández-Molina et al., 2003).  

The large depositional and erosional features developed within the 

morphosedimentary sector is generated by a strong current with the highest speeds located 

close to the Strait of Gibraltar (<300 cm s-1), which decreases systematically towards the 

Cape São Vincent (~80 cm s-1, Kenyon and Belderson, 1973; Ambar and Howe, 1979; 

Cherubin et al., 2000) due to interaction with margin bathymetry and the effects of 

Coriolis. The depositional features include sedimentary wave fields, sedimentary lobes, 

mixed drifts, plastered drifts, elongated mounded and separated drifts, and sheeted drifts; 

while the erosional features include contourite channels, furrows, marginal valleys, and 

moats (Hernández-Molina et al., 2016). These features all indicate clues to 

palaeoceanographic imprints related to a singular water mass – Mediterranean Outflow 

Water, or individualized by local behaviour of current, such as sea bottom stresses, 

secondary flows, filaments, internal waves, local turbulences, overflows, or helicoidal 

flow (Hernández-Molina et al., 2003). Within the Gulf of Cádiz contourite depositional 

system, drift deposition is mainly consisted of muddy, silty, and finer sandy sediments of 

mixed terrigenous and biogenic composition (Gonthier et al. 1984), whereas coarser 

sands and gravel sediments can be found within channel erosions (Nelson et al., 1993, 

1999). In the proximal sector close to the Strait of Gibraltar, sand layers up to 12-15 m 

can be observed in thick sandy-sheeted drift (-815 m in thickness, Buitrago et al., 2001; 

Llave et al., 2007). 
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Along the western Portuguese margin, Alves et al. (2003) described the 

occurrence of contourite features on the middle continental slope and the continental rise. 

Contourite drifts on the middle slope are associated with Mediterranean Outflow Water 

interaction, which the Pliocene-Quaternary section have been studied in detail by Teixeira 

et al. (2019; 2020) and Rodrigues et al. (2020). Whereas drifts located on the continental 

rise were interpreted to be influenced by the northeastern circulation of Antarctic Bottom 

Water (Alves et al., 2003). 
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3.1 Dataset 

The dataset used for this work includes bathymetric, seismic, and drilling data, 

summarised in figure (3-1). Furthermore, input from collaborations of relevant ongoing 

research is used to calibrate and validate the findings of this work.  

3.1.1 Bathymetric data 

Bathymetric data used in this work include the SWIM multibeam compilation of 

swath bathymetric data in the Gulf of Cádiz area and the SW Margin of Portugal, 

produced from Digital Terrain Models (DTM) at 100 m grid spacing available in Zitellini 

et al. (2009). 

3.1.2 Seismic data 

Seismic surveys used in this work include 2D multi-channel and single channel 

seismic surveys and 3D seismic surveys (Fig. 3-1), acquired from Repsol S.A. and Office 

National des Hydrocarbures et des Mines (ONHYM). The 3D seismic volumes used 

include Algarve_3D, Calypso 1, and Calypso 2, whereas the 2D seismic surveys utilised 

include: GC-D, GHR10, HE-91, LAR04, NWM03, PD00/PDT00, P74, S81 and Tasyo. 

Relevant acquisition and processing parameters are also included in the Material and 

Methods or Supplementary Materials sections of chapters 4, 5 and 6. 

3.1.3 Drilling data 

Drilling data used in this work include those acquired from petroleum exploration 

wells of Repsol S.A. and OHNYM, and Integrated Ocean Drilling Program (IODP) 

scientific expedition sites (Fig. 3-1). They are divided into geophysical data which 

commonly are available as well logs and geological data in the form of well reports. In 

the Expedition 339 of the IODP, scientists drilled five scientific sites in the Gulf of Cádiz: 

e.g., U1386, U1387, U1388, U1389 and U1390, and two on the western Iberian margin, 

e.g., U1385 and U1391 (Expedition 339 Scientists, 2013; Hernández-Molina et al., 2016). 

Other than that, exploration wells acquired by the petroleum industry include the 

following: Algarve-1, Algarve-2, Atlantida-3, Corvina, Golfo de Cádiz B-3 (GCB-3), 

Golfo de Cádiz E-1 (GCE-1), Golfo de Cádiz Mar Profundo C-1 (GCMPC-1), Imperador 

Neptuno-1, Neptuno-2 and Ruivo from Southwest Iberian margin; three additional wells: 

Anchois-1, Deep Thon-1, and Merou-1 from Northwest Moroccan margin, and Pescada-

1 from the southern West Iberian margin. 



 

 
 

Figure 3-1 Compilation of 

dataset used in the project, 

including bathymetric, seismic, 

and drilling data. 

 



 

 

3.1.4 Collaborative input 

This research project is conducted in the framework of The Drifters Research 

Group, Department of Earth Sciences, Royal Holloway University of London. 

Collaborations with other research projects running in parallel within the group, were 

carried out, where results emerged from these projects has also been incorporated into the 

discussion of this topic, to provide a dynamic overview of the sedimentary evolution of 

the Gulf of Cádiz. 

Internal collaborators include contemporaneous researches in or around the Gulf 

of Cádiz, such as the seismic analysis of the tectonostratigraphic & morphostructural 

controls on sedimentation, led by Débora F.P. Duarte; sedimentary and ichnological 

facies analysis of the Pliocene-Quaternary contourite depositional system, led 

respectively by Dr. Sandra de Castro Santos and Dr. Javier Dorador; and sedimentary 

facies analysis of the Late Miocene contourite depositional system of the Rifian Corridor, 

Morocco, led by Dr. Wouter de Weger.  

External collaborators include Prof. Francisco. J. Sierro (Universidad de 

Salamanca) and Dr. Santiago Ledesma (Naturgy S.A.) which assisted with the 

chronological and seismostratigraphic correlation of the Gulf of Cádiz with the lower 

Guadalquivir basin, onshore Spain; M. Amine Manar (ONHYM), on the 

seismostratigraphic correlation of the Gulf of Cádiz with the Gharb and Saiss basins, 

onshore Morocco; Álvaro Arnáiz Giménez-Coral (Repsol S.A.), on the sedimentary 

evolution of the Deep Algarve basin; and the interdisciplinary collaboration with Prof. 

Mike Rogerson (Northumbria University) on the relationship of the sedimentary 

evolution of the Gulf of Cádiz with the physical oceanography of the Mediterranean-

Atlantic gateway exchange. 

 

3.2 Methods 

The methods of this work are carried out mainly by seismic analysis. It includes 

the seismic interpretation of seismostratigraphy, as well as the seismic-to-well correlation 

to cross-check interpretations and to establish chronostratigraphy of the Neogene basins. 
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3.2.1 Seismic Analysis 

Basin analysis on the continental slope of the Gulf of Cádiz is carried out on 

seismic data listed in section 3.1.2, using the Petrel E&P software platform by 

Schlumberger N.V.. Seismic interpretation is carried out to evaluate the sedimentary 

stacking pattern by seismic stratigraphic analysis to understand the sedimentary evolution, 

which is divided into two steps: a. the identification of seismic units and boundaries 

through reflection terminations; and b. the interpretation of seismic facies using reflection 

configurations, based on Mitchum et al., (1977). Specific methods are explained in the 

Materials and Methods section of chapters 4, 5 and 6. 

With the identification of seismic units of the basins, the time structure (isobaths) 

and time thickness (isochron) maps were generated to reconstruct the regional 

paleogeography and to identify the distribution pattern of the seismic units, and for further 

analysis. Morphologies of contourite depositional systems such as erosional and 

depositional features observed on seismic are used as identification criteria for contouritic 

drifts and deposits (Faugères et al., 1999; Hernández-Molina et al., 2008), as mentioned 

in section 2.4.4, whereas geometric attributes, such as structures and thicknesses, and 

amplitude attributes, such as variance and Root Mean Square (RMS) amplitude 

extraction, can be used to identify sedimentary features (Jackson and Kane, 2011), such 

as the distribution of the channels as well as depocentres from the action of bottom 

currents. The interpreted seismic features were compared in terms of their acoustic 

character and distribution against other deposits of other deep-water sedimentary process, 

such as gravity flow deposits including turbidites and mass transport deposits, and 

pelagites or hemipelagites. 

This method relies on the resolution of the seismic reflection data and their signal 

bandwidth, which dictates the minimum spatial or temporal separation between two 

reflection events for them to be distinguished and resolved separately. The vertical 

resolution is determined by the dominant wavelength, which is controlled by wave 

velocity and the dominant frequency. Using the Rayleigh criterion for Ricker wavelets, 

the vertical resolution limit can be expressed in terms of wavelength of the dominant 

frequency lambda as approximately λ/4. Whereas the lateral resolution is the Fresnel 

zone, which depends on the depth to the reflector, the velocity above the reflector and the 

dominant frequency. Both these resolutions can be increased through better acquisition 

and processing techniques, such as deconvolution and migration.  
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The multi-channel seismic surveys in the study area have an approximate 

dominant frequency of 30 Hz at the interval of interest. Assuming an average velocity of 

2,000 m s-1 for the same interval, the average vertical and lateral resolutions are estimated 

to be 17 and 67 m respectively (Llave et al. 2011). Other high resolution seismic surveys 

with dominant frequency of 100-1000 Hz are also available, which gives an average 

vertical resolution of 0.5 - 5 m (Llave et al., 2007). Based on the average hemipelagic 

sedimentation rate of 5.2-17.5 cm ka-1 (Chapter 4) in the study area, each seismic 

reflection will represent stratigraphic interval of approximately 100-300 kyr. However, 

input of turbiditic and or contouritic sediments may significantly increase sedimentation 

rate and reduce the time range for each reflection. 

3.2.2 Chronologic Correlation 

Bio- and cyclo-stratigraphic data acquired from drilling data listed in 3.1.3 are 

utilised to construct the chronologic framework and to assign geologic ages based on the 

correlation through seismic to well ties. The chronology of the studied interval is also 

correlated to previous works in the study area, including Maldonado et al. (1999), Lopes 

et al. (2006), Llave et al. (2011), Roque et al. (2012), Hernández-Molina et al. (2016), 

Ramos et al. (2017) for the Gulf of Cádiz; Alves et al. (2003) and Rodrigues et al. (2020) 

for the southern West Iberian margin, Ledesma (2000) for the Guadalquivir basin, and 

Capella et al. (2017a) and de Weger et al. (2021) for the Gharb and Saiss basins.  

In the Atlantic domain, the limited well penetration into the interval of interest 

available led to uncertainties regarding the determination of age constraints for 

stratigraphic model. The sedimentary description of each stratigraphic unit, on top of the 

bio- and cyclo-stratigraphic data, are also carried out in less detail for the Late Miocene 

interval compared to the Pliocene to Quaternary. The research also relied on 

chronological information available in previous works from the Mediterranean. The bio- 

and cyclo-stratigraphic, combined palaeomagnetic data allowed for the pre- and post- 

Messinian salinity crisis evaporite marginal succession onshore Mediterranean to be 

precisely constrained within an error of ~10 kyr, equivalent to a single precessional cycle 

(Krijgsman et al., 1999; Flecker et al., 2015). However, in the evaporitic stages, the lack 

of biostratigraphic markers and weak paleomagnetic signal led to an age determination 

based solely on the precessional cyclostratigraphy (Hilgen et al., 2007; Roveri et al., 

2014). On top of that, the age constraints for the basinal succession are reliant on seismic 

interpretation with absence of well ties available for correlation (Flecker et al., 2015).  
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3.2.3 Quantitative Evaluation 

Adaptation in the paleoceanographic regime between the Mediterranean and the Atlantic 

are a synchronous outcome to changes in sedimentary deposition in the Gulf of Cadiz 

during the Late Miocene. A simplistic representation of the past flow exchange introduced 

by previous works (Rogerson et al., 2012; Simon and Meijer, 2015) are used to test certain 

hypothesis with regards to the paleoceanography in agreement with the sedimentary and 

stratigraphic observations, which are inclusive of the variables related to the 

Mediterranean-Atlantic gateway exchange. They are: 

𝑄MOW

𝑄inflow
= 1 / (

𝑆M

𝑆A
)                                                                         (1) 

𝑄AMW  =   𝑄MOW  ⁄                                                                            (2) 

 = 1 −  
𝐵geo

1
3⁄

𝑈geo
                                                                       (3) 

𝐵geo =
𝐻MOW 𝑈MOW g′

(1 + 2𝐾geo x  𝑤MOW)⁄
                                                             (4)  

𝑈geo = g′𝛼 𝑓⁄                          (5) 

g′ =
𝜌AMW−𝜌ATL

𝜌AMW
                                                                             (6) 

where, equation 1 represents the relationship between fluxes and salinities, where the ratio 

of QMOW to Qinflow (Sv, fluxes of Mediterranean outflow and Atlantic inflow) are inversely 

affected by proportions of SM against SA (PSU, salinities of the Mediterranean and 

Atlantic water); equation 2 represents the relationship between QAMW and QMOW (Sv, 

fluxes of Atlantic Mediterranean Water and Mediterranean Outflow), controlled by Φ 

(mixing coefficient of AMW and MOW); equation 3 represents the mixing coefficient of 

AMW and MOW (Φ), which is determined by the inverse sigmoidal relationship from 

the ratio of Bgeo and Ugeo (m s-1, geostrophic buoyancy flux and velocity); equation 4 

represents the geostrophic buoyancy flux (Bgeo), measured by HMOW (m) , UMOW (m s-

1), wMOW (m) and g’ (height, velocity, and width of MOW at the gateway, and the density 

anomaly of the plume within the ambient water) against Kgeo, (geostrophic Ekman 

number, assumed 0.2 m s-1) and x (m, the distance downslope from which mixing or 

entrainment occurs, assumed 100,000 m); equation 5 represents the Ugeo is measured by 

g’, α (the slope the water is moving over) and f (acceleration due to Coriolis force, 

assumed 0.000084 m s-2); and equation 6 represents the density anomaly (g’), determined 

from ρAMW and ρATL (kg m-3, densities of AMW and ambient Atlantic water).
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Abstract 

The Mediterranean-Atlantic water-mass exchange provides the ideal setting for deciphering the 

role of gateway evolution in ocean circulation. However, the dynamics of Mediterranean Outflow 

Water (MOW) during closure of the Late Miocene Mediterranean-Atlantic gateways are poorly 

understood. Here, we define the sedimentary evolution of Neogene basins from the Gulf of Cádiz 

to the West Iberian margin to investigate MOW circulation during the latest Miocene. Seismic 

interpretation highlights a middle to upper Messinian seismic unit of transparent facies, whose 

base predates the onset of the Messinian salinity crisis (MSC). Its facies and distribution imply a 

predominantly hemipelagic environment along the Atlantic margins, suggesting an absence or 

intermittence of MOW preceding evaporite precipitation in the Mediterranean, simultaneous to 

progressive gateway restriction. The removal of MOW from the Mediterranean-Atlantic water-

mass exchange reorganised the Atlantic water-masses and is correlated to severe weakening of the 

Atlantic Meridional Overturning Circulation (AMOC) and a period of further cooling in the North 

Atlantic during the latest Miocene. 
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Introduction 

Gateway evolution plays a significant role in the reorganisation of global ocean circulation 

(Berggren, 1982; Knutz, 2008; Straume et al. 2020). The Mediterranean-Atlantic water-mass 

exchange provides the ideal setting for such research. At present, the Mediterranean-Atlantic 

exchange is characterized by an anti-estuarine circulation (Wüst, 1961) involving a surficial 

Atlantic inflow and a deeper outflow, known as the Mediterranean Outflow Water (MOW), 

through the Strait of Gibraltar (Sánchez-Leal et al., 2017). The MOW is predominantly sourced 

from the intermediate water-mass of the Mediterranean, known as the Levantine Intermediate 

Water (LIW) (Millot et al., 2006). Upon exiting the Strait of Gibraltar, the dense MOW cascades 

onto the Gulf of Cádiz continental slope, entraining or mixing with Atlantic ambient water to form 

the Atlantic Mediterranean Water (AMW) (Rogerson et al., 2012b). The entrained ambient water 

is mainly sourced from the Azores Current, which originates at the Azores Front, the boundary 

between the European and African surface water-masses (Rogerson et al., 2004). The resulting 

AMW water-mass settles along the middle continental slope (~1000–1500 m) and flows 

northwards above the North Atlantic Deep Water (NADW) (O'Neill-Baringer and Price, 1997; 

Hernandez-Molina et al., 2016). MOW input into the Atlantic has a significant impact on the 

formation of the NADW and on the thermohaline circulation (Pérez-Asensio et al., 2012), known 

as the Atlantic Meridional Overturning Circulation (AMOC). Removal or interruption of MOW 

would significantly impact the AMOC by ~15% and reduce sea surface temperatures by up to 1°C 

(Rogerson et al., 2012b). The AMOC plays a vital role in the earth’s climate through the northward 

transport of heat and CO2, which bears an impact on the Arctic Sea ice volume (Liu et al., 2020) 

and the ocean-terrestrial carbon cycle (Zickfeld et al., 2008). 

The Mediterranean-Atlantic exchange was also active through the Late Miocene gateways 

(Fig. 4-1; ~11.6 – 6.9 Ma; Krijgsman et al., 2018), which include the Betic and Riffian corridors 

currently exposed onshore southern Spain and northern Morocco, respectively (Capella et al., 

2017), and possibly the Strait of Gibraltar (Krijgsman et al., 2018). It is thought to have ceased or 

become reduced during the latest Miocene, causing isolation of the Mediterranean Sea from the 

Atlantic Ocean, hence the Messinian salinity crisis (MSC; 5.97–5.33 Ma; Krijgsman et al., 1999; 

Manzi et al., 2018). However, since formulating the MSC concept, Selli (1960) also argued for the 

early Messinian (~7.25 Ma) as the actual beginning of the MSC; it is marked by dystrophic faunal 
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elements in the Mediterranean as the earliest indication of an ongoing restriction of the exchange. 

Yet restriction of MOW from the Mediterranean-Atlantic water-mass exchange is one of the 

prerequisites for hypersaline conditions to deposit MSC evaporites (Flecker et al., 2015). In the 

Mediterranean, an inferred base-level fall and erosion of its margins during the MSC acme, and 

subsequent refilling by an open marine connection with the Atlantic, respectively resulted in a 

regional Messinian erosional surface (MES; 5.61 Ma), and a sharp lithological and paleontological 

change across the Miocene-Pliocene boundary (5.33 Ma) (Roveri et al., 2014). In turn, the onset 

of the MSC (5.97 Ma) shows no correlation to glacio-eustatic change and was thought to be 

controlled dominantly by tectonics (Flecker and Ellam, 2006; Hodell et al., 2001; Krijgsman et al., 

2004). 

In the Atlantic domain, open marine conditions have prevailed throughout the Miocene to 

the present (Flecker et al., 2015). Locally, the continental margins surrounding the Gulf of Cádiz 

were affected by gravitational processes due to rapid regional uplift and tectonic instability after 

the Middle to Late Miocene Betic-Rif Orogeny (Duggen et al., 2003). The Betif-Rif Orogery, due 

to convergence between Africa and Eurasia, transformed a wider Middle Miocene gateway (~15 

Ma) into several Late Miocene narrow and shallow corridors (~8 Ma) affecting MOW distribution, 

namely: the North Betic Strait, Guadix Basin, Zagra Strait, Guadalhorce Strait, and the North and 

South Riffian Corridors. (Fig. 4-1; Capella et al., 2019; Krijgsman et al., 2018). The continuous 

constriction and closure of these corridors and the reduction of the water-mass exchange are 

collectively known as the Mediterranean-Atlantic gateway restriction (Krijgsman et al., 2018; 

Pérez-Asensio et al., 2012). The distribution of contourite depositional systems within these 

corridors serves as evidence of bottom current influence from the MOW as it exits the 

Mediterranean (de Weger et al., 2020; Martín et al., 2009). The increase in bottom-current 

velocities as a consequence of the ongoing restriction of the corridors, and the initiation of an 

overflow setting for the MOW across the Mediterranean-Atlantic water-mass exchange, resulted 

in the deposition of sandy contourites in the Betic and Riffian Corridors during the late Tortonian 

to early Messinian (7.8 – 7.25 Ma; Capella et al., 2017; de Weger et al., 2020; Martín et al., 2009), 

but has yet to be described for the Gulf of Cádiz. During this period, the Gulf of Cádiz would have 

represented the downstream continuation of the Betic and Riffian Corridors for MOW circulation 

after exiting the Mediterranean. Relocation of the contourite depositional system to the Gulf of 

Cádiz, within the Deep Algarve, Doñana, Sanlúcar and Cádiz basins (Fig. 4-1), occurred from 
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Pliocene to the present (5.33 Ma onwards), with the MOW flowing through the Strait of Gibraltar 

(Hernández-Molina et al., 2014; 2016). However, the Strait of Gibraltar might have opened earlier 

in the early Messinian (Krijgsman et al., 2018). Meanwhile, the Guadalquivir and Onshore Gharb 

basins (Fig. 4-1), located at the western end of the Betic and Riffian corridors, became marine 

embayments after the closure of these corridors (Capella et al., 2017; Pérez-Asensio et al., 2012). 

Despite extensive outcrop studies carried out onshore, the timing of final closure of the gateways 

remains unknown, due to erosional hiatuses in the sedimentary record (Capella et al., 2017; Hüsing 

et al., 2010). Some outcrop studies suggest that the closure of the gateways occurred well before 

the onset of the MSC (Kouwenhoven et al., 1999; Martin et al., 2002), whereas modelling studies 

suggest that a narrow (~1 km) and shallow (~10m) connection is sufficient to supply the salt for 

the MSC evaporites (Meijer and Krijgsman, 2005). 

 
Figure 4-1 Data set including post-stack, time-migrated multichannel two-dimensional (2-D) seismic 

reflection surveys from ONHYM, Repsol S.A., and TGS-Nopec; borehole data from exploration wells and 

IODP Expedition 339 scientific sites. Coordinate system: WGS 84 UTM 29N. (Inset) Geographic location 

of the Gulf of Cádiz and the Late Miocene and present-day gateways.
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Figure 4-2 Seismostratigraphy and regional 

distribution of the middle-upper Messinian 

unit in (a) Southwest Iberian (SWIM) and (b) 

Northwest Moroccan margins regional profile 

(uninterpreted seismic profile in Fig. 4-S2 - 

supplementary material) with borehole 

correlations to U1387 (van der Schee et al., 

2016), Algarve-2 (Hernández-Molina et al., 

2016), Atlantida-3 and GCB-3 (Ledesma, 

2000), and GCMPC-1 (Hernández-Molina et 

al., 2014) (Table 4-S1 in supplementary 

material).
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Here, we define the middle to late Messinian sedimentary evolution and its 

relationship with its upper and lower bounding stratigraphic units in the Neogene basins 

(Offshore Gharb, Deep Algarve, Doñana, Sanlúcar, Cádiz and Alentejo basins), located on 

the upper to middle continental slope of the Northwest Moroccan (NWMM), the Southwest 

Iberian (SWIM), and the southern part of the West Iberian (WIM) margins (Fig. 4-1) using 

seismic stratigraphic analysis, correlated to chronology and lithology from borehole data 

(Fig. 4-2). We compared the distribution of the middle to upper Messinian succession with 

the Guadalquivir and Onshore Gharb basins (Fig. 4-1), based on the literature, to evaluate 

its significance for the Mediterranean-Atlantic water-mass exchange and its implications 

for sedimentary and paleoceanographic processes in the Atlantic. For the first time, we 

investigated the paleoceanographic scenarios for the Late Miocene Mediterranean-Atlantic 

water-mass exchange through a hypothetico-deductive method, using a simple quantitative 

representation of the system together with seismostratigraphic evidence and observation. 

 

Materials and Methods 

Seismic analysis and borehole correlation 

We compiled a regional database of seismic reflection and borehole data in the Gulf 

of Cádiz to the southern part of the West Iberian Margin (Fig. 4-1). We carried out seismic 

interpretation of the database, which entailed the identification of seismic facies and 

boundaries, focusing on the middle to late Messinian unit. We utilized the nomenclature 

for seismic facies description and interpretation of Prather et al. (1998) based analogously 

on an intraslope basin setting in the Gulf of Mexico, which characterized three primary 

seismic facies categories (chaotic, convergent, and draping). The seismic stratigraphy was 

correlated to borehole data (Fig. 4-2) consisting of lithological and chronological 

information (Table 4-S1). They include five wells available from the literature: Algarve-2 

(Hernández-Molina et al., 2016), Atlantida-3 and Golfo de Cádiz B-3 (GCB-3; Ledesma, 

2000), Golfo de Cádiz Mar Profundo C-1 (GCMPC-1; Hernández-Molina et al., 2014), and 

U1387 (van der Schee et al., 2016); three additional wells: Anchois-1, Deep Thon-1, and 

Merou-1, were acquired from an internal report for petroleum exploration by Repsol S.A., 
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titled “Tanger-Larache Sedimentological study” (hereinafter referred to as Repsol S.A., 

2013). The chronological information is based on bio- and cyclo-stratigraphic dating 

acquired from boreholes with top-only penetration of the middle to late Messinian unit in 

U1387 (van der Schee et al., 2016) and Algarve-2 (Hernández-Molina et al., 2016), while 

its base is reached in Atlantida-3 and GCB- 3 (Ledesma, 2000), GCMPC-1 (Hernández-

Molina et al., 2014), Anchois-1, Deep Thon-1 and Merou-1 (Repsol S.A., 2013) (Table 4-

S1). 

Quantitative exploration of past flow conditions 

We adopted simple quantitative representations below to test three possible 

scenarios through a hypothetico-deductive method, based on the climatic, paleogeographic 

and paleoceanographic conditions during the middle to late Messinian, where a two-way 

water-mass exchange between the Atlantic and the Mediterranean could be active. These 

experiments directly test hypotheses drawn from seismic and borehole analysis, which is 

limited to determining the presence or absence of flow on the slope, and the bottom velocity 

thresholds required for muddy and sandy bedform deposition. Key to the latter is the 

threshold at which sandy contourite deposition commences, as we expect deposits of this 

nature to be resolved in seismic data as packages with variable impedance. Field and 

experimental works (e.g., Culp et al., 2020; McCave et al., 2017; McCave and Hall, 2006) 

indicate that winnowing of muddy marine sediments and construction of muddy bedforms 

occur at flow velocities higher than 0.15 m s-1, while winnowing, reworking and 

accumulation of sandy marine sediments occur at flow velocities higher than 0.2 m s-1. 

Consequently, the maximum MOW or AMW plume velocity on the Gulf of Cádiz upper 

to middle slope for the middle to late Messinian, where no contourite deposition is observed 

within the seismic resolution of our dataset, would be 0.2 m s-1, while the physical 

oceanography of the exchange must be consistent with generating flow no faster than this 

value. We also investigated a MOW or AMW plume velocity of 0.15 m s-1 for the threshold 

of silt-rich muddy contourite formation by bottom currents. Three scenarios allowing for a 

continuing MOW are explored here: 
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• Scenario A: The flux of exchange (and thus the size of the plume) was so small that 

the area impacted on the slope could not be resolved by the seismic analysis; 

• Scenario B: The flow was slower during the middle to late Messinian than it was 

during the late Tortonian to early Messinian, where contourite deposition can be 

observed; and 

• Scenario C: The seismic analysis does not cover the region over which the MOW 

or AMW was flowing during the middle to late Messinian. 

Following previous intensive research into these relationships (Rogerson et al., 

2012a; Simon and Meijer, 2015), we used equations 1 – 6 to represent the system, 

𝑄MOW

𝑄inflow
= 1 / (

𝑆M

𝑆A
)                                                                         (1) 

𝑄AMW  =   𝑄MOW  ⁄                                                                             (2) 

 = 1 −  
𝐵geo

1
3⁄

𝑈geo
                                                                           (3) 

𝐵geo =
𝐻MOW 𝑈MOW g′

(1 + 2𝐾geo x  𝑤MOW)⁄
                                                                (4) 

     𝑈geo = g′𝛼 𝑓⁄                                                                             (5) 

g′ =
𝜌AMW−𝜌ATL

𝜌AMW
                                                                           (6) 

where 𝑄inflow, 𝑄AMW and 𝑄MOW (Sv) are respectively the fluxes of Atlantic inflow, AMW, 

and MOW; SM and SA (PSU) are the salinities of the Mediterranean and Atlantic water, 

respectively;  is the mixing coefficient of AMW and MOW; Bgeo and Ugeo (m s-1) are 

geostrophic buoyancy flux and velocity, where Bgeo is measured by HMOW (m), UMOW (m s-

1) and wMOW (m), which are the height, velocity and width of pure MOW at the gateway, 

Kgeo (m s-1), which is the geostrophic Ekman number (assumed 0.2), and x (m), which is 

the distance downslope from which mixing or entrainment occurs (assumed 100,000 m,; 

while Ugeo is measured by g’, which is the density anomaly of the plume within the ambient 

water, , which is the slope the water is moving over, and f , which is the acceleration due 
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to Coriolis force (assumed 0.000084 m s-2); g’ is determined from 𝜌𝐴𝑀𝑊 and 𝜌𝐴𝑇𝐿 (kg m-

3), which are respectively the densities of AMW and ambient Atlantic water (Rogerson et 

al., 2012b).  

 Today, the velocity of water (Ugeo) interacting with bedform-dominated sediment 

surfaces varies between 1.4 m s-1 for regions with sandy contourites or abrasion surfaces 

to 0.3-0.5 m s-1 for muddy contourites (O'Neill-Baringer and Price, 1999). The higher 

velocities in proximal parts of the system reflect the presence of an unmixed core of MOW 

water which is yet to frictionally entrain ambient Atlantic water, and thus relates directly 

to the modern salinity difference of Mediterranean and Atlantic water of ~2 PSU (Rogerson 

et al., 2012b). The lower velocities in the distal part of the system reflect water almost 

completely mixed to produce AMW (Atlantic Mediterranean Water) composition, and thus 

relates to the density of the plume of water that lies at neutral density in the Atlantic.  

 

Results 

Seismic Analysis  

Seismic interpretation of the Gulf of Cádiz continental slope shows three main 

sedimentary intervals above a basin-wide erosional unconformity known as the Basal 

Foredeep unconformity (BFU; ~8.2 Ma, sensu Maldonado et al., 1999). The BFU is 

juxtaposed against a thick chaotic body pinching out northwards, known as the 

Allochthonous Unit of the Gulf of Cádiz (AUGC; Fig. 4-2; sensu Medialdea et al., 2004). 

Above the BFU, an upper Tortonian-lower Messinian (~8.2 – ~6.4 Ma) succession 

consisting of high-amplitude convergent-by-baselap facies (Fig. 4-3b) is observed along 

the Southwest Iberian margin. In the Northwest Moroccan margin and the southern part of 

the West Iberian margin, the upper-Tortonian-lower Messinian succession consists of 

cyclical alternations of low-to-high-amplitude reflections in sheeted or mounded 

geometries adjacent to basin margins (Fig. 4-3, a and c). The top of the upper Tortonian-

lower Messinian succession is bounded by, or locally truncated against, an unconformity.  
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Figure 4-3 Seismic 

profiles indicating the 

distribution of the middle-

upper Messinian unit across 

southern West Iberian 

margin (WIM): (a) PD00-

608; (b) Southwest Iberian 

margin (SWIM): S81-N27 

and S81-N25; and (c) 

Northwest Moroccan 

margin (NWMM): GHR10-

6. Uninterpreted seismic 

profiles in Fig. 4-S3 

(supplementary material). 
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Overlying the upper Tortonian-lower Messinian succession is a middle-upper 

Messinian seismic unit of transparent seismic facies or with seismic reflections of very low 

amplitude, locally underlain by high-amplitude reflections (Fig. 4-2 and 4-3). It has a 

relatively homogenous reflection configuration, in sheeted or draped geometries. The base 

is erosional at basin margins with locally high-amplitude chaotic facies (Fig. 4-3b) with a 

“gull-wing” geometry (sensu Wynn et al., 2007) and onlap to downlap terminations (Fig. 

4-43c). The basal boundary could also be conformable on older successions in the basin 

centers (Fig. -2b). Within the Offshore Gharb basin, the transparent reflections are 

interrupted by intervals of high amplitude convergent-by-thinning facies in the basin centre 

and high amplitude chaotic facies at the basin margin (Fig. 4-2b and 4-3c), whereas away 

from the basin this unit can be observed as draping facies at the margins (Fig. 4-3c). Across 

the upper to middle slope of the Gulf of Cádiz, the tabular distribution of the middle to 

upper Messinian unit is also punctuated by structural highs (Fig. 4-2a) and areas of erosion 

(Fig. 4-4), or depocenters with the presence of high amplitude chaotic or convergent facies, 

most prominently the eastern section of the Deep Algarve basin and the Offshore Gharb 

basin (Fig. 4-2b and 4-3a). 

