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ARTICLE INFO ABSTRACT

The NW Moroccan Margin has a complex geological evolution, being located close to the transition zone between
the Azores — Gibraltar Fracture Zone and the western front of the Betic-Rif collisional orogen. The interaction
between tectonic, halokinetic and fluid flow processes with bottom-current activity shapes the seafloor and in-
fluences the distribution of seafloor biological communities (such as the cold-water coral mounds) and deep-
water sedimentation. The aims of this work are to study the interaction of the paleo-oceanographic and
morpho-tectonic processes that generated the various seafloor features of the NW Moroccan Margin. To achieve
this, high-resolution multibeam bathymetry and parasound data acquired in the “ALBOCA II” cruise have been
used, complemented by high-resolution 2D seismic reflection data and the EMODnet bathymetric compilation.

Several morphological features were identified in the margin, which are related to different processes of
sedimentary (contourites and sediment waves), structural (faults and diapirs), gravitational (slide scars, mass
transport deposits), fluid migration (mud volcanoes and pockmarks) and biogenic (exposed and buried coral
mounds) nature. The structural features (e.g., strike-slip faults) have a major control on the seafloor morphology
and, consequently, on the development and evolution of the sedimentary systems in the study area.

The evolution of the NW Moroccan Margin during the late Quaternary has been controlled by climatic vari-
ations and tectonic activity. The action of these factors has been dominant in distinct parts of the study area
where: i) contourite terraces developed when climatic and oceanographic changes were the prevalent factor, ii)
mounded and confined contourite drifts and local mass transport deposits formed when the major control was
tectonic activity.
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bottom-currents (Rebesco et al., 2014 and references therein). These
currents tend to flow parallel to the continental margin slope (along--

1. Introduction

Seafloor morphology is shaped by the interaction of several pro-
cesses, such as tectonic forces, sediment input, climate and sea-level
changes, and oceanographic circulation (Artoni et al., 2007; Leeder,
2011; Duarte et al., 2022). In deep-water settings, oceanic circulation is
comprised by semi-permanent density-driven currents, known as

slope circulation), but its pathways can be locally modified by topo-
graphic structures on the seafloor such as structural highs, fault scarps,
seamounts, coral mounds and mud volcanoes (Vandorpe et al., 2014,
2016; Liu et al., 2019, 2021; Duarte et al., 2022).

The Gulf of Cadiz is located to the west of the Strait of Gibraltar,
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enclosed by the southwestern Iberian and the northwestern Moroccan
margins (Fig. 1a). It corresponds to the transition zone between the
Azores — Gibraltar Fracture Zone and the western front of the Betic-Rif
collisional orogen (Medialdea et al., 2009; Zitellini et al., 2009; Vergés
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and Fernandez, 2012; Terrinha et al., 2019; Ramos et al., 2020). The
seafloor morphology is influenced by this setting, with a set of
WNW-ESE trending dextral strike-slip faults (i.e., the SWIM faults, Rosas
et al., 2009; Terrinha et al., 2009; Zitellini et al., 2009, Fig. 1a and b),
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Fig. 1. a) Regional setting of the study area, showing the main structural features (Duarte et al., 2013; Cabral et al., 2017; Gamboa et al., 2021) and the distribution
of the main intermediate- and deep-water masses along the Gulf of Cadiz (adapted from Hernandez-Molina et al., 2011, 2016b; Vandorpe et al., 2014, 2016), SWIM:
SW Iberian Margin, NWMM: NW Moroccan Margin; b) Detailed map of the NW Moroccan Margin (NWMM), showing the SWIM lineaments, cold-water coral fields (e.
g., Hebbeln et al., 2016; Menapace et al., 2021) and fluid escape related features, the Vernadsky and Renard Ridges and several mud volcanoes (MV) recognised in
the area: 1: Yuma MV, 2: Ginsburg MV, 3: TTR MV, 4: Lazarillo de Tormes MV, 5: Gemini MV, 6: Don Quijote MV, 7: Fitiza MV, 8: Il Idrissi MV, 9: Mercator MV, 10:
Adamastor MV, 11: Kidd MV, PDE: Pen Duick Escarpment (Ivanov et al., 2000; Gardner, 2001; Van Rensbergen et al., 2003, 2005); ¢) Location of the parasound

profiles (and 2D seismic datasets) used in the present study.



D. Duarte et al.

especially in the NW Moroccan Margin, also known as the Atlantic
Moroccan Coral Province (Wienberg et al., 2009; Vandorpe et al., 2017,
Fig. 1b). Oceanographic (e.g, water mass circulation and interface),
sedimentary (e.g., contourite depositional systems), halokinetic (e.g.,
diapirs and associated fluid escape) and biogenic processes (cold-water
coral mounds) are also important in this region (e.g., Medialdea et al.,
2009; Mohn et al., 2014; Vandorpe et al., 2014, 2016; Hernandez-Mo-
lina et al., 2016a, 2016b; Hebbeln et al., 2016, 2019; Garcia et al.,
2020).

An extensive contourite depositional system (CDS) developed along
the northern slope of Gulf of Cadiz (i.e., the SW Iberian Margin), which
has been widely studied over the past decades due to its considerable
dimensions and (paleo)oceanographic implications (e.g., Nelson et al.,
1999; Llave et al., 2001, 2007b; Roque et al., 2012; Hernandez-Molina
et al., 2003, 2016a; Duarte et al., 2022 and references therein). Con-
tourites features have also been recognised in the southern Gulf of Cadiz
(i.e., the NW Moroccan Margin), but have received far less attention in
the literature. These have been linked with seafloor reliefs caused by
mud volcanoes, scarps and ridges, such as in the El Arraiche area (Van
Rooij et al., 2011; Vandorpe et al., 2014, 2016). Consequently, the Gulf
of Cadiz, and specially its southern sector, is the ideal place to investi-
gate the relation of along-slope circulation with the seafloor
morpho-structural features.

The aims of this work are to study the spatial distribution of bottom-
current (contourite) depositional and erosional features and thus, the
interaction of (paleo)oceanographic processes with the morpho-tectonic
seafloor relief in the NW Moroccan Margin (Fig. 1). To achieve this,
high-resolution geophysical data were used consistent of multibeam
bathymetry and parasound data acquired during the R/V METEOR
“ALBOCA II” M167 cruise in 2020, complemented by high-resolution 2D
seismic reflection data and the EMODnet bathymetric compilation
(Fig. 1c).

2. Regional setting
2.1. Geological setting

The Gulf of Cadiz is located to the west of the Strait of Gibraltar
between the southwestern continental margin of Iberia (SWIM, Fig. 1a)
and the northwestern continental margin of Morocco (NWMM, Fig. 1a).
This region is being influenced by the ongoing NW-SE to WNW-ESE
Africa-Eurasia plate convergence at about 4.5-6.0 mm/yr (Stich et al.,
2006; Zitellini et al., 2009; Cunha et al., 2012; Vergés and Fernandez,
2012; Terrinha et al., 2019). The Africa-Iberia plate boundary is
diffused, with deformation accommodated through strain partitioning
along WNW-ESE dextral strike-slip faults (the SWIM lineaments; Fig. 1a
and b) and NE-SW thrust faults (e.g., Rosas et al., 2009; Zitellini et al.,
2009; Ramos et al., 2017b). The present-day kinematics commenced no
later than 1.8 Ma with the latest Iberian-African plate boundary reor-
ganization (Rosas et al., 2009). The SWIM faults, however, do not show
significant seismicity, due to rheological weakening induced by fluid
circulation and mantle hydration (Silva et al., 2017).

