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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco The deep-water sedimentary processes and morphological features offshore Madeira Island, located in the
Central-NE Atlantic have been scantly studied. The analysis of new multibeam bathymetry, echo-sounder profiles
and few multichannel seismic reflection profiles allowed us to identify the main geomorphologies, geomorphic
processes and their interplay. Several types of features were identified below 3800 m water depth, shaped mainly
by i) the interplay between northward-flowing Antarctic Bottom Water (AABW) and turbidity currents and ii)
interaction of the AABW with oceanic reliefs and the Madeira lower slope. Subordinate and localized geomorphic
processes consist of tectono-magmatic, slope instability, turbidity currents and fluid migration. The distribution
of the morphological features defines three regional geomorphological sectors. Sector 1 represents a deep-
seafloor with its abyssal hills, basement highs and seamounts inherited from Early Cretaceous seafloor
spreading. Sector 2 is exclusively shaped by turbidity current flows that formed channels and associated levees.
Sector 3 presents a more complex morphology dominated by widespread depositional and erosional features
formed by AABW circulation, and localized mixed contourite system developed by the interplay between the
AABW circulation and WNW-ESE-flowing turbidite currents. The interaction of the AABW with abyssal hills,
seamounts and basement ridges leads to the formation of several types of contourites: patch drifts, double-crest
mounded bodies, and elongated, mounded and separated drifts. The patch drifts formed downstream of abyssal
hills defining an previously unknown field of relatively small contourites. We suggest they may be a result of
localized vortexes that formed when the AABW’s flow impinges these oceanic reliefs producingthe erosional
scours that bound these features. The bottom currents in the area are known to be too weak (1-2 cm s~ 1) to
produce the patch drifts and scours. Therefore, we suggest that these features could be relics at present, having
developed when the AABW was stronger than today, as during glacial/end of glacial stages.
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1. Introduction

Over the past decade, the use of high-resolution geophysical tech-
niques allowed an unprecedented revolution for viewing seafloor
morphology, changing our previous understanding of morphogenetic
processes that shaped the deep ocean (e.g., Harris et al., 2014; Mayer
and Mosher, 2018; Micallef et al., 2017; Lucieer et al., 2019). The

modern seafloor morphology along continental margins and oceanic
basins is the result of a complex interplay among tectonic, sedimentary,
oceanographic and autogenic processes (e.g., Flint and Hodgson, 2005)
directly linked with marine habitat distribution (e.g., Harris and Baker,
2019). Comparatively with continental margins, seafloor morphology
and morphosedimentary processes around ocean islands have been less
investigated (e.g., Mitchell et al., 2002; Quartau et al., 2018). The
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majority of the studies made so far have been conducted on shallow
domains as the shelf and the island flanks and focused on geohazards
related to submarine landslides and associated tsunamis (e.g., Paris,
2015). Nevertheless, deeper water physiographic domains as the slope
and its continuation to the adjacent abyssal plains are largely unknown.
The few studies carried out on these domains indicate that the oceanic
islands morphology depart from the classical model for continental
margins (Heezen et al., 1959; Kennet, 1982).

Oceanic islands are characterized by a narrow insular shelf, steep
upper slope grading into a smoother lower slope that merges with the
adjacent abyssal plain, being devoid of the traditional continental rise
(e.g., Mitchell et al., 2002; Harris et al., 2014; Quartau et al., 2018). This
distinct physiography, when compared with continental margins (e.g.,
absence of a rise), suggest that morphosedimentary processes might act
and interplay differently in ocean island settings in ways still poorly
understood. Therefore, a better understanding of the oceanic island
submarine morphology and associated morphosedimentary processes is
an important issue because; i) they are used for the delineation of the
outer limit of the legal continental shelf under Article 76 of the United
Nations In the Convention on the Law of the Sea, in the determination of
the natural prolongation of the land territory to the outer edge of the
continental margin (Suarez, 2008; Bergeglia et al., 2010; Symonds and
Brekke, 2011; Serdy, 2013; Mosher et al., 2017); ii) they are closely
linked to slope stability and geohazards (e.g., Krastel et al., 2003; Paris,
2015; Hunt and Jarvis, 2017; Hunt et al., 2018); iii) they play a key role
in controlling global circulation acting as barriers that steer the water
masses (e.g., Kennet, 1982; Liu et al., 2014; Karnauskas et al., 2015), and
they provide a seafloor topography upon which bottom currents can
interact shaping its relief and redistributing or reworking/winnowing
sediments generating large-scale depositional (contourite drift) and
erosive (channel) features (e.g., Rebesco et al., 2014), and iv) they shed
a light on the deep-water habitat and ecosystems (e.g., Sadler, 1990;
Okochi and Kawakami, 2010), such as cold-water corals moundes. Their
presence off Madeira Island has been reported at depths greater than
1000 m, and ascribed to the reef-belt extending from Norway to West
Africa (Freiwald et al., 2004).

Among these aspects, the interplay between bottom current circu-
lation and ocean inland lower slope and submarine reliefs remained
scarcely known and understood.

This work presents a detailed study of the seafloor morphology
below 3800 m water depth around Madeira Island (Fig. 1a), aiming to: i)
identify the main geomorphological features, ii) decode the geomorphic
processes shaping the deepest part of the Madeira Island slope and
adjacent deep-seafloor, such as past-tectono-magmatic activity, bottom
current circulation, slope instability, turbidity currents flows, fluid
migration, and iii) better understand the interplay of bottom current
circulation, gravity-driven processes, and oceanic basement reliefs, so as
to evaluate their conceptual implications.

2. Geological and oceanographic settings

Madeira Island, located in the Central NE-Atlantic at ~700 km
offshore the NW African margin, is the largest island of the Madeira
Archipelago, with a length of roughly 90 km (Fig. 1a). It developed in
the wake of alkaline intraplate volcanism related to mantle plume ac-
tivity on the African plate (Geldmacher et al., 2001; Geldmacher et al.,
2005; Klugel et al., 2005; Schwarz et al., 2005). Its subaerial shield stage
was reached in the Late Miocene, around 7.0-5.6 Ma (Ramalho et al.,
2015), with the main recent phase of volcanic activity taking place be-
tween 5.6 and 3 Ma (Matos et al., 2015). Minor and younger periods of
activity occurred at 740 ka, 620 ka, 550 ka and 6.5 ka (Ramalho et al.,
2015). Madeira Island rises about 6 km from the seafloor and is sur-
rounded by major submarine features such as the Madeira-Tore Rise to
the northeast, the Moroccan Turbidite System to the south, and the
Madeira Abyssal Plain to the west (Fig. 1a).

The NE-SW trending Madeira-Tore Rise is a tectono-magmatic ridge
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formed by coalescing seamounts, whose ages span from ~104 Ma in the
north, to 1.0 Ma in the south (Merle et al., 2006). The Moroccan
Turbidite System is one of the world’s largest systems, extending over
some 2000 km and involving volumes of turbidite deposits greater than
150 km?® (Wynn et al., 2002a, 2010; Talling et al., 2007; Frenz et al.,
2008). This turbidite system is fed by three types of flows from different
sources: organic-rich siliciclastic flows from the Moroccan margin and
Agadir Canyon, volcanoclastic flows from Madeira and the Canary
Islands, and carbonate-rich flows from surrounding seamounts (Weaver
etal., 1992; Masson et al., 1997; Wynn et al., 2002b; Talling et al., 2007;
Stevenson et al., 2013). The Moroccan Turbidite System extends over
three basins, namely the Seine Abyssal Plain, Agadir Basin, and Madeira
Abyssal Plain (Fig. 1a). The connection between the Agadir Basin and
the Madeira Abyssal Plain is through the ~700 km long Madeira Dis-
tributary Channel System (MDCS) (Wynn et al., 2012; Stevenson et al.,
2013), which is divided into two major channels systems, the Northern
and the Southern Channels.

