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Abstract :

There is still a great unawareness about the deep-water circulation in the NE-Central Atlantic since the
Late Cretaceous. The morphology, sedimentary stacking pattern and distribution of contourite
depositional systems have been widely used as paleoceanographic indicators, given clues about the
relative velocity and pathways of bottom currents past-circulation. We present here evidence of a
newcontourite features developed in the NE-Central Atlantic offshore Madeira Island between ~3000 m
and ~ 4950 m water depth. These features allowed us to define two Contourite Depositional Systems
(CDSs). The dataset used in our work iscomposed of multichannel reflection seismic profiles and DSDP
and ODP sites for the chronostratigraphic framework. The seismic stratigraphy analysis allowed the
identification ofsix seismic units (U1-U6) and a sub-unit (U6a) separated by erosional discontinuities (D1—
D6). The acoustic basement corresponds to oceanic crust located in the Cretaceous Magnetic Quite Zone
(~120 Ma to 84 Ma), but basalts drilled at DSDP Site 136 near Madeira Island indicate an age of about
106 Ma. Sedimentary deposits from seismic units are interpreted as pelagic (unit U1; Early Cretaceous);
contourite (U2 to U6; Late Cretaceous to Quaternary); and mass transport deposits (U6a; Quaternary).
These seismic units characterize the CDSs from Late Cretaceous (Campanian?), resting unconformably
on pelagic sediments of probable Aptian to Santonian age. The CDS-1 (U2 to U4) was formed from Late
Cretaceous (Campanian?) to Middle Miocene and the CDS-2 (U5 and U6) was deposited from Middle
Miocene to Quaternary. They are bounded by major erosional surfaces and characterized by giant
elongated mounded contourite drifts (Drift 1 and Drift 2, respectively). Presently, CDS-1 is inactive and
buried by pelagic sediments. Conversely, CDS-2 outcrops between~3000 and 4800 m waterdepth on the
lower slope of Madeira plateau. These results reveal that this region of the NE-Central Atlantic has been
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swept by long-term northward bottom currents. We propose that the most plausible water masses
responsible for these bottom-currents and drifts generation have been the Southern Component Water
(SCW) and more recently the Antarctic Bottom Water (AABW). Consequently, the onset of the first
incursion of the SCW was near the end of Late Cretaceous, probably in the Campanian. Since the late
Eocene the AABW would have a dominant role in this region of the NE-Central Atlantic. Assuming that
during cool periods, the AABW had a greater volume and circulated shallower than 4000 m, we
hypothesized that CDS-2 has been mainly active during these periods. On the contrary, during warmer
periods, the AABW circulates deeper (>4000 m) and thus contourite deposition associated with the AABW
shifted to deeper water depths. Presently the CDS-2 can be considered as a relict feature. Therefore, the
Madeira CDCs represents a unique and very promising sedimentary archive for reconstructing deep-
water masses circulation and their variability in the NE-Central Atlantic since the end of Cretaceous
through the Quaternary, where the oceanic seafloor irregularities have been key in controlling the water
masses and bottom currents behavior.

Highlights

» Discovery of two contourite drift systems (CDS-1, CDS-2) in the Central NE-Atlantic. » The CDS-1
recorded the circulation of SCW from Late Cretaceous to Miocene. » The CDS-2 was formed by
circulation of the AABW since the Miocene.

Keywords : oceanic island, contourite features, drift, Southern Component Water, Antarctic Bottom
Water, Late Cretaceous, Quaternary



1. Introduction

The paleoceanography of the Central Atlantic since the end of Cretaceous remains poorly
known (e.g., Hay, 2008; Murphy and Thomas, 2013; Donnadieu et al., 2016). Main uncertainties
still persist regarding the timing of the onset, evolution, intensity, regional distribution, sources and
pathways of deepwater masses. It is widely accepted that the full opening of the Equatorial Atlantic
Gateway (EAG) in the Campanian (84-72 Ma) had a profound consequence in the reorganization of
Atlantic deepwater circulation, allowing the connection between ..outh and North Atlantic (Granot
and Dyment, 2015; Poulsen et al., 2001; Martin et al., 2012; Rok.nson and Vance et al., 2012;
Murphy and Thomas, 2013; Voigt et al., 2013; Donnadieu >t 4l., 2016; Pérez-Diaz and Eagles,
2017). Kinematic reconstructions and numerical mode’ing ¢ deepwater masses circulation indicate
that by the Late Campanian-Maastrichtian deer..ter exchange between the two basins was
already established (e.g., Pérez-Diaz and F=aqg.>s, 2017). The present knowledge of these earlier
deepwater masses characteristics and so. ces was derived mostly from neodymium isotopes
signatures measured in fish teeth (e.z h~binson and Vance, 2012; Thomas et al., 2013). These
studies draw a complex scenario ‘u: the Late Cretaceous circulation, involving multiple sources of
deep-water masses with variabiv influence and distribution (e.g., Martin et al., 2012; Robinson and
Vance, 2012; Moiroud e* a.. 2016; Donnadieu et al., 2016). Since the end of Cretaceous
throughout the Paleoge: ., uie deep-water circulation in the Atlantic was dominated by a northward
flowing water mass sourced in the Southern Ocean, the Southern Component Water (SCW),
considered as an analogue to the modern-day Antarctic Bottom Water (AABW) (e.g, Hay, 2008;
Sher and Martin, 2008). Other reliable and extensively used proxy to unravel deepwater circulation
and bottom-current activity is the presence of contourite features in the geological record (e.g.,
Rebesco et al.,, 2014). Contourites are sediments deposited or substantially reworked by the
persistent action of alongslope bottom currents (e.g., Stow et al., 2002; Rebesco et al., 2014). The
continued circulation of these currents though time led to the accumulation of extensive (hundreds

of kms) and thick sedimentary bodies (thousands of meters) called contourite drifts (Heezen and



Hollister, 1964; Hollister and Heezen 1972). Due to their high sedimentation rates (3-30 cm ka™)
these contouritedeposits are considered a valuable high-resolution sedimentological archive and
have been successfully used in paleoclimatic and paleoceanographic studies (e.g., Knutz, 2008;
Rebesco and Camerlenghi, 2008, Rebesco et al., 2014). The major erosional surfaces and
hiatuses found within its sedimentary record document major paleoceanographic and/or tectonic
changes linked to the onset, evolution and eventually burial of drifts because of water masses
circulation initiation, enhance and inactivation or displacement (Hernandez-Molina et al., 2022).
Moreover, changes on contourite drifts’ sedimentary stacking patte. n, acoustic facies, configuration,
morphology and location can give valuable insights about bottoi » cu.rents pathways, variability and
intensity (e.g., Rebesco and Camerlenghi, 2008; Rebes .o ~t al., 2014; Martorelli et al., 2021).
Global contourite drifts distribution show that they cc'icel trate mainly along continental margins
and neighborhood areas, being less represented ..~ deep oceanic basins (Rebesco et al., 2014;
Thran et al., 2018). Actually, the majority of n.~dern and fossil contourite drifts have been found
along the Eastern and Western Atlantic continental margins, testifying major changes in
paleoceanographic circulation (Thran =* ai., 2018). Among them, the oldest contourite drifts (Albian-
Cenomanian) occur along the NFE.-*frican (Mourlot et al., 2018) and West Iberia (Soares et al.,
2014) continental margins but oirohably were deposited from different water masses. In the Western
Atlantic, the accumulatior ~t ~~ntourite drifts seems to have started by the end of Cretaceous,
although incipiently ana 'acally (Mountain and Miller, 1992; Campbell and Mosher, 2016; Boyle et
al., 2017; Rodrigues et al., 2022). The contourite drifts accumulation increased in both Atlantic
basins since the Eocene (Campbell and Mosher, 2016; Boyle et al., 2017) and several continued to
develop until the Quaternary. Comparatively, the occurrence of contourite drifts along the slope of
oceanic islands is poorly documented and studied.

The Madeira Island located in the NE-Central Atlantic is a good target to study these
depositional processes. It is at about 700 km NW from the African continental margin (Fig. 1), and
the earliest reference to bottom-currents sweeping its western lower slope was presented by

Heezen et al. (1959). Almost two decades later, Embley et al. (1978) studied this area with more



detail, identifying a wide feature reworked by bottom currents (Fig. 2). In the following decades,
research has been focused mostly on the study of the turbidite systems developed southward of
Madeira Island (e.g., Wynn et al., 2000; Talling et al., 2007; Hunt et al., 2013; Steverson et al.,
2013). An exception was the study by Herndndez-Molina et al. (2011) that predicted the presence
of contourite drifts westward of Madeira Island based on numerical modeling of water masses
circulation. This prediction was confirmed with the identification of a large contourite drift called
Madeira Drift (~385 km long; ~175 km wide), between approximately 3000 m and 4800 m water
depth (Roque et al., 2015, 2022). The westernmost part of Maa-.‘ra Drift coincides with the area
surveyed by Embley et al. (1978). In its vicinity and below 4800 .M w iter depth, a large field of small
patch drifts developed due to the interaction of the AAB\V . itF. seafloor highs has been recently
discovered (Roque et al., 2022).

The western slope of Madeira Island represent- ~n unique and promising site to investigate the
evolution of deep-water circulation and relateu deposits in this region of the NE-Central Atlantic
because is: 1) an almost unexplored area 1. tarding bottom currents activity, 2) located in an open
ocean setting far away from continent~! n.orgins influence, and 3) in the pathway of the two global
deep-water masses, i.e. the North cc.stein Atlantic Deep Water (NEADW) and AABW (Fig. 1a). The
aims of this work are i) determn.~ a seismic stratigraphic model for the contourite drift succession
offshore Madeira Island b=~e. un multichannel seismic reflection data, ii) propose a sedimentary
model since the Late Crewaceous to the Quaternary; and iii) decode the key evolutionary and

paleoceanographic stages and evaluate their implications for the NE-Central Atlantic.

