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Abstract

On continental margins, the upper slope to shelf break environment forms a critical region where
sediment supply, hydrographic activity and gravitational processes determine how and when
sediments are partitioned between the shallow- and deep-marine realm. On the SW Iberian margin,
relatively few studies have addressed the dynamics of this region, although it holds key information
regarding the link between the sedimentary evolution of the continental shelf and the contourite
depositional system on the middle slope. This work therefore presents a high-resolution analysis of
the morphological and stratigraphic expressions of late Quaternary (dominantly last glacial and
present-day interglacial) sedimentary processes on the upperslope and shelf margin sector between

7°and 7°30° W.

The integration of seismic, bathymetric and hydrographic data reveals the presence of alongslope
processes and products (abottom current-related plastereddrift,moat, erosional surfaceand terrace,
an internal wave-/tide-controlled sediment wave field), downslope (gravitational) processes and
products (an upperslope — shelf marginvalleysystem, slumps, debrites,gullies), neotectonicelements
(diapirs) and fluid flow features (pockmarks, bright spots). The spatial distribution of these features
indicates that the study area becomes increasingly alongslope-dominated towards the W, and
oppositely, more downslope-dominated towards the E, because sediment supply to the latter area is
enhanced under the dominant eastward dispersal of fluvially supplied sediments on the shelf. In
addition, glacial-interglacial variations in the amount of sediments supplied to the shelf edge and the
intensity of oceanographic processes in the study area also generate a distinct temporal variability,
with glacial and interglacial intervals respectively recording principally downslope- and alongslope-
controlled morphological elements. Finally, regardless of these overall spatial and temporal patterns,
diapirism and fluid flow are inferred to locally destabilize sediments and induce small-scale mass
wasting in the study area. These findings are not only relevant to the northern Gulf of Cadiz, but also
to the general understanding of sedimentary dynamics and controls in mixed downslope- and

alongslope-controlled upperslope to shelf margin settings worldwide.



1. Introduction

The shelf break to upperslopedomainconstitutes akey environment where sediment partitioning and
process interaction between the shallow- and deep-water realm take place (Kennett, 1982;
Shanmugam, 2006; Pickering and Hiscott, 2016). Sediment transport and deposition processes at the
shelf edge are influenced by a number of geological and environmental factors acting at different
timescales (Karl et al., 1983). At long timescales (i.e. millions of years), the overall shelf break
progradation is determined by the geological setting of the margin, driving tectonicdeformation and
the subsidence pattern (Pratson et al., 2007). These tectonicprocesses interact with eustaticsea-level
changes (Mougenot et al., 1983; Pitman and Golovchenko, 1983; Vanney and Stanley, 1983), which
may influence shelf-margin sedimentary processes through shelf subaerial exposure and shoreline

deposition (Pratson et al., 2007).

At shorter timescales, the shelf margin is mainly influenced by the amount and nature of sediment
supply (Vanney and Stanley, 1983) and distributive hydrodynamicprocesses such as waves, tides and
currents (Field et al., 1983). High depositional rates induce downslope depositional and erosional
processes and a variety of mass movements leading to shelf edge progradation and/or development
of submarine conduits (Coleman et al., 1983). In gently sloping margins, the majorsediment suppliers
are rivers that generate major shelf-margin deltas characterized by a typical clinoform geometry
(Porebski and Steel, 2003). They evolvedownslope into sedimentarywedges,which compriseavariety
of deposits such as prodeltas,mud belts and (hemi)pelagicdepositsthat are genetically related to low-
density turbidity currents (Pratheret al., 2017). Sediment gravity flows caused by oversteepening and
high accumulation rates enhance the sediment transfer towards deeper domains (Coleman et al.,
1983; Steel et al., 2008). These mass movements may shape different types of submarine valleys
(Pratson et al., 2007), particularly in high gradient settings, even under conditions of moderate

sediment supply (O'Grady et al., 2000).

In low supply margins, the sediment transfer towards the deep basin and the development of deep
turbidite systems are more directly controlled by the sea-leveltrends (Pitmanand Golovchenko,1983;
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Steel et al., 2008). In addition, alongslope (bottom current-controlled) processes and products have
become increasingly recognized as an essential element in continental slope systems (Hernandez-
Molinaet al., 2008; Rebesco et al., 2014), and can produce considerablelateral(along-strike) variability
in their morpho-sedimentary and -stratigraphic expressions (Brackenridge et al., 2011). Although
traditionallystudied in deeperwaters,anumberof oceanographicprocesses may exert aconsiderable
influence at the shelf break, including watermass fronts, thermohaline boundary currents, cascading
currents, wind-driven currents, tides and internal/surface waves (Karl et al., 1983; Verdicchio and
Trincardi, 2008). These processes may establish an equilibrium depth forthe shelf break due to their
control over erosion and sediment distribution (Mougenot et al., 1983), and give way to a wide array
of deposits ranging from small-scale sandy bedforms to (shallow-water) mud-dominated contourite
drifts (Verdicchio and Trincardi, 2008), generating convex-up shelf-margin profiles (Adams and

Schlager, 2000).

Overthe past decades, the northern Gulf of Cadiz continental margin has been the focus of numerous
morphologicand stratigraphicstudies. These studies mostly centered on the evolutionary patternsof
eitherthe continental shelf, mostly driven by late Quaternary sea-level changes (Somozaet al., 1997,
Rodero et al., 1999; Hernandez-Molinaet al., 2000; Hernandez-Molinaet al., 2002; Lobo et al., 2005),
or of the middle slopecontouritedepositionalsystem (CDS), which has developed underthe action of
the Mediterranean Outflow Water (MOW) (Nelson et al., 1993; Hernandez-Molina et al., 2006; Llave
et al., 2007; Marches et al., 2007; Llave et al., 2011; Roque et al., 2012; Hernandez-Molina et al.,
2016a). Yet, the link between thesetwo continental margin domains, i.e. the uppercontinental slope,

has received relatively little attention (Mestdagh et al., 2019).

Previous studies on the northern Gulf of Cadiz upperslope have described awide geneticdiversityof
morphological elements. The most significant morphologies and deposits include shelf-margin deltas
favored by sediment supply from majorriverslikethe Guadianaand Guadalquivir (Roderoet al., 1999;

Lobo et al., 2005), and sediment drifts (plastered and mixed drifts), which are likely related to bottom



current-activity at the boundary between the northern part of the CDS and the upperslope (Llave et
al., 2007; Brackenridge et al., 2019; Mestdagh et al., 2019). Besides, erosional (e.g. gullies, erosional
surfaces), gravitational (slides, slumps and creep), neo-tectonic (e.g. diapirs, faults) and fluid flow
features (pockmarks, gas-charged sediments) havebeen described as well, mostly inthe easternsector
of the upperslope close to the Strait of Gibraltar (Barazaand Ercilla, 1996; Baraza et al., 1999; Lee and
Baraza, 1999; Nelson et al.,, 1999; Casas et al.,, 2003; Medialdea et al.,, 2009). In addition, some
morphological elements have been ascribed to different genetic processes. For example, undulating
bedforms were initially interpreted as slump zones resulting from post-depositional sediment failure
(Baraza et al., 1999), but were later suggested to be depositional sediment waves instead, formed

underthe action of downslope turbidity currents (Leeet al., 2002).

Recent high-resolution reflection seismic profiles acquired over the central to western sector of the
northern Gulf of Cadiz upper slope (off the Guadiana River) now provide the opportunity to reassess
and expand the inventory of aforementioned along- and downslope upper slope morphological
features. Importantly, these profiles encompass a revised and dated late Quaternary stratigraphic
framework, through the connection with IODP Expedition 339 sites U1386 and U1387 on the middle
slope (Mestdagh et al., 2019). The study area furthermore exhibits lateral gradients in the main
controlling factors driving shelf break to upper slope sedimentary processes. For example, fluvial
supply is highest in the central sector of the margin between the Guadalquivir and Guadiana rivers,
and is drastically reduced towards the west off the Algarve Shelf (Lobo et al., 2004), whereas the
interaction of oceanographic processes with the upper slope may also show significant lateral
variations (Stow et al., 2009). Hence, based on the seismic dataset complemented with additional
oceanographicand bathymetricinformation, the aims of this study are to (i) identify and characterize
the various morphological and stratigraphicexpressions of late Quaternary sedimentary processeson
the shelf margin and upper slope off the Guadiana River (between 7° and 7°30" W), (ii) infer the
underlying formation mechanism(s) of thedifferent sedimentary products,and (iii) evaluatethespatial

and (through the stratigraphicframework) temporal variationin the identified processes and products,



with a dominant focus on the last glacial and present-day interglacial intervals. As such, the presented
case attempts to enhance the general understanding and characterization of sedimentation in shelf

margin — upperslope domains wheredown- and alongslope processes interactand/oralternate.