The Madeira Abyssal Plain is a nearly flat (<0.01°) sedimentary
basin lying at a water depth of 5400 m, having developed over oceanic
crust about 106-80 Myr old (Searle et al., 1987), and representing the
distal sector of the Moroccan Turbidite System. The sedimentary cover
from early Miocene to Pleistocene times consists of a turbidite sequence
that includes several volcanic-rich turbidites, derived mainly from
Madeira and the Canary Islands (Weaver and Rothwell, 1987; Masson
et al., 1997; Lebreiro et al., 1998; Alibés et al., 1999). The input of such
turbidites increased after 7 Ma, with substantially higher rates of
accumulation during the Pleistocene (Alibés et al., 1999). The seafloor
around Madeira Island below 3500 m water depth is dominated by
bottom current circulation, as evidenced by the broad Madeira Drift
(Heezen et al., 1959; Embley and Rabinowitz, 1978; Roque et al., 2015).

The detailed oceanographic framework around Madeira Island, and
in particular deep-water circulation, remain poorly known (e.g., Pinet,
2011) (Fig. 1a). Near-surface circulation is governed by currents asso-
ciated with the eastern part of the anticyclonic North Atlantic subtrop-
ical gyre, which include the Azores Current and the Canary Current
(Stramma, 2001). The eastward-flowing Azores Current separates into
three branches near 33° N. Two branches separate west of Madeira,
while the third flows north, curving around Madeira to feed the Canary
Current (Stramma, 2001; Barton, 2001). Below it (to 500 m water depth)
circulates the Eastern North Atlantic Central Water (ENACW), with
temperature and salinity of 8.0°-18 °C and 35.2-36.7, respectively. In-
termediate circulation is represented by the northward-flowing Ant-
arctic Intermediate Water (AAIW), spread between 800 and 1500 m
depth and reaching latitudes of at least 32°N (Roemmich and Wunsch,
1985). This water mass has its origin in the Antarctic Polar Frontal Zone
and is characterized by temperatures of 2.5°-5 °C, low salinity
(33.8-34.6), and very high nutrient and low oxygen concentrations
(Tsuchiya et al., 1992; Arhan et al., 1994). Below this water mass, down
to ~4000 m depth, is the southerly moving Northeast Atlantic Deep
Water (NEADW), a moderately cold (3°-4 °C) and salty (~34.9-35.0)
deep-water mass. The deepest water mass is the northerly moving Ant-
arctic Bottom Water (AABW), originating in the Weddell and Ross Seas.
It dominates the water column below ~4000 m depth until it reaches the
North Atlantic. A branch of AABW flows northwards, bathing the deeper
part of the western Madeira Plateau and the western flank of the
Madeira-Tore Rise. This water mass features very low values for tem-
perature (—0.4°-1.7 °C) and salinity (34.6-34.7). Near-bottom current
measurements made in the Madeira Abyssal Plain (33°N, 22°W) and
neighboring seamounts (31°30'N, 25°10'W) show that the magnitude of
the flows is, at present, very weak —about 1-2 cm s '— and directed
NE-SW (Saunders, 1988).

3. Data and methods

The data set used in this work includes multibeam bathymetry, high-
resolution Parasound eco-sounder profiles, and multichannel seismic
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Fig. 1. (a) Regional geological and oceanographic setting of Madeira Island and study area showing the main morphological features and water masses. AGFZ-
Azores-Gibraltar Fracture Zone, MTR-Madeira-Tore Rise, SAP-Seine Abyssal Plain, MAP-Madeira Abyssal Plain, AB-Agadir Basin, AC-Agadir Canyon, MD-Madeira
Drift, MTS-Moroccan Turbidity System (dashed red line), MDCS-Madeira Distributary Channel system (green lines), AC-Azores Current, CC-Canary Current,
ENACW-Eastern North Atlantic Central Water, AAIW-Antarctic Intermediate Water, NEADW-Northeast Atlantic Deep Water, AABW-Antarctic Bottom Water. The
mapping of the MDCS is based on the work of Wynn et al. (2002b). The water masses pathway is based on Hernandez-Molina et al. (2009). The location of the piston-
cores collected by Embley and Rabinowitz (1978) and Stevenson et al. (2013) is also shown. The black dash rectangle represents the study area. (b) Dataset used in
this study, composed of multibeam bathymetry, Atlas Parasound eco-sounder profiles, and multichannel seismic reflection profiles. Bathymetry from GeoMapApp
(http://www.geomapapp.org). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reflection profiles (Fig. 1b). Multibeam bathymetry was acquired using a
SIMRAD EM120 system onboard the NRP Gago Coutinho by the Task
Group for the Extension of Continental Shelf (EMEPC) in the framework
of the Portuguese Project for Extension of the Continental Shelf (Insti-
tuto Hidrografico, 2005, 2007). A 100 m cell-size grid was produced for
this work. High-resolution seismic reflection profiles were acquired
using the Parasound Echosounder System during the SUBVENT 2014
cruise in April of 2014 onboard the B/O Sarmiento de Gamboa. The Atlas
Parasound system is a hull-mounted high-frequency sediment para-
metric echo-sounder using an operational signal of 4 kHz, with a beam
angle of about 4°. The system combines very narrow sound beams with
high resolution of sediment strata, achieving fairly deep penetration (to
a hundred meters or more). A simple conversion of two-way travel time
(TWT) to depth (meters) was made with Parasound profiles, using the
velocity of 1522 m/s extracted from multichannel profiles for the upper
hundreds of meters of the sedimentary cover; thus sediment thickness is
presented in meters. The penetration depth of Parasound eco-sounder
profiles on the Madeira lower slope and deep-seafloor can range be-
tween ~8 and 83 m, depending on the type of sediment and attenuation.

Multichannel seismic reflection profiles (Fig. 1b) were acquired in
2006 onboard the R/V Akademik Shatskiy using a 5720 cubic inch bolt
gun array, a streamer 7950 m in length, deployed at 9 m depth, a group
interval of 12.50 m, 636 channels and a shooting distance of 50 m.
Sample interval was of 2 ms and record length of 18,128 ms. Processing

22°W 21°W
1 1
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sequence is presented as Supplementary Material.

The present work follows the classification scheme of echo types
developed by Damuth (1975, 1978, 1980), Damuth and Hayes (1977),
and Kuhn and Weber (1993). We recognized additional echo-types in the
study area based on the: i) acoustic facies of seafloor and sub-bottom
reflection pattern, and ii) morphology of the seafloor seen in the echo-
sounder record. Nonetheless, echo classification is a complex
endeavor, as they often overlap or occur in association.

In the present work we adopt the definitions and nomenclature of
deep-water bedforms published in the literature, such as the case of
bedforms resulting from bottom current circulation (Rebesco et al.,
2014) and the ones shaped by turbidity currents (e.g., Mulder et al.,
2008). However, in the study area there are other morphologies that do
not fit well on published definitions. Some of them depart from general
definitions whereas others have not yet been described in deep-water
settings. Actually, there is no consensus regarding the definition of
some deep-sea floor features, as seamounts (e.g., Staudigel and Clague,
2010; Wiirtz and Rovere, 2015). In this context, we proposed a new
nomenclature for those features based on their geomorphometric pa-
rameters (e.g., length, height, width, orientation) and geo-acoustic
characteristics (e.g., general shape, thickness of sedimentary cover,
structural control) determined from the joint analysis of multibeam
bathymetry and multichannel seismic profiles.