2. Geological and oceanographic settings

The Madeira Island is the largest one from the Madeira archipelago located in the Northeast
Central Atlantic (Fig. 1). This island and its submarine edifice (hereafter called Madeira plateau)
were generated on the African plate by alkaline intraplate volcanism related to the mantle plume
upwelling activity (Geldmacher and Hoernle, 2000; Geldmacher et al., 2001; 2005; Schwarz et al.,

2005), which produced a thermal regional swell (Sleep, 1990). This volcanic edifice was emplaced



on the early Cretaceous oceanic crust (e.g., Bird et al., 2007; Muller et al., 2008), and consists of
basaltic tholeiitic diabase rocks moderately serpentinized and typical of oceanic basement (layer 2)
(Hayes et al., 1972). The seamount stage of Madeira Island may have begun later, near the
Paleocene-Eocene boundary (Schmincke, 1982; Hoernle et al., 1995), although the precise age is
still undetermined. The Madeira Island reached the shield stage with subaerial volcanic activity in
the Late Miocene around 7.0-5.6 Ma, after several uplift episodes (Ramalho et al., 2015). The main
phase of this volcanic activity started at 5.6 and ended at 3.0 Myr ago (Mata et al., 2013; Matos et
al., 2015), but periods of minor activity occurred at 740 ka, 620 ke, 550 ka and 6.5 ka (Ribeiro and
Ramalho, 2007).

The oldest marine sediments recovered nearby the wcderra Island consists of calcareous
(nannofossil) oozes (chalk) of Aptian age, covered by .ate Aptian to Early Cenomanian clays and
red clays interbedded with layers of volcanic ash ¢7 "anonian-Albian age (Hayes et al., 1972) (Fig.
3). The Cretaceous sedimentary successior is eparated by a 60 Myr hiatus from Early Miocene
silty clay. The overlying Early Miocene to "arly Pliocene corresponds to nannofossil oozes and
calcareous mud, The Late Quaterna~’ scdimentation consisted entirely of calcareous mud and
calcareous ooze with low depositior. rawes (1.5 cm ka™) (Embley et al., 1978). The occurrence of
interbedded volcanogenic sanu layers is restricted to the southeastern area surrounding the
Madeira plateau (Embley <+ a.. 2978) and is linked to the Madeira Turbidite System (Stevenson et
al., 2013) (Fig. 1b).

The oceanographic framework around Madeira Island is still poorly known and thus only a
regional picture can be given (e.g., Pinet, 2011) (Fig. 1a). Near-surface circulation is governed by
currents associated with the eastern part of the anticyclonic North Atlantic subtropical gyre, which
northern boundary is the Azores Current (AC) with temperature and salinity, respectively, of 15°
and 36.4%o. (Stramma, 2001; Comas-Rodriguez et al., 2011). The eastward-flowing ACseparates
into three branches near 33° N. Two branches diverge west of Madeira and flow into the Gulf of
Cadiz (e.g., Vargas et al., 2003 ) and along the western Iberian margin as the Iberian Poleward

Current (Peliz et al., 2005). The third branch recirculate southwardand feed the Canary Current



(Barton, 2001; Stramma, 2001). The intermediate circulation is represented by the Eastern North
Atlantic Central Water (ENACW) and the Antarctic Intermediate Water (AAIW). The core of the
ENACW circulates above 500 m depth, i.e. within the ACregion (e.g., Frindt and Waniek, 2012).
The ENACW has a temperature and salinity, respectively, of 8.0°-18°C and 35.2-36.7%o. The AAIW
spreads from 500-700 m until 1500 m depth and reaches latitudes up to 36°N (Roemmich and
Waunsch, 1985; Steele et al., 2009; Louarn and Morin, 2011; Roque et al 2019). This water mass
has its origin in the Antarctic Polar Frontal Zone (Steele et al., 2009) and is characterized by low
temperatures (2.5°-5°C), low salinity (33.8-34.6%0), very h_h nutrient and low oxygen
concentrations (Tsuchiya et al., 1992; Arhan et al., 1994; Rcaue et al 2019). The deep-water
circulation involves the Northeast Atlantic Deep Water (Nz~"V,) and the Antarctic Bottom Water
(AABW). The NEADW is a moderately cold (3°-4°C) ar1 sa'ty (~34.9-35.0%0) deep-water mass that
extends down to ~4000 m depth and moves towarz ~outh, although makes a gyre in Madeira Island
and moves into the Gulf of Cadiz (Hernandez-1.'0lina et al., 2011). It is a mixture of water masses
originated in the Nordic Seas, the Icelanu scotland Overflow Water (ISOW), the Labrador Sea
Water (LSW), and minor traces of Me~'tei.,anean Outflow Water (MOW) and Lower Deep Water of
Antarctic origin (van Aken, 1999; Cia~kuva et al., 2022). The eastern branch of NEADW passes the
Charlie-Gibbs Fracture Zone an.' spreads southward into the Eastern Atlantic (Fleischmann et al.,
2001; Smethie et al., 200" 2 AABW originates in the Weddell and Ross Seas and dominates
the water column belov. ~4J00 m depth as it moves toward north. This water mass enters the
equatorial eastern Atlantic through the Romanche and Vema fracture zones and circulates
northwards along the African margin until it reaches the North Atlantic (Glazkova et al., 2022). A
branch of AABW flows in this direction bathing the deeper part of the western Madeira Plateau and
the western flank of the Madeira-Tore Rise. The AABW is characterized by very low temperature (-

0.4°-1.7°C) and salinity (34.6-34.7%o) and high carbonate corrosion (Glazkova et al., 2022).
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Figure 1 — a) Location of the Madeira Island (MI) in the context of the NE-Central Atlantic and main paths of
water masses. AC= Azores Current; ENACW= Eastern North Atlantic Central Water; AAIW=
Antarctica Intermediate Water; NEADW= Northeast Atlantic Deep Water; AABW= Antarctica
Bottom Water. AGFZ= Azores Gibraltar Fracture Zone; TMR= Tore-Madeira Rise. The dashed
white lines represent isochrons from M25 to C21. b) Dataset used in this study composed of
multichannel seismic profiles WM (light blue) and TM (dark blue) and DSPS Site 136 (dark green
circle). Location of published vintage seismic lines used to complement our data: seismic profiles
from Embley et al. (1978) (dashed black lines) and from Hayes et al. (1972) (dashed orange and
white lines). Olive green circles indicate the location of piston cores from Embley et al. (1978).
Bathymetry from GeoMapApp (http://www.geomapapp.org).
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Figure 2 — Line drawing of seismic profiles (a to f) presented by Embley et al. (1978). The acoustic
basement is shown in gray and the sedimentary cover in light green. The thick mounded body seen
in the WNW part of these profiles corresponds to the Madeira Drift (MD), a giant contourite drift
recognized offshore west Madeira Island first by Heezen et al. (1959) and later surveyed by Embley
et al. (1978). The crossing with WM-02 and TM profiles is shown. (Seismic lines position in Fig. 1b).
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Figure 3 - a) and b) Line drawing of seismi. orc.iles used for DSDP Site 136 drilling. Ocean crust
is in dark gray and the sedimentary co. ~r in light green (see Figure 1b for location). Crossing
position with TM-60 and TM-64 prriles is shown. White areas in the profiles represent parts of
very low-quality seismic record wit..c clearly reflections. The inferred position of the interface
basement-sedimentary cover i~ repres:nted by the dashed black line with question marks. c)
Lithostratigraphic column of Site .26 and correlation with seismic profile A’-B’ (see Figure 1b for
location). Note the existence ¢ e “iaws between the Cretaceous and Miocene.

3. Paleoceanographic framew.rk

The understandine, »f “re.aceous oceanic circulation remains limited and controversial, but is
widely accepted that it ..as very distinct from the modern one (e.g., Otto-Bliesner et al., 2002;
Friedrich et al., 2008; Hay, 2009; Robinson et al., 2010; MacLeod et al., 2011; Martin et al., 2012;
Murphy and Thomas, 2013; Donnadieu et al., 2016). The Early Cretaceous was dominated by
sluggish ocean circulation with little renewal of deepwater (Hay, 2009). This situation promoted
anoxic and stagnant conditions around the continental margins with the widespread deposition of
black shales (Follmi, 2012; Jones et al., 2017). This happened mainly because the passages for
deep-water in the North Atlantic were restricted to the Caribbean and Tethyan gateways (Voigt et

al., 2013). This scenario changed in the Late Cretaceous driven by the opening of the Equatorial



Atlantic Gateway and subsidence of Walvis Ridge-Rio Grande Rise system (~100-83 Ma) (Fo6llmi,
2012; Robinson and Vance, 2012; Thibault et al., 2016; Huber et al., 2018). These events gave rise
to a time marked by the termination of anoxia events, long-term climatic cooling, changes in deep-
water circulation style promoted by the connection and deep-water exchange between South and
North Atlantic basins (e.g., MacLeod et al., 2011; Friedrich et al., 2012; Martin et al., 2012; Granot
and Dyment, 2015; Robinson and Vance, 2012; Murphy and Thomas, 2013; Voigt et al., 2013;
Donnadieu et al., 2016; Mioroud et al., 2016; Pérez-Diaz and Eagles, 2017; Ladant et al., 2020). In
the Campanian (84-72 Ma), the Equatorial Atlantic Gateway w~as fully opened favoring the
progressive and better ventilated circulation between these two ~asiis (Poulsen et al., 2001; Martin
et al., 2012; Robinson and Vance et al.,, 2012; Murphy ai.® ~homas, 2013; Voigt et al., 2013;
Granot and Dyment, 2015; Donnadieu et al., 2016; Pé~>z-L ‘az and Eagles, 2017). Therefore, since
the Late Campanian-Maastrichtian the ocean circu.~tion involved a more oxygenated deep-water
mass sourced in the south ocean, the SCW (\.~cLeod et al., 2011; Friedrich et al., 2012; Murphy
and Thomas, 2013; Sabatino et al., 2018; L. Jant et al., 2020; Palcu et al., 2020). This water mass
crossed the Equatorial Atlantic Gatew~V «.~d spread northward bathing the entire Atlantic basin at
depths greater than 3000 m (Rob’.is™n and Vance, 2012; Donnadieu et al., 2016; Pérez-Diaz and

