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a b s t r a c t
The contourite depositional system (CDS) along the southwestern Iberian Margin (SIM), within the Gulf of Cadiz
and offshore areas of western Portugal bear the unmistakable signal of Mediterranean Outﬂow Water (MOW)
exiting the Strait of Gibraltar. This locality records key information concerning the effects of tectonic activity
on margin sedimentation, the effects of MOW dynamics on Atlantic circulation, and how these factors may
have inﬂuenced global climate. Over the last four decades, numerous studies have been conducted on the late
Miocene, Pliocene and Quaternary sedimentary stacking pattern of Neogene basins along the SIM for both academic and resources exploration purposes. However, understanding of the region rests primarily on basic seismic
stratigraphy calibrated with limited data from only a few exploration wells. The Integrated Ocean Drilling Program (IODP) Expedition 339 recently drilled ﬁve sites in the Gulf of Cadiz and two sites on the western Iberian
margin. The integration of core and borehole data with other geophysical databases leads us to propose a new
stratigraphic framework. Interpretation of IODP Exp. 339 data along with that from industry sources and onshore
outcrop analysis helps reﬁne our understanding of the SIM's sedimentary evolution.
We identify signiﬁcant changes in sedimentation style and dominant sedimentary processes, coupled with widespread depositional hiatuses along the SIM within the Cadiz, Sanlucar, Doñana, Algarve and Alentejo basins. Following the 4.5 Ma cessation of a previous phase of tectonic activity related to the Miocene–Pliocene boundary,
tectonics continued to inﬂuence margin development, downslope sediment transport and CDS evolution. Sedimentary features indicate tectonic pulses of about 0.8–0.9 Ma duration with a pronounced overprint of
~ 2–2.5 Ma cycles. These more protracted cycles relate to the westward rollback of subducted lithosphere at
the convergent Africa-Eurasia plate boundary as its previous NW–SE compressional regime shifted to a WNW–
ESE direction. Two major compressional events affecting to the Neogene basins at 3.2–3 Ma and 2–2.3 Ma help
constrain the three main stages of CDS evolution. The stages include: 1) the initial-drift stage (5.33–3.2 Ma)
with a weak MOW, 2) a transitional-drift stage (3.2–2 Ma) and 3) a growth-drift stage (2 Ma-present time)
with enhanced MOW circulation into the Atlantic and associated contourite development due to greater
bottom-current velocity. Two minor Pleistocene discontinuities at 0.7–0.9 Ma and 0.3–0.6 Ma record the effects
of renewed tectonic activity on basin evolution, appearing most prominently in the Doñana basin. Several discontinuities bounding major and minor units appear on seismic proﬁles. Quaternary records offer the clearest example of this, with major units of about 0.8–0.9 Ma and sub-units of 0.4–0.5 Ma. Sedimentation is controlled by a
combination of tectonics, sediment supply, sea-level and climate. This research identiﬁes time scales of tectonic
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controls on deep-marine sedimentation, speciﬁcally over periods of 2.5–N 0.4 Ma. Shorter-term climatic (orbital)
mechanisms control sedimentation at time scales of ≤0.4 Ma. The role of bottom water circulation and associated
processes in shaping the seaﬂoor and controlling the sedimentary stacking pattern on continental margins has to
be seriously reconsidered in future multidisciplinary studies. This is not only because of the common occurrence
of sandy contourite deposits in deep water setting and their economic interest for hydrocarbon exploration, but
principally because they archive the heartbeat of the interior Earth and therefore have important sedimentary
and paleoceanographic implications.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
From the middle Miocene through the Quaternary, Earth has experienced major plate tectonic, climatic and oceanographic shifts that along
with orbital variations, have contributed to the present day global climate and ocean dynamics (e.g., Knutz, 2008; Potter and Szatmari,
2009). Global climate transitioned from more uniform Pliocene climates
to dynamic glacial/interglacial cycles during the Quaternary (Sarnthein
et al., 2009). Plate tectonics inﬂuence climate over a wide range of timescales due to horizontal and vertical displacements of lithosphere,
which control continental distribution, atmospheric and oceanic circulation, and the location of continental ice sheets (Hay, 1996). The

transition from warm greenhouse conditions during the Late Cretaceous
and early Cenozoic, to a world inﬂuenced by the Northern Hemisphere
glaciations (NHG) in the last 2.6 My, occurred in tandem with distinct
phases of plate-tectonic reconﬁguration (Hay, 1996; Zachos et al.,
2001). The most signiﬁcant topographic and bathymetric modiﬁcations
of Earth's surface were the opening and closing of oceanic gateways,
which exerted a pervasive inﬂuence on global ocean circulation and climate (Wright and Miller, 1996; Potter and Szatmari, 2009). Surface uplift at plate boundaries, or due to magmatic underplating and mantle
plumes appear to be strongly time-dependent (Rudge et al., 2008;
Lovell, 2010) and act as a mechanism for sea-level variation on geological time scales (Whyte and Lovell, 1997; Jones et al., 2012). Limited

Fig. 1. Tectonic map showing principal structural units of the Betic–Rif Orogen and associated Neogene basins (originally from Iribarren et al., 2007 and Verges and Fernandez, 2012, also
including Gulf of Cadiz tectonic features described by Terrinha et al., 2002; Medialdea et al., 2004, 2009; Fernández-Puga et al., 2007; Roque et al., 2012 and Duarte et al., 2013). SF, Socovos
Fault (Betics); TF, Tiscar Fault (Betics); JF, Jehba Fault (Rif); NF, Nekor Fault (Rif); AF, Alboran Ridge Fault (Alboran); and YF, Yusuf Fault (Alboran). CF, Cadiz Fault; QF, Quarteira Fault; PH,
Portimao High; BH, Basement High; SVF, San Vicent Fault; PF, Portimao Fault; MPF, Marquês de Pombal Fault; AF, Arrábida Fault. 1 = reverse and thrust faults; 2 = normal faults; 3 =
strike slip faults; 4 = faults; 5 = contact below sediment; 6 = inferred/probable faults; 7 = blind faults; 8 = marly + salt diapirs (AUGC); 9 = Salt diapirs; 10: Nubia–Iberia plate convergence; 11 = Sites from IODP Exp. 339; 12 = 2 wells drilled by petroleum exploration companies. Legend for the sedimentary basins along the southern Iberian margin: DAB = Deep
Algarve basin; AlB = Alentejo basin; CB = Cadiz basin; DB = Doñana basin; RB = Rota basin; SB = Sanlucar basin.
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evidence of sedimentary pulses ranging from 1 to 10 Ma in duration
(Rudge et al., 2008; Lovell, 2010) indicates that tectonics, climate and
sea-level inﬂuence sedimentary stacking patterns on continental margins. More evidence concerning time-stratigraphic relationships between palaeoceanographic, environmental (climate and sea-level) and
tectonic events is necessary to clarify speciﬁc cause-and-effect relationships among these factors, their relative importance, and speciﬁc time
scales on which they operate (Hernández-Molina et al., 2014b).
The Gulf of Cadiz and offshore west Portugal (Fig. 1) along the southwestern Iberian margin (SIM), can help constrain some of these sedimentary pulses and their drivers. Previous research of these areas has
primarily focused on the Mesozoic and Cenozoic history of the margin,
especially the tectonic implications of convergence between the
African and Eurasian plates in the middle and late Miocene
(e.g., Maldonado et al., 1999; Gutscher et al., 2002; Alves et al., 2003;
Gràcia et al., 2003; Terrinha et al., 2009; Medialdea et al., 2004;
Iribarren et al., 2007; Zitellini et al., 2009; Duarte et al., 2011, 2013;
Pereira et al., 2011; Vergés and Fernàndez, 2012 among others).
Several studies have described the evolution and stratigraphy of Pliocene and Quaternary offshore deposits (e.g., Faugères et al., 1985a,
1985b; Mougenot, 1988; Faugères et al., 1999; Maldonado et al., 1999;
Llave et al., 2001, 2007a, 2011; Hernández-Molina et al., 2002, 2014a,
2014b; Marchès et al., 2010; Roque et al., 2012; Brackenridge et al.,
2013). These studies identiﬁed various seismic units bound by regional
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discontinuities and interpreted them as signiﬁcant changes in the stratigraphic stacking pattern of the slope. Age interpretations for these features, however, have been uncertain and controversial. Sediments from
this region have only recently been sampled, and therefore the working
model for the region's seismic stratigraphy was somewhat preliminary,
having been calibrated with limited data from a few exploration wells
drilled during the late seventies and early eighties. The stratigraphic
model makes these basic assumptions about the study area: 1) sedimentation is continuous through time, although hiatuses may occur in the
stratigraphic sequence, and 2) external processes such as glacioeustatic changes and climate variation are primary factors controlling
sedimentation. Integrated Ocean Drilling Program (IODP) Expedition
339 drilled six sites within the contourite depositional system (CDS)
along the SIM, from November 2011 to January 2012 (Fig. 2). Expedition
results have allowed us to identify hiatuses and other major shifts in the
sedimentary record through the late Miocene, Pliocene and Quaternary.
This expedition provided the opportunity to interpret events occurring
around the Strait of Gibraltar in terms of their impacts on regional basin
evolution, global ocean circulation and climate. The main objectives of
this contribution are: a) to establish a more robust stratigraphic model
for the SIM based on the integration of IODP Exp. 339 data with onshore
geology and petroleum industry borehole, core, 2D and 3D seismic data.
The correlation between the IODP Exp. 339 sites and the seismic proﬁles
is here presented by ﬁrst time; b) to interpret major changes in

Fig. 2. Gulf of Cadiz showing the pathway of Mediterranean Outﬂow Water (MOW) after it exits Gibraltar Gateway, as well as the regional depositional and erosional features it generates
along the mid-slope. IODP Exp. 339 sites shown as solid white circles and the two wells drilled by petroleum exploration companies are shown as blue circles. Bottom water masses and
ocean currents are also shown. Legend for the sedimentary basins along the southern Iberian margin: AB = Algarve basin; AlB = Alentejo basin; CB = Cadiz basin; DB = Doñana basin;
RB = Rota basin; SB = Sanlucar basin.
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depositional style, sedimentation rates and margin evolution from the
Pliocene through the Quaternary; and c) evaluate the broader tectonic,
paleoceanographic and climatic implications of these events.
2. Geologic framework
The SIM is located near the Azores-Gibraltar Fracture Zone, a section
of the convergent plate boundary between Eurasia (Iberia sub-plate)
and Africa (Nubia sub-plate) (Fig. 1). The plates presently converge at
a rate of ~ 4–5 mm/y in a WNW–ESE direction (Argus et al., 1989;
Fernández-Ibánez et al., 2007). Counter-clockwise rotation along the
margin is accommodated by a series of thrusts and dextral strike-slip
faults, referred to as the SWIM faults (Fig. 1) (Zitellini et al., 2009) active
since at least 1.8 Ma (Rosas et al., 2009; Duarte et al., 2011). Westward
drift and collision of the Alboran Domain with the North African and
south Iberian margins in the early to middle Miocene caused the formation of the Betic–Rif orogeny and the so-called Neogene basins, including the north Betic and south Rifﬁan foredeeps. Westwards roll-back
subduction of an oceanic lithosphere slab beneath the Gibraltar Arc
and development of its accretionary wedge during the late Tortonian
(Gutscher et al., 2002) caused radial emplacement of huge allochthonous masses evident as the “olistostrome unit” of the Guadalquivir
basin (Iberian foreland), Rharb basin (North African foreland) and
Gulf of Cadiz (Perconig, 1960–1962; Roberts, 1970; Flinch and Vail,
1998; Torelli et al., 1997; Maldonado et al., 1999; Terrinha et al.,
2009). This unit, which marks the propagation of the Mediterranean Alpine collision belt into the Atlantic (Duarte et al., 2013), is speciﬁcally
referred to as the allochthonous unit of the Gulf of Cadiz or AUGC
(Medialdea et al., 2004). Structurally, the AUGC consists of a series of
westwards imbricated thrusts cutting through an eastward-thickening
package of sediments (up to ~2.75 km), which appear primarily as chaotic reﬂectors, numerous diffractions and hyperbolic reﬂections
(Maldonado et al., 1999). Sediment includes Triassic, Cretaceous, Paleogene and Neogene units overlying Palaeozoic basement (Maldonado
et al., 1999). Mud and salt diapirism affect Triassic salt units and
uncompacted early to middle Miocene marls (Maestro et al., 2003).
The SIM divides into three major morpho-structural domains (Fig. 1)
(Maldonado et al., 1999; Zitellini et al., 2009). These include: a) the
Sudiberic paleomargin, which is part of the Iberian massif, b) Neogene
basins, including the Guadalquivir and Rharb foreland basins and the Algarve basin, and c) the external front of the Betic–Rif collisional orogen,
which represents the accretionary wedge or AUGC. Since the late Miocene, geodynamic evolution of the Neogene basins has been determined
by oblique convergence between the Iberia and Nubian sub-plates
(Zitellini et al., 2009; Duarte et al., 2011). This has been accommodated
during distinct periods of crustal deformation and shortening phases, by
fault reactivation, halokinesis and uplift of fault blocks (Maldonado
et al., 1999; Gutscher et al., 2002; Alves et al., 2003; Gràcia et al., 2003;
Maestro et al., 2003; Terrinha et al., 2003, 2009; García et al., 2009;
Medialdea et al., 2004, 2009; Lopes et al., 2006; Fernández-Puga et al.,
2007; Zitellini et al., 2009; Duarte et al., 2011; Pereira et al., 2011;
Martínez-García et al., 2013). Latest Miocene to Pliocene deep and shallow marine deposits occur extensively within onshore basins
(e.g., Martinez del Olmo et al., 1984; IGME, 1990, 1994; Sierro et al.,
1991; Aguirre, 1995; Riaza and Martinez del Olmo, 1996; Ledesma,
2000), but are virtually absent onshore the Algarve basin (IGMP,
1998; Dias and Cabral, 1997), indicating that only the Guadalquivir,
Rharb and the other basins around the Betic–Rif orogen were wider
than their present expression (e.g., Michard et al., 2008; Salvany et al.,
2011).
3. Oceanographic setting
The present-day circulation in the Gulf of Cadiz and along the western Portuguese margin is dominated by the exchange between the Atlantic and Mediterranean waters through the Strait of Gibraltar