The Miocene collision between the African and Eurasian plates
resulted in the development of the Betic-Rif orogenic system also known
as Gibraltar Arc (e.g., Vergés and Fernandez, 2012). The westward
migration of the Alboran back-arc and Betic-Rif domain led to the for-
mation of the Gulf of Cadiz Accretionary Wedge (GCAW) and the related
gravitational allochthonous unit, during the Late Tortonian (Maldonado
et al., 1999; Medialdea et al., 2004; Iribarren et al., 2007; Terrinha et al.,
2019). It comprises a massive chaotic body of deformed Late
Mesozoic-Cenozoic strata and its development was related to the east-
wards dipping subduction of this oceanic lithospheric slab beneath the
Gibraltar Arc (Gutscher et al., 2002; Terrinha et al., 2019). Due to the
tectonic uplift of the Gibraltar Arc in the late Miocene, the marine
connections of the Mediterranean Sea and the Atlantic Ocean (Betic and
Rif Corridors and probably the Strait of Gibraltar, e.g., Krijgsman et al.,
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2018) were progressively closed, triggering the Messinian Salinity Crisis
(5.97-5.33 Ma; Flecker et al., 2015).

With the Pliocene reopening of the marine connection through the
Strait of Gibraltar, the oceanographic setting of the region was
controlled by the exchange between the Mediterranean Sea and Atlantic
Ocean water masses (e.g., Rogerson et al., 2012).

Diapiric processes have been recognised throughout the Gulf of
Cadiz, as a consequence of the vertical migration of Late Triassic-
Hettangian evaporites and Miocene marls (Maestro et al., 2003; Medi-
aldea et al., 2009; Matias et al., 2011; Flinch and Soto, 2017; Ramos
etal., 2017a). Many fluid escape features have also been identified, such
as mud volcanoes, pockmarks and extensive occurrences of
methane-derived authigenic carbonates indicative of past and recent
methane seepage at the seafloor (Ivanov et al., 2000; Gardner, 2001;
Pinheiro et al., 2003; Van Rensbergen et al., 2003, 2005; Medialdea
et al., 2009; Ledn et al., 2010, 2012; Hensen et al., 2015; Magalhaes
et al., 2019; Xu et al., 2021). These features bear witness to the active
fluid circulation throughout the southern Gulf of Cadiz, with shallow
and deep origin (e.g., Hensen et al., 2015; Xu et al., 2021). Conse-
quently, it is suggested the active role of the SWIM faults in facilitating
deep fluid seepage. The interaction between tectonic, diapiric and fluid
flow processes with bottom-current activity shape the seafloor
morphology and thus influences the distribution of seafloor biologic
communities (i.e., the cold-water coral mounds), deep-water sedimen-
tation and gas hydrates (Wienberg et al., 2009, 2010, 2020; Vandorpe
et al., 2014, 2016, 2017, 2023; Palomino et al., 2016; Magalhaes et al.,
2019; Lozano et al., 2020; Duarte et al., 2022).

2.2. Oceanographic setting

The present-day circulation pattern in the Gulf of Cadiz is mainly
controlled by the exchange of Mediterranean Sea and Atlantic Ocean
water masses through the Strait of Gibraltar (Ambar and Howe, 1979a,
1979b; Baringer and Price, 1999; Rogerson et al., 2012; Flecker et al.,
2015). Several intermediate and deep-water masses play an important
role in the oceanography of the region (Fig. 1a). In the Strait of Gibraltar,
a two-layer circulation structure is recognised, with the flow of the
warm, denser Mediterranean Outflow Water (MOW, 500-1400 m) into
the Atlantic Ocean overlaid by the inflow of Atlantic waters into the
Mediterranean Sea (Fig. 1a).

After exiting through the Strait of Gibraltar, the MOW spreads north-
westwards along the SW Iberian middle slope (Fig. 1a), where it flows as
an intermediate contour current between water depths of 500 and 1400
m (Sanchez-Leal et al., 2017) and led to the development of the exten-
sive Gulf of Cadiz CDS (Llave et al., 2007a, 2007b, 2019; Roque et al.,
2012; Hernandez-Molina et al., 2016a, 2016b; Sanchez-Leal et al.,
2017). Its interaction with the seafloor morphology causes the MOW to
divide into two main branches (Ambar and Howe, 1979a, 1979b; Serra
etal., 2005; Zenk and Armi, 1990): a less saline and warmer Upper Core
(500-700 m) and a more saline and colder Lower Core (800-1400 m).
The MOW is not deemed to be a constant water mass in the NW
Moroccan Margin by several authors (e.g., Richardson et al., 2000;
Ambar et al., 2008; Van Rooij et al., 2011), but it can be occasionally
transported to the area through meddies at depths of ~1000 m. How-
ever, Lebreiro et al. (2018) suggest the influence of the MOW Upper
Core, that mixes with Eastern North Atlantic Central Water (ENACW)
and the modified Antarctic Intermediate Water (mAAIW), in the
Moroccan middle slope. Furthermore, the ENACW and the mAAIW
circulate over the MOW, at water depths of 100-600 m and 600 m and
1500 m respectively (Louarn and Morin, 2011; Hernandez-Molina et al.,
2014, 2016b; Roque et al., 2019).

Contourites features have also been recognised in the Moroccan
Margin, in the El Arraiche area (Vernadsky and Renard Ridges in
Fig. 1b), associated with mud volcanoes and ridges with seafloor relief
and likely build up under the influence of the ENACW or the mAAIW
(Vandorpe et al., 2014, 2016). Bottom-current circulation was also in
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part responsible for the development of a large field of cold-water coral
mounds, known as the Atlantic Moroccan Coral Province (Fig. 1b;
Wienberg et al., 2009; Vandorpe et al., 2017).

3. Data and methods
3.1. Data

The dataset used in this work includes multibeam bathymetry, high-
resolution Parasound echo-sounder profiles, 2D multi-channel seismic
reflection profiles and hydrographic data (Fig. 1c).

Multibeam bathymetry acquired during the ALBOCA (M149,
25.072018-24.08.2018) and ALBOCA I M167,
11.10.2020-05.11.2020) cruise (Hiipers et al., 2019; Menapace et al.,
2021) covers the study area (Fig. 2a). It was acquired using a
hull-mounted deep-water KONGSBERG EM122 system onboard the RV
Meteor. The EM122 system used a nominal frequency of 12 kHz with a
beam width configuration of 2° by 2°. The multibeam mapping was
carried out with speeds of 8-10 knots. This bathymetric dataset was
complemented with the EMODnet Digital bathymetric compilation, a
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publicly available seafloor bathymetry database, merging several
high-resolution single and multiple beam bathymetric surveys with
composite digital terrain models (EMODnet Bathymetry Consortium,
2018). It has a cell-size grid of ~115 m (pixel size of 1/16 arc minutes).