Eagles, 2017; Ladant et al., 202}

The Cenozoic has been « neriod punctuated by major plate reorganization with the opening and
deepening gateways as i = Tasmanian Gateway and the Drake Passage and consequent changes
in oceanic basins connectivity (e.g., Wright and Miller, 1993; Sher and Martin, 2006; Potter and
Szatmari, 2009; Sher et al., 2015). These events led to the establishment of a new oceanic
circulation patterns and have been pointed out as the main responsible for driving the profound
climate changes that marked the Cenozoic (e.g., Lawver and Gahagan, 2003; Huber et al., 2004
Huber and Nof, 2006; Bahr et al., 2022). During the Paleocene, the SCW remained as the single
deep-water mass flowing in the Atlantic basin (e.g., Sykes et al., 1998; Thomas et al., 2003).
Widespread seafloor erosion during the Late Paleocene testifies a vigorous SCW flowing in the

Atlantic (Mountain and Miller, 1992). The enhancement of the SCW occurred after the development



of the deep Antarctic water mass due to the deep opening of the Tasmanian Gateway around 47
Ma (Bahr et al., 2022) later enhanced because of the opening and of the Drake Passage in the late
Eocene (Lawver and Gahagan, 2003; Sher and Martin, 2006; Livermore et al., 2007; Lagabrielle et
al., 2009; Straume et al.,, 2020; Toumoulin et al., 2020; Bahr et al., 2022). The production and
strengthening of this water mass was coeval with the initiation of the emplacement and expansion
of the East Antarctica ice sheet in the earliest Oligocene (Zachos et al., 2001; Lower and Gahagan,
2003; Diekmann et al., 2004; Miller et al., 2005; Huber and Nof, 2006; Miller et al., 2009; Borrelli et
al., 2014; Moebius et al., 2014; Hutchinson et al., 2020; Zhai * et al., 2021). Both passages
deepened throughout the Oligocene allowing a better conr.~ctiun and deep-water exchange
between basins. Several hiatuses found in the Southern C.ce~r testify intervals of enhanced SCW
in the Late Eocene (~40 Ma), earliest Oligocene (~3€ Ma) middle Oligocene (~30 Ma) and latest
Oligocene (~24 Ma) (Wright and Miller, 1993).

The middle to late Miocene was marker L, a global cooling as consequence of substantial
expansion of East and West Antarctic ice s 2ets (e.g., Zachos et al., 2001; Billups 2002; Miller et
al., 2005; Potter and Szatmari, 2009) Thcse conditions promoted the enhancement of the AABW
(Hall et al., 2003) that started a’ie. u.e opening of the Drake Passage (Bahr et al., 2022). It
remained as the dominant derp- vater mass during the middle Miocene and the densest one since
then (Huang et al., 2017) Ancor the uplift and closure of the Isthmus of Panama at 2.5-3.0 Ma, a
circulation pattern simila.” to the modern one was established with the strengthening of the NADW
in the Late Miocene (e.g., Wright et al., 1991; Haug and Tiedemann, 1998; Nisancioglu et al.,
2003). The AABW circulation slowed down since this time (Hassold et al., 2009) but had periods of
intensification during the Quaternary (Sykes et al., 1998).

The Quaternary was dominated by alternating glacial and interglacial cycles that imposed severe
changes in the deep-water circulation (e.g., Bell et al., 2015). Several studies indicate reduction, or
even suppression, of NADW formation during glacial periods (e.g., Emery and Uchupi, 1984,
Raymo et al., 1996; Ravelo and Andreasen, 2000; Luo et al., 2018). Thus, stronger exportof NADW

occurred during interglacial conditions, with a major peak recognized at ~2.0-1.5 Ma (Bell et al.,



2015). In opposition, glacial periods were marked by production and spreading of invigorated,
faster, saltier and voluminous AABW (Boyle and Keigwin, 1987; Duplessy et al., 1988; Lund et al.,
2011). Moreover, several authors proposed that the AABW-NADW boundary, presently at ~4000 m
depth, was located at around 2000 m depth during the Last Glacial Maximum (LGM) (Lund et al.,

2011; Adkins, 2013; Bohm et al., 2015; Matsumoto, 2017).

4. Material and methods

The dataset used in this work is composed of multichannel <.:=n..c reflection profiles (Fig. 1b).
Seismic reflection profiles TM60 and TM64 were acquired ',y \~REMER in 2001 during the Tore-
Madére scientific survey (Cornen et al., 2003) and available at
https://campagnes.flotteocenographic.fr. In this cruise, A Z'SRAP system (by Genavir) composed of
a 6-channel seismic streamer, 590 m long was t1s>4. 'wo GI-GUN in harmonic mode (300 in®) was
used as seismic source. The near offset wus 213 11 and the shot interval 50 m. Seismic record was
10 s TWT with a 4 ms sample rate. S:SRAP system is commonly used to acquire single channel
profiles at high cruise speed (8-10 k.ics . Seismic reflection profiles WM-02 and WM-03 (Fig. 1b)
were acquired in 2006 onboarc e R/V Akademik Shatskiy using a 5720 in® bolt gun array, a
streamer of 7950 m length, dep.~yed at 9 m depth, with a group interval of 12.50 m, 636 channels
and a shooting distance 2f 5) m. The recording parameters used a high cut filter of 200 Hz 370
dB/Oct; a sample interval Jf 2 ms; and a record length of 18128 ms. The processing flow applied to
WM and TM seismic profiles is presented as supplementary material.

Diagnostics criteria used for identifying contourites based on seismic data were the ones
proposed by Faugeéres et al. (1999), Nielsen et al. (2008), Camerlenghi and Rebesco (2008), and
Rebesco et al. (2014). We used the definition of “Contourite Depositional System” (CDS), as an
association of various drifts and related erosional features deposited in different times by different

water masses as proposed by Hernandez-Molina et al. (2008).



In the study area, we distinguished twoworking areas, named western and eastern sectors,
based on water depth range, coverage by seismic reflection profiles and location of contourite drifts
(Fig. 1b). The western sector is the deepest one, being located from about 4350 m to below 4800 m
water depth, being crossed by profiles WM-02 and WM-03 (Fig. 1b). The eastern sector is
shallower, from about 3000 to 4200 m water depth and it is covered by the profiles TM-60 and TM-

64 (Fig. 1b).

5. Results
5.1 Seismic stratigraphy

Seismic stratigraphic interpretation allowed ide 7y six seismic units (U1l to U6) and a sub-unit
(U6a) separated by discontinuities (D1 to ™6) and described as follows. They were correlated
between the western and eastern sectors ba.2d on the similarities of their main seismic facies (Fig.

4) to overcame the absence of crossirg nrufiles in the study area.



s (twt) WM-02 TM60 s (twt)

s (twt) WM-02 TM60 s (twt)

e/
Vi

Figure 4 — Proposed seismostratig -apt.ic correlation between discontinuities identified in seismic
profiles WM-02 and TM-60 based c.” the similarity of seismic facies. D1 — Top of acoustic
basement (ocean crust); D2-D6 - Discontinuities; sf- seafloor.

Acoustic basement

The acoustic basement cns’sts of a succession of fault-blocks bounded by normal faults
dipping toward WNW to MNV'! a..d ESE to SE, defining either half-grabens or areas of large horsts
(Figs. 5 to 8). Acoustican,” the basement is topped by a high amplitude and discontinuous reflection
(discontinuity D1) defining a rough and irregular surface offset by faults (Figs. 6 to 9). The
basement deepens gradually from east to west. In the western sector, its top is in general located
at below 6.8-7.0 s twt below seafloor (Figs. 5, 6) while in the eastern sector ranges from 4.2 to 5.7
s twt (Figs. 7, 8). This general trend is interrupted locally by the presence of several buried
structural highs with summits placed at shallower sub-bottom depths, some of which at only 0.2 s
twt beneath the sea floor (Fig. 5). On the other hand, basement’s top can reach sub-bottom depths
of around 7.2 to 7.4 s twt in half-grabens. Acoustic basement’s internal seismic facies change from

high amplitude, parallel, irregular and discontinuous reflections near its top to either chaotic or



semitransparent downwards. In the eastern sector, high amplitude, good continuity and closely
spaced parallel reflections are observed within the basement dipping toward NW (Fig. 7). These

intra-basement reflections are absent in the western sector.

5.2 WNW ESE

Acoustic turbidity

WNW Soafisor-dsformation Buried mounded elongated contu ‘rite ¢ rift Pre-drift sediments ESE

Drift crest

Onlapping post-drift sediments D4

Figure 5 — a) Multicha: el seismic reflection profile WM-02 (see Figure 1b for location). b) Line drawing
interpretation, indicating the main discontinuities (D1-D6) and seismic units (U1-U6). Seismic units U2 to U4
form a mounded and lenticular shape body with pinch-out terminations toward west and interpreted as a
buried giant, elongated and mounded contourite drift c) Detail of line drawing interpretations in the
westernmost part of the drift where internal reflections of seismic units U5 onlap discontinuity D5 (orange)
testifing the drift inactivity. Unit U6 drapes over U5 and covers uniformly the mounded drift preserving its
shape. The sediments are cut by several sets of faults, some of them rooted on the oceanic crust. They

disrupt units U1 to U5 and are sealed by discontinuity D6 (olive green). d) Detail of line drawing interpretation



in the drift crest zone showing its mounded geometry and lenticular shape of seismic units. Black dashed

lines represent discontinuous or fainted reflections. Locally, reflections terminate against them.