35°N
!
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D -5348 m
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Fig. 2. Multibeam bathymetry and morphological mapping of the features identified in geomorphological sectors 1, 2 and 3.
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4. Results 4.1.1. Sector 1

Found in the westernmost part of the study area at depths between
4.1. Geomorphological analysis 5100 and 5300 m, Sector 1 extends over a narrow area bounding the
northern part of the Madeira Abyssal Plain (Figs. 1a, 2a). The seafloor is
Three regional geomorphological sectors —named 1, 2 and 3— were smooth and gentle, with gradients around 0.1°, and scoured locally by
determined between ~3800 and 5300 m water depth, in view of the narrow and symmetrical V-shaped furrows (Figs. 2a, 3a). It is scattered

characteristics, predominance and distribution of fifteen types of by abyssal hills and seamounts separated by tens of km (Figs. 2-4).
morphological features observed in the multibeam bathymetry, and Staudigel et al. (2010) proposed a broad definition that considers a
punctually in multichannel seismic reflection profiles (Figs. 2-4). Geo- seamount any isolated geological feature on the seafloor. According to
morphometric parameters of such features are presented in Table 1. A these authors, seamounts and abyssal hills are both isolated volcanoes
detailed description of each sector and respective features is given that only differ in size, being the height of 100 m the threshold used for
below. their classification. Accordingly, abyssal hills are features less than 100

m high whereas seamounts are higher. Although we agree that sea-
mounts and abyssal hills are both volcanic, in our work we define and
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Fig. 3. Bathymetric profiles across the main morphological features of the study area. Vertical exaggeration of 6x.
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Fig. 4. Multichannel seismic profiles showing the morphology and sub-surface geometry of an abyssal hill (a), a double-peak mounded body (b) and a mounded and

separated contourite drift (c). All these features developed where the oceanic crust

produced reliefs at the seafloor or near-surface. See Fig. 1 for location.

Table 1
Geomorphometric parameters and characteristics of the morphological features.
Process Geomorphological Geomorphological parameters Characteristics Sector
features Lenght Width Height Trend
(km) (km) (m)
Tectono- Abyssal hills 5-22 2.5-3.2 300-500 N10°E to Form elongated and parallel sets of reliefs. Elliptical-shape in plan- 1,3
magmatic N25°E~N-S view. Triangular-shape in cross section. Symmetrical or
asymmetrical. Bounded by extensional faults. Without
sedimentary cover.
Seamounts (circular <4 <4 900 - Almost circular, symmetrical and isolated. No structural control. 1
shape) Without sedimentary cover.
Seamounts (irregular 8-20 3-9 400-500 N5°E to Irregular-shape, asymmetrical and isolated or forming small 1
shape) N53°E ~E-W clusters. No structural control. Without sedimentary cover.
Ridges 25-80 - 90 NNE-SSW Linear and parallel ridges with a steep western wall. 3
Depositional Lobate bodies (turbidite Tens 20 10-20 ~E-W Lobate and smooth bodies. Run parallel to the turbiditic channels, 2
levees) bordering them.
Mounded bodies 25-60 6-14 10-70 N-S NNW- Form a set of parallel mounded and elongated reliefs bounded by 3
(contourite levee) SSE depressions (scours) 10 m deep.
Triangular bodies (patch ~ 5-22 1.8-3.2 Tens N10°Eto Set of individual triangular-shaped reliefs spaced from <4.0km-20 3
drifts) N40°E km. Asymmetrical and slightly mounded. Flanks bordered by NW
-NNW scours ~30-40 m deep. Associated with abyssal hills.
Double-peak bodies 8-10 10 50-65 N20°E to Mounded, double-peak, symmetrical reliefs separated by a saddle. 3
(contourite drifts) N25°E Bounded by scours 30 m deep. Ocean crustal highs beneath their
peaks.
Mounded and separated 12 <10 10 ~E-W Mounded and prograding relief. Separated by a ~15 m deep moat 3
drift from the western flank of abyssal hills. Stratified stacking pattern.
Erosive Turbiditic channels >100 <5 - WNW-ESE V-shape or flat-bottom nearly symmetrical depressions. They can 2
reach 12 m to 27 m deep.
Furrows <10 - - E-W WSW- Narrow, symmetrical V-shaped depressions ~25-27 m deep. 1,3
ENE
Scours 80 - - NW-SW Asymmetrical depressions bounding laterally depositional 2
NNW-SSW features. Tens of meters deep.
Gravity Slide scars 23 14 205 - Amphitheater-shaped depressions below 4400 m water depth. 3
Debris flows Tens - <10 E-W Mounded and asymmetrical body at the base of steep scarp. 3
Bounded at the base by a discontinuous high amplitude reflection.
Chaotic facies. Thickness of 12-25 m.
Fluid Mud volcano <0.5 <0.5 3.3-14 ~N-S Dome-shaped, transparent acoustic facies features underlain by 3
migration acoustic wipe-out zone observed in Parasound record.
Small Toughs - - - ~N-S Parallel depressions. They disrupt sub-surface reflections in 3

Parasound record. Related to faults in sub-surface seen in
multichannel seismic record.

identify these features based on geomorphometric parameters other
than height, such as shape, orientation, dimensions, distribution pattern
(isolated or forming sets) and fault-control. Their volcanic origin is
supported by the analysis of multichannel seismic profiles.

Therefore, in the study area abyssal hills are elliptical features

forming sets of elongated and parallel topographic highs with a major
axis trending NNE-SSW (Figs. 2a, b, 3a, b, Table 1). They can be either
symmetrical with steep flanks, a tapering top and a narrow triangular
profile (Fig. 3a) or asymmetrical with a steeper and shorter western
flank (Fig. 3b). In the seismic record (Fig. 4a), they display a
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symmetrical profile and correspond to oceanic basement highs bounded
by extensional faults. Sedimentary cover is absent or is below the res-
olution of the acoustic data. At the foot of their western flank, near-
seafloor reflections are truncated, suggesting localized erosion;
whereas in the eastern flank the stratified reflection pattern is preserved
undisturbed (Fig. 4a).

Seamounts are almost circular or irregular shape features occurring
as sparse and isolated topographic highs. These features lack structural
control and sedimentary cover is absent. Two types can be distinguished
based on their shape:

(i) afew small, almost circular, symmetrical and isolated seamounts
usually rising up to 900 m above the surrounding seafloor
(Figs. 2a, b, 3a, Table 1);

(ii) irregularly shaped seamounts, isolated or constituting small
clusters, especially in the northern part of Sector 1 (Fig. 2a,
Table 1). They are asymmetrical, rising 400-500 m above the
surrounding seafloor.

4.1.2. Sector 2

Sector 2 is located in the southernmost part of the study area, at 5000
to 5250 m water depth, and coincides with the Madeira Distributary
Channel System described by Stevenson et al. (2013) and Hunt et al.
(2013) (Figs. 1a, 2a). This sector extends along a WNW-ESE strip about
50 km wide and is dominated by erosional features corresponding to
channels and depositional ones represented by lobate bodies (Figs. 2 and
3). The seafloor surface of this sector is incised by V-shape or flat-bottom
nearly symmetrical channels trending WNW-ESE and extending over
hundreds of kilometers (Figs. 2, 3, Table 1). These channels present a flat
bottom deepening from 4790 m water depth in the east to 5250 m water
depth to the west (Figs. 2a, 3c, d, e). Laterally, they are bounded by low
relief, lobate and smooth depositional bodies that extend parallel to the
channels for tens of kilometers (Figs. 2a, f, g, 3c, d, e, Table 1).