The top boundary of the middle-upper Messinian seismic unit is generally 

conformable with a change from transparent to relatively continuous seismic facies (Fig. 

4-2b and 4-3b), or locally unconformable as truncation surfaces against younger 

successions (Fig. 4-3a), represented by the Miocene-Pliocene boundary (MPB; 5.33 Ma; 

sensu Hernandez-Molina et al., 2016). The Pliocene-Quaternary (5.33 Ma – present) 

succession above consists of lowermost Pliocene low- to moderate-amplitude parallel 

continuous facies in the basin centres, or lower Pliocene high-amplitude chaotic facies on 

the basin margins truncating the lowermost Pliocene units. They are overlain by upper 

Pliocene-Quaternary cyclical alternation of low- to high- amplitude sequences in sheeted 

to mounded geometries associated with alongslope channels (Fig. 4-3, a and c), or 

prograding clinoforms in the north- and southeast originating from lower Guadalquivir and 

Onshore Gharb basins, respectively (Fig. 4-3b). 

The contrast in seismic facies between the middle-upper Messinian unit with the 

upper Tortonian-lower Messinian and Pliocene-Quaternary succession below and above, 



 

 

 

Page | 85  

 

respectively, provides a distinctive signature for regional stratigraphic correlation across 

the Gulf of Cádiz towards the southern part of the West Iberian margin (Fig. 4-2 and 4-3) 

and can be considered as a regional marker horizon or stratigraphic unit. The middle to 

upper Messinian unit has an average thickness of 100 ms TWT (with a range of 50-150 ms 

TWT), distributed uniformly across the upper to middle continental slope, as shown by the 

time thickness map of the middle to late Messinian unit (Fig. 4-4). An exception is observed 

for the Offshore Gharb basin in the Northwest Moroccan margin, with distribution of the 

middle to upper Messinian unit reaching up to 1200 ms TWT in thickness (Fig. 4-2b and 

4-4). Likewise, a thicker distribution for the upper Tortonian-lower Messinian succession 

is observed for the Northwest Moroccan margin and the southern part of the West Iberian 

margin (500-1000 ms TWT), in contrast to the Southwest Iberian Margin (250-500 ms 

TWT). 

 

Figure 4-4 Time thickness (TWT) map of the middle-upper Messinian unit across Northwest 

Moroccan (NWMM), Southwest Iberian (SWIM), and southern West Iberian (WIM) margins 

(Contour interval: 100 ms TWT). 
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Borehole Correlation  

Correlation of the middle to upper Messinian unit to borehole data indicates 

fossiliferous marls to clays with distinct bioturbation, containing few lithic coarser particles 

(Hernandez-Molina et al., 2014; van der Schee et al., 2016), with a mean interval velocity 

(Vint) of ~2290–2570 m s-1 based on check-shot data from Algarve-2 and GCMPC-1. In 

the Offshore Gharb basin, this interval is recorded in Anchois-1, Deep Thon-1 and Merou-

1 as very shaly or dirty unconsolidated sands with intercalations of clays (Repsol S.A., 

2013). Bio- and cyclo-stratigraphic dating (Fig. 4-2 and 4-5; Table 4-S1) show deposition 

of the unit spanning an interval of ~1.1 Ma (>6.37–5.33 Ma), with the base predating the 

First Occurrence (FO) Globorotalia margaritae, Last Regular Occurrence (LaO) or Last 

abundant Occurrence (LaO) Globorotalia miotumida events dated 6.31 to 6.35 Ma, and the 

sinistral to dextral coiling change of the Neogloboquadrina acostaensis event dated 6.37 

Ma (Krijgsman et al., 2004). 

Quantitative Constraint on Changes in the Oceanographic System 

Assuming an absence of contourite deposition within the seismic resolution of our 

dataset, the critical requirement for a continuing MOW in the Gulf of Cádiz is the flow 

velocity threshold of 0.2 m s-1 for the onset of winnowing and accumulation of sands 

(McCave and Hall, 2006). Additionally, the 0.15 m s-1 threshold where winnowing and 

silty bedform construction begins (Culp et al., 2020; McCave et al., 2017) is considered. 

Three scenarios would permit MOW to continue across the Mediterranean-Atlantic water-

mass exchange but be invisible under the resolution of our seismic analysis: A) a very small 

plume (due to considerably reduced flux), B) a plume flowing very slowly, and C) the 

plume has moved out of the analyzed area. All three possibilities are investigated. Unless 

one of these scenarios is capable of producing the sedimentary features observed above, 

the exchange must have been different from that found today.  

Two critical constraints on the system are revealed by equations 1-6 (presented in 

Material and Methods), which reflect two inverse relationships: firstly, between flux and 

salinity, and secondly between salinity and ambient water entrainment. During the 
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salinification of the Mediterranean, small fluxes of the Mediterranean-Atlantic water-mass 

exchange at the sill correlate to high salinity in the outflowing Mediterranean water (via 

equation 1). This relationship is explored in detail in Simon and Meijer (2015), and we 

adopt their conclusions here. Accordingly, a high salinity or density in the outflowing 

Mediterranean water would result in a high velocity MOW (via equations 5 and 6), an 

intense frictional mixing with ambient water as it passes over the sill of the Mediterranean-

Atlantic gateways (via equation 3) and hence a vigorous formation of AMW (Rogerson et 

al., 2012b). Consequently, as the flux of MOW (QMOW) falls, its mixing or entrainment 

behaviour (Φ) also changes (via equation 2). Where QMOW is below modern values (~0.68 

Sv), these influences balance, providing the counter-intuitive result that the flux of AMW 

(QAMW) is almost invariable. The behaviour is best illustrated via the relationship between 

Φ (Phi) and velocity (see Fig. 4-S1 in supplementary material). Consequently, a very small 

flux of very saline water would, under a first approximation, generate a geostrophic current 

similar to today, and hence a contourite depositional system in the Gulf of Cádiz. 

This inverse and non-linear relationship between MOW salinity and entrainment of 

ambient Atlantic water complicates the relationship of the Mediterranean-Atlantic water-

mass exchange at the sill, and the expected response in both the Gulf of Cadiz and the 

Mediterranean to changes in other oceanographic conditions. Under freshening scenarios, 

a reduced salinity or density, and hence velocity (via equations 5 and 6), for the MOW 

flowing into the Atlantic would suppress entrainment (via equation 3), resulting in an 

almost unchanged AMW compared to pure MOW post-mixing. This control essentially 

acts as negative feedback to changes in the system, which maintains the physical size of 

the flux. Consequently, a slower outflow would reflect a less-dense water-mass in the 

Mediterranean. Overall, the resulting dynamics between the physical properties of the 

Mediterranean-Atlantic water-mass exchange described above are significant for 

constraining scenarios to discuss the possibility of a continuing outflow across the 

Mediterranean-Atlantic gateways, complementary to our observations in the seismic and 

sedimentary interpretation presented in this study. 
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Discussion 

Stratigraphic and Sedimentary Interpretation  

The middle to upper Messinian unit (~6.4 – 5.33 Ma) is equivalent to the previously 

described lower section of Marismas Sequence in Riaza and Martínez del Olmo (1996), 

Unit M3 in Maldonado et al. (1999), Unit MW3’ in Roque (2007), Subunit U1B in 

Rodrigues (2017), and Subunit E2 in Lopes et al. (2006). Similar successions are found in 

the subsurface of the onshore Guadalquivir basin as Gibraleón clays (Sierro et al., 1996) or 

Unit C in Ledesma (2000), and in the Onshore Gharb basin (Capella et al., 2017) when 

they were marine embayments following gateway closures (Martín et al., 2009; Ivanovic 

et al., 2013). These previous works interpreted similar seismic and sedimentary 

characteristics for the middle to upper Messinian unit (e.g., transparent zones and thick 

clay deposits) and confirm its stratigraphic position in the margin.  

The seismic and sedimentary facies, and the widespread uniform and tabular 

distribution of the middle to upper Messinian unit across the continental margins (Fig. 4-2 

and 4-3), imply dominant deposition of hemipelagic settling in the absence of alongslope 

transport. A higher estimated rate of accumulation (5.2-17.5 cm ka-1) compared to the 

average hemipelagic sedimentation rate (2 cm ka-1, McCave and Hall, 2006) could be due 

to higher influx of allochthonous terrigenous material on the continental slopes (Henrich 

and Hüneke, 2011). Higher sedimentation rates within the intraslope basins, such as the 

eastern Deep Algarve (Fig. 4-3b) and Offshore Gharb (Fig. 4-2b and 4-3c) basins, are due 

to interruption in the background sedimentation by interbedded deposition of deep-water 

turbidite channel-levees and lobes or debrites by gravity flow originating from the adjacent 

margins, or from the Guadalquivir and Onshore Gharb basins, respectively (Ledesma, 

2000). This is indicated by the interpretation of adjoining development of local intervals of 

high-amplitude chaotic to channel facies on the basin margin and high-amplitude 

convergent facies locally within the basin centres, as opposed to the transparent draping 

facies observed regionally across the margin. In the Offshore Gharb basin, the middle-

upper Messinian unit consists of a distal turbidite depositional environment of deep-water 
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channels or lobes interbedded with hemipelagic drapes, as interpreted in the Anchois-1, 

Deep Thon-1, and Merou-1 wells (Repsol S.A., 2013).  

 

Figure 4-5 Chronology of middle-upper Messinian unit (right) and correlation with 

Mediterranean and Atlantic chronostratigraphy (Flecker et al., 2015; Krijgsman et al., 2018), 100 

kyr and filtered 400 kyr eccentricity curves based on orbital solution La04 (Laskar et al., 2004), 

gamma ray logging in measured depth (MD) with biostratigraphy of well GCB-3 (Ledesma, 2000) 

in MD and meters below sea level (mbsl). 
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Underlying the middle to upper Messinian unit, contourite deposits are distributed 

onshore and offshore Morocco (Capella et al., 2017; de Weger et al., 2020) as well as in 

the southern part of the West Iberian margin (Rodrigues, 2017) due to the MOW. This 

indicates an active exchange through the Riffian Corridor until early Messinian, whereas 

synchronous MOW influence in the Deep Algarve and Guadalquivir basins has not been 

reported to date. The fact that the upper Tortonian-lower Messinian sequence in the 

Northwest Moroccan margin is thicker than in the Southwest Iberian margin could also 

reflect higher sedimentary input with an active MOW through a connected Riffian but a 

dormant Betic corridor. However, because of the absence of field evidence onshore 

Morocco for a marine connection above Lower Messinian deposits (Capella et al., 2019), 

a shift in MOW circulation through the Strait of Gibraltar cannot be excluded (Krijgsman 

et al., 2018) with currently available drilling information. 

Meanwhile, the top of the middle to upper Messinian unit relates to the end of the 

MSC, marking a lithological shift from middle to late Messinian hemipelagic conditions 

into lowermost Pliocene contourite deposits formed by the initiation of weak MOW 

through the Strait of Gibraltar from 5.33 to 3.2 Ma (Hernández-Molina et al., 2016), with 

the presence of contourite bigradational sequences directly above the Miocene-Pliocene 

boundary and an abrupt change in sedimentation rate from 10 to 27 cm ka-1 (van der Schee 

et al., 2016). This change is in agreement with the instantaneous return to open marine 

connection observed in the Mediterranean (Roveri et al., 2014). The middle to late 

Messinian and lowermost Pliocene sediments could also be truncated by younger lower 

Pliocene gravity flow deposits, either channel-filled turbidites, debrites, or slope fans 

originating from the margins (~5.2–3.8 Ma) (Ducassou et al., 2016; Sierro et al., 2008). 

They are caused by compressional tectonics superimposed upon glacio-eustatic variation 

(Pérez-Asensio et al., 2018; Sierro et al., 2008). 
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Quantitative Testing of Paleoceanographic Conditions through 

Hypothetico-Deductive Method 

The finding that contourite deposition is not evidenced within the Gulf of Cádiz at 

seismic scale during the deposition of the middle to upper Messinian unit can be interpreted 

in several ways. It is even possible that MOW flow did continue, despite not being resolved 

in our body of data. Here, the viability of continuing but changed alongslope flow is 

explored quantitatively using the simple representation of the plume outlined in Materials 

and Methods, and the physical constraints on the behaviour of the system described in 

Results. Below we discuss the three scenarios put forth in Results, and possible no-analog 

exchanges as an explanation for our observations at the end of this section.   

Could there be a very small flux? 

Given the necessity for the conservation of salt and mass in marginal basin 

exchanges like the Mediterranean-Atlantic connection at the Strait of Gibraltar, a reduced 

flow of water must result in greater density (Bryden et al., 1993). The absolute magnitude 

of the fluxes would then reflect the underlying control from the net freshwater export flux 

for the Mediterranean basin, which is 0.05 Sv (Bethoux and Gentili, 1999). This control 

has been modelled for the Messinian context (Simon and Meijer, 2015), and a small flux 

exchange is highly consistent with the evolution of a more saline Mediterranean water-

mass. Under halite-depositing conditions (Roveri et al., 2014), the flux could be orders of 

magnitude less than today. As described in Results, the small flux would lead to a high 

density and velocity MOW with more intense mixing, and the subsequent vigorous 

formation of AMW, generating a geostrophic current capable of forming a contourite 

depositional system in the Gulf of Cádiz similar to that observed during the Pliocene and 

Quaternary (Hernández-Molina et al., 2014; 2016). Thus, while superficially attractive, it 

is not likely that the absence of contourite deposits in the cores and seismic presented in 

this study can be explained by a very small flux at the gateway. 
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Could there be a slower flow? 

In terms of the paleo-AMW plume, the maximum flow velocity in the region during 

the middle to late Messinian consistent with our observations (absence of contourite 

depositional system) is 0.2 m s-1 (McCave and Hall, 2006), which represents the maximum 

geostrophic velocity (Ugeo) experienced on the slope (O'Neill-Baringer and Price, 1997). 

This is considerably lower than velocities observed in the region today (Sánchez-Leal et 

al., 2017), which are ~1 m s-1 where sandy contourites are forming and in excess of 1.4 m 

s-1 in regions of abrasion (O'Neill-Baringer and Price, 1999). As shown in Results, a low 

velocity MOW or AMW would directly reflect a less dense Mediterranean water-mass. 

This implies that the Mediterranean was much less salty during the middle to late 

Messinian than in the late Tortonian to early Messinian, which is at odds with the empirical 

evidence. Conceptually, some loss of density could be traced to the warming of the 

Mediterranean relative to the Atlantic, but such a regional difference would have to be 

unrealistically large (up to several degrees) and could still not account for the latest 

Miocene when halite or gypsum were deposited in the Mediterranean. Moreover, a slower 

maximum flow velocity threshold (0.15 m s-1) would mean a more significant reduction of 

salinity in the Mediterranean. Hence, we find no conditions under which our seismic 

observations are explained by a very slow-moving plume. 

Could the plume have moved?  

As the position of the gateway moved, the contourite deposition downstream of it must 

have moved as well. The data covers the most northerly (Fig. 4-2a and 4-3b) to the most 

southerly gateway recognized (Fig. 4-2b and 4-3c), fully capturing the possibility of a 

change in gateway position, thus eliminating this possibility. It might be that the MOW 

plume moved deeper down the slope, coming to lie basinward of the seismic data 

presented. For the Late Quaternary, such alterations have been documented (Schönfeld et 

al., 2003; Llave et al., 2006; Rogerson et al., 2012a). Given the operations of mixing and/or 

entrainment to counter changes in the density of outflowing water (see discussion above), 

such settings would not arise from changes in the Mediterranean basin itself, but rather 

from a weakening of the Atlantic Meridional Overturning Circulation (Rogerson et al., 
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2012a). In order for the AMW to reach water depths beyond the range of the seismic data 

presented here, the AMOC would have had to weaken to approximately its conditions 

during the Last Glacial Maximum (Rogerson et al., 2005). A slow AMOC may have 

occurred in warm periods of the Early Miocene, but there is no evidence in favour of this 

hypothesis for the Late Miocene (Steinthorsdottir et al., 2020), and the relatively low 

volume of northern polar ice at the time, as compared to the Late Quaternary Heinrich 

Events, makes a “thermohaline crisis” scenario in the Atlantic difficult to envisage. We 

therefore do not speculate about a sustained period of very low AMOC throughout the 

deposition of the middle to upper Messinian unit (up to several hundreds of thousands of 

years) in support of a deep-water flow at this time (Steinthorsdottir et al., 2020). Unless 

such evidence of sustained low Atlantic overturning during the middle to late Messinian is 

presented, the AMW plume could not be expected to lie lower on the slope than the region 

of the seismic data we examined.  

Was the Mediterranean-Atlantic water-mass exchange different from that of 

today? 

Recent consensus regarding the evaporite-depositing phases in the latest Miocene 

evokes an extremely stratified Mediterranean basins (Yoshimura et al., 2016), with 

exceptionally dense brines occupying deep areas below sills connecting with the Atlantic. 

However, these deep brine bodies would remain within a Mediterranean overturning 

circulation, where quantitative representations of the basin demonstrate that deep brines 

would have continued to mix into overlying waters (Simon and Meijer, 2017), and as part 

of that advection were likely directly drawn up to sill depth by frictional Bernoulli 

aspiration (Rogerson et al., 2012b). Advection of deep waters is required to balance the 

water volume provided to finite deep basins by convection (Simon and Meijer, 2017); 

without the Mediterranean overturning circulation, the mass of salt held in water within the 

deep basins could rapidly be exhausted and evaporite deposition would be replaced by 

sapropel deposition. The extreme stratification scenarios provided by Simon and Meijer 

(2017) are therefore consistent with the quantitative representation of the AMW plume 

used here, and do not suffice to explain the lack of a contourite depositional system in the 

Gulf of Cádiz. 
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Figure 4-6 Scheme of the effect of Mediterranean-Atlantic restriction on the Atlantic Meridional Overturning Circulation (AMOC) during the 

(a) Tortonian, (b) Messinian, and (c) Pliocene. Paleogeographic reconstruction and Mediterranean-Atlantic gateway configuration adapted from 

Scotese (2014) and Krijgsman et al. (2018), respectively (NACW: North Atlantic Central Water; MOW: Mediterranean Outflow Water; LSW: 

Labrador Sea Water; NADW: North Atlantic Deep Water; AABW: Antarctic Bottom Water; AMW: Atlantic-Mediterranean Water. 
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By discarding other reasonable scenarios through this hypothetico-deductive 

method, we find that the most likely explanation for our seismic observations in the Gulf 

of Cádiz and the non-desiccation of the Mediterranean during the deposition of the middle 

to upper Messinian unit is inflow-without-outflow. This implies that the interface between 

the surficial and intermediate (e.g., LIW) water-masses in the Mediterranean had already 

been drawn to- or below sill depth, while the Atlantic sea surface remaining above it 

provided continuous unidirectional eastward flow of relatively fresh water into the 

Mediterranean, balancing evaporation. Still, we are unable to affirm whether there were 

sporadic outflows across the Mediterranean-Atlantic gateway during the middle to upper 

Messinian, which may be required to maintain salinity below evaporitic saturation (Roveri 

et al., 2014), as the primary impact would be deep scouring close to the strait (Siddall et 

al., 2004) later masked by Pliocene erosion (Fig. 4-4). We likewise find no positive 

indication of changes in seismic facies in the middle to upper Messinian unit within the 

seismic resolution of our dataset that could account for sporadic outflows in parts of the 

margins with a more conformable succession (Fig. 4-2). Further research is necessary to 

determine whether this period of apparently no MOW nor AMW plume activity is 

punctuated by shorter returns to two-way water-mass exchange; or whether salt was lost 

from the Mediterranean basin by other means, such as an earlier-than-anticipated onset of 

evaporite deposition in the deep Eastern Mediterranean basins. 

Implications of the Late Miocene Mediterranean-Atlantic Gateway 

Restriction 

The basal unconformity of the middle to late Messinian unit (~6.4 Ma) is linked to 

an onset of dominantly hemipelagic  depositional environment. This seismic and lithologic 

change suggests absent or intermittent bottom currents without the influence of MOW 

through the Late Miocene paleo-gateways before the onset of MSC evaporite precipitation 

and deposition in the Mediterranean. The reduced MOW in the Gulf of Cádiz during the 

middle to late Messinian was probably due to the shallowing of the sill in the paleo-gateway 

by tectonic uplift (Krijgsman et al., 1999). Accordingly, the threshold depth allowed solely 

Atlantic inflow (Capella et al., 2019; Flecker et al., 2015) or intermittent outflow incapable 
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of significantly reworking sediments on the slope of the Gulf of Cádiz since at least 6.37 

Ma, ~400 kyr preceding the onset of the MSC (Manzi et al., 2018). This scenario is 

consistent with a shift from paleo-MOW to paleo-Atlantic bottom waters in the Onshore 

Gharb basin between ~6.64 and 6.44 Ma, based on Neodymium (Nd) isotope values in the 

Bou Regreg valley succession in the Riffian corridor (Salé Briqueterie, Ain El Beida and 

Oued Akrech; Fig. 4-7; Ivanovic et al., 2013). Regional uplift and tectonism (Duggen et 

al., 2003) could also have driven formation of the turbidites observed at the base of the 

middle to upper Messinian unit, with turbidite channels scouring into the lower Messinian 

unit. The reduction of MOW we report at the ~6.4 Ma mark also coincides with a 400-kyr 

eccentricity minima of the orbital solution by Laskar et al. (2004) (Fig. 4-5) and supports 

a stepwise nature for the progressive restriction of the Mediterranean-Atlantic gateway, 

further consolidating the 400-kyr periodicity orbital forcing superimposed on a gradual 

tectonic trend as the mechanism behind gateway closure (Hilgen et al., 2007) and changes 

in the dominant depositional style. An astronomical link to the long eccentricity orbital 

forcing has been proposed for the evolution of stratigraphic events in this region leading 

up to the MSC (Roveri et al., 2014), namely the Tortonian salinity crisis (7.8–7.6 Ma) 

(Krijgsman et al., 2000), the stepwise restriction of Mediterranean-Atlantic connection 

(~7.2 and ~6.8 Ma) (Kouwenhoven et al., 2003), onset of MSC (5.97 Ma) (Manzi et al., 

2018), and the “Messinian Gap” or MSC acme event (5.6–5.55 Ma) (Krijgsman et al., 

1999). The gateway restriction, along with paleoceanographic changes, could explain the 

concurrent phylogenetic divergence of Mediterranean-New World monk seals around 6.3 

Ma, similar to the effect of the Central American seaway closure on Caribbean-Hawaiian 

monk seal divergence (Scheel et al., 2014). 

In the Mediterranean, the gateway restriction was also recorded progressively, 

leading up to the weakening of the MOW at ~6.4 Ma, firstly by a significant reduction of 

deep-water ventilation immediately after the Tortonian-Messinian boundary (7.15 Ma), 

followed by an intensification of bottom-water stagnation and water stratification (6.7 Ma; 

Blanc-Valleron et al., 2002; Kouwenhoven et al., 1999; 2003). These changes were 

accompanied by a lesser diversity of calcareous planktons (Sierro et al., 2003). Then, 

deposition of aplanktic levels related to more adverse conditions of restriction with 
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increased salinity (>50 g/L) took place since 6.4 Ma (Sierro et al., 2008). This period (6.45 

– 6.29 Ma) is furthermore characterized by more negative and unstable δ18O values in the 

Mediterranean, suggesting stronger dilution by continental waters, pointing to a severe 

isolation of the Mediterranean basin, which was no longer regulated by oceanic input but 

by climatic fluctuations (Blanc-Valleron et al., 2002). The widespread precipitation of 

authigenic calcite, dolomite and/or aragonite in the Mediterranean between 6.3 and 5.97 

Ma, prior to the deposition of MSC evaporites, moreover indicates an increasingly 

restrictive and supersaturated environment (Blanc-Valleron et al., 2002; Sierro et al., 

2003). A continuous but reduced surficial Atlantic inflow into the Mediterranean could 

contribute to varying salinity levels around the upper tolerance limit of foraminifera (50 

g/L), but below the threshold of gypsum deposition (130 g/L; Flecker et al., 2015) in the 

Mediterranean marginal basins; meanwhile, the absence of outflow to the Atlantic requires 

salt being lost from the Mediterranean basin through other means, from the initiation of the 

transparent unit until the onset of MSC (~6.4 – 5.97 Ma). In the deeper basins, euxinic 

shales in the pre-MSC interval (Roveri et al., 2014) extending into the first stage of MSC 

(de Lange and Krijgsman, 2010) indicate anoxic and sulphidic bottom water conditions 

that could impede the precipitation of gypsum even where salinity was strongly enhanced. 

Reduced conditions in the deep basin would also explain the synchronous onset of marginal 

gypsum and basinal halite precipitation, reaching saturations of 130 and 350 g/L, 

respectively (Meilijson et al., 2018). Such a scenario still requires a sink of salt from the 

basin, however either via sporadic outbursts into the Atlantic too subtle for seismic 

reflection data to resolve or owing to an earlier-than-anticipated onset of salt deposition in 

the deep Mediterranean basins. Either hypothesis will need to be tested via new coring and 

research. 

The transition from contouritic to hemipelagic sedimentation in the Miocene would 

give rise to changes in the Atlantic paleoceanographic regime (Fig. 4-6). A restricted 

Mediterranean-Atlantic connection and an absence or intermittence of MOW during the 

middle to late Messinian would have significantly reduced Atlantic water entrainment and 

halted formation of the AMW (Rogerson et al., 2012b). This would alter the strength, 

structure and possibly the position of the Azores Front (Ozgokmen et al., 2001) and 
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destabilize the AMOC (Ivanovic et al., 2014; Pérez-Asensio et al., 2012, Sierro et al., 

2020). Assuming that the buoyancy export during the early Messinian was similar to that 

existing today, a loss of MOW would reduce the buoyancy loss within the North Atlantic 

by ~8.53 x 105 kg s-1, which is a change of the same magnitude as that arising from 

Anthropocene Arctic sea ice loss (Liu et al., 2019). A unidirectional loss of salt into the 

Mediterranean via an inflow-without-outflow scenario at Gibraltar during the Messinian 

would also differ from a small net inflow of salt relative to the total inflow-outflow budget 

under the present two-way exchange scenario. This would likely result in anomalously low 

salinity in the adjacent Northeastern Atlantic, and possibly the weakest AMOC since the 

closure of the connection between the Mediterranean and the Indian Ocean during the 

middle Miocene (de la Vara et al., 2013). A revised astronomical age model for ODP Site 

982 in the North Atlantic (Fig. 4-6; Drury et al., 2018), correlated to the Ain El Beida 

section in the Bou Regreg Valley (Fig. 4-6; van der Laan et al., 2005) indicates benthic 

excursions of δ18O and δ13C in the Atlantic intermediate water depths (500–1500 m; sensu 

Emery and Meincke, 1986) around ~6.4 Ma (Drury et al., 2018). The higher average δ18O 

and δ13C values suggest colder conditions (Drury et al., 2018) and could testify to the 

removal of warm and saline AMW and glacial shoaling of the NADW (Gebbie, 2014; Fig. 

4-6b). This major paleoceanographic change is responsible for the enhanced subsurface 

and atmospheric cooling in the mid-latitudes of the Northern Hemisphere (Boulton et al., 

2014; Ivanovic et al., 2014), which coincides with dynamic ice sheet expansion and 

strengthening of the cryosphere-carbon cycle coupling between 6.4 and 5.4 Ma (Drury et 

al., 2018; Herbert et al., 2016). 

 

Conclusion 

The widespread distribution of a predominantly hemipelagic middle to upper 

Messinian unit along the continental slope in the Gulf of Cádiz and the southern part of the 

West Iberian margin can be viewed as the sedimentary response to an absence or 

intermittence of intermediate circulation. This implies no continuous outflow of the 

Mediterranean-Atlantic exchange at least ~400 kyr preceding the MSC, simultaneous to 
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progressive gateway restriction, and correlates to AMOC weakening and North Atlantic 

cooling in the latest Miocene. An alternative interpretation is that the AMOC was severely 

reduced throughout this period, causing the MOW plume to settle at great depth. As this is 

not consistent with existing reconstructions of the Atlantic during the Late Miocene, we 

support the former scenario. 

Either as a means of explaining the transparent unit via deep settling, or as a 

consequence of inflow-without-outflow causing major palaeoceanographic changes 

throughout the North Atlantic, the evolution of the Mediterranean at this time seems to be 

inextricably bound to the evolution of AMOC. One important outcome of this study is the 

recognition of the disadvantages of considering the two basins in isolation, and of the need 

to integrate conceptual models of Atlantic paleoceanography with Mediterranean 

geological models for the latest Miocene. 
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Supplementary Material 

Figure 4-S1 Relationship between mixing coefficient Φ (Phi) and velocity. 
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Figure 4-S2 Uninterpreted regional seismic 

profile, as shown in Fig. 4-2, of (a) Southwest 

Iberian margin (SWIM) including location of 

boreholes Algarve-2, Atlantida-3, GCB-3, 

GCMPC-1 and U1387, and (b) Northwest 

Moroccan margin (NWMM), including 

location of boreholes Anchois-1 and Merou-1. 
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Figure 4-S3 Uninterpreted 

seismic profiles as shown in 

Fig. 4-3, across (a) southern 

West Iberian margin (WIM): 

PD00-608; (b) Southwest 

Iberian margin (SWIM): S81-

N27 and S81-N25; and (c) 

Northwest Moroccan margin 

(NWMM): GHR10-6.  
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Table 4-S1 Bio- and cyclo-stratigraphic dating using planktonic foraminifera biohorizon and astronomical forced climate cycle in boreholes: 

Algarve-2, Atlantida-3, GCB-3 (Golfo de Cádiz B-3), GCMPC-1 (Golfo de Cádiz Mar Profundo-1) and U1387, with age events corrected to mean 

depth in mbsl (meters below sea level). (Key: FCO; first common occurrence; FO – first occurrence; LaO – last abundant occurrence; LCO – last 

common occurrence; LO – last occurrence; LRO – last regular occurrence; dx – dextral; sin – sinistral; KB – 115elly bushing; RT – rotary table; SF 

– seafloor.

Planktonic foraminifera biohorizon /  

cyclo-stratigraphic correlation (*) 

Age of  

event 

(Ma) 

Refer- 

ences 

Borehole mean depth (mbsl) 

Algarve-

2 

 

(10) 

Anchois-

1 

 

(11) 

Atlantida-

3 

 

(12) 

Deep 

Thon-1 

(11) 

GCB-3 

 

(12) 

GCMPC-

1 

 

(13) 

Merou-1 

 

(11) 

U1387 

 

(14) 

Measured Depth (MD) datum (KB/RT/SF) -15.24 -23.70 -13.70 -18.30 -9.50 -15.24 -18.30 558.40 

Seafloor 0  539.8 387.58 139.00 126.00 122.50 489.51 317.70 558.40 

LO G. puncticulata 2.41 (1)     610.50    

LO G. altispira 3.17 (1)   856.30      

LO Sphaeroidinellopsis 3.19 (1)   856.30 556.70 765.50  981.70  

LO G.margaritae 3.85 (2)  1026.30 981.30   1220.76  1193.00 

LaO/LCO G.margaritae 3.98 (1)   1021.30 636.70 848.00  1076.70  

FO G. puncticulata 4.52 (2)    646.70  1445.76 1116.70 1189.22 

Influx G. menardii 5.31, 5.32 (1, 3)         1310.25 

Influx sin. coiled N. acostaensis 5.30, 5.32 (1, 4)        1367.27 

Miocene-Pliocene boundary* 5.33 (5) 1442.76 1696.30  661.70 1270.50 1695.76 1176.70 1384.40 

FaO G. margaritae 5.80 (6)    996.70   1392.20  

FCO G. margaritae 6.05 (7)     1370.50    

FO G. margaritae 6.31-6.35 (7)  2095.30   1375.50 1810.76   

LRO G. miotumida (sin) 6.31 (6)   1407.80  1375.50 1810.76   

LaO G. miotumida (sin) 6.35 (6)    1546.70   1777.70  

Sin. to dx. coiling change N. acostaensis 6.37 (2, 6)   1426.80 1546.70 1415.50    

LO G. menardii 5 (dx) 7.24 (8)   1676.30 1766.70 1690.50    

FCO G. menardii 5 (dx) 7.35 (8)   1691.30  1705.50    

LCO G. menardii 4 (sin) 7.51 (8)   1696.30  1710.50    

Basal Foredeep Unconformity (BFU) ~8.2 (9)   1746.30  1747.50    

References: (1) Lourens et al., 1996; (2) Lourens et al., 2004; (3) van der Laan et al., 2006; (4) Iaccarino et al., 1999; (5) Sierro et al., 2000; (6) Krijgsman et al., 2004; (7) 

Sierro et al., 2001; (8) Hilgen et al., 1995; (9) Maldonado et al., 1999; (10) Hernández-Molina et al., 2016; (11) Repsol S.A., 2013; (12) Ledesma, 2000; (13) Hernández-

Molina et al., 2014; (14) van der Schee et al., 2016 
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Abstract 

Late Miocene contourite deposits related to the paleo-Mediterranean Outflow Water (MOW) 

were identified in the Betic and Rifian corridors prior to the restriction of the Mediterranean-

Atlantic gateway during the latest Miocene. In this study, we identified for the first time their 

downstream continuation in the Gulf of Cádiz through seismic stratigraphic analysis and the 

interpretation of contourite diagnostic features. The late Miocene contourite depositional 

system (CDS) consists of three stages (initial-, growth-, and maintenance-drift) which recorded 

the late Tortonian to early Messinian evolution from weak to vigorous bottom current flow in 

the Gulf of Cádiz prior to its cessation in the middle to late Messinian, represented by the 

buried-drift stage. Development of the CDS in the Gulf of Cádiz is coeval to a period when the 

continental margins were affected by regional deformation. Tectonism and diapirism, on top 

of sedimentary and climatic factors, exerted control on drift distribution and dimensions. 