Seismic unit U1

Unit U1 covers directly the basement, draping over discontinuity D1, mimicking the underlying
topography. In the western sector, seismic facies near its base is either semi-transparent or
stratified with parallel, low amplitude and very discontinuous reflections, evolving upwards to
stratified facies with alternating low and high amplitude continuotis ,~flections. This unit can reach
~0.5 s twt in sedimentary thickness and shows aggradatior.c' cZifiguration, filling the basement
grabens and onlapping their walls. In the eastern sector, “eisinic facies and thickness are similar,
although thins (to <0.05 s twt) toward east on top of the 'arge WNW-tilted basement block (Fig. 8).
There, unit U1 is almost inexistent, being deeply tr.n~ated by the high amplitude discontinuity D2
(Figs. 7, 8). In both sectors, unit U1l is loce’iy leicrmed by faulting showing chaotic facies with low

amplitude and discontinuous reflections (Figs. 7, 8).



WNW Acoustic blanking Acoustic blaaking e ,_ e

Figure 6 — a) Multichann.' seismic reflection profile WM-03 (see Figure 1b for location). b) Line
drawing interpretation, cluu.ng the main discontinuities (D1-D6) and seismic units (U1-U6).The
mounded and lenticui.” s..ape body is interpreted as a buried giant, elongated and mounded
contourite drift onichoen by the overlying reflections of unit U5. c) Detail of line drawing
interpretation in *.1e ‘rn. crest zone showing several erosional truncations between discontinuities
D3 and D5. "'ac.: deshed lines represent discontinuous or fainted reflections. Locally, reflections
terminate agains’ them.
Seismic unit U2
This unit lies on discontinuity D2 and its seismic facies and configuration changes laterally from
west to east. In the western sector, seismic facies is semi-transparent with fainted reflections near
the base changing toward the top to stratified facies with alternating parallel, very continuous, high
and low amplitude reflections (Fig. 5). Internal reflections terminate in downlap against discontinuity
D2 and are truncated at top by discontinuity D3. The configuration of seismic unit U2 is overall
aggradational but its geometry changes from sheeted at east to lenticular asymmetrical with

pinching out terminations over D2 toward west (Fig. 5). This change is accompanied by a reduction




in the sedimentary thickness from 0.3 s to <0.05 s twt in the same direction. Towards north and, D3
truncates locally U2 near the top of some fault-blocks reducing abruptly its thickness to less than
0.05 s twt (Fig. 6). In the eastern sector, U2 varies from semi-transparent with few discontinuous
and fainted reflections (Fig. 7) to stratified with parallel and continuous reflections that grades to
semi-transparent to the top (Fig. 8). Internal reflections are either concordant with D2 or onlap it
toward east. Seismic unit U2 exhibits a slight mounded and elongated configuration and become
thinner over the Madeira plateau reaching less than 0.05 s thickness. There, it is deeply truncated

by D3 and the upper stratified and semi-transparent facies are abs .nt (Figs. 7, 8).

s(%)_ “NW Madeira lower slope —— —— T;
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Figure 7 — a) Multichannel seismic reflection profile TM-60 showing the Madeira Drift developed
on the lower slope of Madeira Island (see Figure 1b for location). Mass transport deposits (MTD)
are also seen on the slope toward SE. b) Detail of seismic profile TM-60. c) Line drawing
interpretation including the main discontinuities (D1-D6) and seismic units (U1-U6).



Seismic unit U3

Unit U3 rests unconformably over discontinuity D3 and shows different seismic facies and
configuration in the western and eastern sectors. It is truncated in both sectors by discontinuity D4,
an irregular, good continuity and medium to high amplitude reflection (Figs. 5 to 8). In the western
sector, the configuration of U3 is similar to unit U2, changing from aggradational and conformable
at east to wedge-shaped toward west showing pinch-out terminations and downlap reflections (Fig.
5). Thickness ranges from 0.25 s twt at east and <0.05 s tw» at west. But toward north, the
configuration of U3 varies to lenticular asymmetrical with a cer.‘'ral nounded geometry (~0.3 s twt
thick) that thins laterally in both sides, reaching the minim in, <=edimentary thickness of <0.05 s twt
(Fig.6). Internally, U3 consists of a set of parallel reflec* ons with high amplitude and good continuity
alternating with lower amplitude reflections, anr :hus defining stratified seismic facies. In the
eastern sector, the configuration and seismir 1. ~ies of unit U3 are distinct from south to north. At
south, U3 presents a slight mounded config. ation thinning toward east as it is profoundly truncated
by D4 and reach <0.01 s twt (Fig. 8 Scismic facies is semitransparent with discontinuous and
fainted reflections. Toward northeis., uiaut U3 seems to be more aggradational with stratified facies
that changes to semitransparen. *owards the Madeira plateau (Fig. 7). Its thickness has a decrease

in the same direction reaching ~1.01 s twt.
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Figure 8 — &, ‘Mu./~Fannel seismic profile TM-64 (see Figure 1b for location). b) Line drawing
interpretation, inciding the main discontinuities (D1-D5) and seismic units (U1-U6). Note the
presence of sub-..dt U6a identified only in this seismic profile. MTD: mass transport deposits.

Seismic unit U4

In southern part of the western sector, U4 kept the lenticular asymmetrical shape of unit U3
although showing an important decrease of its thickness toward west (Fig. 5). Toward north, it is
more mounded grading to sheeted in the Madeira plateau direction. The thickness increases in this
direction reaching about 0.4 s twt (Fig. 6). The seismic facies varies from stratified to
semitransparent as described for the previous seismic units. Unit U4 is truncated by discontinuity

D5, which is a high amplitude and high continuity reflection. This truncation is more evident at west



because D5 passes gradually to conformable toward east (Figs. 5, 6). In the eastern sector, unit U4
also preserved the configuration of the previous units (Fig.8) although showing a mounded shape in
the deeper part (Fig. 7). Internal reflections downlap either discontinuity D4 or the basement (Figs.
7, 8). Acoustic facies changes from semitransparent with discontinuous reflection to parallel, well-
stratified, with alternating low and high amplitude and very continuous reflections. The sedimentary

thickness of U4 in the eastern sector ranges from ~0.08 to 0.50 s twt.

Seismic unit U5

Unit U5 represents a major change in configuration obser>d i1 both sectors. In the western
sector, U5 presents an aggradational sheeted geometry aid ~t~rnal reflections successively onlap
D5 toward east or drapes over the underlying unit U (F.J. 6). Seismic facies are stratified with
parallel, low continuity reflections, alternating ~etween low and medium amplitude. The
sedimentary thickness varies between 0.35 s and 0.08 s twt (Figs. 5, 6). The aggradational
geometry continues to be dominant in the . astern sector (Fig. 8), although a mounded geometry
developed on top of a basement high *~w. *ds north (Fig. 7). Seismic facies is stratified, formed by
parallel reflections with alternating v a1d high amplitude. Usually, they show good continuity. The

sedimentary thickness ranges be*ween 0.2 and 0.3 s twt (Figs. 7, 8).

Seismic unit U6

Unit U6 is bounded at base by discontinuity D6 and at top by the seafloor reflection.
Discontinuity D6 is, as the previous ones, characterized by high continuity and high amplitude. Unit
U6 presents homogeneous stratified seismic facies in both sectors, being characterized by parallel
high-amplitude reflections in the lower part and semi-transparent to low amplitude reflections in the
upper part (Figs. 5, 6, 7). The sedimentary thickness ranges from about 0.20-0.30 s twt (Figs. 6, 7,
8) to <0.05 s twt (Fig. 5). In the western sector, unit U6 displays a sheeted geometry with a clear
aggradational component (Figs. 5, 6) that drapes over U5. In the eastern sector, its geometry

changes from south to north. A tabular shape is observed at south, showing parallel and



conformable reflections and defining an almost flat topography bounded by symmetrical steep
flanks (Fig. 8). At northeast, the shape of U6 is mounded with downlap terminations over D6 and
forms a convex and asymmetrical topography on the seafloor (Fig. 7). Thickness is almost
constant, around 0.2 s twt. This unit is bounded at east by an asymmetrical depression with a
steeper western wall that range from ~3150 m (at south) to ~3900 m (at north) water depth (Figs. 7,

8).

Seismic sub-unit U6a

Sub-unit Uba is only recognized in seismic profile TM-64 Fig 8). It is a dominantly chaotic
seismic sub-unit that only outcrops in the southern part 0" ti.~ ~astern sector between ~3000 and
3450 m water depth (Fig. 8). It corresponds to a tab.'lar-shape body with almost constant
sedimentary thickness of 0.18-0.20 s twt, whkic> produces a rough and irregular seafloor
topography. Although chaotic facies prevail se.mitransparent and layered facies can be observed
locally. Elevated mounded blocks with para.’ #l fainted internal reflections are presenton top of U6a
(Fig. 8). Sub-unit U6a is underlain b ar, irregular, high amplitude and high continuity reflection
dipping toward west that seems ‘o "e correlative of D6 (Fig. 8). In the northern part of eastern
sector, below 4400 m water uooth, minor buried lens-shaped of chaotic or imbricated facies

occurred close to the base ~f '¢ (Fig. 7).