(Fig. 2). Upon exiting the Strait of Gibraltar, the Mediterranean Outﬂow
Water (MOW) cascades downslope in a northwesterly direction, at an
overﬂow rate of 0.67 ± 0.28 Sv. MOW consist of relatively warm and
highly saline water (Serra et al., 2010; Rogerson et al., 2012) that settle
into an intermediate contour current within the mid-slope region, between 400 and 1400 m water depth (Ochoa and Bray, 1991; Baringer
and Price, 1999). The Strait of Gibraltar physically moderates
Mediterranean–Atlantic water-mass exchange, contributing warm and
highly saline MOW to the Atlantic Ocean at 300–1400 m water depth
(Borenäs et al., 2002). MOW input enhances North Atlantic density
and helps drive deep convection. Estimates suggest that without
MOW, the Atlantic Meridional Overturning Circulation (AMOC) would
be reduced by ~ 15% and North Atlantic sea surface temperatures
would fall by up to 1 °C (Rogerson et al., 2012).
The MOW is a mixture of waters sourced from the Mediterranean
Basin (Levantine Intermediate Water, LIW, and a small component of
the West Mediterranean Deep Water, WMDW), a constricted basin
under arid climate conditions that form warm, saline dense water averaging 13˚C and 36.5‰ (Ambar and Howe, 1979; Bryden and Stommel,
1984; Bryden et al., 1994). The water mass accelerates through the narrow gateway of the Strait of Gibraltar, locally reaching velocities of up to
300 cm/s (Ambar and Howe, 1979; Mulder et al., 2003) and moves
north-westwards along the mid-continental slope of the Gulf of Cadiz,
beneath the Atlantic Inﬂow Water (AIW) and above the North Atlantic
Deep Water (NADW). The AIW consists of North Atlantic Superﬁcial
Water (NASW; surface to a depth of approximately 100 m), and the
Eastern North Atlantic Central Water (ENACW). It ﬂows at depths between of 100 and 700 m and averages 12–16 °C and 34.7–36.25‰
TDS. In the Gulf of Cadiz, the Modiﬁed Antarctic Intermediate Water
(AAIW), which averages ~10 °C, ~35.62‰ TDS and ~4.16 ml/l dissolved
oxygen (Louarn and Morin, 2011), has been identiﬁed as circulating
above the MOW (Hernández-Molina et al., 2014a). The underlying
NADW is a cold (3–8 °C) and less saline (34.95–35.2‰) water mass
that ﬂows at depths N 1500 m from the Greenland-Norwegian Sea region towards the south (Thorpe, 1975; Zenk, 1975; Gardner and Kidd,
1983; Ochoa and Bray, 1991; Baringer and Price, 1999; Serra et al.,
2005). The MOW forms a 10 km (approximately) wide band as it accelerates through the Strait of Gibraltar, enters the Gulf of Cadiz at depths
of 250–300 m and is then deﬂected to the west due to Coriolis effect
(Ambar and Howe, 1979; Mulder et al., 2003). The MOW current velocity decreases immediately west of the Camarinal Sill within the Strait of
Gibraltar, and continues to decline to 60–100 cm/s further to the northwest (Cherubin et al., 2000). From there onwards, its volume transport
increases by a factor of three to four (Serra et al., 2010; Rogerson et al.,
2012). Density-driven descent and mixing with overlying Atlantic waters result in decreasing salinity along the margin in a SE to NW direction (Baringer and Price, 1997). Eventually, the MOW reaches a
neutral buoyancy and leaves the seabed at a depth of ~ 1400 m off
Cape San Vicente, where it begins to raft above the NADW.
In the Gulf of Cadiz, the MOW pathway is inﬂuenced by the complex
continental slope morphology and is locally enhanced where
neotectonics have created diapiric ridges oblique to its ﬂow direction
(Fig. 2). These ridges are in part responsible for splitting the MOW
into numerous distinctive cores, although vertical layering within the
water core has also been proposed as a possible additional control
(Millot, 2009; Copard et al., 2011). The main water cores consist of the
Mediterranean Upper Core (MU) and the Mediterranean Lower Core
(ML) (Madelain, 1970; Zenk, 1975; Ambar and Howe, 1979; Borenäs
et al., 2002; Serra et al., 2005) (Fig. 2). The MU ﬂows slope-parallel
along southwestern Iberia at depths of 500–800 m with part of its
ﬂow captured by the Portimao Canyon at the Algarve margin
(Marchès et al., 2007). Overall, the MU is warmer and less saline
(13–14 °C and 35.7–37‰) relative to the ML (10.5–11.5 °C and
36.5–37.5‰), which follows a general northwestern trend between
800 and 1400 m water depth, with an average velocity of 20–30 cm/s
(Llave et al., 2007a; García et al., 2009). The majority of the ﬂow
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concentrates west of 7° W (Madelain, 1970). At 7° W, a branch detaches from the southern part of the ML to veer off in a southwesterly
direction. At 7° 20′ W, the ML divides into three distinct branches
with a general northwest direction: the southern branch (SB), the
principal branch (PB) and the intermediate branch (IB). Both
Portimão Canyon and Cape St. Vincent act as a source of meddies
(Serra et al., 2005, 2010; Ambar et al., 2008). After exiting the Gulf
of Cadiz, the MOW includes three principal branches. The main
branch ﬂows to the north along the middle slope of the Portuguese
Margin, the second to the west, and the third to the south reaching
the Canary Islands, before veering west (Iorga and Lozier, 1999;
Slater, 2003).
Following the opening of the Strait of Gibraltar in the latest Miocene
(Duggen et al., 2003; Roveri et al., 2014), the MOW generated one of the
world's most extensive and complex Contourite Depositional System
(CDS; Fig. 2) along the SIM during the Pliocene and Quaternary
(e.g., Faugères et al., 1985a, 1985b; Nelson et al., 1999; Llave et al.,
2001, 2007a, 2011; Habgood et al., 2003; Hanquiez et al., 2007;
Hernández-Molina et al., 2003, 2006, 2011, 2014a; Marchès et al.,
2007, 2010; García et al., 2009; Roque et al., 2012). Large depositional
and erosional features within the CDS are used to deﬁne ﬁve
morphosedimentary sectors (detailed in Hernández-Molina et al.,
2003 and Llave et al., 2007a, 2007b). In general, the drifts consist primarily of muddy, silty and sandy sediments of mixed terrigenous and
biogenic composition (Gonthier et al., 1984). Sand and gravel are
found in the large contourite channels (Nelson et al., 1993, 1999; Stow
et al., 2013a), and across the many erosional features (Stow et al.,
2013a; Hernández-Molina et al., 2014a). In the proximal sector close
to the Strait of Gibraltar, an exceptionally thick (~ 815 m) sandysheeted drift occurs, with sand layers averaging thicknesses of
12–15 m (Nelson et al., 1993; Buitrago et al., 2001).
4. Methodology
This research has compiled and integrated extensive geophysical
data and drill core records from late Miocene, Pliocene and Quaternary
sediments. Results from the drillcore data acquired during IODP
Exp. 339 aboard the R/V JOIDES Resolution have been correlated with petroleum industry drilling data from the margin (Fig. 3). Datasets were
selected based on data coverage for the Pliocene and Pleistocene sections, which are not typically sampled by industry surveys.
IODP Exp. 339 aboard the R/V JOIDES Resolution drilled ﬁve sites in
the Gulf of Cadiz and two sites off the west Iberian margin from 17 November 2011 to 17 January 2012 (Expedition 339 Scientists, 2012; Stow
et al., 2013b; Hernández-Molina et al., 2013; Hodell et al., 2013). See details at http://iodp.tamu.edu/scienceops/expeditions/mediterranean_
outﬂow.html. Six of the sites (U1386–U1391, Fig. 3) were speciﬁcally
selected in order to study MOW-generated CDS.
Drilling activities employed all three of the vessel's standard coring
systems, which include an advanced piston corer (APC), an extended
core barrel (XCB), and a rotary core barrel (RCB). These allowed
Exp. 339 to drill 19 holes (681 cores) in 46.1 days on site, with a penetration of 7857.4 m and 6301.6 m cored. In total, nearly 5.5 km of core
were recovered, with an average recovery of 86.4% (Fig. 3). Stratigraphic
correlation and speciﬁc age constraints were established onboard using:
1) lithostratigraphy, 2) biostratigraphy, 3) paleomagnetic data, 4) sediment core description, 5) geochemical analysis and 6) downhole measurements. Shipboard biostratigraphic dating was used to estimate
regional correlations. Age data was essential for determining ages of
key horizons (including several depositional hiatuses and stratigraphic
boundaries) and sedimentary accumulation rates (for chronology details about the IODP sites, see Table S1 in Hernández-Molina et al.,
2014b, and for the MPC-1 borehole, see Buitrago et al., 2001;
Hernández-Molina et al., 2014a).
Preliminary onboard sedimentary facies description is reported in
Stow et al. (2013b) and also integrated with seismo-acoustic and
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logging analysis in this work. We also report mineralogic and petrographic analysis of 32 samples of lower Pliocene sandstones from site
U1387. Analysis, including SEM–EDS analyses, micro-x-ray ﬂuorescence
(micro-XRF), rare elements (REE) measurements and C and O stable
isotope analysis was carried out by REPSOL (Caja et al., 2013).
Vertical seismic proﬁles (VSP) relating borehole depth to travel time
in seismic reﬂection data (Fig. S1, in Supplementary material), have been
critical for correlating IODP Exp. 399 results with regional multichannel
seismic proﬁles. VSP were executed at sites U1386, U1387 and U1389.
At sites U1390 and U1391 the depth to time conversion was based on
the DSI sonic tool. Downhole logs were acquired with Schlumberger
logging tools at ﬁve sites (U1386C, U1387C, U1389A, U1389E and
U1391C, Fig. 3) following completion of coring operations. Log data
was continuous with depth and measured in situ. Among the tools
used during IODP Exp. 339, the Hostile Environment Natural Gamma
Ray Sonde (HNGS) allowed us to continuously measure natural
gamma radiation of sediment surrounding the open borehole. The
HNGS signal primarily tracks clay content with high values generally
identifying ﬁne-grained deposits containing K-rich clay minerals that
preferentially absorb U and Th. Low values reﬂect quartz and calcite,
which are unlikely to contain such high concentrations of radioactive elements. The High-Resolution Laterolog Array (HRLA) performs ﬁve
measurements of formation resistivity with increasing penetration
into the formation. The logs can be interpreted in terms of the stratigraphy, lithology and geochemical composition of the formation sampled.
IODP Exp. 339 results have been correlated to industry wells referred
to as Algarve-2 and MPC-1. Algarve-2 data was provided by DGGE
(Direcção Geral de Geologia e Energia-Portugal) through the DPEP
(Divisão para a Pesquisa e Exploração de Petróleo). The MPC-1 well
was drilled by Esso in 1982 (Buitrago et al., 2001; Hernández-Molina
et al., 2014a). These two sites have been very useful for correlating seismic data, lithologies and log data at a regional scale.
In order to evaluate cyclic patterns in the sedimentary record and GR
logs, we performed spectral analysis on HSGR logs from sites U1386C
and U1387C, using the Lomb-Scargle periodogram method (Scargle,
1982), to tract the record of low- and high (orbital-scale) variations in
the sediment properties during the last 2 Ma within the most depositional sector of the contourite depositional system. The age model for
the last 2 Ma at these sites is based on results from Loﬁ et al., 2015.
The Lomb-Scargle periodogram method is the best methodology of
spectral estimation and is particularly useful when conducting
cyclostratigraphic analysis with uneven sampling data, even when dealing with short time series or with a discontinuous sedimentary record
(i.e., missing data, minor hiatuses, bioturbation, etc.) (Pardo-Igúzquiza
and Rodríguez-Tovar, 2011, 2012; Rodrigo-Gámiz et al., 2014). To evaluate the signiﬁcance of the registered spectral peaks, the Lomb-Scargle
periodogram is integrated with the implemented achieved signiﬁcance
level using the permutation test (see Pardo-Igúzquiza and
Rodríguez-Tovar, 2000, 2005, 2006, 2011, 2012 for a detailed description). A ﬁrst cyclostratigraphic analysis has been conducted to evidence
any possible cyclicity at the Milankovitch frequency band. Then, a second study focused on the lower frequency band, to evaluate the possibility of any cycles with periodicities longer than those corresponding
to the short-term eccentricity cycle (≥100 ky). This has been achieved
by reducing the periodogram smoothing in the low frequencies in
order to increase the spectral resolution at those low frequencies.
We constructed a large regional seismic compilation using data collected by industry and on several national and international research
projects (Fig. 3). Multichannel 2-D seismic reﬂection proﬁles (MCS)
used were: 1) the PD00 Survey acquired by TGS–NOPEC, 2000 (TGS,
2005; acquisition data reported in George, 2011; Llave et al., 2011;
Brackenridge et al., 2013), 2) BIO Hespérides HE-91-3 cruise (acquisition
data details in Maldonado et al., 1999), 3) BIO Hespérides TASYO 2000
cruise (acquisition data information in Medialdea et al., 2004, 2009),
4) IAM survey and the CSIC-Institut Jaume Almera (http://geodb.ictja.
csic.es) and 5) S81, P74 and GC_d surveys by Repsol and Gas Natural-
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Fig. 3. A) Map locations of seismic proﬁles as well as sites drilled during IODP Exp. 339 and those sampled by previous drilling activity. Localities of outcrops reinterpreted by this study are
also shown. B) Basic information on IODP Exp. 339 sites.

Fenosa. This study also incorporates additional MCS data from a 2012
3D seismic survey by Repsol, which covered Pliocene and Quaternary
sediments, and included four amplitude anomaly maps. Several 2D seismic proﬁles of intermediate resolution were used for local analysis
(Llave et al., 2001, 2006, 2007a, 2007b; Hernández-Molina et al., 2002,
2006). These were generated using Sparker 3000, 4000 and 7500 J
sources and obtained during research cruises FADO 9711, ANASTASYA

9909 and ANASTASYA 2000/09. The seismic, core and borehole data
have been interpreted using the commercially available software package, Kingdom Suite™, which processes chronostratigraphical, sedimentological and log data. Depth and thickness from seismic proﬁles are
expressed in seconds Two-Way Travel-Time (TWTT).
Major stratigraphic features of offshore deposits have been correlated with onshore outcrops based on published literature records as well
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Data from Hernández-Molina et al., 2011.

Table 1
Table with the main units and sub-units described in the present work, including stratigraphic correlations interpreted by other authors.
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Fig. 4. Composite seismic proﬁle (~500 km long) along the middle slope of the Gulf of Cadiz, from the proximal area near the Strait of Gibraltar (right) to the distal area along the Southern Algarve basin (left). Neogene sedimentary basins and the main
morphosedimentary sectors of the contourite depositional system are shown within the regional tectonic framework. The Cadiz, Rota, Sanlucar and Doñana basins overly the Allochthonous Unit of the Gulf of Cadiz (AUGC). The Deep Algarve basin is
located on the Sudiberic paleomargin. The major discontinuities occur at the Miocene–Pliocene boundary (M), late Pliocene (LPD), early Quaternary (EQD), mid Pleistocene (MPD) and late Quaternary (LQD).
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Fig. 5. Lithologic summary for sites drilled during IODP Exp. 339. A general interpretation for the proximal area close to the Strait of Gibraltar to the distal area off west Portugal indicates major hiatuses (H in red). Age models are based on biostratigraphic data and magnetostratigraphy (further details in Stow et al., 2913b; Hernández-Molina et al., 2014a, 2014b). Sedimentation rates for the Pliocene =15–25 cm/ky and ~30 cm/ky to N100 cm/ky for the Quaternary. C = contourites; D =
dolostone; DT = debrites and turbidites (terrigenous and bioclastic sands + chaotica); H = hemipelagites; ITC = interbeded turbidites and contourites; P/H = pelagites/hemipelagites; T = turbidites (sandstones); MS = mixed system (contourites,
biosiliceous muds, debrites, dolostone + minor hiatuses). Major sequences (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), as well as the main discontinuities and hiatuses are shown on the left. Site locations given in Figs. 2 and 3.
Data from Cande and Kent, 1995.

