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ARTICLE INFO ABSTRACT
Keywords: We present a multidisciplinary study of morphology, stratigraphy, sedimentology, tectonic structure, and
Geomorphic processes physical oceanography to report that the complex geomorphology of the Palomares continental margin and

Tectonic indentation adjacent Algerian abyssal plain (i.e., Gulf of Vera, Western Mediterranean), is the result of the sedimentary

response to the Aguilas Arc continental tectonic indentation in the Eurasian—Africa plate collision. The inden-
tation is imprinted on the basement of the margin with elongated metamorphic antiforms that are pierced by
igneous bodies, and synforms that accommodate the deformation and create a complex physiography. The
basement is partially covered by Upper Miocene deposits sealed by the regional Messinian Erosive Surface
characterized by palaeocanyons that carve the modern margin. These deposits and outcropping basement highs
are then covered and shaped by Plio-Quaternary contourites formed under the action of the Light Intermediate
and Dense Deep Mediterranean bottom currents. Even though bottom currents are responsible for the primary
sedimentation that shapes the margin, 97% of this region's seafloor is affected by mass-movements that modified
contourite sediments by eroding, deforming, faulting, sliding, and depositing sediments. Mass-movement pro-
cesses have resulted in the formation of recurrent mass-flow deposits, an enlargement of the submarine canyons
and gully incisions, and basin-scale gravitational slides spreading above the Messinian Salinity Crisis salt layer.
The Polopo, Aguilas and Gata slides are characterized by an extensional upslope domain that shapes the
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continental margin, and by a downslope contractional domain that shapes the abyssal plain with diapirs piercing
(hemi)pelagites/sheet-like turbidites creating a seafloor dotted by numerous crests. The mass movements were
mostly triggered by the interplay of the continental tectonic indentation of the Aguilas Arc with sedimentological
factors over time. The indentation, which involves the progressively southeastward tectonic tilting of the whole
land-sea region, likely generated a quasi-continuous oversteepening of the entire margin, thus reducing the
stability of the contourites. In addition, tectonic tilting and subsidence of the abyssal plain favoured the flow of
the underlying Messinian Salinity Crisis salt layer, contributing to the gravitational instability of the overlying
sediments over large areas of the margin and abyssal plain.

1. Introduction

Our knowledge of the deep-sea submarine geomorphology has
grown substantially in recent years, due to full-coverage multibeam
bathymetric maps, their repetition, and the increasing accuracy (e.g.,
McAdoo et al., 2000; Smith et al., 2007; Chiocci and Ridente, 2011;
Ercilla et al., 2011; Ceramicola et al., 2014; Mascle et al., 2014; Kelner
et al., 2016). However, morphology alone does not enable us to accu-
rately interpret geomorphic processes, especially along active tectonic
continental margins. Geomorphological studies should also involve the
analysis of seismic records and other geophysical data to decipher the
deep structures that shape the continental margins and adjacent abyssal
plains and their sedimentary architecture. Both physiographic domains
can be affected by active structures that locally and regionally influence
seafloor morphology (Bohoyo et al., 2019; Galindo-Zaldivar et al., 2019;
Sakellariou et al., 2019; Lafosse et al., 2020; Tsampouraki-Kraounaki
et al.,, 2021). Likewise, geomorphological studies should consider
physical oceanographic analysis of the water masses impinging on the
seafloor, in order to evaluate the potential role of bottom currents in
shaping the margins and adjacent basins (Rebesco et al., 2014; Ercilla
et al., 2016). In addition, when studying active geological margins, an
integrated view that includes adjacent onshore structures can help us
develop a better understanding of deep-sea geomorphic processes
(Summerfield, 2005; Mosher et al., 2017). This approach is not a
widespread practice amongst marine geologists and should become
more frequent (Fig. 1A).

The main aim of this work is to understand the influence of the
different processes that have generated the present-day geomorphology
of the tectonically active Palomares continental margin and adjacent
northwestern Algerian abyssal plain (i.e., the Gulf of Vera, SE Iberian
margin, in the Western Mediterranean) (Fig. 1A and B). This gulf is
developed in the framework of the collision between the Eurasian and
African plates (DeMets et al., 2015), which generates the Aguilas Arc
tectonic indentation structure on the continent (Coppier et al., 1989)
(Fig. 1A and B). This is a very poorly studied area of the Mediterranean
Iberian margin, although its interesting complex submarine structure is
the result of a close interaction between tectonism and sedimentation (e.
g., Comas and Ivanov, 2006; Acosta et al., 2013; Pérez Hernandez et al.,
2014; Giaconia et al., 2015). This study adopts for the first time an in-
tegrated approach combining morphology, stratigraphy, sedimentology,
tectonic structure, and physical oceanography, in addition to a coupled
offshore-onshore structural morphology perspective. Our results allow
us to develop an updated geomorphological map and offer new insights
and accurate interpretations of the sedimentary processes in the
framework of the peculiar tectonic indentation setting. A new model of
the geomorphic responses to tectonic indentation is presented, shedding
light on the main sedimentary processes that have been governing the
shaping of margin and adjacent abyssal plain.

2. Geological and oceanographic settings
2.1. Onshore-offshore geological setting

The Gulf of Vera has developed itself in the framework of the NNW-
SSE collision between the Eurasian and African plates that has been

uplifting both onshore and offshore reliefs since the late Tortonian (e.g.,
Comas et al., 1992; Braga et al., 2003; Stokes and Mather, 2003; Stokes,
2008; Acosta et al., 2013; Estrada et al., 2018) (Fig. 1A and B). The
onshore relief is composed of folds with a general northward vergence,
which form elongated mountain chains (Weijermars, 1985; Galindo-
Zaldwvar et al., 2003). The E-W-elongated antiforms (Sierra de las
Estancias, Sierra de Los Filabres, and Sierra Alhamilla-Sierra Cabrera)
are separated by synformal depressions (Almanzora and Tabernas-
Sorbas) filled by Neogene-Quaternary sediments. Northwards, the
Aguilas Arc constitutes one of the most important recent tectonic
indentation structures in the westernmost Mediterranean that has pro-
voked coastal uplift of reliefs and tilting of the land-sea region (Coppier
et al., 1989; Harvey et al., 2014) (Fig. 1B). This tectonic arc is also
formed by elongated mountain chains (Sierra Almenara, Sierra Lomo de
Bas and Sierra de Cabo de Gata) that determine the curved shape of
folded structures, from the E-W-oriented northern branch (Sierra del
Algarrobo), to the NNE-SSW southwestern branch (Sierra Almenara and
Sierra de Gata). The folded structures are crossed by the Eastern Betic
shear zone, which includes the Palomares and Serrata-Carboneras
sinistral wrench faults (Fig. 1B) (Sanz de Galdeano, 1990).