4.1.3. Sector 3

Sector 3 is located in the central and easternmost parts of the study
area. It corresponds to a broad NNE-SSW-elongated band, varying in
width from 165 km (southward) to 35 km (northward), and encom-
passing ~3800 m to 5300 m water depth (Fig. 2a). It is the most complex
morphological sector, exhibiting high diversity and concentration of
features. Depositional features predominate, especially mounded and
triangular bodies bounded by erosive depressions, such as moats and
scours. (Fig. 2a). The largest mounded bodies are better developed in the
southern part of Sector 3, close to the boundary with Sector 2 (Figs. 2
and 3), where they form a succession of parallel mounded and N-S to
NNW-SSE elongated sedimentary bodies, both flanks limited by de-
pressions (Figs. 2, 3, Table 1). These bodies are laterally bounded by
erosional scours usually found at 4950 to 5190 m water depth (Fig. 3).

(i) Three types of smaller depositional bodies occur close to the
flanks of abyssal hills or covering NNE-SSW parallel and elon-
gated basement highs (Fig. 4, Table 1) in the southwest and
northern parts of Sector 3, a series of individual triangular-shaped
bodies developed in regard to NNE-SSW and N-S isolated and
elongated abyssal hills (Figs. 2a, c, and 3f). The triangular-shaped
bodies trend between N10°E and N40°E, pointing north, and are
spaced from less than 4.0 km to about 20 km. They are charac-
terized by low asymmetrical relief, slightly mounded (Fig. 2a).
Their flanks are usually bordered by small scours and directed to
NW or NNW (Figs. 2a, 3f). The western scour is usually more deep
and pronounced than the eastern (Fig. 3f);

(ii) near the boundary with Sector 1 and below 5000 m water depth,
there are closely spaced, almost symmetrical mounded and
double-peak reliefs, separated by a saddle (Figs. 2, 3g, 4b). They
are oriented NNE-SSW. Both sides of these reliefs are bounded by
a scour that can reach 30 m deep (Figs. 3g, 4b). According to the
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seismic record, these depressions truncate the underlying strati-
fied reflections (Fig. 4b). This record also shows the existence of
ocean crustal highs beneath the peaks of the reliefs, which are
covered by a sediment blanket that smooths the seafloor surface.
However, in the easternmost part of this sector, basement ridges
are moderately covered by sediments. Therefore, present-day
seafloor morphology mimics the shape of the underlying
oceanic basement relief;

(iii) in the southern part of Sector 3, below 5000 m water depth,
mounded and prograding bodies developed close to the western
flank of abyssal hills, from which they are separated by a moat up
to 15 m deep (Fig. 4c). In the seismic record they depict a strat-
ified stacking pattern, the uppermost reflections being truncated
below the moat (Fig. 4c).

In the easternmost part of Sector 3, the NNE-SSW elongated stripe
above 4000 m water depth corresponds to the westernmost limit of the
Madeira Drift (Embley and Rabinowitz, 1978; Embley et al., 1978;
Roque et al., 2015). The seafloor dips gently toward the west and has a
corrugated surface, formed by a succession of NNE-SSW linear and
parallel ridges alternating with smooth areas (Fig. 2, Table 1). The
surface of the Madeira Drift is also interrupted locally by stepped linear
NNE-SSW-, WNW-ESE, and NE-SW-trending scarps (Fig. 2a). The
Madeira Drift could be disrupted locally by several amphitheater-shaped
depressions, typically indicative of gravitational instabilities and
attributed to slide scars (Fig. 2a). One of the largest is located at about
4455 m water depth at the southeast end of the bathymetry mosaic.
Locally, the seafloor is incised by a few sets of WSW-ENE to E-W parallel
furrows. Other features, e.g., scarps and scars, occur only locally in
Sector 3 and apparently have a subordinated role (Fig. 2a). The transi-
tion between Sector 3 and the adjacent Sector 1 is gradual, since they
share certain morphological similarities, particularly, the presence of
abyssal hills and seamounts (Fig. 2a).

4.2. Echo-character analysis

Twelve echo types were identified in the southernmost part of the
study area and have been grouped into five categories (Figs. 1b, 5-8).

4.2.1. Opaque and non-penetrative echoes

This category includes the echo types that are defined by a single and
distinct high-amplitude reflection, usually without sub-bottom re-
flections. Two distinct echoes were recognized.

Opaque echo type (P1) is defined as a high-amplitude, distinct, very
prolonged and continuous seafloor reflection with maximum penetra-
tion from 7.5 m to 12 m (Figs. 5, 6b, 7g and i). Generally, sub-bottom
reflections are absent. Echo type P1 is recorded in sector 1 and associ-
ated with smooth and gentle flat depressions reaching ~7.5 m depth.

Prolonged echo type (P2) is a continuous, sharp, high-amplitude
reflection, yet weaker than echo type P1 (Figs. 5 and 6¢), and its
occurrence is restricted to steep slope areas of sector 2. Sub-bottom re-
flections are totally absent, because a scattering of sound waves on the
slope prevents acoustic penetration.

4.2.2. Layered or stratified echoes

This echo type includes continuous sharp seafloor reflectors under-
lain by a set of parallel to sub-parallel, closely spaced and well-stratified
sub-bottom reflections, usually undisturbed and continuous (Figs. 5, 6d-
h and 7). This consistent pattern can be followed laterally for tens of
kilometers in the study area. The acoustic penetration depth usually
ranges between 37 m and 58 m, but in some places it reaches 83 m. Two
reflection packages with distinctive acoustic facies were identified as
echo subtypes L1 and L2, both occurring in Sector 2.

Stratified echo type 1 (L1) consists of a high-amplitude and high
continuity reflection package in the upper ~20-28 m below seafloor,
defining a well-stratified acoustic facies. Locally, this echo type, as L2,
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Fig. 5. Echo types recognized in the study area. P1 - Opach echo; P2 - Prolonged type 2echo; L1, L2 — Layered type echo; DH1 - Diffraction hyperbolae type 1 echo;
DH2 - Diffraction hyperbolae type 2 echo; SH1 - Single and large diffraction hyperbolae echo; SH2 - Isolated small diffraction hyperbolae echo; I1 - Irregular type 1
echo; 12 - Irregular type 2 echo; T- Semitransparent and transparent buried echo type; C — Chaotic echo type.

may be disrupted by small-scale lenses (<8 m) of acoustically trans-
parent echoes.

Stratified echo type 2 (L2) is identified beneath echo L1 and corre-
sponds to a lower amplitude and discontinuous reflection package

having a thickness between 19 and 35 m.

4.2.3. Diffraction hyperbolae echoes

This category includes the echoes consisting of grouped or isolated

diffraction hyperbolae. Four hyperbolae echo types were identified.

Hyperbolae echo type 1 (DH1) consists of a succession of small and

regular overlapping hyperboles of similar amplitude and length (Figs. 5,
6h and 7e). Sub-bottom reflections are conformable. This echo type is

recorded in Sector 2 and occurs in association with echo L1.
Hyperbolae echo type 2 (DH2) appears as hummocky and rough sea-
floor echoes corresponding to a downslope succession of overlapping

hyperboles with different vertex elevations of high amplitude (Fig. 5).
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Sub-bottom maximum acoustic penetration is of the order of 13 m. This
echo type occurs in Sector 2.