9

10

F.J. Hernández-Molina et al. / Marine Geology xxx (2015) xxx–xxx

Fig. 6. Seismic proﬁle (line PD00-830) of the Algarve basin showing the sedimentary stacking pattern for Pliocene sheeted drift to Quaternary separated drifts, based on correlations between sites U1386 and U1387. Both sites have been projected into this seismic proﬁle. Site U1386 is place 1 km WSW from the line and Site U1387 is located 1.2 km ENW from the proﬁle.
Proﬁle location given in Fig. 3. Major sequences (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), as well as the main discontinuities and hiatuses are shown. See
the text for further detail explanations (data courtesy of TGS–NOPEC Geophysical Company ASA). ET = Erosional truncation. Abbreviations for discontinuities (from bottom to top): M =
Miocene–Pliocene boundary; EPD = early Pliocene discontinuity; IPD = intra Pliocene discontinuity; LPD = late Pliocene discontinuity; BQD = base of the Quaternary discontinuity;
EQD = early Quaternary discontinuity, MPD = mid Pleistocene discontinuity; and LQD = late Quaternary discontinuity. Simplify sedimentary logs for U1386 and U1387 are included
(see abbreviations in Fig. 5).

as recent re-analysis of the late Miocene, Pliocene and Quaternary onshore sections. Selected outcrops (Fig. 3) were speciﬁcally measured
and re-sampled in order to date and characterize key stratigraphic
horizons.
This paper updates and revises units, discontinuities and age assignments in the stratigraphic framework established by previous reports
on the area. Inconsistencies in age assignments from previous works
are a natural consequence of data processing methods as well as the different scales and resolution at which data was analyzed. Revisions also
reﬂect recent modiﬁcation of Quaternary chronostratigraphy by the International Commission on Stratigraphy (Mascarelli, 2009). The hierarchy of sedimentary units is described according to sedimentary
sequences, units and subunits. The seismic-stratigraphic analyses were
correlated with previous stratigraphic results from (Table 1): Sierro
et al. (1996); Riaza and Martinez del Olmo (1996); Maldonado et al.
(1999); Llave et al. (2001, 2007a, 2011); Hernández-Molina et al.
(2002, 2006, 2014a, 2014b); Marchès et al. (2010); Roque et al.
(2012); and Brackenridge et al. (2013). The term ‘contourite’ refers to
sediments deposited or substantially reworked by the persistent action
of bottom currents (e.g., Stow et al., 2002a; Rebesco, 2005; Rebesco and
Camerlenghi, 2008). Contourites include a wide array of sediments that

are affected to varying degrees by different types of currents (Rebesco
et al., 2014). Thick, extensive sedimentary accumulations are referred
to as contourite drifts or drifts. For the present work, we have adopted
the classiﬁcation of Faugères et al. (1999) (later updated by Faugères
and Stow, 2008) and use the local and regional names for drifts described by previous authors (e.g., Faugères et al., 1985a, 1985b; Llave
et al., 2007a; Hernández-Molina et al., 2003, 2014a; García et al., 2009;
Marchès et al., 2007, 2010; Roque et al., 2012).
5. Results
A full assessment of the Neogene basins, the Late Miocene/Pliocene
boundary, and the characteristics of the Pliocene to the Quaternary sedimentary record are outlined below. These are reported alongside the
tectonic considerations of the results.
5.1. Neogene basins
Neogene basins in the study area include basins overlying the AUGC
(Cadiz, Rota, Sanlucar and Doñana basins), a basin located on the
Sudiberic paleomargin (Algarve basin) and the Alentejo basin off west
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Fig. 7. Composite 2D (Line PD00-705) and 3D seismic data on the Algarve basin, integrating sites U1386, U1387 and Algarve-2. The Pliocene and Quaternary sedimentary stacking pattern including major sequences (P, PQ and Q), units (PI–PIII and QI–
QIII) and subunits (P1–P6 and Q1–Q6) as well as the main discontinuities and hiatuses are shown (data courtesy of REPSOL). Proﬁle locations given in Fig. 3. Abbreviations for discontinuities are in Fig. 6. Simplify sedimentary logs for U1386; U1387
and Algarve-2 are included (see abbreviations in Fig. 5).
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Fig. 8. Seismic proﬁle (Line S81A-16) of the Cadiz basin across sites U1388 and MPC-1. Major sequences (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), as well
as the main discontinuities and hiatus are shown (Modiﬁed and updated from Hernández-Molina et al., 2014b). Proﬁle location given in Fig. 3. Abbreviations for discontinuities are in Fig. 6.
Simplify sedimentary logs for U1388 and MPC-1 are included (see abbreviations in Fig. 5).

Portugal (Fig. 1). Offshore slope areas of Algarve basin are considered as
the Deep-Algarve basin. Tectonic features control the basins, their
depocenter distribution and their main contourite sectors (1–5) described in Hernández-Molina et al. (2003, 2006) and Llave et al.
(2007a, 2007b) (Fig. 4). The proximal scour and sand-ribbon sector
(1) and the overﬂow sedimentary lobe sector (2) have developed
within the Cadiz basin. The central channel and ridges sector (3) is
found in the Sanlucar and Doñana basins and the main depositional

sector (4) has formed within the Deep Algarve basin. The submarine
canyon sector (5) covers the rest of the SIM westward including the
Alentejo basin. Deformed sheeted drifts in the central sector coincide
with the Doñana basin, which shows intensive recent and ongoing
deformation.
Neogene Basins located in the Gulf of Cadiz are generally bound by
westward thrusted Flysch and Subbetic material. The AUGC was thrust
northwestwards into the Guadalquivir and Algarve basins. A set of
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Fig. 9. Log data, gamma ray (HSGR) and resistivity, for IODP Exp. 339, Algarve-2 and MPC-1 boreholes shown with the main Pliocene and Quaternary discontinuities.

linear and segmented parallel ridges and highs trending in a NE–SW direction formed either exposed or buried structures, constructing the undulating sea-ﬂoor morphology that has been described by a number of
works (e.g., Maldonado et al., 1999; Gutscher et al., 2002; Medialdea
et al., 2004, 2009; Fernández-Puga et al., 2007; García et al., 2009). Diapirs appear as chaotic, highly diffractive bodies in seismic proﬁles
(Fig. 4). Diapirs, as well as other highs and ridges are affected by
SWIM strike-slip faults, which trend in a WNW–ESE direction, (Fig. 1)
(Zitellini et al., 2009; Duarte et al., 2011). The inﬂuence of some of
these structures on the Pliocene and Quaternary strata is shown in
Figs. 4, 6–8 and 12–14.

The Cadiz basin occurs between frontal thrusted Flysch and Subbetic
units (Fig. 4) and the Cadiz diapiric ridge (CDR). This basin trends in a
NE–SW direction, and occupies an area 45 km wide and about 60 km
in length, extending roughly to the present-day shelf break. The Pliocene and Quaternary sedimentary record is asymmetric and eastward
thickening, with TWTTs of up to 1.7 s. This section of the record was
sampled at site U1388, where drilling reached Pleistocene units
(b0.6–0.7 Ma), and by the MPC-1 borehole which extends to the late
Miocene. The CDR trends in a NNE direction and resides at a water
depth of 400–800 m. It extends approximately 43 km in length, varies
in width up to a maximum of 14 km and takes an asymmetric form. It

Please cite this article as: Hernández-Molina, F.J., et al., Evolution of the gulf of Cadiz margin and southwest Portugal contourite depositional
system: Tectonic, sedimentary and paleoceanog..., Marine Geology (2015), http://dx.doi.org/10.1016/j.margeo.2015.09.013

14

F.J. Hernández-Molina et al. / Marine Geology xxx (2015) xxx–xxx

Fig. 10. Examples of early Pliocene sandstone petrofacies at site U1387C: A) petrofacies-1 with ﬁne to very ﬁne, very poorly sorted monocrystalline quartz sandstone (PP, plane polarized
light.); B) petrofacies-2 with ﬁne to very ﬁne sandstone, moderate sorted and subrounded framework sandstone (XN, crossed nicols); and C) petrofacies-3 with well-rounded, poorly
sorted sandstones (XN).

has gaps and is most strongly deformed along its eastern ﬂank. The Rota
basin is a smaller subordinate basin bounded by a diapiric structure and
residing within the westernmost part of the Cadiz basin. It reaches
widths of 20–25 km and thicknesses of approximately 1.5 s (TWTT).
The Sanlucar basin is of 25–30 km in width between the Cadiz and
Guadalquivir diapiric ridges (GDR) (Fig. 4), and extends 70 km in length
up to the shelf break. It has an asymmetric sedimentary thickness for the
Pliocene and Quaternary section that reaches nearly 2 s (TWTT) along
its eastern boundary. Although this basin was not sampled, upper
slope and outer shelf deposits have been stratigraphically correlated
with the adjacent Rota and Cadiz basins. The GDR trends in a NE–SW direction and reaches approximately 86 km in length. Its upper surface
rests at water depths of 300–1100 m. This basin hosts the most extensive of the ridge systems found in the study area, and thus has a bathymetry characterized by numerous irregular highs, lows and gaps.
The Doñana basin is located to the west, between the Guadalquivir
diapiric ridge and a set of elongated basement highs that trend in a
NE–SW direction (Figs. 1 and 4). These occupy middle slope regions at
1200–1300 m depth and include the Guadalquivir bank (GB) and the
Portimao and Albufeira basement highs (PH and AH, respectively).
The Doñana basin is 25 km wide and extends 108 km in length up to
the shelf break. It shows a Pliocene and Quaternary section of up to

~ 1.5 s (TWTT). Two sites have been drilled in the Doñana basin, the
site U1389 borehole in the east of the basin, which penetrates down
to the early Pliocene (b3.8 Ma) and the site U1390 borehole in a southwesterly area, which extends to the early Pleistocene (b 1.3 Ma). The
Doñana basin is bisected by the Doñana dipiric ridge (DDR) which is a
53 km long feature located to the north, at water depths ranging from
500 to 1100 m. This ridge outcrops in limited areas, and locally deforms
the overlying sedimentary succession. The Guadalquivir bank (GB) is located in the southern part of the Algarve basin and represents a structural high located at water depths of around 300–500 m. The GB
represents south Portugal's Variscan rifted basement (Medialdea et al.,
2004; Roque et al., 2012). Due to its tectonic inversion and recent uplift,
the adjacent western sector of the basin suffered subsidence allowing
the formation of a sedimentary depocenter.
The Deep Algarve basin resides between the Algarve upper slope and
the aforementioned basement highs (Fig. 4). It extends 40–50 km in
width and 114 km in length. Pliocene and Quaternary sedimentary
thickness in the basin reach about 1.2 s (TWTT). Sedimentary thickness
is irregular in the Deep Algarve basin but much more tabular than that
previously described basins. The Deep Algarve basin was sampled at
sites U1386, U1387 down to the late Miocene (b5.75 Ma). The
Algarve-2 borehole was also drilled down to the late Paleocene and
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Fig. 11. Amplitude maps based on 3D seismic data from the Algarve basin (Fig. 3) for: A) Intra Pliocene Discontinuity (~3.6 Ma); B) late Pliocene Discontinuity (3–3.2 Ma); C) mid Pleistocene Discontinuity (0.7–0.9 Ma); D) present day bathymetry of study area (data courtesy of REPSOL). Area location is provided by a red square in Fig. 3. These maps show the change
from a system of mixed contourite and turbidite deposition in the early Pliocene to the dominant contourite system from the Pleistocene to the present.

Eocene sections, the later of which is unconformably overlain by Late
Miocene–Pliocene sediments. This basin contains diapiric structures,
which follow NE–SW trends and include late Triassic and early Jurassic
evaporites. The frontal part of the AUGC also appears in this basin and
pinches out within late Miocene sediments (Roque et al., 2012;
Hernández-Molina et al., 2014b). Finally, the Alentejo basin trends in a
N–S direction between the San Vicente and Lisboa submarine canyons
(Fig. 1) and hosts a Pliocene to Quaternary sediment thickness of
b0.9 s (TWTT). The borehole at site U1391 sampled this basin down
to the early Pliocene (b 3.5 Ma).
Seismic and drilling results show signiﬁcant spatial and vertical variation of sedimentary, seismic and logging facies along with numerous
discontinuities in Neogene basins. The two most signiﬁcant discontinuities (after the prominent Miocene–Pliocene boundary) occur at
3.2–3.0 Ma (late Pliocene Discontinuity, LPD) and 2.4–2 Ma (early Quaternary discontinuity, EQD) (Fig. 4) and divide the sedimentary record

into three major sedimentary sequences of: Pliocene (P); Pliocene/Quaternary (PQ) and Quaternary (Q) age. These sequences consist of six
seismic units (PI–PIII and QI–QIII) bounded by minor discontinuities
(Table 1), which appear as high-amplitude seismic reﬂections. The distribution of these reﬂections indicates that they represent erosional surfaces along basin margins that develop into conformable surfaces
basinwards. Sedimentary facies for the Pliocene and Quaternary
sections consist primarily of pelagites, hemipelagites, contourites, turbidites, debrites and slump deposits (Figs. 5 and S2). Dolomitic mudstone,
dolostones and sandstones are rare, but also appear in drill core material
associated with the aforementioned hiatuses. Contourites include sandrich, silt-rich and mud-rich contourites, and constitute about 50% of the
recovered Pliocene core deposits, where debrites and turbidites are also
common. Contourites predominate the sedimentary record Quaternary
deposits (Fig. 5) above the 2.4–2 hiatus (up to 95% of recovered core
deposits).
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Fig. 12. Seismic proﬁle (Line HE91-20) including site U1389 in the Doñana basin. Major sequences (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), as well as the
main discontinuities and hiatus are shown. Proﬁle location given in Fig. 3. Abbreviations for discontinuities are in Fig. 6. Simplify sedimentary log for U1389 is included (see abbreviations in
Fig. 5).

