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Abstract

The Sines Contourite Depositional System, located in the So.*hwest Portuguese Margin, is a central
segment of the Iberian Contourite Depositional Complex, h.ilt uider the influence of the Mediterranean
Outflow Water (MOW). This work presents the onset and . -ulution of this system using multibeam
bathymetry, multichannel seismic reflection lines, sediment cores and well data. Six seismic units of Late
Miocene through Holocene age have been identified v ni~h defined three evolutionary stages for drift
construction: a) an onset and initial stage, from the ca..~* Miocene to the Late Pliocene (5.33 — 2.5 Ma),
where a sheeted drift was built under a weak flr..*ng *MOW, b) a growing stage from the Early to Middle
Quaternary (2.5 — 0.7 Ma), characterized by *1e d'.position of a mounded drift in the south and a sheeted
drift in the north, which is correlated with a . -engthening of the MOW,; and ¢) a maintenance stage
between the Middle Pleistocene and Ho.~cene (0.7 Ma — present), where the modern depositional and
erosional contourite features developed asso.’ated with three intensification periods of the MOW at 0.7
Ma, 0.4 Ma and 20 ka. The developmer t ¢ "2 Sines Contourite Depositional System was constrained in
the long-term by seafloor paleomorph~log e, inherited from the Mesozoic rifting phases of the Southwest
Portuguese Margin. The NNW-S®= hco.osts and grabens built during the Mesozoic rifting provided
accommodation for drift growth wiw  limited lateral migration, and locally enhanced the alongslope
bottom-current. In short-term, >vi, ~nmental (climate and sea-level) fluctuations modulated changes in
bottom-current density and inte: city, determining sedimentary cycles in the depositional record,
especially during the Qu~*~rn.,. Our findings emphasize the occurrence of three main plastered
morphologies throughout he se 'smic record, which were compared with other plastered drifts in different
continental margins tu e.*abi..i1 a conceptual model.

Keywords: contourites, sines Drift, Southwest Portuguese Margin, seismic analysis, IODP Expedition
339, Mediterranean Outflow Water

1. Introduction

Contourite drifts have long been recognized along several continental margins, built under the
influence of bottom-currents. Contourite deposition often involves multi-phase entrainment, long distance
transport and interaction among sedimentary processes induced by a semi-permanent alongslope current
over a long period of time (McCave, 2008; Stow et al., 2008). Thus, these features can provide long- and
short-term sedimentary records for paleoceanographic and paleoclimatic fluctuations (Van Rooij et al.,

2010; Llave et al., 2011; Pellegrini et al., 2016).



It is generally accepted that contourite drifts can be classified based on their overall geometry and
location, however, overlap and gradation exists between all drift types (Faugéres et al. ,1999; Stow and
Faugeres, 2008; Rebesco et al., 2014). The most common depositional features are large elongated drifts,
with well-known examples for detached and separate drifts (Hunter et al., 2007a,b; Roque et al., 2012;
Hernandez-Molina et al., 2014, 2016b). While detached drifts show a predominant downslope
progradation due to sediment deposition deviating away from the adjacent slope, separate drifts show
upslope progradation due to alongslope deposition towards the slope (Faugéres et al., 1999, Rebesco and
Stow, 2001; Rebesco, 2005). However, there is a third type of large drifts along continental margins,
which show considerable variation in sediment deposition: plaste, d drifts. Plastered drifts are
characterized as a type of sheeted drift, elongated parallel to the slope with sediment deposition on one or
both sides. They can therefore show both downslope and upsipe 1igration (Faugeres et al., 1999,
Rebesco and Stow, 2001; Rebesco, 2005). Thus, their me-.oi jies and stacking patterns provide a
unique record for bottom-current variations in terms of intensi.* pathway, and interaction with the slope
gradient and seafloor irregularities.

In general, plastered drifts do not occur icuic™2ed. These features are linked to other depositional or
erosional contourite features, such as sediment w.ves, terraces, moats or contourite channels. Genetically
linked features establish a contourite deznsiu~nal system (CDS), or a contourite depositional complex
(CDC) if the CDS is distinct but bui’. "'nu.: the influence of the same water mass (Hernandez-Molina et
al., 2003, 2006).

An extensive CDC has heer built around the Iberian Peninsula, under the influence of the
Mediterranean Outflow W ~ter t MOW). The CDC is characterized by six main CDS, from south to north:
the Gulf of Cadiz, West P irtuguese, Sines, Galicia, Ortegal and Le Danois CDS. These systems have
been targeted by several works since the 1980°s due to their complex nature (e.g., Faugéres et al., 19853,
1985b; Nelson et al., 1993, 1999; Llave et al., 2001, 2007, 2018, 2019; Hernandez-Molina et al., 2006,
2014, 2016b; Van Rooij et al., 2010; Ercilla et al., 2011; Bender et al., 2012; Roque et al., 2012 and
references herein). Distinct contourite features occur within each CDS, however giant elongated drifts are
the most common.

MOW dynamics are responsible for building the Iberian CDC after the opening of the Strait of
Gibraltar and the end of the Messinian Salinity Crisis (5.33 to 5.96 Ma ago) (Cita, 2001; Bache et al.,

2012). The Gulf of Cadiz CDS corresponds to the most notorious example, with the Huelva, Faro,
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Bartolomeus Dias, Guadalquivir, Albufeira, Portimdo, Lagos and Sagres drifts (e.g. Vanney and
Mougenot, 1981; Nelson et al., 1993, 1999; Llave et al., 2001, 2006, 2007, 2011, 2015, 2019; Hernandez-
Molina et al., 2006, 2011, 2014, 2016b; Roque et al., 2012). By contrast, the West Portuguese CDS and
the Sines CDS hold the less known and studied contourite drifts.

The Sines Drift represents the main contourite depositional feature on the Sines CDS (Llave et al.,
2019; Teixeira et al., 2019). The Sines Drift corresponds to a plastered drift formed along the middle
continental slope of the SW Portuguese Margin, between 750 and 1800 m water depth (Fig. 1). Mougenot
(1976) was the first author to identify the Sines Drift, based on seismic reflection lines and samples of
seabed sediments. Other works by Alves et al. (2000, 2003) and Peren = and Alves (2010, 2011, 2013)
focused on the long-term stratigraphic record for the older pre-rift and . yn-rift sequences of the SW
Portuguese Margin. Recently, it was drilled during the Integr ted Dcean Drilling Program (IODP)
Expedition 339 (Expedition 339 Scientists, 2012; Stow et ' ."13; Hernandez-Molina et al., 2014,
2016b). Several ongoing works have focused on the potential . mpact of contourites and bottom-currents
on slope stability (Neves et al., 2016; Teixeira et al., 209" and on the interplay of deep-water processes
along submarine canyons (Serra et al., 2020, 1.~aru* slope scarps (Teixeira et al., 2019) and on the
formation of mixed contourite-turbidite deposits ‘Mencaroni et al., 2020). These works have taken into
consideration the evolution of the moder~ mo. ~hological and structural features, however the action and
effect of bottom currents and climati~. chai.;es have been described only at a millennial scale (up to 42 ky
BP in Teixeira et al., 2020) and vtil t1.c Late Pliocene (at 3.2 Ma in Teixeira et al., 2019 and Mencaroni
et al., 2020). The previous ‘ork: have yet to study the onset, evolutionary phases and sedimentary
processes involved in the Yepo itional history of the Sines CDS, considering that its formation begun in
the Late Miocene (Rodrigt :s, 2017). The Sines CDS offers a key area to investigate plastered drifts in
detail and a new perspective on their lateral (space) and vertical (time) variability. Thus, the main
objectives of this work are: a) to establish an integrated study of the Sines CDS, determining its onset and
evolutionary stages; b) to propose a sedimentary model for its evolution and decode the main controlling
mechanisms involved in its formation, and c) to evaluate the vertical and lateral changes on the Sines
plastered drift and develop the conceptual knowledge on this type of contourite drift and its complex

sedimentary stacking pattern.

2. Geological and Oceanographic settings



2.1. Geologic setting

The SW Portuguese Margin is considered a type of non-volcanic asymmetric rift margin (Pinheiro et
al., 1996; Tucholke et al., 2007). This margin began to develop during the early stages of continental
rifting, from the Triassic to the Early Cretaceous, which led to the opening of the North Atlantic Ocean
(Rasmussen et al., 1998; Alves et al., 2002, 2006, 2009, 2013; Pereira and Alves, 2010, 2011; Ribeiro,
2013; Terrinha et al., 2013a, 2013b). This process begun with the thinning of the continental lithosphere,
which created NE-SW to NW-SE graben and half-graben structures and deposition of evaporites and
continental deposits in the Late Triassic (Hettangian) (Azerédo et al., 2003). This stage was followed by
whole lithospheric rupture until the Early Cretaceous, which accomi, dated the initial formation of
oceanic lithosphere and the development of a passive margin by Apti. n-Alian times (Pereira and Alves,
2010, 2011). At the end of the Cenomanian, a change in the traje tory >f Africa relative to Eurasia from
NW-SE to SW-NE (Dewey et al., 1989; Srivastava et al., 127 r.*beiro, 2013) provoked the rotation of
Iberia and collision with Eurasia and Africa, forming the Pyre ~ean orogen in the Eocene, with the first
compressive impulses registered in the Late Creta‘ewus (De Vicente et al., 2011). The continued
convergence of Africa and Iberia during the ~.2ge. 2 led to the formation of the Betic orogen (De
Vicente et al., 2011; Cunha et al., 2012). The 5.* Portuguese Margin is located near the Africa-Eurasia
plate boundary, thus subjected to the remnte #fects of the collision and compression events during the
Late Miocene (Mougenot et al., 1977, Ri.Ziro et al., 1990; Alves et al., 2003, 2006; Pereira and Alves,
2011, 2013). These collision eve:s caused the closure of the Rifian and Betic oceanic gateways between
the Atlantic and the Mediterr.nean \vom ~7 to 6.1 Ma ago (Hsu et al., 1973; Sierro et al., 2008; Flecker et
al., 2015; Capella et a' . 2'18), which led to the progressive isolation of the Mediterranean region (Hsu et
al., 1978; Duggen et al., 2( 3) and the Messinian Salinity Crisis between 5.96 and 5.33 Ma (Cita, 2001;
Bache et al.,, 2012). In the Late Miocene, the extensional regime changed to an oblique NW-SE
convergence (Dewey et al., 1989; Ribeiro et al., 1990; Terrinha et al., 2003) while the collapse of the
Betic-Rif orogenic front occurred, probably associated with westward roll-back subduction of an oceanic
lithosphere slab beneath the Gibraltar Arc and development of its accretionary wedge (Gutscher et al.,
2002, 2012; Duarte et al., 2013). During this last period, a transtensional regime induced the reopening of
the connection between the Atlantic and the Mediterranean through the Strait of Gibraltar, putting an end
to the Messinian Salinity Crisis (Maldonado et al., 1999; Duggen et al., 2003; Garcia-Castellanos et al.,

2009).



The SW Portuguese Margin evolved towards more stable conditions during Pliocene and Quaternary
times (Nelson et al., 1993, 1999; Maldonado et al., 1999; Somoza et al., 1999; Medialdea et al., 2004),
where the direction of convergence changed to the present WNW-ESE (Dewey et al., 1989; Ribeiro et al.,
1990; Terrinha et al., 2003; Cunha et al., 2012). Since the Pliocene and Quaternary, sediment deposition
has been strongly influenced by the MOW, by global climatic changes and by neotectonic activity,
through reactivation of the Mesozoic NE-SW and E-W faults (Nelson et al., 1999; Terrinha et al., 2003,

2013b; Zitellini et al., 2004, 2009; Llave, 2006, 2019; Neves et al., 2009; Rosas et al., 2009).