2. Study area

2.1. Geological setting

The late Cenozoic geological evolution of the Gulf of Cadiz is dominated by the convergence between
Eurasia (lberia sub-plate) and Africa (Nubia sub-plate) (Dewey et al., 1989; Srivastava et al., 1990;
Rosenbaum et al., 2002). The trace of the plate boundary isdiffusein the Gulf of Cadiz, yetthe present-
day obligue WNW-ESEconvergence at ~4 mm/yr (Koulali et al., 2011) is inferred to be accommodated
by a series of ‘South West lberian Margin (SWIM)’ strike-slip faults (Figure 1; Terrinha et al., 2009;
Zitellini et al., 2009). Besides, the westward propagation ofthe Mediterranean Alpinecollision belt into
the Atlantic Ocean led to the emplacement of an accretionary wedge (Figure 1) during the late
Miocene, referred to as the ‘allochthonous unit of the Gulf of Cadiz’ (AUGC) or ‘olistostrome unit’
(Maldonado et al., 1999; Gutscher et al., 2002; Medialdeaet al., 2004; Duarte et al., 2013). The AUGC,
togetherwith the southern part of the Hercynian Iberian Massifto the north, constitutesthe basement
for a numberof Neogene sedimentary basins in the Gulf of Cadiz, which developed and infilled during
the late Miocene to Quaternary (Maldonado et al., 1999; Medialdeaet al., 2004; Hernandez-Molinaet
al., 2016a). As a result of the underlying unstable AUGC and the oblique convergence between the
Iberia and Nubia sub-plates, sedimentation in these basins has been affected by tectonic processes
such as episodicuplift of fault blocks, fault reactivation and diapirism (Maldonado et al., 1999; Gracia
et al., 2003; Medialdea et al., 2004; Fernandez-Puga et al., 2007; Garcia et al., 2009; Terrinha et al.,

2009; Zitellini et al., 2009; Duarte etal., 2011).

2.2. Oceanographicsetting

The oceanographicregime overthe northern Gulf of Cadiz upperslope is controlled by the exchange of
Atlanticand Mediterranean watermasses through the Strait of Gibraltar (e.g. Priceet al., 1993). This
exchange started afterthe opening of the Strait of Gibraltarin the latest Miocene(Duggen et al., 2003;
Roveri et al., 2014), increased during the Pliocene, and eventually reached the present-day intensity

during the Quaternary (e.g. Hernandez-Molinaet al., 2014b).



Atlanticwaters flowing eastward towards the Mediterranean are related to the Azores Current, which
is part of the large-scale Subtropical Gyre dominating the (sub)surface circulation in the low- to mid-
latitude North Atlantic (Mclntyre et al., 1976; Schmitz and McCartney, 1993; Bahr et al., 2018). In the
Gulf of Cadiz, they comprise ashallow watermass, from 0 — ~100 m waterdepth (referred to as North
Atlantic Superficial Water - NASW; Hernandez-Molina et al., 2016a), and the Eastern North Atlantic
Central Water (ENACW), between ~100 — 300 m water depth (Bellanco and Sanchez-Leal, 2016). The
NASWbounds landwards two cyclonicshallow-watercirculation cells that occupy the continental shelf
off SWlberiaand which are controlled by the prevailing winds (Figure 1; Garcia-Lafuente et al.,2006a).
In the study area, the eastern cell offthe Guadiana Riveris characterized by arelativelyhigh reworking
activity of waves and alongshore currents (Lobo et al., 2004). The ENACW affects the outershelf and
part of the uppercontinental slope (Figure 1) and is characterized by an average temperatureof ~14.5
°C and relatively low salinity (< 36.2) and velocity (< 0.2 m/s), with intra-annual changes causedby
variations of the water column stratification (Bellanco and Sanchez-Leal, 2016; Sanchez-Leal et al.,
2017). The longer-term (i.e. on kyr to Myr timescales) variability in the physical properties and flow
depth of the ENACW in the Gulf of Cadiz is more elusive, yet this is suggested to be influenced by
changes in the interaction with the underlying Mediterranean Outflow Water (see below; Nelson et
al., 1999; Jia, 2000; Volkov and Fu, 2010; Bahr et al., 2018; Roque et al., 2019), and by large-scale
changes in atmospheric wind fields in the North Atlantic region. The latter changes are connected to
shifts in the position of the polarfront, and drive fluctuations in the strength and spatial configuration
of the (sub)surfacecirculation systems inthe low- to mid-latitude North Atlantic (Mcintyre et al., 1976;

Schmitz and McCartney, 1993; Bahr et al., 2018).

Underneath the ENACW, the Mediterranean Outflow Water (MOW) flows northwestward as an
intermediate contour-current, at waterdepths down to ~1400 m (Baringerand Price, 1999; Gasser et
al., 2017; Sanchez-Leal et al., 2017; Roque et al., 2019). As a result of the interaction with the seabed
topography and potentially density stratification west of the Strait of Gibraltar, the MOW splits into

several cores; traditionally, the Mediterranean Upper Core (MU), flowing at depths of ~300 — 800 m,



and the Mediterranean Lower Core (ML), at water depths between ~800 and 1400 m have been
differentiated (Figure 1; Ambarand Howe, 1979; Borenis et al., 2002; Millot, 2009; Copard et al., 2011;
Gasser et al., 2017; Sdnchez-Leal et al., 2017). Recent studies establish a more complex structure of
the MOW which can comprise up to five differentbranches (M1 to M5 from deeperto shallower), with
the most surficial branch (M5) being equivalent to the MU (Sanchez-Leal et al.,, 2017). The MU
constitutes the most relevant watermass in the upper-to-middle slopetransition, flowing at avelocity
of 0.4 — 0.5 m/s and average water depth of 400 m (Marchés et al., 2007). With temperatures in the
range of 12.5 — 14 °C and salinity valuesof 36.5 —37.5, it is less dense than the ML (Ambaret al., 1999;
Sanchez-Leal et al., 2017). The MU undergoes a significant dilution process along the upper slope of
the northern margin of the Gulf of Cadiz, particularlyevident west of 6°25’ W, due to mixing processes
with water masses of Atlantic origin (Sdnchez-Leal et al., 2017). The properties of the MU also vary
throughout the year, due to fluctuations in the interface depth and to mixing processes betweenthe
MOW and ENACW west of the Strait of Gibraltar (Ambaret al., 1999; Bellanco and Sanchez-Leal,2016;
Roque et al., 2019). On longer(i.e.glacial — interglacial and stadial — interstadial) timescales, the MOW
has been inferredto increasein density and hence shift to greaterdepths during cold intervals, leading
to an enhanced MLand reduced MU during such cold (sea-levellowstand) intervals,and oppositelyto
a reduced ML and enhanced MU during warm (sea-level highstand) periods (Cacho et al., 2000; Llave
et al., 2006; Voelker et al., 2006; Rogerson et al., 2010; Hernandez-Molina et al., 2014a; Lofi et al.,
2016). In a similar depth range as the MOW (~600 — 1500 m), the modified AntArctic Intermediate
Water (AAIW; Figure 1), characterized by an average temperature and salinity of respectively ~10 °C
and ~35.6, circulates cyclonicallyand seasonally pushes the MOWtowards the uppercontinental slope

(Louarnand Morin, 2011; Roque et al., 2019).

Besides the direct influence of above described watermasses, otherrelated oceanographicprocesses
have also been shown to play a significant role along the Iberian continental margin (Hernandez-
Molina et al., 2016c). Amongst them, phenomena occurring in shallow to intermediate water depths

in the Gulf of Cadiz include eddies, which detach from the MOW at margin promontories, submarine



canyons or banks (e.g. Serra and Ambar, 2002; Ambar et al., 2008; Pinheiro et al., 2010), and internal
tides, waves and solitons, which are due to disturbances at the density interface between water
masses. These interface phenomena are especially well documented in and around the Strait of
Gibraltar (e.g. Richez, 1994; Brandt et al., 1996; lzquierdo et al., 2001; Bruno et al., 2002; Vlasenko et
al., 2009; Sanchez-Garrido et al., 2011), but have been reported at various upperslope to shelfmargin
sectors along the SW Iberian margin as well (e.g. Apel, 2004; Bruno et al., 2006; da Silva et al., 2007;

Quaresmaand Pichon, 2013).

2.3. Sedimentsupply

Sediment supply to the northern Gulf of Cadiz shelf and upperslope is dominated by the fluvial input
from the Guadiana and Guadalquivir rivers (Figure 1A), which drain most of the southern half of the
Iberian Peninsula (Lobo et al., 2018). Theirmean waterdischarges have beenestimatedat 80 m3/s and
160 m3/s respectively(van Geen et al.,1997). Suspended sedimentsderiving from these riversdisperse
towards the east to south-east becauseof the NASWcirculationpattern overthe shelf (Gutierrez-Mas
et al., 1996; Nelson et al., 1999). Minor sediment contributions come from smallerrivers such as the
Piedras and Tinto-Odiel. There is areduction in fluvial sources west of the Guadiana River, making the

southern Portuguese (Algarve) shelf asediment-starved area (Lobo et al., 2004).

2.4. Uppercontinentalslopephysiography, geomorphology andstratigraphicarchitecture

The SW lIberian continental margin can be laterally subdivided into a western sector marked by the
occurrence of submarine canyons (off S to SW Portugal), a central, smooth, strongly progradational
sectorwithout submarinecanyons (off the Guadianaand Guadalquivirrivers), and an irregulareastern
sector (close to the Strait of Gibraltar) with slope incisions (Herndndez-Molinaet al., 2006; Mulder et

al., 2009).

In the central sector, which is of interest for this study, the shelf margin is located at water depths
ranging between 110 and 150 m (Nelson et al., 1999; Maldonado et al., 2003). Overall, it exhibits a
smooth and prograding morphology (Llave et al., 2001), mainly covered by coarse-grained (sandyand
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gravelly) sediments (Nelson et al., 1999). The continental slope can be subdivided into three
subdomains (upper, middleand lower) according to the slope profileand large -scale morphology. The
upper slope (~130 — 450 m water depth) is particularly relevant for the purpose of this study and is
characterized by a width of 10 — 20 km and slope gradients between 1 and 3° (Hernandez-Molina et
al., 2006). The regional morphology of the upperslope is relatively homogeneous,as it represents the
surficial expression of a clinoform pattern along most of the margin. This configuration is interrupted
west of the Guadiana River, where awell-marked erosional surfaceestablishes the boundary with the
Alvarez Cabral contourite moat,that extends forabout 80 km and is 4 — 11 km wide (Hernandez-Molina
et al., 2003; Garcia et al., 2009). Detailed morphological observations on the upper slope are mostly
limited to the area next to the Strait of Gibraltar, and include pockmarks (Baraza and Ercilla, 1996;
Casas et al., 2003), downslope-oriented gullies (Nelson et al., 1999; Hernandez-Molina et al., 2014a)
and scarps and slumps (Baraza et al., 1999; Hernandez-Molina et al., 2006), of which one particular

example has laterbeen suggested to represent asediment wave field instead (Lee et al., 2002).

