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A los que quieren entender los secretos del océano
con el fin de preservarlo como se merece

“Only the fact that the canyons are deeply hidden in the darkness of the sea prevents them
from being classed with the world’s most spectacular scenery”

Rachel Carson (The Sea Around Us, 1951)
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Abstract

Submarine canyons are major morphological features incising continental margins that
constitute the main pathways for shelf-to-basin sediment transfer and flux of contaminants
and waste during sea-level highstands, as documented in various modern turbidite systems.
Factors that control the sedimentary activity in submarine canyons during highstands include
the geodynamic setting, the location of the canyon head with respect to the major sediment
sources, and the margin width. The northern margin of the Alboran Sea (western
Mediterranean Sea) is characterized by a narrow shelf sculpted by the shelf-incised Motril and
Carchuna canyons. This thesis aims to establish the factors that control the recent sedimentary
activity of the shelf-incised canyons, based on: (1) the geomorphological and sedimentary
differences between both canyons, elucidating their respective roles in recent patterns of
sediment transport and accumulation between both canyons; (2) the characterization of
erosional and depositional bedforms in confined and unconfined settings of the Carchuna
Canyon, determining genetic sedimentary processes leading to bedform development in
recent times; and (3) the factors that control the distribution of marine litter in the studied

submarine canyons, analyzing the litter distribution, density, and origin.

The straight Carchuna Canyon incises the shelf up to 200 m off the coastline and exhibits
steep canyon walls featuring narrow terraces, muddy sands with high contents of organic
matter along the thalweg, and transported shelf benthic foraminifera in distal settings. The
Carchuna Canyon hosts crescentic-shaped bedforms in the axial channel and concentric
sediment waves and two scour trails over an overbank deposit, proximal to a channel bend.
The Carchuna Canyon thalweg exhibits a density of marine litter up to 8.66 items-100 m*
with litter hotspots found along the upper reaches of the canyon thalweg. In contrast, the
Motril Canyon head is wider and incises the shelf edge, ca. 2 km off the coastline, exhibiting
a sinuous morphology and less steep walls, wider terraces, and higher sedimentation rates
with muddy sediments along the thalweg. In the Motril Canyon, the density of marine litter is

low and the material is scattered, very degraded, and partially buried.

The Carchuna Canyon exhibits a youthful development stage whose activity is more
continuous, caused by coarse sediment-laden gravity flows descending from the canyon head
and by spillover processes generating sediment waves in the channel bend. More energetic
downstream turbiditic flows would exceed the levee crest maximum height, promoting
erosion of the overbank deposit and generating scour trains. The high shelf incision of the
Carchuna Canyon and its proximity to the coastline favor littoral sediment remobilization and
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capture, as well as the formation of gravity flows that transport marine litter along the thalweg
toward the distal termination of the channel. In contrast, the Motril Canyon is interpreted as a
mature system episodically active which mainly acts as a sediment trap accumulating
hemipelagic sediments, where the distant location of the canyon head from the coastline (ca. 2
km) favors fine-grained sediment accumulation from the major regional fluvial source and the

input of low amounts of marine litter.

The comparison of the studied shelf-incised canyons with other shelf-incised canyons in
narrow and wide margins indicates that: (1) the distance from canyon heads to coastlines
exerts the primary control on sediment caliber and flux that is potentially captured by shelf-
incised canyons and eventually transported downcanyon; (2) the grade of incision of canyon
heads is a key factor driving the recent sedimentary activity of canyons incised in narrow
margins; and (3) the physiographic and sediment supply constraints of narrow margins, such
as offshore California and the Mediterranean Sea, is a factor controlling the evolution, the
sedimentary activity and the high concentration of marine litter in shelf-incised canyons.
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Resumen

Los cafiones submarinos son rasgos morfoldgicos que inciden en los margenes continentales y
constituyen las principales vias de transferencia desde la plataforma hasta la cuenca de
sedimentos y flujo de contaminantes y residuos, como se ha documentado en varios sistemas
turbiditicos modernos. Los factores que controlan la actividad sedimentaria de los cafiones
submarinos durante los niveles altos del mar incluyen el contexto geodindmico, la
localizacion de la cabecera del cafién con respecto a fuente principal de sedimento y la
anchura del margen continental. EI margen norte del Mar de Alboradn (oeste del Mar
Mediterraneo) estd caracterizado por una plataforma estrecha incidida por los cafiones de
Motril y Carchuna. Esta tesis tiene como objetivo establecer los factores que controlan la
actividad sedimentaria reciente de los cafiones incididos en la plataforma, basado en: (1) las
diferencias geomorfoldgicas y sedimentarias entre ambos cafiones, elucidando los patrones
recientes de transporte y acumulacion de sedimento entre ambos cafiones; (2) la
caracterizacion de las formas de fondo erosivas y deposicionales localizadas en contextos
confinados y no confinados del Cafion de Carchuna y las implicaciones genéticas en términos
de procesos de transporte sedimentario; (3) analizar la distribucién, densidad y origen de la

basura marina en los cafiones submarinos objeto de estudio.

El rectilineo Cafidn de Carchuna incide la plataforma donde su cabecera se localiza a apenas
200 m de la linea de costa; este cafion presenta flancos de elevada inclinacion, terrazas
estrechas, arenas fangosas con alto contenido de materia orgénica a lo largo del eje del canal y
foraminiferos bentonicos de plataforma transportados hacia las zonas distales. EI Cafion de
Carchuna alberga formas de fondo en forma de media luna en el eje de canal y ondas de
sedimentos y trenes de socavaciones sobre los depositos de desbordamiento cercanos a una
curva del canal. Ademas, el eje de canal presenta una densidad de basura marina de hasta 8.66
unidades-100 m* en forma de acumulaciones en las partes superiores del cafion. En contraste,
la cabecera del Cafon de Motril es mas amplia e incide el borde la plataforma a 2 km de la
linea de costa. Presenta una morfologia sinuosa y flancos méas suavizados, amplias terrazas y
tasas de sedimentacion mas altas con sedimentos fangosos a lo largo del eje del canal. En el
Caiion de Motril, la densidad de basura marina es baja y la basura aparece dispersa, muy

degradada y parcialmente enterrada.

El Cafnén de Carchuna se encuentra en un estado de desarrollo juvenil cuya actividad es
relativamente continua, causada por flujos gravitacionales de sedimentos groseros que

descienden desde la cabecera y desbordan en las partes inferiores generando ondas de
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sedimento sobre un I6bulo deposicional. Eventualmente, flujos turbiditicos de alta energia
serian capaces de desplazarse por encima de la cresta del dique, erosionando los depdsitos de
desbordamiento y generando trenes de socavaciones. La alta incision en la plataforma del
Cafion de Carchuna y su proximidad a la linea de costa favoreceria la captura y
remobilizacion del sedimento litoral, asi como la formacion de flujos gravitacionales que
transportan la basura marina a lo largo de todo el valle hacia su terminacion distal. En
contraste, el Cafdn de Motril estd en un estadio evolutivo mas maduro y muestra una
actividad episodica, actuando principalmente como trampa de sedimentos hemipelagicos. La
localizacion aproximadamente a 2 kilometros de la cabecera a la linea de costa mas cercana
condicionaria la acumulacién de sedimentos de grano fino proveniente de la principal fuente

fluvial (i.e., Rio Guadalfeo) y la acumulacién de bajas cantidades de basura marina.

La comparacion de los cafiones incididos en la plataforma de estudio con otros cafiones que
inciden en otras plataformas con extensiones variadas indican que: (1) la distancia desde las
cabeceras a la linea de costa ejerce un papel fundamental en el calibre y flujos de sedimentos
que pueden ser potencialmente capturados por los cafiones incididos en la plataforma y
eventualmente transportados hacia las partes profundas del cafion; (2) el grado de incision de
las cabeceras es un factor clave que determina en gran medida la actividad sedimentaria
reciente de los cafiones que inciden en plataformas estrechas; (3) las condiciones fisiograficas
y de aporte sedimentario en los margenes estrechos, como las que se encuentran en la costa de
California y el Mar Mediterraneo, controlan de forma decisiva la actividad sedimentaria
reciente y las altas concentraciones de basuras marinas que se observan en los cafiones

incididos en la plataforma.
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Part 1. The role of shelf-incising submarine canyon geomorphological characteristics

1.1. Importance of the thesis

Submarine canyons are common morphological features incised on continental margins
(Daly, 1936; Shepard and Emery, 1941; Normark and Carlson, 2003; Harris and Whiteway,
2011) and the major conduits for the transport of sediment, nutrients, and pollutants from
shelf to basin, generating deep-sea fans downstream (Shepard, 1981; Canals et al., 2004;
Piper and Normark, 2009; Puig et al., 2014; Fisher et al., 2021). Interest in the evolution,
occurrence, and distribution of canyons in the oceans has been motivated by various factors,
including the need to lay cables and support naval submarine operations (Piper et al., 1999),
to understand the geological evolution of continental margins, and to understand
oceanographic and ecological processes associated with canyons (Clark et al., 1992; Harris
and Whiteway, 2011). In addition, there are progressively more impacts from human
activities along the submarine canyons that range from fishing, extraction of natural
resources, and as sinks of marine litter (Dissanayake et al., 2023).

There has been a significant advancement in knowledge of modern submarine canyons in
recent times due to the fact that the interplay between oceanographic, biological/ecological
processes, and bathymetric and topographic features have consequences on the functioning
and associated diversity of both pelagic and benthic communities (Paull et al., 2013; Fabri et
al., 2017; Fernandez-Arcaya et al., 2017; Symons et al., 2017; Paradis et al., 2021, Zhou et al.,
2021; Hernandez et al., 2022, Li et al., 2022; Scacchia et al., 2022; Miramontes et al., 2023;
Pearman et al., 2023; Taviani et al., 2023). The advent of Remotely Operated Vehicles (ROV)
or Autonomous Under-Water Vehicle (AUV) in the last 20 years opened up a new perspective
on submarine canyon research, allowing to explore previously inaccessible parts of the deep
ocean. Because of this increased research effort, our understanding of submarine canyons is
gradually improving. However, the main limitation remains the technology of surface ships to
image, monitor, and sample within these topographically hazardous and inaccessible complex
marine environments (Khripounoff et al., 2003; Paull et al., 2002; Xu, 2011; Bailey et al.,
2021).

1.2. Physiography of submarine canyons

The striking geomorphic resemblance between submarine canyons and river valleys has led to
a shared terminology for their description. The axial channel of submarine canyons often
features a well-defined thalweg, which is the line connecting the deepest points along the
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canyon, bounded by one or more lower terraces and by sidewalls that separate the upper
terraces and the eroded continental slope (Figure 1.1). The physiography of the submarine
canyons is diverse, but can be broadly divided into upper, middle, and lower courses
(Normark et al.,, 1993; Amblas et al., 2018, 2021) (Figure 1.1). The upper course is
characterized by a canyon head incised into the continental shelf or the shelf edge, exhibiting
a V-shaped profile with steep walls frequently covered by gullies and slump scars. The
middle course exhibits a U-shaped cross-section with smoother reliefs and wider meandering
valleys that erode the upper reaches of the continental slope. Submarine canyons commonly
have tributaries feeding their upper and middle courses. The lower canyon course exhibits U-
shaped profiles and low reliefs. Lower canyon courses exhibit sinuous paths and confined
channels forming channel-levee systems between the lower reaches of the continental slope

and the abyssal plain.
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Figure 1.1. (A) Sketch showing the main physiographic elements of a submarine canyon. Modified
from IUCN (2019) and adapted from the terminology used by Amblas et al. (2022). (B) 3D schematic
diagram of a submarine canyon illustrating the terminology used to describe the major geomorphic
features in this thesis. Adapted from the terminology used by Paull et al. (2013) and Tubau et al.
(2015a).

Submarine canyons can be classified into three main types according to the distance of the
canyon head to the coastline and the absence/occurrence of direct connection to terrestrial
fluvial systems (Harris and Whiteway, 2011) (Figure 1.2): 1) shelf-incised canyons having
heads connected to a major river system (e.g., Paull et al., 2002; Maziéres et al., 2014; Paradis
et al., 2021; Marsset et al., 2022); 2) shelf-incised canyons with no clear bathymetric

connection to a major river system (e.g., Lastras et al., 2011a; Lo lacono et al., 2020; Maier et
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al., 2020; Dobbs et al., 2023); and 3) blind canyons incised onto the continental slope (Lastras
et al. 2011b; Brothers et al. 2013; Huang et al. 2014; Lo lacono et al. 2014). Shelf-incised
canyons are large morphological features that erode into bedrock in their upper courses, with
axial channels characterized by coarse-grained sediments (e.g., Smith et al., 2005; Normark et
al., 2009b). They have been extensively studied in terms of their sedimentary activity favored
by the proximity to sedimentary sources, such as shelf oceanographic processes and/or river
systems, which are able to trigger turbidity currents. Sedimentary processes control the
morphology and evolution of shelf-incised canyons, which can vary greatly (Walsh and
Nittrouer, 2003; Zhu et al., 2009; Jobe et al., 2011; Lastras et al., 2011b; Amblas et al., 2012).

Cabinda
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Figure 1.2. Three main types of submarine canyons according to the distance of the canyon head to
the coastline and the absence/occurrence of direct connection to terrestrial fluvial systems. (A) Shelf-
incised La Jolla Canyon with no bathymetric connection to a major river system. (B) Shelf-incised
Congo Canyon with direct connection to the Congo River. (C) Blind canyons incised onto the
continental slope in the northwestern Australian margin. Bathymetry extracted from the National
Oceanic and Atmospheric Administration (NOAA, 2023) and image land extracted from the General
Bathymetric Chart of the Oceans (GEBCO Compilation Group, 2023).

1.3. Global distribution of submarine canyons

Active continental margins contain over 50% more canyons than passive margins (Figure
1.3). Blind canyons are the most common type mapped being the shorter in length (Table
1.1). Shelf-incised canyons are over twice the mean size of blind canyons, longer, and less
incised (Harris and Whiteway, 2011; Harris et al., 2014) (Table 1.1). Shelf-incised canyons
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associated with rivers are common on active continental margins, specifically on the western
margin of South and North America, but they are absent from the margins of Australia and
Antarctica (Harris and Whiteway, 2011) (Table 1.1). In contrast, shelf-incised canyons with
no connection to a major river system are distributed more or less equally amongst active and

passive continental margins (Harris and Whiteway, 2011) (Table 1.1).
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Figure 1.3. Global map showing the location of submarine canyons defined by Harris and Whiteway
(2011). Canyon locations are classified into: shelf-incised canyons connected to rivers, shelf-incised
canyons with no bathymetric connection to a major river system, and blind canyons incised onto the
continental slope. Areas shown are North and South America (A) and Europe, Asia and Africa (B).

Both maps are projected in Azimuthal Equidistant.

Mediterranean canyons constitute a well-defined family of submarine canyons at a global
scale. Canyons in the Mediterranean and Black seas have the shortest mean length, the lowest
incision depth, and the smallest average area compared to other ocean regions, for both shelf-
incised and blind canyons (Harris and Whiteway, 2011) (Table 1.1). The distinctiveness of
Mediterranean canyons stems from the fact that canyon genesis was dictated by a pronounced
sea-level fall and desiccation event during the Messinian Salinity Crisis (Harris and
Whiteway, 2011). Specifically, shelf-incised canyons are remarkable in Mediterranean active
margins (Bernhardt and Schwanghart, 2021), where: (a) a regional correlation with
regionally-averaged sediment discharges to the coast has been found (Harris and Macmillan-

Lawler, 2015); and (b) their evolution is largely driven by erosive density currents (Bernhardt

and Schwanghart, 2021).
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Table 1.1.
Submarine canyon statistics (mean) for abundance, length, slope, sinuosity and canyon type. Based
on Harris and Whiteway, 2011.

Percent Length  Slope  Sinuosity Percent  Percent  Percent

(km) () type | type 2 type 3
Antarctica (P) 7.83 56.1 3 1.09 0 39.08 60.92
Artic (P) 5.90 65.2 29 1.07 0.29 35.07 64.64
Australia (P) 438 52.6 49 1.15 0 19.92 80.08
Caribbean (A) 2.86 52.1 52 1.14 043 23.50 76.07
NE Asia (A) 6.33 432 4.5 1.12 2.97 20.81 76.22
E Africa (P) 3.27 47.1 3.8 1.14 471 19.90 75.39
E N-America (P) 3.68 62.9 44 1.12 4.73 33.11 62.16
E S-America .27 49 8 43 1.13 1.57 24.08 74.35
India (P) 3.40 32.7 52 1.10 3.52 32.16 64.32
Islands (A) 17.40 30 7.3 1.10 0.10 23.26 76.64
Mediterranean (A) 8.86 26.5 6.5 1.11 3.86 29.54 66.60
New Zealand (A) 1.42 58.6 3.6 1.19 8.43 19.28 72.29
SE Asia (A) 15.70 36.4 5.8 1.12 2.51 37.69 59.80
W Africa (P) 3.83 57.1 34 1.09 1.34 2991 68.75
W Europe (P) 2.38 49.6 4.5 1.12 2.88 26.62 70.50
W N-America (A) 4.96 60.7 43 1.23 8.62 25.17 66.21
W S-America (A) 4.55 35.6 5.1 1.26 11.65 22.93 65.41
Type 1 2.62 80.9 38 1.19 - - -
Type 2 28.57 50.4 52 1.12 - - -
Type 3 68.82 39.1 52 1.11 - - -

A: Active margin; P: Passive margin; Type 1: shelf-incised canyons connected to river systems; Type 2: shelf-
incised canyons with no direct connection with reiver system; Type 3: blind canyons.

1.4. Sediment transport processes in submarine canyons

Several studies have shown that submarine canyons have higher concentrations of suspended
sediments (e.g., Palanques et al., 2006; Haalboom et al., 2021), downward particle fluxes
(e.g., Palanques et al., 2005; Tarrés et al., 2022), and sediment accumulation rates (e.g., Puig
et al., 2015; Paradis et al., 2021) than the surrounding open-slope regions (Puig et al., 2003).
Although the progress in the study of submarine canyon processes has advanced with the
ability to collect detailed bathymetric data to document seafloor morphology (Paull et al.,
2011; Li et al., 2023; Cerrillo-Escoriza et al., 2024), yet mechanisms involved in transporting
sediments into and through submarine canyons are not fully understood (Puig et al., 2014).
The following sections are dedicated to outlining the most significant sediment transport

mechanisms that have been described in submarine canyons (Figure 1.4).
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Figure 1.4. Oceanographic (in blue) and sedimentological (in green) transport processes in the shelf-
incised submarine canyons.

1.4.1. Sediment transport by oceanographic processes

Submarine canyons affect the lateral movement of water masses along continental margins
and the vertical movement within submarine canyons. Oceanographic processes such as dense
shelf-water cascading (e.g., DeGeest et al., 2008; Palanques et al., 2012; Saldias and Allen,
2020) and internal waves (e.g., Xu et al., 2010; Puig et al., 2013, 2014; Droghei et al., 2016;
Maier et al., 2019) favor particle dispersal within canyons.

Internal waves

Internal waves are oscillations along density boundaries within the water column. Submarine
canyons act as effective pathways for funneling open-ocean internal wave energy to shallower
waters (Gordon and Marshall, 1976). Increased bottom shear stresses as a result of these
intensified internal waves are able to resuspend and subsequently transport sediment (Puig et
al., 2004) (Figure 1.4). Periodic internal-wave resuspension has been observed in various
submarine canyons, including the Monterey (Xu et al., 2002), Hueneme (Xu et al., 2010),
Guadiaro (Puig et al., 2004), and Lisbon canyons (de Stigter et al., 2011).
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Dense shelf-water cascading

Dense shelf-water cascading is a meteorologically-driven oceanographic phenomenon in
which dense water over the continental shelf moves down the continental slope to greater
depths as gravity-driven currents (Killworth, 1983; Ivanov et al., 2004) (Figure 1.4).
Cascading events can be intensified by cold, dry winds, which cool and homogenize the shelf
water column, enhancing dense water formation (Palanques et al., 2006) that can last from
days to several weeks (Canals et al., 2006; Puig et al., 2014; Talling, 2014; Wunsch et al.,
2017). Submarine canyons incised on continental shelves where this phenomenon occurs can
channelize dense water transporting coarse-grained sediments and can create high sediment
fluxes toward greater depths until they reach their neutral density level, causing resuspension
and sediment transport (Canals et al., 2006; Puig et al., 2008, 2014).

1.4.2. Sedimentological processes

The main triggering processes of downcanyon sediment transfer are turbidity currents, which
are gravity-driven flows in which sediment suspension is supported by turbulence that is
denser than the surrounding water (Parsons et al., 2007), causing them to flow downslope as
an undercurrent, where they can exchange sediment with the bed (Piper and Normark, 2009).
Hence, if they move swiftly enough (favored on steeper slopes and in laterally confined
conduits), they can entrain more sediment than they deposit and cause net erosion of the
seafloor (Pratson et al., 2000; Mohrig and Marr, 2003; Piper and Normark, 2009). As they
descend to lower slopes and/or lose their confinement, they tend to become depositional and
eventually die out as the sediment driving their movement settles out (Amblas et al., 2022).
There are several ways in which a turbidity current can form (Piper and Normark, 2009)
(Figure 1.4): mass failures that may evolve via water entrainment and dilution into turbidity
currents (Howarth et al., 2021), discharge or subglacial meltwater can flow hyperpycnal
turbidity currents (Mulder and Syvitski, 1995), or storm waves can suspend and transport
downslope sediments in bottom boundary layers (Puig et al., 2003; Friedrichs and Wright,
2004).

Sediment failures

Evidence of large slope failures evolving into turbidity currents channelized through

submarine canyons comes mainly from data obtained from communication cable breaks
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(Babonneau et al., 2017; Schulten et al., 2023). Such turbidity currents are extremely
energetic, attaining speeds of tens of meters per second, and are therefore difficult to capture
using moored instrumentation. They also have long run-out distances, generally extending
along the entire length of the submarine canyon and submarine channel before arriving at the
basin seafloor. Earthquakes have been suggested to generate large slope failures triggering
turbidity currents in submarine canyons (e.g. Kaikoura Canyon, Mountjoy et al., 2018;

Kaoping Canyon, Chiang and Yu, 2022).

Freshwater sediment-laden flows

An hyperpycnal flow is a negatively buoyant plume that flows along the seafloor in front of a
river mouth as a result of increased sediment concentration (Mulder et al., 2003), where the
bulk density of the effluent (sediment and water) is greater than that of the receiving ambient
water (Mulder and Alexander, 2001; Piper and Normark 2009). During significant periods of
flooding, river discharges can carry large volumes of sediments ultimately transported into
nearby canyon heads where they generate turbidity currents. This genetic process has been
observed in several canyon heads, such as Sdo Vicente (Serra et al., 2020), Var (Migeon et al.,
2006), Saint-Etienne (Babonneau et al., 2013) and Alias-Almanzora canyons (Puig et al.,
2017).

Storms

Storm waves can resuspend sediments within the bottom boundary layer that flows
downslope, eventually generating turbidity currents (e.g., Paull et al., 2018; Li et al., 2019;
Heijnen et al., 2022). In canyon heads, the initiation process during storms involves sand
resuspension and ignition of seaward-advecting flows as the seafloor deepens faster than
sediment fall out and more sediment is eroded from the canyon floor (Parker, 1982; Piper and
Normark, 2009). These turbidity currents do not appear to reach slope fans or distal basin
settings (Paull et al., 2005; de Stigter et al., 2007; Xu, 2011). Enhanced sediment transport
and increased particle fluxes during storm events have been recorded in many submarine
canyons by the advection of resuspended sediments from adjacent shelves, such as Monterey
(Xu et al., 2013) and Mugu canyons (Xu et al., 2010).

10
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Anthropogenic activities

Turbidity currents can also be generated by anthropogenic activity, such as bottom trawling
(e.g., Martin et al., 2014; Puig et al., 2015; Paradis et al., 2021) (Figure 1.4). Trawling on the
margins of submarine canyons leads to sediment suspension that generates dilute, slow-
moving turbidity currents that advance along the main canyon axis and overspill the canyon
flanks, contributing to the infilling of submarine canyons (Puig et al., 2012).

1.5. Sedimentary products in submarine canyons

The sedimentary products in shelf-incised canyons are mostly associated with lower reaches
where depositional lobes are formed, whereas the upper reaches act mainly as sediment
bypass areas. However, the axial channel of the canyon heads can act as temporal sediment
storage, accumulating MTD triggered by high flanks gradients (e.g., Marsset et al., 2022;
Wan et al., 2022) or low tides unloading seabed sediment (e.g., Hughes Clarke et al., 2014;
Clare et al., 2016). In addition, other submarine canyons that are characterized by low
sedimentary activity act as passive systems that accumulate hemipelagic sedimentation (e.g.,
Morelli et al., 2022; Cerrillo-Escoriza et al., 2024).

In the lower reaches, depositional lobes are complex morphological features that develop at
the mouths of shelf-incised canyons (Figure 1.4) and are fed by terrigenous shallow-marine
sediments which are redistributed into deeper water by sediment gravity flows, mainly
turbidity currents (Deptuck and Sylvester, 2018). Most depositional lobes of shelf-incised
canyons are made up of a combination of submarine channels that progressively build up
levees and submarine lobe-like deposits that accumulate where sediment-gravity flows loose
channel confinement (Deptuck and Sylvester, 2018). The main channel may be relatively
straight and wide, flanked by highly asymmetric levees, as is the case for the Var fan in
relatively steep margins (Migeon et al., 2006), or it may be highly sinuous and narrow,
flanked by relatively symmetric levees, as is the case of the Congo-Zaire fan (Babonneau et
al., 2002). Depositional lobes may be constituted by a series of channel-levee systems that

develop through avulsions (Figure 1.5).

The dominance of sedimentary processes in shelf-incised canyons is reflected in the
submarine morphology. Broad transitions from proximal erosional zones to distal depositional
zones are usually observed (Arzola et al., 2008; Lastras et al., 2009). This along-canyon trend

is also observed in thalweg longitudinal downslope profiles canyons that provide information

11
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about the balance between sediment supply and transport (Gerber et al., 2009; Covault et al.,
2011), which mainly have very concave shapes due to continuous supply of coarse-grained
sediments, regardless of the sea-level stand (Covault et al., 2011). Other characteristic
features of shelf-incised canyons include diverse superimposed smaller-scale morphologies
which are usually erosional, such as bedforms, terraces, knickpoints, gullies, and scars (e.g.,
Hagen et al., 1994; Peakall et al., 2000; Wynn and Stow, 2002; Baztan et al., 2005; Mitchell,
2006; Lastras et al., 2007; Tubau et al., 2015a; Mountjoy et al., 2009; Symons et al., 2016).
The variable geomorphology may, in turn, influence recent canyon sedimentation patterns
(Drexler et al., 2006).
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Figure. 1.5. Arquitectural elements of a canyon-fed continental margin and locations of cyclic steps.
Modified from Covault et al. (2017).

The spatial variability of bedforms along submarine canyons is particularly outstanding, as
they reflect the recurrent passage of turbidity currents (Peakall et al., 2000; Fildani et al.,
2006; Kostic, 2011; Covault et al., 2014, 2017). These bedforms are constituted by different
morphological features according to the prevalence of deposition or erosion, such as sediment
waves or scours (Symons et al., 2016; Covault et al., 2017; Slootman and Cartigny et al.,

2020), and to the confined or unconfined nature of the canyon setting in which bedforms are
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formed, such as axial channels, levees, or depositional lobes (e.g., Tubau et al., 2015a; Hage
etal., 2018) (Figure 1.5).

Coarse-grained crescentic-shaped bedforms (CSBs) are usually confined along the axial
channel of submarine canyons that sustain sediment transport activity (e.g., Smith et al., 2005,
2007; Xu et al., 2008; Paull et al., 2011, 2013; Kostic, 2011; Babonneau et al., 2013; Covault
et al., 2014; Maziéres et al., 2014; Tubau et al., 2015a) (Figure 1.5). Confined CSBs are
typically developed in net-erosion or low aggradation rate settings (Smith et al., 2007; Paull et
al., 2010; Hughes Clarke et al., 2014). The imbalance between erosion on the lee side and
deposition on the stoss side of CSBs often causes upslope migration (Tubau et al., 2015a;
Slootman and Cartigny, 2020), usually in response to relatively brief, high-energy turbidity
flow events (Normark et al., 2002; Smith et al., 2005; Xu et al., 2008; Paull et al., 2010;
Babonneau et al., 2013; Symons et al., 2016; Hage et al., 2018).

Bedform development is more diverse in unconfined settings of submarine canyon systems,
such as backslopes of channel levees, where sediment waves and scours can be found (e.g.,
Migeon et al., 2000, 2001; Wynn et al., 2000, 2002; Normark et al., 2002; Fildani et al., 2006;
Arzola et al., 2008; Kostic, 2014; Symons et al., 2016; Ge et al., 2017; Casalbore et al., 2018;
Li and Gong, 2018, Maselli et al., 2019, 2021; Stacey et al., 2019; Zhou et al., 2021;
Normandeau et al., 2022; Scacchia et al., 2022) (Figure 1.5). The development of these
bedforms depends on the relationship between erosion and deposition (Symons et al., 2016).
Net-depositional fine-grained sediment waves are characterized by positive reliefs with
straight to sinuous plan-view shapes (Zhong et al., 2015, Symons et al., 2016). In contrast,
scours are predominantly net-erosional bedforms that occur as isolated depressions or linear
trains. They are characterized by crescentic to enclosed depressions that often form
asymmetrical waveforms (Macdonald et al., 2011; Paull et al., 2014; Covault et al., 2014;
Zhong et al., 2015; Fildani et al., 2016, 2017).

Sediment waves and scours can be interpreted as cyclic steps (Tubau et al., 2015a; Hage et al.,
2018) where the bedforms are bounded by hydraulic jumps of overriding turbidity currents,
which are Froude-supercritical over the lee bedform sides and Froude-subcritical over the
stoss sides (Covault et al., 2014) (Figure 1.6). The cyclic steps are defined as upstream-
migrating bedforms in regions with high gradients and slope breaks (Kostic, 2011). In
submarine canyons, cyclic steps can be found in both confined and unconfined settings (Paull
et al., 2011; Zhong et al., 2015); cyclic steps can significantly enhance sediment transport
efficiency (Sun and Parker, 2005; Taki and Parker, 2005; Slootman and Cartigny, 2020) and
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play a key role in their initiation and maintenance (Fildani et al., 2013; Hizzett et al., 2017,
Slootman and Cartigny, 2020; Ono et al., 2023). The geometric properties of the cyclic steps
(i.e., wavelength, amplitude, and asymmetry) are controlled by different factors such as the
gradients of canyon floors, flow thickness and velocity (Cartigny et al., 2011; Kostic, 2011;
Slootman and Cartigny, 2020).

Down current
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=> Hydraulic subcritical (depositional) = supercritical
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Figure 1.6. Conceptual depositional scheme of generation of cyclic steps in subaerial open-channel
flows. Modified from Slootman and Cartingy (2020).

1.6. Controls in the sedimentary activity of submarine canyons

Submarine canyons are dynamic systems that adapt to changes in climatic changes and
tectonic forcing, by altering their courses and profiles, becoming more or less active, and
filling up with sediments or becoming more deeply incised. Several factors can control their
sedimentary activity, such as the margin type, sea-level changes, the degree of canyon head
incision in the shelf, or the location of the canyon head with respect to the principal
sedimentary source (e.g., Bernhardt et al., 2015; Sweet and Blum, 2016; Bernhardt and
Schwanghart, 2021)

1.6.1. Type of continental margin

Passive margins are characterized by wide shelves and high sediment rates (Walsh and
Nittouer, 2003; Blum and Hattier-Womack, 2009; Warrick and Farnesworth, 2009; Normark
et al., 2009; Harris and Whiteway, 2011; Sweet and Blum, 2016). Passive margins have long,
low-gradient submarine canyons, resulting in large canyon incisions by erosive flows across
low-gradient, fine-grained shelves (Reading and Richards, 1994; Harris and Whiteway, 2011;
Azpiroz-Zabala et al., 2017; Soutter et al., 2021). In contrast, active continental margins tend
to be narrower than passive margin shelves and are located adjacent to orogenic mountain

belts with steeper catchments that favor the supply of coarser-grained sediments and more
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erosive flows (Covault et al., 2007; Harris and Whiteway, 2011; Harris et al., 2014; Soutter et
al., 2021). As a consequence, submarine canyons are steeper, shorter, more dendritic, and

more closely spaced than those in passive margins (Harris and Whiteway, 2011).

1.6.2. Sea-level changes

Sea-level changes also play an important role in submarine canyon activity, as they modify
the accommodation space, the supply of terrigenous sediments and marine surface processes
(Amblas et al., 2022). Sequence stratigraphic schemes were initially based on the assumption
that canyons were preferentially active during sea-level lowstands, when the continental
shelves were subaerially exposed; the fluvial systems delivered directly into canyon heads,
establishing a direct link between fluvial and deep-water systems, which helped to funnel
large volumes of sand-rich sediments into deep-water setting. (Mitchum, 1985; Vail, 1987;
Posamentier and Vail, 1988) (Figure 1.7A). During lowstand conditions, the upper reaches of
shelf-incised canyons exhibit straight patterns due to flank erosion by high-density turbidity
currents and limited aggradation (Lowe, 1982; Shanmugam, 1997). The channels form
laterally migrating sandy depositional lobes at their mouths (Figure 1.7A) (Allin et al., 2016;
Zhang et al., 2018; Fisher et al., 2021).

Following this assumption, submarine canyons were considered to be essentially inactive
during sea-level highstands, where canyons tend to exhibit highly sinuous plan-view patterns
due to the prevailing influence of fine-grained sediment gravity flows (Keevil et al., 2006).
Individual channels constrained by muddy levees tend to aggrade, whereas muddy lobes are
formed distally in lower canyon reaches (Figure 1.7A) (Zhang et al., 2018; Fisher et al.,
2021). There is now strong evidence, however, that many submarine canyons were active
during the Holocene highstand, when flows capable of transporting sediments modified
canyon axial channels (e.g., Canals et al., 2006; Xu et al., 2008; Zhang et al., 2018). This
recent sedimentary activity can vary according to several factors, such as shelf width and

steepness.
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Figure 1.7. Schematic illustrations of the architectural evolution of a shelf-incised submarine canyon
in response to sea-level changes. (A) During sea-level lowstands, high-density turbidity currents erode
axial channels and transport coarse-grained sediments that construct distal sandy lobes. (B) During
sea-level highstands, muddy turbidity currents develop sinuous aggradational channels constrained by
muddy levees.

1.6.3. Degree of canyon shelf incision

The degree of canyon shelf incision essentially determines the amount of sediment deposited
in shallow water that may be captured by canyons during sea-level highstand (Mullenbach
and Nittrouer, 2000; Puig et al., 2014, 2017; Sweet and Blum, 2016). Shelf-incised canyons
that show evidence of recent activity tend to have their heads located at few kilometers (<10)
from the nearby shorelines, mantled by coarse-grained sediments (e.g., Lewis and Barnes,
1999; Mullenbach and Nittrouer, 2000; Normandeau et al., 2015; Sweet and Blum, 2016).
Shelf-incised canyons export high amounts of sediments as they are frequently affected by
erosive turbidity flows (Harris and Whiteway, 2011). In contrast, submarine canyons whose
heads are remote from the shoreline, such as blind canyons, are generally inactive and

characterized by muddy sediments (Harris and Whiteway, 2011; Sweet and Blum, 2016).

1.6.4. Relationship between canyon heads and major sedimentary sources

Shelf-incised canyon activity is also influenced by the location of canyon heads with regard to

the main sedimentary source (Bernhardt and Schwanghart, 2021). The functioning of canyon
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systems as sediment conduits or traps during highstand conditions will be determined by the
balance between erosive flows and hemipelagic deposition in a given canyon domain (Drexler
et al., 2006; Arzola et al., 2008; DeGeest et al., 2008). Sediment sources can be riverine (a),

deltaic (b), or driven by longshore-drift (c) (Sweet and Blum, 2016):

(@) The highest activity in shelf-incised canyons is usually related to the existence of a direct
connection with river systems (Babonneau et al., 2002; Brothers et al., 2013), which can

result in the channeling of hyperpycnal turbidity currents (Puig et al., 2017).

(b) Shelf-incised canyons with canyon heads located remote from the coastline but close to
river mouths are draped by hemipelagic muds (Normark et al., 2009). Such connections are
frequent in active margins characterized by high river discharges (Harris and Whiteway,
2011; Bernhardt and Schwanghart, 2021).

c) Sediments transported by longshore currents can be captured depending on the strength and
location of littoral cells and the occurrence of sediment depocenters (Sweet and Blum, 2016).
The capture of longshore currents by canyon heads usually occurs in narrow margins due to
the proximity of the coastline (e.g., offshore California, Normark et al., 2009), where captured

littoral cells can trigger downcanyon-moving turbidity currents (Piper and Normark, 2009).

1.7. The human imprint

The occurrence and accumulation of litter in the marine realm is an environmental problem
with potential consequences for marine and coastal ecosystems (Richmond, 1993; Adams,
2005). Of particular importance is the long-lasting presence of plastic litter in the oceans,
which exhibits high concentrations and has accumulated in diverse seafloor features, such as
submarine canyons, channels, and sedimentary drifts (Goldberg, 1997; Thompson et al., 2004;
Kane and Fildani, 2021) (Figure 1.8). Considering the global trends in plastic production, the
increased fluxes and areal coverage of plastics can impact seafloor habitats and associated
benthic communities (Goldberg, 1997; Thushari and Senevirathna, 2020).

Studies on litter composition provide information about its origin. Plastics usually come from
coastal and land sources, whereas other types of marine debris —such as those coming from
fishing gears— may indicate human activity in the marine realm (Pham et al., 2014a; Vieira
et al., 2015; Alves et al., 2021; Morales-Caselles et al., 2021; Cerrillo-Escoriza et al., 2023)

(Figure 1.8). On continental margins, litter density, distribution, and composition are variable
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at different scales (Sanchez et al., 2013). Specifically, the spatial distribution of litter is
influenced by a multiplicity of factors, including waves and oceanographic currents, seafloor
geomorphology, anthropogenic activities, shipping routes, and river inputs (Galgani et al.,
2000; Ramirez-Llodra et al., 2013; Pham et al., 2014b; Angiolillo et al., 2015; Gerigny et al.,
2019; Dominguez-Carri6 et al., 2020; Canals et al., 2021; Bergmann et al., 2022; Hernandez
et al., 2022). Interactions of litter artefacts with benthic and demersal organisms are very
complex, since litter can provide habitat or coverage for diverse marine species (e.g.,
Goldberg, 1997; Sanchez et al., 2013; Mecho et al., 2020).