The Palomares continental margin is located along the southwestern
branch of the Aguilas Arc, a region of transition between the continental
crust of the eastern internal zones of the Betic Cordillera and the oceanic
crust of the Algerian Basin (Fig. 1B). The onshore-offshore geology of
this zone can be correlated (Giaconia et al., 2012; Pedrera et al., 2012).
This is evident by the metamorphic and volcanic nature of the basement
and the active fault zones, such as the Mazarron, La Serrata-Carboneras
and Palomares which have a land-sea continuation (e.g., Estrada et al.,
1997; Fernandez-Soler, 2001; Marro and Comas, 2005; Duggen et al.,
2008; Pedrera et al., 2010; Giaconia et al., 2015) (Fig. 1B). Fault activity
is evidenced by moderate to low-magnitude earthquakes, with epi-
centres located both offshore and onshore (www.ign.es). The adjacent
Algerian Basin has been affected since the early Miocene by extreme
crustal thinning (Medaouri et al., 2014) and oceanic crustal spreading
(Aquitanian to Burdigalian), followed by thermal subsidence (Rehault
et al., 1985; Gueguen et al., 1998).

Coastal uplift during the Plio-Quaternary has favoured the devel-
opment of steep fluvial drainage systems that deeply incised (reaching
200 m) the eastern Betic Cordilleras, a region with an arid climate
regime and little rain (Harvey and Wells, 1987; Stokes and Mather,
2003; Stokes, 2008). The seasonal Almanzora, Antas, Aguas, and Alias
Rivers, from north to south, are the main rivers supplying sediment to
the sea (Fig. 1C). Storm events contribute to remobilise sediment in the
infralittoral and shelf domains, and to transport it offshore (Lobo et al.,
2014).

2.2. Geomorphology and sedimentation history in the Gulf of Vera

The present-day physiography of the Palomares continental margin
is defined by the shelf, slope, and rise provinces, which the literature
shows as being bounded at different water depths (Acosta et al., 2013;
Pérez Hernandez et al., 2014; de la Pena et al., 2016). The physiography
is dominated by the continental slope, where three outstanding elon-
gated structural highs (the Maimonides, also known as the Banco de los
Genoveses, Abubacer, and Aguilas) govern the location of two relatively
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Fig. 1. Study area and datasets. A) Regional setting of the Gulf of Vera in the framework of the Eurasian-African plate boundary and the westernmost Mediterranean.
Legend: Cd., cordillera; B) Geological sketch of the main onshore structural features defining the Aguilas Arc and nearby areas. The multibeam bathymetry of the
Palomares continental margin with the most striking highs and canyons, and the Algerian abyssal plain are indicated. In addition, the oceanic circulation model of the
main water masses comprising the water column is displayed. Geological legend: AB, Almanzora Basin; AMF, Alhama de Murcia Fault; GB, Guadalentin Basin; MF,
Mazarron Fault; PF, Palomares Fault; SA, Sierra Alhamilla; SALG, Sierra del Algarrobo; SALM, Sierra Almenara; SC, Sierra Cabrera; SCG, Sierra del Cabo de Gata; SCF,
Serrata-Carboneras Fault; SE, Sierra de las Estancias; TB, Tabernas Basin; TF, Terreros Fault; TSB, Tabernas-Sorbas Basin; VB, Vera Basin. Water mass legend: WIW,
Western Intermediate Water; LIW, Levantine Intermediate Water; TDW, Tyrrhenian Deep Water; WMDW, Western Mediterranean Deep Water. C) Map showing the
multichannel seismic lines used in this study. The colours refer to lines from different cruises. The thick red line indicates the location of the seismic line in Fig. 3. “R.”
refers to rivers. D) Map showing the distribution of the analysed Conductivity, Temperature and Depth (CTD) profiles from the Sea Data Net website (http://www.sea
datanet.org). The red rectangle refers to CTD locations used for the hydrographic section displayed in Fig. 3.
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long W-E-trending, shelf-indenting submarine canyons, namely, Gata
and Almazora-Alias-Garrucha (hereafter referred to as Garrucha)
(Fig. 1B). Erosive turbidity currents loaded with sediments from river
floods and coastal erosion have contributed to their incision, shaping
their floors and producing a great variety of bedforms (Pérez Hernandez
et al., 2014; Puig et al., 2017). The morphology of the continental slope
and rise is also affected by sedimentary instability processes (Acosta
et al., 2013; Pérez Hernandez et al., 2009, 2014; de la Pena et al., 2016).

Seismic stratigraphic studies of the Palomares continental margin
show the presence of an irregular basement covered by upper Miocene
(Tortonian and Messinian) and Plio-Quaternary sediments (Giaconia
etal., 2015; de la Pena et al., 2016). Three main events have affected the
sedimentation in the region and near the Gulf of Vera. The oldest is the
compressional tectonic inversion that affected the Alboran Domain and
produced the uplift of the hinterland areas, conditioning the sediment
sources (type and volume of sediment) (Stanley et al., 1975). The next is
the Messinian Salinity Crisis (MSC) that isolated the Mediterranean Sea
from the Atlantic Ocean and subaerially exposed the Iberian continental
margins. This same event is represented in the stratigraphic record by a
prominent irregular and erosive surface, named the Messinian Erosive
Surface (MES) (Estrada et al., 2011). The latest event is related to the
increasing frequency and greater amplitude of sea-level changes from
the Pliocene to the Quaternary, and their influence on bottom current
activity. This influence is reflected by higher acoustic amplitudes in the
Quaternary seismic sedimentary stratigraphy (Alonso and Maldonado,
1992; Juan et al., 2016, 2020).

2.3. Physical oceanography

The western Mediterranean comprises five main water masses: one of
Atlantic origin (Modified Atlantic Water, MAW) and four of Mediterra-
nean origin (Western Intermediate Water, WIW; Levantine Intermediate
Water, LIW; Tyrrhenian Deep Water, TDW; and Western Mediterranean
Deep Water; WMDW) (e.g., Parrilla et al., 1986; Millot, 1987, 1999;
Candela, 2001). Recent studies in the nearby Alboran Sea (Ercilla et al.,
2016) have grouped these four Mediterranean water bodies into two
main pockets: Light Mediterranean Water (LMW), formed by the WIW,
LIW and upper TDW; and Dense Mediterranean Water (DMW),
comprising the lower TDW plus the WMDW (Fig. 1B). The surface MAW
reaches the Gulf of Vera, moving southwards and extending to a water
depth of approximately 100/200 m, where its near-bottom layer affects
the continental shelf/slope (Fig. 1B). The underlying LMW extends
down to approximately 500/700 m and moves southward, following the
contour of the continental slope (Fig. 1B). The lowest part of the water
column is occupied by the DMW (Fig. 1B), which moves southward in
the Gulf of Vera, also following the contour of the continental slope and
rise and infilling the Algerian abyssal plain (Fig. 1B) (e.g., Parrilla et al.,
1986; Millot, 1999; Ercilla et al., 2016).