5.2. Late Miocene and Miocene/Pliocene boundary
Seismic facies for the entire late Miocene appear as very weak to
semi-transparent seismic reﬂections. Some seismic reﬂections suggest
slope progradation in a seaward direction. Locally high amplitude reﬂections occur in lateral association with incised erosional surfaces
and channelized features (Figs. 6 and 7). Being Messinian in age, these
deposits appear in the Deep Algarve basin at sites U1387 and Algarve2 (Figs. 6 and 7) and in the Cadiz basin at the MPC-1 site (Fig. 8). The
dominant regional sedimentary facies includes clays and marls with

occasional layers of ﬁne sand. This facies appears in the Deep Algarve
basin at site U1387 as dark greenish to greenish, gray muds and
muddy oozes with nannofossils. The facies forms in hemipelagic settings and shows subtle parallel lamination and pervasive bioturbation
(Figs. S2-J). Siliciclastic abundances are up to 70% and carbonate abundances are 15%–30%.
The Miocene/Pliocene boundary (M) at 5.3 Ma was detected at borehole Algarve-2 at around 1455–1460 mbsf in the Deep Algarve Basin
(Figs. 5 and 7). The seismic reﬂector marking the boundary was traced
from Algarve-2 to sites U1387 and U1386. The boundary appears in
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Fig. 13. Seismic proﬁle (Line Tasyo L-8) of the Doñana basin across site U1390. Major sequences (P, PQ and Q), units (PI–PIII and QI–QIII) and subunits (P1–P6 and Q1–Q6), as well as the
main discontinuities and hiatus are shown. Proﬁle location given in Fig. 3. Abbreviations for discontinuities are in Fig. 6. Simplify sedimentary log for U1390 is included (see abbreviations in
Fig. 5).

seismic proﬁles as an increase in reﬂection amplitudes (Fig. 7), which
laterally correspond with an erosional surface along the axis of the
Deep Algarve Basin (Figs. 6 and 7). These seismic characteristics also appear in proﬁles from the Cadiz, Rota and Sanlucar basins, but are less
clear within the Doñana basin, due to its pervasive deformation. The
transition does not appear in borehole log data (Fig. 9). The boundary
at site U1387 is not consistently obvious in bio-, magneto- or
cyclostratigraphic data. However Van der Schee et al. (2015) has recognized a signiﬁcant change from hemipelagic muds to a sedimentary setting affected by bottom currents at around 826 mbsf in site U1387,
which approximately coincides with the estimated depth for the aforementioned reﬂection. Above this boundary the sedimentation rate increases (from ~ 9.9 to 27.2 cm/ky in the Pliocene) and the sediment
displays a greater relative siliciclastic component, an increase in the
N63 μm grain size fraction, larger XRF Zr/Al ratios and lighter benthic
oxygen isotope values.

5.3. Pliocene
The Pliocene succession was sampled at four sites from IODP
Exp. 339 (U1386, U1387, U1389 and U1391, Fig. 5), as well as by the
Algarve-2 and MPC-1 boreholes.

5.3.1. Early Pliocene to late Pliocene
Early Pliocene deposits appear as sheeted deposits with a general aggradational sedimentary stacking pattern and clear evidence of alongand across-processes interaction. These units correspond with the seismic units PI, PII and the lower part of PIII, which include a number of
subunits (Table 1, Figs. 6–8). Seismic units vary between the Neogene
basins in terms of seismofacies and sedimentation rates. In the Deep Algarve and Alentejo basins, these units exhibit well-stratiﬁed high amplitude reﬂections with good lateral continuity (PI and PII), which evolve
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Fig. 14. Seismic proﬁle (line PD00-522) of the Alentejo basin showing the Pliocene to Quaternary sedimentary record at site U1391. Major sequences (P, PQ and Q), units (PI–PIII and QI–
QIII) and subunits (P1–P6 and Q1–Q6), as well as the main discontinuities and hiatus are shown (data courtesy of TGS–NOPEC Geophysical Company ASA). Proﬁle location given Fig. 3.
Abbreviations for discontinuities are in Fig. 6. Simplify sedimentary log for U1390 is included (see abbreviations in Fig. 5).

upward into deposits with weaker acoustic response (PIII). In basins
hosting the AUGC, the early Pliocene deposits generaly show the opposite seismofacies trend (Figs. 4 and 6–8), with a weak acoustic response
at the base (PI and PII) strengthening progressively upward to PIII. Sedimentation rates are moderate in the Deep Algarve and Alentejo basins
(~15 cm/ky), but higher in the Doñana basin (~25 cm/ky; site U1389). A
prominent precessional periodicity appears in log data from lower Pliocene records of the Gulf of Cadiz (Fig. 9). Sierro et al. (2000) ﬁrst

identiﬁed these cycles, being interpreted as rhythmic changes in clay
content, reﬂecting precession-induced oscillations in annual rainfall.
At sites U1386 and U1387, Pliocene logs record a strong lateral supply
of terrigenous material.
The boundary between PI and PII represents an onlap surface
(Fig. 6), referred to as the early Pliocene Discontinuity (EPD). Drilling
data has constrained this surface to an age of ca. 4.5 Ma. This boundary
correlates with the LPR horizon described in Llave et al. (2001,
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Fig. 15. Spectral analysis performed on HSGR logs at sites U1386C and U1387C (A and B) to determine orbital-scale variations in sediment from most active part of the CDS (C). D) Seismic line PD00-830 across sites U1386C and U1387C including the
sedimentary cycles and the number of beds for the Quaternary sedimentary record above the early Quaternary discontinuity (EQD). Number of beds is taken from Stow et al. (2013b).

20

F.J. Hernández-Molina et al. / Marine Geology xxx (2015) xxx–xxx

2007a, 2011); Hernández-Molina et al. (2002) and Marchès et al.
(2010) and with the H1 discontinuity described in Roque et al.
(2012) (Table 1).
Sub-unit PI has a basal tabular sub-unit (P1) that appears as moderate reﬂection amplitudes above the M discontinuity (Fig. 7). These deposits were drilled at site U1387. Although core recovery from this
site was poor, core material exhibited thin sandy beds (silty sand and
sand, Fig. S2-A), with common glauconite and dolomite, and was interbedded with nannofossil muds and occasional debrites. Above these
sandy deposits, P2 occurs as a lobate to tabular shaped sub-unit with
high to very high amplitude reﬂections at its base (Figs. 6 and 7).
These seismofacies match the well-cemented, gray to dark greenish
gray sandstones observed in core material from site U1387 (Fig. S2-B),
which is interbedded locally with dark greenish gray, silty/muddy ﬁne
sands. Above the sandstones, chaotic seismic facies occur as tabular to
wedge-shaped bodies (Fig. 6). These appear in drilling data from both
U1386 and U1387, and correspond to thickly-bedded, chaotic, bioclastic
debrites and slump deposits that reach thicknesses of up to 5 m (Figs. 5
and S2-C and D). These intervals appear as high resistivity values in
borehole logs (Fig. 9, Ducassou et al., 2015).
The consolidated sandstone layers represent a shift in lithofacies at
about 5 Ma, which corresponds to the marked change in seismofacies
apparent in seismic proﬁles (Figs. 6 and 7). Sandstones show moderate
to poor sorting and well-rounded grains of green glauconite but no bioturbation (Fig. 10). Sandstone clasts are supported by a matrix of clay
and silt-sized carbonate, which is partly replaced by calcite cement.
Silty material constitutes 30% of the matrix, siliciclastics make up 40%
of the matrix (mostly quartz with trace feldspars, heavy minerals, and
mica) and biogenic carbonate clasts makes up 30% (foraminifers and
shell fragments). Most of the quartz grains are angular, although some
grains of rounded quartz, polycrystalline quartz, or quartzite are also
present. Petrographic analysis of sandstone thin sections revealed
grain-supported, medium-grained sand with calcite cement ﬁlling in
pore spaces (Fig. 10). This sample had a high relative abundance of
feldspathic material, reaching 25% in arkose samples, as reported
by Stow et al. (2013b). Recent analysis by REPSOL using IODP samples (Caja et al., 2013) identiﬁed three petrofacies in these sandstones. Petrofacies 1 has variable rounded, medium-ﬁne to very
ﬁne, very poorly sorted monocrystaline quartz sandstones containing bioclasts of foraminifera and coral material (Fig. 10A). Petrofacies
3 consists of medium grained, rounded to well-rounded, poorly
sorted sandstones with very little matrix and dominantly containing
monocrystalline and polycrystalline quartz (Fig. 10C). Petrofacies 2
represents an intermediate between petrofacies 1 and 3 (Fig. 10B).
All petrofacies share basic compositions that include K-feldspars,
plagioclase, foraminifera and minor components of intrusive igneous
rock fragments, carbonate, muscovite, hornblende, tourmaline and
glauconite clasts (Fig. 10).
PII consists of two subunits (P3 and P4, Table 1) bounded by an extensive, high-amplitude reﬂection surface dated at ~ 3.8 to 3.9 Ma
(Figs. 6 and 7). Within the AUGC, this horizon represents a lithologic
shift in which sedimentary input to the Cadiz basin assumed a sandier
composition (Hernández-Molina et al., 2014a) (Fig. 8). PIII and PII are
separated by a high amplitude horizon dated at ~ 3.6–3.5 Ma and
interpreted as the intra Pliocene discontinuity (IPD) (Figs. 6, 7 and 8,
Table 1). Above this surface, PIII assumes a sandier composition in the
Cadiz basin (Fig. 8).
Nannofossil mud, silty mud and silty sand with biogenic carbonate comprise the dominant sedimentary facies found in PII and PIII
core material from site U1387 (Figs. 5 and S2). The relative abundance of nannofossil mud decreases signiﬁcantly through the early
Pliocene up to unit PII. This compositional shift is manifested as a
seismic amplitude increases for the overlying unit PIII in the Algarve
basin. Interbedded turbidite and contourite deposits commonly appear as parallel- to slightly inclined-laminations with normally graded bedding (Fig. S2). For the intra Pliocene discontinuity (IPD),