Direct input

Agriculture

Offshore industry

Shipping, fishing, and
recreational boating

Vertical settling from

Figure 1.8. Major sources (in blue) and sinks (in orange) of marine litter and microplastics in a shelf-
incised submarine canyon. Adapted from Pohl et al. (2020), United Nations (2021), and Hernandez et
al. (2022).

Channeled seafloor features such as submarine canyons tend to show patchy but pervasive
distributions with local high abundances of marine debris (Galgani et al., 2000; Pham et al.,
2014b; Pierdomenico et al., 2019) (Figure 1.8). Shelf-incised canyon heads at short distances
from the coasts can act as sinks for diverse types of land-derived litter (Wei et al., 2012;
Ramirez-Llodra et al., 2013; Mecho et al., 2020; Cerrillo-Escoriza et al., 2023), whose
concentrations are determined by densities of coastal urbanization and population and fluvial
inputs (Mordecai et al., 2011; Neves et al., 2015; Tubau et al., 2015b; Cerrillo-Escoriza et al.,
2023). In shelf-incised canyons located at longer distances from the coast, litter is mainly
marine-sourced (Mordecai et al., 2011). Yet submarine canyons can locally receive human
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discards from ships if they are located along shipping routes, mainly in blind canyons (Wei et
al., 2012; van den Beld et al., 2017).

Along submarine canyons, litter can be entrained by diverse deep-water flows, such as
downslope near-bottom currents (Tubau et al., 2015b; Pierdomenico et al., 2020) or erosional
turbidity currents (Zhong and Peng, 2021). In addition, geomorphological canyon complexity
may favor litter accumulations along their pathways (Tubau et al., 2015b). Because of the
high densities of marine litter usually found in submarine canyons, some benthic habitats and
species found in these seafloor features are particularly vulnerable, and interactions between
marine debris and sessile organisms are varied, including physical contacts and entanglements
(Mordecai et al., 2011; Oliveira et al., 2015). Major disturbances to Vulnerable Marine
Ecosystems (VMES) in submarine canyons, such as cold-water coral banks and gorgonian

aggregations, appear to be caused by different types of lost fishing gear (Fabri et al., 2014).

1.8. Objectives

The northern margin of the Alboran Sea (western Mediterranean Sea) exhibits an abrupt
character, with a narrow shelf and the sculpting of several sectors by submarine canyons and
other valley systems (Vazquez et al., 2015) that receive moderate amounts of marine plastic
litter (Garcia-Rivera et al., 2018; Liubartseva et al., 2018). The shelf-incised, sinuous Motril
and Calahonda canyons are located ca. 2 km off the shoreline, whereas the straight Carchuna
Canyon dissects the entire shelf. Despite their proximity in the same margin, the studied
canyons exhibit great geomorphologic, sedimentary, and marine litter abundance and
composition differences. In addition, the Carchuna Canyon exhibits bedforms in both
confined and unconfined settings, along its axial channel and over an overbank deposit. This
thesis aims to establish the factors that control the sedimentary activity within shelf-incised
canyons, considering the geomorphological and sedimentary differences and the abundance,
origin, and distribution of marine litter, in shelf-incised canyons in the northern margin of the
Alboran Sea (western Mediterranean Sea). To achieve this aim, this thesis has three major

scientific objectives:

1) To highlight geomorphological and sedimentary differences between the nearby
Motril and Carchuna canyons and elucidate their respective roles in recent patterns of
sediment transport and accumulation in order to: (1) discern the relation between

sedimentary processes and canyon morphology; and (2) establish the driving factors of
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recent activity in both submarine canyons. The studied canyons exhibit noteworthy

geomorphologic and sedimentary differences despite their geographic proximity.

2) To improve the understanding of the processes leading to the formation and

maintenance of bedforms in submarine canyons, framed by the larger picture of recent
canyon evolution: (1) characterize the erosional and depositional bedforms in confined
and unconfined settings of the Carchuna Canyon; and (2) determine the genetic
constraints on sedimentary processes leading to bedform development along the

Carchuna Canyon in recent times.

3) To analyze the litter distribution, density, and origin in the Motril, Carchuna, and

Calahonda shelf-incised submarine canyons, in order to: (1) characterize and quantify
litter type and density in these canyons and, in view of other worldwide submarine
canyons, to understand the major factors behind litter accumulation; (2) understand the
factors that control the distribution of marine litter in the studied submarine canyons;
(3) discern the litter origin (land- versus marine- sourced); and (4) analyze the
potential impact of litter on the benthic habitats and communities in the three studied

submarine canyons.

1.9. Structure of the thesis

This PhD Thesis volume is organized into three parts and comprises ten chapters. The first

part includes a general introduction, objectives, and structure of the thesis, the setting of the

study area, and the materials and methods. Part one is arranged as follows:

20

Chapter 1 provides an overview of submarine canyons, their terminology and
physiography, their global distribution, and the controls in the sedimentary record of
submarine canyons. Sediment transport processes and sedimentary products in
submarine canyons are also reviewed. In addition, the human imprint over these
marine systems has been recollected.

Chapter 2 describes the geological and oceanographic setting, the characteristics of the
coastal domain and submarine geomorphology, and the recent to modern sedimentary
processes. Seafloor habitats and biota and the anthropogenic activity along the study
area are also shown.

Chapter 3 explains the materials and methods used in this thesis, mostly collected
during an oceanographic survey: bathymetric data, seafloor imagery, sediment
samples, and sub-bottom profiles. In addition, ancillary data such as three-dimensional
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flow simulations, coastal uses data, maritime traffic, and fishing activity data have

also been used.

Part two presents the observations, results, and discussion obtained from the study of the

shelf-incised submarine canyons in the study area. Part two is arranged as follows:

IV. Chapter 4 presents the geomorphological and sedimentary characteristics and
differences between the Motril and Carchuna canyons and their implications for recent
canyon activity. This chapter is written according to the first major scientific
objective.

V. Chapter 5 deals with the processes leading to the formation and maintenance of
bedforms in confined and unconfined settings of the Carchuna Canyon. This chapter is
written according to the second major scientific objective.

VI.  Chapter 6 describes the litter distribution, density, and origin in the Motril, Carchuna,
and Calahonda canyons. This chapter is written according to the third major scientific

objective.

In the third part of this thesis, an integrated discussion, general conclusions, and future
perspectives on submarine canyon research are presented. This section is organized as

follows:

VII.  Chapter 7 focuses on a general discussion of the main differences in sedimentary
processes between shelf-incised canyons in narrow and wide margins. In addition, the
implications for bedform development and the abundance, origin, and distribution of
marine litter along shelf-incised canyons are also discussed.

VIIl.  Chapter 8 summarizes the most relevant results and their implications for the
knowledge of the recent activity in shelf-incised submarine canyons. In addition, this
chapter highlights some aspects of the investigation on submarine canyons, which,
according to the author, could be viable research lines on this topic in the future.

IX.  Chapter 9 provides supplementary material used in this thesis.

X.  Chapter 10 contains the list of references.
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The study area is located in the central sector of the northern Alboran Sea margin, between
the towns of Motril and Calahonda (Figure 2.1A, B), and comprises the narrowest shelf (3 km
wide) of the entire northern Alboran Sea margin (Figure 2.1), which is deeply incised by the

Motril and Carchuna canyons (Figure 2.1B).

2.1. Geological setting

The Alboran Basin is a narrow, elongated basin located in the westernmost part of the
Mediterranean Sea, 150 km N-S wide, 350 km W-E long, and with maximum water depths
of ca. 1800 m (Figure 2.1A). The basin is surrounded by the Spanish and Moroccan
continental margins, and the basin topographic features include the northern shelf, basin slope
and apron, the Alboran Ridge and Trough, the Djibouti Ridge and Trough, and several
turbiditic systems in the basin northern slope (Figure 2.1A). The Alboran Sea was developed
in a convergent tectonic setting between the Eurasian and African plates since the late
Oligocene. The compressive tectonic regime triggered folding, reverse fault inversions, and a
conjugate system of strike—slip and normal faults (Figure 2.1B) (Comas et al., 1999;
Ballesteros et al., 2008). Moreover, the basin has been progressively restricted due to the
uplift of the adjacent mountainous reliefs composing the Gibraltar Arc, an arcuate Alpine
range comprising the Betic and Rif mountains (Platt and Vissers, 1986; Comas et al., 1992;
Garcia-Duefias et al., 1992; Estrada et al., 1997, Platt et al., 2003).

In the Late Miocene, the seawater exchange between the Atlantic Ocean and the
Mediterranean Sea was reduced; as a consequence, an important sea-level lowering and
desiccation of the Mediterranean Sea occurred. The Mediterranean waters increased their
salinity and most of the basin margins were subaerially exposed; this event is known as the
Messinian Salinity Crisis (MSC) (Ryan et al., 1973; Juan et al., 2016; Gémez de la Pefia et al.,
2021; Miramontes et al., 2023). Fluvial subaerial erosion during this period created incipient
canyons that were further reshaped by submarine erosional processes (Frey-Martinez et al.,
2004; Maillard et al. 2006). The subsequent opening of the Strait of Gibraltar enabled the
flooding of the Mediterranean Basin and the development of a Pliocene-Quaternary
sedimentary prism in the margins of the Alboran Sea (Ryan et al., 1973; Campos et al., 1992;
Bache et al., 2012). The northern margin of the Alboran Sea is characterized by diverse
Quaternary depositional systems, with dominance of siliciclastic sedimentation (Ercilla et al.,
1992, 1994; Lobo et al., 2015).
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Figure 2.1. (A) Geographic location of the Alboran Sea in the southern Iberian Peninsula. Overview
map of the Alboran Sea indicating the study area, main turbidity systems, and main topographic
features. (B) 10 m high-resolution bathymetric map constructed with data collected during the
ALSSOMAR-S2S survey superimposed on a 50 m cell bathymetric grid, provided by the “Ministerio
de Pesca y Cultura”, Spanish Government. The bathymetric grid shows normal faults cutting the
studied canyons (after Rodriguez et al., 2017). Bathymetric contour in meters.
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Figure 2.2. (A) Simplified geological map of the northern and northeastern margin of the Alboran
Sea. (B) Geological map of the Motril-Calahonda area showing the location of the main towns, Cape
Sacratif and the Guadalfeo River.

The geodynamic evolution of the Alboran Domain is mostly controlled by the exhumation of
metamorphic core units driven by the African-Eurasian convergence. The metamorphic
basement of the Betic Cordillera is made up of three stacked metamorphic complexes, i.e.,
Nevado-Filabride, Alpujarride, and Malaguide (Figure 2.2A), formed mainly by marbles,
micaschits, dark schists, phyllites, quartzites, and dolomites. The coastal geomorphology of
the study area is characterized by beaches and coastal plains (Godoy et al., 2020). The
Alpujarride metamorphic complex composed of Paleozoic schists, Permo-Triassic phyllites,
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and Triassic marbles constitutes the geological basement of the study area (Figure 2.2B)
(Aldaya et al., 1979, 1981). The basement is buried by coarse-grained Upper Pleistocene to
Holocene alluvial fans, ravines, the deposits of the Guadalfeo River. In addition, gravelly and
sandy beaches (Goy et al., 2003, Ercilla et al., 2014) are found between Carchuna and
Calahonda towns, and between Torrenueva and the Gualdalfeo River (Figure 2.2B) (Aldaya et
al., 1979, 1981). Onshore, the coastal sedimentary record contains sandy Holocene deposits
such as spit bars and infralittoral prograding wedges (IPWs) that constitute major
progradational phases separated by erosional gaps, generated by coastal drift during the
Holocene (Lario et al., 1999; Fernandez-Salas et al., 2009; Béarcenas et al., 2011; Ortega-
Sanchez et al., 2014).

2.2. The coastal domain

Sediment supply to the coastline along the northern margin of the Alboran Sea has mainly
been provided via relatively short, mountainous rivers (Liquete et al., 2005) and ephemeral
creeks, active during autumn and winter (Stanley et al., 1975; Fabres et al., 2002; Palanques et
al., 2005) that feed different shelf deltaic systems. Inshore of the submarine canyons, there is
no significant river- or creek-delta system at present (Liquete et al., 2005). Only two small dry
streams with torrential character in the rainy season debouch in the proximity of the study
area: the Villanueva Ravine inland from the Motril Canyon, and the Gualchos Ravine east of
the study area (Figures 2.1B and 2.3). These ravines are short (<20 km), feature high slopes

(>3.6°), and occur in small basins (<120 km?) (Barcenas et al., 2009).

The Guadalfeo River is a major regional fluvial source located west of the study area (Figures
2.1B and 2.3). The Guadalfeo River catchment has an area of 1252 km?, a steep basin and a
relatively straight hypsometric curve indicative of a moderately dissected landscape (Jabaloy-
Sanchez et al., 2014). The Guadalfeo River has a permanent water flow with an average water
discharge of 23.4 m3.s* and an average sediment load of 83 kg-s* (Liquete et al., 2005;
Barcenas et al., 2015). The river delta is asymmetrically triangular, with a long side (5.8 km)
facing southwest and a short side (2.9 km) facing southeast (Figure 2.2A).
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Figure 2.3. Zoom-in of the shelf in the study area where different degrees of incision of the Motril,
Carchuna, and Calahonda canyon heads can be observed. An infralittoral prograding wedge (IPW)
laterally bounded by the Carchuna Canyon head is also shown. Aerial continental photography shows
major rivers and towns. Bathymetric contours in meters.

2.3. Submarine geomorphology and deep-water deposits and processes

The inner shelf of the Alboran Sea is characterized mainly by IPWs (Ercilla et al., 1994;
Hernandez-Molina et al., 1994, 2000), whereas the outer shelf is covered by a widespread
sandy veneer due to the influence of postglacial transgressive erosion (Lobo et al., 2006). The
shelf edge is located at a mean water depth of 115 m (Ercilla et al., 1994; Vazquez, 2001). In
the study area, the Carchuna IPW —composed of coarse-grained sediments— exhibits a
break in the slope at 20 m water depth, and is laterally bounded by the Carchuna Canyon head
(Figure 2.3) (Fernandez-Salas et al., 2009; Ortega-Sanchez et al., 2014). The submarine
prodeltaic system off the Guadalfeo River is located west of the Motril Canyon head over the
shelf. The prodelta is predominantly made up of coarse-grained sediments that grade into
muds (up to 75%) towards the east (Jabaloy-Sanchez et al., 2014; Lobo et al., 2015).

The northern margin of the Alboran Sea contains several deep-water turbidite systems (Ercilla
et al., 1992, 1994, 2016, 2019; Alonso and Ercilla, 2002a), contourite drifts, and mass-
transport deposits (Barcenas et al., 2011; Ercilla et al., 2016, 2019). Turbidite systems are

formed by shelf-incised or shelf-edge canyons that evolve downslope into channel-levee
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complexes and distally into deep-water fans. In contrast, turbidite ramp systems consist of
small-sized straight canyons and gullies eroding the slope and feeding fan lobes through
distributary channels (Vazquez et al., 2015). These deep-water systems are grouped into three

different sectors (Figure 2.1A): western, middle, and eastern.

The study area is located in the middle deep-water sector off the coast of Granada province
and contains several deep-water turbidite systems (Figure 2.1B). The narrow Salobrefia
Turbidite Ramp System includes a set of gullies that erode the distal part of the Guadalfeo
River prodelta and feed a distal unchannelized lobe (Vazquez et al., 2015; Ercilla et al., 2019).
The Calahonda Turbidite Ramp System comprises four small shelf-incised canyons and
several slope-eroding gullies feeding a large channelized lobe off a coastal segment fed by
ephemeral rivers (Pérez-Belzuz and Alonso, 2000a; Pérez-Belzuz et al., 2000; Alonso and
Ercilla, 2002b). The main submarine canyon of this turbidite ramp system is the Calahonda
Canyon, a shelf-incised canyon located 2.5 km south of Calahonda town with a sinuous valley
along the slope (Figures 2.1B and 2.3; Cerrillo-Escoriza et al., 2023).

The Sacratif Turbidite System is located between the above-mentioned systems and includes
the Motril and Carchuna canyons (Figures 2.1B and 2.3; Cerrillo-Escoriza et al., 2023, 2024).
The Motril Canyon is located 5 km east of the Guadalfeo River mouth, where its main valley
exhibiting a sinuous morphology on the slope (Figures 2.1B and 2.3). The straight Carchuna
Canyon crosses the shelf and its head is located 200 m offshore Cape Sacratif (Figures 2.1B
and 2.3). Both canyons debouch into large lobes fed by distributary channels (Pérez-Belzuz
and Alonso, 2000b; Pérez-Belzuz et al., 2000; Cerrillo-Escoriza et al., 2024) having
superimposed sediment waves (Mufioz et al., 2017; Cerrillo-Escoriza et al., 2023). Distally,
this margin connects with the Motril Basin, which is bounded to the south by several

seamounts (Alonso and Maldonado, 1992; Pérez-Belzuz, 1999).

The deep-water systems developed during Pliocene-Quaternary (Alonso and Maldonado,
1992; Ercilla et al., 1992; Estrada et al., 1997; Pérez-Belzuz and Alonso, 2000a, b; Pérez-
Belzuz et al., 2000; Vazquez et al., 2015) where the local topography, avulsion processes, and
high-frequency glacio-eustatic sea-level changes influenced their evolution (Alonso and
Ercilla, 2002b; Ercilla et al., 2021). Deep-water turbiditic deposits alternate with contourites
and landslides. Contourite features include both depositional forms, such as plastered,
channel-related, mounded confined and mounded, elongate and separated drifts (Ercilla et al.,
2021), and erosional forms such as moats and contourite channels (Ercilla et al., 2021).

Landslides are mainly associated with seamounts and generate lobate bodies up to 10 km in
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length and tens of meters thick (Vazquez et al., 2015). In the Alboran Sea, other deep-water
features such as fluid-flow features such as mud diapirs, mud volcanoes, pockmarks, and
authigenic carbonates have been found (e.g. Pérez-Belzuz et al., 1997; Somoza et al., 2012;
Ledn et al., 2014; Palomino et al., 2016).

2.4. Oceanographic setting

The northern Alboran Sea is a microtidal, low energy wave setting with astronomical tidal
ranges between 0.3 m to the west and 0.1 m to the east (Parrilla and Kinder, 1987; Albérola et
al., 1995; Arabelos et al., 2011). Tidal currents are of the order of 2 cm-s, increasing with
depth to 4 cm-s?, due to topographic constriction (Albérola et al., 1995). In addition,
meteorological tides exceed 1 m for periods of several days, allowing larger wave run-ups
during storms. Easterly winds are more common than westerly ones, especially during spring
and summer. However, waves from the west-southwest are somewhat more energetic than
easterly ones, dominating during fall-winter storms (Jabaloy-Sanchez et al., 2014). Littoral
drift shows substantial variability due to the local coastal morphology and meteorological
conditions (e.g., Stanley et al., 1975; Barcenas, 2013). The coast along the study area is
affected by wave trains coming from W, WSW, SW, ESE, and E, oblique to the main E-W
coastal trend (Ortega-Sanchez et al., 2014).

The vertical water mass structure exhibits four main layers (Figure 2.4): Surface Atlantic
Water (SAW) extends from 0 m to 150-200 m water depth; Western Intermediate Water
(WIW) ranges from 150-200 to 300 m water depth; Levantine Intermediate Water (LIW)
extends from 300 to 500-600 m water depth; and Western Mediterranean Deep Water
(WMDW) lies below 500-600 m water depth (Brankart and Pinardi, 2001; Millot, 2009;
2014). The SAW enters the Mediterranean Sea through the Strait of Gibraltar, where it is
mixed with Mediterranean waters and generates the Atlantic Jet (AJ; velocities up to 1 m-s™)
(Figure 2.4). The trajectory of the AJ exhibits two anticyclonic gyres, Western and Eastern
Albora Gyres (WAG and EAG), and one cyclonic gyre in the Alboran Sea (Tintoré et al.,
1988; Perkins et al., 1990; Garcia-Lafuente et al., 1998; Renault et al., 2012). In shallow
water, the path of the AJ is controlled to a large extent by the wind regime (Sarhan et al.,
2000; Oguz et al., 2017), which can induce the upwelling in the northern sector of the
Alboran Sea, and the advection of mesoscale structures (~20 km diameter) around the

anticyclonic gyres (La Violette, 1984; Garcia-Lafuente et al., 1998)
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The Carchuna Canyon head influences coastal swells and storm processes as it increases
nearshore wave heights, particularly of western waves, favoring long-term coastal erosion
owing to the concentration of energy (Ortega-Sanchez et al., 2014). In addition, a bottom flow
distinct to the wind-driven surface flow has been detected in the Carchuna Canyon; in the
bottom layer, the currents tend to flow downcanyon, particularly during easterlies dominance,
where bottom flow velocities are between 20 and 30 cm-s™ (Serrano et al., 2020).

Topography (m) Depth (m)

3342 I 0
0 2680

WIW

Iberian
Peninsula

Figure 2.4. General view of the Alboran Sea (left) showing the main water mass pathways and sketch
of their vertical distribution (right). SAW, Surface Atlantic Water; AJ, Atlantic Jet; WIW, Western
Intermediate Water; LIW, Levantine Intermediate Water; WMDW, Western Mediterranean Deep
Water. Adapted from Juan et al. (2016), Ercilla et al. (2016, 2019), and Vargas-Yafiez et al. (2021).

2.5. Recent to modern sedimentary processes

Different sedimentary processes driven by postglacial climatic conditions took place in the
Alboran Sea during the Holocene. A first phase of canyon turbiditic activity was marked by
an increase of fine-grained detritus due to either local ice melting or increased storminess
during the Bglling-Allergd (Weaver and Pujol, 1988; Bozzano et al., 2009). A second phase
of reactivation of submarine canyons was linked to glacial meltwater and riverine input

during the Younger Dryas (Jimenez-Espejo et al., 2008; Bozzano et al., 2009).

At present, detrital material is delivered to the northern Alboran Sea margin by short rivers
and ephemeral creeks, especially during autumn and winter (Stanley et al., 1975; Fabres et al.,
2002; Palanques et al., 2005). In shallow water, nepheloid layers may be transported laterally
either by littoral drift or the AJ influence (Fernandez-Salas et al., 2009). Along submarine
canyons, nepheloid fluxes have been related either to river floods (Palanques et al., 2005) or
to the interaction of internal waves with the seafloor (Puig et al., 2004). Hemipelagic
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deposition is widespread in deep areas (Masqué et al., 2003). Additionally, sediment transport
and deposition along the slope, base-of-slope, deep-water basinal areas, and seamount flanks
(Ercilla et al., 2016) are generated by near-bottom currents (Fabres et al., 2002). Sediment

accumulation rates in deep-water areas vary from 0.2 to 15 cm2-yr'* (Masqué et al., 2003).

2.6. Seafloor habitats and biota

Cliffs and marine bottoms located between the rocky coastlines of Gualchos and Motril are
included in the Special Area of Conservation (SAC) “Acantilados y Fondos Marinos de
Calahonda-Castell de Ferro” (Cliffs and Marine Bottoms of Calahonda-Castell de Ferro)
(ES6140014) since 2015 (Mateo-Ramirez et al., 2021). The SAC covers an area of ca. 9 km?
between the coastline and ca. 65 m water depth and includes littoral habitats, such as
sandbanks (Habitat Code (HC) 1110 from the EU Habitat Directive), Posidonia beds (HC
1120), large shallow inlets and bays (HC 1160), reefs (HC 1170), and submerged or partially
submerged sea caves (HC 8330) (Mateo-Ramirez et al., 2021). In addition, several species
with different protection statuses have been found in the area, mostly in infralittoral and
circalittoral bottoms, such as the knobbed triton Charonia lampas, the noble pen shell
(probably extinct since 2017) Pinna nobilis, the Mediterranean reef-building vermetid
gastropod Dendropoma lebeche, the chalice coral Astroides calycularis and the orange
puffball sponge Tethya aurantium (Mateo-Ramirez et al., 2021), most of them included in
Annex II of the Barcelona Convention and some classified as “Vulnerable” in the Spanish and

Andalusian Lists of Endangered Species (Mateo-Ramirez et al., 2021).

Some poorly known invertebrates that are scarce in other areas of the Mediterranean Sea have
been documented in the SAC, such as the hippolytid decapod Bythocaris cosmetops and the
tropical hermit crab Pagurus mbizi (Garcia Raso et al., 2011, 2014). Some bathyal molluscs
(e.g., Poromya granulata, Alvania testae) display populations in the SAC circalittoral zone
(Marina et al., 2015). The geographical location of the SAC in a transitional settlement zone
for Atlantic species, the heterogeneity of soft bottoms and the occurrence of upwellings may
favour the high biodiversity found in the studied soft bottoms. Knowledge of the bathyal
habitats and communities where the three studied canyons are located is very scarce.
Exceptions include genericstudies of fish, decapod and mollusc assemblages of the northern

Alboran Sea under the framework of the Marine Litter in the Sea Floor in the Mediterranean
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and Black Seas (MEDITS) expeditions (Abello et al., 2002; Garcia-Ruiz et al., 2015;
Ciércoles et al., 2018).

2.7. Anthropogenic activity

Values of plastic debris fluxes in the northern Alboran Sea coast range between 10 and 15
kg-kmday? (Liubartseva et al., 2018) and sea surface plastic concentration is above 3 g-km
(Liubartseva et al., 2018). On the seafloor, the Alboran Sea is the region that exhibits the
highest density of litter (25 kg-km) of the entire Spanish Mediterranean Sea (Garcia-Rivera
et al., 2018). However, the values of coastal debris fluxes and seafloor litter are not high in
the Mediterranean context (Liubartseva et al., 2018). Litter density is higher at water depths
lower than 50 m (ca. 25 kg-km) and between 500 and 800 m water depths (ca. 15 kg-km;
Garcia-Rivera et al., 2018). These values have been attributed to a multiplicity of coastal uses
facing a narrow shelf and to the high level of maritime traffic in open waters (Garcia-Rivera
et al., 2018). The beaches located along the coast of the northern Alboran Sea exhibit high
plastic item percentages (ca. 88% on the coast of Malaga and ca. 80% on the coast of
Almeria) (Ministerio para la Transicion Ecologica y el Reto Demografico (MITECO-DGCM),
2021). Inland of the study area, most litter is composed of plastics in Carchuna beach (Figure
1D): 62.4% of >50 cm size items and 80.9% of <50 cm size items. In the vicinity of the study
area, Motril beach (Figure 2.1C) exhibits a microplastic concentration of ca. 32 particles-kg™
(Godoy et al., 2020). In addition, widespread agricultural activities in the study area such as
greenhouses and farming can generate large amounts of waste that can lead to beach pollution
(Junta de Andalucia. Consejeria de Medio Ambiente, 2019).

The operative fishing fleet registered in 2018 under the modality of artisanal gear amounts to
318 vessels distributed in a total of 11 harbours on the northern Alboran Sea. The largest
percentage of artisanal vessels is concentrated along the coasts of the province of Malaga
(52%) while the Motril Port accounts for 5.3% (Baro et al., 2021). Bottom trawl, purse seine,
and surface longline were the most important fishing techniques in the northern Alboran Sea
during 2016 (Baro et al., 2021). In Motril Port, the most relevant fishing techniques are
bottom trawl (67.1%), artisanal activity (21.7%), purse seine (10%) and surface longline
activity (1.2%) (Baro et al., 2021).
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Datasets used for this work were mostly collected during the ALSSOMAR-S2S (Alboran
Shelf-Slope cOupling processes and deep sediMent trAnsfeR: Source To Sink approaches and
implications for biodiversity) multidisciplinary expedition carried out from 29 August to 19
September 2019 on board the RV “Sarmiento de Gamboa” (Figure 3.1) in the continental
shelf and slope of the northern margin of the Alboran Sea- between Almufiecar and
Calahonda towns (Figure. 2.1B).

e
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SARMIENTO DE GAMBOA
SC. DE TENERIFE

Figure 3.1. Research vessel “Sarmiento de Gamboa” during the ALSSOMAR-S2S multidisciplinary
expedition.

3.1. Bathymetric data

Multibeam bathymetric data were collected along the study area using a quill-mounted Atlas
Hydrosweep DS™ multibeam echo sounder operating at frequencies of 14.5 to 16 kHz,
providing coverage of up to six times the water depth. Raw multibeam data were processed
with Teledyne Caris™ HIPS and SIPS Hydrographic Data Processing System and gridded to
obtain Digital Elevation Models with cell sizes of 40, 30, and 10 m at the Instituto
Hidrogréafico de la Marina, Spanish Government. Processing of multibeam data included
corrections for heading, depth, pitch, heave and roll. Tidal and sound velocity corrections
were applied and the sounding data were cleaned to remove erroneous soundings. These data
were combined with a background Alboran Sea bathymetric grid of 50 m resolution
(Ministerio de Pesca, Agricultura y Alimentacion, 2002). This multibeam bathymetry
acquisition took place in 2002 during cruise Alboran-03 aboard the R/V Vizconde de Eza in
the framework of the project entitled Fishing Charts of the Mediterranean (CAPERMA),
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which was conducted by the Spanish Institute of Oceanography (IEO) and the General
Secretary of Maritime Fisheries (SGPM). These surveys were carried out using a Simrad EM
300 multibeam echosounder in conjunction with differential GPS and the inertial aided
system Seapath 200. In addition, the acquired multibeam data were combined with
background bathymetric data from the shelf (5 m resolution grid). This multibeam bathymetry
acquisition took place from 1999 to 2002 aboard several research vessels in the framework of
the project entitled ESPACE (“Estudio de la Plataforma Continental Espafiola”). The
purposes of the ESPACE project were to acquire systematic seafloor information on the

seafloor from 8-10 to 180 m water depths using high-resolution geophysical techniques.

Bathymetric grids were imported into ArcGIS™ geographic information software and geo-
spatial QPS Fledermaus™ software for geomorphological interpretations and detailed
morphometric analysis in areas of small-scale morphological variability. The goals were
defined in order to identify major sediment transport pathways and to determine the efficiency
of sediment dispersal systems from the shelf to the slope through submarine canyons.

Geomorphological segments in the Motril and Carchuna canyons were defined according to

the orientation of the axial channel and the slope gradient of the flanks.

Figure 3.2. Bathymetric grid of the study area showing the cross-sections (in blue) used in the Motril
(A) and Carchuna (B) canyons (highlighted in green). Bathymetric contours in meters.
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The main canyon morphometric parameters were measured in a number of bathymetric
sections. We initially traced two parallel straight lines in intercanyon areas parallel to the path
of the submarine canyons; afterwards, perpendicular lines 100 m apart were traced along both
submarine canyons (Figure 3.2). Water depth and gradient values were measured each 10 m
along the perpendicular lines. Bathymetric profiles along the thalweg of both studied canyons
were classified according to Covault et al. (2011).

The main metric and morphologic characteristics of the canyons were measured in order to
compare canyon morphologies in the study area. The following parameters were measured:
minimum and maximum water depth, total (along the thalweg) and straight canyon length,
canyon sinuosity, canyon and canyon floor width, canyon incision (depth difference between
the canyon axis and the adjacent interfluves), canyon area (value per cross section), canyon
gradient (angle measured between two points along the canyon axis relative to horizontal),
gradient of the canyon flanks (average angle measured between the shallowest and deepest
points along the canyon wall relative to horizontal), number of gullies that erode the canyon
walls (including isolated and merging gullies), and north azimuth. Canyon relief was
quantified after Goff (2001) and Green et al. (2007). The average canyon relief was estimated
using the RMS relief, which determines the square root of the profile variance between the
canyon thalweg and adjacent interfluves.

On the other hand, sediment waves (bedform terminology based on Tubau et al., 2015a) were
characterized using the following parameters: amplitude, wavelength, and slope of lee and
stoss sides. For the characterization of scours, scour width, length, and headwall height were
determined (Figure 3.3). Sets of crescentic-shaped bedforms (CSBs) (designed by letters)
have been defined according to CSB crest concavity, considered as high (>0.6) or low (<0.6)
according to the length/width ratio. In addition, two sectors of unconfined sediment waves
were defined according to their distinctive wavelengths and heights. The bedforms asymmetry
was determined by the methodology outlined by Xu et al. (2008), which involves the
following steps: (1) selection of bathymetric profiles, (2) profile detrending, (3) calculation of
the first derivative, (4) calculation of the H/L (height/wavelength) ratio based on the first
derivative function, and (5) calculation of the asymmetry index for each undulation/bedform.
A positive index indicates asymmetry towards upcanyon, whereas a negative index indicates

asymmetry towards downcanyon.
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Figure 3.3. Plan views and cross-sections of: (A) a train of sediment waves; (B) and a single scour,
illustrating the terminology and main geomorphic parameters used in this study. Modified from Tubau
et al. (2015a).

3.2. Seafloor imagery

Acquisition of optical submarine imagery was carried out with the Remotely Operating
Vehicle (ROV) Luso (EMEPC— Portuguese Task Group for the Extension of the Continental
Shelf) during the ALSSOMAR-S2S oceanographic cruise (2019) (Figure 3.3). The ROV Luso
was equipped with an Argus HD-SDI 1/3” standard definition video camera. The high-
resolution photos and video footage obtained amount to a total of 70 hours of video recording.
The ROV Luso was equipped with two parallel laser beams at a fixed width of 62 cm that
provided a reference scale to measure targets during subsequent video analysis. Besides, the
ROV was equipped with an ultra-short baseline positioning system (USBL) to ensure detailed
records of the ROV tracks where the device moved at an average speed of 0.3 knots.
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Figure 3.3. (A) ROV Luso (EMEPC— Portuguese Task Group for the Extension of the Continental
Shelf) during the ALSSOMAR-S2S oceanographic cruise. (B) Control of the ROV from the research
vessel “Sarmiento de Gamboa” during a dive in the ALSSOMAR-S2S oceanographic cruise.

Eleven submarine video dives explored almost 18 km long seafloor transects in the Motril,
Carchuna, and Calahonda canyons (Figure 3.4A): (a) the upper segment of the Motril Canyon
along two 5 km long continuous dives from 388 m water depth in the canyon thalweg (Dive
01) to 105 m water depth in the canyon head (Dive 02); in between, the dives run along the
western canyon flank; (b) the upper (Dives 03, 04, 05, 06, and 11) and lower segments of the
Carchuna Canyon (Dives 9 and 10), in a water depth range of 100-750 m and 9 km in total
length; and (c) the upper segment of the Calahonda Canyon, in the 115-325 m water depth
range and 3 km in total length (Dives 7 and 8).

The images were placed geographically in an ArcGIS environment (Figure 3.4A) to aid in the
characterization of submarine canyon features, such as grain size, lithology, sedimentary
facies and small-scale bedforms. In addition, the analysis of video footage was aimed to
characterize and quantify marine litter type and density, and to analyze the potential impact of
litter on benthic habitats in Motril, Carchuna and Calahonda canyons. The length of the ROV
dives was calculated and the total number of items for each dive was converted and quantified
as linear litter density, in items-100 m™. Subsequently, the identified marine litter was
georeferenced in ArcGIS™. Marine litter classification was based on the Guidance on
Monitoring of Marine Litter in European Seas put forth by the Technical Subgroup on Marine
Litter (MSFD) (European Commission of the European Union, 2013). A standardized litter

classification considers five main categories of material (Table 3.1): plastic, metal, rubber,
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glass/ ceramics, and textiles/natural fibers; and four additional categories in the Mediterranean

Sea: wood, paper/cardboard, other, unspecific.

| e

Figure 3.4. Location of Remote Operating Vehicle (ROV) dives, along the Motril, Carchuna, and
Calahonda canyons (A) and location of push and box cores and suction samples (B) over a 10 m
resolution bathymetric grid acquired during the oceanographic survey ALSSOMAR-S2S 2019. The
names of sediment cores used for foraminifera identification and sedimentation rates are indicated.
Bathymetric contours in meters.

Seafloor habitats displaying the greatest concentrations of anthropogenic activity were
characterized by joining substrate types and the dominant habitat-structuring species
identified in ROV underwater images, executed by José Luis Rueda, Olga Sanchez-
Guillamoén, and José Antonio Caballero-Herrera (Instituto Espafiol de Oceanografia (CSIC),
Centro Oceanografico de Malaga). Annotations of substrate type were made each time a
substrate change was detected along dive transects; in specific substrate types, annotations
from underwater images were calibrated with data derived from grain size analyses from
sediment cores collected with push and box corer devices. Six categories of substrates were
identified and compared with surficial sediment samples and grain-size analysis whenever
possible (rock, detritic sediment with bioclasts, sand, muddy sand, sandy mud, and mud).
Habitat- structuring taxa (mainly megabenthic taxa) and other associated taxa observed in
video dives were ranked using a quantification system (0 = absence of species; 1 = 1
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individual of a taxa; 2 = 2-5 individuals; 3 = 5-25 individuals; 4 = 25-100 individuals; 5>100
individuals). Those taxa showing the highest average rank along sections of the same dive
were interpreted as dominant, but only the dominant habitat-structuring taxa were selected to
determine the biological component of the seafloor habitat type. Habitat characterization and
nomenclature was carried out whenever possible by combining depth, substrate type, and
dominant taxa information. In some cases, facies (interpreted as subtypes or varieties) of the
same habitat were detected in some of the underwater images. Habitat classification and
nomenclature followed the Reference List of Marine Habitats located in Spain (Templado et
al., 2013), which follows a similar hierarchical habitat classification scheme to the EUNIS
pan-European habitat identification system from the European Environment Agency.
Whenever possible, some habitat types were also linked to the habitat classification of the

Barcelona Convention and/or the EU Habitats Directive (Council Directive 92/43/EEC).

Table 3.1.
Litter categories of the Guidance on Monitoring of Marine Litter in Mediterranean Sea
(European Commission of the European Union, 2013).

Type of litter Examples

Plastics Bags, bottles, food wrappers, sheets, other
plastic objects, fishing nets, fishing lines, other
fishing related, ropes/strapping bands,
sanitaries (diapers, etc.)

Rubber Tyres, others (gloves, shoes, etc.)