However, dataset limitations hindered detailed analysis on the effect of deformation on CDS 

evolution. Overall, the long-term evolution of the late Miocene CDS across the Gulf of Cádiz 

towards the West Iberian margin suggests strengthening of paleo-MOW during the late 

Miocene which has significant impact on the North Atlantic Ocean circulation and the late 

Miocene global cooling trend.  

Keywords: contourite depositional system, late Miocene, paleo-MOW, tectonic deformation, 

Gulf of Cádiz, North Atlantic 
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Introduction 

Contourites provide valuable information for oceanographic and climatic changes of 

the past through the retainment of sedimentological, paleontological, and geochemical 

properties related to the temporal and spatial variability in ocean circulation patterns (Rebesco 

et al., 2014). One of the key diagnostic criteria of a contourite depositional system (CDS) is 

the identification of depositional and erosional features through the interpretation of 

morphological features and acoustic facies using seismic reflection data (e.g., Faugères et al., 

1999; Nielsen et al., 2008; Rebesco et al., 2014). However, tectonic evolution of the continental 

margin and the degree of deformation imposed on original deposits throughout the geological 

history could complicate the identification of these features, particularly for ancient contourite 

records. Moreover, in active tectonic settings, syn-tectonic deformation also plays an important 

role in controlling the morphology and stacking pattern of contourite deposits (e.g., Reed et al., 

1987; Bailey et al., 2021). It modifies the typical configuration of contourite drifts, making 

their identification difficult and thus remains as one of the less studied issues in contourite 

research. 

The Gulf of Cádiz is home to one of the best-known examples of contourite depositional 

systems in the world, where its Pliocene and Quaternary sedimentary succession have been 

studied in detail, particularly during and after the International Ocean Drilling Program (IODP) 

Expedition 339 (Expedition 339 Scientists, 2012; Hernández-Molina et al., 2013; Stow et al., 

2013). This Pliocene-Quaternary CDS evolved along the Southwest Iberian margin as a 

consequence of the Mediterranean Outflow Water (MOW) exiting through the Strait of 

Gibraltar (or Gibraltar gateway) from the early Pliocene to the present (Hernández-Molina et 

al., 2016). This configuration was established since the reopening of the Mediterranean-

Atlantic exchange following the end of the Messinian Salinity Crisis (5.97–5.33 Ma) (Flecker 

et al., 2015; Manzi et al., 2018). Prior to the middle to late Messinian restriction of the 

Mediterranean basin (Ng et al. 2021), the exchange of water-mass between the Mediterranean 

and the Atlantic took place through the Betic and Rifian corridors (or gateways) during the late 

Tortonian to early Messinian (Krijgsman et al., 2018). This notion was substantiated through 

the identification of contourite deposits bearing the signature of the paleo-MOW, in the 

outcrops along the corridors onshore south of Spain and north of Morocco, respectively (Martin 

et al. 2009; Capella et al., 2017a; de Weger et al. 2020). However, the downstream continuation 

of this late Miocene CDS in the Gulf of Cádiz towards the West Iberian margin has yet to be 
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located. The ancient contourite deposits in the onshore Betic-Rif chain, including the foreland 

and intramontane basins (Martin et al., 2009; Capella et al., 2017a), are only able to give a 

glimpse of the bigger picture of the paleo-MOW evolution through fieldwork observation of 

small- to medium-scale features where permitted by outcrop exposure (Rebesco et al., 2014). 

Whereas, unearthing the subsurface system offshore in the Gulf of Cádiz with the use of seismic 

reflection data will provide an opportunity for the comprehension of its wider regional 

implications, including insights into the evolution of the paleo-MOW circulation after its exit 

from the Mediterranean and its influence on the North Atlantic paleoceanography and 

paleoclimate during the Tortonian to Messinian stages, where it is thought to have a significant 

contribution to the global climate cooling of the late Miocene (Capella et al., 2019). 

The criteria for the recognition of the large scale CDS features have been established 

in the literature, generally for examples within undeformed modern passive continental 

margins (Faugères et al., 1999, Hernández-Molina et al., 2008). Howbeit, there is a lack of 

guidelines for the diagnosis of ancient contourites which require paleogeographic and tectonic 

reconstructions (Hüneke and Stow, 2008), especially for tectonically active margins such as 

the Southwest Iberian margin and the Northwest Moroccan margin (Gràcia et al., 2003; Vergés 

and Fernàndez, 2012). In the Gulf of Cádiz, tectonic deformation due to the Betic-Rif orogeny 

have largely disturbed stratifications and modified original depositional structures, making 

geometric reconstruction of contourite drift bodies very difficult. Regional scale tectonic 

deformations are responsible for the modifications of basin shape and the connectivity among 

basins or sub-basins (Verdicchio and Trincardi, 2008), by creating structural highs including 

fault bocks, anticlines, sills and or diapiric ridges, which has a significant impact on the bottom 

current circulation (Pellegrini et al., 2016; Duarte et al., 2020). With access to regional seismic 

reflection data integrated with borehole data in the study area, we could constrain the main 

tectonic evolution stages of the margin by implementing stratigraphic, structural and 

paleogeographic reconstructions. The main objectives of this contribution are a) to describe the 

characteristics and to analyse the distribution of the late Miocene CDS in the Gulf of Cádiz; b) 

to infer the evolution of the paleo-MOW circulation and the Mediterranean-Atlantic exchange 

from the characterization of the late Miocene CDS; and c) to evaluate the control factors for 

contourite deposition in an active continental margin. We also highlighted the implications and 

limitations for the interpretation of the identified late Miocene CDS. 
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Regional Setting 

Geological framework 

The Gulf of Cádiz is located in the Atlantic side of the Mediterranean-Atlantic 

exchange, off the Strait of Gibraltar (Fig. 5-1). It is surrounded by the Southwest Iberian margin 

and the Northwest Moroccan margin. Tectonically, the Gulf of Cádiz lies on the eastern 

convergent segment of the Azores Gibraltar Fracture Zone, the plate boundary which separates 

the Iberian part of the Eurasian plate and the Nubian part of the African plate (Vergés and 

Fernàndez, 2012). The continental convergence between Iberia and Africa since the Late 

Cretaceous led to the formation of the Betic-Rif orogenic system in the middle Miocene, 

collectively known as the Gibraltar Arc (sensu Flinch, 1993), which includes, besides the Betic 

and Rif chain, the Alboran back-arc and the Guadalquivir and Gharb foreland basins (Vergés 

and Fernàndez, 2012). An eastward-dipping subduction and westward rollback of a remnant 

Tethyan oceanic lithosphere saw the westward migration of the Gibraltar Arc from the early to 

middle Miocene, which developed the Gulf of Cádiz accretionary wedge (GCAW; sensu 

Duarte et al. 2011) (Fig. 5-1). Mantle flow dynamics related to the subducted slab caused 

surface uplift of the Gibraltar Arc to achieve isostatic equilibrium (Duggen et al., 2003; Civiero 

et al., 2020). Gravitational collapse of the overthrusted imbricated accretionary wedge 

produced radial emplacement of the chaotic allochthonous unit of the Gulf of Cádiz (AUGC; 

sensu Medialdea et al., 2004). It was emplaced westwards from the deformation front of the 

accretionary wedge (Fig. 5-1) towards the Horseshoe and Seine abyssal plains (Maldonado et 

al., 1999; Medialdea et al., 2004) until the late Tortonian (7–8 Ma; Gràcia et al., 2003). New 

wedges were successively emplaced advancing westward from the tectonic reactivation of the 

allochthonous unit as a result of NE-SW late Miocene thick-skinned compression (Medialdea 

et al., 2004), with coeval extensional collapse on the back (Maestro et al., 2003). In the 

Horseshoe Abyssal plain (Fig. 5-1), the chaotic unit is called the Horseshoe Gravitational Unit 

(sensu Iribarren et al., 2007), its tectonic and gravitational domains cannot be clearly 

differentiated. Overall, its gravitational-derived material is sourced from the AUGC, to the east, 

and the surrounding basement highs (Fig. 5-1) such as the Gorringe bank and the Coral Patch 

ridge (Torelli et al., 1997; Iribarren et al., 2007).  
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Figure 5-1  Geological map showing the main structural units of the Betic-Rif orogeny 

(AUGC: allochthonous unit of the Gulf of Cádiz; GCAW: Gulf of Cádiz accretionary wedge), tectonic 

features of the Gulf of Cádiz (AH: Albufeira high; CF: Cádiz fault; CPS: Coral Patch seamount; DS: 

Descobridores seamount GB: Guadalquivir bank; GEF: Gil Eanes fault; GF: Grandola fault; HAP: 

Horseshoe abyssal plain; HF: Horseshoe fault; HGU: Horseshoe Gravitational Unit; MPF: Marquês de 

Pombal fault; MPP: Marquês de Pombal plateau; PAS: Príncipe de Avis seamount; PDE: Pen Duick 

escarpment; PF, Portimão fault; PH: Portimão High: PSF: Pereira de Sousa fault; SAP: Seine abyssal 

plain; SMQF: São Marcos-Quarteira fault; SVF: São Vicente fault; TAP: Tagus abyssal plain), 

associated Neogene sedimentary basins (AlB: Alentejo basin; DAB: Deep Algarve basin; DB: Doñana 

basin; CB: Cádiz basin; OGB: Offshore Gharb basin; RdLB: Rincão do Lebre basin; SB: Sanlúcar 

basin) and sedimentary features (FC: Faro canyon; LC: Lagos canyon; PC: Portimão canyon; SC: 

Sagres canyon; SeC: Setúbal canyon; SVC: São Vicente canyon) (Adapted from Hernández-Molina et 

al., 2016). 
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In the central Gulf of Cádiz, this massively chaotic allochthonous unit is interbedded 

within the late Miocene sedimentary infill (Lopes et al., 2006; Duarte et al., 2020). The base of 

the late Miocene sequence is marked either by the top of the accretionary wedge (GCAW, 

Duarte et al., 2020) or allochthonous unit (Medialdea et al., 2004), or by the regional basal 

foredeep unconformity (BFU; sensu Maldonado et al., 1999). The top of the chaotic 

allochthonous unit is highly irregular due to post-emplacement mobilization of sediments by 

salt and shale tectonism, which forms the abundant diapiric ridges in the Gulf of Cádiz 

(Medialdea et al., 2009). The Gulf of Cádiz Neogene basins, including the Deep Algarve, 

Doñana, Sanlúcar, Cádiz and the Offshore Gharb basins (Fig. 5-1), are bounded or separated 

by these diapiric ridges or structural highs, which are formed by Neogene to recent halokinesis 

and half grabens of Mesozoic origin respectively (Ramos et al., 2017; Duarte et al., 2020). Both 

the Deep Algarve and Alentejo basins (in the southern West Iberian margin, Fig. 5-1) initially 

formed during the Mesozoic rifting related to the opening of the Tethys and North Atlantic 

respectively (Srivastava et al., 1990; Pereira and Alves 2013; Pereira et al., 2016; Terrinha et 

al., 2019a), and were since subjected to two major inversion tectonic phases linked to the 

Pyrenean and Betic-Rif orogenies, in the Paleogene and Miocene respectively (Terrinha et al., 

2019b). The reactivation and inversion of older rift faults during the middle to late Miocene 

Betic paroxysm caused uplifting of the basement highs in the southern West Iberian margin 

(Fig. 5-1) (Torelli et al., 1997; Tortella et al., 1997; Zitellini et al., 2004; Pereira et al., 2011). 

At the southwest corner of the margins off the Cape of São Vicente, deep incisions of 

submarine canyons, such as the Portimão and São Vicente canyons (Fig. 5-1), dominated the 

slope. These canyons are also controlled by the steep rift-inherited faults since the onset of 

tectonic uplift (Terrinha et al., 2009, Pereira and Alves, 2013). 

Paleoceanography and bottom current influence on sedimentation 

The lithospheric uplift resulting from the compressional events in the Gibraltar Arc 

(Duggen et al., 2003) imposed major transformation of the Mediterranean-Atlantic water mass 

exchange pattern. It changed from a single wide connection until the middle Miocene into 

several narrow and shallow Betic and Rifian corridors in the late Miocene (Capella et al., 2019). 

This evolution saw the importance of the outflowing intermediate water mass from the 

Mediterranean into the Atlantic, known as paleo-Mediterranean Outflow Water (MOW), and 

the formation of the Atlantic Mediterranean Water (AMW; sensu Rogerson et al., 2012) by 

mixing with ambient Atlantic water in the corridors (Martin et al., 2009; de Weger et al., 2020) 
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and by the Guadalquivir and Gharb basins (Perez-Asensio et al. 2012; Capella et al., 2017a). 

Continuous uplifting of the Betif and Rif corridors raised the flow velocity of the paleo-MOW, 

and as a consequence sandy contourites were deposited (Capella et al., 2019) and eventually 

closed the Mediterranean-Atlantic exchange, leading to the restriction of paleo-MOW. 

Subsequently, Messinian Salinity Crisis evaporites were deposited in the Mediterranean, 

simultaneous to widespread deposition of hemipelagites in the Gulf of Cádiz (Flecker et al., 

2015; Ng et al., 2021). The Guadalquivir and Gharb basins were thus reduced to marine 

embayment areas with the closure of the late Miocene gateways towards the east (Martin et al., 

2009; Ivanovic et al., 2013). Following the reopening of the Mediterranean-Atlantic exchange 

through the Strait of Gibraltar, the Pliocene to Quaternary sedimentary evolution of the Gulf 

of Cádiz was dominated by bottom current circulation of the MOW and distribution of the 

resulting Pliocene-Quaternary contourite depositional system (CDS) along the Southwest 

Iberian margin (Hernández-Molina et al., 2016), the southern West Iberian margin (Rodrigues 

et al., 2020) and towards the North Iberian margin in the southern Bay of Biscay (Liu et al., 

2020). The onset of the weak MOW since the end of the Messinian Salinity Crisis produced a 

regional unconformity across the Gulf of Cádiz and the West Iberian margin (van der Schee et 

al., 2016; Ng et al., 2021). The Miocene Pliocene boundary (MPB, 5.33 Ma; sensu Hernández-

Molina et al., 2016) separates the Miocene. 

The Pliocene Quaternary CDS has been studied in detail for the Southwest Iberian 

margin (Llave et al., 2011; Roque et al., 2012; Hernández-Molina et al., 2016) and southern 

West Iberian margin (Rodrigues et al., 2020). The evolution of the Gulf of Cádiz CDS in the 

Southwest Iberian margin was primarily influenced by tectonics, eustasy and climate, at 

varying temporal scales, and can be summarised into three stages: an initial-drift stage with 

weak MOW and large sheeted or mixed drift during the early Pliocene (5.33–3.2 Ma); a 

transitional-drift stage with MOW intensification, upslope migration and moat development 

from late Pliocene to early Quaternary (3.2–2 Ma); and a growth-drift stage involving further 

MOW strengthening with elongated mounded or sandy sheeted drifts from late Quaternary to 

the present (<2 Ma), separated by major hiatuses (Hernández-Molina et al., 2016). 

Furthermore, the relationship between sedimentary deposition and tectonic activity is reflected 

in the overlapping distribution of the morphosedimentary (Hernández-Molina et al., 2003) and 

tectonosedimentary domains (Duarte et al., 2020). Tectonic structures such as diapiric ridges 

and basement highs separated the Neogene basins in the Gulf of Cádiz and split up the MOW 
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pathways into two main cores: a warmer and less saline upper core (MU: 500–800 m; 13–14 

°C and 35.7–37‰); and a colder and more saline lower core (ML: 800–1400 m; 10.5–11.5 °C 

and 36.5–37.5‰) (Ambar and Howe, 1979; Llave et al., 2007, García et al., 2009). The latter 

further splits into three branches: intermediate, principal, and southern (Louarn and Morin, 

2011), as it descends across the middle slope northward, due to Coriolis deflection. Driven by 

density, the MOW sinks after flowing over the Camarinal Sill of the Strait of Gibraltar, mixing 

with the Atlantic ambient water (O'Neill-Baringer and Price, 1997; Sánchez-Leal et al., 2017) 

to form the AMW (Rogerson et al., 2012). It achieves neutral buoyancy as it reaches the Cape 

São Vicente and settles at a depth of ~1400 m above the North Atlantic Deep Water (NADW) 

(Hernández-Molina et al., 2016). In the southern West Iberian margin, the Sines contourite drift 

is deposited in the Alentejo basin coevally with the Gulf of Cadiz CDS. Yet the three-stage 

evolution differs slightly, starting with an initial stage of weak MOW and sheeted drift until 

the late Pliocene (5.33–2.5 Ma); followed by a growing stage of strengthening MOW and 

mounded drift from early to middle Quaternary (2.5–0.7 Ma); and ending with a maintenance 

stage from middle Pleistocene to present (<0.7 Ma), characterised by phases of MOW 

intensification with higher sedimentation rates, and a shift to a plastered drift stacking pattern 

(Rodrigues et al. 2020). At the Northwest Moroccan margin, a predominantly hemipelagic 

environment during the Pliocene is consistent with the absence of the MOW since the 

reopening of the Mediterranean-Atlantic connection through the Strait of Gibraltar. However, 

younger Quaternary contourite deposits with distinct evolutionary phases were identified 

around the Pen Duick escarpment (Fig. 5-1) (Vandorpe et al., 2014; Vancraeynest, 2015). 

These sediments were deposited under the recent influence of the Antarctic Intermediate Water 

(AAIW), with the absence of MOW in the southern part of the Gulf of Cadiz since the Pliocene 

(Vandorpe et al, 2014). 

 

Methodology 

Dataset 

We compiled an integrated dataset of seismic reflection and borehole data from within 

the Gulf of Cádiz to the southern West Iberian margin (Fig. 5-2). The seismic data include two-

dimensional (2D) multi-channel seismic reflection (MCS) profiles in time domain (TWT – two 

way travel time) from 8 surveys: GC-D, GHR10, HE91, LAR04, NWM03, P74, PD00, PDT00, 
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S81A, TASYO2000 (Fig. 5-2); as well as 2 three-dimensional (3D) post stack time migrated 

(PSTM) seismic surveys, including Calypso-1 and Calypso-2, acquired from industry or 

academic projects and cruises predominantly with an airgun array seismic source, processed to 

common depth point and stacked, and time migrated using standard procedures (Maldonado et 

al., 1999; Llave et al., 2011; Roque et al., 2012; Brackenridge et al., 2013; Hernández-Molina 

et al., 2016). Acquisition parameters for seismic surveys are available in Supplementary 

Material (Table 5-S1). The borehole data are from exploration wells including Algarve-2, 

Anchois-1, Atlantida-3, Deep Thon-1, Golfo de Cádiz B-3 (GCB-3), Golfo de Cádiz Mar 

Profundo C-1 (GCMPC-1), Merou-1, Neptuno-1, Neptuno-2; and the International Ocean 

Drilling Program Expedition 339 scientific sites (Expedition 339 Scientists, 2012; Hernández-

Molina et al., 2013; Stow et al., 2013), including U1396, U1387, U1388, U1389, U1390, and 

U1391 (Fig. 5-2). 

 

Figure 5-2 Map of the dataset (including seismic surveys, boreholes, and bathymetry).



 

 

 

 

Methods 

We utilised an array of seismic attribute analyses involving signal processing and 

structural methods, in the order of structural smoothing with dip-guided wedge enhancement, 

Butterworth band-pass frequency filter (lower slope: 18 dB, 8 Hz; upper slope: 72 dB, 36 Hz), 

and the second derivative of the trace envelope, available at Schlumberger’s Petrel E&P 

software platform to assist in the interpretation workflow by enhancing edges/faults and 

continuity of seismic events, removing noise, and identifying all reflecting interfaces within 

the seismic bandwidth. We then carried out the seismic stratigraphic analysis of the Gulf of 

Cádiz Neogene basins following Mitchum et al. (1977) in distinguishing seismostratigraphic 

units by seismic facies and boundaries, assigning geologic ages based on correlation with 

biostratigraphic information acquired from borehole data (summarised in Fig. 5-3). 

Afterwards, structure and isopach mapping of the major seismic discontinuities and their 

intervals was done to briefly reconstruct the regional paleogeography and to identify the 

distribution pattern of the seismic unit, respectively. The maps were generated using the Petrel 

E&P software with a grid increment of 50 m for both X and Y dimensions and surface operation 

smoothing parameters including: number of iterations – 3; filter width – 3.  

The seismic interpretation was facilitated by diagnostic criteria for the recognition of 

contourites introduced by Faugères et al. (1999) and Nielsen et al. (2008), and the identification 

of depositional (drifts) and erosional (channels, furrows, moats, scours) features related to 

bottom current action (Hernández-Molina et al., 2008; García et al., 2009; Rebesco et al., 

2014). The interpreted seismic features were compared in terms of their acoustic character and 

distribution against other deposits of other deep-water sedimentary process, e.g., gravity flow 

deposits including turbidites and mass transport deposits (MTDs) (Posamentier and Erskine, 

1991; Stow and Smillie, 2020), and pelagites or hemipelagites. Interactions of multiple 

processes to produce mixed or hybrid deposits were taken into consideration, as reported for a 

modern example in the Southwest Iberian margin (Brackenridge et al., 2013; Teixeira et al., 

2019; de Castro et al., 2020; Serra et al., 2020). Finally, we analysed these features to unravel 

the influence of the paleo-Mediterranean Outflow Water (MOW) on the sedimentary evolution 

of the middle slope of the Southwest Iberian, Northwest Moroccan, and the southern West 

Iberian margins, and compare them to modern and ancient analogues in the region (Llave et 

al., 2001; 2007; 2011; Roque et al., 2012; Hernández-Molina et al., 2016; Teixeira et al., 2019; 

de Weger et al., 2020; Mencaroni et al., 2020; Rodrigues et al., 2020). We also listed the 

limitations and suggestions for further study in Supplementary Material (Text S1). 
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Figure 5-3 Regional profiles of the study area showing the distribution of the Neogene sedimentary basins (Alentejo basin, Cádiz basin, Deep Algarve 

basin, Doñana basin, Offshore Gharb basin, Sanlúcar basin), tectonic domains (Betic-Rif orogeny, Gulf of Cádiz accretionary wedge, Iberian Massif, Moroccan 

Meseta and West Iberian passive margin) and seismic units (PQ, LM and B): a. N-S southern West Iberian margin (WIM), b. W-E Gulf of Cádiz, c. N-S Gulf 

of Cádiz.



 

 

 

 

Nomenclature 

The nomenclature adopted to describe the main seismic sequences, units, subunits, and 

discontinuities (Fig. 5-4) are adapted from previous studies (Maldonado et al., 1999; Lopes et 

al., 2006; Llave et al., 2011; Roque et al., 2012; Hernández-Molina et al., 2016; Rodrigues et 

al., 2020). They reflect the age of the intervals (e.g., PQ – Pliocene-Quaternary, LM – late 

Miocene). This study focuses on the late Miocene interval, previously identified as Units M2 

and M1 of Maldonado et al. (1999) and Unit E of Lopes et al. (2006). The subunits (M3, M2 

and M1) in this study were labelled according to their stratigraphic position from top to bottom. 

The Miocene-Pliocene boundary (MPB) and basal foredeep unconformity (BFU) were 

previously described in detail by Hernández-Molina et al. (2016) and Maldonado et al. (1999) 

respectively, whereas the allochthonous unit of the Gulf of Cádiz (AUGC) was described by 

Medialdea et al. (2004). Two new discontinuities were introduced in this study (Fig, 5-4), 

namely the intra-Messinian unconformity (IMU) and the intra-Tortonian unconformity (ITU). 

The ITU is differentiated from the BFU due to the contrast in genetic origin of their respective 

margins since the Miocene (inverted passive southern West Iberian margin versus foreland 

basin of the active Southwest Iberian margin). 

The term contourites refers to “sediments deposited or substantially reworked by the 

persistent action of bottom currents”, whereas bottom currents refer to “any persistent water 

current near the seafloor” (sensu Rebesco et al., 2014). A contourite drift is a “large 

accumulation of sediments by bottom currents”, which are classed based on their variation in 

location, morphologies, size, sediment patterns, construction mechanisms and controls 

(Faugères and Stow, 2008; Hernández-Molina et al., 2008; Rebesco et al., 2014). Whereas a 

contourite depositional system (CDS) is referred to as “the association of various drifts and 

related erosional features”, and could occur interbedded with other deep-water facies type, such 

as turbidites, pelagites and mass transport deposits (Hernández-Molina et al., 2008; Rebesco et 

al. 2014, de Castro et al., 2021).
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Figure 5-4 Stratigraphic correlation of the main sequences (PQ, LM, B), units (Upper and Lower LM) and sub-units (M1, M2 and M3) described in the 

present work, including stratigraphic correlations interpreted by previous authors and main tectonic and sedimentary events in the region (Abbreviation for 

discontinuities, BFU: basal foredeep unconformity; IMU: intra-Messinian unconformity; ITU; intra-Tortonian unconformity; MPB: Miocene-Pliocene 

boundary; Top AUGC: top allochthonous unit of the Gulf of Cádiz).
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Results 

Seismic analysis: units and boundaries 

The study area is divided into three different sectors: a) the Neogene basin of the West 

Iberian margin, including the Alentejo basin (Fig. 5-3a); b) the Betic foreland basin in the 

northern and northwestern Gulf of Cádiz, which includes the Deep Algarve basin (Fig. 5-3b); 

and c) the wedge top basins in the central Gulf of Cádiz, taking in the Doñana, Sanlúcar, Cádiz 

and Offshore Gharb basins (Fig. 5-3c). We identified three main regional seismic sequences 

from seismic analysis of all three sectors, correlated to the biostratigraphic information from 

the borehole (from oldest to youngest): a) Pre-late Miocene, which is distinct for three sectors 

(B0, B1 and B2); b) Tortonian to Messinian (LM), divided into Upper and Lower LM unit; and 

c) Pliocene to present (PQ) (Figs. 5-3 and 5-4). Their descriptions are summarized in Table 5-

1. 

The distribution of the seismic sequence LM, shown in Figure 5-3 and 5-5, varies across 

the three different sectors, being thicker in the Cádiz and Offshore Gharb basin, averaging ~1 

s TWT, and up to ~1.5–2s TWT in the central part of the Offshore Gharb basin. This unit can 

also be found sparsely distributed within the middle slope of the offshore Betic foreland basin 

and the southern West Iberian margin on flatter slopes or terraces, or within canyons and 

valleys; otherwise, it is only thinly draped over basement highs or truncated against the younger 

seismic unit PQ (Fig. 5-3). The presence (or absence) of the Lower LM unit is largely 

responsible for the variability of the distribution of seismic sequence LM across the different 

sectors, which can reach up to 0.5 s in the Betic foreland basin and the southern West Iberian 

margin, and over 1.0 s TWT in the Cádiz and Offshore Gharb wedge top basins (Fig. 5-5). The 

Lower LM unit is divided into sub-units of distinct seismic facies (Fig. 4). The basal surface 

of seismic sequence LM is represented by the combination of Top AUGC (allochthonous unit 

of the Gulf of Cádiz), BFU (basal foredeep unconformity) and ITU (intra-Tortonian 

unconformity) horizons in their respective sectors (Fig. 5-6b, 5-7 to 5-13). Above the basal 

surface, an older interval (sub-unit M1) of transparent or low- amplitude discontinuous to semi-

continuous facies can be observed mainly in the offshore Betic foreland and wedge top basins 

of the Gulf of Cádiz above the BFU or Top AUGC (Figs. 5-10 to 5-13). Similar facies are 

interspersed in the southern West Iberian margin above the ITU, in the basin centre or towards 

the lower slope (Figs. 5-7 and 5-8). Above sub-unit M1, a second interval (sub-unit M2) 
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consists of two alternating high- to low-amplitude facies cycles, the lower section having a 

mounded geometry with continuous reflections and baselap or downlap terminations internally; 

it transitions into a top wavy to shingled or subparallel geometry for the upper section (Figs. 5-

7 to 5-13). Sub-unit M2 directly overlies the ITU in some areas of the southern West Iberian 

Margin (Figs. 5-8 to 5-9). Towards the top of the seismic sequence LM, the younger interval 

(sub-unit M3) is truncated against the IMU (intra-Messinian unconformity) horizon. This sub-

unit consists of bottom low amplitude semi-continuous to discontinuous facies transitioning 

upwards into top prominent high amplitude subparallel facies with wavy to sigmoidal 

reflections (Figs. 5-10, 5-12 to 5-13). Channelised features developed along the flank of the 

basin margin are normally associated with this phase (Figs. 5-11 to 5-13). The overall geometry 

of sub-unit M3 is usually not captured as the top section may be absent in the basin margin, 

with only the lower section truncated against the IMU (Figs. 5-10 to 5-12). Where observed, 

sub-unit consists of a similar cyclic facies trend with a low amplitude base transitioning 

upwards to a moderate- to high- amplitude top (Figs. 5-10 and 5-13). In the basin centre, this 

phase, represented by an elongated and lenticular or sheeted wedge at its top with an internal 

subparallel configuration with downlap and truncation, can be observed as relatively 

concordant with the overlying Upper LM unit (Fig. 5-13). The IMU horizon is marked by 

erosional truncation of the Lower LM unit (Figs. 5-7 to 5-13).  

Seismic facies of the Lower LM unit 

Figures 5-7 to 5-13 show some examples of seismic facies and geometries identified 

within the Lower LM unit. In the middle slope of the southern West Iberian margin, we 

identified a mounded geometry (~10 km long and ~0.3 s TWT thick, at ~2.5–2.8 s TWT) in 

the SW-NE oriented PD00-517 profile (Fig. 5-7) of the sub-unit M2 located on a flatter part of 

the slope on the western flank of a basement high (lower section of seismic sequence B2) 

protruding above the seafloor. A channelised feature (~1 km wide and 0.15 s TWT deep), also 

seen on the present-day seafloor, separates the mounded feature from the basement high. The 

internal configuration of the mounded feature consists of subparallel reflections with baselap 

terminations against sub-unit M1 or the ITU above seismic sequence B2, proximal to the 

valley-shaped feature, whereas more obvious downlap terminations are observed in the distal 

part of the mound. Towards the top part of the mound, a minor unconformity separates an upper 

high amplitude section from the lower moderate to low amplitude section. The crestal part of 

the mound is also affected by faulting. Underlying sub-unit M1 is sparsely distributed along 
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the distal part of the slope and truncates sub-unit M2, while overlying sub-unit M3 onlaps the 
Figure 5-5 Thickness map of Unit LM showing (a) the distribution of contourite deposits (D1-

D7), and (b) their relationship with tectonic and sedimentary features in the Gulf of Cádiz (Structural 

features adapted from Hernández-Molina et al., 2016; abbreviations given in Fig. 5-1). 
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Figure 5-6 Structure maps and locations of key tectonic and sedimentary features in the Gulf 

of Cádiz: (a) Top LM (MPB), and (b) Base LM (combination of Top AUGC, BFU and ITU) 

(Structural features adapted from Hernández-Molina et al., 2016; abbreviations given in Fig. 5-1) 
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the distal part of the slope and truncates sub-unit M2, while overlying sub-unit M3 onlaps the 

northwestern side of the mounded geometry (Fig. 5-7). Below the ITU, a mounded geometry 

can also be identified within the uppermost interval of seismic sequence B2, which had 

developed against the flank of the basement high (Fig. 5-7). Development of channel features 

was furthermore observed within the tabular sub-units M2 and M3 on the eastern flank of the 

basement high within a valley. Towards the base of the valley, the younger sub-unit M2 is 

deposited conformably on top of sub-unit M1 (Fig. 5-7).  