Single hyperbolae echo type 1 (SH1) consists of one large interrupted
asymmetrical hyperbolae up to 2 km wide, rising about 370 m to 675 m
above the surrounding seafloor (Figs. 5 and 7e). Penetration is absent or
the acoustic facies is transparent. This type is found locally in Sector 2,
disrupting the surrounding echo types L1 and L2.

Single hyperbolae echo type 2 (SH2) consists of small-scale semi-
transparent isolated hyperbolae with no internal structure, showing
semi-transparent or transparent acoustic facies (Figs. 5, 6e, 7a and b).
This echo type forms dome-shaped features less than 500 m wide and
rising between 3.3 m to 14 m above the surrounding seafloor. It is un-
derlain by an acoustic wipe-out zone, although these zones can occur at
other sites unrelated with hyperbolic echoes. The base of SH2 echo is
difficult to identify, but in some places it corresponds to an high
amplitude and continuous reflection (reflector R) located at about 33 m
below the seafloor (Figs. 6e, 7a and b). Some isolated hyperboles appear
associated with buried spots of semi-transparent to transparent facies.
Small depressions seem to have developed around these echoes. The
distribution of echo SH2 is limited to scattered patches in Sector 2 at
4060 to 4460 m in depth.

4.2.4. Irregular echoes

This echo type consists of a succession of asymmetrical, irregular
seafloor undulated reflections, with variable dimensions, underlain by
conformable sub-bottom reflections of echoes L1 and L2 that are either
undisturbed or locally disrupted, and associated with acoustic wipe-out
and acoustic turbidity. Two types were recognized.

Irregular echo type 1 (I1) consists of a sharp seafloor reflection

underlain by well-stratified, sub-parallel reflections defining a broad
and gently undulated seafloor topography (Figs. 5, 6f and 7h). The un-
dulations are irregular and asymmetrical elevations rise up to 7.5 m
above the seafloor. Sub-bottom reflections are undisturbed but non-
conformable, sometimes truncated between each of these seafloor
elevations.

Irregular echo type 2 (12) is a high-amplitude seafloor reflection with
closely spaced undulations separated by small troughs Sub-bottom re-
flections are disrupted below these troughs (Figs. 5, 6g, Table 1). This
echo type is unlike the previous one in terms of the disruption and offset
of sub-bottom reflections commonly associated with vertical and narrow
acoustic wipe-out zones (Fig. 8). Echo type I2 also occurs in some places
with shallow acoustic turbidity and blanking. It is found locally in Sector
2.

Correlation of echo type 12 with the multichannel seismic record
(Fig. 8) indicated that this echo type is (i) related to the offset of seafloor
sediments by a set of closely spaced extensional faults, some rooted on
oceanic basement highs, (ii) underlain by local acoustic turbidity areas,
(iii) associated with pull-down narrow and vertical structures, and (iv)
associated with almost vertical and narrow zones of acoustic wipe-out
showing local amplitude anomalies.

4.2.5. Chaotic or reflection-free echoes

This category of echoes is characterized by chaotic acoustic facies or
free of reflections, marking transparent to semitransparent acoustic
facies. Two types were recognized.

Chaotic echo type (C) consists of a high-amplitude rough seafloor
reflection overlying discontinuous, disorganized and high-amplitude
sub-bottom reflections, defining a body with chaotic acoustic facies
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(Figs. 5, 6¢, Table 1). Its shape is mounded, asymmetrical, and bounded
at the base by a discontinuous high amplitude reflection. Thickness
ranges from 12 m up to 25 m. This echo type occurs at the base of steep
scarps in Sector 2.

Transparent echo type (T) consists of an acoustically transparent to
semi-transparent lens-shaped echo with pinch-out terminations. It is
interbedded with layered echoes L1 and L2 (Figs. 5, 6d, e, 7a) and can
either be traced continually over hundreds of kilometers, or appears as
small and discontinuous lenses. Maximum thickness of the transparent
lenses ranges between 6 m and 28 m, decreasing laterally in pinch-out
terminations to the east and west (Fig. 7a). Echo T is underlain by a
high-amplitude, irregular and discontinuous reflection (Reflector R).
Beneath it, well-stratified and undisturbed reflections of echo L2 are
observed. Echo T is recognized in Sector 2, frequently associated with
echo type SH2 or interbedded between echoes L1 and L2.

4.2.6. Echo distribution and association

The echo type most prevalent and widespread in study sectors 2 and
3is L and its sub-types, L1 and L2. The second most frequent echo-type is
echo I (Fig. 7). The occurrence of the other echo types is very localized,
as seen in the case of echoes SH1, SH2, 12, C and DH1 (Fig. 7). The most
frequent associations between echoes are signaled by the occurrence of:
i) echo T interbedded between sub-echoes L1 and L2; ii) echo DH1 with
echo L; iii) echo SH2 and DH2 with echoes L and T; or iv) echoes I1 and

10

12 with echo L (Fig. 6).
5. Discussion
5.1. Decoding geomorphic processes

5.1.1. Tectono-magmatic processes

Sector 1 represents the typical morphology of deep-ocean floor, with
its elongated basement ridges, abyssal hills and sparse seamounts sur-
rounded by smooth and almost flat seafloor (Figs. 2, 3, 4a). Such features
resulted from tectono-magmatic processes related to seafloor spreading.
Therefore, they are the oldest features in the study area —NNE-SSW
elongated basement ridges and abyssal hills formed in the Early Creta-
ceous Mid-Atlantic Ridge. The precise age of these features is unknown,
but they must have formed post-Chron MO (~120 Ma), since they are
widespread in the oceanic crust belonging to the Cretaceous Magnetic
Quite Zone (CMQZ) (Bird et al., 2007). Basement ridges correspond to
outcropping oceanic crust of such times formed by horsts bounded by
extensional faults (Figs. 2, 4a). Abyssal hills aligned in the same direc-
tion are the most abundant features in this sector (Figs. 2, 4a) and
prevail as echo SH1 (Figs. 5, 6, 7e). They are well recognized in areas
where the sedimentary drape is thinner, whereas a decreased roughness
in the seafloor fabric is observed in places where they are covered by a
thick sedimentary blanket, e.g., Sector 3 (Fig. 4b). Abyssal hills are
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Fig. 8. Correlation between Parasound echo-sounder profile 112 and multichannel seismic profile showing fluid migration features at different scales, consisting of

buried pockmarks and zones of acoustic wipe-out. See Fig. 1 for location.

usually formed by faulting at spreading centers shortly after the for-
mation of oceanic crust (Buck and Poliakov, 1998; Macdonald et al.,
1996). Therefore, their shape and trend reflect the direction and
spreading rate of the paleo-spreading center (e.g., Goff and Tucholke,
1997; Downey and Clayton, 2007). Small seamounts seen in Sectors 1
and 3 were built up by localized magmatic activity that impinged the
recent-formed oceanic crust in the Early Cretaceous, not far away from
the spreading center. All these features constitute the deep seafloor
background topography upon which the sedimentary processes inter-
acted over time. The tectono-magmatic activity also shaped the Sector 3
due to the intraplate volcanism related to edification of the Madeira
Island and Plateau at least since the Miocene (Ramalho et al., 2015).

5.1.2. Bottom current circulation

Evidence of bottom-current circulation in the study area was docu-
mented in the past century by Heezen et al. (1959) and Embley and
Rabinowitz (1978). Bottom circulation is responsible for shaping both
depositional and erosional features identified in Sector 3. Depositional
features are represented by triangular sedimentary bodies, double-crest
bodies and mounded bodies. Erosional features correspond to channels,
scours and furrows.