The late Quaternary stratigraphicarchitecture of the upperslope is dominated by the progradational
stacking of shelf-margin wedges, which formed in response to successive ~100 kyr (i.e. eccentricity-
driven) glacio-eustatic cycles (Lobo et al., 2005). These sediment wedges are bounded by subaerial
unconformities on the shelf that formed during glacial lowstand intervals. For example, the upper
boundary of the most recent widespread shelf-marginwedgeis aregional erosional surfaceattributed
to the prolonged sea-level fall leading into the Last Glacial Maximum (LGM) (Lobo et al., 2018;
Mestdagh et al., 2019). Tectonics modulatethe late Quaternary stacking pattern of thesemajorseismic
units as marked by the occurrence of two distinct progradational/uplift phases, whereas
oceanographicprocesses impact on theirdepocenterdistribution (Mestdagh et al., 2019). As on many
other modern continental margins, the shelf-margin wedges are internally dominantly composed of
(deltaic) regressive facies deposited during gradual sea-level falls and occasionally lowstand intervals;
on the other hand, transgressive (to highstand) deposition is generally thin or absent (Lobo and

Ridente, 2014; Mestdagh et al., 2019). The post-LGM deglaciation is the best resolved transgressive

11



phase in the upper slope seismic record and features a 35 km long plastered drift in the upper-to-
middle slope transition off the Guadiana River, which further attests of the influence of (alongslope)

oceanographicprocesses on the upperslope (Llaveet al., 2007; Mestdagh et al., 2019).
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3. Material and methods

3.1. Seismic data

3.1.1. Acquisition, processing andinterpretation

The high-resolution reflection seismicprofiles used in this study (Figure 1B) were collected during the
RV Belgica COMIC and RV Ramén Margalef LASEA cruises, both in 2013. These surveys deployed a
single-channel streamer and SIG sparker source with an energy of 300 J, a shot interval of 2 s and a
sampling frequency of 10 kHz. The achieved vertical resolution was ~1 — 1.5 m. The processing
procedure included bandpass filtering (Ormsby type), amplitude correction (spherical divergence),2D
spike (burst noise) removal, swellstaticcorrections and top muting. Thisdatawas complemented with
LASEA 2013 parametric echosounder (TOPAS) profiles, and with reflection seismic profiles collected
during previous surveys in the study area such as the GOLCA93, FADO 1996 and WADIANA 2000
campaigns, which used 3.5 kHz sub-bottom profilers and uniboom systems (Geopulse) as seismic

sources (Figure 1B).

The analysis focuses on the characterization of morphological and stratigraphic features on the shelf
margin and upper slope which stand out from the background seismic facies (i.e. a parallel-oblique
progradational reflection configuration; Lobo et al., 2005; Mestdagh et al., 2019). Seismicprofiles are
selected to illustrate thevariability inmorphological and stratigraphic classes along the studyarea. The
identified classes are subdivided into four main genetic categories (depositional, erosional, mixed
depositional-erosional and ‘other’). Specifically, theirprimary characteristics, including seismicfacies,
shape and orientation, their location on the slope, and their stratigraphic position, are described.
Where morphometric information on the analyzed features is converted from two-way travel time
(twtt, in seconds) to metricdimensions, ap-wave velocity(V,) in the (shallow) subsurface of 1600 m/s
was adopted, which is an average valuederived from core and downholelogging measurementsin the

upper~100 m of boreholes at IODP sites U1386/U1387 (Stow et al., 2013; Mestdagh et al., 2019).
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3.1.2. Seismicstratigraphicframework

Stratigraphicunits and surfaces are indicated in those seismicprofiles that could be correlated to the
seismic stratigraphic framework of Mestdagh et al. (2019). This framework is dated through the
borehole-seismic tie at IODP Expedition 339 sites U1386 and U1387 on the middle continental slope
(Figure 1B; Stow et al., 2013; Mestdagh et al., 2019), and correlates the middle slopeto the continental
shelf record; as such, it also encompasses the upperslopesectorinvestigated in this study. Five major
late Quaternary seismic units (U1 to U5, from youngest to oldest) have been delineated, which
correspond to the five most recent ~100 kyr glacio-eustaticcycles from marine isotope stage (MIS) 12
till present; these units are bounded by margin-wide surfaces mws1 to mws5 (Table 1; Mestdagh et
al., 2019). Internally, the basal sub-units (U1, U2.2, U3.4, U4.2 and U5.2) are formed under
transgressive to highstand conditions (Table 1; hereinafter referred to as ‘transgressive’ intervals),
whereas the upper sub-units (U2.1, U3.1, U4.1 and U5.1) are formed under regressive to lowstand
conditions (Table 1; hereinafterreferredto as ‘regressive’ intervals). U3 comprises two additionalsub-
units (U3.3 and U3.2) between the basal and upper sub-unit, which respectively formed under the
stadial sea-level fall into MIS7d and subsequent interstadialsea-levelriseinto MIS7csuperimposed on

the 100 kyr glacio-eustaticcyclicity (Tablel; Mestdagh et al., 2019).

3.2. Bathymetricdata

Low-resolution bathymetricdata(with a 115 x 115 m grid resolution) covering the entire continental
margin were obtained through the EMODnet online portal (EMODnet Bathymetry Consortium, 2018).
High-resolution multibeam datawere collated from three oceanographicexpeditions by the Instituto
Espafiol de Oceanografia (IEO) that were part of research projects LIFE+ INDEMARES/CHICA (2011),
ARSA (2013) and ISUNEPCA (2014). These data were acquired with Kongsberg Simrad EM-300
(operating at a frequency of 30 kHz and emitting 135 soundings per swath) and EM-710 (70-100 kHz
and 400 soundings per swath) multibeam echosounder systems (MBES), operating in high-density

mode and using pitch and yaw stabilization. The CARIS HIPS & SIPS 9.0 data processing software was
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used to produce a 15 x 15 m bathymetricgrid model covering an area of 600 km?between ~100 and

500 m waterdepth.
3.3. Oceanographicdata

Salinity data were retrieved from the World Ocean Database (WOD) 2018 (Boyer et al., 2018) and
visualized using Ocean Data View (Schlitzer, 2017). Salinity values were plotted in two longer cross-
sections over the upper slope (one in the eastern and one in the western part of the study area,
indicated in purple in Figure 1B) and overtwo of the available seismicprofiles, to identify the various
water masses and illustrate their present-day distribution. These salinity plots are generated by
interpolating data from adjacent CTD stations acquired during similar periods of the year (winter

season in this case, to avoid mixing signals in case of seasonal variations).

In order to estimate the interaction of internal waves with the upper slope topography, ratios of the
slope angle (y) overthe internalwave/tideenergy propagation anglerelative to the horizontal(c) were
estimated along one single upper slope transect. The parameter c is given by the following formula

(Cacchione et al., 2002):

R RN
Cc = (m)

where o is the internal wave frequency (in cycles per hour; cph), N is the Brunt-Vaisala or buoyancy
frequency (in cph), and f is the local inertial frequency or Coriolis parameter (in cph), which depends
on the latitude ¢ according to the formula f = (sin ¢)/12. In the absence of direct measurements,
a theoretical value of o = 0.081 cph is adopted assuming the dominance of semi-diurnal M2 internal
tides (Cacchione et al., 2002), which have been reported to propagate at shallow and intermediate
waterdepths around the Iberian margin(Azevedo et al., 2006; Garcia-Lafuente et al., 2006b; Pichon et
al., 2013). The variation of N with depth was calculated using Ocean Data View, based on 10 CTD
stations (from WOD18) along the section and applying a moving average filter to reduce noise. When

v/c = 1 (so-called ‘critical’ conditions), internal wave/tide energy is trapped along the seabed and
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current velocities intensify, whereas undersubcritical (y/c < 1) or supercritical conditions (y/c > 1) the
internal wave or tide characteristics get respectively reflected upslope (transmitted) or reflected

downslope (Cacchione and Wunsch, 1974; Cacchione et al., 2002; Lamb, 2014; Rib¢ et al., 2016).
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4. Results

4.1. Morphologicalcharacterization of theupper-slopesea floor

Detailed multibeam bathymetric data of the study area reveal the occurrence of a number of

morphological features at the present-day seafloor(Figure 2A).

In the east, between 270 and 400 m waterdepth, a linearto slightly curved depression with a NW-SE
orientation can be observed (Figure 2B). It is ~11 km long, 1 km wide and 2 m deep. In the NW this
feature becomes less marked and is associated with a number of (semi-)circular depressions with an
average diameterand depth of 60 and 1.3 m respectively. At its SEend,apositivesemicircularirregular

relief that is ~5 m high and 450 m in diameteroccurs within the elongated depression (Figure 2B).

A field of undulations covering ~20 km? can be observed on the central lower part of the study area
between 400 and 440 m water depth (Figure 2C). The crests of these undulations are linearto slightly
sinuous, have lengths between 1.5 and 5 km, and are oriented parallel to the trend of the continental
slope (Figure 2C). The spacing between the crests is 400 m on average, while their amplitudes (i.e.

crest-to-trough heights) are around 1.5 m.