 
Figure 5-7  Seismic profile in the middle slope of southern West Iberian margin (PD00-

517) showing an elongated separated drift (D1) associated with a contourite channel west of the Príncipe 

de Avis seamount (PAS). Profile location given in Fig. 5-2. Shown are major sequences (PQ, LM and 

B2), subunits of Lower LM (M3 and M2) and main boundaries or discontinuities (SF: seafloor; other 

abbreviations given in Fig. 5-4; red arrows: stratal terminations). 
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In profile PD00-610 (Fig. 5-8), located in the Alentejo basin, we observed an elongated 

feature (~30 km long and ~0.15 s TWT thick, at 2.5–2.7 s TWT) with downlap terminations in 

the basal part (sub-unit M2) of a thinner Lower LM unit onto the ITU horizon. We likewise 

identified a channelised feature (~1 km wide and ~0.15 s TWT deep, at ~2.6 s TWT) scoured 

into the basal seismic sequence B2 along the base of the upper slope located E-NE of the drift. 

This feature dented a relatively flat ITU horizon towards the SW. Towards the distal part of 

the slope (W-SW), before the break into the abyssal plain, the reflection pattern evolves into 

~10 km high amplitude long wavy geometries; they are more prominent in the upper section 

of sub-unit M2, which is equivalent to the top part of the mound, whereas the basal part consists 

of an older sub-unit M1 with transparent to low-amplitude reflections (Fig. 5-8). 

Around Cape São Vicente, we identified fan geometries in the lower slope or 

continental rise to the Horseshoe abyssal plain (HAP) connected to the São Vicente and Sagres 

canyons (Fig. 5-5). São Vicente canyon develops in a NE-SW orientation through both seismic 

units PQ and LM. The N-S development of the Sagres canyon is more prominent in the seismic 

sequence LM interval than PQ. In the middle slope, Sagres canyon develops along the flank of 

the basement high in the east, cutting into seismic sequence B2 (Fig. 5-9). On the western flank 

of Sagres canyon, we identified in seismic profiles PD00-602 and 602A (Fig. 5-9) a mounded 

feature of sub-unit M2 with downlap terminations onto the ITU, building out to the west up to 

~5 km long (and 0.2 s TWT thick, at 2–2.2 s TWT), which is in asymmetry with the eastern 

flank. The erosive IMU cuts into the thalweg of the canyon and is filled by the Upper LM unit. 

Distally from this structure towards the southwest, the Lower LM unit transitions upwards into 

wavy geometry on the lower slope. This is followed by a truncation termination against the 

IMU in a section with erosion or an absence of the Lower LM unit distribution (at 2.6–3.0 s 

TWT) and deposition of a growth wedge further towards the lower slope (Fig. 5-9).  

Towards the western section of the Betic foreland basin, the thickest Lower LM unit 

interval (up to ~0.6 s TWT thick, at 2.5–3.1 s TWT) was found within Faro canyon, a valley 

(~0.6 s TWT deep) located west of the Deep Algarve basin (Fig. 5-3b), which is observed in 

seismic profile PD00-707 (Fig. 5-10). The discordant relationship of the Lower LM and Upper 

LM units separated by the IMU make geometrical interpretation of the upper sub-unit M3 

interval unclear. Still, its internal configuration can be observed as low-amplitude 

discontinuous facies transitioning upwards into high-amplitude subparallel facies. In the sub-
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unit M2 interval, we similarly observed two cycles of alternating low- to high-amplitude 

reflection. The bottom (older) section has a mounded geometry, while the overlying (younger) 

section features a wavy geometry (Fig. 5-10). The internal configuration of the top cross-

stratified wavy geometry (~1.5–2 km long and ~0.15 s TWT thick, at ~2.8 s TWT) consists of 

shingled facies with a concordant depositional western side and a truncated erosional eastern 

side. We also observed a channel feature (~1 km wide) to the west of this interval, flanking an 

intrusive structure. The mounded feature in the bottom section (~10 km long and ~0.25 s thick, 

Figure 5-8  Seismic profile of Alentejo basin (AlB), southern West Iberian margin 

(PD00-610) showing an elongated separated drift (D2) west of a contourite channel. Profile location 

given in Fig. 5-2. Major sequences (PQ, LM and B2), subunits of Lower LM (M3 and M2) and the 

main boundaries or discontinuities (SF: seafloor; other abbreviations given in Fig. 5-4; red arrows: 

stratal terminations). 
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at ~2.8–3.1 s TWT) developed in an E-W direction. It correlates to a channel feature towards 

the eastern end of this section, with the underlying lower amplitude semi-continuous reflections 

(sub-unit M1) truncated against the channel. In contrast, sub-unit M1 below shows of an overall 

thin tabular to sheeted geometry (Fig. 5-10).  

 

Figure 5-9  Seismic profile across Sagres canyon (SC), southern West Iberian margin 

(PD00-602 & PD00-602A) showing an asymmetric levee and the Sagres submarine canyon associated 

with a mixed system (D3), as well as sediment waves and erosional scour on the middle slope. Profile 

location given in Fig. 5-2. Major sequences (PQ, LM and B2), subunits of Lower LM (M3? and M2?) 

and the main boundaries or discontinuities (SF: seafloor; other abbreviations given in Fig. 5-4; red 

arrows: stratal terminations) 
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In the central Gulf of Cádiz, distribution of seismic sequence LM is concentrated along 

the front of the Betic and Rif chain of the Gibraltar Arc, mainly in the Cádiz and Offshore 

Gharb basins (Fig. 5-5). Here, the Lower LM unit is also truncated against the IMU, but with 

a very distinct change in seismic facies, in terms of continuity and amplitude, than a transparent 

unit in the Upper LM unit. As seen in seismic profile S81-N14 (Fig. 5-11) situated in the Cádiz 

basin, the distribution of the Lower LM unit is thicker at the footwall of a normal fault structure, 

albeit discordant against the overlying units/sub-units. Within the Lower LM unit, we identified 

a high amplitude interval (M2, at ~2.5–3 s TWT) with a lower section comprising multiple 

smaller channels cutting into an older interval of discordant to chaotic reflections (sub-unit M1) 

formed at the foot walls of thrust faults above a diapir, that were cut by a younger listric fault 

(at ~2.9–3 s TWT); and an upper section with a mounded feature (~4 km long and ~0.1 s TWT 

thick) associated with a channel that developed against the hanging wall of the fault. Seismic 

profile NWM03-F002 (Fig. 5-12) from the Offshore Gharb basin just off the Rifian front (Fig. 

5-1), similarly identified a higher-amplitude interval (sub-unit M2) but shallower at 0.9 – 1.5 s 

TWT associated with a fault, above an interval of transparent to low-amplitude semi-

continuous discordant to chaotic reflection facies (sub-unit M1). In turn, sub-unit M2 (~7 km 

long and ~0.4 s TWT thick) comprise two cycles of alternating low- to high- amplitude 

reflections. The lower section features a mounded geometry with a basal boundary having 

downlap terminations and a top boundary truncated against the upper section. The upper 

section is elongated and pinches out towards the southwest, with a transition from lower-

amplitude with downlap terminations at the bottom, to higher-amplitude at the top. In both 

localities, we identified, above the high amplitude interval (sub-unit M2), a channel geometry 

(~1.5–2 km wide) associated with an upper (sub-unit M3) interval that developed along the 

front of a structural high (Fig. 5-11).  

To the west of the Offshore Gharb basin, we identified a depocenter for seismic 

sequence LM in the deeper section of the basin (~3 s TWT deep), reaching up to ~1.3 s TWT 

in thickness, as seen in seismic profile LAR04-5 (Fig. 5-13). Here we note a concordance 

between the Upper and Lower LM units. The Lower LM unit has a sheeted geometry (~7 km 

long and ~0.6 s TWT thick) in the basin centre, correlated to a deep channel (~0.2 s TWT); and 

an erosional scar in the northern margin off a diapiric high, separating it from the Lower LM 

unit. The top interval (sub-unit M3) of this unit consists of lower amplitude reflections 

transitioned into prominent high-amplitude reflections with a wedge shape at the top (~0.2 s 

TWT thick), capped by the IMU. We also identified smaller channels (~0.5–1 km wide) 
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developed along the southern margin. The sub-unit M2 interval consist of a lower section with 

parallel facies having onlap or truncation terminations, respectively against the northern diapir 

or channel, that transitioned upwards into subparallel reflections with internal stratal 

terminations. Sub-unit M2 overlies a sub-unit M1 interval having transparent to low-amplitude 

semi-continuous discordant to chaotic facies. 

 
Figure 5-10 Seismic profile across Faro canyon (FC), Southwest Iberian margin (PD00-707) 

showing a mounded confined drift (D4) and sediment waves. Profile location given in Fig. 5-2. Major 

sequences (PQ, LM and B1), subunits of Lower LM (M3, M2 and M1) and main boundaries or 

discontinuities (SF: seafloor; other abbreviations given in Fig. 5-4; red arrows: stratal terminations). 
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Interpretation 

Distribution of the late Miocene contourite depositional system 

We interpret some of the larger seismic geometries identified within the Lower LM unit 

of the Gulf of Cádiz as large depositional, erosional, and mixed features related to a regional 

late Miocene contourite depositional system (CDS) (Figs. 5-5 and 5-14).  

In the southern West Iberian reactivated passive margin, the mounded feature observed 

within sub-unit M2 (Fig. 5-7) is interpreted as an elongated separated drift (D1) associated with 

an adjacent NE-SW contourite channel (moat) that developed under a north-easterly bottom 

current direction (Figs. 5-5 and 5-14), flowing on the western flank of the Príncipes de Avis 

seamount (PAS; Figs. 5-1 and 5-7). This interpretation conforms to the classification of drifts 

and inferred bottom current flow pattern in the northern hemisphere put forth by Faugères et 

al., (1999). The morphology of upper sub-unit M3 is unclear, given the erosional IMU (intra-

Messinian unconformity) at the top (Fig. 5-7). While sub-unit M3 onlaps on the western side 

of the M2 mounded drift, separated by an unconformity, the development of the channel along 

the flank of the seamount during the deposition of sub-unit M3 is more pronounced (Fig. 5-7). 

The mounded feature identified below the ITU (intra-Tortonian unconformity) in seismic 

sequence B2 is likewise viewed as an elongated separated drift, but older in age (Oligocene-

Eocene to early middle Miocene?) separated by an erosional hiatus across the ITU, though its 

interpretation lies beyond the focus of this study (Fig. 5-7). On the eastern flank of the Príncipes 

de Avis seamount, contourite channels developed at the same time as the sub-unit M2 and M3 

within the western margin of the Sines Pass valley, which acts as a depocenter during the 

deposition of the Lower LM unit (Figs. 5-5 to 5-7, 5-14). Within the Alentejo basin, we 

interpret the basal feature of sub-unit M2 (Fig. 5-8) as an elongated separated drift (D2) and a 

NW-SE contourite channel (moat) developing alongslope, located adjacent to the base of the 

upper slope, owing to a north-westerly bottom current direction (Fig. 5-5 and 5-14), following 

the drift classification, and inferred bottom current directions of Faugères et al. (1999). The 

drift transitions into sediment waves towards the distal part of a terrace on the middle slope. 

Towards the top, sub-unit M3 is separated from sub-unit M2 by an unconformity and is eroded 

by the IMU (Fig. 5-8).  
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Figure 5-11 Seismic profile in Cádiz basin (CB), Southwest Iberian margin (S81-N14) showing a 

mounded drift (D5) west of a fault scarp. Profile location given in Fig. 5-2. Major sequences (PQ, LM 

and B0), subunits of Lower LM (M3, M2 and M1) and main boundaries or discontinuities (SF: seafloor; 

other abbreviations given in Fig. 5-4; red arrows: stratal terminations) 
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Further south off Cape São Vicente, we interpret the fan geometries connected to the 

São Vicente and Sagres canyons in the lower slope to continental rise as submarine fans (F1 & 

F2; Fig. 5-5), controlled by southward downslope depositional processes. On the middle slope 

region of this area (Fig. 5-9), the mounded deposits on the western flank of the Sagres canyon 

are interpreted as an asymmetric levee on the flanks of the Sagres canyon associated with the 

occurrence of a mixed or hybrid system (D3). This could happen as a result of short lateral 

diversion of the turbidity current by a westward flowing bottom current (Figs. 5-5 and 5-14), 

creating asymmetric levees as described by Menard (1955) and Miramontes et al. (2020); or 

further transport of sediment capture of the tail of the turbidity current by the bottom current 

to form the levee or drift body; or else winnowing or cleaning by the paleo-Mediterranean 

Outflow Water (MOW) to form bottom current reworked turbidite deposits within the channels 

(e.g. de Castro et al., 2020). The Sagres canyon became inactive in the middle to late Messinian, 

its development terminated by the IMU, and its thalweg filled by the Upper LM unit (Fig. 5-

9). Further down the slope, the wavy geometry and erosional features that developed WNW-

ESE alongslope are respectively interpreted as sediment waves and an erosional scour due to 

the westward flowing bottom current, bounded at the top by the IMU (Fig. 5-9). The features 

are thought to be deposited within sub-unit M2 overlying the ITU, while extensive erosion of 

the slope marked by the IMU could have removed sub-unit M3. 

Towards the Southwest Iberian margin, the distribution of the contourite features is 

most prominent within the Faro canyon in the west, owing to its deeper local paleotopography 

in the late Miocene in comparison to the Deep Algarve basin, hence providing accommodation 

for the deposition of the Lower LM unit (Figs. 5-5 and 5-6b). We interpret the top wavy and 

bottom mounded features identified within Faro canyon for sub-unit M2 as the development of 

a confined drift (D4), according to the classification of Faugères et al. (1999), that transitioned 

upwards into sediment waves (Fig. 5-10). The drift deposition is confined within Faro canyon 

by the slope face in the east and a diapir in the west, resulting in the development of channels 

on either side of the drift because of a northerly bottom current direction (Fig. 5-10). Sub-unit 

M2 is capped by an unconformity, underlying sub-unit M3. At the top of the upper sub-unit 

M3, the high amplitude continuous reflections to the east at the top of the interval may indicate 

more pronounce bottom current activity towards Messinian times, although the erosion marked 

by the IMU impedes interpretation of the seismic geometry for this sub-unit (Fig. 5-10).  
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Figure 5-12 Seismic profile in eastern Offshore Gharb basin, Northwest Moroccan margin 

(NWM03-F002) showing a plastered to mounded drift (D6) west of a fault scarp. Profile location given 

in Fig. 5-2. Major sequences (PQ, LM and B0), subunits of Lower LM (M3, M2 and M1) and main 

boundaries or discontinuities (SF: seafloor; other abbreviations given in Fig. 5-4; red arrows: stratal 

terminations) 
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Meanwhile towards the central Gulf of Cádiz and above the wedge top basins, an 

elongated separated drift (D5) and an elongated plastered to separated drift (D6) are 

respectively interpreted for the mounded features with high amplitude reflections identified in 

sub-unit M2 for the Cádiz and Offshore Cádiz basins (Figs. 5-11 and 5-12), based on the 

classification of Faugères et al. (1999). The location of this contourite drift is associated with 

faults or structural highs, where bottom currents would be enhanced in a northward direction 

along the hanging wall or the flank of the high, located in the eastern margin of the basin (Figs. 

5-5 and 5-14). In the Cádiz basin, we propose that contourite channels were formed by thrust 

faults linked to a decollement associated with the emplacement of the accretionary wedge 

(GCAW) but were later displaced by a listric fault caused by the gravitational collapse (Fig. 5-

11). The local enhancement of bottom current could also be constrained by diapiric structures, 

which might have further strengthened current erosivity and its capacity in the scouring of 

channels. In turn, in the Offshore Gharb basin, drift deposition evolved from a basal separated 

drift to a plastered drift (D6) at the top of sub-unit M2, within accommodation caused by the 

normal listric fault (Fig. 5-12). This contourite drift is distinguished from pure growth strata 

features in extensional rollover systems (as in the upper LM and PQ units) given the mounded 

geometry of the deposits as well as the configuration of the reflection terminations against the 

fault scarp. Just above the sub-unit M2, sub-unit M3 shows a lower-amplitude reflection (Figs. 

5-11 and 5-12), but it is partially eroded at its top, marked by the IMU. Contourite channels 

interpreted from the alongslope development of these channelised features of sub-unit M3 (Fig. 

5-12) indicate a stronger influence of bottom currents towards the end of the Lower LM unit, 

albeit a transition to low-amplitude seismic facies at the lower part of sub-unit M3.  

Towards the western part of the Offshore Gharb basin,  a continuous section of the 

seismic sequence LM could be identified (Fig. 5-13). We interpret the succession as a confined 

drift (D7), again according to Faugères et al. (1999), associated with contourite channels in the 

northwest and southeast having a westward bottom current direction (Figs. 5-5 and 5-14). The 

drift is asymmetrical with a skew towards the main channel in the northwest. The erosion of 

the channel is less prominent for sub-unit M2 with an internal erosive surface and capped by a 

minor unconformity (Fig. 5-13), thus indicating a more spread-out bottom current affecting the 

depocenter. The erosional scouring created a deeper channel for sub-unit M3, associated with 

a wedge-shaped deposit at the top of the drift and channelisation in the SE margin, indicative 

of a more focused and enhanced bottom current. These features associated with drift D7 are 
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analogous to those of the late Quaternary contourite drift observed in the Doñana basin 

(Hernández-Molina et al., 2016). 

 

Figure 5-13 Seismic profile in western Offshore Gharb basin, Northwest Moroccan margin 

(LAR04-5) showing an asymmetric confined drift (D7) bounded by basement highs and flanked by 

erosional scar and channels. Profile location given in Fig. 5-2. Major sequences (PQ, LM and B0), 

subunits of Lower LM (M3, M2 and M1) and main boundaries or discontinuities (SF: seafloor; other 

abbreviations given in Fig. 5-4; red arrows: stratal terminations) 



 

 

Chapter 5 

Page | 146  

 

Discussion 

Stratigraphic and chronologic framework 

The seismic stratigraphy of the Gulf of Cádiz is summarised in Figure 5-4 and Table 5-

1, and the seismic sequence LM is discussed in detail here. For the basal surface of the Lower 

LM unit, the basal foredeep unconformity (BFU) is documented as ~8 Ma (Maldonado et al., 

1999), whereas the age for the intra-Tortonian unconformity (ITU) is speculative due to a lack 

of chronological information. We assume an age between ~7–8 Ma for the ITU, which 

correlates to the timing of final emplacement of the allochthonous units towards the northwest 

of the Gulf of Cadiz (Gràcia et al., 2003). This could have led to the thinner distribution or 

absence of the lowermost section of the Lower LM unit (sub-unit M1) to the northwest.  The 

distribution of the upper Tortonian to lower Messinian Lower LM unit of the seismic sequence 

LM (~8–~6.4 Ma) is also dependent on the erosion and hiatus associated with the intra-

Messinian unconformity (IMU, ~6.4 Ma; Ng et al., 2021) in different parts of the basin. Its 

deposition is controlled by the paleotopography of the underlying units, distinct in its respective 

sectors (seismic units B0, B1 and B2) (Fig. 5-6b; Table 5-1). Only a handful of boreholes are 

available for the correlation of the late Miocene succession. The GCMPC-1 well, located in the 

Cádiz basin (Fig. 5-2), penetrated the deep-marine Lower LM unit, but did not reach the 

allochthonous unit (AUGC) or the accretionary wedge (GCAW). The M1/M2 boundary 

correlates to fluctuations in the geophysical logs, with increases in spontaneous potential (SP) 

and gamma ray (GR), while the M2/M3 boundary correlates to a slight lithological change, the 

lower section becoming siltier and more fossiliferous, with occasional micritic or oolitic 

limestone beds and traces of coal. (Hernández-Molina et al., 2014). The wells Anchois-1, Deep 

Thon-1 and Merou-1 also penetrated the late Miocene succession in the Offshore Gharb basin. 

In the Deep Thon-1 and Merou-1 well, the Lower LM unit is dominated by distal turbidite 

channels, lobes, or basin plain deposits, possibly reworked by later turbidity currents and or 

bottom currents (Ng et al., 2021). Upwards, the IMU horizon (~6.4 Ma) correlates to 

biostratigraphic events such as the Last Regular Occurrence (LRO) of Globorotalia miotumida, 

replaced by the First Occurrence (FO) of Globorotalia margaritae, dated 6.31–6.35 Ma, 

identified within a section of light grey clays interspersed with silts and very fine 

unconsolidated sands at the base of the Upper LM unit (Hernández-Molina et al., 2014; Ng et 

al., 2021). Still, the magnitude of this erosional hiatus is not known, as high-resolution 

biostratigraphic data below this boundary are lacking. We therefore postulate an age of ~6.6–
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6.4 Ma, inferred from the disappearance of paleo-Mediterranean Outflow Water (MOW) in the 

Onshore Gharb basin (Ivanovic et al., 2013). Above the Lower LM unit, the Upper LM unit is 

represented by the middle to upper Messinian unit of Ng et al. (2021) and the uppermost part 

of the U1 unit in Rodrigues et al. (2020). This unit correlates to a period dominated by pelagites 

or hemipelagites of the middle to late Messinian (~6.4 to 5.33 Ma; Ng et al., 2021). The 

background sediments are interrupted by gravity flow deposits, most prominently in the Deep 

Algarve and Offshore Gharb basins (Ng et al., 2020). Based on the Anchois-1 well, the Upper 

LM unit would consist of stacked channel storeys or complexes separated by thick hemipelagic 

drapes (Ng et al., 2021). Overall, seismic sequence LM reflects the late Miocene contourite 

depositional system. 

 

Figure 5-14 Schematic model for the relationship between contourite distribution (Fig. 5-5a, D1-

D7) and potential pathway of the paleo-Mediterranean Outflow Water (MOW) for the late Miocene 

Gulf of Cádiz CDS, superposed on the Base LM structure map (Fig. 5-6b) loosely representing the 

paleobathymetry of the late Miocene. (NWMM: Northwest Moroccan margin, SWIM: Southwest 

Iberian margin, WIM: West Iberian margin; other abbreviations given in Fig. 5-1).
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Table 5-1  Summary of seismostratigraphic units and boundaries of the Gulf of Cádiz and southern West Iberian margin. 

Seimostratigraphic unit Top boundary Seismic facies and description Depositional setting and interpretation 

Pre-late Miocene 

 

B0  

(Wedge top 

basin) 

Top 

allochthonous 

unit of Gulf of 

Cadiz (AUGC) 

Mega-chaotic seismic body affected by 

listric or thrust faulting  

Allochthonous unit of the Gulf of Cadiz 

(AUGC; Medialdea et al., 2004; 

Irribarren et al., 2007) 

B1  

(Betic foreland 

basin) 

Basal foredeep 

unconformity 

(BFU) 

Upper section of top-discordant high 

amplitude semi-continuous to chaotic 

reflections and lower section of 

homogenous chaotic reflections 

Mesozoic to middle-late Miocene 

sedimentary succession and Paleozoic 

basement (Maldonado et al., 1999; 

Pereira et al., 2016) 

B2  

(West Iberian 

margin) 

Intra Tortonian 

unconformity 

(ITU) 

Upper section of high amplitude 

discontinuous to wavy continuous 

reflections and lower section of chaotic 

reflections 

Tortonian – 

Messinian 

 

Lower LM 

(~8.0–~6.4 

Ma) 

Intra Messinian 

unconformity 

(IMU) 

See sections 4.1 and 4.2 Late Miocene contourite depositional 

system (This study) 

Upper LM 

(~6.4–5.33 

Ma) 

Miocene Pliocene 

boundary (MPB) 

Transparent to low amplitude 

continuous reflections, except for 

Offshore Gharb basin, which consists of 

intervals of high amplitude reflections 

in between lower amplitude intervals. 

Pelagites or hemipelagites, interrupted 

locally by turbidites (Ng et al., 2021) 

Pliocene-present 

 

PQ 

(5.33–0 Ma) 

Seafloor Erosional base with medium to high 

amplitude parallel to semi-parallel 

continuous reflections in the lowermost 

section, locally in areas relatively 

conformable within seismic resolution, 

having continuous low amplitude 

reflections in the lowermost section 

Pliocene-Quaternary contourite 

depositional system (Llave et al., 2011; 

Roque et al., 2012; Hernandez-Molina et 

al., 2016) 
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Evolution of the late Miocene contourite depositional system 

The long-term evolution of the late Miocene contourite depositional system (CDS) can 

be divided into three stages (initial-, growth-, and maintenance-drift) based on the morphology 

of the contourite features identified, followed by a final (buried-drift) stage representing the 

cessation of the system. 

Initial-drift stage 

At the base of the Lower LM unit, the predominantly transparent to low amplitude semi-

continuous sub-unit M1 is interpreted as the initial-drift stage of the late Miocene CDS, which 

is marked by the onset of paleo-Mediterranean Outflow Water (MOW) during the late 

Tortonian above the BFU (~8 Ma). The sheeted to tabular distribution of sub-unit M1 in Faro 

Canyon (Fig. 5-10) and the Sines Pass in the southern West Iberian margin (Fig. 5-7) may have 

been originated by weak bottom current prior to the deposition of the more pronounced 

contourite features in sub-unit M2. This stage is comparable to the early Pliocene weak MOW 

phase observed for seismic sequence PQ, or Pliocene-Quaternary CDS (Hernández-Molina et 

al., 2016). The deposition of sub-unit M1 could also be synchronous with the emplacement of 

new imbricate wedges in the Gharb-Saiss basin, also known as the Prerifian Nappe [sensu Levy 

and Tilloy, 1962; as the equivalent to the allochthonous unit of the Gulf of Cádiz (AUGC) in 

the Rifian corridor (Flinch, 1993)], from ~8.4 to 7.8 Ma, just before the onset of contourite 

deposition in the Rifian Corridor (Capella et al., 2017b; de Weger et al., 2020). This is 

supported by the presence of deformed sub-unit M1 in the wedge top basins in the central Gulf 

of Cádiz above the Top AUGC (Figs. 5-11 to 5-13). The emplacement of the accretionary 

wedge and the gravitational collapse in the wedge top basins (Medialdea et al., 2004) prior to 

during this stage created the bathymetric control and accommodation for the evolution of the 

late Miocene CDS. The southern West-Iberian margin is likewise affected by the tectonic 

reactivation caused by an inversion of rift-related faults that uplifted the margin (Zitellini et al., 

2004; Pereira et al., 2011). The sparse distribution of sub-unit M1 following the Miocene 

hiatus, represented by the ITU horizon in the Alentejo basin, corroborates this hypothesis.  

Growth-drift stage 

The growth-drift stage is represented by the sub-unit M2 interval, which consist of well-

defined contourite drifts throughout the Gulf of Cádiz continental margins. More pronounced 
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erosional and depositional features of the late Miocene contourite depositional system, such as 

mounded drifts and contourite channels, first developed after the onset of sub-unit M2 (Figs. 

5-7 to 5-13). This represents an increase in the paleo-MOW velocity as it flows towards the 

Gulf of Cádiz, the outflow evolving into an overflow setting as suggested by Capella et al. 

(2019). Meanwhile, tectonic activity extending into the latest Tortonian (7–8 Ma; Gràcia et al., 

2003) in the wedge top basins would have continued to create accommodation for drift growth. 

The base of sub-unit M2 is coeval with the onset of the sandy contourites succession described 

for the Rifian Corridor, which began between 7.8 Ma until 7.25 Ma during a period of relative 

tectonic quiescence (Capella et al., 2017a; de Weger et al., 2020). The boundary between sub-

unit M2 and the overlying sub-unit M3 is marked by a minor unconformity and a shift from 

the high-amplitude top M2 interval to a low-amplitude bottom M3 interval. This could be 

attributed to an abrupt weakening or a change in pathway of the paleo-MOW and may further 

be related to a regional-scale event for the external wedges of the Gibraltar Arc during the 

Tortonian to Messinian (Abbassi et al., 2020). In the Rifian corridor onshore Morocco, a 

compressional tectonic event dated 7.25 Ma (Tortonian-Messinian boundary), linked to the 

transition from a thin- to thick-skinned tectonic regime for the Betic-Rif orogeny, is identified 

as the termination of a contourite depositional sequence in the Saiss basin (Capella et al., 

2017b; de Weger et al., 2020); younger contourite deposits (~6.4–7.25 Ma) are also identified 

in the Onshore Gharb basin (Capella et al., 2017a). This event might  have been responsible 

for the transition at the M2/M3 boundary. The Tortonian-Messinian boundary is moreover 

regarded as the initiation of the stepwise restriction of the Mediterranean-Atlantic exchange in 

the framework of a changing Mediterranean deep-water environment (Flecker et al., 2015).  

Maintenance-drift stage 

Sub-unit M3 is sparsely distributed from the Gulf of Cádiz to the southern West Iberian 

margin, due to an erosional phase post-deposition marked by the IMU during the early to 

middle Messinian (~6.4 Ma; sensu Ng et al., 2021). Sub-unit M3 transition upwards from low-

amplitude reflections to very high-amplitude reflections, where deeply erosive alongslope 

contourite channels can be identified until the IMU (Figs. 5-8 and 5-12 to 5-13). In addition, 

contourite drift morphologies are observed only in the upper part of the sub-unit, being most 

obvious in the Offshore Gharb basin (Fig. 5-13). The evolution in the channel geometry and 

the change in drift morphology from subunit M2 to M3 in the western part of the Offshore 

Gharb would indicate an overall strengthening of the paleo-MOW. This is in agreement with 
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the evolution of late Miocene CDS in the Rifian Corridor, where the paleo-MOW overflow is 

enhanced before its cessation (Capella et al., 2019). Therefore, we interpret sub-unit M3 as the 

maintenance-drift stage of the late Miocene CDS, similar to the present-day setting of the 

Pliocene-Quaternary CDS (Hernández-Molina et al., 2016). 

Buried-drift stage 

Subunit M3 is capped by the IMU, a tectonic episode witnessing the margin-wide 

erosion of the upper parts of subunit M3, plus a hiatus that lasted from ~6.6–6.4 Ma. The Upper 

LM unit is interpreted as the buried-drift stage, following the cessation of the paleo-MOW from 

~6.4 Ma onwards, owing to the restriction of water exchange between the Mediterranean and 

the Atlantic due to uplift caused by the Betic-Rif orogeny, as well as the closure of the Betic 

and Rifian gateways (Krijgsman et al., 2018). This meant a switch from a contouritic to a 

predominantly pelagic or hemipelagic environment from the middle-late Messinian until the 

end of the Miocene (Ng et al., 2021). This stage is characterised by the inactivity of the 

contourite channels and their eventual and filling up by pelagic settling, along with the 

fossilization of the remaining drift deposits which were unaffected by the IMU erosional 

unconformity. In the Offshore Gharb basin, the presence of thick hemipelagic drapes in 

between the turbiditic channel storeys or complexes further corroborates an absence of bottom 

currents at this time (Ng et al., 2021).  

Control factors 

The evolution of the late Miocene contourite depositional system (CDS) is controlled 

by the interplay between tectonic, sedimentary, and climatic forces.  

Deformation from tectonism and diapirism 

During the late Miocene, the formation of the elongated wedge top basins, such as the 

Cádiz and offshore Gharb basins, created relatively deeper passages for the paleo-MOW 

through the central part of the Gulf of Cádiz, that is, in comparison to the foredeep basins at 

the front of the Southwest Iberian and Northwest Moroccan margins (Figs. 5-3 and 5-5). The 

tectonic transformation of the Mediterranean-Atlantic gateways would have led to an increase 

in salinity and density for the outflowing paleo-MOW through the Betic and Rifian corridors 

(Capella et al., 2019), and sinking towards the deeper wedge top basins, driven by the density, 

and mixing with ambient water before reaching neutral buoyancy west of the Doñana basin. In 



 

 

Chapter 5 

Page | 152  

 

the initial-drift stage, the distribution of the highly deformed sub-unit M1 in the wedge top 

basins of the Gulf of Cádiz reflected the complex syn-tectonic depositional processes during 

this period (Figs. 5-12 to 5-13). Gravitational collapse and AUGC development, in addition to 

diapirism, disrupted and controlled the synchronous deposition of the sub-unit M1. At the 

southern West Iberian margin, continuous uplift due to tectonic inversion up to the late 

Tortonian could have led to erosion and an intersperse distribution or lack of preservation of 

the initial-drift stage (Figs. 5-7 and 5-8). The occurrence of larger and more mounded drift 

morphologies pertaining to the growth- and maintenance-drift phases in sub-units M2 and M3 

would also be a result of morphotectonic activity exerting control on the confinement of bottom 

current pathways. The dimensions of the drift geometries within the central Gulf of Cádiz 

wedge top basins for the late Miocene are relatively small (<7 km in width) when compared to 

drifts in the southern West Iberian margin (10-30 km wide) or the Deep Algarve basin Pliocene-

Quaternary drifts (40-50 km wide; Hernández-Molina et al., 2016). The smaller late Miocene 

drifts reflect how the effects of bathymetric irregularities caused by tectonism and diapirism 

during this period conditioned both drift morphologies and distributions. As a result of the 

tectonic processes, basement highs, fault scarps and diapiric structures (salt domes, salt walls) 

acted as obstacles that locally enhanced bottom current flow and formed erosional features 

(channels, scours) or deposited mounded drifts with coarser sediments, controlling and 

confining the distribution of the late Miocene CDS from the Gulf of Cádiz to the southern West 

Iberian margin (Figs. 5-10 to 5-13). The effects of these bathymetric features in enhancing 

MOW have also been documented in the Pliocene-Quaternary CDS (Sánchez-Leal et al., 2017; 

Duarte et al., 2020).  