The 2D multichannel seismic reflection data include (in time domain;
TWT - two-way travel time) profiles from three different surveys: GHR-
10, NWM-03 and LAR-04 (Fig. 1c), acquired with an airgun array
seismic source, processed to common depth point and stack, and time
migrated using standard procedures (Herndndez-Molina et al., 2016a
and references therein; data courtesy of REPSOL, S.A.). Acquisition pa-
rameters for seismic surveys are detailed in Supplementary Material
Table S1. Very high-resolution seismic data was acquired in the M167
cruise by a hull-mounted Atlas Parasound P70 sub-bottom profiler,
operated to provide a high-resolution image of the uppermost 50-100 m
of the sub-seafloor strata. It uses an operational signal (secondary low
frequency) of 3.5 kHz, with a transducer array of 4° by 5° (Menapace
et al., 2021).

Hydrographic data from World Ocean Database (2013) (https://
www.nodc.noaa.gov/OC5/W0OD13/) were used to create oceano-
graphic sections of the NW Moroccan Margin. These were created based
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on analysis of CTD data (conductivity, temperature, and depth values) to
display the detailed structure of the Present-day water masses in the
study area.

3.2. Methods

The bathymetric dataset was used to perform a geomorphological
analysis of the study area. Bathymetric maps and profiles, as well as
slope gradients were made with the ArcGIS ArcMap software.

Seismic interpretation was performed using the Schlumberger Petrel
E&P and IHS Kingdom Suite software. A time domain filter (2-6 kHz)
and resampling (factor 2) were applied to the seismic data, and the
profiles’ envelope was calculated. A bandpass filter was applied to the
profiles to improve the signal-to-noise ratio. Seismic interpretation fol-
lowed the methodology proposed by Mitchum et al. (1977a, 1977b,
1977c¢) and Catuneanu et al. (2009). The age control of the multichannel
2D seismic was based on the correlation with seismostratigraphic ana-
lyses from previous studies in the region (Duarte et al., 2019; Ng et al.,
2021a,b) — assigning an age of ~8 Ma to the seismic horizon TAP. The
Parasound data interpretation followed the echo-type classification
method established by Damuth and Hayes (1977), Damuth (1980), Kuhn
and Weber (1993) and Droz et al. (2001), based on the geometry and
internal configuration of sub-bottom reflections (i.e., acoustic ampli-
tude, lateral continuity). The correlation of these echo-types with the
bathymetric data was the base of the interpretation and discussion of the
tectonic, sedimentary, and oceanographic processes acting in the study
area. A simple conversion of TWT to depth was made, assuming a ve-
locity of 1500 m/s for the first 50-100 of meters of the sedimentary
cover. Hence, the sediment thickness is shown in meters.

Oceanographic analysis was performed using Ocean Data View
(Schlitzer, 2015) to create temperature (0), salinity (S) and potential
density profiles. Considering the temperature (0), salinity (S) and po-
tential density values previously reported in the literature (e.g., Serra
et al., 2005; Louarn and Morin, 2011; Hernandez-Molina et al., 2014;
Roque et al., 2019, 2023), 4 water masses were identified in the NW
Moroccan Margin.

3.3. Terminology

Sediments deposited or substantially reworked by bottom-currents
are known as contourites, and the large sedimentary accumulations
they create are known as contourite drifts (sensu Faugeres et al., 1999;
Rebesco et al., 2014). These features are widely recognised along con-
tinental margins and in deep-water basins, in both passive and active
tectonic settings (e.g., Van Rooij et al., 2003; Miiller-Michaelis et al.,
2013; Capella et al., 2017; Mulder et al., 2019; de Weger et al., 2020;
Bailey et al., 2021). The identification of contourite features is based on
the combination of seismic facies in associations with the
three-dimensional depositional geometry (Miall, 1985; Nielsen et al.,
2008; Rebesco et al., 2014). Contourite drifts can be classified based on
variations in location, morphologies, size, sediment pattern, construc-
tion mechanisms and controls (Faugeres and Stow, 2008; Rebesco et al.,
2014; Duarte et al., 2022). Contourite erosional features, such as
channels and moats, occur in association with the drifts in areas influ-
enced by current cores, where the velocity is higher (Garcia et al., 2009;
Rebesco et al., 2014; Hernandez-Molina et al., 2016a).

Coral mounds are composed of a mixture of coral fragments, other
bioclasts and hemipelagic sediments (Dorschel et al., 2005). They
develop in areas of vigorous bottom-current activity, as the currents
transport food particles that maintain coral growth and sediment
essential for mound growth (e.g., Vandorpe et al., 2017, 2023; Wienberg
etal., 2010). In seismic data, the corals are characterized by transparent
facies associated with diffraction hyperbolas and rooting on erosional
surfaces (Hebbeln et al., 2016; Steinmann et al., 2020 and references
therein). They are identified as elevated features above the seafloor (i.e.,
exposed mounds) or buried by continuous seismic reflections (i.e.,
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buried mounds) (Steinmann et al., 2020 and references therein).
4. Results
4.1. Geomorphological features

The study area is located at water depths ranging between 108 and
1153 m (Figs. 1c and 2a). It comprises mainly the NW Moroccan con-
tinental middle slope, below depths of 400 m, but also the upper slope in
the study area southeast corner (Fig. 2a). The area is characterised by a
complex geomorphology, showing rough topography, with gradients
higher than 10.5° (Fig. 2b). Smooth and gentle seafloor areas are also
observed, with slope gradients ranging from 0° to 2° (Fig. 2b).

Several geomorphological features were identified during the anal-
ysis of the bathymetric (Fig. 2) and seismic data (multichannel and
Parasound, Figs. 3-5), related to different processes such as structural
(faults and diapirs), sedimentary (contourites and sediment waves),
erosional (contourite channels and moats), mixed (contourite terraces),
gravitational (slide scars, mass transport deposits), fluid migration (mud
volcanoes and pockmarks) and biogenic (exposed and buried coral
mounds). A detailed description of these features is given below.

4.1.1. Structural features

4.1.1.1. Faults. The most prominent features observed in the bathym-
etry were four tectonic lineaments, two of them semi-parallel WNW-
ESE-oriented (F1 and F2, Fig. 2a) and two of minor dimensions (F3 and
F4, Fig. 2a).

F1 is observed over a length of 42 km (Fig. 2a) and it is characterised
by symmetrical flanks (heights of 70 m) bounding a “v’-shaped
depression (Figs. 2¢, 3 and 4). Slope gradients in the F1 fault zone can
reach >10.5° (Fig. 2b). F1 deforms the seismic sequence above the
seismic horizon TAP, with a zone of discontinuous, faulted reflections
(Fig. 3a). F2 extends over ~43 km and shows an asymmetrical bathy-
metric imprint, with slope gradients varying from 4.5° to 7.5° in the
south flank to >10.5° in the north flank (Figs. 2a and b, 6). Other minor
faults were identified, namely F3 located north of F2 and extends
throughout 24 km in a WNW-ESE direction (parallel to F2). This struc-
ture is less incised, resulting in slope gradients not exceeding 10.5°
(Fig. 2a—c). The impact of F2 and F3 is shown by dip-slip displacement,
bordering a depressed area where the seismic units show increased
thickness (Figs. 3a, 5¢). The last structure is F4, oriented ENE-WSW and
showing a maximum length of ~23 km (Fig. 2a). It shows characteristics
of a secondary shear fault, in relation to the main family of faults (F1 and
F2, Fig. 2a).