Metals Beverage cans, other food cans/wrappers,
middle size containers, large metallic objects,
cables, fishing related

Glass/ceramics Bottles, pieces of glass, ceramic jars, large
objects

Textiles/natural fibers Clothing (clothes, shoes), large pieces
(carpets, etc.), natural ropes

Wood (processed) Construction timbers, pallets, fragments

Paper/cardboard Magazines, boxes

Other (specify) -

Unspecified -
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3.3. Sediment samples

Surficial sediment samples were collected with a suction arm and surficial rock samples were
collected with a plier arm, both of them installed in the ROV. A total of 25 sediment cores up
to 30 cm long were collected with a push corer also mounted on the ROV, and handled by the
plier arm (Figure 3.4B). Additionally, 16 sediment cores up to 50 cm long were collected by
deploying a box corer from the ship (Figure 3.4B). Sediment cores were initially split and a
visual description of sedimentary facies (lithology, sediment texture and structure, sediment
color using the Munsell color chart, bioturbation intensity, and grain size) was undertaken.
The top first centimeters of these short sediment cores were subsequently sampled for grain-
size analysis and determination of organic matter and carbonate contents, analyses executed
by Patricia Barcenas (Instituto Espafiol de Oceanografia (CSIC), Centro Oceanogréafico de
Malaga); and for foraminifera identification executed by José Noel Pérez Asensio
(Departamento de Estratigrafia y Paleontologia, Universidad de Granada) and Isabel Mendes
(Centro de Investigagdo Marinha e Ambiental (CIMA), Universidade do Algarve). Three
sediment cores were sampled for the determination of sedimentation rates using ?'°Pb and
137Cs radioactivity measurements made by Thorbjern Joest Andersen (Department of
Geosciences and Natural Resource Management (IGN), University of Copenhagen). Grain
size and geochemical analysis served as ground truth of seafloor imagery and to provide
genetic constraints and sediment sources of seafloor sediments and rocks. Foraminiferal
assemblages were used to identify transported shelf taxa in deep areas of the submarine
canyons. A comparison of sedimentation rates in different bathymetric settings (canyon

versus intercanyon) was used to establish the recent activity of submarine canyons.

3.3.1. Grain size

Grain size analysis was executed in the uppermost centimeter of 41 sediment cores
(Supplementary Table S1). Surficial sediment samples were dried in the oven at 60°C during
48 hours to reach constant weight. Organic matter oxidation with hydrogen peroxide (H20>
33%) was carried out; later, approximately 10-15 g of sample were weighed. The samples
were mixed with pyrophosphate 2% during 24 hours in order to disintegrate and disperse fine
sediments. Once the samples were disaggregated, 2 mm mesh size wet sieving was carried out
with dispersant. The fraction >2 mm was dried in the oven at 60°C until reaching constant

weight during 24-48 h, then weighed and labeled for storage. The fraction <2 mm was
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analyzed with a particle size analyzer by laser diffraction (MasterSizer 3000, Malvern®).
After this analysis, the samples were poured back into a labeled falcon tube and wet stored.

The grain size distribution was estimated according to the logarithmic Udden-Wentworth
grade scale (Udden, 1914; Wentworth, 1922) and plotted as frequency versus grain size.
These data were subjected to statistical analysis: mean, sorting, skewness, and kurtosis (Folk
and Ward, 1957). Finally, grain size data were plotted according to the textural classification
of sediments (Folk, 1954). Sand and gravel were plotted together due to the low gravel

occurrences, as only seven samples contained gravel.

3.3.2. Geochemical analysis

Geochemical analysis entailed using the loss on ignition (LOI) method (Dean, 1974,
Bengtsson and Enell, 1986) to estimate organic matter and carbonate content of the surficial
sediment samples. The LOI method is based on the sequential heating of the samples in a
muffle furnace (Figure 3.5).

Figure 3.5. Loss on ignition (LOI), method to estimate organic matter and carbonate content of
surficial sediment samples based on the sequential heating of the samples in a muffle furnace.

After oven sediment drying to constant weight and determination of the water content
(usually 12-24 hours at 100°C), organic matter was combusted to ash and carbon dioxide at
500-550°C during 4 hours. The LOI was then calculated:

LOlss0 = (DW100 — DWss0) / DW100)*100

LOlsso is provided as a percentage; DW1qo is the dry weight of the sample in grams after oven
drying; and DWssg is the dry weight of the sample in grams after heating to 550°C. The
weight loss is considered to be proportional to the amount of organic carbon contained in the

sample.
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In a second knickpoint, carbon dioxide was detached from carbonate (leaving oxide) by
heating the samples to 900-1000°C during 2 hours. LOI was calculated as:

LOlgs0 = ((DWss50 — DWas0) / DW100)*100
LOlgso is given as a percentage; DWoaso is the dry weight of the sample after heating to 950 °C.

Assuming a weight of 44 g-mol™ for carbon dioxide and 60 g-mol™ for carbonate, the weight
loss by LOI at 950°C multiplied by 1.36 should equal the weight of the carbonate in the

original sample.

3.3.3. Sedimentation rates

The analyses of sedimentation rates were performed along three short sediment cores located
at the same latitude in different physiographic locations: thalweg of the Motril Canyon,
thalweg of the Carchuna Canyon, and intercanyon area between the studied canyons. The
three sediment cores Dv02_C02, BC19, and BC28 (respectively 18, 20, and 32 cm long)
(Figure 3.4B) were sampled each centimeter, and the samples were freeze-dried during 48-72

hours to estimate their water contents.

The samples were subsequently studied to assess the activity of 22°Pb, ??°Ra, and *’Cs via
gamma spectrometry at the Gamma Dating Center, Department of Geosciences and Natural
Management (University of Copenhagen, Denmark). Measurements were carried out on a
Canberra ultralow-background Ge-detector. ?!°Pb was measured via its gamma-peak at 46.5
keV, 226Ra via the granddaughter 2°Pb (peaks at 295 and 352 keV), and *’Cs via its peak at
661 keV. Chronologies were calculated using the CRS-model by Appleby and Oldfield
(1978). Activities in the lower part of the cores were calculated based on regressions of
unsupported Pb-210 versus cumulated mass depth following the procedures described by
Appleby (2001) and Andersen (2017).

3.3.4. Surficial foraminifera

The uppermost centimeter (0-1 cm) of 4 push cores and 3 box cores collected in the Motril
(Dv02_C01, Dv02_C02, and Dv02_CO05) and Carchuna canyons (Bc24, Bc28, Bc3l, and

Dv09_C02) (Figure 3.4B) were used for benthic and planktonic foraminifera identification.
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For surficial samples collected with the ROV suction arm, at least 300 benthic foraminifera
were counted and identified at the species level in the fraction higher than 125 um. Relative
abundances (%) were calculated from raw counts. Species with a relative abundance higher
than 1.5% were included in benthic foraminiferal assemblages. Four suction samples
collected by the ROV were studied along the Carchuna Canyon (Figure 3.4B). Two samples
were collected from the upper part of the eastern wall (SO1 and S04; Figure 3.4B) and two
samples were collected from the canyon thalweg of the lower segment (S02 and S03; Figure
3.4B).

Transported shelf taxa include species whose deepest living depth (i.e., the deepest limit of its
bathymetric range) was shallower than the sampling depth. These transported shelf taxa were
grouped as total transported shelf taxa and identified along the Carchuna Canyon.
Furthermore, the percentage of planktonic foraminifera (%P hereafter) was calculated using
the following formula: [P / (P + B)]*100, where P are planktonic foraminifera and B are

benthic foraminifera.

3.4. Sub-bottom profiles

The Parasound sub-bottom profiler is based on the parametric effect by simultaneously
transmitting two slightly different primary frequencies at high sound pressures into the water
column. The interaction of these frequencies generates secondary frequencies confined to the
central lobe of the transmitted beam pattern. This effect results in an exceptionally narrow
transmission beam, significantly enhancing lateral resolution and enabling the imaging of
small-scale structures. This method stands out for its ability to provide good resolution for

characterizing sediment layers and their properties in marine geological studies.

Sub-bottom acoustic profiles collected by means of a Teledyne Parasound™ PS-35 echo
sounder were used in this study (Figure 3.6). The echo sounder operated with a primary
frequency of 18 kHz and a secondary frequency of 4 kHz, resulting in maximum penetrations
of about 0.1 s TWTT (Two-Way Travel Time). Processed SEG-Y files (static corrections,
gains, and spike removal) were imported in IHS Kingdom™ software for subsequent
interpretation. The entire grid of parasound acoustic profiles covers the entire study area.
However, only four profiles along the canyon thalweg and an overbank deposit of the
Carchuna Canyon have been used (Figure 3.6) to characterize the bedforms developed along

the canyon system.
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Figure 3.6. Zoomed-in high-resolution bathymetric map of the study area showing the location of
acoustic profiles collected (in white), and the location of profiles studied (in blue). Bathymetric
contours in meters.
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3.5. Three-dimensional flow simulation

The software FLOW-3D® HYDRO (Version 2022R1) was used to simulate different three-
dimensional flow scenarios, under the guidance of Irena Schulten (Marine Geology and
Seafloor Surveying, Department of Geosciences, University of Malta). This software can use
multibeam bathymetric data to reconstruct flow velocities and the Froude number. A grid cell
size of 20 m and pre-defined physical models provided in the software were used to
reconstruct water flows along the Carchuna Canyon. The following settings were chosen for
the simulation: shallow-water model (viscous bed shear stress and turbulent bed shear stress
enabled); gravity and non-inertial model (gravitational acceleration in z-direction = 9.81 m-s
2): turbulence and viscosity model (renormalized group or RNG model to calculate wall shear
stress where turbulence mixing length is dynamically computed); and variable density flow
model (2nd order monotonicity preserving approximation to density transport equation). For
simplification, no submerged flow was considered, and the seafloor was treated as a non-
erosional solid medium. This model setting yields velocity values that appear too high for
submarine environments (up to 45 m-s). For this reason, the results only distinguish high and
low flow velocities. Different flow initiation heights at the canyon head were tested. For the
final simulation, the height of fluid flow at the canyon head was set to 30 m, as this height
produced the most realistic flow results and agreed well with field observations. Flow 3D post

v1.1 was used for postprocessing the data.

3.6. Coastal use data

Land use data from the coastal plain adjacent to the study area (“Consejeria de Agricultura,
Ganaderia, Pesca y Desarrollo Sostenible, Junta de Andalucia”, regional government) were
mapped in ArcGIS™. These datasets extend from the Guadalfeo River delta to the east of
Calahonda town and cover an extension of 8706 ha. Eleven land uses were considered for
classification purposes: beaches, forest, farming, scrubs and pastures, wet areas, areas with
low vegetation coverage, greenhouses, roads, industrial infrastructures, mining extraction, and
urban. These data were analysed by calculating the area of each individual use and the

minimal distance from each use to the coastline to discern the origin of marine litter.
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3.7. Maritime traffic data (AlS)

AIS (Automatic Identification System) is the mariner's most significant development in
navigation safety since the introduction of radar. AIS works by taking your position and
movements via the vessels’ GPS system or an internal sensor built into an AIS unit. That
information is then collated along with programmable information from the AIS unit and is
transmitted in the background at regular intervals whilst also receiving other vessels’ AIS
information. This is a digital positional awareness system operating in the Very High
Frequency (VHF) maritime band. AIS does this by continuously transmitting vessel identity,
position, speed, and course along with other relevant information to all other AIS equipped
vessels within range. Combined with a shore station, this system also offers port authorities
and maritime safety bodies the ability to manage maritime traffic and reduce the hazards of

marine navigation.

A maritime traffic density map of the number of routes-km™ in the study area for the year
2018 was downloaded from the MarineTrafficO website (www.marinetraffic.com). This
website provides information about the current geographic positions of ships, ship
characteristics, and weather conditions, among other data. This map was imported and
georeferenced in an ArcGIS™ project to describe the position of the ships and the major

maritime routes in the study area.

3.8. Fishing activity data (VMS)

Vessel Monitoring System (VMS) data of the main fishing fleets operating in the study area
were assessed for the period 2018-2019 (“Ministerio de Pesca, Agricultura y Alimentacion”,
Spanish government). The VMS database covers the geographic position, date, time
(approximately every two hours), and instantaneous velocity of each boat. VMS data included
separate data organized by fishing gear of each fleet type, including vessels with licenses for a
single gear. Fishing fleets in the study area include artisanal fishing boats, bottom trawling,
purse seine, and longline fishing boats. For this work, the fishing activity could only be
analysed for bottom trawling, purse seine, and longline fishing boats, as VMS data were not
available for the remaining fishing fleets. The three studied fishing fleets are responsible for

the largest landings in the Port of Motril, which is the main one in the study area.

This VMS database was imported and georeferenced in the ArcGIS™ project to describe the
fishing activity along the studied canyons. The fishing activity in the study area was quantified
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in five sectors, from west to east (Figure 3.7): Western Sector, Motril Canyon, Carchuna
Canyon, Calahonda Canyon, and Eastern Sector. Depth ranges within each sector included the
shelf (0-100 m water depths), shelf edge and uppermost slope (100-200 m water depths),
upper slope (200-500 m water depths), and middle slope (below 500 m water depth). The
fishing effort was estimated as the average number of fishing days per km? in 2018 and 2019.

Figure 3.7. Distribution of sectors in order to quantify the fishing activity along the studied shelf-
incised canyons. OCW: Western sector of the study area; M: Motril Canyon; CC: Carchuna Canyon;
CH: Calahonda Canyon; OCE: Eastern sector of the study area; E1: Shelf; E2: Outer shelf-uppermost
slope; E3: Upper slope; E4: Middle slope. Bathymetric contours in meters.
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Abstract

This research aims to distinguish genetic sedimentary processes building canyon
geomorphological patterns and the factors driving different sedimentary activities in two
nearby Mediterranean shelf-incised submarine canyons (Carchuna and Motril) that exhibit

different degrees of incision on the narrow margin of the northern Alboran Sea.

The straight Carchuna Canyon incises the shelf up to 200 m off the coastline and exhibit steep
canyon walls featuring narrow terraces, muddy sands with high contents of organic matter
along the thalweg, and transported shelf benthic foraminifera in distal settings. The Motril
Canyon head is wider and incises the shelf edge, ca. 2 km off the coastline. It exhibits a
sinuous morphology and less steep walls, wider terraces, and higher sedimentation rates with
muddy sediments along the thalweg. In both canyons, cross-section relief, width, incision, and

area decrease downslope, although these parameters increase locally.

The downslope variations of geomorphological parameters are attributed to enhanced
erosional/depositional processes promoted by tectonically controlled abrupt changes of the
axial channel orientation. The degree of shelf incision, the location of the canyon heads in
relation with the local sediment sources, and the seasonally variable hydrodynamic regimes
determine the different degrees of recent canyon activity. The Motril Canyon is interpreted as
a mature system that reflects episodic activity, collecting fine-grained sediments from the
nearby Guadalfeo River. The Carchuna Canyon exhibits a youthful developmental stage
whose activity is more continuous and involves sediment trapping of littoral cells and

continuous downslope sand transport.
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4.1. Results

4.1.1. Geomorphology
4.1.1.1. Major morphological features

The continental margin enclosed in the study area has a main E-W orientation and the shelf is
up to 3.5 km wide (Figure 4.1A). The shelf edge is located at 100 to 125 m water depth. The
Motril and Carchuna canyons are N-S trending, shelf-incised features that exhibit contrasting

morphological configurations (Figure 4.1A).
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Figure 4.1. (A) Geomorphological mapping of the study area and zoom of the shelf and upper slope
(B) over the 50 m resolution bathymetric grid, showing the segment distribution within each canyon.
Push and box core location and ROV dives executed during ALSSOMAR 2019 survey are also
indicated. Bathymetric contours in meters.

Motril Canyon

The Motril Canyon is incised in the shelf edge, and its head lies at 100 m water depth, 2200 m
off the northern coastline and 5500 m southeast of the Guadalfeo River mouth (Figure 4.1A).
Three geomorphological segments can be discerned in the Motril Canyon (Figure 4.1; Table
4.1). The upper segment is characterized by a roughly N-S trending axial channel from 75 to
400 m water depths. The canyon head begins with a 950 m long and 140 m wide straight
channel that incises the outer shelf up to 100 m water depth (Figure 4.1B; Table 4.1). The
amphitheater-like canyon head is excavated in the outer shelf and upper slope down to 275 m
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water depth that includes two large tributary channels on the eastern flank, and one tributary

channel and wide terrace in the western flank (Table 4.1).

The middle segment starts with an abrupt change in the orientation of the main valley from N-
S to NW-SE down to 500 m water depth. Here, the axial channel shows a sinuous path with
two large terraces in the southwestern flank (Figure 4.1B; Table 4.1). The lower segment
trends N-S from 500 to 750 m water depths, and features six meanders. The width of the axial
channel —limited by steep walls (ca. 16°)— decreases downslope from 900 to 300 m (Table
4.1). Away from the axial channel, lateral levees with superimposed bedforms are observed in
the eastern flank (Figure 4.1A). Downslope of the channel mouth (up to 900 m water depth), a
lobate morphology is observed (Figure 4.1A).

Table 4.1.
Main morphological and sedimentological differences between Motril and Carchuna canyons.
Motril Canyon Carchuna Canyon
Longitudinal profile Slightly concave Very concave
Distance from the coastline 2200 m 200 m
Close to the river mouth Yes, Guadalfeo River No
Canyon head 4.3 km wide, U-shaped 1.5 km wide, V-shaped
Tributary channels WF 1 channel 1.1 km long and 180 m wide g:c:;?%lgous‘tgzg%‘m?;g and 50 m wide.
y Tl Sharndie BB svic(:jr;annels up to 2.5 km long and up to 200 m fpchannels up to 1 km long and 125 m wide. Heads cut
g Several 500 m long gullies
I Axial channel Straight Straight with bedforms
g Terraces WF 1 terrace with 2500 m wide Up to 900 m and 150 m wide
§ Terraces EF No Up to 500 m long and 150 m wide terraces
Sedimentary facies Medium silts in AC. Coarse silts in WF ;/:rrlsésfi?r?vsVaFr:d\z:ycﬁanr;ygganesa% é:Foarse silts in AC. Fine
Organic matter High in AC. Low in WF High in the lower reaches. Low in canyon head
Sediment cores Massive and homogenous muds Sandy muds along AC. Sands in flanks
Mass accumulation rates 15.21 kg-m?-yr'; 1.45 cm-yr"' 5.40 kg'm?yr'; 0.49 cm-yr'
Surficial foraminifera Lack of reworked foraminifera downcanyon E;ivc;?fess of values of foraminiferal fragments and
- Axial channel Sinuous
§ é Terraces WF 2 terraces up to 1.5 km? (3.5° slope gradient)
s g Temaces EF Excavatedvareas disconnected from the AC (17°
slope gradient)
Axial channel Meandering, from 900 to 300 m wide Straight, from 430 to 150 m wide
= Levees Wide Narrow
;E; Superimposed undulations over levee Y es, NW-SE orientation of the crests Yes, NW-SE orientation of the crests. Area of 25 km’
% Sedimentary facies - Very fine sands in AC. Coarse silts in eastern levee
% Organic matter - High in the termination of the channel
= Sediment cores - Muds with interbedded sands along AC
Surficial foraminifera High percentage of planktonic foraminifera (%P)

WEF: Western flank; EF: Eastern flank; IPW: Infralittoral prograding wedge; AC: Axial channel

Carchuna Canyon

Two geomorphological segments were distinguished in the Carchuna Canyon (Figure 4.1;
Table 4.1). In the upper segment, the canyon is deeply incised in the shelf, as its head is
located just 200 m off the coastline at 30 m water depth (Figures. 4.1B and 4.2). This segment
is defined by an axial channel with a main N-S orientation down to 500 m water depth. The

canyon head starts with an axial channel that widens from 70 to 150 m down to 200 m water
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depth and it widens to as much as 550 m. The uppermost axial channel exhibits bedforms that
may reach 2 m in height and 15-30 m in length (Figure 4.2). The eastern flank in the shelf-
incised section harbors three tributary channels, whose heads are incised into shelf

infralittoral prograding wedges (Figure 4.2; Table 4.1).
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Figure 4.2. (A) Shaded relief from a 5 m resolution bathymetric grid (Ministerio de Pesca, Agricultura
y Alimentacion, 2002) of the Carchuna Canyon head incised in the shelf and cutting the Carchuna
Infralittoral Prograding Wedge (IPW). (B) Geomorphological mapping of the Carchuna Canyon head.
Bathymetric contours in meters.

Downslope, the eastern flank becomes steeper (ca. 35°), with short terraces (Figure 4.1B;
Table 4.1). The western flank in the uppermost shelf-incised section is even steeper (ca. 40°)
and contains several gullies, plus two tributary channels (Figure 4.2; Table 4.1). This flank
becomes smoother downslope, having elongated and narrow terraces limited by steep walls
(ca. 20°) (Figure 4.1B; Table 4.1). The transition between the upper and lower segments is
marked by an abrupt change of orientation of the main valley from NNE-SSW to WNW-ESE
(Figure 4.1). The lower segment is characterized by a straight and wide valley with a main N-
S orientation until 740 m water depth. The axial channel is limited by two large lateral levees
(Table 4.1). At 620 m water depth, the orientation of the axial channel shifts to the NNE-
SSW. Superimposed undulations are identified over the eastern levee (Figure 4.1A; Table
4.1). The axial channel exhibits a sinuous path between 645 and 730 m water depth (Table
4.1). Downward from the channel mouth, a lobe, merged with the equivalent feature of the

Motril Canyon, extends to 900 m water depth (Figure 4.1A).
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4.1.1.2. Morphometric parameters

The longitudinal profile of the Intercanyon area is slightly convex; its slope gradient ranges
from 11° close to the shelf edge to 2° downslope. The main knickpoints are located on the

shelf edge and at 14 km from the coastline in the lower reaches of the intercanyon (Fig. 4.3).
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Figure 4.3. Bathymetric profiles of the Motril and Carchuna canyons, showing the relationships
between selected morphologic parameters. (A, D) Depth profiles along the Motril and Carchuna
canyons” thalweg (blue line), with indications of knickpoints, and along the intercanyon slope (orange
line). The canyon gradient is measured along the canyon thalweg (green line). Transverse profiles of
each segment of the both canyons are also shown. The yellow asterisk indicates terraced features
dipping outward from the axial channel of the Motril Canyon. (B, E) Downslope variation of canyon
relief (vs canyon depth) (blue line), canyon relief (vs intercanyon depth) in the canyon head (orange
line), canyon gradient along the Motril and Carchuna canyons (green line), and slope gradient of the
intercanyon area (purple line). (C, F) Downslope changes in canyon width (orange line), incision
(black line) and cross-sectional area (yellow line) along the Motril and Carchuna canyons.
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Motril Canyon

The Motril Canyon is almost 27 km long and has a sinuosity index of 1.28, an average width
of 1.5 km, and a maximum width of 4.6 km. The maximum width of the axial channel is 1560
m and its maximum incision is 179 m. The maximum gradient of the canyon walls is ca. 17°.
Motril Canyon is fed by 17 gullies (12 in the western and 5 in the eastern flank) mainly
located in the upper segment (Table 4.2).

The longitudinal profile of the Motril Canyon thalweg is slightly concave shape (Figure
4.3A). The thalweg profile exhibits four knickpoints located at 110, 210, 450, and 670 m
water depths (Figure 4.3A). The axial channel is U-shaped, and the flanks locally exhibit
terraced features dipping outward from the axial channel (Figure 4.3A). In the lower segment,

the narrow channel is limited by wide levees (Figure 4.3A).

In terms of canyon depth, the relief grows progressively, reaching its highest value (ca. 40 m)
at 250 m water depth in the upper segment; after which the relief decreases downslope,
showing two peaks in the middle segment, ca. 25 m at 400 m water depth and ca. 20 m at 500
m water depth; and one peak in the lower segment, ca. 15 m at 580 m water depth (Figure
4.3B). The relief in the canyon head regarding intercanyon depth exhibits high values
between 130 and 225 m water depth (Figure 4.3B). The canyon gradient has a maximum
value of 10° at the shelf edge (Figure 4.3B).

Altogether, the values of canyon width, incision, and area decrease from the upper to the
lower segment, although canyon width and incision have high values at ca. 2100, 8000, and
11800 m from the canyon head that correspond to 260, 460, and 610 m water depths,
respectively (Figure 4.3C). The canyon cross-section area decreases downcanyon, yet exhibits
a peak value at 460 m water depth (8 km off the canyon head) that coincides with the change

from the middle to the lower segment (Figure 4.3C).
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Table 4.2.
Summary of the main metric characteristics of the submarine canyons in the study area.

c Longitude Latitude L SL s mD MD MW AW FIW I CGr GW GrE MGrW MGrE G Az
(W) (N) (m) (m) (m) (m) (m) (m) (m)  (m) ) %) ©) ) ©)
Motril 3°31'15.51"  36°42'1.32" 26944 20945 1.28 66.49 763.84 4660 1560 1090 179 222 665 608 1673 1635 17 17575

Carchuna  3°28'34.34"  36°41'41.02" 20366 17677 1.15 18.42  749.33 4020 1230 2160 226 2.39 9.67 8.06 33.88 24.55 55 182.38

C: canyon; L: total length (distance between the shallowest part of the canyon head and the deepest part of the canyon mouth measured along the canyon thalweg); SL: straight length (shortest distance between the shallowest part of
the canyon head and the deepest part of the canyon mouth); S: sinuosity (relationship between the total and straight length); mD: minimum depth (depths at which canyon commences); MD: maximum depth (depth at which canyon
ends); MW: maximum width (maximum horizontal distance perpendicular to the canyon valley between the highest part of the interfluves); AvW: average width (average value of canyon width measured along the axis channel); FIW:
maximum floor width (maximum distance across the canyon floor measured perpendicular to the axial channel); I: maximum canyon incision (depth difference between the axis channel and the adjacent interfluves); CGr: average
canyon gradient (average angle measured between two points along the canyon thalweg relative to horizontal); GrW: average gradient of the western canyon wall (average angle measured between the shallowest and deepest
points along the western canyon wall relative to horizontal) GrE: average gradient of the eastern canyon wall (average angle measured between the shallowest and deepest points along the eastern canyon wall relative to horizontal);
MGrW: maximum gradient of the western canyon wall; MGrE: maximum gradient of the eastern canyon wall; G: number of gullies; Az: azimuth (orientation relative to north between the starting and ending points).
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Carchuna Canyon

The Carchuna Canyon, some 20 km long, has a sinuosity index of 1.15, an average width of
1.2 km, and a maximum width of 4020 m. The maximum incision is 226 m, the maximum
axial channel width is 2160 m, and the maximum gradient of the canyon walls is ca. 34°.

Fifty-five gullies are excavated in the flanks, mainly in the upper segment (Table 4.2).

The longitudinal profile of the Carchuna Canyon thalweg is characterized by a concave up
shape (Figure 4.3D). Several knickpoints are found in the upper segment. One knickpoint is
located in the transition from the upper to the lower segment, at 520 m water depth. Two
additional knickpoints lie along the lower segment at 650 and 690 m water depths (Figure
4.3D). Transversal depth profiles of the Carchuna Canyon show V shapes in the upper

segment and U shapes along the lower segment, having narrower levees (Figure 4.3D).

Canyon relief values progressively increase up to 70 m in the middle part of the upper
segment at 320 m water depth; downslope, canyon relief decreases towards the lower
segment, with a peak value of 32 m at the abrupt transition between the upper and lower
segments (Figure 4.3E). The relief in the canyon head with respect to intercanyon depth
exhibits a high value at 90 m water depth and then a downcanyon decrease (Figure 4.3F).
High canyon gradient values are situated along the Carchuna Canyon head (up to 100 m water
depth). Although gradient values decrease steadily towards the lower segment, several
knickpoints run into high values of canyon gradients along the Carchuna Canyon: e.g., 7° at
180 m water depth, 5° at 300 and 520 m water depths, 2.5° at 650 m water depth, and 2.2° at
690 m water depth (Figure 4.3E).

Overall, canyon width, incision, and cross-section values for the Carchuna Canyon decrease
with parallel trends from the upper to the lower segment (Figure 4.3F). High values of canyon
width, incision, and area occur at 300 and 490 m water depths. The latter water depth
coincides with the upper-lower segment transition. Furthermore, the canyon width exhibits

peak values at 100 m water depth in the Carchuna Canyon head (Figure 4.3F).

4.1.2. Surficial sediments
4.1.2.1. Sedimentary facies from seafloor imaging and grain size

The seafloor of the upper segment of the Motril Canyon comprises four sedimentary facies
(Figure 4.4; Table 4.1). In the shallowest upper segment, the axial channel is characterized by
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very fine sands that evolve toward the shelf edge to sandy mud including scarce gravel and
pebble bioclasts (Figure 4.4B). Downcanyon, the axial channel has a homogeneous muddy
floor with medium silts and scarce bioturbation (Figure 4.4B). Coarser sediments with sandy
mud floors showing bioturbation and bioclasts would characterize the western flank of the
tributaries (Figure 4.4B).

O Sandy bottom with gra

;\L sized bioclasts

Sandy mud bottom with bioturbation

:3~,,an-
Sedimentary facies from ROV dives Grain size from sediment cores
= \uddy bottom with scarce bioturbation O Very fine sands

=== Sandy mud bottom with bioturbation .

= Sandy mud bottom with bioclasts. Bedforms . Coal.'se s"‘ts

=== Sandy bottom with gravel and pebble-sized bioclasts O Medium silts
O Boulders

Figure 4.4. Sedimentary facies along ROV dives and texture of surficial sediment samples in the
Motril Canyon (A) and zoom of specific dive sites with photographic images of representative seafloor
sedimentary facies (B). Laser beam spacing of 62 cm. Bathymetric contours in meters.

Carchuna Canyon displays six sedimentary facies along its entire length (Figure 4.5; Table
4.1). In the shallowest part of the upper segment, the axial channel exhibits sandy mud floors
with bioclasts that evolve downcanyon to sandy muds with coarse silts and bioturbation
(Figure 4.5B). The eastern flank is characterized by very fine sands with pebble-sized
bioclasts and granules, along with cobble clasts, poorly sorted and colonized by bivalves
(Figure 4.5B). The bioclasts comprise coralline red algae and disarticulated fragmented
bivalves. The western flank is characterized by well-sorted fine sands with gravel and pebble-
sized coralline red algae (Figure 4.5B). The axial channel is characterized by muddy

sediments in the transition between the upper and the lower segments (Figure 4.5B). In the
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lower one, the axial channel has sandy mud floors: very fine sands and bioturbation (Figure
4.5A). Yet lateral levees in the lower segment can be characterized as homogeneous muddy
floors with coarse silts and bioturbation (Figure 4.5A). The axial channel is characterized by
muddy sediments in the transition between the upper and the lower segments (Figure 4.5B).
In the lower one, the axial channel has sandy mud bottoms: very fine sands and bioturbation
(Figure 4.5A). Yet lateral levees in the lower segment can be characterized as homogeneous

muddy bottoms with coarse silts and bioturbation (Figure 4.5A).

Sedimentary facies from ROV dives Grain size from sediment cores
= Muddy bottom with scarce bioturbation . Fine sands Water depth (m)
=== Sandy mud bottom with bioturbation © Very fine sands 5 942
e Sandy mud bottom with bioclasts. Bedforms i “
== Sandy bottom with gravel and pebble-sized bioclasts ‘ Coarse silts
== Eastern wall (Carchuna Canyon). Pebble-sized bioclasts . Medium silts
== \Nestern wall (Carchuna Canyon). Sandy bottom colonized by soft corals

O Boulders

Figure 4.5. Sedimentary facies along ROV dives and texture of surficial sediment samples in the
Carchuna Canyon (A) and zoom of specific upper segment dive sites with photographic images of
representative seafloor sedimentary facies (B). Laser beam spacing of 62 cm. Bathymetric contours in
meters.
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4.1.2.2. Organic matter and carbonate contents

The seafloor sediments in the shallowest part of the upper segment of the Motril Canyon have
low organic matter (5%) and carbonate (6%) contents (Figure 4.6A and B). Downcanyon, the
axial channel exhibits the highest values of organic matter (ca. 8%), while carbonate content
varies between 5% and 8% (Figure 4.6A and B; Table 4.1).

In the upper segment of the Carchuna Canyon, the axial channel reflects a downcanyon
increase of organic matter content (from ca. 5% to 12%), whereas carbonate content increases
slightly, from ca. 5% to 8% (Figure 4.6A and B; Table 4.1). The flanks of the upper segment
exhibit the lowest content in organic matter (ca. 4%). Carbonate percentages range between
12% in the eastern flank to ca. 20% in the western flank.

In the lower segment of the Carchuna Canyon, organic matter content increases from ca. 7%
to 9% downcanyon, from the axial channel to the lobe, though carbonate percentages are
homogeneous along the axial channel, their values (7-8%) being similar to those of the upper
segment (Figure 4.6A and B; Table 4.1). The highest organic matter and carbonate

percentages (up to 10%) in this segment are found in the eastern levee.
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Figure 4.6. Percentages of organic matter (A) and carbonate (B) in surficial sediment samples of the
study area. Bathymetric contours in meters.
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4.1.3. Sub-surface sediments
4.1.3.1. Sediment cores

Sediment cores near the Guadalfeo River mouth —at about 50 m water depth— are
characterized by sandy mud containing clasts and bioclasts with interbedded fine sands,
alongside homogenous mud with organic matter clasts (Figure 4.7). The bioclasts are mostly
abraded fragmented bivalve shells, whereas the lithoclasts are sub-angular pebbles. Sub-
surface sediments along the upper segment of the Motril Canyon are quite homogeneous.
They show massive homogeneous mud with negligible percentages of very fine sands.
(Figure 4.7; Table 4.1). A fining-upward trend, from coarse and medium sands with sub-
rounded bioclasts to sandy muds with a few bioclastic remains, is found in the shallowest
sector of the upper segment. These cores are capped by very thin beds with matrix-supported

gravels.

Sediment cores along the Carchuna Canyon exhibit a more heterogeneous composition
(Figure 4.7; Table 4.1). Sandy muds with bioclasts and interbedded very fine sands are found
in the canyon head. Downcanyon, homogenous sandy mud lie over medium and fine sand.
The distal part of the upper segment is characterized by massive and homogeneous mud. In
both flanks of the upper segment, coarsening-upward trends with sub-rounded very coarse
sands, and gravel and pebble-sized bioclasts formed by sub-angular disarticulated shells, can
be observed (Figure 4.7). Homogeneous sandy muds with very thin interbedded well-sorted
fine sands as well as sub-rounded very coarse bioclastic sand and gravel occur along the
lower segment axial channel (Figure 4.7). Finally, fining-upward trends —from basal sands to
homogeneous sandy muds with thin interbedded sands— are discerned in the lateral levees
and the distal lobe (Figure 4.7).
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Figure 4.7. Sedimentary logs of main short sediment cores (collected with push and box corers) along
the studied canyons, the intercanyon area, and the shelf around the study area. The segment
distribution within each canyon and surficial sedimentary facies along ROV dives are also indicated.
Bathymetric contours in meters.
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4.1.3.2. Mass accumulation rates

The highest mass accumulation rate measured in the study area resides in the axial channel of
the Motril Canyon (312 m water depth; Figure 4.8A and B; Table 4.1): an average value of
15.21 kg-m2yr!, where the sedimentation rate is 1.45 cm-yrt. In contrast, the lowest mass
accumulation rate (5.40 kg-m2yr1) occurs in the axial channel of the Carchuna canyon (370
m water depth; Figure 4.8A and C; Table 4.1), at a sedimentation rate of 0.49 cm-yr?. The
intercanyon area (230 m water depth; Figure 4.8A and D) can be characterized by a mass

accumulation rate of 11.13 kg-myr! and a sedimentation rate of 0.96 cm-yr.
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Figure 4.8. Dry bulk density and 2'°Pb and **’Cs activities in three short sediment cores located in the
study area (A): Motril Canyon (B), Carchuna Canyon (C) and intercanyon site (D).

4.1.3.3. Surficial foraminifera

The percentage of benthic foraminifera in the shallowest part of the upper segment of the
Motril Canyon ranges from 61% to 70%. These values decrease downcanyon, to 59% in the

upper segment axial channel (Figure 4.9). Meanwhile, planktonic foraminifera increase
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significantly downcanyon from 13% to 28% along the axial channel (Figure 4.9). The values
of foraminiferal fragments are constant (~12%) along the upper segment of the Motril Canyon
(Figure 4.9). There is a sharp downslope decrease in the number of reworked foraminifera —
from 14% to 0% — in the upper segment (Figure 4.9; Table 4.1).

In the Carchuna Canyon, benthic foraminiferal content increases downcanyon in the upper
segment, from 66% to 72%. However, they become less frequent in the lower segment (31%)
(Figure 4.9). Planktonic foraminifera are constant throughout the upper segment (~20%) and
increase toward the lower segment (62%). The values of foraminiferal fragments decrease
downcanyon in both the upper and lower segments —from 9% to 6% and from 5% to 4%,
respectively (Figure 4.9). The values of reworked foraminifera decrease downcanyon from
3% in the canyon head to 1% in the deeper sector of the upper segment. In the lower segment,

the values remain constant, ~3% (Figure 4.9; Table 4.1).
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Figure 4.9. (A) Percentage of benthic and planktonic foraminifera along the upper segment of the
Motril Canyon (dashed lines) and Carchuna Canyon (continuous lines) showing fragments and
reworked foraminifera. The black dotted line marks the boundary between the upper (Us) and the
lower segments (Ls) of the Carchuna Canyon.

The lower segment of the Carchuna Canyon has the highest values of transported shelf taxa,
which include Elphidium crispum, Ammonia beccarii, Elphidium complanatum,

Quinqueloculina berthelotiana, Quinqueloculina pseudobuchiana, Elphidium advenum,
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Pseudotriloculina limbata, Neoconorbina terquemi and Asterigerinata spp. (Murray, 1991,
2006; Péerez-Asensio and Aguirre, 2010) (Table 4.3). The flanks of the upper segment exhibit
lower values of transported shelf taxa. In turn, the percentage of planktonic foraminifera (%P)
exhibits higher percentages in the lower segment (54.3% and 72.3%) than in the upper
segment (6.7% and 37%) (Tables 4.1 and 4.3).

Table 4.3.

Benthic foraminiferal assemblages of the studied ROV samples located in the Carchuna Canyon showing
the percentage of each species (numbers in brackets) and transported shelf taxa in bold. The total
percentage of transported shelf taxa, the percentage of planktonic foraminifera (%P), and the sampling
water depth for each sample are also indicated. See Fig. 1D for location of the surficial samples.