3. Materials and methods

New and historical data used in this study comprise swath bathym-
etry, magnetic anomalies, seismic records and CTD (Conductivity-
Temperature-Depth) data (Fig. 1C-D). The multibeam bathymetry was
recorded using Simrad EM12 and Atlas HYDROSWEEP DS multibeam
echosounders, during cruises from the Spanish Fishing General Secre-
tary (2003 and 2004) and FAUCES (2018) Project. Multibeam datasets
were merged and gridded at a 50 m resolution with CARIS software,
prior to geormorphological map generation with Global Mapper soft-
ware. Morphometric attributes such as slope gradients, profile curva-
tures, planar curvatures and roughness were obtained by ArcMap (GIS),
and topographic profiles allowed us to obtain a better characterization
of physiographic provinces and seafloor features. The continental
topographic maps were downloaded from https://www.ngdc.noaa.gov
/mgg/global/gridded and gridded at a 50 m resolution. The total field
magnetic anomalies were based on the compilation by Galindo-Zaldivar
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et al. (1998) and the World Digital Magnetic Anomaly Map (Lesur et al.,
2016; http://wdmam.org/). The magnetic anomaly map was incorpo-
rated into the global mapper to establish the relationship between the
magnetic dipoles and the highs dotting the seafloor, as well as to define
their nature. A collection of multichannel seismic records with different
degrees of penetration (0.5 to 1.5 s) and resolution (from a few metres to
decimetres) provided by different scientific projects were analysed
(Fig. 1C). The seismic profiles were interpreted using the IHS KINGDOM
software package. In addition, a conductivity, temperature and depth
(CTD) dataset (Fig. 1D) was downloaded from the Sea Data Net website
(http://www.seadatanet.org). Using the Ocean Data View (ODV) soft-
ware (http://odv.awi.de) and considering the temperature, salinity and
vertical and horizontal gradient data (Millot, 1987, 1999), the different
water masses present in the water column were identified, as well as the
water depth distribution of their respective bottom layers. They have
were in a similar way and correlated with those established near the
Alboran Sea (Ercilla et al., 2016).

In order to establish the Miocene, Pliocene and Quaternary seismic
stratigraphic divisions, the updated regional stratigraphic boundaries
were used, as defined in the nearby Alboran Sea by Estrada et al. (2011),
Ercilla et al. (2016), and Juan et al. (2016, 2020). These stratigraphic
boundaries were physically correlated through seismic profiles, as well
as the mapped boundaries of the deposit types and physiographic
provinces. In addition, contourites were characterized according to the
criteria of Faugeres et al. (1999), Stow and Faugeres (2008), and
Rebesco et al. (2014). Mass movement, the term for gravity-driven
sediment movement, involves several types of instabilities, from slides
to gravity flows (Hampton et al., 1996; Locat and Lee, 2002), therefore
we applied the terminology and criteria for characterization of Shepard
and Dill (1966), Gomberg et al. (1995), Harishidayat et al. (2018) and
Tripsanas et al. (2004) to describe the erosive mass-movement features.
Instead, to describe the depositional features we used the terminology of
Masson et al. (1996), Laberg and Vorren (2000), Fort et al. (2004), and
Rodriguez et al. (2012).

4. Results
4.1. Physiography

The datasets enables us to more clearly define the main physio-
graphic provinces characterising the Gulf of Vera (Fig. 2). Table 1 shows
the main morphometric characteristics. The edge of the continental shelf
extends to shallower-water depths (<125 m water depth) than what is
reported in previous studies (Acosta et al., 2013; de la Pena et al., 2016).
The continental slope is the most striking domain; it displays an irregular
topography and involves several subprovinces. These subprovinces
include a relatively narrow and steep upper slope that borders a smooth
and gentler slope platform. This passes seaward to the lower slope with
highly irregular gradients. Locally, an intraslope basin (herein named
Gata) has been identified southwards between the slope platform and
the SW-NE Abubacer High (582 m water depth). This high, along with
the other two main linear structural highs, the WSW-ENE-trending
Aguilas (800 m water depth) and the WSW-ENE-trending Maimonides
(784 m water depth), compartmentalise the lower slope. Other small-
scale highs (Fauces, 1880 m water depth; others unnamed within
300-400 m water depth) dotting the slope platform and lower conti-
nental slope have also been mapped in the southern region. The gentler
continental rise evolves into the flat-lying seafloor domain of the Algerian
abyssal plain.

4.2. Water masses present in the water column

The three main groups of water masses (i.e., MAW, LMW, and DMW)
defined in the literature are clearly characterized. In this study, they
have been grouped in a similar way and correlated with those estab-
lished near the Alboran Sea (Ercilla et al., 2016). Underlying the MAW is
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Fig. 2. Physiography of the Gulf of Vera.
Topographic profiles crossing the Pal-
omares continental margin and adjacent
Algerian abyssal plain to illustrate the
main physiographic domains and their
average seafloor gradients. S, continental
shelf; US, upper continental slope; SP,
slope platform; IS, intraslope basin; LS,
lower continental slope; CR, continental
rise; AP, abyssal plain; AbH, Abubacer
High; AH, Aguilas High; GtB, Gata Basin;
GC, Garrucha Canyon; GtC, Gata Canyon;
FH, Fauces High; GtPH, Gata palaeohigh.
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Table 1
Physiographic provinces of the Gulf of Vera and their characteristics.
Province Water depth (m)  Slope gradient (°) ~ Width (km)
Shelf 10 to 125 <1.1 <0.1 to <10
Slope  Upper slope 90/125 to 265 10° 0.24
Slope platform 150 to 700 2t04.8 to9
Intraslope basin 700 to 1200 2to >20 to 13.5
Lower slope to 2300/2400 2.3 to >20 10 to 45
Rise 2300 to 2600 >1° >2to 20
Abyssal Plain >2600 <1°

the southward-moving LMW, and its interface extends down approxi-
mately 110-200 m. The LMW, combined with the WIW (38-38.4 psu
and 12.85-13.25 °C), plus the LIW (38.5 psu, a temperature of
13.1-13.2 °C), and the upper TDW (38.4-38.5 psu and 13-13.4 °C)
extend to variable water depths of 700 to 1100 m. Below these water
depths the southward-moving DMW extends and comprises the lower
TDW (38.4-38.5 psu and 12.85-13.05 °C) and most of the WMDW
(38.4-38.5 s and 12.4-12.85 °C) (Fig. 3).

4.3. Seabed morphological features as revealed by multibeam bathymetry

The main elements shaping the seafloor of the Palomares continental
slope and rise comprise mass-movement deposits and submarine can-
yons and gullies. Contourites were also mapped. The flat-lying seafloor
of the Algerian abyssal plain is dotted by diapir crests (Fig. 4). Supple-
mentary Table 1 summarizes their main morphologic characteristics.

Mass-movement deposits fall into two distinct groups: mass-flow de-
posits and large-scale slides (Fig. 4; Supplementary Table 1). The mass-
flow deposits are characterized by two distinct features: scars and
remobilized sediments. The scars (several km to 11 km wide) mainly
occur where seafloor gradients are >5° on the lower open slope, the
walls of the large canyons, and the highs (Fig. 4A and B; Supplementary
Table 1). The scars are arcuate-elongated features that extend and nar-
row downslope, forming elongated negative reliefs. They are mostly
irregular U-shaped bases, flanked by steep walls. They resemble gullies
eroding the seafloor, but their roughness values are lower (<8), and the
profile curvature is less variable (—1 to 3) (Fig. 4A, C and D). Locally,
just upslope of the headscarps, upper cracks that run parallel to their
curvature are mapped (Fig. 4A). Scars form clusters at different scales,
suggesting a superimposition, coalescence and cannibalise each other.

