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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco 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 Cadiz through
seismic stratigraphic analysis and the interpretation of contourite diagnostic features. The late Miocene con-

tourite depositional system (CDS) consists of three stages (initial-, growth-, and maintenance-drift) which recorded
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Paleo-MOW . o . . . £ as
TZcetznic deformation the late Tortonian to early Messinian evolution from weak to vigorous bottom current flow in the Gulf of Cadiz
Gulf of Cadiz prior to its cessation in the middle to late Messinian, represented by the buried-drift stage. Development of the

CDS in the Gulf of Cadiz is coeval to a period when the continental margins were affected by regional defor-
mation. 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 Cadiz 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.

North Atlantic

settings, syn-tectonic deformation also play an important role in control-
ling the morphology and stacking pattern of contourite deposits (e.g., Reed

1. Introduction

Contourites provide valuable information for oceanographic and cli-
matic 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, Faugeres 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
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et al., 1987; Bailey et al., 2021). It modifies the typical configuration of
contourite drifts, making their identification difficult and thus still remains
as one of the less studied issues in contourite research.

The Gulf of Cadiz 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, partic-
ularly during and after the International Ocean Drilling Program (IODP)
Expedition 339 (Expedition 339 Scientists, 2012; Hernandez-Molina
et al., 2013; Stow et al., 2013). This Pliocene-Quaternary CDS evolved
along the Southwest Iberian margin as a consequence of the Mediter-
ranean Outflow Water (MOW) exiting through the Strait of Gibraltar (or
Gibraltar gateway) from the early Pliocene to the present (Herndndez-
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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 be-
tween 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 Cadiz towards the
West Iberian margin has yet to be located. The ancient contourite
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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 Cadiz 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
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Fig. 1. Geological map showing the main structural units of the Betic-Rif orogeny (AUGC: Allochthonous unit of the Gulf of Cddiz; GCAW: Gulf of Cadiz accretionary
wedge), tectonic features of the Gulf of Cadiz (AH: Albufeira high; CF: Cddiz 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: Marqués de Pombal fault;
MPP: Marques de Pombal plateau; PAS: Principe de Avis seamount; PDE: Pen Duick escarpment; PF, Portimao fault; PH: Portimao High: PSF: Pereira de Sousa fault;
SAP: Seine abyssal plain; SMQF: Sao Marcos-Quarteira fault; SVF: Sao Vicente fault; TAP: Tagus abyssal plain), associated Neogene sedimentary basins (AlB: Alentejo
basin; DAB: Deep Algarve basin; DB: Donana basin; CB: Cadiz basin; OGB: Offshore Gharb basin; RALB: Rincao do Lebre basin; SB: Sanliicar basin) and sedimentary
features (FC: Faro canyon; LC: Lagos canyon; PC: Portimao canyon; SC: Sagres canyon; SeC: Setiibal canyon; SVC: Sao Vicente canyon) (Adapted from Hernandez-

Molina et al., 2016).
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been established in the literature, generally for examples within unde-
formed modern passive continental margins (Faugeres et al., 1999;
Hernandez-Molina et al., 2008). Howbeit, there is a lack of guidelines for
the diagnosis of ancient contourites which require paleogeographic and
tectonic reconstructions (Hiineke and Stow, 2008), especially for
tectonically active margins such as the Southwest Iberian margin and
the Northwest Moroccan margin (Gracia et al., 2003; Vergés and
Fernandez, 2012). In the Gulf of Cadiz, 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 de-
formations 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 paleogeo-
graphic 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 Cadiz; 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.