A N-S elongated positive relief, with a length of ~3 km, width of ~700 m and height of up to 2 m, can
be observed NWof the undulation field (Figure 2D), between 350 and 430 m waterdepth. The western
edge of this feature is flanked by a downslope-running depression with awidth and depth of 150 and
1 m respectively. The positive relief exhibits abundant (around 40) superimposed (semi -)circular

depressions with diameters upto 100 m and depths upto 2 m (Figure 2D).

In the western part of the study area (between 170 and 210 m water depth), a linear, alongslope-
running break-of-slope can be observed below the shelf margin (Figure 2E). This feature is
characterized by relatively steep slopes (4 — 7°) compared to the rather flat shelf and more gently
dipping upper slope. Several semicircular depressions with depths of 1 — 2 m and diameters of 70 —

140 m are also observed in this location, scattered overthe shelfmargin (Figure 2E).

17



Anotherseabed crenulation zone can be observed towards the western lowerpart of the upperslope
between 420 and 450 m waterdepth (Figure 2F). Thisfeature consistsof aseries of short (max. 1.5 km),
sinuous slope-parallel undulations(~2 m high), an ellipticdepression of 4 m deep and 700 m long, and
a few smaller semicircular depressions to the N, with depths around 2 m and diameters up to 150 m

(Figure 2F).

4.2. Characterization and classification of morphologicalfeatures in seismic reflection data

A range of morphological features can be identified inthe seismicprofiles crossing the upperslopeand
shelf margin in the study area. These features are characterized and classified in the below section
(summarized in Table 2). The various classes are denoted in the seismicprofiles shown in Figures 3 —

11 using the symbols in Table 2.

4.2.1. Depositional features

Seven morphological classes have been typified as depositional features. Morphological class 1 is
characterized by low-amplitude,(sub)parallel continuous reflections, generallydipping seaward at low
angles (0.5 — 1.5°) and organized in sheetedto wedge-shapedsediment bodies (Table 2). This class can
be observed on the middle to lower part of the upper slope, dominantly composing the older

transgressive sub-units in the eastern part of the study area (Figures 3 — 7).

The seismicfacies of class 2 features (sub)parallel and generally seaward dipping (0.5 — 4°) continuous
reflections of moderate to high amplitude. This class occurs overthe entire upperslope in sheeted to
wedge-shaped bodies (Figures 5 — 7) or locally as an infill of underlying depressions (Figures 4 and 9),

dominantly within the regressivesub-units.

Continuous (sub)parallel reflections of moderate-high amplitude constitute the seismic facies of
morphological class 3 as well. They can be observed on the upper to middle part of the upper slope,
onlapping the basal bounding surface of Ul (Figures 3 and 4) and, significantly, showing a subtle

mounded geometry towards the west (Figure 10).
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Class 4 is composed of wavy, continuous, moderate- to high-amplitude reflections that form
asymmetricundulations. The upslope flank of these undulations is generally thicker, shorterand less
steep than the downslopeflank, which makes that the crests show an upslope migration through time
(Figures 3 and 5). They can be observed on the lower part of the upper slope within U1, with

wavelengths and heights of 400 — 600 and 1.5 — 5 m respectively (Figures 3 and 5).

Wavy, continuous reflections of variable amplitude also characterize the seismic facies of
morphological class 5. The resulting undulations are more symmetric and show less pronounced
upward migration trends than class 4 (described above), with varying dimensions (wavelengths in the
range of 300 — 900 m and heights between 2 and 15 m). These undulations can be found from the
upper to lower part of the upper slope in the eastern sector of the study area, dominantly within

regressive sub-units (Figures 3 and 5 — 8).

Class 6 is marked by irregularorcontorted discontinuous reflections with variable amplitudes,confined
locally (i.e. interspersed between other depositional classes, e.g. Figures 6 and 7) or extending over
largerstretches of the upperslope (e.g. Figure 8). This class can be observed on the entireupperslope,
dominantly in regressive sub-units, both in the eastern and western part of the study area(Figures 3 —

10).

Chaotic, discontinuous reflections, organized in low-amplitudeto transparent bodies with irregularor
smooth basal surfaces and irregular high-amplitude top surfaces characterize morphological class 7.
They can be observed on the lower part of the upper slope in the east of the study area wi thin

regressive sub-unit U2.1 (Figures 3 and 5).

4.2.2. Erosional features

Four morphological classes are considered as erosional features. Morphological class 8 comprises
linear, v-shaped erosional features with a depth of ~3 m and width of ~80 m that have an overall
downslope orientation. They can sporadically be observed within (regressive) sub-unit U2.1 in the
eastern part of the study area (Figure 7).
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Class 9 is also characterized by linearerosional depressions,but with an overallalongslope orientation.
These features, with a depth and width of ~3 and ~150 m respectively, can be observed on the
uppermost part of the upperslope within transgressive unit U1, both in the eastern and western part
of the study area (Figures 4, 9 and 10). Successive furrows within U1 show an upslope migration

through time.

Irregular, large-scale erosional surfaces which truncate and locally deeply incise (up to 0.06 s twtt or

~50 m) underlying strata, constitutemorphological class 10. They can be observed on the shelfmargin
at the base of U1 (Figure 11), and on the upper to middle part of the eastern upper slope (Figures 4
and 9). In the lattercase, they definean overalldownslope-orientederosionalsystem within regressive

sub-unit U2.1. These surfaces laterally correlate to more planarerosional orconformablesurfaces.

Class 11 features alongslope-oriented, elongated, planar and regular erosional surfaces on the outer
shelf and upperpart of the upperslope. They occur at the base and top of transgressive unit U1, and

are most pronounced in the western part of the study area(Figures 4 and 10).

4.2.3. Mixed depositionaland erosional features

One morphological category (class 12) is considered as mixed, and is characterized by an alongslope-
running seafloorbreak-of-slope below theshelf break in the western part of the study area(Figure 10).
It is marked by sloping angles of 1 — 2°, interspersed between gradients of 2.5 — 3.5° downslope and 6
— 8° upslope. This feature occurs on top of erosional classes 9 and 11, and bounds the upslope end of

depositional class 3 (Figure 10).

4.2.4. Otherfeatures

Finally, two morphological classes cannot be categorized as depositional, erosional ormixed. Class 13
typifies a low-amplitudeto transparent columnarbody with chaoticreflections. It can be observed on
the central part of the upper slope towards the east of the study area (Figure 6), where it pierces U5

to U2 (and underlying strata). In 2D it is 1.5 km wide and at least 0.35 s twtt high.
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Morphological class 14 comprises isolated, (very) high-amplitude spots, which occur randomly from
the upper to lower part of the upper slope in the eastern sector of the study area (Figures 3A - 8A).
They can also be clustered at specific seismic horizons (e.g. at the top of sub-unit U3.2; Figures 3A —

8A), or within the crests of the wavy reflections of class 5 (Figure 3).

4.3. Hydrographicresults

All salinity plots (Figures 12A to 12D) display a highly saline water mass (salinity > 36.5) draping the
middle slopeand the lowerpart of the upperslope, which corresponds to the uppercore of the MOW
(Ambaret al., 1999; Sanchez-Leal et al., 2017). It underlies a less saline watermass (salinity < 36.2) and
surficial waters (with a salinity range of 36.2 — 36.5), which accord with the characteristics of the
ENACW and NASW respectively (Bellanco and Sanchez-Leal, 2016; Hernandez-Molina et al., 20163;
Sanchez-Leal et al., 2017). The salinity contrast between the MOWand ENACW/NASW is higherin the
east than in the west of the study area (Figure 12A vs. 12B). Consequently, the interface between the
MOW and ENACW is rathersharp and intersects the seafloorat ~320 m waterdepth in the east (Figure
12A), whereas it is more diffuse in the west (affecting the upperslopeseabed between ~300 — 400 m;
Figure 12B). The ENACW and NASWalso have a rather gradual interface between ~100 — 200 m water
depth in the open ocean (Figures 12A — 12C). Closer to the shore, a smaller water mass core (~*60 m
high and ~3 km wide) characterized by salinities between36.2 and 36.4 can be observed runningalong
the upper slope at water depths of 210 — 260 m in the east and 150 — 210 m in the west (Figures 12A

and 12B).

The calculated y/c values over the upper slope shown in Figure 12D demonstrate that the reflection
conditions for internal waves at the seafloor are critical (i.e. y/c = 1) from 250-300 and 340-430 m
water depth. Between these two zones with critical slopes, the reflection conditions are supercritical
(y/c> 1; between 300 and 340 m), whereas the reflections conditions are subcritical (y/c < 1) further

downslope towards the middle slope and upslopetowards the shelf(Figure 12D).
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5. Discussion

5.1. Interpretation and origin of upperslopemorphologicalfeatures

The morphological features identified in the bathymetric and reflection seismic data are interpreted
in this section, along with adiscussion of theirorigin and dominant controlling processes(summarized
in Table 3). Theirspatial distribution is mapped in Figure 13, with a distinction between transgressive
to highstand (interglacial) intervals (Figure 13A) and regressive to lowstand (glacial) intervals (Figure

13B).