2.2. Oceanographic setting

The modern oceanic circulation in the SW Portuguese Margin i< drivi n by the interaction between
several water masses at different depths (Fig. 1A). These inclide t e North Atlantic Surface Water
(NASW), the Eastern North Atlantic Central Water (ENAZ'N), the MOW, the Labrador Sea Water
(LSW), the North Atlantic Deep Water (NADW) and the Antai."'c Bottom Water (AABW).

The surficial circulation is ruled by the NASW ur.iil 1G) m water depth (wd) and by the southward
flowing ENACW from 200 to 600 m wd, whi.in 's cutered at 350 m wd with 12-16 °C of temperature
and 34.7-36.25%o of salinity (Criado-Aldeanueva ~t al., 2006; Louarn and Morin, 2011).

The intermediate circulation is led hy *he MOW (Fig. 1A). The MOW originates from the
Mediterranean Sea, where the constr’c:~d usin and arid climate provide the necessary conditions for the
formation of warm, dense salinc wate,, respectively, 13°C and 36.5%o0 (Ambar and Howe, 1979). The
MOW forms a warm (13°C) .nd di:1se (37%o) core, approximately 10 km wide, as it accelerates through
the Strait of Gibraltar fAn.nar a 1d Howe, 1979). The MOW exits as a turbulent gravity driven flow before
sinking northwest due to it, high salinity and due to the interaction with seafloor irregularities (Ambar
and Howe, 1979; Mulder et al., 2003, 2009; Garcia et al., 2009; Fig. 1A). Along the South Iberian
Margin, the MOW begins to raft above the NADW and deflects northward due to the Coriolis force (Zenk
1970, 1975; Baringer and Price, 1997), interacting along its pathway with the Antarctic Intermediate
Water (AAIW) (Roque et al., 2019).

Across the SW Portuguese Margin, the MOW is composed by two main cores which flow at different
depths with distinct oceanographic properties (Zenk 1970; Ambar and Howe, 1979; Ambar et al., 2002).
The two main cores are the Mediterranean Upper Water (MU) and the Mediterranean Lower Water (ML)

(Zenk 1970; Ambar and Howe 1979; Ambar et al., 2002, 2008). The MU is a warmer and more saline
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water (13-14°C and 35.7-37%o) than the ML (10.5-11.5°C and 36.5-37.5%o), flowing northward along
the upper continental slope between 600 and 1000 m depth, centered at 700-800 m depth with 80-100 cm
s. The ML flows northwest between 1000 and 1400 m depth along the middle continental slope,
stabilizing around 1200-1300 m wd with 20-30 cm s* (Bower et al., 2002; Llave et al., 2007).
Underneath the MOW, the cold and fresh LSW is present between 1500 and 2200 m wd, with 3-4 °C of
temperature and 34.88%o of salinity (Talley and McCartney, 1982).

The deep-water circulation is led by the southward flowing NADW at 2200 to 4000 m wd (Fig. 1A).
The NADW was formed in the Greenland-Norwegian Sea and it is characterized as a cold (3-8°C) and
less saline (34.95-35.20%o) water mass (Reid, 1979). Underlying the ~-ADW, the cold AABW flows
northward below 4000 m wd along the Horseshoe and Tagus abyssal Hlain:, with 2°C of temperature and

34.76%o of salinity (Reddy, 2001).

3. Data and Methods
The present study was carried out using a datise. ¢f seismic reflection lines, multibeam swath

bathymetry and IODP Expedition 339 drill dat7, a aila!e at http://iodp.tamu.edu/index.html.

3.1. Seismic reflection data

The seismic dataset used in this v.. -k cZnsists of medium-resolution seismic reflection lines acquired
in the scope of the CONDRIBEF nroject in 2014, high-resolution seismic lines from the survey STEAM
94, low-resolution seismic lir.>s acuvuired in the academic survey BIGSETS 98 and the oil-industry survey
GSI 84 (Fig. 1A). The acq isitirn parameters of each seismic reflection survey are compiled in Table 1.

The CONDRIBER dat. was processed during the MOWER/CONDRIBER survey in 2014. The
processing flow begun by extracting the navigation of each shot and channel through Seisee, followed by
the calculation of the common depth point (CDP) for each seismic line and the application of a noise filter
through a matlab script. The main processing flow was developed on the software Hotshot. Initially, the
seafloor depth was digitalized in referenced bitmaps to eliminate the water column. This was followed by
the equalization of the channels and shots and by high-pass filtering. Filtering was also employed through
several band-pass filters, progressively applied from the seafloor down. Interference and noise from other
instruments were picked up by channel 3, thus a mute was applied to remove the signal of channel 3

below 0.4 seconds. The seismic lines with sedimentary cover also underwent the elimination of the first
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150-200 ms (below the seafloor) of channels 1 and 2, to give more emphasis to the high frequencies of
channel 3. This sequence was followed by stacking of the traces by shot order, or by CDP’s for the more
superficial seismic reflections. This step was followed by the application of a new equalization of the
traces and resampling at 1 ms. Afterwards, it was necessary to apply an Automatic Gain Control with a
window of 0.7 seconds to normalize the traces. The last step was a Shift to eliminate the first 50 ms of the
file and to allow synchronization between register and trigger.

The seismic reflection data was used to trace distinct seismic horizons and produce continuous surface

maps for the major seismic discontinuities and total sedimentary thickness with 100 m cell size.

3.2. Bathymetric data

The bathymetry presented in this study results from two diffe. 2nt a itasets: SWIM and GEBCO (Fig.
1B). The SWIM dataset is a compilation of 19 high-resolutio”. mui."heam swath bathymetric surveys with
100 m cell size, carried out in Southwest Iberia and Northwest ,.*orocco, covering over 180,000 km? from
30 m water depths closer to the shore, to 5000 m wate - ¢'2pi s in the abyssal plains (Zitellini et al., 2009).
The global GEBCO data, with 1852 m cell siz_ v.3s 1. mastered to 250 m cell size and used to cover the

gaps left by the SWIM dataset (GEBCO, 2019).

3.3. Well data
The well data consists of ¢*atigicphic data from Pescada-1 oil-well and lithological, downhole

logging and physical properti.< fro..« IODP Expedition 339 Site U1391, carried out in 2011-2012.

3.3.1. Pescada-1 oil-well dr ta

Oil industry well Pescada-1 data was attained from other works (Matias, 2002; Batista, 2009) to
correlate the older seismic horizons. The well is located southwest off Setdbal (38°08'7.1"N, 09°02'8.6"W)
on the continental shelf at 148.41 m water depth and penetrated 3082.44 mbsf (meters below the seafloor)
(Fig. 1A). The units and discontinuities recovered in this well comprise Mesozoic to Cenozoic deposits.
The main sequences identified for this work are the Late Triassic to Early Cretaceous record at 3082.44—

532.18 m depth, and the recent Neogene/Upper Miocene at 148.74-532.18 m depth (Matias, 2002).

3.3.2. Site U1391 data



As part of the IODP Expedition 339 from 16" November 2011 to 16" January 2012, six Sites were
drilled across the Gulf of Cadiz and Southwest Portuguese Margin to research the influence of the MOW
on global circulation and climate (Expedition 339 Scientists, 2012; Stow et al., 2013; Hernandez-Molina
et al., 2016b). This work uses public data from Site U1391, drilled on the Sines Drift (37°21.5322'N,
9°24.6558'W) (Fig. 1B). Three holes were drilled at Site U1391: U1391A, U1391B and U1391C. The
Site penetrated 671.5 mbsf, at 1073.7 m water depth, and cored a total of 1378.1 m with a recovery of
958.57 m, which corresponds to 92.3%.

In the present work, downhole logging measurements, physical properties and visual core descriptions
from Site U1391 (Expedition 339 Scientists, 2012) were down, aded from IODP’s database
(http://iodp.tamu.edu/index.html) and wused to provide informa.'on 1ibout the lithostratigraphy,
chronostratigraphy and petrophysical properties of the drilled sudimets. Resistivity (ohm.m), density
(g/cm®), gamma ray radiation (gAPI), velocity (m/s), natur=! aa *ma ray (total counts cps), magnetic
susceptibility (instrumental units) and color reflectance measur. ments a* b* L* were analyzed along with

the grain size to distinguish and characterize the differ '’ se smic units and their interfaces .

4. Results
4.1. Main physiographic domains

The joint analysis of multibeam ¥..*hy.. :try and seismic reflection lines allowed the identification of
three main physiographic domai*s in the Southwest Portuguese Margin (Fig. 2): the shelf, the slope
(subdivided into upper, midd: ~ and \ower slope) and the adjacent basin plain.

The shelf corresponds *o thr shallowest domain, extending from the onshore until 190 m wd with 30
km in width, over 80 km 1 length and 0-0.5° in dip (Fig. S1, in supplementary material). Submarine
canyons to the north and south start from this domain, namely the S0 Vicente and Settbal Canyons, and
extend until the abyssal plains below 4000 m wd (Fig. 1). The transition to the upper continental slope is
marked by a sharp, slightly linear shelf break at 170 to 190 m wd and is over 80 km long (Fig. 1B).

The upper continental slope develops between the shelf break and 750 m wd (Fig. 1B). The upper
slope widens from south to north, characterized by a narrow, steep south slope with 5-8° in dip and 5 km
in width, which gradually changes to a gentle northern slope with 1-5° in dip and 15 km in width (Fig.

S1). The transition to the middle slope is marked by a steep, concave slope scarp at 750 to 1000 m wd and



by a few structural features, namely the Principe de Avis Seamounts in the north and the Descobridores
Seamounts in the south (Fig. 1B).

The middle slope is considered the largest and most important physiographic margin domain, located
between 750 and 1800 m wd and with 20 to 25 km in width (Fig. 1B). The middle slope is generally a
gentle sloping surface (<1.5° in Fig. S1). The Principe de Avis Seamounts separate the continental slope
into two sub-basins (N-S in the south and NE-SW in the north in Fig. 1B). The middle slope is
characterized by the Sines Drift, its moat and few other sedimentary features (Fig. 2). The transition to the
lower slope is characterized by the steep N-S Pereira de Sousa Scarp (PSS) at 1500-1800 m to 3200 wd.

The lower slope extends between 1800 and 3200 m wd, covering 50 . n in length and 20 km in width
(Fig. 1B) with <1.5° in dip(Fig. S1). The lower slope is subdivided int ' dist "ct depositional and erosional
features, namely the Principe de Avis Plateau to the north, the FSS a id Bow Spur to the east, and the
Marqués de Pombal Plateau to the south (Fig. 2). Toward- ~ar1.>, the transition to the basin plain is
characterized by a distal slope break at 3200 m wd and marks v .~ start of the Rincéo do Lebre Basin (Fig.

1B).

4.2. Regional tectonic features
i) Plateaus

The Principe de Avis and the M..“ue. de Pombal Plateaus define two high and extensive domains
along the lower continental slop> (Fig. 1B). The transition from the plateaus to the adjacent Rincdo do
Lebre Basin is marked by ste.n fati scarps at 1700 to 2800 m wd, affected by several erosional features,
such as gullies, channels a d he ad scars (Figs. 1B and 2).

The Principe de Avis P aiteau is located between 2500 and 5000 m wd with an E-W elongated shape
(Fig. 1B). The Principe de Avis Plateau is bounded by a steep (3-5°) angled slope along the south and
forms a gentle flat surface towards north with 0-1° gradient from 2600 m wd until 5000 m wd (Fig. S1).
The high relief of the plateau derives from several NE-SW buried thrust-faults.