Triangular sedimentary bodies in Sector 3 are imaged by echo type I1
as a succession of smooth seafloor undulations (Figs. 2 and 5). They
share geometry with the ones developed on the leeside of isolated sea-
mounts and hills (Hernandez-Molina et al., 2006; Palomino et al., 2016)
and defined as patched drifts (e.g., Rebesco et al., 2014). They are also
bounded by asymmetric scours. Hernandez-Molina et al. (2006) inter-
preted these triangular bodies associated with seamounts as a contourite
sedimentary tail (patch drift) developed in the wake zone by a down-
stream flow. In Sector 3, the scours are wide and deeper on the left side
of the abyssal hill (Figs. 3g and 4a). Since the study area is in the
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Northern Hemisphere, this suggests a northward-flowing bottom current
with a fast core, placed there due to Coriolis Effect, implying that erosion
overcame deposition on the left side of the abyssal hill producing the
scour Likewise, the double-crest mounded bodies indicate deflection of
the bottom current, but in this case around two parallel and major near-
surface basement highs. Such a scenario led to the deposition of a
blanket of sediments over the two highs; whereas erosion is concen-
trated at the foot of their flanks, forming scours (Fig. 4b). Features
similar to the double-crest mounded bodies have been described in
abyssal environments associated with near-surface basement highs and
named basement/tectonic drifts (e.g., Maldonado et al., 2005). When
seafloor relief is more prominent, the body deposited in association with
it can be a typical mounded and separated drift (Fig. 4c). Their geometry
indicates build-up by northward-flowing bottom currents that con-
toured the abyssal hills. These reliefs provide barriers to the flow leading
to the scouring of a moat at the foot of the slope of the western flank of
the abyssal hill. Usually, mounded and separated drifts developed where
fast bottom currents decelerate by interaction with a relief (Miramontes
et al., 2020). This suggests that the velocity of AABW decrease at the foot
of the abyssal hill favoring the deposition of the contourite drift. The
high thickness (up to ~0.5 s) reach by the mounded and separated drift
suggests that deposition by bottom currents persisted for a long time at
depths below 4800 m (Fig. 4c). Therefore, we interpret the three types of
mounded bodies (i.e. triangular, double peak, mounded and separated)
as small contourite drifts bounded by erosional features, and resulting
from perturbations in the AABW flow when it impinges these abyssal
hills and oceanic basement highs.

These bottom current depositional features correlate with the strat-
ified echo L (sub-types L1 and L2), indicating stable and persistent
depositional conditions. The deep acoustic penetration signaled by this
echo suggests the presence of fine-grained sediments of low compaction.
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Moreover, gravity cores taken in Sector 3 recovered muds and carbonate
oozes (Embley and Rabinowitz, 1978). Echo type L is common to
pelagic/hemipelagic deposits with minor interbedded turbidites (Stoker
et al., 1991), slope apron turbidites (Stow et al., 2002), and contourites
(Kuhn and Weber, 1993; Stoker et al., 1998). In Sector 3, it is interpreted
as indicative of contourites interbedded with pelagites or hemipelagites.

Other evidence of erosional features consist of narrow and sym-
metrical furrows in Sector 3 and the echo type DH1, both indicating
areas swept by bottom currents (e.g., Damuth and Hayes, 1977).

5.1.3. Slope instability

Slope instability in the study area is limited mainly on steep slope
areas of Sector 3, being testified by: i) amphitheater-shaped depressions,
typically indicative of gravitational instabilities and attributed to slide
scars (Fig. 2), and ii) echo type P2 observed in steep slope areas char-
acterized by sediment failure (Fig. 5). Echoes type DH2 and C have been
identified downslope of those scarps and probably correspond to the
dislocated sediments (Figs. 5 and 6). Usually echo type DH2 (Figs. 5 and
6) is produced in areas of irregular and rough seafloor, e.g., with inho-
mogeneous and unsorted sediment, as in the case of debris flows. The
chaotic acoustic response that characterizes echo type C reveals the
presence of a chaotic sedimentary body without internal structure and
can therefore be interpreted as a slump deposit (Fig. 5). The existence of
pastslope-instability events is evidenced by acoustically transparent
echo type T, which is commonly observed as lenses interbedded with
echoes L1 and L2 or beneath echo type SH2 (Figs. 5, 6 and 7a).The stable
environmental conditions indicated by echoes L1 and L2 have been
changed with the deposition of the body characterized by echo type T. It
truncates the underlying sediments (L2), as evidenced by the discon-
tinuous high amplitude reflection R at its base and is interpreted as
buried debris flows or other mass-flow deposits. The general shape of the
transparent body, the pinch-out terminations and the underlying
reflection R, considered to be a glide plane, corroborates the interpre-
tation of echo type T as a buried debris flow. Echo type T is recognized
mostly in Sector 3, and presumably originated from dislocated and
removed sediments from upslope steep scarps, which reach up to 40 m
height.

5.1.4. Turbidity currents

The occurrence of both erosional and depositional features testifying
the flow of turbidity currents is restricted to Sector 2 (Fig. 2), being
respectively represented by channels and lobate bodies. The flat-bottom
channels are characterized by echo type P1 (Figs. 5, 6 and 7g), which is
interpreted as indicative of scouring by flowing currents. Two types of
submarine channels are present: i) wide channels with low-relief gentle
walls, flat bottoms marked by high amplitude reflection and low
acoustic penetration in Parasound profiles corresponding to echo type
P1 (Figs. 3-6 and 7g), and ii) narrower and asymmetrical V-shape
channels flanked by steeper walls, showing higher acoustic penetration
beneath the axis and irregular reflections of high and weak amplitude
(Fig. 7g). These latter channels show no evidence of lateral migration
over time. The margins of both channel types are characterized by low
relief and an aggradational stacking pattern corresponding to echo type
L and correlated with the lobate bodies interpreted as turbidite levees,
although the margins of channels ii) appear to become steeper with time
(Fig. 7g). Echo type P1 is common in channels filled by coarse-grained
deposits (e.g., Faugeres and Mulder, 2011) and thus we interpreted it
as indicative of deposition of relatively thick sandy turbidites on the
bottom of channels i). In turn, the deeper acoustic penetration on the
bottom of channels ii), associated with irregular layered reflections,
might indicate minor deposition of sand and a prevalence of muddy
sediments. These interpretations can be corroborated by ground truth-
ing undertaken eastward in the Northern and Southern Channels of the
Madeira Distributary Channel System, where areas associated with low
acoustic penetration and high amplitude bottom reflection correspond
to turbidite sands, whereas areas with deep acoustic penetration and low

12

Marine Geology 443 (2022) 106675

amplitude reflections are free of sands (Stevenson et al., 2013).