Geomorphology 402 (2022) 108126

The area affected by the scar clusters, in general, evolves downslope to
the area where the remobilized sediment deposits (areas from >100 to
300 km?) (Fig. 4A; Supplementary Table 1). These areas are mapped
where the seafloor has gradients of <5° in the open slope and rise,
promoting an irregular seafloor that has lower roughness values (~0-4),
and less spatial profile curvature variability than the scar areas
(Fig. 4B-D).

The slides, herein named the Polopo, Aguilas, and Gata Slides, stand
out due to their relatively large dimensions (areas up to 686 km?; Sup-
plementary Table 1; Fig. 4). They are characterized by the fact that their
striking scars are attached to the sediment that slid. The Polopo slide
affects the entire lower slope in front of the Aguilas Arc. It is defined by a
WSW-ENE-oriented rectilinear headwall scar (~29 km long) eroded by
gullies. The headwall connects to well-defined sidewall scars extending
down into the continental rise boundary. In general, the seafloor of the
slipped sediment shows an irregular staircase-like profile and depicts
irregular downslope-concave scarps and depressions. Downslope of the
Polopo Slide, the Aguilas Slide can be found (Fig. 4). Its scar (~46 km
long) displays an open arc shape where it truncates/cannibalises the
Polopo Slide sediment. The Gata Slide is located at the continental rise,
and its irregular scar (~56 km long) runs along the slope-rise boundary.
The Aguilas and Gata sediment that slid also displays rectilinear scarps
facing downslope (Fig. 4A).

Two large, prominent shelf-indenting canyons, the Garrucha (~84 km
long) and Gata (~62 km long), incise the entire margin and extend onto
the abyssal plain (Fig. 4; Supplementary Table 1). The canyon heads
comprise several sinuous (Garrucha) and rectilinear (Gata) V-shaped
tributaries, which incise the entire continental shelf. The pathway of the
Garrucha Canyon is rectilinear, except in the distal reach, where it be-
comes sinuous. The Gata Canyon, instead, is slightly sinuous. The main
canyon courses are dominantly U-shaped (Garrucha) and V-shaped
(Gata) and are flanked by the Aguilas and Maimonides Highs, respec-
tively. The axial gradients are higher in the tributaries (5-7°) and
decrease downslope along the main courses (4 to <1°) (Supplementary
Table 1). The right leveed margin of the Garrucha Canyon mouth is
affected by a field of asymmetric sediment waves whose crests are
sinuous and roughly parallel to the seafloor slope (Fig. 4). Shorter and V-
shaped slope-confined canyons and gullies, both with rectilinear path-
ways (up to 5 km long) and relatively high axial gradients (6 to 8°),
incise the steeper lower slope northward off of the Aguilas Arc (Fig. 4;
Supplementary Table 1). Gullies are also mapped on the proximal
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reaches of the Garrucha and Gata Canyon walls, and on the Polopo Slide
scar (Fig. 4; Supplementary Table 1).

In contrast to the irregular seafloor configurations of the mass-
movement deposits and canyons/gullies, the smooth seafloor of an
alongslope contourite terrace stands out. This terrace, which defines the
slope platform domain (Figs. 2-4A), presents gentler gradients (~2°)
that are higher (4.8°) in front of the Aguilas Arc (Table 1 and Supple-
mentary Table 1). A contourite marginal valley (a few km wide, tens of
metres in relief) has also been identified locally at the foot of the Abu-
bacer High (Fig. 4; Supplementary Table 1).

On the Algerian abyssal plain seafloor, the diapiric crests are the
most striking morphological features, as they are mostly concentrated in
front of the Aguilas Arc (Fig. 4; Supplementary Table 1). They create
isolated pointy reliefs (few to several tens of metres of relief) displaying
subcircular to elongated morphologies. These reliefs also form ridges
that seem to be the result of several individual elements coalescing. The
crests are arranged into two groups with different trend directions: SW-
NE-trending lineations, which are laterally bounded by ESE-WNW lin-
eations (Fig. 4A).
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4.4. Basement structure and seismic stratigraphy

Seismic profiles reveal that the basement topography is covered and
infilled by ~1000 ms thick sediments comprising undifferentiated upper
Miocene deposits overlain by a Pliocene-Quaternary cover (Figs. 5-10).

4.4.1. Basement: nature and structure

The basement is characterized by a fairly irregular topography, with
striking elongated (between 13 and 41 km crest long; 1 to 1.5 km high)
highs (Maimonides, Gata, Abubacer, and Aguilas) and troughs (38 km
long; up to 1 km of relief) that configure the Gata intraslope basin, the
complex topography of the continental slope, and the slope-rise
boundary (Figs. 2, 3, and 5-10). Seismically, the metamorphic base-
ment is mostly characterized by discontinuous stratified facies with re-
flections of variable acoustic amplitude, as well as hyperbolic and
hummocky reflections (Figs. 6, 9 and 10). The volcanic basement shows
typical facies characterized by diffractive echoes (Figs. 6-9C and D). The
magnetic anomalies are mainly related to volcanic rocks, as observed
onshore where the Cape of Gata crops out, and display higher magnetic
susceptibilities than the metamorphic host rocks (Fig. 5A) (Pedrera
et al., 2006). The magnetic susceptibility contrast produces anomalous

,—'-----a..zzw
”A erra deﬁa§€stahé?§$

=d
‘%"LL -y
. Almanzora River. &*‘L i
l |y o 2] WL
-
Slerfahe |OSEllakFeS Basiny

.,{, == = . Antas Rivey

[ A
A Ilas'Rl\?gr =
. -

(2
0 7
(”b -

0 10 20km
[ |

C 0 10 20 30km
| Se——]

gradients

}’,’ /Algenan abyssal plam
w b, T _
\.\. o e =
* o ’/./ .
' 4 . oo e
»~
\ .
.
Sediment = Crest S
Wave b Sierras
g Terrrace sediment waves [-=--== i
/ Contourite . (onland)
j ¢ Marginal g Crest — - Shelf-break
valley RispiE Area of @ High
1°W

=
Scar 2
7" Crack 3
Mass-flow) A;:Z I ]
deposit - scars ‘: =
- Area of }8
. @
deposits | 9
- o 9
Mainscar O ®©
& ‘ Slide <+ % Minor scar
+C re- Slided
£ 4
~ k: sediment
A By ValleyJ<=% Canyon
b = Gully
oo o 'f ‘
Lol / WON|
- * . ¢

diapirs

D 0 10 20 30km
L)

roughness

curvature
| SR
o O N &

2°0'W 1°0'W/

Fig. 4. Geomorphologic map and seafloor morphometric parameters of the Gulf of Vera. A) Map showing the main morphosedimentary features. Not all the gullies
are mapped; they represent only a sample from the areas where they occur. B) Slope gradient map. C) Profile curvature map. D) Roughness map.