5.2 Sediment faulting

Faulting of the seismic units is a pervasive phenomenon in the study area, affecting the entire
sedimentary column of western and eastern sectors (Figs. 5 to 8). Several sets of extensional faults
cut through the sediments and two types can be distinguished taking in account their geometry and
stratigraphic position. The most abundant correspond to sets of near-vertical, closely spaced faults
rooted in the basement blocks. Some of these sets are circumscribed to seismic unit U1 (Fig. 7a)
while others cut through younger sediments being sealed either by discontinuity D4 or D6. A few

faults affect the upper sediments of unit U6 and deform the seafloor (Fig. 6). Acoustic turbidity is



sometimes associated with these faults. The other type of faults, in minor number and more
localized, consists of a set of vertical, parallel, and equally spaced faults developed within a specific
stratigraphic interval. They occur mostly within unit U4 and are rooted in a layer above discontinuity
D4 and usually sealed by discontinuity D5, although in some places the seal is the discontinuity D6.
The occurrence of this type of faults is concentrated in the central part of unit U4 in the western

sector (Figs. 5, 6).

6. Discussion
6.1 Nature of acoustic basement

The fault-blocks structure and seismic attributes showr: L' 'ie acoustic basement in the study
area are the ones typical of the layer 2 of oceanic crus* ger. zrated in a Cretaceousspreading center
(Searle et al., 1985). Its precise age is undetermi.,.cq because it is located within the CMQZ, i.e.,
between Chrons MO (~120 Ma) and C34 (83 5 1."'a) (Bird et al., 2007) (Fig. 1a). Bearing in mind this
limitation, we attempted to better constrain "-s age considering that i) the age of tholeiitic basalts
drilled at DSDP Sites 136 and 137 (H~:'es =t al., 1972) is early Aptian and late Albian, respectively,
and ii) the age of oceanic crust Iccteu eastward from 30°N 23°W should be older than 106 Ma
according to Searle et al. (1985,. Therefore, we propose that the oceanic crust in the study area is
at least Aptian and no younne, *an Late Albian (Fig. 1, 5). Usually, oceanic crust older than 80-100
Ma is located below 550U i water depth (Crosby et al., 2006; Wang et al., 2011), but in the eastern
sector of the study area near the Madeira plateau it is shallower than expected for an Early
Cretaceous oceanic crust. There, the top of the oceanic crust deepens from east to west, in clear
contrast to what is supposed to happen in an old crust. This indicates that other mechanism
besides thermal subsidence as it moved away from the Cretaceous spreading center should
account for its present depth. Residual basement topography shows a positive anomaly around
Madeira archipelago, derived from thermal uplift associated with mantle plume activity (Crosby et
al., 2006; Wang et al.,, 2011). While both thermal uplift and magmatic intrusions affected the

oceanic lithosphere underlying present-day Madeira Island, the surrounding seafloor was



unaffected by magmatism but suffered deformation by uplift and tilting of large segments of oceanic
lithosphere (Fig. 6, 7). This process can explain the odd depths shown by the oceanic crust in the
eastern sector, located closer to the Madeira archipelago. The uplift created a broad elevated relief
with steep slopes, corresponding to a westward tilted segment of oceanic crust fault-blocks capped
by sediments of seismic unit U1. On the other hand, the continuation of thermal plume piercing over
time conducted to several pulses of magmatic activity leading to emergence of Madeira Island in
the late Miocene (Ramalho et al., 2015). The set of parallel, high amplitude reflection observed
within the oceanic crust in the eastern sector can be interprete ' as sills intruded during these
magmatic phases (Fig. 7). It is unknown when the thermal uplift star .ed, but the Madeira submarine
volcanic plateau began to grow near the Paleocene-Eocer e .~ :ndary at about 60 Ma (Schmincke,
1982; Hoernle et al., 1995). Nevertheless, earlier ¢ ibn.arine volcanism episodes might have
occurred as recorded by the ~88.5-65.0 Ma volc~...c tuffs found at DSDP Site 136 (Hayes et al.,
1972) (Fig. 3) and by a magnetization axic ¢° Early Cretaceous age identified in the Madeira

plateau (Abranches et al., 1984).

6.2 Type of deposits and their sr.u.Meiitary stacking patterns
6.2.1 Pelagic deposits

The oldest deposits czrecnond to seismic unit Ul that draped over the underlying Early
Cretaceous oceanic cru=t, rilling partially the half-grabens and smoothing its topography. The
aggradational stacking pattern and prevalence of semi-transparent to stratified seismic facies
across the study area indicates the persistence of almost uniform depositional conditions for a long-
time and predominance of fine-grained sediments deposition (Shipley et al., 1983). Usually, the
stratified facies’ type reflects successive changes in acoustic impedance related to lithological
variations (Figs. 5,6). It commonly corresponds either to distal fine-grained turbidite deposits or
carbonate oozes interbedded with pelagic clays (Huneke and Henrich, 2011). Thus, considering the

absence of evidences (e.g., channels and levees) for turbidity features the influence of turbidity



currents isdiscarded , but the dominant draping geometry, suggest a dominant pelagic deposition

by vertical settling in a low hydrodynamic deep-water environment. .

6.2.2 Contourite drifts and bounding discontinuities

The seismic facies and configuration displayed by seismic units U2 to U6 allowed interpreting
them as contourite drift deposits, separated by the erosional surfaces D2 to D6.0Overall, the seismic
units form giant elongate and mounded contourite successions based on the Rebesco et al. (2014)
classifications. Among the erosional surfaces, discontinuities D2 ..nd D5 mark the most profound
changes in the depositional environment evidenced by strong «*os'on and abrupts changes in the
depositional stacking pattern of overlying seismic units. Disccntnuities D3, D4 and D6 also exhibit
an erosional character but less pronounced compare:i wi h D2 and D5 and the configuration of
seismic units that they bound is more or less ma‘...~ined. The discontinuity D2 incises deeply the
underlying pelagic sediments of unit UL and re resents the oldest erosional event identified in the
study area. Therefore, D2 testifies an impoi. «nt event, probably linked to the initiation of significant
and a persistent deepwater circulatic” i, this sector of the NE Central Atlantic. Usually, strong
erosional events preceded contol.io ucposition, being recorded as high amplitude and continuity
reflections (e.g., Faugéres et al., 1999). D2 is overlain by the first contourite drift deposits (unit U2)
that start to accumulate as *he “ottom current slowed down. The next younger major modification in
the deepwater mass ci ~uiation is reported by discontinuity D5, which truncates the underlying
seismic units. In the deeper western sector, this erosional surface is onlapped towards east by
reflections of unit U5. Hence, discontinuities D2 and D5 are recording the two main changes in the
paleocirculation, which lead to the edification of two distinct contourite depositional systems

designated as CDS-1 (units U2, U3 and U4) and CDS-2 (units U5 and U6).

CDSs-1
The geometry and characteristics display by deposits from seismic units U2 to U4 allowed define

the elongated and mounded contourite Drift 1 that characterizes the CDS-1. In synthesis they arei)



an up-ward convex shape and asymmetrical geometry, ii)units downlap or drape onto previous
deposits, iii) show a general lenticular geometry that thins laterally, in particular toward the Madeira
plateau, iv) while laterally U2 and U4 are cut by several truncations laterally, their central parts are
thicker showing a clear aggradational geometry. The shape and geometry of Drift 1 is similar to
other giant elongated and mounded drifts found in the Atlantic, such as Blake Bahama Outer Ridge,
Greater Antilles Outer Ridge, Bermuda Rise, Eirik Drift (Hunter et al., 2007), Agulhas Drift, (Niemi
et al., 2000), and in the Argentina margin (Hernandez-Molina et al., 2010). The extension and great
thickness reached by Drift 1 indicate a long term influence for the ».~epwater mass conditions in the
study area. The end of Drift-1 is recorded in the western sector Jy its progressive covering by
sediments of unit U5 onlapping discontinuity D5, but cons 2.7, the original morphology of Drift 1.
Thus, it can be considered as a buried drift, recor-ing the occurrence of a major change in
paleoceanography and depositional conditions thz: 'ed to its inactivity. The sedimentary stacking
pattern of contourite drifts has been widely used to deduce changes in paleocurrents pathways and
intensity (e.g., Fauguéres et al.,, 1999; <ebesco and Camerlenghi, 2008; Gruetzner and
Uenzelmann-Neben, 2016). Considerng that Coriolis Effect on Northern Hemisphere impose
rightward downcurrent erosion (e.(,., ~augeres et al., 1999), drifts develop laterally to the respective
main core of the bottom current. Therefore, the morphology displayed by Drift 1 indicates that it was
built-up by a long-term n~-th. ~.rds flowing bottom current, forced to diverted to the right in the

Northern Hemisphere au~ v the Coriolis Effect.

CDS-2

Deposits from seismic units U5 and U6 define Drift 2, which characterize the CDS2, present an
asymmetrical, slight mounded shape and dominant aggradational geometry. Conversely to the
buried Driftl, the Drift 2 forms a pronounced relief in the seafloor, which has been earlier
recognized as an area swept by bottom currents (Heezen et al., 1959; Embley et al. 1978) and
more recently as a giant contourite drift named Madeira Drift (Roque et al., 2015; 2022). The

inactivity of Drift 1 was followed by the migration of contourite drift deposition eastward and the Drift



2 formation at shallower water depths on the Madeira plateau. Since contourite drift migration only
occurs due to key oceanographic changes (Faugeres et al., 1999; Hernandez-Molina et al., 2009),
this migration testifies a major modification in the deepwater circulation with lateral and vertical shift
of the water masses. The shape of Drift 2 changes from north to south. At north, Drift 2 shows
mounded-shape with aggradational geometry (Fig. 7). At south, it displays a sheeted-shape with
almost flat top, steep flanks and also aggradational geometry (Fig. 8). This shape results from the
incision of a moat at the foot of the eastern flank and disruption of its western flank by slope failure.
While a well-defined an asymmetrical moat developed at the sor.'*h (3150 m water depth), at the
north only a broad and wider depression exists reaching 3900 , " w:.ter depth (Fig. 7). The crest of
Drift 2 shallows from north to south. It is located at ~3750r. .. water depth, at north and at ~3000m
water depth, at south. The overall shape and sediment-ry s'acking pattern shown by Drift 2 allowed
classifying it as an elongated, mounded and sep.. ~ted drift based on the Rebesco et al. (2014)
classifications. The morphology of Drift 2 mnrp.alogy and its moat location at east indicate that it
has also been built-up by a persistent anua <table northward flowing bottom current. It , has also

been diverted to the right by the Corio'~ E/fect as Drift 1.