Interplay of turbidity and bottom currents 

Deposition of the late Miocene CDS was also controlled by the interaction of 

alongslope and downslope sedimentary processes. Gravitational deposits over the continental 

margins were reworked by the paleo-MOW flowing across the Gulf of Cádiz during the late 

Miocene. Examples of downslope processes during this period include the turbiditic systems 

within the Deep Algarve and Offshore Gharb basins (Figs. 5-3b and c; Ng et al. 2021), and the 

formation of the Sagres and São Vicente submarine canyons in the southern West Iberian 

margin (Figs. 5-3 and 5-5). Reworking of these gravity flow deposits by the paleo-MOW 

bottom currents would have produced mixed or hybrid systems (Mulder et al., 2008, Rodriguez 

et al., 2021). Yet, a paleo-Portimão submarine canyon (Figs. 5-5 and 5-6) controlled by the Gil 
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Eanes fault zone (GEF; sensu Duarte et al. 2020) could have supplied sediments for drift 

development in Faro canyon. In the offshore Gharb basin, the presence of bottom-currents 

could rework the dominantly turbiditic environment, giving rise to bottom-current reworked 

sands and contourite drifts (Shanmugam, 2008). Recent research in the Gulf of Cádiz 

underlines the complexity of the relationship between the two processes: MOW bottom 

currents and gravity flows (mass transport and turbidity currents), in the context of the 

Pliocene-Quaternary CDS (Brackenridge et al., 2013; de Castro et al., 2020; 2021; Mencaroni 

et al., 2020; Mestdagh et al., 2020; Serra et al., 2020). The interaction of different sedimentary 

processes in the deposition of contourite drift is well demonstrated in the analyses of core, log, 

and seismic scales for the Pliocene to Quaternary interval (Brackenridge et al., 2013; de Castro 

et al., 2021; Mestdagh et al., 2020); the influence of the MOW on the São Vicente submarine 

canyon has also been documented (Mencaroni et al., 2020; Serra et al., 2020).  

Orbital and millennial variability 

Some examples of the late Miocene drift features evoke cyclicities previously identified 

for the Pliocene-Quaternary CDS (Llave et al., 2001; Hernández-Molina et al., 2016; Figs. 5-

10 and 5-13). These cyclic seismic facies trend with a transparent base, parallel reflectors of 

moderate-to-high amplitude top and capped by a continuous high-amplitude erosional surface 

are here interpreted as a coarsening-upward sequence linking MOW variability with orbital 

cycles (Hernández-Molina et al., 2016). The sub-unit scale cyclicity could be influenced by the 

Milankovitch precession cycles modulated by eccentricity cycles, which are thought to have 

an influence on sea-level variation, sediment supply, and bottom current activity, according to 

seismic and sequence stratigraphic analysis of the Pliocene-Quaternary CDS in the Gulf of 

Cádiz (Hernández-Molina et al., 2016; Mestdagh et al., 2019). The termination of the late 

Miocene CDS also took place coevally to both tectonic and sedimentary changes influenced 

by orbital cycles. This margin-wide erosive event coupled with increasing turbidite deposition, 

and the subsequent pelagic environment across the Gulf of Cádiz, marked the weakening and 

eventual cessation of paleo-MOW driven by the uplifting and shallowing of the sills within the 

Betic and Rifian corridors (Krijgsman et al., 1999; Ng et al., 2021). The event is furthermore 

linked to the stepwise restriction of the Mediterranean-Atlantic connection, which is imprinted 

on long-term eccentricity orbital cycles (Hilgen et al., 2007; Ng et al., 2021). Variations in 

MOW strength are also observed at the smaller precessional to millennial scale (Llave et al., 

2006; de Castro et al., 2020; Sierro et al., 2020). High-amplitude facies are represented by 
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coarser-grained sediments, deposited during precession maxima or Greenland stadials, where 

enhancement of the MOW would be a result of aridity and increased buoyancy loss in the 

eastern Mediterranean (Sierro et al., 2020). During Heinrich stadials, increasing strength and a 

deepening of the MOW towards the lower core, along with decreasing MOW strength in the 

upper core, would entail freshening of the Atlantic and increased density contrast with the 

MOW (Llave et al., 2006; Sierro et al., 2020). Such climatic-induced effects can also be seen 

in the intermittent behaviour of the paleo-MOW as it controls the deposition of late Miocene 

contourites in the Rifian corridor (de Weger et al., 2020).  

 
Figure 5-15 (Top) Seismic profile in western Onshore Gharb basin, subsurface of the Haricha 

section (85-LK-28), showing the distribution of the Lower LM subunits (M3, M2 and M1), main 

boundaries and discontinuities, and the presence of elongated separated drifts associated with the late 

Miocene contourite depositional system in the Rifian corridor. Seismic interpretation adapted from 

Capella et al. (2017). (T/M boundary: Tortonian-Messinian boundary, other abbreviations available in 

Fig. 5-4); (Bottom) Simplified geological map of the Rifian corridor showing the location of seismic 

profile 85-LK-28 and sedimentary sections of the Rifian corridor late Miocene CDS, and the paleo-

MOW pathway (adapted from Capella et al., 2017) (Location of section indicated in Fig. 5-1).
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Implications of the late Miocene contourite depositional system 

The long-term evolution of drift morphologies of the late Miocene contourite 

depositional system (CDS) shows similarities with other modern examples around the Iberian 

margin, such as the Gulf of Cadiz Pliocene-Quaternary CDS in the Southwest Iberian margin 

(Hernández-Molina et al., 2016); the Sines drift in the West Iberian margin (Rodrigues et al., 

2020); and the Le Danois CDS in the Northern Iberian margin (Liu et al., 2020). These modern 

examples developed as a result of Pliocene to present-day setting of the Mediterranean Outflow 

Water (MOW) (Llave et al., 2019), where they reflect its evolution towards a denser and more 

restricted setting across the Strait of Gibraltar (Hernández-Molina et al., 2016). Similarly, the 

development of the late Miocene contourite depositional system acts as an imprint upon the 

paleo-MOW circulation in the Gulf of Cádiz towards the southern West Iberian margin, where 

its different stages (initial-, growth- and maintenance-drift) trace the increasing density contrast 

between the Mediterranean and Atlantic throughout the late Miocene. The narrowing and 

subsequent closure of the Betic and Rifian corridors since the late Miocene led to the evolution 

of the paleo-MOW into an overflow setting with a more saline and denser water mass (Capella 

et al., 2019). Ultimately, the outflow was reduced or halted (Ng et al., 2021), followed by the 

partial isolation of the Mediterranean Sea and the precipitation of the Messinian Salinity Crisis 

evaporites during the late Messinian (Flecker et al., 2015). This transformation from an outflow 

to an overflow setting is also evident for the coeval deposition of contourites in the Rifian 

corridor (Capella et al., 2017a, de Weger et al., 2020). The late Miocene CDS, likewise 

identified by Capella et al. (2017a), is seen in the seismic profile subsurface of the Haricha 

section, at the eastern margin of the onshore Gharb basin by the exit of the Rifian corridor. 

Here, elongated separated drifts are interpreted for subunits M2 and M3 (growth- and 

maintenance-drift stage), while subunit M1 with its sheeted and tabular geometry, points to the 

initial-drift stage (Fig. 5-15). 

The presence of the late Miocene CDS in the Gulf of Cádiz occurred during a period of 

tectonic deformation as a consequence of the ongoing progressive restriction of the 

Mediterranean-Atlantic gateway during the Tortonian to Messinian stages (Capella et al., 

2017b) due to convergence of the Iberian and African plates leading to the uplift of the Gibraltar 

Arc (Duggen et al., 2003; Civiero et al., 2020). In contrast to other contourite systems, in this 

case tectonism and diapirism exerted greater control over the distribution and dimension of the 

deposits. The contourite drifts identified in the wedge top basins in the central Gulf of Cádiz 
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(Figs. 5-11 to 5-13, 5-14) are concentrated in areas confined by structural highs or fault scarps 

that developed synchronously, through the emplacement of the accretionary wedge and the 

gravitational collapse during the middle to late Miocene (Medialdea et al., 2004; Gràcia et al., 

2003). Drifts in the southern West Iberian margin though, are located on the flank of structural 

highs (Figs. 5-7 to 5-8, 5-14) resulting from the tectonic inversion and reactivation of rift-

related faults and margin uplift (Zitellini et al., 2004; Pereira et al., 2011). Bathymetric features 

such as these would have locally accelerated bottom current flow (Sánchez-Leal et al., 2017; 

Duarte et al., 2020). The smaller dimensions of these drift deposits would also be restricted by 

the availability of accommodation. In the setting of the onshore Gharb basin, the late Miocene 

contourite drift subsurface of the Haricha section (Fig. 5-15), identified by Capella et al. 

(2017a), is deposited in similar settings, the deposits being locally bounded by structural highs 

created by emplacement of the Rif Nappe, as seen in both the seismic cross section and the 

geological map (Fig. 5-15). The overall preservation of contourite drift deposits would have 

been adversely affected in continental margins undergoing deformation processes such as 

uplift, where deposits of older stages are susceptible to widespread erosion by younger and 

more vigorous bottom currents. Distinguishment of the late Miocene CDS may serve as a good 

analogue for drift discrimination in other tectonically active settings. 

The late Miocene CDS also provide insights as to the climatic and oceanographic 

history from the Tortonian to the Messinian. A weaker outflow of the paleo-MOW across a 

wide Mediterranean-Atlantic gateway might have existed during the middle- to early-late 

Miocene (Capella et al., 2019), prior to deposition of the initial-drift stage, yet no evidence of 

such was preserved due to the tectonic activity and deformation in the Gulf of Cádiz towards 

the southern West Iberian margin. This outflow setting would have generated a distinctive 

water mass in the Atlantic and influenced the North Atlantic paleoceanography. The onset of 

the overflow setting of the paleo-MOW exchange during the late Miocene would have 

increased entrainment of ambient Atlantic water to form the paleo-Atlantic Mediterranean 

Water (AMW; Rogerson et al., 2012) and flowed towards the North Atlantic. This would have 

had a significant impact on the ocean circulation in the North Atlantic. The late Miocene 

Mediterranean overflow most likely helped to sustain the formation of the North Atlantic Deep 

Water (NADW) (Rogerson et al., 2012) and the Atlantic Meridional Overturning Circulation 

(AMOC) (Rogerson et al., 2006; Ivanovic et al., 2013). Capella et al. (2019) similarly 

suggested that overflow conditions could have favoured ocean-atmospheric carbon dioxide 

(CO2) decoupling by initiating an ocean pump for CO2 transport. Such a scenario would have 
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meant surface water cooling and carbon sequestration in the deep ocean (Capella et al., 2019), 

and contributed to the late Miocene global cooling trend (Herbert et al., 2016; Capella et al., 

2019), hence the northern hemisphere Messinian ice ages (van der Laan et al., 2012). 

 

Conclusion 

A late Miocene contourite depositional system (CDS) in the Neogene basins across the 

middle slope of the Gulf of Cádiz was recognised through the documentation of drift deposits 

and erosional features which act as clues to the paleoceanographic imprints of bottom water 

circulation during the late Miocene. Here, we describe for the first time the occurrence of 

regional contourite features after the main emplacement of the accretionary wedge (GCAW) 

or allochthonous unit (AUGC) during the late Tortonian, prior to the disconnection of the 

Mediterranean-Atlantic exchange in the middle to late Messinian (~6.4 Ma). This supports the 

influence of paleo-Mediterranean Outflow Water (MOW) water mass in locally controlling the 

morphology and sedimentary stacking pattern on the middle continental slope of the Gulf of 

Cádiz and towards the southern West Iberian margin, downstream of the Betic and Rifian 

corridors. Seismic stratigraphic analysis served to identify the four stages related to the 

evolution of the late Miocene CDS, based on external morphological expressions and internal 

reflection configurations, namely the initial-drift stage (subunit M1), the growth-drift stage 

(sub-unit M2), the maintenance-drift stage (sub-unit M3), and the buried-drift stage (Upper LM 

unit). They record the weak to vigorous long-term evolution of the bottom current velocity and 

its subsequent halt in relation to the synchronous restriction of the Mediterranean-Atlantic 

gateway. The distribution and preservation of these contourite drifts are favoured by local syn- 

and post-depositional tectonic deformation. Locally, sediments within these drift deposits are 

supplied by downslope gravitational systems, whereas regional uplifting processes affects 

sediment erosion and accommodation, thereby contributing to the evolution of the overall drift 

morphology. 

However, certain limitations of the seismic and borehole data impede a more detailed 

description of the sedimentary evolution of the CDS. Acquisition of 3D and reprocessing of 

2D seismic data with a refined interpretation workflow, as well as the obtainment of 

sedimentological information from boreholes in the study area, would be necessary to unravel, 

with higher confidence, the role of bottom currents in controlling the sedimentary stacking 
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patterns, and their interaction with other deep-water processes in depositing the late Miocene 

CDS. Proxies for climatic and tectonic changes are also vital to explain their effects on the 

local and regional scale. The upcoming IMMAGE amphibious (IODP 895 and ICDP) drilling 

project (Investigating Miocene Mediterranean-Atlantic Gateway Exchange: 

http://immage.icdp-online.org) will be able to provide the data to better understand the late 

Miocene CDS of the Gulf of Cádiz. Notwithstanding, this work marks a crucial step towards 

understanding the long-term evolution of the late Miocene Mediterranean-Atlantic exchange 

and the effect of the paleo-MOW evolution on ocean circulation in the North Atlantic, as well 

as its impact on late Miocene global climate cooling. The seismic analysis of the late Miocene 

CDS in the Gulf of Cádiz could also serve as an analogue for recognising highly deformed 

contourite deposits in the subsurface of other tectonically active continental margins. 
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Supplementary Material 

Table 5-S1 Acquisition parameters of the 2D seismic surveys used in this study: GC-D, GHR-10, HE91, LAR04, NWM03, P74, PD00 / PDT00, S81A, 

TASYO 2000 (TWT – two-way travel time). 

Dataset 

(Survey) 

Operator / 

Institution 

Contractor / 

Research Vessel 
Year 

No. of 

Lines 

Streamer 

Length 
Source 

Shotpoint 

Interval 
Channels 

Recording 

Length 

Sample Rate 

(Resample) 

Line Orientation 

& Spacing 
Reference 

GC-d Repsol - - 7 - Airgun - - 4 s TWT 2 ms N-S, E-W 
Hernández-Molina 

et al. (2016) 

GHR10 

(Gharb) 
Repsol PGS 2010 6 - Airgun 18.75 m 408 6 s TWT 2 ms 

NNW-SSE, 

ENE-WSW 
- 

HE91 IGME R/V Hesperides 1980s 14 - Airgun - - 4 s TWT 4 ms NNW-SSE, E-W 
Maldonado  

et al. (1999) 

LAR04 Repsol Fugro-Geoteam 2004 30 4.5 km Airgun 25 m 360 6 s TWT 4 ms 
NE-SW: 4 km, 

NW-SE: 4km 
- 

NWM03 Skidmore Fugro-Geoteam 2000 71 6 km Airgun 25 m 480 7 s TWT 4 ms - - 

P74 Chevron - 1970s 19 2.35 km Airgun 50 m 48 6 s TWT 4 ms 
N-S: 6-14 km, 

E-W: 8-11 km 

Roque  

et al. (2012) 

PD00 / 

PDT00 
TGS  R/V Zephyr 1 2000 58 6 km Airgun 25-30 m 240-480 12 s TWT 

2 ms  

(4 ms) 

NNW-SSE: 4 km, 

ENE-WSW: 8 km 

Llave  

et al. (2011) 

S81A Repsol - 2003 41 - Airgun - - 7 s TWT 4 ms NE-SW, NW-SE 
Hernández-Molina 

et al. (2016) 

TASYO 

2000 
IGME R/V Hesperides 2000 14 2.5 km TOPAS 50 m 96 10 s TWT 

2 ms 

(4 ms) 

ENE-WSW,  

NE-SW, NW-SE 

Medialdea  

et al. (2004) 
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Text 5-S1 Limitations and suggestions for further study 

The interpretation of the late Miocene contourite depositional system (CDS) of the Gulf 

of Cádiz is based on 2D multi-channel seismic (MCS) surveys correlated to limited borehole 

information. The identification of CDS through its morphological features and acoustic facies 

using seismic reflection data is dependent on the quality and resolution of the available seismic 

data, in respect to their line spacing and coverage, vertical and horizontal resolution, acquisition 

noise, and processing artefacts, in revealing or obscuring true reflection events. 

The compilation of the seismic dataset did not include high-resolution seismic data 

from high-frequency sparker or airgun source surveys available in the study area (Llave et al., 

2011; Brackenridge et al., 2013; Hernández-Molina et al, 2016, among others). This is due to 

lack of depth penetration for these surveys (<1000 m) to record the distribution of the late 

Miocene interval. However, the lower frequency airgun-sourced multichannel seismic profiles 

could only capture the longer-term sedimentary changes and larger-scale sediment bodies, with 

its lower average vertical resolution of 15 – 30 m (Llave et al., 2011; Roque et al., 2012) and 

decreasing horizontal resolution (>60 m) due to the increasing Fresnel zone with depth. Also, 

the wide line-spacing for the 2D seismic surveys (min: 4 km; Table 5-S1) did not permit the 

accurate representation of detailed seismic morphologies through surface mapping. Moreover, 

the increase in seismic artefacts with depth due to inadequate processing techniques for the 

deeper section of the seismic profiles also hinder the interpretation of the late Miocene interval. 

In contrast to the analysis of the modern CDS in the Gulf of Cádiz, the availability of a more 

robust dataset, such as the high-resolution sparker-sourced seismic, a high-resolution 

bathymetric compilation, continuous well logs and detailed core descriptions from borehole 

drilling, and a refined age model including bio- and cyclo-stratigraphic framework enabled a 

comprehensive analysis of the Pliocene-Quaternary sedimentary succession (see Llave et al., 

2006; Stow et al., 2013; Hernández-Molina et al. 2016 for review). Examples of the workflow 

include the identification of erosional and depositional features of a CDS on bathymetric maps 

and their relationship with interpreted morphologies on seismic profiles, the distinguishment 

of sedimentary trends through high-resolution ties to well log, core and seismic data, 

correlation of seismic sub-units to sequence stratigraphy and sea-level variation, and the precise 

age assignment of sedimentary interval, all of which are impossible for the analysis of the 

ancient late Miocene interval with the available dataset. 
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This study also relies heavily on modern and ancient analogue studies, such as the 

Pliocene-Quaternary Gulf of Cádiz CDS and the outcrop-based late Miocene contourites of the 

Riffian corridor (Capella et al., 2017; de Weger et al., 2020), instead of sedimentary 

information from in-situ drilling. This is due to the lack of detail description within industry 

boreholes that penetrated the late Miocene interval as they were not primary targets (e.g., 

Corvina, Imperador, Ruivo, Neptuno-1, Neptuno-2). While we could draw similarities with the 

two systems, the conditions to which these deposits were formed may not represent that of the 

late Miocene CDS in the Gulf of Cádiz. For example, we would expect more proximal facies 

for the late Miocene contourites in the Riffian corridor in comparison to the Gulf of Cádiz as 

it is located closer to the sill of the late Miocene gateway. Whereas the current velocity of the 

Mediterranean Outflow Water (MOW) in controlling the evolution of the Pliocene-Quaternary 

CDS may have been more (or less) vigorous in comparison to the late Miocene due to the 

formation of the Strait of Gibraltar during the late Messinian to early Pliocene. Moreover, the 

tectonic and diapiric effects on this system are varied for their respective localities and time 

period. The tectonic deformation during the late Miocene could have changed the morphologies 

of the drift deposits and their paleodepths.  

Therefore, we suggest that future works include reprocessing of the existing 2D seismic 

survey and or the acquisition of 3D seismic data to have a better coverage for a more rigorous 

interpretation and mapping of the contourite features and their distribution. We also 

recommend the reinterpretation or drilling of a continuous section targeting the contourite body 

to acquire sedimentological information to document and describe in detail the sedimentary 

facies and the evolution of the late Miocene CDS with regards to the paleo-MOW 

oceanography and to better understand the link between the control factors (tectonic, 

sedimentary, climatic) and the drift deposits. The upcoming IMMAGE amphibious (IODP 895 

and ICDP) drilling project (Investigating Miocene Mediterranean-Atlantic Gateway Exchange: 

http://immage.icdp-online.org) aims to drill the late Miocene sedimentary record in this region, 

where its potential results will be crucial in investigating the hypotheses presented from this 

work in order to better understand the paleo-MOW variability and its implications. On top of 

that, backstripping analysis technique of the sedimentary sequence could provide a better 

understanding on the effects of the tectonic driving forces, such as basin subsidence or uplift, 

on the deviation from the original depositional position of the late Miocene CDS along the 

continental margins. 

http://immage.icdp-online.org/
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Abstract 

Foreland basins are normally dominated by turbidite deposits in the early stages of their 

evolution. In this work, we show evidences of bottom current influence in the Algarve basin, 

which evolved as a foredeep basin of the Betic-Rif orogeny, during which the paleo-

Mediterranean Outflow Water (MOW) was active through the Betic and Rifian corridors. 

Seismic interpretation identified four stages of sedimentary evolution (Stages I-IV) in the 

eastern domain of the Deep Algarve basin. Stages I and II correspond to the Late Miocene 

contourite depositional system during the late Tortonian to early Messinian, interrupted by the 

emplacement of the allochthonous unit of the Gulf of Cádiz. Bottom currents reworked the 

initial turbiditic sediments in the eastern Deep Algarve basin, as the downstream continuation 

of the Guadalquivir sands turbidite system, forming contourite drifts prior to the severe 

weakening or cessation of the paleo-MOW around mid-Messinian. Stages III and IV represent 

the evolution of the turbidite system with a lack of bottom current influence, through the 

downstream translation and lateral migration of meandering submarine channels, and their 

subsequent abandonment, during the late Messinian. The Tortonian to Messinian evolution of 

bottom current is modulated by the water-mass exchange between the Mediterranean and the 

Atlantic due to the shallowing of sill and subsequent restriction of the paleo-MOW through the 

Betic and Rifian gateways around ~6.4 Ma. Tectonic and glacioeustatic changes exerted 

control over both the turbidite and contourite depositional systems, where tectonic pulses of 

about 400-kyr dictated their large-scale morphosedimentary evolution and interactions. 

Keywords: Deep-marine sedimentation, bottom currents, gravitational processes, paleo-

Mediterranean Outflow Water, Late Miocene, Deep Algarve basin 

mailto:Zhi.Ng.2016@live.rhul.ac.uk
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Introduction 

The Late Miocene evolution of the Gulf of Cádiz consists of a complex interaction 

between tectonic, sedimentary, and oceanographic processes. Recent discovery of a Late 

Miocene contourite depositional system in the Gulf of Cádiz has led to the belief that the paleo-

Mediterranean Outflow Water (MOW) had a major influence on the evolution of the Southwest 

Iberian margin since at least late Tortonian until early Messinian (Ng et al., 2021a). 

Synchronously, the Deep Algarve basin has undergone tectono-morphological changes with 

the formation of salt structures as a consequence of halokinesis (Lopes et al., 2006; Matias et 

al., 2011; Duarte et al., 2019), while its sedimentary infill was dominated by turbiditic systems 

sourced from onshore Algarve as well as the Guadalquivir basin (Riaza and Martínez del Olmo, 

1996; Sierro et al., 1996; Ledesma, 2000). The deposition of turbidites likely reflects the initial 

phase of a foreland basin following thrusting (Riaza and Martínez del Olmo, 1996; Hernández-

Molina et al., 2016). The Deep Algarve basin is separated from the rest of the Gulf of Cádiz by 

a series of structural highs (Hernández-Molina et al., 2016; Duarte et al. 2020). This raises the 

question of whether the Deep Algarve basin could have been isolated from the circulation of 

the paleo-MOW prevalent in the Gulf of Cádiz during this time. A detailed seismic analysis of 

the Late Miocene sedimentary succession of the Deep Algarve basin could unveil the 

interaction between the two deep marine processes – gravity flows and bottom currents. 

Turbidites are sediments deposited by turbidity currents or flows that are delivered 

downslope to the deep marine realm through submarine channels as conduits and accumulate 

as submarine lobes in basin floor fans at the base of the continental slope (Barnes & Normark, 

1985; Piper & Normark, 2001). Submarine channels are known to have unique migration styles 

(Peakall et al., 2000; Wynn et al., 2007), although bearing some similarities in their 

morphologies to fluvial systems (Damuth et al., 1983). The migration of submarine channels, 

which include the expansion and downstream translation of meander bends, and the vertical 

movements by incision and aggradation, dictate the stratigraphic architecture of these systems 

(Sylvester et al., 2011; Jobe et al., 2016). As turbidity currents follow the steepest descent 

across the continental slope, they can be confined, diverted, deflected, or blocked by complex 

seafloor topography caused by tectonic deformation (Clark and Cartwright, 2009; 2011; 

Covault et al., 2019). These structures, such as basement highs and salt diapirs, create 

accommodation with the formation of intraslope basins or terraces (Prather et al., 1998; Prather, 

2003) and localize pathways of submarine channels (Gee & Gawthorpe, 2006), modifying their 
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depositional architecture (Cumberpatch et al., 2021). These confinements also lead to the 

development of ponded, perched, or transient turbiditic submarine lobes within the intraslope 

basins (Prather, 2003; Marchès et al., 2010; Gamberi and Rovere, 2011), where their infilling 

are counterbalanced by erosion and bypass to achieve slope equilibrium (Prather, 2003). 

Bottom currents, on the other hand, are alongslope flows which are responsible for the 

deposition of contourites (Rebesco et al., 2014), interstratified with other deep-water facies (de 

Castro et al., 2021; de Weger et al., 2021). The thick accumulations of contourite deposits are 

called “drifts”, which forms alongside their associated erosional features, as “channels” 

(McCave and Tucholke, 1986; Faugères and Stow, 2008; Hernández-Molina et al., 2008). 

Bottom currents could erode as well as rework sediments on the seafloor to form mixed 

deposits with distinguishable diagnostic criteria, such as reworked turbidites, or bottom current 

reworked sands (Shanmugam et al., 1993; de Castro et al., 2020). While mixed systems develop 

depending on the influence of their respective processes (e.g., bottom and turbidity currents or 

mass-wasting processes), only the characteristics of the dominant process are preserved, while 

masking the true nature of their interactions (Creaser et al., 2017). The sedimentary 

characteristics and architecture of mixed systems, such as bottom current affected channel 

complexes (Gong et al. 2013; 2018; Fonnesu et al., 2020; Fuhrmann et al., 2020; Miramontes 

et al., 2020) and mixed/hybrid drifts (Creaser et al., 2017; Rodrigues et al., 2021), are dependent 

on the mechanism and circumstance of interplay between gravity flows and bottom currents, 

such as tractional reworking versus lateral deflection and suspension fall-out of sediments 

(Sansom, 2018), and passive, phased or synchronous interactions of these currents 

(Miramontes et al., 2021).  

The interactions between these processes have been widely reported for passive margin 

settings (e.g., Creaser et al., 2017; Miramontes et al., 2021; Rodrigues et al., 2021), whereas 

gravitational processes are considered as the dominant component within active margin 

settings, such as the turbiditic infill with the early stages of foreland basin evolution (e.g., 

Bayliss and Pickering, 2015; Butler et al., 2020). Can these tectonically active basins also be 

affected by bottom current processes? The main aim of this work is to decode the possibility 

of paleo-MOW influence on the deposition of the Late Miocene turbidite system during the 

initial phase of the peripheral foreland basin based on seismic stratigraphic analysis in the 

eastern domain of the Deep Algarve basin (Fig. 1). The stratigraphic architecture of the Late 

Miocene interval is characterised, which includes the distal section of the Guadalquivir sands 

turbidite system, using 3D seismic‐reflection data, to distinguish the influence of bottom 
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currents in the evolution of the eastern domain of the Deep Algarve basin. Also, the interplay 

of both the turbidite and contourite systems, as well as their control factors, regional and 

conceptual implications, are evaluated and discussed. 

 

Figure 6-1  (A) Study area in the Gulf of Cádiz. Gray rectangle indicates location of the Algarve-

2012 3D seismic reflection survey in B. Modified from Ng et al. (2021a). (B) Seafloor of the study area. 

Red dots indicate location of boreholes (Algarve-2 and U1387); red dotted lines indicate location of 

cross sections in Figures 3 and 4 (Abbreviations – AGDH: Albufeira-Guadalquivir-Doñana High; 

ALFZ: Albufeira fault zone; GEFZ: Gil Eanes fault zone; PMFZ: Portimão-Monchique fault zone; 

SMQF: São Marcos-Quarteira fault zone), 
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Geological setting 

 The Deep Algarve basin is located in the northern part of the Gulf of Cádiz, as the 

offshore extension of the onshore Algarve and Guadalquivir basins, which has a westward 

dipping axial gradient (Fig. 6-1). It is bounded by the continental slope and the onshore basins 

to the north and northeast (Lopes et al., 2006); and the Albufeira-Guadalquivir-Doñana 

basement high (AGDH), which include the Albufeira high and the Guadalquivir bank, to the 

south (Duarte et al. 2020). The Algarve basin is divided into the eastern and western domains, 

separated by the Albufeira (ALFZ; Lopes et al., 2006) or Gil Eanes fault zone (GEFZ; Duarte 

et al., 2020) (Fig. 6-1). In the eastern domain, the basin is divided into central eastern and far 

eastern subdomains by the São Marcos-Quarteira fault zone (SMQF); whereas the western 

domain is also split into two by the Portimão-Monchique fault zone (PMFZ, Lopes et al., 2006) 

(Fig. 6-1). The Algarve basin was initially formed during the Mesozoic rifting related to the 

opening of the Tethys Ocean (Srivastava et al., 1990). It evolved during the Cenozoic from 

both the reactivation of Hercynian basement (thick-skinned deformation) and the synchronous 

extensions and imbricate thrusts above the Triassic and Jurassic evaporites as a décollement 

(thin-skinned deformation), in relation to the Pyrenean and Betic-Rif orogenies (Lopes et al., 

2006; Terrinha et al., 2019). Since the Late Cretaceous, the geodynamic evolution of the Gulf 

of Cádiz was controlled by the convergence of the Eurasian and African plates and the 

westward migration of the Alboran domain, which led to the formation of the Gibraltar arc 

(Vergés and Fernàndez, 2012). Eastward dipping subduction of the Tethyan oceanic 

lithosphere under the Gibraltar arc saw the development of the Gulf of Cádiz accretionary 

wedge (GCAW) during the Early to Middle Miocene (Gutscher et al., 2002; Iribarren et al., 

2007; Duarte et al., 2011) as the outermost structure of the Betic–Rif orogenic system (Ramos 

et al., 2020). It was followed by the radial emplacement of a chaotic giant olistostrome, also 

known as the allochthonous unit of the Gulf of Cádiz (AUGC), until the Late Miocene due to 

gravitational collapse of the overthrusted GCAW (Torelli et al., 1997; Gràcia et al., 2003; 

Medialdea et al., 2004). This setting led to the development of a foreland basin system, which 

consisted of the Algarve foredeep basin, and the Doñana, Sanlúcar and Cádiz basins 

(Hernández-Molina et al., 2016; Duarte et al., 2020). Halokinesis processes also persisted from 

the Late Cretaceous until present, which generated both salt structures and salt-withdrawal sub-

basins (Lopes et al., 2006; Matias et al., 2011; Duarte et al., 2020). 
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Based on previous works on the sedimentary evolution of the Deep Algarve basin (e.g., 

Riaza and Martínez del Olmo, 1996; Lopes et al., 2006; Maldonado et al., 1999), the Late 

Miocene interval is generally divided into three seismostratigraphic units (Fig. 6-2). The basal 

allochthonous wedge (Medialdea et al. 2004) was emplaced by north-to-westward thrusts, up 

till the late Tortonian (Gràcia et al., 2003). The AUGC acts as the foundation for the wedge-

top basins in the Gulf of Cádiz, which pinches out in the southern edge of the Algarve foredeep 

basin, where the Guadalquivir Bank acted as a barrier to its progression (Ramos et al., 2017), 

and interfingers with the basin fill obscuring older Late Miocene deposits (Lopes et al., 2006). 