5.1.1. Background sedimentation

The stratified (parallel-continuous) facies of morphologicalclasses 1 and 2 (Table 2), which are further
devoid of distinct morphologicalfeatures, are prevalent and constitutethe background sedimentation
on the studied upperslope sector. Based on theircombinedexternal geometry, classes 1 and 2 can be
labelled as shelf-marginwedges (in line withLobo et al., 2005; Mestdagh et al., 2019). With respect to
the sedimentary environment, thelower-amplitudeseismicfacies of class 1 is inferred to be indicative
of fine-grained sedimentation and the dominance of hemipelagic sedimentation, and is therefore
interpreted to represent a ‘hemipelagic wedge’ depositional environment (following Prather et al.,
2017). On the other hand, class 2 shows higher-amplitude facies suggesting the input of coarser-
grained (terrigenous) sediments as well (e.g. Chiocci, 2000), which likely happens through enhanced
deposition from (downslope) sediment gravity flows (e.g. turbidity currents). Hence, this class can be
interpretedto represent a ‘shelf-margin delta’ setting (following e.g. Morton and Suter, 1996; Porebski

and Steel, 2003; Pratson et al., 2007; Steel et al., 2008).

5.1.2. Plastered driftand associated alongslope-controlled features

Within the youngest seismic unit Ul, several morphological features modulate the above described
uniform background pattern of classes 1 and 2. The largest-scale depositional feature is the slightly
mounded and alongslopeelongated bodywith subparallel onlapping reflections of morphologicalclass

3 (Table 2; Figures 4 and 10), which is interpreted as a plastered drift. This interpretation is based on
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the criteria for identifying contourite drifts of McCave and Tucholke (1986) and Faugeéres et al. (1999),
and follows earlier work by Llave et al. (2007) and Mestdagh et al. (2019). At the upper boundary of
the plastered drift, the occurrence of alongslope-oriented erosional elements further attests of the
present-day activityof bottom currents inthis part of the study area(Figure 13A): (i) aseries of stacked
linear depressions (class 9; Figures 4 and 10), interpreted as (buried) upslope migrating small-scale
contourite moats (following Garcia et al., 2009), and (ii) an alongslope elongated erosion surface (i.e.
class 11) at the present-day seabed in the western part of the study area (Figures 2E and 9), which is
commonly observed in upper slope settings adjacent to contourite drifts (Faugeéres et al., 1999;
Herndndez-Molina et al., 2008). This steep erosional surface, together with the relatively flat
depositional upper part of the plastered drift, forms a step in the slope profile below the shelf break
(Figure 10; described as morphological class 12). This break-of-slope can thus be interpreted as a
(contourite) terrace, in analogy with examples reported along the SW Atlantic margin (Hernandez-
Molina et al., 2009; Preu et al., 2013; Hernandez-Molina et al., 2016b) and NW Mediterranean Sea

(Miramontes et al., 2019).

Assuming that the plastered drift in the western seismic profiles (Figure 10) connects to the (more
subdued; see discussion section 5.2.1) plastered drift in the eastern profiles (Figures 3 — 4), it has a
length (in alongslopedirection) of at least 40 km, and is located between~170 and 430 m waterdepth
(Figure 13A). Plastered drifts generally develop in settings with low slope gradients (Faugeres et al.,
1999) where weak bottom currents are interspersed between zones of more intense bottom-current
flow up- and downslope(Rebesco et al., 2014; Miramontes et al., 2019). In the study area, the vigorous
watermass bounding the upperend of the plastered drift is the ENACW, which at present flows along
the upperslope and outershelfbetween 100 and 300 m waterdepth (Figures 12A-D). This watermass
is focused in an overall eastward-flowing baroclinicjet known as the Gulf of Cadiz Current (GCC; Figure
12C), which shows a persistent, meandering behavior with average velocities around 0.1 — 0.15 m/s
and maxima up to 0.3 — 0.4 m/s (Garcia-Lafuente et al., 2006a; Peliz et al., 2007; Peliz et al., 2009;

Bellanco and Sanchez-Leal, 2016). A small core that is likely related to the GCC occupies the above
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discussed contouriteterrace (Figure 12C), and is thus interpreted to be responsibleforthe alongslope-
oriented erosional surface (in the western part of the study area) and small-scale moats at the upper
boundary of the plastered drift. The vigorous watermass flowing over the central to lowerpart of the
plastered drift is the upper core of the MOW (Figure 12A-D), which on the middle slope to the S and
SW also shapes the sheeted Faro-Cadiz and Bartolome Dias drifts, the mounded Faro-Albufeira drift
and the Alvarez-Cabral moat of the CDS (Hernandez-Molina et al., 2006; Llave et al., 2007; Garcia et

al., 2009).

This plastered drift developed throughout U1, which encompasses the last deglaciation (following the
LGM) and Holocene highstand(seestratigraphicframework in Table 1; Mestdagh et al., 2019). The fact
that the upper MOW at present flows over the central part of the drift (Figure 12C) and not deeper,
bounding its distal end (as is normally observed for actively growing plastered drifts; Hernandez-
Molinaet al., 2008; Miramontes et al., 2019), might indicate that the drift has dominantly developed
during the early phase of the post-LGM transgression. At that moment, the ENACW started to
strengthen and still occupied the entire upper slope, while the upper MOW was confined to greater
depths (i.e. a situation under which the observed position of the plastered drift conforms to the
generally accepted models; Hernandez-Molina et al., 2008; Miramontes et al., 2019). Later, as the
upper core of the MOW shallowed and started to occupy the lower/central part of the upper slope
during the Holocene highstand (until present), the established drift morphology was maintained
without significant drift construction. The latter is likely linked to the severe reduction in sediment

supply to the upperslope under high sea-level positions (as furtherdiscussed in section 5.2).

5.1.3. Sediment waves

On a smaller scale, two types of undulations have been identified in the seismic record of the study
area (classes 4 and 5; Table 2). The undulating bedforms described in morphological class 4 occur
within U1, superimposed on the lower part of the above described plastered drift (Figures 3 and 5).

The expression of these features at the seabed can furthermore be tied to the field of s eabed
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undulations appearing in the multibeam data (Figure 2C). Given their asymmetric geometry, upslope
migration pattern (thicker upslope flanks vs. thinner downslope flanks) and similarity in dimensions
and internal structure between adjacent waves, they are interpreted as depositional sediment waves
(as opposed to post-depositional deformational features), following earlier interpretations in the
northern Gulf of Cadiz by Lee et al. (2002) and the criteria outlined in Wynn and Stow (2002) and
Urgeles et al. (2011). The slope-parallel orientation of the wave crests (Figure 2C) suggests that the
genesis of these sediment waves is linked to across-slope currents over the sea bottom (Wynn and

Stow, 2002; McCave, 2017).

A first possible mechanism forgenerating such across-slope currents and associated sediment waves
is the breaking of internal waves or tides against the continental slope (e.g. King et al., 2014; Belde et
al., 2015; Delivet et al., 2016; Droghei et al., 2016; Ribd et al., 2016; van Haren and Puig, 2017; Collart
et al., 2018; Reiche et al., 2018; Yin et al., 2019). The position of the sedimentwave fieldon the modern
seabed, at the boundary between the upper MOW and ENACW (Figure 12D) supports this
interpretation, as internal waves typically propagate along the interface between water layers of
different densities (Shanmugam, 2013). Furthermore, calculations forthe modern oceanography over
northern Gulf of Cadiz continentalslope indicate that critical internalwavereflectionconditions prevail
overthe sediment wave field (y/c = 1; Figure 12D). Internal wave or tide energy, if any, would thus be
trapped along the seabed and intensify current velocities, optimizing the conditions for the
development of sediment waves (Cacchione and Wunsch, 1974; Cacchione et al., 2002; Lamb, 2014;
Ribd et al., 2016). Internal waves have previously been documented in the Gulf of Cadiz, mainly
occurring as solitary waves or ‘solitons’ affecting the upper tens to hundreds of meter of the ocean
west of the Strait of Gibraltar (Apel, 2004; Hernandez-Molina et al., 2016c), and internal tides have
been suggested at the ENACW-MOW interface at the Ferrol canyon on the NWIberian margin (Collart
et al.,, 2018). Yet, future oceanographic measurements (e.g. long-term moorings) are needed to
unequivocally confirm the activity of internal waves or tides at the ENACW-MOW boundary at the

specificlocation of the here presented modern sediment wave field.
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Alternatively, across-slope currents over sediment wave fields can be related to downslope turbidity
currents (e.g. Normark et al., 1980; Wynn et al., 2000; Migeon et al., 2001; Ercilla et al., 2002; Gonthier
et al., 2002; Lee et al., 2002; Lonergan et al., 2013; Normandeau et al., 2019), which could occurat the
present-day seabed in the northern Gulf of Cadiz as well (albeit in an unconfined fashion, since major
submarine channels orcanyons to focus confined flows are absent at the present-day seafloor; Figure
2). Theoretical work by McCave (2017) has shown that sediment waves can form (as antidunes) under
turbidity currents when the slope gradient exceeds 0.3 % (i.e. ~0.2°; this condition is fulfilled on the
entire upperslope; Figure 12E), with aprogressivedecreasein wave dimensions downslope (Leeet al,,
2002; Wynn and Stow, 2002). Accordingly, if the sediment waves at the present-day seabed (Figure
2C) formed under turbidity currents, one would expect them also to occur higher up the slope with
greaterheights and wavelengths, and not only in theobservedrestricted depth interval (~400 — 440 m)
at the foot of the upperslope. The role of turbidity currents in the formation of this modern sediment
wave field is therefore considered to be limited. On the other hand, the (mostly buried) undulations
of class 5 (Table 2), which are equally interpreted as depositional sediment waves based on their
(slight) asymmetry, upslope migration and reflection continuity/similarity between adjacent waves
(Lee et al., 2002; Wynn and Stow, 2002; Urgeles et al., 2011), do occupy the entire upper slope and
show downslope decreasing dimensions (e.g. within U3.1 in Figure 5). Turbidity currents are
consequently inferred to bethe dominantfactorin the formation of this class ofsediment waves (Table

3).