Throughout the fault zones, sigmoidal-to round-shaped depressions
were recognised, corresponding to pull-apart basins (~2-5 km long, 2.5
km wide; Figs. 2a, c, 4c). Elongated topographic highs, can also be
observed in the fault zones (~2-3.5 km long, 0.5-0.9 km wide; Fig. 2a
and f). At depth, these structures are obscured by the chaotic nature of
the GCAW, but it is still possible to observe several vertical to sub-
vertical fault planes and a pop-up structure in Fig. 4d. These features
are part of the previously described SWIM dextral strike-slip lineaments
crossing the Gulf of Cadiz accretionary wedge (Fig. 1a and b; e.g., Rosas
et al., 2009; Zitellini et al., 2009).

4.1.2. Halokinetic structures

Vertical halokinetic stocks with diffuse boundaries cutting through
the late Miocene-Quaternary seismic section can be observed in the
multichannel seismic (Fig. 3a). In some cases, they intrude through the
sedimentary sequence, even showing seafloor expression observed as
sub-rounded features in the bathymetric map (e.g., feature near F2, with
2 km length and 0.7 km wide; see diapirs in Figs. 2a and 3) and sepa-
rating the margin into small depocenters (as observed in the synclinal
basin in the north-western area of Fig. 3a). The diapirs are internally
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channel profile), showing structural features (faults and diapirs), fluid flow features and cold-water corals. Several basins developed on top of the advancing orogenic
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Accretionary Prism (~8 Ma). Location of the seismic sections is shown in Fig. 1c. Red symbols indicate faults’ movement.

characterised by transparent to chaotic internal reflections and very low
to low amplitudes (Fig. 3a). These features are rooted in the GCAW and
deform the overburden on top of the diapirs by folding or small-scale
faulting (Fig. 3a).

Moreover, the 2D multichannel seismic profiles indicated that the
halokinetic structures in the northern part of the study area compart-
mentalised the sedimentary sequence into different sub-basins charac-
terised by stratified continuous, semi-parallel to parallel seismic
reflections with amplitudes increasing from the base to the top (Fig. 3a).
Internally, these basins show evidence of deformation, mainly by folding
(syncline and anticline geometries) and small-scale normal faulting
(Fig. 3a). Their top is marked by the Present-day seafloor, while the base
is an irregular semi-continuous reflection (seismic horizon TAP), that
separate them from chaotic to transparent reflections corresponding to
the GCAW (Fig. 3).

4.1.3. Sedimentary features

Several depositional features, mostly related to bottom-water circu-
lation (contourites and sediment waves), were recognised in the study
area.

4.1.3.1. Contourites. Large, low-gradient areas (mostly <2°, locally
<4.5°) slightly dipping seaward have been recognised along the NW
Moroccan middle slope, forming a flatter domain with a terrace
configuration at water depths between ~500 and 800 m (Figs. 2-5). The
terrace (T) is divided and structured by the strike-slip faults F1, F2, F3
and F4 into three sectors — Ta, Tb and Tc in Fig. 2a. Terraces Ta and Tb
are divided by the F1 fault zone (Figs. 3, 4 and 7). Furthermore, Tb is
bounded by F3 at its southern border and F4 to the east (Fig. 2a). Terrace

Tc is bounded by F2 to the south and F4 to the north (Fig. 2a). Terraces
Ta and Tb show fairly similar characteristics, with a very flat seafloor
with low slope gradients, while Tc shows a rougher topography. The
morphologic characteristics of these features are shown in detail in
Table 1.

In the seismic profiles, these areas are characterised by several
packages of parallel to semi-parallel continuous low to high amplitude
reflections (increasing to the top) with a general aggradational config-
uration (Ta, Tb and Tc) or locally with more mounded geometries
(locally Ta and Tc) and onlapping and downlapping reflection termi-
nations (Figs. 3-5). They were interpreted as plastered sheeted drifts,
due to their geometry and internal characterisation (Table 1, Figs. 3b, 4c
and 4d). These deposits are internally separated by seismic horizons
with moderate to high amplitudes and are laterally continuous. Trun-
cated reflections in the seismic record mark discontinuities interpreted
as erosive surfaces (Figs. 3 and 4). This association of contourite depo-
sitional features (plastered drift) and erosional episodes allows the
identification of Ta, Tb and Tc as contourite terraces, first order
morphological features of a contourite system.

Furthermore, mounded bodies are observed developing at the base of
structural highs, at water depths below 850 m and rising 10-40 m above
the surrounding seafloor (Table 1, Figs. 2¢, e, f, g, 5). They are separated
from the structural highs by depressions with ‘u’-shaped profiles in
cross-sections, interpreted as moats (Figs. 2c, e-g, 5a—c). In some cases,
these mounded deposits are bordered by erosional features on both sides
(Figs. 3 and 5c). Based on their geometry and internal configuration
(Table 1, Fig. 5b and c), these deposits have internal geometries and
typical features of contourite mounded and confined mounded drifts and
are considered as secondary smaller features.
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Fig. 4. Geomorphological characterisation of the northern part of the study area: a) bathymetric map showing the tectonic structures (F1, F3 and F4) and cold-water
coral mounds (white arrows) associated with the contourite terraces Ta and Tb. b) to d) parasound echo-sounder profiles displaying the morphology and sub-seafloor
geometry, with contourite depositional and erosional features, buried and exposed cold-water corals and buried pockmarks. Location of seismic profiles in Fig. 1c. A

version without interpretation is shown in the supplementary materials (Fig. S1).

4.1.3.2. Sediment waves. These features were punctually recognised
along the contourite terrace, at water depths of ~500-650 m (Figs. 2a
and 6). They are elongated along a general NNE-SSW direction and
create undulated fields at the seafloor (Fig. 2a). In the seismic data they
are characterised by parallel to sub-parallel continuous reflections with
low to moderate amplitudes and form symmetrical to slightly sigmoid-
shaped layers (Fig. 6). They show maximum wavelengths of 0.78 km
and heights up to 30 m (Fig. 2a and b, Table 1). These features were
interpreted as sediment waves.

Two fields of sediment waves were recognised: the first one occurs at
the eastern part of the contourite terrace T2, between FI and F4 at water
depths of 600 m-725 m (Fig. 2a), and a second one in the upper part of
the middle slope to the east of F4 and northeast of contourite terrace T3
(Fig. 2a) at water depths of 525 m-650 m.

4.1.4. Erosional features

Elongated depressions with ‘v’ and ‘u’ shaped profiles often occur
along the base of the seafloor highs in the NW Moroccan Margin
(Table 1), such as the SWIM faults (Figs. 3 and 5) or folded areas (Figs. 3
and 4).

The ‘v’-shaped features are narrow depressions, with vertical in-
cisions reaching 36 m and widths of 0.2-0.4 km (Figs. 2, 5b and 5c).
They show a general NW-SE orientation and were identified as con-
tourite channels in this study. The ‘u’-shaped features show widths of
0.1-1.2 km and vertical incisions up to 17.5 m (Figs. 4 and 5). They
develop in an approximate NW-SE direction and are associated with
mounded and confined drifts that form on the right side of these features

(Fig. 5). These erosional structures were identified as contourite moats
due to their characteristics and relationship with contourite drift de-
posits (Figs. 2, 3 and 5).