The Marqués de Pombal Plateau is located between 1300 and 3800 m wd (Fig. 1B). This feature
initially trends NE-SW before curving E-W below 2100 m wd. Along the north, the plateau forms a
gentle slope with 0.5-1.5° gradient. Southward, the plateau dips towards the Sdo Vicente Canyon with 1-
5° gradient (Fig. S1). The Marqués de Pombal Plateau represents a NE-SW thrust, bound by reverse faults

and an exposed fault scarp along the south (Fig. 2).



i) Basins

The Rincdo do Lebre Basin is an inner basin of the Infante Dom Henrique Basin, located between
3200 and 3800 m depth and confined to the north by the Principe de Avis Plateau, to the south by the
Marqués de Pombal Plateau and to the west by the PSS , respectively (Fig. 1B). The seafloor in the
Rincdo do Lebre Basin is smooth, except near the base of the PSS where it is affected by channels, gullies
and mass-transport deposits (MTDs) from the nearby relief (Fig. 2).

iii) Fault scarps

The upper slope scarp and the PSS define the most important fault-related features in the study area
(Fig. 2)

The upper slope scarp defines a relatively steep and short scarp ov °r 50 m in length, 250 m in height
and 1-10° in gradient (Fig. 1B). The upper slope scarp shows a v iable morphology in the south,
characterized as a meandering pathway near the Descobridor.: Se.mounts (Fig. 1B). Towards the north,
the scarp trends NW-SE with 1-1.5° slopes as a gentle conv=x .~arp (Fig. S1). Near the Principe de Avis
Seamounts, the upper slope scarp becomes once again st~.ep (3-10°) and bends towards the NE (Fig. S1).

The PSS marks the transition between the ".uu1le . ~d lower slope at 1800 to 3200 m wd. The PPS is
50 km wide, 1400-200 m high and has gradieni. in the range of 3-15° (Fig. 1B). The PSS trends NNW-
SSE to N-S, parallel to the margin. The PSS ‘s affected by several erosional and depositional features,
such as head scarps gullies and MTD. Fiyc. 1B and 2).

iv) Structural Highs

The upper slope is charac.~rize.: by two high reliefs, the Principe de Avis Seamounts in the north and
the Descobridores Sermo 'nts n the south (Fig. 1B). The Principe de Avis Seamounts comprise three
main structural highs at 20 ) to 600 m high and mark a shift in margin trend from N-S towards NE-SW
(Fig. 1B). The Principe de Avis Seamounts represent irregular oval to NE-SW elongated reliefs, ~10 km
in length, 12 km in width, and 1-10° in dip. The Descobridores Seamounts are NE-SW elongated
structural highs between 200 and 300 m high (Fig. 1B). The Descobridores Seamounts are 25 km in

length, 15 km in width and 3-8° in slope, approximately.

4.3. Morphosedimentary features
The Sines CDS developed along the middle and lower continental slope, which are characterized by

distinct depositional and erosional features (Fig. 1B).
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Depositional features
i) Plastered drift
The Sines Drift occurs between 750 and 1800 m wd on the middle continental slope, confined by the

distal segments of two submarine canyons, the Setubal canyon to the north and the S&o Vicente canyon to
the south (Fig. 1B and 2). Furthermore, the Sines Drift is bound in the west by the steep scarp of the
Pereira de Sousa Fault (PSF) and in the east by the steeper upper slope scarp (Fig. 1B). The drift is
approximately 95 km long and 35-40 km wide (Fig. 1B), covers an area over 2300 km? and displays an
asymmetric shape with a steeper western slope (0.5-1°W in Fig. S1). The morphological features are
notably different in the eastern and western sectors of the Sines Drifi ~ig. S1). The eastern sector is
characterized by a smooth seafloor with few sinuous sediment wave * (Fi¢ 2) and the western sector is
composed of a rough seafloor marked by several erosional featur 's alc 1\g a contourite terrace, identified
as head scars, gullies and channels (Figs. 1B and 2).

i) Sediment waves

The eastern sector of the Sines Drift bears sinu ., st diment waves between 800 and 1700 m wd

along the middle continental slope (Figs. 1B 7.iu 2). The sediment waves possess 15-10 km long NNE-
SSW crests with a low relief (<30 m; Fig. S1). 'n the north, the sediment waves trend parallel to the
continental slope and concentrate west of the “rincipe de Avis Seamounts, while in the south and center
of the slope, the sediment waves tre”..' ob.>4ue to the continental slope and occur west of the contourite
moat and northwest of the Desco'>-idore3 Seamounts (Fig. 1B).

iii) Mass-transport ¢.~nosi 5 (MTDs)

MTDs are mostly ~onc=ntre .ed along the western limit of the drift (Fig. 3) and at the foot of the PSS
(Fig. 1B), between 1990 ar d >3000 m wd within the Rincdo do Lebre Basin (Fig. 1B). These deposits
exhibit variable shapes and dimensions, have crests trending E-W and display convex elongated to
“almond” morphologies. They are roughly 5-10 km wide, <5 km long and show ~100 m of positive relief
(Fig. S1). The MTDs along the western flank of the Sines Drift occur staggered in a step-like pattern (Fig.
3) and give way to landslide scars and gullies near the PSS.

Erosional features

i) Submarine canyons

The Sdo Vicente Canyon trends NE-SW in a general direction, but it is separated into three distinct

segments (Fig. 1B): the head with NE-SW from 200 to 3000 m wd, where it has several tributary
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channels; the middle that shifts to NNE-SSW from 3000 to 4000 m wd due to a major kink of 60° at
36°50°N, 9°42°W; and the lower segment with NNE-SSW from 3000 to 4900 m wd at the abyssal plain,
where the canyon has the widest bottom. The S&o Vicente Canyon extends over 120 km, with 200 m wd
at 10 km from the shore (Fig. 1B) and 4900 m wd at the Horseshoe Abyssal Plain.

The Setlbal Canyon is characterized by a meandering shape (Fig. 1A), oriented perpendicular to the
coast in an E-W direction. This canyon measures more than 100 km and reaches depths around 4900 m
wd at the Tagus Abyssal Plain.

i) Channels

Few channels occur along the Sines CDS, mostly related to the PS.™ and the Bow Spur in the west
(Figs. 1B and 2) or to the submarine canyons along the north and soutl (Fig 1B).

The Sines Hook is a prominent channel located north of the FSS. 1 he Sines Hook curves around the
northern extent of the PSS, finally displaying a NE-SW elon7, *ioi, 2t 3200 m wd in the slope basin (Fig.
1B). The Sines Hook is marked by numerous concave scars ~lo, 7 its northern flank and by several gullies
which flow downslope in a NE-SW trend towards the ¢ zp: r slope basin (Fig. 2). Its flanks vary between
3-8° in dip and extend 28 km in length (Fig. 1B;.

The two channels associated with the Bow Sy, v form prominent erosional features, the first at 2900 m
wd towards north and the second at 80" to 2400 m wd near the S0 Vicente Canyon (Fig. 1B). The
northern channel curves towards th. ~oi.". and has a concave U-shaped morphology (Fig. 1B). This
channel follows the same orienta*:nn as the gullies along the PSS and is roughly 1 km in wide, 8 km long
and less than 100 m deep (F*1. 1byy. The southern channel exhibits a slightly curving morphology and
starts near a tributary braxch ¢ f the Sdo Vicente Canyon (Fig. 1B). This channel exhibits a U-shaped
morphology, trending N-S )efore curving ENE-WSW towards the slope basin. It is 2 km wide, ~15 km
long and ~200 m deep (Fig. 1B).

The channels associated with the Settbal and S&o Vicente submarine canyons usually represent
tributaries or feeders upslope of the canyon head and along its path (Fig. 1B). The channels are generally
oriented downslope towards the canyon thalweg, oblique or orthogonal to the main canyon trend (45-90°
angle). The channels are characterized by variable morphologies and dimensions, ranging between 5 and
20 km in length, 100 to 500 m in depth (Fig. 1B) and 1.5-9° in dip (Fig. S1).

iii) Scars and gullies
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The western sector of the Sines Drift is marked by numerous depressions between 1090 m and 2300 m
depth at the head of the PSS (Fig. 1B). These features exhibit amphitheater concave shapes and head
scars, which occur staggered till the lower slope (Fig. 3). These features were interpreted as landslide
scars from gravity-driven events. The landslide scars give way to several V- and U-shaped gullies which
incise the steep PSS with well-developed downslope E-W ridges and troughs (Fig. 1B).

iv) Moat

The Sines Drift has an eastern moat, ~80 km long, 0.5-1 km wide and 50 m deep (Fig. S1), located
between 750-1400 m wd with NNW-SSE to NNE-SSW orientation (Fig. 1B). The moat starts at the
south, near a branch of the Sdo Vicente Canyon, and follows the upp. continental slope towards the
Setbal Canyon (Fig. 2). The moat exhibits a V-shaped morpholcqy i the south, which gradually
transitions into a U-shaped morphology in the center of the stuc / are .. To the west of the Principe de
Avis Seamounts, the moat narrows to a VV-shaped feature w.:> lo. 'er incision depths (<100 m deep and
<0.5 km wide; Fig. 1B).

Mixed features

iv) Terrace

The western to central sector of the Sines Dri.* is characterized by a contourite terrace between ~1300
and 1800 m wd (Fig. 1B). The contouri*~ tei.~ce corresponds to a smooth, flat (0.5-1°) surface, that is
>50 km in length and 10-15 km in w’o*h (7Igs. 1B and S1). In general, the terrace is wider in the south at

1300 to 1800 m wd and narrows rthward, where it is located between 1700 and 1900 m wd (Fig. 1B).

4.4. Seismic stratigraphy

Six seismic units have | een identified in the Sines CDS (from older to younger, U6 to U1), bounded
by seismic horizons B to H1 (Figs. 3 to 8). The contourite sedimentary succession lies over an important
basal discontinuity, named the B unconformity (Figs. 3 to 6). The B unconformity represents a very high
amplitude reflection with a highly visible and laterally continuous erosional surface (Fig. 4). This
unconformity truncates older Paleogene to Late Cretaceous deposits, characterized by high to low
amplitude irregular or deformed reflections (Fig. 5). Along the shelf, the B unconformity highlights the
prominent relief of the ENE-WSW Principe de Avis Seamounts and the paleo-relief created by distinct,
buried tectonic structures, such as grabens and horsts (Fig. 9B). The Sines Drift is deposited between two

major structural highs: the western horst h1 and the eastern horst h2. (Fig. 3). Horst h1 is limited by fault
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F1 to the east and by the PSF to the west, which marks the transition from the middle to the lower slope
through the exposed PSS (Fig. 1B). The PSF is a normal fault that can be subdivided into two segments
due to a shift in orientation from N-S towards NNE-SSW (Fig. 1B). F1 is a normal NNW-SSE trending
fault with 40 km length (Fig. 9). Horst h2 is bounded by fault F2 in the west and by a minor normal fault
in the upper continental slope towards the east (Fig. 4). Fault F2 has NNW-SSE orientation which
changes to NNE-SSW towards the north, with 75 km of extension (Fig. 9B). F2 also marks the transition
between the upper and the middle continental slope through an exposed slope scarp (Fig. 2). East of horst
h1, faults F1 and F2 limit a central graben g1 (with NNW-SSE to N-S elongation) within the middle
continental slope (Fig. 9B). The Sines CDS was deposited over this gra, »n and towards the north of the
study area (Fig. 9A).

The distribution of the seismic units above the B unconfor mity 1ighlight a variable sedimentary
distribution with three main depocenters: D1 in the south, D? .~ tr.. center and D3 in the north (Fig. 9A).
D1 and D2 are confined by horsts hl and h2 to the east anr w.st, and D3 is confined by horst h2 to the
east and unconfined towards the Principe de Avis Ple‘ewu Fig. 9A). Furthermore, D1 strikes NE-SW in
an oblique direction to the margin trend, whil. L 2 e.>ngates N-S parallel to the margin and D3 strikes
NE-SW, parallel to the northern margin trend (Fi, 9B).