Echo type L, on the margins of both channel types, correlates with
the lobate bodies interpreted as small levees, and suggests alternating
lenses of sandy turbidites (high amplitude reflections) and muddy tur-
bidites or hemipelagites (low amplitude reflections). According to Ste-
venson et al. (2013), the largest unconfined turbidite flows across the
Madeira Distributary Channel System are mainly non-erosive, bypassing
the respective load across the channel axes without any sand deposition.
Considering this, type i) channels characterized by an echo P1 signature
at their bottom may result from small confined turbidite flows that
deposited sands, whereas channels type ii) might correspond to the ones
dominated by bypassing flows with reduced or no deposition of sands.
Such turbidite deposits would consist of organic-rich sands from the
Moroccan Margin and volcanoclastic sands sourced from Madeira and
Canary Islands in the last 600 ka (Embley and Rabinowitz, 1978; Wynn
et al., 2002b; Frenz et al., 2008; Hunt et al., 2013; Stevenson et al.,
2013). They might result from slope failure of Madeira (Quartau et al.,
2018), or from minor subaerial eruptions, as recent as 6.5 ka (Ribeiro
and Ramalho, 2009; Ramalho et al., 2015). During the quiescence pe-
riods of turbidity currents, deposition in channels and their margins is
dominated by hemipelagic and pelagic muds (low amplitude reflections
in echo L), which may consist of marls, carbonate ooze or terrigenous
clays (Embley and Rabinowitz, 1978; Stevenson et al., 2013).

5.1.5. Fluid migration

The acoustic signature of echo types 12 and SH2 is interpreted as
indicative of fluid migration. Moreover, the offset of seafloor sediments
by a set of closely spaced extensional faults, correlating with the areas of
echo type 12 (undulating seafloor with small troughs, suggests that these
structures once acted as pathways for fluid expulsion at the seafloor
(Figs. 5 and 8). Subsurface indicators of fluid migration in the study area
consists of: i) localized acoustic turbidity upward (Figs. 5, 6e, 7a and 8);
ii) vertical and narrow zones of acoustic wipe-out associated with local
amplitude anomalies might be interpreted as pipes for fluid migration or
related to gas presence (Fig. 8); and iii) the pull-down narrow and ver-
tical structures often associated with echo 12 and interpreted as buried
negative reliefs or buried pockmarks (Fig. 8). Similar acoustic anomalies
have been reported worldwide, mostly on continental margins, and
interpreted as resulting from vertical fluid migration and expulsion
through the sedimentary column (e.g., Hustoft et al., 2007; Plaza-
Faverola et al., 2011; Cartwright and Santamarina, 2015). The occur-
rence of faulted sediments has been documented westwards of the study
area, in the Madeira Abyssal Plain (Duin et al., 1984; Searle et al., 1985,
1987; Williams, 1987). These authors invoked a mechanism of differ-
ential compaction and dewatering of sediments above basement highs.
We propose that this can be one of the mechanisms responsible for the
fluid migration, at least related to superficial faults. However, some
faults are deeply rooted in the oceanic crust basement highs and prob-
ably other type of fluid is involved. Measurements of heat flow in the
nearby Madeira Abyssal Plain indicate unexpected high values for a
Cretaceous oceanic crust (Noel and Hounslow, 1988; Fisher and Von
Herzen, 2005), suggesting that a thermogenic process is active. We hy-
pothesized that this might result from oceanic crust serpentinization due
to hydrothermal circulation through deep faults.

Another possible evidence of fluid migration are the intriguing
transparent dome-like mounds imaged in Sector 3 as echo type SH2
(Figs. 5, 6e and 7a). Their acoustic signature is identical to those of other
dome-like features identified as carbonate mounds in settings dominated
by bottom currents and mass movement processes (e.g., Antobreh and
Krastel, 2007; Lindberg et al., 2007; Savini and Corselli, 2010; Liidmann
et al., 2012; Somoza et al., 2014). Carbonate mounds are isolated or
clustered sedimentary features built up by the growth of colonial species
of cold-water corals throughout geological time. The interpretation of
echo type SH2 as carbonate mounds could be supported by: i) the sim-
ilarity of its acoustic facies with carbonate mounds described in other
geological settings (e.g., Antobreh and Krastel, 2007; Savini and
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Corselli, 2010; Liidmann et al., 2012; Somoza et al., 2014), and ii) evi-
dence that the Madeira slope environment has been dominated by bot-
tom current activity (Embley and Rabinowitz, 1978). However, if they
are carbonate mounds, then they are located some 1000-2400 m deeper
than usually described in the literature, below the depth of the aragonite
(the main constituent of corals) saturation horizon. This would stand as
an argument against the hypothesis of carbonate mounds in the study
area. Alternatively, the acoustically transparent mounds off Madeira
could be interpreted as structures linked to the migration and escape of
over-pressurized fluids within the sedimentary column, such as mud
volcanoes and domes. Mud volcanoes, domes and associated pockmarks
are widely recognized features in continental margins (e.g., Judd and
Hovland, 2007) and deep-water environments (e.g., Medialdea et al.,
2017; Sanchez-Guillamén et al., 2018a; Sanchez-Guillamén et al.,
2018b). The isolated mounds recognized off Madeira Island share some
characteristics with acoustically transparent mounded features
described by Rebesco et al. (2007) in Antarctica’s distal sediment drifts.
These authors described mounds higher (up to 70 m high) than the ones
of Madeira, but displaying very similar acoustic facies and shapes. A
further characteristic common to both geological settings is the presence
of debris flow deposits beneath the mounds (Rebesco et al., 2007),
imaged in the Madeira area as echo type T. Rebesco et al. (2007)
interpreted the acoustically transparent mounds in Antarctica as
possible mud volcanoes linked either to fluid expulsion due to the
dewatering of debris flow deposits (Diviacco et al., 2006), or to sediment
compaction at the opal A-CT transitions at depth (Volpi et al., 2003,
2011). We suggest that echo SH2 correspond to mud volcanoes caused
by the escape of overpressure fluids from either the debris flow deposits
themselves (echo type T) or from underlying contouritic layers (echo
type L) overloaded by the abrupt emplacement of this debris flow
(Fig. 7a).

5.2. Interplay of geomorphic processes

5.2.1. Interaction of bottom currents and turbidity currents

Although turbidite currents played a dominant role in the morpho-
genesis of Sector 2, at least during the last 600 ka (Hunt et al., 2013), the
study area as a whole has been simultaneously under the persistent in-
fluence of the northward-flowing AABW (Fig. 1a). The area in the
transition between Sectors 2 and 3, which borders the WNW-ESE
turbidite channels, is located at the intersection of the west-directed
turbidity flows and the northward-flowing AABW (Figs. 1a, 2). Here,
the restricted presence of elongated mounded bodies is limited by moats
trending NNE-SSW to N-S (Figs. 2, 3 and 7e). The proximity of these
bodies to the turbidite channels suggests they are turbidite levees, but
unexpectedly, their deep scours are instead parallel to the flow of the
AABW. In addition, the mounded bodies resemble contourite-levees
described in other geological settings (Faugeres et al., 1999; Fuhr-
mann et al., 2020). Both aspects indicate that the AABW presumably
played a preponderant role in their development and shaping. Though
the turbidity currents bypass the channels (Stevenson et al., 2013), the
muddy material they transported may have been intercepted by the
AABW, transported, deposited and reworked. Therefore, in the interplay
between episodic turbidity currents and northward-flowing AABW, the
latter would have prevailed as the predominant process and modelling
agent.

Turbidite episodes and AABW circulation would have alternated
with quiescent intervals dominated by a settling of hemipelagic sedi-
ments, as marls and chalks recovered in the area evidencing the inter-
mittence of the AABW (Fig. 1b, Embley and Rabinowitz, 1978; Hunt
et al., 2013; Stevenson et al., 2013).