6.2.3 Mass transport deposits

In the study area, the »-es>v.ce of chaotic seismic facies is restricted to the shallower eastern
sector and corresponds 1 seismic sub-unit U6a (Fig. 8) and in minor extent to localized, small and
buried chaotic bodies within U5. Considering its seismic and morphological characteristics, we
interpreted it as mass transport deposits (MTD) resulting from upslope disruption of previous unit
U6 and U5. The discontinuity D6 that underlies this chaotic body can correspond to the basal shear
plan of the MTD.. The buried MTDs recognized interbedded within contourite sediments of seismic
unit U5 indicate recurrent, but smaller, episodes of slope-failure (Fig. 7). The outcropping MTD
(U6a) in the western flank of Drift 2 was firstly recognized and described by Embley et al. (1978).
These authors referred the presence of a field of hyperbolic echoes and interpreted them as a large

slide. Typical features resulting from interaction between bottom-currents and slide scars as infill



drifts are seemingly missing. This absence seems to corroborate the relict condition for the CDS-2

as early proposed by Embley et al. (1978).

6.3 Age framework

The precise age of discontinuities and seismic units identified in the study area is unknown
because there is no direct stratigraphic control available. To overcome this, we propose a
theoretical age for them taking in consideration the following constraints: i) the age of sediments
and unconformities/hiatuses recognized in DSDP and ODP drills 1~ade near Madeira Island and
along the NW African margin (Hayes et al., 1972; Lancelot ~t o', 1978; Ruddiman et al., 1988;
Schmincke et al., 1995) (Fig. 9), ii) the interpretcion by previous authors that these
unconformities/hiatuses result from intensification ¢° Fottom currents activity and pinpoint
strengthening periods at regional scale (e.g., Tucholke and McCoy, 1986; Mountain and Miller,
1992; Mourlot et al., 2018), iii) the conficw . ticy of Drift 1 and Drift 2 indicate that they were
deposited by a northward flowing water ma-s suggesting a southern source for it, and iv) the
Atlantic deep-water circulation changzs -eterred in the literature. The theoretical age proposed for

the seismic units and discontinuit’~'s iu>ntified is the following.
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Figure 9 — Location of DSDP «"d ()DP sites drilled along the Northwest African margin and adjacent deep
basin (orange circle.) and respective identified hiatuses (Hayes et al., 1972; Lancelot et al., 1978;
Ruddiman e’ ~l,, *923; Schmincke et al., 1995). Sites 137 and 138 (green circles) are located in
the deep bacin and no hiatuses were found. Bathymetry from GeoMapApp
(http://lwww.gec~.apapp.org).

Seismic unit U1 was tentatively correlated with pelagic sediments drilled at DSDP Site 136,
namely, Aptian nannofossil ooze and calcareous muds, Late Aptian to Early Cenomanian banded
colored clay, and Coniacian to Santonian silty clay with ash layers (Hayes et al., 1972). In the
western sector located at depths >5200 m, seismic unit U1 can be also correlated with pelagites of
Late Albian to Early Turonian retrieved at DSDP Site 137 (Fig. 9) corresponding to nannofossil

marls, chalk ooze and clays (Hayes et al., 1972). Therefore, Ul spans from Aptian to at least

Santonian.



Discontinuity D2 testifies an abrupt change in these depositional conditions putting an end to the
dominance of pelagic sedimentation,recording the onset of a vigorous circulation of a northward
deep-water mass. We correlated D2 with the hiatus documented at Site 136 (Fig. 1b, 3, 9), which
has been attributed to erosion by strengthening of bottom currents circulation. There, sediments of
latest Cretaceous (Campanian and Maastrichtian) and Paleogene are missing, suggesting
thaterosion by bottom currents prevented significant deposition for 60 myr (Hayes et al., 1972;
Lancelot et al., 1978; Ruddiman et al., 1988; Schmincke et al., 1995). Other prolonged hiatuses
were found along the NW African margin (Fig. 9), which spanned "-om the latest Cretaceous to the
majority of Paleogene (Sites 369, 370) and early Miocene (Sitv 36 3). In fact, multiproxy evidence
indicates deep-water circulation in the Central and North Ac~ric since Campanian-Maastrichtian
times, involving the flowing of the SCW sourced in the ‘Souviern Ocean (e.g., MacLeod et al., 2011;
Friedrich et al., 2012; Murphy and Thomas, 2013- C~batino et al., 2018; Ladant et al., 2020; Palcu
et al., 2020). A similar age hiatus, separating sediments of Early to Late Cretaceous age from
overlying Early Miocene hemipelagic clays . as discovered in the Western North Atlantic and was
also interpreted as derived from bott~m C'irrents erosion (Hollister and Heezen, 1972; Tucholke
and Vogt, 1979).Therefore, we p.~vuse that discontinuity D2 formed in latest Cretaceous
(Campanian-Maastrichtian) up 1. the beginning of Paleocene due to the northwards circulation of
the SCW. It testifies the r!~a #.st incursion of the SCW in this sector of the NE-Central Atlantic.
Consequently, the oldes. deposits of unit U2 started to accumulate near this timeframe.

Discontinuities D3 and D4 are of uncertain age because all the Paleogene or part of it is absent
at the majority of the DSDP drilled sites, i.e. sites 136, 140, 141, 368 and 368 (Fig. 9). Both
discontinuities deeply truncate the underlying seismic units U3 and U4, recording erosional
episodes interpreted as being linked to the enhancement of bottom current circulation before the
deposition of these units. In fact, a widespread hiatus spanning most of the Paleocene has been
identified worldwide (Spencer-Cervato, 1998). Moreover, a Late Paleocene (~60 Ma) widespread
seafloor erosional event has been recognized in several sites of the Atlantic (Mountain and Milles,

1992). There is also evidence from stable isotopes that the SCW was able to penetrate in the North



Atlantic as far as the Bay of Biscay in the Paleocene and Eocene (Pak and Miller, 1992). The
enhancement of SCW circulation in the middle Eocene and near the Eocene-Oligocene transition is
well known (e.g., Zachos et al., 2001; Sher and Martin, 2006). Furthermore, Dutkiewicz and Muller
(2022) recognized a period of important carbonate dissolution in the mid-Eocene at about 44-38
Ma. It seems that a more corrosive water masse circulated at that time in the Central Atlantic.
Although carbonate dissolution can produce important hiatuses in the sedimentary record it
remains unknown the role of this process in the formation of discontinuities in the study area. The
seismic characteristics shown by discontinuities D2 to D6 indicate a clear erosional origin, and no
linked to carbonate dissolution can be drawn based only on seis Mic eflection data.

Thereby, based on these known global paleoceanograrniv ~F.anges we propose that D3 and D4
formed by seafloor erosion during the Paleogene. T'us, we speculate that unit U3 might have
developed near the Eocene-Oligocene transition.

Discontinuity D5 represents the second m=aii, ~hange in depositional conditions in the study area
with the eastwards migration of contourite .'2position to shallower water depths. Discontinuity D5
can be correlated with the absence rf eu’ly Miocene sediments at Sites 140, 141 (Hayes et al.,
1972) and 368 (Lancelot et al.,, 127y, and with the ~23.5-18.5 Ma hiatus found at Site 659
(Ruddiman et al., 1988). In fart, videspread early Miocene unconformities and hiatuses have been
found in Atlantic deep-se~ ~euJ'".ients (Flower et al., 1997; Spencer-Cervato, 1998) while a middle
Miocene (~15 Ma) hiaws nas been identified in the Southern Ocean (Wright and Miller, 1993;
Tagliaro et al., 2021). Both hiatuses have been related to the strengthening of the AABW in the
middle Miocene (e.g., Hall et al., 2003; Huang et al., 2017), coinciding with significant ice sheet
expansion on Antarctica (Miller et al., 2005). Dutkiewicz and Miuller (2022) also identified a period
of increased carbonate dissolution in the Mid-Late Miocene ~19-8 Ma affecting the Central Atlantic.
However, is uncertain the role of this process in the origin of discontinuity D5. As discontinuities D3
and D4, D5 also shows a clear erosional character. Therefore, we suggest that D5 could testify the

middle Miocene enhancement of the AABW. The overlaying seismic unit U5 might have started to



be deposited in the middle Miocene, marking the onset of Drift 2 accumulation in the eastern
sector.