The oldest seismic unit identified is it ('6, which lies over the B unconformity and is topped by
horizon H5 (Fig. 3). Seismic unit U6 .. ~h..ucterized by parallel low amplitude and continuous reflections
onlaping towards the south. It h~= sen.i-transparent facies and displays a sheet shape (Fig. 5), with an
average thickness of 200 ms TW1 and a maximum thickness of 530 ms TWT (Fig. 3). U6 can be sub-
divided into two sub-units. U6E and UGA. U6B is characterized by high to low amplitude reflections in a
wedge configuration, whic gradually changes to low amplitude to semi-transparent reflections with
sheeted configuration in UBA (Fig. 6). U6 is thicker in the southern and center depocenters (D1 and D2)
as an aggradational sheet that thickens towards the west and covers horst h1 (Fig. 3).

Seismic unit U5 is bounded at the base by horizon H5 and at the top by horizon H4 (Fig. 5). H5
exhibits moderate amplitude and good lateral continuity, marked by toplap terminations of U6 (Fig. 3).
Seismic unit U5 shows a similar facies and configuration as seismic unit U6, with low amplitude,
continuous and subparallel reflections and divergent reflections when it encounters structural highs at the
boundaries of the basin (Fig. 6). Unit U5 is a thick and widespread unit, with sheet configuration and

average thickness of 220 ms TWT (maximum thickness of 250 ms TWT) (Fig. 3). Along the middle
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slope, U5 continues to fill the main depocenters D1 to D3 (Fig. 3). The deposition of U5 is also
characterized by the development of paleochannels west of the central depocenter (D2) around seafloor
irregularities, mostly structural features associated with horst h1 (Fig. 6).

Seismic unit U4 lies on top of horizon H4 and is topped by horizon H3 (Fig. 3). Horizon H4 is a
moderate amplitude reflection, laterally continuous and marked by toplap terminations of U5 (Fig. 6).
Seismic unit U4 shows variable low to medium amplitude, parallel reflections with good lateral continuity
and semi-transparent facies (Fig. 6). The distribution of unit U4 is again widespread, in a sheet
configuration, with an average thickness of 130 ms TWT and maximum thickness of 150 ms TWT (Fig.
6). The distribution of U4 resembles that of U5, with less sedimentary -hickness along the continental
slope (Fig. 3). U4 shows thicker deposition in the south and center ¢ 2poc nters (D1 and D2) near horst
h1, resembling the wedge to sheeted configuration of U6A (Fig. 3,

Seismic unit U3 is bounded by horizon H3 at the base an~: ~ar..on H2 at the top (Fig. 6). Horizon H3
is a high amplitude and laterally continuous reflection, markea v toplap and truncation reflections of the
underlying units (U4 to U6), denoting, respectively, ts no1-depositional and erosive character (Fig. 4).
Horizon H3 shows a gradual shelf, marked by a s mou:* transition to the middle slope and a less defined
relief of the Principe de Avis Seamounts (Fig. Y). The middle slope is still marked by faint depressions
along graben g1, however the margin she*'s a . moother and more gentle slope. The transition to the lower
slope in H3 is more gradual and :.dic.ies the burial of horst hl (Fig. 9C). Seismic unit U3 is
characterized by a significant c“ange in acoustic facies, with stratified facies and moderate to high
amplitude, parallel, laterally ¢ ~ntin .ous reflections (Fig. 6). This unit is also characterized by chaotic and
irregular reflections ir the sou east, indicating multiple internal erosional surfaces. They are related to
the erosion and infill of che anel features, interpreted as paleomoats (Fig. 4). This unit reaches an average
thickness of 110 ms TWT and maximum thickness of 280 ms TWT with a sheeted configuration (Fig. 3)
that changes laterally, in the southeast and near the Principe de Avis Seamounts, into a mounded,
progradational, sigmoid-oblique configuration (Fig. 4). U3 is further characterized by the upslope infill
and progradation of the paleomoats, with considerable dimensions in the northern depocenter D3 and
associated to the formation of sediment waves of variable dimensions (Fig. 4).

Seismic unit U2 is bounded by horizon H2 at the base and horizon H1 at the top (Fig. 4). Horizon H2
is a moderate to high amplitude reflection with good lateral continuity, marked by toplap terminations of

U3 internal reflections and downlap terminations of U2 reflections (Fig. 6). In places, H2 is conformable
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with the subsequently deposited unit, namely U2 (Fig. 4). Unit U2 has stratified facies with high
amplitude and continuous reflections in the center of the basin, which change to irregular reflections in
the southeast, related to the fill of a paleomoat (Fig. 4). This unit has an average thickness of 190 ms
TWT and maximum thickness of 330 ms TWT with a sheeted configuration (Fig. 3) that changes to a
mounded to sigmoid-oblique configuration in the south and in the north, near the Principe de Avis
Seamounts (Fig. 4). The deposition of U2 resembles that of U3, with infill of paleomoats (progradational
pattern) along the south to northern depocenters (Fig. 6). In the north, U2 is heavily eroded, despite still
prograding upslope and forming significant paleomoats and sediment waves (Fig. 4).

The most recent seismic unit is U1 bounded by horizon H1 at the be = and by the seafloor at the top
(horizon S; Fig. 3). Horizon H1 is a high amplitude, continuous and f aralle! reflection, marked by toplap
terminations of unit U2 (Fig. 4). Unit Ul is defined as a \‘ides)read unit with stratified facies
characterized by parallel and high amplitude internal reflect’:><. c~fining a sheet configuration (Fig. 6).
Locally, sediment waves are observed within and on top of L!1. *Jnit U1 reaches a maximum thickness of
340 ms TWT with an average of 280 ms TWT. Ul is ‘b .ra terized by the incision of small paleomoats in
the east (70-40 m wide and 50-20 m deep), ma’ae.' by 2plap terminations of the underlying sub-units and
low to high amplitude reflections (Fig. 6). Seism.~ unit U1 shows an aggradational configuration (Fig. 6).
U1l marks a change in deposition, with the “ormation of significant sediment waves in the northern
depocenter D3 (Fig. 4). In the sout’..'n _.«d central depocenters (D1 and D2), Ul shows a uniform,
draping deposition (Figs. 3 and € Sei.mic unit U1 can be divided into three sub-units (from bottom to
top, U1C, U1B and U1A) se; ~rate , by two internal discontinuities, horizons H1g and H1,, both marked
by toplap terminations on the « aderlying sub-units and downlap terminations on the overlying sub-units
(Fig. 4). These discontinuit' :s represent erosional unconformities on the basin margins, close to the flanks
of structural highs, changing laterally to concordance in the middle of the basins (Fig. 6). Furthermore,
the surface of horizon H1g shows a gentle transition from the shelf towards the middle slope and lower

slope, indicating the previous paleo-reliefs have been gradually buried (Fig. 9D).

4.5. Lithology and physical properties of seismic units
The lithology and petrophysical properties of the seismic units were studied through Site U1391 data
(Fig. 10). Seismic unit U5 (632-671.5 mbsf) is dominated by calcareous mud, interbedded with medium

to thick calcareous silty mud beds from 637.1 to 640.8 mbsf, with subtle parallel laminae occurring
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locally (Fig. 10). These lithologies characterize very rare and thin contourite sequences, which coarsen
from calcareous mud to calcareous silty mud and then to calcareous mud with gradational contacts. This
unit also has silty mud with biogenic carbonate (with biosiliceous and carbonate fossils) at 650.1-652.1
mbsf (Fig. 10).

The transition to seismic unit U4 (566-632 mbsf) is marked by a dolomite mudstone of ~0.87 m at 632
mbsf (Fig. 11C), which is identified by high resistivity (2.8 ohm.m), density (2.6 g/cm®), velocity (2.9
km/s), magnetic susceptibility (20 inst. units), color reflectance measurements (a* b* L*) and low NGR
(22 cps) (Fig. 10).

Seismic unit U4 is characterized by calcareous mud interbedded w: "t thick beds of calcareous silty
mud that correspond to thin rare contourite sequences (with foraminif >rs a1 d biosiliceous fossils, such as
sponge spicules). This unit also has mud with biogenic carbonat> (wi h biosiliceous fossils) of 0.20 m
above the dolomite mudstone and a debrite of 0.35 m at 604 r.>st \ ith muddy intraclasts and matrix (Fig.
11B). Seismic units U5 and U4 have clearly recognized low v tes for all physical properties: resistivity
(1.5-2 ohm.m), density (1.6-1.9 g/cm®), gamma ray ‘25-5) gAPI), velocity (2-2.2 km/s), NGR (30-42
cps), magnetic susceptibility (10 inst. units) ~ui. cowcr reflectance L* (Fig. 10), as well as a positive
correlation between resistivity, density and gan.ma ray (Fig. 10). The transition to seismic unit U3 is
marked by an increase of resistivity (1.5 ? 2 c“m.m), density (1.6-2.1 g/cm®), gamma ray (30-60 gAPI),
velocity (2-2.2 km/s), NGR (30-50 cr..; an. nagnetic susceptibility (10 inst. units) (Fig. 10).

Seismic unit U3 (400-566 m*~sf) 1s dominated by calcareous mud interbedded with calcareous silty
mud beds. These lithologies ~harai.erize rare contourite sequences, coarsening-up from calcareous mud
to calcareous silty mud, t en firing-up to calcareous mud with gradational contacts and no coarse grain
size sediments. This unit al* 0 has very low angle cross lamina at 461.1 mbsf with 0.3 m and a diatom rich
biogenic mud bed at 525.6-526.3 mbsf (Fig. 10). Seismic unit U3 displays a positive correlation with
higher values of resistivity (1.6-2.1 ohm.m), density (1.5-2.2 g/cm®), gamma ray (25-60 gAPI) and NGR
(30-50 cps) (Fig. 10). The transition to seismic unit U2 is marked by lower values of density (1.6 g/cm®)
and velocity (1.7 km/s) (Fig. 10).

Seismic unit U2 (196-400 mbsf) is dominated by calcareous mud, interbedded with silty mud with
biogenic carbonate and with calcareous silty mud beds (Fig. 10). These lithologies characterize contourite
sequences with bigradational and normal grading. This unit also has small concentrations of quartz

occurring locally and nannofossil mud and biosiliceous mud at 253.3-254.3 mbsf. Seismic unit U2 shows
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a positive correlation between density and gamma ray, as well as a high scatter of data with lower values
of resistivity (1.1-2.1 ohm.m), density (1.1-2 g/cm®) and velocity (1.6-2 km/s) (Fig. 10). The transition to
seismic unit U1 is marked by a calcareous sandy mud bed of ~1.2 m with lower values of density (1.4
ohm.m), gamma ray (25 gAPI) and velocity (1.7 km/s) and higher values of magnetic susceptibility (17
inst. units) and color reflectance L* (45) (Fig. 10).

Seismic unit U1 (0-196 mbsf) is dominated by calcareous mud from 42.1 to 196 mbsf and by mud
with biogenic carbonate from the seafloor to 42.1 mbsf. This unit has a high number of calcareous silty
mud, calcareous sandy mud and calcareous silty sand beds. These lithologies are associated with several
bigradational contourite successions with gradational contacts, which co. sen-up from calcareous mud to
calcareous silty mud and calcareous silty sand, then fining-up to calca eous silty mud and calcareous mud
(Fig. 11A). Sharp basal contacts or rarer erosional contacts also ¢ ~cur . .nd cut the contourite successions
and therefore partial bigradational, normal or reverse gradine .-e al~0 common. Unit U1 is separated into
three sub-units in the seismic record, U1C, U1B and U1A, v.~ich is also observed in the sedimentary
record due to facies variation (Fig. 10).