In this context, we propose that the mounded bodies and scours
found in the transitional area of Sectors 2 and 3 could be a mixed system
formed by the interaction between diluted turbidity currents and the
AABW. In this model, fine-turbidite sediments are captured by the
AABW and transported and deposited to the north forming the mounded
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bodies (Fig. 9). Much debate surrounds the interaction between
turbidity currents and bottom currents, as the process is not fully un-
derstood (e.g., Locker and Laine, 1992; Rebesco et al., 1996; Massé et al.,
1998; Mulder et al., 2006, 2008; Hillenbrand et al., 2008; Hernandez-
Molina et al., 2009; Thiéblemont et al., 2019; Rodriguez-Tovar et al.,
2019; Fuhrmann et al., 2020; de Castro et al., 2020; Hiineke et al., 2020;
Miramontes et al., 2020; Rodrigues et al., 2021).

5.2.2. Oceanic reliefs and small contourite fields

The influence of typical deep-ocean reliefs, such as seamounts and
abyssal hills, has long been recognized in the deflection and perturba-
tion of deep-water flow patterns (e.g., Hogg, 1973; Huppert and Bryan,
1976; Gould et al., 1981; Boehlert, 1988; Saunders, 1988; Zhang and
Boyer, 1991; Hernandez-Molina et al., 2006). All these features may
constitute ideal topographic obstacles for bottom current circulation,
controlling erosion and deposition (Rebesco et al., 2014). Studies made
so far highlighted the interaction of a bottom current with an isolated
and large relief such as a seamount (e.g., Hernandez-Molina et al.,
2006). Yet in Sector 3, the presence of broad field of closely spaced and
almost parallel abyssal hills and seamounts steers the flow in a more
complex way giving rise to an extensive area shaped by bottom current
circulation. Therefore, the trio formed by abyssal hills, triangular bodies
and scours is far from being an isolated relief, instead forming a wide-
spread field of smaller contourite patch drifts. Although abyssal hills are
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Fig. 9. (a) 3D sketch showing the distribution of the main morphologies in the
study area. It illustrates the interaction between the northward-circulating
AABW and turbidity currents that flow in Sector 2. The AABW is capable of
pirating the fine-grained sediments in suspension in the turbidity current and
transporting them further north, contributing to the formation of the hybrid
mounded bodies. The sediment pirated by the AABW could also contribute to
the formation of the triangular bodies associated with abyssal hills and devel-
opment of the widespread field formed by these patch drifts. SP-sediment
pirated, PD-patch drift, S-scour, TC-turbidite channel, TL-turbidite levee, CC-
contourite-levee, SS-slide scar, MTD-mass transport deposits, MD-Madeira
Drift, MDCS-Madeira Distributary Channel System. (b) NE-SW cross-section
illustrating the piracy of fine-sediments carried by turbidite currents flowing
westwards by the northward directed AABW.

Sector 3

(not to scale)
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widespread and common features in oceanic basins, this type of con-
tourite field was not observed so far in other sites around the world. Its
occurrence off Madeira Island could reflect a localized phenomenon
controlled by specific environmental conditions both in terms of bottom
current, seafloor topography and sediment supply. One possibility is the
formation of local eddies by the AABW as it is forced to flow around the
plateau and lower slope of Madeira Island and the Madeira-Tore Rise.
The availability of fine-grained sediments captured from the turbidity
currents by the AABW could also contribute to the build-up of the
triangular bodies of Sector 3. These bodies are longer than the ones
described in connection with seamounts, probably due to the elongated
shape of the abyssal hills and ridges that deflect the flow in different
manners. Experimental studies of flows over differently shaped obstacles
(e.g., conical, elongated, cylindrical) demonstrate that they affect the
flow pattern differently, with the formation of turbulence and several
types of vortexes (e.g., Martinuzzi and Tropea, 1993; Sadeque et al.,
2008; Liao and Chen, 2015; Ouro et al., 2017; Launay et al., 2019). The
interaction of these vortices with seabed sediments has been invoked to
explain erosional and depositional features associated with abyssal hills
and seamounts (e.g., Hogg, 1973; Huppert and Bryan, 1976; Gould et al.,
1981; Boehlert, 1988; Saunders, 1988; Zhang and Boyer, 1991;
Hernandez-Molina et al., 2006). We therefore suggest that the scours
observed were caused by erosion linked to some type of local vortex
formed by a deflection of the AABW flow when it impinged the abyssal
hill (Fig. 10). Generally, bottom current velocities below 5000 m water
depth range from 1.0 to 20 cm s~! (Hollister and Heezen, 1972), though
higher values, up to 73 cm s~!, have been reported (Richardson et al.,
1981). Measurements of bottom current velocity at a seamount near the
study area indicate a current, of 1-2 cm s~! (Saunders, 1988). Such a
velocity would probably be too weak to erode the scours that border the
small contourite patch drifts; thus, they would have formed under more
vigorous bottom currents and stronger AABW. Glacials and the termi-
nation of glacial stages during the Quaternary are known to be marked
by the production and spreading of invigorated, enhanced, saltier and
more voluminous AABW and by intensification of bottom currents (e.g.,
Boyle and Keigwin, 1987; Duplessy et al., 1988; Lund et al., 2011;
Miramontes et al., 2020). Thus, we hypothesized that the scours are relic
features formed during periods when the AABW was stronger and forced
to flow around the lower slope of Madeira, being slightly affected during
interglacial stages by weaker currents.

The existence in Sector 3 of a broad field of small contourite bodies
with three distinct morphologies might reflect a complex interaction
between the AABW and sets of closely spaced and parallel abyssal hills
and oceanic basement highs. The complexity of the effects of neigh-
boring features in flow disturbance patterns is due to the interaction of
multiple variables, such as abyssal hill dimensions, trend and shape,
spacing and angle between neighboring abyssal hills, the velocity of the
flow and impingement angle (Gould et al., 1981; Zhang and Boyer,
1991). Such effects can be detectable tens of km away from the abyssal
hills, having a profound influence on the shaping of seabed (Gould et al.,
1981).

6. Conclusions

Geophysical data allowed the interpretation of the main geomorphic
processes that shaped the seafloor off Madeira Island, below 3800 m
water depth. The dominant processes are linked to the northward AABW
circulation and westward turbidity current flows, or to their interaction.
Other processes play a subordinate role, acting locally, as mass move-
ments and fluid migration. All these processes operated upon the topo-
graphic background inherited from the Early Cretaceous seafloor
spreading that produced the typical abyssal hills, basement ridges and
seamounts and from the Miocene intraplate volcanism that formed the
Madeira Plateau.

The northward-flowing AABW seems to have had a crucial role in
shaping this area, owing to its interplay with:
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Fig. 10. Plan view sketch showing the circulation dynamics resulting from the
interaction between the AABW bottom currents and oceanic basements highs as
abyssal hills in Sector 3, and deposition of small patches drift (trian-
gular bodies).

i) turbidity currents delivered from Madeira and Canary Islands, trav-
elling along the Northern Madeira Distributary Channel system. This
interaction produced, locally, a mixed contourite system of mounded
bodies limited by scours. The AABW was responsible for piracy of the
fine-grained sediments of the turbidity current, as well as their
transport, redistribution, reworking and deposition further north.
This means that —over time— the episodic and ephemeral turbidity
currents were subordinated to the persistent and semi-permanent
flow of the AABW;

ocean floor reliefs including abyssal hills, seamounts and basement
ridges. This interplay led to downstream formation of an widespread
field of patch drifts unknown elsewhere in deep-water settings. We
suggest that these features resulted from local vortexes formed when
the AABW impinged the oceanic relief. Because currents in the area
are very weak, these patch drifts and scours are most likely relic
features that formed during periods of enhancement of the AABW,
for instance in glacial/end of glacial stages. These features reveal a
more dynamic realm than believed previously and can give valuable
insights on the past deep-water circulation in this region of Central
NE-Atlantic.
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