2. Regional setting
2.1. Geological framework

The Gulf of Cadiz is located in the Atlantic side of the Mediterranean-
Atlantic exchange, off the Strait of Gibraltar (Fig. 1). It is surrounded by
the Southwest Iberian margin and the Northwest Moroccan margin.
Tectonically, the Gulf of Cadiz 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 Fernandez, 2012). The continental convergence be-
tween 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 (Vergeés and Fernandez, 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 Cadiz
accretionary wedge (GCAW; sensu Duarte et al., 2011) (Fig. 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 imbri-
cated accretionary wedge produced radial emplacement of the chaotic
allochthonous unit of the Gulf of Cadiz (AUGC; sensu Medialdea et al.,
2004). It was emplaced westwards from the deformation front of the
accretionary wedge (Fig. 1) towards the Horseshoe and Seine abyssal
plains (Maldonado et al., 1999; Medialdea et al., 2004) until the late
Tortonian (7-8 Ma; Gracia 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. 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.1) such as the Gorringe bank and the Coral Patch ridge (Torelli
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et al., 1997; Iribarren et al., 2007).

In the central Gulf of Cadiz, 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 Cadiz
(Medialdea et al., 2009). The Gulf of Cadiz Neogene basins, including
the Deep Algarve, Donana, Sanltcar, Cadiz and the Offshore Gharb
basins (Fig. 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
etal., 2020). Both the Deep Algarve and Alentejo basins (in the southern
West Iberian margin, Fig. 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. 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 Sao Vicente, deep incisions of submarine
canyons, such as the Portimao and Sao Vicente canyons (Fig. 1), domi-
nated 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).

2.2. 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 intermedi-
ate 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) and by the Guadalquivir and Gharb basins
(Capella et al., 2017a; Pérez-Asensio et al., 2012). 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, simulta-
neous to widespread deposition of hemipelagites in the Gulf of Cadiz
(Flecker et al., 2015; Ng et al., 2021). The Guadalquivir and Gharb ba-
sins were thus reduced to marine embayment areas with the closure of
the late Miocene gateways towards the east (Martin et al., 2009; Iva-
novic et al., 2013). Following the reopening of the Mediterranean-
Atlantic exchange through the Strait of Gibraltar, the Pliocene to Qua-
ternary sedimentary evolution of the Gulf of Cadiz 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 (Hernandez-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 Cadiz and the West Iberian
margin (van der Schee et al., 2016; Ng et al., 2021). The Miocene
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Pliocene boundary (MPB, 5.33 Ma; sensu Hernandez-Molina et al., 2016)
separates the Miocene sediments from the Pliocene-Quarternary CDS.
The Pliocene-Quaternary CDS has been studied in detail for the
Southwest Iberian margin (Llave et al., 2011; Roque et al., 2012;
Hernandez-Molina et al., 2016) and southern West Iberian margin
(Rodrigues et al., 2020). The evolution of the Gulf of Cadiz 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 develop-
ment from late Pliocene to early Quaternary (3.2-2 Ma); and a growth-
drift stage involving further MOW strengthening with elongated moun-
ded or sandy sheeted drifts from late Quaternary to the present (<2 Ma),
separated by major hiatuses (Hernandez-Molina et al., 2016). Further-
more, the relationship between sedimentary deposition and tectonic
activity is reflected in the overlapping distribution of the morphosedi-
mentary (Hernandez-Molina et al., 2003) and tectonosedimentary do-
mains (Duarte et al., 2020). Tectonic structures such as diapiric ridges
and basement highs separated the Neogene basins in the Gulf of Cadiz
and split up the MOW pathways into two main cores: a warmer and less
saline upper core (MU: 500-800 m; 13-14 °C and 35.7-37%o); and a
colder and more saline lower core (ML: 800-1400 m; 10.5-11.5 °C and
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36.5-37.5%0) (Ambar and Howe, 1979; Llave et al., 2007; Garcia et al.,
2009). The latter further splits into three branches: intermediate, prin-
cipal, 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; Sanchez-Leal et al., 2017) to form the AMW (Rogerson
et al., 2012). It achieves neutral buoyancy as it reaches the Cape Sao
Vicente and settles at a depth of ~1400 m above the North Atlantic Deep
Water (NADW) (Hernandez-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 Pleis-
tocene to present (<0.7 Ma), characterised by phases of MOW intensi-
fication 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
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evolutionary phases were identified around the Pen Duick escarpment
(Fig. 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).