S01 S02 S03 S04

Lobatula lobatula (34.8) Elphidium crispum Elphidium crispum (18.8)  Lobatula lobatula (11.2)
(11.2)

Cibicides refulgens (16.3) Cassidulina laevigata Quinqueloculina Cibicides refulgens
(10.6) seminulum (13.1) (10.3)

Elphidium complanatum Quinqueloculina Quinqueloculina Cassidulina laevigata

(15.7) seminulum (7.1) berthelotiana (5.4) (10.0)

Elphidium crispum (4.4) Ammonia beccarii (6.1) Ammonia beccarii (5.1) Elphidium

Cibicides spp. (3.1)
Ammonia beccatrii (2.2)

Quinqueloculina
seminulum (1.9)
Lachlanella spp. (1.6)

Quinqueloculina
berthelotiana (1.6)

Elphidium
complanatum (6.1)
Quinqueloculina
berthelotiana (5.4)
Cibicides refulgens (5.1)

Lobatula lobatula (4.5)
Bolivina spathulata (3.8)

Quinqueloculina spp.
(3.5)

Elphidium advenum
(3.2)

Bulimina gibba (2.2)
Cibicidoides
mundulus (1.9)
Hyalinea balthica (1.9)

Melonis affinis (1.9)

Neoconorbina
terquemi (1.9)
Triloculina tricarinata
(1.6)

Hyalinea balthica (5.1)

Cibicidoides

mundulus (4.8)
Quinqueloculina
pseudobuchiana (4.8)
Cassidulina laevigata (4.1)

Melonis affinis (2.9)
Uvigerina peregrina (2.9)
Bulimina marginata (2.5)

Cibicides refulgens (2.5)
Elphidium complanatum
(2.5)

Lobatula lobatula (2.2)

Pseudotriloculina limbata
(2.2)
Hoeglundina elegans (1.9)

Asterigerinata spp. (1.6)
Cibicidoides wuellerstorfi

(1.6)
Triloculina tricarinata (1.6)

complanatum (10.0)
Elphidium crispum
(5.9)

Quinqueloculina
seminulum (5.6)
Uvigerina peregrina (5.0)

Nonion faba (4.4)

Quinqueloculina
berthelotiana (3.7)
Trifarina angulosa (3.4)

Ammonia beccarii (2.8)

Bulimina elongata (2.8)
Bolivina spathulata (2.5)

Spiroplectinella wrighti
(2.2)

Asterigerinata mamilla
(1.9)

Total transported shelf
taxa (%): 5.0
%P: 6.7

Sampling depth (m): 149

Total transported shelf
taxa (%): 48.7
%P: 54.3

Sampling depth (m): 741

Total transported shelf taxa
(%): 45.5
%P: 72.3

Sampling depth (m): 633

Total transported shelf
taxa (%): 39.3
%P: 37.0

Sampling depth (m): 261
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4.2. Discussion

The first detailed mapping of the Motril and Carchuna canyons reveals substantial
geomorphological and sedimentary differences between the two, despite their close proximity.
We discuss the relationships between sedimentary processes and canyon morphology, in

addition to the implications regarding recent canyon activity.

4.2.1. Relation between sedimentary processes and canyon morphology
4.2.1.1. Comparison with other shelf-incised canyons

The studied canyons show spatial patterns and dimensions that differ from the average
population of Mediterranean canyons. The Motril and Carchuna canyons are slightly shorter,
narrower, less incised, and less steep than Mediterranean canyons (Table 4.4). These
differences point to a lower development of the studied canyons that may be linked to
sediment discharges toward the coast and the capture of longshore sediment transport by the
canyon heads (Bernhardt and Schwanghart, 2021) considering that the occurrence of shelf-
incised Mediterranean canyons correlates with regionally averaged sediment discharge to the
coast (Harris and Macmillan-Lawler, 2015). In the study area, the sediment discharged from
the rivers is vastly smaller than Mediterranean canyons (Table 4.4). Modern canyon head
connectivity with the coast has been proposed for the Carchuna Canyon, which likely captures
littoral drift cells (Ortega-Sanchez et al., 2014). In the case of the Motril Canyon, its head
incised in the shelf could eventually constitute a limited collector of south-eastward derived
sediment plumes emanating from the Guadalfeo River mouth (Lobo et al., 2006; Béarcenas et
al., 2011).

Table 4.4.

Differences in the spatial patterns and dimensions between the studied canyons and the Mediterranean canyons.
Characteristics Motril and Carchuna canyons Mediterranean canyons

Length 27 and 20 km ca. 30 km (Harris et al., 2014)

Width 4.6 and 4 km ca. 8 km (Harris and Macmillan-Lawler, 2015)

Incision 792 and 741 m ca. 1100 m (Harris et al., 2014)

Slope gradient  ca. 2.3° ca. 6.5° (Harris and Whiteway, 2011)

Rivers Guadalfeo River, ca. 24 m3-s-" Gulf of Lion, ca. 2000 m3-s' (e.g., Palanques et al., 2012);
associated (Barcenas et al., 2015) Catalan Coast, ca. 400 m*s' (e.g., Tubau et al., 2015)
Channel levee  ca. 11 km Alboran canyons, ca. 4 km e.g., Ercilla et al., 2019;
length Rest of canyons, >15 km (e.g., Gamberi et al., 2013)
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In addition, shelf-sourced canyons have a range of sedimentary features and processes that
reflect downslope changes in canyon geometry, signaling a transition from proximal erosive
to distal depositional settings (e.g., Lastras et al., 2009; Brothers et al., 2013). The studied
canyons generally meet these observations, both exhibiting proximal incisions flanked by
tributary channels and gullies. Distally, the lower segments of both canyons show U-shaped
axial channels with lateral levees and superimposed bedforms, as evidenced in other
Mediterranean canyons (e.g., Cap de Creus Canyon, Lastras et al., 2007; Neto-Lipuda
Canyon, Rebesco et al., 2009). The depositional features of the Motril and Carchuna canyons
are similar to those of other shelf-incised canyons systems around the Alboran Sea (e.g., the
Guadiaro Canyon, Alonso and Ercilla, 2002a), but their channel-levee systems are longer than
other Alboran Sea canyons and shorter than other Mediterranean canyons (Table 4.4). Shorter
channel-levee systems in the Mediterranean Sea can be attributed either to the absence of
connection between canyon heads and river mouths, or to the presence of short rivers near
canyon heads that mainly supply coarse-grained sediment; this appears to be the case along

the northern Alboran Sea and the Catalan Coast.

Despite general similarities, the Motril and Carchuna canyons also exhibit distinctive features
not often found in canyon populations. One outstanding trait is the occurrence of straight
segments of variable orientations, which is generally associated with fault control on canyon
geometry (e.g., Popescu et al., 2004; Garcia et al., 2006; Gaudin et al., 2006). The Motril and
Carchuna canyons share an abrupt change (ca. 90°) in the orientation of the axial channel in
the upper segment termination (Figure 4.1). This most likely indicates tectonic control in the
WNW-ESE orientation of the Motril and Carchuna axial channels, due to a normal fault that
crosses both sectors (Figure 2.1B) (Comas et al., 1999; Pérez-Belzuz, 1999; Rodriguez et al.,
2017) that may also condition the variations observed in canyon relief, incision, and area
(Figure 4.3), suggesting that erosional and/or depositional processes are enhanced in segment
transitions. The termination of the segments, related to abrupt orientation changes of the axial
channels, would favor the deposition of muddy sediments and wider canyon sections as
observed in both canyons (Figures 4.3, 4.4, 4.5, and 4.7). In the segment of the axial channel
having WNW-ESE orientation, associated with tectonic control (Figure 1B), the values of
canyon relief and incision are high (Figure 4.3B, C, E, and F), suggesting a dominance of
erosional processes along both canyons. The abrupt change of the axial channel from WNW-
ESE to N-S in both canyons accompanies canyon widening (Figure 4.3C and F) and

subsequent sediment deposition in the lateral levees (Figure 4.1A).
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Overall, shelf-incised canyons tend to exhibit downslope increases in canyon width (e.g.,
Chiang and Yu, 2006; Lastras et al., 2007, 2009; Gamboa et al., 2012; Wiles et al., 2019),
while canyon relief decreases downcanyon (e.g., Goff, 2001; Baztan et al., 2005; Green et al.,
2007; Puga-Bernabéu et al., 2013; Micallef et al., 2014; Wiles et al., 2019). Such general
trends are attributed to the dominance of erosional processes upslope, including retrogressive
failures (Goff, 2001; Green et al., 2007; Li et al., 2021; Li et al., 2023). In other cases,
heightened downcanyon relief may result from greater erosion or the convergence of
abundant canyon tributaries (Goff, 2001). Although the relief, width, incision, and cross-
section area values of the Motril and Carchuna canyons are concordant among themselves and
decrease downcanyon (Figure 4.3), the variation of one parameter with respect to the others
may evidence erosive or depositional sectors controlled by local factors. Specifically, abrupt
orientation changes of the axial channel in both submarine canyons condition variations in
canyon relief, incision, and area along their traces. Noteworthy on the one hand are the shelf
incision of the Carchuna Canyon and its proximity to the coast, showing a high width value at
120 m water depth (Figure 4.3F). In turn, the Motril Canyon exhibits low relief (Figure 4.3B)
and high width at 350 m water depth in the upper segment (Figure 4.3C), suggesting a
depositional area; and high relief (Figure 4.3B) and low width and incision (Figure 4.3C) at
500 m water depth, in coincidence with an abrupt change of the axial channel, in the middle

to lower segment transition.

4.2.1.2. Geomorphological differences between Motril and Carchuna canyons

In spite of their close proximity and the fact that they share some common geomorphological
attributes, the Motril and Carchuna canyons also exhibit striking differences that could hold

implications for the distinct dominance of sedimentary processes in each canyon setting.

The shapes of longitudinal depth profiles along submarine canyons provide information about
the balance between sediment supply and transport (Gerber et al., 2009; Covault et al., 2011).
A concave thalweg downslope profile is interpreted to signal the modification of the original
slope shape by erosional processes in the canyon head and the deposit of transported material
at the termination of the channel (Mitchell, 2005; Gerber et al., 2009; Kertznus and Kneller,
2009; Covault et al., 2011; Amblas et al., 2012). Very concave profiles are linked to canyons
that are relatively steep in their proximal reaches having coarse-grained sediments and being

incised in narrow shelves (Covault et al., 2011). In contrast, the slightly concave shape of
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submarine canyons is associated with fine-grained sediments and wide, mature passive
continental margins (Covault et al., 2011). Although the Motril and Carchuna canyons are
located in a narrow margin nearby high topography hinterlands, they exhibit different grades
of concave longitudinal profiles, hence indicative of different equilibrium states (Figure 4.3).
In addition, the longitudinal profile of the Motril Canyon is also slightly divergent from
concave profiles of other canyons (Covault et al., 2011) (Figure 4.10). Thus, the tectonic
setting or the individual physiographic parameters of each canyon do not suffice to explain
the evolution of the submarine canyon; several factors intervene, meaning a detailed study is

needed.
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Figure 4.10. Canyon longitudinal profiles normalized on the basis of profile lengths (from canyon
head to the end of the confined portion of the system) of nineteen submarine canyons and the two
studied canyons (after Covault et al., 2011).

The very concave shape and occurrence of sandy muds along the Carchuna Canyon axial
channel (Figures 4.3, 4.5, and 4.7) point to a continuous supply of sandy sediments, regardless
of the sea-level stand (Covault et al., 2011). Such profiles are indicative of significant bypass
of the canyon head as it distally feeds downslope turbidity currents (Gerber et al., 2009). The

Carchuna Canyon furthermore shows conspicuous evidence of erosional activity (Lastras et
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al., 2011a), such as higher incision depths and the occurrence of knickpoints (Figure 4.3). In
contrast, the dominance of muddy sediments along the axial channel of the Motril Canyon
(Figures 4.4 and 4.7), and the sigmoidal shape of the intercanyon area (Figure 4.3A) could be
attributed to an excess of sediment supplied by the Guadalfeo River mouth in the upper
reaches of the Motril Canyon and shelf, as evidenced elsewhere, where submarine canyons
may serve as mud traps collecting sediments exchanged between river mouths and offshore
(e.g., Prins et al., 2000; Liu et al., 2002; Walsh and Nittrouer, 2003; Hill et al., 2009; Clift et
al., 2014; Warrick, 2014). In fact, upper slope sigmoidal profiles have been linked to sediment
supply exceeding the capacity of subaqueous currents to transport sediments downslope (e.g.,
Gerber et al., 2009; Amblas et al., 2012; Puga-Bernabéu et al., 2013; Soutter et al., 2021).
Differences between the recent erosional/depositional behavior of the two canyons studied are
also seen in the canyon relief values (Figure 4.3): low for the Motril Canyon, likely due to a
more recent depositional setting; high for the Carchuna Canyon, indicating significant

erosional processes.

The two canyons exhibit different sinuosity values as well (Table 4.2). The Motril Canyon
shows a meandering path downslope and distal axial channel narrowing (Figure 4.1), an
overall pattern accompanied by a low gradient (Figure 4.3) and mantling with fine-grained
sediments (Figure 4.4). In contrast, the Carchuna Canyon is straighter, steeper and floored by
coarser sediments (Figures 4.1, 4.3, and 4.5). Yet both overlie similar features of the gradient
slope. Therefore, the sinuosity differences point to different phases of maturity (Clark et al.,
1992; Kane et al., 2008; Babonneau et al., 2010; Janocko et al., 2013; Wiles et al., 2019),
even if both studied canyons exhibit contrasting recent activities, as it will be discussed in the

following section.

The greater sinuosity of the Motril Canyon would indicate a more mature state, an
interpretation supported by the wide terraces along the upper and middle segments (Figure
4.1) indicative of lateral canyon migrations (Clark et al., 1992, Mayall et al., 2006; Arzola et
al., 2008) and interpreted as generated through progressive erosion, channel migration, and
meander development, as documented in other canyon systems (e.g., Babonneau et al., 2010;
Hubbard et al., 2014; Jobe et al., 2015). At some sites the terraces dip away from the axial
channel (Figure 4.3A), a morphological configuration indicative of sediment aggradation in
the boundary of the channel by sediment overflows (Babonneau et al., 2004). In addition, the
dominance of fined-grained sediments that mantle the axial channel is also related to low

gradient, highly sinuous canyons (e.g., Abreu et al., 2003). In line with this interpretation, the
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less sinuous, steeper, and coarser-grained Carchuna Canyon would be related to a youthful
development, possibly associated with the erosive behavior of coarse-grained turbidity
currents (Clark et al., 1992; Clark and Pickering, 1996). In addition, its narrow, elongated
terraces at various depths (Figure 4.1) may evidence multiple axial incisions (Baztan et al.,
2005; Arzola et al., 2008; Micallef et al., 2014), or even recent canyon excavation (Tubau et
al., 2013).

Finally, another distinctive or contrasting feature is that the two canyons have very different
canyon heads, in terms of morphology and sediment composition. Canyon heads contribute to
the erosion and deepening of upper canyons that bypass the slope via canyon valleys,
reshaping canyon walls through widening and shelf incision and increasing material delivery
into the axial channel (Pratson and Coackley, 1996; Popescu et al., 2004; Puga-Bernabéu et
al., 2011; Micallef et al., 2014; Li et al., 2021; Li et al., 2023). The deep shelf incision of the
Carchuna Canyon can be attributed to canyon head widening along the shelf edge, and
penetration farther into the shelf towards the coastline over time. Headward erosion is also
evidenced by the high values of canyon relief (vs intercanyon depth) upslope from the shelf
edge (Figure 4.3E), indicating retrogression of the canyon head (Green et al., 2007). The
strong entrenchment of the thalweg of the Carchuna Canyon head limits its lateral migration,
impeding the creation of terraces, while producing the erosion of the walls and terraces, as
evidenced by the occurrence of gullies and steep flanks (Figures 4.1 and 4.2). Besides, the
abundance of bioclasts and coarse-grained sizes are compatible with widespread sediment
failures distally evolving into turbidity flows. Indeed, the V-shaped canyon head is
characteristic of turbidity-flow dominated canyons (Babonneau et al., 2004; Rebesco et al.,
2009; Li et al., 2021; Li et al., 2023).

In marked contrast, in the Motril Canyon, he high values of canyon relief (vs intercanyon
depth) are recorded downcanyon of the shelf edge (Figure 4.3B), meaning that the canyon
head widened mostly along the shelf edge over time (Green et al., 2007). The lack of
entrenchment of the thalweg is evidenced by the cross-profiles that exhibit U shapes in the
upper reaches of the canyon (Figure 4.3A), and the finer-grained sediment composition.
Therefore, the above would indicate minor mass movements from the canyon head to the
axial channel (Babonneau et al., 2004; Rebesco et al., 2009), and only partial mantling by

hemipelagic deposition.
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4.2.2. Implications for canyon activity

Many canyons presently active, and capable of maintaining their levels of activity during sea-
level highstands, do not directly depend on sediment input from a river or river mouth (e.g.,
the Cap de Creus Canyon, Canals et al., 2006; the Monterey Canyon, Xu et al., 2008; Heijnen
et al., 2022). In fact, the volume of sediment deposited in shallow water that might be
captured by canyons relies on two factors (Mullenbach and Nittrouer, 2000; Puig et al., 2014,
2017; Sweet and Blum, 2016): the degree of canyon shelf incision and the location of the
canyon head with respect to the main sedimentary source (Herzer and Lewis, 1979;
Mullenbach et al., 2004; Green, 2009; Bernhardt et al., 2015; Bernhardt and Schwanghart,
2021).

The distance between the canyon head and the shoreline strongly conditions sediment
transport. Shelf-incised canyons are able to capture either transported shelf sediments, water
masses potentially transporting sediments, or deep-sea currents (e.g., Canals et al., 2006;
Marches et al., 2007; Xu et al., 2008). Shelf-incised canyons can additionally be distinguished
according to the principal sedimentary source supplying the canyon heads: longshore-drift-fed
systems, river-fed systems, or delta-fed systems (Sweet and Blum, 2016). The fact that the
Motril and Carchuna canyons exhibit significant geomorphological and sedimentary
differences suggests they played distinct roles in recent patterns of sediment transport and
accumulation, hence displaying diverse degrees of canyon shelf incision. The Motril Canyon
head lies ca. 2 km from the coastline and close to the Guadalfeo River mouth; whereas the
Carchuna Canyon head is 200 m offshore and cuts infralittoral prograding wedges (Figures
4.1 and 4.2).

Although the Motril Canyon exhibits a mature state, there are strong indications that at
present the Motril Canyon accumulates sediment along the axial channel and acts as a
sediment trap. The dominance of muddy sediments (Figures 4.4 and 4.7) and high values of
organic matter (Figure 4.6A) point to fine sediment settling with low sediment remobilization
in submarine canyons (Cronin et al., 2005; Oliveira et al., 2007) where the heads are remote
to the shoreline and show low activity (Harris and Whiteway, 2001; Sweet and Blum, 2016;
Mascle et al., 2015). The lack of sediment transport through the Motril Canyon axial channel
is further supported by a lack of shelf benthic foraminifera transported along the channel
(Figure 4.9). In addition, sedimentation and mass accumulation rates (1.45 cm-yr? and 15.21
kg-m2yr?; Figure 4.8B) are higher than in other western Mediterranean submarine canyons,

where accumulation rates do not exceed 0.47 cm-yr! (Miralles et al., 2005; Martin et al.,
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2008; Puig et al., 2008; Zufiiga et al., 2009). Low densities of marine litter buried and
scattered along the Motril Canyon also agrees with its recent behavior as a sediment sink
(Cerrillo-Escoriza et al., 2023).

Contrariwise, the Carchuna Canyon is envisaged as an active system whose canyon head is
able to capture littoral cell sediments, eventually leading to sediment transport along the axial
channel toward the channel termination owing to turbidity flows. Longshore sheltering and
wave focusing in canyon heads are known to lead to increased shear stress that can mobilize
coarse-grained sediments (Smith et al., 2018). This interpretation is supported by several lines
of evidence. In the upper segment, the bedforms superposed over the tributary channels
located in the eastern flank and the axial channel of the Carchuna Canyon head (Figures 4.1B
and 4.2) evidence downcanyon sediment transport from the tributary channels to the axial
channel, and from the axial channel of the canyon head to the downcanyon. In addition, active
canyon heads tend to be located in the vicinity of shorelines, and are mantled by coarse-
grained sediments (e.g., Lewis and Barnes, 1999; Mullenbach and Nittrouer, 2000;
Normandeau et al., 2015; Sweet and Blum, 2016). In the Carchuna Canyon, the coarse
composition of surficial sediments located in the axial channel (Figures 4.5 and 4.7), the
lower mass sediment accumulation rates in comparison with the Motril Canyon and the
intercanyon area (Figure 4.8), and the high values of organic matter found in the termination
of the upper segment (Figure 4.6A), are indicative of transport by turbidity flows, as in other
canyons (e.g., Biscara et al., 2011). Further support of the occurrence of deep transport by
turbidity flows along the Carchuna Canyon is provided by the accumulations of marine litter
in the upper segment, in turn favored by the irregular morphology dictated by rocky seafloor

areas and smooth depressions along the thalweg (Cerrillo-Escoriza et al., 2023).

Within the lower segment of the Carchuna Canyon, the coarser surficial sediment samples
(Figure 4.5) and the high values of organic matter (Figure 4.6A) found along the axial channel
suggest sediment transport, whereas the sediment waves superimposed over the eastern levee
(Figure 4.12) signal overflow. Similar values for carbonate contents along the Carchuna
Canyon (Figure 4.6B) support that the sediment along the axial channel is uniform and
predominantly terrigenous, without significant variations due to shelf bioclastic or pelagic
contributions (Puga-Bernabéu et al., 2011). Coarse-grained sediment transport most likely
reached the distal termination of the channel, as evidenced by the occurrence of sub-surface

interbedded sands (Figure 4.7), high values of organic matter (Figure 4.6A), and high values
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of transported shelf benthic foraminifera (Table 4.4); all these evidences are indicative of
transported material (Schmiedl et al., 2000; Bolliet et al., 2014; Duros et al., 2014).

The differences in sediment trapping and downcanyon transport efficiency highlighted above
can be explained by the physiographic configuration of each canyon, plus their interaction
with wind-driven regional oceanographic conditions. Two basic situations are envisaged,
given the seasonal alternance of wind regimes. Under westerlies dominance, shelf currents
trend towards the E-SE (Barcenas et al., 2011; Figure 4.11A), when the Motril Canyon head
can capture laterally redistributed fine-grained sediments supplied by the Guadalfeo River
(Figure 4.11A and C). In the Carchuna Canyon head, energetic western waves mainly
influence the eastern flank (Ortega-Sanchez et al., 2014); this process is reflected in the
submarine geomorphology of the head, as the eastern flank shows widespread erosional
features. Enhanced erosion of the eastern flank may resuspend sediments by the canyon head,
ultimately favoring the formation of sediment transport pulses driven by downcanyon bottom
flows, as described in the bottom layer (Serrano et al., 2020; Figure 4.11C).

Canyon activity would be more limited under easterlies dominance. For one, sediment erosion
and remobilization would have been reduced in the Carchuna canyon head, as eastern waves
are less energetic (Ortega-Sanchez et al., 2014). Yet canyon activity cannot be discarded
during such conditions: W-NW directed shelf currents exhibit velocities above 0.1 m-s’
(Béarcenas et al., 2011; Figure 4.11B), conditions that could trigger the input of moderate
amounts of sediments in the canyon, subsequently redistributed downslope by downwelling
flows, likewise active during easterlies dominance (Serrano et al., 2020; Figure 4.11D). In
contrast, the Motril Canyon would essentially be inactive under easterlies dominance, because
of the trapping effect of the Carchuna Canyon —impeding westward-directed sediment

flows— and the minor influence of Guadalfeo River inputs.
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Figure 4.11. Mapping of direction and depth-averaged current speed (m-s?) under westerlies
dominance (A) and easterlies dominance (B) (modified from Béarcenas et al., 2011). The black dotted
line indicates the prodelta boundary (extracted from Lobo et al., 2015). Bathymetric contours in
meters. Model of recent sedimentary activity in the upper segments of the Motril and Carchuna
canyons based on the current direction (Barcenas et al., 2011), bottom flow direction (Serrano et al.,
2020), and wave concentration in the Carchuna Canyon head (Ortega-Sanchez et al., 2014). Under
westerlies dominance (C), the Motril Canyon head receives fine sediments supplied by the lateral
redistribution of the Guadalfeo River input, whereas energetic western waves erode the eastern flank
of the Carchuna Canyon head, feeding downcanyon sediment transport pulses. Under easterlies
dominance (D), wave activity is reduced in the Carchuna Canyon head, although the canyon may
intercept limited sediment transport by relatively intense shelf currents; in contrast, the Motril Canyon
head remains essentially inactive.
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4.3. Conclusions

Although the Motril and Carchuna canyons share morphologic features typical of
Mediterranean canyons, they also exhibit a number of distinctive features. They have
segments characterized by downslope variations of geomorphological parameters attributed to
enhanced erosional/depositional processes and promoted by tectonically controlled abrupt

changes of the axial channel orientation.

Significant geomorphological differences between the two studied canyons reflect different
balances between canyon maturity and recent activity of sedimentary processes. The U-
shaped Motril Canyon head suggests the imprint of minor mass movements in the canyon
head that jointly with the greater sinuosity, the occurrence of wide terraces, the low slope
gradients, and the slightly concave shape point to a relatively mature system. In contrast, the
steeper Carchuna Canyon with the deep V-shaped incision of the canyon head, the less
sinuosity, the coarser-grained sediments along the axial channel, and the narrow and

elongated terraces would be related to a youthful canyon development.

The degree of shelf incision, the location of the Motril and Carchuna canyon heads in relation
with the local sediment sources, and the seasonally variable hydrodynamic regimes determine
the amount of sediment potentially captured by both canyons and hence, the recent
sedimentary activity. In the recent past, the Motril Canyon has mainly acted as a sediment
trap accumulating hemipelagic sediments, where the distant location of the canyon head from
the coastline (ca. 2 km) favors fine-grained sediment accumulation from the major regional
fluvial source, mainly under wind-driven westerlies dominance. In contrast, the proximity of
the Carchuna Canyon to the coastline (<200 m) favors littoral cell sediment trapping, under
both wind-driven westerlies and easterlies dominance, downslope coarse-grained sediment
transport and continuous thalweg erosion driven by turbidity flows along the axial channel

toward the channel termination.
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Bedform development in confined and

unconfined settings of the Carchuna Canyon:

An example of cyclic steps in shelf-incised canyons

This chapter is entitled as Bedform development in confined and unconfined settings of
the Carchuna Canyon (Alboran Sea, western Mediterranean Sea): An example of cyclic
steps in shelf-incised canyons, in Marine Geology. Received 2 December 2023. Under

review.
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Abstract

Newly acquired high-resolution multibeam bathymetry in combination with sub-bottom
acoustic profiles, surficial sediment samples, and a three-dimensional flow simulation made
possible the characterization of bedforms along the axial channel and depositional lobe of the
shelf-incised Carchuna Canyon (Alboran Sea, western Mediterranean Sea). This chapter aims
to describe the erosional and depositional bedforms in confined and unconfined settings of the
Carchuna Canyon in order to determine the genetic constraints on sedimentary processes

leading to bedform development along the canyon in recent times.

The straight Carchuna Canyon hosts crescentic-shaped bedforms (CSBs) that exhibit
distinctive crest concavities, asymmetries, and lengths along the axial channel. The Carchuna
Canyon features continuous lateral levees and a channel bend with three depressed stretches
of the levee crest. A set of concentric sediment waves and two scour trails were identified
proximal to the channel bend on the open slope east of the Carchuna Canyon. Two distinct
acoustic groups consisting of four acoustic units with distinct acoustic patterns were defined
along the sediment wave field. The sediment transport simulation shows the highest flow
velocities along the Carchuna Canyon thalweg, while along the overbank deposition the
highest velocity values occur along the top of the bedform crests, with the higher Froude

values being found over the bedform lee sides.

The occurrence of CSBs suggests the imprint of confined sediment-laden gravity flows
descending from the canyon head and exhibiting a flow variability along the canyon induced
by local variations of slope gradient and/or sediment concentration. A spatial relationship is
identified between the development of sediment waves over the overbank deposit and lowered
levee crest heights at the channel bend. In contrast, more energetic downstream turbiditic
flows would exceed the levee crest at the channel bend, focusing the overflow and promoting
erosion of the overbank deposit, thereby generating the scour trains. Based on the recent
history of overbank deposition, two alternating scenarios of flow behavior can be interpreted.
In a high-density turbidity current setting, erosion would prevail along the axial channel.
Widespread spillover flows of coarse-grained sediments would occur in both levees, forming
heterogeneous sedimentary patterns that change downslope along the depositional lobe. In
contrast, in a low-density turbidity current setting, turbidity currents flowing along the
Carchuna Canyon would form depositional bedforms, while spillover processes would be
localized at the channel bend, forming either depositional or erosional bedforms over the
depositional lobe according to the frequency, magnitude and focusing of turbiditic flows.
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5.1. Results

5.1.1. Geomorphology and sedimentology of the Carchuna Canyon

The Carchuna Canyon has a length of 20.3 km from the canyon head to the mouth and
displays an axis with a sinuosity of 1.15. It has a maximum width of 4 km and a maximum
relief of 226 m (Table 5.1; Figure 5.1). Its longitudinal profile is concave (Figure 5.2). Two
geomorphological segments can be identified in the Carchuna Canyon (Figure 5.1). In the
upper segment (30-500 m water depths), the canyon is deeply incised in the shelf (Figures 5.1
and 5.2B); its head, located just 200 m off the coastline, features a 100 m wide axial channel
delimited by very steep flanks (68°). The canyon is straight in this segment, where the axial
channel widens up to 300 m from 370 m to 430 m water depth and is limited by a narrow and
steep eastern flank and large terraces on the western flank (Figure 5.3A). Sediments on the
axial channel comprise very fine sands in the canyon head, changing downcanyon to coarse
silts (Figure 5.1). The transition between the upper and lower segments is marked by an
abrupt change in orientation of the main valley from NNE-SSW to WNW-ESE (Figure 5.1).

Table 5.1.
Morphological parameters of Carchuna Canyon crescentic-shaped bedforms.
Carchuna Canyon Longitude (W) 3°28'34.34"

Latitude (N) 36°41'41.02"

Total length (m) 19320

Sinuosity 1.15

Maximum width (m) 4020

Maximum incision (m) 226
Sets of CSBs
of the upper segment a b c d e f g h i j Kk | Total a’
Length of the set (m) 310 510 510 410 490 590 540 600 570 730 530 720 610
Number 7 9 8 1" 1" 1 8 5 5 17 7 12 M 8
Wavelength (m) 20 to 60 30t090 30to 90 10 to 60 20 to 60 20t0 70 30t080 90to120 40to100 20to80 40to80  30to 80 10to 120 40 to 100
Amplitude (m) 1to5 1to4 2t09 1to4 1to4d 1t06 2to4 4109 2to 4 1t05 1t03 1t04 1t09 71012
Lee side (°) 5210104 41t073 51t088 42t085 32t011.3 2510102 471088 6.1t088 27t053 34to64 27t071 3t065 25t011.3 9610 13.8
Stoss side (°) 12t039 1.7t04 38to59 25t045 05to44 08to42 06t033 03to41 04to1 09to45 07to1.7 02to3 02t05.9 41095
Concavity mean 0.37 0.61 0.64 043 0.68 0.62 0.29 0.64 0.57 0.43 0.75 0.25 0.58
Gradient mean 49 52 7.2 46 5 46 39 36 26 36 3.2 27 | 95
Sets of CSBs
of the lower segment q r 8 t u v w X y z Total
Length of the set (m) 1230 840 1340 780 960 490 760 510 890 430
Number 17 12 14 1" 12 7 10 4 4 5 96
Wavelength (m) 30t0120 30to 120 30to 140 30 to 90 3010100 30to 100 20to 120 100t0 120 50t0 130 70to 100 20to 140
Amplitude (m) 1to4 1t03 1to5 1t02 1t03 1t02 1t03 1t03 1to5 1 1t05
Lee side (°) 32t084 251057 2to6 21t04 3to46 24t042 281075 34t056 32t075 34tc42 21t084
Stoss side (°) 0.1t029 02t024 01t016 01to16 02t017 02t013 01to17 0.1t0 1.2 05t015 02to1 01t024
Concavity mean 0.50 0.67 0.53 0.40 0.86 0.60 0.86 0.70 0.44 0.96
Gradient mean 29 26 21 17 2 2 31 23 2 21
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Figure 5.1. Geomorphological map of the Carchuna Canyon showing the segment distribution and the
texture of surficial sediment samples. The location of interpreted acoustic profiles is also shown. Note
the change in orientation of the valley in the transition from the upper to lower segment. IPW:
Infralittoral Prograding Wedge. Bathymetric contours in meters

The lower segment (500-730 m water depths) is characterized by a straight and wide valley
(up to 550 m wide) with a main N-S orientation, an axial channel bounded by steep walls (ca.
20°) and continuous lateral levees (Figures 5.1, 5.2B and 5.3B). The axial channel is straight
but exhibits a bend at 620 m water depth that shifts from NNW-SSE to NNE-SSW orientation
(Figures 5.1 and 5.4). Overall, the height between the eastern levee crest and the thalweg
decreases from 90.6 m in the upper reaches of the lower segment (ca. 500 m water depth) to
3.5 m at the termination of the channel (ca. 730 m water depth) (Figure 5.4A). However, three
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stretches (upper, middle and lower) along the channel bend between 585 and 645 m water
depths in the levee crest exhibit levee heights below 20 m that are separated by heights up to
28 m (Figure 5.4B, C). Upslope of the channel bend, the levee height is 18.7 m between 591
to 600 m water depths (Figure 5.4B, C). The levee is 19.9 m high where the axial channel
changes its orientation between 611 to 621 m water depths. This middle stretch is separated
from the upper and lower stretches by 26-28 m high levees (Figure 5.4B, C). Downslope, the
lower stretch of the channel bend between 631 to 642 m water depths exhibits a 17.6 m high
levee (Figure 5.4B, C). The eastern levee evolves downslope to an overbank deposit having
superimposed features that extend up to 900 m water depth, forming a depositional lobe
(Figure 5.1). Sediments in the lower segment vary from very fine sands in the axial channel to

fine silts in the depositional lobe (Figure 5.1).
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Figure 5.2. (A) Bathymetric longitudinal profile and moving average (10 points) of the Carchuna
Canyon thalweg gradient with indication of each CSB set according to its concavity. Zoom-ins of two
sectors located in the upper and lower segments are provided. (B) Transverse profiles showing the
shelf incision of the Carchuna Canyon in the upper segment (1) and the lateral levees in the lower
segment (2). Location of transverse profiles indicated in A. Note that the eastern levee exhibits lower
values of height than the western levee, forming an asymmetric cross section.
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Figure 5.3. High-resolution bathymetric maps of the upper (A) and lower segments (B) in the
Carchuna Canyon. Slope gradient maps of the upper (C) and lower segments (D) in the Carchuna
Canyon show the location of CSB sets according to their concavity (white rectangle: low concavity;
black rectangle: high concavity). Bathymetric contours in meters. Location shown in Figure 5.1.
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Figure 5.4. (A) Height of the eastern levee crest along the channel bend in the lower segment of the
Carchuna Canyon. (B) Zoomed-in high-resolution bathymetric map of the channel bend in the lower
segment, showing the points along the levee crest where the levee height was calculated (C). Red
arrows mark the highest height values along the levee. Yellow arrows mark the upper, middle and
lower stretches along the channel bend with the lowest height values in the levee. Bathymetric
contours in meters.
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5.1.2. Fine-scale morphology of the Carchuna Canyon

A total of 111 crescentic-shaped bedforms (CSBs) were observed along the axial channel of
the upper segment from 96 to 496 m water depths. These CSBs have wavelengths from 10 to
120 m and amplitudes between 1 and 9 m. The lee sides of the CSBs exhibit gradients
between 2.5 and 11.3° while the stoss sides dip between 0.2 and 5.9° (Table 5.1). CSBs are
grouped in 12 sets of 7 to 17 CSBs, ranging in length from 310 m to 730 m (Figures 5.2 and
5.3; Table 5.1). CSB sets have distinctive crest concavities, asymmetries and lengths. Overall,
the CSB sets with high concavity (length/width >0.6) associated with high seafloor slope
gradients (sets b, c, e, f, h, and k; Figures 5.2, 5.3 and 5.5A, Table 5.1) alternate with CSB sets
of low concavity downcanyon (length/width <0.6) associated with lower slope gradients (sets

a, d, g,1,J,and I; Figures 5.3 and 5.5A; Table 5.1). In the upper segment, most CSBs show a

preferred downcanyon-directed asymmetry (Figure 5.6A, B).
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Figure 5.5. Zoomed-in high-resolution bathymetric maps of the study area showing several examples
of CSB sets with high concavity in the upper (A) and lower (B) segments. The variation from high to
low concavity linked to slope gradient changes of the CSB sets is also shown. See Figure 5.3C and D
for location.
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Figure 5.6. Asymmetry index variability of CSBs along three longitudinal profiles (A) in the upper
segment thalweg (B) and along four longitudinal profiles (C) in the lower segment thalweg (D).
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A total of 96 CSBs with wavelengths between 20 and 140 m and amplitudes from 1 to 5 m
were identified along the axial channel of the lower segment from 502 to 704 m water depths.
There, CSBs lee side gradients vary between 2.1° to 8.4°, while stoss sides are longer and their
gradients vary between 0.1 to 2.4° (Table 5.1). In the lower segment, CSBs are grouped in 10
sets (Figures 5.2 and 5.3; Table 5.1) of 4 to 17 CSBs that extend between 430 and 1340 m
(Figure 5.3). As in the upper segment, there is an alternation between CSB sets that exhibit
high concavity (length/width >0.6) associated to high seafloor gradients (sets r, u, v, w, X, and
z; Figures 5.3 and 5.5B) and CSB sets with low concavity (length/width <0.6) associated with
lower slope gradients (sets g, s, t, and y; Figures 5.3 and 5.5B; Table 5.1). In this lower
segment, most of the CSBs show a preferred upcanyon-directed asymmetry (Figure 5.6C, D).
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Figure 5.7. (A) High-resolution bathymetric map and (B) slope map of the eastern sector of the
depositional lobe of the Carchuna Canyon, with the location of bathymetric profiles shown in Figure
5.8. (C) Zoom-in of the field of sediment waves with indication of the upper and lower sectors. (D)
Zoom-in of two trains of scours identified along the depositional lobe of the Carchuna Canyon.
Bathymetric contours in meters. See Figure 5.1 for location.
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Two types of bedforms were identified on the open slope east of the lower canyon segment:
sediment waves and scours (Figure 5.7). A sediment wave field was mapped over an area of
57 km? between 555 and 805 m water depths, with a mean seafloor gradient of 2°. The main
orientation of the sediment wave crests is NW-SE (Figure 5.7B, C). Two sectors (upper and
lower) were identified in the sediment wave field according to differences in wavelength and
amplitude (Figures 5.7C and 5.8). In the upper sector, between 625 and 700 m water depths,
the average wavelength of the sediment waves is 106 m, with a maximum wavelength of 350
m. They have average and maximum amplitudes of 6.2 m and 15 m, respectively (Figures
5.7C and 5.8A, B). Additionally, sediment waves in this sector exhibit a downcanyon
asymmetric trend (Figure 5.9A, B). In the lower sector (between 700 and 800 m water
depths), the average wavelength of the sediment waves is 146 m, with a maximum
wavelength of 380 m. Here, sediment waves have an average amplitude of 4.9 m and a
maximum amplitude of 9 m (Figures 5.7C and 5.8C, D) and an upcanyon asymmetric trend
(Figure 5.9A, C).