A temporal pattern (more generally discussed in section 5.2.2) in the dominant formation mechanism
of the observed sediment waves can thus be inferred: during interglacial intervals, when the upper
core of the MOW circulates along the upperslope (as illustrated in Figure 12), class 4 sediment waves
form under the action of internal waves at the ENACW-MOW interface; during glacial intervals, this
interface deepens (e.g. Llave et al., 2006; Bahr et al., 2014; Kaboth et al., 2016), and class 5 sediment

waves rather develop on the upperslope underthe action of turbidity currents.
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5.1.4. Subaqueous massmovements

Morphological classes 6 and 7 (Table 2) are interpreted to represent slumps and debrites respectively,
following recent classifications and definitions for products of subaqueous mass movements (Talling
et al., 2012; Shanmugam, 2018), and thus reflect the activity of downslope gravity-driven processes
(Table 3). This interpretation is based on the expression of these features in the reflection seismic
profiles (Figures 3 — 9), more specifically on the irregular, contorted reflection configuration for the
slumps, and on the chaotic, very low amplitude seismicfacies forthe debrites. In the multibeam data,
the irregular crenulation on the lower part of the slope (Figure 2F) could be a result of local
gravitational mass transport processes as well, in analogywith previously reported examplesin the NE

part of the Gulf of Cadiz slope (Barazaet al., 1999; Mulderet al., 2009).

5.1.5. Submarine valley systemand gullies

Downslope gravity-driven processes also generate erosional elements on the northern Gulf of Cadiz
upperslope. The large-scale irregular incisions in the eastern part of the upperslope (Figures 4 and 9;
class 10) are interpreted to represent asubmarine valley system that is bifurcated on the upperslope
(Figure 13B). The more genericterm ‘valley’ is adopted here instead of ‘canyon’, since the latterterm
implies an overall V-shaped cross-section (Shepard, 1981; Harris and Whiteway, 2011), which cannot
be fully assessedherein the absence of morereflectionseismicprofiles crossing this feature. Likemost
slope valley systems (Harris and Whiteway, 2011), the formation of this system is linked to submarine
mass wasting events,as evidencedby its association withdebritesand the occurrence of slumpsin the
sedimentary infilling of the valleys (Figures 3, 4 and 9). In addition, the upperslope valley connects to
the erosional surface on the (outer) shelf at the base of Ul (Figures 4 and 9) and related incisions
(Figure 11), which were previously interpreted as the subaerial unconformity and associated fluvially
incised shelfvalleys developed during the last glacial period (Lobo et al., 2018; Mestdagh et al., 2019).
The outer shelf valleys shown in Figure 11 occur directly landward of the upper slope valley system,

suggesting that they might have been connected (as drafted in Figure 13B). This connection can also

27



have played an important rolein thedevelopment of theslope valleysystem, by enhancing thedelivery
of sediments to the shelf break and consequent subaqueous valley incision into the slope by
downslope sediment gravity flows (Shepard, 1981; Harris and Whiteway, 2011). The main erosional
surface depicting the slope valleys is truncated by the basal surface of U1 (Figures 4 and 9) which
formed during the LGM (Lobo et al., 2018; Mestdagh et al., 2019); hence, the initial phase of valley
incision must predate the LGM and is tentatively (in the absence of precise dating) attributed to the
MIS4 lowstand. This implies that this upper slope valley system was relatively short-lived since it
formed, served as an (active) conduit for sediment transport to the middle slope, and eventually
became inactive and infilled within afewtens of kyr; consequently,it has no expression at the present-

day seabed anymore.

On a smaller-scale, few (buried) v-shaped depressions (class 8; Table 2) can be considered as
(downslope) gullies (following the definition of Field et al., 1999). They occur towards the top of an
upper slope section in which sediment waves of morphological class 5 are prevailing (Figure 7), and
are hence inferred to have a common formation mechanism (i.e. across-slope turbidity currents). A
similargenesis and association of slopegullies and sediment waves have been reported on the Gabon
margin (Lonergan et al., 2013) and in the Taranaki Basin off New Zealand (Shumaker et al., 2017). In
the northern Gulf of Cadiz, small-scaledownslope-trending gullies occurat present on the upperslope

west of the Strait of Gibraltar as well (Herndndez-Molinaet al., 2014a).

5.1.6. Diapirs

In line with previous work in the northern Gulf of Cadiz (e.g. Fernandez-Pugaet al., 2007; Llave et al.,
2007; Garcia et al., 2009; Medialdea et al., 2009; Hernandez-Molina et al., 2016a), the chaotic, low-
amplitude to transparent columnar body in the reflection seismic data (i.e. class 13; see Table 2 and
Figure 6) is interpreted as adiapir.Diapiricstructuresin the Gulfof Cadi z are composedof shales,marls
or salt, and are rooted in the allochthonous unit of the Gulf of Cadiz (Figure 1) or (towards the north)

in underlying Triassicevaporites (Berastegui et al., 1998; Maestro et al., 2003; Medialdeaet al., 2004;
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Fernandez-Pugaet al., 2007). Some of these majorknown diapiricridges borderthe S to SEedge of the
study area (Figure 1A). Quaternary vertical movement and segmentation of these diapirs responds to
pressure variationslinked to (neo)tectonics (Llaveet al., 2007; Garcia et al., 2009). The here presented
example (Figure 6) attests of the most recent (Late Pleistocene — Holocene) phase of diapiricactivity,
as it pierces sedimentary packages up to (and including) U2 (of last glacial age). The NW-SEelongated
depression at the present-day sea floor in the east of the study area (Figures 2B and 6) overlies this
diapir, and is likely a result of sediment collapse due to diapiric movements in the subsurface (as
proposed for structures to the SE of the study area by Palomino et al., 2016). The diapir also directly
affects the present-day seafloor, as the mounded circular relief (Figure 2B) is tentatively (in the
absence of core material and seismicprofiles crossing this feature) interpreted as a local expulsion or
exhumation of diapiric material at the seafloor. Similarly, the bathymetric positive linear relief and
flanking depression (Figure 2D) towards the NW could result from respectively doming and sediment
collapse above another diapiric structure, a hypothesis which however needs future confirmation by

reflection seismicprofiling.

5.1.7. Brightspotsand pockmarks

Finally, thedistinct patches of enhancedreflections (class14) are interpretedas bright spots,indicating
local accumulations of free gas in the subsurface (Judd and Hovland, 1992; Lgseth et al., 2009). The
presence of gas on the northern Gulf of Cadiz upperslope is well documented in the east (Baraza and
Ercilla, 1996; Casas et al., 2003; Fernandez-Pugaet al., 2007), and has been suggested to be of mixed
biogenicand thermogenicorigin (Diaz-del-Rio et al., 2003). Interestingly, some of the bright spots are
concentrated along one reflectorin the crests of adjacent sediment waves (e.g. within and at the base
of U3.1; Figure 3), suggesting that the wave crests can act as a trap for the gas (given that they are
overlain by more impermeable sediments). In addition, the semicircular depressions at the seafloor
(Figure 2), interpreted as pockmarks,indicatethat some of the gas has migrated upwards and escaped

at the seabed (Hovland and Judd,1988). Currently datais lacking to verifyif the pockmarks in the study
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area are active at present (i.e. if gas is being released into the ocean today), yet this has been shown

to be the case in the eastern sectorof the Gulf of Cadiz (Baraza and Ercilla, 1996).

5.2. Spatialand temporalpatterns in the late Quaternary sedimentary evolution of theupperslope

The mapping of the morphological classes (Figure 13) and stratigraphic control (Tables 1 and 2;
Mestdagh et al., 2019) allow to evaluate the spatialdistribution and temporal variation in the inferred

sedimentation patterns on the northern Gulf of Cadiz upperslope.

5.2.1. Spatial patterns

Considering the entire range of identified morphological elements for both glacial and interglacial
intervals, it appears that alongslope-controlled (contouritic) elements (i.e. classes 3, 9, 11, 12; Table 3)
concentrate towards the westernpart of the study area, whereas downslope-controlled elements (i.e.
classes 2,5, 6,7, 8 and 10; Table 3) are more frequent towards the east(Figure 13). This spatial pattern
is unlikelyto be related to oceanographicconditionson the upperslope, sincebottom current velocity
data show (at present) no major variations in MOW/ENACW flow velocities along thi s margin sector
(Criado-Aldeanueva et al., 2006; Garcia-Lafuente et al., 2006a; Sanchez-Leal et al., 2017). Instead,
excess sediment supply towards the eastern part of the study area is inferred to be the dominant
controlling factor. Indeed, most terrigenous sediments fromthe majorfluvialinput sourcein theregion
(i.e. the Guadiana River) are dispersed south-eastwards towards the eastern sectorundertheinfluence
of the cyclonicshelfcirculation (Figures1 and 13; Nelson et al.,1999; Lobo et al., 2004; Garcia-Lafuente
et al., 2006a). As a result of this contrasting sediment supply, higher sedimentation rates in the east
induce more downslope,gravitational activity (e.g. Steelet al.,2008; Carvajal et al., 2009). On the other
hand, alongslope products more clearly develop and preserve in the west, sincethey are not subdued

by downslopedepositionaland erosional processes (Miramontes et al., 2019).
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5.2.2. Temporal variations

Superimposed on the lateral transition from a generally downslope-dominated sector in the E to an
alongslope-dominated sector in the W, temporal (glacial — interglacial) variability in sedimentation

style can be observed in each of these sectors (Figure 13A vs. 13B).