4.1.5. Gravitational features

4.1.5.1. Mass transport deposits. Lens to wedge-shaped transparent to
chaotic facies bodies were recognised in the seismic data, at the foot of
the fault scarps (Table 1, Figs. 4 and 5). These deposits occur mainly at
the Present-day seafloor, with predominantly chaotic facies (thickness
between 7.5 m and 9.8 m and lengths of 75 m-80 m) but can also be
identified in the subsurface as transparent wedge-shaped deposits
(thickness between 6.8 m and 11.3 m and lengths of ~30 m-40 m)
intercalated with the stratified contourite deposits (Fig. 5).

4.1.5.2. Slide scars. Steep slope areas (7.5° to >10.5°, Fig. 2b) are
located in the headscarp of the mass transport deposits described above
(Table 1, Figs. 2b, 3 and 4). In these areas the seafloor is marked by a
moderate to high amplitude discontinuous reflection that truncates the
older layered seismic reflections (Figs. 3 and 4), or the sub-bottom re-
flections are just absent (Fig. 5).

4.1.6. Fluid migration features

In the north-eastern region of the study area nine circular to elon-
gated positive reliefs can be observed at water depths below 500 m
(Fig. 2a). These features rise 25-232 m from the surrounding seabed,
have diameters ranging from 1 to 4.9 km and border slopes ranging from
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Table 1
Morphologic characteristics of the geomorphological features recognised in the study area. E: Exposed, B: Buried, ms: milliseconds in TWT. NEW
TABLE!
PROCESS GEOMORPHOLOGICAL  GEOMORPHOLOGICAL PARAMETERS
FEATURES Form Length Width Height/ Trend Slope gradient
Thickness
Structural Faults F1 - 42 km - - WNW- ESE >10.5°
N flank >10.5°
F2 - ~43 km - - WNW- ESE S flank 4.5°-
7.5°
F3 - 24 km - - WNW- ESE <10.5°
F4 - ~23 km - - ENE- WSW >10.5°
Diapirs E Sub-circular to 2 km 0.7 km ~75m WNW — ESE? up to >30.5°
B elongated ~75m ~75m >1.1m WNW — ESE? -
Sedimentary ~ Contourites Plastered sheeted 3.4-24km  2.7-15km 16-34m - 0°-2°
Mounded 2"1’;3'7 1.3-6 km 32-87m - 0°-2°
Confined 4-8 km 4-10 km 21-53 m - 0°-2°
Sediment waves Undulated ~14-17 km  ~30-60 km up to 30m NNE- SSW 0°-4.5°
Erosional Contourite channels ‘v'-shaped - NW- SE 2°-4.5°
Contourite moats ‘u’-shaped - NW- SE 2°-4.5° (<7.5°)
Mixed Contourite terraces Ta Rectangular - 0°-2°
Tb Trapezoidal - 0°-2°
Tc Triangular - <4.5°
Gravitational  Slide scars - - - - - 7.50°-10.5°
Mass l_‘ransport Lens to 75 to 80 56-73m ) )
deposits wedge-shaped m
Wedge- ~30to 40 s.84m ) )
shaped m
Fll.”d . Mud volcanoes Circular to 1-4.9 km 25-232m - 6.8°-8.4°
migration elongated
Pockmarks uE V- 61-260m 7.5m - -
shaped
Biogenic Exposed corals Circular to ~540-880 m upto19m - -
Buried corals oval 5-12 km 6-30 m - -
|_ Diameter __|

6.8° up to 8.4° (Table 1, Fig. 2b). In cross-sections, they are charac-
terised by cone-shaped profiles (Fig. 2f and g). In some cases, it is
possible to observe a depressed area (11 m-39 m depth) around the
structures rim (Fig. 2a, f, g). These features occur near the northern
boundary of the study area, in the El Arraiche field (Fig. 2a) and are
associated with the previously recognised mud volcanoes in this region
(e.g., Gardner, 2001; Pinheiro et al., 2003; Van Rensbergen et al., 2005;
Vandorpe et al., 2016).

More evidence for fluid flow processes can be observed in the seismic
profiles: i) three buried crater-like depression with ‘u’- and ‘v’-shaped
profiles were observed in the northern part of the study area (Table 1,
Fig. 4). These depressions have depths up to 0.01 s TWT, with diameters
ranging from 61 to 260 m. These features display geometries compatible
with pockmarks produced by fluid seepage at the paleo-seafloor; and ii)
areas of acoustic disturbed reflections can be recognised throughout the
profiles (Fig. 3), such as vertical zones of acoustic wipe-out, charac-
terised by low amplitude to transparent reflections.

4.1.6.1. Coral mounds. Multiple positive conical-shaped features are
observed in the bathymetry between water depths of ~540 up to 980 m
(Fig. 2a and b). In the parasound seismic profiles they exhibit circular to
oval or vertically elongated shapes with transparent facies (Table 1,
Figs. 4 and 5), or small triangular bumps on the seafloor in the regional
multichannel seismic (Fig. 3). These structures are characterised by di-
ameters ranging from ~130 to ~235 m and highs up to 19 m above the
surrounding seafloor. They are observed along zones of breaks in the
slope gradient (Fig. 2a, b, d), in areas where the seabed is steeper (slopes
of 7.5°-10.5°, Fig. 2b). They can occur isolated or in groups, parallel to

the slope (Fig. 2a and d), at bathymetric highs (Fig. 2a and e) or within
the fault lineaments (Fig. 2a and f). Based on their acoustic character-
istics these features are interpreted as cold-water coral mounds. These
features were previously recognised and described in depth by Hebbeln
et al. (2016, 2019).

Two different coral mound fields with different characteristics were
recognised: i) the deeper field occurs along an extensive area between
water depths of 800-980 m (DCF in Figs. 2a and 8). It consists of a group
of exposed cold-water coral mounds developed in an area where the
seabed changes from a smooth flatten terrace to a steeper slope
configuration (Fig. 2a, b, d), and ii) the shallower field is observed at
water depths of ~540-760 m (SCF in Figs. 2a and 8). It is characterised
by some exposed conical-shaped mounds developing especially in the
fault zones, but also by several 5-12 km length ridges with similar ori-
entations to the coral mound groups (Fig. 2a). These ridges are thus
suspected to be related with buried coral mounds. Buried corals (Fig. 4d)
are also observed in the parasound profiles, at different levels of the
sedimentary sequence, suggesting several formation episodes (Vandorpe
et al., 2017).

4.2. Echo-type characterization

Three main echo-types — stratified, non-penetrative and transparent
— are distinguished based on the acoustic characterisation of the para-
sound seismic profiles. The echo-types are described in detail on Table 2,
and their distribution is shown in Fig. 6.
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Echo-types identified in the NW Moroccan Margin: description and possible interpretations for the echo-types observed in the parasound profiles.

Echo-types

Example

Description

Interpretation

Type I - Stratified IA

Continuous sharp seafloor reflection. Package of parallel, well-stratified
continuous reflections with amplitudes decreasing with depth, from high to low.

Continuous sharp seafloor reflection. Undulated well-stratified and sub-parallel,
continuous reflections. High to low amplitudes, decreasing with depth.