Figure 5.8. Bathymetric profiles of the upper sector (A and B) and the lower sector (C and D) of the
sediment wave field, and the trains of scours (E and F) identified along the depositional lobe of the
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Carchuna Canyon. See Figure 5.7A for location.
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Figure 5.9. Asymmetry index variability of sediment waves from two longitudinal profiles along the
upper sector (A) and two longitudinal profiles along the lower sector (B) of the depositional lobe of
the Carchuna Canyon.

Two trains of N-S oriented scours are located over the eastern overbank deposit between the
upper sector of the sediment wave field and the Carchuna axial channel at 623 to 711 m water
depths (Figure 5.7). In plan view, these scours display parallel to divergent limbs and
crescentic depressions at the base of headwall scarps (Figure 5.7B, D). The shallowest train of
scours occurs between 623 and 678 m water depths and comprises 13 scours extending along
2600 m (Figure 5.7D and 5.8E). Individual scours range from 130 to 280 m in width, from 70
to 180 m in length, and from 2 to 8 m in headwall height (Figure 5.10A). The sidewalls and
the depressions display slopes of 1° to 5° sub-surface sediments are characterized by
homogeneous sandy muds with thin interbedded fine sands (Figure 5.10A, C). In contrast, the

steepest gradients (6° to 12.6°) occur on the headwalls, which are characterized by strong
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changes in the slope gradients and erosional features such as furrows, while the sub-surface
sediments exhibit homogeneous sandy muds with very dispersed clasts of very coarse sands
(Figure 5.10). The deepest train occurs between 681 and 711 m water depths and is formed by
8 scours, extending 1420 m (Figure 5.7D and 5.8F). Individual scours range from 60 to 190 m
in width, from 15 to 80 m in length, and from 1 to 8 m in headwall height. The sidewalls and
the depressions have slopes of 1° to 4°, while the steepest gradients (5° to 9°) occur on the

headwalls.
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Figure 5.10. (A) Zoomed-in high-resolution bathymetric map of the upper reaches of the scour train
showing the sedimentary logs of two push cores collected with the ROV. Location is shown in Figure
5.3B. Bathymetric contours in meters. (B) Photographic image collected by the ROV in the abrupt
change of slope gradient (white dotted line) and the furrows over the wall of the scour (red arrows).
Laser beam spacing of 62 cm indicated by green lines. (C) Longitudinal bathymetric profile along the
scour train. The location of both sediment cores and the photographic image are indicated. Location of
bathymetric profile indicated in A.

5.1.3. Sub-surface acoustic facies and architecture of Carchuna Canyon bedforms
5.1.3.1. Description of acoustic facies

Five acoustic facies were distinguished along the Carchuna Canyon (Table 5.2). Acoustic
facies a is characterized by a transparent configuration. Acoustic facies b exhibits low- to

moderate-amplitude continuous and parallel reflections. Acoustic facies ¢ features by
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moderate- to high-amplitude discontinuous undulating reflections; internal reflections stack
vertically with asymmetric shapes. Acoustic facies d exhibits high-amplitude parallel to gently
undulating reflections. Acoustic facies e is characterized by diffractive reflections with lateral
continuity and by prominent transparent and/or chaotic layers bounded at the base by a

relatively high acoustic amplitude and irregular surface.

The superficial reflections of CSBs in the axial channel are characterized by high-amplitude
acoustic facies ¢ (Figure 5.11A, B), but they exhibit a lack of internal structure downward in
the acoustic profiles (Figure 5.11). In the unconfined environment located close to the bend in
the lower segment of the Carchuna Canyon, scours up to 8 ms high as well as downslope
sediment waves are characterized by acoustic facies ¢ (Figure 5.11B). Both unconfined

bedforms also display a lack of internal structures downsection (Figure 5.11B).

Table 5.2.
Acoustic facies defined in the acoustic profiles.

Acoustic facies Description

‘ - "‘ Transparent reflections.

Acoustic facies a

2 ms

| 200m

Acoustic facies b

vl W | Rat [ | \ Continuous and parallel reflections with low to
. \ moderate amplitude.

L
%,\ ’ 0,
w L R

200 m

Acoustic facies ¢

Undulating, discontinuous medium to high
amplitude reflections.

Parallel and gently undulating reflections with
high amplitude.

Diffractive reflections with lateral continuity
and by prominent transpararent and/or chaotic
layers
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Figure 5.11. (A) Acoustic profile located in the upper segment of the Carchuna Canyon, illustrating
CSBs acoustic facies ¢ and the lateral terraces. Zoom-in of a sector of the axial channel showing the
backsets of CSBs on the downstream end of stoss sides truncated by upstream-advancing lee sides
indicated by yellow arrows. (B) Acoustic profile located in the transition from the Carchuna Canyon
towards the depositional lobe illustrating the scour acoustic facies c. Note the downslope change to
sediment waves. Zoom-ins of a sector of scours and sediment waves, respectively. See Figure 5.1C for
location
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Four acoustic units were defined along the sediment wave field identified over the
depositional lobe (Figures 5.12 and 5.13). The deeper Acoustic Unit 4 exhibits acoustic facies
¢ (Figure 5.12) in the upper sector of the sediment wave field. Downslope in the lower sector,
a lenticular-shaped body 1100 m long and with laterally variable thickness —from 14 ms to
10 ms— is identified (Figure 5.13). This lenticular body is characterized by acoustic facies ¢
that evolve downslope to acoustic facies b up to 7 ms thick (Figure 5.13). Acoustic Unit 3 is
characterized by acoustic facies a up to 5 ms thick (Figures 5.12 and 5.13) that change

downslope to acoustic facies b (Figure 5.12).

Acoustic Unit 2 is characterized by acoustic facies c in the upper sector of the sediment wave
field, changing to acoustic facies d towards the east (Figure 5.12). Downslope in the lower
sector, a 2-10 ms thick lenticular body is characterized by acoustic facies c¢ that change
downslope to acoustic facies e (Figure 5.13). Further downslope, acoustic facies ¢ up to 1 ms
thick evolve seaward to acoustic facies d. The uppermost Acoustic Unit 1 is characterized by
acoustic facies a up to 4 ms thick (Figures 5.12 and 5.13), generating a wavy seafloor
topography. This acoustic unit exhibits acoustic facies ¢ up to 1 ms thick in the upper and

lower sectors of the sediment wave field (Figures 5.12 and 5.13).

5.1.3.2. Interpretation of acoustic facies

The acoustic facies identified in the study area are thought to result from distinct sedimentary
processes in the unconfined setting of the Carchuna Canyon. We suggest that transparent
reflections (acoustic facies a) are linked to low-density turbidity currents characterized by
fine-grained sediments (e.g., Scacchia et al., 2022). On the other hand, high-density turbidity
currents can generate either high-amplitude parallel reflections (i.e., acoustic facies d) (e.g.,
Droz et al., 2003; Garcia et al., 2006; Sylvester et al., 2012; Li et al., 2017) or cyclic steps
characterized by acoustic facies ¢ (e.g., Schattner and Lazar, 2016; Wunsch et al., 2017).
Downslope, parallel reflections (i.e., acoustic facies b) are thought to be formed by decreased
flow velocities (e.g., von Lom-Keil et al., 2002). High-amplitude chaotic reflections of
acoustic facies e are typically linked to mass-transport deposits, as suggested in numerous
deep-water studies (e.g., Rogers et al., 2015; Li et al., 2017; Wang et al., 2017; Normandeau
etal., 2019; Wan et al., 2022).
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Figure 5.12. (A) East-West oriented acoustic profile located in the eastern overbank deposit of the
Carchuna depositional lobe with indication of acoustic facies, and (B) the interpretation of four
acoustic units. Location of Figure 5.18G is also indicated. See Figure 5.1 for profile location.
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95



Chapter 5. Bedform development in confined and unconfined settings of the Carchuna Canyon

5.1.4. Sediment transport simulation

The highest simulated flow velocities are found along the Carchuna Canyon thalweg (Figure
16A). In the upper segment, the flow follows the sinuous path of the thalweg, with the highest
flow velocities between 210 and 335 m water depths. At 250 m water depth, the simulation
shows maximum flow velocities. Downslope from 335 m water depth, the flow velocity
decreases up to the termination of the upper segment at 500 m water depth. The lowest values
of flow velocity in the upper segment correspond to in the lateral terraces. The highest Froude
values of the flow model occur in the walls adjacent to the lateral terraces of the upper
segment, whereas the lowest values occur over the terraces. The sinuous path of the thalweg
Is characterized by intermediate values of the Froude number (Figure 16B).

In the lower segment, the flow follows the sinuous path of the thalweg with the highest flow
velocities between 500 and 595 m water depths (Figure 16A). Downcanyon, the flow velocity
decreases along the thalweg. Along the sinuous path of the thalweg, the simulated flow shows
intermediate values of the Froude number. A spillover extending over the depositional lobe
was identified at the bend in the lower segment. The simulation shows three overflow
orientations: a western flow with NE-SW orientation, parallel to the main channel; an eastern
flow with N-S orientation, along the main train of scours defined in the eastern overbank
deposit; and an eastern flow with NW-SE orientation along the sediment wave fields (Figure
16B). Average velocity values in the eastern overbank deposit are higher on top of the
bedform crests, whereas the higher values of Froude number are located in the bedform lee

sides.
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Figure 5.14. Variation of the average velocity (A) and the Froude number (B) of the three-
dimensional flow simulation executed along the axial channel of the Carchuna Canyon. The most
significant feature is a flow spillover at the channel bend over the depositional lobe in the lower

segment.
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5.2. Discussion

5.2.1. Development of cyclic steps along the confined setting of the Carchuna Canyon
5.2.1.1. The role of turbidity currents in CSB development

CSBs are common features in confined submarine settings mantled by coarse-grained
sediments (Paull et al., 2010; Hage et al., 2018), such as the thalweg of active submarine
canyons. There, CSBs are interpreted as the result of the combined effects of erosional and
depositional processes during relatively short, high-energy turbidity flow events (Smith et al.,
2005; Xu et al., 2008; Paull et al., 2010; Babonneau et al., 2013) that produce rhythmic
seafloor bedforms known as cyclic steps (Cartigny et al., 2011; Kostic, 2011). In the
Carchuna Canyon, several evidences point to the activity of confined sediment-laden gravity
flows descending along the axial channel. Most notably, the presence of CSBs in the axial
channel of the canyon between 95 and 706 m water depths signals the likely occurrence of
flows that maintain these bedforms. This inference is supported by flow simulations that
exhibit higher flow velocities along the thalweg (Figure 5.14A). Additionally, very concave
profiles are linked to steep and coarse-grained shelf-incised canyons in narrow shelves
adjacent to mountainous reliefs that supply coarse-grained sediments to canyon heads
(Covault et al., 2011). The very concave shape and the occurrence of sandy muds and sands
along the axial channel of the Carchuna Canyon (Figures 5.1 and 5.2) would indicate a
continuous supply of sandy sediments regardless of the sea-level stand and turbidity current
activity throughout the channel, as documented in other canyon settings (Mitchell, 2005;
Gerber et al., 2009; Kertznus and Kneller, 2009; Covault et al., 2011; Amblas et al., 2012).

Turbidity current activity is also evidenced by the CSB dimensions. CSBs in submarine
canyons can be defined as small sediment waves (Symons et al., 2016) (Figure 5.15A). These
sediment waves are restricted to medium-scale canyons (<50 km) in confined settings,
characterized by wavelengths from 20 to 300 m and amplitudes between 0.5 and 8 m (Symons
et al., 2016), and are composed primarily of coarse-grained sediments (Paull et al., 2010).
CSB dimensions in the Carchuna Canyon are consistent with their classification as small
sediment waves (Figure 5.15A), supporting CSB formation by coarse-grained turbidity current
activity along the axial channel. Besides, CSBs along the axial channel of the Carchuna
Canyon mostly exhibit upstream migration (Figure 5.11A); in fact, they can be classified as
partially erosional cyclic steps (Slootman and Cartigny, 2020) due to the fact that net erosion

is not limited to lee sides, but also affects the region beyond the trough on the upstream part
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of stoss sides. Indeed, the backsets of the CSBs at the downstream end of stoss sides are
truncated by upstream-advancing lee sides (Figure 5.11A) evidencing that the canyon floor is
in an overall degradational state. The fact that CSBs in confined settings do not have a well-
defined internal stratigraphy is linked to the erosive behavior of turbiditic flows (e.g., Paull et
al., 2010; Zhong et al., 2015), which are formed by very dense, coarse-grained layers
(Cartigny et al., 2013; Symons et al., 2016). In this sense, the lack of stratification within the
cyclic steps along the axial channel of the Carchuna Canyon (Figure 5.11) provides additional
evidence of the dominance of erosion over deposition along the canyon seafloor, as

documented in other canyon settings (Zhong et al., 2015).
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Figure 5.15. (A) Logarithmic plot of wavelength versus amplitude for global bedform examples
highlighting groups based on bedform scale and relief according to Symons et al. (2016). Average
amplitude and wavelength values of the studied confined (orange circles) and unconfined (green
circles) bedforms are plotted. The maximum wavelength and amplitude values that define the coarse-
and fine-grained turbidity current boundaries are shown as dotted lines after Wynn et al. (2002b). (B)
Bi-variate relationships between CSB wavelengths (orange) and amplitudes (green) and the slope
gradient along the Carchuna Canyon indicating the trend of each parameter with dotted arrows. (C) Bi-
variate relationships between slope gradients and CSB concavity along the upper (red) and lower
(blue) segments of the Carchuna Canyon, indicating the trend of each segment with dotted arrows
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The inferred gravity flows in Carchuna Canyon could be traced to a combination of factors,
involving increased shear stresses that frequently mobilize coarse-grained sediments, as in
canyon heads similarly close to coastlines (Smith et al., 2018). Thus, the Carchuna Canyon
head could act as a sediment trap due to its proximity to the coastline, enabling the capture of
littoral cell sediments, then sediment transport along the axial channel toward the channel
termination owing to gravity flows (Cerrillo-Escoriza et al., 2024). Additionally, the
proximity of the Carchuna Canyon to the coast would favor an energy concentration of
coastal and storm waves, focusing in the canyon head (Ortega-Sanchez et al., 2014; Cerrillo-
Escoriza et al., 2024). These processes could erode proximal sandy infralittoral prograding
wedges, providing a coarse-grained sediment source for the development of gravity flows.
Besides, downcanyon sediment transport pulses generating the confined cyclic steps along the
axial channel can be driven by downcanyon bottom flows —postulated to occur in the
Carchuna Canyon head (Serrano et al., 2020). The occurrence of such sediment transport
trends is supported by the identification of marine litter at the distal termination of the channel
(Cerrillo-Escoriza et al., 2023).

5.2.1.2. Variability in CSB geometries along the axial channel

The geometric characteristics of bedforms gradually change as the slope gradients of
submarine canyon axial channels decrease downslope (Zhou et al., 2021). In axial channels,
downslope-decreasing gradients tend to cause flow deceleration, leading to greater
wavelengths (Cartigny et al., 2011; Slootman and Cartigny, 2020) and lesser amplitudes of
the cyclic steps (Normark et al., 1980; Carter et al., 1990; Migeon et al., 2000). This general
trend is also observed in the CSBs along the Carchuna Canyon axial channel, where the
overall downslope decrease in slope gradient along the axial channel coincides with a
downslope increase in cyclic step wavelength and a decrease in their amplitude (Figure
5.15B; Table 5.1). Hence, steeper slope gradients and coarser sediments in the upper segment
of the Carchuna Canyon would favor the formation of shorter and higher CSBs with steeper

stoss sides, in contrast to the lower segment.

Downslope asymmetries appear to characterize coarse-grained cyclic steps in confined
settings (Migeon et al., 2000; Symons et al., 2016), as reported in the Monterey Canyon
(Smith et al., 2005, 2007; Xu et al., 2008) and the Var Canyon (Piper and Savoye, 1993;
Khripounoff et al., 2012). CSBs recognized along the upper segment of the Carchuna Canyon
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axial channel mostly exhibit downcanyon-directed asymmetries (Figure 5.6A, B) that can be
related to a high amount of sediment available for entrainment by overrunning turbidity
currents (Kostic, 2011). High slope gradients in the canyon’s upper segment (Figure 5.2)
would moreover favor the preferential development of downslope asymmetries, as is
evidenced in other coarse-grained cyclic steps in confined settings (Migeon et al., 2000;
Symons et al., 2016; Sun et al., 2023). In contrast, most of the CSBs in the lower segment of
the Carchuna Canyon exhibit upcanyon-directed asymmetry (Figure 5.6C, D) pointing to an
environmental energy decrease (Cartigny et al., 2011), likely due to lower slope gradients
(Figure 5.2). This trend can furthermore be interpreted because the distances required for flow
acceleration towards flow supercritical conditions on the stoss sides increase (Normandeau et
al., 2016).

5.2.1.3. Implications of local variability in the slope gradient

Differences in asymmetry, wavelength, amplitude, and concavity between CSB sets observed
along the axial channel (Figure 5.2; Table 5.1) could be indicative of variable flow behavior
along the Carchuna Canyon path. Local variations of slope gradient affect both velocities and
concentrations of bottom sediment flows; this phenomenon is consistent with variation in the
behavior of turbidity currents flowing downcanyon (Kostic, 2011; Covault et al., 2017;
Casalbore et al., 2018; Maselli et al., 2019; Zhou et al., 2021; Pohl et al., 2022). The increase
in slope gradient promotes the formation of hydraulic jumps (Kostic, 2011), which increase
flow velocities (Wilkin et al., 2023) and support sediment erosion and bypass (Kneller and
McCaffrey, 1995); as a consequence, shorter and higher cyclic steps tend to be formed
(Covault et al., 2017). In contrast, decreased slope gradients facilitate a decrease in flow
velocities and sediment deposition (Kneller and McCaffrey, 1995; Kubo and Nakajima,
2002).

In the axial channel of the Carchuna Canyon, we propose that bedform set dimensions and
concavity are determined to a large extent by gradient changes observed along the canyon
thalweg. Highly concave CSB sets have higher amplitudes and lower wavelengths (e.g., sets
b, c,e f,r,u v,w, X and z; Figure 5.2; Table 5.1) that are usually related to locally increased
seafloor gradients (Figure 5.5 and 5.15C). Such local increases in slope gradients would
induce flow accelerations and erosive behavior, leading to the formation of highly concave

CSB sets, where the erosion rate on steeper lee sides would increase bedform amplitude
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(Casalbore et al., 2014; Covault et al., 2017) and decrease bedform wavelength (Covault et
al., 2017; Slootman and Cartigny, 2020; Sun et al., 2023). The formation of these highly
concave CSB sets may also be favored by the prevalence of coarse-grained sediments in the
axial channel (Figure 5.1), considering that coarse-grained cyclic steps tend to show increased
heights and decreased wavelengths (Dietrich et al., 2016; Slootman and Cartigny, 2020).
Following this interpretation, we infer that CSB sets with low concavity can be linked to flow

decelerations leading to enhanced deposition and/or suppressed incision.

There are a few exceptions where highly concave CSB sets are not located in areas with
increased seafloor gradients, but instead, occur along meanders of the Carchuna thalweg (e.g.,
sets h and k; Figure 5.2; Table 5.1). We infer that these CSB sets are influenced by increases
in flow density resulting in either more sediment entrainment or more erosion (Cartigny et al.,
2011) along these thalweg bends. Downcanyon, these high concavity CSB sets change to low
concavity sets (Figure 5.2) driven by decreasing slope gradients, favoring a decrease of flow
velocities. Therefore, we infer that downslope variations of CSB set concavity mainly reflect
spatially variable, discontinuous axial channel flows that remobilize and concentrate sediment

in a step-like fashion, triggering sediment transport pulses downstream.

5.2.2. Development of cyclic steps along the unconfined setting of the Carchuna Canyon
5.2.2.1. Factors that control the overflows in the Carchuna Canyon

Flow stripping can occur by spillover of the upper parts of the flows at submarine canyon
meanders if the flow is thicker than the confinement height, whereas the lower part of the
flow would continue moving downcanyon (Piper and Normark, 1983; Peakall et al., 2000;
Fildani et al., 2006; Sumner et al., 2013; Hansen et al., 2015; Tubau et al., 2015a; Covault et
al., 2017). Spillover processes and increased turbulence can also be triggered by the action of
centrifugal force at channel bends, which gives rise to increased flow velocity (Migeon et al.,
2004; Scacchia et al., 2022; Tek et al., 2022). In the Carchuna Canyon, spillover flows can be
envisaged at the bend located in the lower canyon segment. Indeed, silty sediments
characterize overbank deposits at the canyon bend, while sandy sediments can be found at the
distal termination of the channel (Figure 5.1). It is therefore inferred that fine-grained
sediments are continuously deposited on the lateral canyon levees, whereas coarse-grained
sediments are concentrated in the lower part of the flows and remain confined within the

canyon, allowing the deposition of coarse sediments farther downstream.
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The slope gradients of the lower segment of the Carchuna Canyon (>2°; Figure 5.2) are high
in comparison with other lower reaches of axial channels in shelf-incised submarine canyons
(<1° e.g., Fildani et al., 2006; Lamb et al., 2008; Zhong et al., 2015; Zhou et al., 2021).
Evidences found in the Carchuna Canyon supports that these relatively high gradients could
favor high flow velocities leading to downcanyon increases in sediment entrainment and flow
turbulence. For example, a set of straight, high-concavity CSBs is located in the channel bend
(Figure 5.3). Additionally, surficial sediments over the Carchuna Channel inner bend terrace
are characterized by coarse-grained sediments (Figure 5.1), suggesting that the flow is very
substantial and engulfs the entire channel bend, favoring both downstream sediment transport
and spillover over the levee in the channel bend, as reported elsewhere (Hansen et al., 2015).

In proximal levee areas, local flow directions of overflows are highly variable, owing to the
irregular heights along the levees (Normark et al., 2002; Migeon et al., 2004; Hansen et al.,
2015; Tek et al., 2022). Although the studied bedforms are essentially concentric around the
channel bend of the Carchuna Canyon, a spatial relationship is established between the
development of bedform fields over the overbank deposit and lowered levee heights in the
proximal areas of the bedform fields (i.e., upper, middle, and lower levee stretches; Figure
5.4). We infer that these depressed levee stretches are genetically linked with overflow paths
that generate sediment waves (Figure 5.16A). Considering that the minimum levee height in
the channel bend is 17.5 m, we speculate that turbidity currents descending along the axial
channel and approaching the channel bend most likely exhibit thickness around that value or
just slightly less, given that channel bends induce flow acceleration as a result of centrifugal
force, and favor flow stripping (Migeon et al., 2004).

In contrast to the relationship found between sediment wave fields and lowered levee
stretches, the scour trains found in the overbank deposit of the Carchuna Canyon are not
related proximally with low levee heights (Figure 5.4). In this case, we surmise that the
drastic change of orientation of the axial channel in the lower segment (NNW-SSE to NNE-
SSW; Figure 5.1 and 5.4) would be a key factor in the formation of the scours. In other sharp
bends of submarine canyons, turbidity currents tend to flow downslope of orientation changes
by overflowing the levee crests (e.g., Fildani et al., 2006). We infer that the studied scour
trains formed by means of a mechanism similarly described at channel bends (e.g., Fildani et
al., 2006; Covault et al., 2014); accordingly, the overflow of turbidity currents that descend
along the axial channel and exceed the high levee crest at the channel bend would trigger an

abrupt change in the turbidity current behavior (Figure 5.16B).
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Figure 5.16. 3D reconstruction of the study area illustrating two different settings according to the
development of the bedforms along the overbank deposit at the channel bend of the Carchuna Canyon.
(A) Three main overflows (in blue) transiting along three depressed levee crests (upper, middle, and
lower levee stretches) and contributing to development of sediment waves. (B) An energetic and
casual turbidity flow exceeding the levee crest at the channel bend (in red) favors the erosion of the
overbank deposit forming scour trains. (C) Interpretation of the acoustic profile of Figure 5.11B,
illustrating the erosional stripped flow over the scour train that evolves downslope to sediment waves.
(D) Zoom-in of the upper sector of the depositional lobe illustrating the hydraulic jumps of the flow
eilong the scour train (net-erosional cyclic steps).

5.2.2.2. Sediment waves formed in the overbank deposit of the Carchuna Canyon

In unconfined settings, sediment waves have been interpreted as supercritical flow bedforms,
that is, net-depositional cyclic steps (Fildani et al., 2006; Cartigny et al., 2011, 2014; Kostic,
2011, 2014; Zhong et al., 2015) mantled by fine-grained sediments (Symons et al., 2016)
particularly covering the overbank areas of submarine canyons and channels (Fildani et al.,
2006, 2013; Kostic and Parker, 2006; Maier et al., 2011, 2013; Armitage et al., 2012; Zhong
et al., 2015). The unconfined setting makes these cyclic steps more prone to form positive
reliefs due to preferential sediment deposition on the upstream side (Flood and Giosan, 2002),
in contrast to confined CSBs, where erosion is thought to play a larger role (Symons et al.,
2016).

Because sediment waves in unconfined settings exhibit higher amplitudes and wavelengths
than those found in confined canyon settings, they are categorized as large sediment waves
(Symons et al., 2016) (Figure 5.15A). Amplitude and wavelength values of the unconfined
sediment waves in the depositional lobe of Carchuna Canyon are larger than the CSB
dimension values; hence they lie between small and large sediment waves (Figure 5.15A).
This fact supports a sediment wave genesis of the Carchuna depositional lobe related to the
activity of fine-grained turbidity currents, in view of the genetic conditions behind small and
large sediment waves put forth by Symons et al. (2016).

The crests of these unconfined sediment waves are not aligned parallel to the canyon axis (ca.
NW-SE orientation of the crests vs ca. N-S orientation of the canyon axis; Figures 5.7 and
5.16A). In addition, the flow simulation shows that the Froude number is higher on the
bedform lee sides (Figure 5.15B), indicating supercritical flow conditions (Cartigny et al.,
2011). Both evidences point to the development of the studied sediment waves in a context of

recurring stripped turbidity currents spilling out of the axial channel (Figure 5.16A), as
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evidenced in similar environments (e.g., Lewis and Pantin, 2002; Normark et al., 2002; Wynn
and Stow, 2002; Fildani et al., 2006; Kostic et al., 2010; Covault et al., 2017). As in axial
channels, decreasing slope gradients in overbank deposits cause a streamwise flow
deceleration (e.g., Cartigny et al., 2011). In the overbank deposit of the Carchuna Canyon,
this is evidenced by a downslope wavelength increase and amplitude decrease of the sediment
waves, accompanied by a downslope decrease in flow velocities (Figure 5.14A).

Upslope-directed asymmetries of cyclic steps are characteristic of fine-grained sediment
waves in unconfined, low-energy environments, as at the Monterey Fan (Normark et al.,
1980, 2002; Fildani et al., 2006), the Var Sedimentary Ridge (Migeon et al., 2000, 2001), the
overbank deposits of the Eel Canyon (Lamb et al., 2008), or the overbank deposits in the
Gioia Basin (Gamberi et al., 2013). However, downslope-directed asymmetries or symmetric
trends of sediment waves are related to aggradational building of levees that that tend to be
covered by coarse-grained sediments (Kostic, 2011). Such evidence is seen in the upper sector
of the overbank deposit of the Carchuna Canyon, where the coarsest-grained sediments of the
overbank deposit are located close to the levee crest (Figure 5.1), with sediment waves
showing dominantly downslope-directed asymmetries (Figure 5.9B). In contrast, the sediment
waves in the lower sector over the overbank deposit exhibit an upslope asymmetry trend
(Figure 5.9C), suggesting that up-slope migration dominates over vertical aggradation
(Figures 5.11B, 5.12, and 5.13) in relation to the distal decrease in slope gradients.

5.2.2.3. Scours formed in the overbank deposit of the Carchuna Canyon

Turbidity currents that mostly carry coarse-grained sediments can create large-scale scours
nearby internal hydraulic jumps (Hiscott et al., 2013; Sumner et al., 2013; Covault et al.,
2017). Linear trains of scours can be interpreted as a result of net-erosional cyclic steps in
supercritical flows (Fildani et al., 2006; Kostic, 2011; Covault et al., 2017), where repeated
hydraulic jumps along the scour trains form due to lee side erosion rates by Froude-
supercritical flows —exceeding stoss side erosion rates by Froude-subcritical flows—
ultimately causing an upstream migration (Sumner et al., 2013; Hiscott et al.,, 2013).
Alternatively, scour trains may signal an excavation of initial bed defects by a subcritical flow

with enough shear stress (Symons et al., 2016).

According to the flow model, the highest velocity values occur along the scour trains in the
overbank deposit of the Carchuna Canyon (Figure 5.14A). In addition, there are high
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estimated values of Froude number on the lee side of scours (Figure 5.14B), evidencing
supercritical flows with high velocities that favor erosion on both lee and stoss sides
(Slootman and Cartigny, 2020) and lead to upstream migration (Figure 5.16C, D). Downslope
of the scour trains, net-erosional cyclic steps evolve to net-depositional cyclic steps (Figures
5.11A and 5.16C), thus indicating a progressive downslope decrease in sediment transport
capacity and erosive flow behavior, reflected by decreasing velocities in the flow model
(Figure 5.14A); this pattern has been observed elsewhere (e.g., Li and Gong, 2018).
Therefore, we interpret the scours located close to the bend of the Carchuna Canyon as net-
erosional cyclic steps carved by flow-stripped turbidity currents that have incised the
overbank deposit of the canyon (Figure 5.16B, C).

The noteworthy location of the scours in the overbank deposit of the Carchuna Canyon agrees
with a scenario of turbidity currents focused (e.g., Izumi, 2004) (Figure 5.16B) where erosion
rates are intensified in places of flow concentration, leading to channel formation in
topographic lows of outer levees (Fildani et al., 2006; Normandeau et al., 2019; Maier et al.,
2020). Accordingly, the scour trains studied here could mark an early phase of the Carchuna
Canyon channel evolution due to an ongoing avulsion process. The flow concentration is
evidenced by the distribution of surficial sediments along the scours generated in the
overbank deposit of the Carchuna Canyon, the coarser sediments being found on stoss sides
(Figure 5.10A). This pattern may be attributed to coarse-grained sediment preferentially
bypassed on the lee sides —favored by the concentration and high velocities of the
overspilling flow— and deposited on the stoss sides of the following scour downslope. The
erosive behavior of the flow is further evidenced over the lee side as erosive features (Figure
5.10B). In contrast, finer-grained sediments are deposited upstream over the lee sides (Figure
5.10A) in response to low velocities of the tails of overspilling flows, as seen in other cyclic
steps on overbank deposits (e.g., Tek et al., 2022). We infer that the flow concentration in the
channel bend is due to episodic, energetic sediment transport pulses that exceed the levee
crest where the channel bend changes its orientation.
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5.2.3. Recent evolution of the Carchuna Canyon

The flow density and turbulence of overspilling confined flows control the grain size
partitioning between in-channel flow and levee deposits (Hiscott et al., 1997; Peakall et al.,
2000; Posamentier and Walker, 2006; Scacchia et al., 2022), defining two end-member
situations: low- and high-density turbidity currents (Lowe, 1982; Kneller and Buckee, 2000;
Shanmugam, 2019). In low-density turbidity currents, partial inertia-driven flow spillover
may occur on outer channel bends, where fine-grained sediments in the upper part of the
current escape the channel, yet the denser lower part remains within the channel (Piper and
Normark, 1983; Leeder, 1999; Peakall et al., 2000; Hansen et al., 2015). In contrast, high-
density turbidity currents feature heights greater than the channel confinement depth, meaning
widespread coarse-grained spillover on both outer and inner channel bends (Hesse, 1995;
Peakall et al., 2000; Hansen et al., 2015).

The acoustic units that define the overbank deposit of the Carchuna Canyon suggest the
occurrence of recurrent spillovers in the recent past. However, the vertical alternation of
acoustic units suggests that overflows over the depositional lobe reflect different
characteristics and energy conditions. Depending on the development of high- or low-density
turbidity currents descending along the axial channel and approaching the sharp bend in the
Carchuna Canyon (Figure 5.17A), spillover processes along the channel bend and subsequent
deposition in the overbank area would have been different, ultimately leading to the

construction of the Carchuna depositional lobe (Figure 5.17).

5.2.3.1. High-density turbidity current scenario

High-reflectivity acoustic facies in overbank deposits usually indicate coarse-grained
sediments derived from high-density turbidity currents that generate an overall positive
topography (e.g., Scacchia et al., 2022). The depositional lobe of the Carchuna Canyon
contains two acoustic units (4 and 2) mainly characterized by high-reflectivity acoustic facies
(Figures 5.12 and 5.13), a likely result of high-density turbidity currents. Ample evidence
supports this inference. High-amplitude reflectors that separate acoustic units have been
identified in overbank deposits as abrupt sedimentological changes traced to an erosive flow
behavior (Heinidé and Davies, 2009; Gong et al., 2012; Schattner and Lazar, 2016). In the
Carchuna depositional lobe, the high-amplitude reflectors that limit the bases of acoustic units

4 and 2 (Figures 5.12 and 5.13) exhibit irregular shapes that can be related to bypass
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processes generating local unconformities, and favoring hydraulic jumps, with the subsequent
downslope increase in overflow turbulence (Figure 5.18), as evidenced in other canyon
depositional lobes (e.g., Li and Gong, 2018). Deposits resulting from high-density turbidity
currents exhibit a spatial variability from upper to lower reaches of depositional lobes as the
turbidity currents become less energetic with distance. In this sense, the imprint of high-
density turbidity currents is also evidenced by the downslope increase in the deposit thickness

(Figure 5.12) suggesting an efficient downslope sediment transfer along the depositional lobe.

Sediment wave fields exhibit different dimensions, geometries and sediment distribution,
depending on the interaction between overspilling turbidity currents and slope topography
(Migeon et al., 2000; Kubo and Nakajima, 2002; Cartigny et al, 2011; Maselli et al., 2019;
Scacchia et al., 2022). The upper sector of the Carchuna depositional lobe hosts partially
depositional sediment waves (Figures 5.13 and 5.18B) that are interpreted as low-
aggradational cyclic steps indicative of coarse grained-sediments and high seafloor shear
stresses (Normark et al., 2002; Kostic, 2014; Slootman and Cartigny, 2020). These bedforms
can be related with highly turbulent flows capable of eroding lee sides while depositing on
stoss sides. The accumulation of these sediment waves conforms a lenticular-shaped body
truncated downslope (Figure 5.13) that change to a MTD (Figure 5.18C). This variation
downslope represents a localized instability of this lenticular body as a consequence of the
high accumulation of the overlapping sediment waves and the high slope gradient exhibited
by the proximal sector of Carchuna Canyon’s sediment wave field triggering the formation of
the MTD. Instability during channel-levee building has been identified in the upper reaches of
other overbank deposits in submarine canyon environments (e.g., Marsset et al., 2022).

The middle reaches of the Carchuna depositional lobe are characterized by fully depositional
sediment waves (Figures 5.13 and 5.18E), which signal a loss of erosional capacity, an
aggradational state, and high deposition rates (Migeon et al., 2000; Nakajima and Satoh,
2001; Gong et al., 2012; Morris et al., 2014). The accumulation of such sediment waves in the
studied depositional lobe, plus their lateral change to sub-parallel lenticular bodies, would
suggest the activity of recurring turbidity currents that decrease in flow velocity downslope
(Figure 5.18E, F). The absence of sediment waves and the occurrence of an aggradational
infilling in the lower reaches of the Carchuna depositional lobe (Figure 5.18H, I) is most
likely a consequence of low slope gradients and low turbulence values of turbidity currents,

common in such environments (e.g., Stacey et al., 2019).
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Figure 5.17. Illustration of two different scenarios of downcanyon channelized turbiditic flows
descending along the axial channel and approaching the sharp bend in the Carchuna Canyon (A). (B)
High-density turbidity currents flowing along the Carchuna Canyon eroding the axial channel, while
widespread spillover flows would form along both levees. At the channel bend, heterogeneous
deposits resulting from the high-density turbidity currents. (C) Low-density turbidity currents flow
along the Carchuna Canyon forming bedforms along the axial channel while spillover processes are
Igcalized at the channel bend, forming either depositional or erosional bedforms.

<«

We suggest that acoustic units 4 and 2 are indicative of high-density turbidity current
scenarios in the Carchuna Canyon (Figure 5.17B). Under such conditions, the axial channel
would be mainly characterized by erosion due to the entrainment of coarse-grained sediments
by high-velocity flows, enabling the formation of widespread spillovers along both levees. At
the channel bend, abundant overflows would generate an irregular seafloor forming an
overbank deposit characterized by heterogeneous deposition and high sedimentation rates.
These conditions would lead to a widespread occurrence of sediment waves evolving
seaward, from low- to high-aggradational system, in response to the velocity decrease of
overflows (Figure 5.17B). The formation of scour trains cannot be discarded (Figure 5.17B),
considering that at likely seafloor variability in the overbank deposit could trigger hydraulic
jumps. In addition, the irregular slope topography and high depositional rates would be

conducive to mass movements eventually forming MTDs (Figure 5.17B).

5.2.3.2. Low-density turbidity current scenario

Sediment drapes in submarine canyon settings can be linked to hemipelagic sediments that
exhibit transparent acoustic facies (e.g., Paull et al., 2013; Tubau et al., 2015a; Covault et al.,
2017) or high-amplitude continuous reflections atop acoustic units that define the overbank
deposits (e.g., Lewis and Pantin, 2002; Zhu et al., 2010). Alternatively, drape units can be the
sedimentary product of fine-grained turbidity currents (Covault et al., 2014), which tend to
develop sediment waves in overbank deposits (e.g., von Lom-Keil et al., 2002; Migeon et al.,
2006; Scacchia et al., 2022). In this sense, the depositional lobe of Carchuna Canyon exhibits
two acoustic units (3 and 1) mainly characterized by transparent acoustic facies (Figures 5.12
and 5.13) with undulating tops interpreted as sediment waves (Figure 5.12 and 5.13).
Considering such an arrangement, we infer that both transparent acoustic units are linked to

low-density turbidity currents depositing fairly homogeneous fine-grained sediments.
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Figure 5.18. Downslope deposit evolution resulting from high-density turbidity currents moving from
the upper to lower sector of the Carchuna depositional lobe over pre-existing irregular surfaces (A, D,
and G). (A-C) Evolution model of the fill of the ancient seafloor in the upper sector characterized by
partially depositional sediment waves truncated downstream by MTDs likely due to the steep slope
gradient. (D-F) Evolution model of the fill of the ancient seafloor in the middle reaches of the
depositional lobe characterized by fully depositional sediment waves; distally, sub-parallel bodies
indicate the decrease in flow velocities of turbidity currents. (G-I) Evolution model of the fill of the
ancient seafloor in the lower sector, where aggradational deposits evidence the low velocities of
turbidity currents in this sector of the depositional lobe.