37°0'0"N

1°20'0"W

37°20'0"N =

36°40'0"N

-37°0'0"N- =

1.000
seconds

6°40'0"N

seconds

Fig. 5. Structure of the Gulf of Vera. A) Magnetic anomaly map (nT). Note the dipoles. B) Isobath map of the basement; C) Plio-Quaternary isochore map. Location of the Gata palaeohigh and the Maimonides, Abubacer,
Aguilas and Fauces Highs are indicated in the maps.

0 70 DL "D

9ZI801 (220Z) 20% ABojoydiowioan



G. Ercilla et al.

Geomorphology 402 (2022) 108126

v

Intraslope
basin

v

Lower

slope
NNW-SSE

800 ms

Slolcan;; hgh S

Plastered
drift
Plastered
/ drift
Seafloor scar area
&~ of mass flow deposits
\4

volcanic
high

B Basement surface
Messinian Erosive
Surface-MES

Base of Quaternary
Deposits-BQD
~w Mass flow deposit

'__> Sea

&

/\\/-/

floor slide scar

L

synfoﬁ@// ‘i"f\"folcanic high’

SR
J‘@g ;
—

%

Seafloor scar area
of mass flow deposits

YAV

Plastered
drift Gata

main slide scar

Fig. 6. Multichannel seismic profile and line drawing displaying the basement and the upper Miocene (grey area) to Quaternary seismic stratigraphy. The main Plio-

Quaternary deposits and features and their seafloor fingerprints are indicated. The d
example of their abundance.

dipoles in the magnetic anomaly map, with maxima to the south and
minima to the north that indicate the location of the main volcanic
bodies (Fig. 5A). The map shows two principal regional dipoles: an E-W
dipole related to the Maimonides High; and a NE-SW-elongated dipole
that extends towards the central part of the Gulf of Vera and is associated
with the Cape of Gata volcanic rocks. The latter dipole comprises a
cluster of three minor dipoles. The southwesterly anomaly, near the
Cape of Gata, is the most intense (maxima of >100 nT), and is related to
the elongated igneous body that defines the Gata basement high, with a
weak bathymetric expression. In the northern Abubacer High, an iso-
metric dipole is located, although seismic facies indicate that the entire
high is volcanic (Figs. 5A, 6 and 8). The third dipole is located in the
easternmost zone of the Aguilas High, where a volcanic high (herein

rawing of mass flow deposits and slide seafloor scars has been given by way of

named Fauces) is identified, which is partially surrounded by the Gar-
rucha Canyon (Fig. 5A). Beyond the areas affected by these magnetic
anomalies, the basement of the continental margin corresponds to the
host metamorphic rocks (Fig. 5A and B).

The multichannel seismic profiles also provide information on the
deformation style. The profiles show that the discontinuous subparallel
reflections contain traces of their original bedding, suggesting that they
represent primary reflections (Figs. 6-9C and D). They indicate that the
basement highs are broad antiforms, or domal structures, characterized
by metamorphic rocks with volcanic intrusions, forming either NE-SW
antiform-synform pairs (Abubacer and Gata) or ENE-WSW-trending
antiformal structures (Maimonides and Aguilas). In fact, these struc-
tures represent the seaward continuation of the folds that affect the
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adjacent hinterland (similar in style and trend) and uplift the elongated
reliefs of the central-eastern Betic Cordillera (Weijermars, 1985;
Galindo-Zaldivar et al., 2003) (Figs. 1B and 5A and B).

4.4.2. Upper Miocene sequence and the Messinian Erosive Surface

The upper Miocene sequence (Tortonian to MSC deposits) contrib-
utes to the partial infilling of the basement synforms and corridors along
the continental margin (grey sequence in Figs. 6 to 10). This sequence
mostly comprises deformed stratified facies with reflections onlapping
the basement highs showing a typical convergent configuration (more
condensed) at the high sides, local chaotic facies along the continental
slope, and well-layered reflections in the abyssal plain. The uppermost
deposits of the sequence are deformed and broken by a transparent
acoustic layer that can be correlated with the MSC salt layer (Lofi et al.,
2011) (Fig. 9C and D). It is present over the entire abyssal plain up to the
lower slope-rise boundary, except in front of the Aguilas Arc, where it
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broadens to reach the slope platform (Fig. 11, dashed dark blue line).
The upper boundary of the Miocene sequence is the MES unconfor-
mity (Figs. 6-10). This high acoustic amplitude and irregular surface
erodes the underlying Miocene sediments and abuts the surface of the
basement highs. The irregular MES shows U-shaped features resembling
canyons that incise the upper Miocene deposits in the continental slope.
The position of the palaeocanyons coincides with the present-day loca-
tion of the large and small canyons (Fig. 7; Supplementary Table 1).

4.4.3. Plio-Quaternary sequence and deposit types

The Plio-Quaternary sediments of the Palomares margin and Alger-
ian abyssal plain rest on the MES unconformity (Figs. 6-10). They have
progressively draped broad areas of the basement, partially obliterating
its morphology. The main Plio-Quaternary depocentres are located be-
tween the basement highs and along the areas incised by the Garrucha
canyon (Figs. 5C-8 and 10). Other smaller-scale depocentres are present
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on the most distal slope platform, with an alongslope trend. The lower
thicknesses of the Plio-Quaternary sequence are mostly located over the
basement highs and, locally, on the proximal slope platform (Fig. 5C).
The Pliocene and Quaternary sediments are separated by a regional
paraconformity (Figs. 6-10) that is locally erosive and physically
correlated with the Base of the Quaternary Deposits (BQD) stratigraphic
boundary. Both units are characterized by continuous and discontinuous
stratified and chaotic facies, although they show distinct acoustic am-
plitudes. The Pliocene deposits are semi-transparent facies due to the
low amplitude of the reflections, which contrasts with the high acoustic
amplitude that is typical of the Quaternary deposits in the nearby areas
(Figs. 6-10). The interpretation of the Plio-Quaternary acoustic facies
and sedimentary architecture has allowed us to characterize different
types of deposits, namely, (i) contourites, (ii) mass-movement deposits
and (iii) canyon- and gully-related deposits in the Palomares continental
margin; and (iv) (hemi)pelagites/sheet-like turbidites in the Algerian
abyssal plain (Figs. 6-10; Supplementary Table 1).

(i) The contourites comprise plastered drift deposits and an erosional
terrace. The drift sediments are the main deposits that contribute to the
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outbuilding of the Palomares margin with an aggradational pattern,
which is locally aggradational-progradational on the slope platform
(Figs. 6-10; Supplementary Table 1). Their subparallel stratified re-
flections onlap the continental slope and the flanks of the basement
highs. Overall, they are predominately low mounds, subtabular and
wedge upslope (Figs. 6-8 and 10). The contouritic terrace occurs on the
slope platform, where it truncates the stratified reflections of the plas-
tered drift that shapes it (Fig. 9A, B; Supplementary Table 1). The
plastered drift deposits and terrace correlate laterally with those defined
along the Spanish margin of the nearby Alboran Sea (Juan et al., 2016,
2020).