North of the AUGC, the lower boundary of the Late Miocene interval consists of a widespread 

erosional unconformity, known as the basal foredeep unconformity (BFU, Maldonado et al., 

1999), formed by the middle Tortonian Betic compression (Lopes et al., 2006). Above the BFU, 

the older syn-olistostromic upper Tortonian to lower Messinian unit, equivalent to the Bética 

group (Riaza and Martínez del Olmo, 1996), consists of the Guadalquivir sands interbedded 

within hemipelagites deposits. The younger post-olistostromic upper Messinian unit, 

equivalent to the Andalucía and Marismas Group (Riaza and Martínez del Olmo, 1996), 

consists of hemipelagites draping over the AUGC and basal slope fan complexes representing 

the Guadiana sands which are derived from the northern Gulf of Cádiz margin (Lopes et al., 

2006; Maldonado et al., 1999). However, Ledesma (2000) argued for the Guadiana sands 

within the Gulf of Cádiz as the natural continuation of the Guadalquivir sands turbidites of the 

lower Guadalquivir. The Guadalquivir sands turbidite system consists of seven complete 

episodes which originated from the northeast where they prograde southwestwards in the axis 

of the Guadalquivir basin into the Gulf of Cádiz, linked to pulses in tectonic elevation during 

the Messinian (Suárez et al. 1989; Sierro et al., 1996; Ledesma, 2000). The lateral northward 

migration of these turbiditic lobes was conditioned by regional tectonics, including the uplift 

from the Betic orogeny and the emplacement of the AUGC (Ledesma, 2000). According to 

Ledesma (2000), the first turbidite episodes (Gv-1 and Gv-2) started in the upper Guadalquivir 

basin since the Tortonian-Messinian boundary (7.24 Ma), and only reached the lower 

Guadalquivir basin to the Gulf of Cádiz region from the fifth until the seventh episodes (Gv-5 

to Gv-7) between 6.72 to 5.5 Ma (Fig. 6-2). Onshore Algarve, the Late Miocene stratigraphy 

consist of an older lower to upper Tortonian “Fine sands and sandstones” unit and overlain by 

younger upper Tortonian to Messinian Cacela Formation, which consists dominantly of silts 

and marls (Fig. 6-2, Antunes et al., 1997; Pais et al., 2000). 



 

 

 

 

 

Figure 6-2 Stratigraphic correlation of the seismic units (U1-U6) and boundaries (D1-D7) described in the present work, with previous authors in the Deep 

Algarve, onshore Algarve, and Guadalquivir basins (Abbreviations for stratigraphic discontinuities - BFU: basal foredeep unconformity; IMU: intra-Messinian 

unconformity; LMU; Late Miocene unconformity; MPB: Miocene-Pliocene boundary; MPU: Miocene-Pliocene unconformity). 



 

 

 

 

Paleoceanographic setting 

At present, the Gulf of Cádiz is connected to the Mediterranean in the east through the 

Strait of Gibraltar and opens up into the Atlantic towards the west. During the Late Miocene, 

the paleoceanography of the Gulf of Cádiz is dictated by the evolution of the Mediterranean-

Atlantic water-mass exchange (Krijgsman et al., 2018; Ng et al., 2021b), which consists of the 

inflow of Atlantic water into the Mediterranean at the surface, and a reverse outflow of 

intermediate water-mass, known as the paleo-MOW. This exchange was active through a single 

wide connection in the middle Miocene, but gradually transformed into several narrow and 

shallow gateways in the late Miocene (Capella et al., 2019), collectively known as the 

Mediterranean-Atlantic gateways, due to lithospheric uplift resulting from compressional 

events in the Gibraltar arc (Duggen et al., 2003). During the Tortonian to Messinian period, the 

paleo-MOW would have exited the Mediterranean through the Betic and Rifian corridors, and 

the Strait of Gibraltar (Krijgsman et al., 2018), being modified to the Atlantic Mediterranean 

Water (AMW) by mixing with ambient Atlantic water (O’Neill Baringer and Price, 1999; 

Rogerson et al., 2012). The paleo-MOW is responsible for the deposition of sandy contourite 

deposits in the Betic and Rifian corridors (Martín et al., 2009; Capella et al., 2017a; de Weger 

et al., 2020; 2021), as well as the Late Miocene contourite depositional system (CDS) of the 

Gulf of Cádiz (Ng et al., 2021a). Continuous uplifting of the Betic and Rifian corridors 

eventually led to their closure, which restricted the paleo-MOW (~6.4 Ma) and shut off the 

Mediterranean-Atlantic water-mass exchange (Flecker et al., 2015; Ng et al., 2021b). This gave 

rise to an isolated Mediterranean and subsequent deposition of evaporites, as well as the 

conversion of the Guadalquivir and Gharb basins into marine embayment areas (Martín et al., 

2009; Ivanovic et al., 2013). The reopening of the Mediterranean-Atlantic water-mass 

exchange through the Strait of Gibraltar since the Miocene-Pliocene boundary (MPB, 5.33 Ma) 

established the recirculation of the MOW, resulting in the distribution of the Pliocene-

Quaternary CDS in the Gulf of Cádiz (Hernández-Molina et al., 2003, 2016; van der Schee et 

al., 2016). The Late Miocene CDS in the Gulf of Cádiz margin is similar in its long-term 

evolution with its Pliocene-Quaternary counterpart, with a three-stage (initial-, transitional-, 

and growth-drift) strengthening of bottom current influence (Hernández-Molina et al., 2016; 

Ng et al., 2021a), due to the enhancement of paleo-MOW from continuous uplifting and 

shallowing of the gateway sills (de Weger et al., 2020). Like the present-day setting, bifurcation 

of the paleo-MOW into two main cores (Hernández-Molina et al., 2014; de Weger et al., 2020) 

resulted of partial mixing of intermediate and deep Mediterranean waters, and further split into 
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multiple core and branches by bathymetric irregularities as it descends into the Gulf of Cádiz 

(Ng et al., 2021a; Duarte et al., 2020) driven by density and Coriolis deflection (de Weger et 

al., 2020). 

 

Material and Method 

A detailed seismic stratigraphic analysis has been executed using the Algarve-2012 

three-dimensional (3D) narrow azimuth post-stack time migrated (PSTM) processed seismic 

reflection survey, located in the eastern domain of the Deep Algarve basin, in water depths 

roughly between 500 and 1000 m (Fig. 6-1). The 3D seismic volume, with an area of 1,500 

km2, was acquired by the Repsol S.A./Partex Oil and Gas consortium aboard the R/V Polarcus 

Naila in 2012. Acquisition and processing details are available in Supplementary Material 

(Tables 6-S1, 6-S2 and 6-S3). The seismic data was complemented by borehole data, which 

consist of an exploration well - Algarve-2, and an International Ocean Drilling Program 

Expedition 339 scientific site - U1387. Using the Schlumberger’s Petrel E&P software 

platform, the root mean square (RMS) amplitude and coherence (variance) volume attributes 

were generated to assist in the seismic stratigraphic analysis workflow. Seven regional horizons 

for the Late Miocene interval were interpreted and mapped as major seismic stratigraphic 

discontinuities based on the distinguishment of stratigraphic units by their seismic facies and 

boundaries (Figs. 6-3 and 6-4). The identified Late Miocene seismic units were compared to 

seismostratigraphic studies of Maldonado et al. (1999), Lopes et al. (2006) and Ramos et al., 

(2017) (Fig. 6-2), while their chronology is correlated to regional borehole data (Fig. 6-4), from 

Ledesma (2000) and Ng et al. (2021b). Seismic (interval) attributes (e.g., RMS amplitude and 

variance) were extracted from their respective volumes to highlight the sedimentary 

depositional systems and to enhance structural and stratigraphic discontinuities respectively 

(Fig. 6-5). The interpreted seismic features are evaluated through their acoustic character and 

distribution for deposits of deep-water sedimentary process, such as gravity flow deposits 

including turbidites and mass transport deposits (MTDs), contourites, and pelagites or 

hemipelagites adapting the standard nomenclature for these deposits from the literature 

(Posamentier and Erskine, 1991; Faugères et al., 1999; Rebesco et al., 2014; Stow and Smillie, 

2020). 
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Figure 6-3 (A) Representative seismic reflection profile (IL 2954) across the study area (top) and 

their interpreted unit boundaries (D1-D7) (bottom). Profile locations are given in Figure 6-1(B). (B)  

Enlarged cross-section profile (IL 3150) across the southern sub-basin and interpreted seismic units 

(U1-U6) and evolutionary stages (I-IV). 



 

 

 

 

 

Figure 6-4 Borehole 

and facies correlation 

between (A) eastern and 

(B) far eastern Deep 

Algarve basin. Location 

given in Figure 1(A). 
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Results 

Seismic analysis  

Seven stratigraphic discontinuities were mapped across the seismic survey. The seismic 

character of the discontinuities and the seismic facies of seismic units are described from the 

base of the subsurface section (D1) to the top (D7) (Figs. 6-3 and 6-5). Surface mapping 

(isobath) of the horizons shows the presence of three sub-basins: the northern and southern 

sub-basins, separated by a central diapiric ridge, and the western sub-basin (Figs. 6-3 and 6-5). 

The northern sub-basin is bounded by the Southwest Iberian margin in the north, while the 

southern sub-basin is bounded in the south by the AUGC (allochthonous unit of the Gulf of 

Cádiz). The central diapiric ridge consists of a series of detached structural highs interrupted 

by gaps, which terminated in the west adjacent to the western sub-basin (Fig. 6-5). 

The stratigraphic discontinuity D1 represents the base of the studied stratigraphic 

interval, which is characterised by high-amplitude seismic reflection truncating underlying 

high-amplitude package at mild to steep angles (Figs. 6-3 and 6-6). Seismic unit U1, which 

consists of a package of low-amplitude transitioning upwards into high-amplitude continuous 

seismic reflections, with parallel to wavy geometries, downlaps onto D1 and onlaps onto 

structural highs, such as the central diapiric ridge, in the southern sub-basin, (Figs. 6-3 and 6-

6). Whereas in the northern sub-basin, U1 can only be observed in its western section, 

complemented by the distribution of a NW-SE elongated flattened strip with high-amplitude 

reflections, as shown in the RMS amplitude extraction for U1 (between D1 and D2) (Figs. 6-

5a and 6-7). Distribution of the seismic unit U1 is also concentrated (100-200 ms TWT) in the 

northeastern section of the southern sub-basin (Fig. 6-5a). However, the thickest accumulation 

(>150 ms TWT) with high-amplitude reflections of U1 resides in the western sub-basin (Fig. 

6-5a). This thick distribution of U1 is associated with an NNW-SSE oriented channelised 

indentation in its northern margin, where mounded high amplitude reflections can be seen on 

its western flank (Fig. 6-7). U1 has an overall sheeted geometry in the southern sub-basin, 

where reflections are more parallel in the centre of the sub-basins, and wavy towards their 

northern margins (Fig. 6-6), whereas it consists of small mounded geometry patches in the 

north and western sub-basins (Fig. 6-7). Small channel-like geometries are also observed in the 

western sub-basin within the cross-sections as well as RMS amplitude extraction maps for 

internal horizons 1 and 2, where they are seen to migrate northwards (Fig. 6-7).
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Figure 6-5 RMS amplitude and 

variance attributes blend, and time top 

structure and time thickness maps for 

the units U1 to U6 and respective 

boundaries D1 to D7 – (A) U1: D1 to 

D2, (B) U2: D2 to D3, (C) U3: D3 to 

D4, (D) U4: D4 to D5, (E) U5: D5 to 

D6, and (F) U6: D6 to D7. 

 



 

 

 

 

Overlying U1, the stratigraphic discontinuity D2 consists of a high-amplitude horizon 

that truncates U1 and acts as a boundary of distinct amplitude contrast with seismic unit U2. 

Seismic unit U2 consists of a transparent to low-amplitude continuous seismic reflections 

package, which onlaps D2 and structural highs in the southern sub-basin, and interfingers with 

the chaotic AUGC (Figs. 6-3 and 6-6). In the eastern section of the northern sub-basin, U2 is 

deposited above D1 (Fig. 6-3). The thickness distribution of U2 is mainly focused along the 

southern sub-basin and within a N-S oriented depression in the centre of the northern sub-basin 

aligned with a gap in the central diapiric ridge (Fig. 6-5b). An RMS amplitude extraction for 

U2 (between D2 and D3) shows a uniform distribution of low-amplitude reflections across both 

the northern and southern sub-basins, whereas the variance attribute map shows the extend of 

the AUGC front covering half of the southern sub-basin (Fig. 6-5b). At the front of the AUGC, 

U2 has a wedge geometry, while it transitions upwards into sheet geometry as it covers over 

the chaotic unit (Fig. 6-6).  

 

Figure 6-6 Distribution of Stage I and II (Unit U1, U2 & U3) deposits in the southern sub-basin of 

the Deep Algarve basin and their relationship with bottom currents, illustrated using seismic profiles 

(A) IL 3600, (B) IL 3150 and (C) 2700 from the Algarve-2012 3D seismic survey, and (D) thickness 

maps of Unit U1 and U3. 
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Stratigraphic discontinuity D3 separates the low-amplitude seismic reflections of U2 

from seismic unit U3 above, which is characterised by a high-amplitude package. The 

overlying U3 has large mounded geometries in the southern sub-basin with several smaller 

crests (Fig. 6-6), capped by stratigraphic discontinuity D4 (Fig. 6-3). Seismic reflections within 

these mounded geometries pinch out and downlaps onto D3 away from the basin centres 

towards the margins of the southern sub-basin (Fig. 6-3). Thickness mapping of U3 shows 

similarity in its distribution with the underlying U2 where its depocentre lies within the centre 

of the southern sub-basin (Figs. 6-5b and 6-c), slightly thicker in places not underlain by the 

AUGC (Fig. 6-6). The RMS amplitude extraction for U3 (between D3 and D4) consists of an 

ENE-WSW oriented band of high-amplitude reflections across the southern sub-basin (Fig. 6-

5c). This high-amplitude reflection band is flanked by low-amplitude reflection strips in its 

boundary (Fig. 6-5c), which can be correlated to an updip development of channelised features 

adjacent to both margins in the seismic section (Fig. 6-6). In the eastern section of the northern 

sub-basin, an arcuate channel pattern with a NW-SE orientation that bends westwards as it 

reaches the central diapiric ridge can also be observed, while the N-S oriented depression in 

the centre of the northern sub-basin remains with low-amplitude reflections (Fig. 6-5c).  

The stratigraphic discontinuity D4 represents an erosional unconformity in the southern 

sub-basin, which separates the lower U3 of parallel to mounded geometries, from an upper 

seismic unit U4 which is composed of parallel to channelised geometries (Figs. 6-3, 6-6 and 6-

8). D4 is also observed as a prominent erosional surface for the western sub-basin and the area 

east of the NE basement high (Fig. 6-5c). The high-amplitude channelised seismic reflections 

of U4 in the southern sub-basin are truncated by the concave-up shaped stratigraphic 

discontinuity D5 and are interspersed outside this central channel geometry (Fig. 6-3). These 

channelised features are also observed in the northern sub-basin (Fig. 6-3), where an E-W 

oriented channel develops along its southern margin, cutting through the NE basement high. 

Whereas similar to the interval between U3, an erosional surface can also be observed in the 

north-eastern region between the basement highs, but slightly more northerly than that of the 

underlying interval (Fig. 6-5d). Thickness mapping of U4 (between D4 and D5) indicate thicker 

distribution in the northern margin of the southern sub-basin (150-200 ms TWT), as well as 

spread out within the central region of the northern sub-basin (Fig. 6-5d). On top of that, an 

RMS amplitude extraction of U4 shows distribution of high-amplitude reflections across the 

entirety of the southern sub-basin, cut by the meandering channel geometry of D5 (Fig. 6-5d). 



 

 

Page | 189  

 

 

Figure 6-7 Evidence of turbidity and bottom current influence during Stage I (Unit U1) with the 

identification of erosional and depositional feature related to contourite depositional systems, illustrated 

using seismic profiles (A) XL 3142, (B) XL 2490, (C) IL 1144, (D) IL 1771, from the Algarve-2012 

3D seismic survey, and (E) RMS amplitude extraction of internal horizons 1 and 2 of Unit U1. Location 

given in Figure 6-6(D). 

 

Stratigraphic discontinuity D5 represents the base of seismic unit U5. The erosional 

hiatus in the western sub-basin observed for D4 also extends upwards to D5 (Fig. 6-3). U5 

consists of high-amplitude with an overall oblique with internally wavy seismic reflections, 

which are stacked laterally in alternating orientations – respectively towards the northern or 

southern margins, within the southern sub-basin (Figs. 6-3 and 6-8). These oblique geometries 

are also represented in the variance attribute map as edges arranged in overlapping bends (Fig. 

6-5e), which are indicative of channel boundaries and their lateral migration (Fig. 6-8). In plan-

view, these features are observed as the downstream translation of meandering channel 

geometries (Fig. 6-8). Based on the RMS amplitude extraction of U5 (between D5 and D6), 
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the channels are confined within the width of the southern sub-basin (Fig. 6-5e). In the northern 

sub-basin, the E-W channel continues to develop along the southern margin; while at the base 

of the northern margin, patches of high-amplitude reflections can be observed in the RMS 

amplitude attribute map and can be correlated to small, detached channels seen further up on 

the slope in the variance attribute maps (Fig. 6-5e). These channels may have developed earlier 

in U4, but the associated high-amplitude reflection patches cannot be identified due to the 

erosional unconformity of D5 (Fig. 6-5d).  

Stratigraphic discontinuity D6 is dominantly conformable and forms the base of the 

uppermost seismic unit U6 (Fig. 6-3). In the basin centre, D6 shows a channelised geometry 

truncating the underlying U5 (Figs. 6-3, 6-5f and 6-8). U6 consists of transparent to low 

amplitude seismic reflections which are observed to be away from a prominent high-amplitude 

basal channelised feature in the centre of the southern sub-basin, while chaotic to discontinuous 

low-amplitude seismic reflections are present within the central channel, capped by low 

amplitude continuous seismic reflections (Fig. 6-3). While in the northern sub-basin, the 

channel in its southern margin migrates laterally towards the north, slightly further away from 

the central diapiric ridge, and filled by transparent seismic facies (Fig. 6-3). RMS amplitude 

extractions of U6 (between D6 and D7) also show the distribution of high amplitude response 

for the base of the channels in both the northern and southern sub-basins, as well as high-

amplitude patches at the base of the northern margin which are similarly observed for U5, while 

low-amplitude response dominated the rest of the basin (Fig. 6-5f). Finally, the top of this 

seismic unit is capped by the stratigraphic discontinuity D7, represented by a high-amplitude 

continuous seismic horizon. D7 marks the change in seismic facies from transparent to low-

amplitude seismic reflections below, to high-amplitude parallel seismic reflections above (Figs. 

6-3 and 6-6). 

 

Interpretation 

Bottom current features 

The bottom current features identified in the eastern Deep Algarve basin for the studied 

interval are associated with the Late Miocene contourite depositional system. The sheeted 

geometry in seismic unit U1 within the southern sub-basin is interpreted as a sheeted drift (Figs. 

6-6 and 6-9a), similar to those identified in the Rockall Trough by Stoker et al. (1998). Those 
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small mounded patches in the northern and western sub-basins are respectively interpreted as 

plastered and separated mounded drifts (Figs 6-7 and 6-9a), following the classification of 

Rebesco et al. (2014). The morphology for the plastered drift is comparable to examples 

previously described by van Rooij et al. (2010) on the Cantabrian slope, while the separated 

mounded drifts are comparable to examples in the Iberian margin (Llave et al., 2020). In the 

western sub-basin, the northward migrating channel-like features are interpreted as furrows, 

with present-day analogue in the Mozambique Channel described by Miramontes et al. (2021) 

(Fig. 6-7). The large mounded geometry identified in the seismic unit U3 (Fig. 6-6), within the 

southern sub-basin is interpreted as confined mounded drift with their associated boundary 

channels, based on the classification of Rebesco et al. (2014), They are analogous to the Sumba 

drift contourite system previously interpreted by Reed et al. (1987) in the eastern Sunda Arc, 

where the drifts were also developed in an active margin setting within a confining slope. The 

development of the U3 mounded drift terminated at the end of the U3, represented by 

stratigraphic discontinuity D4 (Fig. 6-6). 

Gravitational features 

The NNW-SSE oriented channel feature of seismic unit U1 in the northern margin of 

the western sub-basin (Figs. 6-5a and 6-7) and the NW-SE oriented arcuate channel of seismic 

unit U3 in the eastern section of the northern sub-basin (Figs. 6-5, b and c) are both interpreted 

as submarine channels of a turbidite system originating from the Algarve margin, hereinafter 

identified respectively as the Western Algarve and Eastern Algarve channels (Fig. 6-5). In the 

western sub-basin, the Western Algarve submarine channel evolves into submarine lobes and 

crevasse splays in the basin centre and migrates westward due to uplifting of the central diapiric 

ridge (Duarte et al., 2019). In the southern sub-basin, development of turbidite features 

occurred since the termination of contourite deposition, represented by stratigraphic 

discontinuity D4. The seismic features in seismic units U4 to U6 are associated as the 

downstream continuation of the Guadalquivir sands turbidite system previously identified by 

Suárez et al. (1989), Sierro et al. (1996), and Ledesma (2000). The turbidite system is 

interpreted to be prograding down the axial slope of the Algarve foredeep basin, starting with 

channelised submarine lobe facies for U4, transitioning into submarine channel facies in U5. 

The evolution of the submarine channel through lateral migration and downstream translation 

were observed for U5 and U6, analogous to the development of the Congo turbidite channel 

described by Babonneau et al. (2010). The Guadalquivir sands turbidite system terminated 



 

Chapter 6 

Page | 192  

 

prior to the stratigraphic discontinuity D7 and were since dominated by background 

hemipelagic deposition (Ng et al., 2021b). Coeval to the deposition of U5 and U6, high-

amplitude patches identified in the northern margin of the northern sub-basin (Figs. 6-5e and 

6-f) were interpreted as mass transport deposits (MTDs). 

 

Figure 6-8 Evolution of the Guadalquivir Sands turbidite system (1 to 5) in the southern sub-basin 

of the Deep Algarve basin during Stage III and IV (Unit U4, U5 & U6), illustrated using seismic profiles 

IL 2354, 2554, 2754, 2954, 3154, 3354, and 3554 from the Algarve-2012 3D seismic survey 

(Abbreviation – AUGC: allochthonous unit of the Gulf of Cádiz). 

 

Mixed (turbidite-contourite) features 

Interaction of contouritic and turbiditic processes was interpreted from the presence of 

mixed features in the eastern Deep Algarve basin. The presence of asymmetric levees and the 

distribution of high-amplitude seismic reflections located west-to-northwest of the Western 

Algarve submarine channel in seismic unit U1 (Fig. 7) indicate a mixed drift, or “drift-mound” 

as previously described by Fonnesu et al. (2020). The asymmetric nature of the channel-levees 
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is due to the synchronous interaction of the turbidity flow down the submarine channel with a 

westward bottom current (Miramontes et al., 2021). This feature also has similar characteristics 

to the Late Miocene Sagres canyon mixed system previously described by Ng et al. (2021b). 

In seismic unit U3, the development of the mounded drift in the southern sub-basin may have 

also been influenced by turbiditic processes, where sediment supply originating from the 

Guadalquivir sands turbidite system would have supported the drift buildup. Albeit the seismic 

facies only corresponded to the characteristics of contourites as its dominant process (Fig. 6-

6). 

 

Discussion 

Stratigraphic evolution and chronology 

The seismic stratigraphy of the studied Late Miocene sequence is summarized into four 

main stages, illustrated in Figure 6-9. Seismic facies correlation with the far eastern Algarve to 

lower Guadalquivir area shows similarities in their characteristics and stratigraphy (Fig. 6-4), 

and thus we used regionally available chronologic information (Ledesma, 2000; Ng et al., 

2021b) as an approximation for the eastern Deep Algarve basin.  

Stage I (8.0-7.51 Ma) 

The first stage consists of seismic unit U1, with its onset represented by the stratigraphic 

discontinuity D1, which constitutes the basal foredeep unconformity (BFU; Maldonado et al., 

1999; Lopes et al., 2006; Duarte et al., 2020). This horizon represents a key regional 

unconformity, associated to a period of intense shortening and erosion during the Miocene 

(Ramos et al., 2017). It marks the transition of the Algarve basin from part of a rifted passive 

margin to a foredeep basin with its subsequent flexural subsidence in response to the Betic-Rif 

orogeny (Maldonado et al., 1999; Ramos et al., 2017; Duarte et al., 2020). Regional 

approximation for a late Tortonian age of 8-8.2 Ma was given in Maldonado et al. (1999) and 

Ledesma et al. (2000) for this horizon. Overall, Stage I reflects the initial period after the 

regional hiatus, which is characterised by a deep-marine setting affected by bottom currents 

(Figs. 6-6, 6-7 and 6-9a). During this stage, the central diapiric ridge, also known as the 

Esperança diapiric ridge (Duarte et al., 2019), would have already formed as a salt anticline 

sourced from the Esperança allochthonous salt nappe (Matias et al., 2011; Ramos et al., 2017), 
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while not as well developed compared to its present-day structure. It would have divided the 

eastern Algarve foredeep basin into the two sub-basins since the middle to late Tortonian. 

Locally, bottom currents would have originated from the east-to-southeast, most likely the 

Guadalquivir and Cádiz basins where the paleo-MOW were active during this period (Ng et 

al., 2021b). The bottom current would have flowed along the northern margin of the southern 

sub-basin forming sheeted drifts before reaching a submarine water gap in the Esperança 

diapiric ridge (Fig. 6-6). This gap acted as a gateway sill allowing bottom currents to flow 

across the Esperança diapiric ridge into the northern sub-basin, analogous to the present-day 

Diogo Cão deep (García et al., 2016). This would have increased the velocity of bottom currents 

by focussing its flow as it passes through the gap and moves towards the northern margin of 

the northern sub-basin or diverted southwest along the Esperança diapiric ridge (Figs. 6-6, 6-7 

and 6-9a). The enhanced bottom current was able to rework sediments on terraces and channels, 

and deposit contourites as plastered or separated mounded drifts along the northern margin of 

the western sub-basin (Figs. 6-7 and 6-9a).  

In the western sub-basin, presence of bottom currents could have advected fine-grained 

sediments away from the turbidity current within the Western Algarve channel to form mixed 

drifts and may also be vigorous enough after flowing through to form northward-migrating 

channels or furrows by scouring the seabed (Figs. 6-7 and 6-9a). The end of Stage I, represented 

by stratigraphic discontinuity D2, marks the emplacement of the AUGC in the Algarve basin, 

which is thought to have occurred regionally circa 7.51 Ma (Fig. 6-6, Ledesma, 2000; Capella 

et al., 2017b). The radial emplacement of the AUGC, which occurred after the development of 

the GCAW up till the Tortonian-Messinian boundary (Maldonado et al., 1999; Ledesma, 2000; 

Medialdea et al., 2004), locally affected the southern margin of the Algarve foredeep basin 

(Fig. 6-9b). The northward movement of AUGC would have isolated this basin from other 

wedge-top basins in the southeast (Duarte et al., 2020) and disrupted bottom current flow by 

diverting its pathway. This is further supported by the clear contrast in seismic facies between 

Stage I and the lower parts of Stage II in the eastern domain (Figs. 6-3 and 6-6). Whereas in 

the far eastern domain, Stage I equivalent deposits are not present, and the BFU is overlain 

directly by Stage II equivalent deposits (Fig. 6-4). 

Stage II (7.51-6.4 Ma) 

The second stage consists of the seismic units U2 and U3. It is characterised initially 

by a period lacking bottom currents features, following emplacement of the AUGC in the south; 
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followed by contourite drift deposition in a confined setting (Figs. 6-6 and 6-9b). The transition 

across the Tortonian-Messinian boundary from transparent to low-amplitude sheeted seismic 

facies in U2 (7.51-6.8 Ma), and further into moderate to high-amplitude mounded seismic 

facies in U3 during the early Messinian (6.8-6.4 Ma), depicted an intensification of bottom 

current influence during drift construction in the southern sub-basin, as well as in other areas 

in the Gulf of Cádiz towards west of Portugal (Ng et al., 2021). This gradual strengthening in 

amplitude could also be explained by coarsening of grain size input into the contourite system. 

That being said, Stage II developed simultaneously with the second to fifth episodes (Gv-2 to 

Gv-5) (starting at 7.24, 7.1 and 6.8 Ma) of the Guadalquivir sands turbidite system during the 

early Messinian (Fig. 6-2, Suárez et al. 1989, Sierro et al., 1996; Ledesma, 2000). This turbidite 

system originates from the lower Guadalquivir basin and prograde towards the Gulf of Cádiz, 

where it reached the Algarve basin since the fifth episode (Gv-5, 6.8 Ma onwards).  

The progression from a more distal basin plain facies towards more proximal lobe facies 

of the Guadalquivir sands turbidite system could have supplied the sediment for contourite drift 

evolution through bottom current reworking of sediments and winnowing of suspended 

particles. During this period, the northeast of the study area consists of a basement high, which 

restricted turbidite flows into the northern sub-basin; and diverted them into the southern sub-

basin (Fig. 6-9b). Coevally, the development of the Esperança diapiric ridge into a salt wall 

would have occurred, consistent with a major halokinesis during the late Tortonian to 

Messinian (Lopes et al., 2006; Duarte et al., 2019), which limited the flow of bottom currents 

within a confined southern sub-basin, closed off by the AUGC in the south. Albeit the 

submarine water gap in the Esperança diapiric ridge could have allowed the suspended part of 

the flow to overspill into the northern sub-basin, while the traction part of the flow is 

constrained within the southern sub-basin (Fig. 6-9b). During this stage, the development of 

the Eastern Algarve submarine channel would have also supplied sediments into the northern 

sub-basin, likewise confined by the Esperança diapiric ridge (Fig. 6-9b). The end of Stage II, 

represented by stratigraphic discontinuity D4, is equivalent to the intra-Messinian 

unconformity (IMU), interpreted with a middle Messinian age at approximately 6.4 Ma (Figs. 

6-3 and 6-6, Ng et al., 2021a, b). This horizon marks a regional unconformity which represents 

a hiatus coeval to the severe weakening or cessation of the paleo-MOW through the 

Mediterranean-Atlantic gateways, which weakened or halted bottom current activities in the 

Gulf of Cádiz from the middle to late Messinian (Stages III and IV, Ng et al., 2021a). 

 



 

 

 

 

 

Figure 6-9 Schematic 4-stage evolutionary block model of the eastern Deep Algarve basin, with (A) Stage I (Unit U1), (B) Stage II (Unit U2 and U3), (C) 

Stage III (Unit U4 and U5), and (D) Stage IV (Unit U6). 



 

 

 

 

Stage III (6.4-5.6 Ma) 

The third stage consists of the seismic units U4 and U5 and is characterised by the 

submarine channel-lobe transition of a turbidite system (Fig. 6-8). In the southern sub-basin, 

this stage started initially with the channelised lobe facies of U4 during the middle Messinian 

(6.4-6.0 Ma), followed by the meandering channel-levee facies of the Southern Guadalquivir 

channel of U5 eroding into the older episodes during the late Messinian (Fig. 6-8, 6.0-5.5 Ma). 

The evolution of the U5 channels is defined by the incision, migration, and aggradation of an 

initially relatively straight channel (Sylvester et al., 2011), followed by development of 

meandering bends and their downstream translation, which are recognized as lateral migration 

of channel thalweg in the cross-sections (Fig. 6-8 and 6-9c, Babonneau et al., 2010). The 

incision of the channels became more intense towards the western sub-basin, where it eroded 

into Stage II deposits. This could be due to the confinement of turbidite channels and the 

restriction of downstream translation of their meandering bends due to structural obstacles 

related to the Esperança diapiric ridge (Clark and Cartwright 2009; 2011), which diverted and 

stabilized the channel pathway and intensified scouring of the turbidite flow (Fig. 6-9c). 