In low-density turbidity current scenarios in the Carchuna Canyon setting (Figure 5.17C),
coarse-grained sediments would be mainly limited to the axial channel and would contribute
to the generation of confined CSBs. The finer sediment fractions, in contrast, could be
transferred along localized depressed stretches of the levee by top spillover currents,
subsequently contributing to growth of the overbank deposit. Energetic and episodic transport
pulses would exceed the levee crest in the channel bend, forming scour trains. A low-density
turbidity current scenario could be active at present, considering that: (1) both CSBs and
sediment waves developed in the overbank deposit are migrating today, suggesting the
occurrence of repetitive turbidites along the Carchuna Canyon; (2) hemipelagic drapes have

been not identified over the overbank deposits.
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5.3. Conclusions

Detailed analysis of bedform distribution and morphology along the Carchuna Canyon, on the
northern margin of the Alboran Sea, stands as a contribution to cataloguing bedform genesis
in submarine canyons worldwide and to understanding the role of sedimentary activity of

submarine canyons in bedform generation. The main conclusions of this study are:

1. The shelf-incised Carchuna Canyon exhibits recent sedimentary activity, evidenced by net-
erosional and net-depositional cyclic steps, depending on the confined/unconfined nature of
the flows. The occurrence of crescentic-shaped bedforms (CSBs) (confined cyclic steps) in
the axial channel of the Carchuna Canyon suggests the influence of confined sediment-laden
gravity flows characterized by coarse-grained sediments descending along the channel. The
variation in morphometric parameters of CSB sets along the axial channel is indicative of
flow behavior variability, in turn dependent on local slope gradients that induce flow

accelerations and local increases in sediment concentration.

2. Unconfined spillover flows may be generated in a sharp channel bend in the lower canyon
segment, eventually triggering the formation of two types of bedforms over the depositional
lobe. The occurrence of depressed stretches of the levee crest favor a spillover along the
channel bend and the formation of sediment waves, likely indicating recurring stripping by
fine-grained turbidity currents. In contrast, more energetic and occasional downstream
turbidity flows would exceed the levee crest at the channel bend to focus the overflow and

favor the erosion of the overbank deposit in terms of scour trains.

3. The overbank deposits grew by means of the alternance of turbidity currents, which exhibit
two contrasting patterns —likely suggesting a periodic temporal change in the behavior of the
canyon as a sediment transport system. High-density turbidity currents flowing downstream
would favor erosion along the axial channel and a widespread spillover flow of coarse-
grained sediments, giving rise to the formation of a complex arrangement of deposits and
morphologies having a marked bathymetric zonation. MTDs, low-aggradational sediment
waves and erosive features preferentially occur in the upper reaches, evolving downslope to
fully depositional sediment waves and distal aggradation. In contrast, under the dominance of
low-density turbidity currents, limited coarse-grained sediment deposition would occur along
the Carchuna Canyon axial channel, whereas spillover processes would be localized along the

channel bend.
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Abstract

Marine litter density, distribution and potential sources, and the impact on canyon seafloor
habitats were investigated in the Motril, Carchuna and Calahonda canyons. Canyon floor
imagery was collected by a Remotely Operated Vehicle along 5 km in the Motril Canyon, 10
km in the Carchuna Canyon, and 3 km in Calahonda Canyon, together with 41 surficial
sediment samples. Additionally, coastal uses, maritime traffic and fishing activity data were

analyzed. A 50 m resolution multibeam bathymetry served as base map.

In the Motril and Calahonda canyons, the density of marine litter was low and the material
was dispersed, very degraded and partially buried. In contrast, the Carchuna Canyon
contained a greater amount and variety of litter. The Carchuna Canyon thalweg exhibited a
density of marine litter up to 8.66 items-100 m-1, and litter hotspots with a density of up to 42

items-m2 are found along the upper reaches of the canyon thalweg.

Low litter abundances found in the studied canyons most likely reflect low population
densities and the absence of direct connections with streams in the nearby coasts. The high
shelf incision of the Carchuna Canyon and its proximity to the coastline favor littoral
sediment remobilization and capture as well as the formation of gravity flows that transport
the marine litter along the thalweg toward the distal termination of the channel. Litter hotspots
are favored by the canyon morphology and the occurrence of rocky outcrops. Most debris is
of coastal origin and related to beach occupation and agricultural practices in the adjacent
coastal plain. A third origin was represented by fishing gear in the study area. Fishing activity
may be producing an impact through physical damage to the skeletons of the colonial
scleractinians located in the walls of the Carchuna Canyon. In contrast, the Motril and
Calahonda canyons can be considered passive systems that have mainly acted as depositional

sinks in the recent past, as evidenced by buried marine litter.
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6.1. Results

6.1.1. Overall geomorphology and sedimentology of submarine canyons

The shelf in the study area is up to 3 km wide, narrowing due to the occurrence of shelf-
incised canyon heads (Figure 6.1). Shelf surface sediments vary from coarse silts close to fine

sands on the shelf edge (Figure 6.1).

Three geomorphological segments were identified in the Motril Canyon. The upper segment
is defined by a 4.3 km wide amphitheater-like canyon head incised in the outer shelf and
upper slope. The canyon head is located 2 km off the coastline and connects to a 950 m long
and 140 m wide short and straight shelf channel (Figure 6.1). The canyon valley is bounded
by gentle flanks (ca. 3°), and it widens and increases in sinuosity downward to 400 m water
depth. Surface sediment grain size decreases down the canyon thalweg, from very fine sands
to medium silts (Figure 6.1). The middle segment is characterized by an abrupt change in the
direction of the valley from N-S to NW-SE down to 500 m water depth. The canyon valley
shows a sinuous path with a gentle south-western flank (ca. 2°), whereas the north-eastern
flank is steeper (ca. 8°) (Figure 6.1). The lower segment is characterized by a meandering

channel limited by steep walls with continuous adjacent deposits over the slope.

Two geomorphological segments were identified in the Carchuna Canyon. In the upper
segment, the canyon is deeply incised in the shelf, as its head is located just 200 m off the
coastline. It is characterized by a 100 m wide narrow axial channel with large steep flanks
(Figure 6.1). The straight canyon increases its width up to 430 m water depth and it is
bounded by a narrow and steep eastern flank and large terraces in the western flank. The axial
channel in the upper segment is characterized by fine sands in the canyon head that change
downslope to coarse silts, while the flanks are characterized by fine sands (Figure 6.1). The
landward tip of the lower segment is marked by an abrupt change of orientation of the canyon
from NE-SW to WNW-ESE. This lower segment has a straight and wide valley (up to 550 m)
bounded by steep walls (ca. 20°) and continuous lateral slope deposits. Grain sizes in the
lower segment range from very fine sands in the axial channel to medium silts in lateral

deposits (Figure 6.1).

Two geomorphological segments were identified in the Calahonda Canyon. In the upper
segment, the canyon incises the shelf edge, where the canyon head is located 2.5 km off the
coastline (Figure 6.1). The canyon head is 150 m wide at the shelf edge and has steep flanks.
In the lower segment, the canyon exhibits a meandering pattern and is bounded by smooth
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flanks. The axial channel is characterized by fine sands in the canyon head that change

downslope to medium silts, while the eastern flank is characterized by fine sands (Figure 6.1).
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Figure 6.1. Geomorphologic map of the Motril, Carchuna and Calahonda submarine canyons showing
the segment distribution within each canyon and the texture of surficial sediment samples. Bathymetric
contours in meters. See Supplementary Table S1 in which location and depth of the sediment cores
sampled for grain size analysis are included.

6.1.2. Marine litter distribution

A total of 454 litter items were observed in the 11 ROV video dives (Figure 6.2; Table 6.1).
Plastics predominate (almost 75% of occurrences), and they include bottles, bags, fishing nets,
sheets, seedbeds and other objects with sizes from centimeters to meters. Other minor
components of marine litter in the studied canyons include metal items, building material, and
rubber items (Figures 6.2A and 6.3). Overall, the marine litter is partially buried, covered by a

thin layer of mud and in a degraded state.
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Table 6.1.
Summary of ROV dives used in this study including their water depth range, length, the amount of litter detected, litter density and the percentage of plastic litter recorded in each dive. (T:
canyon thalweg; F: canyon flank; D: lateral deposit).

Dive Submarine Date Coordinates Water depth Transect Litter Litter density
canyon range (m) length items  (items-100 m")
Start End Min  Max (m)

Latitude (N)  Longitude (W) Latitude (N)  Longitude (W)

01-02a Motril (T) 83@%33}8 36°39%6.17"  3931'53.53"  36°40'22.14" 3°31'57.78" 294 388 2534 3 0.12
02b  Motril (F) 08/31/2019  36°40'22.14” 3°31'57.78”  36°41'30.35" 3°3121.2" 106 294 2520 13 0.52
07 Calahonda (T)  09/04/2019  36°39'36.69" 3°24'26.64"  36°40'26.82" 3°24'57.28" 152 324 1860 21 1.13
08 Calahonda (F)  09/04/2019  36°39'42.71" 3924'24.27"  36°40'9.34"  3°24'22.55" 127 316 1055 2 0.19
03-04 Carchuna (T) 83;3;@8}3 36°38'5.05"  3°29'6.63" 36°39'51.57° 3°28'1.48" 313 480 4407 382 8.66
05a  Carchuna(T)  09/03/2019  36°4021.57" 3°28'16.59"  36°40'42.01" 3°28'5.25" 227 283 715 3 0.42
05b  Carchuna(F)  09/03/2019  36°4042.01" 3°28'5.25" 36°40'47.01°  3°27'50.76" 120 150 552 12 23

11 Carchuna (F)  09/06/2019  36°40'10.58" 3°28'20.52°  36°40'33.27" 3°27'44.15" 107 307 1420 5 0.35
6 Carchuna (F)  09/03/2019  36°40'24.31° 3°2825.14°  36°40'31.15" 3°28'31.31" 140 260 374 7 1.87
10a  Carchuna(D)  09/05/2019  36°34'49.56° 3°27'50.61°  36°35'12.73 3°27'55.28" 624 649 878 1 0.1
10b  Carchuna(T)  09/05/2019  36°35'20.02° 3°27'56.12°  36°35'27.96" 3°27'57.24" 631 636 510 2 0.40
09 Carchuna (T)  09/05/2019  36°31'56.02" 3°29'6.19" 36°32'28.39" 3°29'15.70" 730 740 1016 3 0.30

The lowest average abundances of litter were found in the Motril and Calahonda canyons
(Figures 6.1B, and 6.2; Table 6.1). In the Motril Canyon, the litter density along the thalweg
was 0.12 items-100 m™. A higher litter density (0.52 items-100 m™) was observed along the
western flank of the canyon (Figure 6.3). Marine litter in the upper segment of the Motril
Canyon included plastics (60%), metals (6.67%), and unspecified items (33.33%) (Figures
6.2B and 6.3). The litter appeared dispersed, degraded and frequently broken, both in the
thalweg (Figure 6.4A) and the western flank.

In the Calahonda Canyon, litter density was higher along the thalweg (1.13 items-100 m™)
than in the eastern flank (0.19 items-100 m™) (Figure 6.3; Table 6.1). Marine litter in the
Calahonda Canyon was composed of plastics (almost 70%), metals, building material, and
unspecified items in the upper segment of the canyon (Figures 6.2C and 6.3). Marine litter
generally occurred as 2-5 item accumulations (Figure 6.4B) or dispersed along the thalweg
and eastern canyon flank. Marine litter on the seafloor was found degraded and partially

buried.

The highest litter abundance was detected in the Carchuna Canyon (Figures 6.2D and 6.3;
Table 6.1). Litter densities along the flanks of the upper segment varied between 0.35 and 2.3
items-100 m™. The highest litter density was detected along the thalweg in the upper canyon
with 8.66 items-100 m™. In contrast, the lowest densities of marine litter occurred in the lower
canyon up to 0.35 items-100 m™ in the thalweg and the lateral deposits (Figure 6.3). In the
Carchuna Canyon, marine litter was made up of plastics (almost 76%), metals, building
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material, rubber, and unspecified items (Figures 6.2D and 6.3). Plastic items mainly included
bottles, fishing nets, bags, sheets, and seedbeds (Figures 6.2D and 6.3). Marine litter on the
flanks was composed of plastics such as fishing nets (Figure 6.4C), and dispersed and
degraded building items (Figure 6.4D). In the lower canyon, marine litter was largely

composed of very degraded and buried plastic items.
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Figure 6.2. Litter composition in the three studied submarine canyons. Percentages of litter items are
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divided into five litter categories and six plastic subcategories as defined by the Guidance on
Monitoring of the Marine Litter in the Mediterranean Sea (European Commission of the European
Union, 2013): (A) studied submarine canyons; (B) upper segment of Motril Canyon; (C) upper
segment of Calahonda Canyon; (D) Carchuna Canyon; and (E) Carchuna Canyon accumulations. n:
total number of litter items counted.
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Figure 6.3. Spatial distribution and composition of marine litter along the canyon thalwegs and flanks
of the three studied submarine canyons. The size of the pie charts is proportional to the abundance of
litter (expressed as number of items-100 m™?). The maximum litter density (8.66 items-100 m™) was
found in the thalweg of the Carchuna Canyon. Bathymetric contours in meters.

In the Carchuna Canyon, marine litter mainly occurred as large accumulations or litter
hotspots of up to 6 m? (Accumulations 17, 18, and 20) in extent or containing up to 42
items-m (Accumulation 19) (Table 6.2) that alternate with isolated items (Figure 6.4E).
Three different types of accumulations were observed along the canyon thalweg: (1) marine
litter accumulated in smooth canyon floor depressions (Figure 6.4F); (2) marine litter
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accumulated by rocky floor blocking (Figure 6.4G); (3) marine litter accumulated by tangling
of fishing nets (Figure 6.4H). These accumulations were composed of plastics (70%), metals,
building material, and unspecified items (Figure 6.2E) and they were detected along the
canyon thalweg between 339-493 m water depths (Figure 6.5). Overall, the marine litter
accumulations appeared degraded and partially buried.
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Figure 6.4. Examples of litter items observed during ROV dives in the Motril, Calahonda, and
Carchuna canyons, and litter accumulations found in Dive 04 along the thalweg of the Carchuna
Canyon. Dive number, water depth and relative location within the canyons (T: canyon thalweg; F:
canyon flank) are indicated. (A) Plastic bag (arrow) on the thalweg of the Motril Canyon. (B) Two
concrete blocks used in longline fishing as weights, colonized by serpulid polychaetes and N. cochlear
aggregations, together with two P. bogaraveo individuals as well as a soda can and small plastic
fragments on the thalweg of the Calahonda Canyon. (C) A filled plastic bag (used as weight in
longline fishing) on rocks colonized by unidentified colonial scleractinians, serpulid polychaetes and
Ophiotrix sp., together with individuals of the black-spot seabream Pagellus bogaraveo (one of the
target species of longline fishing). (D) Two bricks colonized by serpulids on the eastern flank of the
Carchuna Canyon, with some fishes (Serranus cabrilla and Capros aper). (E) Sunbed over the seafloor
on the thalweg of the Carchuna Canyon. (F) Accumulation characterized by a large number of bottles.
(G) Accumulation composed of bottles, bags and fishing nets blocked behind a seafloor rocky outcrop.
(H) Accumulation with bricks, a broken sheet, various bags and bottles, fishing nets, a metal tube and
diverse plastic items, some of them colonized by N. cochlear, but also providing shelter to the greater
forkbeard Phycis blennoides and Munida sp. B: Burrows made by decapods; C: Caryophyllia sp.; Ca:
Capros aper; Mu: Munida sp.; Nc: Neopycnodonte cochlear; Op: Ophiothrix sp.; P: Pagellus
bogaraveo; S: Scleractinians; Sc: Serranus cabrilla; Se: Serpulid polychaetes.

<

<

Table 6.2.
Characterization of litter accumulations found in the Carchuna
Canyon in terms of extent, item density and number of items.

Accumulation  Size Density

number (m?%) (items-m?) ltems

i} 0.8 15 12

2 0.72 2.78 2

3 0.96 7.29 7

4 0.64 4.68 3

5 0.72 27.7 20

6 0.24 33.3 8

7 4 9.5 38

8 3 7.67 23

9 3 3.33 10

10 2.5 3,2 8

11 0.3 20 6

12 4.5 2.89 13

13 3.6 5 18

14 1 30 30

15 0.4 5 2

16 4 4.75 19 M A

17 6 217 13 Figure ’6,.5..Zc.>omcc_1-in bathymetric map .of the study

18 6 3.83 23 arca ( Ml,n,l,SlCHO.dC Pesca, Agrlcul}ura y
Alimentacion”, Spanish government) showing the

19 0.5 42 21 location of the litter accumulations found in the

20 6 6.67 40 Carchuna Canyon, Bathymetric contours in meters.
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6.1.3. Other seafloor bottom anthropogenic marks

Ten straight, regular, and continuous bottom trawling marks were detected on the seafloor of
the studied canyons: six in the Motril Canyon (370-180 m water depths), two in the Carchuna
Canyon (450-400 m water depths), and two in the Calahonda Canyon (290 m water depth)
(Supplementary Table S2). These marks were more frequent in the thalweg and the western
flank of the Motril Canyon, but they were also detected in the thalwegs of Calahonda and
Carchuna canyons (Figure 6.6A, B). Some bottom trawling marks exhibited a well-defined
groove having straight marks with an extensive and lateral continuous mound (Figure 6.6A).
In some places, irregular broken fragments of organisms were observed over the muddy
seafloor of the grooves (Figure 6.6A). Other mark types were smoother, comprising various
parallel lines with straight margins, which may correspond to marks of the weights attached to

the bottom part of the opening of bottom trawling nets (Figure 6.6B).

6.1.4. Anthropogenic activity regarding the main seafloor habitats

A total of 13 habitat types have been detected in the 11 ROV video dives, however, 6 of those
habitats may represent facies of the detected habitats but occur at different depths (e.g.,
Circalittoral and bathyal detritic bottom vs. Bathyal detritic bottom with bivalve and cold-
water coral remains) and sediment types (e.g., Bathyal muddy sand and sandy mud bottom
with burrowing megafauna vs. Bathyal sandy silt bottom with burrowing megafauna). The
detected habitats ranged from highly complex ones with a high biogenic component (e.g.,
Bathyal rocky bottom with scleractinians) to habitats with low complexity and low biogenic
component (e.g., Bathyal sandy mud bottom with burrowing megafauna) (Figures 6.6 and
6.7). Regarding the main habitats detected, the most common ones in the explored canyons
(based on their length along the analysed video transects) were: (1) bathyal muddy sand and
sandy mud bottom with burrowing megafauna (including the different facies) (Total Length =
8420 m, %Length of all habitats = 50.4%); (2) circalittoral and bathyal sandy silt bottoms
with alcyonaceans (mainly dominated by Alcyonum palmatum) (2964 m, 17.7%) (Figure
6.6C); (3) bathyal sandy silt bottoms with ceriantharians (1739 m, 10.4%) (Figure 6.6D); (4)
bathyal sandy mud and muddy sand with ceriantharians and Funiculina gquadrangularis
(mainly dominated by Cerianthus spp.) (1279 m, 7.7%) (Figure 6.6E); and (5) circalittoral
and bathyal detritic bottom (1154 m, 6.9%). Data on the length of the different habitats and

their facies as well as the percentage of the habitat length within each dive and submarine
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canyon are given in Figure 6.7, together with annotations of the main dominant taxa of each
habitat.

Dive 02 Motril (F) [F] Dive 07 Calahonda (T)

Dive 02 Motri (F)l m Dive 08 Calahonda (F)

Dive 10 Carchuna (F) ; Dive 06 Carchuna (f)
L 5 L % 3
A b »

Figure 6.6. Examples of seafloor trawling marks observed during ROV dives along the flank of the
Motril Canyon (A) and the thalweg of the Calahonda Canyon (B), and benthic and demersal fauna
detected in the Motril (C), Calahonda (D) and Carchuna (E-G) canyons. (A) Seafloor groove made by
the otter board of a bottom trawling gear with broken fragments (red arrow) and a lateral mound
(white arrow) on the western flank of the Motril Canyon. (B) Seafloor groove made by the otter board
of a bottom trawling gear on the thalweg of the Calahonda Canyon. The bottom trawling marks seen
on video footage collected by the ROV in the three submarine canyons is shown in Figure 6.9D. (C)
The soft octocoral Alcyonum palmatum. (D) Aggregation of the cerianthiid Cerianthus sp. (E) Muddy
bottoms with decapod burrows and the sea-pen Funiculina quadrangularis, with a detail of its polyps.
(F) The colonial scleractinian Dendrophyllia cornigera providing shelter to the ophiurid Ophiothrix
sp. (G) Aggregation of unidentified colonial scleractinians, together with solitary Caryophyllia sp. and
individuals of the echinoid Cidaris cidaris and the ophiuroid Ophiothrix sp. Legend: Ap: Alcyonum
palmatum; B: Burrows made by decapods; Ca: Caryophyllia sp.; Cc: Cidaris cidaris; Ce: Cerianthus
sp.; Dc: Dendrophyllia cornigera; Fq: Funiculina quadrangularis; Op: Ophiothrix sp.; PI: Plesionika
sp.; S: unidentified colonial scleractinians.
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Figure 6.7. Types and length (in ROV underwater image transects) of habitats detected along the
Motril (A), Calahonda (C), and Carchuna (E) canyons, with annotations of the dominant taxa and
mean water depth (blue dotted line) of each habitat. Litter density and types of litter and other
anthropogenic activity indicators along the Motril (B), Calahonda (D), and Carchuna (F) canyons is
also shown. Stars indicate the presence of seafloor marks from bottom trawling in a particular habitat.
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The habitats that displayed the highest average densities of anthropogenic activity indicators
when combining all density values obtained in the same habitat at different canyons and
sectors of the canyon (i.e., the 18 km of survey track) were (Figure 6.7): (1) bathyal detritic
bottoms (occurring at the head of the three canyons, ca. 100-200 m water depths) (average
2.14 items-100 m™), which mainly contained plastics and fishing nets; (2) bathyal sandy mud
and muddy sand bottoms with burrowing megafauna (generally in the thalwegs of the studied
canyons, ca. 200-500 m water depths) (2.13 items-100 m™) affected by plastics, bottom
trawling marks and fishing nets, among others; and (3) bathyal rocky bottoms with
scleractinians (western flank of the Carchuna Canyon head, 193-222 m water depths) (2.1
items-100 m™) that mainly contained bags (Figures 6.4C, 6.6F, G, and 6.7). In contrast, the
habitats that displayed the lowest average densities of anthropogenic activity indicators were
(Figure 6.7): (1) bathyal muddy sand and sandy mud bottoms with alcyonaceans (at the flanks
of the three canyons, 100-250 m water depths) (average 0.44 items-100 m™), mostly
containing plastics, bottom trawling marks, cables, and fishing nets; (2) bathyal sandy mud
and muddy sand bottoms with large echinoderms as well as bathyal sandy mud and muddy
sand bottoms with ceriantharians and Funiculina quadrangularis (deep part of the Carchuna
thalweg, 630-730 m water depths) (0.34 items-100 m™) mainly containing plastics; and (3)
bathyal sandy mud bottoms with ceriantharians (Motril and Calahonda canyon thalwegs, 273-
377 m water depths) (0.15 items-100 m™) with plastics and bottom trawling marks (Figures
6.4, 6.6, and 6.7).

6.1.5. Mapping of the coastal domain

Prevailing land uses along the coasts adjacent to the study area (approximate area of 8706 ha)
are agricultural (ca. 48%); farming (ca. 34%) and greenhouses (ca. 13%); scrubs and pastures
(ca. 25%); and urban (ca. 8%) (Figure 6.8A). Motril Town is located 2 km north of the
coastline, with a population density of 567.68 people-km? (“Instituto de Estadistica y
Cartografia de Andalucia, Junta de Andalucia”, regional government) and at least 83% of the
population residing in the town. Motril Town is surrounded by pastures, industrial

infrastructures and greenhouses and crops that extend up to the coastline.

The Motril Canyon head is located 2 km offshore the Port of Motril. The Carchuna Canyon
head is located off a small bay limited laterally by beaches, greenhouses and Torrenueva and
Carchuna towns. The Calahonda Canyon head is located 2.5 km off the beach of Calahonda

Town. The coastline close to the studied canyons is mainly composed of gravel beaches
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interrupted by the Port of Motril (200,000 m?) and its surrounding industrial area, some
greenhouses (mostly concentrated between Calahonda and Carchuna towns) and urban land
uses (Torrenueva, Carchuna and Calahonda towns). The population density in Torrenueva
Town is 432 people-km while Carchuna and Calahonda towns have lower densities (72 and
53 people-km2, respectively) (“Instituto de Estadistica y Cartografia de Andalucia, Junta de
Andalucia”, regional government). Urban land uses on the coastline are typical of a touristic

area, with summerhouses and various commercial uses, absorbing a duplication in population

during summer that causes a triplication of urban litter (Ayuntamiento de Motril. Medio
Ambiente Urbano, 2021).

D Beaches (Area: 93.44 ha; distance to the coastline: 0 m) - Forest (Area: 261.48 ha; distance to the coastline: 3600 m)

- Industrial infrastructures (Area: 214.85 ha; distance to the coastline: 120 m) - Wet areas (Area: 153.76 ha; distance to the coastline: 0 m)

- Roads (Area: 551.69 ha; distance to the coastline: 60 m) :] Scrubs and pastures (Area: 2142.76 ha; distance to the coastline: 20m)
I: Greenhouse (Area: 1170.83; distance to the coastline: 38 m) - Urban (Area: 716.91 ha; distance to the coastline: 20 m)

- Farming (Area: 2992.05 ha; distance to the coastline: 55 m) - Low coverage vegetation (Area: 418.87 ha; distance to the coastline: 0 m)

Figure 6.8. Depiction of coastal uses and maritime traffic in the study area. (A) Mapping of main land
uses in the adjacencies of the three studied submarine canyons (“Consejeria de Agricultura, Ganaderia,
Pesca y Desarrollo Sostenible, Junta de Andalucia”, regional government). The area and the minimum
distance to the coastline of each land use are shown in the legend. (B) Density (number of routes-0.08
km-2-y1) of maritime traffic in 2018 (www.marinetraffic.com) with the drawing axial channel of the
three studied submarine canyons. Bathymetric contours in meters.

6.1.6. Maritime traffic routes

The Port of Motril is an important commercial and fishing infrastructure offering freight and
passenger traffic between Spain and northern Africa. The port has four maritime connections
crossing the Alboran Sea (Figure 6.8B): (1) a south-southeast route that crosses the Carchuna
Canyon towards Melilla and Nador cities; (2) a south-west route that crosses the Motril
Canyon head towards the Port of Tanger Med; (3) a south-southwest route that crosses the
upper segment of the Motril Canyon towards the Port of Alhucemas; and (4) an east route that
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crosses the Carchuna Canyon head towards the Mediterranean Sea. Additional straight and
short routes with north-south and west-east orientations along the slope can be identified in

the study area.

6.1.7. Mapping of the fishing activity

The fishing fleet of Motril Port comprised ca. 53 fishing boats in 2019 (from the 640 fishing
boats operating in GSAL- Northern Alboran Sea fishing area). The main fishing fleets were
artisanal fishing boats (ca. 50%) using set gillnets, trammel nets and traps, followed by
bottom otter trawling (ca. 26%), purse seine (ca. 22%), and set longline (ca. 2%) fishing
boats. The spatial distribution of purse seine fishing, bottom trawling, and longline fishing
displayed contrasting patterns (Figure 6.9). Purse seine fishing was mainly detected on the
shelf outside the canyons (Figure 6.9A, B). Bottom trawling was higher in the shelf areas
affected by the submarine canyons and in the upper slope of the Motril and Calahonda
canyons (Figure 6.9C, D), where bottom trawling marks were identified (Figure 6.9D;
Supplementary Table S2). Longline fishing showed a very low number of records due to a
low number of boats and their highly seasonal trend (mainly in summer and autumn), but the

highest activity was detected on the shelf close to the Motril Canyon head (Figure 6.9E, F).

Gillnet fishing boats operated at 0-100 m water depths. Cadufo fishing boats generally
operated at ca. 50 m depth. Crab pot fishing boats operated in upper and middle slope areas
are different from those used by bottom trawling boats. Some of these areas could be located
within the submarine canyons, where large numbers of individuals of the main target species
—the deep-water pandalid shrimp Plesionika edwardsii— were detected in the underwater

images.
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Figure 6.9. Data from Vessel Monitoring System during 2018-2019 (“Ministerio de Pesca,
Agricultura y Alimentacion”, Spanish government). Spatial distribution of purse seine fishing fleets
(A), bottom trawling (C) and longline fishing (E). Fishing effort (in days-km-2) for purse seine fishing
(B), bottom trawling (D) and longline fishing (F). The bottom trawling marks seen on video footage
collected by the ROV in the three submarine canyons is shown (D). See Supplementary S2 to location
and depth of the bottom trawling marks and Figure 6.5A and B for examples of seafloor trawling
marks along the flank of the Motril Canyon and the thalweg of the Calahonda Canyon. OCW: Western
sector of the study area; M: Motril Canyon; CC: Carchuna Canyon; CH: Calahonda Canyon; OCE:
Eastern sector of the study area; E1: Shelf; E2: Outer shelf-uppermost slope; E3: Upper slope; E4:
Middle slope. Bathymetric contours in meters.

6.2. Discussion

6.2.1. Drivers of the litter abundance

In the study area of the Northern Alboran Sea, average values of marine litter density in the
Motril, Calahonda and Carchuna canyons (0.32, 0.66, and 1.8 items-100 m™, respectively) are
lower than most of the values found in Mediterranean canyons (Table 6.3), where noteworthy
amounts of marine litter have been reported, particularly as large accumulations or litter
hotspots along the thalwegs (e.g., Pham et al., 2014b; Tubau et al., 2015b; Pierdomenico et
al., 2020). The values of marine litter found in Italian, Calabrian and Sardinian canyons are
much higher than values found in Spanish and French canyons. Litter density values in the
studied canyons are in the range of the values found in the Portuguese canyons (0.083-3.31
items-100 m™*; Mordecai et al., 2011; Oliveira et al., 2015), French Atlantic canyons (0.32-
0.86 items-100 m™; van den Beld et al., 2017), and French Mediterranean canyons (0.5-1.3
items-100 m™*; Fabri et al., 2014) (Table 6.3). Within the study area, the upper segment of the
Carchuna Canyon displayed a relatively high litter density (8.6 items-100 m™), which is
similar to the values registered in the Cap de Creus Canyon off the Catalan coast (up to 8.6
items-100 m; Tubau et al., 2015b; Table 6.3).

The study area has a population density of up to 567 inhabitants-km2, and over 80% of the
population around the study area is located 2 km inshore from the coastline. Such population
density is low in comparison with other areas featuring submarine canyons close to the
coastline which exhibit higher densities of marine litter. For example, the heads of the Blanes,
La Fonera and Cap de Creus canyons are located on the Catalan margin with a coastal
population density of up to 1091 inhabitants-km, and exhibit marine litter densities of up to

18 items-100 m™ (Tubau et al., 2015b). As an extreme case, the Messina Strait and Gioia
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canyons have the highest densities of marine litter in the Mediterranean Sea (up to 56.3
items-100 m*; Pierdomenico et al., 2020; Table 6.3), and exhibit a coastal population density
of up to 800 inhabitants-km™. As high densities of marine litter generally display a strong
correlation with the proximity of canyon heads to densely populated coasts (Hernandez et al.,
2022; Taviani et al., 2023), we interpret that in the study area the relatively low amounts of
litter found in the studied canyons are primarily determined by low coastal population

densities.

Table 6.3.
Values of density of marine litter reported in linear measurements in different submarine canyons of the Atlantic
Ocean and the Mediterranean Sea.

Region f::;girine ltems-100m" ;}f)stic ;)i/os;wling related Z/Ieepatg \(/vr:)ter Reference
Motril 0.12-0.52 60 0 200 This study
Study area Calahonda 0.19-1.13 69.6 13:2 238 This study
Carchuna 0.11-8.66 75.7 15.9 396 This study
Lisbon 1.32 86 9 1602 Mordecai et al., 2011
Setubal 0.49 30 8.6 2194 Mordecai et al., 2011
Portugal coast Cascais 0.21 54 9 4574 Mordecai et al., 2011
Nazaré 0.083 25 37 3144 Mordecai et al., 2011
Sao Vicente 0.58-3.31 15.9 80.5 230 Oliveira et al., 2015
Gulf of Lion Grand Rhéne 0.5 25 20 345 Fabri et al., 2014
Ligurian Sea Toulon 1.3 10 5 412 Fabri et al., 2014
CapdeCreus  0.7-8.6 72.7 1.1 1210 Tubau et al., 2015b
Catalan coast | a Fonera 0.3-18 714 24 701 Tubau et al., 2015b
Blanes 0.2-1.6 78.1 3.1 1509 Tubau et al., 2015b
Cap Ferret 0.69" 65 25 1392 van den Beld et al., 2017
Bay of Biscay  Guilvec 0.32° 72 12 877 van den Beld et al., 2017
Belle-ile 0.86° 55 25 682 van den Beld et al., 2017
i Gioia 0.77-56.3 88 3 581 Pierdomenico et al., 2020
Petrace 3.94-419 80 0 612 Pierdomenico et al., 2020
Sardinia f:;;‘/g‘r:as 1.01-3.06 88 42 302 Cauetal, 2017a

*Percentage of litter related to fishing
"Abundance reported as linear measurement (items-100 m”) by Cau et al., 2017a

Another factor that needs to be considered in explaining marine litter densities is the
connectivity of submarine canyons to fluvial streams. The studied canyons are not directly
connected to fluvial systems, and the nearby creeks exhibit very reduced dimensions and
seasonal patterns (Liquete et al., 2005, 2009). In contrast, very high litter densities have been
registered in shelf- incised submarine canyons with heads connected to fluvial systems or with
subaerial streams, for example, up to 130 items-100 m™ in the Messina Strait canyons
(Pierdomenico et al., 2019a, b). Therefore, the relatively low litter densities detected in the
studied canyons are interpreted as the result of a combination of the low coastal population
densities and the lack of connection of canyon heads with major streams (Figure 6.2). These
regional conditions broadly resemble those of canyons located off the Catalan coast (Table
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6.3), which incise narrow shelves and generally have heads near the coast, where population
densities are relatively low and seasonally variable (Tubau et al., 2015b).

The proximity of the Carchuna Canyon head to the coastline (<200 m) implies that the litter
density in this canyon is considerably higher than in the Motril and Calahonda canyons,
located >2 km from the coastline. This observation agrees with reports from other
Mediterranean canyons, where the highest marine litter densities occur in shelf-incised
submarine canyons with canyons dissecting the entire shelf (e.g., Calabria coast;
Pierdomenico et al., 2020), or in shelf-incised canyons located in very narrow shelves (e.g.,
Sardinia western coast; Cau et al., 2017a). In contrast, the lowest values of marine litter
density occur in canyons incised in wide shelves and distant from the coastline (e.g., Gulf of
Lion; Fabri et al., 2014). Therefore, we also suggest that differences in marine litter densities
observed among the three studied submarine canyons should mainly reflect the distance

between canyon heads and the coastline.

6.2.2. Drivers of the litter distribution

The transport and/or accumulation of litter along submarine canyons is considered to be
determined by two major factors, downcanyon gravity flows (Dominguez-Carrid et al., 2020;
Angiolillo et al., 2021; Zhong and Peng, 2021), and canyon geomorphological settings
(Gerigny et al., 2019; Mecho et al., 2020; Pierdomenico et al., 2020).

The identification of litter hotspots along the upper segment of the Carchuna Canyon, the
identification of marine litter along the thalweg in the lowest segment, even at the termination
of the canyon (740 m water depth), and the occurrence of very fine sands in the lower
segment canyon floor, are regarded as compelling evidences of the occurrence of deep
transport by gravity flows along the Carchuna Canyon thalweg. Such sediment transport
pulses in this canyon may be driven by downslope bottom flows, described during easterlies
dominance (Serrano et al., 2020). Therefore, we consider that the Carchuna Canyon is an
active system —it acts preferentially as a conduit, favouring the transport of marine litter
from the deeply incised shelf (25 m water depth) to the termination of the channel in the
transition towards a distal lobular deposit (740 m water depth) (Figure 6.1). In contrast to the
Carchuna Canyon, evidences of gravity flow activity in the Motril and Calahonda canyons are
lacking. Instead, the low densities of mainly buried litter by muddy sediments in those

canyons can be interpreted as evidence that the canyons have behaved as sinks of marine litter
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along their thalweg and flanks, possibly because of their relatively high distance from the

coastline.

The geomorphological setting of the Carchuna Canyon seems also to have played a role in
litter transport and/or accumulation in two ways, inducing the generation of (1) the above-
mentioned gravity flows, and (2) litter accumulations along its course. On the one hand, the
fact that the canyon head is located very close to the coast has been previously related to
energy concentration in the canyon head due to coastal waves and storm focusing (Ortega-
Sanchez et al., 2014). Those processes have been observed in other canyon heads close to
coastlines, where they lead to increased shear stress that frequently mobilizes coarse-grained
sediments (Smith et al., 2018). A similar situation is plausible in the Carchuna Canyon head,
where energy concentration in the canyon head could erode proximal sandy infralittoral
prograding wedges (IPW) defined along the coastline, providing a coarse-grained sediment

source for the development of gravity flows.