3. Methodology
3.1. Dataset

We compiled an integrated dataset of seismic reflection and borehole
data from within the Gulf of Cadiz to the southern West Iberian margin
(Fig. 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, NWMO03, P74,
PDO00, PDT00, S81A, TASYO2000 (Fig. 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, pro-
cessed to common depth point and stack, and time migrated using
standard procedures (Maldonado et al., 1999; Llave et al., 2011; Rog-
erson et al., 2012; Brackenridge et al., 2013; Hernandez-Molina et al.,
2016). Acquisition parameters for seismic surveys are available in Sup-
plementary Material (Table S1). The borehole data are from exploration
wells including Algarve-2, Anchois-1, Atlantida-3, Deep Thon-1, Golfo
de Cadiz B-3 (GCB-3), Golfo de Cadiz 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;

Hernandez-Molina et al., 2013; Stow et al., 2013), including U1396,
U1387, U1388, U1389, U1390, and U1391 (Fig. 2).

3.2. 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 band-
width. We then carried out the seismic stratigraphic analysis of the Gulf
of Cadiz Neogene basins following Mitchum et al. (1977) in dis-
tinguishing seismo-stratigraphic units by seismic facies and boundaries,
assigning geologic ages based on correlation with biostratigraphic in-
formation acquired from borehole data (summarised in Fig. 3). After-
wards, 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 it-
erations — 3; filter width — 3.

The seismic interpretation was facilitated by diagnostic criteria for
the recognition of contourites introduced by Faugeres et al. (1999) and
Nielsen et al. (2008), and the identification of depositional (drifts) and
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including stratigraphic correlations interpreted by previous authors and main tectonic and sedimentary events in the region (Abbreviation for discontinuities, BFU:
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erosional (channels, furrows, moats, scours) features related to bottom
current action (Hernandez-Molina et al., 2008; Garcia et al., 2009;

hemipelagites. Interactions of multiple processes to produce mixed or
hybrid deposits were taken into consideration, as reported for a modern

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 FErskine, 1991; Stow and Smillie, 2020), and pelagites or

Table 1

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

Summary of seismostratigraphic units and boundaries of the Gulf of Cadiz and southern West Iberian margin.

Seimostratigraphic unit Top boundary

Seismic facies and description

Depositional setting and interpretation

Mega-chaotic seismic body affected by listric or thrust faulting

Allochthonous unit of the Gulf of Cadiz (AUGC;
Medialdea et al., 2004; Iribarren et al., 2007)

Upper section of top-discordant high amplitude semi-
continuous to chaotic reflections and lower section of

Upper section of high amplitude discontinuous to wavy
continuous reflections and lower section of chaotic reflections

Transparent to low amplitude continuous reflections, except
for Offshore Gharb basin, which consists of intervals of high
amplitude reflections in between lower amplitude intervals.
Erosional base with medium to high amplitude parallel to semi-

Pre-late BO (Wedge top Top allochthonous unit
Miocene basin) of Gulf of Cadiz (AUGC)
B1 (Betic Basal foredeep
foreland basin) unconformity (BFU)
homogenous chaotic reflections
B2 (West Iberian Intra-Tortonian
margin) unconformity (ITU)
Tortonian — Lower LM Intra-Messinian See sections 4.1 and 4.2
Messinian (~8.0-~6.4 Ma)  unconformity (IMU)
Upper LM Miocene Pliocene
(~6.4-5.33 Ma) boundary (MPB)
Pliocene- PQ (5.33-0 Ma) Seafloor
present

parallel continuous reflections in the lowermost section, locally
in areas relatively conformable within seismic resolution,
having continuous low amplitude reflections in the lowermost
section

Mesozoic to middle-late Miocene sedimentary
succession and Paleozoic basement (
Maldonado et al., 1999; Pereira et al., 2016)

Late Miocene contourite depositional system
(This study)

Pelagites or hemipelagites, interrupted locally
by turbidites (Ng et al., 2021)

Pliocene-Quaternary contourite depositional
system (Llave et al., 2011; Hernandez-Molina
et al., 2016; Roque et al., 2012)
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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; Hernandez-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 Supple-
mentary Material (Text S1).