Seismic sub-unit U1C (96-196 mbsf) is .in«-acw-ized by calcareous mud, with a large range of
bigradational contourite successions (Fig. 11~ which coarsen-up from calcareous silty mud to a
maximum grain size of sandy mud or si':‘ sa..1 and then fine-up to calcareous silty mud (with abundant
diatoms and sponge spicules at 91.6- 7 6 ...osf). This unit also has interbedded nannofossil mud at 89.6-
91.6 mbsf. Seismic unit U1C dis;'ays 1ow values of density (1.5-2 g/cm®), gamma ray (40-60 gAPI) and
velocity (1.6-1.7 km/s) and a =rge »catter of data for resistivity (0.8-2.5 ohm.m) and color reflectance (b*
with values of 30-50) (Fiy 10). Seismic sub-unit U1B (42.1-96 mbsf) is dominated by calcareous mud,
alternating with mud with biogenic carbonate. This unit consists of several bigradational sequences,
coarsening-up from calcareous mud to calcareous silty mud and sandy mud, then fining-up to calcareous
silty mud and calcareous mud (Fig. 11A). In contrast, seismic sub-unit ULA (0-42.1 mbsf) is dominated
by mud with biogenic carbonate, with minor presence of silty or sandy mud beds with biogenic carbonate.
These alternations also correspond to bigradational contourite successions. Some bigradational
successions have sharp to erosional contacts in the middle of the succession, which is at the base or top of
the successions with maximum grain size (Fig. 10). Local occurrence of shell fragments of pteropods and

rare gastropods at 4.1-13.85 mbsf and rare scaphlopoda at 13.6-23.32 mbsf. Seismic sub-units U1B and
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U1A (0-96 mbsf) show a positive correlation between NGR, magnetic susceptibility and color reflectance

measurement L* (Fig. 10).

5. Seismic Interpretation
5.1. Chronostratigraphic constraints for seismic discontinuities and units

The ages of the seismic units and the seismic discontinuities was constrained through well Pescada-1
and Site U1391 data. The seismostratigraphic correlation is presented in Figs. 7 and 8.

Pescada-1 well correlated the B unconformity, the lower boundary of the Sines CDS, to the Late
Miocene (Fig. 7). The deposits beneath the B unconformity correspona '~ Early Cretaceous deposits on
the continental shelf (Fig. 7), however, Late Cretaceous to Paleogen: dep: sits were inferred to exist on
the continental slope since the stratigraphic strata is considerably thick :r (Fig. 7). The true age of the B
unconformity on the continental slope is unknown, but seisr:> ui..* U6 which was deposited after the B
unconformity, was inferred as Late Miocene deposits (Fig. 7 anc Table 2).

The age for the base of unit U5, marked by se sriic horizon H5, has not been drilled by wells,
however further stratigraphic information was se. Ured by cross-referencing our units and horizons with
the seismic units and discontinuities described 1. nrevious studies (Table 2). Horizon H5 was correlated
to the M discontinuity (at 5.33 Ma), whir" ah.'ved us to assign an Early Pliocene age to seismic unit US
(Table 2).

Site U1391 data (Expediticr 3. Scientists, 2012) allowed a correlation between the main
lithostratigraphic units and ¢*scon.nuities and the seismic units and discontinuities recognized in the
Sines Drift (Figs. 5 And R). 7 he bottom of U1391C borehole at 671.5 mbsf reached Late Pliocene
sediments (estimated to sp: n 3.31-3.5 Ma) below seismic horizon H4, which corresponds to the top of
seismic unit U5 (Fig. 8). Hence, a Late Pliocene age was assigned to the uppermost part of seismic unit
U5 deposits. This also allowed to assign a Late Pliocene (Piacenzian) to Early Quaternary (Gelasian) age
to seismic unit U4, since horizon H4 corresponds to the Late Pliocene Discontinuity (LPD) at 3-3.2 Ma.
Seismic unit U3 was assigned an Early Quaternary (Gelasian), since horizon H3 correlates to the Early
Quaternary Discontinuity (EQD) at 2.5-2.4 Ma. An Early Quaternary (Calabrian) age was assigned to
seismic unit U2, where seismic horizon H2 was inferred as the base of the Calabrian. A Middle
Pleistocene to Holocene age was assigned to seismic unit U1, since horizon H1 corresponds to the Middle

Pleistocene Discontinuity (MPD) at 0.7-0.78 Ma, horizon H1g corresponds to the Late Quaternary
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Discontinuity (LQD) at 0.4 Ma and Horizon H1, was estimated at 15.6-20 ka. (Expedition 339 Scientists,
2012; Hernandez-Molina et al., 2016b; Fig. 8 and Table 2).

Site U1391 data also estimated sedimentation rates for certain intervals, with 13 cm/ky during the
Pliocene, 17cm/ky from 2.58-1.5 Ma in the Pleistocene and 27 cm/ky from ~1.5 Ma to the present-day

seafloor (Expedition 339 Scientists, 2012).

5.2. Sedimentary stacking patterns

The distribution and internal configuration of the seismic units highlight a variable stacking pattern
and sedimentary architecture from the Late Miocene to the Quaternary The distribution of U6 (Latest
Miocene — 5.3 Ma) and its basal unconformity B follows the three ma n dej ocenters: D1 in the south, D2
in the center and D3 in the north (Fig. S2A). The deposition of L 6 mcstly fills the southern and central
depocenters (D1 and D2), where it thickens outwards over F_-st . 1 with 200-530 ms in thickness (Fig.
S2A). In the western part of the study area, deposition dvring U6 is marked by westward downslope
processes near the PSS (Fig. 6), evidenced by interk >duec semi-transparent to chaotic packages within
U6, indicating frequent MTDs towards the mid .ae Of u.~ depocenters. Furthermore, the deposition of U6B
mostly covers the seafloor irregularities produce.' during H6,, while UL6A homogenizes over the entire
margin (Fig. 3).

The distribution of U5 (5.3 — 22 M., is overall thinner compared to U6 (~220 ms on average),
however it has a more uniform. distr.oution over the entire margin (Fig. 6). During U5, deposition
continue to fill the main dej. ~cenivrs and homogenizes the margin morphology. Nevertheless, thinner
deposits are present near t.orst | 2 (~100 ms) due to the development of erosive N-S paleochannels around
paleo-reliefs (Fig. 6). Tow: rds the west, U5 is characterized by less sedimentary thickness (50-100 ms)
over horst hl and near the steep PSS due to active downslope gravity-driven processes (Fig. 5). The
paleochannels also appear to have been filled by low amplitude chaotic packages, characteristic of MTDs
(Fig. 6). These deposits were probably generated by sediment overspill from the nearby upper slope and
were trapped within the paleochannels (Fig. 6). Furthermore, their alongslope elongation towards north
indicates active reworking by bottom-currents (Fig. S2A).

The distribution of U4 (3.2 — 2.5 Ma) resembles that of U5, albeit thinner (130 ms on average) over
horst hl as a result of non-deposition, or most likely active gravity-driven processes towards west (Fig.

3). U4 also fills the paleochannels produced during U5, however their high amplitude seismic pattern
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indicates draping rather than MTD-infill (Fig. 6). In the northern depocenter (D3), U4 thins towards the
east due to subsequent erosion produced during H3 (Fig. 4). The sedimentary stacking pattern of U4 to
U6 defines the formation of a sheeted plastered drift. The gradual deposition of the sheeted drift, draping
over the previous structural highs and seafloor irregularities (Fig. 9B), gentled the overall margin trend
(Fig. S2A).

U3 (2.5 — 1.5 Ma) records an important change in the sedimentary stacking pattern. This change is
marked by significant erosion of the previous units and the establishment of large paleomoats along the
entire margin (Fig. 6). Furthermore, U3 shows clear aggradational stacking patterns, smoothing the
overall margin morphology (Fig. S2B). In the northern depocenter D3, L " is thinner (110 ms on average)
due to the subsequent erosion (marked by H2) and the formation of ( oslo} e prograding sediment waves
during U2 (Fig. 4).

The deposition of U2 (1.5 — 0.7 Ma) is similar to U3, mar'.>1 v, infill and progradation of the eastern
paleomoats along the southern and northern depocenters (Fiqg. « . However, U2 is thicker than U3 along
the entire margin (190 ms on average) and displays a nore sheet-like configuration which thins towards
the west and is elongated parallel to the m7.g.> (r:7. 3). The subsequent erosion and formation of
sediment waves during U1 partially eroded the . n of seismic unit U2 along the northern depocenter D3
(Fig. 4). The sedimentary stacking patter~s o, U2 and U3 characterize a change from sheeted plastered
drift towards a thick mounded plac..eu urift (Fig. S2B), with significant palemoats along the east,
concentrated along the scarp of h~rst h. (Fig. 6). These paleomoats indicate a northward flowing bottom-
current, locally enhanced by e strctural constraints (horst h2).

U1l (0.7 Ma — present), depc sition begins with a shift in margin morphology, due to the formation of
variable sediment waves in the north (Fig. 4). The sediment waves show a significant upslope migration,
resulting in a decreasing thickness of the unit from the continental slope towards the west (~350 to 200
ms thickness on average). In the southern and central depocenters (D1 and D2), U1 has a fairly uniform
thickness marked by active mass-transport processes in the west and by small variations between U1C,
U1B and U1A in the east (Figs. 3 and 6). U1C is characterized by a slight concave morphology near horst
h2, due to an undefined paleomoat along the east, and higher thickness within the depressions produced
during U2 (e.g. within the previous paleomoats and downward of sediment waves; Fig. 4). Overall, U1C
shows a uniform and tabular deposition within the southern and central depocenters, D1 and D2. U1B

resembles U1C within D1, however it shifts towards a mounded morphology as it fills the eastern
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paleomoat along D2 and D3 (Fig. 6). Within depocenters D2 and D3, U1B forms a thin lenticular to
sheeted shape thinning towards west. The last subunit U1A resembles U1C as a uniform and tabular
appearance within D1 and D2. However, U1A has higher thickness and shows more aggradation than the
previous subunits and appears to smoothen the previous morphology (Figs. 9D and 6). In general, the
stacking pattern of U1 indicates a gradual transition from mounded plastered drift towards a more tabular
plastered drift (Fig. S2B). This change is associated cyclic stacking patterns of alternating low to high

amplitude reflections (Fig. 3) and a gentle alongslope morphology (Fig. 6).
p g g gslop phology (F1g

6. Discussion
6.1. Influence of tectonics on the formation of the Sines Contourite De, 0sit1 nal System

The Late Miocene to Holocene contourite succession is def ysitec between two major structurally
controlled basement highs: the western horst h1 and the easte~.. ho, >t h2 (Fig. 9A). The horst h1, bounded
by PSF and F1, controlled the deposition of seismic units Uc through Ul (Late Miocene to Holocene
deposits) reducing the accommodation space availab ¢ .or the Sines Drift development. Therefore, this
drift is thinner above the horst (Fig. 5). Horst 1 con nletely blocks the development of the Sines CDS
towards east, acting as a barrier (Fig. 3). East ot 1.~rst hl, faults F1 and F2 limit graben g1 in the center of
the continental slope, which provided the ~ecu.ymodation space needed for drift deposition (Fig. 3) while
horsts h1 and h2 did not allow a later... Mg ation of the drift and instead permitted a more vertical growth
(Fig. 9A). Furthermore, the prec-nce f several (paleo)moats in the east along the middle continental
slope (Fig. 3) reveals that th~ pathway of the MOW is probably constrained by this paleomorphology
(Fig. 9B). The horsts acte 1 as ateral barriers to the MOW current, which flowed northwards along the
continental slope as a geost' ophic contour-current, being pushing right by the Coriolis force.