On the other hand, litter hotspots are identified in the upper segment of the Carchuna Canyon
favoured by geomorphological features such as smooth seafloor depressions and rocky
outcrops blocking the thalweg (Figures 6.4F, H, and 6.5; Table 6.3). We consider that those
evidences indicate the generation of litter sinks in the Carchuna Canyon, as evidenced
elsewhere (Galgani et al., 1996, 2000; Watters et al., 2010; Miyake et al., 2011; Schlining et
al.,, 2013). In canyon depressions, litter accumulations result from changes in the
morphodynamic conditions of bottom currents (Carvajal et al., 2017; Zhong and Peng, 2021),
whereas rocky bottoms may act as obstacles to litter items carried by gravity flows (Galgani et
al., 2000; Watters et al., 2010; Schlining et al., 2013).

6.2.3. Litter origin: Coastal uses and marine activities
Coastal sources

Marine litter in the studied submarine canyons is overwhelmingly dominated by plastics,
accounting for 75% of the total litter (Figures 6.2 and 6.3). This value is similar to the plastic
percentages registered in most Mediterranean canyons (Table 6.3), and suggests a dominant
coastal origin (at least 50%) in the studied canyons. Of the different coastal uses in the study
area, the influence of coastal recreational uses linked to beaches and coastal urbanization
would appear to be outstanding. In fact, most of the coastal fringe at both sides of the

Carchuna Canyon head is delineated by several kilometers long beaches, such as Motril and
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Carchuna beaches (Figure 6.8A). Although these beaches are periodically cleaned, because
they are deemed suitable for tourism, abundant litter can be found on them (Godoy et al.,
2020; Martin-Lara et al., 2021; MITECO-DGCM, 2021). Therefore, deficiencies in waste
management in the beaches of the study area can increase the total amount of marine litter
that can be eventually trapped by the canyons. The fact that 35% of marine litter in the studied
canyons is made up of plastic bottles and bags constituted compelling evidence for coastal
recreational origin. Several metal items, including beverage and food cans, can also be

unequivocally attributed to beach occupation.

Almost 8% of marine litter in the study area consists of plastic sheets connected with remote
pieces of greenhouses infrastructures, and seedbeds derived from agricultural practices. Both
plastic types can be linked to the greenhouses and farming exploitations in the adjacent
coastal plain, the main land use in the coastal domain surrounding the beaches (ca. 48%).
Specifically, greenhouses are widespread in the backshore of Carchuna Beach, which is closer
to the Carchuna Canyon head, whereas greenhouses in the backshore of Motril Beach are
more scattered and they alternate with the farming land uses that are located backshore
between the Guadalfeo River and Torrenueva town (Figure 6.8A). This interpretation is
supported by several additional evidences that attest to the occurrence of litter derived from
agricultural practices on the northern coast of the Alboran Sea. For example, microplastics
found by Godoy et al. (2020) on the beaches of the coast of Granada are low-density
polyethylene, high-density polyethylene, polypropylene, and high-strength polystyrene, all
common plastic types used in agriculture. In addition, whales consuming greenhouse marine
litter items have been found off Almeria and Granada coasts, which are severely occupied by

the greenhouse industry (de Stephanis et al., 2013).

Finally, we consider that sporadic inputs of litter from creeks mainly draining farming areas
(Figure 6.8A) would provide marine litter from both urban and agriculture uses due to the
torrential behaviour of the ravines close to the Carchuna Canyon head (Liquete et al., 2005).
The coast of the Carchuna Canyon head is moreover affected by long-term erosion associated
with extreme events (Ortega-Sanchez et al., 2014) and by relatively high current velocity
values, causing high values of shear stress (Barcenas et al., 2011); both processes would
favour the transport of marine litter to the Carchuna Canyon head. In contrast, fluvial
influence should be minor in the Motril Canyon head, as this submarine feature is relatively
far (i.e., several kilometers) from the Guadalfeo River mouth; in any case, the lateral

redistribution of Guadalfeo River sediment plumes under westerlies dominance (Barcenas et
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al., 2011) could eventually lead to moderate amounts of marine litter from urban uses,

considering the occurrence of several urban areas in the vicinity of the Port of Motril.

Marine activities

Submarine canyons can also locally receive human discards from ships if they are located
along shipping routes (Stefatos et al., 1999; Wei et al., 2012; van den Beld et al., 2017
Morales-Caselles et al., 2021). In the study area, marine litter such as sunbeds and pipes
found in the upper segment of the Carchuna Canyon can be attributed to shipping traffic
because of the large size of these items and the fact that the canyon segment is crossed by a

south-southeast shipping route (Figure 6.8B).

The high number of unspecified items found in the Motril Canyon makes it difficult to discern
the origin of marine litter. However, the marine litter found in the upper segment of the Motril
Canyon coincides with a high concentration of maritime traffic owing to the proximity of the
Port of Motril and the junction of both south-west and south-southwest routes above the
canyon (Figure 6.8B). Considering the distance between the Motril Canyon and the coastline

(ca. 2 km), we infer that the marine litter in this canyon is mostly marine sourced.

Some evidence suggests the influence of fishing activities in the accumulation of marine litter
in the studied canyons, considering that other types of marine debris, such as fishing gear,
indicate an origin linked to marine extractive activities (Pham et al., 2014a; Vieira et al.,
2015; Hernandez et al., 2022). Indeed, nearly 16% of marine litter is related to fishing
activities in the study area, i.e., fishing nets and gear used by the artisanal fishing fleet. In
addition, rubber items related to the floating defence of fishing boats and building items that

are used as support for longline fishing can be found.

Fishing activity apparently produces a differential effect on the studied canyons, due to their
distinctive geomorphological and sedimentological characteristics. The upper and middle
segments of the Motril Canyon and the entire Calahonda Canyon contain smooth flanks and
muddy bottoms that favour fishing activities; this is reflected by abundant evidence of high
fishing efforts by bottom trawling, purse seine and longline fishing in those canyons (e.g.,
numerous marks by bottom trawling in the upper segment of the Motril Canyon; Figure 6.8A,
B, and 9D). However, in the Motril and Calahonda canyons, no marine litter derived from
fishing activities (e.g., fishing nets) was observed. This likely indicates an efficient sediment

burial and subsequent alteration in muddy environments. In contrast, fishing effort, especially
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bottom trawling, is lower in the Carchuna Canyon (Figure 6.9D) owing to the abrupt seafloor
morphology, featuring very steep flanks and the local occurrence of rocky outcrops. These
seafloor features might favour purse seine and longline fishing practices in the upper segment
of the Carchuna Canyon. This is reflected by abundant evidence of high fishing efforts of
purse seine and longline fishing (Figure 6.9B, F). In addition, it is evidenced by the high
number of fishing nets, with several building and rubber items related to the fishing activities,
found along both flanks and thalweg of the upper segment of the Carchuna Canyon (Figures
6.3 and 6.10). Indeed, the tangling of fishing nets along the canyon thalweg favours the
formation of litter hotspots (Figure 6.4H).

Carchuna Canyon
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Figure 6.10. Chart showing the ranges of fishing effort (days-km-2) for each of the Carchuna Canyon
sections (see Figure 6.8). Litter density (expressed as number of items-100 m™), and litter composition
(as pie charts) are also shown. T: canyon thalweg; F: canyon flank; D: lateral deposit.

6.2.4. Interactions of anthropogenic activity indicators with marine habitats and species

The interaction of anthropogenic activities with marine habitats, and especially with certain
species, may entail both positive and negative effects (Katsanevakis et al., 2007; Gregory,
2009; Browne et al., 2015; Deudero and Alomar, 2015). Such effects were identified in the
study area. Among the positive ones, some litter items provide a hard substrate and refuge for
specific sessile (e.g., the bivalve Neopycnodonte cochlear, hydrozoans) and mobile species
(e.g., the decapod Munida sp., the greater forkbeard Phycis blennoides) on the sedimentary
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bottoms of the studied canyons (Figure 6.3H). The role of some types of litter as artificial hard
substrates for sessile species is widely known —particularly floating objects that may act as
vectors of dispersion for some species, including indigenous invasive species (Thiel and
Gutow, 2005). Among the species settling and growing on these artificial substrates (e.g., N.
cochlear), some are generally considered ‘opportunistic’ and may represent pioneering
species in the colonization of new natural substrates in circalittoral and bathyal bottoms
(Sotomayor-Garcia et al., 2019). The provision of refuge made by litter for mobile species has
scarcely been investigated, although an increase in the total abundance and the number of
species in soft bottoms with litter has been linked to litter that created refuge or reproduction
sites for mobile species (Katsanevakis et al., 2007). In the submarine canyons studied here,
some large pieces of litter served as refuge for squat lobsters Munida spp. or the greater
forkbeard Phycis blennoides (Figure 6.4H). These species seem to benefit from the crevices
and complexity provided by litter items, because they play a role similar to that of isolated
rocks or coral rubble in sedimentary habitats (Uiblein et al., 2003; Poore et al., 2011; Rueda et
al., 2021). The use of litter as a refuge by squat lobsters could be related to the fact that they
commonly live in burrows or are associated with large sessile invertebrates, which would
influence their resistance to physical pressures and their protection against predation and/or
acquisition of food (Trenkel et al., 2007; Poore et al., 2011). In the case of the greater
forkbeard, large litter affords cavities for these active station holders with an effective
foraging strategy for capturing their main prey, such as epibenthic and benthopelagic
crustaceans (Du Buit, 1978; Mauchline and Gordon, 1984; Uiblein et al., 2003).

Negative effects of anthropogenic activities on the seabed are widely known, and may include
physical abrasion, damage, entanglement, and/or burial of sessile and mobile species,
chemical transfer (including microplastics) to organisms and the food chain, as well as
declines of important commercial stocks, among others (Gregory, 2009; Ramirez-Llodra et
al., 2011; Browne et al., 2015; Clark et al., 2016; Trestrail et al., 2020). Fishing activity in
submarine canyons was described as the main source of impacts on their seafloor and
associated biota, whether habitat-forming species or those with important economic value
(Puig et al., 2015; Cau et al., 2017b; Fernandez-Arcaya et al., 2017; Oberle et al., 2018; Giusti
et al., 2019; Paradis et al., 2021). Some of the indirect impacts from bottom trawling are
generally caused by the resuspension of shelf (and nearby) fine sediments during the trawling
operations and their deposition in the seabed of the underlying canyons, which may cause

siltation of some sessile habitat-forming species (Puig et al., 2012; Martin et al., 2014).
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Indeed, in the analyzed underwater images, some of these benthic species seemed to be silted
up in different parts of the canyon. In the present study, the largest average densities of
anthropogenic activity indicators were detected in some of the shallowest habitats, including
detritic bottoms and scleractinian aggregations (Figure 6.4C), considered vulnerable habitats
with high ecological importance (Bellan-Santini et al., 2007; Rueda et al., 2021). Detritic
bottoms host a biocoenosis of great diversity and abundance (Bellan-Santini et al., 2007,
Rueda et al., 2021). The biocoenosis is favoured by the mixture of different substrate types,
which enhances the substrate heterogeneity and the diversification of organisms and food
sources. Despite their unquestionable species richness, detritic bottoms do not benefit from
any kind of formal protection other than being included in marine protected areas designated
for other components. Perspectives for specific protection are scant because these bottoms are

a major target for trawling and because they can be very extensive (Figure 6.6A, B).

Meanwhile, scleractinian aggregations in hard substrates correspond to Habitat 1170 “Reefs”
from the EU Habitat Directive (92/43/EEC), and this study detected them in the western wall
of the Carchuna Canyon head, together with a high number of cloth bags and lines generally
used in local longline fisheries (Figure 6.4C). Interaction of longline fishing with benthic
fauna can be very localized to specific areas but still can cause a severe impact on slow-
growing species that provide a high three-dimensional complexity (e.g., aggregations of
colonial scleractinians) (Fabri et al., 2014; Tubau et al., 2015b; Ragnarsson et al., 2017).
Longline fishing might alter the seabed to a lesser extent than bottom trawling, in view of its
much narrower bottom mark (Pham et al., 2014a; Fabri et al., 2022). A negative impact may
stem from the cloth bags filled with sediments or stones used as weights for the longline
fisheries, and which, together with the lines, can easily break the skeletons of the
scleractinians, inducing the decline and final loss of the habitat they conform (Fossa et al.,
2002; Clark et al., 2016). In this sense, urgent protection measures are needed to preserve this
vulnerable habitat structured by colonial scleractinians in the studied submarine canyons.
Finally, it is important to mention that this study did not provide information on the potential
ingestion of microplastics by the detected taxa. It is known that microplastic ingestion in
some organisms (e.g., invertebrates) reduces somatic and reproductive growth (Trestrail et al.,
2020). Considering this, further studies should provide information on those taxa that may
contain high rates of microplastics in their bodies as well as on the potential negative effects

on them.
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6.3. Conclusions

The detailed analysis of the origin and driving mechanisms of marine litter density and
distribution and of the interactions between anthropogenic impacts and marine habitats and
species, in this case in the Motril, Carchuna, and Calahonda canyons (northern margin of the
Alboran Sea), stands as a contribution to cataloguing marine litter in submarine canyons
worldwide, and to understanding the role of submarine canyons as conduits or sinks for litter,

with its subsequent impact on benthic habitats. The main conclusions of this study are:

1. The Motril, Calahonda and Carchuna canyons exhibit low litter densities in comparison
with other submarine canyons located in the Mediterranean Sea, due to the combination of
relatively low coastal population densities and the lack of connection of canyon heads to
major streams. The proximity of the Carchuna Canyon head (<200 m) to the coastline implies
that the litter density in this canyon is considerably higher than in the Motril and Calahonda
canyons, at longer distances from the coast.

2. The Motril and Calahonda canyons can be considered passive systems that have acted as
mainly depositional sinks in the recent past, as evidenced by the occurrence of buried marine
litter and mostly muddy sediments on the canyon floors. In contrast, the high shelf incision of
the Carchuna Canyon and its proximity to the coastline favour the capture of littoral sediment
transport, and the formation of gravity flows that transport the marine litter downslope,
evidenced by marine litter along the thalweg (up to the termination of the canyon; 740 m
water depth) and the occurrence of very fine sand in the lower segment; litter hotspots are

favoured by the canyon morphology and the occurrence of rocky outcrops.

3. The main sources of marine litter in the study area (at least 35%) can be traced to coastal
recreational uses, such as beaches and coastal urbanization as well as the pressure from
tourism. Another coastal origin of the marine litter in the study area could be linked to
agricultural practices (at least 8%) that is the main land use in the study area and characterized
by greenhouse exploitation in the adjacent coastal plain. A third origin is related to fishing
techniques and litter discards from ships. The Motril and Calahonda canyons have smooth
flanks and muddy bottoms that favour fishing activities, as opposed to the Carchuna Canyon,

having an abrupt seafloor morphology.

4. In the studied canyons, some large pieces of litter are used as refuges by some species
against predation and/or for food acquisition. In contrast, fishing activity involving the use of

cloth bags, gears, and lines may be producing an impact through entanglement and physical

139



Chapter 6. Origin and driving mechanisms of marine litter in the shelf-incised submarine canyons

damage to erect benthic fauna, including some aggregations of colonial scleractinians on the
walls of the Carchuna Canyon.
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Part 3 The role of margin-incising submarine canyon geomorphological characteristics

7.1. Sedimentary activity in shelf-incised versus blind submarine canyons

Sequence stratigraphic schemes were initially based on the assumption that canyons were
preferentially active during sea-level lowstands, when the continental margins were
subaerially exposed (Mitchum, 1985; Vail, 1987; Posamentier and Vail, 1988). In contrast,
submarine canyons were considered largely inactive during sea-level highstands. However,
contrary to sequence stratigraphy models, sediment gravity flows in canyon systems have
been documented during sea-level highstands in various modern turbidite systems
(Khripounoff et al., 2003; Carvajal and Steel, 2006; Covault et al., 2007; Normark et al.,
20093, b; Fisher et al., 2021; Chiang and Yu, 2022; Tarrés et al., 2022). Factors that control
the different sedimentary activity in submarine canyons during highstands include the
geodynamic setting, the location of canyon heads with regard to sediment entry points, and
the margin width (Covault et al., 2007; Bernhardt et al., 2015; Fisher et al., 2021; Susanth et
al., 2021). These factors are responsible for the significant differences in sedimentary activity

between blind and shelf-incised canyons.

In blind canyons, margin oceanographic conditions play a key role in transferring fine-grained
sediments to canyon heads; particularly, the interaction between longshore and cross-margin
currents determines downslope sediment delivery and the degree of canyon activity during
sea-level highstands (Figure 7.1A) (Boyd et al., 2008; Dalla Valle and Gamberi, 2011;
Hansen et al., 2017; Yin et al., 2019; Gamberi, 2020; Fisher et al., 2021; Post et al., 2022).
Blind canyons located distant from coastlines may also contain litter hotspots derived from
human discards from ships (Wei et al., 2012; Quattrini et al., 2015; van den Beld et al., 2017;
Mecho et al., 2020; Pierdomenico et al., 2023).

In shelf-incised canyons, key controls affecting sediment delivery to the deep basin are: (1)
tectono-morphologic factors, such as continental margin width or the existence of direct
connections between canyon heads and river systems; (2) climatic factors, such as inflow of
subglacial meltwater or intense river floods; and (3) oceanographic regimes, such as the
influence of longshore currents or dense water cascading (Figure 7.1) (Walsh and Nittrouer,
2003; Romans et al., 2009; Covault and Graham, 2010; Covault et al., 2010; Puig et al., 2014;
Bernhardt et al., 2015; Sweet and Blum, 2016; Gamberi et al., 2017). These factors together
with the density of coastal populations, fishing practices, and other maritime activities affect
the amount of litter supplied to the heads of shelf-incised canyons (Figure 7.1) (Hernandez et
al., 2022; Cerrillo-Escoriza et al., 2022; Pierdomenico et al., 2023).

143



Chapter 7. General discussion

Wide margin

Rlver assoclated
I —

a:?’

-~

- Slment waves

Groov

Marine litter origin
## Coastal

i Marine activities

Narrow margin

Hyperpycnal Rlver
flow influence
Sedlment
failures River inf zuence

A )

g
/

s
[Scours |

A==

Figure 7.1. Sketches showing the relation between oceanographic and sedimentary transport processes
in blind and shelf-incised canyons in wide (A) and narrow (B) margins. The major sources and sinks
of marine litter are also shown. In wide margins (A), shelf-incised canyons are mantled by fine-
grained sediments and exhibit low sedimentary activity. The main sediment transport processes that
occur in shelf-incised canyons in wide margins are linked to river mouths and oceanographic
processes, such as dense water cascading, margin currents, and internal tides. These sedimentary
processes are reflected in bedform development (i.e., mainly sediment waves), and in a low abundance
of transported marine litter. In contrast, in narrow margins (B), the grade of incision of canyon heads
is a key factor controlling the sedimentary activity of shelf-incised canyons. Canyon heads deeply
incised in the margin can channelize river-borne, coarse-grained hyperpycnal turbidity currents, or
capture littoral drift driven by longshore currents, eventually triggering downcanyon turbidity currents.
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Figure 7.1. (Continuation) These coarse-grained turbidity currents favor the formation of crescent-
shaped bedforms (CSBs) along the axial channel and recurrent spillovers in the lower reaches. The
erosion in the canyon head by turbidity currents triggers sediment failures in the canyon flanks and
favors the headward erosion towards the coastline. Canyon heads deeply incised in the margin favor
the capture of marine litter of coastal origin. In contrast, canyon heads incised in the shelf edge and
located at remote locations show poor efficiency in capturing coarse-grained sediments, but they
effectively trap fine-grained sediments. In addition, canyon heads incised in the shelf edge may
contain marine litter derived from maritime activities.

7.2. Importance of margin physiography on sedimentary activity in shelf-

incised submarine canyons

Several studies have demonstrated that shelf-incised canyons that show evidence of recent
activity are characterized by coarse-grained sediments and remain connected to the shoreline
if margins are steep and narrow (<10 km) (Gamberi, 2020; Bernhardt and Schwanghart,
2021). Canyons incised in narrow margins preferentially occur in tectonically active regions
underlain by resistant bedrock (Figure 7.1B) (Covault et al.,, 2011; Bernhardt and
Schwanghart, 2021; Soutter et al., 2021) and exhibit concave downslope profiles (Mitchell,
2005; Gerber et al., 2009; Kertznus and Kneller, 2009; Covault et al., 2011; Amblas et al.,
2012; Soutter et al., 2021). The Motril and Carchuna canyons (Figure 4.3) can be considered
as representative examples, characterized by the modification of original slope profiles by
erosional processes in the canyon heads and deposition of transported material at the distal

termination of the channels (Cerrillo-Escoriza et al., 2024).

In contrast, canyons incised in wide margins are generally inactive and characterized by
muddy sediments due to the remote location of canyon heads in relation with sediment
sources (Harris and Whiteway, 2011; Sweet and Blum, 2016). They occur preferentially on
passive margins (Figure 7.1A) (Covault et al., 2011) and are characterized by concave
downslope profiles (Covault et al., 2011; Soutter et al., 2021) due to sediment supply
exceeding the capacity of subaqueous currents to transport sediments downslope, or to
hemipelagic sedimentation exceeding the rates at which subaqueous currents can erode
(Gerber et al., 2009; Amblas et al., 2012; Soutter et al., 2021). Although the distance from
canyon heads to the shoreline primarily controls sediment caliber and fluxes transported to
deep water, the sedimentary activity in shelf-incised canyons is mainly controlled by the

relation between canyon heads and oceanographic and sedimentological processes.

145



Chapter 7. General discussion

7.2.1. Main sedimentary processes in canyons incised in narrow and wide margins

Sedimentary activity in shelf-incised canyons has been mainly observed along narrow
margins due to the proximity of canyon heads to nearby coastlines, the interaction with main
sedimentary sources, and the high gradients that exhibit those submarine systems.
Oceanographic processes, including enhanced bottom currents and sediment resuspension by
storm waves (Canals et al., 2006; Xu et al., 2011, Mulder et al., 2012; Kane et al., 2020;
Pearman et al., 2020), and sedimentary processes, including sediment gravity flows triggered
by mass-failures along canyon walls (Paull et al., 2010) and hyperpycnal flows during pulses
of river discharge or ice melting (Mulder et al., 2003; Khripounoff et al., 2012; Hizzett et al.,
2018; Talling et al., 2022), favor downcanyon sediment remobilization toward deep-sea areas

in narrow margins (Piper and Normark, 2009; Paull et al., 2010; Xu et al., 2010).

In contrast, canyons incised in wide margins may exhibit sedimentary activity depending on:
(1) the existence of a connection between the canyon head and river mouths; and (2) the
interaction between the canyon head and oceanographic processes (Figure 7.1A). There are a
few canyons incised in wide margins that cross the margin and are connected to river mouths;
these canyons show recent sedimentary activity from the canyon head to the deep basin
(Figure 7.1A). For example, the Zaire Canyon in the Gulf of Guinea incises the margin for
more than 200 km (Babonneau et al., 2002, 2004; Khripounoff et al., 2003; Migeon et al.,
2004; Andrieux et al., 2013; Talling et al., 2022); the Setubal and Lisbon canyons in the
western Iberian margin, and the Monterey Canyon, offshore California, incise the margin for
more than 30 km (Arzola et al., 2008; Lastras et al., 2009; de Stigter et al., 2011; Maier et al.,
2018, 2019).

Other canyons that incise wide margins and are located remote to the coastline (ca. 10-60 km)
exhibit recent sedimentary activity conditioned by fine-grained sediment supplied by river
mouths (Figure 7.1A) (e.g., the Indus Canyon, Clift et al., 2014; the “Swatch of No Ground”
Canyon, Rogers et al., 2015; the Eel Canyon, Paull et al., 2014). The rest of shelf-incised
canyons occurring in wide margins remote to the coastline (70-300 km) are considered
inactive systems with very low rates of clastic fluxes, even if located in front of relatively
large fluvial systems (e.g., Danube Canyon, Popescu et al., 2015; Amazon Canyon, Normark
etal., 1997).

Additionally, there are canyons incising wide margins that are influenced by oceanographic

processes which are able to generate sediment resuspension which is ultimately conducive to
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deep-sea sediment transfer (Figure 7.1A). These oceanographic processes include: (1) capture
of surface currents that transport water masses by canyon heads, as in the Perth Canyon,
southwestern Australian margin (Rennie et al., 2009a, b; Wijeratne et al., 2018); (2) dense-
water cascading events, as in the Cap de Creus, Plainer, and Lacaze-Duthiers canyons in the
Gulf of Lion (Palanques et al. 2006, 2008; Bonnin et al. 2008; Fabres et al. 2008; Puig et al.,
2008; Ribo et al., 2011) or the Adriatic Pit and Bari Canyon in the Adriatic Sea (Trincardi et
al. 2007; Turchetto et al. 2007); (3) internal tides, as in the Logan and Gully canyons in the
Scotian Slope (Li et al., 2019; Normandeau et al., 2023), or in the Whittard Canyon in the
Celtic Margin (Amaro et al., 2016; Heijnen et al., 2022); (4) storm events, as in the Logan
Canyon (Mosher et al., 2004; Li et al., 2019; Normandeau et al., 2023), or in the Nazaré and
Capreton canyons, deeply incised in the Iberian Atlantic margin (Vitorino et al., 2005;
Oliveira et al., 2007; Martin et al., 2011; Masson et al., 2011; Mazieres et al., 2014; Allin et
al., 2016; Gémez-Ballesteros et al., 2022); (5) capture of littoral cells, as in the Monterey
Canyon, deeply incised in the margin offshore California (Xu et al., 2014; Maier et al., 2019).

7.2.2. Development of bedforms in shelf-incised canyons along narrow versus wide

margins

The development of bedforms along shelf-incised canyons reflects the recurrent passage of
turbidity currents and is indicative of recent canyon sedimentary activity (Peakall et al., 2000;
Fildani et al., 2006; Kostic, 2011; Covault et al., 2014, 2017). Bedform development may
occur in canyons incising narrow and wide margins, but they exhibit sedimentary and
geomorphic differences in the bedforms located in axial channels (confined bedforms) and

overbank deposits (unconfined bedforms) (Figure 7.1).

7.2.2.1. Confined bedforms in shelf-incised canyons in narrow versus wide margins

Bedforms hosted in canyons incised in narrow margins are coarse-grained, crescentic-shaped
(CSBs) and usually confined along axial channels (Figure 7.1B) (e.g., Smith et al., 2005,
2007; Xu et al., 2008; Kostic, 2011; Paull et al., 2011, 2013; Babonneau et al., 2013; Covault
et al., 2014; Maziéres et al., 2014; Tubau et al., 2015a; Sun et al., 2023). The formation of
CSBs as a result of the combined effects of erosional and depositional processes is due to
short-lived, high-energy turbidity flow events (Smith et al., 2005; Xu et al., 2008; Paull et al.,

2010; Babonneau et al., 2013). The proximity of canyon heads to adjacent coastlines favors
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the capture of coarse-grained sediments derived from river mouths (e.g., Var Canyon, Mas et
al., 2010; Migeon et al., 2001, 2006; Pointe-des-Monts Canyon, Normandeau et al., 2014,
2022), fjord-deltas (e.g., Squamish Delta, Hage et al., 2018; Stacey et al., 2019), or longshore
drifts (e.g., Gioia Canyon, Bosman et al., 2017). Ultimately, those processes are able to

generate downcanyon turbidity flows and the formation of CSBs.

In contrast, canyons incising wide margins usually exhibit fine-grained, small-scale (<5 m)
sediment waves, especially in the axial channel of canyon heads (e.g., internal tide currents,
Lo lacono et al., 2020; Normandeau et al., 2014, 2023). Canyons incising wide margins do
not usually exhibit confined CSBs because of their low gradients and fine-grained sediment
composition (e.g., Lamb et al., 2008; Lastras et al., 2009). The development of confined CSBs
in canyons incising wide margins is restricted to the upper reaches of narrow and steep
canyons (Figure 7.1A) with canyon heads connected directly to river mouths (e.g., Biobio
Canyon, Bernhardt et al., 2015) or associated with large rivers (e.g., South Taiwan Shoal and
West Penghu canyons, Zhong et al., 2015; Zhang et al., 2022; Sun et al., 2023); canyon heads
influenced by internal tides and sediment advection during storms (e.g., Scotian Slope, Wynn
et al., 2002a; Normandeau et al., 2023); or canyon heads deeply incised in the shelf that
capture coastal sediments which are transported downcanyon (e.g., Monterey Canyon, Smith
et al., 2005, 2007; Paull et al., 2011).

7.2.2.2. Unconfined bedforms in shelf-incised canyons in narrow versus wide margins

The lower reaches of canyons incised in narrow margins exhibit numerous overbank sediment
wave fields due to the recurrent passage of spillover flows (Figure 7.1B) (e.g., Kaikoura
Canyon, Tek et al., 2022; Var Canyon, Mas et al., 2010). In addition, coarse-grained confined
flows can spillover in channel bends due to high-flow velocities and are able to develop linear
depressions or scour trains over overbank deposits, such as in the La Jolla Canyon (offshore

California, Paull et al., 2013) or the studied Carchuna Canyon.

The development of sediment waves in unconfined settings of canyons incising wide margins
is common, even where no bedforms occur in the confined setting (Figure 7.1A) (e.g., Nazaré,
Setlbal, and Lisbon canyons, Arzola et al., 2008, Lastras et al., 2009; Zaire Canyon, Migeon
et al., 2004; Vangriesheim et al., 2009). The occurrence of sediment waves evidence that
channelized fine-grained turbidity currents can generate spillovers in the canyon lower

reaches. In contrast, few canyons incised in wide margins exhibit net-erosional bedforms (e.g.
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scours) over overbank deposits (e.g., Monterey Canyon, Fildani et al., 2006; or Eel Canyon,
Lamb et al., 2008).

7.2.3. Abundance, origin, and distribution of marine litter in shelf-incised canyons in

narrow versus wide margins

The comparison between studies of abundance, distribution, and origin of marine litter is
hindered by the uneven geographical distribution of marine litter, sampling efforts and
bathymetric ranges of studied canyons, and the general lack of standardization of data
collection and reporting in the literature (Canals et al.,, 2021; Hernandez et al., 2022;
Pierdomenico et al., 2023). The abundance, origin, and distribution of marine litter in shelf-
incised canyons may differ due to the combined influence of anthropogenic,
geomorphological and physical factors (Galgani et al., 2022), with spatial densities spanning
several orders of magnitude between different shelf-incised canyons (Hernandez et al., 2022;
Pierdomenico et al., 2023).

7.2.3.1. Abundance of marine litter in shelf-incised canyons in narrow versus wide margins

The abundance of marine litter is considerably higher in canyons incising narrow margins that
in wide margins, as evidenced by recent abundance comparison studies (Hernandez et al.,
2022; Pierdomenico et al., 2023; Taviani et al., 2023). Canyons incised in narrow margins,
such as the North Pacific and Mediterranean canyons, contain >11 orders of litter density
magnitude than North Atlantic shelf-incised canyons, which are mostly incised in wide
margins (Hernandez et al., 2022). This difference in marine litter density is also evident
within the North Pacific and Mediterranean canyon populations; there, canyons incising wide
margins exhibit lower densities of marine litter. For example, shelf-incised canyons of the
middle Gulf of Lion located >50 km from the coastline, contain up to 85 items-km2; in
contrast, the canyons located in the western part of the Gulf of Lion and the nearby Catalan
canyons, located up to 3 km from the coastline, where densities up to 25,990 items-km have
been reported (Tubau et al., 2015b; Dominguez-Carrio, 2018; Gerigny et al., 2019; Hernandez
et al., 2022; Pierdomenico et al., 2023; Taviani et al., 2023). Therefore, the proximity of
canyon heads to coastlines is a key factor controlling the abundance of marine litter in shelf-

incised canyons. Rarely, there are some canyons incising wide margins that exhibit large
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densities of marine litter, such as the SY82 Canyon located ca. 150 km from the coastline in
the southern China Sea with >50,000 items-km (Peng et al., 2019).

The proximity of shelf-incised canyons to densely populated areas can substantially increase
the amount of marine litter, as evidenced in French canyons incised in the narrow margin of
the Ligurian Sea (e.g., Paillon Canyon with ca. >8 items-100 m™, Galgani et al., 1996), the
Catalan canyons incised in a wide margin (e.g., >8 items-100 m™, Tubau et al., 2015b), or the
Messina Strait canyons, Tyrrhenian Sea, where up to 1.3 million items-km™ have been
reported (Pierdomenico et al., 2019a), representing the most litter-affected deep-marine
environment recorded worldwide. The impact of population density is clearly observed in the
Lisbon Canyon, close to a large population center (1.32 items-100 m™, Mordecai et al., 2011),
compared with the nearby Sétubal and Cascais canyons (0.49 items-100 m™*, Mordecai et al.,
2011).

7.2.3.2. Origins of marine litter along shelf-incised canyons in narrow versus wide margins

The main factors that can determine the connectivity of shelf-incised canyons to the sources
of marine litter are mainly river systems and human activity in the marine realm (e.g., Pham
et al., 2014a; Vieira et al., 2015; Alves et al., 2021; Morales-Caselles et al., 2021).

Coastal origins

Canyons incising narrow margins host marine litter from land due to the proximity of canyon
heads to the coastlines (e.g., Gioia Canyon, Pierdomenico et al., 2020; Carchuna Canyon,
Cerrillo-Escoriza et al., 2023), particularly in river-supplied canyon heads (Figure 7.1B) (e.g.,
Messina Strait canyons, Pierdomenico et al., 2019a; Ligurian Sea canyons, Galgani et al.,
1996; Gisuti et al., 2019; Angiolillo et al., 2021). Plastics are the most common type of
marine litter derived from land, mainly from river mouths, although other litter types such as
metal items can also suggest a river source (Alves et al., 2021; Morales-Caselles et al., 2021).
In addition, plastics from coastal recreational activities linked to beaches and coastal
settlements, as well as to agricultural practices, can be supplied more easily to the coast and

potentially be captured by canyon heads (Cerrillo-Escoriza et al., 2023).

In some canyons incised in wide margins, relatively large abundances of coastal litter may
occur if canyon heads are connected to rivers. For example, high plastic concentrations have

been found in the Setubal, Cascais and Lisbon canyons, which cross the entire western Iberian
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margin and are connected to the Tajo and Sado river mouths (Lastras et al., 2009; Mordecai et
al., 2011). Other canyon heads located remotely from the coastline but influenced by large
rivers exhibit high percentages of plastic items of coastal origin (van den Beld et al., 2017).
For example, the Belle-ile and Arcachon canyons in the Bay of Biscay with canyon heads
located up to 180 km from the coastline and influenced by the Loire and Gironde rivers,
respectively (Galgani et al., 1996). In the Gulf of Lion, the high amount of plastics found in
the Rhone fan, at 2200 m water depth more than 150 km away from the river mouth, suggests

a highly efficient seaward litter transfer (Galgani et al., 2000).

Marine origins

Marine litter linked to maritime activities is ancillary in canyons incising narrow margins
(Figure 7.1B), such as the Ligurian Sea (Angiolillo et al., 2021), Alboran Sea (Cerrillo-
Escoriza et al., 2023), and Tyrrhenian Sea canyons (Pierdomenico et al., 2020). In contrast,
canyons incising wide margins mainly contain marine litter from maritime activities (Figure
7.1A), such as fishing-related items. This is the case of most of the canyons of the Bay of
Biscay (van den Beld et al., 2017), the Bremer Canyon in southwestern Australia (Taviani et
al., 2023), the Séo Vicente and Nazaré canyons in western Portugal (Mordecai et al., 2011;
Oliveira et al., 2015), and the Norfolk and Baltimore canyons in the northwestern Atlantic
margin (Quattrini et al., 2015; Jones et al., 2022). In addition, the fact that there is a high
abundance of marine litter from fishing activities in canyons incising wide margins also
suggests low sedimentary activities, considering that fishing-related marine litter in shelf-

incised canyons has relatively lower mobility than plastic items (Pierdomenico et al., 2023).

Other sources of marine litter in wide margin canyons include items discarded from ships,
such as glass, clinker, and large metal objects (e.g., Stefatos et al., 1999; Wei et al., 2012;
Ramirez-Llodra et al., 2013; van den Beld et al., 2017; Morales-Caselles et al., 2021), and
large metal objects derived from naval bases or accumulated in military dumping sites, e.g., in
the Gulf of Lion canyons (Fabri et al., 2014; Gerigny et al., 2019) or in the Perth Canyon in

southwestern Australia (Taviani et al., 2023).

7.2.3.3. Litter distribution within shelf-incised canyons in narrow versus wide margins

Marine litter can be remobilized and redistributed downcanyon toward deep-sea areas by a

variety of oceanographic and sedimentary processes (Schlining et al., 2013; Tubau et al.,
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2015b; Pierdomenico et al., 2019a, b, 2020; Dominguez-Carri6 et al., 2020; Angiolillo et al.,
2021; Zhong and Peng, 2021). In addition, geomorphological features along canyon courses
can be responsible for the uneven distribution of litter among and within individual canyons
(Galgani et al., 1996; Tubau et al., 2015b; Gerigny et al., 2019; Mecho et al., 2020;
Pierdomenico et al., 2020).

Overall, canyons incised in narrow margins are characterized by high flow velocities and
transport capacity, where turbidity currents are able to redistribute significant amounts of
litter downcanyon (Pierdomenico et al., 2023). As a consequence, large marine litter
accumulations have been found in several canyons (Figure 7.1B), such as the Messina Strait
canyons (Pierdomenico et al., 2019a), the Monaco Canyon (Angiolillo et al., 2021), or the
Carchuna Canyon (Cerrillo-Escoriza et al., 2023). In canyons incised in narrow margins,
geomorphological features such as seafloor depressions and rocky outcrops can favor the
accumulation of marine litter (Pierdomenico et al., 2019a, b; Angiolillo et al., 2021; Zhong
and Peng, 2021; Cerrillo-Escoriza et al., 2023). This is due to their usually abrupt seafloor
morphology, with very steep flanks and local occurrence of rocky outcrops (Galgani et al.,
1996; Tubau et al., 2015b; Pierdomenico et al., 2019a, b, 2020; Angiolillo et al., 2021,
Cerrillo-Escoriza et al., 2023). This geomorphological setting also favors the formation of
marine litter hotspots along the thalwegs (e.g., Pierdomenico et al., 2019a; Angiolillo et al.,
2021; Cerrillo-Escoriza et al., 2023) and the entanglement of fishing-related debris in canyon
flanks (e.g., Watters et al., 2010; Oliveira et al., 2015; Cau et al., 2017a; Enrichetti et al.,
2020; Cerrillo-Escoriza et al., 2023).