amplitude anomaly maps based on 3D seismic proﬁles of the Deep
Algarve Basin, clearly show the common occurrence of turbiditic
channels throughout the basin and their lateral association with
contourite features (Fig. 11). Core material from PII and PIII subunits
consists of cyclical alternation of sediments with light and dark
layers of 1 to 5 m thickness (Figs. 5 and S2-H). The base of each
cycle generally consists of light-colored silty sands with biogenic
carbonate and normal graded bedding that passes upward into
light- or dark-colored muds (Stow et al., 2013b). In general, the
mud facies constitute N80% of each cycle. The muds contain trace
amounts of siliceous microfossils (e.g., radiolarians, diatoms, and
sponge spicules). Lithologic contacts within a cycle are gradational
or bioturbated, whereas the basal contact of the silty sands is
sharp, erosional and sometimes bioturbated.
5.3.2. The late Pliocene hiatus
A regional discontinuity, termed the late Pliocene Discontinuity
(LPD) appears as a laterally continuous, high amplitude reﬂection in
the Deep Algarve basin (Figs. 6 and 7), basins covering the AUGC
(Figs. 8, 12 and 13) and the Alentejo basin (Fig. 14). This discontinuity
represents a local erosional surface with the hiatus increasing towards
local highs. The hiatus appears at around 3.0–3.2 Ma in core material
from site U1391, or as reduced rates of sedimentation at other sites.
The amplitude anomalies map for the LPD in the Deep Algarve basin
(Fig. 11) shows no turbiditic channels and an increase in reﬂectivity (associated to coarser grain sizes) in the southern part of the basin, near the
basement highs. Dolostone deposits are closely linked to this hiatus
(Figs. 5 and S2-I), indicating shallow diagenetic processes and
appearing as high resistivity peaks in borehole logs (Fig. 9).
5.4. The late Pliocene–Quaternary
The Pliocene–Quaternary (PQ) sequence is bounded by the LPD at its
base and by the early Quaternary discontinuity (EQD) along its upper
surface. The sequence includes the upper part of the PIII seismic unit
(P6) and the lower part of the QI seismic unit (Q1) (Table 1). PQ was
sampled at sites U1389 and U1391 (Fig. 5), as well as by the Algarve-2
and MPC-1 boreholes, but did not appear in records from other sites.
Sedimentation rates corresponding to this sequence reach ~ 25 cm/ky
in the Doñana basin (site U1389) and 13 cm/ky in the Alentejo basin
(site U1391). On seismic proﬁles, the EQD completely erodes the PQ sequence in areas near the upper slope, diapirs and basement highs. The
sequence is continuous in the deepest part of the basins (Figs. 6–8 and
12–14). Erosional processes have resulted in a wedge or lenticular
shaped PQ sequence. Seismic proﬁles show PQ as high amplitude reﬂections indicating sheeted drift deposits and enhanced acoustic response
in upper parts of the sequence, especially in areas adjacent to highs
and banks. Borehole logs for this sequence show cyclic swings in amplitude that are generally lower than those observed for the Q sequence,
except when sampling the most proximal site, MPC-1 (Fig. 9). Logs
from site U1390 shows low amplitude variation for the lower part of
the sequence, increasing to higher amplitude variation for the upper
parts of the sequence.
Sedimentary facies for the latest Pliocene (P6) in the Doñana basin
(site U1389) consist of calcareous mud (Fig. S2-K). Bi-gradational sequences are scarce and normally graded bedding is absent. In the
Alentejo basin (site U1391), above subunit P6, dominant calcareous
muds alternate with biogenic muds (Fig. S2-L) and debrites. The earliest
Pleistocene sedimentary record (Q1) is bounded at its base by a laterally
extensive and high amplitude reﬂection, which corresponds to the basal
Quaternary discontinuity (BQD). This surface correlates with the H3 discontinuity in Roque et al. (2012) and with horizons BQD and D1 in Llave
et al. (2011) and Marchès et al. (2010), respectively (Table 1). Q1 is typically eroded by the EQD, but where observed, it appears as high- to
very high-amplitude, laterally extensive seismic reﬂections that
outline aggradational features and internal erosional truncations
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(Figs. 6–8 and 12–14). Core material revealed lithologies that include
nannofossil muds, calcareous silty muds, and silty sands with biogenic
carbonate (Figs. 5 and S2). There are frequent bioturbation structures
throughout.
5.4.1. The early Quaternary hiatus
The early Quaternary discontinuity (EQD) is the most prominent discontinuity in the study area. This horizon marks a shift in the sedimentation pattern, a considerable increase in sedimentation rates and the
onset of the present-day contourite depositional and erosional features.
The surface appears as a high-amplitude reﬂection outlining a penetrative erosional truncation surface that is especially evident in areas near
the upper slope and adjacent to relief (diapirs and basement highs)
(Figs. 6–8 and 12–14). Core material shows the hiatus occurs at 2 and
2.4 Ma at different sites. The volume of sediment eroded varies, but increases considerably towards highs. The surface evolves to a more conformable horizon basinwards. Several well-cemented dolomite
horizons occur below the EQD at site U1387, where beds appear as
high resistivity peaks in borehole logs (Fig. 9). Dolostones consist of almost pure dolomite (3–10 μm dolomite grains) but contain a few quartz
grains, opaque minerals, and ghosts of siliceous microfossils, including
radiolarians and diatoms (Fig. S2-I). The dolomite beds are overlain by
turbidite sands (Figs. 5–7).
5.5. The Quaternary (b2 Ma)
The Quaternary sequence (Q) younger than 2 Ma consists of the
upper part of the QI, as well as seismic units QII and QIII (Table 1). It unconformably overlies the Pliocene deposits and was sampled at all IODP
Exp. 339 sites, partially by MPC-1, but did not appear at the Algarve-2
site. The primary contourite sedimentary facies include nannofossil
mud, calcareous silty mud and silty bioclastic sand lithologies
(Figs. 5 and S2). These three facies generally occur as bi-gradational sequences, the most complete of which coarsen upward from nannofossil
muds to calcareous silty muds to silty bioclastic sands, and then
ﬁne upwards through calcareous silty mud to nannofossil mud
(Fig. S2-N and O). Partial sequences are also common (Fig. S2-P and
Q) and episodic turbidite intercalations with normally graded sequences occur at several sites (Fig. 5). As a result, some of the contourite
muds retain a distinctive lamination, albeit discontinuous in character,
whereas the thicker sands are especially clean and well sorted. The Q sequence appears in well logs from all sites. HSGR logs show the sequence
as medium-amplitude cyclic swings, varying on decimeter to sub-meter
scale, with no major steps in base levels (Fig. 9). High NGR values indicate layers with high clay content and low carbonate content, whereas
lower NGR values indicate either the opposite and/or coarser grained
clastic material characteristic of contourite beds. Prominent precessional and eccentricity periodicities appear in log data (Loﬁ et al., 2015.
Fig. 9). HSGR log patterns correlate very well across sites sampled by
IODP Exp. 339, enabling regional mapping of certain well expressed
contourite beds (Loﬁ et al., 2015). Q1 sequences exhibit cycles consistent with orbital forcing at precessional and eccentricity-related timescales. The PQ and Pliocene intervals below also exhibit cyclic swings
in both HSGR and resistivity logs, but with lower amplitude and at
lower frequencies than those observed for the Q sequence (Fig. 9).
5.5.1. From 2 Ma to the middle Pleistocene
The early and middle Pleistocene deposits (upper part of QI and Q2)
are bound by the EQD at their base and by the Mid Pleistocene Discontinuity (MPD) along the upper surface. Internal discontinuities distinguish minor subunits (Q2, Q3 and Q4, Table 1). These deposits have
middle to high amplitude acoustic response but occur as different seismic facies among the Neogene basins. In the basin covering the AUGC,
these deposits appear as high to very high amplitude acoustic responses
with a well-layered internal structure, indicating sheeted drifts in aggradational conﬁguration. The facies show a few thin intervals of lateral
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progradation within the Cadiz and Doñana basins (Figs. 8, 12 and 13). In
the Deep Algarve basin these deposits exhibit clear upslope
progradation of certain well-stratiﬁed high amplitude and laterally continuous reﬂections (Figs. 6 and 7), which represent a mounded elongated and separated drift (Faro Drift). This mounded geometry evolves in a
seaward direction to an aggradational geometry characteristic of a
sheeted drift. A similar sequence of seismic facies appears within Q3
and Q4 in all the basins, wherein weak to transparent acoustic facies
evolve upwards into a high-reﬂectivity facies truncated by a subtle erosional surface (Figs. 6–8 and 12–14).
Although these early and middle Pleistocene deposits are muddominated, they represent a period of increased sand and silt deposition
and a marked increase in sediment supply to the slope (sedimentation
rates of 25 and 40 cm/ky), relative to previous deposits (Fig. 5). Sedimentary facies of Q2 and Q3 record the interbedding of contourites
with sandy and silty turbidites. The higher relative proportion of sand
in contourites/turbidites explains the higher acoustic response of
these subunits, especially in the Deep Algarve basin (Fig. 6). In the
Doñana basin (sites U1389 and U1390) Q2 and Q3 are slightly enriched
in the clay sized fraction (51%) and the sandy mud with biogenic carbonate as a subordinate lithology. These horizons at site U1389 exhibit
fewer and ﬁner-grained contourite sequences, all without sand, and
higher proportions of biosiliceous sediment (diatoms and sponge spicules). These sediment types indicate a low-energy depositional environment. Silty and sandy units are generally poorly sorted, with
subrounded to rounded detrital siliciclastic material. Detrital carbonate
grains are generally subrounded to subangular, many with abraded
margins indicative of reworking.
5.5.2. The mid Pleistocene discontinuity (MPD)
Another important change in the sedimentary stacking pattern occurs at the mid Pleistocene discontinuity (MPD). This discontinuity correlates with the MPR discontinuity (Mid-Pleistocene Revolution)
identiﬁed by Hernández-Molina et al. (2002, 2006); Llave et al.
(2007a, 2007b, 2011); Marchès et al. (2010) and Roque et al. (2012). Although it is clearly evident in seismic proﬁles (Figs. 6, 7, 8, 12, 13 and 14)
as an erosional surface in areas adjacent to diapirs and basement highs,
core material from the Doñana basin (sites U1389 and U1390) indicates
it represents only a short hiatus of variable duration (around
0.7–0.9 Ma). In the Cadiz basin, the sheeted drifts become even sandier
above the MPD. Thick sands also appear around this horizon in the
Doñana basin (site U1390). The amplitude anomaly map for Deep Algarve basin (Fig. 11), show contourites features along slope in the vicinity of the MPD horizon.
5.5.3. Middle Pleistocene to Holocene
Middle Pleistocene to Holocene deposits (QIII, Table 1) overlie the
MPD at their base and extend up to the present-day seaﬂoor. In the seismic proﬁles, they exhibit different seismofacies across different Neogene basins (Figs. 6–8 and 12–14). In basins covering the AUGC, they
appear as a sandy sheeted drift (Cadiz basin) that transitions to
muddy sheeted and mounded drifts in a northwesterly direction.
These are then incised by contourite channels in the Doñana and Deep
Algarve basins. The deposits have a well-layered internal acoustic structure, very high to massive acoustic response (with a few very high reﬂections), aggradational seismic conﬁguration and abundant internal
erosional surfaces (Figs. 8 and 12–13). In the Deep Algarve basin,
these deposits exhibit a weaker acoustic response, with a sigmoidal to
oblique reﬂection conﬁguration suggestive of upslope progradation in
proximal areas of the slope, and parallel to sub-parallel reﬂectors,
outlining enhanced mounded morphology (Figs. 6 and 7). Laterally,
the mounds features transition into an aggradational pattern characteristic of a large sheeted drift. Sedimentation rates for these deposits are
moderate (~30 cm/ky) in the Deep Algarve and Alentejo basins (sites
U1386, U1387 and U1391), to extremely high in the Cadiz (60 cm/ky
at site U1388) and Doñana basins, where the highest sedimentation
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Fig. 16. Neogene and Quaternary CDS evolution in the Gulf of Cadiz and off west Portugal. Hiatuses, sequences, units and sub-units and the main stages of the contourite depositional systems are integrated with main tectonic and sedimentary pulses.
Tectonic pulsing arises from changes in the interaction between the African and European tectonic plates. Glacio-eustatic sea-level changes, eccentricity cycles and major climatic and human evolution steeps are also included. See text for further details.
Data from Cande and Kent, 1995 and De Boer et al., 2010.
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Fig. 17. Simpliﬁed evolutionary cartoons (not at scale) for the sedimentary evolution since the late Miocene to the present time of Neogene basins in the Gulf of Cadiz. After a compressional
period associated with the late Miocene and early Pliocene (b4.5 Ma), two major compressional events affecting to the Neogene basins at 3.2–3 Ma and 2–2.3 Ma help constrain the three
main stages of CDS evolution. The stages include: 1) the initial-drift stage (5.33–3.2 Ma) with a weak MOW, 2) a transitional-drift stage (3.2–2 Ma) and 3) a growth-drift stage (2 Mapresent time) with enhanced MOW circulation into the Atlantic and associated contourite development due to greater bottom-current velocity. See text for further details and discussion.
Abbreviations for discontinuities are in Fig. 6. CF, Cadiz Fault; D, Diapirs. Legend for the sedimentary basins: DAB = Deep Algarve basin; CB = Cadiz basin; DB = Doñana basin; SB =
Sanlucar basin.

rates were observed (N100 cm/ky at site U1390). Sheeted drifts in the
Doñana basin are highly deformed due to tectonic activity.
Internal discontinuities within QIII allow identiﬁcation of two internal subunits (Q5 and Q6). These are bounded by the late Quaternary
Discontinuity (LQD) discontinuity, locally identiﬁed as a short hiatus
around 0.3–0.6 Ma in the Doñana basin (site U1390). A coarse layer is
observed in association with the LQD in the Doñana basin, as is a shift
from very poorly sorted below, to poorly sorted sediment above the discontinuity. The LQD correlates with the H5 discontinuity reported by
Roque et al. (2012) and with the ID12 and D3 horizons identiﬁed by
Llave et al. (2001, 2007a, 2011) and Marchès et al. (2010) (Table 1),
respectively.
Sedimentary facies for QIII vary depending of the basin, with
contourites as the dominant deposits, occurring as bi-gradational sequences, but also as top- and/or base-cut-out sequences (Fig. S2).
Cadiz basin sediment from site U1388 shows sand, silty sand and silty
muds as the principle lithologies from this horizon. Core material also
includes numerous beds of calcareous sand and sand with biogenic carbonate (Fig. S2-R) reaching thicknesses of up to several meters. This

subunit also includes many intervals of mud with biogenic carbonate
that exceed thicknesses of 15 m. In the Doñana basin, sedimentary facies
consist primarily of calcareous mud, but also include silty mud, sandy
mud, and silty sand with biogenic carbonate. In the Alentejo basin,
sandy contourites and alternating reddish/brownish and greenish
gray/greenish calcareous mud make up QIII. Subunits Q5 and Q6 exhibit
sequences of seismic facies similar to those of Q3 and Q4, wherein weak
to transparent acoustic facies transition upwards into high-reﬂectivity
facies truncated by an erosional surface (Figs. 6–8 and 12–14). Drilling
data from the Deep Algarve basin indicate that the weak to transparent
seismic facies represent a mud dominated contourite succession that includes a higher proportion of nannofossil muds and calcareous silty
muds. The greater reﬂectivity of overlying facies corresponds to increasing grain size and detrital content and to decreasing proportions of biogenic carbonate.
5.5.4. Quaternary Cyclostratigraphic analysis
A well-developed cyclostratigraphic pattern on normalized
HSGR logs time-series is recognized in sites U1386 and U1387
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(Figs. 9 and 15), showing high-signiﬁcant cycles (higher than 99%
CL) at different frequencies and periods. In general both sites show
similar, common peaks, located in the following four frequency
bands (Fig. 15):
a) At the higher frequency band, two main peaks at 24.5 ky and 22 ky
are registered in site U1387C that could be correlated with that at
23 ky in site U1386C (Fig. 15B).
b) At the middle frequency band, a common cycle at 44 ky is observed,
as well as one at 55 ky in site U1386C (15A).
c) At the middle-lower frequency band, two main peaks at 85 ky and
105 ky were registered at site U1386C that could be correlated
with that at 96 ky in site U1387C (Fig. 15A).
d) At the lower frequency band several peaks from 0.4 Ma to 2 Ma are
observed at both sites. The signiﬁcant peak at 0.8 Ma is only registered in site U1387 (Fig. 15C).
Detailed analysis of this cyclostragraphic results for site U1386 reveal slight differences in compared to site U1387 in all but the higher
frequency bands. The Site U1386 records a reduced Quaternary sedimentary record since sub-unit Q3 pinches out close to the site and its
younger record above the discontinuity MPD is affected by
sinsedimentary faults (Fig. 15D).
5.6. Tectonic considerations
The late Miocene, Pliocene and Quaternary sediments are deformed
by folding and faulting. Chronostratigraphic constraints presented in
this work suggest asynchronous timing for such deformation events.
At a local scale they are related mainly to 1) emplacement of the
AUGC in the Gulf of Cadiz and Deep Algarve, 2) fault-activity, some of
them bounding structural highs, 3) salt ﬂowage. In fact, local deformation is evident from folding and faulting of late Miocene to Quaternary
sedimentary cover overlying diapirs and structural highs. The structural
grain of some of these features indicates continuous deformation up to
present.
Late Miocene and Pliocene sediments overlying the AUGC are folded,
in some cases slightly due to blind-thrust. These sediments are locally
offset by the reactivation of the some AUGC imbricated thrust-faults
(Fig. 4). Uplift of structural highs, such as the case of the Guadalquivir
Bank, has also deformed the overlying sedimentary cover (Fig. 4). Basins
covering the AUGC and Deep Algarve basin are faulted, primarily by NE
and NW trending normal faults (Figs. 4, 6–8 and 12–13). Normal faults
affecting the Alentejo basin trend primarily in a N–S direction (Fig. 14),
cutting through the Pliocene and Quaternary. In this basin the sediments overlying LQD are underformed.
Salt ﬂowage seems to be one of the main mechanisms leading to
folding and faulting of the late Miocene through Quaternary in Deep Algarve, Doñana, Cadiz and Sanlucar basins. Inverted reactivated salt diapirs are found in the Algarve basin nearby the Diego Cão Channel
(Fig. 6), probably induced either by regional shortening or local reactivation of a pre-existent normal fault of Mesozoic rifting phases. In the
same basin, the presence of deeper salt domes is inferred from folded
sediments, deﬁning an asymmetrical anticline topped by EQD and a
symmetrical one topped by MPD. Synkinematic sediments (seismic
units P1–P5 and Q1) are thicker on the ﬂanks than on the top of the
salt dome indicating the upward movement of the salt. The associated
rim syncline constituted a major local depocenter, and is generally
thicker in the SE sector. Sediment folding has been attenuated since
the deposition of unit Q2. In the Doñana Basin, sediments from Pliocene
through Late Quaternary have been folded into symmetrical anticlines
and synclines (Fig. 12). These structures are probably residual highs related to interdomal evolution occurring well below the Pliocene–Quaternary sequence, as there is no signiﬁcant thickness variation of the
seismic units. Contourite channels, such as the Huelva channel, have developed along the axis of the rim synclines. Diapiric ridge crests have
been truncated by LQD, which marks the end of the folding phase,