The horsts and grabens are structures inherited from the Mesozoic rifting processes on the Southwest
Iberian Margin, which divided the margin into multiple segments (Alves et al., 2002, 2006, 2009, 2013;
Pereira and Alves, 2010, 2011; Ribeiro, 2013; Terrinha et al., 2013a, 2013b; Fig. 9B). The N-S trending
faults PSF, F1 and F2 acted as extensional faults during the Mesozoic rifting and were not reactivated as
reverse faults during the tectonic inversion in the Cenozoic since the sediments on their hanging walls do
not show any signs of compression (Fig. 3). The PSF is dissected by NE-SW reverse faults to the north
and south (Fig. 9B), suggesting a NW-SE compression direction, consistent with the orientation of the

Alpine tectonic inversion. Those NE-SW reverse faults define fold and thrust structures (Fig. 9B) from
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the Principe de Avis Seamounts in the north and from the Marqués de Pombal Plateau in the south (Figs.
1B and 14). The NE-SW reverse faults are rooted in the Mesozoic extensional faults, which were inverted
during the Miocene tectonic inversion related to the Betic orogeny. Therefore, while the sediments of the
Sines Drift are notaffected by the major tectonic shifts (Fig. 6), the effects of the tectonic inversion are
being accommodated by reverse faults and the middle continental slope is probably experiencing uplift
(Fig. 5). Onshore neighboring areas have recorded an uplift rate of 0.1-0.2 mm/yr since the Late
Pleistocene (Figueiredo et al., 2013), which could extend further offshore until the continental slope. The
numerous landslide scars and gullies along the foot of the PSS suggest decreased sediment
accommodation and oversteepening, associated with the ongoing uplift . ‘d other preconditioning factors

(Neves et al., 2016; Teixeira et al., 2019).

6.2. Decoding the paleoceanography of the MOW

The existence of lithological variations throughout the se. mentary record and in the Sines Drift’s
sedimentary stacking pattern indicates that different Jr.ce ;ses influenced the development of the drift.
Therefore, we can infer that during the deposit’ sn f sc*smic units U4 to U6 in the Latest Miocene to Late
Pliocene, the MOW flowed as a weak bottom-cu ent and secondary processes occurred intersected. The
sediments of seismic units U4 and U5 == ci.~racterized by rare bigradational contourite sequences, as
well as mud with biogenic carbon.. a Zolomite mudstone and a debrite (Figs. 10, 11B and 11C),
suggesting a mixed system markc1 by e occurrence of other depositional processes (such as downslope
and upwelling events) during *he t,/mation of a sheeted drift by a weak MOW. A similar mixed system
has been identified cout> of the Algarve margin (Llave et al., 2007, 2011; Roque et al., 2012;
Brackenridge et al., 2013) and along the Galician and Ortegal drifts across the North Iberian Margin
(Ercilla et al., 2011; Llave et al., 2019).

In the Late Pliocene to Early Quaternary (U2 and U3), the Sines Drift changes towards a mounded
drift with moat-formation and alternating high to low amplitude seismic packages (Figs. 3 and 6),
suggesting the shift was triggered by the formation of a denser and more intense MOW. According to
Hernandez-Molina et al. (2016b), the period between the LPD and EQD, which correspond to seismic
horizons H4 and H3 (3.2-2.4 Ma), marks a major enhancement and vigorous circulation of the MOW

(Fig. 12). Other contourite systems around the Iberian and Cantabrian Margins share similar responses
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with the formation of mounded drifts and deep moats (Hernandez-Molina et al. 2016b; Llave et al., 2019;
Liu et al., 2020).

The Quaternary is characterized by the development of a plastered drift since 0.7 Ma (seismic unit
U1), with alternating erosional and depositional contourite features (moats and sediment waves; Fig. 4).
These features are frequently associated with alternating high to low amplitude seismic packages (Fig. 3)
and muddy-sandy contourite successions at Site U1391 (Fig. 10). These changes are associated with two
important hiatuses in the Middle Pleistocene: the Middle Pleistocene Revolution (MPR, 0.7-0.78 Ma) and
the LQD (~0.4 Ma) (Miller et al., 2005; Llave et al., 2007; Lofi et al., 2016). Seismic data shows that the
MPR (seismic horizon H1) is associated with high amplitude stratified 1. “ies and minor erosive surfaces
(Fig. 4). The LQD is marked by seismic horizon H1g and is character zed L y a small paleomoat and by a
high amplitude basal reflection (Fig. 6). At Site U1391, the MPR and .QD coincide with an increase in
coarse-grained sediments and bigradational contourite succes~.>ns (~ig. 11A). These changes suggest two
periods of MOW enhancement (Fig. 12).

However, another important change occurs during ‘b C Jaternary, which is marked by horizon H1, at
20-15.6 ka (Fig. 12). This period is characte i1 b, the development of the present moat with high
amplitude internal reflections (Fig. 3) and by the common occurrence of bigradational contourite
successions in the lithological record (Fi~ 1.4). Since the moat and the sedimentary stacking pattern
retain the same configuration unti’ ‘e :.esent seafloor, horizon H;n at 20 ka probably marks an
enhancement of the MOW befor~ shituag towards the present circulation pattern. A recent study on the
Upper Quaternary record has ~how \ that an enhancement of the MOW at ~30.5-17.1 ka is responsible for
an increase of the terrinen wus i'put at the facies scale (Teixeira et al. 2020). Therefore, the changes seen
at a seismic and facies sca 2 have been interpreted as a result of major long-term variations of bottom-
current intensity and depth (Fig. 12).

The variations in morphology, stacking pattern and thickness of the Sines Drift suggests that the
largest contourite accumulation occurred during times of glacio-eustatic lowstand with a vigorous deep
and dense MOW flowing along the margin (Fig. 12). Several seismic works and proxy studies have
described a denser and enhanced MOW during glacial times, flowing 700 m deeper than today (the
MOW’s main core flows at ~800 m depth in the Present and flowed at 1600-2200 m depth in the past)
(Cacho et al., 2000, 2002; Schoénfeld and Zahn, 2000; Rogerson et al., 2005, 2012; Voelker et al., 2006,

2015; Toucanne et al., 2007; Garcia et al., 2009; Hernandez-Molina et al., 2014; Teixeira et al. 2020).
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High-resolution studies also suggest that the enhancement of the MOW probably occurred during
Heinrich events, Dansgaard-Oeschger stadials and Younger Dryas (Sierro et al., 2005, Llave et al., 2006,
Voelker et al., 2006, 2015). During glacial-interglacial transitions, variabilities of the thermohaline
circulation, the Atlantic inflow signal and of the local run-off resulted in short-lived intensifications of the
MOW?’s upper branch, between 600-1000 m water depth, while the MOW’s lower branch decreased in
strength and retreated to shallower depths (Cacho et al., 2002, 2006; Schénfeld and Zahn, 2000). By
contrast, during the interglacials a weaker and less dense MOW allowed for oxygenation of deep-water
masses and better preservation of biogenic content (Cacho, 2000; Voelker et al., 2006, 2015; Toucanne et
al., 2007). The present circulation pattern of the MOW was established " er the Younger Dryas, between

7.5 and 5.5 ka (Rogerson et al., 2005, 2006; Garcia et al., 2009).

6.3. Evolution of Sines drift deposition
Through seismic stratigraphy interpretation and mappirg = the seismic units, three main stages of
contourite sedimentation have been identified, charc’eri:ed by different morphologies and stacking

patterns (Fig. 13): 1) onset and initial stage, 2) yro 'winh stage and 3) maintenance stage.

1. Onset and initial stage (Late Miocene *~ La.> Pliocene, 5.33 — 2.5 Ma)

The initial stage, represented by .cisn... units U4 to U6, was interpreted as a preliminary phase of
contourite formation (Fig. 13) wt-re a _neeted drift was restricted by paleo-reliefs (horsts hl and h2; Fig.
9A and 9B). This stage occu.~ad fium the Late Miocene until the Late Pliocene, after an erosional event
during the Tortonian (<eis.nic horizon B; Fig. 5). This was an erosive episode which changed the seafloor
morphology of the Alentejc Margin. Although the precise age of this event remains unknown, it could be
linked to regional tectonic and paleoceanographic changes that took place during the end of Late Miocene
(Hsu et al., 1973; Sierro et al., 2008; Flecker et al., 2015; Capella et al., 2018). Among them are the
closure and opening of the Mediterranean and Atlantic gateways (Flecker et al., 2015; Capella et al.,
2018, 2019). However seismic unit U6 consists of older deposits (<5.33 Ma), buried below the modern
contourite system, built since the Pliocene until the present (U5 to U1) (Fig. 12). Therefore, these ancient
features need to be studied in further detail to establish their relations with the regional tectonic and
paleoceanographic changes. During the initial stage, U6 to U4 are dominated by the formation a sheeted

drift with a non-erosive contourite terrace (Fig. 3) and low sedimentation rates of 13 cm/ky during the
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Pliocene (Expedition 339 Scientists, 2012), suggesting the presence of a weak bottom-current. The
recovery at site U1391 of mixed facies with mud rich contourites, mud with biogenic carbonate, dolomite
mudstone and debrite for U4 and U5 (Fig. 10) characterizes a more complex depositional environment,
not entirely dominated by alongslope processes (Fig. 12). Other processes occurred during Stage 1, such
as downslope events, which are corroborated by the debrite of ~35 cm thickness with muddy intraclasts
and matrix (Fig. 11B). The resolution of the seismic data might obscure the identification of these
relatively small downslope sedimentary features. However, MTDs and paleo-MTDs are present
throughout the seismic record on the western sector of the Sines Drift (affecting Ul to U6 in Fig. 5).
Other works in the study area have mapped these significant downslo. » mass-transport processes and
found them to be mostly associated with the steep PSS or other slope carp (Neves et al., 2016; Teixeira
et al., 2019) and the nearby submarine canyons (Serra et al., 20°0).  ecently, Mencaroni et al. (2020)
identified a mixed system across the Marqués de Pombal Pl-::2u, ~ear the S&o Vicente Canyon, formed
by the interaction between downslope and alongslope proce-ses. Similar mixed systems have been
identified during the Pliocene along the Gulf of Ce i, t3alicia, Ortegal and Le Danois CDS, where
alongslope and downslope interaction led to al.cr, atiu.>s of contourite and gravity-driven deposits (Llave
et al., 2007, 2011, 2018; Roque et al., 2012; Bra"kenbridge et al., 2013; Ercilla et al., 2011; Hernandez-
Molina et al., 2006; Liu et al., 2019, 207°\. Contourite systems across other continental margins report a
similar sediment build-up under we.." bu=om-current conditions (Van Rooij et al., 2007; Juan et al.,
2016, 2020; Miramontes et al., 2°16). herefore, the initial stage of this system is marked by an initially
weak paleo-MOW, which pi ~habl, flowed as a single core along the continental margin (Stow et al.,
2013; Hernandez-Molina t al., 2014) and led to the formation of a sheeted drift intercalated by other
sedimentary deposits. Seve al works show that humid climate conditions prevailed in the Mediterranean
until 3.4 Ma (Béthoux and Pierre, 1999), inducing the occurrence of a weak flowing MOW, until the
climate changed later in the Late Pliocene to cold and arid. The rise in the Mediterranean summer aridity
occurred between the LPD and the LQD (at 3.2 to 2.4 Ma) which triggered production of cooler, saltier
and denser Mediterranean deep water (Hayward et al., 2009; Khélifi et al., 2009; Fig. 12). The MOW
would therefore have an enhanced deep-water convection within the Mediterranean Sea, which led to a
vigorous outflow and enhanced activity along the Iberian continental margin (Khélifi et al., 2009, 2014;

Hernandez-Molina et al., 2014).
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2. Growing stage (Early to Middle Pleistocene, 2.5 — 0.7 Ma)