Sharp seafloor reflection. Well-stratified and sub-parallel, semi-continuous
reflections, with folds and faults that deform the whole package. High to low

Hemipelagic or contourite
deposits

Sediment waves

Folded and faulted sedimentary
deposits

1B
IC
amplitudes.
Type II - Non- IIA
penetrative reflections are absent.
[
£ . T
0 =
40m
1B X
2
£
@
IIc
bottom reflections.
Type III - A 3 3
Transparent = to chaotic facies.
IIB

High amplitude sharp reflection. Occurs on steep slope areas. Sub-bottom

Conical-shaped features, with the seafloor marked by weak diffraction

Sharp seafloor echo with irregular and overlapping hyperbolas without sub-

Sharp continuous seafloor reflection. Lens external geometry, with transparent

Transparent to chaotic facies with mounded geometries. These are surrounded
by continuous stratified reflections (echo-type I).

Erosional processes (slope failure
or by bottom-currents)

Cold-water coral mounds

hyperbolas. Transparent internal facies.
Laterally, it borders continuous stratified reflections (echo-type I).

Partially buried cold-water coral
mounds

Mass transport deposits

Buried coral mounds

4.3. Oceanographic profiles

Two hydrographic sections were created based on analysis of CTD
data to display the structure of the water masses along the study area,
one section perpendicular to the slope (NW - SE, Fig. 7a) and the other
parallel (NE — SW, Fig. 7b). Based on the temperature, salinity and po-
tential density values observed, four water masses were identified: i) the
Surface Atlantic Water (SAW) is the most superficial water mass in the
study, reaching around 200 m water depths, ii) the Eastern North
Atlantic Central Water (ENACW), directly below the SAW, and going

11

down to ~500-600 m. It is characterized by a temperature of 13.9 °C, a
salinity minimum of 36.289 and an oxygen content of 180 pmol/kg. The
ENACW is affected by eddies, as can be identified on Fig. 7b, iii) the
modified Antarctic Intermediate Water (mAAIW), is observed between
~500 and 600 and 1000 m water depths (Fig. 7). It is characterized by a
temperature of 16.374 °C, a salinity minimum of 35.62 and an oxygen
content of 225.93 pmol/kg (see Figs. 4 and 5 of Roque et al., 2019), with
its main core located at 900 m (Fig. 7). It spreads along the African
continental margin until the Gulf of Cadiz (Louarn and Morin, 2011;
Hernandez-Molina et al., 2014), where it interacts with the
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Mediterranean Outflow Water (Roque et al., 2019, 2023), and iv) the
Mediterranean Outflow Water (MOW), that flows directly below the
ENACW (below 800 m), and is characterised by a temperature of
13.9 °C, a salinity minimum of 36.64 and an oxygen content of 180
pmol/kg (Roque et al., 2019). The MOW core position is restricted by
seafloor irregularities (Fig. 7), with local maximum and doming upper
surface. It transitions laterally to the mAAIW and is also affected by the
eddies observed in Fig. 7b.

5. Discussion

The distribution of geomorphological features in the study area

3
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Coral mounds
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discloses the interplay of tectonic and oceanographic processes in the
NW Moroccan Margin. The sedimentation is dominated by bottom-
current related deposits, with an extensive contourite terrace along
the middle continental slope and associated sheeted drifts and sediment
waves. Mounded to confined drifts and erosive contourite features were
also locally recognised, as well as mass transport deposits. The distri-
bution and the type of the deposits are closely influenced by the morpho-
structural reliefs (Figs. 3-5, 8).

Although no direct chronostratigraphic control is available due to
the lack of wells in the study area, a theoretical late Quaternary age is
proposed for the studied seismic interval based on regional data existent
in the literature. Accordingly, a 0.9-0.7 Ma to Present age is attributed
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Fig. 8. Map showing the distribution of the geomorphologic features (faults, diapirs, contourites, sediment waves, cold-water corals and gravitational) observed in
the NW Moroccan Margin. The distribution of the contourite depositional and erosional features were used to infer bottom-current pathways during the Late
Quaternary (light orange arrows). F1, F2, F3, F4: strike-slip faults, Ta, Tb, Tc: Contourite terraces, MTD: Mass-transport deposit, SW: Sediment waves, DCF: Deep
Coral Field, SCF: Shallow Coral Field, m: contourite moat, c: erosive channel. Pen Duick and Fiuza drifts from Vandorpe et al. (2016).
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for the interval of interest based on chrono-seismostratigraphy proposed
for the Moroccan margin (Vandorpe et al.,, 2014). Furthermore, the
high-resolution seismic (Parasound) record images the first tens of me-
ters below the seafloor, usually corresponding to sediments no older
than Late Quaternary (e.g., Droz et al., 2001), as has been proposed in
the northern Gulf of Cadiz (e.g., Llave et al., 2001, 2006; Garcia et al.,
2020).

5.1. Morpho-structural control on sedimentation and coral distribution

The seafloor morphology of the study area is mainly influenced by a
set of strike-slip faults, namely the SWIM and associated faults (F1, F2,
F3 and F4 in Figs. 2a and 8). Mud volcanoes are also locally important in
shaping the seafloor (sector 1, Fig. 2) and thus controlling depositional
processes. Tectonic control on sedimentary processes is observed, with
several sedimentary sub-basins developed on top of the GCAW and
compartmentalised by diapiric structures or the fault zones (Fig. 3a). All
these structures impact the late Quaternary seismic sequence (folds and
small-scale faults, Fig. 3), characterised by echo-type IC (Table 2, Fig. 6),
indicating the importance of tectonic activity, halokinetics and conse-
quent deformation on the recent evolution of the NW Moroccan Margin.

Internal deformation of the seismic strata is more intense in the
southern part of the study area (sector 3, Fig. 2a), where echo-type IC
dominates (Table 2, Figs. 5 and 6). This suggests a higher activity of
faults F2, F3 and F4 or just a different setting: movements in F1 appear to
be closer to pure strike-slip, with the typical pull-apart basins and
restraining-bends structures developing within the fault zone (Figs. 2a,
4c and 4d), while in the southern part of the study area the faults seem to
accommodate deformation as a group and important dip-slip movement
is observed in F2, F3 and locally in F4 (Figs. 3 and 5).

The observed deformation is a consequence of the regional tectonics,
with structures within the GCAW still showing evidence of local activity
(Gutscher et al., 2009; Duarte et al., 2022) and the SWIM faults marking
the diffuse boundary between the African and European plates, char-
acterised by a dextral transpressive regime in the last 1.8 Ma (Rosas
et al., 2009; Zitellini et al., 2009; Terrinha et al., 2019). Recent tectonic
activity is also demonstrated by the formation of salt structures rooted in
the GCAW (Figs. 2a, 3a and 8) and the fluid escape features, both in the
recent record — the buried pockmarks seen in Fig. 4b — and at the
Present-day — the mud volcanoes to the north of the study area (Fig. 2,
Perez-Garcia et al., 2011; Vandorpe et al., 2014, 2016; Xu et al., 2021).

The changes caused on seafloor morphology, in particular by the
SWIM faults’ scarps (i.e., zones of high slope gradient, Fig. 2b), influence
sedimentation in several ways: i) restricting sedimentary deposits
extension, controlling the available accommodation space (Figs. 3-5, 8)
and ii) creating slope instabilities that cause the development of mass
transport deposits (Figs. 3-5). Slope instability was only recognised on
the steep slope areas related to the fault scarps (i.e., zone of high slope
gradient, Figs. 3 and 4). In these areas, echo-type IIA is observed
(Table 2, Fig. 6), characteristic of areas with sediment failure (e.g.,
Roque et al., 2022). At the base of the steeper scarps (pull-apart basins),
echo-types IIIA (Table 2, Fig. 6) were observed with chaotic
lense-shaped bodies and no internals structures that are related to mass
transport deposits.