In the eastern sector, downslopeprocesses and products are most prominent duringglacial (regressive
to lowstand) intervals (most notably U2.1) with the development of avalley system, slumps, debrites,
gullies and turbidity current-controlled sediment waves (Figure 13B). Transgressive to highstand
intervals (Figure 13A) are dominated by hemipelagicand deltaicbackground slopesedimentation, with
the sporadicoccurrence of internal wave-controlledsediment waves and faintly expressed contouritic
elements(e.g. the moat and upperslopeerosion inFigure 4). The increasein gravitational sedimentary
processes during regressive to lowstand intervals is a common observation on continental margins,
because more (terrigenous) sediments reach the shelf breakas the shorelinemigrates seawards during
sea-level falls (e.g. Posamentierand Allen, 1993; Carvajal et al., 2009; Helland-Hansen and Hampson,
2009; Catuneanu, 2019). The associated increase in sedimentation rates on the upper slope also
implies enhanced sediment loading, which could help precondition the slope for the i nferred mass
wasting events (debris flows, slumping) through underconsolidation and consequent shear strength
reduction of the sediment column (e.g. Hampton et al., 1996; Laberg and Vorren, 2000; Masson et al.,
2006). It is further noteworthy that regressive sub-unit U2.1 bears a stronger imprint of downslope
gravitational processes than the otherregressive sub-units (e.g. debrites and upperslopevalleys occur
exclusively within U2.1). This can be linked to a pulse of tectonicuplift during the development of U2
(inferred from seismic stacking patterns by Mestdagh et al., 2019), which further facilitated the

triggering of submarine mass movements and the consequent formation of aslope valley system.

In the western part of the study area, alongslope sedimentary products (i.e. the plastered drift, moat,
erosion surface and contourite terrace) are clearly manifesting within transgressive to highstand unit

U1 underthe influence of the oceanographicconditions established afterthe LGM(Figure 13A); on the
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otherhand, these features are absent in the regressive to lowstand sub-units (which mainly comprise
deltaic background sedimentation, occasionally affected by slumping; Figures 10 and 13B). Besides
increased slope sedimentation rates during sea-levelfalls and lowstands(as already discussed above),
the absence of bottom current-related morphological elements in theregressiveto lowstandsub-units
can be related to areduction in glacial bottomcurrent strengths in thearea. The influenceof the upper
MOW decreases since this water mass shifts to greater depths (Llave et al., 2006; Bahr et al., 2014;
Hernandez-Molina et al., 2014a; Kaboth et al., 2016; Lofi et al., 2016), as does the MOW-ENACW
interface. Northern Gulf of Cadiz ENACW variability over glacial-interglacial timescales is poorly
constrained, yet analysis of seasonalfluctuations suggests an enhanced (GCC-related) ENACW strength
after summerdue to an increase in ocean stratification (Peliz et al., 2009; Bellanco and Sanchez-Leal,
2016); hence, under the premise that this mechanism can be translated to longer timescales, the
ENACW would also be enhanced during interglacials and reducedduring glacials. Analysis of alongslope
morphological elements and associated palaeoceanographic patterns in the older
transgressive/highstand intervals is impeded in this case study, because thesesub-units are eithernot
preserved (e.g. U2.2 and U4.2) on the upperslope (this is common on late Quaternary margins, Lobo
and Ridente, 2014), orthey are (partly) located below the multiplereflection (e.g. U3.2, U3.4 and U5.2;

Figure 4).

It is finally noted that diapirs (class 13) and gas-related features (class 14) in the study area are not
restricted to either glacial or interglacial intervals (Figure 13), which suggests that their governing

mechanisms are not directly dependent of glacio-eustaticvariations or interrelated factors.

5.3. Implications

5.3.1. Processinteraction and geohazard assessment

From the above discussion, some interactions between the various morphological classes can be
derived, which potentially have repercussions forgeohazard assessments in the study area. Firstly, as

the studied upper slope alternately records down- and alongslope products in response to glacial —

32



interglacial cycles (section5.2.2; Figure 13), the effect of (contourite) drifts on slopestabilityshould be
considered. Severalcharacteristics of plastered drifts illustratedin this work (e.g. mounded geometry,
position on an inclinedsurface) and reported in literature(e.g. good sorting) make that they are prone
to failure when loadedby sediments and/ortriggered by earthquakes (Laberg and Camerlenghi,2008).
This mechanism has for example played a role in generating some of the largest known submarine
slides in the world (e.g. Bryn et al., 2005; Vanneste et al.,2006), while (on asmallerscale) gravitational
destabilization/remobilization of contouritic sediments has also been reported in the Gulf of Cadiz
sector proximal to the Strait of Gibraltar (Mulder et al., 2003; Hernandez-Molina et al., 2006). In the
study area there is no direct evidence of a past link between plastered drifts and the observed mass
wasting deposits (as no plastered drifts are preserved in the deeper record; see above); yet, the
presence of a plastered drift at the present-day seabed is a considerable factor in assessing future

slope stability, especially in combination with periodicsediment loading and seismicity.

In addition, the presence of gas in the system and diapiric activity can further promote sediment
deformation and mass wasting in the studyarea. Free gas in the pore spacereducessediment strength
(e.g. Locat and Lee, 2002; Sultan et al., 2004) and as such facilitates sliding or slumping, as already
suggested in the eastern part of the Gulf of Cadiz (Barazaet al., 1999; Mulderet al., 2003). In the study
area, the association of pockmarks and a possible slump at the seafloor (Figure 2F) could be a
manifestation of theinfluence of gas on downslope gravitationalprocesses. Deformation and sediment
collapse induced by diapiric activity is also a known phenomenon in the Gulf of Cadiz (e.g. Baraza et
al., 1999; Fernandez-Pugaet al., 2007; Hernandez-Molinaet al., 2016a; Palomino et al., 2016) and can
be observed in the study area in the form of small-scale slumping around, and depressions above the
diapir (Figures 2B and 6). Remarkably, gas-related features (bright spots, pockmarks) concentrate in
the vicinity of the observed diapir (Figures 2B and 6), which can be attributed to the fact that diapir
movement helps to create pathways forfluids (gas) to migrate towards theseafloor (Casas et al., 2003;
Fernandez-Puga et al., 2007). It should finally be noted that above potential effects of diapirism and

gas can occasionally obscure the inferred temporal variation in down- and alongslopeactivity (section
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5.2.2), as they can locally induce downslope processes and products in transgressive intervals (e.g. at

the present-day seabed; Figure 2).

5.3.2. Sequence stratigraphicconsideration

As a final consideration, the presented case also underlines the need for considering along-strike
variability when making sequence stratigraphic interpretations of a continental margin (sector), as
pointed out in recent sequence stratigraphic reviews (Catuneanu, 2006; Helland-Hansen and
Hampson, 2009; Catuneanu, 2019). Sequence stratigraphicarchitectures are typically illustrated using
2D dip-oriented seismicsections, although laterally juxtaposed margin sectors might show significant
differences in the development (i.e. timing of formation and appearance) of sequence stratigraphic
surfaces and systems tracts due to differential subsidence or along-strike differences in sediment
supply (e.g. Ritchie et al., 2004; Zecchin et al., 2008; Helland-Hansen and Hampson, 2009; Catuneanu,
2019). The lattermechanismis exemplified in the here presentedstudy area, as it (despite itsrelatively
small size of ~¥80 km from NW to SE) shows a partitioning between an eastern supply- and downslope-
dominated sector, and a western alongslope dominated sector with reduced sediment supply
(Figure 13). The increasing alongslope (bottom current) influence towards the W also implies that
sequence stratigraphicinterpretations forthis part of the upperslope (which are beyond the scope of
this work) are likely to become more complex to fit in ‘standard’ sequence stratigraphic models
(Brackenridge et al., 2011; Mestdagh et al., 2019), whereas this might be more straightforward forthe

eastern sector.
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6. Conclusions

This work presents the first detailed morphological analysis of the upperslopeand shelfmargin offthe
Guadiana River, and as such complements earlier efforts in characterizing sedimentary processes on
the northern Gulf of Cadiz upperslope towards the east. The identified sedimentary products show a
wide geneticdiversity. Alongslope bottomcurrents (related to the ENACW) shapeaplastereddrift and
associated contourite moat, terrace and erosional surface upslope. Sediment waves are attributed to
either internal tides/waves at the MOW — ENACW interface or downslope turbidity currents.
Downslope sediment gravity flows are responsible for the formation of a subaqueous valley system
and the deposition of slumps and debrites. Finally, neotectonics and fluid (gas) flow manifest in the
study areain the form of a diapiricstructure, bright spots and pockmarks.Thesemorphological classes
show some interactions and distinct spatialand temporal patterns, which are caused by changesin the
intensity of oceanographic processes and differential sediment supply towards the shelf edge.
Specifically, the study areashows a lateral transition from a downslope-dominated margin in the E to
an alongslope-dominated margin in the W, and (in terms of temporal variability) an overall increasein
downslope components during glacial (regressiveto lowstand) intervals. As such, this case study helps
to better constrain why and predict how along- and downslopeprocesses and their products can vary,

alternate orinteracton othercontinental margins as well.

Above findings furthermore constitute relevant input forpotentialfuture geohazard assessmentsand
sequence stratigraphic work in the study area. In addition, they help to decipher when and how
sediments are transferred from the shelf to the depositional sector of the middle slope CDS
immediatelydownslopeof the studyarea, which is information that so farhas remained ratherelusive
in the assessment of the late Quaternary sedimentary evolution of this system. From a general
perspective, athorough analysis of upperslope sedimentary dynamics as presented in this work thus
also proves essential to better understand potential links between the stratigraphic development of

shallow marine (shelf) and deepermarine (slope) settings.
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Finally, by refining the seismicgrid, future work in the study area should seek to delineate the extent
and 3D shape of the detected features in more detail (e.g. of the subaqueous valley system, diapir,
sediment wave field, plastered drift), and verify the potential presence of other (dis)similar
morphological elements. As such, the identified morphological inventory couldbe expanded, which in
turn would help to strengthenthe proposedhypotheses regarding the temporal and spatial variability

in upperslope sedimentation on the SWlberian continental margin.
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Table captions

Table 1. Seismic stratigraphic framework adopted in this study (from Mestdagh et al., 2019), with
reference to the corresponding marine isotope stages (MIS) and ages. T = sub-unit formed during

transgressive to highstand intervals; R= sub-unit formed during regressive to lowstand intervals.