In contrast, marine litter is more scattered in canyons incising wide margins (Figure 7.1A),
such as the canyons in the Bay of Biscay (van den Beld et al., 2017), the Gulf of Lion (Fabri
et al., 2014), western Portugal (Mordecai et al., 2011; Oliveira et al., 2015), southwestern
Australia (Taviani et al., 2023), and the northwestern Atlantic Ocean (Quattrini et al., 2015;
Jones et al., 2022). Rarely, canyons incising wide margins exhibit high accumulations of
marine litter in the middle and lower reaches of these systems, such as the SY82 Canyon (ca.
1900 m water depth, Zhong and Peng, 2021), the Rhéne deep-sea fan (ca. 2200 m water
depth, Galgani et al., 2000), or between 2000 and 4000 m water depths in the Monterey
Canyon (Schlining et al., 2013), evidencing that marine litter is also remobilized downcanyon
by turbidity flows (Pierdomenico et al., 2019a, b, 2023; Zhong and Peng, 2021).
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7.3. Sedimentary processes of shelf-incised canyons in narrow margins

The high sedimentary activity of shelf-incised canyons in narrow margins is evidenced by the
interaction of canyon heads with the main sedimentary sources, the development of CSBs in
axial channels, and the high abundance of marine litter accumulated in hotspots. However, the
different sedimentary activities between nearby canyons highlight the role played by the
degree of incision and the connection of canyon heads with sediment sources in narrow
margins (Mulder and Alexander, 2001; Parson et al., 2007; Piper and Normark, 2009; Talling
et al., 2012, 2014) (Figure 7.1B), as shown in the studied Motril and Carchuna canyons
(Cerrillo-Escoriza et al., 2024). The Carchuna Canyon, deeply incised in ca. 3.5 km wide
margin, exhibits recent sedimentary activity, whereas the Motril Canyon, incising the shelf
edge, acts as a passive system that accumulates sediments. These differences have also been
observed in other narrow margins, mainly offshore California and in several places in the
Mediterranean Sea (Figure 7.2; Table 7.1).

7.3.1. Relationship between the degree of canyon incision and turbidity current initiation

Turbidity currents tend to be initiated in canyon heads due to their proximity to sediment
sources and high slope gradients (Normark and Piper, 1991, Talling, 2014). Different
initiation processes can be envisaged: sediment failures, direct fluvial supplies, and
resuspension of coastal sediments by oceanographic processes including longshore cells,
storms, and internal waves (Parsons et al., 2001; Mulder and Alexander, 2001; Hesse et al.,
2004; Parson et al., 2007; Piper and Normark, 2009; Puig et al., 2014; Talling, 2014). In
canyon heads, several of these genetic processes may interact in a complex manner; for
example, the joint capture by canyon heads of sediments supplied by river flows, longshore
cells, or sediment resuspension by storms (e.g., Piper and Normark, 2009; Xu et al., 2010;
Paull et al., 2013).

7.3.1.1. Shelf-incised canyons fed by river systems in narrow margins

There are two types of canyons influenced by river supplies: canyon heads deeply incised in
the margin (shelf-cutting canyons) that are directly connected with river mouths and canyon
heads incised in the shelf edge (shelf-edge canyons) that are indirectly influenced by river

mouths. There are few examples of direct connection between shelf-cutting canyon heads and
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river mouths in narrow margins, offshore California and the Mediterranean Sea (Figures 7.1B
and 7.2; Table 7.1). These examples are characterized by continuous discharges and large
volumes of coarse-grained sediments resulting in hyperpycnal turbidity currents (e.g., Var
Canyon, Mas et al., 2010; Khripounoff et al., 2009, 2012; Migeon et al., 2012). In contrast,
shelf-edge canyons are draped by recent muddy sediments (Figure 7.1B). This setting can be
observed in the Motril Canyon, as well as in several other shelf-incised canyons located in the
shelf edge offshore California, such as the Santa Monica, San Gabriel, Oceanside, and
Carlsbad canyons (Covault et al., 2007; Normark et al., 2009a; Tubau et al., 2015a; Maier et
al., 2018); in the Ligurian Sea, such as the Polcevera and Bisagno canyons (Carugati et al.,
2019); and the Tyrrhenian Sea, such as the Mesima Canyon (Morelli et al., 2022). In some
few cases, shelf-edge canyons exhibit recent sedimentary activity as they are influenced by
river mouths able to discharge great amounts of sediments (e.g., the Guadiaro Canyon,
Palanques et al., 2005; Ercilla et al., 2019; the San Mateo Canyon in offshore California,
Covault et al., 2014).

The high abundance of shelf-edge canyons in front of river mouths with little sedimentary
activity is related to physiographic and sediment supply constraints. The Californian and
Mediterranean margins are characterized by the occurrence of short rivers with ephemeral or
intermittent character in steep hinterlands that mainly supply coarse-grained sediments to the
coastline (Normark et al., 2009a; Harris and Whiteway, 2011; Miramontes et al., 2023).
There, coarse-grained sediments do not reach the canyon heads due to the remote distances
between river mouths and canyon heads, favoring instead the hemipelagic drape of these

canyon systems.

The formation and evolution of the shelf-cutting and shelf-edge canyons associated with river
systems can provide key information to understand their recent sedimentary activity. Both
canyon types were supposedly active during the Last Glacial Maximum when they were
connected to river mouths (Mauffrey et al., 2015, 2017). The subsequent sea-level rise led to
the landward migration of coastlines resulting in a significant decrease of river supplies that
were not able to reach shelf-edge canyon heads. As a consequence, passive shelf-edge
canyons were formed, as evidenced by paleo-heads detected between present-day shelf-edge
canyon heads and river mouths (e.g., the Mesima Canyon in the Tyrrhenian Sea, Morelli et
al., 2022). A similar setting can be proposed for the Motril Canyon, characterized by a shelf-
edge head located at ca. 5 km from the Guadalfeo River mouth. The lowstand connection

between the canyon head and the river mouth has not been observed in the margin. On the
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other hand, active shelf-cutting canyons connected directly to river mouths maintained the

connection of canyon heads with shorelines during highstands.
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Figure 7.2. Location of shelf-incised canyons in narrow margins (A) offshore California and (B) in
the Mediterranean Sea showing different sedimentary activities. Shelf-incised canyons offshore
California from (C) Santa Monica Bay to the (D) Gulf of Santa Catalina. Mediterranean shelf-incised
canyons are located in: (E) the northern margin of the Alboran Sea; (F) the northern margin of the
Ligurian Sea; (G) the southern margin of the Tyrrhenian Sea; (H) and the northwestern lonian Sea.
See Table 7.1 for the nomenclature and main characteristics of shelf-incised canyons. Main river
systems are also shown (in blue). Topobathymetric images were extracted from NOAA (2023).
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7.3.1.2. Shelf-incised canyons fed by longshore currents in narrow margins

Shelf-cutting canyons with no direct connection with river systems are usually mantled by
coarse-grained sediments and exhibit recent sedimentary activity (Figure 7.2; Table 7.1)
because canyon heads are influenced by oceanographic processes that lead to the capture of
littoral sediments. In sand-rich littoral-fed canyons, such as shelf-cutting canyons along the
California Margin (e.g., La Jolla Canyon, Covault et al., 2007; Redondo Canyon, Normark et
al., 2009a, b; Dume Canyon, Gardner et al., 2003; Hueneme Canyon, Xu et al., 2010),
turbidity current activity preferentially occurs during winter storm seasons, when sediment
transport to canyon heads is enhanced. Turbidity currents may also occur in other seasons, but
are much less common (e.g., in the Tyrrhenian Sea, Gioia Canyon, Pierdomenico et al., 2016;
Morelli et al., 2022). A similar oceanographic setting occurs in the studied Carchuna Canyon,
which can capture the littoral drift under easterlies dominance (Cerrillo-Escoriza et al., 2024).
Additionally, the increase of wave heights in the canyon head favors long-term coastal
erosion owing to energy concentration (Ortega-Sanchez et al., 2014). Eventually, resuspended

sediments are transported downcanyon by bottom flows.

Most shelf-edge canyons cannot trap littoral cells and are passive systems (e.g., Oceanside,
Carlsbad, and Coronado canyons, Covault et al., 2007; Normark et al., 2009a) due to their
distant location from nearby coastlines (Figure 7.1B). However, specific oceanographic
conditions driven by increases in amplitudes of internal waves favored by the coastal
physiography may transport littoral sediments toward canyon heads, such as the cases of
Ceuta and La Linea canyons (Figures 7.1B and 7.2; Table 7.1) (Vazquez et al., 2015; Ercilla
et al., 2019; Palomino et al., 2019). The present-day situation contrasts with the Last Glacial
Maximum, during which many shelf-edge canyons were influenced by littoral drift processes;
such influence declined during the post-glacial transgression, as the canyon heads were

detached from longshore currents (Piper et al., 1999; Estrada et al., 2011).
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Table 7.1.

Summary of the main characteristics of shelf-incised canyons offshore California and the Mediterranean Sea
that include: shelf width, shelf canyon incision, major sediment source, canyon floor sediments and bedform
developmentin each canyon. See Figure 7.2 for the location of the canyons. Continued on next page.

Shelf incised  Shelf width Shelf incision Main sediment Canyon floor Bedforms References
canyons (km) (km) supply sediments

Offshore California

1 Hueneme ca.8 ca. 7 Littoral drift Gravel and - Normark et al. (2009a);
Canyon sand Xu et al. (2010)

2 Mugu Canon ca. 3.5 ca. total River and Sand - Normark et al. (2009a);

littoral drift Xu et al, (2010)

3 Santa 10 1.5 River Hemipelagic No Normark et al. (2009a);
Monica mud Tubau et al. (2015)

4 Dume ca. 25 ca. total Littoral drift Sand No Gardner et al. (2003);
Canyon Normark et al. (2009a);

Piper et al. (2009)

5 Redondo ca. 7 ca. total Littoral drift Sand CSB and Normark et al. (2009b);
Canyon SW Tubau et al. (2015)

6  San Gabriel ca.9 ca.2 River - No Normark et al. (2009a);
Canyon Maier et al. (2018)

7 Newport 2.5 ca. total River and Sand SW Normark et al. (2009a);
Canyon littoral drift Covault et al. (2010)

8  San Mateo 9 1 River Sand CSBs Covault et al. (2014)
Canyon

9  Oceanside ca.7 <1 River Hemipelagic No Covault et al. (2007);
Canyon mud Normark et al. (2009a)

10 Carlsbad 5 2.5 River Hemipelagic No Covault et al. (2007);
Canyon mud Normark et al. (2009a)

11 La Jolla 5 ca. total Littoral drift Gravel and CSB and Covault et al. (2007);
Canyon sand SC Normark et al. (2009a);

Paull et al. (2013)
Maier et al. (2020)

Mediterranean Sea

Alboran Sea
12 Ceuta 8 4.5 Littoral drift Gravel No Ercilla et al. (2019)
Canyon
13 Lalinea 5 3.5 Littoral drift Sand CSB and Vazquez et al. (2015);
Canyon SC Ercilla et al. (2019)
Palomino et al. (2019)
14 Guadiaro 6.5 3.5 River Sand - Palanques et al. (2015);
Canyon Ercilla et al. (2019)
15 Motril 3.5 2 River Mud SW Cerrillo-Escoriza et al.
Canyon (2024)
16 Carchuna 3.5 ca. total Littoral drift Sand CSB, SW, Cerrillo-Escoriza et al.
Canyon and SC (2024)
17 Almeria 7.5 3.5 River Mud No Alonso and Ercilla (2002)
Canyon Véazquez et al. (2015)
= fan Peril
18 Garrucha 4.5 ca. total River and Sand CSB and Puig et al. (2017);
Canyon littoral drift SW Tarrés et al. (2022)
e &
19 Var Canyon 2.5 ca. total River- Gravel and SW and Khripounoff et al. (2012)
connected sand SC Migeon et al.(2012)
20 Polcevera ca. 6 ca.25 River Silt - Carugati et al. (2019)
and Bisagno
canyons

CSB: Crescent-shaped bedforms linke to confined settings; SW: Sediment waves linked to uncofined settings; SC: scours linked to unconfined settings
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Table 7.1. Continuation

Shelf incised  Shelf width Shelf incision Main sediment Canyon floor Bedforms References
canyons (km) (km) supply sediments

Mediterranean Sea

Tyrrhenian Sea

21  Mesima ca. 3.5 2 River Hemipelagic No Morelli et al. (2022)
Canyon mud

22 Gioia ca.35 ca. total Littoral drift Sand CSB Pierdomenico et al. (2016)
Canyon Morelli et al. (2022)

23 Petrace ca. 4 ca. total River and Sand CSB Pierdomenico et al. (2016)
Canyon littoral drift Morelli et al. (2022)

24 Acquarone ca.45 15 River Fine-grained SW Scacchia et al. (2022)
Canyon sediment

25 Niceto and ca. 4 ca. total River- Coarse- SW Gamberi et al. (2017);
Milazzo connected grained Gamberi (2020)
canyons sediment

26 Eleutorio, Ca. 8 2-4 River, Littoral Fine-grained No Lo lacono et al. (2011,
Oreto, and drift sediment 2014, 2015)
Castellammare
canyons

G S

27 Neto-Lipuda ca.8 3.5 River Muds and - Rebesco et al. (2009)
Canyon sands Perri et al. (2012)

28 Esaro ca.9 2.5 River Muds and - Perri et al. (2012)
Canyon sands

CSB: Crescent-shaped bedforms linke to confined settings; SW: Sediment waves linked to uncofined settings: SC: scours linked to unconfined settings

7.3.1.3. Shelf-incised canyons fed by multiple processes in narrow margins

Multiple processes triggering turbidity currents may interact in canyon heads deeply incised
in narrow margins. The more frequent interaction is given by lateral redistribution of fluvial
supplies by longshore currents; this type of interaction is typical of stormy weathers where
rivers can generate large floods, as evidenced in the Hueneme, Mugu, and Newport canyons,
offshore California (Covault et al., 2010, Xu et al., 2010) or the Garrucha Canyon,
southeastern Iberian Peninsula (Puig et al., 2017; Tarreés et al., 2022). Sediment resuspension
increases during storm events, favoring the capture of sediment by canyon heads, even in
shelf-edge canyon heads, such as the Guadiaro Canyon in the northwestern margin of the
Alboran Sea (Puig et al., 2004; Palanques et al., 2005), and the Eleutorio, Oreto, and
Castellamare canyons in the Tyrrhenian Sea (Lo lacono et al., 2011, 2014, 2015).

Canyon heads deeply incised in narrow margins are usually considered as retrogradational
features where erosional processes prevail and sediment failures can initiate turbidity currents,
which further erode the canyon heads (Figure 7.1B) (Pratson and Coakley, 1996; Piper and
Normark, 2009). As an example, a large sediment failure triggered an energetic turbidity

current that reached >2000 m water depths in the Var Canyon (Gennesseaux et al., 1980,
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Piper and Savoye, 1993, Mulder et al., 1997). Turbidity currents initiated by sedimentary
processes (i.e., littoral drift and hyperpycnal flows) can also promote canyon incision in shelf-
cutting canyon heads, resulting in increased rates of canyon-floor downcutting. This process,
in turn, favors oversteepening of canyon walls, resulting in retrogressive failures (Densmore
et al., 1997; Pratson and Coakley, 1996; Guiastrennec-Faugas et al., 2020) that can initiate
turbidity currents, which further erode the canyon head (Pratson and Coakley, 1996). This

erosional setting has been observed in shelf-cutting canyons that interact with littoral cells.

The littoral-drift fed Carchuna Canyon exhibits geomorphological and sedimentary
characteristics similar to the Dume, Redondo, and La Jolla canyons, offshore California,
whose canyon heads are located close to capes or high-relief coasts. These characteristics
include deep shelf incision and canyon floor mantling by coarse-grained sediments (Figure
7.2; Table 7.1). In those cases, the combination of littoral drift coarse sediment supplies and
wave focusing in the canyon heads promotes canyon incision (Finnegan et al., 2017; Lamb et
al., 2015; Sunamura, 2018). The effectiveness of this mechanism is ultimately related to the
occurrence of tectonic uplift and durable bedrock lithologies (e.g., Delgada Canyon, Smith et
al., 2017, 2018). Long-term coastal erosion owing to energy concentration is able to trigger

retrogradational failures in the canyon head and headward erosion.

7.3.2. Bedform development in shelf-incised canyons carved in narrow margins

A lack of bedform development in shelf-edge canyons (Figures 7.1B and 7.2; Table 7.1)
largely reflects their inactivity, such as the Motril Canyon (this study); the Santa Monica,
Oceanside, and Carlsbad canyons, offshore California, (Covault et al., 2007; Tubau et al.,
2015a); or the Mesima Canyon, Tyrrhenian Sea (Morelli et al., 2022). Only shelf-edge
canyons linked to high discharges from river mouths or longshore currents that reach the
canyon heads exhibit bedform development (Figure 7.2; Table 7.1) (e.g., San Mateo Canyon,
Covault et al., 2014; Acquarone Canyon, Scacchia et al., 2022; La Linea Canyon, Palomino et
al., 2019). In contrast, shelf-cutting canyons exhibit wide development of bedforms along
axial channels and depositional lobes (Figure 7.2; Table 7.1). Bedform development differs

depending on the sediment source (i.e., littoral cell versus river-fed canyons).

CSB maintenance requires the continuous influence of coarse-grained, high-energy turbidity
flow events (Symons et al., 2016; Hage et al., 2018; Sun et al., 2023). Shelf-cutting canyons
fed by littoral drift usually exhibit CSBs along the axial channel (Figure 7.1B), where high
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seafloor gradients favor the erosion and ignition of dense sediment flows (Mulder and
Alexander, 2001; Piper and Normark, 2009). These CSBs have been observed in littoral-fed
canyons such as the Redondo and La Jolla canyons, offshore California (Normark et al.,
2009b; Tubau et al., 2015a; Paull et al., 2013; Maier et al., 2020), the Carchuna Canyon,
northern Alboran Sea (Cerrillo-Escoriza et al., 2024), and the Gioia Canyon, Tyrrhenian Sea
(Morelli et al., 2022). In some cases, CSBs are recognized along the axial channel up to the

termination of the channel (e.g., La Jolla Canyon or the studied Carchuna Canyon).

Shelf-cutting canyons connected with river mouths also tend to host CSBs in the upper
reaches due to recurrent supply of coarse-grained sediments by hyperpycnal turbidity currents
(Figures 7.1B and 7.2; Table 7.1), such as the cases of the Garrucha Canyon, southeastern
Iberian Peninsula (Puig et al., 2017; Tarrés et al., 2022), the Var Canyon, Ligurian Sea
(Migeon et al., 2012), or the Petrace Canyon, Tyrrhenian Sea (Morelli et al., 2022). The fact
that CSB development is mainly restricted to upper reaches suggests that the hyperpycnal
flows generated in canyon heads are energetically insufficient to transport coarse-grained
sediments downcanyon. Other examples of CSB development in relation with continuous and
powerful fluvial supplies include the channels formed in fjord deltas (e.g., Conway et al.,
2012; Normandeau et al., 2016; Stacey et al., 2019), where high-density hyperpycnal flows

can be formed even with low amounts of suspended sediments.

7.3.3. Relation between the degree of incision of margin canyons and marine litter in

narrow margins

Overall, most shelf-incised canyons around the world have been poorly studied for the
purposes of marine litter characterization (Hernandez et al., 2022; Pierdomenico et al., 2023);
this is the case of California canyons. Most of the research on seafloor litter and microplastics
has focused on Mediterranean canyons, accounting for more than 50% of the canyons where

anthropogenic debris has been reported (Pierdomenico et al., 2023) (Table 7.2).
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Table 7.2. Occurrence of marine litter in shelf-incised canyons in narrow margins along the Mediterranean Sea indicating
the depth range, litter density, and the dominant marine litter type. Modified from Pierdomenico et al. (2023).

Shelf-incised Depth range (m, Litter density Dominant marine Reference

canyon min-max or mean) litter type
Shelf-edge canyons

East Sardinia canyons

Arbatax 147-180

Caprera 160-220

Cavoli 170-190

Capo Coda 145

Cavallo 1.5 items-100 m*' Fishing gears Cau et al. (2017a)
Tavolara 170-290

Mortorio 120-145

Nora 420-463

Orosei 120-186 - -
East-Sardinia y 9

Canyon #1 93-142 40000 items-km

ngfﬁ:g’"a 90-150 280000 items-km2 o

= tyS o Fishing gears Cau et al. (2017b)

ast-Sardinia . —

Canyon #3 110-148 220000 items-km

East-Sardinia ’ g

Canyon #4 90-124 10000 items-km

Corsic canyons

Galeria 59-567 0.25 items-100 m-"! Fishing gears

lle Rousee 100-600 0.08 items-100 m"" Fishing gears/Plastic :

Calvi 143-580 0.18 items-100 m" Fishing gears/Plastic  Ccrony et al. (2019)
Saint Florent 132-643 0.22 items-100 m-'! Plastic

Alboran Sea

Motril 200 0.52 items-100 m-! Plastic Cerrillo-Escoriza
Calahonda 238 1.13 items-100 m-! et al. (2022)
Shelf-cutting canyons

Corsic canyons

Ajaccio 50-545 0.68 items-100 m"' Plastic

Porto 56-555 0.4 items-100 m! Plastic/Fishing gears :

Valinco 50-620 0.18 items-100 m-! Plastic Gerigny et al. (2019)
Valinco 1694-1950 6000 items-km2 Plastic

Arma di Taggia  25-95 4418 items-km-2

Bergeggi 230-445 4539 items-km-2 Plastic/Fishing gears  Giusti et al. (2019)
Bordighera 20-300 12138 items-km-2

Cannes 945-1443 0.27 items-100 m-' Plastic Angiolillo et al. (2021)
Dramont 20-342 2564 items-km-2 Fishing gears Giusti et al. (2019)
Monaco 1291-2194 3856 items-100 m-' Plastic Angiolillo et al. (2021)
Paillon 575-820 10.4 items-100 m! Plastic Galgani et al. (1996)
Saint Tropez 66-665 0.51 items-100 m'" Plastic Gerigny et al. (2019)
Stoechades 180-720 0.3 items-100 m! Fishing gears Fabri et al. (2014)
Var 370-1408 2.74 items-100 m-" Plastic Galgani et al. (1996)
Messina Strait canyons

San Gregorio 243-518 270 items-100 m-!

Sant'Agata 275-524 14 items-100 m-" ; ’ .
Tremestieri Ch1  384-581 132 items+100 m" Plastic Flreamenico.el.al. (013a)
Tremestieri Ch2  337-381 56 items-100 m-"

Tyrrhenian Sea

Gioia-Petrace 17-541 5.6 items-100 m! Plastic Pierdomenico et al. (2020)
lonian Sea

Caulonia 145-526 2.9 items-100 m-! Plastic Pierdomenico et al. (2019b)
Alboran Sea ) _
Carchuna 396 8.66 items-100 m-! Plastic Cerrillo-Escoriza

etal. (2022)
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7.3.3.1. Relation between the abundance of marine litter and the degree of canyon incision

A relation between the abundance of marine litter and the degree of canyon incision has been
documented along the Mediterranean Sea. Shelf-edge canyon heads exhibit low marine litter
densities (Figure 7.1B; Table 7.2). For example, eastern Sardinian shelf-edge canyons (ca. 1.5
items-100 m™, Cau et al., 2017a), North Corsican canyons (up to 0.25 items-100 m™, Gerigny
et al., 2019), or the studied shelf-edge Motril and Calahonda canyons (up to 1.13 items-100
m-L, Cerrillo-Escoriza et al., 2023). In contrast, shelf-cutting canyons exhibit higher densities
of marine litter evidencing that coast proximity enhances sediment and litter capture (Table
7.2). For example, shelf-cutting canyons of eastern Corsica Island (up to ca. 7 items-100 m™,
Grinyo et al., 2020); the Ligurian Sea canyons (up to 11 items-100 m™, Galgani et al., 1996;
Giusti et al., 2019); canyons located in the Messina Strait (27 items-100 m™ in the San
Gregorio Canyon, Pierdomenico et al., 2019a); or the studied Carchuna Canyon (8.66
items-100 m™, Cerrillo-Escoriza et al., 2023).

7.3.3.2. Relation between the origin of marine litter and the degree of canyon incision

The origin of marine litter found in Mediterranean shelf-incised canyons also seems to be
related with the amount of canyon head incision. Shelf-cutting canyons mostly host plastic
items (Figure 7.1B; Table 7.2), suggesting a dominant coastal origin, as evidenced elsewhere,
such as in Ligurian canyons (e.g., Cannes Canyon, Angiolillo et al., 2021), Tyrrehnian
canyons (e.g., Petrace Canyon, Pierdomenico et al., 2021), lonian canyons (e.g., Caulonia
Canyon, Pierdomenico et al., 2019b), West Corsica canyons (e.g., Porto Canyon, Gerigny et
al., 2019), Messina Strait canyons (e.g., Sant’Agata, Pierdomenico et al., 2019a), and the

studied Carchuna Canyon (Cerrillo-Escoriza et al., 2023).

In most of the cases, plastic abundance in shelf-cutting canyons is linked to the connection of
canyon heads with river mouths (Fabri et al., 2014; Gerigny et al., 2019; Giusti et al., 2019;
Pierdomenico et al., 2019a). Torrential rivers can transport large amounts of sediments that
entrain marine litter through the generation of hyperpycnal flows during seasonal flash floods
(Pierdomenico et al., 2022). Litter hotspots found in the deep reaches of some shelf-cutting
canyons connected to river systems, such as the Cannes, Monaco, and Paillon canyons, would
indicate that turbidity currents are able to remobilize marine litter up to ca. 2200 m water
depth (Galgani et al., 1996; Angiolillo et al., 2021). The capture of marine litter remobilized

by longshore currents by shelf-cutting canyon heads is an alternative mechanism to explain
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the widespread occurrence of plastic debris in shelf-cutting canyons with not direct
connection to rivers (e.g., Gioia Canyon in the Tyrrhenian Sea, Pierdomenico et al., 2020;

Carchuna Canyon, Cerrillo-Escoriza et al., 2023).

In contrast, shelf-edge canyons are mostly characterized by fishing-derived debris (Figure
7.1B; Table 7.2), as evidenced in the eastern margin of Sardinia (Cau et al., 2017a, b) or the
northern margin of Corsica (Gerigny et al., 2019). Fishing gear comprises between 84 to
100% of marine litter in these canyons (Cau et al., 2017a, b; Gerigny et al., 2019). Shelf-edge
canyons are also affected by numerous marks of bottom trawling. This is observed in the
Motril Canyon (Cerrillo-Escoriza et al., 2023), where fishing activity seems to be favored by
smooth flanks and muddy canyon bottoms. There, sedimentological and geomorphological
characteristics (Cerrillo-Escoriza et al., 2024) do not support the generation of turbidity
currents triggered by bottom trawling. In contrast, in other steeper shelf-edge canyons
characterized by coarse-grained sediments, turbidity currents triggered by bottom trawling
have been documented (e.g., Guadiaro Canyon, Palanques et al., 2005).
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8.1. Conclusions

The results and discussions presented across the three main chapters of this PhD Thesis reveal
a comprehensive understanding of the sedimentary activity of shelf-incised canyons in narrow
margins highlighted from geomorphological and sedimentary differences between the nearby
Motril and Carchuna canyons. This study elucidates their respective roles in recent patterns of
sediment transport and accumulation, the formation and maintenance of bedforms in submarine
canyons, and the controls on litter distribution, abundance, and origin in shelf-incised
submarine canyons. In addition, a worldwide comparison of shelf-incised canyons located in
both narrow and wide margins provides evidence of outstanding differences in degrees of
sedimentary activity. In this way, the overarching aim of this PhD Thesis — to establish the
factors that control the sedimentary activity in shelf-incised canyons - has been addressed with

the following conclusions related to each specific objective:

1) Distance from canyon heads to coastlines exerts the primary control on the caliber and flux
of sediment that is potentially captured by the shelf-incised canyons and eventually transported

downcanyon.

A. Steep shelf-incised canyons located in narrow shelves (<10 km) are located in active
margins where canyon heads interact with oceanographic processes, littoral cells, or
river systems, leading to highly active canyons which are mantled by coarse-grained
sediments with frequent formation of CSBs along axial channels and sediment waves
and scours in overbank deposits. The proximity of canyon heads to coastlines favors the
capture of coastal-derived marine litter that flows downcanyon creating numerous
hotspots.

B. Smooth shelf-incised canyons located in wide shelves (>10 km) are mainly located in
passive margins with low sedimentary activity due to the remote distance of coastlines
to canyon heads. These canyons are characterized by fine-grained sediments, lack of
CSBs along axial channels, and low densities of marine litter mainly derived from
anthropogenic marine activities.

C. Some shelf-incised canyons in wide margins exhibit recent sedimentary activity, which
is restricted to steep and narrow canyon heads with a high grade of margin incision.
Those canyon heads are either directly connected to river mouths or are able to capture
sediments derived from large rivers, littoral cells, or resuspension by oceanographic

processes, such as internal tides or dense shelf-water cascading.
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2) The grade of canyon head incision is a key factor driving the recent sedimentary activity of

canyons in narrow margins.

A.

Canyon heads incised in the shelf edge (i.e., shelf-edge canyons) exhibit low
sedimentary activity, such as the studied Motril Canyon, as evidenced by fine-grained
sediment mantling, low or absent development of sediment waves along the canyon and
low densities of marine litter. Few shelf-edge canyons exhibit recent sedimentary
activity; they are linked to high fluvial discharges or to extensive littoral cells able to
reach canyon heads.

Canyon heads deeply incised in the margin (shelf-cutting canyons) exhibit high
sedimentary activity, such as the studied Carchuna Canyon, as evidenced by coarse-
grained sediment mantling and high development of CSBs along axial channels. In
addition, the development of sediment waves and scours in overbank deposits is
indicative of recurrent and energetic coarse-grained turbidity currents that flow
downcanyon and spillover in the lower reaches, transporting high amounts of marine
litter along the canyon and depositing in the distal depositional lobes.

Shelf-cutting canyon heads initiate turbidity currents by: (1) hyperpycnal flows favored
by steep hinterlands that mainly supply coarse-grained sediments and potentially marine
litter to the coastline; and (2) capture of extensive littoral cells offshore California and

the Mediterranean Sea, such as the Carchuna Canyon.

3) The configuration of narrow margins, such as offshore California and the Mediterranean Sea,

is a factor controlling the evolution and recent sedimentary activity in shelf-incised canyons.
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A) Shelf-edge canyons are mostly located in the front or close to river mouths, such as the

B)

Motril Canyon. Those canyons were possibly connected to river mouths during the
LGM. During the Holocene highstand, the amount of sediment supplied by river mouths
decreased significantly and most of the terrigenous sediment was stored in the
continental shelf generating a separation between canyon heads and the coastline;
coarse-grained sediments supplied by ephemeral short rivers is not able to reach canyon
heads, which tend to be buried by hemipelagic drapes.

Shelf-cutting canyons are mainly located close to high-relief promontories or capes,
such as the Carchuna Canyon. Coarse sediment supplied by longshore currents and
wave focusing by canyon-head morphology interact to promote canyon incision and

maintain coast-canyon connectivity, due to headward erosion by retrogradational
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failures. This setting favors canyon floor erosion and canyon flank failures, ultimately
leading to the generation of turbidity flows.

C) The role of rivers that cross densely populated areas along the Mediterranean margin
affected by flashfloods can explain the high concentration of litter in several shelf-

incised canyons.

8.2. Forthcoming research

The results of this PhD Thesis represent an important contribution to understand active
sedimentary processes in submarine canyons. However, some issues remain open for future
research that can be collected in the coming oceanographic survey SANIMED (March of 2024).

Significant open issues and possible approaches to address them are as follows:

1. Take advantage of the location of the nearby Motril and Carchuna canyons to understand the
influence of river supplies in the Motril Canyon head and longshore supplies in the Carchuna
Canyon head, in order to discover the turbidity currents triggered in the canyon heads. The
deployment of moorings in the upper reaches of both canyons and/or of benthic tripods in the
nearby shelf would allow the collection of simultaneous measurements of currents and
suspended-sediment concentrations, as have been done in other shelf-incised canyons (e.g., Xu
et al., 2002; Puig et al., 2003; Bonnin et al., 2008; Symons et al., 2017; Maier et al., 2019;
Tarrés et al., 2022).

2. To conduct repeated multibeam surveys over multi-month or multi-year periods and examine
morphological changes undergone by the Carchuna CSBs along the axial channel and the
sediment waves and scours over the overbank deposits, as executed in other bedform prolific
environments (e.g., Smith et al., 2007; Paull et al., 2010; Hughes Clarke, 2016; Hage et al.,
2018; Ribo et al., 2022). This research would help to understand the processes behind the
formation, development and maintenance of canyon bedforms, including the influence of sandy
supercritical flows formed by turbidity currents, and their preservation in the sedimentary

record.

3. Several classifications have been proposed for submarine canyon littoral connectivity
(Romans et al., 2016; Sweet and Blum, 2016). However, no single mechanism has been
identified to explain why a select group of shelf-incised canyons has avoided disconnection
during the post-LGM sea level rise between the canyon head and the coastline. The General

Discussion section of this thesis can serve as a starting point for a future review based on the
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sedimentological and geomorphological characteristics (focus on the degree of incision and the
type of margin of the canyons), the development of the bedforms depending on the type of
canyon, and the abundance, origin, and distribution of the marine litter along the shelf-incised

canyons.

4. Finally, the comprehensive analysis of acoustic lines would help to decipher the role played
by the canyons on the shelf-to-slope sediment transport during different sea-level cycles at
glacial/interglacial scales (10s-100s kyr), and to discern the sedimentological differences

according to the varying degree of shelf incision during such cycles.
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Table Supplementary S1. Location and water depth of the sediment cores sampled for grain size analysis.

Physiographic Sediment core  Coordenates Water Grain size
festire Latitude (N) _ Longitude () 2ePth(m)
_ Thalweg DV02_C1 36° 39'56.29"  3°31'49.23" 336.4 Medium silts
r(\jllg:]r;lon DV02_C2 36°40'15.96"  3° 31'56.31" 307.2 Medium silts
Western flank DV02_C4 36° 41'8.57" 3°31'34.76" 153.5 Coarse silts
BC02 36°42'19.74"  3°33'21.9" 54.2 Coarse silts
BCO03 36°41'58.14"  3° 32'33.36" 69.4 Coarse silts
Shelf Westem shell 5004 36°41'32.52"  3° 31' 44.58" 917 Coarse silts
BC05 36°42'1.26" 3°31'10.5" 61.2 Very fine sands
Shelf BC17 36°41'0.61" 3°29'37.92" 713 Very fine sands
:\'A‘;et:i‘;_a”ym Shelf break BC18 36° 40' 15" 3°29'55.8" 112.1 Very fine sands
Carchuna Slope BC19 36° 39'40.8" 3°30'10.8" 229.5 Coarse silts
Slope BC20 36° 38' 48" 3°30'10.8" 338.8 Medium silts
Levee DV10_C1 36° 34' 54.9" 3° 27'49.64" 646.6 Coarse silts
DV10_C2 36° 35'10.58"  3°27'55.11" 629.4 Medium silts
Thalweg DV10_C3 36° 35'26.86"  3° 27'58.75" 633.8 Very fine sands
BC24 36° 35'50.61"  3°27'55.1" 619.2 Very fine sands
DV03_C1 36° 38'13.04"  3°29'2.62" 491.8 Coarse silts
DV03_C2 36° 38'30.33"  3°28'48.14" 466.7 Coarse silts
DV03_C3 36° 38'47.49"  3°28'36.91" 450.0 Coarse silts
DV04_C1 36°39'1.61" 3°28'32.19" 425.9 Coarse silts
DV04_C2 36°39'18.95"  3°28'24.54" 403.9 Coarse silts
Carchuna BC28 36°39'41.88"  3°28'22.56" 371.8 Coarse silts
Canyon DV04_C4 36°39'47.88"  3°28'11.29" 350.4 Coarse silts
DV05_C1 36°40'28.32"  3°28'11.32" 259.6 Coarse silts
DV05_C2 36°40'42.96" 3°28'1.63" 209.5 Coarse silts
BC31 36°40'54.11" 3°28'6.93" 185.3 Very fine sands
Eastern flank DV04_C5 36° 39'51.52" 3°28'1.31" 313.2 Very fine sands
DV11_C1 36°40'14.17"  3°28'15.42" 295.8 Coarse silts
DV11_C2 36°40'17.92" 3°28'7.64" 261.9 Coarse silts
DV11_C3 36°40'23.59"  3°27'59.60" 202.8 Very fine sands
DV05_C3 36° 40'46.28"  3°27'55.19" 160.3 Very fine sands
Western flank DV06_C1 36° 40'30.06"  3°28'29.29" 171.4 Fine sands
Shelf BC37 36° 40' 45" 3°26'34.2" 74.7 Very fine sands
'([J‘;?;‘;\al::]y:” Shelf break BC38 36° 40' 0.56" 3°26'10.86" 100.6 Fine sands
Calahonda Slope BC39 36° 39'37.8" 3°26'4.67" 192.1 Very fine sands
BC40 36° 39'6.6" 3°26'0.6" 316.5 Medium silts
BC33 36°39'23.79"  3°24'22.65" 352.8 Medium silts
DV07_C1 36° 39'38.67"  3°24'27.24" 319.7 Medium silts
Calahonda Thalweg DV07_C2 36° 39'59.44"  3°24'34.25" 255.4 Coarse silts
Canyon DV07_C3 36°40'14.71"  3°24'52.80" 204.9 Very fine sands
DV07_C4 36°40'25.09"  3° 24'56.44" 158.1 Fine sands
Eastern flank DV08_C1 36° 40' 8.92" 3°24'22.29" 127.9 Fine sands

DV: Push core; BC: Box core
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Supplementary Table S2. Location and water depth of the bottom trawling marks identified in the
Motril, Calahonda and Carchuna canyons.

Submarine  Dive Physiographic Coordinates Water
canyon feature Latitude (N) Longitude (W) depth (m)
Dive 01  Thalweg 36° 39' 17.67" 3° 31' 43.88" 372.04
36° 40' 23.45" 3°31'57.72" 289.22
36° 40' 34.81" 3°32'1.8" 265.67
Motril Dive 02 }’I\;iitem 36° 40' 27.52" 3° 31' 59.35" 276.46
36° 41' 1.09" 3° 31' 41.46" 189.93
36° 41' 411" 3° 31' 38.81" 179.63
cgones  BhelF  “iehes 36° 39' 49.91 3° 24' 27.02" 293.77
36° 39' 51.93" 3° 24' 27.68" 287.79
Dive 03 36° 38' 45.84" 3° 28' 38.19" 451.46
Carchuna 5 7y — Thalweg 36° 39' 17.2" 3°28' 25.43" 406.58

The role of margin-incising submarine canyon geomorphological characteristics
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