3.3. Nomenclature

The nomenclature adopted to describe the main seismic sequences,

Marine Geology 442 (2021) 106605

units, subunits, and discontinuities (Fig. 4) are adapted from previous
studies (Maldonado et al., 1999; Lopes et al., 2006; Llave et al., 2011;
Roque et al., 2012; Hernandez-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 Maldo-
nado 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
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Fig. 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 Principe de Avis seamount (PAS). Profile location given in Fig. 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. 4; red arrows: stratal terminations). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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by Hernandez-Molina et al. (2016) and Maldonado et al. (1999)
respectively, whereas the allochthonous unit of the Gulf of Cadiz
(AUGC) was described by Medialdea et al. (2004). Two new disconti-
nuities were introduced in this study (Fig, 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).

10

The term contourites refers to “sediments deposited or substantially
reworked by the persistent action of bottom currents”, whereas bottom
currents refers to “any persistent water current near the seafloor” (sensu
Rebesco et al., 2014). A contourite drift is a “large accumulation of sedi-
ments by bottom currents”, which are classed based on their variation in
location, morphologies, size, sediment patterns, construction mechanisms
and controls (Faugeres and Stow, 2008; Hernandez-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
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canyon associated with a mixed system (D3), as well as sediment waves and erosional scour on the middle slope. Profile location given in Fig. 2. Major sequences (PQ,
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terminations). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

features”, and could occur interbedded with other deep-water facies type,
such as turbidites, pelagites and mass transport deposits (Hernandez-
Molina et al., 2008; Rebesco et al., 2014; de Castro et al., 2021).

4. Results

4.1. Seismic analysis: Units and boundaries

The study area is divided into three different sectors: a) the Neogene

11

basin of the West Iberian margin (Fig. 3a), including the Alentejo basin;
b) the Betic foreland basin in the northern and northwestern Gulf of
Cadiz, which includes the Deep Algarve basin (Fig. 3b); and c) the wedge
top basins in the central Gulf of Cadiz, taking in the Donana, Sanlicar,
Cadiz and Offshore Gharb basins (Fig. 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 (BO, B1 and B2); b) Tortonian to Messinian (LM), divided into
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Fig. 14. Schematic model for the relationship between contourite distribution (Fig. 5a, D1-D7) and potential pathway of the paleo-Mediterranean Outflow Water
(MOW) for the late Miocene Gulf of Cadiz CDS, superposed on the Base LM structure map (Fig. 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. 1).

Upper and Lower LM unit; and c) Pliocene to present (PQ) (Figs. 3 and
4). Their descriptions are summarised in Table 1.

The distribution of the seismic sequence LM, shown in Figs. 3 and 5,
varies across the three different sectors, being thicker in the Cadiz and
Offshore Gharb basin, averaging ~1 s TWT, and up to ~1.5-2 s 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 fore-
land basin and the southern West Iberian margin on flatter slopes or
terraces, or within canyons and valleys; otherwise it is only thinly dra-
ped over basement highs or truncated against the younger seismic unit
PQ (Fig. 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 Cadiz and Offshore Gharb wedge top basins (Fig. 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 combi-
nation of Top AUGC (allochthonous unit of the Gulf of Cadiz), BFU
(basal foredeep unconformity) and ITU (intra-Tortonian unconformity)
horizons in their respective sectors (Fig. 6b, 7-13). 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
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offshore Betic foreland and wedge top basins of the Gulf of Cadiz above
the BFU or Top AUGC (Figs. 10-13). Similar facies are interspersed in the
southern West Iberian margin above the ITU, in the basin centre or to-
wards the lower slope (Figs. 7 and 8). Above sub-unit M1, a second in-
terval (sub-unit M2) 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. 7-13). Sub-unit M2 directly overlies the ITU in some
areas of the southern West Iberian Margin (Figs. 8-9). Towards the top of
the seismic sequence LM, the younger interval (sub-unit M3) is trun-
cated 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 sub-
parallel facies with wavy to sigmoidal reflections (Figs. 10, 12-13).
Channelised features developed along the flank of the basin margin are
normally associated with this phase (Figs. 11-13). 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. 10-12). 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. 10 and 13). In the basin centre, this phase,
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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. 13). The IMU horizon is marked by erosional truncation of the
Lower LM unit (Figs. 7-13).