The morpho-structural control on seafloor configuration is also
important for the coral mounds distribution along the NW Moroccan
margin, with some of these features occurring along fault scarps
(Figs. 2a, 4, 5 and 8). These areas are characterised by high slope gra-
dients and thus, the mounds are better exposed to passing water masses
that are enhanced by the seafloor morphology and are rich in nutrients
(Hebbeln et al., 2019 and references therein).

5.2. Bottom-current depositional and erosional processes

Contourite features are dominant in the study area. In the seismic
profiles, contourite deposits correspond mainly to the stratified echo-
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type IA, but also echo-type IC if the sedimentary sequence suffered
significant deformation (Table 2, Fig. 6). Three contourite terraces were
recognised (Ta, Tb and Tc in Figs. 2a, 3 and 8), separated by the strike-
slip faults and thus showing the importance of the SWIM faults, local
halokinetic and fluid flow processes shaping the morphology of the
study area (details in 6.1). These terraces are characterised by an asso-
ciation of depositional elements — such as contourite drifts (Table 1,
Figs. 3-5) and the recognised sediment waves, corresponding to the
wavy stratified echo-type IB (Table 2, Fig. 6) and paleo-erosional fea-
tures, such as discontinuities in the seismic record (Fig. 3). This dem-
onstrates the variability of bottom-current associated processes during
the late Quaternary in the study area. Contourite terraces have been
documented across the world, such as in Mozambique Channel (Mir-
amontes et al., 2021), Uruguayan Margin (Hernandez-Molina et al.,
2018; Kirby et al., 2021) and South China Sea (Chen et al., 2022), being
interpreted as shaped in the transitional domain between two different
water masses (Preu et al., 2013). To the south of contourite terrace Tb,
mounded and confined mounded drifts are observed (Figs. 5b and c, 8).
These deposits are separated from the contourite terrace by a fault scarp,
developing at the base of Tb at deeper depths. Landward, another field of
sediment waves were recognised together with sheeted drifts, revealing
bottom-current activity in the upper part of the middle slope (Figs. 2a
and 8). The formation of the sediment waves suggests turbulent mixing
between the water masses, with internal waves fluctuating along the
pycnocline (Rebesco et al., 2014; Yin et al., 2019; Roque et al., 2023). In
this situation, the high velocity and energy of the internal waves are
likely to create local erosion of the seafloor and sediment re-suspension
(Pomar et al., 2012; Rib6 et al., 2018; Mienis et al., 2009). These con-
tourite features, together with the drifts recognised previously in the El
Arraiche area to the north (Pen Duick and Fiuza drifts in Vandorpe et al.,
2014, 2016), form an important contourite system along the NW
Moroccan Margin middle slope (Fig. 8).

As stated above, the morpho-structural characteristics of the seafloor
condition the formation and evolution of deep-water deposits. In ter-
races Ta and Tb, separated by the F1 fault zone, an extensive sheeted
drift developed, bounded by the fields of cold-water corals and struc-
tural features (Figs. 3a, 4c and 4d, 8). This suggests a spread-out water
mass flowing through the gentle and smooth seafloor (Figs. 2a and b, 3).
In the northern limit of Th, mounded drifts are locally observed with a
moat developing adjacent to a high related to the F1 fault zone (Fig. 4).
The interaction of the relief with the currents’ circulation causes the
local enhancement of flow velocity (Faugeres and Stow, 2008; Duarte
et al., 2022). The contourite terrace Tc shows a different evolution,
being smaller than the other terraces and bounded by F2 to the south and
F4 to the north (Figs. 2a and 8). Here, contourite drifts show sheeted to
mounded geometries (Figs. 5 and 8), related to its rougher topography
(influence of the structural features, but also coral mounds, Fig. 5b) that
locally constrained bottom-current circulation, leading to its accelera-
tion (Faugeres and Stow, 2008). The contrast between terraces Ta-Th
and Tc suggested a greater influence of tectonic activity in the sedi-
mentary processes of the southern part of the study area, whereas
oceanographic processes are dominant in the evolution of terraces Ta
and Tb.

Moreover, the secondary mounded contourite deposits formed at the
base of F2, F4 and F3 fault scarps, with erosional features associated with
this type of drift, developed adjacent to the fault relief (Figs. 4c, d, 5b, c,
8). This reveals the constriction of the bottom-currents by the structural
reliefs (Figs. 4, 5 and 8), leading to the enhancement of flow velocity
(Faugeres and Stow, 2008; Duarte et al., 2022). Consequently, erosional
processes increase along the foot of the structure, forming contourite
moats, and favouring the development of drifts with mounded geome-
tries laterally (Faugeres and Stow, 2008; Duarte et al., 2022). In areas
where two fault scarps limit a small (F3 and F4, >4 km) seafloor area,
confined mounded drifts were observed (Figs. 5¢ and 8). Confined drifts
are typical of morpho-structural active regions, developing in small,
tectonically active basins (Faugeres et al., 1999; Faugeres and Stow,
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2008). This further suggests the higher degree of tectonic activity in this
part of the study area.

5.3. Coral mounds and oceanographic circulation

Several occurrences of cold-water corals were recognised in the
study area: buried corals (echo-type IIIB, Fig. 6 and Table 2), partially
buried (echo-type IIC, Fig. 6 and Table 2) and exposed at the seafloor
(echo-type IIB, Fig. 6 and Table 2), with the latter mostly observed in the
deeper coral field (Fig. 2a, d, 8). These features are part of the Atlantic
Moroccan Coral Province (Fig. 1b; Hebbeln et al., 2019; Vandorpe et al.,
2017). The coral fields are observed in areas of higher slope gradients
(Fig. 2a and b), in the flanks of contourite terraces Ta and Tb or fault
zones.

Cold-water coral mounds are known to develop in areas of vigorous
bottom-current activity, as the currents transport food particles that
maintain coral growth and sediment essential for mound growth (Heb-
beln et al., 2016; Steinmann et al., 2020 and references therein). Some
coral mounds develop near contourite moats (Figs. 4d and 5b), sug-
gesting that these features developed in areas with enhanced current
velocities. Furthermore, the occurrence of several levels of buried and
exposed coral mounds (Fig. 4d-Table 2) imply various periods of mound
development and aggradation, and consequently the action of an
intermittent but energetic water masses circulation in the late
Quaternary.

At the Present-day, the cold-water corals are known to be nearly
extinct in this area and only sporadically living corals are observed (Van
Rooij et al., 2011; Hebbeln et al., 2016; Vandorpe et al., 2017; Menapace
et al., 2021). Therefore, these features are a relic of an oceanographic
circulation system with distinctive characteristics. Wienberg et al.
(2010) and Vandorpe et al. (2017, 2023) studied the age of the corals
and coral mounds of the Atlantic Moroccan Coral Province, with most
features having ages that correspond to glacial periods. Thus, climate
changes influencing the ocean temperatures and currents circulation are
an important factor in coral development. During glacial periods, the
currents acting in the study area were probably more vigorous,
increasing food and sediment supply, and there was an increased input
in aeolian dust (Wienberg et al., 2010).