since younger sediments seem to be undeformed (Fig. 12). However,
other NE–SW diapiric ridges are outcropping in the Doñana Basin,
Sanlucar Basin and Cadiz Basin, such as the Guadalquivir and Cadiz Diapiric Ridges, suggesting a recent activity formed these structures. The
upward salt ﬂowage in the Doñana diapiric ridge occurred mainly between LPD and MPD. This induced compensatory subsidence and created rim synclines bounding the diapir, which acted as major depocenters
during this phase (Fig. 4). Rising-up of salt in the Doñana diapiric ridge
seems to have stopped, or at least decreased, during late Quaternary as
marked by LQD (Fig. 12).
Two kinds of normal faults have been identiﬁed in close relation to
diapiric domes and ridges: stretch faults and growth faults. In the Algarve basin the apex of salt diapirsm has been extended by stretching
faults, which affected the entire Pliocene and Quaternary sedimentary
column, and almost reached the seaﬂoor. Several stretch faults developed in the apex of the Doñana diapiric ridge (Fig. 13) cutting through
Pliocene and Quaternary sediments, although showing insigniﬁcant offsets. These extensional structures can be created by local stresses in the
apex of diapirs due to salt ﬂowage, independently of the regional tectonic regime. Some of these faults reached the seaﬂoor and formed
stair-step scarps (Fig. 13). The majority of stretch faults seem to be contemporaneous to diapir growth and sedimentation (e.g. Figs. 4 and 6)
but some show evidences of posterior activity, cutting through undeformed sediments (e.g. Fig. 13). In the Cadiz basin, Quaternary sediments are locally affected by growth-faults, probably related to lateral
salt ﬂowage in a reactivated diapir (Fig. 8). Some of these faults are
still active offsetting the present-day seaﬂoor (Fig. 8). Growth-fault reactivation is recorded by EQD, with movement occurring largely until
LQD and decreasing through present. Several episodes of fault movement created accommodation space in the SSW block, allowing the development of thicker Quaternary units.
Deformation of the early to late Pliocene (P) sequence varies in different basins. Basins covering the AUGC primarily exhibit folding, due
to the diapiric structures and uplift of highs (Figs. 12, 13 and 14).
Two deformation events related to the LPD and EQD also affected the
late Pliocene to early Quaternary sequence (PQ), mainly resulting in diapir growth and fault reactivation. Deformation appears as frequent
faults and as reactivation of previous faults (evident from offset trends)
and folds. Folded structures however are broader than those affecting
early Pliocene sediments (Figs. 4, 6–8 and 12–14).
The Quaternary sequence (Q) is also locally deformed, particularly in
areas adjacent to structural highs and diapirs. These areas show folds,
faults and features indicating reactivation of blind-thrusts (Figs. 4, 6–8
and 12–14). The major, active regional scale faults operating in the
Gulf of Càdiz are the WNW–ESE SWIM faults, which apply dextral
strike-slip or normal deformation to the seaﬂoor, as well as their conjugates NE–SW structures. The Doñana basin records more intensive deformation of sediments deposited after the middle Pleistocene.
6. Discussion
6.1. The Miocene–Pliocene boundary
The Miocene–Pliocene boundary (M discontinuity) represents a
major stratigraphic surface within the Neogene basins along the SIM,
but one whose expression varies laterally. Nelson et al. (1993) and
Maldonado et al. (1999) described its basin-scale characteristics in basins covering the AUGC from single and multi-channel seismic proﬁles.
In basins covering the AUGC, and in particular the Cadiz basin, this
boundary forms a noticeable truncation surface clearly evident in seismic proﬁle (Fig. 4). Along the ﬂanks of the basement highs and diapirs
it is very clear, but it become less obvious in central areas. Onshore (outcrop) expressions of this part of the basin show unconformable deposition of Pliocene sediments over late Miocene and AUGC sediments
(IGME, 1990, 1994; Aguirre et al., 2010). The Fuente del Gallo north section (Cadiz, Spain; Figs. 3 and S3), provides a good example of this,
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wherein early Pliocene sands unconformably overly upper Miocene
(Messinian) marls (Aguirre et al., 2010). Our analysis of marls below
the unconformity identiﬁed abundant Globorotalia menardii form 4.
The last common occurrence of this foram species was recorded in
North Atlantic (Sierro et al., 1993) and Mediterranean sediments during
the late Tortonian age (7.51 Ma; Hilgen et al., 1995). Other Tortonian
species such as Globorotalia suterae are also present in marls beneath
the unconformity. Horizons above the unconformity (Fig. S3) contain
Globorotalia margaritae but not Globorotalia puncticulata. Because the
ﬁrst occurrence of G. puncticulata has been astrochronologically dated
at 4.52 Myr (Lourens et al., 2004), we interpret these horizons to be
early Pliocene in age, speciﬁcally dating between 5.33 (base of the Pliocene) and 4.52 Ma. However, a latest Messinian age cannot be entirely
ruled out since G. margaritae was common at that time. The Miocene–
Pliocene boundary is thus marked by a hiatus and lithological shift. Furthermore, Messinian deposits are all but absent from the section. A coeval lithological shift appears at the Miocene–Pliocene boundary in
sediments from the Gulf of Cadiz continental shelf, where channelﬁlled turbidites are replaced by hemipelagites (Sierro et al., 2000,
2008). More inland, in the Guadalquivir basin the Miocene Pliocene
boundary is identiﬁed by a pronounced reﬂector that separates
Messinian seismic units with dominant northward progradation from
Pliocene ones in a southward direction (Ledesma, 2000). The Miocene–Pliocene boundary is a conformable surface in the central part of
the Deep Algarve basin at site U1387, only marked by local erosional
along the axis of the basin and along its margins. The contact between
the Cacela (marine) and Ludo (mainly ﬂuvial) formations marks the approximate area of the Miocene–Pliocene boundary in Algarve basin outcrop (onshore). Moura and Boski (1999) and CachÃo and da Silva
(2000) interpreted a hiatus of 2.5 Ma and found the Messinian section
absent from this part of the study area. The Miocene–Pliocene boundary
has not yet been identiﬁed in the Alentejo basin, where the middle Miocene–Quaternary section consists of one big unit (C3) (Alves et al.,
2009; Pereira et al., 2011; Pereira and Alves, 2013). In many areas of
the Mediterranean continental margins, the Miocene–Pliocene boundary appears as a prominent erosive surface referred to as the ‘M reﬂector’ (Hsü et al., 1973; Ryan et al., 1973; Loﬁ et al., 2011). It is typically
interpreted to represent penetrative desiccation and erosion during
the Messinian salinity crisis (5.6–5.5 Ma) and the subsequent Zanclean
ﬂooding event (5.33 Ma) (e.g., Bache et al., 2009; Garcia-Castellanos
et al., 2009; Estrada et al., 2011; Roveri et al., 2014; Flecker et al., 2015).
Above the Miocene–Pliocene boundary, ﬁne sand deposits are found
in units PI and PII. Onshore outcrops, adjacent to the Cadiz Basin, host
extensive deposits of similar sands (e.g., see Fig. S3), which also appear
regionally in the Neogene Guadalquivir foreland basin where they are
described as glauconite and Huelva sands (Sierro et al., 1991, 1996;
Gonzalez-Delgado et al., 2013), as well as in the basins covering the
AUGC (IGME, 1990, 1994).
Several authors have interpreted the local erosional character of the
Miocene–Pliocene boundary along the SIM as resulting from Messinian
sea-level fall at about 5.5 Ma (Riaza and Martinez del Olmo, 1996;
Nelson et al., 1993; Maldonado et al., 1999; Hernández-Molina et al.,
2002). Hoddel et al. (2001) however demonstrated that sea-level
began to rise below this boundary, and argued that the section lacked
evidence of any other glacio-eustatic fall associated with the Miocene–
Pliocene boundary. Sierro et al. (2008) and Flecker et al. (2015) found
little evidence of major sea-level variations. These authors therefore
proposed tectonic activity as a driving factor in boundary-related depositional changes. Results presented here support this hypothesis, as they
describe compressional deformation of the AUGC and areas near the
Strait of Gibraltar up until 4.5 Ma.
6.2. Sedimentary stacking pattern
The Pliocene to Quaternary sedimentary record in the Neogene basins shows a clear hierarchy of sedimentary units. Major sequences

25

PI–PII and QI–QIII units consist of P1–P6 and Q1–Q6 subunits, respectively. These subunits represent sedimentary cycles at different scales
that are bounded by major and minor discontinuities. Seismic proﬁles
show that the sedimentary thicknesses of Pliocene units and subunits
are less than those of Quaternary units and subunits (Figs. 6–8 and
12–14). Shifts in sedimentary thickness coincide with major increases
in sedimentation rates occurring above the early Quaternary discontinuity (EQD) at 2–2.4 Ma. A more pronounced change in sedimentary
thickness occurred both above and below the Mid Pleistocene Discontinuity (MPD, Figs. 6–8 and 12–14). The estimated stratigraphic ages of
around 0.8–0.9 Ma and 0.4–0.5 Ma for the subunits agrees well with cycles identiﬁed in the spectral analysis of HSGR logs (Fig. 15).
Cyclostratigraphic analysis of sites U1386 and U1387 evidences the
incidence of an orbital control in the range of the Milankovitch temporal
cycles (Berger, 1977, 1978; Berger et al., 1989). Thus, registered cycles at
22 ky, 23 ky and 24.5 ky can be assigned to precession, those at 44 ky
and 55 ky to the obliquity signal, while cycles of 85 ky, 96 ky, and
105 ky ﬁt well with the short-term eccentricity. These data conﬁrm
the forcing of precession and eccentricity on deposition after the discontinuity MPD (as previously reported by Llave et al., 2001, 2007a and
Hernández-Molina et al., 2002, 2006), and probably a comparatively
minor incidence of the obliquity-induced cyclicity (Loﬁ et al., 2015).
In respect to the lower frequency band, that constitutes those cycles
with a periodicity higher than that of the short-term eccentricity cycle
(N 100 ky), and orbital inﬂuence can be also envisaged. The common
cycle at similar periods of 406 ky and 420 ky, can be clearly correlated
with the well-known long-term eccentricity cycle of approximately
0.4 Ma (Berger, 1977, 1978). These cycles show a high stability and
have been used as a basic calibration period for cyclostratigraphy
(Laskar et al., 2004, 2011; Hinnov and Hilgen, 2012). The peaks recognized around 2 Ma (Fig. 15C), could be tentatively correlated with the
approximately 2.4 Ma eccentricity term. Modulation of the 0.4 Ma components of the eccentricity shows actually a dominant component at a
period of around 2.4 Ma related with Earth–Mars secular resonance
(Laskar et al., 2004, 2011; Hinnov, 2000; Hinnov and Hilgen, 2012).
This cycle has been also frequently identiﬁed in the geological record
as a long-term cycle, from the Triassic, with periods of around 1.6 to
2 Ma (see Boulila et al., 2012 and Ikeda and Tada, 2013 for recent reviews). However, differences in the periodicities corresponding to the
modulated eccentricity at around 2.4 My, and those here registered at
around 1.7 Ma and 2.0 Ma could reveal the incidence of different driving
processes that induce new signals or distort the 2.4 Ma orbital one. The
cycle at around 0.8 Ma registered in site U1387C has been related to a
possible non linear combination of other periods or a double mode of
the eccentricity period (Ripepe and Fischer, 1991; Kashiwaya et al.,
1998). The absence of these cycles at site U1386 could be associated to
local conditions disturbing its record (for example faulting, Fig. 6), although other global signals at higher (0.4 Ma) and lower (2 Ma) frequencies have been recognized.
These lower frequency cycles correspond with 3rd- and 4th-order
asymmetric sequences identiﬁed in middle and high-resolution seismic
proﬁles by Llave et al. (2001, 2007a) and Hernández-Molina et al. (2002,
2006). Sedimentary cycles can be identiﬁed regionally at seismic scale
in all the Neogene basins. The Quaternary sequence shows the cycles
more clearly than the Pliocene sequence, however. The cyclicity is evident as a consistent facies trend within each subunit that includes
(a) a transparent zone at the base, (b) smooth, parallel reﬂectors of
moderate-to-high amplitude in the upper section and (c) a continuous,
high amplitude, erosive surface at the top (Fig. 6, 7 and 15D). This facies
trend has previously been documented within the Faro-Albufeira Drift
(Llave et al., 2001, 2006; Stow et al., 2002b), the Porcupine Drift (Van
Rooij et al., 2003) and the Eirik Drift (Hunter et al., 2007). According
to IODP Exp. 399 sampling, weak seismic facies at the unit scale
(~0.8–0.9 Ma) correspond to mud dominated sediments. The higher reﬂectivity facies above correspond to an increase in grain size and detrital
content, and a decrease in biogenic carbonate. Most of the sandy
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turbidites deposits during the Quaternary are coincident with the upper
reﬂective part in each sequence, but also with a higher number of coarser (sandy) contourites (Fig. 15D). Preliminary results from IODP
Exp. 399 identify turbiditic deposits having similar periodicities (Stow
et al., 2013b) in the upper and higher reﬂectivity part of the unit
(Figs. 6 and 7). Whyte and Lovell (1997) described similar turbidite deposition cycles in North Sea deposits. Future works with higher resolution should clarify this interesting interrelation between along- and
across sedimentary processes and products at these scales.
6.3. The signiﬁcance of hiatuses
Regionally extensive erosional discontinuities are often used to identify contourites (Faugères et al., 1999; Rebesco et al., 2014). This is the
case along the SIM, where discontinuities evident in seismic proﬁles as
high amplitude reﬂections represent key, basin-scale stratigraphic horizons and important transitions in sedimentary staking patterns (Table 1
and Figs. 4, 6–8 and 12–14). The M, LPD and EQD in particular mark angular erosional unconformities along basin margins and areas surrounding highs and diapirs. Discontinuities grade laterally into conformable
contacts towards the basin central areas. This demonstrates that the
thickness eroded increases towards highs implicating uplift as a mechanism for erosion. In cases of more pronounced hiatuses, uplift appears
to occur coeval to enhanced bottom current velocity. The association of
hiatuses, discontinuities, correlative conformities and changes in sedimentation rate represents a major ﬁnding of IODP Exp. 339 (Stow
et al., 2013b; Hernández-Molina et al., 2014b; Loﬁ et al., 2015). The
two most signiﬁcant discontinuities in the sedimentary record after
the Miocene–Pliocene boundary (M), are associated with LPD
(3–3.2 Ma) and EQD (2–2.4 Ma) (Figs. 4, 6–8 and 12–14).
The late Pliocene hiatus, around 3–3.2 Ma (LPD), suggest a compressional tectonic event along the SIM. This coincides with an intraPliocene unconformity previously recognized in onshore outcrop of
the Betic–Rif Cordillera (Montenat et al., 1990; Aguirre et al., 1995;
Azdimousa et al., 2006), including sections between El Puntalejo and
Cabo Roche adjacent to the Cadiz Basin (Cadiz, Spain; Fig. S4). The unconformity appears in this area between marine sands (Unit I) and the
littoral Unit III, as deﬁned by Aguirre (1991, 1992, 1995) and Aguirre
et al. (1993, 1995, 2010). Our analysis showed that just beneath the unconformity, yellow sand deposits are found containing G. puncticulata
and with G. margaritae, which constrains the sediment to a
3.81–4.52 Ma age range, based on the latest occurrence of
G. margaritae, as astronomically dated by Lourens et al. (2004). The unconformity could thus correlate with a late Pliocene discontinuity, as
has been proposed by Aguirre et al. (1995, 2010). The hiatus is coeval
with tectonic activity in the Betic Cordillera (Montenat et al., 1990),
but also with thrusting of the allochtonous unit on top of the Moroccan
Meseta (Flinch and Vail, 1998), and the most intensive phase of AUGC
emplacement in the Algarve basin (Hernández-Molina et al., 2014b).
These events could also occur synchronously with uplift of the Serra
do Caldeirão in the Algarve basin (Dias and Cabral, 1997, 2000).
For the early Quaternary, the EQD prominently marks a hiatus
representing a major shift in sedimentation between 2 and 2.4 Ma
(Figs. 6–8 and 12–14), and the probable onset of a new compressional
event. This hiatus appears in the Cadiz basin (Hernández-Molina et al.,
2014a), and may correlate with the extensive erosional surface observed in adjacent onshore outcrops (Fig. S4). The onshore unconformity is overlain by extensive continental facies deposits (Zazo et al., 1985;
IGME, 1990, 1994; Aguirre, 1991, 1992, 1995; Aguirre et al., 1993, 1995,
2010), and shows the end of sediment supply from any Guadalquivir
river branch (Zazo et al., 1985; Aguirre, 1995) towards the Cadiz
basin. The EQD also coincides with hiatuses observed in the northeast
Atlantic between Gibraltar and equatorial areas. These form coevally
with slump facies indicative of tectonic instabilities (Stein et al.,
1986). In areas that experienced higher erosion, the EQD incised
the entire late Pliocene section and base of the Quaternary. The