Discontinuity D6 marks the base of the youngest seismic unit U6 and represents other erosional
event of uncertain age. Considering that a major global cooling and pulse of increased formation of
AABW occurred in Late Pliocene (e.g., Kleiven et al., 2002; Bartoli 2005; Mudelsee and Raymo,
2005; MaKay et al., 2012; Tagliaro et al., 2021), it seems likely that D6 could be related to these
events. Regionally, the arrival of the corrosive AABW is testified by a carbonate dissolution hiatus
near Late Miocene-Pliocene boundary found at Site 657 (Ruddime.* et al., 1988). Considering both
regional and global settings, we suggest that U6 might have acuriulated from the Late Pliocene
through the Quaternary. Since sub-unit U6a results from tt e ‘ieraption of this seismic unit, it will be

at least of same age.
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Figure 10 — Sy. the~ic of discontinuities and seismic units identified in the study area presenting a
tentative age for ti.2se discontinuities. The type of sediments based on the seismic characteristics
is also given. The depositional stages proposed in this work and the main global events since the
Cretaceous are also presented. The relationship between these discontinuities and DSDP and ODP
sites shown in figure 9 is explained with detailed in section 6.3. EAG= Equatorial Atlantic Gateway:
DP= Drake Passage; TG= Tasmanian Gateway; IP= Isthmus of Panama; EAIS= East Antarctica ice
sheet; WAIS= West Antarctica ice sheet; SN= Southern Hemisphere; NH= Northern Hemisphere;
NHG= Northern Hemisphere Glaciation; SCW= Southern Component Water; AABW= Antarctica
Bottom Water; MAR= Mid-Atlantic Ridge. (1) Pérez-Diaz and Eagles (2017); (2) Lagabrielle et al.
(2009); (3) Sher et al. (2015); (5) Huber et al. (2016); (6) Zhang et al. (2021); (7) Potter and
Szatmari (2009); (8) Bartoli (2005); (9) Mudelsee and Raymo (2005); (10) Jenkyns (2010); (11)
Palcu et al. (2020); (12) Toumoulin et al. (2020); (13) Hall et al. (2013); (14) Hassold et al. (2009);
(15) Bohm et al. (2015).

6.4 Evolution of the Madeira Contourite Drift Systems and paleoceanographic implications




In synthesis, the sedimentary record of the study area has been build-up from the Early
Cretaceous to the Quaternary by the activity of three main sedimentary processes, although with
different degrees of importance: 1) pelagic settling, 2) deposition by bottom-currents and 3) mass
movements. Among them, the second has been the long-lasted and dominant one. The other two
sedimentary processes were only important during a restricted time interval as 1) or occur
circumscribed to a specific area as 3). We propose a three stages depositional evolutionary model
for the study area as follows (Fig. 10, 11). We also discuss the implications of the CDSs for a better

comprehension of the deepwater circulation in the NE-Central Atla tic since the Late Cretaceous.
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Figure 11- Sketch showing the main evolution depositional stages proposed for the study area.
See text for details.

6.4.1 Stage | - Pre-contourite deposition (Aptian to Santonian?)




The pre-drift stage was dominated by deposition of pelagic sediments of seismic unit U1 above
the top of oceanic basement (discontinuity D1). Thus, after the oceanic crust’s formation in the
Early Cretaceous Mid-Atlantic Ridge, Aptian carbonate oozes and muds draped over the fractured
blocks filling the half-grabens. Afterwards, the oceanic crust spread away from the Mid-Atlantic
Ridge, cooled and suffered thermal subsidence allowing the deposition of deeper banded and
colored fossiliferous clays of Early Cenomanian age as the ones drilled at nearby Site 136 (Fig. 10,
11a). In the study area, bottom-currents started to be strong enough to rework the red clay
sediments of Coniacian to Santonian age drilled at Site 13t, producing parallel and cross
laminations (Hayes et al., 1972). Regionally, bottom-currents already flowed along Guinea and

Morocco margins in the Early Cretaceous (Dunlap et al., 2(.1.: Mourlot et al., 2018).

6.4.2 Stage Il - CDS-1: Onset, growth and mair.*.zn¢ nce (Campanian? to Early Miocene)

A SCWcoming from the south invaded ."e study area by Campanian-Maastrichtian times and its
great erosional capacity produced disco. tinuity D2, truncating the underlying pelagic sediments of
seismic unit U1 (Fig. 11b). Depositior r.sumed on the CDS-1 after this erosional event (seismic
unit U2), reflecting a progressive: rec"iction of the initial intensity of the bottom current from the end
of the Cretaceous to the Laic Pa'eocene (Fig. 11b). Several depositional features related to bottom
current circulation di’..ng the Late Cretaceous have been recognized along the African margin.
Dunlap et al. (2013) iccantified sediment waves of Late Cretaceous age offshore Morocco and
Mourlot et al. (2018) recognized sediment waves and contourite drifts of the same age in the
Senegal and Mauritania basins. According to these authors, the estimated paleo-depths of the
contourite drifts range from 4150 to 4050 m. The deposition of these features at such paleo-depths
reveals that the circulation of a deep-water mass along the NW African margin was already
established in the Late Cretaceous. Furthermore, according to Tucholke and McCoy (1986), both
Western and Eastern Central North Atlantic basins had already attained paleo-depths around 5000

m during Santonian times. Other Campanian-Maastrichtian age contourite drifts and associated



valleys, moats and channels formed by a NW-flowing water mass have been found along the NW
Europe margin, namely, in the Danish Basin, Baltic Sea, southern England and NW France (Surlyk
and Lykke-Andersen, 2007). In the Western North Atlantic, there is also deposition of contourite
drifts during the Late Cretaceous-Paleocene interval. Contourite drift deposition on the eastern
flank of the J-Anomaly Ridge started in the Campanian or early Maastrichtian and continued
throughout the Paleocene (Tucholke and Ludwig, 1982; Berggren et al.,, 2000). In the
Newfoundland Ridges, incipient contourite drifts developed from the Campanian-Maastrichtian to
the Paleocene (e.g., Norris et al., 2014; Boyle et al., 201y, Other small and local drifts
development in the Late Cretaceous-Eocene in the Flemish Cap, Chesapeake drift and in Nova
Scotia margin (Campbell and Mosher, 2016; Rodrigues et .4 ~122).

By the Late Paleocene, the circulation between Sc''th ¢ nd North Atlantic was fully established,
and as a consequence we suggest that a pulse of SCW scoured discontinuity D3, which cuts
deeply into underlying sediments of seismic .- UZ. A prominent unconformity of Late Paleocene
age (~60-57 Ma) has also been identified i “ae western Bermuda Rise (Tucholke and Voigt, 1979;
Mountain and Miller, 1992). The exist~ncc of all these contourite drifts and erosional surfaces of
similar age in opposite sides of t'ie Auantic demonstrates that important changes in deep-water
circulation at ocean basin-scaie occurred between the Campanian-Maastrichtian and the Late
Paleocene, involving a so! e, sourced water mass.

The D3 erosional (nisude was followed by the accumulation and thickening of Drift 1
represented by seismic unit U3 (growth phase, ?Eocene to Oligocene), which kept the same lense-
shaped configuration of U2 (Fig. 10, 11c). This indicates the stability and persistence of the
northwards flowing SCW in this region of the Atlantic. This period of growth of Drift 1 is marked
globally by the circulation of warm saline deep-water produced at multiple locations, including
southern high latitudes, North Pacific and low latitudes regions (Ferreira et al., 2018). At that time,
besides the circulation from the Southern Ocean through the South and Central Atlantic, low-
latitude circulation was well established though the Central American Seaway and the Tethys

Seaway, which connected the Pacific, Atlantic and Indian basins (Straume et al., 2020).



In addition to the SCW circulation, the accumulation of Drift 1 might have been favored by the
bending and uplift of the oceanic lithosphere related to Madeira submarine volcanism, which started
near the Paleocene-Eocene boundary at about ~60 Ma (Schmincke, 1982; Hoernle et al., 1995).
The resulting topographic high should have acted as an obstacle to bottom-currents pathways and
would have forced the SCW to contour it.

The stability of the environmental conditions that prevailed during deposition of U3 was
interrupted by the strengthening of the bottom-currents and incision of discontinuity D4 possibly
near the Eocene-Oligocene Transition (EOT). It is generally &.<epted that the formation and
enhancement of a southern sourced water mass with similar chorac eristics as the AABW occurred
at the EOT (e.g., Kennet, 1982; Goldner et al., 2014) follow.nc the beginning of Southern Ocean
gateways opening in Late Eocene, as the Drake Passe e (L ower and Gahagan, 2003; Diekmann et
al., 2004; Miller et al., 2009; Straume et al., 2020). 7is time was marked globally by major changes
in oceanic gateways such as deepening of thc Greenland-Scotland Ridge and shallowing of the
Tethys Seaway (Straume et al., 2020). k, sodes of enhanced circulation of the AABW in the
Atlantic during this timeframe are reve~leu by a hiatus corresponding to the Late Eocene (~40 Ma)
(Wright and Miller, 1993) and by t'«« accumulation of thick contourite drifts. These drifts have been
found along the pathway of the modern AABW in the Eastern Atlantic, and among them are the
drifts of Antarctica (Uenze'™a, ~-Neben et al., 2022), Agulhas Ridge (Schut et al., 2002; Schiit and
Uenzelmann-Neben, 20°5; wruetzner and Uenzelmann-Neben, 2016), Ivory Coast Rise (Jones and
Okada, 2006), Gabon (Séranne and Abeigne, 1999) and Guinea (Santhein and Faugéres, 1993). In
the Western Atlantic, the thick Newfoundland contourite drift began to develop under paleo-water
depths of 4000-4500 m near the early-middle Eocene boundary (Boyle et al., 2017), while the
Greater Antilles Outer Ridge started in the middle-late Eocene (Tucholke, 2002). The Outer Ridge
drift began to accumulate near the EOT (Faugéres and Stow, 2008). The onset of the Argentine
(Hernandez-Molina et al., 2009) and Uruguay drifts (Preu et al., 2012; 2013) is of similar age.