Overall, they represent the distal section of the final two episodes of the Guadalquivir sands 

turbidite system during the middle to late Messinian, where the sixth and seventh episode (Gv-

6 & Gv-7) prograde basinward while gradually migrating northwards in the far east of the 

Algarve basin as the basin fills up (Figs. 6-2 and 6-4, Ledesma, 2000).  

In the eastern domain, the turbiditic flows managed to overcome the structural obstacles 

by eroding into the northeastern basement high forming the Northern Guadalquivir channel 

flanking the southern margin of the northern sub-basin (Fig. 6-9c). This channel also appears 

relatively straight in comparison to its southern counterpart (Figs. 6-3 and 6-9c) due to the 

northern margin slope profile and the localized subsidence from the influence of the salt 

tectonics which draw the channel pathway towards the lower topography (Gee & Gawthorpe, 

2006; Oluboyo et al., 2014). Coevally, the small channels formed on the Algarve margin, would 

have supplied the sediments to deposit mass transport deposits (MTDs) at the base of the slope 

(Fig. 6-9c). The end of this stage, represented by the stratigraphic discontinuity D6, correlates 

to the Algarve-2 borehole with an age of 5.6 Ma (Figs. 6-3 and 6-4). This unconformity could 

be related to the coeval glacial periods associated with the “Messinian Gap” event of 

desiccation and erosion in the Mediterranean marginal basins (5.6-5.55 Ma, Hsü et al., 1973; 

Lofi et al., 2011; Cosentino et al., 2013) which was triggered by glacio-eustatic sea-level fall 
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in response to the expansion of Antarctic ice sheets circa 6 Ma (Hodell et al., 2001; Ohneiser 

et al. 2015).  

Stage IV (5.6-5.33 Ma) 

The final stage corresponds to seismic unit U6, which represents the channel 

abandonment phase of the southern sub-basin in the latest Messinian (Figs. 6-8 and 6-9d). 

During this phase, the southern sub-basin consisted of a remnant meandering Southern 

Guadalquivir channel filled with basal lag deposits and capped by hemipelagites which are 

spread uniformly across the sub-basin. The development of the underlying meandering channel 

system was immaturely cut short and filled by hemipelagic deposits (Figs. 6-8 and 6-9d). In 

the northern sub-basin, the Northern Guadalquivir channel ran subparallel to the Esperança 

diapiric ridge, partially confined laterally by topography (Oluboyo et al., 2014; Clark and 

Cartwright, 2009; 2011). The channel gradually migrated northwards away from the Esperança 

diapiric ridge initially by eroding into older deposits and filled by coarser sediments, as the 

Esperança diapiric ridge continues to grow through salt diapirism (Duarte et al., 2019; 

Cumberpatch et al., 2021). Channel migration eventually stopped, and the northern sub-basin 

was subjected to hemipelagic deposition, similar to the southern sub-basin (Fig. 6-3). This 

change in sedimentary environment is probably due to the rise in sea level following the glacial 

periods of the “Messinian Gap” (Cosentino et al., 2013) and tectonic quiescence which also 

saw the refilling of the Mediterranean Sea. A 5.33 Ma age is assigned to the end of Stage IV, 

supported by chronologic information from the Algarve-2 and U1387 borehole (Fig. 6-2). 

Stratigraphic discontinuity D7, which is interpreted as the Miocene-Pliocene boundary (MPB, 

5.33 Ma, Hernández-Molina et al., 2016), represents the lithological transition from a 

hemipelagic to a contouritic environment with the inception of weak MOW (van der Schee et 

al., 2016), The presence of MOW for the Pliocene indicates the reconnection of the Atlantic 

and the Mediterranean at the end of the Messinian Salinity Crisis (Flecker et al., 2015). 

Deep-marine sedimentary systems, control factors and implications 

The Late Miocene development of the eastern domain of the Deep Algarve basin is 

controlled mainly by the two dominant deep marine sedimentary processes: gravity flows and 

bottom currents.  
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Guadalquivir sands turbidite system 

The evolution of the turbidite sedimentary system in the eastern domain corresponds to 

the distal section of the Guadalquivir sands turbidite system, downstream of the far eastern 

domain and the lower Guadalquivir. Seven episodes were identified in the Guadalquivir sands 

turbidite system (Gv-1 to Gv-7), which started in the upper Guadalquivir with the first two 

episodes at 7.24 Ma and prograde downstream from east to west along the axis of the basin, 

where sediments are also fed by its northern and southern margins (Suárez et al. 1989; Sierro 

et al., 1996; Ledesma, 2000). This axial turbidite system only reached the Algarve basin since 

its fifth episode (6.8 Ma onwards, Gv-5 to Gv-7, or U3 to U5), where in the far eastern to 

central eastern domains they continue to prograde downstream, developing the more distal lobe 

facies during late Stage II (U3, 6.8-6.4 Ma), followed by the channelised lobe facies in the early 

Stage III (U4, 6.4-6.0 Ma), and finally the more proximal channel-levee facies during late Stage 

III (U5, 6.0-5.6 Ma), which terminated in the earliest Stage IV (slightly after 5.6 Ma) (Fig. 6-

8). The Southern Guadalquivir submarine channel initiated as a relatively straight channel in 

the early Messinian and developed its meanders through downstream translation and lateral 

migration (Babonneau et al., 2010; Sylvester et al., 2011) during the middle to late Messinian, 

albeit in a topographically confined basin (Covault et al., 2019). However, the developed 

meandering channel was abandoned following its final incision in the latest Messinian (Fig. 6-

8).  

Prior to the middle of Stage II (>6.8 Ma), sediments from the Guadalquivir sands 

turbidite system did not reach the Algarve basin, as the depocentre of the submarine lobes were 

located further upstream in the Guadalquivir valley (Ledesma, 2000). Thus, the basin was 

dominated by fine-grained pelagic or hemipelagic settings during the late Tortonian to earliest 

Messinian, however transverse turbidite systems originating from the adjacent Algarve margin 

in the north, such as the Western and Eastern Algarve channels (Figs. 6-5 and 6-7), has 

contributed sediments which could lead to deposition of confined or ponded turbidites in the 

northern and western sub-basins (Fig. 6-9, a and c, Prather, 2003; Patacci et al., 2015). These 

turbidite systems were not able to feed the southern sub-basins due to the Esperança diapiric 

ridge acting as a structural obstacle greater in height than the flow thickness, deflecting the 

pathways of turbidity currents (Patacci et al., 2015) westwards down the main axial gradient 

of the Algarve basin.  
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The evolution of the turbiditic system was influenced by two controlling factors, 

tectonics and eustasy. The development of the long and narrow Guadalquivir foreland to the 

Algarve foredeep basin was driven by Betic-Rif orogeny during the late Tortonian, where 

flexural subsidence due to thrust loading of the Betic Cordillera and emplacement of the 

GCAW caused rapid deepening of the basin (Garcia-Castellanos et al., 2002; Vergés and 

Fernàndez, 2012), creating accommodation for sediment deposition in a deep-marine setting 

(Sierro et al., 1996; Ledesma, 2000). The tectonic evolution of the Betic Cordillera and the 

Gibraltar arc, together with the northern paleo-margin of the Iberian Massif, confined the axial 

turbidite system of the Guadalquivir sands to prograde downslope of the foreland basin (Suárez 

et al, 1989), which are since progressively deposited in the Algarve basin. The deposition of 

the Guadalquivir sands is partially analogous to the Numidian sands turbidite system in the 

southern Apennines and the Morillo system in the Ainsa Basin of the Spanish Pyrenees, 

although these systems are instead confined within the wedge- or thrust-top section of the 

Hyblean-Apulian (Butler et al., 2020) and Pyrenean (Bayliss and Pickering, 2015) foreland 

basins respectively. Deformation and diapirism, which were prevalent during the late Tortonian 

to Messinian, created structures which acted as obstacles and diverted the pathways of the 

turbidity currents (Duarte et al., 2019). The progradational changes in the depositional facies 

of the Guadalquivir sands turbidite system, from lobe to channelised lobe to channel-levees, 

occurred in a roughly 400-kyr cycle (Fig. 6-9). These turbidite facies transition were probably 

affected by tectonic pulsing superimposed on the long-term eccentricity orbital forcing linked 

to the orogenic uplift of the Gibraltar arc, which led to the gradual emergence of the Betic 

Cordillera upstream of the Guadalquivir valley (Krijgsman et al., 1999; Braga et al., 2003). 

Similar controls were observed for the Eocene turbidites of the Ainsa basin, related to the 

Pyrenean orogeny, where the ~400-kyr Milankovitch eccentricity frequency regulated the 

sediment supply and growth of the channelised submarine fans (Pickering and Bayliss, 2009). 

Although the turbidite system generally prograde westwards from the Guadalquivir towards 

the Algarve foredeep basin, the internal configurations of the turbidites were also affected by 

the glacio-eustatic sea-level variations during the late Tortonian to Messinian (Sierro et al., 

1996), where a series of transgressive-regressive cycles ending with prominent unconformities 

were interpreted for the turbidite units (Riaza and Martínez del Olmo, 1996). Towards the latest 

Messinian, retrogradation of the turbidite system caused by the rising sea levels following the 

glacial periods of the “Messinian Gap” (Cosentino et al., 2013) would have led to the 

abandonment of submarine channels (Ledesma, 2000). 
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Late Miocene contourite depositional system 

The evolution of the contourite depositional system in the eastern domain of the Deep 

Algarve basin consists of two main periods: Stage I and mid-to-late Stage II, which are 

dependent on the evolution of the paleo-MOW through both the Betic and Rifian corridors. 

Erosional and depositional bottom current features identified in the upper Tortonian, such as 

sheeted, plastered and separated mounded drifts, and contourite channels and furrows (Stage I: 

8.0-7.51 Ma), would have occurred prior to the emplacement of the AUGC in the Algarve basin 

(Ledesma, 2000). This stage corresponded to when the Betic corridor was still an active 

Mediterranean-Atlantic gateway with a two-way water-mass exchange (Krijgsman et al., 

2018). Weak bottom currents from the paleo-MOW circulation along the margin during this 

period may also be responsible for conditioning the deposition of turbidites in the Western 

Algarve channel, where they are sufficient in strength to deflect suspended sediments from the 

turbidity currents to form asymmetric levees and mixed drifts (Sansom, 2018; Miramontes et 

al., 2020) as previously observed in the Late Miocene Sagres canyon (Ng et al., 2021b), as well 

as developing furrows and channels by scouring the seabed (Fig. 6-9a). Development of these 

drifts, as well as the separated mounded drifts in the western sub-basins, could have been 

related to shallowing of the North Betic and Guadix straits prior to their closure circa 7.8 Ma 

(Betzler et al., 2006; Hüsing et al., 2010), which would have limited paleo-MOW circulation 

through the remaining connections of the Betic corridor (Krijgsman et al., 2018). The 

emplacement of the AUGC, which occurred circa 7.51 Ma and lasted until the Tortonian-

Messinian boundary (7.24 Ma) (Ledesma, 2000) acted as a barrier for bottom current 

circulation flowing into the eastern Deep Algarve basin by limiting its southern boundary and 

confined the foredeep basin to hemipelagic sedimentation. Tectonic uplift also led to the 

closure of the Guadalhorce strait and the Granada basin prior to 7.51 Ma (van der Schee et al., 

2018) and 7.24 Ma (Corbi et al., 2012) respectively, which completely restricted paleo-MOW 

circulation through the Betic corridor by the end of late Tortonian (Krijgsman et al., 2018), and 

superseded by the evolution of the Guadalquivir sands turbidite system (Ledesma, 2000). 

Coevally in the Rifian corridor, tectonic emplacement of the Prerifian ridges accretionary 

wedge circa 7.51 Ma (Capella et al., 2017b) also saw the relocation of contourite sedimentation 

and deposition from the north (7.8-7.51 Ma) to the south (7.51-7.25 Ma) of the accretionary 

wedge (Capella et al., 2017a; de Weger et al., 2020, 2021), whereas their termination (7.25 Ma) 

was linked to the transition from thin- to thick-skinned compressional tectonic regime for the 

Betic-Rif orogeny (Capella et al., 2017b). 
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Following a period of bottom current inactivity in the eastern Deep Algarve basin (7.51-

7.24 Ma), bottom currents began to influence the southern sub-basin again since the early 

Messinian (mid-to-late Stage II: 7.24-6.4 Ma), which could be attributed to the regional-scale 

compression event around the Tortonian-Messinian boundary (Capella et al., 2017b). The 

arrival of the turbidite system into the Gulf of Cádiz contributed coarser sediments to drift 

building, suggested by the increase in seismic amplitude response during Stage II (upper U2 to 

U3). The transition from sheeted to confined mounded drift towards the IMU was also due to 

the strengthening of the paleo-MOW from the shallowing of the Rifian corridor prior to its 

severe weakening (Ng et al., 2021b). During this period, boundary channels began to form in 

the southern sub-basin, as the core of bottom currents flow along the basin margins, reworking 

and depositing sediments in the basin centre. The mounded drift was formed from the boundary 

currents within the southern sub-basin with a confining slope (Fig. 6-9b), which restricted 

circulation within this narrow passage serving as corridors for accelerated bottom currents 

(Reed et al., 1987). Contourite deposition was terminated since ~6.4 Ma, as paleo-MOW 

circulation through the Mediterranean-Atlantic gateways were severely restricted (Ng et al., 

2021a). Regionally, the Gulf of Cádiz reverted to a hemipelagic dominant environment, while 

the Algarve foredeep basin was still affected by the Guadalquivir sands turbidite system until 

the “Messinian Gap” event. 

Similar to the turbidite system, the Late Miocene contourite depositional system was 

also controlled by the tectonics, on top of sedimentary and climate forces (Ng et al., 2021b). 

Tectonic drivers were largely responsible for the evolution of the Betic and Rifian corridors 

(Flecker et al., 2015; Capella et al., 2017b; Spakman et al., 2018), which in turn controls the 

paleo-MOW circulation in the Gulf of Cádiz, dictating the distribution and major changes, 

including onset and termination, of the contourite depositional system, as well as the stepwise 

restriction of the Mediterranean (Ng et al., 2021a; b). These events were imprinted on the long-

term eccentricity orbital cycles (Hilgen et al., 2007; Ng et al., 2021a). Tectonics were also 

responsible for triggering gravitational flows, such as the Guadalquivir sand and Algarve 

channels turbidite systems, and possibly the Algarve MTDs, which acts as local sediment 

source for the contourite system (Fig. 6-9b). The uplift and shallowing of the sills within the 

Betic and Rifian corridors would have strengthened the paleo-MOW prior to its weakening at 

~7.51 Ma and ~6.4 Ma respectively (Krijgsman et al., 1999; Capella et al., 2019; Ng et al., 

2021a), and are reflected in the cyclic seismic facies with an upward increasing amplitude trend 

for the contourite intervals (Stage I and II). These cyclicities are related to a coarsening-upward 
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sequence linking paleo-MOW variability with Milankovitch precession cycles modulated by 

eccentricity cycles, as previously correlated for the Pliocene-Quaternary contourite 

depositional system, which is thought to have an influence on sea-level variation, sediment 

supply and bottom current activity (Llave et al., 2001; Hernández-Molina et al., 2016; 

Mestdagh et al., 2019; Sierro et al., 2020). These climatic-induced effects are also observed in 

the intermittent behaviour of the paleo-MOW during the deposition of late Miocene contourites 

in the Rifian corridor (de Weger et al., 2020). 

 

Conclusion 

The seismostratigraphic evolution of the eastern domain of the Deep Algarve basin 

consists of the interaction of gravitational and bottom current processes associated to the Late 

Miocene contourite depositional system of the Gulf of Cádiz and the Guadalquivir sands 

turbidite system. Their evolution is related to the initial infilling of a foreland basin 

synchronous to the closure of adjacent oceanic gateways. The contourite system dominated the 

first half of the Late Miocene stratigraphy, where it reflected the shallowing of the sill and 

subsequent restriction of the paleo-MOW through the Mediterranean-Atlantic gateways. The 

influence of the paleo-MOW on contourite deposition in the Gulf of Cádiz lasted until circa 

6.4 Ma following severe weakening or cessation of paleo-MOW through the Rifian corridor, 

whereas sedimentary changes in the Deep Algarve basin between 7.51 Ma and 7.24 Ma, could 

be related to the weakening of paleo-MOW through the Betic corridor. Since the Tortonian-

Messinian boundary, the Guadalquivir sands turbidite system was initiated in the Guadalquivir 

foreland basin but had only reached the Gulf of Cádiz since 6.8 Ma. In the Algarve foredeep 

basin, turbiditic sediments transported from the lower Guadalquivir were reworked by bottom 

currents sourced from the paleo-MOW which emerged from the Rifian corridor until ~6.4 Ma. 

Both the turbidite and contourite depositional systems were subjected to the influence of 

tectonic and orbital forcing, which had an impact on climate and eustasy. Tectonic pulses of 

about 400-kyr dictated the large-scale morphosedimentary evolution and the interaction 

between these sedimentary systems. 
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Supplementary Material 

Table 6-S1 Input data of the Algarve-2012 3D seismic reflection survey 

Key information Description 

Input surface (sqkm) 1,500 

Input domain Time 

Input collection CMP and shots gather 

Input stage Pre-processed 

Number of offsets Plans 

Azimuth Narrow Azimuth 

Sampling interval (ms) 4 

Record length (ms) 7000 

Time of the first sample (ms) 0 

Datum (m) 0 

Grid (Density) 25 x 37.5 

Input offset plans split description 100‐8000, I250 

Pre‐processing shop Repsol/CGG Dedicated Processing Center, Madrid 

Total number of traces  

Media type 3592E Tapes 

Media density 500GB 

Sample format IBM 32-bit floating point 

Data format SEGY 

 

Time Seismic Data Limits Value 

In-line first 486 

In-line last 2021 

In-line spacing (m) 25 

In-line increment 1 

Cross-line first 589 

Cross-line last 2038 

Cross-line spacing (m) 37.5 

Cross-line increment 1 
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Table 6-S2 Acquisition information of the Algarve-2012 3D seismic reflection survey 

Data was acquired Narrow Azimuth with the boat and cable configuration below. 

General 

Parameter Wildrose  Description 

Project  Algarve 

Location  Offshore Portugal 

Area  Algarve 

Date shot  28 February 2012 – 18 April 2012 

Type of survey  3D Narrow Azimuth 

Acquisition company  Polarcus (Naila Vessel) 

Number of streamers  10 

Number of channels per streamer (Total) 

Nominal fold 108 

Shot point interval (m)  37.5 (Flip/Flop) 

Source depth (m)  7 

Streamer length (m) 8100 

Cable depth (m) 9 

Group interval (m) 12.5 

Recording sample rate (ms)  2 

Record length (s) 7 

Projection 

Parameter  Description 

Survey datum ED50 

Spheroid INTL 1924 

Projection UTM 

Central Meridian 9 DEG W 

UTM zone 29N 

False northing 0 

False easting 500000 

Semi major axis  6378388.000 

Inverse flattening  297.0000000 

Latitude of origin  0 DEG N 

Scale factor 0.9996 
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Table 6-S3 Processing details of the Algarve-2012 3D seismic reflection survey 

PSTM Processing Flow 

(Time dataset was processed in 2012 by Repsol/CGG Dedicated Processing Centre) 

1.  Reformat from SEGD 

2.  Delay correction ‐200 ms 

3.  Seismic navigation merge 

4.  T2 amplitude corrections 

5.  Low cut filter 3 Hz/18 dB 

6.  Designature 

7.  Swell noise attenuation 

8.  Trace edit 

9.  Linear noise attenuation 

10.  FK de‐aliazing 

11.  Trace drop (one receiver over 2) 

12.  Tidal statics corrections 

13.  2D SRME 

14.  3D SRME 

15.  Velocity picking 2000 m x 2000 m 

16.  HR Radon de‐multiple 

17.  3D interpolation and regularization 25 m x 37.5 m 

18.  Bin grid 

19.  Inverse T2 amplitude corrections 

20.  Phase only deabsorption Q83 

21.  Gun and cable statics 10 ms down 

22.  SEGY output 

*Polarity: Increase in pressure is a positive number 
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7.1 What are the main contributions of this project?  

The contributions of this research project are the definition of the sedimentary 

stacking pattern of the Tortonian to Messinian interval in the Gulf of Cádiz, and for the 

first time the characterisation of an ancient contourite depositional system in the 

tectonically active Southwest Iberian and Northwest Moroccan margins within the 

aforementioned sedimentary and stratigraphic evolution, through the identification of 

bottom current depositional and erosional features. In addition, the regional correlation 

of the identified contourite deposits and their respective evolutionary stages with those 

coeval onshore in the Betic and Rifian corridors, to understand the basin evolution and 

eventual restriction of the Mediterranean-Atlantic gateways which led to the Messinian 

salinity crisis. The synthesis of the results, including a quantitative modelling of the 

Mediterranean-Atlantic water-mass exchange, allowed for the determination of the 

paleoceanographic conditions leading up to gateway restriction and its implications on 

Late Miocene climate. 

 

7.2 What happened in the Gulf of Cádiz during the Late Miocene? 

The upper part of the Late Miocene evolution of the continental slopes 

surrounding the Gulf of Cádiz, including the Southwest Iberian and Northwest Moroccan 

margins, spans between 8.2 Ma to 5.33 Ma (Maldonado et al., 1999), with its lower 

boundary consisting of the regional basal foredeep unconformity (BFU) and its upper 

boundary representing the Miocene-Pliocene boundary (MPB). During the Late Miocene, 

syn-tectonic deformation and halokinetic processes were prevalent within the Gulf of 

Cádiz (Duarte et al., 2020). These processes, within the context of the Betic-Rif orogeny, 

were responsible for the formation of parallel ridges with a NE-SW orientation, which 

partitioned an originally large passive margin Algarve basin into the Neogene basins.  

Since the late Tortonian to the present, the sedimentary depocentres in the Gulf of 

Cádiz are concentrated in the Neogene basins, which consist of the Deep Algarve, 

Doñana, Sanlúcar, Cádiz and Offshore Gharb basin. In the Deep Algarve foredeep basin, 

the BFU acts as its base, following flexural subsidence due to loading of the Gibraltar 

Arc formed from the Betic-Rif orogeny (Ramos et al., 2017). Whereas in the Doñana, 

Sanlúcar, Cádiz and Offshore Gharb wedge-top basins, the base is represented by the 

allochthonous unit of the Gulf of Cádiz (AUGC) or the Gulf of Cádiz accretionary wedge 
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(GCAW) (Duarte et al., 2020). During the late Tortonian to the early Messinian, the Late 

Miocene contourite depositional system dominated the Gulf of Cádiz towards the West 

Iberian margin. Generally, the Late Miocene contourite depositional system consists of 

three stages (initial-, growth-, and maintenance-drift), which recorded the evolution of 

the bottom current circulation originating from the paleo-Mediterranean Outflow Water 

(MOW) exiting the Mediterranean-Atlantic gateways. The evolution of the Late Miocene 

contourite depositional system through the distinct stages represented the transition from 

weak to vigorous bottom current flow prior to its cessation at ~6.4 Ma, which is 

represented by the buried-drift stage. In the Deep Algarve foredeep basin, the evolution 

of the Late Miocene contourite depositional system is distinct to the wedge-top basins, 

where contourite deposition is divided into two distinct stages (stages I and II), separated 

by the emplacement of the Gulf of Cádiz allochthonous unit. Contourite deposits in the 

earlier stage was thought to be dominantly influenced by paleo-Mediterranean Outflow 

Water originating from the Betic corridor, which lasted until its closure between 7.51 to 

7.24 Ma, prior to the Tortonian-Messinian boundary (TMB). The latter stage began right 

after and lasted until ~6.4 Ma, where development of contourite drifts was controlled by 

the gradual increase of bottom current influence originating from the Rifian corridor.  

Following restriction of paleo-Mediterranean Outflow Water through the 

Mediterranean-Atlantic gateways, the Gulf of Cádiz was dominated by a period of 

quiescence in which background hemipelagic settling were the dominant sedimentary 

process (between ~6.4 and 5.33 Ma). Locally in the Deep Algarve foredeep and Offshore 

Gharb wedge-top basins, turbiditic processes originating from the Guadalquivir and 

Gharb basins respectively, as well as from nearby structural highs, interrupted 

background sedimentation. Development of submarine channels and lobes were 

prominent within these basins, being most proximal to the Guadalquivir and Gharb 

foreland basins, which became embayment and the main source of sediment supply 

following uplift caused by the Betic and Rif orogeny (Iribarren et al., 2009). 

Abandonment of the turbidite system (~5.6-5.55 Ma?) was probably due to sea-level rise 

following the “Messinian Gap” event during the latest Messinian, simultaneous to the 

Messinian salinity crisis (Cosentino et al., 2013). The Doñana, Sanlúcar and Cádiz basins 

remained undisturbed and were by only affected by hemipelagic deposition throughout 

the middle to late Messinian, until the reconnection of the Mediterranean-Atlantic 

gateway through the Strait of Gibraltar and the reinstating the Mediterranean Outflow 

Water. 
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7.3 How did the Late Miocene contourite depositional system evolve? 

The evolution of the Late Miocene contourite depositional system is described in 

Chapter 6. Conceptually, the long-term changes of the contourite depositional system 

consists of the initial-, growth- and maintenance-drift stages, followed by the buried-drift 

stage after its termination. The evolution of the distinct stages of the Late Miocene 

contourite depositional system is controlled by the influence of bottom current originating 

from the paleo-Mediterranean Outflow Water, linked to the evolution of the 

Mediterranean-Atlantic gateways (Figs. 7-1 and 7-2). 

The initial-drift stage (~8.2-7.8 Ma) represents the onset of bottom current 

influence along the margin. Across the Gulf of Cádiz, including the Southwest Iberian 

and Northwest Moroccan margins, and towards the West Iberian margin, this stage is 

represented by sheeted drifts, with tabular drift geometries of transparent to low-

amplitude seismic facies. Locally, such as the northern and western sub-basins of the 

Deep Algarve foredeep basin, plastered to separated mounded drifts and erosional 

features including channels and furrows can form due to increase in flow velocity after 

passing through structural obstacles, such as submarine water gaps and sills. The initial-

drift stage is linked to the presence of weak bottom current flow during the late Tortonian 

with the creation of both the Betic and Rifian corridors after the formation of the Gibraltar 

arc (Capella et al., 2019). This coeval regional compressional event culminated in the 

emplacement of the imbricate wedge, or allochthonous unit of the Gulf of Cádiz, at the 

front of the Gibraltar arc (de Weger et al., 2020). During this period, the Betic and Rifian 

corridors were deep straits connecting the Mediterranean and Atlantic, with an anti-

estuarine circulation consisting of a surficial Atlantic inflow and the bottom paleo-

Mediterranean Outflow Water. The paleo-Mediterranean Outflow Water could also have 

been active prior to the formation of the Gibraltar arc, when a wider seaway connected 

the Atlantic and the Neotethys (Capella et al., 2019), but removed by the regional 

erosional event following the Betic-Rif orogeny represented by the basal foredeep 

unconformity, as observed in the Deep Algarve foredeep basin. Whereas the 

emplacement of the allochthonous unit would have deformed and incorporated the pre-

Late Miocene sediments within the wedge-top basins. 

The growth-drift stage (7.8-7.2 Ma) represents the development of contourite drift 

coeval to the transition of the paleo-Mediterranean Outflow Water from an outflow 

towards an overflow setting through the Betic and Rifian corridors (Capella et al., 2019). 
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The overflow is generated from restriction of the gateways following progressive 

uplifting in the Betic and Rif domain of the Gibraltar arc during the latest Tortonian 

(Capella et al., 2017a, de Weger et al., 2020). In the Gulf of Cádiz, this stage is represented 

by a temporal change in drift geometries from sheeted to mounded drifts alongside their 

associated contourite moats or channels, with a transition from low- to high-amplitude 

seismic facies capped by an unconformity. This evolution can also be observed in seismic 

scale within the Gharb basin and the West Iberian margin, as well as in correlatable 

outcrop analogues within the Saiss basin (Capella et al., 2017a; de Weger et al., 2021). In 

the Deep Algarve foredeep basin, there is a contrasting change in the seismic facies 

indicating a hemipelagic dominant environment directly after the final emplacement of 

the allochthonous unit at its front, which is thought to last from 7.51 to 7.25 Ma in age 

(Ledesma, 2000). This change is possibly related to the restriction of paleo-Mediterranean 

Outflow Water through the Betic corridor and its eventual closure due to the uplift and 

exhumation of the Betics (Krijgsman et al., 2018). Coevally, the presence of structural 

highs in the southern margin of the Deep Algarve foredeep basin, including the 

allochthonous unit of the Gulf of Cádiz, the Guadalquivir bank basement high – a remnant 

horst structure originating from the Mesozoic extensional phase (García et al., 2016), as 

well as salt walls and diapirs, would have restricted bottom currents originating from the 

Rifian corridor. 

The maintenance-drift stage (7.2-6.4 Ma) represents the final stages of the drift 

evolution in an overall strengthening of the paleo-Mediterranean Outflow Water, prior to 

its cessation. This phase developed following the readjustment of the regional 

compressional tectonic regime from a thin-skinned to thick-skinned deformation for the 

Gibraltar Arc, and uplift around the Tortonian-Messinian boundary, related to final stages 

of orogenic collision (Capella et al., 2017b). The tectonic readjustment also saw sediment 

contributions from gravitational currents into the Gulf of Cádiz, including the 

Guadalquivir sands turbidite system. In the Gulf of Cádiz, the development of contourite 

drifts were sparsely distributed compared to the growth-drift stage but were linked to 

deeply erosive contourite channels or moats. The changes in channel and drift geometries 

in the Offshore Gharb basin suggest an enhancement of outflowing paleo-Mediterranean 

Outflow Water velocity due to the increasing salinity and density contrast across the 

gateway (Capella et al., 2019). As the accommodation in the wedge-top basins were filled 

with drift deposits of previous stages, dense bottom currents are able flow over structural 

obstacles into the Deep Algarve foredeep basin, including salt walls and diapirs, the 
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Guadalquivir bank basement highs, and the front of the Gulf of Cádiz allochthonous unit. 

At the end of this stage, continuous tectonic uplift closed the Rifian Corridor during 

middle Messinian (Krijgsman et al., 2018), which saw a margin-wide erosion and a hiatus 

towards the end of this stage, represented by the intra-Messinian unconformity (IMU). 

Following the termination of the paleo-Mediterranean Outflow Water and Late Miocene 

contourite depositional system, the Gulf of Cádiz switch to a predominantly pelagic or 

hemipelagic environment until the latest Messinian, coeval to the Messinian salinity crisis 

in the Mediterranean. This period represents the buried-drift stage with the fossilization 

of the Late Miocene contourite depositional system unaffected by the intra-Messinian 

erosional unconformity. 

 

Figure 7-1 The distinct stages of the Late Miocene contourite depositional system correlated 

to the paleogeography of Mediterranean-Atlantic gateways: (A) Initial-drift stage during the 

middle to late Tortonian; (B) Growth-drift stage during the latest Tortonian to earliest Messinian; 

(C) Maintenance-drift stage during the early to middle Messinian; and (D) Buried-drift stage 

during the late Messinian (adapted from Martín et al., 2009). 
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7.4 How does the Late Miocene contourite depositional system 

compare to other systems? 

The Late Miocene contourite depositional system of the Gulf of Cádiz is the 

predecessor of the Pliocene-Quaternary contourite depositional system, where both 

systems are controlled by the Mediterranean-Atlantic gateway evolution and water-mass 

exchange, separated by a period of restriction during the latest Miocene (Flecker et al., 

2015, Krijgsman et al., 2018). In comparison, the evolution of the Pliocene-Quaternary 

contourite depositional system of the Gulf of Cádiz also consists of the two main stages, 

with a middle transitional-drift stage separating the initial- and growth-drift stages 

(Hernández-Molina et al., 2016), but with the absence of a buried-drift stage due to its 

ongoing nature of the contourite depositional system evolution. The evolution of the 

Pliocene-Quaternary contourite depositional system of the Gulf of Cádiz is also coeval to 

the Sines contourite depositional system which had developed on the southern West 

Iberian margin as its distal continuation. The Sines contourite depositional system is more 

similar in its evolution compared to the Late Miocene contourite depositional system of 

the Gulf of Cádiz, where both these contourite depositional systems started with an initial-

drift stage of tabular drift geometries, followed by a growth-drift stage with a change 

towards mounded drift geometries and development of moats and channels, and ended 

with the maintenance-drift stage with a change in drift architecture with an absence of 

tectonic influence (Rodrigues et al., 2020). However, the maintenance-drift stage for the 

Late Miocene contourite depositional system in the Gulf of Cádiz varies from the Sines 

contourite depositional system in the proximal parts of the system in relation to the Rifian 

corridor (including the Onshore and Offshore Gharb basins, which consists of mounded 

drifts with deeper moat and channel development, analogous to the final growth-drift 

stage of the Gulf of Cádiz Pliocene-Quaternary contourite depositional system 

(Hernández-Molina et al., 2006; Llave et al., 2007). Also, the Late Miocene contourite 

depositional system has a shorter growth-drift stage (0.6 Myr) compared to the Sines 

contourite depositional system (1.8 Myr). This is probably due to the difference of 

intensity in the tectonic influence on drift evolution (Rodrigues et al., 2020) for both 

systems in their respective time periods, while the reconfiguration of the sill connecting 

the Mediterranean-Atlantic gateways would also have impacted the dynamics of the 

ocean circulation (de Weger et al., 2020).