Additionally, it is possible to observe active water currents interac-
tion with the Present-day seafloor and consequently with the cold-water
coral fields. In the deeper field, most corals are exposed despite not
showing evidence of new major episodes of colonization and growth
(Figs. 2a, 3 and 4, 5; Wienberg et al., 2009; Vandorpe et al., 2017). This
suggests the persistent circulation of a strong current, which disfavours
sedimentation in this area. In the shallower field, a different setting is
observed with most corals being partially buried or totally covered by
~2 m—~30 m of sediments (Figs. 2a, 4d and 5a, Table 2). The influence
of weak currents could favour sedimentation, and thus causing the
burial of the cold-water corals (Steinmann et al., 2020 and references
therein). Furthermore, most of the shallower field developed with an
ENE-WSW orientation, on top of one of the major strike-slip faults in the
study area (Fig. 2a and b). The pull-apart basins associated with these
faults do not show their characteristic sigmoid shape (as observed in the
northernmost part of F4, Fig. 2a), but a more rounded form. This could
result from the interaction of positive relief corals with the
bottom-currents in the area, generating eddies that erode the sediments
around the coral ridges.

5.4. Oceanographic implications

Bottom-current circulation influence in the study area is demon-
strated by several contourite features recognised as well as by the
sediment waves and coral mounds (Figs. 2-5, 8). The study area
(108-1153 m water depths; Figs. 1c and 2a) is situated within the area of
influence of the Eastern North Atlantic Central Water (ENACW), be-
tween 200 and 500 m water depths and the modified Antarctic
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Intermediate Water (mAAIW), from 600 to >1200 m water depths
(Figs. 1a, 7 and 9). Between water depths of 500 and 600 m, occurs the
transitional layer between the two water masses that are mixed in this
area, as previously recognised by Van Rooij et al. (2011) and Vandorpe
et al. (2014, 2016). The Mediterranean Outflow Water (MOW) is also
recognised, at water depths below 800 m (Figs. 7 and 9).

The recognition of contourite terraces (see section 6.2), is a good
indicator that the study area has been shaped under the influence of a
transitional zone between two water masses (Preu et al., 2013;
Hernandez-Molina et al., 2009, 2018). Presently, a mixing of ENACW
and mAAIW is expected between water depths of ~600-700 m (Mienis
et al., 2012; Vandorpe et al., 2016, 2023, Fig. 9). This process is also
responsible for the formation of the NNE-SSW-elongated sediment
waves observed along upper middle slope (Figs. 2a and b, 8; Hopfauf
et al., 2001; Hernandez-Molina et al., 2016b). These features indicate
the action of an approximate WNW-ESE-oriented low-velocity flow,
perpendicular to the waves crest. Internal tides were previously
observed on the Gemini mud volcano and in the Pen Duick Escarpment
(Mienis et al., 2012, Fig. 1b) and the interface between the ENACW and
the AAIW is known to influence the development of the Pen Duick and
Fuiza drifts (e.g., Vandorpe et al., 2023, Figs. 1b and 8). The occurrence
of internal waves has been linked to the initiation and maintenance of
cold-water coral mounds by previous works (Wang et al., 2019; Wien-
berg et al., 2018, 2020; Steinmann et al., 2020; van der Kaaden et al.,
2021), as they increase the vertical transport of organic matter towards
the deep-waters and sediment re-suspension (Mienis et al., 2009; Mohn
et al., 2014).

Furthermore, for the mounded and confined drifts developed in the
southern part of the study area it is possible to infer bottom-currents
direction (Figs. 5b and c, 8). In the Northern Hemisphere, due to the
Coriolis effect, the deposits developed or reworked by oceanographic
currents are accumulated to the left of the current flow pathways
(Faugeres et al., 1999; Faugeres and Stow, 2008; Llave et al., 2001).
Thus, based on the geometries of the drifts and moats their north flank
(Figs. 5 and 8), a local north-western directed bottom-current is sug-
gested as the responsible for their formation. The current is deflected by
morpho-structural reliefs, e.g., the SWIM lineaments (Figs. 5 and 8),
with current flowing parallel to the fault reliefs (Fig. 8).

Given that the recognised coral mounds are currently inactive (see
6.3), and a cyclicity of erosional and depositional periods shaped the
contourite features (see 6.2, Figs. 3-5), it is possible to infer that the
margin evolution during the late Quaternary was marked by the
spatially shifting of these water masses and its interface zone (Fig. 9).
These changes are possibly driven by climatic variations, with inter-
glacial periods showing similar characteristics to the present-day
oceanographic circulation and the mAAIW having an even more
important role during glacial periods (Fig. 9, Gu et al., 2017; Roque
et al., 2019). Therefore, during glacial periods the interface shifted up-
ward and the mAAIW circulation intensified on the study area, creating
the erosional discontinuities observed in the seismic record (Figs. 3 and
9) and providing ideal conditions for the coral mound growth. During
interglacial periods (such as at the Present-day), the interface is located
further down and depositional processes dominate, as evidenced by the
plastered sheeted drift and sediment waves observed at the seafloor
(Figs. 2a and b, 3, 8) and by the burial and death of the cold-water corals
(Figs. 4 and 5). In the southern region of the study area, a MOW core
circulates below water depths of 800 m (Figs. 7 and 9), influencing the
formation of the mounded and confined drifts, together with the mAATW
that interacts with the seafloor during glacial periods (Fig. 9).

6. Conclusions
The key findings of this study can be summarised as:

— The morpho-sedimentary evolution of the NW Moroccan Margin
during the late Quaternary has been controlled by the interplay
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Inter-glacial periods (Present-day)
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Fig. 9. Sketch of the water masses depth distribution during glacial and inter-glacial (Present-day) periods (water depth information from Gu et al., 2017; Roque
et al., 2019). ENACW: Eastern North Atlantic Central Water, mAAIW: modified Antarctic Intermediate Water, M: Mediterranean Outflow Water meddies. CWC:

Cold-water coral fields, CT: Contourite Terrace, SD: Sediment waves.

between active tectonics and climatic/oceanographic variations. The
dominant action of each of these factors was responsible for shaping
distinct parts of the study area: i) where oceanographic/climatic
changes are the prevalent factor, contourite terraces developed with
the main control being the changes in bottom-currents circulation,
while ii) when the major control on margin evolution is tectonic
activity, fault scarps confine small depocentres resulting in the for-
mation of mounded and confined contourite drifts and local mass
transport deposits.

- Structural features (e.g., strike-slip faults and mud volcanoes) have a
major influence on the evolution of seafloor morphology and,
consequently on the development and evolution of the sedimentary
deposits in the study area. On the Moroccan Margin, the impact of
these structures on sedimentary control can be observed in a short-
time period (>0.9 Ma).

- Newly discovered contourite terraces, plastered sheeted, mounded
and confined mounded contourite drifts and a field of sediment
waves were described in the NW Moroccan Margin. These features
form a well-developed contourite depositional system.

- The contourite mounded and confined drifts have been formed due
to the interaction of the MOW and the mAAIW with the morpho-
structure of the seafloor. Furthermore, the presence of contourite
terraces and a big field of cold-water corals demonstrate the action of

15

internal waves due to the interaction of the ENACW with the deeper
mAIW in a transitional zone.

— Two fields of coral mounds were recognised in the study area. These
features developed during glacial periods when the interface zone
between mAAIW and ENACW was higher than in the Present-day and
the nutrient-rich mAAIW was more influental in the oceanographic
re setting.
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