4.2. Seismic facies of the lower LM unit

Figs. 7 to 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. 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

Gharb basin

Marine Geology 442 (2021) 106605

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 un-
conformity 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 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. 7). Below the ITU, a mounded geometry can also be
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Fig. 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. (2017a, 2017b). (T/M boundary: Tortonian-Messinian boundary, other abbreviations available
in Fig. 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., 2017a, 2017b) (Location of section indicated in Fig. 1).
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identified within the uppermost interval of seismic sequence B2, which
had developed against the flank of the basement high (Fig. 7). Devel-
opment 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. 7).

In profile PD00-610 (Fig. 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 rela-
tively 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. 8).

Around Cape Sao Vicente, we identified fan geometries in the lower
slope or continental rise to the Horseshoe abyssal plain (HAP) connected
to the Sao Vicente and Sagres canyons (Fig. 5).Sao Vicente canyon de-
velops 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. 9). On the western flank of Sagres canyon,
we identified in seismic profiles PD00-602 and 602A (Fig. 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. 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. 3b), which is observed in seismic profile
PD00-707 (Fig. 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-unit M2 in-
terval, we similarly observed two cycles of alternating low- to high-
amplitude reflection. The bottom (older) section has a mounded ge-
ometry, while the overlying (younger) section features a wavy geometry
(Fig. 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, 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. 10).

In the central Gulf of Cadiz, distribution of seismic sequence LM is
concentrated along the front of the Betic and Rif chain of the Gibraltar
Arc, mainly in the Cadiz and Offshore Gharb basins (Fig. 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
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transparent unit in the Upper LM unit. As seen in seismic profile S81-
N14 (Fig. 11) situated in the Cadiz 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 NWMO03-F002 (Fig. 12) from the Offshore Gharb basin just off the
Rifian front (Fig. 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 alter-
nating 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. 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
LARO04-5 (Fig. 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
(~0.2s 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) 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-contin-
uous discordant to chaotic facies.

5. Interpretation
5.1. 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 Cadiz as large depositional, erosional,
and mixed features related to a regional late Miocene contourite depo-
sitional system (CDS) (Figs. 5 and 14).

In the southern West Iberian reactivated passive margin, the moun-
ded feature observed within sub-unit M2 (Fig. 7) is interpreted as an
elongated separated drift (D1) associated with an adjacent NE-SW con-
tourite channel (moat) that developed under a north-easterly bottom
current direction (Figs. 5 and 14), flowing on the western flank of the
Principes de Avis seamount (PAS; Figs. 1 and 7). This interpretation
conforms to the classification of drifts and inferred bottom current flow
pattern in the northern hemisphere put forth by Faugeres et al. (1999).
The morphology of upper sub-unit M3 is unclear, given the erosional
IMU (intra-Messinian unconformity) at the top (Fig. 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
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(Fig. 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. 7). On the eastern
flank of the Principes 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. 5-7, 14). Within the Alentejo basin, we inter-
pret the basal feature of sub-unit M2 (Fig. 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 (Figs. 5 and 14), following the drift
classification and inferred bottom current directions of Faugeres 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 sepa-
rated from sub-unit M2 by an unconformity and is eroded by the IMU
(Fig. 8).

Further south off Cape Sao Vicente, we interpret the fan geometries
connected to the Sao Vicente and Sagres canyons in the lower slope to
continental rise as submarine fans (F1 & F2; Fig. 5), controlled by
southward downslope depositional processes. On the middle slope re-
gion of this area (Fig. 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 and 14),
creating asymmetric levees as described by Menard (1955) and Mir-
amontes 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 de-
posits 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. 9). Further down the slope, the wavy geometry and erosional
features that developed WNW-ESE alongslope are respectively inter-
preted as sediment waves and an erosional scour due to the westward
flowing bottom current, bounded at the top by the IMU (Fig. 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 con-
tourite features is most prominent within the Faro canyon in the west,
owing to its deeper local palaeotopography in the late Miocene in
comparison to the Deep Algarve basin, hence providing accommodation
for the deposition of the Lower LM unit (Figs. 5 and 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 Faugeres et al. (1999), that transitioned upwards
into sediment waves (Fig. 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. 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 im-
pedes interpretation of the seismic geometry for this sub-unit (Fig. 10).