The second evolutionary stage is characterized by the development of a mounded contourite drift
which is constituted by seismic units U2 and U3 (Fig. 13). A significant transition occurs, from sheeted
drift to mounded drift (Fig. 13), marked by a discontinuity (seismic horizon H3) and by small upslope
migration and incision of prominent paleomoats (Fig. 4). Site U1391 data estimated average to high
sedimentation rates for the Pleistocene with 17 cm/ky from 2.58 to 1.5 Ma and 27 cm/ky since ~1.5 Ma
(Expedition 339 Scientists, 2012). Furthermore, the lithological character shows a gradual shift from
mixed system (debrite, dolomite mudstone, mud with biogenic carbonate and mud-rich contourites) that
dominated Stage 1 to mud-rich contourites which predominate during stage 2 (Fig. 10). The Gulf of
Cadiz and Le Danois CDS share similar morphologies since the . ate ’liocene, where the previous
sheeted drifts evolved towards plastered drifts and elongated, m undtd and separated drifts with deep
moats (Llave et al., 2007, 2011; Roque et al., 2012; Hernd"..~7-, "olina et al., 2016b; Liu et al., 2019,
2020). Examples across the Mediterranean (particularly ir u.~ Adriatic and Alboran Sea), Porcupine
Seabight, Argentine Margin and South China Sea i.:d’cai2 giant elongated mounded drifts were built
during the Pliocene and Quaternary record "va. kuij et al., 2007; Hernandez-Molina et al., 2010;
Pellegrini et al., 2016; Miramontes et al., 201b, Kim et al., 2018; Yin et al., 2019; Juan et al., 2020).
Across-high-latitude systems, giant cont~*rive drifts with erosive moats are tied to significant bottom-
current activity (Laberg et al., 2001; ' Im c: al., 2018). Therefore, the shift from sheeted to mounded drift
clearly reflects a significant varie* on o, the oceanic circulation patterns, which could have been triggered
after the EQD (seismic hori="n R, 2.5-2.4 Ma). The period between H3 and H2 (2.4 to 0.7 Ma) are
associated with considera.'le pi leomoats, suggesting intensification of the MOW (Hernandez-Molina et
al., 2016b). This intensific .tion is attributed to longer climatic cycles, since H3 and H2 coincide with
important global cooling periods and sea-level falls (Bartoli et al., 2005; Miller et al., 2011; Fig. 12). The
climatic changes along the Northern Hemisphere result from the intensifications of the Northern
Hemisphere Glaciations (Bartoli et al., 2005), which would have led to changes in the thermohaline
circulation and the dense MOW outflow would therefore form a more active circulation in the North

Atlantic Ocean (Khélifi et al., 2009, 2014; Hernandez-Molina et al., 2014).

3. Maintenance stage (Middle Pleistocene to Present, 0.7 Ma)
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The third and final stage of sedimentation led to the build-up of a plastered contourite drift from
Middle Pleistocene to the present-day, which is represented by seismic unit U1l (Fig. 13). The change
from the growing to the maintenance stage is marked by an important change in drift architecture (Fig. 3).
The Sines Drift stacking pattern shifts from mounded to plastered, with higher sedimentation rates of 27
cm/ky (Expedition 339 Scientists, 2012). Site U1391 data shows that this change is marked by an increase
of coarser-grained intervals and the presence of bigradational contourite successions. Stage 3 is also
characterized by small precursory paleomoats along the upper continental slope (Fig. 6) and by MTDs
across the western sector of the Sines Drift (Fig. 5). The MTDs along the west (Fig. 3) and at the foot of
scarps (such as the PSS in Fig. 5), result from numerous slope failure « ‘ents due to an almost constant
supply of contouritic sediments across the margin. The constant sedin ent s ipply leads to oversteepening,
overpressure and sediment shear stress near steep slopes (Neves .t al., 2016; Teixeira et al., 2019). The
same effect has been studied across the S&o Vicente Canyor >na he adjacent plateaus, since the MOW
effectively supplies and interacts with downslope process=s .cross these features and has led to the
formation of mixed or hybrid deposits (Serra et al., 20 °C, M 2ncaroni et al., 2020).

Similar to the Sines CDS, the Gulf of Cac.z "Dy ~volved towards mounded, separated drifts in the
Quaternary (<2 Ma — present) with deep mo.*s, contourite channels and proximal sandy deposits
(Hernandez-Molina et al., 2006; Llave ~t a., 2007). Le Danois CDS shares similar morphologies,
characterized by mounded separated ..*fts ".vith progradational reflections and deep U-shaped moats (Liu
et al., 2019, 2020). However, the -ack v f contourite channels and proximal coarse-grained deposits in the
Le Danois area indicates a m.~re tewular water mass, probably due to its distal location. This outcome is
also observed on the Sinec CD¢ (Fig. 3), as well as on the West Portuguese CDS (Llave et al., 2019), and
the Porcupine Seabight (V:n Rooij et al., 2007). A similar and coeval change in drift construction has
also been identified on the plastered drifts of the NW Mediterranean Sea (Miramontes et al., 2018) and
South China Sea (Yin et al., 2019).

The development of the present-day MOW occurs during this last stage with three phases of MOW
intensification, marked by two important discontinuities: the MPD (0.7-0.9 Ma, H6), the LQD (~0.4 Ma,
H6A) and horizon H1, (~20 ka) (Fig. 12). Hernandez-Molina et al. (2016b) attributes the MOW enhance
of the MOW to the general climatic trend and the formation of the MOW pathways to tectonic
constriction and deformation in the Gulf of Cadiz. The SW Portuguese margin shows the exact opposite

during this last stage, with the absence of deformation and tectonic influence since the Middle Pleistocene
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(Pereira and Alves, 2011; Hernandez-Molina et al., 2016b; Fig. 3 and 9D). The maintenance stage is not
affected by deformation, thus indicating that tectonics do not play a major role in the evolution of this
depositional stage as in the Gulf of Cadiz. Across other continental margins in the Mediterranean Sea, as
well as in the West and North Iberian Margins, increasing contourite deposition has been ascribed to
enhanced paleo-current activity (Amelio and Martorelli, 2008; VVan Rooij et al., 2010; Roque et al., 2012;
Miramontes et al., 2018).

Since the Middle Pleistocene, three main phases of MOW intensification increased bottom-current
strength has been determined. The first phase of MOW intensification is marked by the MPD (seismic
horizon H1), which shows the change in drift morphology and the incre. :e of sandier deposits (Fig. 10).
The MPD is related to an important climatic change at 0.7-0.78 Ma 'Hay vard et al., 2009; Hernandez-
Molina et al., 2016b), marking a shift to longer glaciations and st.rter nterglaciations due to the growth
of ice sheets in the Northern Hemisphere (Hayward et al., 22°9; . ofi et al., 2016; Fig. 12). The second
phase of MOW intensification is marked by the LQD (seismic norizon H1g), which is also related to an
important climatic change at ~0.4 Ma (Hayward et al., 27,0¢; Lofi et al., 2016). The LQD coincides with a
cold period in the Mediterranean region duri',y ‘*he Mleistocene, formed by the advance of ice sheets
towards lower latitudes (Hayward et al., 2u.?: Lofi et al., 2016). The third episode of MOW
intensification is marked by horizon H1 ‘Fiy 12). This horizon coincides with the Last Glacial Period
around 20 ka, indicating current enh7..>en. .it before the transition towards the present circulation pattern
of the MOW (Rogerson et al., 2C*-5, 2u36; Garcia et al., 2009; Teixeira et al., 2020). The MPD, LQD and
horizon H1, coincide with eu tatic ralls of the sea-level (Miller et al., 2005, 2011; Rogerson et al., 2012;
Fig. 12). Teixeira et a!. (120) identified one sandy contourite bed at ~21.9 ka BP, which was tied to a
significant intensification o the MOW.

Overall, the MOW was capable of constructing the Sines Drift on the left and its moat on the right
side (Fig. 14). The Sines Drift did not migrate considerably since Late Miocene, as the flow pathway
remained almost unchanged due to the paleo-relief constraints. Therefore, a long-term MOW current has

consistently been flowing along the SW Portuguese Margin since that time until the present-day.

6.4. Plastered drifts: conceptual implications
Plastered drifts represent one of the most common depositional features associated with water mass

circulation along continental slopes, forming a convex shape with predominant sediment accumulation in
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the centre of the drift (Faugeres et al., 1999; Faugéres and Stow, 2008; Hernandez-Molina et al 2008b;
Miramontes et al., 2019). They are defined as sheeted drifts ‘plastered’ against a gentle margin with a
variable degree of mounding and alongslope elongation, despite being considered more mounded and at
shallower depths than sheeted drifts, and also more subdued and smaller than giant, elongated mounded
drifts (Faugéres et al., 1999, Rebesco and Stow, 2001; Rebesco, 2005; Faugéres and Stow, 2008; Rebesco
et al., 2014). Plastered drifts are located along flatter or gently dipping seafloor along the upper, middle or
lower continental slopes with averages of 10-100 km in length, 5-50 km in width and 300-1500 km in
thickness over 50,000 km? (Faugeéres and Stow, 2008; Hernandez-Molina et al., 2016a; Preu et al., 2013;
Miramontes et al., 2018). Large elongated mounded drifts are more frequ ntly found along the foot of the
slope, or along the proximal continental rise of margins with steeper s opes and their average dimensions
range between 100-1000 km in length, 10-100 km in width and Z10-21 00 km in thickness over 100,000
km? (Llave et al., 2007; Hernandez-Molina et al., 2016b;Van "~ai, st al., 2010; Roque et al., 2012; Liu et
al., 2019, 2020). In contrast, sheeted drifts develop mostly oi. the abyssal plains with 100-2000 km in
length, 100-2000 km in width and 300-3000 km in {1i~.kr :ss over 1,000,000 km? (Faugéres and Stow,
2008; Hernandez-Molina et al., 2008a, 2016F). " rag, ~atically, there are some overlaps among all drift
types, since all drifts are part of a continuous spe.*rum of deposits (Hernandez-Molina et al., 2010, 2014).
Some plastered drifts can actually be cor~ide, >4 as sheeted drifts, whereas others must be considered as
mounded, elongated drifts; regardle.. ti.2.e is a continuity of examples in between these two end
members (Rebesco et al., 2014).

The Sines Drift represent. a plistered drift over the middle and lower continental slope with overall
aggradational sheeted dep >sits ind alongslope sedimentation (Fig. 3). It could be considered as the Type
3 from Miramontes et al. (¢ J19) but its development and sedimentary stacking pattern allow us to decode
the next important conceptual implications:

1) Complex morphological evolution. The Sines Drift evolved from a tabular to a mounded drift, before
ending again as a more tabular shape. This evolution differs from adjacent continental margins
(Llave et al., 2001, 2019; Van Rooij et al., 2010; Brackenridge et al. 2013; Hernandez-Molina et al.,
2016; Liu et al., 2019, 2020) where coeval drift evolved from sheeted to mounded morphologies.

2) Contourite terrace. The Sines Drift is characterized by a terrace along the middle slope, which is
typical for this type of plastered drift across many margins (Viana, 2002; Hernandez-Molina et al.,

2009, 2010; 20164a; Preu et al., 2013; Llave et al., 2018; Miramontes et al., 2020). However, the
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terrace is more commonly located at the top of the drift along the proximal part of the middle slope.
Contourite terraces are usually associated with the influence of one water mass or with the
pycnocline (interface) between water masses (Rebesco et al., 2014). Plastered drifts are usually
formed below these terraces and they thicken outwards within zones of low bottom-current
velocities, constrained upslope and downslope by higher current velocities (Miramontes et al., 2019).
On the Sines Drift, the terrace is located in a distal and deeper part of the middle slope (1300-1900 m
wd) and not in its proximal part (Figs. 1B and 6). The deeper location of the terrace is associated with
the lower core (ML) of the MOW, which is enhanced at greater depths along the middle slope, in
comparison with the upper core (MU) of the MOW (Fig. 1A), €. tecially during glacial periods,
precession minima and Greenland stadials (Llave et al., 200(: Sicro et al., 2020). Therefore,
continental margins affected by one water mass with one co ¢ de 'elop simple, wide terraces along
the proximal part of the plastered drift, whereas margins . “ei. the water mass is composed by more
than one main core, a more complex terrace and slope nor.~ology should be expected.