(ii) The mass-movement deposits comprise mass-flow deposits and
the Polopo, Aguilas and Gata Slides. They are deforming and eroding the
plastered contourites and the walls of the Garrucha and Gata canyons
(Figs. 6-10; Supplementary Table 1). The mass-flow deposits are
acoustically characterized by abundant interbedded lenticular and
irregular bodies (a few to tens of ms thick; hundreds to several km long)
of chaotic, discontinuously stratified, and hyperbolic echoes that trun-
cate contourites. Numerous isolated shallow-rooted (a few to tens of ms)
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scars are also identified (Figs. 6-8). Mass flow deposits are in general
more abundant in the Quaternary sequence (Figs. 6-8). On the other
hand, the Polopo, Aguilas and Gata Slides have scars/surfaces of rup-
tures rooted to the MSC salt layer (Fig. 9). These slides are easily rec-
ognisable because they slightly to highly deform contourite deposits,
indicating different degrees of remoulding. The affected deposits are
faulted and back-rotated by several offshore- and onshore-dipping
concave-upward surfaces, and their seafloor morphological expres-
sions correspond to rectilinear and concave scarps and depressions
imaged by bathymetry (Figs. 4 and 9).

(iii) The canyon- and gully-related deposits comprise fill deposits (a),
levee deposits (b) and sediment waves (c). The fill deposits, better
developed in the Garrucha Canyon, mostly comprise divergent stratified
facies infilling ancient tributaries at the head area, while along the main
course, they are mostly represented by cut-and-fill features made by
chaotic facies and high-amplitude reflections of discontinuous stratified
facies, affected by U-shaped erosive surfaces (Figs. 7, 9C and 10A, C and
D; Supplementary Table 1). The depositional architecture of the Gar-
rucha and Gata canyon-fill deposits shows that they are present
throughout all the Pliocene and Quaternary units, except in their most
distal reaches, where they seem to appear only in the Quaternary unit
(Figs. 9C and 10C-E). The levee deposits (b) are identified bordering
only the right margin of the Garrucha Canyon and in the Quaternary
sequence, which are distinguished by the vertical migration and stack-
ing of wavy stratified reflections (Fig. 10D; Supplementary Table 1).
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On the abyssal plain, the Pliocene and Quaternary sediments are
similar. The stratified reflections with high lateral continuity would be
ascribed to (hemi)pelagites, as well as sheet-like turbidites (unconfined
basinal turbidites), the latter occurring mostly off of canyon mouths.
Sheeted contourites are disregarded, as the well-layered deposits have
no apparent onlap and downlap reflection terminations. (Hemi)pela-
gites/sheet-like turbidites contribute to the infill, making the Algerian
abyssal plain seafloor flat. They are faulted and folded in small antiforms
and synforms by the underlying MSC salt deposits, which rise to
different stratigraphic levels, forming diapiric structures (Fig. 9C; Sup-
plementary Table 1). Locally, they extend upwards, piercing the sedi-
ments until they reach the seafloor. There, they coincide with the diapir
crest features mapped on the seafloor (Figs. 4 and 9C; Supplementary
Table 1).

5. Discussion

5.1. Geomorphic sedimentary processes in the Gulf of Vera after the MSC:
linking seafloor and subbottom observations

The results from the interpretation of the seafloor multibeam ba-
thymetry, water masses impinging on the seafloor and seismic records,
provide new and complementary perspectives of the geomorphic sedi-
mentary processes occurring in the Gulf of Vera. In particular, two main
processes, bottom current activity (contouritic) and mass movements,
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have been shaping the Palomares continental margin and adjacent
Algerian abyssal plain. These processes have been active during the Plio-
Quaternary, just after the Atlantic Zanclean flooding that marked the
end of the MSC.

Analysis of the seismic data and physical oceanography allows us to
determine the essential role that persistent bottom circulation has had in
the Plio-Quaternary infilling, draping and shaping of the continental
margin, with widespread accumulation of contourite sediments (Figs. 3
and 6-10). The LMW and DMW have been the main water masses
controlling alongslope transport and primary deposition on the conti-
nental slope and rise (Figs. 1B and C and 3). The formation of contourites
has been climatically controlled, with higher deposition rates during
glacioeustatic sea-level falls, as interpreted through studies in the
nearby Alboran Sea (Juan et al., 2016, 2020). In fact, the higher acoustic
amplitude of the Quaternary contourite deposits reflects the modified
character of the sea-level changes from the Pliocene to Quaternary,
where the higher frequency and amplitude of these changes would also
have influenced the bottom current activity, in combination with a
higher terrigenous sediment discharge from inland (Figs. 6-8 and 10).
The distribution of the near-bottom layers of the main water masses
suggests that the plastered drifts on the slope platform and intraslope
basin formed under the action of the LMW (100 to 1100 m water depth)
(Figs. 1 and 4). The internal waves affecting the interface with the
overlying MAW would have favoured the sculpting of the erosive con-
touritic terrace on the slope platform (e.g., McCave et al., 2001; Cac-
chione et al., 2002; Ercilla et al., 2016) (Figs. 3 and 9A, B;
Supplementary Table 1). Where this interface touched the Palomares
continental slope, the near-bottom burnishing processes of the internal
waves would have resuspended and transported seafloor sediment
longitudinally, as well as flattening the seafloor (Pomar et al., 2012;
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Shanmugam, 2013; Chen et al., 2014; Juan et al., 2020), which shapes
the slope platform physiographic domain. In addition, the impingement
of LMW against the Abubacer High would have built the marginal valley
located at their foot (Figs. 3, 4 and 10; Supplementary Table 1). On the
other hand, the underlying DMW bottom currents would have been
responsible for the plastered drift deposits on the lower continental
slope and rise (Figs. 3, 4 and 10).

Although alongslope bottom currents are the main processes
responsible for primary sedimentation on the Palomares continental
margin, morphobathymetric observations indicate that likely 97% of its
seafloor is predominantly affected by downslope mass movements pro-
cesses. These latter were responsible for the creation of an irregular and
complex seafloor morphology that is the result of overall contourite
dismantling (Fig. 4). The combination of these results with those of the
seismic records highlights that mass movements have wide spatial and
temporal recurrences and have reworked the contourites throughout the
Plio-Quaternary (Figs. 6-10).