Table 2. Characterization of morphological classes identified in the reflection seismicdata(Figures 3 —
11) of the northern Gulf of Cadiz upperslope, togetherwith theirposition (i.e. lowervs. upperpart of
the slope; eastern vs. western part of the study area) and the stratigraphic interval(s) in which they
dominantly occur (T = transgressive to highstand sub-unit; R = regressive to lowstand sub-unit). The
dashed part of the green line in class 10 represents the conformable (on the slope) to planar erosive

(on the shelf) lateral correlation of the incised erosional surfaces (in full green line).

Table 3. Interpretation and dominant formation mechanism(s) of the morphological classes described

in Table 2.
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Figure captions

Figure 1. (A) Map of the Gulf of Cadiz, indicating the pathways of the major water masses (NASW =
North Atlantic Superficial Water; ENACW = Eastern North Atlantic Central Water; MOW =
Mediterranean Outflow Water, MU = upper core, ML = lower core; AAIW = AntArctic Intermediate
Water; NADW= North Atlantic Deep Water) and main (neo-)tectonicfeatures (AUGC = Allochthonous
Unit of the Gulf of Cadiz; PF = Portimao Fault; PH = Portimao High; CF = Cadiz Fault; SVF = S. Vicente
Fault). Oceanography from Garcia-Lafuente et al. (2006a) and Hernandez-Molina et al. (2014b);
tectonic features from Duarte et al. (2013); major diapiric structures from Fernandez-Puga et al.
(2007). (B) Detail of the study area on the northern Gulf of Cadiz upperslope, showing the location of
the high-resolution multibeam bathymetric map of Figure 2 (white) and position of oceanographic
(purple) and reflection seismic sections (red) of Figures 3 — 12. Black lines = sparker seismic profiles;

grey lines = uniboom seismicprofiles; dashed bluelines = TOPAS profiles.

Figure 2. (A) High-resolution multibeam bathymetricmap of the study area, with the locations of the
seismicprofiles shown in Figures 3 — 10 (in red). (B) —(F) Details in grey-shadedreliefof the map shown

in (A), indicating the morphological features at the present-day seafloordescribed in section 4.1.

Figure 3. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper
slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 4. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper
slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 5. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper

slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
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features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 6. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper
slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 7. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper
slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 8. Reflection seismic profile (A) and interpretation (B) over the northern Gulf of Cadiz upper
slope (locationin Figure 1), with indication of the main morphologicalclasses(legend forthe identified
features in Table 2). Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue

sub-units =regressive.

Figure 9. Reflection seismicprofiles overthe northern Gulf of Cadiz upperslope, with indication of the
main morphologicalclasses(legend forthe identified features in Table 2). Locations indicated in Figure
1. Stratigraphy from Mestdagh et al. (2019); white sub-units = transgressive, blue sub-units =

regressive.

Figure 10. Reflection seismic profiles over the northern Gulf of Cadiz upper slope, with indication of
the main morphological classes (legend for the identified features in Table 2). Locations indicated in
Figure 1. Stratigraphic interpretation from Mestdagh et al. (2019), as far as it could be correlated to
this part of the upperslope (note that this was not possiblebelow Ulin profiles C - E); white sub-units

= transgressive, blue sub-units = regressive. Datais not availableforthe small greyboxesin (C) and (E).
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Figure 11. Reflection seismicprofiles overthe northern Gulf of Cadiz (outer) shelf,showing large -scale

erosional incisions at the basal surface of U1 (indicated in green). Locations indicated in Figure 1.

Figure 12. (A) — (C) Present-day salinity of the water column over the northern Gulf of Cadiz upper
slope in the east (A), west (B) and overthe profile shown in Figure 10C (C). Locations indicatedin Figure
1. Water mass annotations and interfaces follow Bellanco and Sanchez-Leal (2016): MOW =
Mediterranean Outflow Water(upperbranch); ENACW = Eastern North Atlantic Central Water; GCC =
Gulf of Cadiz Current; NASW = North Atlantic Superficial Water. (D) Ratio of the slope angle (y) over
the angle of present-day internal wave energy propagation (c) along the seabed over the profiles
shown in Figures 3 - 4. Critical reflection conditions (i.e. y/c= 1) prevail overthe lowerpart of the upper
slope where sediment waves occur(see text fordiscussion). Contours indicate salinity values. (E) Plot
of the variation of the slope angle and Brunt-Vaisala frequency (N, in cycles perhour) with depth, for
the profile shown in (D). All oceanographic data retrieved from the WOD18 database (Boyer et al.,
2018) and Ocean Data View (Schlitzer, 2017); red triangles indicate the positions of the CTD stations

from which data was retrieved.

Figure 13. Synthesis of the spatial variation in the major sedimentary products and processes on the
studied upper slope sector of the northern Gulf of Cadiz, during (A) interglacial (transgressive to
highstand) intervals, and (B) glacial (regressive to lowstand) intervals. Abbreviations: IW= formed by

internal waves; TC = formed by turbidity currents.
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(sub-)units& surfaces MIS age (ka) T/R
Ul mws1 (27 ka) MIS2 - present 27 >0 T

u2.1 MIS5 = MIS2 1155 27 R
u2

U22  er(135ka) — MISE > MISS 135 > 115 T

u3.1 MIS7c - MIS6 200 - 135 R

u3.2 MIS7d - MIS7c 225 - 200 T
us3

u3.3 MIS7e MIS7d 240 - 225 R

us.4 mws3 (262 ka) MIS8 MIS7e 262 - 240 T

u4.1 MISS - MIS8 310 - 262 R
u4

u4.2 mws4 (335 ka) MIS10 - MIS9 335 > 310 T

Us.1 MIS11 - MIS10 400 - 335 R
us

US2  pwss(@3ske) MIS12 > MiSil 435 - 400 T

Table 1.
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Position on upper

Stratigraphic

Morphological class Characteristics .
slope position
- parallel continuous reflections - lower to middle mostly T sub-units
/ (seaward dipping) part
/ - low amplitude - east

- sheeted towedge

- parallel continuous dipping
reflections

- moderate to high amplitude

- sheeted to wedge (and locally
infilling depressions)

- entire upper slope
- east andwest

mostly R sub-units

- (sub)parallel continuousdipping - middle toupper u1(m)
refl. part
- moderate to high amplitude - east andwest
- slightly mounded (laterally
- extensive, locally onlapping
§ depressions at base)
S - wavy continuous reflections - lower part u1(m)
g - asymmetric undulations - east
& - moderate to high amplitude
Q
- wavy continuous reflections - lower to middle mostly R
- more symmetric undulations part
- moderate to high amplitude - east
- irregular-contorted discontinuous | - entire upper slope | mostly R
refl. - east andwest
-variableamplitude(low to high)
- both large-andsmaller-scale
(local) features
- chaotic discontinuous reflections | - lower part U2.1(R)
- very low amplitudeto transparent | - east
- high-amplitudetop (irregular)and
base(irregular orsmooth)
- linear, v-shaped erosional feature |- one example on U2.1(R)
- downslope-oriented middlepart
- east
- linear erosionaldepression - upper part ul1(m)
- alongslope-oriented - east andwest
- - occur stacked (migrateupslope)
s
g -irregular erosional surface with - entire upper slope | within and at top
8 deep and wide incisions, truncating | and (outer) shelf U2.1(R)
w refl. below - east
- large-scale,overalldownslope-
oriented erosional system
- more regular to planarerosional - upper part slope top U2.1 (R) and
surface and (outer) shelf sea floor
- large-scale(coverslargealongslope| - most pronounced
elongated area) west
a - break-in-slope - upper part sea floor
§ - associated withclass 11 upslope - west
E andclass 3and 9 downslope
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- transparent to very low-amplitude
columnar body with chaotic
reflections

- one example on
middlepart
- east

pierces U2 to U5

- very high-amplitudespots

- occur randomly, grouped ata
specific surface, or within crests of
undulations

- entire upper slope
- east

both T and R sub-
units
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Class Interpretation Dominantformationmechanism(s)
1 shelf-margin wedge(hemipelagicwedge) hemipelagicsedimentation
2 shelf-margin wedge(shelf-margin delta) sediment density (gravity) flows
3 plastered drift alongslope bottom currents
4 across-slope currents (internal waves/tides)
sediment waves
5 across-slope currents (turbidity currents)
6 slumps subaqueous mass wasting
7 debrites sediment density (gravity) flows
8 gully turbidity currents
9 moat alongslope bottom currents
subaqueous mass wasting and erosion by
upperslope valley system o
turbidity currents
10
outershelf valleys fluvial incision on subaerially exposed shelf
11 | erosion surface alongslope bottom currents
12 | terrace alongslope bottom currents
13 diapir response of lowerdensity m.ate.nal(shale,
marl or salt) to pressure variations
14 gas-related features (bright spots and gas accumulation, migration and seepage

pockmarks)
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Research highlights

- Significant upper-slopemorphological variability revealed off the GuadianaRiver

- Wide geneticdiversity driven by along-/downslopeprocesses, diapirism and gas flow

- Spatio-temporal patterns controlled by oceanographicvariations and sediment supply
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