In the following phase, discontinuity D4 was overlain by sediments of seismic unit U4, which

represent the continuation of contourite accumulation (Fig. 10, 11c). During this maintenance phase



the deposits kept the same lenticular shape as the precedent ones. Regional episodes of
strengthening of the AABW during this time interval have been inferred from several hiatus in the
Southern Atlantic, corresponding to earliest Oligocene (~36 Ma), middle Oligocene (~30 Ma), latest

Oligocene (~24 Ma) and middle Miocene (~15 Ma) (Wright and Miller, 1993).

6.4.5 Stage Il - CDS-2: Onset, growth and maintenance (Middle Miocene to Quaternary)
Discontinuity D5 testifies the main sedimentary change with the beginning of a new depositional
stage (Fig. 10, 11d), demonstrating depocenter migration (Drift 1) .orward shallower depths (Drift 2)
(Fig. 11d). Usually, drift migration occurs either by lateral shifing of the current driven by
oceanographic changes or due to local topographic obsiac'es, (Hernandez-Molina et al., 2008;
2009). The drift's migration reflects a profound chang in the deep-water circulation in the study
area near the middle Miocene, possibly due tc i oth global and regional causes. The Middle
Miocene is also the time of final closure of the Tethys Seaway (Bahr et al., 2022) and opening of
deep-water connections between the Artic -nd North Atlantic and full initiation of a deep NADW
(Hernandez-Molina et al., 2022). The f~cicasing activity of the bottom current in the western sector
is testified by the onlap of internal .e'acuons of U5 against D5, burying Drift 1.. Regionally, the drift
migration could have also been .-omoted by the build-up and uplift of the Madeira volcanic plateau,
and local strengthening of -au.ov1 current benefiting the deposition of Drift 2 in since the Miocene.
Discontinuity D6 mar..< uie onset of the last and youngest phase of contourite drift development
offshore Madeira Island spanning from Late Pliocene to Quaternary. We suggest that it was formed
by an erosional event in the Late Pliocene linked to enhancement of the AABW circulation (Fig. 10,
11d). In fact, intensification of the AABW circulation occurred after the onset of the Northern
Hemisphere Glaciation at 2.74 Ma (e.g., Shackleton and Kennett, 1975; Raymo et al., 1996; Sykes
et al., 1998; Kleiven et al., 2002; Bartoli, 2005; Mudelsee and Raymo, 2005) (. The alternating
glacial-interglacial cycles that dominated the Quaternary imposed severe changes in the deep-
water circulation, involving the AABW and NADW (e.g. Bohm et al., 2015; Matsumoto, 2017). It was

under such climatic and paleoceanographic conditions that elapsed the growth stage of Drift 2



represented by the thick accumulation of seismic unit U6. The drift crest is located at ~3000-3900
m water depth, coinciding with present-day depth range of NADW circulation (~2000-4000 m water
depth) rather than the AABW (> 4000 m water depth). But the NADW is a water mass lowing
southward and therefore incompatible with the Drift 2 formation. An explanation for this paradox
would be that Drift 2 is a relict feature deposited under oceanographic conditions distinct from the
present-day ones. Moreover, its relict condition was proposed earlier by Embley et al. (1978).
These authors based their deduction on the dominance of pelagic deposition in the late Pleistocene
and on the scarce presence of bedforms typically shaped by bo. oam-currents, such as sediment
waves, channels, scours, erosional grooves and furrows (e.g., Habjood et al., 2003; Ercilla et al.,
2017). In fact, several studies indicate that during glac’air n¢riods there was an expansion of
invigorated AABW and a reduction, or even suppressi-n, ¢° the NADW formation (e.g., Emery and
Uchupi, 1984; Raymo et al., 1996; Ravelo and A:..veasen, 2000; Lund et al., 2011; Bohm et al.,
2015; Matsumoto, 2017). Thus, stronger NADV." flowed during interglacial conditions, with a major
peak recognized at ~2.0-1.5 Ma (Bell et a.. 2015). By contrast, glacial periods were marked by
production and spreading of invigorate-. 1. ster, saltier and voluminous AABW (Boyle and Keigwin,
1987; Duplessy et al.,, 1988; Luriu <1 al.,, 2011). Moreover, several authors proposed that the
AABW-NADW boundary, prese. tly at ~4000 m water depth, shoaled to ~2000 m water depth
during the Last Glacial M~:xin\ov1 (Lund et al., 2011; Adkins, 2013; B6hm et al., 2015; Matsumoto,
2017). There is evidenc> o1 a shallower AABW circulating in the West Portuguese margin during
glacial stages as MIS 12 (Rodriguez-Tovar et al., 2015) while presently is bathed by the NADW.
Bearing this in mind, we propose that deposition of unit U6 (<4000 m water depth) has been active
during Quaternary glacial stages, when the AABW reached its maximal volume and vertical
expansion (Fig. 12). During interglacial stages Drift 2 becomes inactive, as it is bathed only by the
NADW and pelagic sedimentation dominates. This hypothesis agrees with other large drifts found
in the South Atlantic and associated with the influence of a shallower and more vigorous AABW
during glacial stages (e.g., Preu et al., 2012; 2013; Hernandez-Molina et al., 2016). Therefore,

offshore Madeira Island the enhancement of the AABW during the Quaternary climate cooling
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periods favored contourite drift deposition preferentially on areas located around 3000 m water
depth. Below 4000 m water depth, deposition was restricted to a field of small patch drifts

associated with seafloor reliefs (Roque et al., 2022).
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Figure 12 — Sketch showing the depth level of water masses circulation during the present
(interglacial) and in glacial periods around Madeira Island slope where the Madeira CDSs are.
Presently, Drift 2 is bathed by the NADW although its configuration indicates deposition under
northward circulating water mass. According to several authors, the AABW was enhanced and
expanded during glacials. We suggest that Drift 2 was deposited mainly during glacial periods by
the circulation of the glacial AABW. Position of AABW and AAIW during glacials is based on B6hm
et al. (2015) and Oppo and Curry (2012), respectively. See text for details.

After the deposition of U6, the Drift 2 has been affected by slope failure that disrupted this unit.
This led to the formation of MTDoutcropping as seismic sub-unit U6a (Fig. 10, 11d). Itspreservation
on the seafloorsuggests that slope-failure might have been ac’ive until recent times. This may
indicate either that mass movements have been dominant durir.g v e Late Pliocene-Quaternary or,
the circulation of a weak bottom-current prevented contoui te ¢ 2position. Despite the well-known
predisposition of contourite deposits for sliding (e.g., Br .. =1 2l., 2005), it is impossible to determine
the triggering mechanism for these debris flows. But, ¢ uns,lering the geological and oceanographic
settings of Madeira Island, two potential trigger, L.*n oe discussed: i) the preconditioning imposed
by the west-dipping basement and the te ~tor.o-magmatic activity; ii) the erosion provoked by the
NADW when impinging the western 1.~nk of Drift 2 during interglacials. We suggest that the
topography of the underlying ocear c basement has been a preconditioning factor for the
occurrence of mass movements i, the Drift 2 western flank. There, the basement consists of a
large uplifted and tilted oce~nic crust block that forms an extensive west-dipping surface, which
could have favored I-.nd.'idir.g. The tectono-magmatic activity in the Madeira Island might have
also played an importz:it role in triggering the debris flows. During the Late Pliocene and
Quaternary the Madeira Island suffered ~500 m of uplift and several subaerial volcanism episodes
with a peak at ~3.0 Myr ago followed by minor eruptions at 740, 620, 550 and 6.5 ka (Ribeiro and
Ramalho, 2007; Ramalho et al., 2015). Under such conditions, the youngest sediments of Drift 2
(U6 and upper part of U5) could have failed as consequence of some of these tectono-magmatic
episodes. Other potential trigger was the circulation of the NADW. Present-day deep-water
circulation at these depths is dominated by the NADW, which intensified since ~0.9 Ma (Raymo et

al., 1996) and possibly had a bigger erosional role, scouring the western flank of Drift 2. This might



have caused some instability making the Drift 2 prone to landsliding. Buried debris flows have also

been recognized within sediments of Drift 2 located below 4000 m water depth (Roque et al., 2022).

7. Conclusions

The seismic stratigraphy analysis of multichannel seismic reflections profiles offshore Madeira

Island in the NE-Central Atlantic allowed us to present the following conclusions.

1-

New contourite depositional systems (CDS-1 and CDS-2) /~rmed from Late Cretaceous
(Campanian?) to Quaternary have been discovered in the Me Zentral Atlantic offshore Madeira
Island between ~3000 and ~4800 mwd. The CDS-1 epresents the first evidence of earliest
SCW incursions’ in this region of the NE-Central Atla.tic in the Late Cretaceous, while the CDS-

2 reveals the fluctuations of the AABW circulat/ >r during glacials and interglacials.

The deposition of these CDSs reflects the role played by different scale factors in the bottom
current dynamics though time. /.« _loval scale, the development of both CDSs has been
dependent of plate tectonics dyncomics, which leaded to the opening or closure of ocean
gateways and consequent na.~oclimatic and paleoceanographic changes. At regional scale,
they seem to be linkea to the tectono-magmatic activity of Madeira mantle plume, which
culminated in the Late Miocene with uplift and formation of the Madeira Island. Locally, the
resulting submarine volcanic edifice acted as an obstacle to the northward flowing SCW and

AABW and favored the accumulation of both CDSs through time.

The CDS-1 and CDS-2 provide a good record of erosional surfaces linked to changes in
deepwater masses strength’s through time. They represent a promising site to better understand
the evolution of deep-water circulation since the Late Cretaceous, helping to fill gaps in the

knowledge of this sector of the Central Atlantic.
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HIGHLIGHTS
- Discovery of two contourite drift systems (CDS-1, CDS-2) in the Central NE-Atlantic.
- The CDS-1 recorded the circulation of SCW from Late Cretaceous to Miocene.
- The CDS-2 was formed by circulation of the AABW since the Miocene.