5.1.1. Geomorphological significance of a variety of mass-movement
processes

5.1.1.1. Development of mass-flow deposits. The contourite sedimentary
record reveals a high frequency of mass flows, which are evidenced by
numerous intercalations of mass-flow deposits and scars that are more
abundant in the Quaternary (Figs. 7 and 10). Contourite deposits are
often affected by this type of process (Kvalstad et al., 2005; Baeten et al.,
2014; Martorelli et al., 2016), as the alternation between fine and coarse
textures and/or high accumulation rates increases the likelihood of
sliding (Laberg and Camerlenghi, 2008; Somoza et al., 2012). Moreover,
mass-flow features shaping the modern seafloor suggest they seem to
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have moved downslope along kilometres, although they tend to remain
on the margin (Fig. 4A). The evacuation area of mass flows, where
cohesive sediment flows erode the underlying sediments, occurs mostly
where the seafloor gradients are relatively high (>5°), because accel-
eration of gravity flows is influenced by underlying seabed steepness.
The depositional area occurs mostly on the open slope areas where the
seafloor gradients are gentler to nearly flat, which would favour sluggish
mass flows that promote deposition (Figs. 4, 6-8 and 10).

5.1.1.2. Development of large-scale gravity-driven slides above the MSC
salt. The MSC and contourite sedimentary record also reveals that the
Polopo, Aguilas and Gata Slides in the continental margin, plus the
(hemi)pelagites/sheet-like turbidites affected by diapirs in the abyssal
plain, form a continuous morphology at the basin scale. They are part of
large-scale gravity-driven deformation above the MSC salt layer. This
type of deformations commonly involves (Fort et al., 2004) i) a proximal
domain affected by extensional deformational processes, which have
formed the Polopo, Aguilas and Gata Slides in the margin; and ii) a distal
domain affected by compressional deformational processes, which have
formed the diapirs deforming and faulting the sliding abyssal sediments.

The Polopo, Aguilas and Gata (i) main slide scars are rooted to the
MSC layer, and all of the sliding MSC and contourite sediments have
extensional deformational structures, indicating relatively short trans-
port distances (Fig. 9). This deformation is reflected in features such as
synthetic normal faults limiting tilted blocks that display a staircase-like
profile at the seafloor, and antithetic faults forming grabens (depressions
on the seafloor) (Fig. 4; Supplementary Table 1). Differential drags over
the salt layer would have caused block rotation (Davis and Engelder,
1985; Mauduit et al., 1997; Hudec and Jackson, 2007). Some of these
extensional features are sealed, but most constitute growth faults that
reach the seafloor (Fig. 9). This structural development suggests that
sedimentary deformation remains active today; this is also shown by the
different extensional structures in the MSC and contourite sediments. In
fact, the uppermost Messinian and Pliocene strata pattern appears
highly deformed, probably due to the long-term action of gravity-driven
processes and the intrusion of salty material (Fig. 9). Small-scale models
simulating gravity-driven processes (Fort et al., 2004) indicate that
structures affecting the entire thickness of the sliding sedimentary col-
umn often occur in scenarios where both slope gradients (here, 1 to ~9°)
and accumulation rates are high (common in contourites).

The diapir crests (ii) related to salty intrusions, deforming and
faulting the (hemi)pelagites/turbidites abyssal sediments (Figs. 4 and
9A and C), have formed under contractional stress, which affects the
distal zones of the sliding sediments (Sans and Koyi, 2001; Brun and
Fort, 2004; Rowan and Vendeville, 2006) (Fig. 4 and 9A and C). We can,
therefore, conclude that much of the Palomares margin and the adjacent
abyssal plain are under the action of a large gravitational
destabilization.

5.1.1.3. Development of submarine canyons. The newly obtained results
allow us to establish that the present-day locations of the main courses of
the large- and small-scale canyons roughly coincide with palaeocanyons
incising the MES (Figs. 7 and 10A, C and E; Supplementary Table 1). The
submarine canyons formed in subaerial conditions, during the MSC, and
were submerged after the Zanclean Atlantic flooding, as suggested for
other modern canyons in adjacent areas of the Mediterranean (Estrada
et al., 2011; Ercilla et al., 2019; Juan et al., 2020). During the Plio-
Quaternary, the Garrucha and Gata Canyons widened because the
intense mass wasting of their walls from repeated near-surface sediment
failures, which generated mass flows that form a continuum with the
mass wasting of the bordering highs (Figs. 4, 7, 10A and 11). The
downcutting of the small and large canyons also seems to be the result of
the occurrence of long-lived powerful turbidity flows. The occurrence of
these turbidity flows is suggested by their dominant erosive talwegs, as
well as by the formation of levee deposits affected by sediment waves on
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the right margin of the Garrucha Canyon (Figs. 4, 9C and 10D; Sup-
plementary Table 1). The sediment wave location and orientation, on
the seabed and the internal strata, suggest that these strata developed
via the overflow of thick turbidity flows (Wynn and Stow, 2002)
(Fig. 11). Turbidity flows would have resulted from the downslope
rheological and state transformations of the abundant mass flows
(Shanmugam, 2019) affecting the canyon walls, as well as from the
hyperpycnal flows sourced by the short and seasonal rivers draining the
Betic Mountains. The alongshore drift to the Garrucha and Gata Can-
yons, which is favoured by the proximity of their heads to the coast
(Pérez Hernandez et al., 2014; Puig et al., 2017), was also a factor
(Fig. 4A).

Furthermore, the depositional architecture of the Garrucha and Gata
Canyons suggests that they have been getting longer due to the down-
slope cutting of their most distal course to the abyssal plain, during the
Quaternary. The high amplitude and frequency of the Quaternary sea-
level changes would have favoured a basinward increase in sediment
and flow discharge, i.e., a major occurrence of high-power gravity flows
leading to lengthening of the canyons (Chiocci et al., 1997; Ercilla et al.,
2019).

5.2. Geomorphic responses to tectonic indentation: the Gulf of Vera
scenario

We propose a new comprehensive model to explain the present-day
geomorphology observed along the Gulf of Vera, linking the sedimen-
tary response to the continental tectonic indentation.

The NW-SE Eurasian-African plate convergence has resulted in a
tectonic indentation that leads to the formation of the adjacent Aguilas
Arc on land (e.g., Harvey et al., 2014), and the uplift of onshore large
folds with a succession of elongated antiformal reliefs separated by
synformal basins (Pedrera et al., 2012) (Figs. 1 and 11). This indentation
is also imprinted on the basement of the Palomares continental margin
and has formed NE-SW antiforms (Abubacer and Gata Highs) separated
by synforms (Gata Basin that defines the intraslope basin physiographic
subprovince), and ENE-WSW antiformal structures (Maimonides and
Aguilas Highs) that also accommodate most of the offshore deformation.
These antiforms, which constitute main crustal heterogeneities, would
have favoured the emplacement of igneous bodies (Figs. 6 and 10).
These submarine antiformal and synformal structures are responsible for
most of the present-day physiographic complexity imaged on the Pal-
omares margin (Figs. 2, 3, 4 and 11), and also determines the location of
the Garrucha and Gata Canyons during the MSC (Figs. 4, 10 and 11A).