Meanwhile towards the central Gulf of Cadiz 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 Cadiz
and Offshore Cadiz basins (Figs. 11 and 12), based on the classification
of Faugeres et al. (1999). The location of this contourite drift is associ-
ated with faults or structural highs, where bottom currents would be
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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 and 14). In
the Céadiz 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. 11). The local enhance-
ment 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
listrict fault (Fig. 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. 11 and 12), but it is partially eroded at its top,
marked by the IMU. Contourite channels interpreted from the along-
slope development of these channelised features of sub-unit M3 (Fig. 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. 13). We
interpret the succession as a confined drift (D7), again according to
Faugeres et al. (1999), associated with contourite channels in the north-
west and southeast having a westward bottom current direction (Figs. 5
and 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 un-
conformity (Fig. 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 analogous to those of the late Quaternary contourite drift
observed in the Donana basin (Hernandez-Molina et al., 2016).

6. Discussion
6.1. Stratigraphic and chronologic framework

The seismic stratigraphy of the Gulf of Cadiz is summarised in Fig. 4
and Table 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 (Gracia
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 un-
derlying units, distinct in its respective sectors (seismic units BO, B1 and
B2) (Fig. 6b; Table 1). Only a handful of boreholes are available for the
correlation of the late Miocene succession. The GCMPC-1 well, located
in the Cadiz basin (Fig. 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
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fossiliferous, with occasional micritic or oolitic limestone beds and
traces of coal (Hernandez-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 sec-
tion of light grey clays interspersed with silts and very fine unconsoli-
dated sands at the base of the Upper LM unit (Hernandez-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 ~6.6-6.4 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 Ul 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., 2021). On the basis of 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.

6.2. 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.

6.2.1. 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. 10) and the Sines Pass in the southern West
Iberian margin (Fig. 7) may have been originated by weak bottom
current prior to the deposition of the more pronounced contourite fea-
tures in sub-unit M2. This stage is comparable to the early Pliocene weak
MOW phase observed for seismic sequence PQ, or Pliocene-Quaternary
CDS (Hernandez-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 Cadiz (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 Cadiz above the Top AUGC (Figs. 11-13).
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.
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6.2.2. 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
Cadiz continental margins. More pronounced 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. 7-13). This represents an increase in the paleo-
MOW velocity as it flows towards the Gulf of Cadiz, 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; Gracia 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).

6.2.3. Maintenance-drift stage

Sub-unit M3 is sparsely distributed from the Gulf of Cadiz 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. 8 and 12-13). 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. 13). The evolution in the channel ge-
ometry 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 the evolu-
tion of late Miocene CDS in the Rifian Corridor, where the paleo-MOW
overflow is enhanced before its cessation (Capella et al., 2019). There-
fore, 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 (Hernandez-Molina et al., 2016).

6.2.4. 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 Med-
iterranean 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
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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 corrobo-
rates an absence of bottom currents at this time (Ng et al., 2021).

6.3. Control factors

The evolution of the late Miocene contourite depositional system
(CDS) is controlled by the interplay between tectonic, sedimentary, and
climatic forces.