 

 

 

 

Figure 7-2 The evolution of the Late Miocene contourite depositional system correlated to the eccentricity orbital cycle (Laskar et al., 2004); global sea level 

(Miller et al., 2011); diapiric activity and tectonic events (Duarte et al., 2021); and oceanographic changes during the late Tortonian to late Messinian.



 

 

 

 In other margins, development of contourite depositional systems also varies 

slightly in its long-tern evolutionary stages. These contourite depositional systems mainly 

consists of three stages, which include the onset, drift growth and burial stages. These 

include examples across the world, such as the Argentine basin contourite depositional 

system (Hernández-Molina et al., 2009; Creaser et al., 2017; Kirby et al., 2021a, b) and 

Le Danois contourite depositional system in the Bay of Biscay (van Rooij et al., 2010; 

Liu et al., 2020). As the evolution of these contourite depositional systems occurred at 

longer time periods (up to >10 Myr), the growth-drift stages are normally comprised of 

intervals which included the development of mounded drifts prior to their burial, above 

the tabular sheeted drifts of the onset- or initial-drift stage. Whereas in some areas, the 

evolution of contourite depositional systems would also contain the same four stages with 

the inclusion of the maintenance-drift stage, such as the Pacific margin contourite 

depositional system of the Antarctica Peninsula (Rebesco et al., 2002) and the 

Mozambique channel contourite depositional system (Thiéblemont et al., 2020). The 

maintenance-drift nomenclature is not well defined but were generally used where a 

change in drift development had occurred albeit with continuing growth (Thiéblemont et 

al., 2020). The maintenance-drift stage has been applied for periods with a weakening of 

tectonic influence or a reduction of water-mass circulation following the growth-drift 

stage, (Thiéblemont et al., 2020; Rodrigues et al., 2020). Albeit, apart from the subtle 

differences between the example defined in the literature, all these contourite depositional 

systems consists of a long-term trend of bottom current variation from weak to vigorous 

flows, prior to their burial by hemipelagic deposits. 

Therefore, the late phase of the Late Miocene contourite depositional system 

evolution of the Gulf of Cádiz could have incorporated both the growth-drift and 

maintenance-drift stages respectively in the proximal and distal parts. In the Onshore and 

Offshore Gharb basins, the development of mounded drift morphologies with deep moats 

or channels in the third stage could have represented a continuing growth-drift stage 

instead of a transition to the maintenance-drift stage, similar to the Pliocene-Quaternary 

contourite depositional system of the Gulf of Cádiz. This is probably related to the 

proximity of these localities to the shallowing of the sills - Camarinal and Taza-Guercif 

respectively (Hernández-Molina et al., 2016; de Weger et al., 2020), and the 

intensification of the outflowing water-mass through the Mediterranean-Atlantic 

gateways in response to tectonic uplifting of the Betic-Rif orogen (Capella et al., 2019). 

Whereas in the southwest Iberian to southern West Iberian margin, drifts were less 
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developed, and their deposits were sparsely distributed. This could have occurred due to 

the lack of sediment supply from a reduction of tectonic influence in these distal parts 

from the switch from thin- to thick-skinned tectonic regime for the Betic-Rif orogen 

(Capella et al., 2017b; de Weger et al., 2020), similar in its effect as the maintenance-drift 

stage of the Sines drift (Rodrigues et al., 2020). It could also be explained by an erosional 

hiatus prior to the buried-drift stage. 

All in all, the long-term evolution of a margin wide contourite depositional system, 

such as the Late Miocene contourite depositional system of the Gulf of Cádiz and their 

Pliocene-Quaternary counterparts, could vary spatially as well as temporally due to their 

various controlling factors. One such variability can be observed in the Pliocene-

Quaternary contourite depositional system since the mid-Pleistocene revolution, which 

saw higher climatic fluctuations in its later stages of its evolution (Llave et al., 2011). In 

addition, accelerated cooling at the mid- to high-latitude regions during the Messinian 

leading to northern hemisphere glaciation resulted in approximately modern conditions, 

which shifted the world to a strong equator-pole temperature gradients from an equable 

climate (Herbert et al., 2016). This justifies the comparison between the ancient Late 

Miocene and modern Pliocene-Quaternary systems. This is also application to warmer 

conditions in the Tortonian and Pliocene before and after the Late Miocene global cooling, 

respectively. 

 

7.5 What are the controlling factors for the contourite deposition?  

The long-term evolution of the Late Miocene contourite depositional system is 

described in section 7.3, which were largely controlled by the tectonic forces, which 

resulted in the shallowing of the sills and final closure of adjacent oceanic gateways and 

corridors. The development of the contourite depositional system is coeval to a period of 

regional deformation for the continental margins surrounding the Gulf of Cádiz, where it 

exerted control on paleo-Mediterranean Outflow Water activity through either the Betic, 

Rifian or Gibraltar gateways, and confined bottom current pathways within the Neogene 

basins (Fig. 7-2). In this active margin setting, the tectonic and diapiric processes 

governed the accommodation of the Neogene basins, and drift distribution within the 

bathymetric irregularities. These bathymetric features are also able to enhance bottom 

currents locally (Sánchez-Leal et al., 2017; Duarte et al., 2020), leading to accumulation 
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of drift geometries with smaller dimensions compared to those identified in passive 

margins.  

Overall, the Late Miocene contourite depositional system was deposited at least 

across a period of 1.8 Myr (>8.2-6.4 Ma), where the contourite drift evolution were also 

controlled by cyclicities with a 400-800 kyr period (Fig. 7-2). However, paleo-

Mediterranean Outflow Water influence could have started earlier in the Middle Miocene, 

as proposed by Capella et al. (2019), but were not preserved due to the deformation 

induced by the Betic-Rif orogeny. The effect of tectonic activity is also clear for the 

Pliocene-Quaternary contourite depositional system in the Gulf of Cádiz, where tectonic 

pulses every 800-900 kyr and 2.0-2.5 Myr control drift evolution since the latest Miocene 

(Hernández-Molina et al., 2016). During the upper part of the Late Miocene, the changes 

in the dominant depositional style across the main units of the contourite depositional 

system stages and its termination are controlled by a 400-kyr stepwise restriction of the 

Mediterranean-Atlantic gateways, which is believed to be the mechanism behind their 

closure (Hilgen et al., 2007). This periodicity in the stratigraphic events of the region is 

astronomically linked to the long-term eccentricity orbital forcing superimposed on a 

gradual tectonic trend, which are responsible for the intermittent sediment supply to the 

contourite systems across the margin. 

A shorter scale cyclic seismic facies trend with a base of transparent reflectors to 

a top with moderate-to-high amplitude parallel reflectors, capped by a continuous high-

amplitude erosional surface can also be observed as the dominant depositional 

architecture for the contourite drifts. This trend has been previously identified for the 

Pliocene-Quaternary contourite depositional system (Llave et al., 2001, 2006; Hernández-

Molina et al., 2016; Lofi et al., 2016). This sub-unit short-term evolution of the drifts are 

influenced by precession cycles modulated by the long-term eccentricity cycles, which 

has an impact on the control factors of drift evolution, such as eustasy, sediment supply, 

and bottom current activity (Fig. 7-2, Llave et al., 2001; Hernández-Molina et al., 2016). 

In the Pliocene-Quaternary examples of the Gulf of Cádiz, these cyclicities are also 

interpreted as coarsening-upward sequences linked to Mediterranean Outflow Water 

variability with smaller precessional to millennial scale orbital cycles (Llave et al., 2006; 

de Castro et al., 2020; Mestdagh et al., 2020; Sierro et al., 2020). The high-amplitude 

facies within the cycles are represented by coarser-grained sediments deposited during 

precession maxima or Greenland stadials, correlated to Mediterranean Outflow Water 



Discussion and Critical Evaluation 

 

Page | 231  

 

enhancement as a result of aridity and increased buoyancy loss in the Mediterranean, vice 

versa (Sierro et al., 2020; de Castro et al., 2021a).  

As the paleo-Mediterranean Outflow Water were split into two main cores 

analogous to the present-day setting through the Strait of Gibraltar (Hernández-Molina et 

al, 2016; de Weger et al., 2020), climatic-induced changes in the precessional to 

millennial scale could also lead to contrasting effects in the upper and lower core. Using 

the Pliocene-Quaternary contourite depositional system as an example, deepening of 

Mediterranean Outflow Water and an increasing strength towards lower core, along with 

decreasing strength in the upper core were observed during Heinrich stadials (Llave et al., 

2006; Sierro et al., 2020). This led to the intermittent behaviour of the paleo-

Mediterranean Outflow Water observed in the Late Miocene contourites of the Rifian 

corridor (de Weger et al., 2020). However, it is unknown how the variations between the 

two cores affect the evolution of the Late Miocene contourite depositional system in the 

Gulf of Cádiz. 

 

7.6 How does the interaction of deep marine processes impact each 

other? 

During the upper part of the Late Miocene, the Gulf of Cádiz was influenced by 

the interaction of alongslope and downslope sedimentary processes, which masked the 

background settling of pelagic or hemipelagic sediments. Across the continental margins, 

bottom currents processes originating from the paleo-Mediterranean Outflow Water 

dictated the depositional characteristics by reworking sediments along the slope, where 

they can reach velocities over 1 ms-1 (de Castro et al., 2020), as seen from examples for 

the Quaternary. This was evident with the identification of erosional and depositional 

features related to the Late Miocene contourite depositional system across the Neogene 

basins of the Gulf of Cádiz towards the Southwest Iberian margin. The presence of these 

contourite features, such as drifts, channels, furrows, etc., lasted until the cessation of the 

paleo-Mediterranean Outflow Water in the middle Messinian due to the stepwise 

restriction of the Mediterranean-Atlantic gateways. Thereafter until the end of the 

Miocene, hemipelagic deposition dominated the continental slopes of the Gulf of Cádiz, 

simultaneous to the restriction of the water-mass exchange which led to the Messinian 
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salinity crisis. This period of quiescence led to the deposition of the upper Messinian 

transparent unit across the margins. 

Locally, downslope gravitational processes were more prominent, such as the 

Guadalquivir sands turbidite system in the Deep Algarve foredeep basin, and other 

turbidite and mass transport deposit systems observed along the Algarve margin, such as 

the West and East Algarve channels, and the paleo-Portimão, Sagres and Sao Vicente 

canyons, as well as within the offshore Gharb basin. The gravity flow deposits were 

triggered by tectonic processes related to the Betic-Rif orogeny modulated by long-term 

eccentricity orbital forcing, which occurred with a periodicity of roughly 400-kyr. Prior 

to the restriction of the paleo-Mediterranean Outflow Water, these episodic gravity flow 

deposits were reworked by bottom currents to produce mixed or hybrid systems (sensu 

Fonnesu et al., 2020; Fuhrmann et al., 2020), where they provided the intermittent 

sediment supply to support drift growth and development. The complexity of the 

relationship between the Mediterranean Outflow Water and gravity flow processes were 

underlined within recent research for the Pliocene-Quaternary (e.g., Brackenridge et al., 

2013; Hernández-Molina et al., 2016; de Castro et al., 2020; 2021a; Serra et al., 2020; 

Mestdagh et al., 2020; Mencaroni et al., 2021). Following the closure of the 

Mediterranean-Atlantic gateways, turbidite depositional systems were able to develop 

without the influence of bottom currents, forming submarine lobes and channels within 

the intraslope basins. 

 

7.7 What are the implications of the Late Miocene evolution of the 

contourite system? 

The identification of the Late Miocene contourite depositional system provided 

many conceptual scientific implications, including the understanding of the bottom 

current depositional processes and products within tectonically active settings, as well as 

a notable example for the evolution of a closing oceanic gateway. Other than the 

theoretical aspects of contourite studies, these study outcomes also provided insights in 

the global or regional understanding for the upper part of the Late Miocene, such as the 

Tortonian to Messinian paleoceanography and paleoclimate, especially for the North 

Atlantic. On a more local scale, they are also relevant on the economic front, such as their 

applications in hydrocarbon exploration and carbon sequestration. 
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The description of the Late Miocene contourite depositional system provided a 

rare example for the recognition of ancient contourite systems within an active tectonic 

setting. Although they show many similarities with their passive margin counterparts 

(Faugères et al. 1999; Rebesco et al., 2014; Rodrigues et al., 2020), such as the 

development of distinct stages of a contourite depositional system (initial-, growth- and 

or maintenance-, and buried-drift); they also have distinct traits which are unique to 

tectonically active settings, such as drift distribution, dimensions, geometries, and their 

preservation potential. The different stages of the contourite depositional system 

represented the increasing density contrast between the Mediterranean and the Atlantic 

during the Tortonian and Messinian, due to the progressive stepwise restriction of the 

connection, following tectonic deformation related to the uplift of the Gibraltar Arc 

following the convergence of the Iberian and African plates (Duggen et al., 2003a; 

Civiero et al., 2020). This narrowing and subsequent closure of the Betic and Rifian 

corridors led to transformation of the paleo-Mediterranean Outflow Water from an 

outflow setting towards an overflow setting with a more saline and denser water mass 

(Capella et al., 2019), and eventual halting of the paleo- Mediterranean Outflow Water 

following partial isolation of the Mediterranean coeval to the precipitation of the 

Messinian salinity crisis evaporites (Flecker et al., 2015).  

The evolution of the Late Miocene contourite depositional system provided 

insights into the oceanographic and climatic history from the Tortonian to Messinian 

period. The development of the Late Miocene contourite depositional system acts as an 

imprint of the paleo-Mediterranean Outflow Water circulation as it exits the 

Mediterranean through the Betic and Rifian (Martín et al., 2009; Capella et al., 2017a; de 

Weger et al., 2020), and flows through the Gulf of Cádiz, including the Southwest Iberian 

and Northwest Moroccan margins, subsequently towards the southern West Iberian 

margin as a distinctive water mass. While a weaker paleo-Mediterranean Outflow Water 

across a wide Mediterranean-Atlantic gateway might have existed during the Middle to 

early-Late Miocene (Capella et al., 2019), the onset of an overflow paleo-Mediterranean 

Outflow Water would have increased entrainment of ambient Atlantic water to form the 

paleo-Atlantic Mediterranean Water (AMW; Rogerson et al., 2012) and flowed towards 

the North Atlantic and influenced its paleoceanography. Similarly, the modern Pliocene 

to present-day setting of the Mediterranean Outflow Water influenced the depositional 

architecture of sediments along the Southwest Iberian margin (Hernández-Molina et al., 

2016; Llave et al., 2020; Liu et al., 2020; Rodrigues et al., 2020), where their evolution 
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reflects a more saline and denser Mediterranean Outflow Water towards a more restricted 

setting across the Strait of Gibraltar (Hernández-Molina et al., 2016). Using modern day 

analogues, the Late Miocene paleo-Mediterranean Outflow Water overflow would have 

had a significant impact on the ocean circulation in the North Atlantic and would have 

helped in sustaining the formation of the North Atlantic Deep Water (NADW) (Rogerson 

et al., 2012) and the Atlantic Meridional Overturning Circulation (AMOC) (Rogerson et 

al., 2006; Ivanovic et al., 2014). These conditions would also have favoured ocean-

atmospheric carbon dioxide (CO2) decoupling by initiating an ocean pump for carbon 

dioxide transport, surface water cooling and carbon sequestration in the deep ocean 

(Capella et al., 2019), and contributed to the Late Miocene global cooling trend (Herbert 

et al., 2016; Capella et al., 2019), hence the northern hemisphere Messinian ice ages (van 

der Laan et al., 2012). 

In an economic perspective, the Late Miocene contourite depositional system is 

also an ideal petroleum play for hydrocarbon exploration (Riaza and Martínez del Olmo, 

1996; Mojonero and Martinez del Olmo, 2001; Matias et al., 2011). Petrophysical studies 

on sandy deposits of the Late Miocene contourite system in the Rifian corridor show 

exceptional petrophysical characteristics with high porosity and permeability values (de 

Weger et al., 2021), making them suitable candidates as petroleum reservoirs. These 

results were reinforced by similar studies for the coarse-grained contourite deposits in 

contourite channels, terraces, and at the exits of straits or gateways (Viana, 2001; 

Hernández-Molina et al., 2018; de Castro et al., 2021b), where these well-sorted sandy 

sheets can stretch out to over 1000s of km2 in area with considerable thicknesses (Viana 

and Rebesco, 2007; Viana, 2008; Shanmugam, 2012). However, the extensiveness and 

effectiveness of these systems are not well understood for contourite systems in 

tectonically active margins, where sediments reworked and transported by bottom 

currents are restricted by structural obstacles. However, the constraints imposed on these 

systems could be beneficial for hydrocarbon prospectivity as these tectonic structures can 

act as traps for a petroleum system. In the Gulf of Cádiz, Matias et al. (2011) demonstrated 

the presence of trap structures produced by salt diapirism and deformation in the Algarve 

basin, where they also act migrating pathways for hydrocarbon sourced from the 

Mesozoic (Fernandes et al., 2013). On the other hand, the drift or levee part of the 

contourite system, which consists primarily of the fine-grained silts and muds, can serve 

as an effective seal in a petroleum system (Bailey et al., 2021). For the Late Miocene 

contourite depositional system, the presence of the upper Messinian transparent unit could 
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also provide a regional sealing component across the Gulf of Cádiz. Adjacent to the Gulf 

of Cádiz, the Guadalquivir foreland basin is a well-known petroleum province, with at 

least 20 biogenic gas fields in the Messinian and early Pliocene sediments (Mojonero and 

Martinez del Olmo, 2001). In the Deep Algarve basin, Stocker (2021) identified direct 

hydrocarbon indicators (DHI) for the Messinian interval, such as phase reversals, dim and 

bright spots, pockmarks, and gas chimneys. These were supported by the interpretations 

of Matias et al. (2011), which argued for the presence of fluid migration associated to 

halokinesis in the region through the presence of direct hydrocarbon indicators, including 

gas chimneys and pockmarks features, as well as seismic amplitude anomaly in the 

overburden of salt structures. 

These systems are also viable candidates for carbon sequestration where these 

ancient contourite deposits are located deeper than 800 mbsf, as the carbon dioxide must 

be injected below this depth as a supercritical fluid (800-900 kg m-3) for safe storage and 

to be economically viable (Pereira et al., 2021). As the reservoir characteristics and 

subsurface architecture required for carbon capture and storage (CCS) strongly resemble 

those required for petroleum reservoirs, the Late Miocene contourite depositional system 

of the Gulf of Cádiz is an ideal prospect as potential carbon capture and storage reservoirs. 

The presence of an effective sealing and trapping mechanism of the Late Miocene 

contourite depositional system adds on to the suitability of the system for carbon capture 

and storage. Pereira et al. (2021) and Stocker (2021) discussed the risks associated to 

carbon capture and storage activity in the Deep Algarve basin, where ongoing tectonic 

activity and seismicity, borderline critical depth, and the resistance of the local 

community would be its most critical issue and would require further studies to 

understand its consequences. 

 

7.8 How does the paleoceanographic evolution impact the existing 

views of the Mediterranean-Atlantic gateway exchange during the latest 

Miocene? 

The paleoceanographic changes during the Messinian were supported by quantitative 

representations of the Mediterranean-Atlantic gateway exchange, as seen in Chapter 4. 

As the Atlantic respond to variations in gateway configuration through changes to the 

density and volume of the Mediterranean Outflow Water and the reconstruction of 
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gateway dimensions and exchange patterns (Flecker et al., 2015), their possible outcome 

were considered and eliminated through the hypothetico-deductive method by limiting 

the variables set by the results observed in the sedimentary changes of the Gulf of Cádiz 

during the latest Miocene. As the Late Miocene contourite depositional system acts as an 

imprint of the paleo-Mediterranean Outflow Water circulation, the absence of these 

sedimentary deposits during the middle to late Messinian would have suggested a 

discontinuation of the overflow and the formation of the paleo-Atlantic Mediterranean 

Water through the entrainment of ambient Atlantic water and restriction of the paleo-

Mediterranean-Atlantic gateways.  

The current understanding for the Late Miocene Mediterranean-Atlantic exchange 

were established mainly from observations within the Mediterranean domain or the Betic 

and Rifian corridors. Using box models to establish water conservation of the exchange, 

previous workers (Krijgsman and Meijer; 2008; Topper et al, 2011) suggested that the 

Mediterranean Outflow Water must have continued during the first stage of the Messinian 

salinity crisis to maintain the saturation state for gypsum precipitation. Whereas the base-

level drawdown during the second stage of the Messinian salinity crisis would have led 

to the restriction of the Mediterranean Outflow Water, reducing salt export to the Atlantic 

which led to the deposition of halite. In both stages, Atlantic inflow would have continued 

to constantly supply the ions required for gypsum and halite formation. However, the 

qualitative findings from the sedimentary changes in the Atlantic domain, together with 

the quantitative assessment of the paleoceanographic exchange through the gateways, 

contradict the notion and indicated that the Mediterranean Outflow Water had weakened 

prior to the Messinian salinity crisis. This was supported by new findings in the deep 

basinal Mediterranean where halite precipitation occurred synchronous to the marginal 

gypsum deposits (Meilijson et al., 2018), thus invalidating previous assumptions that 

relied on limited data. Therefore, it is essential that the stratigraphic model for Messinian 

salinity crisis is revised to incorporate recent advances. 

Nevertheless, the quantitative representations used to model the 

paleoceanographic conditions using the results and observations from the Gulf of Cadiz 

constitute a simplification of the Mediterranean-Atlantic gateway exchange system. 

These representation encompassed the key variables affecting the dynamics of the 

exchange, howbeit in a one-dimensional nature which emulates the present-day physical 

configuration of the water-mass exchange through the Strait of Gibraltar. One of the main 

assumptions for the formulation of the exchange is the two-layer system, with the 
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Mediterranean Outflow Water as a single component, which omits the consideration of 

its source water composition, consisting of both the Mediterranean Intermediate and 

Dense Water (MIW and MDW; Rogerson et al, 2012). Changes in their respective 

properties in a three-layer system would have an effect on the buoyancy flux of the 

Atlantic-Mediterranean exchange, especially during the latest Miocene where 

stratification of the Mediterranean would have led to a dense brine bottom water. In fact, 

Millot (2009) recognised four components that make up the Mediterranean Outer Water 

today, namely the Winter Intermediate Water (WIW), Levantine Intermediate Water 

(LIW), Tyrrhenian Dense Water (TDW) and Western Mediterranean Deep Water 

(WMDW), from top to bottom. Other than that, it is also not possible to completely 

disregard the possibility of a change in the gateway position and pathway of 

Mediterranean Outflow Water beyond the seismic data utilised in the evaluation. 

Therefore, with new information, including seismic and drilling data onshore and 

offshore surrounding the Gulf of Cádiz, as well as novel discoveries in the Mediterranean, 

more scenarios can be eliminated in order to reconstruct the actualities of the exchange 

during the latest Miocene. 

 

7.9 What are the main limitations of this project? 

These studies were based on a collection of seismic reflection surveys and 

borehole data within the Gulf of Cádiz, across the Southwest Iberian and Northwest 

Moroccan margins. As previously mentioned in Chapter 5, the identification of Late 

Miocene contourite depositional system, through their seismic facies and geometries, 

depended on the quality and resolution of the available seismic data. The overall 

resolution and quality of the seismic data relied on their line spacing and coverage, 

vertical and horizontal resolution, acquisition noise, and processing artefacts. In 

comparison, seismic stratigraphic analysis of the modern Pliocene-Quaternary contourite 

depositional system in the Gulf of Cádiz was carried out with the availability of a robust 

dataset, including high-resolution sparker-sourced seismic, high-resolution bathymetric 

compilation, continuous well logs and detailed core descriptions, and refined age model 

through bio- and cyclo-stratigraphic framework (Llave et al., 2001; 2006; Stow et al., 

2013; Hernández-Molina et al. 2016). This allowed an elaborate workflow which 

included the correlation of erosional and depositional features on bathymetric maps and 
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seismic profiles, distinguishment of sedimentary trends using log and core data, and 

precise age assignment of sedimentary interval. 

In contrast for the Late Miocene interval, only the 2D multi-channel seismic 

(MCS) surveys and a handful of 3D seismic volumes can be utilised for the seismic 

stratigraphic analysis of the Late Miocene contourite depositional system, out of the many 

seismic surveys available within the collection. This is due to the lack of depth penetration 

during acquisition (<1000 mbsl) of the high-resolution seismic data from high frequency 

sparker and airgun source surveys in the region to record the Tortonian and Messinian 

interval. On top of that, the lower frequency airgun-sourced multichannel seismic profiles 

have lower vertical (15 – 50 m) and horizontal (>60 m) resolution due to the increase in 

the Fresnel zone with depth. This also affected the processing stages of the seismic data, 

as inadequate processing techniques for the deeper section increased the presence of 

seismic artefacts. The lack of detailed description and interpretation in industry boreholes 

which penetrated the Tortonian and Messinian interval, but which were not primary 

targets, also did not help in the seismic stratigraphic analysis of the Late Miocene 

contourite depositional system. As the available 3D seismic volumes only cover a small 

area within the Gulf of Cádiz, the studies rely heavily on the 2D multi-channel seismic 

surveys to locate the distribution of the Tortonian and Messinian interval. The wide line-

spacing (>4 km) of the survey lack accuracy in the interpretation of seismic bodies or 

morphologies through surface mapping. This limitation was especially significant in the 

analysis on the effect of deformation on sedimentary evolution, as the continuity of 

tectonic structures were not accurately represented within the gaps. However, the 

available seismic dataset still enabled for the first time the identification of the ancient 

contourite depositional system albeit only a more regional characterisation of the system.  

On top of that, this study also relied heavily on comparative studies with modern 

and ancient analogues, such as the Pliocene-Quaternary Gulf of Cádiz contourite 

depositional system and the outcrop-based Late Miocene contourites of the Rifian 

corridor (Capella et al., 2017; de Weger et al., 2020), instead of sedimentary information 

from in-situ drilling. The available industry boreholes which penetrated the Late Miocene 

interval generally lacked detail description as they were not primary targets (e.g., Corvina, 

Imperador, Ruivo, Neptuno-1, Neptuno-2), whereas the remaining ones are sparsely 

distributed across the Gulf of Cádiz (Anchois-1, Deep Thon-1, Merou-1, GCB-1, GCE-

1, GCMPC-1) which provided a glimpse into the sedimentary facies of the Late Miocene 

contourite depositional system of the Gulf of Cádiz. Therefore, it is not possible to be 
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conclusive in the conditions in which the Late Miocene contourite depositional system 

was formed and can only be suggested through comparisons with analogues. Future 

research in the area, such as the proposed Integrated Ocean Discovery Program - IODP 

771 and IMMAGE amphibious (IODP 895 and ICDP) drilling projects, will be able to 

provide the necessary data essential for better understanding of the  chronology, facies, 

and their associations, as well as changes within the sedimentary depositional systems 

linked to paleocirculation, paleoclimate and tectonic variations.
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8.1 Epilogue 

The Late Miocene continental slope evolution in the Gulf of Cádiz, which includes 

the Southwest Iberian and Northwest Moroccan continental margins, consists of a deep-

marine environment with the presence of pelagic/hemipelagic, contourite and turbidite 

depositional system, identified through the characterisation of the sedimentary and 

stratigraphic changes of Tortonian to Messinian interval. The contourite and turbidite 

deposits are primarily recognised in the Neogene basins across the middle slope of the 

Gulf of Cádiz. Regionally, the Late Miocene contourite depositional system was 

identified through documentation of depositional and erosional features related to bottom 

current activity in the Gulf of Cádiz. This contourite depositional system acts as clues to 

the Late Miocene paleoceanographic imprint of the paleo-Mediterranean Outflow Water 

at the exit of a closing Mediterranean-Atlantic gateway. 

The occurrence of these regional contourite features is mainly limited to the period 

before and after the main emplacement of the accretionary wedge or allochthonous unit 

during the Tortonian. Based on seismic stratigraphic analysis, the Late Miocene 

contourite depositional system consists of four evolutionary stages throughout the 

Tortonian to Messinian, identified through their external morphological expressions and 

internal reflection configurations. They are namely the initial-drift, growth-drift, 

maintenance-drift, and buried-drift stages. These different stages of the contourite 

depositional system record the long-term evolution of the paleo-Mediterranean Outflow 

Water, from weak to vigorous bottom current velocity, prior to the weakening or halting 

of the water-mass exchange through the progressively restricting Mediterranean-Atlantic 

gateway during the latest Miocene. The widespread distribution of a predominantly 

hemipelagic unit along the continental slope in the Gulf of Cádiz following the cessation 

of the Late Miocene contourite depositional system also represents the sedimentary 

response to an absence or intermittence of the paleo-Mediterranean Outflow Water 

circulation, ~400 kyr preceding the Messinian salinity crisis. The cessation of the paleo-

Mediterranean Outflow Water in the latest Miocene correlates to period of Atlantic 

Meridional Overturning Circulation weakening and North Atlantic cooling. 

Overall, the Late Miocene sedimentary evolution of the Gulf of Cádiz is subjected 

to the influence of tectonic and orbital forcing, where tectonic pulses with a 400-kyr 

period dictated the large-scale morphosedimentary characteristics. In this tectonically 

active margin, while the paleo-Mediterranean Outflow Water water mass locally 
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controlled the morphology and sedimentary stacking pattern on the continental slopes 

across the Gulf of Cádiz, their distribution and preservation were influenced by 

deformation, where regional uplifting processes affects sediment erosion and 

accommodation. Locally, sediments within the contourite drift deposits are supplied by 

downslope gravitational systems, which can also produce mixed or hybrid systems.  

 

8.2 Future Works 

The work carried out within this study was based on seismic and borehole data 

with limited resolution, as explained in section 7.9. A variety of scientific projects were 

proposed for the acquisition of seismic and sedimentological data with better coverage 

and detail, as well as other relevant proxies, to be able to carry out refined interpretation 

workflow. One of these key projects are the upcoming International Ocean Discovery 

Program - IODP 771 and IMMAGE amphibious (IODP 895 and ICDP) (Investigating 

Miocene Mediterranean-Atlantic Gateway Exchange: http://immage.icdp-online.org) 

drilling projects.  

With the availability of a more diversified and detailed dataset, further studies on 

the sedimentary evolution of the Late Miocene contourite depositional system will be 

able to unravel the paleoceanographic change during the Late Miocene and the 

evolution of the Gulf of Cádiz continental slope, as well as the Mediterranean-Atlantic 

gateway, which include: 

1. The shorter-term evolution within the different stages of the Late Miocene 

contourite depositional system through the correlation between seismic and 

sedimentary facies to understand the temporal and spatial changes in a proximal 

versus distal setting of contourite systems relative to the exit of a strait or 

gateway, correlating it to the onshore analogues such as the Late Miocene Rifian 

corridor contourite channel system. 

2. Small-scale sedimentary changes through the transition from the Late Miocene 

contourite depositional system to the middle to upper Messinian transparent unit 

to characterise the nature of the restriction of the Mediterranean-Atlantic 

exchange and bottom current circulation in the Gulf of Cádiz and the North 

Atlantic, as well as its impact on late Miocene climate. 

http://immage.icdp-online.org/
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3. Further detailed study of the Late Miocene deposits on the present-day upper slope 

to onshore region of the Southwest Iberian margin and the Guadalquivir basin, to 

identify and characterise Late Miocene contourite depositional system under the 

influence of paleo-Mediterranean Outflow Water originating from the Betic 

corridor during the Tortonian, and its gateway evolution. 

4. Correlation with the tectonostratigraphic evolution, including tectonic pulsing, to 

understand the effect of structural features arising from tectonic deformation or 

diapirism on the sedimentary evolution of the Late Miocene contourite 

depositional system as well as other deep marine deposits, to propose diagnostic 

criteria for contourite deposits in tectonically active margins elsewhere.
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