The irregular basement was infilled and covered by late Miocene and
Plio-Quaternary deposits, the latter being mainly responsible for
shaping the margin (Figs. 6-10). During the Plio-Quaternary, contourite
deposition by the alongslope action of the LMW and DMW, progressively
occupied more space, contributing to the near obliteration of the
palaeotopography created by the Gata antiform, the large infilling of the
synform defining the intraslope basin, and the configuration of the slope
platform with a contouritic terrace. In addition, coastal uplift of reliefs
and southeastward tilting of the land-sea region (Coppier et al., 1989;
Harvey et al., 2014) caused by tectonic indentation (Coppier et al.,
1989) have interacted with sedimentation over time, provoking a gen-
eral sedimentary destabilization of contourite deposits and an enlarge-
ment of the canyons (Fig. 11).

Counterpart contourite deposits are extensively present in the nearby
Alboran Sea but are only affected by few sedimentary instabilities (Casas
et al., 2011; Ercilla et al., 2011, 2016; Alonso et al., 2014); even in the
Western Alboran Sea, mass movements are practically absent and con-
tourites appear to be stable (Yenes et al., 2021). In contrast, across the
entire Palomares margin, contourite deposits are affected by extensive
mass-flow deposits, as well as their recurrence observed during the Plio-
Quaternary, which seems to be higher during the last period probably
because the increase in tectonic tilting affecting the margin over time
(Figs. 4, 6-8, 10 and 11). This fact can be explained by the interplay of
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tectonic indentation and sedimentological factors. We tentatively sug-
gest that the coastal uplift of reliefs and the progressively southeastward
tectonic tilting of the whole land-sea region have generated a quasi-
continuous overstepping readjustment of the entire margin and, subse-
quently, of the base level (Fig. 11B). Under the influence of tectonically
produced seafloor slopes, the instability of sediments could increase (e.
g., Leeder, 1993; Casas et al., 2003; Alonso et al., 2014). Despite the
tectonic indentation of the Palomares margin, earthquakes have mod-
erate to low magnitudes in the area (www.ign.es). Recurrent events of
Mw > 4 for a return period of 1.6 years, a deduced PGA (Peak Ground
Acceleration) of >0.17 g for a return period of 500 years in the offshore
Garrucha area (Nespereira et al., 2019), and the sedimentary charac-
teristics of the contourites (fine and coarse textures and/or high accu-
mulation rates) would be enough to trigger sedimentary instabilities in
the area.

Likewise, the interplay of tectonic and sedimentological factors
would have conditioned the enlargement of the Garrucha and Gata
Canyons, which are still far from mature (Pérez Hernandez et al., 2014).
The continuous tectonic activity has provoked constant adjustments of
their equilibrium profiles triggering and reactivating erosive mass flows
processes along their courses. Furthermore, uplifting coastal reliefs have
produced new continental areas supplying substantial amounts of sedi-
ment to be funnelled by turbidity flows through the canyons (Braga
et al., 2006).

The regional southeastward tectonic tilting also interacted with
abyssal subsidence, favouring the MSC salt layer mobility/deformation
that led also to a gravitational destabilization of overlying sediments at
the margin-abyssal scale. In fact, basin salt is an unstable material that is
able to flow under differential stresses, driven by sedimentary loading
and due to margin tilting (Brun and Fort, 2011). The destabilized sedi-
ment is characterized by extensional deformation (Polopo, Aguilas and
Gata Slides) in the margin, and compressional deformation (diapirs) in
the abyssal plain (Figs. 4, 9 and 11). The Polopo Slide shows a relatively
major deformation, and this is because it is in front of the Arc of Aguilas,
where the land-sea tectonic tilting and related quasi-continuous read-
justment of margin steepness would have been more important. Indeed,
the slope gradients are higher in that sector of the margin (Fig. 2), where
the extensional slide domain is larger than that of the Gata Slide and
becomes cannibalised by the Aguilas Slide (Fig. 4, 9C and 11A). This
relatively major deformation is also reflected by its distal compressional
domain in the abyssal plain. There, major lineations of diapiric crests
generally oriented SW-NE, orthogonal to the slope and transport direc-
tion of the gravitational destabilization, have been nucleated in small
antiforms, locally associated with reverse faults. These folds and faults
accommodated the shortening at the base of the gravity-driven slide
(Figs. 4, 9C and 11A). Moreover, WNW-ESE lineations of diapiric crests
parallel to the transport direction may represent transfer fault zones
accommodating the different displacements of the slide sectors.

6. Concluding remarks

This work unveils the geomorphic processes that govern the
morphological complexity of the Palomares continental margin and
adjacent Algerian abyssal plain (Gulf of Vera, Western Mediterranean),
affected by the Aguilas Arc continental tectonic indentation as a result of
the Eurasian and African collision. The key to this objective has been a
multidisciplinary analysis of the seafloor and subbottom that combined
geomorphology, seismic stratigraphy, sedimentology, tectonic struc-
ture, and physical oceanography, alongside a coupled offshore-onshore
morphology perspective. The seafloor and subbottom observations
provided different, but complementary, perspectives that allowed us to
establish the link between the sedimentary response to the indentation,
and its seafloor fingerprints.

The tectonic indentation is imprinted in the metamorphic basement
of the margin causing antiforms with emplaced igneous bodies, and
synforms that accommodate the offshore deformation. The folds create a
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fairly irregular topography that currently imprints the complex physi-
ography of the margin, mainly of the continental slope. Elongated highs,
intraslope basins and corridors provoke lateral changes in the physio-
graphic characteristics, and condition the location of two long canyons
(Gata and Garrucha) formed in subaerial conditions during the MSC.

Two are the main geomorphic sedimentary processes occurring in
the Gulf of Vera: the bottom currents and the mass movements. These
processes have been active during the Plio-Quaternary, just after the
Atlantic Zanclean flooding that marked the end of the MSC. The
persistent action of the Light and Dense Mediterranean bottom currents
has had an essential role in the general infilling, draping and obliteration
of the basement irregularities with widespread stacked contourite de-
posits. These deposits occupied progressively more space over time, and
have dictated the general shape of the modern continental margin.
However, their morphology has been modified/re-shaped by the mass
movement processes, such as mass- and turbidity flows, and large-scale
gravity-driven slides that affect at about 97% of the margin seafloor, and
also to the (hemi)pelagites/turbidites making the abyssal plain seafloor
flat.

The triggering of the mass movements is mainly a sedimentary
response to the Aguilas Arc continental tectonic indentation. We pro-
pose that this indentation has caused the coastal uplift of reliefs and the
progressively southeastward tectonic tilting of the whole land-sea re-
gion. These processes would have generated a quasi-continuous over-
steepening of the entire continental margin, thus reducing the stability
of the contourite deposits. In addition, tectonic tilting and subsidence of
the abyssal plain would have provoked the flow of the underlying
Messinian salt deposits. Tectonic tilting and subsidence interplay would
have favoured the gravity-driven deformation of the overlying sedi-
ments at the basin scale, which was more important in front of the
Aguilas Arc, where the extensional (Polopo and Aguilas slides) and
compressional (SW-NE and WNW-ESE diapir crest lineations) defor-
mational features are better developed.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.geomorph.2022.108126.
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