only hiatus longer than the EQD in these regions is the interval spanning about 1.4 Ma, incising sediment from 3.4 to 2 Ma in the Deep Algarve basin sections sampled at sites U1386 and U1387. A similar
hiatus appears in the Alboran Sea section (Comas et al., 1996;
Martínez-García et al., 2013).
Two other younger and minor discontinuities within the Quaternary
record (Figs. 6–8 and 12–14) represent key stratigraphic horizons recording erosion and possible renewed tectonic activity at around
0.7–0.9 Ma for MPD (MIS 19-17) (Loﬁ et al., 2015) and between
0.3–0.6 Ma (MIS 11 and 13) for the LQD. Borehole log data record the
MPD as a short hiatus within the Doñana basin that also affected the
sedimentation rate at site U1391 (Loﬁ et al., 2015). A similar hiatus, coeval with tectonic activity occurs in sediments of the northeast Atlantic
(Stein et al., 1986). The LQD corresponds to a hiatus in sediment from
sites U1390 and U1391 (Loﬁ et al., 2015), and with a condensed interval
in sediment from site U1385 (Hodell et al., 2015).
The aforementioned hiatuses coincide with sedimentary and
paleoceanographic changes and regional tectonic activity. Conceptual
depositional models for foreland basins (e.g., DeCelles and Giles, 1996;
Einsele, 2000; Nichols, 2009) suggest that turbidites develop during initial stages after the thrusting. Messinian turbidites forming after the
Tortonian emplacement of the AUGU likely reﬂect this phase of development (Riaza and Martinez del Olmo, 1996; Sierro et al., 1996;
Ledesma, 2000). Hiatuses associated with turbidites demonstrate that
similar sequences of events apparently occurred in the early Pliocene,
late Pliocene and early Quaternary. These sedimentary features also indicate minor pulses of westward compression recorded in deformed
wedges of the AUGC.

6.4. Evolutionary model and paleoceanographic implications
Neogene basins along the SIM record the complex interplay of tectonics, climate, sea-level and bottom current circulation from the latest
Miocene to present-day. Around 50 km of convergence occurred in a
NW direction between the Eurasian and African plates in the vicinity
of the Alboran Sea and Gulf of Cadiz during this period (Dewey et al.,
1989).
Neogene basin initiation began at the end of the early Miocene, as a
consequence of downward ﬂexure of pre-existing basement in response to loading of thrusted and imbricated overburden of Betic and
Rif orogen (Sierro et al., 1996, 2008; Berástegui et al., 1998; Fernàndez
et al., 1998; Maldonado et al., 1999; Ledesma, 2000; Roque, 2007;
Terrinha et al., 2009; Vergés and Fernàndez, 2012). Tectonic inversion
of Mesozoic extensional structures occurred simultaneously in the
Deep Algarve and Alentejo basins (Terrinha et al., 2002; Roque, 2007).
During the Tortonian, the regional compressional regime shifted towards a NW–SE direction, which remobilized the primarily westward
emplacement of the AUGC (Maldonado et al., 1999; Medialdea et al.,
2004; Sierro et al., 2008). Around the Tortonian–Messinian boundary
(~7.2 Ma), regional tectonic activity caused narrowing of the Betic gateways (Fig. 16) between the Atlantic and Mediterranean (Sierro et al.,
2008) and extensive turbidite deposition within Neogene basins
(Riaza and Martinez del Olmo, 1996; Ledesma, 2000). Subsequent tectonic uplift in the Guadalquivir basin and Gibraltar area triggered the
ﬁnal closure of the Riﬁan and Iberian gateways (~ 6 Ma), isolation of
the Mediterranean Sea and onset of the Messinian Salinity Crisis at
5.55 Ma (Hsü et al., 1973). This was a short-lived event that ended
with opening of the Strait of Gibraltar at about 5.33 Ma (Duggen et al.,
2003; Roveri et al., 2014; Flecker et al., 2015).
These events preceding Pliocene and Quaternary deposition conditioned the asymmetric shape of basins overlying the AUGC to an eastward deepening geometry. The results described here suggest this
phase of tectonic activity was associated with the Miocene–Pliocene
boundary and ended by 4.5 Ma. Younger Pliocene and Quaternary compressional events between 3.2–3 Ma and 2–2.3 Ma further pinpoint
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three stages of subsequent development and evolution of the contorite
depositional systems (Figs. 16 and 17).
I. Initial-drift stage (Pliocene, from 5.3–3.2 Ma);

This stage began at the end of the compressional period associated
with the late Miocene and early Pliocene. In the Deep Algarve basin,
sandier deposits at the base of the Pliocene formed ﬁrst, and were immediately followed by extensive mass transport deposits (MTDs).
These included sands, sandstones, debrites and slumps. Based on sedimentologic and petrofacies analysis, the sandstones are categorized as
turbidites and debrites. Like other MTDs, these derive primarily from
the adjacent shelf and upper slope (Ducassou et al., 2015), which contributed quartz, lithics and carbonates. MTDs suggest resedimented facies and margin instability until 4.5 Ma (Fig. 16). These deposits are
coeval with early Pliocene debrites (N4.5 Ma) that outcrop in areas adjacent to the Cadiz basin (Fig. S3), and with gravitational collapse breccias described from the Strait of Gibraltar by Esteras et al. (2000) and
Blanc (2002). Thrusting and westward compression of the frontal
areas of deformed AUGC wedges compressed the basin during late Miocene and created several isolated basins (Cadiz, Sanlucar and Doñana).
Regional depocenters migrated westward, and underwent subsidence,
sagging and diapiric processes, as evidenced by morphological highs
and diapiric ridges parallel to thrust structures. Fragmentation of Miocene basins into minor complex basins was by this point likely sufﬁcient
for development of piggyback basins (Figs. 16 and 17).
These events coincided with a major sea-level highstand (Haq et al.,
1987; Raymo et al., 2011; Miller et al., 2011), evident from early Pliocene marine deposition in onshore localities (IGME, 1990, 1994; Sierro
et al., 1996; Salvany et al., 2011). These events generated pronounced
angular unconformities and a major hiatus between late Miocene and
early Pliocene deposition near the Strait of Gibraltar (Figs. 4 and S3).
This truncation may document folding and uplift due to the westward
thrusting of Subbetic and Flysch units. Uplift occurred onshore, adjacent
to the Algarve basin CachÃo and da Silva (2000), probably due to the regional forebulge position during this time. These events, along with
widespread tectonic activity, compression and slope instability relate
to late Miocene tectonic uplift in the Guadalquivir basin and Strait of Gibraltar area, the ﬁnal closure of the Riﬁan and Betic gateways at 5.96 Ma,
the Messinian Salinity crisis (MSC) (Duggen et al., 2003; CIESM, 2008;
Flecker et al., 2015), and ultimately, the opening of the Strait of Gibraltar
(Maldonado et al., 1999; Estrada et al., 2011), which caused the
Zanclean ﬂooding (Garcia-Castellanos et al., 2009; Estrada et al.,
2011). Similar compressional stages have been determined in the
Alboran Sea (Martínez-García et al., 2013) and other areas of the Mediterranean (Cloetingh et al., 1990). These events are attributed to a major
reorganizational phase of the Africa-Eurasia plate boundary. During this
time, compression shifted from NE to N (Duggen et al., 2003; Sierro
et al., 2008), the Betic–Rif Cordillera basins experienced differential subsidence and the Gibraltar area was uplifted (Sierro et al., 2008).
These compressional events (N4.5 Ma) were followed by a period of
relaxation, initiated by the elastic response to thrust loading. This period
of sagging and high subsidence rates coincided with local extensional
collapse affecting the AUGC (Maldonado et al., 1999; Medialdea et al.,
2004, 2009), which likely deepened the Strait of Gibraltar.
The opening of the Strait of Gibraltar had major paleoceanographic
implications. Bottom current indicators however show little evidence
of this event. Indicators also suggest that MOW intensity was relatively
weak during this time (Stow et al., 2013b; Hernández-Molina et al.,
2014b, Van der Schee et al., 2015). The MOW strengthened progressively after 4.5 Ma as indicated by the development of the large, muddy
sheeted drifts in the Neogene basins recorded during PI, PII and the
lower part of PIII units. Periodic turbidites are observed in these early
Pliocene horizons (Roque et al., 2012; Brackenridge et al., 2013; Stow
et al., 2013b). As the MOW developed into a source of intermediate
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water for the North Atlantic, its warm, saline outﬂow enhanced both
the production of NADW and northward ocean heat transport in the Atlantic (Hay, 1996). Evidence for enhanced bottom current circulation in
the early Pliocene (about 4.5 Ma) appears along the Porcupine margin
(Van Rooij et al., 2003), north Atlantic (Hunter et al., 2007), continental
margins of NW Europe (Laberg et al., 2005, Praeg et al., 2005; Stoker
et al., 2005), Faeroe-Shetland Channel (Knutz and Cartwright, 2003)
and south of the Greenland-Scotland Ridge (Wold, 1994). Evidence for
enhanced MOW also occurs above the intra-Pliocene discontinuity
(IPD) according to paleoceanographic proxies in the North Atlantic
(Khéliﬁ et al., 2011, 2014).
II. Transitional-drift stage (late Pliocene to early Quaternary, 3.2–2 Ma).

This stage documents the most important changes in the sedimentary
stacking pattern and development of Neogene basins development, about
2.5 Ma after late Miocene to early Pliocene events. The upper part of unit
PIII (P6) and lower part of unit QI (Q1) consist of interbedded contourites
and turbidites, with occasional debrites. Synsedimentary deformation, active halokinesis, lower subsidence rates, thrusting and folding occurred
during a widespread phase of shortening affecting all basins. This phase
began around the LPD (3–3.2 Ma) but ended with the EQD
(2–2.4 Ma Ma) (Figs. 16 and 17). Hiatuses are accompanied by
dolostones, debrite and more downslope sedimentation. Previous research has also detected the decrease in subsidence rates in the Gulf of
Cadiz (Nelson et al., 1993; Maldonado et al., 1999; Maestro et al., 2003;
Medialdea et al., 2004; Roque et al., 2012) and other areas of the North Atlantic (Cloetingh et al., 1990; Praeg et al., 2005; Stoker et al., 2005). Signs
of continental deposition appear at the end of this stage, with the Guadalquivir basin (Salvany et al., 2011) and basins covering onshore AUGC
units (Zazo et al., 1985; IGME, 1990, 1994; Aguirre et al., 1995, 2010), ﬁnalizing the separation of early Pliocene onshore units from Quaternary
offshore marine basins. These events coincided with regional compression and deformation related to a directional change in the Iberia and
Nubia convergent boundary from NW–SE to WNW–ESE (Zitellini et al.,
2009; Duarte et al., 2013). The shift in convergence direction for the
southwest Iberian margin coincided with a decline in westward migration and thrusting activity for the AUGC. Reactivated blind-thrusts accommodated shortening and thus exhibit only minor sedimentary subsidence
(Gutscher et al., 2002). The oblique convergence between the sub-plates
generated a new transpressional regime and reactivated WNW–ESE dextral strike-slip faults as well as shallower W–NW directed thrusts (Duarte
et al., 2011). Evidence for compressional events around this age has been
detected in the Betic (Viguier, 1974; Benkhelil, 1976), Rif (Guillemin and
Houzay, 1982; Morel, 1988; Aït, 1991; Azdimousa, 1991), Alboran Sea
(Bourgois et al., 1992; Martínez-García et al., 2013), easternmost Mediterranean (Cyprus) (Robertson et al., 1998; Kinnaird, 2008), Himalaya
(Derbyshire, 1996), other areas of the Northern Hemisphere (Cloetingh
et al., 1990) and offshore Central America (Vannucchi et al., 2013).
These events are associated with global plate tectonic reorganization
and ﬁnal closure of the Central American Seaway, which led to the establishment of Northern Hemisphere glaciations and a shift to a globally
cooler climate conditions (Zachos et al., 2001; Miller et al., 2011) coeval
with the emergence of the genus Homo between 2.8–2.4 Ma
(deMenocal, 2011; Villmoare et al., 2015) (Fig. 16).
The MOW progressively strengthened from 3.2 to 2 Ma (Fig. 16), in
tandem with enhanced deep-water convection in the Mediterranean
Sea and with more active circulation in the North Atlantic (Khéliﬁ
et al., 2011, 2014). The MOW intensiﬁcation contributed with saltwater to intermediate depths of northerly latitude Atlantic Waters,
thus enhancing Thermohaline Circulation (THC), Atlantic Meridional
Overturning Circulation (AMOC) and overall Northern Hemisphere
deep-water formation (Hernández-Molina et al., 2014a). These changes
coincided with long-term global cooling trends (Zachos et al., 2001)
marked by the ﬁnal NHG intensiﬁcation (Bartoli et al., 2005). The shift
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included a decline in atmospheric CO2 levels, global cooling (Zachos
et al., 2001) and sea-level fall (Miller et al., 2011). The 41 ky obliquity
cycles replace the 23 ky precessional cycles as the primary orbital mechanism inﬂuencing climate. This shift is also associated with a progressive increase in the amplitude of Earth's orbital obliquity (Bartoli et al.,
2005).
III. Growth-drift stage (Quaternary, from 2 Ma to present).