6.3.1. Deformation from tectonism and diapirism

During the late Miocene, the formation of the elongated wedge top
basins, such as the Cadiz and offshore Gharb basins, created relatively
deeper passages for the paleo-MOW through the central part of the Gulf
of Cadiz, that is, in comparison to the foredeep basins at the front of the
Southwest Iberian and Northwest Moroccan margins (Figs. 3 and 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 Donana basin. In the initial-drift stage, the distribution of the highly
deformed sub-unit M1 in the wedge top basins of the Gulf of Cadiz re-
flected the complex syn-tectonic depositional processes during this
period (Figs. 12-13). Gravitational collapse and AUGC development, in
addition to diapirism, disrupted and controlled the synchronous depo-
sition of the sub-unit M1. At the southern West Iberian margin, contin-
uous 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. 7 and 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 morpho-
tectonic activity exerting control on the confinement of bottom current
pathways. The dimensions of the drift geometries within the central Gulf
of Cadiz 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; Hernandez-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 pro-
cesses, 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 Cadiz to the southern West
Iberian margin (Figs. 10-13). The effects of these bathymetric features in
enhancing MOW has also been documented in the Pliocene-Quaternary
CDS (Sanchez-Leal et al., 2017; Duarte et al., 2020).

6.3.2. Interplay of turbidity and bottom currents

Deposition of the late Miocene CDS was also controlled by the
interaction of alongslope and downslope sedimentary processes. Gravi-
tational deposits over the continental margins were reworked by the
paleo-MOW flowing across the Gulf of Cadiz during the late Miocene.
Examples of downslope processes during this period include the turbi-
ditic systems within the Deep Algarve and Offshore Gharb basins (Fig. 3;
Ng et al., 2021), and the formation of the Sagres and Sao Vicente sub-
marine canyons in the southern West Iberian margin (Fig. 5). Reworking
of these gravity flow deposits by the paleo-MOW bottom currents would
have produced mixed or hybrid systems (Mulder et al., 2008; Rodrigues
et al, 2021). Yet, a paleo-Portimao submarine canyon (Figs. 5-6)
controlled by the Gil 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
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the dominantly turbiditic environment, giving rise to bottom-current
reworked sands and contourite drifts (Shanmugam, 2008). Recent
research in the Gulf of Cadiz underlines the complexity of the relation-
ship 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 Sao Vicente submarine canyon has also been docu-
mented (Mencaroni et al., 2020; Serra et al., 2020).

6.3.3. 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; Hernandez-Molina et al., 2016; Figs. 10 and 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
(Hernandez-Molina et al., 2016). The sub-unit scale cyclicity could be
influenced by the Milankovitch precession cycles modulated by eccen-
tricity 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 Cadiz (Hernandez-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
Cadiz, 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 coarser-grained sediments, depos-
ited during precession maxima or Greenland stadials, where enhance-
ment 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).

6.4. 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 (Hernandez-
Molina et al., 2016); the Sines drift in the West Iberian margin (Rodri-
gues 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
(Hernandez-Molina et al., 2016). Similarly, the development of the late
Miocene contourite depositional system acts as an imprint upon the
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paleo-MOW circulation in the Gulf of Cadiz towards the southern West
Iberian margin, where its different stages (initial-, growth- and mainte-
nance-drift) trace the increasing density contrast between the Mediter-
ranean 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). Ulti-
mately, 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 over-
flow 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. 15).

The presence of the late Miocene CDS in the Gulf of Cadiz 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
Cédiz (Figs. 11-13, 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; Gracia et al.,
2003). Drifts in the southern West Iberian margin though, are located on
the flank of structural highs (Figs. 7-8, 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 (Sanchez-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. 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. 15). The overall preservation of contourite drift deposits would
have been adversely affected in continental margins undergoing defor-
mation processes such as uplift, where deposits of older stages are sus-
ceptible 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 defor-
mation in the Gulf of Cadiz 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.,
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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 (CO3) decoupling by initiating an ocean
pump for CO, transport. Such a scenario would have 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 Mes-
sinian ice ages (van der Laan et al., 2012).

7. Conclusion

A late Miocene contourite depositional system (CDS) in the Neogene
basins across the middle slope of the Gulf of Cadiz 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 emplace-
ment 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 sedi-
mentary stacking pattern on the middle continental slope of the Gulf of
Cadiz 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 con-
tourite 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 pro-
cesses affects sediment erosion and accommodation, thereby contrib-
uting 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 sedimen-
tological 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 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 Cadiz. 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 anal-
ysis of the late Miocene CDS in the Gulf of Cadiz 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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