3) Sediment waves. Sediment waves along the midd = -.(0) e are parallel to lightly oblique to the general
trend of the terrace. These sediment w.ves nio'ds are commonly described along the upward
termination of the contourite terrace (Her. “ndez-Molina et al., 2010; Miramontes et al., 2019;
Rovere et al., 2019), associated to o~~illa.'9ns of the pycnocline by internal or tidal waves (Rebesco
et al., 2014; Miramontes et al., 7220). Tn the Sines Drift their distribution is wider across the middle
slope, covering the terrace m~rpho.Jgy and the northern sector.

4) Occurrence of erosic.al 1:atures. A variety of erosional features (channels, moats and
furrows/valleys) is cc mmcly described in association with more mounded, convex and/or tabular
plastered drifts near st :eper continental slopes or around high paleo-reliefs (Faugeéres et al., 1999,
Rebesco and Stow, 2001; Rebesco, 2005; Rebesco et al., 2014), as identified across other continental
slopes (Viana, 2002; Maldonado et al., 2005; Hernandez-Molina et al., 2010, 2016a; Pellegrini et al.,
2016; Llave et al., 2018; Miramontes et al., 2019, 2020; Mulder et al., 2019; Rovere et al., 2019; Liu
et al., 2020). On the Sines Drift, several small-scale erosional features have been determined (Figs.
13 and 14), characterized by subtle morphologies and developed near the steep upper and lower
continental slopes. This setting highlights the role of local bathymetric highs and of seafloor
irregularities on locally enhancing bottom-currents and forming erosional features. In addition,

secondary oceanographic processes across these locations would have amplified the average current
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velocities (Rebesco et al., 2014; Chen et al., 2016, 2019; Zhang et al., 2016; Thran et al., 2018;
Rovere et al., 2019; Yin et al., 2019).

The most significant outcome from the study of the Sines plastered drift is the fact that this kind of
drift can evolve laterally and vertically towards different morphologies, denoting a complex sedimentary
stacking pattern and changes in water mass behavior, even across short distances (dozens of kilometers)
and relatively short periods of times (few Ma to Ky). Three types of plastered drifts could be considered
(Fig. 15): A) a sheeted plastered drift with a lateral erosive or non-depositional terrace; B) a mounded
plastered drift associated with a large V- to U-shaped moat, and C) a tabular, concave plastered drift
with a narrow V-shaped moat or valley. The different types evolve towa s each other and towards other
drift types. Furthermore, the occurrence of downslope gravity-drive prc cesses can lead to phased or
synchronous interactions with alongslope bottom currents and fo 'm m xed turbidite-contourite systems,
conditioning the occurrence of other deposits, such as rewo~..~d y-avity deposits or interbedded MTDs.
Therefore, the type and size of plastered drift (Fig. 15), as ven s their spatial and temporal distribution,
would be conditioned by the regional water masses c¢ rrualaion and its local hydrodynamic behavior and
their interaction with seafloor irregularities, <. Nda.>* oceanographic processes, and the tectonic and

sedimentary background.

7. Conclusions

This work proposed an evolu:*nnary model for the Sines CDS as well as the identification of its main
driving and controlling mech. nisms. All the results suggest that the Sines CDS had a complex evolution,
controlled by several factc s at lifferent scales, from tectonics and bottom-current circulation to climatic-
eustatic fluctuations, and by the interactions between them:

1. Three evolutionary phases were identified for the Sines Drift development: 1) Onset and initial
stage (5.33 — 2.5 Ma) where a mixed system was built since the Late Miocene under an initially weak
flowing MOW; 2) a growing stage (2.5 — 0.7 Ma), Early to Middle Quaternary in age, characterized by a
mounded drift in the south and sheeted in the north with a succession of sinuous paleomoats along the
east, built as a result of MOW enhancement; and 3) a maintenance stage from Mid-Pleistocene (0.7 Ma)
till the present-day, characterized by the modern depositional (plastered drift with sandy-muddy
contourite sequences) and erosional (moats) contourite features associated with three major events of

MOW intensification;
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2. The growth of the Sines Drift was mainly constrained by the Mesozoic paleo-reliefs in the Latest
Miocene and by climatic-eustatic fluctuations in the Quaternary. The main controlling mechanisms have
shifted in the long-term, however each mechanism operates at a different (time-) scale. This results in
enhancements or recessions of the bottom-current (MOW), producing changes in drift morphology,
stacking patterns and sedimentary facies;

3. The Sines Drift shares similar stratigraphic stacking patterns and morphological features with
plastered drifts from other continental margins. But this drift evolves laterally and vertically towards
different morphologies, denoting a complex sedimentary stacking pattern and changes in water mass
behavior across short distances (dozens of km) and relatively short pe ods of times (few Ma to Ky).
Future investigations using 3D seismic and well data are essential to b :tter understand the complex
variability of plastered drifts, its dominant sedimentary facies anc the ole of gravitational processes on

their formation.
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Figure Captions

Fig. 1. Bathymetric map of the Southwest Iberian Margin, presenting the main water masses (A) and
morphological features (B). Water masses after Hernandez-Molina et al., (2011, 2016). The global
GEBCO (2019) data was used to fill in the gaps of the SWIM dataset. BS — Bow Spur; CDS — Contourite

Depositional System; DS — Descobridores Seamounts; MPF — Marqués de Pombal Fault; MPP — Marqués
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de Pombal Plateau; PAP — Principe de Avis Plateau; PAS — Principe de Avis Seamounts; PSF — Pereira
de Sousa Fault; PSS — Pereira de Sousa Scarp; RLB — Rincéo do Lebre Basin; SC — Setibal Canyon; SD

— Sines Drift; SH — Sines Hook; SVC — S&o Vicente Canyon.

Fig. 2. Geomorphologic map of the study area, showing the main physiographic domains and
morphological features. BS — Bow Spur; CDS — Contourite Depositional System; DS — Descobridores
Seamounts; MPP — Marqués de Pombal Plateau; PAP — Principe de Avis Plateau; PAS — Principe de Avis
Seamounts; PSS — Pereira de Sousa Scarp; RLB — Rincdo do Lebre Basin; SC — Settbal Canyon; SD —

Sines Drift; SH — Sines Hook; SVC — S&o Vicente Canyon.

Table 1. Acquisition parameters of each seismic survey: CONL RIBt'R, STEAM, BIGSETS and GSI

(Alves et al., 2000; Zitellini et al., 2001; Informe Técnico Ca”..>an. MOWER, 2014).

Table 2. Main seismic units and discontinuities ide t.ie/! in this work and correlated with the main

discontinuities and time intervals defined in previc'is scdies.

Fig. 3. Un-interpreted (A) and interprete” ‘B) _~ismic line CLO1E displaying the drift’s asymmetric shape
and MTDs identified in the west. U1 .. Uv - seismic units; B and H1 to H64 — seismic horizons; HMTD
— base of MTDs; S — seafloor he:zon. .~ — faults; black arrows — reflections terminations; shaded areas —

paleomoats; M — multiple. Li. = locadon in Figs. 1B and 2.

Fig. 4. Un-interpreted (A} and interpreted (B) section of seismic line CL04 showing paleomoats formed
since seismic unit U3 and several MTDs in the upper units. U1 to U6 — seismic units; B and H1 to H6, —
seismic horizons; S — seafloor horizon. F — faults; black arrows — reflections terminations; shaded areas —

paleomoats; M — multiple. Line location in Figs. 1B and 2.

Fig. 5. Un-interpreted (A) and interpreted (B) seismic line BS19 shows MTDs accumulation related to the
Pereira de Sousa escarpment and the correlation with Site U1391 stratigraphic discontinuities. U1 to U6 —

seismic units; B and H1 to H6, — seismic horizons; HMTD — base of MTDs; S — seafloor horizon. F —
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faults; black arrows — reflections terminations; shaded areas — paleomoats; M — multiple. Line location in

Figs. 1B and 2.

Fig. 6. Un-interpreted (A) and interpreted (B) seismic line CL11, showing the paleomoats formed since
seismic unit U3 and paleochannels affecting seismic units U4 to U6. U1 to U6 — seismic units; B and H1,
to H64 — seismic horizons; HMTD — base of MTDs; S — seafloor horizon. F — faults; black arrows —

reflections terminations; shaded areas — paleomoats; M — multiple. Line location in Figs. 1B and 2.

Fig. 7. Un-interpreted (A) and interpreted (B) section of seismic line ¢ <168 displaying well Pescada-1

and the B unconformity. B — seismic horizon; S — seafloor horizon. Lii. e loc ition in Figs. 1B and 2.

Fig. 8. Un-interpreted (A) and interpreted (B) section of rels: ic line BS19 with Site U1391 and the

correlated discontinuities. Hlg, H1, H3 and H4 — seismic he.izor..: S — seafloor horizon.

Fig. 9. Isopach map of the Sines Drift total *liick 1ess (comprising seismic units Ul to U6) and isobath
maps for the main horizons B, H3 and H1; h1l anu h2 correspond to horsts and g1 to a graben; D1 to D3
mark the main depocenters; PAP — Prir_i.. de Avis Plateau; PAS — Principe de Avis Seamounts; PSF —

Pereira de Sousa Fault; RLB — Rincfo u. L_ebre Basin; SD — Sines Drift. Equidistance: 250 ms.

Fig. 10. U1391 logging and p."vsi:al properties, from left to right: resistivity (ohm.m); HROM density
(g/cm®); gamma ray (A - velocity (km/s) with DSI Tool; natural gamma ray total counts (cps);
magnetic susceptibility (*~strumental units); color reflectance (a*, b* and L*); U1391A and U1391B
major lithology (average and maximum) grain size rank; lithostratigraphic column with the seismic units
identified on this study and location of the high-resolution photos (A, B and C) shown in Fig. 11. Blue

lines — seismic horizons; gray lines — coarse-grained beds.

Fig. 11. High-resolution photos taken onboard the IODP Expedition 339 Site U1391 showing selected

examples of the main sedimentary facies for contourites (A), debrite (B) and dolomite mudstone (C).
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Fig. 12. Late Miocene to Quaternary evolution of the Sines Drift, characterized by three growth stages
with distinct seismic and lithological character. Paleogeographic events, glacio-eustatic sea-level changes
and transgressive-regressive cycles associated with the formation of the Sines Drift are also included.
Glacio-eustatic data extracted from Haq et al. (1987), Llave et al. (2007), Hernandez-Molina et al.
(2016), Ogg and Ogg (2008), De Boer et al. (2010) and Miller et al. (2011), and sedimentation rates after
Expedition 339 Scientists (2012). EQD — Early Quaternary Discontinuity; MPD — Middle Pleistocene

Discontinuity; LPD — Late Pliocene Discontinuity; LQD — Late Quaternary.

Fig. 13. Representation of the depositional evolution of the Sines Drift, vith possible changes in MOW
intensification, drift architecture and the main factors that contrc!| co: tourite formation: tectonics,
paleomorphology, paleoceanography and slope instability. PSF — F ereir. . de Sousa Fault; PSS — Pereira de

Sousa Scarp.

Fig. 14. Model of the Southwest Portuguese M rryn and its main physiographic domains and

morphologic features. PSS — Pereira de Sousa “ca. .

Fig. 15. Conceptual model for the three ™an, types of plastered drifts: A) Type 1 represents a sheet to
wedge plastered drift topped by a f..-acc .n its proximal sector; B) Type 2 characterizes a mounded
plastered drift with an adjacent ' -sha.2d moat; and C) Type 3 represents a tabular, concave plastered

drift with an adjacent V-shap. moac.
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