Over the last 2 Ma, the Quaternary section (upper part of unit QI and
units II and III) exhibited major depositional changes with maximal sedimentation rates and a pronounced phase of contourite deposition and
drift development throughout the Neogene basins. Interestingly, most
of the North Atlantic contourite drifts show decreasing accumulation
rates at this time (Knutz, 2008). Quaternary depocenters are located
west of underlying sequences due to the displacement of preceding
compressional stages. High sedimentation rates could arise from the
combination of more vigorous bottom-current inﬂuence and substantially higher volumes of MOW input into the Atlantic, as well as from
greater transport to offshore depocenters, due to the progradation of
Guadalquivir and Rharb basin sediments into the Gulf of Cadiz (Sierro
et al., 1991; Flinch and Vail, 1998; Riaza and Martinez del Olmo, 1996;
Ledesma, 2000; Salvany et al., 2011).
Two phases of MOW and bottom current intensiﬁcation (Fig. 16) led
to the fully established MOW. We attribute its formation to tectonic
constriction and deformation in the basins related to the mid Pleistocene discontinuity (MPD, 0.7–0.9 Ma, MIS 19-17) and LQD (~0.4 Ma, between MIS 11 and 13). These events are especially evident in the
Doñana basin, which experienced more deformation and the highest
sedimentation rate observed from the MPD up to the present. The
MPD represents the beginning of a new phase in the sedimentary stacking pattern of drifts, with enhanced upslope progradation and mounded
drift morphologies (Llave et al., 2001, 2007a; Roque et al., 2012). Lateral
migration of sandier deposits and of morphological features from proximal to central areas of the CDS co-occurred with MOW enhancement.
Together these events coincide with a signiﬁcant eustatic drop in sealevel (Miller et al., 2005; Rogerson et al., 2012), and intensiﬁcation of
the AMOC (Knutz, 2008). MOW density increased during subsequent
glacial stages, as it did during the last glaciation when slope morphologies indicate that MOW ﬂow rates were higher (Rogerson et al.,
2012; Hernández-Molina et al., 2014a). The period between
0.9–0.7 Ma, coeval with the MPD, marked another important step in
human evolution as pre-human primates disappeared (Fig. 16) and
Homo heielbergensis, the ancestor of modern humans, emerged
(deMenocal, 2011).
6.5. Conceptual implications
6.5.1. Drift construction
Contourite drift types are classiﬁed according to their external morphology (McCave and Tucholke, 1986; Faugères et al., 1999; Rebesco
and Stow, 2001; Stow et al., 2002b; Nielsen et al., 2008; Rebesco et al.,
2014). The three aforementioned evolutionary stages for the CDS
imply the following phases of drifts. First, mixed drifts formed during
the initial-drift stage (Pliocene) due to the interplay between acrossand along- slope processes, resulting in large sheeted drifts, which appear primarily as sub-parallel reﬂections onlapping previous relief. Second, a transitional-drift stage (Late Pliocene to the base of the
Quaternary) began up-slope migration and moat development (nondeposition) marked by gently downlapping reﬂections in seismic proﬁles. Finally, a growth-drift stage (Quaternary, b 2 Ma) is dominated
by contourite deposition. Drifts evolve into elongated mounds with a
deep moat in the Deep Algarve and Alentejo basins and sandier sheeted
drifts in the rest of the basins overlying the AUGC. Drifts therefore became more prominent high-relief features that regionally migrated

up- and along-slope (downcurrent). When considered with the conﬁguration of internal seismic units and dominant deposits, this shift in the
drift's external geometry conceptually agrees with the vertical ﬁrstorder variation in drift evolution proposed by other authors (Faugères
et al., 1985a; Stow et al., 2002b; Nielsen et al., 2008), demonstrating
the case for intensiﬁed bottom-currents along the SIM during the last
2 Ma.
The same cyclicity in seismic facies trends is frequently found at different scales with (1) a transparent zone at the base, (2) smooth, parallel reﬂectors of moderate-to-high amplitude in the upper part, and (3) a
continuous, high-amplitude erosional surface at the top. The integration
of IODP Exp. 399 drilling data with multichannel seismic data presented
here suggests that this cyclic pattern of seismic facies most likely represents repeated coarsening-upward sequences bounded by erosional
surfaces at unit and sub-unit scales. The duration of these cycles identiﬁed in multichannel seismic is much greater (0.8–0.9 Ma and
0.4–0.5 Ma, Fig. 15) than cycles identiﬁed by Llave et al. (2001, 2006,
2007a) in sparker source seismic proﬁles. These authors demonstrated
links between grain size variation, climate and MOW variability for
the last eustatic/climate cycle, which experienced enhanced MOW during cold intervals. Additional research has corroborated these ﬁndings
(Voelker et al., 2006; Toucanne et al., 2007; García et al., 2009;
Rogerson et al., 2012; Bahr et al., 2014; Hernández-Molina et al.,
2014a). Longer frequency cyclicities in seismic facies trends observable
at seismic scales however raise questions as to whether differently
scaled cycles arise from the same processes. The relative abundance of
turbiditic deposits occupying upper sections of these cycles and their
protracted periodicity, which resembles that of longer repetitions identiﬁed from IODP sites (Stow et al., 2013b), and their genetic relation to
some of the short identiﬁed hiatus suggest that CDS reﬂect tectonic activity, relative sea-level change and margin instability rather than
orbital-scale variation at these longer scales.
6.5.2. Tectonics versus climate
Eustatic sea-level variation occurs at different time scales (Vail et al.,
1977) and exerts primary inﬂuence on sequence architecture and basin
evolution (e.g., Coe, 2003; Catuneanu, 2006). However, the causes for
eustatic variations are not fully understood (Lovell, 2010). Previous regional stratigraphic analysis of the SIM considered eustatic changes a
primary depositional factor at unit and subunit scales (Flinch and Vail,
1998; Riaza and Martinez del Olmo, 1996; Llave et al., 2001, 2007a,
2011; Hernández-Molina et al., 2002, 2006; Marchès et al., 2010;
Roque et al., 2012; Brackenridge et al., 2013). These studies linked
prominent discontinuities to major sea-level drops, global cooling
events and cyclic shifts in the climate system. In their interpretation,
the continental margin (including contourite deposits) formed primarily by stacking of regressive and lowstand sedimentary deposits in every
depositional sequence, and building its observed progradational morphology. Transgressive and highstand deposits are also present in each
depositional sequence but occur as condensed sections. This interpretation is consistent with high-resolution seismic studies for the last eustatic hemicycle and last 4th-order and 5th-order sequences (Llave
et al., 2001, 2006) and with lithological changes observed in calypso piston and gravity cores (Llave et al., 2006, 2007a; Voelker et al., 2006;
Toucanne et al., 2007; Bahr et al., 2014), and IODP Sites (Bahr et al.,
2015).
The present work describes a clear and more protracted cyclicity in
units and subunits of around 0.8–0.9 and 0.4–0.5 Ma (Fig. 15). These
sedimentary cycles correspond with 3rd- and 4th-order asymmetric sequences identiﬁed in the region with mid- to high-resolution seismic
proﬁles by Llave et al. (2001, 2007a) and Hernández-Molina et al.
(2002, 2006). Results described here however indicate signiﬁcant tectonic inﬂuence at long- and short-term scales, on margin development,
downslope sediment transport and contourite drift evolution in Neogene basins. This activity also exerts primary inﬂuence on seaﬂoor morphology, which in turn has determined MOW pathways and CDS
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architecture. According to the timing of these different events, we propose tectonic pulses of approximate 0.8–0.9 Ma duration overprinted
by more signiﬁcant 2/2.5 Ma compressive-ﬂexural stress cycles, which
caused uplift/compression or active subsidence (Fig. 16). Westward
roll back of subducted oceanic lithosphere with simultaneous tectonic
shortening and gravitational spreading in the Gulf of Cadiz (Gutscher
et al., 2002, 2009; Duggen et al., 2003) provides a consistent explanation
for these cycles. Compressional tectonic regimes along the northeast Atlantic margin apparently correlate with the development of major
deep-sea unconformities (Andersen et al., 2000; Stoker et al., 2005)
and sedimentary pulses (Whyte and Lovell, 1997; Lovell, 2010). Interestingly, compressional events similar to those described here also occurred in the Himalaya (Cochran, 1990; Derbyshire, 1996) and North
Atlantic regions (Cloetingh et al., 1990; Knutz, 2008). Atlantic plate reorganization entailed similar tectonic cycles of compression and sagging
related to episodic, small-scale convective ﬂow in the upper mantle
plume (Cloetingh et al., 1990; Whyte and Lovell, 1997; Praeg et al.,
2005; Stoker et al., 2005). Convection in the Earth's mantle thus occurs
in punctuated pulses on geologic times scales (Rudge et al., 2008; Lovell,
2010) and has been interpreted as “blobby” ﬂow (Jones et al., 2012).
Surface uplift due to plate interactions (subsidence, rift activity, etc.),
magmatic underplating and plume activity also affects sea-level
(White and McKenzie, 1989; Whyte and Lovell, 1997; Maclennan and
Lovell, 2002; Lovell, 2010; Jones et al., 2012) on time scales of 2ndand 3rd order cycles from 2 to 4 Ma down to 1 Ma or less (Rudge
et al., 2008; Lovell, 2010).
Consideration of these global cycles demonstrates that both tectonic
and climatic factors determined sedimentary evolution of the Gulf of
Cadiz and the margin off west Portugal. Changes in rates and geometries
of plate boundaries as well as long-term plate reorganization lead to
ﬂuctuations in the magnitude of intraplate stresses. Modiﬁcations
imparted by these factors on climate, relative sea-level and the seaﬂoor morphology also affected bottom-current circulation. Tectonics
thus inﬂuence deep-water sedimentation on geological scales of
2.5–N 0.4 Ma. Tectonic pulses occurring around 2–2.5 Ma and
0.8–0.9 Ma align with long-period variation in orbital (eccentricity) cycles as is reported above, and with 3rd-order (1–3 Ma) eustatic cycles
(Lourens and Hilgen, 1997), but not with cycles operating on shorter
time-scales (Fig. 16). Tectonic events could thus control 3rd-order cycles on time scales of about 0.8–2.5 Ma. We interpret variation occurring
on signiﬁcantly shorter time-scales in Quaternary contourites as related
to climate variability, sediment supply and sea-level ﬂuctuation. Sediments analyzed here also show evidence of orbital-scale effects
(Fig. 15) as identiﬁed by other studies (Sierro et al., 1999, 2000;
Hernández-Molina et al., 2014b; Loﬁ et al., 2015). Orbital cycles (variation in insolation) inﬂuences climate on shorter times scales ≤ 0.4 Ma
generating high to very high frequency (4th-order) depositional sequences of 0.1–0.2 Ma duration (Flinch and Vail, 1998) to submillennial scale variation in the sedimentary record (Schönfeld and
Zahn, 2000; Llave et al., 2007a; Voelker et al., 2006; Toucanne et al.,
2007; Rogerson et al., 2012; Bahr et al., 2014).
7. Conclusion
Semi-permanent bottom currents shape continental margin architecture and generate extensive contourite depositional systems (CDS).
The large CDS along the Southwest Iberian margin (SIM) records unmistakable signs of Mediterranean Outﬂow Water (MOW) as it exits the
Strait of Gibraltar, which reopened at the end of the Miocene. The SIM
also records the pronounced effects of tectonic activity on margin sedimentation and evolution. The complexity of the SIM record results from
the interaction of tectonic, climate and eustatic changes with additional
bottom current circulation variations.
Integration of new core, borehole and outcrop data with previously
collected seismic and drilling data revealed that signiﬁcant changes in
sedimentary style and processes often co-occurred with widespread
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depositional hiatuses. Tectonic inﬂuence on margin development,
downslope sediment transport and sediment evolution began around
the time of the narrowing of the Atlantic–Mediterranean gateways at
7 Ma and opening of the Strait of Gibraltar (5.33 Ma). The periodicity
of these different events suggests an ~0.8–0.9 Ma duration for tectonic
pulsing. A pronounced overprint of ~ 2–2.5 Ma cycles related to the
westward roll back of subducted lithosphere as the Africa-Eurasia collision transitioned from a predominantly NW–SE to WNW–ESE direction.
Following the temporal decrease of tectonic activity near the Miocene–
Pliocene boundary, major compressional events affecting Neogene basins between 3.2–3 Ma and 2–2.3 Ma differentiate three stages of CDS
evolution. These include 1) an initial-drift stage (Pliocene, from
5.3–3.2 Ma) with a weak MOW and the formation of a mixed acrossand along slope deposits, 2) a transitional-drift stage (late Pliocene
and early Quaternary, 3.2–2 Ma) and 3) a growth-drift stage (Quaternary, from 2 Ma to present) where the prevalence of contourites demonstrates increased bottom-current velocity due to a fully established
MOW. Two younger and more minor Pleistocene discontinuities at
0.7–0.9 Ma and about 0.3–0.6 Ma in the Doñana basin record the effects
of renewed tectonic activity.
A pronounced sedimentary cyclicity with a periodicity of about
0.8–0.9 Ma in sedimentary units, and 0.4–0.5 Ma sub-units appears
throughout the sedimentary record, but is most clearly observed in
the Quaternary section. Tectonics, sea-level and climate all exert primary external inﬂuence on sedimentation. The speciﬁc cause-and-effect
relationships between them and their relative importance on temporal
scales remain contentious. We propose that tectonic effects represent a
long-term factor in controlling deep-marine sedimentation, especially
at scales of 2.5–N0.4 Ma, whereas climatic (orbital) variation constitutes
a short-term factor clearly dominant at scales of ≤0.4 Ma.
This work generally outlines the case for revisiting the role of bottom
water circulation and associated processes in shaping the seaﬂoor, controlling sedimentary stacking patterns on continental margins and
inﬂuencing global climate. CDS preserve speciﬁc information on
bottom-current circulation not available from other types of proxies.
This information can be related to tectonic changes, climate and other
sedimentary processes. High resolution, basin-level analysis of CDS requires integration of borehole, core and outcrop records with seismic
data. Further research can help establish more reﬁned interpretation
of CDS, including their interaction with gravitational processes and
their role in deep water systems. Reﬁned interpretation workﬂows are
necessary due to the common occurrence of sandy contourites in deep
water settings with the potential of hydrocarbon resources and, most
importantly, their role in recording Earth's paleoceanographic history.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margeo.2015.09.013.
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